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ABSTRACT 

A.  Wo  anhydropolyhydric a l c o h o l s ,  1 ,4-anhydroery thr i to l  and 1,4- 

anhydro th re i to l ,  were synthes ized  from t h e  corresponding t e t r a t o l s  via a c i d  

+ 
ca t a lyzed  dehydra t ion ,  under vacuum, using H c a t i o n i c  ion  exchange r e s i n .  

Comparison o f  temperature dependent 13C NMR chemical s h i f t s  i n  aqueous and 

non-aqueous s o l v e n t s  demonstrated a s i g n i f i c a n t  molecular  a s s o c i a t i o n  i n t e r -  

a c t i o n  between 1 ,4-anhydroery thr i to l  and water .  Fur ther  experiments showed 

a dependence o f  t h e  13C! NMR chemical s h i f t s  of 1 .4-anhydroerythri tol  on 

+ 
aqueous s a l t s .  A s p e c i f i c  i n t e r a c t i o n  between NH and 1 ,4-anhydroery thr i to l  

4 

was proven by varying t h e  s a l t s .  

The s to ich iometry  of  t he  i n t e r a c t i o n  between 1 ,4-anhydroery thr i to l  and 

+ 
so lven t  o r  s o l u t e  (water o r  aqueous NH ) was determined by non l inea r  r e g r e s s i o n  

4 

a n a l y s i s  appl ied  t o  d a t a  obta ined  from 13c NMR chemical s h i f t s  through v a r i a t i o n  

of temperature,  so lven t  a c t i v i t y ,  and s o l u t e  a c t i v i t y .  

The techniques  of  thermodynamics were used t o  c a l c u l a t e ,  a t  v a r i o u s  

temperatures ,  t h e  a c t i v i t y  c o e f f i c i e n t  o f  a s t rong  1:l e l e c t r o l y t e  i n  aqueous 

so lu t ion .  A computer program t o  determine t h e  a c t i v i t i e s ,  a ( C I  T) r 
H2•‹ 

a ( c ,  T), as func t ions  of concen t r a t ion  and temperature from va r ious  
N H p  

thermodynamic func t ions  t a b u l a t e d  i n  t h e  l i t e r a t u r e  was cons t ruc ted .  

A gene ra l  model wi th  undetermined s to ich iometry  was cons t ruc t ed  f o r  

t h e  dependence of t h e  13C NMR chemical s h i f t s  upon temperature and t h e  a c t i -  

v i t i e s  of  t h e  two l i gand  spec i e s .  The s to ich iometry  and f r e e  energy va lues ,  

which opt imized , in  a l e a s t  squares  s e n s e t t h e  agreement wi th  t h e  d a t a ,  a r e  

g iven  a s  

iii 



B. Formation of t h e  - N-oxide f o r  seve ra l  pyr id ine  d e r i v a t i v e s  r e s u l t s  

i n  a  l a r g e  upf ie ld  s h i f t  of t h e  2-, 4-, and 6-carbons and a s i g n i f i c a n t  down- 

f i e l d  s h i f t  of t h e  3- and 5-carbons. The chemical s h i f t s  ( A 6 )  a r e  cons i s t en t  

with a resonance and e l e c t r i c  f i e l d  mechanism. MO ca lcu la t ions  us ing CND0/2 

show a q u a l i t a t i v e  c o r r e l a t i o n  between excess charge dens i ty  and A 6 .  

A Davidon-Fletcher-Powell optimizat ion method was used t o  i n v e s t i g a t e  

the  conformational m n i f o l d  of oxolane and i ts  d e r i v a t i v e s  using t h e  MIND0/3 

MO program. Oxolane was predic ted  t o  have t h e  p lanar  conformation. 



To my late fa ther ,  Ira 



" It is a capi tal  mistake t o  theorize before one has data. Insensibly one 

begins t o  t w i s t  f ac ts  t o  s u i t  theories, instead of theories t o  s u i t  facts ."  

Sherlock Holmes 
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1. INTRODUCTION 

BACKGROUND 

A. The s t r u c t u r e s  I and II, P,4-anhydroerythr i to  Coxalane 3,4-cis-  

dial) and 1,4-anhydrothrei tol  (oxalane 3,4-trans - d i o l )  shown i n  Figure I, fann 

the  c e n t r a l  moiety of t h e  biochemically important molecules given i n  Figure 1, 

111-VI. Adenosine t r iphosphate ,  ATP, 111, provides the  d r iv ing  f o r c e  f o r  

numerous biochemical coupling reac t ions  due t o  the  high Gibbs f r e e  energy of  

the  hydrolys is  of ATP. Ribonucleic ac id ,  RNA, I V ,  s e rves  a s  a t r a n s p o r t e r  of  

gene t i c  information. Adenosine 3 ' ,  5 ' -cycl ic  phosphoric ac id ,  c y c l i c  AMP, V, 

a c t s  a s  a secondary messenger i n  t h e  r egu la t ion  o f  enzymatic processes. g- - 
fructose-6-phosphate, V I ,  is  an en t ry  po in t  i n  t h e  g l y c o l y t i c  pathway. I i s  

seen t o  r ep resen t  t h e  bas ic  sugar backbone of  s t r u c t u r e s  111, I V ,  and V, and 

I1 t h a t  of V I .  

The i n t e r a c t i o n s  of I and II wi th  o t h e r  species  a r e  governed by t h e  

lone p a i r s  of e l e c t r o n s  on t h e  oxygen atoms, which may p a r t i c i p a t e  i n  t h e  i n t e r -  

a c t i o n s  one, two, o r  t h r e e  a t  a time. The symmetry of I and I1 a r e  Clh(m) 

and C 2 ( 2 ) ,  r e spec t ive ly ,  and, i n  any i n t e r a c t i o n  with a species  of higher sym- 

metry i n  so lu t ion ,  t h i s  symmetry w i l l  be  preserved on t h e  average. 1 and I f  

a r e ,  t o  a f i r s t  approximation, s t r u c t u r a l l y  r i g i d  and measurement of Dreiding 

molecular models shows t h e  0-0 d i s t ance  of t h e  c is  hydroxyls of I t o  be  2.5 8; 

t h e  0-0 d i s t ance  i n  I between hydroxyl and e t h e r  oxygen is 3.0 2; t h e  0-0 dis -  

tance of t h e  t r a n s  hydroxyls of I1 i s  3.5 8. Thus, t h e  symmetries and geome- 

t r i c a l  f e a t u r e s  of  I and T I  permit  t h e  comparison of  geometries of a s soc ia t ion  

complexes. 

To d a t e  a considerable  amount of  work has  been done on t h e  i n t e r a c t i o n  

of var ious  metal i o n s  with sugars and r e l a t e d  compounds i n  d i f f e r e n t  so lvent  

systems. Thus, t h e  i n t e r a c t i o n  of metal  ions  wi th  var ious  sugars has  been 

s tud ied  by a number of  techniques. 23Na NMR has been used [11 f o r  t h e  study 

of  sugar-sodium i n t e r a c t i o n s  i n  pyr id ine  so lu t ion .  Since it has been shown 

t h a t  t h e  sodium c a t i o n  coordinates on one f a c e  t o  t h r e e  o r  more oxygen atoms 



Figure 1. The structures of 1,4-anhydroerythritol (oxalane 3,4-cis, 

diol), I; l,4-anhydrothreitol (oxalane 3,4-trans diol), 11; 

Adenosine triphosphate, ATP, 111; Ribonucleic acid, RNA, IV; 

Adenosine 3',5'-cyclic phosphoric acid, cyclic AMP, V; 2- 

fructose-6-phosphate, VI. Many of the ring hydrogens 

have been left off for simplicity. 



Adenine 



f ~ o m  the  sugar, and on t h e  o the r  face  with n i t rogen atoms from the  solvent  

molecules,  the re  is  a s u b s t a n t i a l  e l e c t r o s t a t i c  f i e l d  g rad ien t  a t  t h e  quadra- 

polar  nucleus. Line broadening can be analyzed t o  reveal  d e t a i l s  of t h i s  

complexation. 

Complexation of lanthanide ions  with a l d i t o l s  and polyhydric a lcohols  

have been used a s  model s t u d i e s  f o r  the  complexation of sugars with i s o s t e r i c  

C ~ ( I I )  [2, 31. I t  was shown t h a t  a  lanthanide-sorbi to l  complex i n  D 0 so lu t ion ,  
2 

f o r  example, was formed with the  s o r b i t o l  adopting a normal zig-zag conformation 

while using 0-2, 0-3, and 0-4 a s  l igands .  

The i n t e r a c t i o n  of carbohydrate d e r i v a t i v e s  with sodium ions  i n  acetone- 

1 
d so lu t ion  was s tudied  by H NMR [41 . A l l  t he  proton resonances of  1,4- 

6 

anhydroerythri tol  showed induced s h i f t s ,  b u t  of  d i f f e r i n g  degrees. The 

chemical s h i f t  da ta  f o r  t h e  th ree  observed protons was analyzed by t h e  S c o t t  

modificat ion of the  Benesi-Hildebrand methodl411.The protons y ie lded equil ibrium 

-1 constants  f o r  complex formation of  approximately 6 , l  and 2.5 M . The 

v a r i a t i o n  i n  these  values  i s  c l e a r l y  t h e  r e s u l t  of t h e  non-validity of  assump- 

t i o n s  inherent  i n  t h i s  treatment. This p o i n t  w i l l  be discussed a t  g r e a t e r  

length  subsequently. I t  i s  of i n t e r e s t  t o  note t h a t  NaClO and NaSCN complexes 
4 

of 1,4-anhydroerythri tol  may be c r y s t a l l i z e d .  The NaClO complex forms an 
4 

orthorhombic c r y s t a l  with space group P 2 2 2 ,wi th  u n i t  cel l  dimensions 
111  

a = 12.77, b = 7.28, and c = 17.69 % and with e i g h t  complex u n i t s  i n  t h e  u n i t  

c e l l  [5].  The d i s t a n c e s  from t h e  sodium ion t o  t h e  two hydroxyl and the  

e t h e r  oxygens of the  sugar a r e  2.314 (11) , 2.294 (12) and 2.550 (10) I respec- 

t i v e l y ,  a s  shown by X-ray d i f f r a c t i o n .  It has been observed t h a t  compounds 

with .two hydroxy groups on adjacent  carbon atoms have markedly super ior  com- 

plexing p r o p e r t i e s  t o  those  of compounds with o the r  spacings [61. 1,4-anhydro- 

e r y t h r i t o l  possesses t h r e e  such spacings. 



5'-adenosine monophosphate, 5'-AMP, has t h r e e  s i t e s  f o r  the  binding of 

metal ions:  through t h e  phosphate, through t h e  adenine n i t rogens  o r  through t h e  

r ibose  oxygens. Metal binding t o  r ibose  i s  of some s ign i f i cance  s ince  metal 

ions appear t o  be capable of d is t inguishing between r ibonucleot ides  and deoxy- 

r ibonucleot ides  i n  enzymic reac t ions .  Thus, whereas manganese(I1)can rep lace  

magnesium ions  i n  the  DNA polymerase reac t ion ,  t h e  s e l e c t i v i t y  of t h e  r eac t ion  

i s  modified by such a s u b s t i t u t i o n .  Magnesium ions permit t h e  incorpora t ion  

of only deoxyribonucleotides i n t o  DNA [ 7 ] .  Manganese ions ,  on the  o t h e r  hand, 

permit the  incorporat ion of both deoxynucleotides and r ibonucleot ides  i n t o  t h e  

"DNA". Using potent iometr ic  methods t o  study t h e  adenosine complexes with 

copper ions ,  some authors  have concluded t h a t ,  a t  high pH, t h e r e  e x i s t s  a 

metal-ribose i n t e r a c t i o n  [ l o ] .  Comparison of  t h e  e f f e c t s  i n  t h e  t i t r a t i o n  

curves were made with 9-methyladenine and deoxyadenosine. 'H NMR s t u d i e s  of 

uranyl ,  UO 2 f ,  ion binding with 5'-AMP has shown t h a t  t h e  i o n s  bind through t h e  
2 

phosphate and t h e  2 '  and 3 '  oxygens on the  r ibose  [ l l ] .  Using 31J? and 'H NMR 

2+ techniques t o  i n v e s t i g a t e  t h e  binding s i t e  of Cu t o  ATP [12], binding was 

shown t o  be a funct ion  of pH. A t  high pH, n e i t h e r  t h e  n i t rogens  of the  base 

nor the  phosphate group a r e  s t i l l  bound. The r ibose  moiety i s  then the  coor- 

d ina t ion  s i t e  of the  m e t a l l i c  ca t ion .  

The metal ions  discussed above a r e  s t rong ly  coordinating. When weakly 

coordinat ing spec ies  a r e  considered, competition wi th  t h e  solvent  must a l s o  be 

considered. This leads  t o  inves t iga t ion  of hydrogen bonding phenomena and of 

water hydration e f f e c t s .  NMR techniques may be used t o  study hydrogen bonding 

phenomena. I n  t h i s  a rea  t h e r e  has been a g r e a t e r  e f f o r t  t o  quant i fy  pheno- 

mena r a t h e r  than merely t o  i d e n t i f y  them. Analysis is  d i f f i c u l t ,  however, 

because of the  complexity o f  the  in te rac t ions .  



This work is c l e a r l y  of i n t e r e s t  i n  e luc ida t ing  conformation and 

p o t e n t i a l  metal binding sites and may a l s o  r e l a t e  t o  quest ions concerning 

t r anspor t  p r o p e r t i e s  and ca t ion ic  regula t ion  of  enzymic processes.  Competition 

between water and metal ions  i n  sugar binding may a l s o  y i e l d  d e t a i l s  of s t ruc -  

t u r e s  of  macromolecules containing sugars i n  aqueous solu t ion .  L i t t l e  i n t e r e s t  

has been shown, however, i n  sugar i n t e r a c t i o n s  with t h e  non-metallic c a t i o n  

ammonium i n  aqueous solu t ion .  The p o t e n t i a l  r e a c t i v i t y  of a ldoses  and ketoses  

with ammonia p resen t s ,  a t  f i r s t ,  a discouraging impediment. This  r e a c t i v i t y  

proceeds through hemiaminals, imines and, thence, to  polymers. The anhydro- 

sugars and the  polyhydric a lcohols ,  however, a r e  f r e e  from t h i s  d i f f i c u l t y .  

The study of the  i n t e r a c t i o n  of anhydrosugars with ammonium ion may r e l a t e  t o  

quest ions of enzyme o r  p r o t e i n s  binding with s u b s t r a t e s  containing sugar sub- 

u n i t s ,  s ince  p r o t e i n s  contain,  f o r  example, t h e  s u b s t i t u t e d  ammonium res idue ,  

lys ine .  It i s  i n t e r e s t i n g  t o  note t h e  r e l a t i v e l y  high l y s i n e  content  of 

r ibonuclease and of ribosomal. p ro te in  18, 93. The l y s i n e  re s idues  appear t o  

play an e s s e n t i a l  r o l e  i n  s p e c i f i c  protein-RNA complex formation i n  t h e  r ibo-  

somes [9] . Arginine has a subs i tu ted  guanidiniun ca t ion ,  and both a rg in ine  

and l y s i n e  could se rve  a s  t h e  counterion f o r  the  RNA phosphates. The high 

proport ion of l y s i n e  suggests  the  p o s s i b i l i t y  of a s p e c i f i c  l y s i n e  i n t e r a c t i o n  

with t h e  r i b o s e s  through t h e  s u b s t i t u t e d  ammonium residue.  

Water a s soc ia t ion  i n  t h e  con t ro l  of biochemical r eac t ions  has a l s o  

received considerable i n t e r e s t  1171. A s  t h e  so lvent  medium of l i v i n g  systems, 

water m e r i t s  i n  depth study and, indeed, of  a l l  so lvents  it i s  the one about 

which most is known. 

Water i s  not merely an i n e r t  o r  s t a t i c  environment, nor is  it merely a 

t r anspor t  medium. It exerc i ses  many organiza t ional  a c t i v i t i e s  and can form 



p a r t i c u l a r  s t r u c t u r e s  i n  response t o  the  presence of hydrophobic groups and 

may e s t a b l i s h  o the r  types of  a s soc ia t ion  i n  the  presence of  ion ic  o r  po la r  

groups. Furthermore, water can provide a supporting bridge f o r  many bio- 

l o g i c a l  conformations. 

A water molecule possesses two binding p o t e n t i a l s .  It is a d ipo le  

with excess charge on t h e  oxygen and, the re fo re ,  tends  t o  a s s o c i a t e  with po la r  

groups. I t  a l s o  possesses t h e  capacity t o  a c t  a s  an H-donor, by v i r t u e  of  

its l a b i l e  hydrogens, and a s  an H-acceptor, by v i r t u e  o f  the  two lone  p a i r s  

of e l ec t rons  on t h e  oxygen. It should be noted t h a t  t h e  H-bond of water 

r e t a i n s  i t s  s t r eng th  when it is  l i n e a r  o r  i s  wi th in  a maximum devia t ion  of 

30•‹ [18]. 

The vapour pressure  of water may be considered t o  represent  t h e  a c t i -  

v i t y  of water i t s e l f .  It  r e f l e c t s  the  tendency o f  individual  water molecules 

t o  escape from t h e  l i q u i d  water medium. I n  tu rn ,  it i s  a r e f l e c t i o n  of the  

number o f  f r e e  water molecules co-existing with t h e  var ious  se l f -associa t ion  

complexes of water  and of  t h e i r  k i n e t i c  energy, 3/2 RT. 

The s u b s t i t u t i o n  of  D20 f o r  H 0 must be  considered i n  l i g h t  of t h e  
2 

so lvent  i so tope  e f f e c t  between l i g h t  and heavy water [19] and of  t h e  so lvent  

i so tope  e f f e c t  f o r  i o n i c  hydrat ion [201. Table I ,  reproduced from reference  

(211, g ives  t h e  r a t i o  of vapour pressures ,  PHZO /P D20, a s  a function of  tempera- 

tu re .   his i s  one rep resen ta t ion  of t h e  so lven t  i so tope  e f f e c t .  From t h e  

lower vapour p ressure  of D 0 ,  it may be concluded t h a t  D 2 0  i n  t h e  l i q u i d  phase 
2 

e x i s t s  i n  a g r e a t e r  degree of o rde r  and wi th  more se l f -associa t ion  than H 0, 
2 

while t h i s  d i f f e rence  diminishes with temperature. Table I1 lists some of 

t h e  i n t r i n s i c  d i f f e rences  of themadynamic values  f o r  H 0 and D 0, a s  measured 
2 2 

and a s  ca lcu la ted  by p a r t i t i o n i n g  of  con t r ibu t ions  from t r a n s l a t i o n s ,  l i b r a t i o n s ,  

and v i b r a t i o n s  1191 . 



TABLE I 

varia t ion of t h e  r a t i o  of vapour pressure of H O t o  t h a t  of D20 as a  2 

function of temperature [21]. 





An i n t e r e s t i n g  example of hydrogen bonding phenomena, a s  shown by 1 3 C ,  

is  revealed by t h e  carbonyl chemical s h i f t s  f o r  a c e t i c  ac id  i n  severa l  

so lvents  [22] (see  Figure 2 ) .  

The i n t e r p r e t a t i o n  of these  r e s u l t s  i s  not  e n t i r e l y  c l e a r  bu t  may be 

t e n t a t i v e l y  based [231 on t h e  following e ,qu i l ib r i a  (where S = solvent  molecule): 

The equil ibrium constant  f o r  t h e  formation of t h e  1:1 complex of  a c e t i c  a c i d  

and acetone has been est imated t o  be 0.23 l i te r /mole .  The corresponding value  

with chloroform is est imated t o  be 0.02 l i te r /mole .  The da ta  f o r  water i s  

in te rp re ted  by means of a 1:2 complex. 

An example of  PMR techniques appl ied  t o  t h e  study of hydrogen bonding i s  

given by benzenethiol  + dimethylformamide i n  CC1 which forms a simple 1:l 
4 ' 

complex. I f  t h e  proton acceptor  i s  i n  excess,  t h e  chemical s h i f t ,  v ,  is given 

by t h e  equation 

where A = v - v and v i s  the  chemical s h i f t  of t h e  monomer proton donor 
C 2 1 1 

and v t h a t  of t h e  complex. Results  f o r  benzenethiol  + dimethylformamide [23] 



Figure  2. P l o t  of 13C chemical s h i f t s  ( r e l a t i v e  t o  13C,S2) of 

-1 
C H ~  l3co0H ve r sus  (volume f r a c t i o n )  i n  t h e  s o l v e n t s  

ace tone ,  water ,  cyclohexane, and chlorofonn 1221. 
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a r e  shown i n  F i g u r e  3 

The s t r eng th  of hydroqen b n d s  may be determined by NMR o r  o t h e r  tech- 

niques such a s  I R .  Selected thermodynamic parameters f o r  some intermolecu- 

l a r l y  hydrogen bonded systems [23] which r e l a t e  t o  the  present  study a r e  given 

i n  Table 111. 

The study of sugar ion complexation by 13c NMR spectroscopy i n  aqueous 

D o so lu t ion  may be advantageous f o r  a number of reasons: 
2 

(1) I n  D o so lu t ion ,  t h e  hydroxyl protons a r e  replaced by deuterium. 
2 

~ l t h o u g h  t h i s  does r e s u l t  i n  some s impl i f i ca t ion  of t h e  proton NMR spectrum, 

the re  a r e  sti l l  CH proton-proton couplings, which makes s p e c t r a l  ana lys i s  of 

'H NMR more d i f f i c u l t  than proton decoupled 13C NMR spec t ra .  

(2)  The metal binding is t o  the  hydroxyl which i s  d i r e c t l y  bonded t o  

carbon and, so,  the  e l e c t r o s t a t i c  inf luence  of  bound metal is  conducted through 

two bonds r a t h e r  than t h r e e  bonds, r e s u l t i n g  i n  g r e a t e r  s e n s i t i v i t y .  

( 3 )  Aside from t h e  proximity e f f e c t s ,  13C chemical s h i f t s  extend over  

a g r e a t e r  range than proton s h i f t s  and a r e ,  thus ,  a more s e n s i t i v e  probe o f  

molecular e f f e c t s .  This is due t o  t h e  f a c t  t h a t ,  i n  the  13C sh ie ld ing,  

cons tant  t ensor ,  t h e  paramagnetic t e r m ,  dominates, g iv ing a l a r g e  d ispers ion  

1 
of 13c s h i f t s ,  whereas, f o r  H, t h e  diamagnetic term dominates because t h e  

hydrogen atom has  l a r g e  e l e c t r o n i c  e x c i t a t i o n  energies  and no low-lying 

p o r b i t a l s  [13, 14, 151. 

(4)  Double resonance may be used t o  decouple proton from carbon by 

rap id ly  s t i r r i n g  t h e  proton sp ins  [131,1321 so as t o  give  simple l i n e  

spec t ra  f o r  carbon [ l 5 , l 6 )  . 
, (5)  D20 is required  f o r  any aqueous proton resonance work. An 

aqueous solvent  has advantages over non-aqueous solvents  f o r  s tud ies  of ion ic  

i n t e r a c t i o n s  because a g r e a t  dea l  i s  known about t h e  thermodynamic p r o p e r t i e s  



0 
Figure 3. Plo t s  of 1 / ( v -  vl) versus l/CB a t  severa l  temperatures f o r  

benzenethiol + dimethylformarnide i n  CC14 [241 . 
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of aqueous, binary 1:l s a l t  solut.ions, whereas l i t t l e  is known about these  

p roper t i e s  f o r  non-aqueous s a l t  so lu t ions .  

(6) The 13C atom does no t  undergo chemical exchange and, thus,  t h e  

r e s u l t s  obtained with t h i s  i so tope  a r e  less ambiguous than those  of PMR s tud ies .  

An accura te ,  cons i s t en t ,  q u a n t i t a t i v e  a n a l y s i s  r equ i res  t h a t  complexation 

e q u i l i b r i a  be e x p ~ e s s e d  i n  terms of  the  a c t i v i t i e s  o f  t h e  p a r t i c i p a t i n g  

species .  Determination o f  a c t i v i t i e s  of s o l u t e s  comprises a s i g n i f i c a n t  

por t ion  of  t h e  present  work. 

In t h e  a n a l y s i s  o f  solvent-solute i n t e r a c t i o n s  i n  equil ibrium with a 

r epor te r  species  ( i n  t h i s  work, a sugar)  , it i s  found t h a t  one has t h e  compli- 

ca ted  s i t u a t i o n  of a multi-component, competitive, multi-equilibrium. Previous 

methods of  a n a l y s i s  have proven t o  be inadequate and s p e c i a l  a n a l y t i c  techniques 

a r e  required.  

I n t e r a c t i o n s  of t h e  p resen t  type a r e  comparatively weak and, a t  normal 

temperatures, a r e  wi th in  t h e  f a s t  exchange l i m i t  on t h e  NMR t ime sca le .  In  

t h e  East exchange l i m i t ,  t h e  observed chemical s h i f t  i s  t h e  population- 

weighted average of the  chemical s h i f t s  of t h e  var ious  species  i n  t h e  exchange 

process. A sens ib le  a n a l y s i s  i n  t h i s  d i f f i c u l t  s i t u a t i o n  requ i res  experi- 

, mental da ta  obtained where a l l  t h e  important va r i ab les ,  temperature, and 

a c t i v i t i e s  a r e  va r i ed  independently. A model is then proposed which expresses 

the  r e l a t i o n s h i p  of  t h e  observed dependent v a r i a b l e s  on t h e  independent 

va r i ab les .  This model is expressed i n  terms of a number of  parameters and 

conta ins ,  i m p l i c i t l y ,  some assumptions about the  stoichiometry of  t h e  com- 

p e t a t i v e  multi-equilibrium . 
The a n a l y t i c a l  technique used i n  t h e  p resen t  study i s  non-linear 

regress ion  i n  which t h e  parameters which b e s t  reproduce t h e  d a t a  f o r  t h e  given 



model a r e  found. With d i f f e r e n t  s to ichiometr ic  assumptions, a new model can 

be t e s t e d  i n  the  same way. comparison of the  goodness of f i t  of these  modi- 

f i e d  models al lows the  determination of the  model which b e s t  f i t s  t h e  da ta .  

