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v ABSTRACT = )
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i

' Methods have beenzdeveloped for the determlnatlon
b

’of‘mlcroscopic and macroscoplc ac1@ dlssoc1atlon constants
'of polyprotlc ac1ds from nuclear magnetlc resonance
chemlcal shift measurements. Depend*ng upon the position

- of a nmr-actlve nucleus relatﬁve to two 31mu1taneously ‘
'deprotonatlng functlonal groups, its chem1ca1 Shlft may >
jreflect the state of protonatlon of one of the- two groups
1(a unlque resonance) or  the state of both groups (a

common resonance) . 'The'changelxn chemlcal shift ofWa =
unique resonance*with'changes in phvgives directlypthe
fractional denrotonatlon of one of the two 51multaneously
;dgprotonatlng groups as a functlon of pH. " 1In order to}

t

'calculate fractmonal deprotonatlon values from common

=

- ‘

-;resonance Fata, it is necessary to determlne the total
‘_?change in the observed chem1CaI'sh1ft due to\tgé deprd*

'_tonatlon of each of the two groups.; anllnear least
: %m

-

'squares curveflttlng technlques have been develdped to” &%

calculate both macroscoplc and mlcroscoplc ac;d d1§soc1

. = o
}atlon constants from fractlonal deprotonatlon data.} Also,»

‘a nonlinear technlque has been developed,torcalculate_ . ¥
- macroscopic constants directly'from’c; onirescnangg Chem;
vical‘shift’data;‘ » I
Using these methods, mlcroscoplc and macroscoﬁlc ‘
ac1d dlssoc1at10n constants were calculated %rom g?bton?
[‘ .\\‘D ! -‘, v . . k »' '93
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\l - .
magnetlc resonance chemlcal Shlft tltratlon curves, for

‘the amlno acids Ly51ne and ornlthlne, the dlpeptldes

lysylglyc1ne awd glycylly81ne and the related compound

ethylened1am1nemonoacet1c acid. Both macroscoplc and

AY

mlcroscoplc constants were calculated from carbon-13 nmr

0"

‘ tltratlon curves for 2 3—d1am1noproplon1c aéld, ornlthlne

and lysxne.. The carbon 13 data for b 4—Blam1nobutyr1c

)

ac1d proved to be anomalous and prov1ded only macroscopic

constants.

in connection with’the carbon-l3;nmr studies of

|

"the amlno ac1ds, linear parameterlzatlon schemes havé been

developed to predict the cmr chemical shlfts of the alkyl

and. carboxyl carbobs of amlnes, carboxyllc ac1ds% amino

»

My

ac1ds, and related compounds in aqueous solutlon. The;

1

parameters were determlned by multlple, llnear regre551on

analy51s of the’ observed chem}cal shifts of forty -five -

. model compounds. The chemlcal shift parameters}should

carboxyllc ac1ds, and amino acids. o . B

be: of value in the a851gnment of observed chemlcal shifts

~

. , | - o q

e vi

2 3

to the carbons of peptldes and protelns as well as . amlnes,_

8



Part II =

- The aqueous solution chemistty of trimethyllead . .

perchlorate and of ‘the trimethyllead complexes of fiQe.

* carboxylic acids of pK values ranging from 3. 40 to 4.95

4

has been studied by proton magnetlc resonance spectroscopy
and potentlometry.‘ Pmr is shown to be a djirect method

for studying the solution chemistry of the trimethyllead
cation; the chem1ca1 shift of methyl protons and to a
leSSer extent the coupling constant for spin- splh\
rcoupllng between lead-207 (I = %, natural abundance 21 1%)1
and the prbtons of the methyl grbups are sen51t1ve to the
nature of the 11gands bonded to the trlmethyllead and
’thus prov1de information aR the molecular level. The
equlllbrlum constant for the reactlon of - (’)Ci-l..3)3Pb+ ~with
hydrox1de to form (CH ) PbOH has been determlned from the
pH dependence of the chemlcal Shlft of the methyl protons.
Formatlon constants. for the carboxylic ac1d complexes" alsoi
were determined from the pH dependence of the chepical_
.shift of the methyl protons in solutions.containing both
trlmethyllead perchlorate and—carboxyllc ac1d The form-
;tlon constants of the trlmethyllead complexes are found

- to 1ncrease 11nearly as the a01d dlssoc1at10n constants

of the carboxylic ac1ds decreaseu

L
¥
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" CHAPTER I . o L

INTRODUCTION

-base chémistry of polyprotic molecules is

fully protonated form of the amino &

L

glycine yields two

‘ +
: H3NCH
Y.

macroscopic acidity constants, pKl-= 2.3 and pK, = 9.8

2
(1). The macroscopic deprotonation scheme can be des-

co

2 H

2

w ’ -
cribed by: o -

| +
22 ¢ H +HA (1)

. + ‘ — | . ’ ) ,
K, = [H ][HA‘! \, . (2)

1 +
HA > HY + A~ &3
- [H1[AT) o :
T “

On the molecular level, the monoprotonated form HA can

o

- be representeq‘by two microscopic forms as illustrated -in

" Scheme 1I.



H3NCH |
) Moo | \\
/ (I1) ‘\\ | o -

. \\ , -
H NCH CO H S HZNCHZCOQ

3 .
(1) '\ / (1V)
@ - H,NCH,CO,H

- SN 7 0 §
«  Scheme 1
,_f ’ .
By analogy— acetic acid (pK = 4.76 (2)) and ethydgmine
-](bxa = 10 81 (3)), pKl of ine can be assigned-to the
-CO,H group and pK2 to the amino group. e to the w1de1y

varylng a01d1t1es of the two functlonal groupsI the'
Q’

protonation w1ll occur’ almost entlrely via the upper path—

way og Scheme I and very llttle of the glycine will be
present as Form III at any pH. —

When the strengths Oflthe.aCid groups are similar,
two or morebfunctlonal groups. may 51multaneously deproton-
-ate over the same pH range, and the macroscoplc constants

, obtaineg by pH titration can no longer be .assigned to a

specifie group. The amino acid cysteine, ’

\ ) .
HSCHZCH~C02H

+
NH3

‘which has been studied quite intensively, is a molecule

of this type. The macrescopic deprotonation scheme of



cysteine can be represented as follows

H'A — s H.A +nt ‘ (5)

30 = A -

HA —— HA™ +.n? -~ (6)
‘ ]

HA™ —> a% 4+ gt - (7)

. <
N ' I

A

where pK, = 1.77, pK, = 8.33 and pKy = 10.78 (4). pK;

can be assigned tosthe carboxylic aold group but- the

. a551gnment of pK2 or pK3 to elther the sulfhydryl or. gmlno
group, by analogy to s1m11ar compounds, is emblquous. .
Inltlally, Cohn and Edsall (5) a551gned the higher pK to
the sulfhydryl group, butwthls assignment was reversed by
Calyin (6). Eds%il, as cited by Ryklan and Schmidt (7),

. assumed the iotrinsio p;oton affinitiee of the sulfhydryl

and amino group o be 51m11ar, and thus con51dered the Ty

macroscoplc PK values to due to the deprotonation of"

\
ion has proven to

both,groups. ThlS latter 1nterpre
for the second and thlrd deprotonatlons of cysteine

111ustrated in Scheme 11 (8).
’ .
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(1) H?—NH; ‘ : © HC-NH, - (IV)
| o -
H,C-SH | . H,C-S

Scheme II

The micrbscopic constants até(ﬁenoted by lowg:fcase k's:
and ‘are def&hed'by'Equations 8 through f@.

_mwhiun
12 [T]

ety (r1ay

o | e T



. ’ + K ‘
1 . <k = [H J[1V] L 4 ‘ (10)

l\

. 123 . IX _
|
N
k.. = [H)[1V] \ (11)

132 “{I11 \

.
v ‘ .

The ac1d dissociation step to which a given mlcroconstant
.refers is indicated by the: éubscrlpt the last number de- '
notlng the group- underg01ng deprotonatlon and the precedlng
number(s) 1nd1cat1ng groups which have prev1oqsly under-
gone deprotonatlon. The carnoxyf _sulfhydryl and amino
“groups are denotﬁd by the subscrlpts (1), (2) and (3) ’
respectlvely The macroscopic constants can be defined

on the molecular level by:

- \ ’ . .
i 1 [HA ] = NN J([11] + [III]) (12)

AT o mty vy
[HA-] + .

Ky, = TH,AT ‘ - (Il /' . . P
7 - 5 'i’ ; SR : -



k. 51k - N -
123132 | i)

K - :
(k123 + ky35)

o

KoKz = kppkyp3 = /tiéilsz, , (16)
From the precedlng equatlons}/{t/can be seen that in order

to determlne the\microscgpic dissoc1atlon constants, it~ 1s'

o ‘f_uv

necessary to obtain qu;ﬁtltatlve informatlon related” to ﬁff'

'the concentratlons f the monoprotonated tautomers.’ A pH

(]

. s ’ . ‘ ‘ g
ey tltratlon, the st common method' of determining acid . oy

dissociati constants, prov1des information regardrng
the number of protons lost and thus can be used to
determlne only the sum of the concentrations of the two
monoprotonated forms-

A knowledge of the mlcrosc0plc/constants is 1mpor—

_drﬂtant’in several areas. The bin g of metal ions by poly-

dentate llgandsL suchUas no ac1ds, often 1nvolves only
one of the two monopro unated tautomers For example,

" the complexation of ertaln metal ions may 1nvolve only:

- Rorm II (see'§ch II) or only Form ﬂII of cystelnen

specific functional groups 1s‘part1cu1arly

‘important n peptldes since ‘the large size of many pep— :

e than-a few of the multlple b1nd1ng gites avallable.' +

oy

The ionic char

4

' er, and thus chemical behav16rf-of o ‘k;x'

’

a
)
foe
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compounds containing more ‘than one type of functional ‘group
«® 1is often affected by the degree “vof deprotonation of the
individual groups. As an example, although the monopro-
tonated forms of chteine both have a net one’negatiue
charge, Form II contalns three p01nt charges whereas Form
I1IX contains only one pOint charge. It's likely that
tLe presence of these point cnirges ‘will strongly affect
’ “the hehavior .of such a molecule, particularly at the
ionic strengths typical of biological fluids.. Similarly,
‘ knowledge of the mlcroscopic ionization- sch,,me 1s
necessary to completely describe the-chemical and bio-
logical)nature of polyprotic compounds used in pharma=-

'ha)oeutical“applications (14) .

|

'A. Determination of Microscopic Acid Dissociation Constants
T \

o Through the use of model compounds, potentiometry

1

w1th the glass electrode has been extended to the- deter* P
mination of microscopic dissociation constants. This:' is
accomplished by replacing the labile proton(s) of one of

_ the simultaneously deprotonafing functional‘groups with

~ a non-labile alkyl group, usually a methyl or ethyl

group._ The acid dissoc1ation constant of the remaining
functibnal group is then determined by a pH titration of
the model compound and the resultant k, is combined with

the. macroscopic constants of the parent compound to obtain

the remaining microconstants from equations 14 through 16.



ThlS approach assumes thaf the ac1d1ty of the grdup‘
tltrated is not affected by replac1ng the proton(s) of’
the other functional group with an alkyl group(sh.'
This assumption is the prlncygle.of Wegschelder (9)

and ‘its valldlty is dependent upon the functlonal group
to whlch,the alkyl.m01ety is, attached-(lo 11,12). Con-

'sequently, cautlon must be exercised in the ch01ce of
- ' ,

* model compounds.

~

The mlcroscoplc constants of cystelne have been
estxmated from pH tltratlon data by comblnlng macroscoplc
constants with those of model compounds. Ryklan and

Schmidt (7) assumed the pK2.of S-ethylcystelne to be

equlvalent to p£l3 of cystelne (see Scheme II) and thus
-obtained the values 8. 60 arid 8.67 for pk13 and pk12
respect1vely.r~The remaining constants obtalnqp by these
authors are reported in Table 1. Graflus and Nielands
'i(13) used a’ 51m11ar approach to solve -the same problem.

These authors assumed the pKz'of cysteine'betaine‘

o

~

: + .
HSCHZCHT (CH3 ) 3
CO,H |
S . - .
to be equivalent to pklz of cysteine and the pK2 6fﬁA

S-methylcysteine to represent pk13. The constantJ ob-

tained are listed in Table 1. The«model compound approach
has bpen used to’approximate the microscopic dissociation

schemes of other‘compounds of biological interest including

K3
e
1
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glutathione (15) and citric acid (16,17).
. 'The microscopic acid dissociation constants'of
cysteine have been estimated u51ng calorimetric data
obtained from model ' compounds. Wrathall et al (18) noted
tﬁe four kilocalorie per mole difference in .the heats of_
a01d dissociation of the protonated sulfhydryl and amino
groups of mercaptoacetic acid and S-methylcysteine
respectively, and assumed that the AH values represented
the heats of ac1d dissociation for the analogouslfunc-

tional groups in cysteine. This approach also assumes

that the heat of acid dissociation, for a given .functional

grouﬁ is the same for the diprotonated form as for the

‘monoprotonated tautomer and has been crit1c12ed on this

basis (19, 20) The calorimetric results for the micro-
constants of cysteine are presented in Table l A similar
approach has been used to calculate the microscopic con-_
stants for N-methyl and N,N- dimethylethylenediamine (21)
from calorimetric data. - o

More favourable techniques are ‘those which follow

'the deprotonation of at least one of the functional groups

directly. Benesch and Benesch (22) used the” ultraViolet

absorption of the 1onized sulfhydryl group to determine

the microscopic scheme of cysteine. Although the pOSltlon ‘

of the absorption maximum shifted from 236-238 nm to

230-232 nm as the pH was increased it was assumed that

~

‘:the molar absorptiv1ties of Forms II and IV .(Scheme II)
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A

are equal. Consequently, the ratio of the absorbance at

‘a given pH to the maximum absorbance at high pH represents

as ’ the fractlon of all sulfhydryl groups whlch are de-

protonated.
RS . obs oan
[R-SH] + [R-S ] .  “max

Cg

Written in terms of the microscopic forms in Scheme II,

Equation 17 becomes:

- [II) + [IV] - | .
®s” T IV + [I1] + [I11] + (V)" (18) ,

Equation 18, rewritten in terms of the microscopic acid

dissociation constants, was solved by Benesch and Benesch

using'data at three different pH values to obtain 3P . )
v } .

Their results are presented in Table 1.

k and ki

13’ 132° ' ‘
Several other research groups have‘repeated this work
to:elucidate‘the microscopic'acid dissociation constants
of cysteine (8(20,25)u' Coates, Marsden and Riggs (20)
uSed‘the U. V'lapproac of Benesch and“Benesch 122) toi
study the effects of temperature and ionic strength on ~
the. mlcroscoplc acid-base chemlstry of cystglne. Thelr
results, at 25°C and 0.1 M ionic strength, are presented
in Table 1. ' ‘ ‘
| | Although the U.V. approach is lin;ted'to molecules

containing eitﬂer a phenoxy or sulfhydryl group and a



¢,

non- chromophore as the second 31multaneously deprotonatlng

funct10nal group, the mlcroscoplc acid dlssoc1atlon con-
vstants of a number of compounds have been determlned
using thls technlque Edsall, Martln and Holllngworth
(11) used the ultrav1olet absorptlon of the deprotonated
‘phenoxy group to determine the m1croscheme of tyrosine.
The ‘Same paper lntroduced the pM plot method of calcu-
latlng microconstants from u.v. absorption data This
graphical extrapolatlon technlque has since been used by
.a number of authors to study a variety of compounds 1n—
- cluding L-3, 4-d1hydroxypheny1alan1ne (DOPQ/ (12), mor-
phlne.HCl (24) and phenolalkyl,amlnes (25). Nlebergall.
et al (14) .also- studled tyr051ne u51ng u.v. absorptlon-
PH, data but developed both llnear and nonlinear regLe851on
technlques to cajlculate ‘the mlcroscoplc and macroscoplc ®
- acid dlssoc1atlon constants. Comparbsons between the :
'constants obtalned by the regre551on technlques and thosei
~obtained from pM plots, for tyr051ne and morphlne HC1, |
1ndicated that the nonllnear\regre551on gave better pre-b
c1sxon and lower re51duals than did the other methods.
plscu551ons of varlous calculatlon procedures appearlng

in thg llterature w111 be presented in Chapters III and

IV.
In an approach similar to that used in the U.V.
method, Elson and Edsall (26) used Raman spectroscopy to

determine the mlcroconstants of cystelne. By follow;ng
;




,,,,, 1 ——

" the 1nten51ty of the S-H stretchlng ‘band near 2580 cm

technigue which is not‘depeﬁdent upon the, characteristics -

the fractlon of the sulfhydryl groups which were depro-
tonated at a glven pH could be determlned Although the
experiments were performed at relatively high ionic

strengths (0.5-1.0 M), the'tbsults obtained compared

- favourably Withgthose of Benesch and Benesch (see Table

.o

\

Of the preceding methods, those in which the depro-

-

tonation of a specific.functional group is ‘monitored depend'

uponia particular property of_thehgiVen group and .there-
fore can be'applied only to those molegules which contain

the specified groups. For,example; the simultaneous f

deprotonatlon of[the two carboxyllc ac1d groups in gluta—

. 3y

thlone or of the two amino groups 1n ly51ne cannot be

resolved by ultraviolet spectroscopy. Consequently,.

'f
of the functlonal groups undergoxng deprotonatloA would

have a w1der range of appllcablllty.~

-4

. B. The Determination of Acid Dissociation Constants By

Nuclear Magnetic Resonance Spectroscopy

Grunwald Lowensteln and. Melboom (27) have shown

that aqueous acid- base equlllbrla .are generally rapld on

_the nuclear magnetlc resonance (nmxr) time scale and that

the: chemlcal shifts of the exchange averaged resonances

aréﬁj&nearly related to the degree of protonatlon of the

'?A

\

{
v

14



‘groups to'protonated aminO‘groups in_monoprotonated

15

. -
ac1d1c functlonal groups Slnce all polyprotlc ‘organic

acxds ‘have nmr active nucle1 whose chemical Shifts are

Al

dependent upon the degree of'protonation the nuclear 1

magnetlc resonFnce technique has a wide potential range

’

of appllcatlon..

