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Abstract

BORON ACID COMPLEXATION REACTIONS 

IN BASIC SOLUTION

by

Cherryl Ann Tihal 

Adviser: Professor Richard Pizer

Boron acids are Lewis acids and  ionize in solution to produce 

four-coordinate, tetrahedral borate anions. Both the trigonal boron acid and  

the  tetrahedral borate anion can react with bidentate chelating ligands 

(such a s  <x-hydroxycarboxylic acids) to produce the  sam e  four-coordinate 

chelate  complex. For the  reactions betw een the trigonal boron acids and  fully 

p ro tona ted  ligands, th e  p ro p o sed  transition  s ta te  is ch a rac te rize d  by a  

m echanism  which involves proton transfer. The p resen t study w as designed  

to investigate the following: (1 ) the  reactivity of the borate anion tow ards 

bidentate ligands, (2 ) the  effect on the  reaction m echanism  w hen th e  ligand 

contains no acidic protons, (3) the  m easurem ent of the enthalpy and entropy 

ch an g es  for borate chelation reactions, and  (4) the interaction betw een 

boron acids and  simple unidentate ligands.

The ligands u sed  a re  sim ple polyols su ch  a s  e thy lene glycol, 1,2- 

propanediol, 1,3-propanediol and  glycerol. The kinetic results show  that the 

trigonal boron acids a re  unreactive tow ard th e  polyols while the four- 

coordinate borate anions are  much more reactive. The lability of four-



coord inate  bo ra te  an ions m ay be a  c o n se q u e n ce  of th e  longer boron- 

oxygen bond relative to th e  trigonal sp ec ie s , but w e a re  unab le  a t th is point to 

p ropose  a  transition s ta te  for th e se  reactions.

T he com plexation reac tio n s betw een  th e  bo ra te  anion an d  th e  polyols 

a re  sp o n tan e o u s . T herefore , th e  m easu rem en t of th e  en thalpy  an d  entropy 

c h a n g e s  allow s one  to determ ine w hether the driving force for th e  reactions is 

en thalp ic  or entropic in origin. T h e se  therm odynam ic m ea su rem e n ts  indicate 

th a t th e  reactions of bo ra te  with th e  polyols a re  enthalpy driven.

T he reactions betw een  boron acids an d  peroxo ligands produce 

com plexes in which the ligand is unidentate. Boric acid and  hydrogen

peroxide interact to  form the  following com plexes: (OHJgBOOH",

(OH)2 B(OOH)2 _ an d  (O H ^B O O H . Equilibrium co n s ta n ts  w ere  de term ined

quantitatively but no kinetic study w as possib le  due  to  th e  decom position of 

hydrogen  peroxide u n d e r o u r experim ental conditions. No determ ination  of 

equilibrium co n stan ts  w as possible in the phenylboronic acid  /  hydrogen 

peroxide system  b e c a u se  of th e  oxidation of th e  boron acid by th e  ligand. In 

the  boric acid /  tert - butylhydroperoxide system , com plex form ation w as 

negligible.
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CHAPTER 1

INTRODUCTION TO BORON ACID CHEMISTRY

1.1 Introduction

The interaction betw een  boric acid an d  hydroxy com pounds has  b een  

studied  for a  long time. As early a s  1842, Biot [1] reported  that a  solution of 

boric acid b ecam e acid to litmus upon the  addition of su g ars . This observation  

led Thom son [2] to perform a  quantitative determ ination of boric acid in the 

p re s e n c e  of v arious hydroxy c o m p o u n d s  (such  a s  glycerol) while using  

phenolphthalein  a s  an  indicator. Biot a lso  d iscovered  that th e  optical rotation 

of a  so lu tio n  of ta r ta r ic  a c id  c h a n g e d  u p o n  th e  ad d itio n  of boric  ac id . 

Furtherm ore, M agnanini [3-5] reported  that th e  conductivities of solutions of 

boric acid  an d  hydroxy com pounds w ere g re a te r  th an  th e  sum  of th e  individual 

conductivities. In the  late 1800 's, van ’t Hoff [6 ] p roposed  com plex formation 

b e tw e e n  bo ric  ac id  an d  th e  hydroxy c o m p o u n d s  in o rd e r  to  ex p la in  th e  

c h a n g e s  in acidity, optical rotation an d  conductivity. Although th e  structure of 

th e  com plex w as not clearly defined, m any re se a rc h e rs  in the  early 1900’s  

carried  out sy stem a tic  s tu d ie s  of boric ac id  reacting  with v ario u s  hydroxy 

co m p o u n d s. In vestiga to rs  w ho h av e  m ad e  m ajor co n trib u tio n s to  th e  

understand ing  of boron acid chem istry include B oesek en  [7-14], H erm ans [15] 

an d  V erm aas [11,13]. H erm ans w as the  first to  p ropose  th e  s tructu res  of the 

com plexes which w ere later proven to be  correct and  a re  show n below.
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In th e  ab o v e  reaction boric acid  a c ts  a s  a  Lewis acid  to  form th e  1 :1 com plex. 

T he 1 :1 com plex can  react further with a  se co n d  ligand m olecule a s  follows.

This reaction o ccu rs  with th e  co n d en sa tio n  of two w ater m olecu les to p roduce 

th e  1 : 2  o r th e  bis com plex.

T he specific configurational requ irem en t of th e  hydroxy g ro u p s  which is 

n e c e ssa ry  for su ccessfu l chelation  to  boron w as  d em o n stra ted  by B o esek en  in 

th e  early 1900’s. S tud ies of boric acid reacting with 1 , 2  -

d ih y d ro x y b e n z e n e  (c a te c h o l) ,  1 ,2 ,3 - tr ih y d ro x y b e n z e n e  (p y ro g a llo l) ,1 ,3- 

d ih y d ro x y b e n z e n e (  re so rc in o l)  a n d l  ,4 -d ih y d ro x y b e n z e n e  (h y d ro q u in o n e ) 

w ere  follow ed by conductivity m e a su re m e n ts  [7]. Only ca tech o l an d

pyrogallol c a u se d  a n  in c re a se  in th e  conductivity. This indicated  th a t the  

hydroxy g ro u p s m ust be  ad jacen t in o rder for th e  com plex to form. Identical 

r e su lts  w ere  o b ta in e d  with o th e r  s u b s titu te d  d ih y d ro x y b e n z e n e s  a n d  

su b stitu ted  d ihydroxynap tha lenes. Similarly, conductivity s tu d ies  w ere  carried  

out with boric acid  reacting with th e  cis an d  tran s  isom ers of various 

substitu ted  cyclic diols such  a s  cyclopentane-1,2-diol [9,12]. In all c a s e s ,  only 

the  cis isom ers p roduced  an  in crease  in th e  conductivity of the  solution.
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T h ese  stud ies therefore led to the conclusion that the  hydroxy groups m ust be 

ad jacen t and  cis in order for com plexation to occur. This te s t of configuration 

becam e known a s  the  “ B oeseken t e s t " and  w as applied extensively in 

the  carbohydrate field to determ ine the nature of th e  hydroxy groups a s  well a s  

to distinguish betw een <x and  p  isom ers of various su g ars  [8,16-18].

S tud ies w ere also  conducted  in which com pounds w ere te s te d  in term s 

of their ability to d e c rea se  the pH of boric acid solutions. In 1942, B oeseken 

found th a t a-hydroxycarboxylic ac id s such  a s  tartaric  acid and  lactic acid 

c a u se d  a  considerab le  d ec rea se  in pH w hen ad d ed  to a  solution of boric acid. 

This m eant that the  com plexation reaction produced a  proton which w as more 

acidic than  boric acid. Since th e se  solutions also  exhibited enhanced  

conductivities, the formation of the  protons supported  the  general belief that 

the  com plex w as tetrahedral.

Additional proof that certain com plexes w ere involved in th e se  reactions 

w as obtained w hen solid com pounds w ere isolated from the  solution mixtures 

an d  studied. From a  solution containing boric acid and  catechol, Boeseken 

isolated  a  com pound which w as characterized  by H erm ans [15] a s  having the 

following structure:
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The anion w as characterized  a s  having a  four-coordinate boron atom  which 

w as connected  to two fixed catechol m olecules via four oxygen bridges. This 

w as confirmed by Meulenhoff [19] who isolated and  characterized a  

similar bis com plex from a  solution of boric acid and  salicylic acid using an 

optically active b ase . Using th is technique, Meulenhoff su cceed ed  in resolving 

several optical isom ers.

In 1955, Edw ards [20] carried out a  Ram an study of th e  borate anion. The

spectrum  which consisted  of four bands resem bled that of the tetrahedral BF4 '

ion. The results w ere also  in agreem ent with th e  IR spectrum  of the teepleite 

crystal (NaBC^.NaCI. 2 H2 O) which w as known to contain a  boron atom 

te tra h ed ra lly  co o rd in a ted  to four oxygen a to m s [21]. H ow ever, E dw ards 

decided  to calculate the num ber of Ram an active lines expected  for the  other

two possible structures of the borate ion, BO2 '  and  H2 BO3 '.  The calculated

fundam ental b an d s (1 for BC>2 ‘ and  6  for H2 BO0 ") did not ag ree  with the

experim ental spectrum  containing four bands. T h ese  results led Edw ards to 

the  conclusion that boric acid is a  Lewis acid which ionizes in solution a s  

follows.

OH HO OH
H O  B + h2o + H+

OH HO OH

The fact that the borate anion had been  determ ined  to be tetrahedral 

together with the general agreem ent that the  borate com plexes were also
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te tra h e d ra l led to  m any q u an tita tiv e  th e rm o d y n a m ic  s tu d ie s  of boric  acid  

reacting with various hydroxy com pounds. In 1967, C o n n er and  Bulgrin [22] 

s tud ied  th e  reactions of borate  with a  s e r ie s  of polyols su ch  a s  ethy lene glycol, 

glycerol a n d  substitu ted  butanedio ls. Stability co n s ta n ts  a s  well a s  enthalpy 

and  entropy c h a n g e s  w ere reported  for both th e  1 :1 an d  the  1 : 2  com plexes. 

P e rh a p s  o n e  of th e  m ost intensively stud ied  sy s te m s  is th a t of boric acid- 

b o ra te  / m annitol equilibria [22-25]. (M annitol is a  polyhydroxy com pound  

containing six carbon a tom s each  of which is bonded  to  a  hydroxyl group.) 

T h ese  investigators reported  th e  form ation of 1 :1 a s  well a s  1 :2 com plexes, 

and  stability co n s ta n ts  which w ere co n sis ten t with previous work. However, in 

all s tu d ies  of the  boric acid-borate /  polyol sy s tem s, th e  au th o rs  concluded  

th a t it w as  th e  b o ra te  anion an d  not th e  trigonal boric acid  which w as  the 

com plexing sp ec ies . From therm odynam ic s tud ies  alone, th e  au th o rs  arrived 

a t th is conclusion by considering th e  m agnitude of the  stability co n s ta n ts  and  

th e  variation of the  com plex concentration with solution pH.

In 1959, Lorand and  Edw ards [26] carried  out a  therm odynam ic 

investigation of the phenylboronic acid /  polyol system . Phenylboronic acid, 

<J>B(OH)2 , can  form only 1 :1 com plexes s in ce  one of th e  coordination s ite s  on 

boron is blocked by th e  phenyl group. By assum ing  that th e  s tru c tu res  of both 

th e  phenylboronate  anion an d  the  1 :1 com plex form ed w ere te trahed ra l, th e se  

au th o rs  a lso  concluded that it w as  th e  phenylboronate  anion which w as  the  

reactive sp ec ie s . In 1961, E dw ards and  S ederstrom  [27] determ ined  tha t the  

phenylboronate  anion w as indeed  te trahed ral. They perform ed pH titrations a s  

a  function of th e  tem peratu re  an d  reported  an  entropy of ionization of -34 cal /  

mole - deg  for phenylboronic acid. In th e  c a s e  of boric acid, A S °  w as  known 

to be  -30.9 cal /  mole - deg  [28]. The values for th e  ionization of th e  two
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boron ac id s  w ere  s e e n  to be  m ore negative  th an  th e  a v e ra g e  entropy ch a n g e  

for th e  form ation of an  oxyanion from a  neutral acid ( A S °  = -22 cal /  mole - 

d e g )  [29]. T h is  o b s e rv a t io n  w a s  e x p la in e d  in te rm s  of a n  in c r e a s e  in 

coordination nu m b er upon  ionization of th e  boron acids. T herefo re , th e  low 

value  of A S °  for phenylboronic acid  a n d  its similarity to  th a t of boric acid 

which w as  de term in ed  to  b e  te trah ed ra l, led th e  au th o rs  to  conclude th a t the  

p hen y lb o ro n ate  anion w as  a lso  te trah ed ra l.

T h e  first structural study  of th e  ch e la te  com plex w as carried  out in 1970 

an d  1971 by L arsson  an d  N unziata [30,31]. T hey perform ed IR an d  R am an 

s tu d ie s  on  so lu tio n s  of bo ric  ac id  w ith sa licy lic  ac id  a n d  lactic  ac id . By 

com paring  th e  boron  - oxygen stre tch ing  fre q u e n c ie s  in th e  know n trigonal

bo ric  ac id  B(O H ) 3  a n d  th e  te tra h e d ra l  b o ra te  B (O H )4 " with th o s e  of th e

com plex, they  w ere  ab le  to  show  that th e  co m p lex es w ere  te trahed ral. They 

a lso  reported  th e  p re se n c e  of both th e  1:1 a n d  th e  1:2 com plexes. In 1972, 

O ertel [32] carried  ou t a  R am an study  of boric acid  reacting with sim ple 1 ,2 - 

an d  1 ,3- diols. T he resu lts  clearly show ed  th a t th e  1 : 1 and  th e  1 : 2  com plexes 

w ere te trah ed ra l struc tu res  a s  p roposed  by H erm ans [15] in 1925.

1.2 General Characteristics of Boron Acids

Boron ac id s  a re  w eak  ac id s; th ey  a re  a lso  Lewis ac id s  an d  ionize in 

solution a s  follows.

OH HO OH
R B + h 2 o

OH OH
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In th is reaction boron u s e s  an  em pty p  orbital to a c c e p t e lec trons an d  form a  

c o v a le n t b o n d . T h is  in te ra c tio n  is  a n a lo g o u s  to  th a t  w hich  o c c u rs  upon  

com plexation. T hat is, th e re  is nucleophilic a ttack  on th e  electron  deficient 

boron  atom  by th e  oxygen d o n o r atom  of th e  ligand. In th e  trigonal p lanar

b o ro n  ac id , bo ron  is  s p 2  hyb rid ized  with a  form al c h a rg e  of ze ro ; in th e

te tra h e d ra l b o ra te  an ion , bo ron  is sp ^  hybrid ized  with a  fo rm al c h a rg e  of 

negative  one.

T h e  a c id ity  of b o ric  a c id  B (O H ) 3  h a s  b e e n  d e te r m in e d  by  m an y  

investigators. Ingri reported  a  value of 9 .0  for th e  pKa  of boric acid [33]. In the  

substitu ted  boron ac id s RB(OH ) 2  th e  variation of th e  R group can  in c rea se  o r 

d e c re a s e  th e  Lewis acidity an d  th is h a s  b een  partially exp la ined  in te rm s of 

b ack b o n d in g . T h e  e x is te n c e  of m ultiple b o n d in g  in b o ro n  c o m p o u n d s  is 

su p p o rted  by various experim ental s tu d ies . W hile co m p o u n d s  of boron can  

exist a s  m onom ers, th o se  of its c o n g e n e rs  alum inum  an d  gallium  utilize their 

em pty p orbitals in th e  form ation of d im ers  [34], This m e a n s  th a t backbonding 

s tab ilizes  th e  trigonal boron co m p o u n d s  s in ce  dim erization w ould resu lt in a  

loss of th is backbonding interaction. Secondly, force co n s tan t calcu lations 

from trigonal boron freq u en c ies  indicate th e  p re se n c e  of multiple bonding [34]. 

Furtherm ore, NMR stu d ies  report th e  ex isten ce  of h indered  rotation abou t the  

boron - ligand single bond in trigonal boron com pounds ( such  a s  

(C H g ^ B O C H g ) [34 ,35]. T h e s e  o b s e rv a tio n s  s u g g e s t  th a t  th e  d e g r e e  of 

backbonding  m ay affect th e  relative acidity of trigonal boron ac id s  s in ce  th e  

loss of th is backbonding interaction m ay o p p o se  the  form ation of th e  

te trah ed ra l anion.

Both the  trigonal and  th e  te trahedral form s of a  boron acid  can  reac t with



su itab le  b id en ta te  co m p o u n d s  to  form th e  s a m e  1 : 1  an ion ic  com plex  show n 

below .

HO O — C

R O  C

In th e  c a s e  of boric acid th e  1:1 com plex c a n  reac t further with a  se co n d  

ligand m olecule to  form th e  1 :2 com plex . S u b stitu ted  boron  ac id s  do  not form 

1 :2 co m p lex es  s in ce  o n e  of th e  coordination  s ite s  is b locked by th e  R group. 

T h e se  co m p lex es  a re  stabilized by th e  c h e la te  effect a n d  s p e c ie s  su ch  a s

a re  known to rapidly hydrolyze back  to boric acid [36]. T he te trah ed ra l natu re

a n d  R am an  te c h n iq u e s  [30 ,31 ,32]. Finally, ex p e rim e n ts  with optically  active 

ligands sh o w  th a t  it is th e  boron-oxygen bond w hich is c leav ed  upon 

com plexation  [37,38].

1.3 Applications of Boron Acid Chemistry

B oric a c id  a n d  b o ro n ic  a c id s  find  w id e  u s e  in a n a ly tic a l c h e m is try , 

specifically in quantitative a n a ly se s , structural s tu d ie s  an d  sep ara tio n

RO OR

of th e  ch e la te  co m p lex es  h a s  b ee n  d e term ined  by structural s tu d ie s  su ch  a s  IR
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techn iques.

The formation of che la te  com plexes betw een  dihydroxy com pounds and 

boric acid  or bo ra te  en a b le s  th e  quantitative determ ination  of boric acid / 

b o ra te  a s  well a s  th e  hydroxy com pound . Boric ac id  is to o  w eak  to  be  

d e te rm in ed  directly  by titration. The acidity of boric acid  is known to  be 

en h an ced  by th e  addition of com pounds su ch  a s  D-glucitol and  D-mannitol 

[39]. In this m anner, direct titrimetric determ ination of boric acid is possible. It is 

also  known that (catecholato)borate com plexes display higher \ m ax v a lu es 

and  larger m olar absorptivities than  the  uncom plexed ca tech o ls  [40,41]. The 

chelation  p ro c e ss  then  allow s the  quantitative a s s a y  for ca tech o l an d  /  or 

borate by spectrophotom etric m ethods. A nondestructive a s sa y  for catecholic 

polym ers an d  catecho lic  p ro te ins h a s  b een  d ev e lo p ed  by th e  study  of the  

(catecholato)borate com plexes using ultraviolet d ifference spectrophotom etry  

[42].

In th e  com plexation reactions betw een  borate  and hydroxy com pounds, 

the  specific  requ irem ent th a t th e  hydroxy g ro u p s  be  a d ja c e n t an d  c is  for 

successfu l chelation h a s  m ade th e se  com pounds extrem ely useful in studying 

structural, configurational and  conformational problem s. B oeseken and  

cow orkers [43] have applied this principle in the  determ ination of the 

configuration of polyhydroxy com pounds using conductivity an d  polarim etry 

m ethods. From conductivity m easu rem en ts , th e se  au th o rs  w ere  th e  first to 

d istingu ish  b e tw een  th e  cis an d  tra n s  iso m ers  of 2 -hy d ro x y cy c lo p en tan e  

carboxylic acid. The tech n iq u e  w as also  app lied  to th e  ca rb o h y d ra te  field 

w here it w as possible to differentiate betw een a -  and  p -  lac toses [43].

T he selective binding of b o ra tes  to  polyhydroxy com pounds form s the 

basis  of separation  p ro cesse s  in many analytical techn iques such a s
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chrom atography. C ellulose colum ns which w ere derivatized with boronic acids 

have been  u sed  in the  separation  of nucleosides a s  well a s  various su g ars

[44]. A m ethod for the separation  of a  mixture of polyols w as developed  from 

th e  study of the  borate /  polyol com plexes by anion exchange  chrom atography

[45]. T he chelation of boronic acids is being exploited in the  separation  and  

purification of catecholic com pounds by affinity chrom atography [46,47] a s  well 

a s  e lec tro p h o resis  [48,49]. Furtherm ore, th e  sep ara tio n  a n d  purification of 

ca rbohydra tes  via distillation or fractional crystallization of boron com plexes 

h a s  been  u se d  for a  long time [50].

A side from structural and  analytical stud ies, th e  com plexation reactions 

b e tw e e n  b o ro n  a c id s  /  b o ra te  a n d  hydroxy c o m p o u n d s  find in c re a s in g  

applications in o ther a re a s  of research . It is well e s tab lish ed  th a t plants need  

sm all am o u n ts  of boron. Although boron is p re se n t in an im als, it is not yet 

c le a r  w h eth er it is essen tia l. H ow ever, th e re  a re  a  few  boron - containing 

a n tib io tic s  su c h  a s  b o ro m y c in e  a n d  a p la sm o m y c in e . In ad d itio n , m any  

com pounds of biological im portance su ch  a s  vitam ins, coenzym es, enzym es 

and  po lysaccarides contain suitable hydroxy g roups which can  interact with 

boron com pounds.

S ev e ra l en zy m e s tu d ie s  h av e  illustra ted  th e  u s e  of boron  a c id s  a s  

inhibitors and  transition - s ta te  analogues. A transition - s ta te  analogue for an 

enzym e is a  com pound which form s a  stab le  com plex with th e  enzym e and 

which resem bles th e  su b stra te  portion of the  transition s ta te  in the  enzym atic 

reaction [51,52]. There a re  som e enzym e reactions in which th e  formation and  

th e  breakdow n of th e  anionic te trahed ra l enzym e - su b s tra te  in term ediates 

o ccu r by proton transfer. Trigonal boron ac id s  a re  a lso  known to  produce 

anionic tetrahedral borates by proton transfer. In som e c a s e s , the  enzym e -
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boron acid sp e c ie s  b e a r  a  c lo se  re sem b lan ce  to  th e  en zy m e - su b s tra te  

in term ed iates  in te rm s of structure an d  ch arg e . T h e se  p roperties  of boron 

ac ids have rendered  them  suitab le  for study a s  potential transition  - s ta te  

a n a lo g u e s . In 1971 , K oeh ler a n d  L ienhard  rep o rted  th a t 2 - 

phenylethaneboronic acid inhibited th e  a  - chym otrypsin - catalyzed 

hydrolysis of methyl hippurate, and  w as therefore a  transition s ta te  analogue 

[53]. Both phenyiboronic acid an d  2 - phenylethaneboronic acid w ere found to 

inhibit subtilisin - ca ta lyzed  hydrolyses [54]. M ethylboronic acid  w as not an 

effective inhibitor which su g g ests  that the arom atic group m ay be  necessary . 

A further study of 2 - phenylethaneboronic acid acting a s  an  inhibitor for a -  

chym otrypsin w as  carried  out by th e  la se r - R am an techn ique  [55] and  the 

au thors reported th a t both the  trigonal and  the te trahedral form s of th e  boron 

acid w ere involved in th e  reactions.

An understanding  of the  kinetics of boron acid com plexation reactions 

would therefore find im portant applications in m echanistic s tu d ies  of enzym e 

reactions.

1.4 Introduction to Boron Acid Kinetics

T he com plexation  reaction  b e tw een  a  su b s titu te d  boron ac id  an d  a 

bidentate hydroxy com pound is given below. As m entioned before, the
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te trahed ra l borate  anion c an  also  react to form th e  sa m e  ch e la te  com plex. 

T herm odynam ically , th e s e  reac tio n s  h av e  b e e n  s tu d ied  by m any experim en tal 

tech n iq u es  a n d  a  large am o u n t of quantitative d a ta  h a s  b een  rep o rted  in th e  

literature.

T h e  first kinetic investigation of boron acid com plexation reac tio n s  with 

b id e n ta te  ch e la tin g  lig an d s w a s  a  te m p e ra tu re -ju m p  s tu d y  c a rried  ou t by 

Kustin a n d  P izer in 1969 [65]. T he reactions of trigonal boric acid  with tartaric  

acid  a n d  th e  ta rtra te  anion to  p ro d u ce  th e  1 :1 com plex w ere s tud ied  in acidic 

solution. For th e  reaction betw een  boric acid an d  tartaric acid , it w as  p roposed  

that th e  com plexation occurred  by th e  attack  of th e  ligand oxygen donor atom  

on th e  em pty  boron p orbital follow ed by ring c lo su re  via lo ss  of a  w a te r 

m olecule. S ince th e  ta rtra te  anion reac ted  slow er th an  tartaric  acid , the  

au th o rs  concluded  th a t ligand acidity a n d  donor a tom  protonation w ere 

im portant factors controlling th e  reaction rate.

S u b se q u e n t kinetic investigations of boron ac id s  with b id en ta te  ligands 

such  a s  dicarboxylic ac id s, a-hydroxycarboxy lic  ac id s  a n d  c a tech o ls  rev ea led  

th a t  th e  s a m e  m e c h a n ism  w a s  in o p e ra tio n . All of th e s e  s tu d ie s  w e re  

conducted  in acidic solution b e c a u se  th e  equilibria w ere su ch  th a t com plex 

form ation  o ccu rred  only u n d e r  th e s e  pH co n d itio n s. In ac id ic  so lu tion  th e  

m ajor reactive boron sp e c ie s  is th e  trigonal boron acid. T h e se  s tu d ie s  a re  now 

d esc rib ed .

T e m p e ra tu re - ju m p  s tu d ie s  w e re  c a r r ie d  o u t o n  th e  c o m p le x a tio n  

reac tio n s of phenylboronic acid with oxalic acid  [6 6 ] an d  with m alonic 

acid  [67]. Phenylboronic acid  h a s  a  pKa  of 8 .72  while oxalic acid h a s  a  value 

of 1 .04 an d  m alonic acid  h a s  a  value of 2 .59. T he reaction with oxalic acid 

w as fa s te r  than  th a t with m alonic acid indicating the im portance of ligand
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acidity. It w as  also  se e n  th a t th e  fully p ro tona ted  ligands reac ted  faste r 

th an  th e  ligand an ions. T h e se  strongly acidic ligands afford th e  possibility of 

in tram olecular hydrogen bonding, a s  show n below  for oxalic acid.

S  I/ ■OH HO C HQ o  JD

e x - + h3o +

This hydrogen  bonding interaction m ay be  im portant to  aid  th e  leaving of the 

hydroxyl g roup  an d  to  orient the  carboxyl group properly for a ttack  on 

boron  upon  lo ss  of th e  w a te r  m olecu le . In ad d itio n , bo th  of th e  d ian io n s  

oxala te  an d  m alonate  failed to  react which indicated  th a t donor atom  

protonation w a s  n e c e ssa ry  for successfu l chelation  to boron.

T h e  s tu d y  of th e  com plexation  re a c tio n s  of p h en y lb o ro n ic  ac id  with 

salicylic acid  ( pKa  = 2 .8 3 ) , m andelic acid ( pKa  = 3 .22  ) an d  lactic acid ( pKa  

= 3 .70 ) in acid ic m edium  yielded sim ilar resu lts  [68,69]. In th e  c a s e  of th e  fully 

p ro tona ted  ligands, th e  m agnitude of th e  rate c o n s ta n ts  followed th e  o rder of 

ligand acidity. Salicylic acid  reac ted  th e  fa s te s t while lactic acid  reac ted  the 

slow est. This result provided additional ev id en ce  for th e  critical role of proton 

transfer. A nalogous to  th e  observation in th e  dicarboxylic acid  system s,



1 4

sa licy la te  an ion  rea c te d  s lo w er th an  salicylic acid . T h e  s a m e  tre n d  w a s  s e e n  

in th e  r e a c tio n s  o f sa licy lic  a c id  w ith b o th  m e ta -n itro p h e n y lb o ro n ic  a c id  

(pKa = 6 .9 7 ) a n d  bo ric  ac id  (pKa = 8 .98 ). It w a s  s u g g e s te d  th a t  th e  s tro n g  

hydrogen bond  which is p re se n t in th e  salicy late  an ion  m ay c a u s e  th e  reaction 

to  b e  slow er. H owever, both lac ta te  an d  m an d e la te  rea c ted  with h igher rate 

c o n s ta n ts  th a n  th e  fully p ro to n a te d  fo rm s of th e  lig a n d s  by o n e  o rd e r  of 

m agnitude. T he au th o rs  exp lained  th is  result in te rm s  of an  attractive 

in teraction  b e tw ee n  th e  d e lo ca lized  t i  sy s tem  of th e  carb o x y la te  g roup  an d  

th e  phenyl su b s titu en t of phenylboronic  acid . T he s u b s e q u e n t stab ilization  of 

th e  transition  s ta te  is reflected  in th e  h igher ra te  co n s ta n ts . T h e  identical tren d  

w a s  o b se rv e d  in th e  m eta-n itrophenylboron ic  ac id  /  m andelic  ac id  sy s tem  [6 8 ] 

a n d  sim ilar a rg u m en ts  apply.

T he last ca teg o ry  of ligands to  b e  c o n s id e red  a re  th e  c a te c h o ls  a n d  th e  

su b stitu ted  ca te c h o ls  [68,70]. T h e se  ligands a re  rigid a n d  a re  co n sid e rab ly  

le s s  ac id ic  th a n  th e  d icarboxylic  a c id s  a n d  th e  cx-hydroxycarboxylic  a c id s  

w hich w ere  d esc rib ed  ab o v e . T h e  ligands u se d  w ere  4 -n itrocatecho l ( pKa  = 

6 .69  ), ca tech o l ( pKa  = 9 .2 7  ) an d  4-m ethy lca techo l ( pKa  = 9.39). For the  

com plexation  reac tio n s  of pheny lboron ic  acid  with th e  fully p ro to n a te d  ligands 

in acid ic  so lu tion , th e  following resu lts  w e re  ob ta in ed : 4 -n itrocatecho l, kf = 6.5

x 10 2  M"1 s"^; catecho l, kf = 1.1 x 102  M ^ s -1 ; 4 -m ethy lcatechol, kf = 1.2 x 10 2

M '1 s " 1 . T h e  m o s t a c id ic  ligand  4 -n itro c a te c h o l r e a c te d  th e  f a s te s t .  T h e

re a c tio n s  with c a te c h o l a n d  4 -m e th y lc a te c h o l o c c u r  a t  th e  s a m e  ra te s  in 

acco rd  with th e ir sim ilar pKa  v a lu es . T h e  s a m e  reactivity tre n d s  w ere  o b se rv ed  

for th e  an a lo g o u s  reac tio n s with boric acid  a n d  m ethylboronic acid 

(pKa =10.40) [6 8 ].
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Up to this point th e  kinetic studies w ere perform ed on system s which 

p roduced  only 1 :1 com plexes in acidic solution. T he ligands which w ere used  

vary in pKa  from 1.04 to 9.39. The stud ies included four different boron acids in 

which the  pKa  ranges from 6.97 ( meta -nitrophenylboronic a c id ) to  10.4 

(methylboronic acid). T he conclusions from th e se  stud ies m ay be  sum m arized 

a s  follows. T he stability co n stan ts  and  th e  ra te  co n s ta n ts  d ep en d  upon the 

acidity of both the  boron acid and  th e  ligand. For any particular boron acid, the 

stability c o n s ta n ts  in c re a se  with in creasin g  acidity of th e  ligand; for any 

particular ligand, th e  stability co n stan ts  in crease  with increasing acidity of the 

boron acid. T he factors which w ere responsib le for the  reaction ra tes  include 

ligand acidity, donor atom  protonation, hydrogen bonding an d  ligand flexibility. 

D e s p ite  th e  s te re o c h e m ic a l  d if fe re n c e s  a m o n g  th e  lig a n d s , th e  m ain 

conclusion w as  tha t the  addition reaction betw een  th e  trigonal boron acid and 

th e  fully p ro tonated  ligand w as charac terized  by a  transition s ta te  in which 

proton tran sfe r played a  critical role. A detailed  description of this transition 

s ta te  is given in C hapter 3.

All of th e  kinetic s tu d ie s  d e sc rib e d  so  far w ere  co n ce rn ed  with th e  

reactivity of th e  trigonal boron sp e c ie s  an d  th e  s tu d ie s  w ere co n d u c ted  in 

acidic solution up to pH 6 . However, th e  pKg of meta -nitrophenylboronic acid 

being  sufficiently low (6.97) c a u se d  significant am o u n ts  of th e  te tra h ed ra l

meta - n itrophenylboronate anion, m -N 0 2 4 >B(0 H)3 -, to  be  p resen t in solution.

This m ad e  it possib le  for th e  au thors  to  de term ine u p p er limits of th e  rate 

co n stan ts  for the  reactions of the tetrahedral meta - n itrophenylboronate anion 

with both salicylic acid and  m andelic acid [6 8 ]. Although th e se  rate  con stan ts  

w ere only estim ates, the results indicate that the substitution reactions of the 

te trahedral borate anion a re  3-4 orders of m agnitude faste r than the addition
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reac tio n s of th e  trigonal met a -n itrophenylboronic acid .

T h e  only know n kinetic s tu d y  w hich in c lu d es  th e  form ation of th e  1:2 

(boron ac id  : ligand) com plex  w a s  ca rried  ou t in 1983  by P ize r a n d  S e lz e r  [71]. 

E xperim en ts consisting  of boric acid  (HB) coordinating  to  lactic ac id  (H2 L) 

w ere  d o n e  u n d e r conditions (acidic m edia) w h ere  both th e  1 :1  a n d  th e  1 : 2  

te t ra h e d ra l  c o m p le x e s  w e re  p re s e n t .  T h e  1 :1 c o m p le x  is fo rm e d  by th e  

addition reaction  b e tw een  th e  trigonal boron  ac id  a n d  lactic ac id  w h e re a s  

th e  1 : 2  c o m p le x  is fo rm e d  v ia  th e  su b s titu tio n  re a c tio n  b e tw e e n  th e  1 :1 

com plex  a n d  lactic acid . T h e se  reac tio n s a re  show n below .