In t h i s  way the  stoichiometry of the  multi-equilibrium and t h e  parameters of 

the  b e s t  model a r e  determined. 

B. The - N-oxide group has become increas ingly  more important a s  a 

b io log ica l  func t iona l i ty .  Al iphat ic  - N-oxides were recognized a s  e a r l y  a s  1945, 

when it was discovered t h a t  trimethylamine was oxidized t o  trimethylamine N- - 

oxide and excreted i n  r a t s  [25]. g-oxides were found t o  be b i o l o g i c a l l y  

a c t i v e  when Neuberg [26] conducted h i s  c l a s s i c  s t u d i e s  i n  vivo wi th  tr imethyl-  -- 
+ amhe  - N-oxide. Chemically, t h e  - N -+ 0 group i s  analogous t o  OH and, hence, 

protonated - N-oxides r ep resen t  poss ib le  e l e c t r o p h i l i c  reagents .  Much more 

important, however, i s  t h e i r  r o l e  a s  a b io log ica l  oxygenating agent  i n  micro- 

soma1 enzyme systems. - N-oxides have been depicted a s  t h e  main moiety respon- 

s i b l e  f o r  b io log ica l  oxidat ive  demethylation of - N-methyl der iva t ives[27,  281. 

Xanthine oxidase ca ta lyzes  t h e  t r a n s f e r  of labeled  oxygen from nicotinamide 

N-oxide t o  xanthine i n  t h e  course of the  formation of u r i c  ac id  [29]. - 

Many - N-oxides have been found i n  nature.  For ins tance ,  s u b s t i t u t e d  

quinol ine  - N-oxides and quinoxalin N,N-dioxides have been found t o  be a n t i v i r a l  - - 
agents  [301 and a l a r g e  number of N-oxides have been shown t o  have a n t i b a c t e r i a l  - 
a c t i v i t y ,  including t h e  a n t i b i o t i c s  a s p e r g i l l i c  ac id ,  emimycin, iod in in ,  and- 

myxin. The l a t t e r  compounds a r e  a l l  formally r e l a t e d  t o  d iketopiperaz ines .  

F i n a l l y ,  seve ra l  pyr ro l i z id ine  a lka lo ids ,  such a s  senecionine N-oxide, - 
have been demonstrated t o  be the  tumor i n h i b i t o r y  p r i n c i p a l s  of p l a n t  e x t r a c t s  

[311. It must be added, however, t h a t  purine - N-oxides have proven t o  be 

1 Potent  oncogenic agents.  

A n  agent  which induces any form of neoplasm i s  oncogenic. The term 
carcinogenic should be reserved f o r  agents  inducing carcinomas. 



I n  o r d e r  t o  g a t h e r  i n s i g h t  i n t o  t h e  s t r u c t u r e s  and e l e c t r o n i c  con- 

f i g u r a t i o n s  of t h i s  c l a s s  of b i o l o g i c a l l y  important  compounds, we have 

determined t h e  13c chemical s h i f t  parameters of a s e r i e s  of  py r id ines  and 

t h e i r  %-oxides. 



Figure 4. S t ruc tu res  of a s p e r g i l l i c  ac id ,  enimycin, iodin in ,  and myxin. 



a s p e r g i l l i c  ac id  en imyc i n  R=H; iodin in  

R = C H ~ ;  myxin 



2.0 

Dynamic NMR 

The shie ld ing,  o ,  of a nucleus dissolved i n  a l i q u i d  medium i s  expressed 

,where a i s  t h e  shie ld ing i n  the  gas  phase, u i s  due t o  t h e  bulk diamagnetic 
9 b 

s u s c e p t i b i l i t y  of t h e  sample, 5 i s  a term a r i s i n g  from t h e  non-zero averaging 
a 

of any anisotropy which may e x i s t  i n  the  diamagnetic s u s c e p t i b i l i t y  of t h e  sol-  

vent  molecules, 0 i s  the  van de r  Waals term, o is  the  
w E 

and u is t h e  apparent  complexation shie ld ing which may 
C 

s p e c i f i c  molecular a s soc ia t ion  phenomenon involving t h e  

between varying magnetic environments. 

Formulations f o r  the  gas phase nuclear sh ie ld ing 

reac t ion  f i e l d  term, 

a r i s e  ou t  of some 

s o l u t e  i n  rapid  exchange 

tensor  a r e  numerous 

and somewhat i n t r a c t i b l e  but  may begenera l ly  divided i n t o  pe r tu rba t ion  theor ies ,  

which r e q u i r e  cons idera t ion  of exci ted  s t a t e s ,  and v a r i a t i o n a l  theor ie s ,  which 

do not  [ 3 4 ] .  The problem of t h e  bulk diamagnetic s u s c e p t i b i l i t y  may be el imi-  

nated with the  use of an i n t e r n a l  s tandard , and t h e  proper choice of the  

i n t e r n a l  s tandard w i l l  minimize the  s p e c i f i c  and non-specific medium e f f e c t s  

on t h e  standard. I n  s u i t a b l e  cases ,  t h e  e f f e c t  of t h e  s p e c i f i c  complexation 

shie ld ing is  g r e a t e r  than the  non-specific medium e f f e c t s  and t h e  l a t t e r  can be 

ignored . 
The theory of  spec t ra  observed i n  a system i n  which t h e r e  is chemical 

exchange may be obtained by considerat ion of t h e  Bloch equations,  s u i t a b l y  

modified f o r  two s i t e  exchange. 

Consider t h e  case  of a r ap id  r e v e r s i b l e  exchange of t h e  magnetic nucleus 



x between t h e  two molecular environments A and B. I t  may be assumed t h a t  t h e  

t r a n s i t i o n  s t a t e  is s u f f i c i e n t l y  shor t - l ived,  s o  t h a t  magnetization changes 

during t h e  t r a n s f e r  of X may be neglected. Denote t h e  f i r s t  order  l i f e t i m e s  

of X i n  A and Blby T and T respect ive ly .  The components of t h e  X nuclear 
A B ' 

magnetization a r e  denoted by u and v, which a r e  the  i n  phase and o u t  of phase 

components, r e spec t ive ly ,  with t h e  r o t a t i n g  radiofrequency f i e l d  and M which 
z 

is  t h e  component i n  the  d i r e c t i o n  of t h e  main magnetic f i e l d .  The magnetization 

can then be wr i t t en  a s  t h e  sum of t h e  con t r ibu t ion  of the  A and B systems. 

The modified Bloch equations i n  the  r o t a t i n g  system a r e  1 3 4 1 ~ ~ 1  

dv - Awu 
A A A 

d t 

dv - Awu 
B B B 

d t  



B 
where M~ and M a r e  t h e  equi l ibr ium Z magnetizat ions of t h e  X n u c l e i  i n  s i t e s  

0 0 

A and B and where 

( 6 )  
Aw = 

A 
w - W  
A 

AwB = w - w 
B 

(I) 
1 

= yH1 , measure( 

and - 1 - 1 -1 
T  

1 A  
= T  + T  

1 A  A 

- 1 
dians  sec  

-1 - - 1 - 1 
T  + T  

-1 
2A - T 2 ~  

i n  s e c  . 
A 

The last  two equat ions  r e p r e s e n t  t h e  modi f ica t ion  of t h e  s p i n - l a t t i c e  ( longi -  

t u d i n a l )  and spin-spin ( t r a n s v e r s e )  r e l a x a t i o n  times, TIA and TaA, of X i n  

t h e  A environment. S imi la r  r e l a t i o n s  apply when X i s  a t  s i t e  B. 

The modified Bloch equat ions  can be  solved i n  t h e  s teady  s t a t e  approxi-  

mation. The l i neshapes  of  t h e  absorb t ion  and d i s p e r s i o n  mode s i g n a l s  a r e  

given by t h e  t o t a l  complex moment [ 3 7 ] ,  G = GA + GB 

where 

(9) 

and where - T and - - T  

- A P~ 
B 

T  + T  T  + T  
A B A B 

a r e  t h e  f r a c t i o n a l  popula t ions  a t  t h e  A and B s i t e s .  For cond i t i ons  o f  r a p i d  

exchange, rA and T < 1 and, hence, terms conta in ing  r T can  be  neglec ted  and 
B A B 



G is approximated by 

The imaginary p a r t  v is  given by 

where 

Hence, resonance absorpt ion  occurs when the  radiofrequency w has t h e  value 

This l a s t  r e l a t i o n s h i p ,  given f o r  r a p i d  exchange, may be general ized d i r e c t l y  

f o r  cases  of exchange between t h r e e  o r  more sites. 

I n  the  regime of t h e  f a s t  exchange l i m i t ,  - i . e .  - where the  r a t e  of 

exchange between species  is  appreciably f a s t e r  than t h e  r ec ip roca l  d i f f e rence  

i n  angular  precession frequencies of t h e  resonating nuc le i  1381, t h e  a n a l y s i s  

of NMR shie ld ing versus  concentrat ion may be used t o  o b t a i n  values of s t a b i l i t y  

cons tants  [39 ] .  Simple systems y i e l d  r e a d i l y  t o  a s traightforward ana lys i s .  

A s  a f i r s t  example, consider t h e  hypothet ica l  i d e a l  equil ibrium beha- 

viour of a 1:l complex formed between a donor, D, and an  acceptor  species ,  A, 

The observed sh ie ld ing ,  o, i s  a concentra t ion  weighted average of i ts  value 

i n  t h e  f r e e  acceptor ,  oA, and i n  t h e  complex, a c ' 



 his formula i s  o f t en  r e f e r r e d  t o  a s  t h e  Benesi-Hildebrand equation where it 

a r i s e s  i n  the  context  of o p t i c a l  spectroscopy [411. It may be combined with 

the  equil ibrium expression t o  g ive  S c o t t ' s  equation 1421 

[ D l  1 - = -  [Dl 
A 

+ - 
AC 

A leas t -squares  f i t  

with standard dev ia t ions  

In  p r a c t i c e ,  the  f r e e  donor concentrat ion,  ID], is  unknownr it d i f f e r s  

from- the  t o t a l  i n i t i a l  donor concentrat ion by t h e  complex concentrat ion.  When 

t h e  acceptor  concentrat ion is  kept  small,  t h e  t o t a l  i n i t i a l  donor concentrat ion 

i s  a good f i r s t  approximation t o  [Dl. A t  each concentrat ion,  t h e  derived 



values of A and K may be used f o r  a second Sco t t  ana lys i s ,  y ie ld ing b e t t e r  
C 

values of A and K,  and so  on t o  self-consistency.  
C 

Equilibrium systems more involved than a simple 1:l assoc ia t ion  have 

been disentangled by an ana lys i s  of chemical s h i f t  da ta .  For t h e  system of 

n-mer formation represented a s  

where C i s  t h e  concentrat ion,  the  subsc r ip t  ind ica t ing  monomer, d h e r ,  t r imer ,  

. . . . , n-mer. The s h i f t  grequency of  one absorpt ion  peak, which i s  t h e  weighted 

average of a l l  con t r ibu to r s ,  i s  given [431 f o r  i d e a l  equilibrium behaviour a s  

One approach t o  the  disentanglement of such a system has been t o  make 

the  assumption t h a t  a l l  b u t  one K can be neglected (i.e. only monomer and 
n - - 

n-mer a r e  p resen t ) .  Then 

+ nv K cn) v = n n l  

(C1 + nK c") 
n 1 

and s ince  t h e  s to ichiometr ic  ( t o t a l )  concentra t ion  

(24) n 
C = C1 + nKnCl , then 



(vlC1 + nv K cn) (25)  V = n n l  

A v ve r sus  C curve is determined exper imenta l ly  and then  compared wi th  

t r i a l - and -e r ro r  computed curves  u n t i l  t h e  b e s t  f i t  is  found. This  method is 

i l l u s t r a t e d  f o r  - 0-creso l  i n  F igure  5, taken from t h e  work of  G r i f f i t h  and 

Soc ra t e s  1441. The f i t  f o r  n = 3 i n d i c a t e s  t h a t  t h e  prominent H-bonded s p e c i e s  

p r e s e n t  i s  t h e  t r imer  . 



Figure 5 .  Plo t  of hydroxyl proton resonance of 0-cresol  r e l a t i v e .  

t o  TMS ( i n  cycles  per  second) versus the  log of 

concentrat ion 1443. The curves w e r e  ca lcu la ted  

assuming only dimer , tr h e r ,  and tetramer formation, 

respect ive ly .  



Separcltion of hydroxyl 
resonance from T. M. S. 
In C/S. 



~ e r i v a t i o n  of Chemical S h i f t  Expression f o r  Species undergoing Competitive 

~ u l t i - E q u i l i b r i u m  (Fas t  Exchange Limit) 

Consider a molecule, E, with a number of l igand s i t e s .  Assume t h a t  a 

complex, E-nW-mA, of s toichiometry nrn may be  formed, where n molecules of 

solvent  W and m molecules of s o l u t e  A a r e  engaged. I n  t h e  f a s t  exchange l i m i t  

i 
the  chemical s h i f t  observed f o r  nucleus i of E, 

6obs ' is  given a s  a populat ion 

weighted sum, 

The mole f r a c t i o n  Prim , of species  E i n  t h e  l i g a t i o n  s t a t e  E.nW.mA is 

determined by the  appropr ia te  equilibrium expression,  given i n  terms of  

a c t i v i t i e s ,  

f o r  E + n~ + m~ 2 E . ~ w . ~ A ,  n , m  = 1 , 2 ,  . .  . .  

or ,  given i n  terms of concentrat ions and a c t i v i t y  c o e f f i c i e n t s ,  

Now, f o r  C small,  
E 



( 3 1  1 

 heref fore, 

(32) 

o r I  s ince  

(33)  

6i is  given by 
obs 

The summation extends over a l l  t h e  species  t h a t  e n t e r  i n t o  t h e  inner  l i g a t i o n  

sphere of E. 

i 
The equation f o r  6 may a l s o  be derived from t h e  grand p a r t i t i o n  

ob s 

funct ion  f o r  an ensemble of multicomponent subsystems. The grand p a r t i t i o n  

function f o r  two components i s  [46]  

- 
(34  " = - C 

N1'N2 

Where the  Q a r e  t h e  canonical  

NII  N of components 1 and 2, 2 

p a r t i t i o n  funct ions  with occupation numbers 

and where A x  = 
l.r l/kT e I A 2  - - e 'dkT a r e  t h e  



absolute a c t i v i t i e s  of 1 and 2. The p r o b a b i l i t y  t h a t  a  subsystem has N l t N 2  

molecules of 1 and 2,  r e spec t ive ly ,  i s  then 

where K ( N  , N  ,V,T) is  t h e  equil ibrium constant  f o r  e q u i l i b r i a  between zero  
1 2  

molecules i n  t h e  subsystem and N 1' N 2 molecules of components 1 and 2. The 

use of absolute  a c t i v i t i e s  presents  no problem t o  t h e  straightforward de r i -  

i 
vat ion  of 6 from t h i s  po in t ,  s ince  the  r e l a t i v e  a c t i v i t y ,  a ,  i s  obtained 

obs 

a s  t h e  r a t i o  of t h e  absolute  a c t i v i t y  t o  t h e  a c t i v i t y  i n  some reference  s t a t e  

[ 47 ] .  The usual  assumption of t h e  independence of subsystems is  equivalent  

t o  t h e  assumption of i d e a l i t y .  

This i n s i g h t ,  i n  terms of t h e  grand p a r t i t i o n  funct ion ,  i s  use fu l  

because it al lows t h e  genera l i za t ion  of t h e  expression f o r  t h e  chemical s h i f t  

t o  g r e a t e r  than two components i n  an obvious way. 



  egression Theory [48 - 561 

One of t h e  elementary aspects  of regress ion  a n a l y s i s  is  t h e  technique 

of curve f i t t i n g ,  wherein a funct ion  expressed i n  terms of some unknown para- 

meters is used t o  approximate t h e  dependence of  some experimental measurements 

on some o the r  independent va r i ab les  i n  t h e  experiment. The most well-known 

c r i t e r i o n  f o r  curve f i t t i n g  is obtained when t h e  parameters a r e  solved f o r  

those values which minimize the  sum of t h e  squares of t h e  d i f fe rences  between 

the  observed and predic ted  values of the  dependent va r i ab le ,  summed f o r  a l l  

cases wi th in  the  experiment. In order  t o  consider  t h e  theory behind t h i s  

technique, we must f i r s t  consider t h e  necessary and s u f f i c i e n t  condi t ions  for  

the  exis tence  of an unconstrained r e l a t i v e  Minimum 1481. 

Necessary and S u f f i c i e n t  Conditions f o r  Unconstrained Rela t ive  Minima 

We wish t o  discover t h e  minima of an o b j e c t i v e  funct ion  

Suppose t h a t  t h e  point  

- - 
is t h e  minimum sought and t h e r e  is  another  po in t ,  x = x* + 6; , s l i g h t l y  



displaced from it. Since x* i s  the r e l a t i ve  minimum, 

( 3 8 )  6 1  = 

for  a l l  displacements 

Expand the above i n  a Taylor s e r i e s  about the minimum t o  obtain  

For very small displacements, the second-order terms a r e  negl igible  and 

The only way t h a t  6 1  - > 0 can hold fo r  a l l  possible small values of 6; is f o r  

On subs t i tu t ing ,  w e  obtain 

(43 2 1 - T  - 6 1  = - 6 x  (fi);, 6; + 0 ( 6 ; ~ )  
2 

- 
where H i s  the  symmetric matrix of second der ivat ives  



known a s  t h e  Hessian matrix. The requi red  condi t ions  a r e  then seen t o  be 

-T - - 
(46) 6x %x> - 0. H is pos i t ive -de f in i t e  o r  semidef in i te .  

A symmetric pos i t ive -de f in i t e  matr ix i s  charac ter ized  by having a l l  p o s i t i v e  

eigenvalues. A p o s i t i v e  semidef in i te  matr ix has some zero eigenvalues. 

Necessary and S u f f i c i e n t  Conditions f o r  Minima having Equal i ty  Const ra in ts  

I n  the  case  where we have equa l i ty  c o n s t r a i n t s ,  t h e  problem of minimizing 

an ob jec t ive  funct ion  I may be w r i t t e n  

(47) 

where 



A convenient way of tackl ing  these  problems is through t h e  use  of the  

13 grange mu1 t i p l  i e r  . 
Let us form t h e  Lagrangian L by adjoining t h e  equa l i ty  condit ions t o  

the  ob jec t ive  function through meLangrange m u l t i p l i e r s  A 
j 

- - - m 

(47 L (x, A )  I(x1 - Z A .  h .  
j=1 3 3 

For any small displacements from the  optimum x*, A*, on expanding the  above 

i n  a  Taylor s e r i e s ,  we obta in  

We may note t h a t ,  f o r  any small v a r i a t i o n  from t h e  minimum I (x*) , we must have 

and, s ince  t h e  c o n s t r a i n t s  must be s a t i s f i e d ,  then 6h.  (x*) = 0 must a l s o  hold. 
3 

Thus, a t  the  optimum, we must have 

But t h e  only way t h i s  can be t r u e  f o r  a l l  small values of 6x. and 6A, i s  f o r  
1 3 



Then t h e  problem of minimizing a n  o b j e c t i v e  func t ion  wi th  e q u a l i t y  c o n s t r a i n t s  

is seen  to be  equivalent to  t h e  problem of  unconstrained minimization of  t h e  

corresponding Lagrangian. 



3.1 

unconstrained Nonlinear Optimization Techniques [ 48,49,53157-60 1 

Unconstrained non l inea r  op t imiza t ion  occurs  i n  t h e  context  of 

regress ion  a n a l y s i s ,  wherein one p o s t u l a t e s  a model which p r e d i c t s  an ob- 

served  v a r i a b l e  mathematically i n  termso•’ some independent va r i ab l e s  and 

some parameters  p l u s  obse rva t iona l  o r  measurement e r ro r .  I t  can be repre-  

sented by 

(53) Y = f ( x l l x 2 ,  ..... , x , e l ,  02 ,  ..... , Bm) + e 

For many observa t ions  w i t h  d i f f e r e n t  cond i t i ons ,  one would have 

where t h e  vec to r  o f  observa t ions  is expressed i n  terms of  t h e  d a t a  mat r ix ,  

- - - - 
x, parameters  0,  and e r r o r  e .  I t  is assumed f o r  s t a t i s t i c a l  purposes t h a t  

- 
e comes from some d i s t r i b u t i o n .  I t  may be shown t h a t ,  w i t h  condi t ions  o f  

normally d i s t r i b u t e d  independent e r r o r ,  l e a s t  squares  is  t h e  c o r r e c t  method 

f o r  parameter de te rmina t ion  [493. 

We then have an o b j e c t i v e  func t ion  I (0)  t o  minimize wi th  r e s p e c t  

t o  8 . For l e a s t  squares  



Consider t h e  fol lowing d e f i n i t i o n s  : 

t h e  g r a d i e n t ,  

t h e  Hessian, 

t h e  Jacobian,  

A l l  op t imiza t ion  techniques a r e  i t e r a t i v e  methods i n  which, given an 

- * - - - - 
e s t i m a t e ,  O i ,  near  t h e  minimum, 8 , a c o r r e c t i o n ,  o i  = dBi = 0 i +  1 - B i  1 

- - 
is determined, - - ui Pi, f o r  a  s t e p s i z e ,  a , and search  d i r e c t i o n ,  

i Pi 
- - 

Let rl = Aqi. Without going i n t o  any d e t a i l  t hen ,  t h e  important  methods 
i 

may be enumerated according t o  t h e  manner i n  which t h e  search  d i r e c t i o n  i s  

determined. The s t e p s i z e  i s  chosen accord ing  t o  some a c c e p t a b i l i t y  c r i t e r i a  

f o r  which I ( 8i+l) < I ( O i l  . The above d e f i n i t i o n s  apply i n  common t o  t h e  

d i f f e r e n t  methods below. 



3.1.1 
s t e e p e s t  Descents 

The s t e e p e s t  descents  method is def ined  by 

- - 
- Pi - - 'i , i.~. t h e  search  d i r e c t i o n  is (59) 

oppos i te  t h e  g rad ien t .  I t  has  t h e  advantage of  s i m p l i c i t y ,  where only t h e  

elements o f  t h e  g rad ien t  need be determined and convergence i s  r e l a t i v e l y  

- * 
f a s t  away from t h e  minimum, 0 , b u t  convergence is  ponderously slow nea r  

- * 
0 . I t  is seldom used. 



- - Newton-Raphson: pi - - [ gi 1 
-1 - 

i 

The Newton-Raphson method is a powerful method i n  which t h e  

curvature i s  used t o  co r rec t  the  gradient  t o  give the  search d i rec t ion .  

I f  it works, r ap id  convergence i s  guaranteed. However, i t s  disadvantages 

a r e  t h a t  the  matrix of second de r iva t ives  is required and, f o r  es t imates  

- * 
away from 0 , z .  may become s ingu la r .  

1 



- = T =  - l = T -  
~auss-Newton: Pi - - [Ji Jil Ji gi 

The Gauss-Newton method is e s s e n t i a l l y  a l i n e a r i z e d  Newton-Raphson, 

where the  term i n  brackets  approximates t h e  Hessian. It is  used widely f o r  

l e a s t  squares.  Various modificat ions allow fo r  an approximate inverse  t o  be 

ca lcu la ted ,  avoiding problems of s i n g u l a r i t i e s .  I t  has t h e  advantage of only 

requi r ing  f i r s t  de r iva t ives .  The disadvantage of t h i s  method, which was 

encountered i n  t h i s  s tudy is  t h a t ,  where a good f i r s t  approximation is unavailable,  

many i t e r a t i o n s  a r e  required.  From a s t a t i s t i c a l  viewpoint, t h i s  method may 

be regarded a s  stepwise l i n e a r  regress ion  on t h e  parameters. A t  each s t e p  
- [ziT ~ ~ 1 - l  i s  an es t ima te  of  t h e  covariance matrix of t h e  parameters. 

The Gauss-Newton method has good convergence p r o p e r t i e s  near  t h e  minimum. 

I n  t h i s  study, where it was used ( see  Chapters 5 and 6),a f i r s t  approximation 

was obtained by "chemical i n t u i t i o n "  o r  t r i a l  and e r r o r .  Three programs w e r e  

used: BMDX85 [591, BMDX85/NAUGLER, and BMDP3R [ 6 0 ] .  BMDX85 is  a genera l  l e a s t  

squares program which incorpora tes  the  use of inequa l i ty  cons t ra in t s .  

BMDX~~/NA~JGLER is a double p rec i s ion  modificat ion of BMDX85 wr i t t en  a f t e r  double 

p rec i s ion  was discovered t o  be e s s e n t i a l .  BMDP3R i s  an up t o  d a t e  vers ion ,  

double p rec i s ion ,  al lows l i n e a r  equa l i ty  c o n s t r a i n t s ,  and g ives  r e s idua l  ana lys i s .  