‘Lowenstein and Roberts (28) studled the deproton-~

. -'v‘ .

ation of citric acid uSLng Rriton nmr. Slnce the_observed
resonances reflected ‘the degree of,grotonatlon of more
Y

than one functlonal group,l a series of methyl esters was

used to: provgﬁe chemical shift data for the various

partlally deprotonated forms. However,‘their\results

have been cr1t1c1zed by Martin (15). Rigler et al (29)
studled ,the acid- base chemlstry of the ant1blot1c tetra-
cyollne by nmr and Kesserllng and Benet (30) used pmr

data 'to eluc1date the protonatlon scheme of a related o A

compound, 1sochlortetracyc11ne._ Both groups of workers

employed quaternary methyl ammonlum derlvatlves to separate‘

thé chemlcal Shlft effects of the deprotonatlng groups.

More recently, Walters and Leyden (31) used pmr in an

attempt to determine the ratlo of protonated sulfhydryl

cysteine. However, their results showedwpoor agreement

" .tonation of more than one functional group will be re-
'ferred to as common resonances.



with theee onteinedrbyvothefnséeetroscopic methods and
will be discussed in deﬁail in Chabter III. |
In the NMR work cited thus far, the compounds
" studied have provided only common resonance ‘data. How-
ever, 1f the spectrum contalns at least one unique |
, resonance, the mlcroscoplc acid dlSSOClatlon cor. .Lunts
can Fe calculated without the use of model compOund
Creyf and co-workers‘(32) found that the chemical
shifts of the methyl resonances og.a series of N-methyl-
diéminesﬂreflected the'depfotonatlon of only the substi-
tuted amino group. By combining the fractional protona—
tien data obtained from the chemicel shifte of thehmethyl
resonances with mecroscopie.acid dissociation constants
- obtained by pptenfiometry, the microscopic constants for
 both amino gronps were determined. Hine and ce-wo;kers
(33,34) have also used pmr chemical shift data to study -
: - . :
the microscopic deprotonation schemes of a series of

N-methyl dlamlnes. ' o '

. The ac1d base chemlstry of ‘the trlpeptlde

o

o |

“HO.,CCHCH.,CH..CNHCHCNHCH. CO. H" .

- 27T 2°92
NHT O CH,SH
3 270, ,
: : 1
glutathione was studied~Hy proton nmr (35). Microscopic

acid dlssoc1atlon constants for the 51multaneous depro+

tonation of the two~ carboxyllc ac1d groups and for the
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simultaneous deprotonation of the sulfhydryl and amino
groups were all determimed from chemical shf%t vs pH data.
.Due to the spatial separation of the deprotoqﬁting func-
tional groups and the rapid attenuation of proton chemical
shift effects, the spectrum of glutathione’ contains at
least one unique resodbnce for each of the simultaneously
deprotonating functional groups. As‘a result, the micro-
scopic constants could be calculated using only the
chemical shift—pH data. The macroscopic constants, cal-
culated from the microscopic constants via Equations 14
and 15, agreed favourably with those in the. literature.
Although the previously cited papérs have utidized
only proton nmr, the observed chemical shifts in carbon- 13
nuclear magnetic resonance (cmr) qre also dependent upon
'the degree of grotonation of/the acidic functional groups .

n decoupled cmr spectra, a

.in thﬁ molecule. 1In Prot
siﬁglet is eobserv for each non-equivalent carbon.
Since«each/éarbon,can‘be monitored the amount of infor-

. mation is usually greater than that’ contained in the pmr
spectrum of the same molecule. 1In addition, the range

of chemical shifts in cmr is generally atlleast an order
 of magnitude'larger than those observed in lH-nmr. Thus, -
carbon- 13 magnetic resonance should also be a useful tool
~for studying the acidrbase - chemistry of organic molecules.
A number of papérs have appeared in the literature

detailing the pH dependence of the carbon-13 chemical



|

shiftﬂ(36743), but microscopic¢ acid dissocﬁation .
constants were not determined from the data. .Freedman

et al (44) studied a numger of amino acids, péptides and -

4
-

proteins but reported only the macroscopic constants of
histidine. Fairhurst (45) attempted to determine the
microscopic acid dissociation constants of cysteine and
several related compounds from Farbon:lB chemical shjift
data using, nonlinear regression techniquesr Since each

of the carbon resonances observed. rbflects the deproton-
ation of both functional groups in the microscheme,
estimates of the intermediate chemical shifts are re- o
quired. 'However, model compound data[proved unsatisfactory
as a source ofiintermediatﬂ shift values and only macro-

scopic constants could be determined.

C. Overview -

Of the techniques for the determination of micro-
| .

SCOplC ac1d dissociation constants discussed in this

introduction, the model compound approach lacks accuracy

due to its inherent assumptions and the use of ultra-

|

violet spectroscopy is limited to molecules in which one
/
of the two 51multaneously deprotonating functlonal groups

A

is a chromophore. " In addition, the calculation procedures

presented in the literature tend to rely on uncertaln
estimates of vital parameters or are restricted to systems
in which the ratios of the microscopic constants fall into

A
\

'a narrow range.



be applied 0 molecules containing a variety of functional

groups, a study was undertaken to determine the potential
of nmr spectroscopy for the elucidation of acid-base
equilibria on the molecula£~level Chapter III contains

v
YAy e VS,

the theoretlcal background and the development‘oi methods
for the determination of microscopic and macroscoplc acld
dlssoc1atlon constants from nuclear magnetic tesonance
chemical shift data. The appllcatlon of the methods
developed in Chapter IITI is 1llustrated in Chapter v by
the determlnatlon of the acid dlssoc1at10n constants of
.ethylened1am1nemonoacet1c acid and lysine; two compounds
which are not sultable for study by the U.V. and’ Raman
,methods dlscussed prev1ously In addition, the data Ob-\.
tained for these compounds is analyzed by several\calcu—
latlon methods from the llterature and the results are
'compared with those obtalned using the methods developed
in Chapter III. | | b
Chapter v presents the results of a study of the
~determ1natlon of acid dlssoc1at10n constants for a serlei
of a,w—dlamlnocar oxylic acids and two lysine dipeptides:
from both protorn/ and carbon-13 nuclear magnetic resonance
- data. The aciddbase chemistry of these compounds is dls—'
cussed in the llght of the qrev1ously unknown mlCIOSCOplC

e

acid dlssoc1at10n constants. , L

As part of the study of the application of CMR to

)
e,



,// ’
| | /
the elucidation.of the acid-base c¢hemistry of ?9lyprotic RN

molecules, a l\near parameterization scbeme/éas developed

7

‘to predict the carbon-13 chemical shifts of ‘amines,|car-
boxylic acids and amino acids in aqueous solution. The

development of the scheme and ths/ﬁgrameters obtained by

: ' ) _ e : /
the analysis of forty-five mggellcompounds are presented
and discussed in Chapter VI. . |
/// - : . I

A
-

/’



CHAPTER 11

EXPERIMENTAL .
A. Chemicals

i) P%oﬁon MagnetichesonénCe Studies N
.l L-lysine monohydrochloride (Eastman Organit
Chemicals), P—ornithine‘monohydrochloride (Nutritiqhhl
Biochemicals), a-glycyl-L-lysine' monohydrochloride and
L-lysylglycine monohydrochlorlde (Sigma’ Chemical Co.)

were all used as recelved The ethylenedlamlnemonoacetic

acid (EDMA) was prepared by Dr. C.A. Evans using a liter-
ature method (46) | L3

A stock solutlon of tetramethylammonlum (TMA)
nitrate was prepared by titrating a 25% aqueéus solutlon
>of TMA - hydrox1de (Eastman) with nltrlc acid to a neutral
PH. A

In tﬁe pmr titrations, the pH was adjuste& with
conceqtrated hydrgchloric acid or potassium.hydroxidé
pellets. Ionic q;fength adﬁﬁétments wefe made usfng
reagent grade potassium chloride. . f

ii) %arbon—l3 Mégnetic'Resénance SEudies =y
All chemicals were used asrreceiVed from‘com-

mercial sburces. pH adjustments were made u51ng concen-

~ trated HCl or KOH B_;lets.
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iii) Potentiometric Studies . | e CEE S '“
The lysine salt was used.as received. The titra-
tions were carried out using a carbonate- free potassium - u
hydrox1de stock solution prepared by the method described
by Albert and Serjeant (47). The KOH solutions were
standardized u51ng dried poﬁassium hydrogen phthalate
' (Matheson,, Coleman,.and éell,“alkimetric standard) as
.described.by Vogel.(48). o o ; . .

| B

B. pH Measurements . o

i

The'pH measurements were made using a digital pH
meter (Orion Model 701 or 80l; Fisner Model 502) equipped
with either a standard glass electrode and a porous cer-

©amic junction, saturated calomel electrode pfir or a
microcombination electrode. The pH meter was calibrated
"u51ng Fisher standard solutions of PH 4, 00, 7.00 and

10.00. All pH measurements were made at 25 * 1°C.
& R . .. R
. C. NMR Measuremenﬁs

< -
4

i i), 1H NMR Measurements

i Pmr spectra were obtained on Varian A60-D or

.
5A-100—15 high resolution spectrometers at a probe tem—
perature of 25 * 1°C. Both,spectrometerﬁ were equipped
- with Varian variable temperaturepcontrol units and the
temperature of the_prooe Qas monitored with‘a copper -

constantan thermocouple.
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)
Chemrcal shifts were measured relative to the
i
central reson.ice of TMA and at a sweep rate of 0.1 Hz

'per,second. The chemical sh1ftsiire.reported relatlve

- to the methyl- protons of DSS (sodium 2,2—d1methy1—2-

silapentane-5-sulfonate), the conversion being made via|
: ’

Equation 25 I ,
| ' q
: A !

A + 3.175 47 | (25)?

A1l chemical shlfts are reported in unlts of parts per
million (ppm)v with positive shlfts representlng resonaﬁaes'
.whlch are downfield (less shielded) from the resonance of
. DSS. The'chemlcal shifts are- considered reproduc1ble to
within * 0.1 Hz. ' ' | B

ii); Carbon-13 NMR Measurements - ‘

ail CMR spectra were recorded on a Varian

HA-100-15 NMR spectrometer operatang at 25.1 MHz and_
equlpped w1th a.Digilab FTS/NMR 3 system. ‘The Fourier
transform mode was used‘w1th broadband proton decoupllng.'a

" Bach spectrum required 2K accumulatlons The system was

locked on the deuterium resonance of C6D6 in a concentric

capillary in the 12 mm tube. : o .
Chemical shifts ;ere recorded relative to‘the
carbon resonance of 1,4-dioxane, ‘added as internal stan-
dard, and are reported relative to external TMS. The
resonance of dioxane is 67.73 'ppm downfield from TMS.

'P051t1ve shlfts correspond to less shielding than TMS.

(SR



The chemical shiﬁt measurements are considered accurate

P

- to ¢ 0.05 ppm.

D. Solution Preparation

i) PMR Studies

The_appropriate amount of .amino acid or peptide

was dissolved 1n distilled water to glve 100 ml of solu—‘

tion._ Enough TMA -nitrate-was added, prlor to dilution,

¥
to ‘make the flnal solutlon 0.01 M in TMA, which served as
‘the internal chemlcal Shlft standard. Due to the lower

1

cdncentration of EDMA studied (0.02 M), the concentration

of TMA was reduced to. 0.005 M.

. ‘The solntione,ofﬂlysine and ornithine did not re-
. quire any Wnitial pﬁ adjustment to obtain‘a,solution of
‘the fnliyodiprotonated form. . The lysylglycine‘solntion'
was adjusted to pﬁ 3.0 and the EDMA solution to pH 1.0

in order to obtaln a sample of _the dlprotonated and fully
—protonated forms respectlvely All four compounds were
tltrated w1th KOH pellets after the 1n1t1al sample had
been taken, The glycylly51ne~solut10n was adjusted to a
" pH of 12.9 invorder_to'obtain a sample of the'fully de-
protonated form prior to tltratloﬁ with concentrated HC1.
Wlth the exceptlon of "EDMA, no inert salt was added to
control the ionic strength. Potassium chloride*was addeé

to the EDMA solution to bring the initial ionic strength’

to 0.16 M. s

24
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|

All solutions were maintained at 25 * l;C with a
:water bath during the pH adjustments. Samples Qf about
0.5 ml were withdrawn at apppdxiﬁately 0.3 pH unit inter—
vals during the course of tHF titratien.

ii) CMR Studies |
The titrations of lysiﬁe, orﬁiéhine; 2,4~

wdiaminobutyric acid and 2,3—diaminopropionic aeid were s
performed .in essentlally the same manner as described for
- the pmr solutlone with the following moélflcatlons
(a) 1,4-dioxane was used as thevchemlcal shlftvstandard;
and (b), the initial PH was reduced, prior to titration .
with base; to'obtainva sample of the fully protonated
form. All solutions_were 0.185 M in.a,w—diaminocarboxylic
acid. | < : | . m

For the model compoundvchemical shift studies, 25
to 50 ml of O 3 M solutlon contalnlng approx1mately 0.1 M
dloxane were prepared If the initial pH~1nd;cated the
compound. under study was basib, the pH'Qas adjusted to -
’above113 with KOH pellets to ebtain the fuliy depretonr
ated form. A samplevwas taken, and the pH was then re-"
* duced to a level determlned from llterature pK valuee,
‘where the molecule would be fully protonated A second
sample was then- w1thdrawn from the‘solptlon. For acidic
compounds, the‘fully protonated sample-ﬁas obtained prior
to inbfeasing the pH to obtain the fully deprotonated

sample. When the compound contained more than one type

AR e s
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of functional group, the pH at whieh the intermediate form
-would predominate»was calcdlated from'literature'px
values, when avaliapie, and a sample of the approprlate
form obtained (an 1ntermed1ate form has one'type of func-
tionalvgroup fully protonated and the other fully depro—
tonated). ‘
M All solutions were prepared at 25 #+ 1°C. Appfex-
imateiy 2 ml of solution is required fo; each carbon-13
spectrum‘when 12 mm tubes are used.
. iii) Potenfiometric Titratign Studies

The solutions usedvin the potehtiometric titra-
tion studies of lysine were prepared wifh freshiy boileqd,
double distilled water. All potentiometfic detefﬁinations
were carried out using'SO ml (pipette) of solutiopeand
| were performed under ‘a stream of nltrogen to reduce ex-

"posure to atmospherlc carbén dioxide. For the series of

-

4t

dependence of .the pK_'s of lysine, the pattern of change

titrations performed to determine the concentration

1n the 1on1c strength of the pmr tltrétlon was dupllcated
by adding RZI both before and durlng the titration. This
Was necessary due to the wide variation in amino acid
concentratioh. The titrations were,carried out with
carbonate—free potassium hydroxide at a concentration
level a% least ten times that of tﬁe iysihevsblution being
titrated. | .

~All titfations were performed at 25 + 1°C.



E. Calculations

_d

The overlapping,hacroscopie constants of lysine
were calculated from potentlometrlc data u51ns the correc-
tion term methoébof Irv1ng and. kossottl (51). when p
represents the average.number of protonated groups per

- molecule, a plot of p- vs PH for a diprotic acid will be

symmetric about its midpoint. As a consequence, it- can

be shown that: :
PKp = PHpg -y a9
pKZ' = le_d'+ y . .(20)

-

where d is greater than zero but less than 1l and y is

defined by' . | o

. - oy '(l+d)[H+]
y |= 1og(-ld—d-)-+ log {1 - 1-d } (21)

~

'For the purpose of the calculation, the simultaneOuS’
deprotonatlons of the two ammonium groups of 1y51ne may
— |

be treated as a dlprotlc acid.

1
y

5 ' 'The linear least squares prOgramme for the deter—
mination of macroscopic and microscopic acid dlSSOClatlon
constants from fract10na1 ‘deprotonation data was wrltten
in WATFIV and run on the IBM 360/67 system at the Unlver51ty

of Alberta computlng centre

H



- The nonllnear curvefitting. calculatlons were - per-'
formed using an adapted form of 'KINET', a nonllnear
regreSSLOn programme developed. by J.L. Dye and V.A. Nlcely
(52). The regression procedure used was the matrix tech-
nlque descrlbed by Wentworth (53). The programme contalns

‘a welghtlng subroutlne whlch utilizes estlmates of the
varlances of the experlmental data to calculate statlstlcal
welghts for the varlaﬁges A plq~t1ng subroutlne was used’

!
. to compare the observed\\nd/c’lculated data.

In addltlon, K&NET calculates a llnear estlmate of“
the standard dev1atlon of each parameter and a multiple
correlatlon coeff1c1ent Due to the .use of 1nexact values

as constants in some of the calculatlons, the linear estl—

mates of the standard dev1atlons reflect the scatter in-

the data rather than the true uncertalnty of the parameter '

estlmate "The multlple correlatlon coeff1c1ent may vary
vfrom zero to one, values near unlty 1nd1cat1ng a high
degree of correlatlon between the parameters

m The multlple linear regre581on performed to deter—
mine the carbon 13 chbmlcal shift parameters utllized the
programme *MULTREGR developed by the Unlver51ty of Alberta
Computlng Serv1ces (Publlc File Descrlptlons,,Vol II).v
The programme uses the abbrev1ated Doollttle method to com-
pute the regression coeff1c1ents and utlllzes a number of

subroutines from *SSPLID (Scientific Subroutlne lerary).

¥
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F. Clarification of the Definition of Acid Dissociation

‘|Constént

Acid dlssoc1atlon constants may be expressed as
Lhermodynamlc constants, mixed act1v1ty-concentration con-

stants or concentratlow constants, To 1llustrate these

three constants, consider the deprotonatlon of the acid,
HA:
+ - o o
o o HxY > H + A - (22)
| - " : - ‘ ~

The thermodynamlc acid dlssoc1atlon constant descrlblng

Equatlon 22 1s deflned as:

® ,
. (a 4) (a,-) R S (Yoy+) (Y, =) .
HA LH. Yaa' . .

where K T is. the thermodynamlc constant and is deflned
“terms of the act1v1t1es, ai, ofxthe species ;n solutlon.

‘The activity is ;elated‘to concentration. by the activity

coefficient' Y- ~ ‘

-« When the two forms of the acid are expressed as

concengratlons, a mixed act1v1ty—concentrat10n consUant

results.

‘M f(agy)[aT] H
Ky = (24)
Sa [HA. »

!