HB + H2 L ^  C X 1:1'  + H3 0 +

C X 1:1" + H2 L CX 1 :2 ' + 2 H2 °

T h e a u th o rs  d isco v ered  th a t th e  forw ard ra te  c o n s ta n t for th e  form ation of th e  

1 : 2  com plex  w as  th re e  o rd e rs  of m agnitude g re a te r  th an  th a t for th e  form ation 

of th e  1 :1 com plex . This result is a n a lo g o u s  to  th a t ob ta in ed  from th e  reactions 

th e  meta  -n itro p h en y lb o ro n a te  an io n . Both s tu d ie s  s u g g e s t  th a t  th e  

substitu tion  reac tio n s  of four-coordinate  b o ra te s  a re  m ore labile than  the  

reac tio n s  of th e  trigonal boron sp ec ie s .

1.5 Comparison With Other Kinetic S ystem s

T he com plexation  reac tio n s  of boron  a c id s  w hich w ere  d e sc rib e d  ab o v e  

a re  ch a rac te rize d  by sev era l distinct fea tu res . A m ong th e s e  a re  a  c h a n g e  in
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coordination num ber of boron upon com plexation, a  chelation s tep  which 

em p h asizes  the  im portance of proton transfer and  a  kinetic requirem ent that at 

lea s t o n e  of th e  ligand donor a to m s b e  p ro tona ted . This chem istry  is not 

unique to boron acid reactions but do b ea r a  c lose  resem blance to the 

reactions of oxyanions.

Although th e  m ech an ism s of com plexation of a q u a te d  m etal ions a re  

well understood, th o se  of oxyanions have been  less  studied. There are 

various reaso n s  for this. Aside from the  fact that the  structures of many 

oxyanions in solution a re  not clearly defined, th e re  a re  experim ental problem s 

such  a s  hydrolysis and  polymerization which occur a s  conditions a re  varied

[63]. However, the oxyanions m olybdate M0 O4 " and  tungsta te  W 0 4 " have

te tra h e d ra l s tru c tu re s  in solution [64]. U pon com plexation  with b id en ta te  

ligands such  a s  catechol and  substitu ted  catecho ls, th e se  oxyanions undergo 

an  expansion  of coordination num ber to form octahedral com plexes. It is also 

known th a t reactions of unprotonated  ligand with unprotonated  oxyanion and 

fully p ro to n a te d  ligand with fully p ro to n a ted  oxyanion  d o  no t occur. This 

s u g g e s ts  a  m echan ism  which involves proton tran sfe r. In fact, s tu d ie s  of 

m olybdate and  tungsta te  com plexation reactions show  that som e deg ree  of 

protonation of either th e  ligand or the oxyanion is required [65,66].

The similarities in the chem istry of boron acids and  oxyanions are  seen  

in th e  variable coordination num ber and  a  m echanism  of com plexation which 

involves proton transfer. Both boron acids and  oxyanions a lso  undergo 

polym erization by the  condensation  of w ater m olecules. The elucidation of the 

m echanism  in th e  relatively sim pler boron acid sy stem s may therefore 

prove useful to the understanding of oxyanion com plexation reactions.
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1.6 Introduction to Peroxoborate Chemistry

All of th e  chem istry  d escrib ed  so  far includes boron ac id s  coordinating to 

oxygen donor a tom s of b identate chelating ligands. However, th ere  a re  

s tu d ie s  in th e  literature which involve th e  coordination of un iden ta te  ligands

on boron. O ne  such  system  is the  peroxoborate  com plex (HO)3 BOOH‘ which

m ay be  form ed by either the  addition reaction of trigonal boric acid o r the 

substitu tion reaction of th e  te trahed ra l bo rate  anion w hen solutions of boric 

acid  a re  m ixed with aq u e o u s  hydrogen peroxide. This particular system  w as 

ch o sen  for a  therm odynam ic and  kinetic study b e c a u se  it allow s the 

investigation  of addition a n d  substitu tion  re a c tio n s  of a  sim ple u n id en ta te  

ligand on boron.

Alkali-metal sa lts  of pero x o b o ra tes  a re  widely u se d  a s  b leaching ag en ts  

in m an y  h o u se h o ld  d e te rg e n ts .  T h e  X -ray c ry s ta l s tru c tu re s  h av e  b e e n  

p u b lish ed  for th e  following p e ro x o b o ra te  sa lts : N a 2 [B2 (0 2 )2 (OH)4 ].6 H2 0  

[67], N a 2 [B2 (0 2 )2 (0 H)4 ].4 H 2 0  [6 8 ] a n d  Li2 [B2 (0 2 )2 (O H )4 ] [69]. T h e se  

s tu d ies  show  th a t in all c a s e s ,  th e  peroxoborate  anion exist a s  a  d im er with 

two tetrahedrally  coordinated  boron a to m s an d  double peroxo bridges. (The 

structure of the  dim er is given on p ag e  1 4 8 .)  Although the  solid sta te  

of p e ro x o b o ra te s  h a s  b e e n  c h a ra c te r iz e d , th e  n a tu re  of th e  a q u e o u s  

sp e c ie s  is not well understood.

In a q u e o u s  solution, th e  in teraction b e tw een  boric acid  an d  hydrogen 

peroxide h a s  b een  studied by various experim ental tech n iq u es. As early  a s  

1923, M enzel [70] using conductivity m easu rem en ts  p ro p o sed  th a t it w as the 

b o ra te  an ion  a n d  not th e  trigonal boron acid  which re a c ted  with hydrogen 

peroxide to  form a  1 :1 peroxoborate com plex, a s  show n below.
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B (O H )4 ‘ + H 2 0 2  ^  (H O )3 B O O H - +  h 2 o

Thirty y ea rs  later, E dw ards [71] s tud ied  th e  effect of peroxide concentration  on 

th e  acidity of boric acid solutions. By m easuring  th e  d e c re a s e  in pH of boric 

acid  so lu tions upon th e  addition of hydrogen peroxide, E dw ards p o stu la ted  

th e  p re se n c e  of abou t six peroxoborate  sp e c ie s . Following th is work, 

Antikainen [72] u sed  potentiom etric titration in a  prelim inary study  of th e  boric 

ac id  /  hydrogen  perox ide sy stem  an d  rep o rted  th e  e x is te n c e  of two

peroxoborate  sp ec ies , (HOJgBOOH" and  (HO)2 B(OOH)2 ". From a

po larographic study in 1955 by Kern [73], th e  p re se n c e  of p e ro x o b o ra te s  w as  

d em o n stra ted , but the  n u m b er an d  sto ichiom etry  of th e  co m p lex es  w as  

uncertain. In 1983, a  R am an study [74] charac terized  th e  system  a s

having o n e  peroxoborate  com plex in solution, form ulated  a s  (H O ^B O O H - .

T he m ost recen t study of th e  boric acid /  hydrogen peroxide sy stem  w as  a  1 1B

NMR study [75] which reported  th e  a b se n c e  of any  com plex in acidic solution.

From th e  aq u e o u s  solution s tu d ies  sum m arized  ab o v e , th e  a ttem p ts  to 

identify an d  charac terize  peroxoboron sp e c ie s  have b een  n either su ccessfu l 

nor convincing. T he p ro p o sed  num ber of peroxoboron  co m p lex es  ra n g e s  from 

o n e  to six. T h e  uncertainty in th e s e  resu lts  clearly indicates th a t m ore work is 

n e e d e d  in o rd er to  u n d erstan d  the  system .

1.7 Experimental Objectives

T here  a re  four m ain objectives for th e  following experim en ts. O ur first 

aim w as to investigate th e  reactivity of the  te trahed ra l b o ra tes. This study
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includes the methylboronic acid / polyol system  (C hapter 3) and  the 

phenylboronic acid /  polyol system  (C hapter 5). Since all previous kinetic 

stud ies of complexation reactions betw een boron acids (pKa  : 6.96-10.4) and 

b identate chelating ligands (pKa  : 1.04-9.39) w ere done in acidic solution, the 

authors w ere mainly observing the reactivity of the trigonal boron acid. In order 

to study the reactivity of the tetrahedral borates, it is necessary  to work in basic 

m edia w here the  concentration  of b o ra te  b eco m es  im portant. In addition, 

previous kinetic stud ies have implied that tetrahedral b o ra tes  are  m ore labile 

than trigonal boron acids but there is no direct evidence to  support this . The 

experim en ts  in C h ap ters  3 and  5 w ere  therefo re  undertaken  to study  the  

reactions of the tetrahedral borates.

Secondly, the boron acid /  polyol system s w ere studied in order to 

investigate th e  effect of non - acidic ligands on the reaction m echanism . Recall 

th a t previous kinetic stud ies concluded th a t th e  reactions of trigonal boron 

ac id s  with fully p ro tonated  ligands a re  ch a rac te rized  by a  proton tran sfe r 

transition sta te . The polyols w ere therefore u sed  to determ ine the effect on the 

proton transfer m echanism  when the ligands do no contain any acidic protons.

Thirdly, a  therm odynam ic study w as carried out in order to  m easu re  the 

enthalpy and  entropy ch an g es  for the  substitution reactions of the boronic acid 

/  polyol system s (Chapter 4). The results of C hapters 3 and  5 indicate that 

th e se  substitution reactions a re  spontaneous. The m easurem ent of the 

enthalpy an d  entropy c h a n g es  would allow one to determ ine w hether the 

driving force for the reaction is enthalpic or entropic in origin. Together with the 

stability  c o n s ta n ts  an d  ra te  c o n s ta n ts , a  know ledge of th e  en thalpy  and 

entropy ch an g es  for the boronic acid / polyol reactions would provide a  more 

com plete understanding and  characterization of th e se  system s.
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O ur final g oal w as  to s tu d y  th e  in teraction  b e tw een  boric  ac id  an d  

hydrogen peroxide in aq u eo u s  solution from therm odynam ic and  kinetic 

m easu rem en ts  (C hapter 6 ). Previous therm odynam ic stud ies  on aq u eo u s 

peroxoborates gav e  inconclusive resu lts w here th e  num ber of p roposed  

peroxoboron com plexes ran g es  from o n e  to  six. T he application of the  pH 

techniques used  in this Laboratory would allow the characterization of the 

boric acid /  hydrogen peroxide system  and th e  quantitative m easu rem en t of 

th e  equilibrium constan ts. O ther than  the  boric acid / hydrogen peroxide 

system  two other system s a re  included in this study; the phenylboronic acid / 

hyd rogen  perox ide sy stem  an d  th e  boric acid  /  tert - bu ty lhydroperox ide  

system . For the  com plexation reactions of boron acids with b iden tate  chelating 

ligands, the  stability co n stan ts  a re  known to  in crease  with increasing acidity of 

the  reactan ts. Phenylboronic acid is m ore acidic than  boric acid and  tert - 

butylhydroperoxide is le ss  acid ic  than  hydrogen  perox ide. T h erefo re , th e  

reaso n  for including the  two additional sy stem s w as to determ ine w hether the  

acidity trend  could be ex tended  to th e se  peroxoboron sy stem s. In addition, 

recall that all of th e  kinetic stud ies described  above contain bidentate 

chela ting  ligands. H ow ever, th e  pero x o b o ro n  co m p lex es  a re  be liev ed  to 

contain a  unidentate hydroperoxo ligand ( -  OOH ). Therefore, a  kinetic study 

of the boron acid /  peroxide system s would allow the  investigation of addition 

and  substitution reactions of a  sim ple unidentate ligand on boron.
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CHAPTER 2

EXPERIMENTAL METHODS AND ANALYSIS OF DATA

2.1 Determination of Stability Constants

T he g en era l m echan ism  for the  com plexation b e tw een  a  substitu ted  

boron acid  an d  a  b iden tate  chelating ligand is given in S ch em e 1 below .The 

stability co n s tan ts  a re  m easu red  by NaOH titration, pH mixing titrations and

1 1B NMR experim ents. Each m ethod is described  below.

Schem e 1

Protolytic equilibria:

HB + H2 0 H+ + B“ KHB = [H+][B"]/[HB] (A1)

h 2 l H+ + HL' KL 1  = [H+][HL']/[H2 L] (A2)

HL- H+ + L2 - KL 2  = [H+][L2 ']/[HL-] (A3)

h 2 o H+ + OH- KW = [H +][OH-] (A4)

C om plexation equilibria:

HB + H2 L CX- + H+

B‘ + H2 L *± CX’ + 2H20

HB + HL" CX ' + H2 0

K1

K2 = K1/Kh b  

K3 = K1/K l 1

B" + HL'

(A5)

(A6 )

(A7)

CX' + O H ' + H2 0  K4 = (K1 *KW)/(KL 1  *Kh b ) (A8 )



2.1.1 NaOH Titration

A so lu tio n  of know n initial c o n c e n tra tio n  of b o ro n  ac id  , ligand  an d  

electrolyte is titra ted  with s ta n d a rd  0.1 M N aO H  a t 2 5 ° C. A stability c o n sta n t

is th e n  ca lcu la ted  for e a c h  point in th e  titration curve.

T h e  derivation  of th e  eq u a tio n s  u se d  in th e  calcu lation  of th e  stability 

c o n s ta n t , K1 , for th e  com plexation  b e tw een  th e  trigonal boron ac id  a n d  the  

fully p ro to n a te d  ligand  now  follow s . O n ce  K1 h a s  b e e n  d e te rm in e d , th e  

v a lu e s  for K2,K3 an d  K4 a re  easily  ca lcu la ted  s in ce  th e y  a re  re la ted  to K1 by 

th e  ac id  d isso c ia tio n  c o n s ta n ts  for th e  boron  ac id  a n d  th e  ligand, a n d  th e  

ionization co n s ta n t for w ater.

C o n serv atio n  of m a ss  a n d  ch a rg e  yields th e  following re la tionsh ips.

B0  = [HB] + [B‘] + [CX-]

L0  = [H2 L] + [HLT] + [L2-] + [CX-]

[N a+] + [H+] =  [B-] + [HL-] + 2  [L2-] + [CX-] + [OH-] (A11)

(A10)

(A9)

w here  th e  subscrip t zero  (0 ) refers to th e  initial concen tra tions. 

From  th e  protolytic equilibrium given by eq n  (A1) ,

S u b stitu tin g  th is  e x p re s s io n  for [B-] into th e  c o n s e rv a tio n  re la tio n sh ip  

e x p re s se d  in eq n  (A9) yields
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B0  = [HB] (1 + 3 2 . )  + [CXI

T h e re fo re ,

B0  - [CXI
[HB] =   (A12)

“ hbw here a  = 1 +
[H ]

Similarly, th e  protolytic exp ressions given by eq n s  (A2) and  (A3), a re  used  

to solve for th e  concentrations of [HL_] and  [L2-].

Ku  [H.L]
[HL-] = --L1-  2  ■

[H i

2. K [HL‘] K, K [H L]

and [L 1 = “ ^ 7 ”  "  ^ 2  <A13>[H ] [H+J

Substituting the  expressions for [HL'J and  [L2 ' ]  into eqn (A10) yields

KL1 [H,L] K. . k . th L]

L» = [ H 2 l 1  + i s f - + +  [ C X 1

Lo =  [H^ l ( 1  +  ^ + ^ > +  [C X l
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Therefore ,

Ln - [CX-]
[H L] = - 2 - s -------  (A14)

w here p = 1 + — ^
[H i [ H i 2

From th e  conservation relationships ex p ressed  by eqns (A9) and (A 10),

[B-J = B0 - [HB] - [CX'] (A15)

[HL-] = L0  - [H2 L] - [L2 -] - [CX-] (A16)

After substituting eq n s  (A15) and  (A16) into eqn (A11) and  simplyfying, one 

ob tains

[Na+] + [H+] = B0  + L0 - [HB] - [H2 L] + [L2 -] - [CX‘] + [O H '] (A17)

Substituting for [L2 ’] from eqn (A 13)and collecting te r m s ,

[Na+] + [H+] =  B0  + L0 - [HB] - y  [H2 L] - [CX'] + [OH‘] (A18)

K ,. K.
w here y -  1 + L1 L2

[H+ ] 2

Expressing [OH‘] a s  Kw / [H+] , [Na+] a s  NaQ , and  substituting for [HB] 

and  [H2 L] from eq n s  (A12) and  (A14) yields

Na + rH +l -  B + L yL o , r r y l j .
o  ̂  ̂ o o a  + a  " r + r ‘ +

Kw
P P [H+]
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Collecting term s,

[CXI < £  ♦ | - 1 )  = Na0 + [ Hl  + B0 ( l - 1 )  + L0 ( I - 1 ) - ^

O ne can  now solve for [CX'].

{ N a 0 + t H+] + B0 ( l - 1 )  + L0 ( | - 1 ) -  i }

[C X I ------------------------------ f - ------ - ------ i ----------------- L J —  (A19)

t W - 1 )

Equation (A19) can  be  used  to calculate [CX'] ; inserting this result in eqns

(A12) and  (A14) allows the evaluation of [HB] and  [H2 L] , respectively. 

Knowing the pH from the titration d a ta  , K1 can be calculated.

K 1  = [H+][CX]
[HB] [H i]

2.1.2 The pH Mixing Experiment

W hen the complexation reaction occurs , there is a  readjustm ent of all 

the equilibria involved resulting in a  pH change. Solutions of known 

concentration of boron acid and  ligand a re  ad justed  separately  to the sam e 

initial pH. Aliquots of one  are  then titrated with the o ther and  the pH change  is 

m easured.
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The equilibria which readjust are  a s  follows:

HB + H2 0  ^  H+ + B ' (B1)

H2 L ^  H+ + HL_ (B2)

Hl_- ^  H+ + L2" (B3)

The ch an g es  in the hydrogen ion concentration due to the  shift of reactions 

(B1 ) to (B3) are  defined below.

AH; = change due to dissociation of HB

AHg = change due to dissociation of H2L

AHg = change due  to dissociation of HL'

The conservation relationships are  a s  follows:

[HB] =  [HB]q - [C X I - AH; (B4)

[B1 =  [B"]Q + A ^  (B5)

[H2L] =  [H2L]q - AH; (B6)

[HL ] =  [HL"]0 - [C X I + a h ;  - a h ;  (B7)

[L2'] =  [ l \  + AH* (B8)

AH+ = A H ;  + a h ;  + a h ;  (B9)

In th e  co n serv a tio n  re la tio n sh ip s, th e  su b sc rip t ze ro  re fe rs  to  th e  initial 

concentration before any readjustm ent , and  A H + rep resen ts  the  m easured

pH change, that is , ([H f+] - [Hj+] ).
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From equations (B1), (B4) an d  (B5),

“  [HB]

=  ^ ( [ B ^ - f A H ; )  

”  [HB]q - [CX'] - AH |

Solving for A H *,

AH* = a  - p[CX"]

Khb [HB] - [H i [B]
w here a  = ——-------5------   5  and  8  :

k hb + [H, 1

From eq n s  (B9) and  (B 1 0 ),

AH* = AH - AH* - a  + p[CX^

From eq n s  (B2) and  (B6 ) ,

K li -

K L1 =

[Hf+] [HL-]

[H2 L]

[Hf+] ( [HL']p - [CX] + A ^  - A ^ )

[ H A  * A H 2

(B1 0 )

Khb + [Hf+]

(B11)

(B12)



2 9

Using e q n s  (B11) and  (B12), a n  expression  for AH* can  be derived in te rm s of 

variab les excep t AH* and  AH*.

This expression  is given in eqn  (B13).

Al I* -  Ku{ [H2L1 +oc~AH+^  tHf1  {a-[HL-]0-A H -y  [CX~] {[Hf+](1-p)-Ku  p}

A  3 "

From e q n s  (B 3 ), (B7) and (B8 ) ,

ih ; ] [ l2 ]
L2  [HL-]

[H l{ [L  X  + AH!}
K = -------------*-------- Q ^ ----- -- (B14)

1 2  [HM - [CX-] + AH! - a h !

Using eq n s (B11) and (B14), an  expression  for A H ! can  be derived in term s of
3

v ariab les  except AH* and A H *.

This expression  is given in eqn  (B15).

, ,  ,* K { [HL] + AH+ - a )  + [H"] { -[L2 ] ] + [CXI { K 0  -1 )}
AH, =  2-----------------------!-------- J ----------------- —------------- (B15)

3  ( Z K ^  + IH,"])



3 0

Equating  e q n s (B 1 3 )  an d  (B15) allows o n e  to  so lve for [CX-].

T h e  solution is given in eqn  (B16).

[CXI = (B16)

w h ere

Kl , { [HaL] 0  + g  - AH*} + [H*j { g  - [HL ] 0  - A H *} 

(K U + 2 [ H ^ )

{ [HL~]q + AH* - a } - [H(*] [L2\  

(2 Ku  + [H ,1)

( K ^ O - P ) )  < P - [Hfl (1 ~ P ))
( 2  + [Hj1] ) + ( Ku  + 2  [H(* ])

F ro m  th e  a b o v e  e q u a t io n s  , th e  c o n c e n tr a t io n  of th e  c o m p le x  c a n  b e  

ca lcu la ted . U sing e q n s  (B4) and  (B 1 0 ) , o n e  c an  ev a lu a te  [HB]. T he value  for 

[H2 L] c a n  b e  c a lc u la te d  from  e q n s  (B6 ), (B 11) a n d  (B 13). T h e  stability  

co n s ta n t can  th en  b e  determ ined .

[H,1 [CXI 

[HB] [H2 L]
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O nce the  stability co n stan ts  have been  determ ined , they can  be  u sed  to 

ca lcu la te  all equilibrium  co n cen tra tio n s  from  th e  eq u a tio n s  g iven in each  

derivation above . T he calcu la ted  va lu es  of th e  concen tra tions can  then  be 

u sed  to  p rep are  distribution d iag ram s of all boron-containing sp e c ie s  a s  a  

function of th e  pH.

The titrations a re  carried out at a  constan t tem peratu re of 25 °C  by use

of a  c ircu la tin g  w a te r  b a th . N itrogen  g a s  is b u b b le d  into th e  so lu tio n  

throughout th e  titration in o rder to rem ove any d issolved carbon dioxide from 

the  a tm osphere . The ionic strength  is m aintained at = 0.1 M by the addition 

of either potassium  nitrate or potassium  chloride. In order to correct for the 

hydrogen ion activity , the  Davies equation [76] given below w as used .

log y+ _ = -0 .5 1 z+ z_
1 +

0.3 y ir }

The pH m easu rem en ts  w ere obtained using th e  following m eters;

1. Corning Model 12 R esearch  pH Meter.

2. F isher A ccum et Model 620 pH Meter.

3. F isher Scientific Accumet Model 950 pH /  ion Meter.
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2.1.3 The 1 1 B NMR Experiments

The Boric Acid / Hydrogen Peroxide System

Stability  c o n s ta n ts  w ere  d e te rm in e d  by bo th  N aO H  a n d  pH mixing 

titra tions an d  w ere  u se d  to ca lcu la te  a  distribution d iagram  of all boron- 

containing sp ec ie s  a s  a  function of th e  pH. T he distribution diagram  w as then

u sed  to find suitable pH conditions for running th e  1 NMR experim ents. As

a  reference, the  signal of a  0.1 M B(OH ) 3  solution a t pH 6  w as se t at 0 ppm 

an d  all o ther sp ec tra  w ere recorded  relative to th is setting. T he sp ec tra  of 

solutions containing both 0.1 M B(OH ) 3  an d  1.0 M H2 O2  w ere recorded  in a  

pH range form 6  to 12, and  a  tem peratu re  range from 2.9 °C  to 55.5 ° C . In all

c a s e s ,  overlapping p e a k s  w ere  o b se rv ed . Although no quantitative 

determ ination of stability co n s tan ts  w as possible, the  resulting sp ec tra  gave 

qualitative ag reem ent with th e  predictions from th e  distribution diagram .

The Methylboronic Acid / Polyol System s

The 11B NMR sp ec tra  of m ethylboronic acid coordinating to ethylene 

glycol, 1,2-propanedio l,1 ,3-propanediol an d  glycerol w ere recorded  at 25  °C.

As a  reference , the signal of a  0 . 0 2  M CH3 B(OH ) 2  solution at pH 1 1  w as se t 

at 0 ppm. Methylboronic acid h as  a  pKa  value of 10.4 ; therefore , the  blank

solution a t pH 1 1  con tained  both CH3 B(OH ) 2  an d  CH 3 B(OH)3 '  . S ince one

peak  w as observed  in th e  blank solution, this m ean s that the rate  of 

interconversion of th e  trigonal boron acid and  the  te trahed ral bo rate  anion is 

fast on the  NMR tim escale.
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T h e  ca lc u la te d  d istribution d iagram  a n d  a  11B NMR spectrum  of

m ethylboronic acid and  1 ,3-propanediol is given in Figure 2-1. T he first peak  

in th e  spectrum  a t approxim ately 0  ppm  is ass ig n ed  to  both m ethylboronic acid 

and  m ethylboronate anion; the  seco n d , m ore narrow peak , is a ss ig n ed  to the

com plex. T he calculation of the  stability constan t from the 1 NMR spectrum

now follows.

For m ethylboronic acid coordinating to ethylene glycol, 1 ,2-propanediol 

and  1 ,3-propanediol, the  reaction may be written a s

B ’ + H2 L C X ‘ + 2H2 0  K2

From the  initial concen trations an d  th e  m easu red  pH, th e  following quantities 

are known : [HB] 0  , [H2 L]q and  [H+] a t equilibrium.

The integrated sp ec tra  gave :

A and A . 
h b + b  c x

w here A refers to the  a re a  under the peak.

The conservation  relationships are

[HB] 0  = [HB] + [B -] + [CX ']

[H2 L]q = [H2 L] + [CX-]

(C1)

(C2)



Figure 2-1 : Distribution Diagram and  1 'B  NMR Spectrum  for Methylboronic Acid /  1 ,3-propanediol S ystem
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pH = 10.32
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Since th e  sum  of the concentrations of all boron-containing sp ec ie s  is equal to 

[HB] 0  , the  following relationship is true.

10X 1 ■ v  1 |CS>

O ne can  u se  th e  known pH and  the known ionization co n stan t of th e  boron 

acid, K|_jB , to ex p ress  [HB] in term s of [B "]. The result is

[H+] [EH
[HB] =

khb

This expression can  be  substituted into eqn  (C1) a s  follows:

(HB]0 = tĤ IB1 + [B1 + [CXI
HB

r|.

[HB] 0  = [B] {1 + £ 1 }  + [CX]
HB

Solving for [B‘] ,

_  [HB] - [CXI
P I  n s   (C4)

[H iw here a  = 1 + i
k h b
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From eqn (C2),

[H2 L] = [H2 L] 0  - [ C X '] (C5)

Knowing the  initial concentrations and  th e  pH, the  values for [CX"], [B'] and

[H2 L] can  be  calculated from eq n s  (C3) - (C5). The stability constan t K2 can  

then be  determ ined.

[CXI
K2 =

[B~] [H±]

NMR sp ec tra  similar to  th e  one given in Figure 2-1 w ere obtained for 

m ethylboronic acid coordinating to ethylene glycol and  1 ,2-propanediol. For 

th e  m ethylboronic acid / gylcerol system  , an  additional p eak  w as observed  

since this ligand forms two com plexes with the boron acid. In all c a se s , the

stability co nstan ts  from the  1 1B NMR techn ique ag reed  with th o se  obtained

by pH titration m ethods to within ±  20 %.

The 11B NMR sp ec tra  w ere obtained using a  JEO L GX 400 - MHz

NMR spectrom eter operating at a  frequency of 128 MHz. Q uartz NMR tubes

(10 mm) had to be used  since strong 1 1B re so n an ces  a re  known to occur in

Pyrex [77]. All solutions w ere 0.1 M KNO3  ( o r K CI), and  approxim ately 25 % 

in D2 0  which w as u sed  a s  a  frequency  lock. T he so lu tions w ere freshly 

p repared  , and  th e  pH w as m easured  before and  after running the  experim ent.
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2.2 Determination of Rate Constants

2.2.1 The Relaxation Method

For sy s te m s  in w hich th e  re a c tio n s  a re  co m p le te  within th e  tim e of 

m ixing, c o n v en tio n a l a n d  flow m e th o d s  for ra te  m e a s u re m e n ts  a re  not 

suitable. In addition, th e se  c lassical m ethods usually determ ine an  overall rate 

co n s tan t which m ay be  co m p o sed  of equilibrium co n s ta n ts  an d  various rate 

co n s tan ts , depend ing  upon th e  s te p s  prior to th e  rate  determ ining step . T h e se  

s tu d ie s  a re  th e re fo re  difficult to  a n a ly ze  in te rm s  of individual e lem en ta ry  

reac tio n s, in o rd er to  obtain  inform ation ab o u t th e  d e ta iled  m ech an ism  by 

which a  chem ical reaction occurs, m ethods for studying very fast reactions a re

n eed ed . T he relaxation m ethods, originally d ev e lo p ed  by E igen [78] in th e

1950’s  , spann ing  a  tim e ran g e  betw een  1 an d  10 " 1 0  s e c o n d s , have b een  

proven to be very useful.

All re laxa tion  m e th o d s  a re  b a s e d  on th e  s a m e  principle. In s tead  of 

attem pting to  mix th e  reac tan ts , a  system  which is a lready  at equilibrium is 

p e r tu rb e d  by vary ing  an  ex te rn a l p a ra m e te r  ( for ex am p le , te m p e ra tu re , 

p re s s u re  o r e lec tric  field ), th e reb y  shifting th e  equilibrium  position  ; the  

p ro c e ss  by which th e  sy s tem  re tu rns to  a  new  equilibrium  s ta te  is called  

chem ical relaxation and  is charac terized  by a  time co n stan t called the 

relaxation tim e. An im portant assum ption  in relaxation m eth o d s is th a t th e  

perturbations a re  sm all and  this allows the  rate  expression  to  be linearized.



In o rd e r  to  d e f in e  th e  re lax a tio n  tim e , c o n s id e r  a  s p e c ie s  x w h o se  

concen tra tion  a t  any  tim e, t , m ay b e  e x p re sse d  a s  

x ( t ) = ( x ) + Sx

w h ere  ( x )  = a  time in d ep en d en t equilibrium  concentration

8 x = a  tim e d e p e n d e n t sm all deviation from equilibrium

F or sm all p ertu rb a tio n s , th e  ap p ro ach  to  th e  new  equilibrium  s ta te  is g iven  by 

th e  ra te  of d is a p p e a ra n c e  of th e  deviation from equilibrium , a n d  is proportional 

to  th e  deviation. T he first o rder ex p ressio n  is given by

= kSx (1)

w here  k = 1 /a:

t  = th e  relaxation tim e 

T he relaxation tim e is s e e n  to  b e  the  inverse  of th e  o b se rv e d  first o rd e r ra te  

co n s ta n t acco m p an y in g  th e  relaxation p ro ce ss .

A s e c o n d  definition of th e  relaxation tim e is o b ta in ed  from  th e  an a ly s is  

g iven  below . T h e  first o rd e r  differential eq u a tio n  ( 1 ) m ay  b e  re a rra n g e d  a s  

follows:

A re la tionsh ip  b e tw een  concen tra tio n  c h a n g e  a n d  tim e m ay b e  o b ta in ed  by 

integrating from tim e t = 0 (6 x = 6 x0  ) to  tim e t (5 x  = 5 x t ).
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Solving the integral leads to the following:

8 x
In = - k t

8xo

Sx. -ktor - —  = e
5xo

After substituting k =  1 /x  and  rearranging , one obtains

8 xt = e ' t/T 8 x0

w hen t = x  ,

Sx, = ( i ) S x 0 (2)

Therefore, the relaxation time is also the time it tak es  for the time dependen t 

concentration, 6 x, to  d ec rease  to (1 / e) of the initial value. This relationship is 

illustrated in Figure 2-2.

All th a t is m e a su re d  experim entally  is th e  relaxation  tim e . The 

ex p ress io n  for th e  relaxation tim e is a  function of all ra te  c o n s ta n ts  and  

equilibrium constan ts  and  d ep en d s  upon the  overall m echanism . S ince the 

system  is always close to equilibrium, both the forward and  the reverse rate 

constan ts will contribute in an additive way to the relaxation time.
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A sim ple kinetic derivation of th e  relaxation tim e exp ression  for a  sing le-step  

reaction is now given in o rder to illustrate the  following:

( I ) th e  linearization p ro cess

( I I ) th e  positive contributions of the forward and  reverse  rate co n stan ts

(I I I ) th e  d ep en d e n c e  of x  upon th e  overall reaction

C onsider th e  g en era l reaction below with equilibrium co n stan t K.

N k̂
A + B ^  C K = tI  (3)kf Kf

T he rate law is given by

- ^  = k, (A) (B) - kr (C)

At any  tim e t , the  concentration te rm s m ay be ex p an d ed  a s  the  sum  of an 

equilibrium value and  a  sm all deviation from equilibrium term .

(A) = (A ) + 5A

(B) = (B ) + SB

(C) = (C ) + SC

w h ere

(A), (B) and (C) = time independent equilibrium concentrations 

5A, SB and SC = time dependen t small deviations from equilibrium
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The rate law may be rewritten using the  expanded  concentration term s.

- d ( (A > + 8A) = k, ( (A) + 8 A ) ( (B) + S B ) - kr ((C ) + 8 C )

'  = k, ( ( A)(B) + (A)8 B + (B)8 A + 8A5B ) - k, ( (C) + 8 C ) (4)

Equation (4) m ay be simplified by u se  of the  following:

a. Since (A) d o es  not dep en d  upon tim e, = 0 .

b. At equilibrium, k{ (A) (B) - kf (C) = 0 .

c. For small perturbations, the  deviations from equilibrium a re  small, that 

is, 8 A « (A). Therefore, the  crossterm s can be neglected or 8 A8 B = 0, 

and  the  rate expression  is linearized.