The l a t t e r  program, which i s  implemehted under MTS, is recommended f o r  t h e  

Value of t h e  output  it produces. 



The Levenberg-Marquardt method overcomes t h e  d i f f i c i e n c i e s  o f  t h e  

Gauss-Newton method by choosing a A s o  t h a t  t h e  search  d i r e c t i o n  l i e s  some- 
i 

where between t h e  s t e e p e s t  descents  d i r e c t i o n  and t h e  Gauss-Newton d i r e c t i o n .  

Thus, t h e  b e s t  o f  both techniques can be achieved. A l a r g e  enough choice 

of Xi w i l l  ensure  t h a t  a non-singular  mat r ix  is  obta ined ,  



I - - where - - - - - T =  a a 
A A i =  i i - 
P - 
" T -  - T =  - 
ai n i  ni  ai rli 

- - 
In  the  DFP method, a var iable  metr ic ,  A * ,  is  used t o  approximate the  

1 

Hessian and it is  constructed s o  t h a t  only gradient  information is required,  

it i s  never s ingu la r ,  and t h e  search d i r e c t i o n s  a r e  conjugate, - i.e. - orthogonal 

with respect  t o  the  Hessian and, s o ,  i n t e r a c t i o n  between these  "conjugate 

gradients" is el iminated.  This method i s  extremely robust  and has been 

implemented t o  optimize t h e  ca lcu la ted  e l e c t r o n i c  energy i n  MIND0/3 molecular 

o r b i t a l  ca lcu la t ions  161, 62 1 Modifications o f  t h i s  procedure use 

d i f fe rences  t o  approximate the  f i r s t  der iva t ives .  

In a l l  t he  matrix methods described,  various inversion o r  s p e c t r a l  

decomposition techniques may be applied.  I n  BMDX85, BMDP3R [59,60] Gauss- 

Jordon e l iminat ion  [491 i s  appl ied  with p ivot ing  done i n  a stepwise manner 

u n t i l  f u r t h e r  improvements i n  the  matrix-inverse a r e  l e s s  than rounding 

e r r o r  and so  t h a t  boundary condit ions of  the  parameters a r e  not  v io la ted .  



EXPERIMENTAL 

4.0 
1,4-Anhydroerythritol and 1 , 4 - ~ n h y d r o t h r e i t o l  Synthesis  and Character iza t ion  

* 
Nearly q u a n t i t a t i v e  y ie lds  of 1,4-anhydroerytkri tol  can be obtained 

simply by heat ing e r y t h r i t o l  i n  a d i s t i l l a t i o n  f l a s k  containing a s trong ac id  

ca t ion  exchange r e s i n ,  followed by vacuum d i s t i l l a t i o n  1633. 

We have found t h a t  it is  important t h a t  t h e  product be d i s t i l l e d  from 

the  reac t ion  mixture a s  it is formed t o  avoid s i d e  r eac t ions .  In  a t y p i c a l  

+ 
synthes is ,  1 g m  of e r y t h r i t o l  (Sigma) and 0.1 gm of Fisher  Rexyn 101(H ) ion  

exchange r e s i n  was placed i n  a micro d i s t i l l a t i o n  f l a s k  i n  an o i l  ba th  which 

had been preheated t o  140•‹ C. The bath  temperature was allowed t o  r i s e  t o  

190•‹ C ,  a t  which t i m e  product d i s t i l l e d  o u t  of t h e  f l a s k  a t  0.7 mm Hg. Product 

p u r i t y  was achieved by the  t h i r d  r e d i s t i l l a t i o n ,  when t h e  product d i s t i l l e d  

a t  8g0 C (0.3 mm Hg). 

i- 
Synthesis of 1,4-anhydrothrei tol  was achieved i n  a s imi la r  manner from 

t h r e i t o l .  A r ecen t  r e p o r t  [641 has given t h e  syn thes i s  of 1,4-anhydrothrei- 

t o 1  by epimerizat ion of 1,4-anhydroerythri tol  - v i a  the  monotosylate. One 

+ 
gm of d l  R-threi tol  (Sigma) was cycl ized  with 0.1 gm of Fisher  Rexyn 101 (H 1 

0 
ion  exchange r e s i n .  A second d i s t i l l a t i o n  gave a bo i l ing  po in t  a t  130 C 

and 0.3 mm Hg. The reac t ion  went smoother and f a s t e r  than the  cyc l i za t ion  

of e r y t h r i t o l ,  a s  would be expected f o r  t h e  t r a n s  conf igura t ion  of hydroxyls. 

The higher bo i l ing  po in t  is cons i s t en t  with t h e  absence of intramolecular  

hydrogen bonding and with g r e a t e r  intermolecular  hydrogen bonding f o r  t r a n s  

d i o l s  compared t o  c i s  d i o l s .  - 
1 The H spectrum of 1,4-anhydroerythritol-d2, which was obtained by 

lyopl i i l iza t ion  from D20, was recorded a t  100 MHz i n  HFCCl a t  room 
2 

* 
Cis-3,4-dihydroxy tetrahydrofuran - 

-F 
Trans-3,4-dihydroxy te t rahydrofuran  



42a .  

F igure  6. 
1 

(a) The H NMR spectrum o f  1 ,4-anhydroerythr i tol-d 2' 

i n  NFCCl w i t h  i n t e r n a l  hexamethyl d i s i l o x a n e  r e f e r e n c e ;  
2 

e x t e r n a l  19F f i e l d  f requency lock.  Sweep o f f s e t  84823 HZ, 

sweep width 100 HZ. 

1 
(b) The II NMR spectrum o f  1 '4 -anhydro thre i to l  i n  D 2 0  w i t h  

i n t e r n a l  r e f e r ence  TMS; e x t e r n a l  19F lock.  Sweep o f f s e t  

85315 Hz, sweep width 100 H z .  

Spectrometer  frequency 100 MHz. 



w TMS 



temperature i n  a sealed tube using an ex te rna l  f l u o r i n e  lock. A deceptively 

simple Spectrum, cons i s t en t  with an AA'BB'CC'system, yielded a doublet of 

doublet of doublets ,  with r e l a t i v e  i n t e n s i t i e s  1:3:3:1, i n  t h a t  region which 

gave 2/3 of t h e  t o t a l  proton i n t e n s i t y .  

The 13C{lH} spectrum (proton i r r a d i a t i o n  o f f  during acqu i s i t ion)  of 

1,4-anhydrothrei tol  was recorded a t  25.2 MHz i n  D 0 with i n t e r n a l  deuterium 
2 

lock a t  room temperature. S p l i t t i n g s  due t o  one and two d i r e c t l y  bonded 

hydrogens were evident .  The assignments and chemical s h i f t s  ca lcu la ted  

r e l a t i v e  t o  TMS were i n  agreement with l i t e r a t u r e  values [65]. 

The 13C{1H} spectrum (proton i r r a d i a t i o n  o f f  during acqu i s i t ion)  of 

l ,4-anhydroerythri tol  was recorded a t  25.2 MHz and 15.08 MHz i n  D20 with 

i n t e r n a l  deuterium lock a t  room temperature. S p l i t t i n g s  c h a r a c t e r i s t i c  of 

one d i r e c t l y  bonded hydrogen on one carbon and two d i r e c t l y  bonded hydrogens 

on the  o the r  carbon were seen. The assignments and chemical s h i f t s  calcu- 

l a t e d  r e l a t i v e  t o  TMS were cons i s t en t  with va lues  given i n  t h e  l i t e r a t u r e  [65,661. 

The 1~ spectrum of 1,4-anhydrothrei tol  i n  D 0 was recorded a t  100 MHz 
2 

using an ex te rna l  f l o u r i n e  lock a t  room temperature. The spectrum was con- 

s i s t e n t  with t h a t  of an AA'BB'CC' system i n  which J and J a r e  negl ig ib le .  
AC AC ' 

The proton of intermediate chemical s h i f t  appeared a s  a doublet of double ts ,  

being coupled t o  the  o the r  two protons,  which appeared a s  doublets ,  t o  f i r s t  

order .  

Gas chromatography-mass s p e c t r a l  ana lys i s  of 1,4-anhydroerythri tol  

and 1,4-anhydrothrei tol  showed these  ma te r i a l s  t o  be r e l a t i v e l y  pure, a s  

shown by t h e  g.c. t r a c e  (due t o  t h e  t o t a l  ion  c u r r e n t ) .  The pa ren t  peak 

f o r  both compounds had a value of 105 mass un i t s .  The molecular weight of 

each is  104. This discrepency can be r a t i o n a l i z e d  a s  being due to  an ion- 



Figure 7. G .C . t r a c e  due t o  t o t a l  ion  cur ren t  of 1,4-anhydroerythritol.  

Instrumental system consis ted  of a Varian Aerograph s e r i e s  

1400 gas chromatograph, a ~i tachi-Perkin-Elmer HU-GE Mass 

Spectrometer, and a System Indus t r i e s ,  Sytem 150 d a t a  sys- 

tem. 100% represen t s  the  d i g i t i z a t i o n  value. 





Figure  8. M.S. fragmentat ion p a t t e r n  o f  1 ,4-anhydroery thr i to l .  

Retent ion t i m e  = 36 seconds. 





Figure 9. M.s. fragmentation pattern of 1,4-anhydrothreitol. 

Retention time = 36 seconds. 









molecule r eac t ion  involving hydrogen atom t r a n s f e r  167 I . Many types of 

compounds, including a lcohols  which g ive  molecular ions  of low abundance, 

have a high c r o s s  sec t ion  f o r  such an ion-molecule reac t ion .  

1,4-Anhydroerythritol gave a s p e c i f i c  g r a v i t y  of 1.33 and 1,4- 

anhydrothre i to l  gave a r e f r a c t i v e  index of 1.469 a t  room temperature. 

I n  conclusion, t h e  cha rac te r i za t ion  s t u d i e s  of t h e  two pro- 

ducts  provides no evidence t h a t  would suggest  t h a t  they a r e  not t h e  expected 

products.  Cycl iza t ion  of polyhydric a lcohols  by t h e  c a t a l y s i s  of s t rong 

ac id  ion exchange r e s i n  proved t o  be much more convenient than o t h e r  methods 

[ 68,691 discussed i n  the  l i t e r a t u r e .  The anomeric s p e c i f i c i t y  of t h e  

enzyme 6-phosphofructokinase has been es tab l i shed  using s t r u c t u r a l l y  locked, 

i s o s t e r i c  analogues of g-fructose-1-phosphate - 1681. 2,5-Anhydro-g-mannitol- - 
1-phosphate i s  an a l t e r n a t e  s u b s t r a t e  of 6-phosphofructokinase, while 2,s- 

anhydro-g-glucitol-1-phosphate is  a competitive inh ib i to r .  With t h e  in ten-  - 
t i o n  of poss ib ly  e luc idat ing  the  mechanism f o r  these  con t ras t ing  p roper t i e s ,  

t h e  cyc l i za t ion  of D-mannitol and p g l u c i t o l ,  t o  g ive  t h e  2,5-anhydro pro- - - 
ducts ,  was attempted. The v o l a t i l e  t r imethyl  s i l y l  d e r i v a t i v e s  of t h e  

product mixtures were analyzed by g.c.-m.s., however, and proved t o  represent  

a l l  poss ib le  furan,  pyran and b i c y c l i c  s t r u c t u r e s .  P o t e n t i a l l y ,  separa t ion  

of t h e  products  might y i e l d  use fu l  ma te r i a l s .  



13c NMH Spectra 

Typical experimental condit ions f o r  t h e  determination of 13C NMR 

spec t ra  a r e  represented by those f o r  1,4-anhydroerythri tol .  25 p R  of 

1,4-anhydroerythri tol ,  0.1 molal, 10 p R  dioxane, 0.04 molal,  i n  3.0 m l  

D 0 with the  add i t ion  of a weighed por t ion  of NH C 1  were placed i n  a 12 mm 
2 4 

sample tube and were deoxygenated with a stream of N gas. NH C 1  was 
2 4 

r e c r y s t a l l i z e d  from water ,  vacuum dr ied ,  and weighed by a n a l y t i c a l  balance. 

The sample tube was spun i n  t h e  probe a t  a r a t e  of  25 rps .  The temperature 

was thermostated with a temperature c o n t r o l l e r  with a flow of cooling N 
2 

gas a t  35 SCFH. The temperature reached upon equ i l ib ra t ion  was recorded 

using a double junction copper-constantan thermocouple and a Leeds and 

Northrop potentiometerE721~he junctions were encased i n  g l a s s  c a p i l l a r i e s  

and t h e  reference  junction w a s  placed i n  an i c e  water mixture and t h e  o ther  

i n  t h e  sample. A c a l i b r a t i o n  curve f o r  t h e  double junction copper-constan- 

t an  thermocouple was prepared with a v a r i a b l e  temperature bath and compari- 

son wi th  t h e  c a l i b r a t i o n  t a b l e  given i n  reference  [70] showed t h a t  t h e  

0 
l a t t e r  c a l i b r a t i o n  t a b l e  was accura te  t o  + 0.1 C. 

pulse  FT NMR spec t ra  were obtained a t  25.2 MHz with 

0 
32001 Hz, using a 90 pu l se  of 22 psec dura t ion  and 

2 
before  t h e  s t a r t  of d i g i t i z a t i o n .  I n t e r n a l  H was 

Proton noise decoupled 

an observe o f f s e t  of  

a delay of 100 psec 

used a s  a f ie ld- f re-  

quency lock. A 100.1MHz proton decoupling RF f i e l d  with an i n t e r n a l  of f -  

s e t  of 45040 Hz was appl ied  wi th  a 2 kHz noise  bandwidth and 20 W power. 

A four  po le  Butterworth f i l t e r  with cutoff  frequency s e t  t o  1000 H z  was 

used . to  f i l t e r  t h e  observed s i g n a l  and t h e  ADC was set with 12 b i t s  reso- 

l u t i o n  f o r  a s i g n a l  of 2 1 V .  Of the  order  of 400 FXD's were acquired a t  



a d i g i t i z a t i o n  r a t e  of 2 kHz i n  a 16  K d a t a  s e t .  A l i n e  broadening of 

1 Hz was used before  FT of t h e  accumulated FID. Peak p o s i t i o n s  were 

determined by t h r e e  p o i n t  pa rabo l i c  i n t e r p o l a t i o n .  The r e s o l u t i o n  l i m i t e d  

by d i g i t i z a t i o n  i s  determined t o  be 0.125 Hz and t h e  r e s o l u t i o n  l i m i t e d  by 

f i e l d  inhomogeneity was measured t o  be of  t h e  o rde r  of 0.5 H z  a t  bes t .  A 

Radiometer PHM 64 Research pH Meter was used f o r  a l l  pH measurements. For 

D 0 s o l u t i o n s ,  t h e  c o r r e c t i o n  p D  = p H  meter reading  + 0.40, due t o  t h e  g l a s s  
2 

e l e c t r o d e  C711, was appl ied .  

Dioxane was chosen as an i n t e r n a l  chemical s h i f t  r e f e rence  because it 

does n o t  e n t e r  i n t o  any a s s o c i a t i o n  complex r e a c t i o n s  i n  t h e  systems s tud ied .  

Sodium 2,2-dimethyl,2-silapentane s u l f o n a t e ,  DSS, a common re fe rence  i n  

aqueous s o l u t i o n ,  was r e j e c t e d  on t h i s  account  and a l s o  because it does n o t  

g ive  s u f f i c i e n t  s i g n a l  i n t e n s i t y  i n  d i l u t e  s o l u t e  where i t s  detergency is  

minimized. I n  work wi th  l y s i n e  (page 731 it was found t h a t  dioxane was 

s t a t i o n a r y  wi th  r e s p e c t  t o  t h e  resonances of  t h e  c e n t r a l  carbons of  l y s i n e .  

A r e c e n t  s tudy  by MacDonald [I331 of  amino a c i d s  used dioxane, 0.5% i n  D 0, 
2 

as an i n t e r n a l  13c 6 r e f e rence .  Dioxane was ass igned  a chemical s h i f t  o f  

67.73 ppm. 



RESULTS AND DISCUSSION 

A.H. Haines -- e t  a l .  14 ] have s tud ied  t h e  i n t e r a c t i o n  of 1,4-anhydro- 
B 

e r y t h r i t o l  w i th  sodium ions  i n  ace tone  s o l u t i o n .  The induced chemical s h i f t s  
3. 

of pro ton  resonances of t h e  t h r e e  pro ton  p o s i t i o n s  a r e  shown i n  F igu re  11. 

They performed a Scott-Benesi-Hildebrand a n a l y s i s  of t h e  equi l ibr ium s h i f t  d a t a  

assuming t h e  formation o f  a 1:l complsx. The va lues  of t h e  equi l ibr ium con- 

s t a n t  ob ta ined  from t h e  chemical s h i f t  d a t a  f o r  H (1) , H (2), and H ( 3 )  a r e  

shown i n  Table IV. It is worthwhile a t  t h i s  p o i n t  t o  compare t h e  r e s u l t s  of 

a non-linear r eg re s s ion  a n a l y s i s  of t h e  same d a t a  wi th  a model i n  which t h e  

same assumptions i m p l i c i t  i n  t h e  ~ c o t t - B e n e s i - ~ i l d e b r a n d  technique [40,411 a r e  

nascent .  

For t h e  donor-sa l t  complex, l e t  t h e  equi l ibr ium express ion  be 

where [C] is  concen t r a t ipn  of  complex and [Dl and [S3 are t h a t  o f  f r e e  donor 

and f r e e  sal t ,  r e s p e c t i v e l y .  

Then, s i n c e  

(65) 

and 
IC] + is] = Sot t h e  i n i t i a l  concen t r a t ions ,  

> Since [S] - 0, we may so lve  f o r  [s] , 



Figure  11 . Induced chemical s h i f t s  (A6),Hz of proton  resonances of  1,4- 

anhydroerythr  it01 , 0.136 M i n  acetone-d s o l u t i o n ,  on 6 

a d d i t i o n o f  sodium iodide .  ~ ( 1 )  (-0-1, H(2) ( - X -  ) ,  

H 3 ( - - ) ; H (1) (+) with  NBu I replacing NaI . Taken 
4 

from re fe rence  [ 4 I .  See F igu re  1. 







Given, = n 6  + n 6  
%bs D C 

, where n n a r e  t h e  mole f r a c t i o n s  of 
C C D' C 

f r e e  donor and complex, and 6 6 a r e  t h e  chemical s h i f t s  of f r e e  donor and 
D' C 

6D + 6c K [Sl 
complex, r e s p e c t i v e l y ,  w e  o b t a i n  6 5 

obs  1 + K [Sl 

Th i s  model equat ion  i s  s u i t a b l e  f o r  r e g r e s s i o n  a n a l y s i s  of t h e  g iven  d a t a  

i n  o r d e r  t o  o b t a i n  t h e  t h r e e  unknown parameters ,  cSD, 6C, and K. The 

Regression program BMDX85 [59]was used, t h e  FORTRAN coding o f  t h i s  model, 

wi th  t he  necessary p a r t i a l  d e r i v a t i v e s ,  i s  shown i n  subprogram form: 

SUBROUTINE FUN (F , D , P , X ) 
DIMENSION D ( 1 )  , P ( 1 )  , X ( 1 )  
DO=. 136 
DX=DO-X (1  ) 
DKS=P ( 3) *DX 
SQDS=SQRT ( (DKS+l. ) **2+4. *P (3)  *X (1) ) 
F=(P( l )+ .5*P(2 )*  (-DKS-l.+SQDS) ) / ( .  5* (-DKS+l.+SQDS) ) 
D (1)=2. / (-DKS+l . +SQDS) 
D ( 2 ) s  (-DKS-~.+sQDs)/(-DKS+~.+SQDS) 
D(3)=(P(2 ) -P (1 ) )  *(-.5*DX+((DKS+l.)*DX+2.*X(l)) 
/sQDS)/ (.25* (-DKS+~.+SQDS)**~) 
RETURN 
END 

where t h e  i d e n t i f i c a t i o n s  

F ? 6 r S 5 X ( 1 ) ,  Do E DO 
obs o 

~ ( 1 )  a s  
obs 

D(2) a 6 0 b s / a 6 c r  

~ ( 3 )  s a 60bs/ a K, a r e  made. 



Table IV shows t h e  comparison between the  measured and t h e  predic ted  

values of A 6  f o r  var ious  values of t h e  molar i ty  of NaI and a comparison of 

the  K values determined by the  scott-Benesi-Hildebrand technique and those  

determined by t h e  regress ion  model. The predic ted  values of A 6  given i n  

Table I V  a r e  determined a f t e r  the  regress ion  parameters have been obtained. 

The predic ted  values of A 6  f o r  H(2) a r e  not  reproduced because t h e  regress ion  

program BMDX85 [Fjglfailed t o  converge a f t e r  100 i t e r a t i o n s .  This may be 

because of t h e  poor q u a l i t y  of t h e  da ta .  The e r r o r  ranges, based on standard 

devia t ions  i n  computed l ine-pos i t ions  f o r  H (1) , H (2)  , and H (3) , a r e  approxi- 

mately 0.13, 0.05, and 0.05 Hz, respect ive ly  [41.  Addit ional  e r r o r  w i l l  

accrue from the  volumetric prepara t ion  of t h e  various concentrat ions of NaI 

so lu t ion .  

The comparison of t h e  r e s u l t s  of t h e  Scott-Benesi-Hildebrand ana lys i s  

and those of t h e  regress ion  model shows t h a t  e s s e n t i a l l y  t h e  same values of 

K a r e  determined f o r  each proton. The regress ion  model i s  capable of ade- 

quate ly  reproducing t h e  data .  The de f i c i ence i s  of t h e s e  two techniques, a s  

appl ied  t o  t h i s  da ta ,  a r e  t h e  same s ince  they r e l y  on t h e  same assumptions. 

The assumptions of these  analyses,  some o r  a l l  of which must be i n c o r r e c t ,  

a re :  (1) t h e  equil ibrium expression is given i n  terms of concentrat ions 

r a t h e r  than a c t i v i t i e s ,  i d e a l  equil ibrium behaviour i s  assumed; (2)  a 1:l 

complex only is assumed; and (3)  no i n t e r a c t i o n  between s u b s t r a t e  and solvent  

may be assumed. 

Figure 11 a l s o  shows t h e  induced chemical s h i f t  f o r  H ( 1 )  with t h e  

add i t ion  of tetrabutylamonium iodide  (NBu41). This d a t a  cannot be recon- 

c i l e d  completely with the  simple assumption of a Na-substrate i n t e r a c t i o n  

-I- 
only i n  acetone solu t ion .  I t  is reasonable t o  suppose t h a t  NBu4 is too  



bulky, and l e s s  polar  due t o  t h e  a l i p h a t i c  chains ,  t o  i n t e r a c t  s t rongly  with 

1,4-anhydroerythri tol .  Although iodide  is the  l e a s t  bas ic  of a l l  t h e  ha l ides  

[ 7 3  I ,  it may i n t e r a c t  by hydrogen bonding with t h e  hydroxyl protons o r  e lec-  

t r o s t a t i c a l l y  by monopole-dipole i n t e r a c t i o n  when it is a t  the  opposi te  s i d e  

of t h e  molecule. An add i t iona l  p o s s i b i l i t y  is t h a t  t h e  so lvent ,  acetone, 

i n t e r a c t s  with the  s u b s t r a t e  molecule and t h e  add i t ion  of e l e c t r o l y t e s  a l t e r s  

t h e  so lvent  s t r u c t u r e  so  a s  t o  change t h e  ex ten t  of t h e  so lvent -subs t ra te  

in te rac t ion .  For the  system s tudied  by A.H. Haines e t  a l . ,  t h e r e  is not  

s u f f i c i e n t  d a t a  t o  r e so lve  t h e  problem. But, 

b r i m  can be i s o l a t e d  a n a l y t i c a l l y ,  t h e  values 

a s  determined from t h e  chemical s h i f t s  of each 

c l e a r l y ,  i f  a  given e q u i l i -  

of  t h e  equil ibrium 

nucleus, should be 

cons tant ,  

t h e  same. 



F i g u r e  1 2 .  
1 

H-noise decoupled 13C NMR spectrum,  a t  25.2 MHz, o f  1.4: 

a n h y d r o e r y t h r i t o l ,  1 . 4  M, i n  D 0 .  L i n e  s e p a r a t i o n  12 .3  H z ,  
2 

a t  room tempera tu re .  





F i g u r e  13. 'H-noise decoupled 13C NMR spectrum, a t  25.2 M H z ,  o f  1.4- 

anhydroe ry th r i t o l ,  1 . 4  MI and NH C l ,  6.65 M ,  i n  D 0. Line  
4 2 

sepa ra t i on  19.9 Hz, a t  room temperature .  