When the experimentél‘determination is carried

out under the conditions of dilute acid conéen?rétibn
- . N N ) . i
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andmoonstant lonic strength, it is possible to obtain
values of Yy+ from the Davies (or so@e similar) equation'
(49,50) . The hydrogen ion’ concentration can then be cal-
culatedf and the dissociation constant is reported as a
concentration CQnstant.

(I -

K" = [HfégA-] I (25)
dThe concentrations of the acid and its con]ugate base 1n.
Equatlons 24 and 25 are determlned from the 1n1t1al ‘acid
concentratlon. ‘ ] |

Although the K values obtalned u51ng Equation
. 24 are dependent upon the ~experimental condltlons the
calculation of mlxed\constants avoids the assumptions
inherent in the aotévity-concentration\interconversion
and can be accurately performed ?nder a wide-range of J
experimental'COnditions | The ac1d dlssoc1atlon constants
reported in this the51s will be mlxed act1v1ty—concentra—
tion conékants._ A factor which will fac111tate the con-
ver51on to concentration constants will- be .given with the
) tabulated values of the acid dlssoc1atlon constants.

In order to .calculate the concentratlon constants,
lt is necessary to convert the pH meter readings to
hydrogen ion concentrations. The meter readings'are
related to ag+, the hydrogen ion activityJ

|

pH = ‘L log) o (a,4) . (26)

~.30
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The activity_coefficient for the hydrogen ion was calcu-

lated from the Davies -equation (49,50),
. . |

¢

L \
_ lo% Y _ 0.511(n) - 0.2p - (27)
i 1+135 (u)

v

where Yy represents the activity coefficient of an ion of
charge Zi and § is the ionic strength. The ionic strength
can be calculated from

, ] ‘1
W= %Y c.z’ - - (28)

l
\

where Ci fépregents"the concentration of ionic species i
with cha}ge Z;} The concentrations of the various acid
species present were calculated frdm.the mixed activity-
concentration éonstants, éetexminedAas descfibgd in

Chapter III. The concentrations of the inert salts pre-

sent were, calculated from the amounts of acid, base, and

salt added. B



CHAPTER III ' .

DEVELOPMENT OF METHODS FOR THE DETERMINATION OF MhCROSCOPIC'

AND MICROSCOPIC ACID DISSOCIATION CONSTANTS BY NUCLEAR

MAGNETIC RESONANCE SPECTROSCOPY

A. Introduction

4 :
The stepwise deprotonation of a diprotic acid can

be described by the macroscopic sequence:

Ky K,
H.A —> HA -2\ | (29)

2" — =
Charges have been omltted for simplicity. At the molec-
ular level, deprotonatlon proceeds by the two pathways

3
3

shown in Schemg III

(I) HiAH

Scheme III ' ) .

' The macroscopic acid dissociation constants are repre-

sented by upper case K's and the subscripts 1 ahd 2 denote

the macroscopic deprotonationistepito which the constant

A
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refé;;. The-lower case k's represent the’microscopfc acid
dissociatioé)constants. The acid‘diésociafion Step to

, Which a'given microconsﬁant refers is given by the sub-
vscript; the last letter dendting the group undergoing de-
protonation‘and~anylpreceding letters indidating‘groups
“which have beenApreviously titrated. .

The macroscopic constants are defined in terms of

the total concentration of monoprotonated acid present.

aH+[HA]' . . . 1

. K= (30) ¢
) A | \ 1 [HZA] :
l -
X aH+[A] }
K = —TmT (31)

[

\

{  The microscopic constants, however, are defined on the
.molecular level in terms of the two monoprotonated tau-

tomers.

i = THAH, (32) =
1 3

aH+[HiA]

v aH+[A]
S TAE;T
k.\

(34)
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L 4
\ a‘H+ [A]

s T TIHAT B

L 4

k

Since [HA] represents the total concentration of both mono-

protonated tautomers, we may write:

/
which, when substituted into Equations 30 and 31 leads to

the followin‘ relationships between macroscopic and micro-
owing ‘ ps betu | pi

scopic constants : W

ay+([AH;] + [H;A])

Ky = TH AR, T = k; + Ky LY
‘ MU C |
K, = I . § (38)
2 (THAT + [AH,T) )
K K, o= kikij = kjkji , _ (39)

For molecules in which the two functional groups are

of widely differing acidities, only one of the two micro-

scopic“pathways will be of importance and the macrocon-

stants .are essentially equal to the microconstants which

‘describe the major pathway. However, when simulténeOus

deprotonation of the two functional groups occurs, thg'

macroscopic constants describe only the mean number of

protons ldst.by the molecule.

2

1
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A stants, the acid- base equilibria must be followed on the

basis of the application of nmr to aqueous acid-base

35

From the preceding discﬁssion, it can be seen that

in order to determine microscopic acid dlssoclatlon con- ~

molecular level The'remalnder of this chapber W1ll des-
crlbq the development of methods for the determlnatron off
microscopic and macroscopic ac1d dlssoc1atloﬁ constants .

} '
from nuclear magnetic resonance chemical: shift, data. The
: N

chemistry will be described, and the develobment of the . .'

-
caIculation techniques will be presented. SeVeral,lnter-

ature methods for the extractlon ‘of ac1d d1550c1atlon .

constants from chemical shift data w1ll also‘be didcussed.

B. The Nuclear Magnetic Resonance Technique ‘for Studying

Acid-Base -Equilibria

In 1957, Grunwald, Lowenstein and Meibpom reported

(27) that, in aqueoﬁs'solutions of methylamine and methyl-
#

amine hydrochloride, the chemical shift of the methyl - S

t

protons is linearly related to the ratlo of the concen=
tration of methylaﬂlne hydrochlorlde'to the total concen-.
tration of amine. 'As a result, they concluded that the
exchange of acidic protons is rapld on the nmr tlme scale
‘and that the observed. .chemical shift values are welghted %:‘

: o
averages of the 11m1t1ng chemlcal shlfts of the molecular:

forms present in sqlutlon/ (A 11m1t1ng sh1ft will be de-

fined as the observed value when only one'molecular form

-

9



is present in solution). The observed chemical shift is
. ' . ' {

described by

«

where‘dobs‘represents the observed Fhemical shift and oy
the fraction of all molecules in the form i with arlimiting

o

chemicalqshift 6.. Dependlng upon the p051tlon of the

nmr actlve nucleds relative to the functlonal groups in

the molecule, a given resonance may reflect the deproton-

,athn of one- or both simultaneously deprotonatlng groups.

,group w1ll be referred to as unlque resonanCes

.directly froﬁ unique’resonance data. 1Fractional deproton; .

If the resonance in questlon reflects the deprotonation
of - both groups, it w1ll be termed a common resonance in

this thesis, while those resonances whlch are affected

by the degree of deprotonatlon of only one functlonal

B
s ‘Fractional deprotonatlon data can be calculat,ed-1

o

v

‘ation data can also be calculated from those common reson-

‘ances for whlch the total change in chemical Shlft due

to each deprotonatlng functional group can‘Be determlned
Mlcroscoplc and\macroscoplc acid dlssoc1at10n constants

can be calculated from fractlonal deprotonatlon data, but

only?macroscoplc dlssoc1at10n constants cén be calculated

' From common resonance data for whlch the 1nd1v1dual con-

.trlbutlons of the two deprotonatlng groups to the total

chem1ca1 Shlft change ‘cannot be determlned " As a \



consequence, different methods'of calculation have been
developed for the determination of acid dissociation con-
stants from fractional deprotonation data and common

resonance data. ‘
| ‘

C.' The Calculation of Acid Dissociation Constants from

\Common Resonanbe Data

Equation 40 can be written in terms of the molecu-

lar forms in the microscopic scheme for the acid HiAHj

| |

Sobs = 018y *apgdp topppSipr *F apydiy (41)5
The subscripts refer to the molecular species as denoted
. \ - o . , o .
in Scheme ITI.. The fractions are definéd in terms ofﬁ;he
molecular species by the following. expressions: BN
~ . ) _ \ ' ' L
/_ e ar = [HiAHj]/CT (12)
Q ‘; - u
'QII = [AHj]/CT ,-' ﬁ43)
- | |
o s - Ary = ,[AL/CT | \45)

.
, .
concentration of acid.

. :

c. = {Hiﬁaj] + [AHjJ‘+ [HiA] + [A] - (46)

T
|

where Co representé the analytical

w ul
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The fracﬁlons can also be wrltten in terms of the mlcro—

scopic acid dlssoc1at10n constants by replac1ng the molec-

ular forms with the expressions in Equations 32-3%5

a2, | .
6 = — S S (47
) age + ey + kdags + Kok
. . a4k, .
H
®11 T 7T - , (48)
‘ aHf + (ki + kj)aH+ + kikij o
a. +k. v o~
Grrr T 3 H ] . (49)
ap+ f (ki + kj)aH+ + kikij
‘ klkl S A
oy =l 3 A - (50)
_ ag+ + (ki -+ kj)aH+ +»kikij |

Substitution of Equations 47-50 into Equation 41 yields
an~expression for the chemical shift of a common resonance )

in terms of’the microscopic acid| dissociation constants '
, , k -1 .
‘and the limiting chemical shifts of the various molecular
forms.
¢ alys. +ak. 6. +a ki 6ipy + kikysbpg U
_ 9m*°1 H " i°I1 H 111 itijoIv L Sa e
Sobs = ag+ + (k. + k.J + k. k. (51)
. H* i 7% aH+ i

i]
If the limiting shifts of thenfour molecular forms can be

determined, the microscopic acid dissociation constant

can be evaluated from common resonance data by nonlinear
' . ] \

“
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least squares curvefitting to Equation 51. Since GI and
GIV are the limiting chemical shifts of the fully proton-
ated : and fully deprotonated forms, respectively, GI and
GIV valuep can generally be obtained from spectra at the
low pH and high PH portions of the titration curve How-

ever, GII and 6 cannot be obtained directly from the
"experimental data. When the two aCidic groups deprotonate
simultaneously, there are no pH values at which a single

monoprotonated species is the only molecular form present.

When the chemical shift data 18 analyzed by nonlinear

curvefitting to Equation

the values for k 6 17 kjaIII'
kikij and (k. + k ) will\be strongly correlated That is,
The nethresult will. be a fgmily
‘of solutions, all of which will satisfy the regreSSion
criteria, bué :with no indication which if any,\of the
'solutions represents the actual valuescff the constants
By replacing the microscopic constants with the
appropriate'macroscopic constants, we obtain
§+6-*+a+K6 + K K, 8

5 = 1 121v . (52)

obs 2
o Bt * agK) + KK,

where SHB is a chemical shift parameter ‘related’ to the
¢

intermediate chemical shifts. and the microscopic constants P

' according to Equation 53- -



N> ¥

i/ - 1 , MRRRE
SaL = 3 K Spp + k_ + k. Sr1r (53) .

When related to the macroscopic acid dlssoc1atlon scheme

(Equation 29), 6HL represents the chemical shift of the

monoprotonated form, HA Nonllnear regre551on analysis -
\ i

of the' observed chechal Shlft data will yield estlmates

of Kir K 2 and GHL' The nonlinear programme Jfequires

.initial estlmates of the parameters belng determlned
- Approximate Values can be obtained from a plot of

‘(6 bs = s )/(6 - GI) vs pH pKl and pK can be approx--

imated as equal to the pH at those PH values where this

L

A .
chemlcal shift ratio equals 0. 29 and 0.75, respectlvely,

and 6 as § obs when the ratlo equals 0.5. If the chemlcal
shlft Vs pH curve contalns an 1nflectlon p01nt) and is
asymmetric about this point, bettersapprox1matlon§ can be

obtained as follows:
> B : ) : i
(a) GHL = Gohs at the point of inflection

6obs =6 \

(b) pPK, = pH when —gﬁl = 0.5
- . °HL T 9 |

 (c) PK,

[}
o]
ool
g
o
0
.-
O
I
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Although the estlmates SO obtalned may be qulte crude,

~they will generally be sufflclent for rapid convergence
v

of the nonlinear regression programme.
D. The Calculation of Acid Dissociation Constants from

\

Fractional Deprotonation Data

i) Solitary Depfotonations

For monoprotic acids and for polyprotic acids

. with no overlapping dissociations, any resonance.observed .

i

.is, by definition, a unique resonance. Unique resonances
which reflect a solitary deprotonation are also observed

when one functional\group of a polyprotie acid differs

greatly, in ac1d1ty, from the other functional: groups in

the molecule. An example is the methylene resonance . of

the acetlc acid group og EDMA when it reflects the depro—

tonation of the carboxyllcrac1d group.
" In these instances, #he observed chemical shift

is the weighted average of the chemical shifts of the

protonated and deprotonated forms. That is,

| 8 = o8 +ab. o (54)

where the ‘subscripts p and 4 refer to the protonated and
depxotonated forms fespectively. Since only two forms
'are present, aﬁ + ay = l, which when combined with

Equation 54 gives the freetion deprotonated in terms of

i

the observed-shift.
)

(¢}
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i\ O.d .= _(gb_s__s_ﬁ . ' (55)
\ ' . d p ' —

The acid dissociaéion cohstant can be defined in terms of
fractional deprotonatlon data by dividing the numerator

: \

and denomlnator of Equation 30 by the total concentratlon

‘of acid present

a +.0 a, +.0 :
Ka‘ = %ri = .li__Td , : | (56)
- :

Utilizing the relationship*in Equations 55 and 56; the

acid dissociation constant can be expressed in terms of

\

chemical shift values.

\ o o T L
bs \ ' .

K. = a 4 . o2 P (57)

a H, (Gd - GobsT

«

When both llmltlng ShlftS can be obtalneE dlrectly from
the experlmental data, a value 4£~Ka can be caleulated at
'eaeh data p01nt for which Gobs falls'between.the yalueé
of"d; and 8- However, for very;strongly acidic (or
basic) fhnetiohal groups, one df the«lihiting shifts may
be unobtainable since the functionad group being monitored
remains partially'deprotonated (or protonated) beyond the
experimental PH range fo; wﬁich apg+ can'te‘accurately
determined Alternatlvely, spectral overlap, due to

other nmr active nuclei in the*ﬁolecule, may hide one of

42 |,
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the limitinq shift\values.h In either'case, Eqnation 57
can be used in the appropriate linear form to simultan- -
-eously obtain both K_ and the limiting chemical shift

~which cannot be directly measured.

(83 = Sops!

Sops % 6 4 . K, (58)
. -
' Pobs T °q * p ~ Sobs)agt - f; : (59)

For example, a plot»of Gobs vs dd - Goﬂs

ut - -

will yield 6p as the 1ntercept and the acid dlssoc1atlon

constant as thd slope In practice, both of the precedlng

expre551ons, 58 and 59, deviate from llnearlty as the

T observed Shlft approaches the known l&mltlng shlft. Con-

%equently, if the unknown parameters are to be obtalned
by a computer-performed least squares analy51s of the
chemlcal shift data, it is advisable to plot the expres-
51on to determlne the point at which the dev1atlon from
linearity becomes 51gn1f1Eant The -data beyond this
.. point can then be excluded from the computer calculatlons.
Bradbury and Brown (54) have used Equatlon 59 for the
'determlnatlon of the macroscoofgzconstants of 1y51ne.
Thelr results w1ll be discussed 1n Chapter Iv.

When a large, high speed, dlgltal c0mputer is

|
|
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available, nonllnear regression technigues can be used
to extract ac1d dlssoc1atlon constants from unlque reson- _b /
ance data. The chemlcal Shlft-pH data can be’ analyzed

S

by non- llnear regre551on using Equatlon 60

| $ = Eifé_:;iﬁiﬁ | | (60)
: obs ap+ + Ka _ v .
| N
.Thls method can be used to determine the acid dlSSOClatlon
constant alone or in combination with either or both of
.the llmltlng chemlcal shlfts. However,'when the llmltrng
shifts. are not available, corroborating‘calculatione are
advisable since the fractlon of the total chem1ca1 shift
' range whlch}ls obﬁervable w111 affect the values obtalned
The appllcatlon of Equatlon 60 is 1llustrated in Chapter
. |
ii) 'Simultaneone beprotonatlons

'When/the syetem under study is a polyprotic acid
'containing tmo functionél:groups which»undergo simultaneous
deprotonation, it is necessar§ to express the fractional |
ldeprotonatlon data in terms of the molecular forms of an
1nd1v1dual group. From Scheme III the fractlon of group
I1 whlch is protonated, f i,p’ and the fraction which is
dg;fotonated f ,4+ can be defined by:

[H;AH.] + [H.A]

. j _— 61
fi,a H AT+ THAT + TALT + AT © %1 % %ppp (61




F

- [Aﬂjl + [A)
fz,d = [HiAHj] + THAT + [AHj] ¥ [a] = %11 v %y

The equivalent expressions forﬂgfoup j are:

|

{HiAHj]_+ [AH.]

f. = = a, +
dop - TH AN+ THAT # TAHT ¥ (AT - %1 * 11
' [H,A] +-[A]
fi,a T THARTE IE A1 7 TRE;T ¥ TAT ~ ®rir *oopy

If Gi obs is a unique resonance which reflects only

(62)

(63)

(64)

the

degree of protonatlon of group 1, the observed chemlcal

Shlft Can be expressed in terms of fl and fi a°
14

\ ’

Sibps = fi,pdi,p * fi,abi,a

I

- (65)

where &, p is the chemical shift when group i is proton-

ated and Gi 4 the chemical shift when gfoup i is depro-~ -
- ’ .

tonated. . Referring to Scheme III, we can write:

E ' S{,p = 81,1 = Gi,III\

6i,a = Si,1v © 83,11

.(66)

(67)

Thus, the fraction of all molecules with ac1d1c group/i

protonated and deprotonated can be- calculated from

8

45



. - (68)

(69)

U A < i,,‘ .
. A - PR _y&#." l“

8. I'and di v €an generally be obtained from the experi-
’ ’ ’

mental data as described in section C. \
If the observed chemical shift,changes,in'sivob;
: ,0

v

reflect the deprotonation of both functional groups, the

observed chemical shift is described by

v -

®i,00s T Fipliptfiabia t Bty 0 0O

|

where Ai j_represents the total change in chemical shift

\ . 14 ] : ’ . . ..j

9f S; obs éue to the complete deprotonation of group j.
Y .