After satisfying th e  above conditions in eqn  (4 ) , one obtains

- ^ T  = IS ((A) SB + (B )8 A ) - k ,(S C )

From conservation , 6 A = 6 B = - 5 C  . Using this relationship leads to 

- ^ f i T  = < K, < <*) + (B)) + k, )S A  (5)

This equation is a  first o rder differential equation and  , by definition ,

t  = (M <A > + (B)) + k, ) '  (6 )
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Equation (6 ) con tains two variables , kf an d  kr . Elimination of one of the 

variab les by u se  of th e  relationship kr = kf /  K , w here K is th e  equilibrium 

c o n s ta n t , yields

x = (  K, ( (A) + < ! ) )  + ) ' 1 (7)

T h e se  last two equations reveal the  d ep e n d e n c e  of th e  relaxation tim e upon 

equilibrium  co n cen tra tio n s, equilibrium  c o n s ta n ts  an d  th e  forw ard an d  the 

reverse  ra te  constan ts .

T he kinetic derivation given ab o v e  w as for th e  c a s e  in which a  sim ple 

reaction occurs in a  single s tep , and  is accom pan ied  by o n e  relaxation time. 

Very often, reactions occur in a  se rie s  of coupled  s tep s , so m e  of which m ay be 

fast diffusion controlled s te p s  ( for exam ple, protolytic reactions ) , while o thers  

m ay be slow er. In the tem perature-jum p experim ents covered  in th is thesis , the 

equilibria of protolytic reac tio n s  a re  rapidly e s ta b lish e d  with re sp e c t to  th e  

tim esca le  of th e  instrum ent an d  a re  con sid e red  to  be  alw ays in equilibrium.lt 

is  th e n  p o ss ib le  to  follow th e  re laxation  of th e  s lo w er s te p s .  F o r su ch  a  

m ultistep m echanism , w hen there  is m ore than  one s tep  exhibiting a  

relaxation effect , th e  num ber of relaxation tim es ex p ec ted  is given by th e

equation  below [79].

n = x - ( m + r ) (8 )

w h ere

n = the  num ber of relaxation tim es expected  

x = the num ber of concentration variables in th e  equation 

m = th e  num ber of conservation relationships 

r = th e  num ber of rapid ( protolytic) equilibria
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As an  exam ple, consider th e  following reaction m echanism .

HA ^  H+ + A‘

A ' + L AL"

AL" + L AL2 ‘

T he num ber of relaxation tim es expected  , n , is given by n = 6  - ( 3  + 1 ) = 2. 

This m ean s  th a t th e re  will b e  two independen t ra te  eq u a tio n s  describ ing the  

system .

In the  g en era l c a se , for n relaxation tim es, th ere  a re  n in d ep en d en t rate  

equations. At equilibrium, th e  ra te  eq u a tio n s  a re  linear first o rder differential 

equations of th e  form

w here the  a t- j ’s  a re  functions of equilibrium concentrations and  rate constan ts

which ap p e a r  in the  rate expression . In o rder to  solve such  a  system  of 

equations, one  can  u se  th e  matrix m ethod to  rewrite th e  equations in th e  form

d Sx.
/

(9)d t

d #  = {a H x J
d t (10)

w here fo }  is a  colum n matrix ( Sx^ Sxg . . .  5xn ) and  ^a } is an  nxn matrix with

coefficients a
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Solving by in tegration , th e  solution d e fin es  th e  e le m e n ts  of th e  A m atrix in 

te rm s of 1 /t , -  [80]. T he relaxation tim es t ;- a re  th e  e ig e n v a lu e s  o b ta in ed  b y  

solving th e  determ inan t

a 11 ■“  a 12 a 1n

a 21 a 2 2 _ ~rT
a 2n

a n1 ... a n n " “

S ince th e  reac tions a re  all coupled , th e  relaxation tim es a re  not 

a s so c ia te d  with particu lar s te p s  but a re  functions of all equilibrium 

co n cen tra tio n s, equilibrium  co n s ta n ts  an d  rate  c o n s ta n ts  in th e  en tire  reaction 

m echanism . T he coupling h ere  is an a lo g o u s  to  th a t found in vibrational 

sp ec tro sco p y  w here  th e  frequency  of a  norm al m ode is m e a su re d  ra ther than  

th a t of a  single bond. T he relaxation tim es of coup led  reac tions a re  functions 

of th e  norm al m o d e  co o rd in a te s  of th e  sy s tem . T h e  norm al m o d e s  of th e  

reac tio n  a re  lin ea r c o m b in a tio n s  of th e  c o n c e n tra tio n s  of all th e  s p e c ie s  

p resen t.

The num ber of relaxation tim es ca lcu la ted  from eq n  (8 ) a re  not alw ays 

o b se rv e d  ex p erim en ta lly . T h e re  a re  v a rio u s  r e a s o n s  fo r th is . F irst, if th e  

am plitude is too sm all, it m ay not be  s e e n . S trehlow  an d  J e h n  have reported  

on th e  difficulty of se p a ra tin g  relaxation  tim es of d ifferen t am p litu d es ev en  

w hen th e  t ’s  differ by a  facto r of four [81]. Secondly , if th e  relaxation p ro cess  

is too  fast o r too slow  with re sp ec t to th e  tim esca le  of th e  instrum ent, no
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exponential is observed. Third, if two relaxation tim es have the  sam e  time 

constant, only a  single relaxation time will be seen  [82]. Finally, if a  steady 

sta te  exists for a  particular species, no relaxation for that p rocess  will be 

obtained [83].

The relaxation technique h as  been  u sed  successfully  in th e  elucidation 

of num erous reaction m echanism s. O ne of the  limitations of this technique is 

th a t th e  system  m ust be reasonably  reversible so  that de tec tab le  

concentrations of all spec ies  are  present at equilibrium.

In o rd e r  to  o b se rv e  a  re laxation  p ro c e ss , o n e  w ay to  p e rtu rb  th e  

equilibrium is by a  su d d en  change  in th e  tem pera tu re . Most reactions are

tem perature dependen t and  from the van’t Hoff equation [84],

6  InK = AH
6 T '  R T 2  ’

a  system  having a  finite AH value will experience a  shift in equilibrium upon a 

ch ange  in tem perature T. W hen the tem perature is the  sta te  param eter used  to 

pertu rb  th e  sy stem , th e  techn ique  is referred  to a s  th e  tem pera tu re-jum p  

m ethod. It is important to note that one of the requirem ents for being able to do 

tem perature-jum p stud ies is that at least one s tep  in the  m echanism  m ust have 

a  finite AH value so  that m easureable ch an g es  a re  observed.

2.2.2 The Temperature-jump Experiment

The initial equilibrium of the reaction mixture is perturbed by an  abrupt 

increase in the tem perature. The most commonly used  m ethod for obtaining
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the tem perature rise is by Joule heating in which a  high voltage capacitor is 

rapidly d isch arg ed  through th e  solution. The am ount of electrical energy  which 

is delivered into th e  system  is given by

w here C = capacitance  (farads)

U = charging voltage (volts)

The tem perature rise is an  exponential function of tim e and  is characterized  by 

a  finite rise time which is given by RC/2 , w here R is th e  resistance  (ohms) and 

C is th e  cap acitan ce  (farads). W hen the  reactions occu r in tim es much longer 

than RC/2, the tem perature  rise is c lose  to a  s tep  function and  the  heating 

p ro c e ss  c an  be c o n s id e re d  to o ccu r in s tan tan eo u sly . In th is  m anner, th e  

approach  to a  new equilibrium s ta te  a t the  final tem peratu re  is in acco rdance 

with the  rate laws governing th e  system  and is first order [78].

To ensu re  tha t x »  RC/2, the resistance of the  solution is kept low by the 

addition of an  inert electrolyte ( 0.1 M K N 03  or 0.1 M KCI ). For a  typical 

e x p e r im e n t, th e  e le c tr ic a lly  co n d u c tin g  a q u e o u s  so lu tio n  h a s  a  sm all 

re s is tan ce  of abou t 100 ohm s which leads to  a  fast rise time. T he ad d ed  

electrolyte also  m aintains a  constan t ionic strength in th e  reaction mixture.

T he e lec trica l e n e rg y  from th e  c a p ac ito r  is d isc h a rg e d  th ro u g h  th e  

solution within a  very short tim e. In order to produce a  fast hom ogeneous 

tem p era tu re  rise in the  system , an energy  distribution m ust take place. For 

liq u id s , th e  energy distribution am ong translational and  rotational m odes
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occur within 10 " ^ 2  seco n d s. In th e  c a s e  of vibrational m odes, th e  tim e 

required  for en erg y  tra n sfe r is longer th an  1 0 " 1 2  s e c o n d s  bu t is  still le ss  than

th e  tim e required  for th e  tem p era tu re  rise (10"® s e c . ). T herefore, for a q u eo u s

solu tions, a  com ple te  equilibration an d  distribution of en erg y  o ccu rs  within the  

risetim e of th e  tem peratu re .

A n o th e r po in t to  c o n s id e r  is th a t  of th e rm a l e x p a n s io n . S in c e  rap id  

heating  of th e  solution ta k e s  p lace  a t co n s tan t volum e, th e re  is a  relatively 

la rg e  in c re a s e  in th e  p re s s u re  ( up  to  50  a tm  ) w hich a c c o m p a n ie s  th e  

te m p e ra tu re  c h a n g e . T h is  p r e s s u re  in c r e a s e  is  p ro p a g a te d  th ro u g h  th e  

solution a s  a  sh o ck  w ave. T he reflection of th e  sh o ck  w ave by th e  w alls of the 

sam p le  cell result in cavitation effects  which a re  d u e  to  th e  rise an d  co llap se  of 

th e  w ave. T h e se  effects b eco m e im portant if th e  heating  p ro ce ss  o ccu rs  in less

th an  1 0 - 5  s e c o n d s  an d  can  b e  avo ided  by working a t low er te m p e ra tu re s  [78].

T he p re ssu re  variation with ch a n g e  in tem p era tu re  is given by

( 3P) = . / 3V,  ,3P)  = fE
' dT  ;V ' 3T 'P y d V ' T

At low te m p era tu re s , for exam ple  a t  4  °C , cxP = 0 for H2 0  an d  cavitation

e ffec ts  p ractically  d isa p p e a r . T h e  th eo ry  of th e  re laxation  m eth o d  a n d  th e  

e x p e rim en ta l te c h n iq u e s  for v a rio u s  a p p lic a tio n s  h av e  b e e n  d e s c r ib e d  in 

m any tex ts  [78,80,82,84,85].

A sch em atic  d iagram  of th e  tem p era tu re-ju m p  a p p a ra tu s  u s e d  in th is  s tudy  

given in Figure 2  -3.
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In a  typical experim ent, th e  reaction m ixture is allow ed to equilibrate a t 

15 °C  by u s e  of a  circulating w a te r b a th . A 0.1 p f a ra d  c a p a c ito r  is th en

c h a rg ed  to  3 0 ,000  volts by a  high voltage pow er supply. Using an  ex ternal 

tr ig g e r , a  v a r ia b le  s p a rk  g a p  c o m p le te s  th e  c irc u it a n d  th e  c a p a c i to r

d isch a rg e s  45  Jo u le s  of en erg y  into th e  solution within 10"® to  10 ' 6  s e c o n d s .

T he sam p le  cell is d es ig n ed  such  that th e  total volum e of solution is 25  ml but 

th e  volum e betw een  th e  two s ta in le ss  s te e l e lec tro d es  is 1 ml. T he input of 45 

Jo u le s  of en erg y  h e a ts  th e  1 ml of solution by 10 °C. T he rem aining solution

ou tside  of th e  e lec tro d e  region a c ts  a s  a  h ea t sink an d  after approxim ately  1 

s e c o n d , c o n v e c tiv e  c o o lin g  b e g in s . T h e  u p p e r  limit o f th e  tim e  ra n g e  

a ccess ib le  to th e  tem peratu re-jum p is therefo re  1 seco n d . T he low er limit is s e t  

by th e  rise tim e of th e  instrum ent which is given by

t _  B C  
“  2

T he cell re s is tan ce  of 100 ohm s an d  th e  cap ac itan ce  of 0.1 p  fa rad  lead s  to 

rise time of 5  p s e c  which is well out of th e  ran g e  of any  of th e  relaxation tim es 

stud ied . T he 1 0  °C  rise in th e  tem p era tu re  is experim entally  confirm ed by th e  

com parison  of th e  output vo ltages of an  indicator solution a t 15°C  a n d  25°C

w ith th e  c h a n g e  in v o lta g e  w h ich  is  o b s e r v e d  w h e n  th e  c a p a c i to r  is 

d isch a rg ed  through  th e  solution.

This tem pera tu re-jum p  instrum ent u s e s  a  spec tropho tom etric  m ethod of 

d e tec tio n  bu t co n d u c tim e tric  a n d  po larim etric  d e te c tio n  s y s te m s  a re  a lso  

known. S ince th e  re ac ta n ts  a re  co lorless, th e  sy stem  is co u p led  to an  acid  - 

b a se  indicator an d  th e  ch an g e  in a b so rb a n c e  of th e  indicator is m onitored a t a
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su itab le  w aveleng th  ( K m ax = 5 5 3  nm  for pheno lph thale in  an d  596 nm for 

thymol blue ). T h e  proton tran sfe r reaction of th e  indicator is rapidly 

e s tab lish ed  an d  is th erefo re  alw ays in equilibrium with th e  slow er 

com plexation p ro cess . From th e  coup led  reac tio n s th e  c h a n g e  in 

concentration  of o n e  of th e  reac tan ts , th e  hydrogen ion, is m onitored a s  the  

system  a p p ro a c h e s  th e  new  equilibrium s ta te  a t 25  °C.

2.3 Relaxation Expressions for Boron Acid S ystem s

T h e  e x p re s s io n  fo r  th e  re la x a tio n  tim e  d e p e n d s  u p o n  th e  o v e ra ll 

m echan ism . T he relaxation tim e can n o t b e  a s so c ia te d  with any  particu lar s tep  

but is a  function of all ra te  co n s ta n ts  ( both forw ard a n d  rev e rse  ), equilibrium 

co n cen tra tio n s, d issociation  c o n s ta n ts  an d  stability co n s ta n ts . T he equilibria 

for th e  fo rm atio n  of a  1 : 1  co m p lex  from  a  s u b s titu te d  b o ro n  a c id  a n d  a  

b id en ta te  chelating  ligand a re  p re se n te d  in S c h e m e  1 . T h e  derivation  of th e  

relaxation ex p ress io n  now  follows.

2.3.1 General Boron Acid / Ligand System

Schem e 1

Rapid Protolytic Equilibria:

HB + H20  ^  H+ + B'
. [H+][B~]
H B ”  [HB] (D1)

^  H+ + HL'
[H*][HL~] 

L1 [H2 L]
(D2)

Hln H+ + ln- K _  [H*][ln-]
m [Hln] (D3)

^  H+ + O H' Kw = [HltOH-] (D4)
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C om plexation  equilibria:

klHB + H_L C X  + H+ K1 (D5)
2  k,

k 2
B' + H_L CX" + 2H O K2 (D6 )

2 k 2 2 v '

HB + HL' ^  CX* + H O  K3 (D7)
k-3

k4
B' + HL' ?± CX' + 0 H ' + Ho0  K4 (D8 )

k.4 2

T he protolytic equilibria of boron  acid , ligand a n d  ind icato r a re  m uch fa s te r  

th an , a n d  a re  a lw ays in equilibrium  with, th e  com plexation  s te p s . T herefo re , it 

is po ssib le  to  follow th e  ra te  of th e  s low er com plexation  reaction .

T he v ariab les  a re : HB, B ', H2 L, HL', C X ', H+ , O H ', Hln, In'

T he co n serv a tio n  re la tionsh ips a re :

0 = 6 HB + 6 B" + 5CX " (D9)

0 = 5 H 2 L + 5 H L ' + 6 C X ' (D10)

0 = 6 Hln + 6 ln" (D11)

6 H+ = 6 B ' + 6 H L' + 6 CX" + S O H ' + 6 ln ' (D12)

T h e  nu m b er of relaxation tim es n is g iven by th e  eq u a tio n , n = x - ( m + r ), 

w h e re  x = th e  n u m b e r  of v a r ia b le s ,  m = th e  n u m b e r  of c o n s e rv a t io n  

re la tionsh ips a n d  r = th e  nu m b er of rapid protolytic equilibria.

In th e  p re se n t kinetic S ch em e , x = 9, m = 4  an d  r = 4. T herefore , o n e  relaxation
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tim e should  be  seen  an d  th e  expression  for the  relaxation tim e should  take the 

form:

d 8 CX' 1 c w -  
- ~ a r  =  t  8C X

The com plexation pathw ays given by e q n s  (D6 ) and  (D7) have the sa m e  pH 

d ep en d en ce . Due to  th is “ proton ambiguity," the  two reactions a re  kinetically 

in d is tin g u ish ab le . T his m e a n s  th a t  th e  v a lu e s  for th e  ra te  c o n s ta n ts  for 

reactions (D6 ) and  (D7) cannot be determ ined exactly but upper limits could 

be se t for either one.

From the  com plexation m echanism  (D5) - (D8 ), th e  rate  law m ay be described  

in the usual m anner, that is

+ d jC X J . = ^  [HB] ^  ^  [H+] [CX-j

+ k2  [B1 [H2 L] - k 2 [C)C]

+ k3 [HB][HLl - k 3  [CX- ]

+ k4 [B’][H Ll - k^[C X -][O H l (D13)

Due to th e  “ proton ambiguity ” phenom enon, th e  term s in the  rate  expression 

containing k2 > k_2 , k0  and  k.g in eqn (D13) m ay be  rewritten a s  follows:

First, from eqn (D1),

[HB] =
[H+] [B*]

KHB
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and, from eqn  (D2),

KL1 [H2 L]
[HL1  =

[H i

T h ese  two exp ressions m ay be substitu ted into the  k2  , k_2  , k3  an d  k_3  term s 

in the  rate law, that is,

k2 [B'][H2 L] - k_2 [CX'] + k3 [HB][HL‘] - k.3 [CX']

K L1= ( k  L] - ( k  + k _ ) ICX-]
HB

= k'[B1 [H I]  - / [ C X ]

/ K. u
w here k = k + k —^  and  k = k „  + kc, o K md m3

HB

T he com plete rate law in eqn  (D13) m ay now  b e  described  a s

+ d J C X J  = ^  [HBJ ^  ^  [H+) [CX- j

+ k'[B1[H,L] - / [ C X ]

+ k , [B1 [HL] - k ^ [C X ][O H ]
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E xpressing  th e  concen tra tions a s  an  equilibrium value plus a  sm all deviation 

from equilibrium, th e  ra te  law beco m es

+ - - [Ĉ -t+ ~C* } = k,( [HB]+SHB)( [H2 L]+8 H2D  - k 1 ( [H+]+8 H+)( [CX'l+SCX’)

+ k/( [ B > 8 B')([H  L]+8 H_L) - \l'( [C X > 5C X ‘ )

+ k4 ( [B > 8 B ')([H L > 8 HL‘) - k^([C X ']+8C X ')([O H >80H ‘)

This expression  may be  simplified by u se  of th e  following:

(1) th e  equilibrium concentration [CX5] d o es  not d ep en d  upon time;

, d  [CX5] 
therefore, —3 — -  = 0  

d t

(2) a t equilibrium, ^  [HB] [Fyl] - k 1 [H*j [C>q = 0 ,

k7 [B i [FyT] - k" [CXI = 0

and k [B“] [HL-] - k ,[C X '][O H ] = 0

(3) S ince th e  perturbation is small th e  expression  can  be linearized, tha t is,

8 HB SH2L = 8 H+ 8 CX' = 8 B' 8 H2L = 8 B' 8 HL' = 8 CX' SOH' = 0
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After satisfy ing  th e  ab o v e  conditions in th e  ra te  law, th e  resulting  ex p ress io n  

b e c o m e s

+ — ^  ( [HB]8 H2L + [FyI]SHB ) - k 1 ( [H+ISCX- + [C X i8 H+ )

+ k ' ( [Er]8 H2L + [F y I]S B ') - k" ( 8 CX")

+ k4  ( [B=]8 HL'+ [HLTjSB') - k 4  ( [CXr]80H '+  [O H iS C X ') (D14)

T h e  ex p ress io n  for th e  relaxation  tim e w as  o b ta in ed  in th e  following m anner. 

T h e  co n cen tra tio n  te rm s  in th e  protolytic e q u a tio n s  (D1) - (D4) a re  e x p a n d e d  

a s  th e  su m  of equilibrium  v a lu es  p lus sm all deviation  te rm s. T h e  ex p re ss io n s  

a re  th en  linearized  in th e  s a m e  m an n e r a s  befo re . T h e  resu lting  e q u a tio n s  a re  

th en  co m b in ed  with th e  co n serv a tio n  re la tio n sh ip s g iven  by eq u a tio n s  (D9) -

(D12) in o rd e r to  e x p re s s  all v a riab les  in eq n  (D14) in te rm s  of 6 C X '. S in ce  K

= kf /  kr , th e  re v e rse  ra te  c o n s ta n ts  a re  rew ritten in te rm s  of th e  stability  

c o n s ta n ts  a n d  th e  forw ard ra te  c o n s ta n ts . After satisfying all of th e  a b o v e , th e  

ra te  law ta k e s  th e  form

d SCX~ 
d t
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w here

1 =  k, ( S  [HB] + R [H2 L] +
[H+] P [CX-]
K1 + K1

+ k '( S [ B l  + T [H 2 L]) + k//

+ k4 (V [B l + T[H L] +
Q [CX‘] [OH"]

K4 + K4

In the above  relaxation expressions P, Q, R, S , T and  V are  com plex functions 

which a re  co m p o sed  of equilibrium concentrations, dissociation co n sta n ts  and 

stability co n stan ts . T h e se  ex p ress io n s  a re  known an d  a re  defined in Appendix 

A.

B efore  carry ing  o u t an y  ex p e rim en ts , b lan k  so lu tio n s  c o n s is tin g  of 

indicator alone, indicator plus boron acid and  indicator plus ligand are  

checked  to  m ake su re  that there  is no effect in the tim e range accessib le  to the 

instrum ent. For each  system  studied, relaxation tim es a re  ob tained  by varying 

th e  concentrations of th e  boron acid and  the  ligand a t different pH values. By 

s u ita b le  a d ju s tm e n t of th e  pH , d iffe ren t te rm s  in th e  a b o v e  re lax a tio n  

expression  can  be m ade to dom inate. For exam ple, phenylboronic acid h as  a  

pKa  of 8.72 and  if stud ies a re  done in the  pH range be tw een  pH 2 an d  pH 5, 

then  equations (D6 ) and  (D8 ) do not exist. The above four - term  relaxation 

expression  is therefore simplified to a  two - term  expression.

For e ach  experim ent a t leas t th ree  relaxation tra c e s  a re  recorded  on an 

o sc illo sc o p e  a n d  p h o to g ra p h ed . T h e  re laxa tion  tim es  a re  o b ta in ed  from

sem ilogarithm ic plots of In 6 CX‘ a s  a  function of time, and  x  is th e  tim e for the

concentration to d e c re a se  to 1/e of the initial value. This is show n graphically 

in Figure 2-4.
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T he relaxation tim es m easu red  a t two different sw eep  s p e e d s  generally 

a g re e  within ±  10 %. T he experim entally  determ ined  x  then  yields the  rate of

the  reaction 1 /t: in units of s e c '1. From th e  known dissociation co n s ta n ts  and

stability co n s ta n ts  th e  concentration  coefficients in th e  relaxation expression  

a re  calculated . T he ra te  exp ression  is then  fitted with co n stan t v a lu es for the 

k’s  an d  th e  reported rate  constan ts  a re  the o n e s  obtained from th e  b es t fit.

2.3.2 The Methylboronic Acid / Diol System

M ethylboronic acid, a  substitu ted  boron acid with a  pKa  of 10.4, form s 1 :1 

c o m p le x e s  with e th y le n e  glycol, 1 ,2 -p ro p a n e d io l a n d  1 ,3 -p ro p a n e d io l in 

a q u e o u s  so lu tion . T h e  tem p era tu re -ju m p  ex p e rim en ts  w ere  d o n e  in b as ic  

solution b e tw een  pH 8  an d  pH 10. S ince th e  pKa  of all of th e  ligands is 13, the

concentration  of HL' is very sm all in th e  pH range studied. This m ean s  th a t th e  

pathw ays to  com plex formation - HB + HL' ** C X ' + H2 0  and  B" + HL' ^

C X ' + O H ' + H2 0 ,  b eco m e  unim portant. T herefo re , for th e s e  ligands, th e

co m p lex a tio n  m ech an ism  g iven  in S c h e m e  1 sim plifies to  th e  o n e  given 

below.

Schem e 2

kl +HB + H i  <=* CX" + H K1
2  k-i 

^2
B' + H L  <± CX  + 2 H O  K2

2  k0 2
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The rate  law is given by

+ = k, [HB] [H2 L] - k , [CX- ] [H*]

+ k2 [B ][H 2 L] - k 2 [CX-]

T he conservation  relationsh ips rem ain th e  s a m e  a s  given in eq u a tio n s  (D9) to 

(D12). T h e  expansion  of th e  concentration te rm s an d  th e  linearization p ro cess  

a re  d o n e  in exactly th e  sa m e  m an n er a s  before. T he final form of the  rate law 

is given below.

d 8 CX k1 ( S  [HB] + R [H 2 L] +
[H+J P  [CX']
K1 K1

)5C X '

+ k_ ( S  [B-] + T [H L] +
K2

) 8 CX'

T h e relaxation ex p ress io n  is th en  given by

[H+] P  [CX]
f  ^  (S [H B ] + R[H 2 L] + ^

1+ k2 (S [B -] + T [H 2 L] + ) (D15)

w here P, R, S a n d  T a re  defined in A ppendix A. T he ab o v e  relaxation
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e x p re ss io n  a p p lie s  to th e  m ech an ism  g iven  in S c h e m e  2. F o r a  d ifferent 

m echan ism , for in stan ce  o n e  which tre a ts  th e  ionization of th e  boron acid  a s  

being non-diffusion controlled, a  different relaxation ex p ress io n  is ob tained . As 

m entioned before, x  is th e  only m easu rem en t which is ob ta ined  from th e  

kinetic experim ent. T he value of Mx to g e th e r  with th e  know n concen tra tion  

coefficients a re  u sed  to de term ine k-j an d  k2  in equation  (D15). T he v a lu es  for 

k 1 an d  k2  can  th e n  b e  u se d  to  ca lcu la te  a n  ex p ec ted  relaxation  tim e, again  by 

th e  u se  of equation  (D15). A sam p le  of th e se  d a ta  is g iven in T ab le  2 - 1 . It is 

im portant to  no te  th a t th e  in dependen t determ ination of th e  stability co n stan t is 

n e c e ssa ry  not only for th e  calculation of th e  equilibrium  co n cen tra tio n s, but 

a lso  for rew riting th e  re v e rse  ra te  c o n s ta n ts  in te rm s  of th e  forw ard  ra te  

co n s ta n ts  an d  the  approp ia te  stability co n stan ts .
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T a b le  2-1: Kinetic D ata for Methylboronic Acid /  1,2-propanediol System

pH [H2 L]q [HB] 0 [Hln] 0 t  m s(expt) t  m s (calc)

9.87 0.149 0.049 5.68x10 ‘ 5 14.1 11.4

9.55 0.149 0.046 7.60x1 O' 5 12.5 11.4

9.21 0.149 0.045 9.49x1 O' 5 10.3 11.4

8 . 8 8 0.149 0.046 9.49x10 " 5 9.9 11.4

8.51 0.149 0.045 9.49x1 O' 5 1 1 . 1 1 1 . 2

8.38 0.150 0.046 3.17x10‘4 9.2 11.3

8.24 0.150 0.046 3.17X10’4 9.1 1 1 . 1

9.10 0.217 0.033 9.49x1 O' 5 8 . 0 9.5

9.06 0.054 0.033 9.51x1 O' 5 14.5 16.2

9.24 0.149 0.023 9.49x1 O' 5 1 2 . 2 11.5

8.93 0 . 1 2 2 0 . 0 2 1 2.70x1 O' 4 15.3 1 2 . 8

8.70 0 . 1 2 2 0 . 0 2 1 2.70x1 O’ 4 15.7 1 2 . 8

8 . 2 0 0.142 0.044 4.42x10"4 1 2 . 0 11.5

Hln = Phenolphthalein
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2.3.3 The Methylboronic Acid / Glycerol System

M eth y lb o ro n ic  a c id  r e a c ts  w ith g ly c e ro l to  fo rm  tw o  c o m p le x e s  in

so lu tio n ; a  f iv e -m em b ered  c h e la te  co m p lex  CX., 2" a n d  a  s ix -m e m b e re d  

c h e la te  com plex  CX 1 3". T he pKa  of glycerol is 13 and , a s  in th e  c a s e  of the

m ethylboronic acid/diol sy stem s, th e  concen tra tion  of HL" is negligible in the

pH ran g e  s tu d ied  ( pH 8  - pH 10). T he com plexation  m echan ism  is given in 

S ch em e  3.

Schem e 3

k’HB + H L CX1 0  + H K1 (F1)
K.1 1 ,2

B' + H2L & CX1 2  + 2H20  K2 (F2)

•s
HB + H L  C X .\ + H+ K3 (F3)

2  ka 1.3

4̂
B + H2L C X j3  + 2HzO K4 (F4)

-4

c x ; . 2  f  c>r,.3 k s  <f 5 >-5

T h e derivation  of th e  relaxation  e x p re ss io n  for m ethy lboron ic  acid  

coordinating to  glycerol is given below.

T he variab les a re : HB, B", H L, HL', CX.' , C X '_  , H+, OH", Hln, In’d i,d 1,3
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T he conservation  relationships a re  a s  follows:

0  = 8 HB + 8 B‘ + 8CX'0 + 8CX' .  (F6 )l,d 1,0

0 = 8 H2L + 8 HL’ + 8 CX1 2  + 8 C X j3  (F7)

0 = 8 Hln + 5!n- (F8 )

0 = 8 B' + 8 HL' + 8 C X ;o + 8 C X ’ + 80H ' + 8 ln’ (F9)\td 1,0

T he equilibrium ex p ress io n s  a re  given by

K -  [H+] [ B 1  (FW)
HB "  [HB] '  ^

_ [H+] [HLl
\  (F1 1 )

_  [H i [in']
in “  [Hln] ( ^

K* = [H i [OH] (F13)

T he num ber of relaxation tim es is given by th e  equation  x - ( m + r ) w here x, 

m an d  r w ere defined  on p a g e  43. For this sy stem , x=10, m =4 a n d  r=4. This 

m e a n s  th a t two relaxation tim es a re  ex p ec ted ; only o n e  is o b se rv ed . R ea so n s  

for observ ing  a  nu m b er of relaxation tim es  le ss  th an  th e  n u m b er p red ic ted  

w ere p re se n te d  on p ag e  45.
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S in ce  th e  reaction  m ech an ism  is ch a ra c te r iz e d  by tw o relaxation  tim es, th e re  

a re  tw o linear differential eq u a tio n s  which d e sc rib e  th e  sy stem .

d [cx; ]
+ - -  JT = k1 lHBl tH2Ll ' k-1 tH 1  [CX’ J

+ k2 [B] [H2L] - k 2 [CX-12]

- k5 ^  -  k-5 tc x 'i.3]

d  tc x 'i 3j+ -  d f 3 = k3 [HB][H2L] - k 3 [H ] [CX'13]

+ k4 [B-] [H2L] - k^[CX-13]

+ k5[cx*12] - k5[cx; 3]

F or su c h  a  kinetic sy s tem , th e  relaxation tim es a re  found by solving th e  se c u la r  

d e te rm in en ta l eq u a tio n

l12

a 21 a 2 2 ~ ~  X

= 0 (F14)
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The two solutions to the resulting quadratic equation a re  given by

1 ‘ { a i1 +  a 22  ̂ ±  ^  a i1 + a 22  ̂ 4 ( a n a 22 " a i2a 21 )  ̂ / r i  n
^ 7 ------------------------------------------- 2 ---------------------------------------- (F15)

The coefficients a ^  a n d  a 1 2  a re  functions of rate c o n sta n ts  and  equilibrium 

concentrations asso c ia ted  with the  reactions given in equations (F1), (F2) and 

(F5). The coefficients a 2 1  an d  a 2 2  a re  functions of the ra te  co n s ta n ts  an d  

equilibrium concentrations a sso c ia ted  with th e  reactions given in equations 

(F3), (F4) and  (F5).

The ex p ressions for a 11( a 12, a 21  and  a 2 2  w ere derived in th e  following 

m anner. T he concen tra tion  te rm s  in th e  equilibrium e x p re ss io n s  g iven  by 

equations (F10) - (F13) w ere ex p anded  a s  th e  sum  of equilibrium v a lu es  plus 

small deviation term s. T he exp ressions are  then  linearized in a  similar m anner 

a s  outlined in Section 2.2.1. T he resulting equations a re  com bined with the 

conservation relationships given by equations (F6 ) - (F9) so th a t all variables

are  ex p ressed  in term s of SCX i 2" an d  6 CX13 '. Similarly, th e  concentration

term s in the rate law a re  expanded  a s  the sum  of equilibrium values plus 

sm all d ev ia tio n s  a n d  th e  ra te  ex p ress io n  is linearized . T h e  re v e rse  ra te  

c o n s ta n ts  a re  rew ritten  in te rm s  of th e  forw ard ra te  c o n s ta n ts  a n d  th e  

appropiate stability constan ts .
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After satisfying the  above conditions, the final form of the  rate law is given by

P, R, S  and  T a re  functions of equilibrium co n cen tra tio n s  an d  equilibrium 

co n stan ts  which a re  all known. T h e se  functions a re  the  sa m e  a s  in Appendix A 

w hen Ki_-j = Ki_.