1 3  
C NMR S tud ie s  

A. (Cycly to ls  and Ligands) 

0 
A t  0 C and i n  t h e  absence of salts, 1 ,4-anhydroery thr i to l  i n  D 0 2 

* 
s o l u t i o n  has a measured A S  - 0.42 ppm . The maximum va lue  of  A 6  

1,2- 1 , 2  

seen a t  100O and s a t u r a t e d  NH C 1  is .965 ppm (24.3 Hz). Figure  14 shows 
4 

t h a t  s a t u r a t i o n  (7.48 molal)  o f  an aqueous s o l u t i o n  of 1 ,4-anhydroery thr i to l ,  

with NH C 1  a t  room temperature,  increased  t h e  A 6  t o  a va lue  of  0.81 ppm. 
4 1 , 2  

Fu r the r  a d d i t i o n  of t h e  c h l o r i d e  s a l t ,  tetramethylammonium c h l o r i d e ,  t e n d s  

t o  cause t h e  A6 va lue  t o  decrease  towards i ts  o r i g i n a l  va lue .  
1 , 2  

F igure  1 5  shows t h a t  t h e  a d d i t i o n  of  tetrabutylammonium c h l o r i d e  t o  

a s o l u t i o n  of 1 ,4-anhydroery thr i to l ,  s a t u r a t e d  i n  ammonium c h l o r i d e  and 

conta in ing  1.23 molal tetramethylammonium c h l o r i d e ,  nay tend t o  i nc rease  

A 6 somewhat , 
1 , 2  

These t r ends  may be i n t e r p r e t e d  a s  fol lows.  Ammonium c h l o r i d e  i n t e r -  

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

ion  t o  form a complex i n  equi l ibr ium wi th  o t h e r  forms of 1,4-anhydroery- 

t h r i t o l  i n  s o l u t i o n ,  which h a s  an increased  va lue  o f  A 6  
1 , 2 '  

The a d d i t i o n  

of  tetramethylammonium c h l o r i d e  and tetrabutylammonium c h l o r i d e  a l t e r s  t h e  

p o s i t i o n  of t h e  equi l ibr ium and dec reases  t h e  observed A 6  1 , 2 '  
which is  a n  

average f o r  a l l  s p e c i e s  p r e s e n t  i n  s o l u t i o n .  I f ,  f o r  i n s t ance ,  1 ,4-  

anhydroe ry th r i t o l  forms a s p e c i f i c  complex wi th  t h e  c h l o r i d e  ion ,  then  t h e  

equ i l i b r ium o f  t h a t  complex would be  c o n t r o l l e d  by t h e  a c t i v i t y  o f  t h e  

c h l o r i d e  ion  i n  so lu t ion .  One would expec t  t h a t ,  w i th  i nc reas ing  c h l o r i d e  

ion  concen t r a t ion ,  t h e  a c t i v i t y  o f  t h e  c h l o r i d e  ion  would i n c r e a s e  monotoni- 

ca1ly. i .n  s p i t e  of non- idea l i ty  due t o  i n t e r i o n i c  e f f e c t s .  Thus, one would 

* 
A 6  i s  t h e  d i f f e r e n c e  i n  chemical s h i f t s  o f  t h e  two carbons,  C ( 1 )  and C(21, 
and s e r v e s  a s  a u s e f u l  i n d i c a t o r  o f  chemical s h i f t  changes i n  t h e  absence 
of an  i n t e r n a l  r e f e rence .  I n  essence ,  one l i n e  s e r v e s  a s  an  intra-molecular  
r e f e r e n c e  f o r  t h e  o t h e r .  



Figure 14. Plot of A 6  of 1,4-anhydroerythritol, 1.6 molal, in 2.0 
l r 2  

mR D 0 with NH C1, 7.48 molal upon addition of (CH ) NC1. 
2 4 3 4 

Spectra taken at room temperature on TT 14. 



DELTA DELTR VERSUS RDOED TETRRMETHYLRMMONIUM CHLORIDE 



Figure 15. Plot of A 6  of 1,4-anhydroerythritol, 1.6 molal, in 2.0 
1,2 

mR D20 with NH C1, 7.48 molal, and (CH ) NC1, 1.23 molal, 
4 3 4 

upon addition of (C H ) N C 1 .  Spectra taken at room 
4 9 3  

temperature on TT 14. 
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expect  a uniform inc rease  i n  t h e  va lue  of Afi with added c h l o r i d e .  I t  i s  
1 , 2  

con t r ad ic to ry ,  then ,  when one concludes t h a t  t h e  c h l o r i d e  does  p a r t i c i -  

p a t e  i n  a  s p e c i f i c  complex wi th  1 ,4-anhydroery thr i to l .  On t h e  o t h e r  hand, 

mixed e l e c t r o l y t e  s o l u t i o n s  can g ive  r i s e  t o  i n t e r i o n i c  e f f e c t s  whereby one 

ion  can cause a  decrease  i n  t h e  a c t i v i t y  of  another  ion  [ 743. I t  is t h u s  

c o n s i s t e n t  w i th  t h e  d a t a  presented  i n  F igu res  and t o  assume t h a t  spe- 

c i f i c  complexation between ammonium and 1 ,4-anhydroery thr i to l  i s  r e spons ib l e  

f o r  t h e  l a r g e  change i n  A6 and t h a t  t h e  p o s i t i o n  of t h e  equi l ibr ium i s  
112 

c o n t r o l l e d  by t h e  a c t i v i t y  of t h e  ammonium ion,  which may vary  due t o  i n t e r -  

i o n i c  e f f e c t s .  

F igure  16 shows t h e  e f f e c t  upon A6 f o r  1 ,4-anhydrothre i to l ,  0.27 
1 , 2  

molal ,  of added ammonium ch lo r ide .  The e f f e c t  i s  much sma l l e r  t han  would 

be expected f o r  complexation with ammonium ion. We exp la in  t h i s  by t h e  

f a c t  t h a t  1 ,4-anhydrothre i to l  has i ts  hydroxyls i n  t h e  t r a n s  con f igu ra t ion ,  

where they  a r e  no t  favorably  disposed towards complexation. 

i- 
I n  o r d e r  t o  e l imina te  t he  p o s s i b i l i t y  t h a t  H o r  NH were r e spons ib l e  

3 

f o r  t h e  observed l a r g e  va lues  of  A6 , experiments were performed wi th  t h e  
112 

a d d i t i o n  of  aqueous HC1 and aqueous ammonia. A t  a  measured p D  of  0.5, 

t h e r e  was no change i n  t h e  A6 f o r  1 ,4-anhydroery thr i to l  and l,4-anhydro- 
1 1 2  

t h r e i t o l  up t o  t h e  l i m i t  o f  r e s o l u t i o n  , 0.5 Hz. I n  2.47 molar NH 
3 ' 

pD = 11.6, t h e r e  was no change i n  A6 up t o  t h e  l i m i t  o f  r e s o l u t i o n .  I n  
1, 2 

2.47 molar NH , t h e  concen t r a t ion  of  ammonium ion  i s  n e g l i g i b l e .  
3 



Figure 16. Plot of A6 of 1,4-anhydrothreitol, 0.27 molal, in D 0 
1,2 2 

upon addition of NH C1. Spectra taken at room temperature 
4 

on TT 14. 
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64.  

The e f f e c t  of t h e  v a r i a t i o n  o f  temperature may be s tud ied  i n  any 

i n v e s t i g a t i o n  of equi l ibr ium phenomenon. F igure  17 shows t h e  change i n  

t he  chemical s h i f t  of C ( 1 )  (wi th  r e s p e c t  t o  r e f e rence  dioxane) o f  1 ,4-  

, anhydroe ry th r i t o l  i n  D 0 with  changing temperature.  The s o l i d  l i n e  
2 

r e p r e s e n t s  t h e  b e s t  f i t  parabola ,  which is  meant t o  i n d i c a t e  t h e  t r end  

only.  The t r end  c l e a r l y  shows an i n i t i a l  s h i f t  u p f i e l d  towards dioxane 

with inc reas ing  temperature,  t h e  chemical s h i f t  reaching a minimum a t  about  

0 
55 C, and a downfield s h i f t  wi th  f u r t h e r  i nc rease  i n  temperature.  F igu re  18 

shows t h e  corresponding t r end  f o r  C ( 2 ) .  The b e s t  f i t  s t r a i g h t  l i n e  aga in  

simply i n d i c a t e s  t h e  t r end .  

F igure  1 9  shows t h e  p l o t s  of t h e  C (1) and C ( 2 )  chemical s h i f t s  of  1,4- 

anhydroe ry th r i t o l ,  0 . 2  molal ,  i n  CDCl a t  v a r i o u s  temperatures .  I n  c o n t r a s t  
3 

t o  t h e  previous  two p l o t s ,  monotonic behaviour o f  t h e  s h i f t s  is  ev iden t  and 

t h e  l e a s t  squares  f i t  parameters  are shown on t h e  Figure.  F igu re  20  shows 

s i m i l a r  p l o t s  f o r  1 ,4-anhydrothre i to l ,  0 .1  molal ,  i n  D 0 a s  a func t ion  of 
2 

temperature.  Again, monotonic behaviour i s  evident .  

1,4-Anhydroerythritol i n  aqueous s o l u t i o n  c l e a r l y  undergoes a unique 

i n t e r a c t i o n  wi th  t h e  so lven t .  The conclus ions  one would make from t h e  d a t a  

presented  i n  F igu res  17 - 20 a r e  t h a t ,  because of  i ts  geometr ic  f e a t u r e s ,  1 ,4-  

anhydroe ry th r i t o l  is  capable of a s p e c i f i c  i n t e r a c t i o n  wi th  water and ammonium 

ion  t o  a n  e x t e n t  t h a t  1 ,4-anhydrothre i to l  is not .  The equi l ibr ium of t h i s  

i n t e r a c t i o n  is c o n t r o l l e d  by t h e  a c t i v i t y  of  t h e  water ,  which i s  temperature 

dependent s i n c e  a t  h igher  temperatures  kT a l lows  t h e  d i s r u p t i o n  of water  

c l u s t e r s  t o  fo rmul t ima te ly  more water  monomers. Chloroform is r e l a t i v e l y  

i n e r t  t o  t h e s e  two compounds due t o  its more nonpolar c h a r a c t e r  compared t o  

water.  I n  o r d e r  t o  t e s t  t h e s e  a s s e r t i o n s  and couterproposa ls ,  it is neces- 

s a r y  t o  e s t a b l i s h  a model which adequately reproduces t h e  da t a .  



Figure 17. Plot of C(1) chemical shift relative to reference dioxane 

versus temperature of 1,4-anhydroerythritol at 0.1 molal 

in D 0. Spectrum from XL 100. 
2 
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66a. 

E'iyure 18 . P l o t  o f  C ( 2 )  chemical s h i f t  r e l a t i v e  t o  r e f e r ence  dioxane 

versus temperature  of  1 ,4-anhydroery thr i to l  a t  0 .1  molal i n  

D 0. Spectrum from XL 100. 
2 
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Figure 19. P l o t s  of c (1) and c ( 2 )  chemical s h i f t s  of 1,4-anhydroery- 

t h r i t o l ,  reference dioxane, 0.2 molal i n  CDCl versus 3 

temperature. Spectrum from XL 100. 
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Figure 20 . Plots of C (1) and c (2) chemical shifts of 1,4-anhydrothreitol, 

0.1 molal in D 0 ,  versus temperature. Spectrum from XL LOO. 
2 
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Table V shows the  induced 13c chemical s h i f t  i n  1,4-anhydroery- 

t h r i t o l ,  0.13 molal,  i n  D 0 with  t h e  add i t ion  o f  NH4C1. Dioxane was 
2 

used a s  the  reference.  Spectra were obtained on the  TT 14, a t  16.08 MHz 

a t  room temperature. Temperature of t h e  sample is not known due t o  

d i e l e c t r i c  heat ing of s t rong e l e c t r o l y t e  s o l u t i o n s  by in tense  W f i e l d s .  

I n  s p i t e  of t h i s  l i m i t a t i o n ,  regular  t rends  i n  the  chemical s h i f t s  can be 

seen. 

The a c t i v i t y  va lues  a t  var ious  concentra t ions  of NH C 1  shown i n  
4 

Table V were obtained from Figure 21 , produced from da ta  i n  reference  

0 
[ 753, which g ives  the  dependence of a c t i v i t y  on concentra t ion  a t  25 C.  

A c t i v i t i e s  must be used s ince  so lu t ions  of NH C 1  a r e  known to  depar t  
4 

s i g n i f i c a n t l y  from i d e a l i t y .  

I f  one assumes a model i n  which equil ibrium with a 1:l complex is  

achieved and i n  which, because of a small  e q u i l i b r i a  cons tant  and small 

concentra t ion  of t h e  donor species ,  co r rec t ions  t o  the  f r e e  s a l t  concen- 

t r a t i o n  need not  be made. then t h e  observed 1 3 ~  chemical s h i f t  is  

i 
i - a: + hC K [s] - 

6obs 1 + K [Sl I 

i i 
(see  eqn. # 68 , page 54 ) , where 6 

D' 'C 
a r e  the  chemical s h i f t  

va lues  of a given nucleus i n  the  f r e e  donor and i n  t h e  molecule complex, 

respect ive ly ,  and K and [S] are the equil ibrium constant  and the t o t a l  s a l t  

concentrat ion respect ive ly .  Since w e  have shown a c t i v i t i e s  must be  used ins tead  

of concentrat ion,  equ. (69) becomes 
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F i g u r e  2 1 .  Smoothed curve r ep re sen t ing  t h e  mean i o n i c  a c t i v i t y  c o e f f i c i e n t ,  

0 
Y , ,  of  aqueous ammonium c h l o r i d e  a t  25 C a s  a  f u n c t i o n  of - 

m o l a l i t y ,  m [ 7 5 ] .  





where a is t h e  mean i o n i c  a c t i v i t y  of the  s a l t  and now K is  defined as 
S 

( 7 1 )  K =  
, i n  terms of  a c t i v i t i e s  of donor, a ~ ,  s a l t ,  as, and of 

a a 
I) S 

complex ac. 

In order  t o  analyze the  da ta  presented i n  T a b l e v  , t h e  model above 

was coded i n  FORTRAN subprogram form, with appropr ia te  de r iva t ives  a s  shown, 

SUBROUTINE FUN (F , D , PI X )  

DIMENSION D (1) , P (1) , X (1) 
F=(P(l)+P(2)*~(3)*x(l))/(l.+P(3)*X(l) 
D ( l ) = l . / ( l . + P ( 3 ) * x ( l ) )  
D(2)=P(3)*x(l)/(l.+P(3)*X(l)) 
D(3)=(P(2) -P( l )  ) * X ( l ) / ( l . + P ( 3 ) * X ( l ) )  **2 
RETURN 
END 

Non-linear regress ion  a n a l y s i s  gave t h e  parameters shown a l s o  i n  Table V 

(Kt 6 f r e e  , 6 Bound, "Bound ) . Note t h a t  t h e  Kvaluespredic ted  by C ( l ) ,  

C(2).  and A 6  a r e  the  same and t h a t  the re  is  consistency amongst t h e  
112 

6' 2 1 
62 

f r e e '  6 f ree '  'bound' boundr and "l,2 f r e e  and "1.2 bound values.  The 

predic ted  chemical s h i f t s  a r e  ca lcu la ted  from the  parameters determined i n  

t h e  regress ion  a n a l y s i s  and they reproduce the  measured values adequately. 

A word of caut ion  is  necessary i n  i n t e r p r e t i n g  t h e  value  of t h i s  

ana lys i s .  W e  have seen t h a t  t h e  1 3 C  chemical s h i f t s  of 1.4-anhydroery- 

t h r i t o l  a r e  temperature dependent and no c r i t i c a l  examination of t h i s  

phenomenum has been o f fe red  a s  ye t .  The s h i f t s  given i n  Table V were 

measured without temperature cont ro l .  Temperature was not  p a r t  of t h e  

model. Furthermore, t h e  assumption of only a 1:l complex i n  a simple 

equil ibrium is an assumption of t h i s  ana lys i s  t h a t  has not been given 

c r i t i c a l  considerat ion.  



Refore going on t o  t h e  temperature problem, it may be remarked t h a t  

t h e  r o l e s  of t h e  donor and t h e  acceptor  may be reversed .  I n  a n  a t t empt  t o  

observe an i n t e r a c t i o n  between 1 ,4-anhydroery thr i to l  and l y s i n e  

+ + 1 3  
( N H ~ ( c H ~ ) ~ C H ( N  H )COO') i n  n e u t r a l  s o l u t i o n ,  t h e  C spectrum of l y s i n e ,  

3  

0.13 M ,  was observed whi le  t h e  concen t r a t ion  of 1 ,4-anhydroery thr i to l  w a s  

va r i ed .  Due t o  t h e  l o w  s o l u b i l i t y ,  measurements were taken  only  up t o  

0.89 Molar i n  1 ,4-a~nhydroery thr i to l .  A t  t h i s  concent ra t ion ,  upf i e l d  s h i f t s  

r e l a t i v e  t o  t h e  y carbon of  l y s i n e  were observed f o r  t h e  a methine carbon 

(+1.5 Hz) and t h e  c carbon ( 0.6 Hz). Both t h e  a and E carbons a r e  bonded 

t o  amino f u n c t i o n s  and t h e  A6 of  1 ,4-anhydroery thr i to l  showed a n  i n c r e a s e  
I t 2  

of 0.35 Hz. This  i n d i c a t e s  an i n t e r a c t i o n  of 1 ,4-anhydroery thr i to l  w i th  

t h e  amino func t ions  of l y s i n e ,  wi th  a  concomitant s h i e l d i n g  of  t h e  d i r e c t l y  

bonded carbons. 

There a r e  many conceivable  approaches t o  t h e  r a t i o n a l i z a t i o n  of  t h e  

anomalous temperature behaviour of carbon C ( 1 )  of 1 ,4-anhydroery thr i to l  i n  

D 0 s o l u t i o n ,  a s  dep ic t ed  i n  F igu re  17 , a s  presented  before .  A conforma- 
2 

t i o n a l  equi l ibr ium of t h i s  non-r igid molecule is a p o s s i b i l i t y  which might 

e n t a i l  i n t e r conve r s ion  between an envelope and a  h a l f  c h a i r  conformation 

dur ing  t h e  making and breaking o f  a n  in t ramolecular  hydrogen bond between 

ad jacen t  - c i s  hydroxyls 1 7 6 1 .  There must be  some p a r t i c i p a t i o n  of  t h e  

s o l v e n t  f o r  t h i s  t o  be  t h e  case ,  however, because t h e  temperature dependence 

of C ( 1 )  of 1 ,4-anhydroery thr i to l  i n  CDC13, F igure  1 9 ,  shows a n  e n t i r e l y  

d i f f e r e n t  t r end .  The way i n  which a conformational  equi l ibr ium, o r  any 

equ i l i b r ium i n  which t h e r e  i s  no s to i ch iome t r i c  change, may produce a 

temperature t r end  i n  t h e  chemical s h i f t , a s  i s  shown i n  1 ,4-anhydroery thr i to l  



is depict.ed i n  Figure 17, where t h e  s h i f t s  of C ( 1 )  change s i g n  a f t e r  a 

c e r t a i n  temperature is reached. The explanat ion  is t h a t  t h e r e  must be 

e q u i l i b r i a  wi th  a t  l e a s t  

such s t a t e s  of order  a s  

AG I 

t h ree  s t a t e s ,  i.~. 

A B C , with f r e e  energies  of 

and chemical s h i f t s  o u t  

of o rde r ,  say,  

downf i e l d  f 

The expression f o r  the  observed s h i f t  i s  

Then, a s  t h e  temperature increases ,  t h e  r a t i o  of  t h e  populat ions of B t o  A 

w i l l  rise, d r iv ing  t h e  s h i f t  f i r s t  downfield, then, with f u r t h e r  inc reases  i n  

TI t h e  r e l a t i v e  populat ion of  C w i l l  become l a r g e  enough t o  f o r c e  t h e  

average observed s h i f t  up f i e ld  again.  Since conformational changes r e s u l t  

i n  l i t t l e  entropy changes unless  t h e r e  is a change i n  t h e  symmetry, most of 

t h e  f r e e  energy d i f fe rences  between such states i s  accounted f o r  by t h e  



erithalpy of the  s t a t e s .  

The f i v e  parameter model given above was used f o r  a regress ion  analy- 

sis of the  da ta ,  shown i n  F igure17 , lQ .  After  many i n i t i a l  parameter value 

est imates,  no i n i t i a l  va lues  i t e r a t e d  t o  a minimum so lu t ion  which reproduced 

t h e  main f e a t u r e s  of t h e  da ta .  Two p o s s i b i l i t i e s  a r e  suggested: (1) t h e  

d a t a  does not  have the  funct ional  form of the  model, i n  s p i t e  of t h e  observed 

minimum, o r  ( 2 )  t he re  is a paucity of da ta  and it is of  too  poor a q u a l i t y  t o  

allow a five-parameter f i t .  The evidence of Figure 19 , t h e  temperature t rend 

i n  CDCl would tend t o  support p o s s i b i l i t y  (1). 
3' 

Further  1 3 C  da ta  were co l l ec ted .  This was co l l ec ted  with temperature 

cont ro l  and the  recording of the  var ious  temperatures, and a l s o  with t h e  

addi t ion  of measured amounts of NH C l  i n  D 0. The reasoning f o r  t h i s  was 
4 2 

t h a t  a l a rge  enough da ta  s e t  could explain the  complexity of t h e  observed 

phenomena. This da ta  i s  shown i n  columns 4 - 7 i n  TABLE V I I .  

+ 
Water was assumed t o  a c t  a s  a l igand species ,  along with NH and t h e  a c t i -  

4 ' 
+ 

v i t i e s  of water and NH a t  d i f f e r e n t  temperatures and concentrat ions of 
4 

NH C 1  were determined a s  explained i n  t h e  thermodynamic sec t ion .  The 4 

calcula ted  a c t i v i t i e s  of water and NH+ 
4 

a r e  shown i n  Table VII. 

A genera l  model, with undetermined stoichiometry , may be constructed 

f o r  the  dependence of t h e  13c NMR chemical s h i f t s  upon the  temperature and 

upon t h e  a c t i v i t i e s  of the  two l igand species.  Ignoring reac t ions  wi th  no 

stoichiometric  change, t h i s  expression f o r  6K i s  
obs 



Figure  22 .  FORTRAN Subprogram encoded t o  r e p r e s e n t  conformational  

equilibrium model as given  by equa t ion  ( 7 3 ) .  



SUBROUTINE FUN (F , D, P I  X) 
DIMENSION D(1) ,P(1) ,X(1) 

R=l.98717 
T=X(1)+273. 
Xl=EXP (-P ( 4 ) /  (R*T) ) 
X2=EXP (-P (5) / (R*T) ) 
DEN=l . +Xl+X2 
NUM=l.+P(2) *Xl+P(3)*X2 
F=P (1 *NUM/DEN 
D ( 1 =NUM/DEN 
D (2 ) =P (1 ) xXl/DEN 
D (3)=P (1) *x~/DEN 
D(~)=P(~)*(-DEN*P(~)/(R*T)*X~+NUM/(R*T)*X~)/DEN**~ 
D (5)=P (1) * (-DEN*P (3)/ (R*T) *X2fNUM/ (R*T) *X~)/DEN**~ 
RETURN 
END 



where - - 
'i j 

(75)  

which corresponds t o  the  f r e e  energy of t h e  r eac t ion  

where E is t h e  s u b s t r a t e ,  W is water,  and A is ammonium. The expression 

f o r  6K accounts f o r  the  populat ion averaging of a l l  r eac t ions  wi th in  t h e  
obs 

allowable bounds of i and j ,  the  number o f  each l igand.  6: is the  s h i f t  of  

nucleus K i n  t h e  f r e e  s u b s t r a t e  and 6K t h a t  of t h e  l i g a t e d  subs t ra t e .  This  
i j , 

funct ional  model, with i t s  necessary p a r t i a l  de r iva t ives ,  was coded i n  sub- 

program form (shown i n  Appendix I1 ) f o r  non-linear parameter est imation 

using var ious  a v a i l a b l e  and modified programs, Spec i f i ca t ion  of  t h e  s t o i -  

chiometry i n  the  model using decis ion  t a b l e  log ic ,  an e f f i c i e n t  programming 

technique, allowed t h e  comparison of  models with d i f f e r e n t  s to ichiometr ies .  

The imposition of  l i n e a r  equa l i ty  c o n s t r a i n t s  upon the  thermodynamic para- 

0 
meters gave f r e e  energy values a t  300 K. 

To g ive  an example, by way of explanation,  t h e  stoichiometry implied 

by t h e  r e a c t i o n s  

E E*W E*A g ives  rise t o  

with gw = AHw - TASw I 

gA = AHA - TASA I 



( 7 7 )  AG ( 3 0 0 ~  K )  = A H  - 300 ASw I and 
W W 

AGA ( 3 0 0 ~ ~ )  = AHA - 300 ASA 

The number of parameters appearing e i t h e r  e x p l i c i t l y  or i m p l i c i t l y  i n  t h e  

regress ion  model depends upon t h e  stoichiometry chosen. 