The expression for the degree of de?fotonation'becomes:

.+ f. ..
(61,9 fj,dAl,l)\
e Bip* a5

£ - Gobs-r
i,d - 8

(71)

It shquldxbe noted that Gi’d_ig'thé observed shift .of the
totally deprotonated fqrm. |

| The.éoncéntrétions of thé microscbpic forms fin
Equations 62 and §ﬁ-9anhgé‘réplacéd by the appropriate,
microscopic acid dissociaéion ébnstant éxpressibng (seé

Equations 32-35) to yield f. . and f. in terms of the.
: .1,d R . J'd

\




\
' microdonstants. ) \
1T ) \
a+k. +‘kk -
£, . = 2 33 (72)

- i,d 2 ,
‘ﬂ ‘ | A ag+ +<aH+(ki + kj) + kikij : \

£. = H ] J ji ’ (73)

Tne microscopic acid dissocietion eonstants can be deter-
mined,ueing Equation_72 or 73‘by'nonlinear regression

. analysis qf fractional deprotonation data. ;The applice-
tion‘of these equatiens to fractional depfoﬁqnation data
will be dlscussed in Chapter IV.

The correlation of the errors associated w1th the
estimates of the;constants-determ;ned by using Equation
72 or 73'increases as the.ratio ki/kj‘incfeeses ebove 5 |
or decreases neiow‘O.Z.. However, by recaliing.the ekpres—
sions relating:to the microscopie.and macroseopic con-
Stants (Equations 3?-35), thelﬁicroconétants-in the denom-
inator Qf Equations 72 and 73 can be repiaced by macro- B

censtants. For Equation 72 we obtain

‘. . a '+k..+\k.ko\- ’

fijg = St ) : (74)
» iﬁ; + aH+Klw? Kle

>

- i v

- \ . .
If the Values for Kl and K2 are known, nonlinear regres-

sion analysis of the fi d data accordlng to gquatlon 74
. ’
4 - :
;. o

47



o
‘will yield estimates of kg an\k.... ki can then be cal-

1]

“
culated from k. = K, - k' and'k from k.. = /k as
1 ji ‘ J 1 ij

well as from the analysis of fJ a data. The use of pre-

determlned values for the macroscopic constants 1s not a

limitation since the macrescopic constants can be calcu-

\

below The nmr spectra of most compo nds w111 contaln
i#

the necessary resonances The 1n1t1al estimates of the -

L d 4

.mlcroscoplc constants can be obtained from plots of pM

vs f ,d wnere ' S,

pM. = —I:?——- L '(75)
; - ~1i,d

The application of nonllnear regre551on analysis u51ng

o Equation 74 is 1llustrated for-a number of compounds in

Chapters IV and v,

|

| When both f ,d and fJ a can be determlned from the
chem1cal shift- data of the molecule under study, it is
-possrple to calculate the macrosc?plc as well as the
mlcroscoplc constants from the fractlonal deprotonatlon :
data The aveﬁﬁjggnumber of protons lost by a molecule

of a dibasic acid, at a given PH, may be represented by

~

R, %here ‘ '_ - v S -

LR e o,

AT %p toppp t e, . ue
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v

45) . By recalling the definitions of‘fi q énd fj 4 9iven
: v ’ : ’

as Equations 62 and 63 we\can See that, at any given pH

: macroécopic acid?dissociation“constants. The initial - -
) ' : - . \, \ * . -
'3 o ) | . ki . i 5 . - .
‘estimates of thevmacroscoplc constantsg requlﬁidvby.the
Lo . L “ ' : ' 2’ N O

LN

Acqrvefitting p;ogfamme,
2 A 6 _"

‘6s‘pH;rfbhat”is PK, = pH'whep h




Y : .
\\ 'Since most. nonlinedr regre551on programmes require a

\

large digital computer for their executionA\a method”for
v |

the detérmination. of macroscoplc and mlcroscoplc constants

by the llnear least squares ana1y51s of fractlonal depro-

., : Y.

tonation data has been developed. :
+e o,

‘ : #
The macroscopic,constants can be defined in terms
*of the molecular fractlons, as was illustrated by Equatlons
37 and 38. -Byapomblnlng these two equatlons, the defin- "

.f 1tlon of h and the mass balance of all forms of the acid,

it can be shown that Vo o | . ;h3~;
P - ’ ‘“ '

o -am,}-,, | (2-R) S
S — = ——— KiKy + Ky (79) o T

e -h) 3+ (1-h) s

S - Thls expre551om is of the form y = mx + b and dan be-- S ﬁ%f

treated by standard least squares and/or graphlcal tech— : o
. @vé ‘{ B
nlques to obtaln values of - K1 and K2 from'h vs ap+ data & 4

Data p01nts 1n thefprox1m1tn of h = l must be av01ded in

- .

-

the least squares approach (51),
The' value of K, obtained u51ng Equatlon 7%/pan be :

1

‘ used to determlne the 1nd1v1dual molecular fractlons from

«

the fractlonal deprotonétlon data. Comblnigg the expres-

' -51ons relatlng the macroscoplc constants and the molecular
s

sl
fractlons with the definlt n of h (Equatlon 77) leads to-
¢ ey el < .
a . B S ,:‘ L oo :,:

N .
- . .
. ! . . T
/ » ; SN 5.
vy . “ | -

T | . oK, ) .

&



[

A{':J:. ,
og—several~molecules and the results are presented ‘and .

, R

‘.._

Values of aIV SO obtained can be substltuted into expres-
. N ,
sions for f ,d and fJ a (Equatlons 62 and 64) to obtain

aII and aIII'- Since the sum of all four molecular forms

is unltyvat all PH's, the Qalue of aI is resdily obtalned

The calculatlon Qf the mlcroscoplc constdnts from the

N O SE

approprlate,molecular forms (see E uations 32-35) ig
%

LT

stralghﬁﬁorwand The pfec151on ofikhe values so obtalned
1s€bestﬂpn the range (0 25 < f d fj,d < 0. 75) This

,.'r
hethod bas been used to evaluate the mlcroscoplc constants

’

dlsggfsed in Chapters Iv and V
. ‘ ' Pa ,. i ’ REr Ly
¢ = . : {y‘f o - )
E;/“Dlscussion .0 j ‘ \
Of the methods just’ descrlbed for the determlnation

of macroscoplc acld dlssoclaﬁuon constants, it has been
found that nonllnear regre551on analys1s using elther
Equatlons 52>or 78 w1ll y1él precise values which are in
good agreement with potent17metr1c results., Havgng ob~-
talned estlmates of the.maCfoscoplchconstants, fractlonal

deprotonatlon daéa may be tkéated u51ng‘ﬁquatlon 74 in

a 51m11ar maﬁner to dbtaln mlCIOSCOplC acid dlssoc1atlon

constants. Thl? approach 1ll be 111ustrated w1th a

. 4

~m1n the %ﬁteratune, ‘ o .,."-_: 3
o ® : : . o ‘

3

number of compd%hds 1n Chapters Iv and V\ Theé remainder

of this chapter will be devoted to a dlscu551on of some
£

of the methods for the determlnatlon of ac1d dlSSOClatlon

constants, from chemlcal Shlft data whlch have appeared Q

5
L4

a

51

O

k.,-i,l
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/

Cohen and coworkers (36,44) have descrlbedg curve-

fitting method for determining macroscoplc constants ﬁrom ,

posite Henderson-h. -bach equatlon " These auth \
applied thlS method to the deterﬁlnatlon of the mac£o~-

scopi.c constants of" hlstldlne andarelated compounds from .'.”EJ
pmr nd\cmr data. Thg;r.model,eQUatlon is of:the form:v"‘:;'jgé
 Sobs = S +'z(Ai,1oPH"PKi)/;(; 4: ioPH’F"f{)’ (81) -
;- , L . o

where Gmin is the chemical shift of the fully prdtonated y BEG
form'and 5 “and'A. are .the acid dlssoc1at10n constant .
and the total change 1n the chemlcaI'shlft for the 1th R .
‘proton tran51tlon. The chemlcal Shlft t1trat10n curves : | k
are computer fitted to obtaln both pK and«Ai for\each
deprotonatlon For a dlprotlc agie, when i= l the

expression (lOpH pKl)/(l + 10P§-P 1) assume@qtﬂe fractlon o .
“of ‘the" ac1d in the monoprotonated fori;to be [HA]}(H A] +

(HA]) . If overlapplng dlSSOClatlons occur, the. fractlon ;

- of the'ac1d in the monoprotonated form is [HA]/T[H Al +
. [HA] + [A]), and macroscoplc constants determlned by -
Equatloq 81 will" be in error. For consecutlve macroscoplc

&

constants whlch ;#ry by more than 3 pK unlts, (10 pH- pKl)/
1

(l + lOpH pKl) w/ 1l represent the fractlon from which the

ith proton has been removed to w1th1n 1 ppt However, as

the separatlon bLtween pK and PK. itl decreases, the errors

3 .
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N
\
N

in the fractlonal concentratlons\of the varlous proton-

3

ated forms W1ll 1ncrease Figure 1 1llustrate5'the'errors
in fractional conCentrations, as deflned by Cohen et al
| for the first and second proton transitions of a diprotic

acid, as -a function of pH for different values of the

ratio Kl/ 2

Recalling'Equation 51, one can see that 1nter—_ , \ ¢

o "t

mediate chemlcai -s8hift values are requ1red in ordex to

shifts of model compounds has. been utilized by a number ‘
of authors (28-31 33) For example\ “Rigl r et al (29) .
and Kesselrlng and Benet (30) used a chemlcal shift of
tetracycllne methlodlde to correct for. common resonance
feffects in tetracycllne and 1sochlorotetracyc11ne respec—
'tlvely. The corrqulon applled was small enough that

its effect on the résults may be con51dered marglnal

5 @
partlcularly yhgg\compared to the errors 1ntroduced by the '
assumptlons and- 1nterpolatlons 1nvolved in the method of - J:qgi

PR

calculatlon (30).

Martln‘jIG) has p01nted out, when dlscu551ng the
-1onlsatlon of cltrlc acid as determlned by nmr (28), that
small errors in the vaLues chosen as the 1ntérmed1ate
chemlcal shifts may lead to large errors in the calculated

N\ -

mlcroscoplc dlssoc1atLon constants. This point carn be




—

/'

FRACTIONAL DEPROTONATION ERROR
(@}

\

010 |
0.08
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0.04
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-0027

-004 |

-0.06

-298
. -010 ‘ : :

. . I . I 1 1
PK2  pKel PK,  pK#l pK#2.  pKe+3. ¥

f; ‘Figure l;_ Fractlbnal deprotohatldh érrors inherent
T o in the model used for a d;protlc ac1d in’
3 gl Equatlon 81 (36 44)
:3;’ : 3 S - Q?"A

54



. 55

Ve | e : by
_applled to. most attempts to combine model compound data

| w1th common resonance chem1ca1 Shlft data in order to \

o 4

. determine mlcroscoplc acid dlssoc1atlon constants. In
general, the success of this technlque is llmlted to sys- .
ftems in thCh the applied correction is qulte ‘small.

Due to the interest in determining the macroscopic
acid dissociationiconstants of cysteine (5—8,13,18;20,22;
23;26) the recent attempt by Wakters and'Leyden (31) to
determine“the relative acid;ties'of the;sulfhydryl&andi
ammonium groups in‘cysteine deserves comment These
authors obtalned the chemical shift tltratlon curves for
the\carbon bonded protons of L—cystelne, S:methylcysteine"
-'and L—cystelne mathyl ester. ~@€2;change 1n'the chemical

Shlft of cystelne, due to the adaltlon of ac1d to thq;

»

completely deprotonated form, was expressed by . Tf ”f» P
- ) 1 [

T . , - .
. . . . . “~ -

. : AS = ZIf.A.- oA ' " (82)
) 174 ‘ .

where f, represents thé\average'fraction of the ith site
N i
which 1s protonated and A ‘the approprlate protonatlon

'shlft constant A protonatlon Shlft constant was deflned o %E
o | . .
as the net effect of the protonatlon of a partlcualr :

<

'functlonal group on the observéd chemical shlfts of the |

'—CH- and ~CH,,~ protén resonances.

The'protqnatfgh shift constant of the 'sulfhydryl

group, ASH' for. the methine=proton of Eysteine was

.

c

'caicu;ated'by“subtrafting the total change in the observed



.

-
chemical shift of the CH resonance of S—methylcystelne
from the net change observed for the equ1valent resdﬁhnce
of cysteine. Slmllarlyl the constant for the carboxyl
group was calculated from the data for cystelne and the

methyl ester. ASH and A O-H were-then"subtracted fro?
03
the total observed changf in the chemical shlfts of cys-

telne to obtain the protonatlon constant of the amlno

group. Slmllar values were obtalned for the methylene -

resonance to glve a second equatlon of the forth of

"
Equat&pn 82 A thlrd relationship deflned the normaliz-

i -x.,_v&r‘r? l _:"" ‘ ua""
‘ation 'of the: fractlo,:,jvalues accordlng to

LT . V ¥

n = £fi p | , (83)

I

P wherefg is the number of equivalents'ofvacid added per

equivalent of amino acid. 'The estimates of f at variousw

values of n were obtained by m1n1m121ng (AS - Z(f A, ))2

Afor both resonances (31).

\bareful examlnatjon of thls approach ralses several :

& \ .
questlons regardln% its appllcatlon to cysteine.. The,
<R, .

" methylene protons of cystelne are maénetlcally non-

B

equlvalent at h1gher pH's; the observed resonance patterns

undergOLng a rapld tran51txbn from A2X to ABC at pH 8.0.

ﬁancg the CH2 group of S-methylcystelne does not exh1b1t

similar effects in its pmr spectra, the assumption that

the,chemlcal shift parameters of the methylene resonance

of S—methylcysteine can be used as approximations for the

56



parameters of cysteine ig- tenuous. ‘Since, for deprotonated
L-cystelne, the trans rotamer is preferred relatlve to the
two gauche conf;guratlons (31),-the observed chem1ca1

shift of the methylene resonance will be an unequally
weighted average of the chemical shifts of the three

rotamerlc conflguratlons Consequently, the protonatlon

sDue to the definite separatlon of the carboxyl

deprotonatioh\from the pH range over which the sulfhydryJ
and ammonium deprotonatlons occur, the use of, the cysteine
methyl ester data is unnecessary and can.be se@h to
1ntroduce error into the calculatlon of the protonatlon
Shlft constants. U51ng the spectral parameters for 0.5 M
cystelne and S-methylcystelne given in Table II of
reference (3I3 the protonatlon shift constants were cal—
\culated and are presented in Table\h. The cdhstant for
the carboxyl deprotonatlon is calculated solely from the
Cysteine data- below pH. 5 0 , D1fflculty in obtalnlng the
llmltlng chemlcal Shlft of the fully protongted form of ,.‘
cystelne will hot affect the calculatlon of the fractlons

: of the monoprotonated forms |

) The change in the observed chemrcal shift of the
methlne proton, AG R upon,protonatlon of the Sf'and NH2

*®

.-!) ‘
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TABLE 2

Spectral Data and Protonation shift Constants for

L-Cysteine and S-Methylcysteine?

J

Spectral Data

85,64 rs_See AS..,

A

zf_ B CcH C CompounP
1 307 018 473 Cysteine -
2 292 ;190 g - 408
3 100 .100 417
AGCHZ | | ) \ e
1 .262 - | ?< ~.520- é-MgthchysteiAEMQ
2 272 | 462

Y

i

Protonaflph Shift ConStantsc for CH Protons of Cys
e _ T~ — — .
‘ £
- : .36 (.32)
| At .52 (usyf
3 ' - ‘
\ - ¢ |
ACOZH o i42 | (.45)

a) Data from Reference 31, Tabie II.

v % -

'~

b) Number of equivalents of acid added to completely

. deprotonated form.
c) Units of ppm. S
d) g Upfield resonance of CTHy. .
e) Downfield resonance of CH,.
f) From Table IV, Reference °3].
. . ) a

b

o .A_ “ o o .

o]
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i

éroups can‘be described by

CH _ : ‘ N y
AT = £ oA+ fNﬂgANH; (84)
. i

where fSH and fNH* are the fractions of the sulfhydryl
3
and amino groups which are protonated. When the average

numbed® of functional groups protonated, per molecule, 'is
unity: fSH + fNH* = 1. Combining thisfexpression‘with

. 3
Equation 84 yields

asCH _
tnr = 3 —rASH A (85)
P 3 NHY SH ‘
. 3 c e

o .. o
By utlllzlng the data in Table II of reference 31
and Tab&e 2 of thlS the51s, fNH; can be estlmated to be
9.704'and foy to o.ggg; wheu_one equivalent of acid has .
been added. - The rauio, R, of protonateﬁ amino groups to
protonated sulfhydryl‘groups is thus 2.4. ThlS value ‘ {
varies con51derably from the estimate of R = 0.60 calcu-
lated by Walters and ﬂeyden but is in good agreement w1th ,'} .
the results of a number of other studies (20,22,26). The e

‘dlfference in the two estlmates of R arises prlmarlly

from the 1nc§ps1on of the methylene resonance data in the

calculat1 Walters and Léyden. oo : .



CHAPTER 1V

APPLICATION OF METHODS FOR THE DETERMINATION OF ACID DIS-

SOCIATION CONSTANTS' BY NUCLEAR MAGNéTIC RESONANCE

SPECTROSCOPY

A. Introduction

\ - v\ \
: \

In this chapter, the methods develoPed in Chapter

~ IIT are applied to the, determlnatlon of the mlcroj

and macrosgoplc acid dissociation’ constants of ethflehe-

d1am1nomonoacet1c acid (EDMA) and 1y51ne (2, 6—d1am1nehex—

[a301c acxd) ‘from nmr chemlcal shlft Vs pH data._ Both
e = K '

molecufes contain 51multaneously deprotonatlng ammonium

groups and. cannot be studled by thé other spectroscoplc

t s

technlques descrlbed in: Chapter I.

| therature methods for the determination’ of ac1d
dissociation constants a}so w111 be used to analyzejtheﬂw
fractional‘deprotonation data of EDMA and'lysihe. Since

,the.acidity ratio; for the_two ammon ium groups, is about
\

2 in EDMA and 8 in ly51ne, analy51s of the fractlonal de-

prqtonation data of these compounds will provide an 1nd1ca—

tion of the rellableﬁrange of appllcatkon of the method

: A\
used. . The constants obtalned by the literature methods

will be compared to the values\dgrlved u51ng the methods
r —“G lb ‘&‘ R . .

developed in Chapter III

e

b% . ) s ! .