The coefficients a-^,  a-j2 , a 2 1  and  a 2 2  a re  s e e n  to  be functions of all 

ra te  c o n s ta n ts , equilibrium  co n cen tra tio n s  an d  equilibrium  c o n s ta n ts , th u s  

depending  upon the overall m echanism  of th e  reaction. Putting in values for 

th e  rate co nstan ts  together with the known concentration coefficients, it is then

d 5CX; 2

dscx;.
d t

w here
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possib le  to solve th e  quadratic  equation (F15) for th e  two roots of 1 / t .  Since 

only  o n e  re la x a tio n  tim e is o b s e rv e d  e x p e r im e n ta lly , th e  re p o r te d  ra te  

c o n s ta n ts  a re  th e  o n e s  o b ta in ed  from th e  b e s t fit by m atch ing  o n e  of th e  

calcu la ted  v a lu es  of 1/t ( + r o o t ) with th e  experim ental v a lu es  of 1/t . The 

se c o n d  ca lcu la ted  relaxation tim e co rresp o n d ed  to an  approxim ate value of 

0 . 1  s e c . This relaxation tim e w as never s e e n  experim entally  a n d  re a so n s  for 

not observ ing  th e  num ber of predicted  relaxation tim es w ere  p re se n ted  before. 

H ow ever, recall th a t th e  u p p e r  limit of th e  tim e ra n g e  a c c e s s ib le  to  th is  

tem peratu re-jum p instrum ent is abou t 1 se c . P e rh a p s  an o th e r  rea so n  for not 

observing th e  seco n d  relaxation tim e m ay be  d u e  to  its proximity to the  upper 

tim e limit of th e  instrum ent.

2.4 Determination of A G °, AH ° and A S °

2.4.1 The Variable Temperature 1 H NMR Experiment

T he stability co n s tan ts  a re  m easu red  a s  a  function of tem p era tu re  using 

th e  proton NMR technique. All solutions a re  m ade up in pure  D2 O.

For th e  m ethylboronic acid / polyol sy s tem s  th e  reactions a re  carried  out 

in bas ic  solution a t about pH 12. T he com plexation reaction is given by

T he pH of th e  solution is ad justed  by the addition of solid sodium  hydroxide.
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For th e  m ethylboronic acid /  ca techo l sy stem  th e  reac tions a re  carried  out 

in acid ic solution b e tw een  pH 6  an d  pH 7. T h e  com plexation  reaction  is given 

by

D eu te ra te d  sod ium  hydroxide is u se d  to  ad ju s t th e  pH which is m e asu re d  

accurate ly  on th e  pH m eter.

T he stability co n s ta n ts  K1 an d  K2 w ere  m e a su re d  a s  a  function of the 

te m p e ra tu re . T h e  q u an tita tiv e  in teg ra tio n s  w e re  p e rfo rm ed  on  th e  p e a k s  

correspond ing  to  th e  methyl group in th e  free  an d  th e  com plexed  

m ethylboronic acid  /  m ethylboronate sp e c ie s . T he tem p era tu re  ran g e  stud ied  

w a s  b e tw een  276  K an d  310 K. Below 276  K, th e  solution f re e z e s ; ab o v e  310 

K, m ethylboronic acid d e c o m p o se s  to  boric acid  an d  m ethanol ( ch eck ed  by

1 H N M R ).

For e a c h  experim ent, a t leas t five different te m p e ra tu re s  w ere  stud ied . At 

e a c h  tem p era tu re , the  solutions w ere  allow ed to equilibrate for a t  lea s t fifteen 

m inu tes before  recording the  sp ec tra . T he calcu la tions of K1 a n d  K2 from the

sp e c tra  a re  sim ilar to the  o n e  given in S ection  2 .1 .3  for th e  11B NMR

ex perim en ts.
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T h e methyl g roup  of CHgB(OH ) 2  o r CHgBfOHJg" o ccu rs  upfield a n d  w as

found to overlap  with th e  TMS peak . T he ex p erim en ts  w ere  th e re fo re  carried  

out in pu re  D2 0  without any  a d d e d  TM S. C onsequen tly , no chem ical shifts a re  

reported .

T he 1 H NMR sp e c tra  w ere  ob ta ined  using a  B ruker IBM 250 MHz FT

NMR sp ec tro m e te r  which is eq u ip p ed  with a  variable tem p era tu re  unit ( Bruker 

BVT - 1000 ). All so lu tions w ere  freshly p re p a re d  prior to u s e  an d  th e  pH w as 

m e asu re d  on a  F isher Scientific A ccum et Model 950 pH /  ion M eter.

2.4.2 The Variable Temperature pH Experiment

T h e  ion iza tion  c o n s ta n t  for m e th y lb o ro n ic  a c id  w a s  m e a s u re d  a s  a  

function of th e  tem p era tu re  by pH titration m ethod. T he ionization reaction is 

given below .

CH3B(OH)2 + H20  CH3B(OH)3 + H+ ; Ka

A solution of m ethylboronic acid  an d  electrolyte ( K C I) of known concen tra tion  

w as  titrated  with s tan d a rd  0.1 M NaOH u n d er a  nitrogen a tm o sp h e re , a t 0.1 M 

ionic s tren g th  a n d  a t  a  c o n s ta n t te m p e ra tu re . An equilibrium  c o n s ta n t w as  

c a lc u la te d  fo r  e a c h  p o in t in th e  titra tio n  c u rv e . At le a s t  five d iffe re n t 

tem p era tu re s  w ere  s tud ied  in th e  tem p era tu re  range 278  - 318 K.

T h e pH w a s  m e asu re d  on a  F ish er Scientific A ccum et M odel 950 pH / 

ion M eter which is eq u ip p ed  with an  au to m atic  te m p e ra tu re  co m p en sa tio n  

probe. T he m easu rem e n ts  on  th e  pH m eter a re  m ad e  with a c c u rac ie s  of ±  

0 .02  pH unit an d  ± 0 .5  K.
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From both m eth o d s  a b o v e , th e  d e te rm in a tio n  of th e  th erm o d y n am ic  

p aram ete rs  A G °, A H ° an d  A S °  from th e  m easu red  equilibrium co n stan ts  a s  

a  function of T is outlined in C hap ter 4.
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CHAPTER 3

THE METHYLBORONIC ACID / POLYOL SYSTEMS

3.1 Introduction

Both th e  trigonal and  th e  te trahed ra l form s of a  substitu ted  boron acid 

can  reac t with b iden ta te  chelating  ligands to  form the  sa m e  anionic te trahed ral 

com plex in solution, a s  show n below.

HO'.

R
B

OH HO-

OH HO-
T
T

HO*

R
B

o — c-
+ 2 H^> (2)

T he reaction given in eqn  (1) is an  addition, a s  well a s  a  substitution reaction; 

the first oxygen donor atom  of th e  ligand ad d s  to th e  em pty p orbital on 

boron to  form a  covalent bond; th e  seco n d  donor atom  d isp laces a  hydroxyl 

group on boron to form the chela te  ring. Reaction (1) occurs with a  ch an g e  in
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hybridization from sp 2  to  sp 3 , an d  a  ch an g e  in coordination num ber from

th re e  to  four. R eaction  (2) is a  substitu tion  reaction , th e  hybridization and  

coordination num ber of boron rem aining unchanged .

T h e  ty p e  of lig an d s w hich u n d e rg o  th e s e  re a c tio n s  in c lu d e  polyols

[22,25,26,32,86-91], 1 ,2 -benzened io ls [92-94], a-hyd ro x y carb o x y lic  ac id s

[56,60,61,95-98] an d  dicarboxylic ac ids [59,62,99]. In th e se  com plexation 

reactions, th e  ligand donor a tom s are  oxygen a tom s an d  both pro tons of the  

ligand a re  d isp laced  upon coordination. T he resulting  co m p lex es  a re  

stabilized by th e  chelate  effect, and  a re  known to contain five- an d  six- 

m em bered  ch e la te  rings [14,26,96].

T he therm odynam ics of th e se  com plexation reactions have b een  studied

for m ore than  a  century  an d  are  now firmly estab lished . O n the  o ther hand , the  

kinetics a re  le s s  well u n d ersto o d . O n e  of th e  re a s o n s  for conducting  th e  

experim ents in th is C hap ter w as to  determ ine th e  reactivity of th e  bo ra te  anion. 

S ince previous kinetic s tu d ies  of boron ac id s ( pKa  ranged  from 6.96  to 10.4 ) 

coordinating  to  b id en ta te  chelating  ligands (pKa  ran g ed  from 1.04 to 9.39) 

w ere d o n e  in acidic solution, th e  m ain reactions which w ere  being o b se rv ed  

w ere th o se  pertaining to th e  reactivity of th e  trigonal boron acid. In o rder to 

study the borate  anion, the  experim ents in this C h ap te r had  to be  carried  out in 

b asic  m edia w here th e  concentration of th e  te trah ed ra l b o ra te  anion b eco m es  

significant. It h as  b een  su g g es ted  that the te trahed ral b o ra tes  a re  m ore labile 

than  th e  trigonal boron acids but no kinetic d a ta  have b een  reported  to support 

this claim. T he following investigation of the  com plexation m echan ism  in basic  

solution w as th u s  undertaken  to  determ ine th e  lability of th e  te trah ed ra l borate  

an ion .
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T he boron  ac id  c h o se n  is m ethylboronic acid , a  su b stitu ted  boron  acid. 

This boron acid w as  a n  approp ia te  cho ice  s in ce  it c an  form only 1 : 1  

co m p lex es with b iden ta te  chelating  ligands. T he resulting kinetic sc h e m e  is 

sim pler than  in th e  c a s e  of boric acid [62] w here both 1 :1  an d  1 : 2  com plexes 

a re  form ed in solution.

As m entioned  before, prev ious kinetic s tu d ies  concluded  th a t ligand 

acidity  p lay ed  an  im portan t role in th e  com plexation  m ech an ism , a n d  th a t 

proton tran sfe r w as  a  critical fac to r in determ ining th e  reaction rate. M ost of th e  

ligands which w ere u s e d  w ere  acidic an d  th e  equilibria w ere  su ch  th a t 

com plexation  occurred  mainly in acid ic solution. T hat is, th e  route to  com plex 

form ation w a s  predom inantly  th rough th e  fully p ro tona ted  form of th e  ligand. 

T h e  ligand m o noan ions w ere  found to reac t slowly while th e  ligand d ian io n s 

w ere s e e n  to b e  unreactive. T herefore , in basic  solution w here  th e  

concentration  of th e  bo ra te  anion b eco m es  significant, it is n e c e ssa ry  to u se  

ligands of high pKa  v a lu es . T h e  ligands ch o sen  a re  th e  sim ple polyols all of 

which have pKa  v a lu es of 13.

The Methylboronic Acid / Polyol System s

M ethylboronic ac id , CH 3 B(OH ) 2  ,a  su b stitu ted  boron  ac id  h a s  a  pKa  

value of 10.40 [5 9 ]. In its reactions with b iden ta te  chelating  ligands, only 1 :1  

co m p lex es  a re  form ed s in ce  o n e  of th e  coordination s ite s  on boron is blocked 

by th e  methyl group.

T h e  ligands u s e d  in th is  s tudy  a re  sim ple polyols; nam ely , e th y len e  

glycol, 1 ,2 -propanedio l, 1 ,3-propanedio l a n d  glycerol. T h e se  ligands do  not 

contain  any  acidic p ro tons, ligand pKa ’ s  all being 13 [61].
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The experim en ts  w ere co n d u cted  in basic  solution w here th e  

concen tra tion  of th e  b o ra te  anion b e c o m e s  im portant. T he kinetic 

m easu rem en ts  w ere m ade betw een pH 8  an d  pH 1 0. This m ean s  that both the 

trigonal boron acid  and  the  te trahedral bo ra te  anion a re  p re sen t in solution.

Also, in this pH range the  concentration of the  ligand anion, HL', is negligible.

Therefore the  pathw ays to com plex formation involving HL" which w ere

outlined in the  genera l reaction schem e in C hapter 2 do not exist.

Both e thy lene glycol and  1 ,2-propanediol react with m ethylboronic acid 

in aq u e o u s  solution to  form five-m em bered ch e la te  com plexes, d esig n a ted  a s

CXf 2 in S ch em e 1 ( p ag e  82 ); therefore, for th e se  ligands, only e q n s  (3) and

(4) apply. With 1 ,3-propanediol, a  six-m em bered chela te  com plex is form ed,

d es ig n a ted  a s  C X ^g" ; for this ligand, only eq n s  (5) and  (6 ) apply. Glycerol

form s both five- and  six-m em bered chela te  com plexes and  in this c a se , th e  

entire m echanism  in S ch em e 1 applies.

3.2 Experimental

3.2.1 Determination of Stability Constants

Stability con stan ts  w ere determ ined by two m ethods; pH titration m ethod

and  11B NMR spectroscopy.

For the  m ethylboronic acid / polyol system s, the  stability co n s tan ts  w ere 

first determ ined  by NaOH titration a s  described  in th e  experim ental C hapter. 

The values ob ta ined  w ere  u sed  to calcu late distribution d iag ram s which w ere

then  u sed  to predict suitable conditions for running th e  ^ B  NMR experim ents.
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From the  integration of the 11BN M R sp ec tra  it w as possib le to  determ ine the 

stability co n s ta n ts  for th e  m ethylboronic acid /  polyol sy stem s.

3.2.2 Determination of Rate Constants

T he relaxation tim es w ere  m easu red  by th e  tem peratu re-jum p m ethod 

betw een  pH 8  an d  pH 10, a s  described  in th e  experim ental C hapter.

3.3 Results and Treatment of Data

3.3.1 Stability Constants and 1 1 B NMR Spectra

In e ach  of the  com plexation reactions of m ethylboronic acid with 

ethy lene  glycol, 1 ,2-propanedio l an d  1 ,3-propanediol, only o n e  com plex w as

fo rm ed  in so lu tion ; th e  fiv e -m em b ered  c h e la te  co m p lex  C X 1 f ° r both

e th y len e  glycol an d  1 ,2 -propanediol, an d  th e  s ix -m em bered  ch e la te  com plex

CX 1 3 " for 1 ,3-propanediol.

For the  CH3 B(OH ) 2  /  1 ,3-propanediol system , a  ca lcu la ted  distribution

diagram  an d  a  1 1B NMR spectrum  are  p re sen ted  in Figure 3 -1. The spectrum

show s two reso n an ces , one of which is a ss ig n ed  to both th e  CH3 B(OH ) 2  and

th e  CH 3 B(OH)3 " sp e c ie s , while th e  o ther re p re se n ts  th e  CX 1 3'  sp ec ie s . This

assig n m en t w as b a se d  on th e  com parison  of the spectrum  with th a t of a  blank 

solution of CH 3 B(OH ) 2  (at th e  sa m e  pH) an d  th e  im plications of th e  calcu la ted  

distribution diagram .
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Sim ilar s p e c tra  w ere  o b ta in ed  for th e  CH 3 B(OH ) 2  /  e th y len e  glycol an d  

th e  CH 3 B(OH ) 2  / 1 ,2 -propanediol sy s tem s. S ince  only o n e  com plex  w as

form ed in e a c h  sy stem , th e  calculation of K from NaOH titra tions a n d   ̂1B NMR

s p e c tra  follows directly from th e  derivations outlined in C h ap te r  2.

In th e  c a s e  of th e  CH 3 B(OH ) 2  /  glycerol sy stem , tw o co m p lex es  a re

form ed ; th e  fiv e -m em b ered  c h e la te  com plex  C X 1 2" a n d  th e  s ix -m em b ered

c h e la te  co m p lex  CX 1>3'.  F or th is sy stem , a  distribution d iag ram  an d  a  11B

NMR spectrum  a re  d isp layed  in F igure 3 -2.

T he a ss ig n m e n t of th e  p e a k s  in th e  sp ec tru m  show n in F igure 3 -2  w as 

d o n e  in th e  following m anner. In g enera l, for a  particu lar boron acid 

coord inating  to  th e  s a m e  type of ligand, th e  five-m em bered  c h e la te  co m p lex es  

fo rm ed  a re  m ore s ta b le  th a n  th e  s ix -m em b e re d  a n a lo g s . F o r in s ta n c e , th e  

s tab ility  c o n s ta n t  fo r th e  fo rm a tio n  of th e  f iv e -m e m b e re d  c h e la te  in th e  

<J>B(OH) 2  /  oxalic acid  sy stem  [57] is g re a te r  th an  th a t for th e  form ation of th e  

s ix -m em b ered  c h e la te  in th e  <J>B(OH) 2  /  m alonic acid  sy stem  [58] by a  factor of 

100. Similarly, th e  stability co n s tan t for th e  form ation of th e  CX-j 2’ in the  

B(OH ) 3  / 1 ,2-propanediol sy stem  is larger th an  th a t for th e  form ation of th e  

CX-j 3 '  in th e  B(OH ) 3  /  1 ,3-propanediol sy stem , by factors of 2  to 3 

[22 ,93 ,94(a)]. F urtherm ore, for boric acid  reacting  with glycerol, th e  stability 

co n s ta n t of CX-j 2" is g re a te r  th an  th a t of CX-j >3‘ by a  factor of 7 [94(a)]. T he

g e n e ra liz a tio n  ( f iv e -m e m b e re d  b o ro n  c h e la te s  a re  m o re  s ta b le  th a n  six- 

m e m b e re d  c h e la te s ) ,  to g e th e r  with th e  sp e c tru m  of th e  b lan k  so lu tio n  of 

C H 3 B(OH ) 2  , w ere u s e d  to  m ake th e  a ss ig n m en ts  illustrated in F igure 3  - 2  (b).
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The calculations of K1 and K3 from the spectrum  in Figure 3-2 w ere done 

in a  similar m anner to that given in C hapter 2, after modifying the  derivation to 

include two co m p lex es  in solution. ( K1 an d  K3, o r K2 a n d  K4, a re  the  

independent stability constan ts; once they have been  determ ined, the  other 

stability constan ts  a re  easily calculated ( s e e  Schem e 1)).

The analysis of the  NaOH titration d a ta  for the CH3 B(OH ) 2  /  glycerol 

system  w as done a s  follows. The system  is characterized  by two independent

concentration variables, CX-J 2" anc* CX-j 3 ". Therefore, it w as necessary  to

modify th e  derivation given in C h ap te r 2. From the  in teg ra ted  11B NMR 

spectrum , an  independent m easurem ent of K5 w as possible.

[CX13 J /  K3 \
“ - i « J  (- S >

The known value of K5 w as used  in a  NaOH derivation to eliminate one of the 

independen t concentration variables. It w as then  possible to  calculate the 

stability constant K1 . From th e  known values of K1 and K5, a  value for K3 w as 

determ ined.

For methylboronic acid coordinating to each  of the  polyols, the stability

constan ts obtained by the NaOH titrations and  the 11B NMR technique,

agreed  to  within ± 2 0 % . The resulting stability constan ts are  presented  in 

Table 3-1, and  a re  reported with an accuracy of ± 2 0  %.
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3.3.2 Rate Constants

T he d e ta iled  kinetic an a ly sis  of th e  m echan ism  of com plexation  b e tw een  

m ethylboronic acid  an d  th e  sim ple polyols w as  outlined in C h ap te r  2.

E xperim ental d a ta  for two sy s tem s , CH 3 B(OH ) 2  /  e th y len e  glycol an d  

CH 3 B(OH ) 2  /  glycerol, a re  given in T ab les  3-2 an d  3-3, respectively.

T h e  resu ltin g  ra te  c o n s ta n ts  a r e  re p o r te d  in T a b le  3 -4 . T h e  e r ro r  

a sso c ia te d  with th e se  rate co n s tan ts  is ±  2 0  %.



F ig u re  3-1 : Distribution Diagram and  1 1B NMR Spectrum  for Methylboronic Acid / 1 ,3-propanediol S ystem
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(a) Distribution Diagram: 0.1 M HB; 0.1 M H2 L

(b ) 1 1B NMR Spectrum : 0.017 M HB; 0 .17 M H2 L; 

pH = 10.27

(HB + B")

10 -10 -20 -30



C
on

ce
nt

ra
tio

n 
(M

)

F ig u re  3-2 : Distribution Diagram and  1 1B NMR Spectrum  for M ethylboronic Acid /  Glycerol S ystem  
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(a) Distribution Diagram: 0.1 M HB; 0.1 M H2 L

(b) 11B NMR Spectrum : 8.73x10 _3 MHB;
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: pH = 10.50
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3.3 R esults

Schem e 1 : A G en era l M echanism  for M ethylboronic Acid / Polyol S y s tem s

ki
HB + H_L CX,' _ + H+ K1 (3)

2  k„ 1.21-1 

*2 K1B' + H L  s* CX + 2H20  K2 = ^ -  (4)
-2 ’ HB

HB + H„L ^  CX !., + H+ K3 (5)
2 kg 1.3

k4 .  K o
B- + H2L f  CX1 3  + 2H20  K 4  = ^ -  (6 )

HB

k5

C X 1.2 £  c x i.3  k s = - r t  <7 >-5

Table 3-1: Stability C o n s ta n ts  for M ethylboronic Acid /  Polyol C o m p lex es

h 2 l K1 K2 K3 K4 K5

ethy lene  glycol 2 . 2  x 1 0 ' 1 0 5.5 - - -

1 ,2 -propanediol 2 .4  x 10 " 1 0 6 . 0 - - -

1 ,3-propanediol - - 1 . 0  x 1 0 ' 1 0 2 .5 -

glycerol 1.5 x 10 ' 9 38 1 . 6  x 1 0 ‘ 1 0 4 .0 0 . 1
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T a b le  3-2: Kinetic Data for Methylboronic Acid / Ethylene Glycol System

pH [H2 L] 0 [HB] 0 [Hln] 0 x  (expt) m s t  (calc) m s

9.80 0.214 0.072 8.66x1 O’ 5 2 . 0 2.4

9.46 0.214 0.072 8.66x1 O' 5 1.9 2.4

9.18 0.214 0.071 8 .6 6 x1 0 ‘ 5 2 . 2 2.4

8.91 0.214 0.071 8.66x1 O' 5 2.5 2.4

8.70 0.214 0.070 8 .6 6 x1 0 ‘ 5 2.5 2.4

8.54 0.214 0.070 8.66x1 O' 5 2.3 2.4

8.34 0.214 0.070 2.60x1 O' 4 2.3 2.4

8.17 0.214 0.070 2.60x10"4 2.5 2.4

9.31 0.500 0.049 8 .6 6 x 1 0 " 5 1.7 1.4

9.29 0.214 0.049 8.68x1 O' 5 3.0 2.4

9.31 0.107 0.048 8.65x1 O' 5 4.1 3.3

9.06 0.053 0.056 8.65x1 O' 5 4.0 4.0

8.51 0.214 0.049 8.66x1 O’ 5 3.0 2.4

Hln = Phenolphthalein : K^in = 3.98 x 10 " 1 0
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T a b le  3-3: Kinetic D ata for Methylboronic Acid /  Glycerol System

pH [H2 L] 0 [HB] 0 [Hln] 0 i  (expt) m s t  (calc

9.88 0.136 0.033 6.16X10"5 13.6 13.2

9.47 0.136 0.030 6.82x1 O' 5 11.3 12.9

9.17 0.137 0.030 9.41x1 O' 5 1 0 . 6 12.7

8.54 0.137 0.033 2.95x1 O' 4 10.7 12.4

8.38 0.137 0.030 3.28x1 O' 4 10.3 12.3

8.16 0.136 0.030 4.99x10 ‘ 4 1 1 . 8 1 2 . 2

9.16 0.137 0.018 9 .1 7x10 '5 12.4 1 2 . 8

9.17 0.136 0 . 0 1 1 9.45x10" 5 14.2 13.0

9.16 0.055 0.034 9.14X10"5 17.0 15.8

9.20 0.136 0.016 9.12x10 ' 5 14.8 1 2 . 8

9.25 0.027 0.068 9.76x1 O' 5 17.0 16.5

9 .53 0.055 0.034 9.14X 10'5 18.8 15.9

9.53 0.027 0.068 9.76x1 O' 5 18.4 17.0

9.53 0.136 0.016 9.12X10" 5 15.4 13.0
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T a b le  3-4: R ate  C o n s tan ts  for M ethylboronic Acid / Polyol S y stem s

H2 L k^, k2 , kg, k4 , kg,

( M ' 1 s ' 1 ) ( M ' 1 s " 1 ) ( M ' V 1 ) ( M _1s “1 ) ( s ' 1 )

* 1  1 . 1 x 1 0 3

<L1 2 . 8 x 1 0 s

^ 1  5 .2x10 2

< 1  1 .0 x1 0 2  < 1  1 .8 x 1 0 s  1

k.-j, k .2 , k_3 , k_4 , k_5 ,

( M '1 s ' 1) ( s '1) ( M '1 s ' 1) ( s '1) ( s '1)

e thy lene glycol ^ 4 x 1 0 9  2 .0 x 1 0 s  -

1 .2-propanedio l ^  4x10s  47

1 .3-propanediol - - ^ 1 x 1 0 1 0  2 .1 x 1 0 s

glycerol ^ 7 x 1 0 ®  2 .6  ^ 6 x 1 0 9  5 0  10

e thy lene glycol

1 .2 -p ropanedio l

1 .3-propanediol 

glycerol
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3.4 Discussion

3.4.1 Equilibria

From Table 3-1, th e  stability co n s tan ts  for th e  com plexation reactions 

betw een  m ethylboronic acid and the  polyols a re  small. Among th e  ligands 

stud ied , th e  stability of th e  five-m em bered  c h e la te  co m p lex es form ed by 

ethylene glycol and  1 ,2 -propanediol a re  virtually th e  sam e . Secondly, the  least 

s tab le  com plexes are  formed by 1 ,3-propanediol. That is, the  five-m em bered 

ch ela te  com plexes ( H2 L = ethylene glycol and  1,2-propanediol ) a re  more 

s tab le  than  th e  six-m em bered chela te  com plex ( H2 L = 1 ,3-propanediol ). 

Glycerol forms the m ost stable com plexes. T he five-m em bered chela tes  are  

form ed from the  1 ,2 -diols ( ethylene glycol, 1 ,2 -propanediol and  glycerol ). 

S ince there  is m ore than one way to  achieve the 1,2-configuration in glycerol, 

this statistical factor may be reflected in the  relative m agnitudes of the stability 

co nstan ts  for th e se  ligands. The trends described  above a re  consisten t with 

earlier studies [22,91.93.94(a)] of com plex formation betw een boric acid and 

the sam e  ligands which w ere used  in this study.

3.4.2 Kinetic Studies 

The Trigonal Boron Acid

From the  reported rate constan ts in Table 3-4, the  reactions of the trigonal 

form of the boron acid are seen  to be very slow. Trigonal methylboronic acid 

coordinates to each  of th e  polyols with rate co nstan ts  which are  all less than or 

equal to one. On the o ther hand, the te trahedral m ethylboronate anion reacts 

much faster. As m entioned before, th e se  kinetic stud ies w ere d one  in basic 

solution from pH 8  up to pH 10; the pKa  of methylboronic acid is 10.40. 

Therefore, the kinetic experim ents were done under conditions w here the
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concentration of the trigonal boron acid is g rea ter than  that of the  tetrahedral 

borate anion, yet the former spec ies  reacts much slower. This result, that is the 

slow ness of the  reactions in which the trigonal m ethylboronic acid coordinates 

to the polyols, is consistent with conclusions from previous kinetic studies, a s  

explained below.

Previous kinetic stud ies of different boron acids coordinating to bidentate 

chelating ligands w ere d one  only in acidic solution [56-62]. T he boron acids 

s tu d ied  w ere  B(OH ) 3  , an d  the  su b stitu ted  boron ac id s  m-N0 2 <I>B(0 H)2 , 

<l>B(OH) 2  a n d  C H g B fO H ^. S om e of th e  ligands which w ere  u se d  w ere 

m andelic acid, salicylic acid, catechol and  oxalic acid. In acidic solution the 

main form of the  boron acid is the trigonal species. S ince th e  rate constant 

w as found to increase  with increasing ligand acidity, the  au thors proposed  a  

transition sta te  which w as characterized by a  proton transfer m echanism .

For the  reaction of a  trigonal boron acid with a  fully protonated ligand in

acidic solution, the proposed transition s ta te  [59] is given below.

\H

.B
F T ' /
HO

H-

H

The transition s ta te  m ay be explained a s  follows. First, nucleophilic a ttack  

occurs on the electron deficient boron atom  by the oxygen donor atom  of the
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ligand. The formation of a  covalent boron - oxygen bond resu lts after the 

d isp lacem ent of th e  le ss  acidic hydroxyl proton; th e  m ore acidic proton, H, is 

tran sferred  to  th e  leaving hydroxide on boron, and  ring c lo su re  occurs. The 

au th o rs  of th e  kinetic s tu d ies  in acidic solution found a  p rec ise  correlation 

betw een  th e  rate and  pKa i of th e  ligand; no d e p e n d e n c e  of th e  ra te  on pKa 2  

w as found. Therefore, it w as a s su m e d  th a t th e  d isp lacem ent by boron of the 

less  acidic proton w as a  facile p ro cess . This w as  followed by th e  rate 

determ ining ring c losu re  s tep  which involves the  tran sfe r of the  m ore acidic 

ligand proton. In the  forward direction, th e  proton is transferred  from th e  ligand 

to th e  leaving hydroxide on boron, resulting in th e  condensa tion  of a  w ater 

m olecule; in th e  rev erse  direction, th e  proton is transferred  from an  entering 

w ater m olecule to the leaving ligand anion , an d  th e  fully p ro to n a ted  ligand is 

reg en e ra te d .

In the  p re sen t study of th e  m ethylboronic acid /  polyol reactions, each  of 

th e  ligands h a s  a  pKa  value of 13. T he ligands therefore do not contain  any  

acidic protons. With respec t to the ab o v e  transition s ta te , the  proton transfer 

p ro c e ss  is difficult s ince  the ligand protons a re  not acidic. Ring c losure  canno t 

o cc u r  u n le s s  th e  ligand pro ton  is tra n sfe rre d . T he difficulty of th e  pro ton  

tran sfe r p ro ce ss  with th e se  nonacidic ligands c a u s e s  th e  rate determ ining ring 

c losu re  s te p  to b e  slow. This is reflected in the  very sm all values of the  forward 

ra te  co n s ta n ts  involving the  trigonal m ethylboronic acid.

As s ta ted  earlier, o n e  of th e  conclusions from prev ious kinetic s tud ies  

w a s  th a t th e  ra te  c o n s ta n ts  for th e  reac tio n s  of th e  trigonal boron  ac id s  

in c re a se d  with increasing  ligand acidity [59]. T he co n sis ten cy  b e tw een  this 

conclusion { acidic m edia ) and  th e  resu lts of th e  trigonal C H gB fO H ^ /  polyol 

sy stem s ( basic  m e d ia ) is illustrated in Table 3-5. In particular, a s  the  ligand
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proton b eco m es m ore acidic, the  forward rate constan t in creases .

T a b le  3 -5 .  A C om parison  of R ate  C o n stan ts  for th e  Trigonal Boron Acid 

R eactions in M ethylboronic Acid / Ligand S ystem s.

h 2 l pKa  ( H2 L )

ttoi

salicylic acid a 2.83 5 .5 x 1 0

4-nitrocatechol a 6.69 4 .5 x 1 0

catecho l a 9.27 7.6

polyols b 13 <£ 1

a  Ref. 59

b polyols = ethy lene glycol, 1 ,2 -propanediol, 1 ,3-propanediol an d  glycerol.

T he fact th a t the  trigonal m ethylboronic acid  is unreactive tow ards the 

polyols is th e re fo re  c o n s is te n t with p rev io u s  kinetic s tu d ie s  (d o n e  in th is 

Laboratory) from which th e  proton tran sfe r transition s ta te  w as proposed . The 

unreactivity s e e n  here  is a lso  in ag reem en t with the assu m p tio n s  from m any 

o th er au tho rs  who carried out therm odynam ic s tu d ies  on th e  reac tions of boric 

acid coordinating to a  variety of polyols [25,86-89] . W ithout having done  any 

kinetic s tu d ies , th e se  au th o rs  arrived a t th e  conclusion th a t it w as  only the  

te trahedral borate which coordinated to the  polyol. Their interpretation w as
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b a se d  on th e  m agnitude of th e  stability c o n s ta n ts  an d  th e  variation of the 

com plex concentration  with solution pH.

The Tetrahedral Borate Anion

T he reported  rate  co n s tan ts  in T able 3-4 indicate th a t in all c a s e s ,  the 

te trah ed ra l m ethylboronate anion reac ts  m uch fa s te r  than  th e  trigonal 

m ethylboronic acid. The v a lu es  for th e  ra te  co n s ta n ts  k2  an d  k4  a re  g re a te r  

than  th o se  for k-j a n d  k3  by a t leas t a  factor of 100. It w as  previously su g g e s te d  

th a t th e  te tra h e d ra l b o ra te s  a re  m ore labile th a n  th e  trigonal boron  a c id s  

[59,61,62]. To our know ledge, th e  re su lts  repo rted  in T able 3-4 a re  th e  first 

direct m easu rem en t of th e  lability of th e  te trah ed ra l b o ra te  anion relative to  the  

trigonal boron sp e c ie s .