Table V I  A.-G. shows t h &  r e s u l t s  of t h e  parameter es t imates  and 

t h e  r e s idua l  mean square values f o r  s i x  models chosen i n  an  attempt t o  

explain the  observed data .  Model E. d i f f e r s  s l i g h t l y  from the  rest i n  t h a t  

it includes a term f o r  a non-stoichiometric change, i.~. a conformational 

equilibrium. A. and B. g ive  the  r e s u l t s  f o r  the  same model but ,  i n  the  

case of A . ,  it i s  ca lcu la ted  using a double p rec i s ion  modificat ion of 

BMDX85 [59] while, i n  B . ,  add i t iona l  parameters and l i n e a r  equa l i ty  con- 

s t r a i n t s ,  t o  g ive  AG values a t  300•‹ K, a r e  included i n  a ca lcu la t ion  using 

BMDP3R [60 1. The r e s u l t s  a r e  very s imi la r  and t h e  model used i n  calcu- 

l a t i o n s  A. and B. g ives  the  smal les t  value of t h e  r e s idua l  mean square, indi -  

ca t ing  t h a t ,  of t h e  s i x  models, it is t h e  b e s t  f o r  the  given data .  The 

s tandard  dev ia t ion  est imates f o r  t h e  thermodynamic parameters (AH E ElO,..., 
10 

ASl0 z ,510, ...) appear l a rge  and the  standard devia t ions  es t imates  f o r  

2 
8120 E 6' and 8220 i 6 a l s o  appear l a rge ,  a s  does t h a t  f o r  G20 = 

2 0 2 0 
AG20. I t  

must be noted, however, t h a t  the  r e l a t i v e l y  small temperature range employed 

does no t  al low the  determination of t h e  temperature e f f e c t  upon AG unequi- 

vocally.  The r e l a t i v e l y  small standard devia t ions  estimated f o r  G10, G01, 

and G 1 1  a r e  good a s  f a r  a s  o the r  ca lo r ime t r i c  techniques a r e  concerned. The 

standard devia t ion  es t imates  of B120 and B220 a r e  indeed not  r e l i a b l e  esti- 

mates because, i f  B120 were t o  assume i t s  lowest range, then t h e  anomalous 

1 
minimum i n  6 (T) would not  be reproduced f o r  values of B120 < B110. 

obs 



TABLE V T  a 

Pardmet-er Es t imates  f o r  Non-I i n e a r  Models 

+ + 
Model  : 

-+ E E - H  0 E.NH E-NH 'H 0 + E-2H 0 
2 4 4 2 2 

R e  s idua 1 
Mean Square 

Es t imate  t S.D. 

I31 0 4.289 .011 ppm 

B l l O  4.231 .035 " 

B l  01 4.118 .069 " 

B l l l  4.171 .098 " 

El0 -1300. 2800 cal/m 

E01 3100. 1800 11 

E l l  7600 8 200 I I  

E20 -3700 13000 II  

S10 -5.4 9.7 e.u.  

SO1 6.0 7.0 11 

S11 14.3 25.5 tI  

B. BMDP 3R 

.0000568878 

Es t imate  + S.D. 

4.289 .011 ppm 

4.231 .035 " 

4.118 .069 " 

4.171 .098 " 

4.85 9.14 II 

-1300. 2900 cal/m 

31 00 1900 I1 

7 600 8000 I1 

-3700 15000 It 

-5.5 9.6 e.u. 

6.0 6.7 I1 

14.3 26.1 II 

-23.6 59.0 11 

4.58 .04 ppm 

5.01 .14 11 

5.72 .41 11 

5.54 .47 II 

6.98 (28.72 ) 

352. 63. cal/m 

1263. 108. c a l / m  

3320. 433. II 

3366. 2334. 1) 



TABLE VI 

C .  Model: 

+ + E +& E'H 0 f E-NH ;f Ea2NH E-2H 0 
2 4 4 2 

Residual 
.00014997 not converged 

Mean Square 

Estimate 2 S.D. 

B10 4.296 -025 ppm 

BllO 4.226 ,059 " 

BlOl 4.079 .593 " 

B102 4.233 -056 " 

S10 -12.4 14.9 e .u .  

SO1 13.5 32.9 11 

SO2 -8.2 29.0 II 

S20 -33.9 72.9 II 

B20 4.52 .ll ppm 

B210 5.02 .35 I# 

B201 5.92 3.25 I t  

B202 5.05 .18 II 

B220 7.16 39.2 I 1  

E. Model: 

+ + 
E-NH E.2NH4 

4 

,000061434 
not converged 

Estimate + S.D. 

310 4.287 .009 ppm 

3110 4.239 .020 'I 

320 4.58 .04 ppm 

3210 5.02 .14 " 

i220 5.86 3.29 " 

$211 6.68 3.43 " 

,201 5.05 '52 " 

$202 100.0 0.0 " 



E. Model: 

TABLE VI C 

\c 
uns t ab l e ,  does  n o t  converge 

F. Model: 

Res idua l  
Mean Square  . OOOO91582 

Es t ima t e  t S.D. 

B10 4.269 .006 ppm 

B l l O  4.260 .018 " 

BlOl 4.027 .015 " 

El0  -7000. 1900. cal/m 

E01 1100 800. 11 

S10 -26.5 7 .9  e .u .  

SO 1 -2.1 4 .0  " 

B20 4.43 .13 ppm 

B2LO 6.26 1 .82 " 

G. Model: 

+ 
E : E-H 0 E.NH4 $ E-2H 0 

2 2 

Es t imate  t S.D. 

B10 72.59 29.27 ppm 

B l l O  4.220 .013 " 

BlOl 4.167 .031 " 

B120 5.352 . l o 4  " 

El0  -3900. 2800. cal/m 

E01 8500. 2700. 11 

E20 10000. 0.0 II 

S10 2.7 2.6 e.u. 

SO1 39.4 0.0 " 



Likewise, i f  B220 assumed i ts  lowest range cons i s t en t  with the  standard 

2 
devia t ion  est imated,  then 6 ( T )  would show an anomalous maximum. One 

obs 

concludes t h a t  a l l  parameters associa ted  with t h e  formation of t h e  double 

hydrate have standard devia t ions  whose es t imates  a r e  unre l i ab le  and too  

g r e a t ,  possibly because of o u t l i e r s  i n  the  d a t a .  

Table V I I  p resen t s  a l i s t  of predic ted  dependent va r i ab les ,  t h e  

res idues ,  the  estimated standard devia t ion  of the  predic ted  value,  the  

independent v a r i a b l e s  a a+(NH4C1), and TI and t h e  observed chemical 
H,O' - 

L 

s h i f t s ,  6K . The agreement is good 
obs 

meter e r r o r  (k.005 ppm). 

Table VIIIshows the  asymptotic 

f o r  t h e  "correctf1 model, and a legend 

t h e  symbolism. I t  is  noted t h a t ,  a s  

and most r e s i d u e s ' a r e  wi th in  spectro-  
I 

I 

c o r r e l a t i o n  matrix of t h e  parameters 
I 
I 

on t h e  caption page t h a t  expla ins  
I 

expected, the  AH i j  and ASij have a 1 
high e r r o r  co r re la t ion .  However, the  AG values have r e l a t i v e l y  low i n t e r -  

I 

cor re la t ions .  Thus, they may conf ident ly  be estimated independent of t h e  

e r r o r s  of t h e  o the r s .  In  o the r  words, the  model g ives  a p i c t u r e  i n  which 

the  four  e q u i l i b r i a  involved appear well-resolved. Amow t h e  6 es t imates ,  

t h e  e r r o r  c o r r e l a t i o n s  may be  thought of a s  a r i s i n g  from coupling through 

the  common reference ,  dioxane, o r  through coupling of e r r o r s  i n  populat ions 

of r eac t ion  s t e p s  t h a t  a r e  chained. 

K 
Figure 23 shows a p l o t  of t h e  predic ted  and observed values of 6 , 

t h e  13c chemical s h i f t  of C (1) and C ( 2 )  of 1,4-anhydroerythri tol .  The 

proximity of t h e  predic ted  (P) and observed (0) values  is immediately 

apparent.  These values a r e  grouped with t h e  C ( 1 )  values appearing a t  t h e  

bottom of the  graph and the  C(2) va lues  a t  t h e  top. The co-ordinate a x i s  



TABLE VII a 

Independen t ,  Observed and Predicted Variables of "True Model" 

STANDARD 
F Y-F DEV TATION 

O F  ESTIMATE 

VARIABLES 



STANDARD 
F Y-F D h T  IATION 

OF ESTIMATE 

VARIABLES 

obs 

4.63200 
4.67300 
4.68200 
4.75200 
4.76700 
4.85300 
4.91300 
4.91400 
4.91000 
4.96800 
4.97700 
5.02800 
5.01300 
5.10200 
5 .I4400 
4,93700 
4.75500 
4.82100 
4.93700 
5.00900 
5.08000 
4.99800 
5.08500 
5 .I5300 
4.83800 
4.94800 
5.06000 
5.05500 
5.13600 
4.84300 
4.97500 
5.06600 
5.07200 
4.94900 
5.04900 
5.08900 
5 .l5OOO 
5.21500 
5 .O26OO 



TABLE V I I I  

Asympt.c)tic CorreLation Matrix of the Parameters 

B10  - 

B l l O  - 

B l O l  - 
B l l l  - 

B 1 2 0  - 
E l 0  - 
E 0 1  - 

E l l  - 
E 2 0  - 

s10 - 

SO1 - 
S l l  - 

S 2 0  - 

B 2 0  - 
B 2 1 0  - 
B 2 0 1  - 

B 2 1 1  - 

B 2 2 0  - 

G 1 0  - 
GO1 - 
G 1 1  - 
G 2 0  - 



& * * . . * . . * .  
* 0 0 0 0 0 0 0 0 0  

I i l ,  i i !  



Figure 2 3  . Plo t  of a c t i v i t y  of water versus  predic ted  and observ'ed 

va r i ab le ,  DELTA C13. Predicted - P,  Observed - 0, 

conincidence * . 





F i g u r e  24 . P l o t  of a c t i v i t y  of ammonium i o n  versus p r e d i c t e d  and 

observed v a r i a b l e ,  DELTA C13. 



1) 

I.' 



F i g u r e  2 5 .  Plot of temperature versus predicted and observed var iable ,  

DELTA Cl3. 



* * L * .  
I) * 
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I 
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Y * 

0 
Temperature, C. 



Figure  26. Plot of a c t i v i t y  of  water ve r sus  r e s i d u a l s .  

1 - one p o i n t  p e r  g r i d  p o i n t  

2 - two p o i n t s  pe r  g r i d  p o i n t  etc. 





I /  . 
ill 
Ill 
Ill . 

Figure 27 . Plo t  of a c t i v i t y  of ammonium ion versus  r e s idua l s .  

1 - one po in t  pe r  g r i d  po in t  

2 - two p o i n t s  per  g r i d  po in t  

3 - three p o i n t s  per g r i d  po in t  etc . 





Figure  28 . P l o t  of temperature ve r sus  r e s i d u a l s .  

1 - one p o i n t  per  g r i d  p o i n t  

2 - two p o i n t s  pe r  g r i d  p o i n t  etc. 



0 
Temperature, C. 



Figure 2 9 .  Plot of predic ted  v a r i a b l e  DELTA C13 versus  r e s i d u a l s .  



Predicted DELTA C13 (ppm) 



Figure 30  . Plo t  of predic ted  v a r i a b l e  DELTA C13 versus r e s i d u a l s  

squared. 

1 - one po in t  per  g r i d  po in t  

2 - two po in t s  p e r  g r i d  po in t  

3 - t h ree  p o i n t s  pe r  g r i d  po in t  

4 - four  p o i n t s  per  g r i d  po in t  



Predicted DELTA C13 (ppm) 



Figure  31 . Normal probability plot of residuals. 





Figu re  32 . Detrended normal p r o b a b i l i t y  p l o t  of r e s i d u a l s .  



Residual 



i s  the  a c t i v i t y  of water. Because t h e  o the r  two independent v a r i a b l e s ,  

a  and T I  a r e  projec ted  onto t h e  p l o t ,  the  t rend with r e spec t  t o  a  
N H ~  H2•‹ 

is not  p e r f e c t l y  defined.  However, C(2) def ines  some s o r t  of curve and 

C ( 1 )  decreases and then increases .  The g r e a t e r  number of coincidences (*I  

within g r i d  p o i n t s  f o r  the  C ( 1 )  group ind ica tes  a  smaller s c a t t e r  a s  a  

group. 

Figure 24 shows a s imi la r  p l o t  where, now, the  coordinate a x i s  is  

the  a c t i v i t y  of ammonium. The C ( 1 )  and C(2) groups have t h e i r  same re la -  

t i v e  p o s i t i o n s  a s  i n  Figure 23 . C ( 1 ) ,  a t  bottom, appears t o  fol low a 

s t r a i g h t  l i n e  downward with a l i t t l e  s c a t t e r  (due t o  T and a . The 
H2•‹ 

g r e a t  s c a t t e r  of C ( 2 ) ,  however, i n d i c a t e s  t h a t  it is more s e n s i t i v e  t o  t h e  

inf luences  of a  and T, which a r e  projec ted  onto t h e  p l o t .  
H2•‹ 

Figure 25 i s  a p l o t  of tiK versus  temperature. I t  bea r s  some resem- 

blance t o  Figure 23 , s ince  the  a c t i v i t y  of water is most s e n s i t i v e  t o  t h e  

temperature. I n  s p i t e  of p ro jec t ion  of t h e  o the r  v a r i a b l e s ,  the  t rend i n  

C ( 1 )  appears t o  f i r s t  decrease and then t o  increase  wi th  T. However, C ( 2 )  

appears t o  s c a t t e r  uniformly about a  s t r a i g h t  l i n e  upwards. 

The p l o t s  of the  r e s i d u a l s  a r e  use fu l  f o r  analyzing the  ex ten t  of 

unexplained t rends .  Figure 26 d e p i c t s  a  p l o t  of r e s i d u a l s  versus  t h e  

a c t i v i t y  of water. The g r e a t e s t  number of r e s i d u a l  va lues  are seen t o  be 

between -.008 and +.008. The s p a t i a l  dens i ty  of po in t s  r e f l e c t s  t h e  

sampling inherent  i n  the  da ta .  The l ike l ihood of having a l a r g e  re s idua l  

value f o r  a  small value of a appears t o  be about t h e  same as t h a t  f o r  a 
H2•‹ 

l a r g e  value of aH O. The l ike l ihood  of  having a small  r e s idua l  value appears 
2 

t o  be  independent of the  value of a  . Thus, the  r e s i d u a l  va lues  appear not  
H2•‹ 

t o  be c o r r e l a t e d  with a . 
H2•‹ 



Figure 27 shows a p l o t  of the  r e s idua l s  versus the  a c t i v i t y  of 

ammonium ion. Most po in t s  again (and consequently) f a l l  between -.008 

and +.008. A s  i n  Figure 26 a number of anomalously l a r g e  o r  small r e s idue  

values  a r e  apparent  However, these  va lues  do not  appear t o  be co r re la t ed  

i n  occurence with e i t h e r  l a r g e  o r  small values of a  Hence, t h e  e r r o r s  
NH; ' 

appear t o  be independent of a Most of the  same arguments given f o r  
NH:. 

F igure26 apply here.  I n  p a r t i c u l a r ,  t he  l ike l ihood  of having a l a r g e  re s idua l  

value f o r  a  small va lue  of a  appears t o  be about t h e  same a s  t h a t  f o r  a  l a r g e  
N H ~  

value of a . Like-wise, the  l ike l ihood  of having a small r e s i d u a l  
NH: 

va lue  appears t o  be independent of the  va lue  of a  + . 
NH . 

Figure 28 g ives  the  p l o t  of t h e  r e s idua l  values versus t h e  temperature, 

T. Similar  arguments a s  given i n  t h e  d iscuss ion of Figures 26 and 27 

apply t o  Figure 28 . However, t h e  l a r g e s t  and t h e  smal les t  res idue  va lues  

0 
l i e  on t h e  extremes of the  graph, between 53 and 80•‹ C. These appear t o  

be o u t l i e r s ,  separated a s  they a r e  from the  r e s t  of t h e  d ispers ion .  This 

may suggest  an e r r o r  i n  the  temperature determination f o r  these  observations.  

Temperature measurements were obtained using a double junction copper-constan- 

t a n  thermocouple, which may be sub jec t  t o  f a i l u r e  by e l e c t r o l y t i c  corrosion.  

Figure 29 shows the  p l o t  of t h e  r e s i d u a l s  versus  t h e  predic ted  13c 

chemical s h i f t s .  These a r e  separa ted  i n t o  two groups, t h e  C ( 1 )  values t o  

the  l e f t  and t h e  C(2) va lues  t o  t h e  r i g h t .  I t  is  c l e a r l y  apparent  t h a t  

t h e r e  a r e  two e r r o r  d i s t r i b u t i o n s .  The e r r o r s  associa ted  with C ( 1 )  a r e  

smaller  than those f o r  C(2) .  This may be because t h e  C ( 1 )  l i n e  p o s i t i o n s  

a r e  more accura te ly  determined because it l i e s  c l o s e s t  t o  the  reference ,  

dioxane. O r ,  a l t e r n a t e l y ,  s ince  C(2) is  more s e n s i t i v e  t o  changes i n  t h e  



dependent va r i ab les ,  it may r e f l e c t  more f u l l y  t h e  e r r o r s  i n  those values.  A 

t h i r d  hypothesis is  t h a t  the  C(2) carbon, with i ts  hydroxyls protruding i n t o  

t h e  so lu t ion ,  i s  more s e n s i t i v e  t o  "impurity" e f f e c t s  such a s  those  of 

r e s i d u a l  d issolved oxygen o r  o the r  unknown agents  not  r e a d i l y  cont ro l led .  

Figure 30 shows the  magnitudes of t h e  r e s idua l s ,  i.2. t h e  r e s i d u a l s  

squared versus the  predic ted  1 3 C  chemical s h i f t s .  Many of t h e  cons idera t ions  

given f o r  Figure 29 apply here.  However, a t r end  is  no t i cab le .  The magni- 

tude of t h e  r e s i d u a l s  appears t o  c o r r e l a t e  with the  value of  6 f o r  C ( 2 ) .  

This suggests t h a t  the  p r e d i c t a b i l i t y  of 62 decreases f o r  g r e a t e r  va lues  of 
obs 

62 where a a and T a r e  g r e a t e s t .  This  r e f l e c t s  t h e  uneven sampling 
O ~ S  H ~ O '  NH;' 

of da ta .  There is l e s s  da ta  f o r  the  l a r g e r  values of t h e  independent va r i ab le  

f o r  which a p red ic t ion  of 62 can be made. A g r e a t e r  sample s i z e  f o r  t h e  
obs 

d a t a  would c o r r e c t  t h i s  flaw. 

Figure 31 shows the  normal p r o b a b i l i t y  p l o t  of t h e  r e s idua l s .  $uch 

graphica l  means may be used t o  inves t iga te  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of 

t h e  e r r o r s  [ 49,56,60] The expected normal value,  - i .e - . the  ith ordered 

value s e l e c t e d  from a normal d i s t r i b u t i o n ,  with the  computed mean and var iance  

as t h e  given set of  r e s idues ,  is p l o t t e d  a g a i n s t  t h e  ith res idue .  For a 

d i s t r i b u t i o n  of  e r r o r s  following a normal d i s t r i b u t i o n ,  such a p l o t  should 

- approximate a s t r a i g h t  l i n e .  The d i s t r i b u t i o n  is seen t o  be  somewhat curved 
i 

a t  t h e  ends. 

A detrended normal p r o b a b i l i t y  p l o t  d i sp lays  the  devia t ion  of t h e  e r r o r  

from t h e  s t r a i g h t  l i n e  expected of a normal p robab i l i ty  p l o t ,  Figure 32 shows 
, . 

t h e  d i s t r i b u t i o n  t o  be grouped i n  t h e  upper r i g h t  hand quadrant and i n  t h e  

lower l e f t  hand quadrant.  This i s  c h a r a c t e r i s t i c  of a bimodal d i s t r i b u t i o n .  

The res idues  associa ted  with C ( 2 )  have a broader d i s t r i b u t i o n  than those  of C ( 1 ) .  



6.1 

Tests  of Signi f icance  

1. The s e r i a l  c o r r e l a t i o n ,  o r  autocorre la t ion  ( s e e  page 99 ) , of 

the  r e s i d u a l s  f o r  the  " t r u e  model" was ca lcu la ted  t o  be r = 0.231. Applying 

the  t-test [52,56,77 ] f o r  the  hypothesis H : p = 0 gives t h e  s t a t i s t i c  
0 

f o r  77 degrees o f  freedoms, whereas t = 1.66, while t = 2.36. Thus, 
- 95  -99 

a t  the  5% l e v e l ,  we r e j e c t  the  hypothesis  t h a t  the  s e r i a l  co r re la t ion  i s  not  

s i g n i f i c a n t l y  d i f f e r e n t  from zero,  whereas, a t  t h e  1% l e v e l ,  we cannot r e j e c t  

t h e  hypothesis.  Since p parameters have been determined, t h e r e  a r e  n r e s idua l s  

a s soc ia ted  with only n - p degrees of freedom [ 561 , and, the re fo re ,  t h e r e  

ought t o  be some cor re la t ion  amongst t h e  r e s idua l s .  Thus, the  ca lcu la t ion  

of  t h e  s e r i a l  co r re la t ion  does not  reveal  anything t o  be out  o f  l i n e .  

2. The res idua l s  a r e  grouped i n t o  those f o r  C(  1) and f o r  C(2) . The 

c o r r e l a t i o n  c o e f f i c i e n t  between these  groups was ca lcu la ted  t o  be r = .04293. 

Applying t h e  t - t e s t  a s  above shows t h a t  t h e  n u l l  hypothesis cannot be r e j ec ted  

a t  t h e  1% probab i l i ty  level .  Thus we could say t h a t  t h e r e  i s  no c o r r e l a t i o n  

between t h e  e r r o r s  f o r  t h e  two d i f f e r e n t  carbons and t h e  model adequately 

r ep resen t s  each independently. 

3. The s tandard  devia t ions  ca lcu la ted  f o r  t h e  r e s idua l s  associa ted  

wi th  C ( 1 )  and C(2) were -00360 and .00876, respect ive ly .  The F-test  f o r  

one-sided a l t e r n a t i v e s  [ 77,491 was appl ied  t o  t h e  hypotheses 



we say  t h a t  t h e  d i f f e r e n c e  i s  probably s i g n i f i c a n t  a t  t h e  - 0 1  l e v e l .  

4. The s i g n i f i c a n c e  of  improvements i n  t h e  e r r o r  mean square  due t o  

changes i n  t h e  model may be  t e s t e d  using p a r t i a l  o r  s e q u e n t i a l  F - t e s t s  o r  t h e  

R-factor  r a t i o  t e s t  [56151,49  1 .  The R-factor r a t i o  f o r  n obse rva t ions  

and p parameters  is  d i s t r i b u t e d  a s  

Thus, f o r  t h e  " t r u e  model" (nZ78,  p=l8)  , an R-factor  r a t i o  ( a l t e r n a t e l y ,  RMS 

r a t i o )  of 1.311 is s i g n i f i c a n t  a t  t h e  .005 l e v e l  and 1.233 i s  s i g n i f i c a n t  a t  

t h e  .05 l e v e l .  Model A ,  Table V I  i s t h e n s i g n i f i c a n t l y  improved over  C. 

R1/Ro = 2.64. 

A reduced model w i t h  b fewer parameters  may be  given a t es t  of  
0 

s i g n i f c a n c e  w i t h  r e s p e c t  t o  a f u l l  model by comparing t h e  R-factor  r a t i o  t o  

% ,n-p,a 
. Thus, f o r F .  , 

0 

and,  s o ,  Model F-would be  r e j e c t e d  i n  favour o f  A. a t  t h e  0.5% level. S i m i l a r l y ,  

R1/Ro 
= 1.322 > R 

4,6O, -005 
= 1.130 f o r  Model G. and it t o o  would be  

r e j e c t e d  i n  favour  o f  A. a t  t h e  0.5% l e v e l .  

I n  summary, t hen ,  t h e  preponderence o f  evidence provided by t h e  r e s i d u a l  

a n a l y s i s  and t h e  t e s t s  of s i g n i f i c a n c e  demonstrate t o  a l l  b u t  t h e  unredeemed 



s k e p t i c  t h a t  " t r u e  model" has  indeed been shown. The value of  t h i s  model 

i n  p r e d i c t i n g  t h e  chemical s h i f t s  and t h e  thermodynamic cons t an t s  o f  a l l  t h e  

s p e c i e s  is l i m i t e d  only  by t h e  q u a l i t y  and q u a n t i t y  of t h e  d a t a s e t  used. I n  

h inds igh t ,  then ,  a f u r t h e r  refinement would be ob ta ined  by c o l l e c t i n g  addi- 

t i o n a l  d a t a  f o r  h ighe r  concent ra t ions  and n ighe r  temperatures .  



6 . 2  
Normal Probabi l i ty  Plots 1601 

The observed values a r e  p l o t t e d  along the  hor izon ta l  a x i s .  The 

da ta  values a r e  ordered before p l o t t i n g :  t h e  v e r t i c a l  a x i s  corresponds t o  

t he  expect.ed normal value based on the  rank o t  t h e  observation.  Let 

X 
(1) ' x , . represent  the  da ta  va lues  a f t e r  ordering from smal les t  t o  

l a r g e s t .  The subsc r ip t  ( j )  j.s the  rank order  of t h e  observation. I f  N 

i s  the  t o t a l  frequency, the  v e r t i c a l  p l o t t i n g  pos i t ion  corresponds t o  the  

expected normal value f o r  the  r e l a t i v e  rank ( j  out  of N) of the  observation.  

The expected normal value is  est imated a s  

t h e  standard normal value corresponding t o  the  p r o b a b i l i t y  (3j-1)/(3N+1). 

I f  the  da ta  a r e  from a  normal d i s t r i b u t i o n ,  t h i s  l i n e  w i l l  be s t r a i g h t ,  

except f o r  random f l u c t u a t i o n s  . I n  addi t ion  the  s e r i a l  c o r r e l a t i o n  of 

t h e  r e s idua l s  i s  p r in ted .  The s e r i a l  co r re la t ion  is  defined as 

where t h e  summation i s  f o r  j = 2  t o  N and w i s  the  case weight f o r  the  jth 
j 

case  (1.0 i f  t h e r e  i s  no case weight) .  A l a r g e  s e r i a l  c o r r e l a t i o n  ind ica tes  

a  p a t t e r n  i n  the  r e s idua l s .  When the  data  a r e  ordered, such a s  by t i m e ,  t h e  

p a t t e r n  can be a  r e s u l t  of a  change i n  t h e  method of da ta  c o l l e c t i o n  o r  an 

omission of a  va r i ab le  from the  regress ion  equation.  