. ) ROE .

&, . . . .
+ .

& ) ‘g-
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B. Ethylenediaminemonoacetic Acid . \
3 3 N

i) NMR Spectra

The chemlcal shlfts of the carbon bonded prJtons

/
of EDMA are shown as a function of pH in Figure 2. The
resonance due to the methylene-protons of the acetic acid

H,"NCH,CH N*H.cH.co.H
3 27727 T2 2772 :
\\ .

group is a singlet over ‘the entire pH range shown whereas
the resonance pattern due to«the ethylene protons’ varles
from a 51nglet at low PH to an AA'BB' multlplet in baslc-
solutlon. The chemical shift of the centre of the multlp-
let is plotted in Flgure 2. The change in the chemlcal
shift of the methylene resonance between pH!' s 1 and 4 1s‘
due to the deprotonatlon of the carboxyllc ac1d group and
;between pH s.4 and 12 to the deprotonatlon of the secon-.
:dary ‘ammon ium group The chemlcal Shlft data for the
methylene resonance between,pH's 1 and 4 is presented 1n
Table 3 It has been assumed that deprotonatlon of the
prlmary amlno group does not alter, to a s1gn1f1cant de-
Vfgree, the chemlcal Shlft of the methylene rekonance due
to the rapid attenuatlon of the effects of deprotonatlon
as the number of bonds between the 51te of deprotonatlon
byand the observed carﬁon-bonded protons 1ncreases (32 35).
The changes in the chemlcal Shlft of the ethylene resonance,

e

reflect the deprotonatlon of both amlno rbups., Conseqg-

uently, the"ethylene and ethylene res prqyide\three_




" CHEMICAL SHIFT, ppm vs DSS

26

28}

\ .

NCH, CH,N

Figure 2.

N

PH dependence of the chemical ghifts

- .0of the carbon-bonded protons Sf
vethylened1amlnemonoacetlc ac1d in a
0.02 M agueous solution.

&

»
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TABLE 3 . \‘\ ‘ B
Proton Chemlcal Shift Tltratlon Data for. the ‘cetlc A01d
Pnotons of EDMA Below pH 4.0

N / &, g

pH_ .. -Chemical shift?

0.98 - 4.029
w v . . ” § ’ *y
v i.25 - 3.998 |
B e . ‘ ;~F‘ ‘ o '
. 1.s5% 0 3,946
i 1.0 . o 3.897 .
> 2002 I 3. sas
N e &“ |
" 3 " -l . I ,(": AN
- 2,61 - R B 759 ,
: R T . . L AN -

SR ) A Y

2.98 ° . o 770393 \'

Lo 32 L Y3

a) -in ppm vs DSS. oy, '
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"types of nmr Qhemical Shlft data. the methylene resonance,'

L up” to pH ” reflects the deprotonatlon of a. solltary func- -

Jtlonal group, above pH 4 the methg}ene resonance lS - S 5‘3?

. \ \‘15"’\} X ’i " ;’;,,.S;

unlque résonance reflectlng the deprotonatlon of one of . gy e

w ' 7 v f o e

two 51multaneOUSly deprotonatlng groups- and the'ethylene’ﬁ : ;'L
Ty

4

q-

'e,bébove pH 4 is a common resohamﬁg affected by

s*multaneous deprotonatlons of th¥ mmonium groups

\_As*h I'been seen 1n Chapter III the fractlonal deproton- ;'
‘matlodfdata obtalned from the methylene resonance and the

9, commén resonance data"obtalned from the ethylene ﬁesonanqe’
\~ ar?’analyzed by dlfferent methods.' ‘ ; |

i) kS

.\T,,/ ii) betermlnatlon qf Ac1d Dlssoc1atLon Constants

. [ .
'7’/“ N Ual Macroscoplé Ac1dﬁplssoc1atlen‘toﬁstants

. i -ﬂ ' N ’ ..~_ . . . PN
‘/; R 3.ﬁ‘n l of EDMA-was determlngdeby ﬁe hrmlng a ‘Aésfwf:
// noﬁilnear curveflttlng of - the data in Table 3 using D QTWETQ@
;. > b4 'v K ?‘f“‘ o :l
Eguhtlon 86 whlch ;g the approprlate form oﬁoEquatlon Vo E
v USRIy R ST /. , L o~
Q . R . o - v i P > % ,
. o Y A YA S ‘ o !
et s &6*%#‘ M R
P C X bes‘cﬁ“,— 1.d +\§ P L ’“'.‘.186) \. ' L
. - - ' ‘.,’2 H+ . ]__\ | o P
’ . ; [N E
oty S . A
As the chemlcai shift. of the jully protonated form pf 7:1fﬂ5 |
‘ & T
w,EDMA was not~obta1ned and shnce the llmlting chemlcal Lo\
W - e

Shlft value at about pH 4 O 1s not prec1sely deflned both
11m1t1ng shlfts were treated af unknowns. US1ng the }' |
jcurveflttlng programme KINET (52), pKl was determlned to

be 1 77 i 01 and the 1im1t1ng chemical shlfts were o o
[ . N . ?‘ . e . '; L T B R

e PR S

[ER QR



N . ) & E : ’
) . L : . .
.

£i

estlmated to be 4. 075 ppm for the fully protoALted form

and 3. 7d9 ppm fd?’the dlprotonated form

. . b
PR THS ﬁhcroscoplc constants, Ké and K3, of the

3eprotd§at1ng amlno groups of EDMA were
AN

5 ﬂétérmlneo ’rom the chemlcal Shlft tltratlon data of .the

.

'ethylene protons. Nonllnear curveflttlngku51ng Equatlon

87 y%i the macroconstants glven 1n Table 4 The

“values £or ‘u- f;n %y‘ o s
o\ S B SR T
T s ' i . X K3GIY}¢; e 8P
i ‘0“ ObS .- h;b ! &‘%";‘ ;‘r‘it- D B Al E .
. = M’ QL SR
) . ¥, . ;2::"«' el 7
. ‘_svg\ e . ) ww . 59?70 _-. S 4
. ¢ A‘
v GI and’6~ were obtalﬁed fromdaigure 2.; The predlcted ;
value for 6 is. 3 SOZ ppm (v%«DSS), _Inlglaiﬁeétdmates

vy

pH data as desarlbed in Chapteh
S mér fooplc Acx‘d ’;-’.,&

AN P B ,,\ f,s’
Moo s a8

&wﬁ S \ The mlcrosco-f

-
-

?,of EDMA were determlnéd-by nonllneaﬁ curvef&gtlng of fracv-

tlonal deprotonatlon data u51ng Equatlon 88-

. BRI : . jr“h» ~
S +k12 + k12"123 ~-‘-:\"- e ‘188)

2,;d,\ = .73 ' Ay
H"';"KZH++K23

- ;_ : -,‘i‘r v
A

- r

‘The results are pﬁesented in’ Table 4 'The f2 values '

»

,were calculated from~the methylene resonance tltratlon

".\_r B A . o
},data u51ng Equatlon 7l.fAi J %as assumed “;d

zero. The
i, .

for K2, K3 and 6 were obtalned from the chqﬁical ghlft—f

oL

-

;fcld dlssoc1atlon constants_
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’ A 1 . ' ' :

\\;W./‘ ,_,_"“'e TABLE 4 LT

o Macroscoplc and Mldmoscoplc Ac1d Dlssoc1atlon Constants

#‘ﬁ . ; i,!'- - f’wa' ,;..A.- k .‘ . -

| . =

- - ‘ o ‘“_ o g s 'ﬁlﬁkg" &

-

Constant =~ .Value " f ‘ " Method of Calculation s

a P

pxlc.\_ R 77 i.tUl Equation 60€

PR
¥ ~“‘ i
< * +

,Qquuation‘§2¢ e
‘.Vj . ";- - - . . -

ﬂé _ el Equation 52°

) S . B o . m‘t e g .. ]
B W S TSP ERRN ”"2?3 o ”
et e et

" : " "g‘ . \ X ' v Comy . . s, 3 & . L :\. _" L
) . s 7" . - . i‘. . ' - o [T . X . . -
B Y N I A

o’ D',-"‘_‘. S . @, -nﬁ . S < -
S PV S N e
W PKigs Ype5 s o1 - 1 Equation 74% - - - 1
. “.‘9' ‘ "1;'_6\ : «v“ IQ : 6‘ L A:' ""..'r . ‘ ? l\' ‘lu)‘ v i " , *. 4 e tr .:“ . ’ C
» T e L my o QEQFT 2
] R :_." EE R ' ' . - W . Cra : 3\ \’~ o o ? ' -‘ » ’ -
-~ ) _‘ ] -‘ ) : - . ., - .»» S '&1 _._‘. . R R ’-’ '""En . . X N ". . -
e S s L3 Fe T m T T e

. ¢ ~ . [ -
stants, To convert to . =~ .
qconstants subtract .09. ' e

"H o= 0 32“0 16 M. o ‘ ¢ ""‘ ’ . .

~.d) Dev1atlons are ‘1inear eitlmates of the staﬂﬂard dem&g“ ‘

; tion as caiculated by KINET ) ,

e) Nonlinear curvefitting- -of\ chdmical shift data. ‘ -

- f) . Nonlinear gurveflttlﬁﬁ of -fra tlonal deprotonatlon data.
g) ki3 = Kz - k12. - .

-— - - . N
h) W32 = K371 - Kpps7l At | A
i) The’ subscripts denote the. functiona! 'roups underg <
< . deprotonation, -as' previously described The carboffylic . °
‘ ac1d dgroup, the secondagy amino group and’ ‘the primary) '
amlno group are denoted as 1, 2, and 3 respectlvely{-
" s : . ‘



- data were supplied as constants.u The mlcroscoplc ac1d

(€ lLysine -

‘.carboxyllc acid group occurs sepavately, at low pH,: A . PR

,»tonatlyn in: the 'PH rangs 7. 5°to 12 : The pﬁr spectry&, S

_ methyl protdns of TMA. NO3 whlch was added as an 1nterna1

Y

S

v G om0

Jdlssocaatlon scheme for EDMhrM

1), NMR Spectra : . ,
Ly51ne is an « w—dlamlnocarboxyllc acid w1th

-\\
three tltratable Rrotons. As can be seen from the a id - “

dlssoclatlon scheme .in Flgure 4 the deprotonatlon of he

\ 3 «
whereas the two amlno groups unperio 51mu1taneousxdepro~ N i
- i,u . - P
. - » =7 Q’tﬂ&" i

@
obtalned for 0.5 M ly51ne HCl a% approxxmately neutra

ke 'J""
pH rs\shown/an Flgure 5..‘The trlplet centered at abo&b

"4.25 ppm 1sydue to the methlne proton and the trlplet R IR

. »“q.“

“

@dgprOXImatEIy B 75, ppm i lS asslgned to the e-methylene

- rotons. The resonance: pattern at!? 60 m 1s due to the
B ? pp

ﬁe“
r

chemlcal Shlft standard 'The multlplet pattern over 2. 00

<

vt& 2 75 ppm 1s the me?’ylene envelope for thekother - o h,
- X - Cos s . .

I‘ ’ . . . . ‘—

methylen protons.'

“ qshe chemlcal Shlft tltratlon data of the methlne o » W

B2 <o

- and e-ﬂethylene resonahCes gs presented,ln quure 6. .. The

- . .
-

~ chemu,'l —Shlft changes of the methlne resonance, above i = *{i%@

&0 .-

pH 6.0 are. almost entlrely due to the deprotonatlon of ; "

\ T . .v . L ‘v_\, -

" the a—ammonlun/;;oap whereas the changes observed in- the

'chemlcalrshlft of the e-methylene are. almost entlrely due

,.f»‘
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 Figure 6, pH dependence of the chemical shifts of n
L “the protons on’ the alpha- (lower curve)
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e " \

to the~deprotonation'ofithe‘omega ammonium group. "For"
both'resonances, it is the ehéf&cal shift of the central

peak of the observed triplet pattern which is plotted in

o . v =
4 ¢

el Ly

ii) Determination of Acid Dissociation Constants
. . W

a) Macroscopic Acid Dissociation Constants”

¢

) The macroscopic acid dissoc1ation constants
for.the stepWise deprotgnation of the two amino groups of
lySine were determined USlng both. linear and nonlinear

methods%‘ Fractional deprotonation data wé% calculated

| from the methine and e-methylene chemiCalashift data uSing
qupation 71. .A2 ; and A3 2 Were both assigned values of

4:—I 7 Hz, as determined from. chemical shift vs PH data . for

—pentylamine,_2—aminohexan01c acid and 6—aminohexan01c
aCid.. In all three compounds, dqmplete deprotonation tf
. the amino grogf results in a total change of -1.7 1 in - \

the - resonance of proton(s) five bonds removed from the

site’ of deprotonation. (The negative Sign indfcates an
Lo Bt

iupfield shift ) The fractional deprotonatiOn data,;X T

- - . "‘L
obtained from the methine .and methylene chemiCal shifts, o

-

was combined according\to Equation 77 to yield an h vs
‘pP data set Computer performed linear least squares Do v
analySis of the h data according to Equation 88 and non—~

. linear curvefitting of the h data to ‘9‘ \‘i

- -
-

Tagh ;(2-,1'{) -

H+ = —— K2K3+Kz (88)"
a-h)  }ray(1-F) AR |

.

.l » .
. o e T R o e B
AR A ‘ . N . -
i : . E ) . : RN St N

- w8
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"HEquation789 resulted in the values of pKé and pKy given \”

73

in Table 5. o . e

Vo - o Kyags + KKy

= ' x (99) &

g+ * ag+K, *,Kzl3

. . . . = . \
Inltlal estlmates of Kz and K3, requlred éy KINET were

+’

obtalned from a plot of.h! vs\pH at the p01nts ﬁ = IVS and

ie

ho= 2 5 respedtlvely. 9

‘on cOnstants

ii) Mlcroscoplc Al Di
Fhiee sets of gkt the m1croscoP1c acid’ L.:\-
gl t, gy L4 ¢‘y N -

dlssoclatlon constants buﬁt e, amlno groups of lysaneqyere .

"t -

calculated from the fractlonal ieprotonatlon data obtalned

from the chemlcal Shlft data of methine and e—methylene '

-~
]

. resonances. Nonlinear curveflttlng of: the methlne frac— B ?}
? tlonal deprotonatlon data, f ’ was Performed by KINET L Y <f’
: d : . N
V .. Q 0& ¢ = \7‘ R

u51ng Equatlon 87 «The f a ~data obtained from the A

e ’ |

|
-CH2 resonance was 51m11ar1y analyzed u31ng Equatlon 96. ~\
%
‘ e

" 'x

oo P E 13 132 . o0y o

LA - '__uj ld : > 2 7 . -
- i %?r  H+ + aH+K2 + K2K3 § o ‘\‘\i'~3‘

'_The requlred values of K2 and K3 were obtalned from fracﬁ

'.tlonal deprotonatlon data as prev10usly desCrlbed. The

mlcroscoplc constants are presented ;n Table 5 ' The pkl3‘

and pk values given for the methlne data and the pk .
132 12 _\-'\

and pk123 values glven'for the e-methylene data were calif “

culated from K2 and K ‘as Qescrlbed in Eharter III

y."’ =
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Table 5 also conggins the microsc0p1c ac1d dissoc-

iation constants of lysine calculated by the linear least-

squares analy51s of fractional deprotonation data. The

>

value of K3 obtained from the f d and f d data u51ng
l

Equatlon 79 was substituted into Equatlon 91 to obtain
data. . ) ) P o oo e :
I i ) . ’ £ o >

'} ) . ) . ., { . ‘. .. T - » ‘ .
. N . K A : . S . ’ '

. o o 3 - N P e o S
- % T gt fw,d’f.;m— R
| PR U R
The microconsténts were thep calculated\as§&escribed Ln

‘Chapter III. The constants reported in Table .5 aré'the ‘}" QN

median values caleulated frqm}the data point;s’in the ”."
L4

éange (0 25 < f 'dl w,d _— .

The" variation of the macroscopic acid dissociation

-
o

Yo v‘.

constants of 1y51ne with concentration has been‘studied .

!'

MSing potentiometry.\ The concentration of/lysine was_

varied from approx1mately 0 -2 to 005 M The 1onic |
Strength was controlled u51ng KCl s6 that the changes in;

¥

| 1on1c strength during the course of the—titrat;on were
PR

‘ Similar to those observed 1n the chimical Shlft tit}ation.’.

The macroscopic constants were calc
\ .

data u31ng Eh!’correction term method described by Irv1ng
y '

6ated from the pH

and ROSSQttl (51). " The results are préﬁented in Table«'

.. . n . - . . . . S o . L T .
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\ a ’ , Coe * ) o

A - TABLE 6 , . '
. o : X ‘ ‘ i
. Var1at1Qn 1n the Macrog'tplc Ac1d Dlssoc1atlon Constants
ﬁﬂg;x C Eg‘ of’ Lyszne Wlth Concentratlon o . \
LR ] § ; e KPS . ) .'.
“gw“ta“. o Y .’ ’\ . e e wn ) - Lo R .

.‘\ ‘s ". .‘ - .-
Concentratlon o Lo

%‘ «,(Molar) . suf{enafh (M)a‘ o PKz 5 g
e - : i dl

v e - """ ‘- ‘ ) ’;_Q.