A m ong th e  various ligands s tud ied , th e  d ifferences in reactivity a re  not 

d ram atic  ( k2  a n d  k4  ). Ethylene glycol is s e e n  to  reac t th e  fastes t; it reac ts  

fa s te r  th a n  1,2-propanediol by a  factor of four. S econdly  1,3-propanediol 

re a c ts  fa s te r  th a n  1 ,2-propanedio l by a  sm all fac to r of two. In th e  c a s e  of 

g lycero l, th e  su b stitu tio n  re a c tio n s  a re  th e  s lo w e st; th e  fac t th a t  th e  tw o

co m p lex es , CX-| 2 ~ a nd CX-j g", a re  s e p a ra b le  in th e  11B NMR spectrum

m e an s  th a t th e  ex ch an g e  betw een  th e  two com plexes is slow  on th e  NMR 

tim escale . O ur kinetic analysis  lead s to a  very sm all ra te  co n s tan t ( kg ) for the 

ex ch an g e  p ro cess .
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The difference in reactivity betw een ethylene glycol and  1,2-propanediol 

m ay be explained with the  aid of the following diagram s. The Newman 

projection diagram s for 1,2-propanediol a re  given below. The equilibrium

OH
? H/ O H

STI
OH CO

I
—

o

(a) anti (b) gauche

constan t betw een the  anti and  the  g au ch e  conform ations in solution is not 

known. For successfu l complexation to occur, it is necessary  for the hydroxyl 

groups to be ad jacent and  cis. Indeed, this criterion h as  been  used  extensively 

in the configurational analysis of carbohydrates and  polyhydroxy com pounds 

[43]. In the diagram s above, in order for (a) to achieve the correct configuration 

for chelation to boron, there  h as  to be  a  rotation of th e  -CH3  group about the 

carbon  - carbon bond. In th e  c a s e  of e thy lene glycol, the  -CH3  g roup  is 

replaced by a  hydrogen atom. Therefore, one of the reaso n s  why 1 ,2 - 

p ropaned io l reac ts  slow er th an  e th y len e  glycol m ay be  d u e  to  h indered  

rotation of the -CH3  group in the  form er case . Although m olecular m echanics 

calculations [94 (a)] have been  done to determ ine th e  steric and electrostatic 

interactions in the various conform ations of th ese  diols, they apply to the g as  

p h ase  and  cannot be com pared with the experim ental d a ta  of this study.
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It is a lso  s e e n  in Table 3-4 th a t th e  substitution ra te  for th e  reaction 

betw een the borate anion and  1,3-propanediol ( k4  ) is slightly g rea te r than 

that for 1,2-propanediol ( k2 ). In other words, the formation of the six- 

m em bered com plex is m ore rapid than the  formation of the  five-m em bered 

complex. Similarly, for glycerol which forms both five- and  six-m em bered 

com plexes, the sam e  reactivity pattern is observed ( k2  and  k4  ). This 

observation d isag rees  with previous kinetic stud ies  w here the  opposite  trend  

w as seen . The formation of the six-m em bered com plex in th e  phenylboronic 

acid /  m alonic acid system  [58] w as slow er than  the formation of th e  five- 

m em bered com plex in the phenylboronic acid / oxalic acid system  [58]. 

Even though th e se  observations may seem  to lead to conflicting results of the 

effect of chelate ring size on reaction rate, th e  factors involved a re  very small. 

Also, o ther than chelate ring size, there  is an  additional factor involved in the 

phenylboronic acid system s, that is ligand acidity. Oxalic acid is m ore acidic 

than malonic acid by about 1.6 pKa  unit. Although the  two effects cannot be 

sep a ra ted , p e rh ap s  ligand acidity is m ore im portant in th e  above 

phenylboronic acid system s.

The investigations of the reactions in this C hap ter are  the  first kinetic 

stud ies of boron com plexation reactions in basic solution. Therefore, there  are  

no literature values for the rate of substitution of borates in basic m edia for 

com parison with th e  CH3 B(OH) 2  /  polyol system s. However, there  are  two

previously studied system s [59] which should be  m entioned. The meta-

nitrophenylboronic acid /  mandelic acid ( pKa =3.22 ) system  and the meta- 

nitrophenylboronic acid / salicylic acid ( pKa = 2 .8 3 ) system .
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The substitution reaction which is being con sid e red  h ere  is given below.

**2
B’ + H.L ^  CX* + 2H .O  (8 )

2  k 2  ' '-2

T h e com plexation  reac tio n s  of m-N0 2 <£B(0 H ) 2  w ere  carried  ou t in acidic 

solution. In th e  c a s e  of m andelic acid, the  kinetic experim en ts w ere successfu l 

up to pH 6 . S ince the  pKa  of the boron acid is 6.96, it w as possib le to

determ ine th e  reactivity of the  te trahedral m-N0 2 <!>B(0 H)3 " anion ( k2  in eqn

(8 )). For salicylic acid , the  experim ents w ere d one  only up to  pH 4 b e c a u s e  the  

relaxation tim es w ere too long for m easu rem en t a t a  h igher pH. In th is  c a se , 

an  estim ate  o r an  u pper limit of th e  rate constan t k2  w as m ade.

In both c a s e s  ab o v e , the  au thors did not tak e  into accoun t th e  kinetic

indistinguishability of the  reaction pathw ays - HB + HL‘ +* CX" + H2 O and 

B" + H2 L P- C X ' + 2 H2 O ( s e e  C hap ter 2, p ag e  5 3 ) .  This m ean s  that

th e  reported rate  co n s tan ts  for th e  reactivity of th e  m-N0 2 <I>B(0 H)3 '  anion

given by eqn  (8 ) a re  not accu ra te . How ever, th e  relative m agn itudes of th e  rate 

c o n s ta n ts  do  su g g e s t th a t th e  te trah ed ra l borate  sp e c ie s  reac t m uch fas te r  

th an  th e  trigonal boron acid. T herefore, th e se  s tu d ies  g av e  indirect ev idence 

for th e  reactivity of th e  borates. On the  o ther hand, th e  CH3 B(OH ) 2  /  polyol 

sy stem s studied  in this C hap ter provide m ore conclusive ev idence for the 

lability of th e  borate  anion relative to the  trigonal boron acid.

A sim ilar situation w here a  te trahed ra l boron sp e c ie s  un d erg o es 

substitution m ore rapidly than  a  trigonal boron acid is se e n  in an  earlier
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study  of th e  boric acid (pKa =8.98) /  lactic acid  (pKa =3.70) system  [62]. The 

ex p e rim en ts  w ere  d o n e  in acid ic  so lution a n d  th e  com plexation  p a th w ay s 

being c o n s id e re d  h e re  a re  given below.

HO- B
OH HO-

OH HO-
T
T

H O .

;-----  k r H O ^
B

O ’

O- T
+ H3 6

+

— c — a .  _  /  o h  h o

 C O r ^  OH HO

(1:1' )

+  2 H 2 O

T he se c o n d  reaction  given ab o v e  is sim ilar to the  substitu tion  reaction  of the  

te trah ed ra l m ethy lboronate  anion in th e  s e n s e  th a t both th e  1 :1 " com plex  an d

th e  CHgBJOHJg" anion a re  four - coord inate  boron sp e c ie s  which a re  

undergoing substitution reactions. For the  boric acid /  lactic acid system ,

C-
I

-c-

- 9 — C K

I

— C-

O c-

(1:2 -)
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kf = 2 .5  w hile k f/ = 4 .0  x 103  T h e se  re su lts  a lso  reveal th e

lability of th e  te trah ed ra l boron sp e c ie s  relative to  th e  trigonal boron acid.

From  th e  sy s te m s  d esc rib ed  ab o v e , it is s e e n  th a t th e  b o ra te  an io n s  reac t 

m ore  rapidly th an  th e  trigonal boron ac ids. This d ifference in reactivity m ay b e  

exp la ined  in te rm s of th e  boron - oxygen bond streng th . It is known th a t the  

boron  - oxygen  bond  is longer in th e  te tra h e d ra l b o ra te  th an  in th e  trigonal 

sp e c ie s . Specifically, for boric acid , th e  trigonal B(OH ) 3  s p e c ie s  h a s  a  boron -

oxygen  bond  length of 1.37 A ngstrom  units, w h e re a s  th e  te trah ed ra l B(OH)4 ‘

an ion  h a s  a  v a lu e  of 1 .48 A ngstrom  units [100] . This m e a n s  th a t th e  boron -

oxygen  bond  is w eak e r  in th e  te tra h e d ra l b o ra te  an ion . T h erefo re , in th is  c a s e , 

th e  hydroxide m ay b e  a  b e tte r  leaving g ro u p  a n d  th e  ra te  determ in ing  ring 

c lo su re  m ay o ccu r m ore easily . T his is reflected  in th e  relative m ag n itu d es  of 

th e  rate co n s ta n ts  k2  an d  k4 , co m p ared  with th o se  of k-j a n d  k3  in T able 3-4.

T he resu lts  of th is  study  a re  in no w ay sufficient to  p ro p o se  a  transition 

s ta te  for th e  substitu tion  reaction  of th e  te tra h e d ra l b o ra te  an ion . H ow ever, 

th e re  a re  a  few  po in ts which c a n  b e  m ad e  co n cern in g  a  p o ssib le  transition  

s ta te . T h e  overall reaction of th e  bo ra te  anion is rewritten below.

+

HO C-----

HO C
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The 1,2-diol binds to th e  boron atom  to produce the  chelate  com plex and  two 

co n d en sed  w ater m olecules. From this study, since  only one  type of ligand 

( non-acidic ) w as u sed , it is unclear w hether proton transfer is im portant in the 

transition state .

O ne possible route to the  transition s ta te  is the  c a s e  w here, before the

attack  of the  ligand donor atom , a  hydroxide ion d issoc ia tes  from RB(OH)3 " a s

an initial step . As m entioned before, the B - O bond in th e  borate anion is 

w eaker than in the trigonal boron acid. The dissociation of the hydroxide ion

from RB(OH)3" would produce the  trigonal RB(OH> 2  species. Therefore, if this

pathw ay w ere to exist, it w ould m ean th a t th e  trigonal an d  th e  te trah ed ra l 

sp ec ie s  would react with similar rates. This is clearly not th e  c a s e  a s  se e n  in 

Table 3-4.

A second  possibility is that p erh ap s  the  transition s ta te  for th e  te trahedral 

borate anion is an associative one, a s  in th e  c a se  of the  trigonal boron acid. 

That is, th e  oxygen d o n o r a tom  of th e  ligand m ay in terac t with boron in

RB(OH)3 '  to form a  pen tacoord inate  boron sp ec ies . A coordination num ber of 

five for boron is not unknown. In stud ies [101] of the hydrolysis of BH4 ',  this

particular coordination num ber w a s  p roposed , and  calcu lations [1 0 2 ] have

been  done on the various geom etries of the pentacoordinate boron.

The main conclusion from th e  experim ents in th is C h ap te r is th a t the 

tetrahedral m ethylboronate anion reacts much faste r than the trigonal 

m ethylboronic acid. To our know ledge, th is is th e  first s e t of reported  rate 

con stan ts  for the lability of the tetrahedral borates relative to the  trigonal boron 

acids.
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This p iece of work certainly d o e s  not provide sufficient ev idence  from 

which one can  propose  a  possible transition s ta te  for th e  substitution reaction 

of the  te trahed ra l borate  anion. It is c lear that much m ore s tu d ies  in basic 

solution are  needed , using different boron acids coordinating to a  variety of 

ligands. This is especially  true since  the phenylboronic acid /  polyol reactions 

(C hapter 5) failed to follow th e  sam e  m echanism  a s  the methylboronic acid / 

polyol system s.
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CHAPTER 4

THERMODYNAMIC PARAMETERS (AG °, AH° AND A S °)  FOR 

BORON ACID / LIGAND SYSTEMS

T he reactions betw een  boric acid  an d  polyhydroxy com pounds 

(polyols) which produce ch e la te  com plexes in aq u e o u s  solution a re  well 

e s tab lish ed  in te rm s of the stoichiom etry and  th e  m easu red  stability co n sta n ts  

[22,26,86-91]. T he kinetic study  p re sen ted  in C h ap te r 3 provides th e  first direct 

ev idence for the  unreactivity of th e  trigonal boron acid and  th e  lability of the  

te tra h ed ra l b o ra te  anion to w ard s  th e  polyol. T he only route to  th e  ch e la te  

com plex is via th e  m ore labile borate  anion. T he reaction betw een  a  

substitu ted  borate  anion and  a  1 ,2 -diol is show n in eqn (1 ).

The reaction given in equation (1) is a  substitution reaction in which the 

coordination num ber an d  th e  hybridization of boron rem ain un ch an g ed .

T he p u rp o se  of the following experim ents w as to determ ine the 

th e rm o d y n a m ic  p a r a m e te r s  A G ° , A H °  a n d  A S °  fo r th e  c o m p le x a tio n  

re a c tio n s  b e tw e e n  th e  m e th y lb o ro n a te  an io n  a n d  th e  s im p le  po lyo ls. A 

substitu ted boron acid is ch o sen  since  it can  form only 1 :1  com plexes in

4.1 Introduction

(1)
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solution. T he reac tio n s  a re  carried  ou t in b as ic  m ed ia  b e c a u s e  th e  equilibrium 

is s u c h  th a t  co m p lex  fo rm ation  o c c u rs  only  in b a s ic  so lu tio n . F or th e s e  

re a c tio n s , th e  stability  c o n s ta n ts  a n d  ra te  c o n s ta n ts  w ere  d e te rm in e d  an d  

rep o rted  in C h ap te r  3 . The p re se n t m ea su rem en t of A H ° a n d  A S °  for the  

com plexation  s te p  would allow one  to  de term ine  w h e th e r th e  driving force for 

th e  reaction  is en tha lp ic  o r en tropic in origin. A know ledge of th e  en thalpy  an d  

en tropy  c h a n g e s  accom pany ing  th e  m ethylboronic acid  /  polyol substitu tion 

reac tio n s  w ould therefo re  provide a  m ore com ple te  u n d erstan d in g  of th e  

sy stem s.

A se c o n d  sy stem  which w as investigated  is th e  m ethylboronic acid / 

ca tech o l (1 ,2 -benzenedio l) system . T he sim ple polyols an d  th e  ca tec h o ls  a re  

sim ilar in th e  s e n s e  th a t they  a re  both b iden ta te  chelating 1,2-diols. An 

im portant d ifference b e tw een  th e  two ty p es  of ligands is th a t th e  polyols a re  

flexible w h e re a s  the  c a tech o ls  a re  rigid. Recall th a t th e  ch e la te  effect is usually 

attributed to a  favorable{+) entropy term . In th e  c a s e  of th e  polyols, the  

favorab le  entropy  c h a n g e  upon chelation  to boron w ould be  o p p o se d  by th e  

negative  en tropy  c h a n g e  which resu lts  from th e  lo ss  in configurational en tropy 

in th e  free  ligand. This is not n ecessa rily  tru e  for th e  a n a lo g o u s  ca tech o l 

sy stem  sin ce  catechol is a  m ore rigid ligand. T herefore , th e  re a so n  for 

including th e  m ethylboronic acid /  ca techo l system  w a s  to d e term in e  th e  ex ten t 

to  w hich th e  flexibility of th e  free ligand a ffec ts  th e  en tropy  c h a n g e  in th e  

chelation  p ro cess .

T he m ethy lboronate  /  polyol reac tions a re  stud ied  in b a s ic  solution s ince 

th e  co m p lex es  a re  form ed only u n d er th e s e  pH conditions. T he m ethylboronic 

acid  / ca techo l reactions a re  carried out in acidic solution b e c a u se  th e  

ligand u n d e rg o es  oxidation in basic  m edia. T he reac tions of m ethylboronic
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acid  with ca tech o l an d  m ethylboronate with ca tech o l a re  re la ted  by the  acid 

d issociation  equilibrium of th e  boron acid . In o rd e r to co m p are  th e  th e  entropy 

c h a n g e s  in tw o s y s te m s  - m e th y lb o ro n a te  /  1 ,2 -p ro p an ed io l an d  

m ethylboronate  /  ca techol- it w as  n e c e ssa ry  to  d e term in e  A G °, A H ° a n d  A S °  

for th e  ionization of m ethylboronic acid.

4.2 Theory

T he determ ination  of A G °, A H ° an d  A S °  for th e  com plexation reactions 

w as accom plished  by th e  m easu rem en t of th e  stability c o n s ta n t a s  a  function 

of th e  tem p era tu re . T he theoretical trea tm en t of th e s e  m ea su rem e n ts  is given 

below .

The v a n ’t Hoff equation  [103] is given by

d in  K _  A H l l0,
dT = RT2 1 J

A ssum ing th a t A H 0  d o e s  not c h a n g e  m uch with tem p era tu re  an d  s in ce  d(1/T)

= - 1 /T^ dT, eqn  (2) m ay b e  rewritten a s

d In K 
d  (1 fT)

AH°
R (3)
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If th e  enthalpy ch an g e  is co n stan t over th e  tem p era tu re  ran g e  s tud ied  then  a  

plot of In K vs 1/T is a  straight line with

Since th e  plots of In K vs 1/T w ere linear ( s e e  Figure 4-3), it is a  good 

approx im ation  to  n eg lec t th e  te m p e ra tu re  d e p e n d e n c e  of A H °. From the 

m easu rem en ts  of the  stability co n sta n ts  a s  a  function of th e  tem p era tu re  and  

from eq n s  (4) - (6 ), th e  values for A H °, A G ° and  A S °  w ere  calcu lated .

M ethylboronic acid h a s  a  pKa  value of 10.40 while e ach  of th e  polyols 

h a s  a  value of 13. For the CH3 B(OH ) 2  / 1 ,2-propanediol sy stem , a  distribution 

d iagram  which w as calcu la ted  from the known stability c o n s ta n ts  reported  in 

C h a p te r  3 is p re se n te d  in F igure 4-1. At pH 12, th e  d istribution  d iag ram  

indicates that th e  concentration of th e  trigonal boron acid  is negligible 

com pared  to th a t of th e  te trahedral borate  anion. Therefore , a t pH 12, the  main 

com plexation reaction is betw een  th e  borate  anion an d  th e  fully p ro tonated  

form of the ligand.

A H ° = slope x(-R )

A G ° = - RT In K

A S °  = ( A H ° - A G ° ) / T

(4)

(5)

(6)

4.3 Determination of A G °, AH°and A S °

4.3.1 The Methylboronic Acid / Polyol System
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T h e  reaction  b e tw een  m ethy lbo ronate  an ion  an d  1 ,2 -p ropaned io l is given 

below .

T he stability constan t K2 w as m easu red  a s  a  function of the  tem peratu re  

using th e  1H NMR technique a s  d escrib ed  in C hap ter 2. A 1 H NMR spectrum  

a t 25  °C  is p resen ted  in Figure 4-2. The calculation of the  stability constan t

from th e  spectrum  w as outlined in C h ap te r 2. The stability co n stan t K2 w as 

found to in crease  with d ecreasin g  tem pera tu re . For th e  sa m e  spectrum , the 

plot of In K2 vs 1/T is given in Figure 4-3.

Using several plots to g e th er with eq n s  (4) - (6 ), the values for A G °, 

A H ° an d  A S °  w ere calcu la ted  an d  a re  p re se n te d  in Table 4-1. T he stability 

c o n s tan t ob ta ined  a t 298 K a g re e d  within ±  20  %  of th e  va lue  reported  in 

C h a p te r  3  w hich w as  m e a su re d  using  th e  pH m ethod  an d  th e  11B NMR

techn ique. T he reaction is s e e n  to  be exotherm ic and  is accom pan ied  by a  

large an d  negative entropy change .

T he determ ination of th e  therm odynam ic p aram ete rs  for th e  reactions of 

m ethylboronic acid  with ethylene glycol, 1 ,3-propanediol and  glycerol w as  not

p ossib le  by the  1H NMR technique. In all c a s e s , the  resulting sp ec tra  w ere

com posed  of overlapping p eak s  which did not allow any quantitative

CH3CH3
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determ ination of th e  stability co n stan ts .

4.3.2 The Methylboronic Acid / Catechol System

From T able 4-1, th e  entropy  c h a n g e  for th e  chelation of 1 ,2-propanediol 

to  th e  m ethylboronate anion is s e e n  to be  negative: It w as a s su m e d  th a t th e  

sign of A S  w a s  p e rh a p s  d u e  to  th e  lo ss  of configurational en tropy  in 1,2- 

propanedio l w hen it is bound  in th e  com plex. This result prom pted th e  

investigation of th e  m ethylboronic acid /ca tech o l system . C atechol, being m ore 

rigid than  1 ,2 -propanediol, w as  pred icted  to  undergo th e  an a lo g o u s 

substitution reaction with a  m ore positive entropy ch an g e .

T h e  therm odynam ic experim en ts  with th e  CH 3 B(OH ) 2  / ca techo l system  

had  to  be  co n d u c ted  in acidic solution b e c a u se  th e  ligand u n d erg o es  

oxidation  in b a s ic  m edia . C a tech o l is m ore acid ic  th an  th e  polyols a n d  is 

charac terized  by two pKa  v a lu e s ;  pKa 1  = 9 .2 7  and  pKa 2  = 11.49 .U sin g  

previously de term ined  stability co n s ta n ts  [61], a  distribution d iagram  for th e  

CH 3 B(OH)2 /ca techo l sy stem  w as  ca lcu la ted  an d  is p re se n te d  in Figure 4-4. 

S ince  th e  exp erim en ts  a re  being carried  out in acidic solution b e tw een  pH 6  

an d  pH 7, th e  only com plexation  pa thw ay  is th e  o n e  b e tw een  th e  trigonal 

boron acid  a n d  th e  fully p ro tona ted  form of th e  ligand. T he addition reaction 

b e tw een  m ethylboronic acid an d  ca techo l is given in eqn  (8 ).

T he stability constan t K1 w as m easu red  a s  a  function of the  tem p era tu re  by
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u se  of th e  "* H NMR technique. A spectrum  a t  25  °C  is p re se n te d  in Figure 4-5.

Unlike th e  m ethy lboronate  /1 ,2 -propanedio l sy stem , th e  stability co n s ta n t for 

th e  m ethylboronic acid  / ca tech o l sy stem  w as  found to  b e  in d ep en d en t of th e  

tem pera tu re . This m ea n s  th a t A H ° for the  reaction is c lo se  to zero . The 

approxim ation  A H ° = 0 w as u sed  in th e  calculation of th e  en tropy  ch an g e  

using eq n  (6 ).The resu lts  of sev era l experim en ts  a re  reported  in T ab le  4-2.

T he m ethy lboronate  an ion  /1 ,2 -p ropaned io l sy stem  w as s tu d ied  in b a s ic  

solution while th e  m ethylboronic acid  /  ca tech o l sy stem  w a s  s tu d ied  in acid ic 

solution. In o rd er to  co m p are  th e  en tropy c h a n g e s  b e tw een  th e  tw o sy s tem s  -

CH3 B(OH)3 7 1 ,2 -p ro p an ed io l an d  CH 3 B(OH)3 7 ca tech o l - th e  determ ination

of A G °, A H ° a n d  A S °  for th e  ionization reaction of m ethylboronic acid 

w as  carried  out. T h e  ionization reaction is given in eqn  (9).

T h e  th e rm o d y n a m ic  p a ra m e te rs  for th e  equilibrium  g iven  in eq n  (9) w ere  

d e te rm in ed  by m easu ring  Ka  a s  a  function of th e  tem p era tu re  by pH titration 

m ethod, a s  d esc rib ed  in C h ap te r 2. A plot of In Ka  v s  1/T is given in Figure 4-6. 

S ev era l p lots to g e th e r  with e q n s  (4) - (6 ) w ere u se d  to  ca lcu la te  A G °, A H °

a n d  A S  ° for th e  ionization of CH3 B(OH)2 . T he resu lts  a re  p re se n te d  in T able 

4-3.

4.3.3 The Ionization of Methylboronic Acid

OH
h 3 c —  b:

OH
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T he com parison of th e  entropy c h an g e s  betw een  the  sy stem s 

C H 3 B(OH)3 '/1 ,2 -p ro p a n e d io l an d  CH 3 B(OH)3 7 c a te c h o l w a s  d o n e  in th e  

following m anner. S ince th e  reactions with catechol w ere d o n e  in acidic 

solution, the entropy change  for the  reaction betw een CH3 B(OH)3 ‘ an d  

catechol w as calculated using th e  Born H aber cycle given below.

( 1 )

+ H+
CHgBpHJg CH3 B(OH) 3

( 1 1 1 ) ( 1 1 )
e x ’

H2 L = catechol

From the Born H aber cycle, it is readily seen  that

A S 0-, 1 -, = A S 0-, + A S 0-,-, (10 )

T he v a lu es  for A S 0-, an d  A S 0-,-,-, w ere rep o rted  in T ab le s  4-3 an d  4-2, 

respectively. Therefore, A S 0-, -, which refers to  the  substitution reaction of the 

m ethylboronate anion with catechol is easily calculated  to be  213.1 J/mole-K.
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107

OH

CH

B.a2 . S
PPH

5.55.5S. 5

Figure 4-2: 1H NMR Spectrum for Methylboronic Acid (0.165 M) / 

1,2-propanediol (0.152 M) System ________________
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F ig u re  4-3: Graph of In K2 vs 1/T for Methylboronic Acid (0.165 M) /  1,2-

propanediol (0.152 M) System
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OH
h o — b :

CH

4.05.5
PPM

Figure 4-5: 1H NMR Spectrum for Methylboronic Acid (0.118 M) / 

Catechol (0.164 M) System
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22
3 .63 .4 3 .53 .33 .1 3 .2

1 /T x 10 ' 3  K " 1

F ig u re  4-6: Graph of In Ka  vs 1/T for Methylboronic Acid (0.050 M)



112

4 .4  R e s u l ts

T a b le  4 -1 : Therm odynam ic D ata for M ethylboronate Anion /  1,2-propanediol 

System  at 25  °C

A G °, kJ /  mole -AH°, kJ / mole A S ° , J /m o le -K

-4 .3 -2 6 .2 -7 3 .6

T a b le  4 -2 : Therm odynam ic D ata for Methylboronic Acid / C atechol System  at 

25 °C

A G °, k J /m o le A H 0, k J /m o le A S ° , J /  mole-K

33.5 ~ 0 112.3

T a b le  4 -3 : Therm odynam ic D ata for th e  Ionization of M ethylboronic Acid at 

25 °C

A G °, k J /m o le A H °, k J /m o le A S ° , J /m o le -K

58.0 27.9 -100.8
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4.5 D iscussion

The therm odynam ic resu lts obtained  in th is C hap ter a re  th e  first reported 

en thalpy  an d  entropy c h a n g e s  for th e  m ethylboronic acid  /  ligand sy stem s. 

From T able  4-1, th e  substitution reaction of the m ethylboronate anion with 1,2- 

propanedio l is exotherm ic. T he chelation  reaction is a lso  acco m p an ied  by a  

large an d  surprisingly negative entropy change. On the  o ther hand, the 

a n a lo g o u s  reaction  of th e  m ethy lboronate  anion with th e  m ore rigid ligand 

catecho l is ch arac terized  by a  large and  positive entropy ch an g e .

T he substitu tion reaction be tw een  m ethylboronate and  1 ,2-propanediol 

is rewritten below.

T he reaction  w a s  found to  occur with a  favorable en thalpy  c h a n g e  w here 

A H ° = - 26.2 kJ/m ole. For the  analogous reaction of borate  B(OH)4 - with 1,2- 

p ropanedio l, en thalpy  c h a n g e s  have b een  de term ined  by m ethods such  a s  

pH titration [22,104], 1H NMR technique [105] and  calorim etry [106]. In all

c a s e s , th e  reaction w as found to be exotherm ic with A H ° v a lu es  ranging 

from -10 to  -21 kJ/m ole. T h e  fav o rab le  en thalpy  c h a n g e s  in d ica te  th a t 

relatively strong boron - oxygen bonds a re  form ed in th e  chela te  com plexes.

(11)

CH CH
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In ad d itio n , th e  su b s titu tio n  re a c tio n s  of th e  b o ra te  an io n  B (O H )4 " with

ethy lene glycol, glycerol an d  m annitol a re  all exotherm ic [22,104-107].

The entropy c h a n g e  for th e  chelation of 1 ,2-propanediol to the  

m ethylboronate an ion  ( eq n  (11)) is unexpected ly  negative. T he sign of A S °  is 

d u e  to tw o opposing  factors. T he favorab le  en tropy ch an g e  a sso c ia te d  with 

th e  che la tion  p ro c e s s  is o p p o se d  by th e  lo ss  of ro tational freed o m  in 1 ,2 - 

p ropaned io l upon  coord ination  to  boron. T h e  contribution from th e  se c o n d  

factor is m uch g rea te r  than  that from the  first causing  th e  net A S °  to be  

n eg a tiv e . It is w orth m entioning  th a t n eg a tiv e  en tro p y  c h a n g e s  w ere  a lso

o b se rv ed  for th e  an a lo g o u s reactions of b o ra te  B(OH)4 " with e th y len e  glycol,

1 ,2-propanediol, glycerol an d  m annitol [22,104-107].

T he reaction  of th e  m ethy lbo ronate  an ion  with 1 ,2 -propanedio l o ccu rs  

with an  entropy c h a n g e  of -73.6 J/m ole-K . For th e  an a lo g o u s  reaction  of th e  

m ethy lboronate  an ion  with ca tech o l, th e  en tropy  c h a n g e  which w as  ca lcu la ted  

from th e  Born H aber cycle is 213.1 J/m ole-K . T he d ifference in th e se  entropy 

c h a n g e s  is mainly d u e  to  th e  d e g re e  of rotational freedom  which is p re se n t in 

th e  free  ligands. C atech o l being  m ore rigid th an  1 ,2 -p ropaned io l d o e s  not 

h av e  m uch configurational entropy to  lose upon chelation. T he large and  

positive A S °  value for th e  reaction of m ethy lboronate  with ca tech o l is 

therefo re  indicative of th e  entropic origin of th e  ch e la te  effect.

From  T a b le  4 -3 , th e  ion iza tion  of m eth y lb o ro n ic  ac id  is s e e n  to  be  

endo therm ic  with A H ° = 27.9 kJ/m ole. T he ionization of o th er boron ac id s  a re  

a lso  endotherm ic . For boric acid  , A H ° = 13.8 kJ /  mole [28] and  for 

phenylboronic acid , A H ° = 7.9 kJ/m ole [27].
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In th e  ionization reaction HB + H2 O & B" + H+ , b o n d s  a re  being broken and  

form ed while boron u n d e rg o es  a  hybridization c h a n g e  a n d  th e  a b o v e  A H ° 

v a lu es  refer to  th e  net en thalpy  ch an g e . T he positive A H ° ind icates th a t 

th e  H - O bond in H2 O  is stronger than  th e  B - O bond in RB(OH)3 _. H ow ever, it 

is possib le  to rewrite the  HB/B" equilibrium  in th e  following m anner.

T he va lu es  for AH°-j w ere  given above . T he en thalpy  c h a n g e  A H ° 2  for 

th e  neutralization reaction  given by eqn  (13) h a s  b een  d e te rm in ed  to  be  - 55.9 

kJ/m ole [29]. T herefore , th e  v a lu es  for A H ° 3  c an  b e  easily  ca lcu la ted . T he

a d v a n ta g e  of writing th e  HB/B" equilibrium in th e  form given by eq n  (14) is that

a lo n g  with th e  reh y b rid iza tio n  p ro c e s s ,  th is  e q u a tio n  d e s c r ib e s  on ly  th e  

form ation of a  single covalen t bond. T he hydroxide ion a d d s  to th e  em pty  p 

orb ital on  boron  in th e  trigonal s p e c ie s  to  p ro d u c e  th e  te tra h e d ra l b o ra te  

anion. Using th e  ab o v e  va lu es  for A H ° 1 an d  A H 02 , th e  v a lu es for A H ° 3  c an  

be  ca lcu la ted  an d  a re  p re se n ted  in T able 4-4.

HB + H2 0  ^  B" + H+ ; A H ^  

H+ + OH" #  H2 0  ; A H ° 2

(12)

(13)

HB + OH" B" ; A H ° 3  = AH°-j + A H ° 2  (14)
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T a b le  4 - 4 :  C alcu la ted  Enthalpy C h a n g e s  for th e  Addition of H ydroxide to 

Trigonal Boron Acids

Boron Acid A H °3 , kJ/m ole

$ B (O H ) 2 -4 8 .0

B(OH ) 3 - 42.1

C H 3 B(OH ) 2 - 28.0

T he equilibrium given by eqn  (14) for th e  different boron a c id s  d esc rib e s  

th e  form ation of boron - oxygen  b o n d s  a n d  th is  is re flec ted  in th e  sign  of 

A H °3 . As m entioned  in C h ap te r  1, multiple bonding is known to  ex ist in the  

trigonal boron ac id s  and  th e  loss of th is backbonding  in teraction m ay o p p o se  

th e  form ation of th e  te trahed ral b o ra te  anion. T herefore , th e  fact th a t A H ° 3  for 

C H 3 B(OH ) 2  is th e  le a s t n e g a tiv e  m ay  m e a n  th a t  th e re  is m o re  m ultiple 

bonding in CH 3 B(OH ) 2  th an  in th e  o th er boron ac ids in T able 4-4.

T he resu lts  in T able 4-3 indicate th a t th e  ionization of m ethylboronic acid 

is acco m p an ied  by a  large an d  negative  en tropy  c h a n g e  w h ere  A S °  = -1 0 0 .8  

J /m o le  - K. Similarly, the  ionization of boric acid  [28] an d  phenylboronic acid 

[27] a re  known to  occur with negative  en tropy  c h a n g e s  of -129.3  an d  -142.2  

J/m ole-K , respectively. It h a s  b een  pointed ou t by P itzer [29] that th e  av e rag e  

entropy of ionization of a  neutral acid to  p roduce a n  oxyanion is ab o u t -92.0 

J/m ole-K . T h e  A S °  v a lu e s  for th e  ionization  of th e  bo ron  a c id s  a re  m ore 

negative  th an  th a t for a  neutral acid . E dw ards [27] exp la ined  th e  lower v a lu es 

of A S °  for B(OH ) 3  an d  $ B (O H ) 2  in te rm s of th e  in c rease  in coordination
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num ber upon th e  ionization of the  boron acid. It is im portant to  no te  th a t while 

A H ° a n d  A G ° v a lu e s  c a n  be  d e te rm in ed  with fairly g o o d  a c c u ra c y , th e  

determ ination  of A S °  is subject to  m uch larger errors. In any  c a se , the 

negative entropy c h a n g e s  for the  ionization of th e  boron ac id s  reveal th a t the 

product side  of th e  reaction is m ore o rdered  than  the  reac tan t side . O ther than 

th e  exp lanation  of increasing  coordination num ber which w as put forw ard by 

E dw ards, a  se c o n d  reaso n  for th e  negative A S °  m ay be d u e  to  a  g rea te r

d e g re e  of hydrogen bonding which m ay exist betw een  B- an d  H2 0  relative to 

th a t b e tw een  HB an d  H2 0 .  That is, s ince multiple bonding is known to exist in 

HB an d  not in B ', th e  oxygens in the  te trahedral bo ra te  an ions a re  likely to be

m ore basic  than th o se  in the  trigonal boron acids.