Detxended Normal P r o b a b i l i t y  P l o t  [GO1 

This  is  s i m i l a r  t o  t h e  normal p r o b a b i l i t y  p l o t  except  t h a t  t h e  

l i n e a r  t r e n d  i s  removed before  t h e  p l o t  is p r i n t e d .  The ve r t i ca l .  s c a l e  

r e p r e s e n t s  the d i f f e r e n c e s  between t h e  expected normal va lues  and t h e  

s tandard ized  va lues  of t h e  observa t ions .  That is, each obse rva t ion  i s  

transformed i n t o  a s tandard ized  va lue  by sub t r ac t ing  t h e  mean and d iv id ing  

by t h e  s tandard  dev ia t ion ;  - i . e . ,  - z = ( x ( ~ ) - " / s .  We t hen  compute 
( 1 )  



-7 * 0 

c:aL(-ulation of t h e  A c t - ~ v i t y  C o e f f i c i e n t  o f  S o l u t e  a t  v a r i o u s  Temperatures  

0 
from v a l u e s  a t  25 [751 .  

The chemical  p o t e n t i a l  a s  d e f i n e d  by Gibbs [ 7 7 , 7 8 ] .  

i s  s e e n  t o  be t h e  p a r t i a l  moLal Gibbs f r e e  energy  f o r  component i, w i t h  a l l  

o t h e r  v a r i a b l e s  f i x e d .  The a c t i v i t y ,  a o f  a p u r e  chemical  s p e c i e s  o r  
it 

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

0 
i n  which p i s  i t s  chemical  p o t e n t i a l  i n  some a r b i t r a r y  s t a n d a r d  state. The 

i 
0 

s p e c i f i c  v a l u e  o f  11 w i l l  depend on  t h e  c o n c e n t r a t i o n s  s c a l e  and t h e  s t a n d a r d  
i 

s t a t e  chosen f o r  a  . 
i 

I t  f o l l o w s  from ( 8 4  and ( 8 5  and t h e  d e f i n i t i o n  o f  t h e  Gibbs f r e e  

energy ,  G Z H - TS, t h a t  t h e  dependence of t h e  a c t i v i t y  upon tempera tu re  i s  

g i v e n  by 

where Go is  t h e  p a r t i a l  mola l  e n t h a l p y  a t  t h e  s t a n d a r d  s t a t e .  If we r e s t r i c t  i 

o u r s e l v e s  t o  t h e  s o l u t e  ( i = 2 )  [ 7 5  ] and i n t r o d u c e  t h e  r e l a t i v e  p a r t i a l  m o l a l  

- - -0 
e n t h a l p y ,  L2 5 H 

2 
- H2 , t h e n  



Differentiating L w i t 1 1  respect to T serves to  define the pa r t i a l  
2 

- 
molal heat capacity, c . and the re la t ive  pa r t i a l  molal heat capacity, 

p, - - 0 
L. 

c - c , a t  constant pressure. Thus 
P2 P2 

The stoichiometric mean ionic molal ac t iv i ty  coefficient y+ , or  
- 

pract ical  ac t iv i ty  coefficient i s  defined for a uni-valent e lectrolyte  of 

molality, m ,  as 
1 1 - 

(89) Y + = (Y+ v-1 5 = (a, a _ )  2 / m 
- 

and (85  ) becomes, with t h i s  def ini t ion,  

(90) 
U2 = 2 RT I n  y+ m + 

We thus have 

If  small variations of 5 with temperature can be neglected and i f  
2 

and are known a t  some reference temperature. 
2 2 T ~ r  then a  good approxi- 

- 
mation for L i s  

2 



From 91. ) and ( 9 2  ) 

I n t e g r a t i n g  ( 93 ) ,. 
I 

where I i s  an  i n t e g r a t i o n  c o n s t a n t .  I f  y+ (T ) a t  t h e  r e f e r e n c e  ternpera- 
- K 

t u r e  T i s  g i v e n ,  t h e n  I may be de te rmined  
R 

Thus, combining ( 94 ) and ( 95 ) , 

' I n  c o n c l u s i o n  t h e n ,  we now have a  r e l a t i o n s h i p  which a l l o w s  u s  t o  

d e t e r m i n e  t h e  a c t i v i t y  c o e f f i c i e n t  o f  a 1:l e l e c t r o l y t e  a t  any t e m p e r a t u r e  

o r  c o n c e n t r a t i o n  p rov ided  we have 



I. t h e  ac t iv i ty  coeff ic ient  

2. r e l a t i ve  p a r t i a l  molal enthalpy 

and 3 .  the r e l a t i v e  p a r t i a l  molal heat capacity, a s  a function of 

concentration and a t  a given reference temperature. 

0 
The reference temperature most frequently chosen is 25 C.  

Comparison of ackivity coeffici.ents for  NaC1, calculated using (96  ) r  

with values obtained from boiling point o r  electromotive force measurements 

showed agreement t o  2.001 [ 2 5  1 .  This demonstrates the va l id i ty  of the  

Procedure. 



Determination of  P a r t i a l  ~ o l a l  ~ u a n t i t i e s  from Apparent Molal Q u a n t i t i e s  751.  

The mathematic d e f i n i t i o n  of formally r e q u i r e s  t h e  i n f i n i t e s i m a l  2  

change of t h e  q u a n t i t y  of s o l u t e  w i t h  o t h e r  v a r i a b l e s  f i x e d  and t h e  de t e r -  

minat ion of tlie r e s u l t i n g  change i n  h e a t  conten t .  'rhermochemical measure- 

ments of t he  molal enthalpy of s o l u t e  a r e ,  however, i n  p r a c t i c e  taken  wi th  

f i n i t e  changes i n  s o l ~ i t e  concen t r a t ion  wi th  t h e  a d d i t i o n  of  so lven t .  The 

h e a t  of d i l u t i o n  of a  b ina ry  s o l u t i o n ,  AH (c1-tc2) , i s  measured ca lo r ime t r i -  
D 

c a l l y  dur ing  t h e  i so thermal ,  i s o b a r i c  a d d i t i o n  of s u f f i c i e n t  pure so lven t  t o  

change t h e  concen t r a t ion  o f  one mole of s o l u t e  from c  t o  a f i n a l  va lue ,  c 
1 2 ' 

I n  h igh  d i l u t i o n  of an  e l e c t r o l y t e ,  AH i s  l i n e a r  wi th  t h e  r o o t  m o l a l i t y ,  s o  
D 

l i n e a r  e x t r a p o l a t i o n  t o  zero mola l i t y  g i v e s  t h e  r e l a t i v e  apparent  molal  

en tha lpy  ( s i g n  convention of  r e f e rence  [ 75  ] ) 

The r e l a t i v e  h e a t  conten t  r e f e r r e d  t o  t h e  i n f i n i t e l y  d i l u t e  s o l u t i o n ,  f o r  

a s o l u t i o n  conta in ing  n moles of s o l u t e  i n  n  moles of s o l v e n t  i s  thus  
2 1 

For molal c o n c e n t r a t i o n s ,  



The t o t a l  heat capacity of a binary solution may be expressed 

- 0 
i l l  terms of the molal heat capacity of the pure solvent,  c , and the 

P, 

apparent molal heat capacity of the solute ,  
4c 

P 

for- a solution contair~inq n moles of solvent and n moles of solute .  
1 2 

Equation ( 101) may be transformed into the convenient form 

0 
where m is  the molality of the solute of molecular weight M and c and c 

2 P P 

a r e  the measured specif ic  heats of the solution and the pure solvent,  respec- 

t ive ly .  The pa r t i a l  molal heat capacity may be obtained from the  apparent 

molal heat capacity as before, 

The r e l a t i ve  pa r t i a l  molal heat capacity i s  given by the def ini t ion 



The A c t i v i t y  of Solvent-. a t  va r ious  Temperatures and Concent ra t ions  of 

So lu t e  

When chemical equi l ib r ium p r e v a i l s ,  t h e  chemical p o t e n t i a l  o f  a  

component i s  t h e  same i n  every phase.  Consequently,  a t  c o n s t a n t  tempera- 

t u r e  and p r e s s u r e ,  t h e  a c t i v i t y  o f  a  component of a  system i s  t h e  same i n  

every phase provided t h a t  it is de f ined  i n  each phase i n  r e f e r e n c e  t o  t h e  

same s tandard  s t a t e .  For a  s o l v e n t  A ,  con t a in ing  a  non-vola t i l e  s o l u t e ,  

t h e  t o t a l  vapour p r e s s u r e  above t h e  s o l u t i o n  i s  equa l  t o  t h e  p a r t i a l  p r e s s u r e  

of t he  so lven t .  I n  t h e  regime where c o r r e c t i o n s  f o r  non - idea l i t y  o f  s o l v e n t  

vapour a r e  smal l ,  t h e  a c t i v i t y  o f  t h e  s o l v e n t  i s  g iven  by 

The s tandard  s t a t e  chosen f o r  t h e  d e f i n i t i o n  o f  t h e  a c t i v i t y  o f  

s o l v e n t i n  s o l v a t i o n  e q u i l i b r i a  i s  t h e  pure  s o l v e n t  i n  equi l ib r ium w i t h  i t s  

vapour p r e s s u r e  a t  a  t o t a l  p r e s s u r e  of  one atmosphere and a  temperature  of  

25O C. Vapour p re s su re s  a t  v a r i o u s  temperatures  and concen t r a t i ons  o f  

s o l u t e  a r e  r e a d i l y  ob ta ined  and a c t i v i t i e s  computed. 



1 . 3  
W~errnodynamic Data used when So.lverit i s  Water, s o l u t e  is  Ammonium C h l o r i d e  

7 .  3 . 0  The A c t i v i t y  C o e f f i c i e n t  of Aqueou:j NH4C1  [ 74 1 

The i s o p i e s t i c  v a p u r  p r e s s u r e  method [75,78,79]has  been used t o  d e t e r m i n e  

0 
t h e  a c t i v i t y  c o e f f i c i e n t s  o f  NH C 1  a t  2 5  C from 0 . 1  m t o  s a t u r a t i o n  a t  7.39 m .  

4 

The r e s u l t s  a r e  t a b u l a t e d  i n  TABLE IX . A r e p r e s e n t a t i o n  o f  y + (NH C 1 )  
4  

p l o t t e d  a g a i n s t  m o l a l i t y  NH C l  i s  g i v e n  i n  F i g u r e  2 1  and o f  y 
4 + ( N H ~ c ~ )  

-- 
a g a i n s t  6 N H ~ C ~  i n  F i g u r e  33 . 

I f  two s o l u t i o n s  o f  d i f f e r e n t  s a l t s  a r e  a l lowed t o  e q u i l i b r a t e  th rough  

t h e  vapour p r e s s u r e ,  t h e n ,  a t  t h e  i s o p i e s t i c  p o i n t ,  t h e  a c t i v i t y  o f  w a t e r  i s  

t h e  same i n  b o t h  s o l u t i o n s .  One s o l u t i o n  s e r v e s  as a r e f e r e n c e  f o r  which 

t h e  a c t i v i t y  and a c t i v i t y  c o e f f i c i e n t s  a r e  w e l l  known. P a i r s  o f  i s o p i e s t i c  

s o l u t i o n s  f o r  NH C 1  w i t h  KC1 and NaCl as r e f e r e n c e  a r e  g i v e n  i n  Tab le  x 
4 

The fo l lowing  r e l a t i o n  [ 7 5 1  a l l o w s  d e t e r m i n a t i o n  o f  t h e  unknown 

a c t i v i t y  c o e f f i c i e n t  

m 
( 106 1 l n y ,  = l n y R  + 1 -  R + 2  

dK 
.- 

rn  

y and a  a r e  t h e  a c t i v i t y  c o e f f i c i e n t s  and a c t i v i t y  r e f e r e n c e  and m and  
R R R  

m a r e  t h e  m o l a l i t i e s  o f  t h e  r e f e r e n c e  and t h e  unknown i n  t h e  isopiestic p a i r s .  

m 
R / m may be  p l o t t e d  a g a i n s t  m and t h e  second term e v a l u a t e d  a t  round 

c o n c e n t r a t i o n s .  A p l o t  o f  (mR / v e r s u s  a l l o w s  g r a p h i c a l  

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

7 .3 .1  , R e l a t i v e  Apparent En tha lpy  and Apparent  H e a t  C a p a c i t y  o f  Aqueous 

NH C1 a t  25O C [ 80 I 4 

The u n i t  o f  energy used i s  t h e  thermochemical  c a l o r i e ,  d e f i n e d  by 



1sopiesti.c mean i o n i c  a c t i v i t y  coefficients y, of NR C 1  a t  25O C; 
4 

rn, molality 1791. 

0 -770 
0.71 8 
0.687 
O . b 6 5  
0.649 
0.636 
0.625 
0.617 
0.609 
0.603 
0.592 
0.584 
0.578 
0.574 
0.570 
0.564 
0.561 
0.560 
0.560 
0.561 
0.562 
0.563 
0.564 
0.565 
0.566 

( sa tu ra t ed )  0.566 



b' igum 3 i- Smoothed curve r ep re sen t ing  t h e  mean i o n i c  a c t i v i t y  . 
0 

c o e f f i c i e n t ,  y , ,  of aqueous ammonium c h l o r i d e  a t  25 C 
- 

ah a func t ion  of t h e  square r o o t  05 t h e  m o l a l i t y , K  . 
The p o i n t s  r e p r e s e n t  t h e  t abu la t ed  va lues .  





TA131X 

Impiest ic  pairs (reference K i : l / N a C l ,  NH4CI.) , molal c o n c e n t r a t i o n s  179 1 . 

m 
N a C l  

m 
NaCl 

7.328 
7.390 ( s a t d  



1 c a l  -1 4.1840 3, and 1961 atomic weights.  'k is shown i n  Table XI and 

0 

@ r 
i n  Table X 1 I  f o r  aqueous NH C 1  a t  2 5  C. 

@c 
and + a r e  represented i n  

4 L 

Figures 34 and 35 . 
The c hord-area method of Young e t  a1  . ( 1 80 1 and references  c i t e d  -- - 

t h e r e i n )  i s  used to  ob ta in  values of 9 
L ^ 

Chords AmL / A (2) a r e  p l o t t e d  

1. 

aga ins t  rn' an larye scale yraphs. . Extrapolat.ion t o  i n f i n i t e  d i l u t i o n  i s  

Si 
3 

made using the  thepretica.1 l imi t ing  value f o r  d m L  / d m of 472  ca l /  mole 7 

[ 7 5  I .  A smooth curve i s  then drawn through a l l  t h e  da ta ,  giving g r e a t e r  

weight t o  the  more r e l i a b l e  da ta .  

Values of 4 a r e  obtained from measurements of t h e  s p e c i f i c  hea t  of 
C 

5 so lu t ions  [ 80 1 .  The values f o r  @ w e r e  p l o t t e d  aga ins t  m on l a r g e  s c a l e  
C 

3 
graphs using (d $ / d ml') I = 6.13 cal/deg mole 5 f o r  the  l imi t ing  

C m 2 - t  0 

s lope.  A smooth curve is drawn through a l l  t h e  d a t a .  

7 .3 .2  Ac t iv i ty  of Water 1 81 1 

Values of t h e  measured vapour pressure  of water f o r  pure water and 

f o r  various concentrat ions of NH C l  up t o  the  s o l u b i l i t y  l i m i t  and a t  
4 

0 0 
temperatures from 0 C t o  110 C a r e  given i n  Table X I I I .  



Rt?Lat.ive apparerrt molal 

m, molality; n  moles of 

0 
entlzalpy, $L Ical/mole) ,of NH C 1  a t  2 5  C (column 3 )  ; 

4 

t i , O  containing one mole NH C 1  [801 .  
2 4 

1 . 5 0 0 0  
1 . 8 5 0 2  
2 .oooo 
2 . 2 2 0 2  
2 .  SOOO 





I./('), of NH C l  a t  25O C (column 3 ) ;  
4 

m ,  molaLi t y ;  r~ mole:; of k1 O con ta ln i r iy  one mole NI14C1 [80]. 
2 



Y i q u r e  34 . Smoothed curve representing the apparent molal heat 

0 
capacity J, (cal/mol/ ) o f  aqueous ammonium chloride a t  

C 

0 
25  C as  a function of the square root of the molality, 

Jm- . The points represent the tabulated values. 



MdLRL H E A T  C A P R C I T Y , C R L / M B L E / C  
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Fiyure 35. Smoothed curve representing the relative apparent molal 

enthalpy, 4 (cal/mol), of aqueous ammonium chloride at 
L 

0 
25 C as a function of the square root of the molality, 

fi . The paints represent the tabulated values. 



R E L R T I V E  RPPRRENT HOLRL I-IERT CONTENT OF RPUEOUS NHQCL RT 25 C 



vapour pressure (rnrn) of H 0 of aqueous  NH C 1  a t  concentrateion C ( g  N K  C1/ 
2 4 4 

100 g H 0) and temperatures t ,  ( O C )  [811. 
2 

~a tk r a t ed  solutions 
24.7 
42.9 
71.8 67.5 

116.0 109.0 
181.4 170.5 160.6 
275.9 259.3 244.2 
408.2 383.6 361.4 341.1 
589.8 554.3 522.1 492.9 
833.8 783.7 738.2 696.8 



'7. 4 
Computational Procedure 

7.4.0 In te rpo la t ion ,  Approximation, Di f fe ren t i a t ion ,  and smoothing using 

Cubic Spl ines  and Bicubic Spl ines  [ 82 - 881. 

The preceeding d iscuss ion ind ica tes  t h e  need t o  evaluate  d i f f e r e n t i a l  

d  Y 
forms Y + X --- 

d X 
, where our knowledge of Y ( X )  i s  r e s t r i c t e d  t o  tabula ted  values  

{ ( Y ~ ,  x . ) }  of experimentally determined values of f i n i t e  p rec i s ion  only,  
1 

approximating Y ( X )  up t o  experimental e r r o r  and t o  evaluate  a  function 

F(X,Y) when w e  have only a  t a b l e  { ( f i r  xi, yi)} of experimentally determined 

values.  Cubic s p l i n e  funct ions  have r e c e n t l y  proven themselves useful  f o r  

problems of t h i s  nature.  A number of d e f i n i t i o n s  a r e  i n  order .  

A cub ic  s p l i n e  function is  a piece-wise cubic polynomical function,  S , 

defined f o r  a  given { ( Y i ,  X . ) } such t h a t  s ( X i )  = Yi , which i s  continuous 
1 

and has continuous f i r s t  and second de r iva t ives .  The con t inu i ty  condi t ions ,  

p lus  two end condit ions,  s" ( X o )  = s l ' ( X  ) = 0 f o r  na tu ra l  cubic s p l i n e s ,  a r e  
n  

s u f f i c i e n t  t o  determine the  c o e f f i c i e n t s  f o r  the  cubic i n  each sub in te rva l  

I Xi, Xi+$ . Thus, s ( X )  = Y + ( ( C  .D + C 1 - D  + Cil) .D,  where xi' X < Xi+l 
i i3 i2 

and D = X - X . Consequently, s '  (X) = (3-Ci3-D + 2C ) 'D + Cil. 
i i 2 

Cubic s p l i n e  in te rpo la t ion  of a tabled  function { ( Y . , X . ) )  involves t h e  
1 1  

determination of the  s p l i n e  c o e f f i c i e n t s  and evaluat ion of t h e  s p l i n e  funct ion  

a t  a  po in t  i n  a  given subinterval  a s  i n  the  l a s t  paragraph. When { (Yi,Xi) 

conta ins  experimental e r r o r ,  cubic s p l i n e  in te rpo la t ion  g ives  a  correspondingly 

poor approximation, s ( X ) .  The approximation e r r o r  i s  g r e a t e r  f o r  s ' ( X )  and 

even g r e a t e r  f o r  s "  ( X I  . 
Cubic s p l i n e  smoothing of a  tabled  function ( ( Y  x . ) )  involves the  

ir  1 

determination of { (?.  , X .  ) 1 such t h a t  s (X . ) = ?.  and the  corresponding s p l i n e  
1 1  1 1 



c o e f f i c i e n t s  g iv ing  

(107) f x n  s" (XI dx , a minimum. and 

n 
( 108) C ( ":)y~ 'iy = S , where 6 Y is a n  

i = O  
i 

es t ima te  of t h e  s tandard  dev ia t ion  i n  Y and 5 i s  i n  t h e  corresponding 
i 

confidence i n t e r v a l  N - (2N15 2 S 5 N + (2N)' . Although t h e  minimal 

i n t e g r a l  second moment condi t ion  is  s a t i s f i e d  f o r  c e r t a i n  mathematical 

func t ions ,  t h i s  may not  be so  f o r  phys i ca l ly  de r ived  func t ions .  However, 

where t h i s  cond i t i on  holds ,  it is shown t h a t  t h e  approximation r e s u l t s  i n  

a reduced e r r o r  f o r  s ( X )  , s t  ( X I  and s" ( X )  1861. 

Leas t  squares  approximation by cubic s p l i n e s  of a t a b l e d  func t ion  

{ ( y i I  X i ) ,  i=o ,  n ) ,  a t  a given s e t  of knots  {x j=0, m 5 n ) ,  where 
j ' 

xo < x < 
X < 

'n 
r e q u i r e s  t h e  eva lua t ion  of approximate ( (y x .  ) 3 

0 m j' I 

such t h a t  s ( x . )  = y and the  corresponding s p l i n e  c o e f f i c i e n t s  so  t h a t  t h e  
J j n 

2 
mean squared e r r o r  i s  a t  a minimum, i .e. i: (Yi - s (xi) 1 (Xi+l -Xi) / - 

i= 0 
(Xn - X 1, a minimum. The l e a s t  squares  approximation i s  t h e  most g e n e r a l  

0 

procedure f o r  minimizing t h e  e r r o r  due t o  approximation i n  s ( X ) ,  s ' ( X ) ,  and 

s v ' ( X ) .  Note: I n  t h e  FORTRAN program given i n  APPENDIX I t h e  cub ic  s p l i n e  - 
smoothing method of  approximation was chosen. t h e  r e s i d u a l  "wiggle" i n  

2 shown i n  F igure  36 sugges ts  t h a t  t h i s  i s  a poor choice.  
2 

A b i cub ic  s p l i n e  func t ion  i s  a piece-wise b i cub ic  polynomial i n  two 

indepen'dent v a r i a b l e s  def ined  i n  r e c t a n g u l a r  subregions of  a r ec t angu la r  

reg ion  which has  continuous f i r s t ,  second and mixed p a r t i a l  d e r i v a t i v e s .  Thus, 

< < < 
i f  we have F(XiI Y,), {Xo ... Xn} x {yo ... < Y 1 an approximation s ( X ,  Y )  

J m 



Figure 36 .  Smoothed curve represent ing  the  r e l a t i v e  p a r t i a l  molal 

- 
enthalpy, L2 (cal /mol) ,  of aqueous ammonium ch lo r ide  a t  

0 
25 C a s  a function of the  square r o o t  of the  mola l i ty ,  

6 , a s  ca lcula ted  by the  computational procedue given 

a s  a FORTKAN program i n  APPENDIX I .  The weighting function 

-1 
chosen was (1 + &I) . 



R E L R T I V E  P R R T I R L  M6LRL HERT CONTENT BF AQUEOUS NHQCL RT 25 C 



L2 la. 

Figure  37. Smoothed curve r e p r e s e n t i n g  t h e  p a r t i a l  molal  h e a t  capa- 

0 
c i t y ,  C (cal/mol/ ) ,  of  aqueous ammonium c h l o r i d e  a t  

~2 
0 

2 5  C a s  a func t ion  of t h e  square r o o t  of  t h e  m o l a l i t y ,  

, a s  c a l c u l a t e d  by t h e  computat ional  procedure g iven  

as a FORTRAN program i n  APPENDIX I. 



5.00 
M D L R L  HERT C R P R C I T Y . C A L / M D L E / C  
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I 
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may be o b t a i n e d  where 

< 
f o r  XK f X  

X ~ + l  r yK. - Y'Y 11+1 ' 
The c o e f f i c i e n t s  c  a r e  

i j 

de te rmined  by t h e  r e q u i r e d  c o n d i t i o n ,  o f  c o n t i n u i t y  - e t c .  

7 . 4 . 1  The Problem 

APPENDIX I l i s t s  t h e  FORTRAN program which f o r m a l l y  d o e s  t h e  

f o l l o w i n g .  Tabu la ted  v a l u e s  o f  4 , 4L.y:, and V are r e a d  i n ,  a l o n g  w i t h  
C a 

c o n c e n t r a t i o n s  and t e m p e r a t u r e s  for which c a l c u l a t i o n s  a r e  t o  be performed. 

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

- 
2 

- C - C  
p 9 p  9 



123a. 

F i g u r e  38- Flowchart  o f  Program given in APPENDIX I. 