= . 2 - 29 9.21° 10,81
) e U T
L Lere 24827 9.21 10.68
| .005 2= .28 .. 9.21 10.65
o :} » 6 . . :
v A S ! Lo ‘
T .003 - ‘ .1 |- 9.7 10.60
P" ] * R a \ o o " g
ﬁ"y ! h '/ l’ . . i . l',«
- a) _Calculated u31ng Equatlon 28% L L :
' b)*fMlxed actlv;ty-concentratlon constants..; ‘ i

PN

s
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D. . Discussion '/ I\ _
No llteratgre values are avallable for the macr0¢

scoplc or microscdplc ECLd dissocxatlon constants of EDMA
or for the microscoplc constants of 1y81ne. h number of‘ lj;f“
e ‘
‘ .worke s hﬁvfanggd pH tltratlon data\to deﬁérmlhe pK2 and
' A

lxséEe and the published wesults are presented in L

~

L Tdble 7% Comparlson of the results for the macroconstants s
‘ - ’ '()).a ﬁ'

R
P

rese' ed in Table 5 with those in Table 7 shows a. con—3' e
h 51derab1e dlstrepancy between the }wo sets Of macroscoplc hi S
con;tag%s. \However, the results‘presented 7n‘Table 5? ?* {i-i;;?a"
Qw i lndlcate that the dlfferences arg primarlly due to“the ’;- ° |

l\b . f. ' N . ... .
"hlgher concentratlons used in the nmr titration.»2~;-z= \ - \
. P . o 1

RN o o

5 \ | Although the appl.tcatfon of the%}m.r tEChniquetls/ o ;
"x. 1ntended asia supplement to potentlometry w1th a gla¥§ /fﬁff"":‘g?
electrode, it IS 1neV1table that compar;sonJMWLl%‘he made - dggf“'
between the two technlques.. Examlnafian,of the: equat‘ong thl—fVJ

- developed in Chapter III and apleed 1n this chapter‘WLIl

sQOw that the nmr method for thﬁLcalculatlon of acld“i

'

i3 'y

const;nts, does not requlre that the . concen?ratlon;of the

E acld 1n soluﬁlon be known., Thus, the purlty of

need not be known. Thls 1s of part1Cular gﬁvantage when”

- /

: " deallng wJ.th ‘sblologlcal c0mpounds such q's ammo ac1ds ansi{
peptldes sxnce ‘the crystalllne forms\gﬁhthe e compounds

' are often dlfflcult to purlfy and majﬂcontaln non-1_
‘ R i PN il
- stoxchiometrzc yaters of hydratlon ;] unknown concentra—-j’

>:~

_? tions of salt i

' \ AZ,A.
o
/




. TABLE 7 A

Macroscoplc Adid Dissociation Constants of Lysine’
Determined From Potentlometrlc Data

; R

PK, - | pK3r‘W - Reference
9.1 ~ 10.62P | - 459
9.24° 10.582 | 469
9.23% N '10.79°' ) a7°
9.17° 10.60° This thesis

VR S |

a) Mixed act1v1ty-concentrat10n constants.
b) 0.003 M lysine.HCl, p = 0.1 M.

c)  Lysine concentratlon not given, p = 0 1 M.,
d) ’Calculated from the concentration constant
using y = .771. e 4"

e) Calculated, from the thermodynamlc constant
- - using- the value of. Y ~.77§ given by the
author. c ‘

. 78
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sources of acid or base, such as the _absorption of carbon

dioxide, have no effect on the nmr calculatlons.
l

. A51de from the: complex and expensive equipment in-

\

~volved,- and  the time requlred to perform the ‘data collec-

- tion and calculatlons, t%e nmr method suffers from sev-

eral dlsadvantages. Chemical Shlft measureﬁent« cannot

be made with the samé precision as is obtained for a
carefully performed potentiometric titratibn. Secondly
unless Fourier trans{\rm technlques are avallable, the
concentratlon of compoundy\and thus the total 1on1c'
strength are hlgher than those required for botentiometry
’and may be a limiting factor for compounds of low solu-
bility. |

As previously indicated, the microscopic acid dis-

o

sociation constants of EDMA and lysine have not been prev-

iously determined and thus the results\ln Tables 4 and 5
\
cannot be compared to llterature values. However, the
-methlne.and e—methylene~resonances of lysine are essen-

tially two different data sets and as a conseguence provide

~an internal check regarding the.reliability of the values

obtained for the'microsdopic acid dissociation constants.

»

The excellent agreement between the nonllnear calculatlons
u51ng the two f d'data sets and between the llnea&'and
nonlinear calculations (Table 5) sérves as an .indication

of the reliaﬁility of theltwo methcds.

x\ '~ Bradbury and Brown (54) used pmr chemical shift
| S :

79
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data tofdetermine the macroscopic acid'dissociation con-
stants of lysine and several‘methylated.derivatives~of‘
lysine in DZO" They assunmed that'the‘metnine and e-¢
methylene resonances of lysine were uni&ue, whlch is -

-

essentially correct but also assumed that the dlBSOCl— .

ation of one protonated ammonium group would not affect .
' \

the aoidity of the second protonated ammoniym grpup.
Examination'of the results in‘?able 5 indicates that the
second assumption-is notfvalidg Consequently; Bradburyd
and Brownfs use of Equation 59 to calculate the‘macro— @
scopic'acid dissociation constants is'hithy questionable.
"The pM method has been the most frequently employed

. technlque for the determination of microscopic aC1d dls—
sociation constants from fraotlonal deprotonatlon daka,
particularly‘that obtaided by ultraviolet spectroscopy.

‘This methodswas frrst presented by Edsall,vﬁartin and

Hollingw0rth (11) /and is based on the function M. o
: ‘ / . .

_ o
kiaH+ + kik..

At (92) .

ap+fi g
a + k.
Ht 3

[ 1 1- fl d

- Examination of Equation 92 indicates that, when
a plo%\of pMi_vs fi,d is extrapolated to zero, pMi =
pk; and when extrapolated to one, pM; = pkji; The )

values obtalned for k and kJ can be treated as known

quantltles 1n order to détermine the remalnlng constants.

¢ . -



\

,for:determining-formation constants. As has been prev-

@hich pM

’

In a plot of pMi vs f',d' at thewpoint‘where fi,d‘= 0.5,

PM;, = pH. As a result) when £, 4= 0.5 Equation 92 can
! . L. ‘ ’ o R
be rearranged to yield: ‘ ' : ' .
ky = /=% s (93)
~ TS y

In the instance wherke pk. or pkj. is approximately eoual

to the pH at f d = 0.5, Equation 93 becomes dependent

upon the determination of a regatlvely small dlfférence
between two large numbers and consequently. suffers a loss

in precision. As an alternatlve, the value of f1 d qu
[4 A

4
2
tlon 92 to yleld

(pk + pkf )/2 may be substltuted into Equa- |

:

| c L -
- i,d ‘ -
Pk = log {1 fl } tpkiy (94)

| Both of the preceding equations are essentlally
I

one p01nt calculatlons and are thus subject to the same ??:#

errors and,crltlclsms (51) as the n = 045 te?hniqhe’used,

X

\

iously noted (ll 57) the extrapolatlon to detexmlne kI and

i

le is accurate for only a llmlted range of values for the -

4

ratio kl/k When kj >> k R the extrapolatlon of the pM

vs f ,d plot to obtaln ka -is stralghtforward But the

‘vsteepness of the function ‘as f ,d approaches zero makes

the determlnatlon of pk uncertaln. Slmllarly,-when

o



k. << k., pk can be determlned w1th conflﬁenc but the

j i
* : ,

rapld change in the slope of the curve as f d,app‘r:oaches
i,a _

V-unlty makes an accurate evaluation of ka dlff cult.

'Edsall et al (ll) determlned that for both conft'nts

tional aeprotonation_daﬁa“obtained from both the a- ethinel
resonanceﬁand the e-methylene reSonance. The pM, \'4: fi a
. . " - ’
plots for EDMA and 1y51ne are presented in Figures [7-9.

“J

The klz/k 3 ratio for EDMA is 2.8 and omga ison

of the microscopic constants. in Tables 4" and shovys that

thé constants obtained from the pM plot are i

of this chapter. A comparison of the results for lysine,
., : '\ . . -~ “' . N ¢ .

whichjhas a klz/kl3.ratio of 7.8, indicates poor-

agreement for the constants determined‘from' he~§ i Vs -

fi”d plots (Tables 5 and 8) . .A.possible‘ex lana.ion'for -
[ Lo

x the dlscrepanc1es observed 11es in recalling exac¢tly

i

what 1nforqat10n 1s?§¥%$ent in" the nmr chemij

v

data. The éxpressi&n for the observed chemical Shift of
\
a unlque resonance. canjbe written in terms of t e fract;on

of the acid which 1s pFesent in the various molecular



. _*;-TABLE 8

e mitan

!

The Macroscoplc and Mlcroscoplchc1d Dlssoc1atlon
Constants® of EDMA and Lysine. HCl_Eetermlned From

a) Mlxeﬁ act1v1ty concentration constants.
data of lysine.
c) Calculated using f3 q-data of ly51ne.

b) Calculated u51ng fz

!

Y

« \ PM Plots ~ -
EDMA | J LYGINE i
pky, 6.91 9.34° . 9.56
PKyq. '7.32 < 10.38 10.15
Pk 53 1 9.96 10.99 .10.81
Pk 5, 9.55 9.95 10.22
o ) : , ,
PR, 6.77 9.30 | 9.46
! : . . '
pKy 10.10 10.99 10.91

He
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Figure 7.

pM2 vs £2,3, the fﬁaétional'deprotonatioh
of the secondary ammonium group, for EDMA.

X
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Figure 8. pM, vs lea,-the3fractibnai deprotonation of the
: alpha ammonium group, for lysine.
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Figure 9.

~ epsilon ammonlum group, for ly51ne.,
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forms.

i,obs 17 %11z

The magnltude of the ratio ki!k 13,1nd1eat1ve of the
fraction. of all molecules which w1ll dissociate by a
given pathway and thus represents the ratio aII/aIII"
"For a ki/kj ratio close tofunity,'approkimately equal
cententratibns_of the twe,monoprotonated tautomers will be
:present at a given pH.  As the ratio moves away fro# unity,
one or another of the two monoprotonated tautomers will
begin to domlnate in solution. " For 1nstance, at a k. /kJ
ratio of 5:1, elghty—three percent of the acid dlssoc1atlon
will occur v1a‘the ‘upper pathway in Scheme ITI. If, the
Valuerf dIII is always‘huch less.than' that of &II,~the ‘
sensitivity of the obseryed chemicai shift to changes in
the amount of Form III.present in solution will be low;
As a result,:the>acturacy.with'qﬁich kj and kij can be
determined will also be low. | ‘ '

In addition; the extrapolation of tneipM plot tends
te weight‘the data taken at the two ends of the titration .
‘curve more heavily than that ontained in the‘middle of
the titratiqn;v In‘those areas of the experiment where
the values"of fi,d are close\to either zero er one, the
ratio f d/(l f d) is sensitive to small changes in £, i,ar

and thus in § and the relatlve experlmental error

obs’

£



%

»

-increases Consequently, thF-extrapolatlon depends on the " -

least prec1se data. Thls is also true for fi a values ob-

14

tained from other spectroscoplc technlques such as ultra-

v1olet absorptlon. In‘cqntrast, the nonllnear curve-

& ' “

fitting technique 'utilizes all of the expérimental data

‘ and weights ‘the data points obtained from the dlfferent
parts of tpe titration curve approprlately

;jl Fung and Chen (57) rearranged the equations”used
& in calculatlng pM to obtaln a linear form which would re-
duce the extrapolatlon errors for uAfavourable values of
the ki/kj ratié. When ki is larger than'kj’Pthe extra-
polation to obtain ki is.straightforWard but.the value
obtained for %ji is impresise.' Equation 92 can be re-
ar;angea to obtain thé(linear form:

’_ .

agtlky = M) = kM =rkgkgy

4 : .

- (96)
| | o
Using the extrapolated valae of ki”asva known quantity,
‘a plot'oﬁ'aH+(ki_— Mi) Vs Mi should give a straight line
of)slope kj and ﬂSEgécept - kjkj.. In practlce,vhowever,
the range of experlmental values for ‘which a plot of
Equation ?6 is lié;dé is somewpat ;imited and the plots
are very sensitivg'ts the value of'ki used (57). Plots
ot aﬁ+(k12f- Mz)yYS\M; fot_ﬁDMA,aad of ag4l(k,, -~ M) vs
.ﬁz and aH+(k13 - M )‘Vé}M3'for lysine are présented in
Figures 10 12 The vglues obtained for.the mlcroscoplc

constants are in Tab&e 9. As can be _seen by examining

/

M g
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- Figure 10.
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20 40 60

. 7’ - ¥ o
+(k12~M,) vs bflz\fdf EDMA. The

ope yields k,; and the intercept
kiskiz2;. | .
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o+ (ky3-My) x 107

-1 1 l. 1 1 1 1 L
o 1.0 : 2.0 ’ 30 4.0
: n \
‘ M, x10
1 3
ag+(k;3-M;) vs M; for lysine. The

Figure 12.

slope yields k;, and the intercept

- kKi12ky32.
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TABLE 9

Microscopic and Macroscopic Acid Dissociation Constants®?
of EDMA and Lysine Calculated Using the Linear
Modification of pr Plots ‘

EDMA LYSINE

pky, 6.91 | 9.34% | 9.4094
pky, B » 7.39 10.38 - 10.19
S 59.40‘\ | 10.98 ~ 10.88
]pkr32 - 9.88 9.9 N " 10.02
PK, | 6.78 . 9.30 ’ 9.33
PK, ) 10;60 10.95 | 16.38

a) Mixed activity-concentration constants.
b) Reference 57. .

c) Calculated from f, 4 data of lysine.
d) Calculated from f£3'gq data of lysine:

- o |



the results in»Table 9, the linear modifidation does not
provide a 51gn1f1cant imp: vement over the values obtained

, from the pM plots for)EDMA and lysine.

Niebergall, Schnaare, and Sugita have pointed out ARS

(14) that both the pM plot-and the linear modi

aré susceptible to investigator bias.. These(authors have
presented both li;ear_least sqﬁares and nonlinear regres-
sion techniques for the determination of mlcrbscoplc acid
dissociation cogg;gnts from the fractional deprotonatron
data obtalned by ultrav101et absorption spectroscopy (14).
The microscopic constanté of D,L-tyrosine and morphine

HCl were determined by performing a nonlinear regression '

analysis of fi a data using Equation 97.
, .

; _ klaH+ ) '<i;;)
i,a = T3 _

ag¥ + agiKy + KK,

Equatlon 97 can be obtained by substltutlng‘the relatlon—
ship in. Equatlon 39 1nto the numerator of Equation 74.
Niebergall EE al (14) obta;ned values for L Kl
and K1K2 using quation\97 and fhe remaining'microcon-
'stan?; were dete;miﬁed using Equations 37-39. :?ﬁe fz,d
data for EDMA and f2,d a.nd‘f3'd data for lysine were:
analyzed by nqnlihear curvefitting using Equation 97 and
the results are in Table 10. ,Tﬁe resﬁlts for EbﬁAta:e
esseﬁtiallyfidentical_to those calcﬁlated‘uSing Equation

74 (see Table 4%; 'Analysis of the:;ySihe epsiiqn-

93
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. TABLE 10

\_, . \ . . . , .
Mlcroscoplc and,Macroscoplc Acid Dissociation Constantsab
of EDMA and Lysine Determined from Nonlinear Curvefitting

)

[ o - EDMA . LYSINE.
Pk, © 6.94 . 9.40C
: . ' . ' \
. 7.38 - 10.26
PKy 3 | o iy
- pkyog 9.85 © . 10.70
pkig, " 9.40  9.84
‘J .
PK, | } 6.80 . 9.34
PKy 9.98 10.76
N\ )

'

a) ﬁixed activity-conceritration constants.
b) sing Equation 97. :
c) From'f3 q data.

‘ , a
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L 5 P
methylene data yielded results’in good agreement with

‘those in Table 5 but the alpha-methine data gave a nega-

tive value for K3 . In addltlon, the statlstlca; rnforma-,

\

tion provided by KINET indicated higher" llnear estimates

of the standard deviations of the parameters and a hlgh\
degree of correlatlon between the estimates of the three

parameters. Analysis. of f d data obtalned from computer

\51mulated chemical shift tltratlon curves 1nd1cated that

L 4

,nqnllnear curveflttlng u51ng Equatlon 97 is most rellable

for systems with a IOW'value for the ratio Kk, /kJ Al-

though quant1tat1ve~11m1ts are somewhat dlfflcult to de-
Elne, the degree of gorrelatlon -approached unlty as the

k. /kt ratio became progre551vely greater than 5. As a
result Equation’ 97 should only be used- when other tech-
nlques 1nd1cate a-low ratio for the mlcroscoplc constants.

™~
Shrager'et al (56) have described a computer. curve-

'

fitting method wh1ch utilizes nmr;chenical shift titration\\\\-

[

S

data to obtain both macrosoopic and,micrOSCOpic acid dis- =
~sociation constants and “have used their programme to
determlne the acid dlssoc1at10n éonstants for L hlstldlne
and several[rel\ted compounds. The programme. is deglgned
to curveflt data\from both solftary and oveTlapplng dis-
3001atlons- calculatlng macroscoplc constants in. the
former cases and_mlcroscopic constants, from which‘the
. maoroscopic'constants are cai\ﬁiated in tAe latter cases.

Thelr method is based upon a rearranged form .of
-y e - -



For systems in whlch common resonances re'obserVed;"tpem'”’

\ /

1ntermed1ate chemlcal shift values/are‘deflned in terms
/ \

of a fractlon, p,/ot the total observe

4 ]

ical 'shift. As afresult, the microsc pic acid dissocia-

cedure. used\ln thlS chapter. The most notable dlfferences
are that Schrager et al curveflt the observed chemlcal :
Shlft data, rather than f ,d data,’and more 1mportant
attempt to determlne both the macroscoplc and mlcroscoplc

a01d dissoc1atlon constants from the chemical shift
/
tltratlon data jof a 51ngle resonance 'Analysis of"coﬁ- o

puter 51mulated tltratlon data, u51ng equatlon 51, indic-

3
!

ates that if the observed resonance is strongly affected

/
by the degree of protonatlon of both groups,.the micro-

constants obtalned w111 be very sen31t1ve to the values

chosen for the 1ntermed1ate chemlcal shlfts. ‘When the

‘observed resonance is unique or is affected almost en-

tlrely by the deprotonatlon of only one of the two

96



!

deprotonatlng funct10na1 groups,

estxmates obtalned for the microscoplc con”tants will de-

T
e

the reliability of the
9.