In conclusion, th e  com plexation reaction b e tw een  th e  m ethylboronate 

anion an d  1 ,2-propanediol is exotherm ic. T h e  reaction is a lso  ch arac te rized  

by a  large and  negative entropy ch an g e . S ince  th e  reaction is sp o n tan eo u s, 

th e  chelation reaction is enthalpy driven an d  not entropy driven. T he entropic 

origin of the  chela te  effect w as d em onstra ted  in the  reaction of the  

m ethylboronate anion with catechol.
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CHAPTER 5

THE PHENYLBORONIC ACID / POLYOL SYSTEM

( “ An Unsolved Problem ” )

5.1 Introduction

As se e n  in the previous two C hapters, both th e  trigonal an d  the 

te trah ed ra l form s of a  substitu ted  boron acid  can  reac t with b iden ta te  chelating 

ligands su ch  a s  cx-hydroxycarboxylic ac id s  a n d  dicarboxylic ac ids. In both 

c a s e s ,  th e  s a m e  anionic te trahed ral 1 : 1  com plex is form ed, a s  show n in eq n s

(1 ) an d  (2 ).

R— b :
.o h

OH

HO- 

HO C
r HO*.

R
B

O — c -
r.„.P + (1)

HO*.
B

OH HO' r
OH HO C ----- R

o— c
+ 2H,p (2)

T he com plexes a re  stabilized by th e  ch e la te  effect a n d  a re  known to contain 

five- an d  six-m em bered  rings [30-32].

T he p re se n t C h ap te r d e a ls  with th e  com plexation  reac tio n s  b e tw een  

phenylboronic acid  an d  th e  sim ple polyols in basic  solution. T he p u rp o se  of 

the  experim ents is th e  sam e  a s  th a t which w as p resen ted  in C hap ter 3
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for th e  m ethylboronic acid /  polyol sy stem s; that is, to determ ine th e  reactivity 

of th e  te trah ed ra l b o ra te  anion. T he reac tions a re  carried  ou t in b a s ic  solution 

b e c a u s e  th e  co m p lex es  a re  form ed only u n d er th e s e  pH conditions. H ow ever, 

phenylboronic acid  is m ore acidic than  m ethylboronic acid. P revious 

kinetic s tu d ies  of four different boron ac ids with a  particular ligand indicate a  

p re c ise  co rre la tion  b e tw een  boron ac id  pKa  an d  both th e  forw ard a n d  th e  

r e v e rs e  ra te  c o n s ta n ts  [59]. S in ce  th e  s tu d ie s  w ere  p e rfo rm ed  in ac id ic

solution, th e  au th o rs  w ere  observing only th e  reactivity of th e  trigonal boron

sp ec ie s . In basic  solution, both th e  trigonal an d  th e  te trahed ra l form s of the  

boron  acid  a re  p re se n t. In addition to  studying th e  reactivity of th e  b o ra te  

an ion , th e  phenylboronic acid  /  polyol reac tio n s a re  carried  out to  de term ine 

w hether a  similar acidity correlation ex ists  in th e se  system s.

5.2 Determination of the Stability Constants

P henylboronic acid  h a s  a  pKa  value of 8 .72  [59], It is m uch m ore acidic 

th an  m ethylboronic acid  ( pKa  = 10.40 ). Each of th e  ligands - e thy lene glycol,

1 ,2 -p ropaned io l an d  1 ,3 -p ropaned io l - h a s  a  pKa  value of 13. T h e  overall 

com plexation  reac tio n s  a re  given below.

HB + H2 L *± CX- + H+ ; K1 (3)

B" + H2 L & C X ' + H2 0 ;  K2 = K1/Kh b  (4)

Both e thy lene glycol an d  1 ,2-propanediol reac t with <J>B(OH) 2  to form 

com plexes containing five-m em bered chela te  rings. In th e  c a s e  of 1,3- 

p ropanediol, a  s ix -m em bered  ch e la te  com plex is form ed.



1 2 0

T h e stability c o n s ta n ts  w ere  d e te rm in ed  by NaOH titrations w hich w ere

d e sc rib ed  in C h a p te r  2. For th e  <E>B(OH) 2  /  e th y len e  glycol sy s tem , th e  11B

NMR tech n iq u e  w a s  u s e d  a s  well. For all of th e  com plexation  reac tio n s  only 

o n e  com plex  w as  form ed in solution. T herefo re  th e  calcu lation  of th e  stability 

c o n s ta n ts  from both m eth o d s  follows directly from  th e  deriva tions w hich w ere  

outlined  in C h a p te r  2.

T h e  resu lting  stab ility  c o n s ta n ts  a re  p re s e n te d  in T a b le  5-1 a n d  a re  

repo rted  with an  accu racy  of ±  2 0  %.

For th e  4>B(OH) 2  /  e thy lene  glycol sy stem , th e  stability c o n s ta n ts  w ere 

u se d  to  ca lcu la te  a  distribution d iagram  which is given in Figure 5 -1.

5 .3  K in e tic  M e a s u r e m e n ts

T he relaxation tim es w ere  m e a su re d  by th e  tem p era tu re -ju m p  m ethod 

w hich w a s  d e sc rib e d  in C h a p te r  2. A sam p le  of th e  exp erim en ta l d a ta  is given 

in T ab le  5-2.

T h e  kinetic d a ta  for th e  re ac tio n s  of pheny lboron ic  ac id  with e th y len e  

glycol in T ab le  5 -2  sh o w  very  u n u su a l b ehav io r. Specifically , th e  reactiv ity  

p a tte rn s  w hich a re  p re se n t in th e  <£B(OH ) 2  /  HOCH 2 C H 2 OH s y s te m  a n d  

which a re  not s e e n  in th e  CH 3 B(OH ) 2  /  polyol sy s te m s  a re  a s  follows.

(1 )  At c o n s ta n t c o n c e n tra tio n s  of H2 L a n d  HB, a s  th e  pH in c re a s e s ,  th e  

relaxation tim e in c rea se s .

( 2 ) At th e  s a m e  pH, with th e  co n cen tra tio n s  of H2 L c o n s ta n t, th e  relaxation 

tim e v aries  linearly with th e  concen tra tion  of HB.

(3 )  At th e  s a m e  pH, with the  concentration  of HB constan t, th e  relaxation time
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is independen t of the  concentration of H2 L.

S ince th e  reactivity tren d s  in th e  <f>B(OH)2 /HOCH 2 CH2 OH kinetic d a ta  

w ere  very different from th o se  in th e  CH 3 B(OH)2 /H O CH 2 C H 2 OH system , 

sev era l additional te s ts  w ere  carried  out with th e  phenylboronic acid  system  in 

o rder to  ch eck  the  reliability of th e  kinetic da ta . T h e se  te s ts  a re  now described.

F or th e  kinetic m easu rem en ts , all so lu tions including th e  indicator a re  

freshly p rep ared  just before u se . T he boron acid is carefully w eighed and  the  

ligand is handled  volumetrically. T he required  aliquots of th e  electrolyte and  

th e  indicator a re  ad d ed  an d  th e  pH of the  solution is ad justed  by the  dropw ise 

addition of dilute HCI or N aO H .The relaxation tim es a re  th en  m easu red  by the 

tem perature-jum p m ethod which h a s  an  accu racy  of ± 1 0 % .  Only one 

relaxation tim e w as observed . Im m ediately following e ac h  experim ent, th e  pH 

of th e  solution is checked  again.

Additional Tests to Check Reliability of the $B (O H )2 / 

HOCH2 CH2 OH Kinetic Data.

(a) Phenylboronic acid  w as  recrystallized from w ater an d  white n eed le  point 

c ry sta ls  w ere ob tained . T he purity of th e  recrystallized boron acid w as  verified 

by titration with standard  0.1 M NaOH.

(b) An a s sa y  for ethylene glycol w as  carried out and  gav e  satisfactory  results.

T h e  m eth o d  u s e d  in th e  a s s a y  w a s  th e  p e rio d a te  d e te rm in a tio n  of 

e th y len e  glycol [109]. This m ethod  is very se lec tiv e  for 1,2-diols; a lcohols 

( such  a s  m ethanol an d  e th a n o l) an d  1,3-diols do not react. In the  periodate 

determ ination, th e  carbon - carbon bond of ethylene glycol is cleaved  by
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e x c e s s  periodic acid. The periodate  ion is reduced  to iodate, an d  th e  hydroxyl 

g ro u p s  of HOCH 2 CH 2 OH a re  oxidized to carbonyl g roups in th e  form ation of 

form aldehyde.

(c )  T he experim ents w ere rep ea ted  severa l tim es while varying the

concen tra tions of H+, H2 L an d  HB. The reactivity tren d s  rem ain the  sam e .

T he kinetic d a ta  in Table 5-2 contain experim ents in which 

th e  co n cen tra tio n s  of the  ligand is approxim ately  0 .3  M. This high 

concen tra tion  w as  n e c e ssa ry  in o rd er to  vary th e  pH a s  m uch a s  possib le  

while still m aintaining m easu rab le  am plitudes in th e  relaxation tra c e s . W hen 

experim en ts  w ere  done in which the  concentration  of th e  ligand w as  0.1 M, 

identical reactivity tren d s  w ere seen .

(d )  Experim ental resu lts  indicate th a t th e  rate  is independen t of the  

concentration of th e  indicator, and  th e  type of indicator.

In a  s e t of five experim ents, th e  concentration  of phenolphthalein  w as

varied by a  factor of ten  while th e  concentrations of H+, H2 L an d  HB w ere kept

constan t. Among th e  five m easu red  relaxation tim es, th e  v a lu es  differ by (± 

1 0 %) which is within th e  limits of accuracy  of the  tem peratue-jum p m ethod.

In a n o th e r s e t of experim ents, the  type of indicator w as varied by using

phenolph thalein , thymol blue and  creso l red  while th e  co n cen tra tio n s  of H+,

H2 L an d  HB w ere  kept constan t. T he variation in th e  m e a su re d  relaxation 

tim es w as less  than  5 %.

( e )  E xperim ents with co n stan t concentrations of H+ , H2 L, HB an d  Hln w ere

d o n e  in th ree  different electrolytes ( KNO3  , KCI and  N aC I). T he rate rem ains 

th e  sam e.
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(f) A solution of phenylboronic ac id  an d  pheno lph thale in  w as m onitored  for 

sev e ra l hours using th e  UV - visible sp ec tro m ete r. No c h a n g e s  in th e  spec trum  

w ere  s e e n .

(g )  For a  typical reaction mixture, th e  relaxation tim e w a s  m e a su re d  an d  th e  

solution w a s  co v ered  with parafilm  a n d  left to s ta n d  overnight. After 24 hours, 

th e  identical value of th e  relaxation tim e w as  ob tained .

(h )  A solution of pheny lboron ic  ac id  an d  e th y len e  glycol in b a s ic

m edium  ( pH 11 - 12 ) w as  m onitored by th e  1H NMR techn ique . T h e re  w ere

no c h a n g e s  in th e  spectrum  after sev e ra l hours. How ever, a fte r a  few  day s , 

phenylboronic  acid  d e c o m p o se d  ( in strongly b a s ic  solution ) to  boric acid and  

phenol, a s  de term ined  by NMR experim ents.

(t) A nalogous kinetic experim en ts  with phenylboronic acid  an d  1,2- 

propanediol g av e  th e  ex ac t tren d s  a s  o b se rv ed  in T able 5-2 for the  

phenylboronic acid  /  e thy lene glycol system .

S evera l reaction m ech an ism s which w ere  a ttem p ted  in o rd e r to  explain 

th e  kinetic d a ta  in T ab le  5-2 for th e  phenylboronic acid  /  e thy lene  glycol system  

a re  now d iscu ssed .
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5 .4  R e s u l t s

T a b le  5 -1 :  Stability C o n s tan ts  for Phenylboronic Acid /  Polyol C om plexes

h 2 l K1 K2

ethylene glycol 5 .2 x 1 0 - 9 2.7

1 ,2 -propanediol 1 . 6  x 1 0 ' 8 8.7

1,3-propanediol 1 . 0  x 1 0 - 8 5.3
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F ig u re  5-1: Distribution Diagram for Phenylboronic Acid (0.1 M) / Ethylene

Glycol (0.1 M) System
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T a b le  5 -2  : Kinetic D ata for Phenylboronic Acid /  E thylene Glycol System .

H2L : HOCH2 CH2OH V = 1 x 1 0

HB : $B (O H ) 2
k h b

= 1.9 x 1 0 ' 9

Hln : Phenolphthalein K H.n = 3.98 x 10 ' 10

: Phenol Red * K H.n = 1.26x10'®

pH [H2 L] 0 [HB] 0 [HlnJo x  ( m s e c ) 1 /T  ( i

9.89 0.286 0.078 2.75x1 O' 5 9 .83 101.7

9.25 0.286 0.077 2.75x1 O' 5 2 . 6 6 375.9

8.67 0.286 0.077 4.58x1 O' 5 1.25 800.0

8.23 0.286 0.077 4.58x10 ‘4 0.92 1081.1

7 .9 7 * 0.286 0.077 1.66x1 O’ 5 0.73 1375.5

8.71 0.286 0.081 4.20x1 O' 4 1 . 2 2 817.7

8.73 0.286 0.040 4.57x1 O’ 4 2.53 395 .4

8.60 0.502 0.056 4.23x10-4 1.41 707.7

8.60 0 . 1 0 2 0.057 4.24x1 O' 4 1.58 634.9
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5.5 Analysis of Kinetic Data 

Mechanism 1

T he first m echan ism  is th e  one  which ad eq u a te ly  d esc rib ed  th e  

m e th y lb o ro n ic  ac id  /  polyol re a c tio n s  in C h a p te r  3  a n d  is p r e s e n te d  in 

S c h e m e  1.

Schem e 1

ki
HB + H0L CX" + H+ ; K12 ki

*2
B' + h „l CX* + 2H00 ; K2 =2 k-2 2

K1

K h b

(5)

(6)

H O -v _  / O  C
w here CX" = ^.B

$ r
R eaction  (5) is an  addition reaction in w hich th e  ligand a d d s  to  th e  trigonal 

boron acid  to  p roduce  the  te trah ed ra l com plex, with loss of a  ligand proton. 

R eaction  (6 ) is a  substitu tion reaction. For su ch  a  reaction  m echan ism , th e  

ex p ress io n  for th e  relaxation tim e w as  derived  in C h ap te r 2 an d  is rewritten 

below .

T  = k, ( S[HB] + R[FyT) + )

k2  (S [B 1  + T [ H j ]  + ^  )  (7)

w here  P, R, S  an d  T a re  defined in Appendix A.
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T he coefficien ts of th e  rate  co n s ta n ts  in eq n  (7) a re  functions of equilibrium 

co n cen tra tio n s  a n d  equilibrium c o n s ta n ts  which a re  know n. T he ra te  c o n s ta n ts  

a re  usually  o b ta in ed  by fitting th e  experim entally  d e te rm in e d  ra te , 1 /  t ,  to th e  

ca lcu la ted  coeffic ien ts  given in eq n  (7).

A rep re sen ta tiv e  sam p le  of th e  kinetic d a ta  for th e  <i>B(OH) 2  /  

H O C H 2 C H 2 OH sy s te m  is g iven  In T ab le  5-3. U sing th e  m e a s u re d  stability 

c o n s ta n ts , th e  coeffic ien ts  ({ }) w ere  ca lcu la ted  an d  a re  a lso  p re se n te d  in 

T ab le  5-3.

T a b le  5 -3  : D ata  A nalysis for Phenylboronic Acid /  E thy lene Glycol S y stem  

Using M echanism  1.

pH [H2 L] 0 [HB] 0 [Hln] 0 1/T (expt) s '1 M  } k2 { }

9.89 0 .2 8 6 0 .078 2.75x1 O’ 5 101.7 0 .045 0 .663

8.80 0 .2 9 3 0 .077 4.58x1 O’ 5 555 .6 0 .555 0 . 6 6 6

8.23 0 .286 0 .077 4 .58x10"4 1081.1 2 .03 0 .6 5 5

8.71 0 .286 0.081 4.20x1 O' 4 817 .7 0 .676 0 .659

8.73 0 .286 0 .040 4.57x10 ‘ 4 395 .4 0 .642 0 .654

8.60 0 .502 0 .056 4.23x1 O' 4 707 .7 1.139 0 .8 6 2

8.60 0 . 1 0 2 0 .057 4.24x1 O' 4 634 .9 0 .639 0 .4 8 4
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The th ree  reactivity tren d s  observed  experim entally - the  d ecreasin g  rate 

with increasing  pH, the  linear d ep e n d en ce  of the  ra te  upon [HB] a n d  the  

in d ep en d en ce  of th e  rate upon [H2 L] - a re  clearly not s e e n  in the  calcu lated  

coefficients in Table 5-3. Therefore, th e  m echanism  in S chem e 1 which 

successfu lly  d escribed  th e  CH 3 B(OH ) 2  /  polyol reactions is not a d eq u a te  for 

the analogous 4>B(OH) 2  system s.

Mechanism 2

The following m echanism  a s su m e s  th a t th e  com plexation reaction 

occurs in two steps, a s  show n in S chem e 2. T he first s te p  involves the 

nucleophilic a ttack  of th e  glycolic oxygen on the  trigonal 4>B(OH) 2  to produce

a  n o n ch e la ted  in term ed iate  sp e c ie s  C1~, with loss of a  ligand proton. The

seco n d  s tep  given by eqn  (9) is a  substitution reaction which p ro d u ces  the

sa m e  in te rm ed ia te  s p e c ie s  C 1 “. T he final s te p  involves th e  ring c lo su re

p ro c e ss  to p roduce  th e  ch e la te  com plex an d  is acco m p an ied  by lo ss  of a  

w ate r m olecule. In the  proposal of this m echanism , it w as  sp e cu la ted  that

p e rh ap s  the  interm ediate sp ec ie s  C1" w as stab le  enough so  th a t its formation

step  can  be  sep ara ted  from the ring closure p rocess.

Schem e 2

ki
HB + H2L f  C1- + H+ ; K1 ( = ^ | )  (8 )

B- ♦ H2L % C1- ♦ H20 ;  K2 ( -  ) (9)
HB

3̂
C 1 ' CX' + H O ; K3 (10)

k-3
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w here C1

o c h 2 c h 2 o h

and C X " =

H

O C -----

In S ch em e  2, K0 refers to th e  overall stability co n sta n t for th e  equilibrium 

ob ta in ed  by add ing  e q n s  (8 ) and  (10). This stability co n s ta n t w as  m easu red  

an d  is repo rted  in T ab le  5-1. For K3, g u e s s  v a lu es  w ere u se d  in th e  analysis. 

O nce K0 an d  K3 a re  defined, the values for K1 an d  K2 a re  easily  calcu lated .

T he p re se n c e  of C 1‘ is being p ro p o sed  although w e have no 

in d ep en d en t ev idence  for its ex istence . T he 1 1B NMR spectrum  of the 

<E>B(OH)2 /H O C H 2 CH 2 OH sy s tem  sh o w ed  two re so n a n c e s . O ne p e a k  w as 

a s s ig n e d  to both th e  trigonal <3>B(OH) 2  a n d  th e  te trah ed ra l <£B(OH)g", while

th e  o th e r  w as  a s s ig n e d  to th e  ch e la te  com plex  CX". In th e  p ro p o sa l of th e

form ation of C1", it m ay b e  th a t th e  chem ical shifts of boron in C1" an d  CX" a re

in sep a rab le  o r th a t p e rh a p s  th e  ex ch an g e  b e tw een  th e  two co m p lex es  in eqn 

(10) is too  fast for the  NMR tim escale.

T he kinetic an a ly sis  w as  d o n e  a s  follows. Two ty p es  of calcu lations w ere 

perform ed. In th e  first c a s e ,  s in ce  th e re  a re  two in d ep en d en t concen tra tion

v ariab les  C1" a n d  CX", th e  system  is ch arac te rized  by two relaxation tim es. ( A 

sim ilar ana lysis  w as given in C hap ter 2  for th e  CH 3 B(OH)2/glycerol system .) 

V arious v a lu es  for K3, , k2  and  k3  w ere  u sed  in o rd er to  ca lcu la te  1/t . In the
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se c o n d  calcu la tion ,s ince  o n e  relaxation tim e is o b se rv ed  experim entally , a  

variation of th e  m echanism  w as  d one  by treating C1" a s  a  reactive

in term ed ia te . T he s te a d y  s ta te  approxim ation w as  app lied  to  C1" an d  th e

kinetic derivation w as  written in te rm s of one relaxation time. In both ty p es  of 

ca lcu la tio n s, th e  HB d e p e n d e n c e  on th e  relaxation tim e w a s  o b ta in ed  for 

som e of th e  d a ta  but the  o ther experim ental trends w ere not accoun ted  for.

Mechanism 3

T he calculations of th e  previous m echanism  in which a  1:1 un iden tate

com plex  C 1 ' w as  p ro p o sed  did accoun t for th e  HB d e p e n d e n c e  in so m e of the

d a ta . T he pH d ep e n d en c e  on th e  relaxation tim e w as  not s e e n . In T able  5-2, 

th e  first s e t of experim ents indicates th a t th e  reaction rate  is very sensitive to 

solution pH; a  ch an g e  in pH of approxim ately two pH units c a u s e s  th e  rate  to  

c h a n g e  by a  fac to r which is g re a te r  th a n  th irteen . S in ce  th e  reac tio n s  a re  

s tud ied  in b as ic  solution, p e rh a p s  th e  hydroxide ion is intim ately involved in 

th e  reaction m echanism . T h e se  observations led to th e  m echanism  in S ch em e

3. (The s tructu res of C1" an d  CX" a re  th e  sa m e  a s  show n in S ch em e 2.) In th e

proposal of this m echanism  it w as specu la ted  that p e rh ap s  th ere  is a

com petition betw een  reactions (12) and  (13). That is, C 1 " c an  und erg o  e ither

a ttack  by hydroxide to  p roduce th e  b o ra te  an d  th e  ligand an ions, o r it can  

undergo ring c losure to  produce th e  ch e la te  com plex.
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Schem e 3

HB + H_L i  C 1 ' + H+
2  k. ( = K 0 \

\S n  ) (11)

; k 2  ( )  (12) 

(13)cr ^  CX' + H O  ; K3
ko 2

In S ch em e 3, KO an d  K3 a re  defined in th e  sa m e  m an n er a s  in 

M echanism  2 . T he m echan ism  given in S c h e m e  3  is sim ilar to  th e  o n e  given 

in S ch em e 2 with th e  exception of s te p  (12). T he reaction d escrib ed  by eqn 

(1 2 ) is a  substitu tion  reaction in which th e  hydroxide g roup  re p la c e s  th e  ligand

in C1" to  form th e  bo ra te  and  th e  ligand anions.

T he kinetic ana ly sis  is sim ilar to  th e  o n e  given in M echanism  2. G u ess  

v a lu es  for K3 w ere  u se d  in th e  calcu lations. Having defined  KO a n d  K3, the 

o th e r equilibrium  c o n s ta n ts  a re  known. If th e  s te a d y  s ta te  approxim ation  is

app lied  to  C1", th en  th e  kinetic derivation is written in te rm s of o n e  relaxation

tim e. If both C1" a n d  C X ' a re  tre a te d  a s  in d e p e n d e n t v a ria b le s , th en  th e

derivation is written in te rm s of two relaxation tim es. In both ty p es  of 

calcu lations, th e  HB d e p e n d e n c e  w a s  ob ta ined  for so m e  of th e  d a ta  but the  

o th er experim ental tre n d s  could not be  calcu lated .

Mechanism 4

T he following m echan ism  is b a se d  on th e  resu lts  of a  tem pera tu re-jum p  

relaxation study of th e  Zn2+ / chlorophenol red  system  which w as  carried  out
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by Bidwell an d  S tu eh r in 1987 [110]. T h e  au th o rs  w ere  in te rested  in 

m easu rin g  th e  rate of in terconversion b e tw een  th e  te trah ed ra l an d  th e

o c tah ed ra l aq u o  co m p lex es  of th e  Z n2+ ion. T he resu lts  of th e  study  did not

acco u n t for th e  structural ch a n g e  of the  a q u e o u s  Zn2+ ion. In o rd er to  explain 

their kinetic d a ta , th e s e  au th o rs  p ro p o sed  a  m echan ism  which included the  

coupling of th e  protolytic indicator reaction with th a t of th e  a q u e o u s  Z n2+  ion.

A proton tra n sfe r p ro ce ss  occurred  betw een  Z n2+ a n d  ch lo ropheno l red. The 

identical m echan ism  w as p ro p o sed  for th e  n u c leo sid e  inosine / 

ch lorophenol red sy stem  [111]. D espite th e  d ifferences am ong  Zn2 + , inosine

a n d  <!>B(OH)2 , th e s e  s p e c ie s  a re  sim ilar in th e ir  pKa  v a lu es . ( Z n 2 + â q j,

pKa =9.0; p ro to n a ted  inosine, pKa =8.96; 4 >B(OH)2 « pKa = 8.72 .) T h e se  

o b serv a tio n s  led to  th e  following m echanism .

Schem e 4

klHB + H_L & CX' + H+ ; K1 (14)
K\
k2 K i

B' + H2L ?± CX' + 2H O ; K2 ( = ^ L ) (15)
•2 HB

.

Hln *  H + In' ; K3 (= KH)n) (16)
*3

k4 K
HB + In* f  B' + Hln ; K4 ( = 7^ )  (17)

k-> Hln

T he reac tio n s given by eq n s  (14) an d  (15) a re  the  sa m e  a s  th o se  p re se n te d  in 

M echanism  1 . T he reaction given by eqn  (16) is th e  ionization s te p  of th e
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indicator. E quation (17) d e sc rib e s  th e  proton tra n sfe r  p ro c e ss  b e tw een  th e  

indicator an d  th e  boron acid.

The kinetic analysis  w as  d o n e  in th e  following m anner. T he two

in d e p e n d e n t co n cen tra tio n  v ariab les , CX" an d  In ', w ere  u se d  to  derive the

relaxation expression  in te rm s of two relaxation tim es. In the  calculations, all of 

th e  equilibrium co n s ta n ts  in S ch em e 4 a re  known. Similarly, for the  indicator

ionization s te p  given in eqn  (16), th e  value for k_3  is known to be  10 1 0  M '1 s " 1

in th e  c a s e  of phenolphthalein  [1 1 2 ]. S ince K^in is 1 0 ' 1 0  an d  k3  = K|_||n x

k_3  , th e  rate constan t k3  is known. T he calculations w ere  therefo re  carried  out 

with th e  known value of k3  while th e  va lu es  for k-|, k2  an d  k4  w ere  varied. 

T he resu lts  of th e  calculations a re  sum m arized  below.

For th e  c a s e  in which k-j = 1 M '1 s ' 1 , k2  = 100 M"1 s ' 1 , k3  = 1 s " 1 an d  

k4 = 1 0 4  M‘ 1 s"1 , th e  following resu lts w ere obtained .

(1)The pH d e p e n d e n c e  ( increasing  t: with increasing  pH ) w as  acco u n ted  for 

( ±  20 % ), with th e  exception of the  experim ents which w ere done  a t pH > 9.5.

(2) T he linear d ep en d e n c e  of HB on th e  m easu red  t  w as  satisfied ( ±  20 % ).

(3) T he in d ep en d en ce  of H2 L on th e  m easu red  t  w as  not ob tained .

S ince it w as  im possible to fit all of th e  d a ta  satisfactorily, th e  m echan ism  w as 

elim inated.
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Mechanism 5

T he final m echan ism  to  be  co n s id e red  is given in S ch em e  5 an d  will be 

d is c u s se d  in a  little m ore detail than  the  o thers. T he co n sid e ra tio n  of our 

resu lts an d  th o se  of o ther au tho rs  which eventually led to  th e  p roposal of the  

m echan ism  in S ch em e  5 will be outlined. T he analysis  of th e  m echan ism  is 

a lso  d escribed .

T he sim ple m echanism  in S ch em e 1 w as su ccessfu l a t explaining th e  

m ethy lboron ic  ac id  /  polyol kinetic d a ta  an d  not th e  p h eny lbo ron ic  ac id  /

e thy lene glycol d a ta . In S ch em e 1, th e  HB/B' equilibrium w as  tre a te d  a s  a  fast

diffusion controlled p ro cess . From a  tem pera tu re  - jum p study on th e  formation 

of po lybora tes in a q u e o u s  boric acid solutions which w as  carried  out in 1965 

by Eyring e t al [113], it w as  a s su m e d  that the  boric acid trigonal to te trahedral

in terconversion  s te p  w as  rapid ( k = 1 0 1 0  -1 0 1 1  M"1 s"1). However, this

assum ption  h a s  b e e n  q u es tio n ed  by su b se q u en t kinetic s tu d ies  using different 

experim en tal tech n iq u es . U ltrasonic absorp tion  s tu d ies  of a q u e o u s  sodium

borate  solutions report a  rate co n stan t of 108  M' 1 s ' 1 for th e  interconversion

p ro c e ss  [114]. Similarly, tem perature-jum p an d  so und  absorp tion  s tu d ies  on 

a q u e o u s  boric acid  so lutions which w ere  carried  out in th e  1970’s  an d  early 

1980’s  concluded  th a t th e  interconversion rate w as  slow er than  th e  diffusion 

controlled limit [115-117]. Furtherm ore, in 1984 C andau  e t al perform ed 

tem p era tu re  - jum p s tu d ies  with boric acid an d  reported  a  rate  co n s tan t of

1.1 x107  M'^ s ’ 1 for the  HB /  B" interconversion p ro ce ss  [118].

The kinetic experim en ts of th e  com plexation reac tio n s betw een  

phenylboronic acid  and  e thy lene glycol w ere d o n e  in b as ic  so lu tion .S ince the
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resu lts  ind icated  th a t th e  reaction rate  w as  very sensitive  to solution pH (Table 

5-2), it w a s  p o stu la ted  th a t p e rh a p s  th e  hydroxide ion w as involved in o n e  of 

th e  s te p s  in th e  reaction se q u en ce . Also, during our con tinuous se a rc h  for a  

rea so n ab le  m echanism , th e  calculations show ed  th a t in addition to  th e

reac tio n s  in M echanism  1, w h en ev e r a  s te p  involving e ith e r HB or B" w as

included, th e  HB d e p e n d e n c e  on th e  m e asu re d  relaxation tim e w a s  ob ta ined .

T herefore , th e  im portance of OH” an d  HB ( or B ' ) to g e th e r with the  fact that

C an d au  reported  the  ra te  co n s tan t for th e  boric acid  HB/B' in terconversion  to

be th re e  o rd ers  of m agnitude le ss  th an  th e  diffusion controlled limit, led to  th e  

p ro p o sa l of th e  m echan ism  in S ch em e  5. This m ech an ism  is th e  s a m e  a s

M echanism  1 excep t th a t th e  HB/B' in terconversion  ra te  is  no longer diffusion

controlled.

Schem e 5

* /  Khr XHB + O H' f  B' ; KK ( = - i7 !5- ) (18)
* r  IS v

kl +HB + H L CX* + H+ ; K1 (19)
K-i 

k2
B' + H2L f  CX' + 2H20  ; K2 ( = - ^ L ) (20)

-2 *HB

T h e  reaction  given in eq n  (18) is an  addition reaction ; th e  hydroxide ion 

a d d s  to  th e  em pty  p orbital on  boron  in th e  trigonal <£B(OH ) 2  s p e c ie s  to

produce the  te trahed ra l <f>B(OH)3 _ anion. S ince th e  ionization c o n sta n t for
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p h en y lb o ro n ic  ac id  is know n, th e  equilibrium  c o n s ta n t for reac tio n  (18) is

easily  ca lcu la ted  to  b e  1.9x10®. T he com plexation reac tio n s  given by e q n s

(19) an d  (20) a re  th e  s a m e  a s  th o se  p resen ted  in M echanism  1 which

ad eq u a te ly  d escribed  th e  m ethylboronic acid  /  polyol reactions in C h ap te r 3. 

T he stability c o n s ta n ts  K1 an d  K2 w ere reported  in T able 5 -1.

T he reaction  s e q u e n c e  in S ch em e  5  co n ta in s  two in d ep en d en t 

concen tra tion  variab les  a n d  is th erefo re  ch a rac te rized  by two relaxation tim es. 

Recall th a t only o n e  relaxation tim e w as o b se rv ed  experim entally . In o rd er to 

exp lain  th e  kinetic a n a ly s is , th e  relaxation  e x p re ss io n  for M echan ism  5 is

p re se n te d  below . ( T he in d ep en d en t v ariab les  w ere  c h o se n  to  be  HB an d  CX"

an d  th e  derivation  is very  sim ilar to  th e  o n e  ou tlined  in C h a p te r  2 for th e  

m ethylboronic acid  /  glycerol system  .)

.d ^ U B  .  kj ( ( Q[HB] + [OH! + ^ ) 8 HB + ( ^ ) 8 CX )

+ (([Hj] - ^ i ) 8HB + (-[HB] - —1 ) 8CX‘ )

d  SCX
dt = k, ((-[H2L] + P ^ i ) 8HB + ([HB]+^ i ) 8CX- ) 

+ k2 (([Fyj) SHB + ( [eT] + [FyT] + ) sex-)

w here P  = -
1+m  + a [H+]

[H+]
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T h ere  a re  tw o c a s e s  to  co n sid e r. First, w hen  th e  concen tra tion  of th e  indicator 

[Hln] = 0 ,  a  = 0. Secondly , w hen  [Hln] 3s0 ,

flnia  =
K H ,„  ♦  [ H i

In o rd e r to  an a ly ze  th e  relaxation ex p ress io n  , it is n e c e ssa ry  to  so lve  th e  2x2 

d e te rm in a n t g iven below .

a - M - —  a 12

a 2 i  a 22 -  —  
T

= 0

P[CX']
w here a „  = kf { Q[HB] + [OK] + ^ }  + k1 { [H2 L] - K 1  

a i2   ̂ KK  ̂ + ■ K1 ^

P[CX ]
K1 } +  K > { [H2LJ}

a ^ k ,  {[HB] + ^ 3 . )  + k2 { [EH + [H2 L] + - i - }

T he solution to th e  resulting q u ad ra tic  is g iven below .