CALL DIFORMi 
Transform ($c, in) i 

( 5 )  
Bicubic in te rpo la te  

I _iG_? s p l i n e  smooth 

(7)  

I -+ (Y', Jii )i  
(11) & s p l i n e  c o e f f i c i e n t s  

For every (a, T), 
Evaluate - 

L2 (6) 
52 (G) 1 

using weights 

c o e f f i c i e n t s  of  
smooth (Y+.;p)ii 

a +  = m Y+ 
Bicubic In te rpo la te  

aA = V(m, T) 
V(0, 25) - 

Output r e s u l t s  rn&-I&, 

DATA 



TABLE X I V  

O u t p u t  of FORTRAN p r o g r a m  given i n  APPENDIX I. C o l u m n  2 , 4 , 5  

are the  independent variables a p p e a r i n g  i n  TABLE: V I I  c o l u m n s  4,5,6.  
M e a n  

M o l a l i t y  
C o e f f i c i e n t  

NH4C1 

Ionic 
T e m p e r a t u r e  A c t i v i t y  

Mean 
Ionic  

A c t i v i t y  
NH4C1 

A c t i v i t y  

H2•‹ 



For a l l  t h e  p a i r s  (m, T) t h e  fol lowing i s  ou tpu t :  m ,  T,  y,, a k P  aA. - An 

example of t h e  o u t p u t  of  t h e  program is shown i n  Table  X I V  . Figure  38 

c o n t a i n s  a  more d e t a i l e d  d e s c r i p t i o n  of t h e  procedure wi th  correspondence 

numbers t o  t h e  program l i s t i n g  i n  APPENDIX I . The e x t e r n a l  sub rou t ines  

ICSICU, IBCIEU, ICSEW, ICSSCU, and DCSEVU a r e  t h e  cub ic  s p i n e  r o u t i n e s .  

Explana t ions  of t h e s e  r o u t i n e s  can be  found i n  [ 891. 



8.0 
J3.Differential Nuclear Shielding and Elec t ronic  S t ruc tu re  

Carbon-13 chemical s h i f t s  have been shown t o  be an e f f e c t i v e  means 

t o  es t imate  d i f f e r e n t i a l  e l e c t r o n i c  d e n s i t i e s  and v ice  versa.  The sens i -  -- 
t i v i t y  of the  method der ives  from t h e  f a c t  t h a t ,  i n  t h e  13C sh ie ld ing  con- 

s t a n t  tensor  [ 90 I 

t h e  paramagnetic term, , dominates and, hence, t h e  l a rge  d ispers ion  ( -  200 
P 

ppm) of 13C s h i f t s  r e s u l t s .  The "atom wi th in  a molecule" approximation I 9 1  1 

allows one t o  t r e a t  a a s  a constant .  
d 

Pugmire and Grant have repor ted  t h a t  carbons - a- t o  t h e  ni trogen i n  var i -  

ous five-membered n i t rogen heterocycles  a re  s t rongly  shie lded on protonat ion  

of t h e  n i t rogen,  by about 9.0 ppm [ 92 I . Explanations of t h i s  phenomenon 

d i f f e r ;  Grant has proposed a change i n  t h e  N-C bond order ,  while Adam, Grimison, 

and Rodriguez have considered changes i n  t h e  average e x c i t a t i o n  energy [ 9 3  I .  

This protonation of  a heterocycle has  been envisioned a s  pr imar i ly  a o-bond 

change [ g 4  I .  However, carbon-13 chemical s h i f t s  must be co r re la t ed  with 

t o t a l  ( a  and ?r) e lec t ron  dens i ty  d i s t r i b u t i o n s  [ g5,96 I .  



8.1 

Nuclear s h i e l d i n g  i n  Treatments due t o  Ramsey [97 - 1061. 

A review o f  t h e  background o f  t h e  theo ry  of t h e  nuc lea r  s h i e l d i n g  may 

g ive  a foundation f o r  t h e  t rea tment  of  n i t r o g e n  he t e rocyc le s  and anhydrosugars. 

Ramsey has  w r i t t e n  t h e  Hamiltonian f o r  an e l e c t r o n  i n  t h e  Coulombic 

J 

f i e l d  of t h e  nuc leus ,  V, and a magnetic f i e l d  H w i t h  vec to r  magnetic p o t e n t i a l ,  

where, f o r  zero  guage, w i t h  r e spec t  t o  o r i g i n  a t  t h e  nuc leus ,  

Applying second o rde r  p e r t u r b a t i o n  theo ry ,  where t h e  unperturbed 

Hamiltonian i s  t h a t  of t h e  system i n  t h e  absence of a magnetic f i e l d  al lows 

t h e  c a l c u l a t i o n  of  t h e  s h i e l d i n g  t enso r .  I n  t h e  n o t a t i o n  o f  dyadics  

(120) 
# - (dl + 

0 = o  ++ (PI  

where t h e  diamagnetic term is 

and t h e  paramagnetic term i s  



t--f 3 
In  t h e s e  equat ions  1 is t h e  u n i t  dyadic,  r is t h e  p o s i t i o n  v e c t o r  

i 
of t h e  jth e l e c t r o n  i n  u n i t s  o f  Bohr r a d i i  ( a  = 0.592 g), $ is  t h e  ground 

0 0 

s t a t e  wave func t ion  w i t h  energy Eo, $n i s  an e x c i t e d  s t a t e  w i th  energy En, 

3 
and t h e  angular  momentum ope ra to r  i s  1; = -i h r x V coupl ing o r b i t a l  

j j j ' 
angular  momentum w i t h  t h e  magnetic f i e l d .  

A t  t h i s  p o i n t  one may, w i th  cau t ion ,  in t roduce  an average e x c i t a t i o n  

energy AE i n  o rde r  t o  s imp l i fy  us ing  t h e  c losu re  r e l a t i o n s h i p .  Then, avera- 

g ing  ove r -a l l  o r i e n t a t i o n s ,  one o b t a i n s  t h e  s c a l a r  s h i e l d i n g  

A 
where R = i r  x V  

j  j j  

We have,  then ,  a  c losed  a n a l y t i c a l  express ion  f o r  t h e  s h i e l d i n g  

cons tan t  t h a t  a l lows phys i ca l  i n t e r p r e t a t i o n .  

The f i r s t  term is i n t e r p r e t e d  a s  t h e  diamagnetic Lamb term. The 

second term r e p r e s e n t s  t h e  paramagnetic con t r ibu t ion  t o  t h e  s h i e l d i n g  due 

t o  t h e  dev ia t ion  from s p h e r i c a l  symmetry of  t h e  e l e c t r o n i c  environment o f  t h e  

nucleus.  The paramagnetic term i n  t h e  above form involves  an e m p i r i c a l l y  

determined parameter ,  AE, t h e  average e x c i t a t i o n  energy. This  one parameter  



summarizes t h e  d i s t r i b u t i o n  of all low ly ing exc i t ed  s t a t e s .  The avai la-  

b i l i t y  of low lying exc i t ed  s t a t e s  has been used t o  expla in  t h e  paramagnetic 

13 
6 C ( downfield s h i f t ) ,  i n  o l e f i n s  and aromatics with r e spec t  t o  t h e  

corresponding alkanes.  

Pople has suggested the  following p a r t i t i o n  of t h e  sh ie ld ing  constant  

A 
+ a AA + x u  

B A A 
u = 

A 
a + u + 0 

d i a  para  de l o c  s o  l v  
B+A 

u represents  the  cont r ibut ion  t o  t h e  sh ie ld ing  of  nucleus A o f  
d i a  

the  e l e c t r o n s  on A which a r e  i n  an S o r b i t a l  [ l oo ]  . Simi la r ly ,  0 represents  
pa ra  

t h e  paramagnetic cont r ibut ion  from e l e c t r o n s  a t  A which a r e  i n  p  o r b i t a l s .  

C aBA s tands  f o r  a  summation of cont r ibut ions  from intra-atomic cur ren t s  
B#A A 
induced i n  atoms BfA and r e l a t e d  t o  t h e i r  magnetic anisotropy. a de l o c  i s  an 

inter-atomic cont r ibut ion  and may be assoc ia ted  with r i n g  cur ren t s  due t o  

e l e c t r o n  de loca l i za t ion  i n  c y c l i c  molecules. a represents  a l l  t h e  cont r i -  
s o l v  

but ions  of the  so lvent  t o  t h e  sh ie ld ing  of A. Accurate assessment o f  a l l  

AA 
t h e  cont r ibut ions  t o  aA i s  q u i t e  d i f f i c u l t .  Most work has s t r e s s e d  a , 

P 

which i s  t h e  l a r g e s t  cont r ibutor .  However, the  above p a r t i t i o n  is use fu l  

when explaining d i f f e r e n t i a l  sh ie ld ing.  

In  t h e  context  of LCAO-MO theory ,  Karplus and Pople have given an 

AA 
equation f o r  a , 

P 

where 
= 1/3 GAB(Pxx + P i- 

YY PZz ) AB 



cA is t h e  c o e f f i c i e n t  o f  t h e  2P (II  = x ,y , z )  atomic o r b i t a l  o f  ' i 1-1 

carbon A i n  t h e  ith MO. Neglect of o t h e r  atom c o n t r i b u t i o n s  ( i . e .  , - - 
AA qAB = 0 ,  f o r  A#B) g ives  t h e  Karplus-Das equat ion  f o r  o [ l o l l .  Fu r the r  
P  

reduct ion  i n  t h e  number of  terms is obta ined  wi th in  a IT approximation which 

n e g l e c t s  c o n t r i b u t i o n s  from u e l e c t r o n s  f o r  a  p l ana r  IT framework. 

The p r i n c i p l e  s i m p l i f i c a t i o n s  i n  t h e  Karplus-Pople formula, which 

is t h e  l i n k  between t h e  Ramsey t rea tment  and even more approximate t r e a t -  

ments, a r e  t h e  assumption of  ze ro  d i f f e r e n t i a l  over lap ,  neg lec t  of  two c e n t e r  

i n t e g r a l s ,  and t h e  in t roduc t ion  of an average e x c i t a t i o n  energy, AE. 

Pople has  developed an express ion  f o r  t h e  neighbor an iso t ropy  terms 

based on an independent e l e c t r o n  yuage i n v a r i a n t  atomic o r b i t a l  model 

B 

X , ~  
a r e  t h e  components of  t h e  magnetic s u s c e p t i b i l i t y  t e n s o r  cen te red  a t  - 

nucleus  B. a 
A 

can be  shown t o  be  i d e n t i c a l l y  ze ro  f o r  a c y c l i c  molecules. 
de loc  

For carbon chemical s h i f t s  t h e  con t r ibu t ion  due t o  de loca l i zed  r i n g  c u r r e n t s  

is  thought  n o t  t o  be  l a rge .  

I n  t h e  p re sen t  formulat ion of  n u c l e a r  s h i e l d i n g  theo ry ,  d i f f e r e n t i a l  

nuc l ea r  s h i e l d i n g  observed w i t h  changing s u b s t i t u e n t s  can be r a t i o n a l i z e d  a s  



due t o  ( a )  diamagnetic e f f e c t s  from changes i n  S e l e c t r o n  d e n s i t i e s ,  (b)  

paramagnet i .~  e f f e c t s  from changes i n  p e l e c t r o n  d i s t r i b u t i o n s  [1071, o r  

e x c i t a t i o n  energy changes o r  ( c )  magnetic an iso t ropy  e f f e c t s  from o t h e r  

atoms. I n  atoms o t h e r  than hydrogen, t h e  diamagnetic e f f e c t s  may be ignored.  

Concentrat ing on t h e  paramagnetic term i n  t h e  nuc lea r  s h i e l d i n g ,  equat ion  ( 126) 

it is seen t h a t  t h e r e  i s a  t o t a l l y  symmetric term - - 
*2P 

+ P 
(PXx yy + P z z ) ~ r  

which r e l a t e s  t o  t h e  charge dens i ty .  This term i n d i c a t e s  t h a t  an i n c r e a s e  

i n  charge d e n s i t y  wi th  symmetric d i s t r i b u t i o n  i n  t h e  o r b i t a l s  would r e s u l t  i n  

decreased s h i e l d i n g .  The o t h e r  terms t h a t  e n t e r  i n t o  t h e  paramagnetic t e r m  

i nco rpora t e  t h e  oppos i t e  s ign .  On t h e  b a s i s  o f  whether t h e  observed s h i e l d i n g  

inc reases  w i t h  increased  c a l c u l a t e d  valence e l e c t r o n  dens i ty ,  a  symmetric 

r e d i s t r i b u t i o n  o f  charge among t h e  bonds may be d i s t i ngu i shed  from one 

unsymmetric among bonds. 



pyridines and Their N-Oxides 

Table XY shows the 1 3 ~  chemical shifts with assignments I 1081 

of pyridine, a,B,y picoline, and their N-oxides. Table XVI shows the 

corresponding valence electron densities calculated by the c N W / ~  [log] 

molecular orbital program. In order to analyze the results, they have been 

classified according to atom type, as shown in Table XVII . There are five 

atom types: carbons in the a, B, or y position,excluding those carbons 

directly bonded to methyl, and the methyl carbon. 

Figures 40 to 44 show the plots of chemical shift versus charge 

density for the five chemically distinct carbon types. Least squares lines 

show an encouraging linearity. The calculated coefficients of correlation 

are excellent, the least shown by B carbons, with p = -0.6934, and the greatest 

for a, p = -0.9772. These trends can only be observed for the separated 

groups. In each group, each carbon has the same nearest neighbours, and 

only distant neighbours are changing. 

Note the values of the shift per electron dependence qiven by the 

slope, -68.3, -32.5,-125.,-132., and 154. from Figures 40 to 44. 

Martin et al. [11U have compiled a number of the correlations between A6C -- 
and excess electronic charge, A Q ( C ) .  Perlin [ 1121 has obtained the anoma- 

lously large value of -575 ppm/electron for the cyclanediols. 

A significant observation can be obtained from the slopes of the 

linear regression lines. With the exception of that for the methyl carbons, 

they are all negative. This would suggest that, for the methyl, most of the 

increase in charge densitygoes into the C-C bond, giving a more asymmetric 

electxonic distribution and a consequent downfield shift. In the aromatic 

carbon there would be a more symmetric distribution of charge between the a 

and n systems. An alternative explanation might simply relate the changes 



Figure 39. 13c chemical s h i f t s  of pyr id ines  and pyr id ine  N-oxide de r i -  

va t ives .  Assignments due t o  [LO8 ] . 
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134. 

TMLE xv 

a  13c chemical s h i f t s  o f  p y r i d i n e s  and t h e i r  N-oxides I1081 

P o s i t i o n  

Compound 

a  Chemical s h i f t s  a r e  downfield from i n t e r n a l  TMS. 



TABLE XVI 

a 
Valence e lec t ron  d e n s i t i e s  ca lcu la ted  by CND0/2 

P o s i t  ion 

2ompound 

a 
Calculated using the  Dobosh modification of  t h e  CND0/2 [I091 MO program 

on an IBM 370-155. Geometries from X-ray, microwave, o r  s tandard 

geometries were t r e a t e d  by PCILO [1101 t o  give minimum energy geometries,- 

a s  input  f o r  CNDO [ 1081 . 
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Figu re  40. P l o t  o f  1 3 ~  chemical  s h i f t  o f  a ca rbons  v e r s u s  c a l c u l a t e d  

va l ence  e l e c t r o n  d e n s i t i e s ,  
Q2P 

. The s o l i d  l i n e  i s  repre -  

2 
s en t ed  by 6 = a + b Q , where a = 4.12 x 1 0  (S.D. = 1.93 

2~ 
1 1 

x 1 0  ) ,  b = - 6 . 8 3  x 10 (S.D. = 4 . 9 1 ) .  C o e f f i c i e n t o f  

c o r r e l a t i o n ,  p ,  = -0.9772. 



CHEMfCflL SHIFT VERSUS CHARGE DENSITY WLPHRI 



Figure 41. P l o t  of  13C chemical s h i f t  of i3 carbons ve r sus  c a l c u l a t e d  

va lence  e l e c t r o n  d e n s i t i e s .  The s o l i d  l i n e  i s  r ep re sen t ed  

2 1 
by 6 = a  + b Q where a  = 2.54 x 10  (s.D. = 4.50 x 10  ) ,  

2p' 
1 

b  = -3.25 x lo1 (S.D. = 1.13 x 10 ) .  C o e f f i c i e n t  of 

c o r r e l a t i o n ,  p ,  = -0.6934. 
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Figure  42- Plot of 1 3 C  chemical s h i f t  of y carbons ve r sus  c a l c u l a t e d ,  

valence e l e c t r o n  d e n s i t i e s .  The s o l i d  l i n e  is  r ep resen ted  

2 1 
by S = a + b Q where a = 6.28 x 10  (S.D.  = 7.09 x 10  ) ,  

2 ~ '  
2 1 

b = -1.25 x 10 (S.D. = 1.79 x 10 1 .  C o e f f i c i e n t  of 

c o r r e l a t i o n ,  p, = -0.9527. 
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13 
F i g u r e  43 -  P l o t  of C chemical s h i f t  of carbon d i r e c t l y  bonded t o  methyl, 

C-Methyl, versus ca lcu la ted  valence e lec t ron  d e n s i t i e s .  The 

s o l i d  l i n e  is  represented by 6 = a + b Q where a = 6.65 x 
2 ~ '  

2 2 1 l o 2  (S.D. = 1.57 r 10 1,  b = -1.32 x 10 (S.D.  = 3.98 x 10 ) .  

Coeff ic ient  of co r re la t ion ,  p ,  = -0.8299. 
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1 3 
F i g u r e  44. P l o t  of C chemical s h i f t  of Methyl carbon versus ca lcula ted  

valence e lec t ron  d e n s i t i e s ,  
*2P 

. The s o l i d  l i n e  is  represented 

2 2 
by 6 = a + b Q where a = -5.89 x 10 (S.D. = 1.39 x 10 ) ,  

2 ~ '  
2 1 

b = 1.54 x 10 (S.D.  = 3.53 x 10 ) .  Coeff ic ient  of corre-  

l a t i o n ,  p ,  = 0.8901. 



CHEMICRL SHIFT VERSUS CHARGE DENSITY [METHYL) 



t o  t h e  aromatic  ve r sus  a l i p h a t i c  d i s t i n c t i o n ,  t h e  mechanism ope ra t ing  through 

a de loca l i zed  r i n g  c u r r e n t  [1131. 

I n  conclusion,  t h i s  g iven  scheme of  c l a s s i f i c a t i o n  is  seen  t o  be q u i t e  

f r u i t f u l .  Since l i n e a r  i n t e r p o l a t i o n  is seen  t o  g i v e  up t o  97% of t h e  d i f f e r -  

e n t i a l  chemical s h i f t s  i n  terms of  t h e  e l e c t r o n i c  changes, a p r e d i c t i v e  o r  

i n t e r p r e t i v e  method might be based on t h e  " c a l i b r a t i o n "  of t h e  s h i f t  ve r sus  

t h e  charge. For t h e  13c chemical s h i f t  of a g iven  carbon i n  a  g iven  molecule,  

t h i s  c a l i b r a t i o n  would e n t a i l  t h e  examination of t h e  s h i f t s  of t h e  corresponding 

carbon i n  d e r i v a t i v e  compounds i n  which n e a r e s t  neighbors  a r e  n o t  changed. Mole- 

c u l a r  o r b i t a l  c a l c u l a t i o n  would provide  t h e  d e n s i t i e s .  A favourable  d i s t r i b u -  

t i o n  of va lues  woul6 al low l i n e a r  i n t e r p o l a t i o n  on t h e  r eg re s s ion  l i n e .  Two 

achievements could then  be a t t a i n e d :  (1) t o  i n t e r p r e t  o r  a s s i g n  a g iven  reso-  

nance o r  t o  p r e d i c t  a  p r i o r i  and ( 2 )  s i n c e  c a l c u l a t e d  d e n s i t i e s  a r e  o f t e n  - 
based on i l l -de te rmined  geometr ies ,  a  given geometry could be  t e s t e d  according 

t o  t h e  agreement provided. 



8 . 3  

The Conformational Manifold of  Oxolane and B r i v a t i v e s  and the  

" supe rmo l e  cule" Brob lem 

Molecular geometries a r e  usually described i n  terms of s p h e r i c a l  po la r  

coordinates. Given t h r e e  atoms, 1, 2 ,  and 3, t h e  pos i t ion  o f  a four th  is 

determined by const ruct ing  a coordinate system on 3 ,  s o  t h a t  bond 2-3 i s  

i n  t h e  po la r  d i rec t ion  and t h e  plane of 1, 2 ,  3 def ines  t h e  zeroth  meridian on 

t h e  same s i d e  as  1. The bond t o  4 is then defined by i t s  dis tance  and i t s  

azimuthal angle,  known as t h e  bond angle,  and t h e  p o l a r  angle,  c a l l e d  t h e  

t o r s i o n  o r  d ihedra l  angle. Since t h e  bond dis tance  r e l a t e s  atoms which a r e  

bonded, s ince  t h e  bond angle r e l a t e s  non-bonded atoms separa ted  by one atom, 

and s ince  t h e  to r s ion  angle r e l a t e s  atoms separa ted  by two atoms, the  force  

cons tants  can be placed i n  order  of s t rength .  The force  constant  f o r  t o r s i o n a l  

d i s t o r t i o n s  is so  low t h a t ,  a t  ordinary temperatures,  a number of  d i f f e r e n t  con- 

formations may be assumed by non-rigid molecules. 

Ring closure of an a c y c l i c  molecule involves t h e  loss  of  t h r e e  degrees o f  

freedom. I n  t h e  furanoses,  the  f ive  t o r s i o n  angles a r e  coupled and have only 

two degrees of  freedom. The to r s ion  angles ,  8 may be r e l a t e d  t o  pseudo- 
j ' 

r o t a t i o n a l  coordinates which more adequately describe the  continuous deformations 

of  t h e  molecule [114,115,1161, - i . e .  - 

(129) e = e cos ( P  + j 6 ) ,  
j m 

0 
where j = 0 ,  1, 2 ,  3, 4 and 6 = 144 . 

The amplitude, €I , gives the  degree o f  puckering o r  devia t ion  from a 
m 

p lanar  s t ruc tu re .  The phase angle ,  P I  determines, f o r  the  various envelope 

o r  t w i s t  s t r u c t u r e s ,  which atoms a r e  up and which a re  down with r e spec t  t o  an 



average plane. 

Large excursions of O w i l l  l ead  t o  non-bonded i n t e r a c t i o n s  and increases  
m 

i n  t h e  e l e c t r o n i c  energy. Thus t h e  e l e c t r o n i c  energy p l o t t e d  f o r  8 has t h e  
m 

form of a  trough. The phase angle P is  a c y c l i c  parameter, i d e n t i c a l  confor- 

0 
mations occuring every 360 and conformations wi th  inver t ed  amplitude occuring 

0 
every 180 . The shape of the  e l e c t r o n i c  energy curve a s  a  function of  P may 

be such as t o  give preference t o  c e r t a i n  conformations [116,114,1171. Sel f -  

cons i s t en t  f i e l d  molecular o r b i t a l  ca lcu la t ions  have been used t o  e luc ida te  

t h e  shape of the  e l e c t r o n i c  energy surface  over t h e  conformational manifold o f  

some five-member r ings  [ l l 8 , l l 9  I .  

For t h e  purposes of t h i s  s tudy,  t h e  MIND0/3 molecular o r b i t a l  program 

[ 120 I was implemented i n  order  t o  obta in  approximate SCF-LCAO-MO ground s t a t e  

e l e c t r o n i c  energies  f o r  va r i a t ions  i n  geometry. Only the  valence e l e c t r o n s  

a r e  considered i n  t h e  MIND0/3 approximation. MIND0/3 incorpora tes  a  DFP 

( see  page 40) rout ine  f o r  t h e  optimizat ion of  t h e  ca lcu la ted  energy with 

respect  t o  va r i a t ions  o f  t h e  bond angle ,  bond lengths ,  and t o r s i o n  angles. 

Optimization occurs a t  l o c a l  minimum and, s ince  t h e r e  may be s e v e r a l  l o c a l  

minima, only a thorough g r i d  search o f  t h e  parameter space can ensure t h a t  t h e  

g loba l  minimum has been found. 

Since t h e  program consumes a prodigious amount of  CPU time and s ince  t h e  

output  o f  intermediate r e s u l t s  during t h e  course of  t h e  DFP minimization o f  

t h e  energy allows some i n s i g h t  i n t o  t h e  energy surface  i n  the  absence of a  

thorough g r i d  search,  t h e  program was implemented i n  a  manner shown i n  Figure 45. 

In  an i n t e r a c t i v e  environment during the  day, only 10 minute sequences of  CPU 

time a r e  avai lable .  Figure 45 shows how t iming information from TIMEXP i s  

relayed t o  the  main program. When i n s u f f i c i e n t  time f o r  t h e  next  s t e p  is  

detec ted ,  t h e  program c r e a t e s  t h e  various output  f i l e s .  Also, i f  a  f a t a l  



Figure 45. Flow diagram t o  represent  i n t e r a c t i v e  operat ion of  MIND0/3 

molecular o r b i t a l  program a s  implemented on IBM 370/155, 



1 WYLBUR 



execution time e r r o r  is  detec ted  by ERRMON, t h e  program does n o t  "crash", 

ins t ead  the  output f i l e s  a r e  crea ted .  

FT05 is t h e  card input  o r  input  da ta  f i l e .  FT09 is t h e  geometry 

and o r b i t a l s  information saved i f  t h e  program i s  terminated by TIMEXP. FTOl 

gives a record of  t h e  progress of t h e  DFP rout ine .  FT06 outputs  t h e  energies ,  

occupancy matrix,  and geometry. FT07 gives t h e  f i n a l  c a r t e s i a n  geometry. 

FT08 is a save f i l e  f o r  the  geometry and o r b i t a l  information. FTlO is  a temp- 

o ra ry  d isk  f i l e  f o r  s torage  of various matrix elements of t h e  MO ca lcula t ion .  

The program implemented i n  t h i s  fashion is executed i n  an i n t e r a c t i v e  fashion. 