. 7y
crease as the ratlo k. /kJ increases. Conse uently, non-

llnear.curveflttlng of chemlcal Shlft data td Equation 51

1

Is \

can bé expected to yield rellable estlmates for the macro-

scopic and mlcroscoplc constants of only a llmpted number

of molecular systems.
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_ CHAPTER V

THE DETERMINATION OF MACROSCOPIC AND MICRDSCOPIC ACID

DISSOCIATION CONSTANTS OF a, w—DIAMINOCARBOXYLIC ACIDS‘

N

AND‘LYSINE DIPEPTIDES

A. Introduction

The acidTbase chemistry!of the najority of amino
acids and peptides has not been characterized on the
molecular level. In'this chapter,'the results-of vhe
determination by nmr of the macroscoplc ‘and micros opic
aeld dlssoc1at10n constants of a serles of a w-diamino-
carboxyrlc ac1ds and oﬁ two lysine dipeptides are presented
and discussedr ‘As can be seen from the'microscopic acid

dlssoc1atlon scheme in Figure 13, the compounds studied

all contain two 51multaneously deﬁrotonatlng amino groups.

B. Results

i) «a, w-Diaminocarboxylic Acids'
The chemical shlft tltratlon curves for ‘the
-methlne proton resonance and'the Y-methylene protons -
resonance of ornlthlne are presented in Figure 14. The
data for ly51ne has been presented previously (Flgure 6).

‘The chemlcal_shlft of thé central peak of the observed

- triplet is plotted»in units of ppm vs DSS. The chemical

98
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‘CHEMICAL SHIFT, ppm vs DSS "

5 7 o n. 13
,pH'

- Figure 14, PH dependence of the chemical shifts
of the protons on the alpha and delta
carbons of ornithine. The formula of
ornithine is HzNCHZCH2CH2CH(NH2)C02H.
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~shift changes observed for each of these - resonances are

A
assumed to be almost entlrely due to ‘the deprotonatlon of

|
‘'one functional group and the mlcrOSCOplC and macrdscoplc
acid dissociation donstants have been calculated from

.fractional deprotonatlon data u51ng thé methods descrlbed

for lysine in Chapter Iv. vThe results for lysine and

ornithine afe presented in Table 11.

The CMR chemical shift data, as ppm vs lnternal
dioxane for 2,3- dlamlnoproplonlc aqu 2, 4 -diaminobutyric
ac1d ornlthlne and ly51ne is shown in Flgures 15 18. v As
is 1nd1cated by the data in Chapter VI, the effect of the
deprotonatlon of an ammonlum group will ‘be reflected in

chemlcal shlftnchangeslln the resonance of a- carbon flve \

bonds removed. As a consequence, the CMR- chemlcal Shlft

data of the alkyl carbons was’ treated by the common
resonance technlques, described in Chapters III and 1V,
for the‘determlnation of macroscopic constants. The re-
sults are presented'ln Table 12. | |

 Attempts to calculate the microscopic acid dissoc-

iatlon constantS'from carbon—lB'chemical shift data using

quatlon 51 and 1ntermed1fte chemical. Shlfts predicted

from the .linear parameterization scheme in Chapter VI

-

 were. unsuccessful due to the sen51t1v1ty of the calcula-

tion to the uncertalntles in the predlcted chemlcal shlfts.

t

L
However, the mlcrosc0plc constants of 2,3- dlamlnoproplonlc

acid, ornlthlne and lysine have been ectimated from

-
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. TA\BLE ll R . Cen - . PO R - "A.,

Macroscogic and Microscopic Acid Dissociation Constants
_Oof Ornithine.HCl and Lysine.HC12 :

T

ORNITHINE® ' LYSINE®

| 4 . v o, \ " : Y\A -~ \\.
psz "~ . 8.85% - 9.27 -

d - C‘ ) Al " . A . .
PK, | 10.61 - . 10.82
pky,f . 8.91°'9 g.o1M ~ 9.319 9.3)b
Pkyy 9.77 - . 9.79 . 10.33 10.30.
Py 53 10.55  10.56  10.78 10.77

9.72 9.68 - ' 9.74  9.79

" a) Mixed activity-concentration constants. To, convert
. -to approximate concentration constants, subtract>.(09.
b) 0,100 M ornithine.HC1l; u = 0.10 - .242 M.
c) 0.186 M lysine.HCl; y = 0.186 - -.372 M.
d) Nonlinear curvefitting-of+fractional deprotonation
- data to Equation 78. T, :
e) The linear estimate of the standard deviation was
" £ 0.02 of a pK or pk unit for all constants listed.
f) Subscript 1 denotes the ‘carboxylic acid group,. 2 the.
a-amino group ‘and 3, the w-amino group. i '
g) Nonlinear curvefittﬁﬁg of f2,d data to Equat% n 74.
For ornithine A 3 = - 3.0 Hz, for lysine'Az;g';
- 1.7 Hz. S : .
h) Nonlinear curvefitting of f3,3 data to Equation 90.
~For ornithine A3 5, = - 3.0 Hz, for lysine A3 2 =
- 1.7 Hz. | ’ - _ .. !
| . .

h
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‘Figure 15.

| o .
PH dependence of the chemical [shifts of
the alkyl carbons of 2,3-diaminopropionic
acid in a 0.185 M aqueous solution.
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CHEMICAL SHIFT, ppm vs DIOXANE

Figure 16.

p.H

pH dependence of ‘the chemlcal.
shifts of the alkyl carbons of
2,4- dlamlnobutyrlc acid in'a
0.185 M aqueous solution.
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CHEMICAL SHIFT, ppm vs DIOXANE

pPH dependence of.the chemical
shifts of the alkyl carbons of
ornithine 'in a 0.185 M aqueous
solution. ~ :
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Figure 18. pH dependence of the chemical
shifts of the alkyl carbons of
lysine in a 0.185 M aqueous
solution. '
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fractional deprotonation data using Ai 3 values predicted
' 14

from the model ompound data in Chapter VI. The predlcted
Ai,j values and the\results|are presented 1h Table 13.
ii) - Ly51ne Dlpeptldes
The pmr spé&tra of a—glycyllysine‘ahd lysylgly- ~
cihe contain an essential;y unique resonance for each of

the two 51multaneously deprotonatlng amino gro?ps. For

a-glycyllysine the chemlcal shifts of the glycyl methylene

I

+ R . +
H3NCh2CONHTHC02H. - .H3NTH CONHCHZCOZH
(CHy) 3 | (T32)3 .
‘THZ. ] Co ?Hz
+ : ‘ + R
_ NH} NHY SR
a-glycyllysine . lysylglycine

and of the-e—methyleneeof the lysine residuelare presented
in Figure 19. The glycyl protohs give rise to a singlet
over the entir? pH range in which the ammohium groups are
deprotonatlng whereas the g-methylene of the ly81ne frag—?
ment yields a triplet whlch eXhlbltS some broadenlng at
the higher pH values. Both the o-methine and the
e—methyiehe of the lysine fraémené of'lye§lgiycine'give
‘rise to a triplet pattern eVer the pH range of interest
and the chemical shift of the central peak of each triplet
is presentedvas a functieh of bH in Figure 20. Thesev

chemical shift titratidn curves have been analyzed by the
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TABLE 13
Microscopic Acid Dissociation Constants of 2 +3-Diaminopropionic
Acid£¢0rn1th1ne and Lysine from Carbon 13 Chemlcal Shift Data.? ~
2,3-papP® orv® Lysd
Ca CB‘ ‘HB Cs CB CY
Pk, .06° 7.07 8.93 ° 8.92 9.35 9.30
T . . v : , '

pk13 7.10° 1 7.09 9.63 9.67 10.02 10.43 y
Pk, 9.25 9.24 . 10.52 10.53 . 10.73  10.74

: s , . ‘ ’ \
pkl32 9.21 . 9.21 9.82 9.79 10.06 9.66 B

: |

a) Mixed acidity-concentration constants. .To convert to approx-
te concentﬁatlon constants subtract .09.

b) 0.185 M 2,3- JHC1 u = 0.185 - 0.400 M. 8, 3= -5.23 ppm
Ay : : _ 2,3
c) 0.185\ ithine.HC1 4 = 0.4 - 0.55M, A, . = ~0.27 ppm
v .. 2,3 |
: A3 2 .22 ppm. :

a) o 185 M Lysine.HC1 u = 0.4 - 0.55 ﬁ, A, o = =0.20 ppm
0.2 . 2,3
. 3 2 = - 0 ppm. R
e) 'The linear estimate of the standard dev1atlon of each pk or
PK is < .03. . .
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Figure 19. pH dépendence of the chemical
shifts of the protons on the
glycyl alpha carbon and the
lysine epsilon carbon of gly-

(cyllysine in a 0.099 M _aqueous

solution.
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-'molecules. decreases.

methods developed in Chapter III for unlque resonance data

‘and the constants obtalned are presented in Table 14

\ : . \
C. DiScussion, '

i) o,w-Diaminocarboxylic Acids
The macroscopic acid dissociation constants of.

the a,w-diaminocarboxylic acids presented in Table 12 in-

dicate that the two amino groups of all .four compounds

o N

. B ‘\_/"ll N .
undergo simultaneous.deprotonakion. .Consequently, the

~acid base chemistry of these acids is described by the

microscheme sh%yn in Figure 13.

Upon'.examination of the macroscopic constants in

\

Table 12 and the microscopic constants in Tables 11 and,

'13,.several trends become apparent. ‘As the number of

inte?Vening'methylenefgroups increases, the acidity of

the ammonium groups decreases, as does the\separation be- "

tween the two macroecopic constants.= Hay and Morris (64)

attrlbute the ac1d1ty of the ammonlum groups in a,w-

diaminocarboxylic acids to the comblned.lnductlve (-I)
+

“effects of the nearby"—NH3 or -NH, and -COin groups.. As

the,m—NH;,isfmoved further away .from the a—NH; group, the

strong -I effect of a nearby -NHg group is reduced for

both ammonium groups and the observeddacidity of‘the

N

The difference‘between pKztand'pK reflects the

change in the acidity of the amino groups upon deprotona—'

tion of the other group. " As can be seen from the results

112
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TABLE 14

Macroscopic and Microscopic Acid Dissociation Constantsa

of a-Glycyllysine-HC1l and Lysylglycine-HCl

Glygyllysiheb'b ' Lysylglycinec
pK, | g.139 | \ | 7.76
PK, S 10.58 o 10.753
\pk;ze 8.14% 7.78%
pkl3‘ | SR | é | @ g
pkyyz o .10.57 o TR
Pky32 o s o 9

a) -Mixed activity>concentration constants. To convert
- to approx1mate concentration constants, subtract ‘
0.09. . : ‘
b) .099 M- glycylly51ne HCl; u ='0.297 - 0.396 M. |
c) .105 M lysylglycine-HC1l; p =.0.105 - 0.210 M.
d) fThe linear estimate of the standard deviation
was < 0.02 for all pK and pk values listed.
e) For glycyllysine, subscript 1 denotes the carboxy-
~1ic acid group, 2 the glycyl ammonium group and 3
the lysyl ammonium group. Forllysylglyc1ne, sub-~-
script 1 denotes the carboxylic acid group, 2 the:
lysyl a-ammonium group and 3 the lysyl w-ammonium-
group. ,
f) Calculated by nonllngar curvefitting-of f3 g data
) to Equation 74. by, 3 = 0.00.
g) Values obtained weréd not reliable. See text for
detalls. . : : '

nw
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in TaFles 12 and 13,fa'deereasé in the'ratio kz/K;_fefleets
a decrease iu the ratio k,,/k,,3 but does net iniicate a
decrease in?the ratio klZ/kIB' Since the depfbggué;eq
amino group has onlyfa.modeFate ;I effect relative'to the
stronger.?NH; group, deprotonation of thena-NH; would Pe,
expected to reduce thé‘acidity'of the w—NH; and viee versa. -
This reduction would be more pionbunced when the two amino
groups are in close proximity.' Consequently, the differ-’
ence between the acidities of the a-NH; in Forms I end III
and between the acidities of the w-NH; in Forms I énd II
“should. be greater when £he two ammonium groups are ln

‘close proxiLity. The effects of the number of intervé?ing
he

bonds between the alpha and omega ammonium groups upon
rrelative acidities of the two ammonium groups in 2,3-DAP,
- ornithine and lysine are presented in Table 15. The

~attenuation of the -I effect of.the —COZ—, with distance,

" on the w-NHY

3
pkl3—pk12 from 2,3-DAP to lysine.

is indicated by the increasing value for

In view of the previous‘dlscussion anu the results
preseuted in Table 15, a éeneral consideration"should be
" discussed at this time. Several authors have incorrectly
assigned §K2 to the a-ammonium group and PK, to.the
&fammonium group in the g,w¥diaminocerboxylic acids (54,
64, 65). As the macrescopie ;ousténts of simultaneously
\GEprotonating'functional groups are edmposites determinea

by the acidity of both deprotonating groups,'discussioA



115
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L 4 ‘ J
TABLE 15

Effects of the ‘Separation of the Alpha and Omega Ammonium Gfoups
on their Acidities in a,m-Diaminocarboxylic Acids

a

Acid o Bond pKz-pK3 pk123-pk12 pkl3-pk12

Separation
2,3-pap2 3 2,75 2,19 o .04
© ORNP s 1.76 1.59 .70
LysP 6 1.55 1.47 : 1.02

a) Calculated from constants in Tables 12 and 13.
b) Calculated from constants in Table 11.



o
of the relative acidities of the two groups,ybased on the
" macroscopic constants,, are not well founded From Equa-

\f\\\EI6ﬁs\3Z\EEE\EfN‘iE;SfE_EE—ESED'that the smaller PK_

describes the loss of a prot when both acidie groups are

protonated and the lar?er P reflects the deprotonatlon

is ¢ early illustrated by

the constants presented for_EﬁMA i Table\}‘. Although

-

the K2/K3 ratio is _greater than 1200, the ac1d1ty of the

two .ammonium groups is- qute 31mllar\\as is indicated- by

N
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the k 12/kl3~rat10 of 2.8. Slmllar results are 1llustrated\ Rh

in Table 15 and have been previously obtalned for
dlamlnes (32) ]

| “ Examlnatlon of the mlcroscoplc constants for ornl-
thine\and ly51ne presented in Tables 11 and 13 1nd1cates
good agreement for the ‘respective pk12 and pkl 3_vaIUes.
but some dlscrepancy in the values determlned or pkl3_
and pkl32. For lysine, the MR chemlcal shifts of the
model compounds, presented_intChapter.VI are semewhat
anomolous and thus reduce the rellablllty of carbon-13

- calculations for thls compound In addltlon, the deter-

"mination of the mlcroscoplc a01d d155001at10n constants

k}

W
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which describe the minor pathway (k13 and kl32 in Figure =

13), is subject to a lack of sensitivity due to low tau- .
tomer concentration, as diecussed in Cha;ter ibw As can

be seen from the"results \n.Table I3, the reptoducihility

of the values for kl3 and k132 decregses as the separation

» .

between k and k increases. The relatlvely low qoncen#

12 13
tratlon of Form III (Flgure 17), for ornlthlne and lysine,’
increases the sen51t1v1ty of the calculatlons to the errors
in the chemlcal shlftNestlmates and is respon51ble at
least in part, for the, decréased re11ab111ty of the calcu-u
lated velues of pkj, andkg$l32 in Table 13. » f_

Attempts’have'been made to predict the micrescopic
acid dlssoc1atlon constants of dlamlnes u51ng model com-
pounds - (20, 34) The effect of substituent groups such ae
fz--NH3 and -NHzton the pPK, of an amino group are cons;dered
to be addltlve,a;hus allowtng the“eeid dtssociation con-"
stants for diamines to be pfedidted from thOse_fet‘monef.
~amines and synmetrie diamines.‘ The microscopic censtants
}of‘Symmetric diamine% can be calculeted directiy from‘the

- ya S,
. ) y - ® . \
macroscoplic constants. From the following scheme, we '

cen seelthatskl =-k2 and k12\= k21.

i
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Hzﬁ{CH2+nNH3
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HJN{CH,} NH, . | -
}
‘\
Scheme Vv
o ’ ) ; . 0

From Equations 37 and 38 we c€p>yrite:

The dlfference between pKl of ethylamlne and pkl of

N

ethylene dlamlne is assumed to be due to the effect of an

' —NH3 groTp two bonds removed while the dlfference between”

pKl and pk12 is agsumed to be due to the’ effect of en NHZ

group two bonds removed By comblnlng the- pﬁé values of -
the approprlate monoamlnocarboxyllc acids and- the Ssubsti-

tuent effects for amino groups. ‘n' bonds removed the o Lo
mlcroscoplc acid dlssocPatlon constants oﬁ the four a, wT
»dlehlnocarboxyllc ae;ds can'be-predlcted Table 16 con-"

-

tains literature values for the acid dissociation constants
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of four symmetric\aiamines (66) along with the SUbStlT
tuent parameters calculated from the appropriate alkyl
amines.. Table 17 contains similar data for the alpha and
omega - monoaminocarboxylic acids. By assuming the
substifuent effects to he additive, the microscopic acid
dissociation constants for ithe four,d,w-diaminocarboxylic
acids under discussion were calculated. _As an example,
pklz and pk123 of ornithine can be predlcted from the PK,
of 2 -aminovaleric acid and the substltuent effects in
Table 16 for —NH3 and -NHZ‘groupS‘four bonds removed.
pkl3:and pkl23 can be predicted from the pK2 of S-amino-
valenic acid in a similar manner. The mlcroconstants

N

estlmated in thls way for 2,3-DAP, 2, 4 -DAB, ornithine and

T

lysine are glven in Table 18. . - A .
B . Ccmparison of the microscopic acid dissociation ) |
constants presented in Table 18 with the constants in

Tables 11 aﬁd 13 shows that the predlcted functlonal group
ac1d1thes are slightly greater than the observed acidi-

ties.‘ Although the differences may- arise due to ionic.
strength differences among the data sets used, a lack of
additivity in substltuent effects i's pgobably the prlmary
reason for the poor agreement. The lack of additivity

‘may be due to the disubstitution at the alpha carbon; in
Chapter VI it is noted that the alpha carbons of alpha

amlno ac1ds exhibit anomolous chemical Shlft behav1or w1th

respect to the add1t1v1ty of chemical Shlft parameters

4



-Xw ' . 121
A ’ . < i

o

TABLE 17

‘Acid Dissociation C%pétgntsa'for Monoamihocarboxylic |
Acids
Monoaminoéarboxylic Acid o pk2
- \

3-aminopropanoic acid ) 10.25
;—aminobuganoic acid - 3 “10.48 o ‘;*“f”)
S—aminovaleric acid 10.81
6-am£nocaproic acid , A:- 10.84
2-aminop§opanoic acid 9.78
2-aminobutanoid acid o 9,66
2—amiﬁovaleric ;cid '. ) 9.70

-.:Z:aminocapréic acid .+ 9.76

b -

~a) Data taken -from Reference. 3.