T (+,-) = ~2 ^ 3 11 + a 22  ̂^  ^ a i1 + a 22  ̂ " ^  â n a 22 " a i2a21  ̂  ̂ ^

S in ce  th e  coefficien ts ( functions of equilibrium  co n cen tra tio n s  a n d  equilibrium 

co n stan ts )  in th e  ab o v e  eq u a tio n s  a re  known, v a lu es  for th e  ra te  co n s ta n ts  a re
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fed  into th e  calculation to  so lve  for th e  two roo ts  of l/T .T h e  usually  rep o rted  

ra te  co n s ta n ts  a re  th e  o n e s  ob ta ined  from  th e  b e s t fit b e tw een  th e  

ex p erim en ta l 1 / t  an d  th e  ca lcu la ted  I / ' t  ( +  r o o t).

In th e  p re se n t an a ly sis  of th e  phenylboronic ac id  /  e th y len e  glycol d a ta , 

various v a lu es  for th e  ra te  c o n s ta n ts  kf, k-| a n d  kg w ere  re ad  into th e  co m p u te r

p rogram  to ca lcu la te  I / ' t .  In th e  c a s e s  w here  kf = 10 5  - 10 7  M"1 s ' 1 , kj = 0.01-

1 M_1 s " 1 an d  kg = 100 - 200 M '^s"1 , it w as  found th a t so m e  of th e  d a ta  w ere 

a c co u n te d  for by th is  m echan ism . In particular, th e  HB an d  HgL d e p e n d e n c e s  

on 'z w ere  ca lcu la ted  for so m e  of th e  d a ta , but th e  pH d e p e n d e n c e  w a s  only 

o b ta in ed  within a  sm aller pH ran g e  th a n  th a t  show n in T ab le  5  -2. T h e  next 

s te p  w as  to  ca lcu la te  e a c h  concen tra tion  coefficient p re se n t in a 11t a 12, a 2i 

a n d  a 2 2  , a n d  to  c h e c k  th e  v a ria tio n  b e tw e e n  th e  e x p e r im e n ta l a n d  th e  

ca lcu la ted  v a lu e s  of 1 / t .  In th e  c o u rse  of th is  analysis , it w as  d isco v e red  that 

th e  indicator concen tra tion  term  had  a  d ram atic  effect on th e  ca lcu la ted  ra tes. 

F o r in s ta n c e , from  T a b le  5 -2 , a s  th e  pH c h a n g e s  from  9 .8 9  to  7 .9 7 , th e  

following tre n d s  w ere  se e n .

[Hln] * 0 [Hln] = 0

pH - P Q -P Q

9.89

7.97

1.56x1 O' 6  

2.10x1 O' 3

0.938

0.184

1 .6 6 x 1 0 "®

1.14x10-2

1 . 0 0 0

0 .9 8 9

W hen th e  indicator concen tration  term  w a s  included, the  variations in P  an d  Q 

w ere  th e  so u rc e  of our inability to  obtain  th e  pH d e p e n d e n c e  on th e  ca lcu la ted
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I / 't .  W e therefore decided  to drop th e  indicator term  from th e  equations. In 

our attem pts to fit th e  da ta , kf h ad  to be  low ered to 2.5x10 4  M '1 s " 1 while kf =

0.02 M" 1 s ' 1 and  k2  = 135 M '1 s ' 1. It w as then possible to fit all of the

phenylboronic acid /  e thylene glycol d a ta  in th e  concentration range of [H2 L ]: 

0.1 - 0 .3  M a n d  [HB] : 0 .0 2  - 0 .0 8  M, with a n  a c c u ra c y  of ±  20 %. A 

rep resen ta tiv e  sam p le  of the  resu lts  of th e  an a ly s is  using  th e  ab o v e  rate 

co n stan ts  is given in Table 5-4.

T a b le  5 -4 : D ata Analysis for Phenylboronic Acid /  Ethylene Glycol System  

Using M echanism  5.

pH [h 2 l]o [HB] 0 [Hln] 0 1 / t  (expt) s ' 1 1 / t  (calc)* s ' 1

9.89 0.286 0.078 2.75x1 O' 5 101.7 90.1

8.80 0.293 0.077 4.58x1 O' 5 555.6 645.0

8.23 0.286 0.077 4.58x10‘4 1081.1 1384.5

8.71 0.286 0.081 4.20x10 ‘ 4 817.7 786.7

8.73 0.286 0.040 4.57x1 O’ 4 395.4 373.5

8.95 0.214 0.063 7.44x10 ‘ 5 400.0 444.2

9.00 0.107 0.063 7.44x1 O' 5 388.3 466.2

* k f =  2 . 5 x 1 0 4  M ' V 1 ; k f  =  0 . 0 2  M ' V 1 ; k 2  =  1 . 4 x 1 0 2  M ’ V 1
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It Is im portant to note that m any au tho rs  who have u sed  indicators to 

m onitor tem perature-jum p experim ents in basic  solution have om itted the 

indicator concentration term  from their equations. In the  1960’s, Eyring et al 

u s e d  p h en o lp h th a le in , pheno l red  an d  c re so l red  a n d  re p o rte d  th a t the  

indicator concen tra tion  term  w as  negligible in o rder to explain their kinetic 

d a ta  [113,119,120]. In th e  1980’s, C andau  e t al carried out tem perature-jum p 

s tud ies  on boric acid solutions using thymol blue in b as ic  solution [118,121]. 

S ince they found th a t the  reaction rate w as independen t of th e  concentration 

of thymol blue, th e se  au thors  om itted th e  indicator concentration  term  from 

their equations. Although w e have also  determ ined  th a t th e  reaction rate is 

independen t of the indicator concentration, w e do  not feel com fortable about 

excluding [Hln] from the  equations. If the indicator term  is not im portant then it 

should not m atter w hether it is included or om itted from th e  calculations. In 

fact, this w as found to be true in the analysis of M echanism  1 which 

satisfactorily explained the methylboronic acid / polyol reactions in C hap ter 3.

An im portant result w as obtained w hen th e  m ethylboronic acid/ethylene 

glycol d a ta  w ere sub jec ted  to th e  sa m e  calculations a s  in M echanism  5. All of 

th e  d a ta  w ere accoun ted  for w hether or not [Hln] w as included. In this ca se , 

th e  sa m e  v a lu es  for k-j an d  k2  which w ere  repo rted  for M echanism  1 in

C hap ter 3, w ere obtained but a  low value for kf ( 1 0 ^  M '^s"^) resulted  from the 

an a ly s is . T h e  re su lts  a re  p re se n te d  in T ab le  5-5 . T h e  r a te s  w hich w ere  

ca lcu la ted  using  M echanism  1 ( 1 t  ) a re  included for com parison . ( The 

c o n c e n tra tio n s  of C H g B fO H ^ , HOCH 2 C H 2 OH a n d  p h en o lp h th a le in  a re  

similar to th o se  u sed  for the  <J>B(OH) 2  system  in Table 5-4.)
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T a b le  5 -5  : D ata A nalysis for M ethylboronic Acid /  E thylene Glycol S ystem  

Using M echanism  1 and  M echanism  5.

M echanism  1 M echanism  5*

[Hln] 96 0 [Hln] *  0 [Hln] = 0

pH 1 / t  (expt) s " 1 1 /x  (calc) s " 1 1 / t  (calc) s ' 1 1 / t  (calc) s ' 1

9.80 496.8 416.3 413.3 413.3

8.91 399.4 414.6 414.4 414.4

8.17 395.4 415.7 414.8 414.8

8 .54 437.1 416.2 394.9 394.9

8.51 328.7 413.3 395.0 395.0

9.31 599.2 694.0 709.5 709.5

9.31 245.4 304.6 303.9 303.9

*
kf = 1.0x 103 M " V 1 ; k j = 0 . 0 1  M ' V 1 ; ro

" n o X o CO 2
I

V 1 .

T he resu lts  in T able 5-5 for the  m ethylboronic acid sy stem  indicate that 

the  calcu la ted  ra te s  a re  independen t of th e  indicator concen tration  term . This 

is not true for th e  an a lo g o u s phenylboronic acid  sy stem s. O n e  of th e  rea so n s  

for th e  d isag reem en t betw een  th e  two boron acid sy stem s is d u e  to th e  relative 

m agn itudes of k2 . The bim olecular rate co n stan t k2  is larger for m ethylboronic

acid (1.0x103 M'1s '1) than for phenylboronic acid (1.4x102 M'1s '1). In both
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c a s e s ,  by calculating e a c h  of th e  coefficients a-j-j, a-j2 > & 2 1  an d  a 2 2 > w as 

d isco v e red  th a t th e  in d ep en d en ce  of th e  ca lcu la ted  1 / t  upon [Hln] for the 

C H 3 B(OH ) 2  d a ta  w a s  d u e  to  th e  la rge  va lue  of k2  re la tive  to  th a t in th e  

$ B (O H ) 2  sy s tem . Any a ttem p t to  low er k2  for th e  C H 3 B(OH ) 2  / 

HOCH 2 C H 2 OH reactions resu lted  in a  loss of th e  experim en tal 1 / t  tre n d s  

an d  a  d e p e n d e n c e  upon [Hln]. Alternatively, the  a ttem p ts  to  in c re a se  k2  for the  

<|>B(OH) 2  /  HOCH2 C H 2 OH reactions resu lted  in a  lo ss  of th e  experim ental 1 / t  

tre n d s  an d  an  in d ep en d e n c e  of [Hln]. Recall th a t th e  experim en tal relaxation 

tren d s  a re  very different for th e  two boron acid  sy stem s.

5.6 D iscussion

From  our ana lysis , th e  only m echan ism  which c o m e s  c lo se  to  explaining 

th e  phenylboronic  ac id  /  e th y len e  glycol kinetic d a ta  is M echanism  5 in which 

th e  boron  acid  trigonal to te tra h ed ra l in terconversion  p ro c e s s  is tre a te d  a s  

being  non-diffusion controlled . M ore th an  tw enty  a lternative  m ech an ism s w ere  

a ttem p ted  w ithout any  su c c e s s . H ow ever, M echanism  5 a c c o u n ted  for the  

phenylboronic acid  /  e thy lene glycol kinetic d a ta  only w hen th e  indicator 

concen tration  term  is om itted from th e  calculations. T he system  is being

p re se n te d  a s  an  unso lved  problem  b e c a u s e  w e believe th a t kf is very  low (1 0 4

M"1 s " 1) a n d  th a t th e  c o n c en tra tio n  of th e  ind ica to r sh o u ld  no t a ffec t th e  

calcu la tions.

T h e  re su lts  in T ab le  5 -4  ind icate  th a t trigonal p h eny lbo ron ic  acid  is 

unreactive  tow ard  th e  polyol. This is co n s is ten t with p rev ious kinetic s tu d ie s  in 

te rm s of th e  proton transfer transition s ta te  which w as  d escrib ed  in C h ap te r 3.
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T h e  te tra h e d ra l p h en y lb o ro n a te  an ion  re a c ts  m uch  fa s te r  th a n  th e  trigonal 

s p e c ie s  a n d  p o ssib le  re a s o n s  for th is  w ere  a lso  p re se n te d  in C h a p te r  3. T he 

m ost surprising an d  unexplainable resu lts  a re  th e  low v a lu es  of th e  rate  

co n s ta n t ( k f ) for th e  addition of hydroxide to  th e  trigonal boron acids.

T he m ethylboronic acid  /  e th y len e  glycol kinetic d a ta  w ere  ad eq u a te ly  

a cc o u n te d  for by M echanism  1 in C h ap te r  3. The calcu la tions for th e  sy stem  

using  M echanism  5 w ere  only carried  ou t for co m p ariso n  re a so n s . As 

m en tio n ed  b e fo re , th e  ca lc u la ted  1 / t ’s  for th is  sy s te m  using  M echan ism  5 

w ere  found to  b e  in d ep en d en t of th e  indicator concen tra tion  term . In addition, 

th e  an a ly s is  g a v e  th e  s a m e  v a lu es  for th e  rate c o n s ta n ts  k-| a n d  k3  a s  

repo rted  in C h a p te r  3. H ow ever, th e  ra te  co n s tan t o b ta in ed  for th e  addition

of hydroxide to  trigonal m ethylboronic acid  is 1 .0 x 10 3  M"1 s ‘ 1 .

The v a lu e s  o b ta in ed  for kf a re  u n ex p ec ted ly  low (10 3  a n d  10 4  M"1 s"1).

T h e  m ag n itu d es  of th e s e  rate  c o n s ta n ts  s e e m  unlikely for th e  sim ple addition 

of hydroxide to th e  em pty  p orbital on  boron in th e  trigonal boron  ac id s. In th e

add ition  reac tio n , boron u n d e rg o e s  a  rehybrid ization  from  s p 2  to  s p 3  a n d

so m e  re a rra n g e m e n t m ust occu r. To our know ledge, th e re  a re  no literature 

s tu d ie s  on th e  ra te  of addition of hydroxide to  th e  su b stitu ted  boron  ac id s. For 

boric ac id , s e v e ra l a tte m p ts  h av e  b e e n  m ad e  an d  th e  m ore  re c e n t s tu d ie s  

h av e  co m m en ted  on th e  com plexity of th e  kinetics.

It h a s  b e e n  su g g e s te d  th a t th e  so u n d  abso rp tion  in s e a  w ate r is d u e  to  

th e  ch em ica l re lax atio n s involving M g S O ^  B(OH ) 3  an d  M g C 0 3 . From  so u n d  

abso rp tion  s tu d ie s  in both s e a  w a te r a n d  a q u e o u s  boric acid  so lu tions, 

S im m ons e t al [116,117] h av e  p ro p o sed  a  tw o-step  m odel for th e  boric acid  / 

b o ra te  equilibrium  a s  show n below.
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k12 k^
B(OH) + O H " ?± [ B(OH) , O H ' ] t± B(OH ) 4

*21 *32

T he first s te p  in th e  form ation of the  ion-pair w as  a s su m e d  to  b e  fa s t while th e  

s e c o n d  slow  s te p  w as  believed  to b e  responsib le  for th e  low freq u en cy  so u n d  

absorp tion . At 25 °C  an d  ]j = 0 .7  M, th e  following resu lts  w ere reported : 1 * 2 3  =

2.5 x10 4  s ' 1 , k3 3  = 2 .4x10 2  s ' 1 an d  K1 2  = 2 .6x10 2  M"1. Additional support

for th is  m odel w as ob ta ined  in 1984 in a  study  concern ing  th e  sy n th es is  of 

artificial s e a  w ater. From tem peratu re-jum p ex p erim en ts  with a q u e o u s  boric 

acid  solutions, C an d au  e t al [121] o b se rv ed  a  pH d e p e n d e n c e  on  th e  

m e a su re d  relaxation tim es which could only b e  acco u n ted  for by th e  tw o-step

m odel. At 20 °C  a n d  \i = 0 .7  M, they  reported  th e  following: k2 3  = 1 .1x105  s"1 ,

k3 2  = 80 s " 1 an d  K-j2  = 60 M '1. In the  sam e  y e a r , further tem perature-jum p

experim en ts  w ere  carried  out by C an d au  e t a l  [118] on a q u e o u s  boric a c id /  

sodium  b icarb o n a te  solutions. T he m echan ism  they  p ro p o se d  w as  an  acid  -

b a s e  e x c h a n g e  b e tw een  B(OH ) 3  /  B(OH)4 '  an d  H C 0 3 '  /  CO 3 2 '  equilibria. In

this an a ly s is  th e  au th o rs  a s su m e d  th a t th e  boric acid  /  b o ra te  in terconversion  

p ro c e ss  occurred  in o n e  step , th a t is,

**12
B(OH) 3  + OH B(OH ) 4

kgi

The ra te  co n s tan ts  reported  w ere k1 2 = 1.1x107  M"1 s ' 1 an d  k2 -j = 9 1  s ' 1 at 

20 °C  an d  = 0.1 M. The sa m e  m echanism  of an  acid- b a s e  ex ch an g e  in s e a
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w ate r b e tw een  B(OH ) 3  /  B(OH)4 ‘ a n d  H C 0 3 " / C 0 3 2 _ equ ilib ria  w as

su g g ested  by Y eager [115] several years before C an d au ’s  work, but no 

m echanism  w as  reported for the boric acid - borate reaction. Although th ese  

stud ies did not arrive a t the  sam e  conclusion regarding the  boric acid / borate 

equilibrium, all of the  au thors  have rem arked on the  unusual kinetic behavior 

of boric acid in basic solution.

It is c lear that the  boric acid /  borate interconversion m echanism  is not 

well understood. In our experim ents, blank solutions of boron acids and 

indicator show ed no relaxation effect in th e  time range 1 0  j i s e c  to 1 sec. In 

C an d au ’s  tem perature-jum p studies, relaxation tim es in th e  m icrosecond time 

range w ere reported. Since we never observed  any relaxation tim e in the 

]asec  region, it is possible that C an d au ’s  instrum ent h a s  a  better resolution 

than ours.

T he results of our analysis of the  phenylboronic acid /  ethylene glycol 

and  methylboronic acid / ethylene glycol d a ta  using M echanism  5 su g g est that 

th e  addition of hydroxide to boron is not diffusion controlled. W e have no 

explanation for the low values of kf. However, it is interesting to note that even 

in the g a s  phase , in the  ab sen ce  of complicating solvent effects, boron 

u n d e rg o es  addition reac tions with ra te s  which a re  le ss  than  th e  collision 

controlled limit. The chelation reactions of boron trifluoride and  silicon 

tetrafluoride with b identate ligands such  a s  ethylene glycol, 1 ,3 -propanediol 

an d  catechol have been  studied  in th e  g a s  p h ase  using the flowing afterglow 

technique [122]. The results indicate that while the  reactions of SiF4  occur with 

ra tes which are  c lose to the  collision controlled limit, th o se  of BF3  occur with 

much lower rates ( ~ 60 % of the collision rate for ethylene glycol and ~ 70 %
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of th e  collision rate for catechol). T he au thor h as  no explanation for th e  lower 

ra tes  observed  in the  boron trifluoride reactions.

Although w e a re  doubtful abou t th e  m agnitudes of th e  rate  co n stan ts

obtained above for the addition of O H ' to th e  trigonal <J>B(OH) 2  and

CH 3 B(OH ) 2  sp ec ie s , a  com parison of th e  two sy stem s yields an  im portant 

result. S ince phenylboronic acid ( pKa  = 8.72 ) is a  m uch stro n g er Lewis acid 

than  m ethylboronic acid (pKa  = 10.40 ), the  relative m agnitudes of kf for the 

two boron acids a re  in ag reem en t with th e  correlation of increasing rate 

constan t with increasing boron acidity for th e  reactions of trigonal boron acids.

The m ethylboronic acid /  polyol reactions w ere adequate ly  accoun ted  for 

by M echanism  1 in C hap ter 3 w here th e  boron acid /  b o ronate  equilibrium w as 

assu m e d  to be diffusion controlled. As m entioned before, the  application of 

M echanism  5 to the kinetic d a ta  w as done for com parison reaso n s. On the  

o ther hand, the phenylboronic acid /  e thy lene glycol d a ta  can  only be 

accoun ted  for by M echanism  5 w hen the  boron acid /  boronate  equilibrium is 

trea ted  a s  being non-diffusion controlled an d  th e  indicator concentration term 

is omitted from th e  calculations. Although th e  results indicate that the 

te trahedral phenylboronate anion reac ts  m uch faste r than  the  trigonal 

phenylboronic acid a s  expected , th e  value obtained for kf is very low. 

T he sy s tem  is being  p re se n te d  a s  an  u n so lv ed  problem  b e c a u s e  of th e  

m agnitude of kf an d  th e  d ep en d en ce  of th e  calcu lations upon th e  indicator 

concentration term . However, it is possible that th e  bim olecular rate constan t

10 4  M '1 s ' 1 may represen t a  s tep  in th e  m echanism  which, a t this m om ent, is

unknown to us.
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CHAPTER 6

THE BORIC ACID / HYDROGEN PEROXIDE SYSTEM

6.1 Introduction

All of th e  s tud ies  d escrib ed  so  far in this th e s is  w ere mainly co n cern ed  

with th e  reactivity of boron ac id s / b o ra te s  tow ards b iden ta te  chelating ligands, 

such  a s  the polyols. T he resu lts indicate th a t th e  substitution reactions of the 

te trahed ra l b o ra tes  a re  m uch fa s te r  th an  th e  addition reac tions of th e  trigonal 

boron  ac ids. T he p re se n t C h ap te r  d e a ls  with th e  coord ination  of a  sim ple 

un iden ta te  ligand on boron.

Boric acid an d  hydrogen peroxide in teract to form s tab le  sp e c ie s  which 

a re  known to  exist both in the  solid s ta te , and  in solution. In th e  form er c a s e , a  

determ ination  [67] of th e  crystal s tructure  of sodium  p eroxobora te  indicates 

that the anion is a  cyclic dimer, a s  show n below. The anion is s e e n  to contain

HO
2 -

HO
B o-

O -
- O
O B

OH

OH

tetrahedrally  coord inated  boron a to m s a n d  double  peroxo b ridges. Although 

the  solid s ta te  of the  peroxoborate  sp e c ie s  h a s  b een  ch arac te rized , the  nature 

of the  aq u eo u s  sp ec ie s  is not well understood.
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In a q u e o u s  solution, th e  interaction b e tw een  boric ac id  a n d  hydrogen 

perox ide h a s  b e e n  s tu d ied  by different experim en tal tech n iq u es  a s  d esc rib ed  

in C h ap te r 1 [70-75]. Recall th a t th e se  s tu d ies  reported  inconsis ten t resu lts 

w here  th e  p ro p o sed  num ber of peroxoboron co m p lex es  ra n g e s  from o n e  to 

six.

O n e  of th e  r e a s o n s  for conducting  th e  following ex p e r im e n ts  w a s  to 

investigate th e  nature of th e  interaction b e tw een  boric acid an d  hydrogen 

p e ro x id e  in a q u e o u s  so lu tion . In th is  L abora to ry , pH m e th o d s  h a v e  b e e n  

su c c e ss fu l in determ ining  stability c o n s ta n ts  for th e  com plexation  reac tions 

b e tw een  boron ac id s  an d  b id en ta te  chelating  ligands [5 9 -6 2 ]. T h e  application 

of th e s e  pH tech n iq u es  would allow th e  charac teriza tion  of th e  boric acid  / 

hydrogen  peroxide sy stem , an d  th e  quantitative m e a su re m e n t of the  

equilibrium constan t (s). In view of th e  conflicting resu lts  of previous 

repo rts  on th e  form ation of p ero x o b o ra tes  , an o th e r  experim ental techn ique,

11B NMR spectroscopy , w a s  u sed  to  co m p are  with the  pH titration da ta .

In addition to  th e  boric acid / hydrogen peroxide sy stem , two o ther 

s y s te m s  w e re  in v e s tig a te d ; th e  p h en y lb o ro n ic  a c id  /  h y d ro g en  p e ro x id e  

sy stem  an d  th e  boric acid /  tert - butylhydroperoxide sy stem . From previous 

th e rm o d y n a m ic  s tu d ie s  of b o ro n  co m p lex a tio n  re a c tio n s  with b id e n ta te  

chelating  ligands ( su ch  a s  a-hydroxycarboxy lic  ac id s  an d  dicarboxylic ac id s), 

th e  stability co n sta n ts  a re  know n to  b e  functions of th e  acidity of both th e  boron 

ac id  a n d  th e  ligand [59]. In g en e ra l, th e  stability  c o n s ta n ts  in c re a se  with 

in c reas in g  acidity  of th e  re a c ta n ts . P heny lboron ic  acid  is m ore  ac id ic  th a n  

boric ac id , a n d  tert - butylhydroperoxide is le ss  acid ic  th an  hydrogen  peroxide. 

T herefore , th e  reaso n  for including th e  phenylboronic acid  /  hydrogen
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peroxide sy s tem  a n d  th e  boric acid  / tert - bu tylhydroperoxide sy s tem  w as  to  

d e te rm in e  w h e th e r th e  acidity correlation  could  b e  ex te n d ed  to  th e s e  sy s te m s  

conta in ing  p eroxo  ligands.

A fter having  co m p le ted  th e  th e rm o d y n am ic  s tu d y  on  th e  fo rm ation  of 

p e ro x o b o ra tes , o u r next g o a i w a s  to  investigate  th e  m ech an ism  from kinetic 

m ea su rem e n ts , using th e  tem p era tu re  - jum p m ethod. In th e  previously 

m entioned  kinetic s tu d ies , all of th e  ligands u se d  w ere  b iden ta te  a n d  form ed 

co m p lex es  containing ch e la te  rings. For th e  reac tions of boric acid 

coord inating  to  hydrogen  perox ide , th e  resulting  co m p lex es  a re  b e liev ed  to 

con tain  a  u n id en ta te  hydroperoxo ligand (-OOH ). T herefo re , a  kinetic s tu d y  of 

th e  boron  acid  / hyd ro g en  p ero x id e  s y s te m s  w ould allow  o n e  to  s tu d y  th e  

addition  a n d  substitu tion  reac tio n s  of a  sim ple u n id en ta te  ligand on boron. 

U nfortunately , th is  kinetic s tu d y  could  not b e  rea lized  s in c e  o u r prelim inary 

experim en ts  indicated  th e  decom position  of hydrogen peroxide u n d e r the  

experim en tal conditions. A c o n s ta n t s tream  of sm all b u b b les  w as  o b se rv ed  

in th e  tem p era tu re -ju m p  cell during th e  experim ent. T he e le c tro d e s  of th e  cell 

a re  m ad e  from s ta in le ss  s te e l m aterial, an d  th e  decom position  of 

hydrogen  perox ide is known to  b e  ca ta ly zed  by m eta ls  [123-128].

6.2 Experimental

All pH e x p e rim e n ts  w ere  d o n e  a t a  c o n s ta n t ionic s tre n g th  of 0.1 M 

(KNO3 ) , a  co n s tan t tem p era tu re  of 25  °C  , a n d  u n d e r a  n itrogen a tm o sp h e re .

All so lu tio n s w ere  p re p a re d  with freshly boiled w ater.

Boric ac id  a n d  pheny lboron ic  acid  ( Aldrich ) w ere  u s e d  w ithout fu rther 

p u rifica tio n . T h e  purity  of t h e s e  r e a g e n ts  w a s  c h e c k e d  by  titra tin g  with 

s tan d a rd  0.1 M NaOH.
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Hydrogen peroxide ( F is h e r ) w as u sed  a s  received. The solutions were 

freshly p repared  before use, and w ere standard ized  [129] by titrating with 

s tan d a rd  po tassium  p e rm an g an a te  solution. T he KMn0 4  solution w as 

standard ized  [130] against the primary s tandard  Na2 C 2 0 4 - Instead of adding 

EDTA to inhibit [74] the decom position of H2 O2  , the final reaction mixture w as 

analyzed by titrating with the  standard  KM n04 solution. The peroxide, w hether 

it is bound in a  complex or free in solution, is known to be oxidized [71] by 

KMn04 . In all c a se s , the a ssay  for H2 0 2  indicated that the d ec rease  in 

concentration w as less than 1 %.

The tert - butylhydroperoxide ( Aldrich ) w as u sed  a s  received .T he 

so lu tions w ere  s tan d a rd ized  by titrating with s ta n d a rd  sodium  th iosulfate  

solution in th e  p resence  of ex cess  iodide [131]. The standard  Na2 S 2 0 3  

so lu tio n s  w ere  p re p a re d  [132] by titrating a g a in s t th e  prim ary s ta n d a rd  

l<2 Cr2  O7 .

The 1 ^B NMR experim ent w as described in C hapter 2.

6.3 Determination of Stability Constants

6.3.1 The Boric Acid I Hydrogen Peroxide System

Boric acid h as  a  pKa value of 8.98 [33] , while hydrogen peroxide has  a  

value of 11.6 [133]. The interaction betw een B(OH ) 3  and  H2 O2  w as studied 

by both NaOH titrations and  pH mixing experim ents which w ere described  in 

the experim ental chapter. More than twenty titrations of each  type w ere done. 

The concentration range studied w as 0.01 M - 0.06 M for B(OH ) 3  , and 0.05 M 

- 1 . 0  M for H2 0 2 .
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In th e  NaOH titrations, solutions of known concen tra tions of B(OH ) 3  an d  

H2 0 2  w ere  titrated  with s tan d a rd  0.1 M NaOH. S ince both B(OH ) 3  a n d  H2 0 2  

are  w eak  acids, th e  initial pH before any  NaOH w as ad d ed  w as  abou t 5.5. 

After th e  addition of a  small am ount of 0.1 M NaOH, th e  pH in c reased  by about 

one  pH unit. Therefore, m ost of th e  points in th e  experim ental titration curve 

w ere betw een  pH 7 and  pH 9.

The pH mixing experim ents w ere carried  out in acidic m edia. Solutions 

of known concentration  of B(OH ) 3  an d  H2 0 2  w ere ad ju sted , sep ara te ly , to 

the  s a m e  initial pH by th e  dropw ise addition of dilute HCI or NaOH. Aliquots of 

o n e  so lu tion  w ere  th en  titra ted  with th e  o th e r  an d  th e  c h a n g e  in pH w as 

m easu red . S ince th e  hydrogen ion is a  product of the  reaction, th e  pH 

d e c re a se d . This m ethod is sim ilar to th e  one  u sed  by E dw ards [71]. A sam ple  

of a  pH m ixing e x p e r im e n t fo r th e  B (O H ) 3  /  H2 0 2  s y s te m  is sh o w n  

graphically in Figure 6-1.

6.3.2 The Phenylboronic Acid / Hydrogen Peroxide System

T he pK a value of phenylboronic acid , <£B(OH)2 , is 8.72 [59]. 

Phenylboronic acid is m ore acidic than  boric acid. A sam ple  of th e  pH mixing 

experim ent for th e  $ B (O H ) 2  /  H2 0 2  sy stem  is a lso  given in Figure 6-1. For 

th e  sa m e  concen tra tions of boron acid  an d  hydrogen peroxide, the  d e c re a se  

in pH upon mixing th e  reac tan ts  is larger for the  $ B (O H ) 2  /  H2 0 2  sy stem  than 

for th e  B(OH ) 3  /  H2 0 2  sy stem . T his m e a n s  th a t o n e  ( o r m ore ) of th e  

equilibrium co n s ta n ts  for th e  d>B(OH) 2  /  H2 0 2  system  is g rea te r  than  tha t for 

the B(OH ) 3  /  H2 0 2  system . In th e  form er c a se , after th e  initial drop in pH, 

there  is an  in crease  in pH due to a  su b seq u en t reaction. T he initial drop in pH
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results from th e  formation of a  peroxoboron com plex, th a t is,

$ B (O H ) 2  + H2 0 2  & <J>B(OH)2 (OOH)- + H+

T he su b se q u e n t reaction of th e  peroxoboron com plex to give phenol and  

boric acid accoun ts  for the in crease  in pH ( Figure 6-1). The overall reaction is 

given below.

$ B (O H ) 2  + H2 0 2  $ O H  + B(OH ) 3

T he kinetics of th e  overall reaction h a s  b e e n  s tud ied  by Kuivila [134], who 

p ro p o sed  severa l m echan ism s, depending  upon th e  experim ental conditions. 

For the  <!>B(OH) 2  /  H2 0 2  sy stem , d u e  to th e  formation of phenol and  boric 

acid in th e  pH mixing experim ent, no determ ination of th e  equilibrium 

co n sta n ts  w as possible.

6.3.3 The Boric Acid / tert -butylhydroperoxide System

The pKa value of tert - butylhydroperoxide is 12.8 [135]. S everal pH 

mixing experim ents of various concen tra tions of B(OH ) 3  an d  (CH3 )3 COOH 

w ere carried  out. Very sm all pH c h a n g e s  w ere o b serv ed . In all c a s e s ,  the 

d e c re a se  in pH w as close  to , or within, th e  limits of th e  accu racy  of th e  pH 

m eter ( + 0.02 ). Therefore, for th is system  a s  well, no quantitative analysis  for 

the  equilibrium co n stan ts  w a s  possible.
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6.3.4 The 1 1 B NMR Experiment

11B NMR experim ents w ere carried  out only for th e  boric a c id /

h y d ro g en  p e ro x id e  s y s te m . T h e  e x p e rim en ta l d e ta ils  w e re  d e s c r ib e d  in 

C h ap te r 2 . S ev era l sp e c tra  w ere  ob ta ined  an d , in all c a s e s ,  overlapping 

p e a k s  w ere  o b s e rv e d . T h e re fo re , no d e te rm in a tio n  of th e  equilibrium  

co n s ta n ts  w a s  possib le  by th is technique.
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F i g u r e  6 - 1 :  pH M ixing E x p e r im e n ts : B oric  A cid (0 .0 4 6  M) /  H y d ro g en  

P e ro x id e  (1 .0 6 5  M) S y s te m  (d a sh e d  line); P h en y lb o ro n ic  Acid (0 .034  M) / 

H ydrogen  P erox ide  (1 .105  M) S y stem  (solid line).
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6.4 Results

6.4.1 Stability Constants

Forth©  boric acid /  hydrogen peroxide system , th e  analysis of the  NaOH 

titration d a ta  led to  th e  conclusion  th a t two peroxoboron  co m p lex es  a re  

p resen t betw een  pH 7 and  pH 9. The equilibria a re  given in e q n s  (1) and  (2) 

below. T he reaction given in eqn  (1) may be described  a s  an  addition reaction.

B(OH ) 3  + H2 0 2  (HO)3 BOOH- + H+ ; K1 =2.0x1 O’ 8  (1)

(HO)3 BOOH- + H2 0 2  (HO)2 B(OOH)2 - + H2 0  ; K2=2.0 (2)

T he hydroperoxo ligand ad d s  to  th e  em pty p orbital on boron to produce the 

te tra h ed ra l com plex. A ligand proton is a lso  d isp laced  in th e  reaction.T he 

sec o n d  reaction is a  substitution; a  seco n d  hydroperoxo ligand rep laces  a  

hydroxyl group in the initially formed com plex with loss of a  ligand proton.