Comands a r e  entered  a t  a te rminal  t o  t h e  WYLBUR/MILTEN system t o  s e t  up t h e  

job. The job i s  then run under OS370. When a c e r t a i n  amount of CPU time 

has elapsed,  t h e  output  f i l e s  a r e  crea ted  and these  a r e  examined wi th  WYLBUR. 

FT08 is  then assigned t o  FT09 f o r  t h e  continuation of  t h e  problem. The t o t a l  

CPU time required f o r  the  "optimization" of  the  geometry of te t rahydrofuran  is  

of  t h e  order  of 15-20 minutes, t h e  time requi red  f o r  i t s  3,4-diol is 30 minutes. 

TABLE XVIfI shows t h e  r e s u l t s  of  t h e  MIND0/3 ca lcu la t ions  f o r  tetrahydro- 

furan. Const ra in ts  were put  on t h e  values o f  t h e  t o r s i o n  angles and t h e  op t i -  

mized geometries gave t h e  pseudorotat ional  parameters shown i n  t h e  t a b l e .  The 

symbolism f o r  the  conformations is t h a t  used i n  references  [ l l 4 , lL7] .  Because 

0 
of symmetry t h e  envelope conformation V i s  t h e  same as  V, and t h e  t w i s t  

0 

2 
conformations 3~ and T a r e  t h e  same. 

2 3 

MIND0/3 gives energies  a s  hea t s  o f  formatiod, AHf . TABLE X V I I I  i n d i c a t e s  

t h a t  t h e  most s t a b l e  s t r u c t u r e  is  t h e  pure p lana r  form. A sharp debate has 

occured over t h e  a b i l i t y  of MIND0/3 t o  c a l c u l a t e  r e l i a b l e  equil ibrium geometries 

o f  c y c l i c  molecules [121-1251 . The tendency of  MIND0/3 t o  incor rec t ly  favour 

ene rge t i ca l ly  t h e  p lanar  conformation has been noted by o the r  authors [ I21  I .  

TABLE X I X  shows the  r e s u l t s  of M I N D O / ~  ca lcu la t ions  f o r  c i s -  and t r ans -  
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oxolane 3,4-diol.  8 and 0 a r e  the  to r s ion  angles ahout the  e t h e r  oxygen. 
0 1 

3 
The conformations ca lcu la ted  for  t h e  c i s -d io l  appear t o  be reasonable. V 

has  t h e  e t h e r  oxygen moved away from t h e  hydroxyls. The most s t a b l e  

0 
c i s  form with AH = -141.79 Kcal has a puckering amplitude of  10.43 , which i s  

f 
4 

a s i g n i f i c a n t  departure from p lanar i ty .  Symmetry r e l a t e s  3V t o  V. 

0 The v conformation is  ca lcu la ted  t o  be the  most s t a b l e  t r ans -d io l ,  

and i t s  g r e a t e r  s t a b i l i t y  than t h a t  of t h e  c i s -d io l  is cons i s t en t  with a 

2 
g r e a t e r  0-0 dis tance .  The ca lcu la ted  V and T conformations have energies  

3 3 

which appear t o  be on another  p o t e n t i a l  energy surface.  Anomalous energy 

minima given by ~1ND0/3 have been observed elsewhere [I221 and have been 

r e l a t e d  t o  l e v e l  crossings which a r e  not  subs tan t i a t ed  by f u l l  ab i n i t i o  - 
0 ca lcu la t ions .  The most s t a b l e  ca lcu la ted  conformation, V ,  is  seen t o  be 

almost p lana r ,  where 8 = 0.342. This could be reasonable f o r  the  t r ans -d io l  
m 

s ince  puckering would tend t o  move one of  t h e  two hydroxyls toward t h e  e t h e r  

L 
oxygen. The T conformation has t h e  hydroxyl on t h e  second and t h i r d  carbon 

3 
0 

moved toward the  equa to r i a l  d i r ec t ion .  Symmetry r e l a t e s  V t o  V and V3 t o  
0 

The numbering system used i n  TABLES X V I I I  and X I X  is  oxygen = 0 ,  carbons 

sequen t i a l  from 1 t o  4. The pseudorotat ion values were ca lcu la ted  from t h e  

t o r s i o n  angles about t h e  e t h e r  oxygen by solv ing equation (129). 

TABLE X I X  a l s o  shows t h e  ca lcu la ted  valence e lec t ron  d e n s i t i e s  of t h e  

carbons. These might be  of value i n  r e l a t i n g  chemical s h i f t  values t o  con- 

13 
formations. Analysis of C NMR r e s u l t s  i n  t h i s  s tudy showed, however, t h a t  

conformational e f f e c t s  need not  be invoked (page 75) . The predominant 

e f f e c t s  a r e  p o l a r  e f f e c t s  due t o  l igands.  

I d e a l l y ,  t h e  b e s t  approach t o  r a t i o n a l i z i n g  13C NMR chemical s h i f t s  
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observed when known l igands p a r t i c i p a t e  is  t o  employ MO ca lcu la t ions  f o r  a 

"supermolecule" i n  which the  molecule and i t s  l igand a re  brought toge the r  i n  

a non-bonding in te rac t ion .  The approach of  t h i s  s o r t  [I261 was appl ied  

13 
recen t ly  i n  the  c study of  conformation changes o f  2,3-naphtho-20-crown-6 

caused by crown e t h e r  complexing ca t ions .  The chemical s h i f t s  observed i n  

t h e  naphthalene r i n g  were r e l a t e d  t o  t h e  charge d e n s i t i e s  ca lcu la ted  by t h e  

semi-empirical I N D O  [I271 MO program. Per turbing monopoles o f  charge +1 and 

+2 were modelled by p lac ing "Li" and "Be" ions  i n  t h e  co r rec t  s p a t i a l  r e l a t ion-  

s h i p  t o  t h e  naphthalene system. A l i n e a r  co r re la t ion  c o e f f i c i e n t  p = -0.943 

and a s lope  of -99 ppm/electron were obtained. Thus t h e  c a l i b r a t i o n  o f  t h e  

s h i f t  versus t h e  charge is reasonably extended t o  the  supermolecule MO calcu- 

l a t i o n .  The geometry of the  complex had b e s t  be known, however. I n  t h e  

absence o f ,  say,  X-ray c rys ta l lograph ic  s t r u c t u r a l  knowledge of t h e  complex, 

a geometric determination might be ca lcu la ted  using a DFP optimized equil ibrium 

geometry for t h e  complex. 

Recently, a p o t e n t i a l  energy surface  ca lcu la ted  f o r  t h e  ammonia-carbon 

dioxide complex was reported [128]. Optimized complex geometries and force  

c o n s t r a i n t s  were ca lcu la ted  i n  an ab i n i t i o  SCF scheme and were found t o  d i f f e r  -- 

s i g n i f i c a n t l y  from values obtained from t h e  i n f r a r e d  spectrum of  t h e  A r  matrix- 

i s o l a t e d  complex. 

The discrepancy was explained i n  terms of  t h e  superposi t ion e r r o r .  

When t h e  complex-forming molecules a r e  brought together ,  t h e i r  b a s i s  s e t s  over- 

lap.  This leads t o  improvements i n  t h e  descr ip t ions  of  t h e  individual  mole- 

cules.  The energy of  complex formation i s  thus  overestimated because of t h e  

superpos i t ion  e r r o r  f o r  f i n i t e  b a s i s  s e t s .  Thus, one more known deficiency 

i s  added i n  an app l i ca t ion  of  MIND0/3 t o  t h e  "supermolecule" problem. 



9. CONCLUSION 

9.1 Thermodynamics 

The present study was undertaken in order to demonstrate and 

elucidate that the complex formed between 1,4-anhydroerythritol and the 

ligands, water, and/or ammonium is a structure-forming effect in biochemical 

systems where ribonucleotides carry the essential moiety of the sugar and 

proteins carry the ammonium cation. It was necessary to consider the 

solvent isotope effect between light and heavy water [I91 and the solvent 

isotope effect for ionic hydration I201 , since the 13c data was, by necessity, 

obtained using D 0 as aqueous solvent. D 0 was used as solvent since we 
2 2 

required an internal deuterium field-frequency lock. 

Thermodynamic data used to calculate the activities of water and 

ammonium at various concentrations and temperature was that for aqueous H 0 
2 

solutions. The calculated free energies for the formation of the various 

complex species apply only to aqueous D 0 solutions. 2 

The solvent isotope effect between light and heavy water governs the 

thermodynamic differences between light and heavy water. The solvent isotope 

effect for ionic hydration governs changes in ionic activities observed for 

an ion which is transferred from H20 to D 0.  Both of these effects can be 
2 

neglected when considering the use of H20 solutions data for the treatment of 

D 0 solutions experiments because in this study the 13C data was properly 
2 

reproduced in TABLE VII, which gives the predictions of Model A of TABLE VI. 

If these two effects were significant, the calculated thermodynamic functions 

would be so altered as to prevent a good fit. However, because D20 is a 

common NMR solvent, more study is needed of the thermodynamic properties of 

this solvent and its electrolyte solutions. 
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Next, I have related the calculated free energy values to the H O 2 

system. The free energies for transfer of solvent and solute from D 0 to 2 

H 0 are known [129,130]. The free energy difference between heavy and 2 

light water is found in TABLE 11, AG = 4.3 kcal/mole. This value was 

calculated from contributions from translations, vibrations and libratians 

and was compared with the experimental value. The measured standard free 

energy of transfer of ammonium from D 0 to H 0 ,  AG = .I64 kcal/mole, is 
2 2 

from reference [130]. The free energies from transfer of 1,4-anhydro- 

erythritol in its fixed ligation states was assumed to be zero because 

hydration in the inner ligation sphere is defined and the outer hydration 

sphere is not susceptible to the ionic isotope effect for hydration, which 

is a microscopic effect. The outer hydration sphere is affected by macro- 

scopic properties which change with different solvents for example, 

0 
dielectric constant. At 25 C, however, the dielectric constant of 

78.06 and that of H20 is 78.54. 

0 
Thus, a Born-Haber cycle for the free energies at 25 C was 

constructed : 

the 

D 0 is 2 

AG = .35 kcal 

AG = -3.95 kcal 

AG = 1.3 kcal 

A G = 1.5 kcal 
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AG = 3.3 kcal 

AG = -.84 kcal 

AG = 3.4 kcal 

AG = -5.2 kcal 

These derived values could be verified by doing experiments with a mixed 

H O/D 0 system and extrapolating to 100% H20, and such experiments should 
2 2 

take precedence if further studies of this system are undertaken. 

Thus it is seen that in D 0 ,  where the molecules have a greater 
2 

structure-forming tendency, the extent of hydration is less than in H 0. 
2 

Also, the relative thermodynamic stabilities are altered in H20. In DZO, 

in order of decreasing thermodynamic stability, the complexes are 

while in H o 
2 



An H20/D 0 study would verify this reordering of the stabilities. 
2 

9.2 13C Chemical Shifts 

The thermodynamics 

chemical shifts. Figure 

appears to be more clear-cut than the 13c NMR 

46 is a representation of the C(1) and C(2) 

shifts relative to dioxane, given with idealizations of the topologies of 

the substrate-ligand complexes. Although only polar effects may be operating, 

rationalization of the shifts is not possible in the absence of defined 

geometries. Further studies are necessary in order to obtain valid struc- 

tural information so that the 13C NMR chemical shifts of these species may be 

understood. 

The molecular orbital studies given in Sections 8.2 and 8.3 preceded 

13 
the C NMR studies given in Section 6.0. A noteworthy conclusion of this 

work is that theoretical studies may often fail to anticipate critically 

important results revealed by experiment (see quotation, page vi). The work 

wherein calculated charge densities were correlated with 13C chemical shifts 

for the pyridine derivaties, Section 8.2, demonstrates that,underneath the 

gross electronic structural features which partly explain observed 13C 

chemical shifts, there lie finer features. Thus, an attempt to explain 

observed phenomena in terms of the simplest possible theory is bound to ignore 

potentially important effects. 

9.3 Proposals 

' A number of spectrometric methods are availtable for the study of aqueous 

equilibria discussed in this work. For these weak association complexes only 

techniques providing the highest resolution and sensitivity will be discussed. 



Figure  46. Ligand s u b s t r a t e  t opo log ie s  and 13c chemical s h i f t s  of 

1 ,4-anhydroery thr i to l  and s p e c i e s  coord ina ted  w i t h  w a t e r  

and ammonium. 



&ppm) Relative to Dioxane 

6.00 5.00 
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Among the NMR techniques based on the magnetic nuclei of the 

reporter species, say 1,4-anhydroerythrito18 double Fourier transformation, 

2DFT[134IIhasbeen shown to give exceptional resolution. Experimentally, a 

linewidth of 0.08 Hz has been achieved on a spectrometer where the field 

inhomogeneity broadening is about 0.3 Hz for 13C. 2DFT, J spectroscopy 

has been applied to proton-proton and carbon-proton spin coupling. Thus 

chemical shift information and coupling constants could be combined in an 

i 
observed vector (6 ; 6' ; JCiHj, J ) for a general least squares treat- 

13c 'H HH ' 
ment of the kind illustrated in Chapter 6. The additional information 

provided would be the carbon and proton chemical shifts and coupling 

constants which would facilitate conformational analysis of species which 

cannot be isolated. 

15 
Other magnetic nuclei may be used, including 14N (P1) , N (I=%) , 

and 170 (I= 5/2) in an isotopically enriched substrate. Quadrupolar line 

broadening has its origin in the relaxation process involving the interaction 

of the quadrupole nucleus with the electric field gradients within the 

molecule. If the nucleus is surrounded by a highly symmetrical arrangement 

of substituents, such electric field gradients are small and quadrupolar 

line broadening is diminished. Thus NMR study of tlie exchange of 
14 + 
NH4 

between the symmetrical water lattice and the unsymmetrical site on the 

sugar would give information on the dynamics of the process. NO- could be . 
3 

used as a reference [135,1361. Similar information could be provided from 

the 170 relaxation study of the sugar using H20 as a reference I135.1361. 

Chemical shift information from a study with enriched l5~I3+ could be used 
4 

in a Benesi-Hildebrand type treatment of the ammonium sugar complex. 

Two infrared techniques are worth considering for application to this 

type of problem, laser Raman and Fourier transform spectroscopy. 



Water is an excellent solvent for Raman spectroscopy since it 

scatters very weakly [137]. With moderately concentrated solutions, it 

-1 is often possible to obtain spectra up to 3100 cm which show no signifi- 

cant solvent background. With relatively little care in sample preparation, 

aqueous solution spectra can be obtained down to 150 cm-l. With pure 

liquids, Raman line very close to the exciting frequency can be observed. 

Internal standards can be used where it is desirable to report intensities 

-1 independent of instrumental effects. The perchlorate line at ca. 930 cm 

arising from the totally symmetric breathing mode of ~ 1 0 -  is most often used 
4 

for work involving aqueous solutions because it forms no complexes in 

solution. Equilibrium studies may make use of intensity measurements 

because the Raman intensities are directly proportional to the molar 

concentrations. 

The Raman spectra of pure water and of water in aqueous solutions 

provides information on the hydrogen bond-induced structure in the liquid. 

- 1 - 1 - 1 
The broad bands centered at 175 cm , 450 cm , and 780 cm are due to 

hydrogen bond stretching and libration and are effected by intermolecular 

interactions. With careful work the librations of the association complexes 

themselves may be seen very close to the exciting frequency. The number 

of lines observed for the association complexes of the sugar would give 

direct confirmation of the complexes proposed in this work. The 

observation of rotation structure rather than a broad featureless continuim 

in the low frequency region would prove the existence of relatively stable 

molecular aggregates. The thermodynamic stability of association 

complexes would be tested by temperature control work. 

In the last decade IR FTS has gained some prominence 11381. Commercial 

-1 
instruments are available which provide a resolution of 0.067 cm in 

the transmission mode. Aqueous spectra may be obtained by signal 



averaging the Michelson interferogram in double precision and digitally 

subtracting the spectrum of E)ure wat.er. The substitution of D20 for 

H20 may also provide additional windows free from H20 absorbances. 

The pseudorotational ring puckering mode of tetrahydrofuran was 

first observed using IR FTS [139]. ~nothervibrationalmode that has been 

profitably studied usjng IR FTS is the OH torsional mode of alcohols. These 

two vibrational modes are features that are expected to be influenced by 

sugar ligand interactions and so should be studied by IR FTS. 

Ordinary optical absorption spectrophotometry is severely limited in 

its resolution about an absorption bond. Circular dichroism or optical 

rotatorydisperson provide inherently greater resolution because of the 

possibility that the CD or ORD spectrum may be positive or negative [1401. 

Thus overlapping absorption bands in the absorption spectrum of a molecule 

may be resolved with either CD or ORD. The phenomena of CD and ORD are 

different manifestations of the same underlying behaviour and are linked 

by the Kronig-Kramer relations. Since outside of the region of the 

absorption band the ORD is given by the Dr~de equation, it is sufficient 

to focus attention on CD as the most sensitive probe of perturbations to 

the electronic state. Even achiral molecules exhibit rotary behaviour in 

a magentic field, so MCD may be considered the most general technique. 

A proposal for the optical study of the perturbation of electronic 

states caused by molecular associations of the type presented in this study 

would be based on adenosine, which presents a natural chirality and a 

chromophore , h = 260 nm. The origin of the optical activity must be 
max 

caused by the perturbation of the base by the asymmetric field of the 

sugar. The sign and magnitude of the near Cotton must be governed by 

the orientation of the base relative to the sugar and the conformation of 

the sugar. Thus# torsional and conformational changes may be probed using 
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CD. Theoretical predictions of CD and MCD effects given by MO calcu- 

lation would give detailed insight into the effect of ligands on the 

orbitals. 

Finally, a recent technique, extended X-ray absorption fine structure 

(EXBFS), has been applied to the accurate determination of interatomic 

distances, atomic types and coordination numbers of complexes in solution 

[141,142,143]. Carbon and nitrogen display absorption K edges at 

43.648 and 30.990 respectively [70] . Since a NaC104 crystalline complex 

of 1,4-anhydroerythritol has been obtained [ 5 ] ,  a NH C104 complex might 
4 

also be crystallized. X-ray diffraction then would provide interatomic 

distances that could be used for the calibration of the radial distribution 

functions provided by EXAFS based on the nitrogen K edge of ammonium 

and the carbon K edge of the sugar. This would solve the problems 

presented by a disordered system of a complex in equilibrium in solution, 



A P P E N D I X  I 

This FORTRAN program i s  descr ibed  i n  pages 122-125. Ex te rna l  sub- 

r o u t i n e  c a l l s  t o  IMSL rou t ines  f o r  s p l i n e  ope ra t ions  a r e  included.  F igure  38 

shows t h e  f lowchart  f o r  t h e  program and correspondence wi th  t h e  blocks shown 

t h e r e  is obta ined  by us ing  t h e  correspondence numbers i n  t h e  lef t -most  column. 

- The d a t a ,  a s  descr ibed  i n  pages 108-117, i s  given a t  t h e  end where (16) is  

apparent  molal h e a t  capacity,  (17)  i s  r e l a t i v e  apparent  molal heat con ten t ,  

(18)  i s  a c t i v i t y  c o e f f i c i e n t s ,  (19) is vapour p re s su re  d a t a ,  and (20) is 

concent ra t ion  and temperatures  of experimental  cond i t i ons ,  a s  desc r ibed  on 

page 75, second paragraph. The program output  i s  shown i n  TABLE XIV. 





(914 

(lo) 

( 1  

(12) 

( 3  
(14) 

(I5). 

f 9 I J n R O l I T I N ~  DlFO:rY(X,Y , N X , D F T I I  ,SPflyYYl ,C) 
DIEIENSION ~(1),~(1),Y'I'1(1),C(9~,3),D~(100),Y1(10~),C1(~9,3), 

ns (loo) ,YY (loo) ,xx(loo) 
CO?fiIO?l 'it): ( 7 1 4 ) 
I)i) 19 I=l,NX 

{N 

U(I)=SQRT(X(I)) 
9F (I)=I)FIN 
CALL ICSSCI:(X~~,Y,1!F,W!~,S~f,Y1,C1,99,WK,IEPL) { CALL I)CSI:W(XX,Y~,NX,C~,~~,XX,DS,NX,DI)S,O,~FR) 
CALL ICSBVU(XS,YlyNX,Cl,99,XX(N~),Y1(NX),1,IER) 

I DO 20 1-1, rrx 
20 YY (I)=Yl (I)+YX(I)*DS (T)*n.5 
f DO 21 I=l,??X 
1 DF(I)=DFIN*(l.+X(Z)) 

CALL ICSSCU (XX,YY ,DF, ZJX, SM,YY~ ,I:, 99 ,w, IEP.) 
YO=YYl(l) 

{22 

YY 1 (NX)=YY (NX) 
no 22 I-~,NX 
YYl(I)=YYI(I)-YO 
RETURN 
END 

//GO.SYSIN nn  * 



40. 
70. 
87. 
1n7. 
136. 
128. 
104. 
69.  
4 2 .  

0.718 
0.625 
0.584 
0.561 
0.563 

SO. 

11. 
56.  
80. 
3 2 -  
85 
72. 
73. 
97. 



APPENDIX I1 

FORTRAN subprogram encoded f o r  modelling complex e q u i l i b r i a  a s  expressed 

by equation ( 7 4 ) .  In t h e  argument l ist  of the  subroutine FUN, F i s  t h e  calcu- 

l a t e d  furlction value, D i s  t h e  a r ray  of f i r s t  p a r t i a l  de r iva t ives ,  P is t h e  

parameter a r ray ,  and X the  a r ray  of independent va r i ab les ,  t h e  da ta  matrix. 

Decision t a b l e  log ic  f o r  the  assignment of parameters and s p e c i f i c a t i o n  of 

stoichiometry is represented i n  a r rays  I J K  and NP. With t h e  t a b l e  i n i t i a t e d  

with t h e  values shown here ,  the  18-parameter Model A ,  of  Table V I ,  i s  evaluated.  

This subprogram was incorporated i n  the  LINKEDIT s t e p  when using BMDX85 [ 5 9  1 

o r  BMDX85/NAUGLER under IBM OS,  o r  i n  BMDP3R by concatenating da ta  s e t s  when 

opera t ing  under MTS. 



c ' ( I , J ) ' = * E .  ( T - I  ) v 2 n .  (J-I ) .vHL,+' 
C 
C*********************************************************************** 

c 
C L I J K  
C * * * *  

DAT4 IJK/ 0 , 0 , 0 ,  ? , l , l ,  
7 1 ,  2 , 7 , 1 ,  3 , 1 , 1 ,  
3 , , ,  1 , 2 , 2 ,  
4 2 , 2 , 2 ,  3 , 1 , 2 ,  
5 2 , 1 , 3 ,  1 ,2 ,3 ,  
6 2 , 2 , 3 ,  3 , 1 , 3 ,  
7  0 , 0 , 0 ,  2 , 1 . 1 ,  
8 1 , 2 1  ? , ' ? , I ,  , , l ,  27*0/ 

Ds4TA N P / l ,  l 3 , 6 , 1 6 /  
C 

IFV=5 
ITHR=3 
YXPPA=IDINT (Y (TFJ1)+O. 499999D0) 
NPl-NP(1 ,YAPPA)  
NP2=NP(2, KAPPA) 
NPL=?lAXO(P?P(l,l),NP(Z,l),NP(1,2) , h?P(2 ,2 ) )  
DO 1 I=NPl,NP2 
I F ( l ' J X ( 3 , I )  eCT.0) GOT0 100 
RO=P(I)  
GOT0 1 

lo(] CUl ( I J K ( 1 , I )  , I J K ( 2 , 1 )  , I J K ( 3 , I ) ) = P ( I )  
1 COKTIIWE 

C 
c 

U=BO 
V = l . O D O  



DO 11 L = 1 , 2  
RK=P (I, ) 
COT0 (11,12,13),YK 
I ) U R ( T  , J )  = I)I:H(T ,J)*X(L) 
Dl!I?,(I,J) = lIIIR(I,.J)*X(L) 
CONTINUE 

PVE(1 ,J) = -1 .OnO/ilT*D'lU3(T , J )  
DVS(1.J) = FTNV*DlJn(I,J) 
nUS(1,J) = D V S  (I )J)*B(I,J) 
DUE(1,J) = DVE(I,J)*R(T,J) 
11 = U+DtlB(I ,J)*R(I ,J) 
V = VfnlrF, (I, J) 
COlJT T N U R  
CCIN'I' TNUF: 
F=U /V 
DZ=l.O~O/V 
v2=v**2 
DO 4 I=1,3 
DO 5 J=1,3 
nB(1,J) = DUR(I,J)/V 
DE(1,J) = (DUE(I,J)*V-DVF(I,J)*U)/V? 
DS (I ,J) = (DUS (T,J)*V-DVS (T ,J)*IT) /V2 
COYTTNUE 
CONTINUE 

nu 50 I-I,?TPL 
n(I)=o.ono 
DO 6 I=MPI,NP2 
IF(IJK(3, I) e C S T . 0 )  COT0 60 
T) (T)=DZ 
GOT0 6 
D(I)=CU2(IJK(l,I),IJR(2,I),TJK(3,1)) 
CONTINUE 

RETURN 
END 



APPENDIX 111 

Example o f  Program C o n t r o l  In format ion  f o r  BMDP3R [601 t o  do non- 

l i n e a r  r e g r e s s i o n  a n a l y s i s  w i t h  l i n e a r  e q u a l i t y  c o n s t r a i n t s .  Pa ramete r  

e s t i n t a t e s  o b t a i n e d  are shown i n  TABLE V I .  B. 
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