T he calculation of the  equilibrium co n stan t for th e  form ation of a  1 :1 

co m p lex  by NaOH titration w a s  given in C h a p te r  2. E qua tion  (2) above  

con tains a  com plex w here th e  boron acid to ligand ratio is 1 :2. S ince th ere  are

two independen t concentration variables, CX-j.-j" (BL") and  CX-j.2_ (BL2 ‘) ,

the  d a ta  w ere analyzed  a s  follows. The concentration of th e  com plex in the 

conservation  relationships of th e  NaOH derivation w as rewritten in term s of

CXi :2'  alone. U se of the NaOH titrations w here the concentration of H2 0 2

w as in large e x c e ss  allowed a  reliable estim ate  of p 2  ( = K1xK2 ). With the 

known value of p 2 , the conservation relationships in the  original NaOH
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derivation w ere rewritten to include both CX-j an d  CX 1 ;2‘. This modified 

derivation, along with the  NaOH titrations containing lower concentrations of 

H2 0 2  , w as  u sed  to calculate K1. From th e  known v alu es of p 2  and  K1, a  

value for K2 w as determ ined.

As m entioned  before, th e  pH mixing ex p erim en ts  w ere  d o n e  in acidic 

solution. T he analysis  of th e  d a ta  using th e  equilibria d escrib ed  by eq n s  (1 ) 

an d  (2) did not acco u n t for th e  pH drop s e e n  experim entally. By proposing a  

third equilibrium given in eqn  (3), it w as  possib le  to  fit th e  d a ta  ob ta ined  from 

pH mixing titrations. T he reaction in eqn  (3) m ay be described  a s  a  substitution

B(OH)g + H2 0 2  (HO)2 BOOH + H2 0  ; K3 = 0.01 (3)

reaction to  produce th e  neutral peroxoboric acid. In the  determ ination  of K3, 

th e  conservation  relationships of th e  pH mixing derivation w ere rewritten to 

include all of th e  th ree  com plexes. Using th e  v a lu es  of K1 an d  K2 ( known 

from th e  NaOH titration d a ta  analysis  ), a  value of K3 w as determ ined. All of 

th e  equilibrium co n stan ts  a re  reported with an  accuracy  of ±  1 0  %.

6 .4 .2  1 1 B NMR S p e c t r a

T he equilibrium  c o n s ta n ts , o b ta in ed  from pH titration m e th o d s, w ere 

u se d  to ca lcu la te  a  distribution d iagram  of all boron - containing sp e c ie s  a s  a  

function of th e  pH. This is show n in Figure 6-2. T he distribution diagram  w as 

then  u sed  to  determ ine the conditions for running the  NMR spectra . As 

m entioned before, severa l experim ents w ere carried  out with various 

concentrations of the  reactants. In all c a s e s , overlapping p eak s  w ere
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observed . T herefore, it w as  not possib le  to  de term ine th e  equilibrium 

co n s ta n ts  by th is techn ique . H o w e v e r, qualitative a g re e m e n t with th e  pH 

titration d a ta  w a s  ob ta ined , a s  exp la ined  below.

Inspection of th e  distribution d iagram  in Figure 6-2 ind ica tes  th a t a t pH 6 , 

only o n e  m ajor boron - containing s p e c ie s  is p re se n t. A g reem en t with this 

prediction an d  the  NMR resu lts  w as  s e e n  by com paring  th e  spec trum  of a  0 .10 

M B(OH ) 3  solution a t pH 6 , with th a t of a  0.10 M B(OH ) 3  /  1.0 M H2 0 2  solution 

a t th e  sa m e  pH. In both c a s e s , only a  single re so n an ce  w as  observed .

T h e  d istrib u tio n  d iag ram  a lso  p re d ic ts  th a t  th e re  a re  th re e  b o ro n  - 

containing s p e c ie s  a t pH 8 . An NMR spectrum  of a  solution of th e  B(OH ) 3  / 

H2 C)2  sy stem  ad ju sted  to  pH 8  w as  reco rded  a t 25  °C  , a n d  is p re se n te d  in

F igure 6-3. T h e  spectrum  is co m p o se d  of two sh a rp  p e a k s  overlapping with 

o n e  b ro ad  peak . It w as  a s su m e d  th a t o n e  of th e  re a so n s  for th e  b ro a d n e ss  of 

th e  third p e a k  might be d u e  to  th e  slow  e x ch an g e  on th e  NMR tim escale . In 

o rd e r  to  c h e c k  th is  a ssu m p tio n , th e  s p e c tra  of th e  so lu tion  a t pH 8  w ere  

reco rd ed  a s  a  function of increasing  tem p era tu re  with 10 °C  increm ents. T he

sp ectru m  a t 5 5  °C  is p re sen ted  in F igure 6-4, an d  sh o w s a  sh a rp en in g  of th e

third re so n a n ce  d u e  to th e  fa s te r  ex ch an g e  a t a  h igher tem pera tu re . T he 

nu m b er of boron co m p lex es  in th e  sp ec tru m  a g re e s  with th e  num ber p red ic ted  

from th e  ca lcu la ted  distribution diagram .

A com parison  of the sp e c tra  a t pH 8  in Figure 6-3  (25 °C) an d  Figure 6 -

4  (55 °C) sh o w s a  significant d ifference in th e  a r e a s  u n d er th e  p eak s . At th e

h ig h e r  te m p e ra tu re ,  th e  ra te  o f d e c o m p o s itio n  of h y d ro g e n  p e ro x id e  is 

in c re a se d  ( sm all b u bb les  w ere o b se rv ed  in th e  NMR tube). From  th e  reaction 

given in eqn  (1 ), a s  hydrogen peroxide d e co m p o se s , th e  pH in c reases . W hen
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the  pH increases above pH 8 , the concentration of the  free boric acid is much 

less  than  that of either complex a s  seen  in Figure 6-3. This may account for the 

difference in the  relative a rea s  in the two spectra.

Figure 6-5 con tains a  spectrum  of the  boric acid / hydrogen peroxide 

system  at pH 10. The distribution diagram  predicts that there  are  two major 

peroxoborate com plexes at this pH. The spectrum  at pH 10 also  show s two 

major boron sp ecies, along with several sm aller boron resonances.
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Figure 6-3: NMR Spectrum  of th e  Boric Acid (0.10 M) / H ydrogen

Peroxide (1.0 M) System; pH=8.08; T=25.5 °C.
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F i g u r e  6-4 : 11B NMR Spectrum of the Boric Acid (0.10 M) / Hydrogen

Peroxide (1.0 M) System; pH=8.08; T=55.5 °C.
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F i g u r e  6-5: 11B NMR Spectrum of the Boric Acid (0.10 M) / Hydrogen

Peroxide (1.0 M) System; pH=9.74; T=25.5 °C.
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6.5 Discussion

For boric acid interacting with hydrogen peroxide, th e  quantitative 

analysis  of th e  pH titration d a ta  indicates that th ere  a re  th re e  peroxoboron 

sp e c ie s  p resen t u nder conditions w here the  pH is le ss  than  or equal to 9. As 

s e e n  above, qualitative ag reem en t concerning the  num ber of boron

com plexes w as obtained  from the 1 1B NMR experim ents.

The equilibria which em erg ed  from th e  analysis of th e  experim ents may 

be sum m arized a s  follows.

HO— B:
OH

OH
+ h 2 o 2  —

H O -^ _  >• OH
"BC" + H + ; K1 (4)

HO OOH

(B L ')

H O .

HO

OH

OOH
+ h 2 o 2

HO>> _  ^ O O H
+ H2 0  ; K2 (5)

HCT OOH

(BL2 )

HO- -B
OH

OH
+ h 2 o 2 n o - •B

OH

OOH
+ H20  ; K3 (6 )

(BL0  )

The reaction given in eqn  (4) is an  addition reaction. The oxygen donor atom  

of th e  hydroperoxo ligand ad d s  to th e  em pty p orbital on boron in the  trigonal 

boric acid to produce the  tetrahedral complex and  a  ligand proton. The boron
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atom  u n d e rg o es  a  c h a n g e  in coordination num ber from th re e  to four, an d  a

c h a n g e  in hybridization from s p 2  to  sp 3 . T he reaction  given in e q n  (5) is a

su b stitu tio n  reac tio n ; a  hydroxyl g ro u p  in th e  initially fo rm ed  co m p lex  is 

re p la c e d  by a  s e c o n d  h y d ro p ero x o  ligand  w ith d isp la c e m e n t o f a  ligand 

proton. T he equilibrium in eqn  (6 ) is a  substitution reaction which p ro d u ces  the  

neutral peroxoboric acid. Both reac tions (5) an d  (6 ) o ccu r with retention of th e  

coordination  nu m b er a n d  th e  hybridization on boron.

T he resu lts  ob ta in ed  h e re  a re  in d isa g re e m e n t with th e  R am an  study  

which w a s  carried  ou t by A dam s an d  Clark [74]. This R am an study  c o v e red  the  

en tire  pH ran g e  an d  repo rted  th a t only o n e  p ero x o b o ra te  sp e c ie s ,

(HO)3 BOOH‘, w as  form ed in solution. T he au th o rs  in terp re ted  the ir resu lts  in

te rm s  of e q n  (4) a lo n e . F rom  th e  e x p e r im e n ts  d o n e  in th is  C h a p te r , th e  

quantitative an aly sis  of th e  pH titration d a ta  ( pH < 9 ) requ ires th e  p re se n c e  of

th ree  peroxoboron  sp e c ie s . This w as confirm ed in th e  1 1B NMR sp e c tra  given

in F igure 6-3  an d  Figure 6-4. Furtherm ore, th e  sp e c tra  a t pH 10 clearly  show s 

th e  p re se n c e  of two m ajor peroxoboron sp e c ie s  a s  well a s  o th e r sm aller boron 

re so n a n c e s .

T he au th o rs  of both th e  R am an study [74] an d  th e  11B NMR study [75]

reported  th a t th e re  w as no ev id en ce  for th e  form ation of peroxoboric acid, BL0> 

a t low pH. T his is p e rh a p s  d u e  to th e  low co n cen tra tio n . T h e  d istribution  

d ia g ra m  in F ig u re  6 -2  for 0 .1 0  M B (O H ) 3  / 0 .1 0  M H2 0 2  p re d ic ts  th e

concen tra tion  of BLq to  b e  approxim ately  10 " 3  M. This concen tra tion  w as  too

sm all to b e  d e tec te d  ( in acidic solution )-by u s , using th e  11B NMR technique. 

A spectrum  a t pH 6 , for th e  sa m e  concen tra tions of B(OH ) 3  a n d  H2 0 2  which
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w ere u sed  in the  calculation of the  distribution diagram , indicated only one 

p eak , a s s ig n e d  to  th e  free  B(OH)3 . T h is a s s ig n m e n t w as  b a s e d  on the  

com parison of th e  spectrum  with that of a  blank solution of B(OH ) 3  a t the 

sa m e  pH. T he p re se n c e  of peroxoboric acid, BLq, w as p ro p o sed  from the 

analysis of the  pH mixing experim ents which w ere carried out at low pH. The 

pH mixing m eth o d  is very  se n s itiv e  for d e te c tin g  co m p lex  form ation  for 

reactions of this type. For instance, in Figure 6  -1, the  pH c h an g e s  a re  seen  to 

b e  easily  m easu ra b le  ev en th o u g h  th e  to tal co n cen tra tio n  of peroxoboron

sp ec ie s  is less  than  10 - 3  M.

As s ta ted  earlier, the  neutral peroxoboric acid (HO)2 BOOH is a  sp ec ies  

w h o se  p re s e n c e  w as p ro p o sed  in o rd er to a c c o u n t for th e  o b se rv e d  pH 

c h a n g e s  in acidic solution. U nder our experim ental conditions, the

concentration w as too sm all to be d e tec ted  independently  by the 11B NMR

technique. However, it is possible to calculate its acid dissociation constan t a s  

show n below.

From e q n s  (4) and  (6 ),

[(HO)3 BO O H '][H +] ^  [(OH)2 BOOH]

K 1  •  [B(OH)3] [HgOg] and K 3  =

The acid dissociation equilibrium for peroxoboric acid is given in eqn (7). 

(HO)2 BOOH + H2 0  ^  (HO)3 BOOH- + H+ ; Ka  (7)

[(HO),BOOH'][H+]
w here K =

a [(HO) BOOH]
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From th e  above, it is readily se e n  that

Ka -  &  =  2 X1 0 _ 6

This calculation show s that peroxoboric acid is a  stronger acid tha t boric acid 

(pKa = 8 .98  ), a s  su g g ested  by Menzel [70] a s  early a s  1923. O ne possible 

reaso n  for th e  difference in acidity m ay be related to th e  electron withdrawing 

nature of the  -OH and  the  -OOH groups. T he boron - oxygen bond in R2 B-OH 

is known to have m ore multiple bond ch arac te r than  th e  boron - oxygen bond 

in R2 B-OOH due  to th e  electron withdrawing nature of the  seco n d  oxygen in 

th e  -OOH group. This m ean s  that the  boron atom  in R2 B-OOH is m ore 

electron deficient than in R2 B-OH and  can  function a s  a  stronger Lewis acid.

T he value ob tained  for K1 ( 2 .0  x 10 " 8  ) from th e  analysis  of th e  pH

titration d a ta  is consisten t with that from Antikainen ‘s  m easu rem en t (1.6x10"8)

using potentiom etric m ethods [72]. As s ta ted  earlier, Edw ards [71] using pH 

m ethods, postu lated  th e  p re sen ce  of a t least six peroxoboron sp ec ie s  in o rder

to explain his data . Inspection of the  11B NMR spectrum  in Figure 6-5 show s

an ag reem en t with Edw ards’ results. This spectrum  ( at pH 1 0 )  a lso  show s 

th e  p re se n c e  of two m ajor peroxoboron  co m p lex es , a s  p red ic ted  by th e  

ca lcu la ted  distribution diagram . Furtherm ore, it is po ssib le  th a t o n e  of the  

sm aller boron re so n an ces  in Figure 6-5 may rep resen t the  cyclic d im er [67] 

which w as characterized  in th e  solid state.

T he results of the phenylboronic acid /  hydrogen peroxide system  are  

c o n s is te n t, in part, with conclusions from previous studies. As m entioned
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before, previous therm odynam ic stud ies  on th e  com plexation reactions of 

b o ro n  a c id s  w ith b id e n ta te  c h e la tin g  lig a n d s  in d ic a te  th a t  th e  stab ility  

c o n s ta n ts  in c rease  with increasing acidity of th e  reac tan ts . Phenylboronic acid 

( pKa = 8.72 ) is m ore acidic acidic than  boric acid  ( pKa = 8 .98  ). It is also 

known th a t for a  particular ligand H2 L, the  stability co n stan ts  for th e  $ B (O H ) 2  / 

H2 L sy stem s a re  g rea te r  than th o se  for the  B(OH ) 3  /  H2 L system s by factors of 

4 - 6  [59]. In Figure 6  -1, for similar concentrations of th e  reac tan ts , th e  initial 

pH drop in the  c a s e  of phenylboronic acid  is ab o u t five tim es larger than  that 

for boric acid. A lthough no equilibrium co n s tan ts  could be  de term ined  for th e  

phenylboronic acid / hydrogen peroxide system , th e  relative m agn itudes of the  

pH c h a n g es  in Figure 6  -1 a re  in ag reem en t with previous work.

Similarly, th e  insignificant pH ch an g e  o b serv ed  in th e  boric acid  /  tert- 

butylhydroperoxide system  is a lso  in ag reem en t with prev ious s tu d ies . The 

m agnitude of th is pH ch an g e  indicates th a t th e  am ount of com plex form ed is 

very small. This m ade it im possible to  determ ine any  equilibrium co n s ta n ts  for 

th e  system . The pKa  value of (CH3 )3 COOH is 12.8, while th a t for H2 O 2  is 

11.6. S ince  ferf-butylhydroperoxide is le ss  acidic th an  hydrogen peroxide, the  

very sm all pH ch an g e  is consis ten t with th e  correlation of increasing  stability 

co n s tan ts  with increasing acidity of th e  reactan ts.

T he analysis  of th e  pH titration d a ta  an d  the  1 1B NMR sp ec tra  led to the

conclusion th a t th e re  a re  th ree  peroxoboron com plexes p re se n t in solution for 

conditions w hen th e  pH is le ss  than  o r equal to  9. T he p ro p o sed  form ulation of

th e  com plexes a re  (HO)3 BOOH", (HO)2 B(OOH)2 “ and  (HO)2 BOOH. In each

of th e se  com plexes, it is assu m ed  that the  hydroperoxo ligand is unidentate. 

W e have no independen t structural d a ta  to support this assum ption . However,
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it should  b e  noted that in all of the  previous stud ies  on aq u eo u s 

peroxobora tes  , th e  hydroperoxo ligand w as alw ays tre a ted  a s  being 

un iden tate .

S ince  th e  H2 O 2  ligand is bifunctional, it is possib le  to form peroxoboron 

co m p lex es  which m ay contain  bridging peroxo ligands, or th re e  - m em bered  

chela te  rings. E ach  of th e se  c a s e s  is now considered .

A bridging peroxo ligand w as o b serv ed  in th e  determ ination  [67] of the 

crystal s tructure  of sodium  peroxoborate. In th e  solid s ta te , th e  peroxoborate  

anion w as  found to be  a  cyclic dimer, a s  show n on p ag e  148. In solution, one  

possib le route to th e  formation of th e  dim er is the condensa tion  reaction

betw een  two (H O ^BO O H" com plexes.

H O -% .-O H  HOO*N _ ^ O H  HO*^  CX. ^ • OH

H O ^  OOH H O ^  OH H O ^   CT ^ O H

T h e o ccu ren ce  of th is dim erization reaction would c a u s e  th e  equilibrium  in 

eqn  (4) to  be driven m ore to  th e  right, resulting in a  pH ch an g e . S ince  th e  pH 

titration d a ta  w ere satisfactorily d escrib ed  by e q n s  (4) - (6 ), th e  dim erization 

reaction w as not considered .

In th e  s e c o n d  c a s e ,  it is p o ss ib le  for th e  initially fo rm ed  co m p lex ,

(HO)3 BOOH", to  undergo a  further reaction producing a  peroxoboron sp ec ie s , 

(H0 )2 B(0 2 )-, which con tains a  th ree  - m em bered  ch e la te  ring.



T he reaction is show n below.

HO OH HO O
B + H2O

HO' HO 1 O

This reaction  m ay o ccu r by c lo su re  of th e  peroxobora te  ring with d isp lacem en t 

of a  hydroxyl g roup  from boron, an d  lo ss  of a  ligand pro ton . T h e  resulting

com plex, ( H O ^ B ^ ) " ,  co n ta in s  a  triangular b id en ta te  peroxo  ligand a n d  it is

not certa in  w h e th e r th is sp e c ie s  is form ed in s tead  of th e  p ro p o sed

(HO)3 B O O H \ T h a t is, w h e th e r reaction (4) from th e  p ro p o se d  equilibria ( p a g e

164 ) p ro d u ces  (HO)3 BO O H ' o r (H0 )2 B(0 2 )‘ h as  no effect on solution pH. 

T herefo re , w e h av e  no solid ev id en ce  to distinguish b e tw een  th e  co m p lex es  

(HO)3 BOOH- an d  (H 0)2 B (0 2 )".

T h e  ch o ice  of th e  u n id en ta te  pero x o b o ro n  com plex , (HO)3 BOOH", a s

being th e  s p e c ie s  form ed in solution in o u r p ro p o sed  equilibria ( p a g e  164 ) 

w as b a se d , in part, on an  infra-red study  [136] of peroxofluoroborate 

com plexes. T he au th o rs  of th is infra-red study, taking into acco u n t th e  resu lts  

of th e  crystal s tru c tu re  determ ination  [67] of th e  p ero x o b o ra te  anion  ( p ag e  

148) ruled out th e  possibility of having co m p lex es  contain ing  th e  triangular 

b id en ta te  p eroxo  ligand. Similarly, th e  a u th o rs  of th e  R am an  s tu d y  [74] of 

a q u e o u s  p e ro x o b o ra tes  in terp re ted  their experim ental resu lts  in te rm s  of the

(HO)3 B O O H '  com plex  ; no com plexes containing triangular b id en ta te  peroxo
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ligands w ere  o b served .

T here is one  further point to  be  m ade. In 1985, C haudhuri an d  D as [136] 

sy n th esized  th e  first known heteroligand peroxoborate  com plexes. T he s tab le  

c o m p o u n d s  w hich w ere  m a d e  w e re  w hite , c ry sta llin e  alkali - m eta l a n d  

am m onium  peroxofluoroborates. The a ttem p ts  to  sy n th esize  th e  com pounds in 

acidic solution ( pH 3 - 4 ) w ere unsuccessfu l. T he sy n th esis  had  to be carried 

ou t in b a s ic  m ed ia , a t  ap p ro x im ate ly  pH 9. In spection  of th e  c a lc u la te d  

distribution d iagram , show s an  ag reem en t be tw een  our resu lts  an d  th e  pH 

c o n d itio n s  w h ich  w e re  n e c e s s a r y  to  c a rry  ou t th e  p e ro x o f lu o ro b o ra te  

syn thesis.

T he re se a rc h  d e sc rib e d  in th is  C h a p te r  w as  p u b lish ed  in Inorganic 

Chemistry in 1987 [137]. A m ore extensive study on the nature  of 

peroxoborate  sp e c ie s  in a q u e o u s  solution w as carried  out in 1989 by Griffith et

al [138]. T h e se  au thors u sed  both 11B NMR and  R am an spectroscopy

techn iques. Their concen trations w ere 0.01 - 4  M for boric acid a n d  0 .0 1 -3 4  M 

for hydrogen peroxide, and  th e  experim en ts w ere  d o n e  b e tw een  pH 14 and  

pH 4. It is worth m entioning th a t th e se  au thors  found good  ag reem en t betw een  

their resu lts  a n d  o u r distribution diagram  which w as  ca lcu la ted  from th e  pH 

titration da ta .

In conclusion , th e  interaction betw een  boric acid  an d  hydrogen peroxide 

in a q u e o u s  solution p ro d u ces  th ree  peroxoboron sp e c ie s  w hen th e  pH is less  

than  or equal to 9. The num ber of peroxoboron co m p lex es p ro p o sed  from two

different pH titration m ethods w as confirm ed by NMR spectroscopy. The

equilibrium  c o n s ta n ts  for th e  form ation of the  co m p lex es  w ere  d e te rm in ed  

quantitatively an d  it is a ssu m e d  that th e  hydroperoxo ligand is unidentate.
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK

T h e investigation of th e  boric ac id  /  hydrogen  p erox ide  sy stem  

d e m o n s t r a te s  th e  a d d itio n  a n d  th e  s u b s ti tu tio n  r e a c t io n s  of a  s im p le  

u n id en ta te  ligand on boron. A lthough no kinetic s tu d y  w a s  p o ssib le  by th e  

te m p e ra tu re - ju m p  m e th o d , w e w ere  a b le  to  d e te rm in e  q u a n tita tiv e ly  th e  

stability co n s ta n ts  for the  com plexes form ed in solution.

T he kinetic study of th e  m ethylboronic acid /  polyol sy s te m s  rep re sen t th e  

first known kinetic investigation of boron acid  com plexation reac tio n s  in basic  

solution. T he lability of th e  te trah ed ra l m ethy lboronate  anion  relative to  th e  

trigonal boron acid  w as d em o n stra ted  for e a c h  of th e  polyols stud ied . W e do 

not h av e  en o u g h  information in o rd er to p ro p o se  a  possib le  transition  s ta te  for 

th e  substitution reaction of the  borate  anion. S ince only o n e  type of ligand 

( non - acidic ) w as  u sed , it is not c lea r w hether proton tra n sfe r is im portant in 

th e  transition s ta te . Much w ork rem ains to be  d one  a t high pH with a  se rie s  of 

ligands varying in pKa  before a  p lausible transition s ta te  c a n  b e  p ro p o sed  for 

th e  substitu tion reactions of te trahed ra l bo ra tes.

T he therm odynam ic  s tudy  of th e  substitu tion  reaction  b e tw een  

m e th y lb o ro n a te  an io n  a n d  1 ,2 -p ro p a n e d io l in d ic a te s  th a t  th e  re a c tio n  is 

ex o th e rm ic  a n d  is a c c o m p a n ie d  by an  u n fav o rab le  en tro p y  c h a n g e . T he 

com plexation  reaction is th e re fo re  en thalpy  driven an d  not en tropy  driven. T he 

o ther polyols could not b e  s tu d ied  d u e  to th e  overlapping re so n a n c e s  in the

pro ton  NMR sp e c tra . A fu tu re  ex p erim en t w ould b e  to u s e  th e  11B NMR

techn ique  in stead , although th e  d ifferences am ong the  ligands a re  ex p ec ted  to 

be  small.



173

T he kinetic b eh av io r of th e  phenylboronic acid  /  e th y len e  glycol sy stem  

in b a s ic  solution is very different from th a t of th e  a n a lo g o u s  m ethylboronic acid 

reac tions. At th e  p re se n t tim e, w e h av e  no  exp lanation  for th is. T he <$B(OH ) 2  / 

H O CH 2 C H 2 OH kinetic  d a ta  n e e d s  to  b e  re -ex am in ed . M echan ism  5 w hich 

w a s  p ro p o s e d  in C h a p te r  5  tre a te d  th e  b o ro n  a c id  tr ig o n a l - te tra h e d ra l  

in terconversion  p ro c e ss  a s  being  non-diffusion controlled. W e a re  not 

com fortab le  ab o u t th e  exclusion  of th e  indicator concen tra tio n  term  o r ab o u t

th e  low value of th e  ra te  co n s ta n t (10^ M '^ s '^ )  o b ta in ed  for th e  addition of OH"

to trigonal 4 >B(OH)2 . Recall th a t for B(OH)3 , kinetic investiga tions h av e  b een  

carried  out by different experim en tal te ch n iq u e s  on th e  boric acid  /  b o ra te  

equilibrium . S o u n d  ab so rp tio n  s tu d ie s  by S im m ons e t al [116,117] h av e  

p ro p o sed  th e  form ation of a n  ion - pair in term ed iate . T h e  m ost recen t study  by 

C a n d a u  e t al [118] using  th e  te m p e ra tu re  - jum p m eth o d  a s s u m e s  th a t th e  

in terconversion  p ro c e s s  o ccu rs  in o n e  s tep . T hey  rep o rted  a  ra te  c o n s ta n t of

1.1 x 1 0 ^ M "^ s"1  for th e  addition of hydroxide to trigonal boric acid. T h e se

resu lts  imply th a t th e  boric ac id  /  b o ra te  equilibrium  is not diffusion controlled. 

T herefore , a  critical experim ent which m ust be  d o n e  in th e  future is to

independen tly  m e a su re  th e  ra te  of addition of OH" to  $ B (O H )2 , p referab ly  in

th e  a b s e n c e  of an y  ind icato rs. P o ss ib le  experim en tal te c h n iq u e s  m ay  b e  th e  

p re ssu re  - jum p m eth o d  or ev en  th e  te m p e ra tu re  - jum p m ethod  w hich d o e s  

not utilize a  sp ec tro p h o to m etric  detection  sy stem . O th er m e th o d s  for de tec tion  

in tem p era tu re  - jum p s tu d ie s  include conduct!m etric, fluorim etric an d  

polarim etric sy s tem s. In fact, it w ould b e  w orthwhile to  re p e a t th e  exp erim en ts  

w ithout any  ind icato rs in o rd e r to confirm  th e  in d e p e n d e n c e  of th e  m e a su re d  

relaxation tim e upon indicator concen tra tion .
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After further ana lysis  of the  phenylboronic acid /  e thylene glycol system  

from which one  ho p es  th a t a  satisfactory  m echanism  m ay em erg e , it would be 

inform ative to  ex ten d  th e s e  s tu d ie s  to  boric acid . In addition  to  th e  1:1 

com plexes form ed by th e  substitu ted  boron acids, boric acid can  form 1 : 2  (or 

bis) com plexes a s  well. T he 1 :2 com plexes a re  form ed via th e  condensa tion  

reac tion  b e tw een  th e  1:1 com plex  a n d  a  s e c o n d  ligand m olecu le . T h e se  

reactions a re  similar to th o se  of the  te trahedral b o ra tes  in th e  s e n s e  th a t both 

a re  substitution reactions in which boron retains a  coordination num ber of four. 

T he reactions for th e  formation of th e  1 :2 com plexes have different geom etrical 

co n s tra in ts  an d  requ irem en ts  from th o se  ch arac te ris tic  of th e  1 :1 com plex 

form ation. T he investigation of bis com plex formation allow s o n e  to study the  

effect of an  a lready  bound ligand on the  therm odynam ics and  kinetics of the  

seco n d  chelation s tep . Therm odynam ic s tu d ies  in the literature have 

es tab lish ed  th e  p re sen ce  of bis com plexes of boric acid  with ligands such  a s  

salicylic acid , lactic acid  an d  polyols by pH m eth o d s [62], infrared [30,31],

R am an  [32] a n d  1 1 B NMR sp e c tro sc o p y  [94,139]. T h e  only kinetic study

reported  on bis com plex form ation w as for the  boric acid  /  lactic acid  system

[62]. How ever, only upper limits w ere ob tained  for th e  various ra te  co n stan ts  

b e c a u s e  of th e  proton am biguity phenom enon . T he resu lts  indicate that th e  

bound  a-hydroxycarboxylic  acid  ligand inhibits th e  coordination of th e  seco n d  

ligand m olecule. This is not necessarily  true for o ther types of ligands since  

th e  re a c tio n s  d e p e n d  upon  th e  n a tu re  a n d  th e  flexibility of th e  lig an d s 

involved. By studying the boric acid /  polyol system s, one  d o e s  not have to 

d e a l with th e  pro ton  am biguity  p roblem  a n d  a b so lu te  v a lu e s  for th e  ra te  

co n s tan ts  can  be obtained. In addition, a  system  such  a s  boric acid  reacting
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with 1 ,2 -propanediol in which both the  1 :1 and  th e  1 : 2  co m p lex es a re  known 

to exist is charac terized  by two relaxation tim es. It should  be  m entioned that 

prelim inary experim ents w ere done on th is system  an d  two well se p a ra te d  

relaxation tim es (for exam ple, 2 m sec  and  20 m sec) w ere o b serv ed . This 

su g g e s ts  that a  kinetic investigation of the  boric acid  /  polyol sy stem s is 

feasib le. A detailed  study of th e se  sy stem s would therefore sh ed  further light 

on the  reactions of bis com plex formation.

Therm odynam ically, the formation of bis com plexes betw een  b o ra te s  and  

polyols is well understood. For m any of th e se  system s, stability co n sta n ts  a s  

well a s  enthalpy and  entropy c h a n g e s  have b een  reported. T he kinetic 

investigation which w as su g g e s te d  ab o v e  would provide a  m ore com plete  

understand ing  of th e se  reactions. As m entioned in the  Introductory C hapter, 

the  formation of th e se  com plexes finds m any applications in analytical 

techn iques, structural problem s an d  enzym e stud ies . A m ore recen t and  

equally im portant application can  be found in th e  a re a  of biological chem istry. 

Boron is a  tra ce  nutrient an d  its deficiency in th e  diet is followed by loss

of C a 2+ an d  Mg2+ in the  urine [140]. T h e se  sym ptons eventually lead to the

onse t of osteoporosis . The exact function of boron in C a2+ an d  Mg2+ 

m etabolism  is not known but it is possib le  th a t borate  com plexes a re  involved 

in th e  binding an d  transport of C a 2+ . Therm odynam ic s tud ies  in th e  recen t

literature show  by u se  of an d ^ 2 C NMR tech n iq u es  that borate com plexes

of polyhydroxycarboxylic ac ids interact with C a2+ to p roduce ternary

co m p lex es in b as ic  solution [141-143]. O nce a  good  u n d erstan d in g  of the  

reactivity of bo ra tes  is obtained, it would be useful to ex tend  the kinetic study
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to  in c lu d e  th e  in te rac tio n  b e tw e e n  b o ra te  c o m p le x e s  a n d  C a 2+  in b a s ic

solution. T he study  of th e s e  te rn ary  com plexes w ould th ere fo re  lead  to  a  new  

an d  prom ising a re a  of re sea rch  in boron acid  chem istry.
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APPENDIX A 

Definition of Symbols

Khb KL1a = 1 + r = P -  P = 1 + -==-
[Hi [Hi

[OH-]
Y =  1 + -------

[H i

[In]

K,„ + [Hi

P  =
{  oT + "p ’ 1 }

{Y +
[EH [HL1

a  [H+] p [H i
}

Q  =  -

[Hi 

1 P[B1R =
a  a  [H i

s  = 1 P [HL1

P P [ H i

T = 1 - R

V = 1 - S



OH

OH

~rr
OH OH 

ethylene glycol

APPENDIX B 

STRUCTURES

BORON ACIDS

Boric Acid: 

Methylboronic Acid:

Phenylboronic Acid:

m -nitrophenylboronic 
a c id :

R = — OH

R = — C H 3

LIGANDS

DIOLS AND POLYOLS

OH OH

1 , 2  - propanediol



DIOLS AND POLYOLS

R \  ^  / O H

TTT “TTT
OH OH OH OH OH

1,3 - propanediol glycerol

c a te c h o l: R = H

4-nitrocatechol R = NO2  

OH 4-m ethylcatechol R = CH3

rrrr C c —

OH OH OH OH OH OH

m annitol

DICARBOXYLIC ACIDS

° % C — c ^ C/  \
HO OH

°>
HO r \

OH

oxalic acid malonic acid



a  - HYDROXYCARBOXYLIC ACIDS

H

>
HO

-CH.

HO

\
OH

lactic acid

<j)H y

TT
H HO 

tartaric acid

' \
OH

HO

HO-

m andelic acid

•C
HO "

i

HO

salicylic acid
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