é



|

| TABLE 18

Pfedicted MacrOscopic and Microscopic Acid Dissociation
Constants for o,w-Diaminocarboxylic Acids

2,3-DAP 2,4-DAB ' ORNITHINE _ LYSINE
pk,, - 6.49 7.92 8.68 9.15
Pkij ‘ 6.96 8.74 f | 9.79 ‘ 10.23
Pk, 55 9.17 s.90 10.30 10.57
pk, 3, 8.70  é.08 | 9.29‘ 9.49
pK, 6.36 7.86 8.65 9.12
PK,y 9.30 9.96 10.34 ‘ 10.61

. . e,
\,"VJ
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derived from amine and carboxylic acid'data. Similar
effects»havevalso been noted by,other authors»(77,78f.
The hypothégis by Hine and Li (34) that the difference be- -
tween the substituent parameter predicted K3 and the K3
obtalned by potentlometry represents the k of a hydrogen
o bonded monoprotlc tautomer requlres further substantlatﬁon
ii) Ly51ne Dlpeptldes
- ’ -élysylly51ne and lysylglyc1ne were chosen as
models for the acid-base chemlstry of the g€-amino group

of lys1ne in peptides and protelns Tme macroscop1F and
mlcrosc;plc acid dissociation constants calculated from
chemical shlft tltratlon curves are presented in Table 14.
Comparlson of the pk12 values for ly51ne (Table ll)
- and 1ysylglycane 1nd1cates an 1ncrease in the ac1d1ty of.
the a—NH3 of 1. 55 PK units upon substitution of the car—
boxyl group by a peptlde llnkage The greater a01d1ty of
the a- ammonlum group of lysine as compared to monoalkyl-
amines is due partly to the 1nduct1ve effect of the CO2

group (64,67). When the CO is converted to a peptlde

2
linkage, 1ts ac1d strengthenlng effect is even greﬁter
because of the increased 1nduct1ve effect of the peptide
bond‘and a decreased electrostatic attractlon due to the
increased separation of the alpha NH3 and the ¢02—' A
virtually'identiCal>increase'in acidity is observed when
 the k12 of glycyllysine is comparedvto the pKztof glycine

(9.69 from reference 67). The Pky,3 Of lysylglycine shows



little change from the eqnivalent valne.in lysine and
the»pk123 of a- glycylly51ne shows only a sllght 1ncrease
in acidity. These results 1nd1cqte that the e—NH3 of
ly51ne 1s not s1gn1f1cantly increased by the 1ngorporatlon

of the a- amlno and carboxyllc‘ac1d groups 1nto peptlde

bonds. o . E N

=y

Examlnatlon of the chem1ca1 Shlft tltratlon data
in Figures 19 and 20 shows that the flrst deprotonatlon
is essentially complete prior to the onset of the second
deprotonatlon \ It can be seen . fqom the values presented
in Table 14 that pkl2 = pK2 and pk123 = pK3 for the tbo
peptldes. These observatlons lead to the conc1u51on that
only a very small fractlon of the molecules in solutlon
_dlssoc1ate via the pathwayri -+ III 5 IV (see Flgure 13)
As a result the analy51s of the f3,d‘— H data of both
peptldes, u51ng Equatlon 90,- is extremely sensitive to
the common resonance effects. dlscussed in Chapter IVv.
Consequently, the reliability of the estlmates obtained
ﬁfor,kl3'and k132 from the chemlcal shift data of glycyl—
ly51ne and lysylglyc1ne is too low to warrant either the
presentation of the values obtalned for these constants
.or thelr utlluﬁatlon in- further calculatlons The only

values of kl2 and k123 reported are those obtalned from

the analysis of the f2 q " ph data. -

\
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.CHAPTER VI

qCARBON-l3‘CHEMICAL‘SﬁIFT PARAMETERS FOR AMIﬁES, CARBOXYLIC

ACIDS AND AMINO ACIDS

“A. ‘Introduction

During the course of the PMR work, thﬁ 1nstrument—
atlon requlred to perform Fourier transform carbon 13
‘magnetlc resonance became'available;' Proton decoupled
carbon 13- nmr spectra have several advantages relatlve to

pmr spectra fncludlng .singlet resonance patterns for each

magnetically no —equlvalent carbon and a w1der chemTcal
shift range Hoyever, /the chemlcal Shlft effects, upon
. deprotonation are Jot as. rapldly attenuated in CMR as they '

are in PMR and £ r(/he compounds studied, all the ob-

served carbons glve rise’ to common resonances.

It has .been shown in previous chapters that accur-
ate estlmates of the macroscoplc cqnstants of 51multan—h
ieously deprotonatlng functlonal groups can be determlned
dlrectly from common resonance chemical. Shlft data. The
determlnatlon of mlcroscoplc acid dlssoc1atlon constants»
requires accurate estimates of either 1ntermediate chem-
v1ca1 shift values or of the net effect of the total depro—
tonatlon of each functional group on the observed chemical
shift of a spec1f1c resonance.

Falrhurst (45)rused carbopfi3 chemical shift-pHi

data to studyithe acid-base cheﬁistry of‘cysteine and

\ | | 125 -
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and several related compounds; Although she was able to
determine the macroconstantd, the model compound approach
falled to provide unamblguous estlmates for the micro-
scoplc constants. The shortcohlngs of the model compound

\

approach were assumed to be due to the‘sensitivity of the

13¢ chemical shifts to conformational changes brought

about by deprotonatlon.

. Due to the fallure of the model compound approach
to prov1de accurate estlmates of 1ntermed1ate chemlcal
shift values, it was dec1ded to determine if a linear
parameterlzatlon scheme could be developed w1th whlch the
1ntermed1ate chémlcal shifts could be predlcted with suf-
f1c1ent accuracy to calculate mlcroscopgc acid d155001atlon
constants from carbon-13 chemlcal shift data. |

Linear parameterlzatlon,schemes have been developed
to pJedlct the Cmr;chemicallshifts)ofwa}variety of.sst'_
ﬁtems, including alkanes (68,69),-aliphatic alcohols (70),=
Pamines (71,72), carbbxylic acids'(4l), and amino acids
'(43,56);,’The'first carbon—l3 parameterization,scheme was
developed\for alkanes by Grant and Paul (68), and was “

-

_ suggesteq by the systematic changes observed in. the chem—
ical shifts of a series of homologous alkanes. Thelrhdata
'indicated that the ~chemical shift of a given carbon could

be predicted by an equation of the form

i

6 = B+ IAn ~(98)



~

.

N5 ) '
wheré\ﬁé{isvthe,chemical,shift of carbon i, Aj is an

additive parameter, nij is the number of atoms in the jth-

position relative to carbohli and B‘is a constant whose
maiue rs quite close to the chemical shift of the methane
,CanOQ- |

Lindeman and Adams (69) modified the parameter
scheme of Grant and Pahl to yield improved predictions
for branched alkanes.-uTheir best parameter set was based

on the equation

|

S k) = By + 2 : PPy ¥ Yehy . tAgNy o (99)
, M=2 . »

where BS':ASM’ YS’

of, carbon atoms which have M attached carbons and are

bonded to the kth carbon and Nk3 and Nk4 are the number
19 : Q
of carbon atoms three and four bonds removed s repre-_d
\

" sénts the number of carbon atoms bonded to the kth carbon
and ASM 1s used to descrlbe the sterlc conflguratlon of
adjacent carbon atoms. Consequently, Llndeman and Adams
reported four dlfferent parameter sets; the parameter set

»
used in the prediction of a given chemical Shlft depending

upon whether the kth carbon is a prlmary,'secondary,
tertiary or quaternary carbon. .For substituted alkanes,
parameterlzatlon schemes have been developed in which the
carbon—lB chemical shift .is predicted by replacing the

\substituent with CHj, CH,, or CH and then'employing the

and'A are constants, DM is the number

127
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 'appr6prié£e empirical‘ﬁérémeters to account fgr the effect
of the substituent. ° The validity of this-approach for |
~aqueous solutions h7s been questioned bgcause of the dif-
ferent environments in which the élkané shifts wgre mea-

- sured (56).

The lineér parametérlzation scheme required for the
' prediction’ of the intermediate chemical shifts of—poly—
functional mqlecpleé must<aécu:ately predict ﬁhe chémical
shifts of th;'éarbons of interest in an aqueous environ-
~ment and at a.given degree of protonation. To develop a
'parameterization.schemé for amino acids, the carbon-13
nmr spectra éf a total of forty-five amines, ‘amino acids;
-and carboxylic acids were obt?ined. Several approaches.
‘to the development of the parameterizétion scheme have
been investigated, including indiQidual sets of péramétefé
for primary, Seédndary an&'térﬁiaiyycarbons, paraﬁeters
derived strictly:from aminq acid data, and a pérameter'SQt
which includes cafbons'faom allncompounds examineq, re-
gardless 6f ;he degree of substitution.‘

As was noted in Chaptef v, intefmédiate chemical
shift‘vazues predicted;by-the liﬂéar parameterization
écﬁ%mes which are derived in this chapter are not of suf-
ficient accuracy té be used in the célculation:of‘micro-
scopic acid dissoéiation constants from carbon-13 chemical.

_shift data. However, the results presented in this chap-

ter indicate that the estimates of chemical shifts obtained
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from these parameterization schemes are more than adequate
~ " o ‘
to aid in the assignment of carbon-13 resonances.
|
{

'B. Results and Discussion

| ¢

i) Chemical Shift Data | e

Q\ The carbon-13 chemical shifts from which the
parameter sets‘are derived are‘ptesented in Tables 19—25.
The CMR spectrevof the amines and earbexylic acids were
obtained at pH\values cdrresponding to the fullf proton-
eted and deprotonated statee. The amino acid speetga were \
measured at pPH values corresponding;to the protonated,
zwittefiohic) and deprotonated forme. Alkyl carbon reson-
ancebassignments were made using the effects of substi;
tuents on the chemlcal shifts of dlrectly—bonded carbon
atoms, the dependence of the change 1n chemlcal Shlft |
accompanying . the tltratlon of ammonium and carboxyllc ac1d
groups on dlstance from the titrated group (43,56), rela—
tive intensities in molecules having two carbon atoms
equivalent by symmetryiand, where neceseary, single fre-
quency efferesonance decoupling.

Carbon-13 chemieal shifts have been reported prev-

iously for aqgueous or Dzolsolutioﬁb‘of a number of the
amines (72),'earboxylic acids (41) and amino acids (40,42,

43,73,74) listed in Tables 19-25, A review has also _

appeared Which‘discusses carbon-13 studies of a wide range

-of compounds (76). Variations in ekperimental_conditibns

e
P
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such as differeﬁfgtemperatures,'reference compounds (both

internal and external) and concentratkons make comparlson-w

of chemical shift data difficult. However, with few
- exceptions (33), the agreement w1th flteratTre values
obtained under conditions similar to those used in this
‘:the51s is within 0'5 ppmi The protonatlon shifts calcu-
lated from the data in Tables 19 25 also are in agreement
with those reported for a variety of aminés (72 75), car-_
,boxyllc acids (75), and amino acids (56 75). .
ii) Alkyl Carbon Chem1ca1 Shlft Parameters
The carbon-l3 chemlcal Shlft parameters for
alkyl carbons were derived from the alkyl carbon chemrcal
shift data in Tables 19-25 by the stepwise, multiple ‘
regression analysis of Equation 100.
| 23 S
ey = Sgo +Z N6 + 0 . (100)
i=1 b . :
Gk is the chem1ca1 shift of the kth carbon GS° a constant
which accounts for\the degree of substltutlon, S$°, of the
kth carbon- 6i is an addltlve parameter for substjituent
i; and;N. the number‘of i substituents. -6ac 1s a pair
.1nteractlon term to account for the combined effects of
both an amlno and a carboxyl group bonded to the kthJcar-
bon; subscrlpt a refers to the protonatlon state of the

amino group (+ and 0 1nd1cat1ng protonated and deproton-

ated respectively) and subscript c-represents that of the
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carboxyl group (0 and -). :The substituent effect to which
a para\eter refers and the values derived'for'tLe‘param-
eters are presented in Table 26{, THe parameters were
derived from 353 observational equations, with a multiple
correlation coefficient of 0.998. The alkyl carbon of
malonic acid was not used in the final derivation of the|
'parameters because the quallty of the flt for 1ts meth-
ylene. carbon 1nd1cated the need for a pair- 1ntpractlon
parameter for carbons hav1ng two dlrectly bonded-carboxylic~
Jacid‘subsﬁifuents. Insufficieht data was‘availabie to
.derive swch\a'parameter.

The carbon 13 chemlcal shlfts predlcted by the ' -
_parameters in Table 26 for the alk&l carbons of the. mole-
cules llsted in Tables 19-25 have a standard error of_bhe-
estimate of 0.88 ppm. Eighty—three'peroenﬁ of the péé-ﬁr;
dicted chemical shifts are within 1.0 ppm of?the observed
shift and the meah of;the absolute value\of the residuals
is 0.60 ppm. These resultsYoompare favourably with fhel
‘recent work of Sarnesk1 et al (72). These. authors deter-

‘mlned the- carbon 13 protonatlon shlfts of aqueous am1nes~w

and developed c:ga;;béter set based on the alkane parameter

3

set of Lindeman™and Adams (69) plus five additional\param—
eters. With their parameter set, Sarneski et al predicted
the carbon-13 chemical shifts of 48 aliphatic amines, with

69% of the predlcted shlfts falllng within 1 ppm of the.

observed shifts.,



TABLE 26

Chemical\shifﬁ Parameters for Alkyl Qarbons of Amines,

3

Carboxylic Acids and Amino Acids

Value

(ppm)
Primary carbon 20.07
Seéondary carbon 39.75
Tertiary carbon : SALSG
CH, 12 -11.21
CH, 22 1.53
CHy 3 - 0.34
CH, 1 - 5.20
CHy 2 \ & 0.00
CH 1 . 0.47
CH 2 E = 1.52
NH: 1 7.14
‘NHy /2 3.00
' NH3 3 - 2.21
NH2 4 o.Ez
NH, 5 0.20
NHs* 1 6.22
NHst 2 - 1.53
NHy+  3° - 2.70
NH,* 4 - 0.40
NH;t 5 0.00
co.;” .1 3.72
co.~ 2 - 2.61
co.~ 3 0.24
CO2H 1 0.00
CO:H 2 \ s - 3.65
co: 3 | 0.00
_NH;*-CO;H Interactionb - 3.82
NH3+-CO,~ Interaction - 5.82
Nﬁz-COz‘ Inferactioﬁ . - 5;13<

CHs 1 bond‘removed from the kth carbon, CHj,

moved from the kth carbon, etc.

between amino and ca
carbon. .

Standard

Error

(ppm)

0.26
0.55

'0.23
0.17

0.18
0.28

0.39

0.21

0.28

0.19
J2.20

| 0.22

0.34
0.27
0.18
0.20
0.19

0.28
0.18

0.18

© 0.21

0.42

0.40
0.40

2 bonds re-

rboxyl substityents bonded to the kth

\
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\ .;The protonation. shifts given by Batchelor, Feeney
and Roberts (75, Table II) suggest that the predlctlon of
chemlcal shifts for amines, carboxyllc acids and amino
acids mlght‘be improved by having a separate parameter set
for‘each type of carbon (1°, 2°, and 3°) in each type of
molecule."’ Parameter sets ‘have been calculated for primary,
secondary and tertlary carbons from the &ata in Tables
19-25 for all three types of compounds and also from the
am1no-ac1d data only. The four parameter sets are given
in Tables 27 and 28. Although the standard error of the
estlmate was reduceJ somewhat over that obtained w1th the
parameters in Table 26, the 1mprovement is small con51d—
erlng the many more parameters requlred to fit the data.

As a consequence of the above results, the parameters

‘glven by Batchelor et al (75) were re-examlned and were ,
found to be based on the observed shlfts of single com- .x
pounds. However, several of the compounds Lhosen give rlse
to Lnomalous shlfts For example, the amino protonatlon —_— |
shifts of the CH, (3. 28 ppm) and the CH (0.88 ppm) darbons
of glycine and a—alamlne, respectlvely are listed for the
protonation shifts of CH2 and CH carbons alpha to the amino
group of amino acidsf The values calculated from the approp—
riate model compound data glven in this chapter are 1.54 ppm
for the. alpha;CH2 and 1.27 ppm. for the alpha methine. -

- The model represented by Equatlon 100 con51ders the

deshleldlng of the kth alkyl carbon, due to substitution



TABLE 27

Chemical Shift Paraﬁerers for Primary, Secondary, and Tertiary'

Carbons of AminesJ Carboxylic Acids, and Amino Acids.

' _//\

Parameter .j -CH- —CHZ— . —.CH3
B, - 39.69 . 34.52, 26|.08
& cHy 1P 417 -8.98 0.00
8, CHy 2P .18 . 331 4.37
§5 CHy - 3 -0.10  -0.36  -0.93
8, CHy 1 -6[94 -4.01 -14.21
§s CH, 2 1.06 1.80 1.51.
8 CH 1 2.17 0.00 : ~10.14
§; CH 2 -0.29 ©0.92 2.56
8g - NH, 1 12.77 9.49 \ - 1.89
8s NH2 2 2.13 . 4.68 5.45
810 NH, 3 -3.21 -2.63° -2.39
8§, NH, 4 -0.27 - 0.00 0.00
12 NHz 5 -0.17 0.00 . 0.57
813 NHY -1 13.57 - ~ 8.48 ‘ 0.00
§1» NHT 2 - -1.76 . 0.00. 127
815 NHY 3 ~2.91 N
6rs NHY .4 | -0.37 “0.66 0.43
8§, NHY 5 oo -o.dz\ -0.24 0.00
616 CO2~ r  _ 1.06  6.18 | ~1.60
819 €O~ 2 -0.64 B 5 VR 0.00
850 €O~ 3 -0.13 =015 -0.35
821 COH 1 0.62 2.48 ~4.36
822 COzH - 2 0.76 2220 o C1.47
823 COH 3 -0.807 ©=0.50 -0.73
8,0 NHI-CO:H®  0.00 L -4.02 -
8, §R3-Co," 14 =636 -

§  NH;-CO,”™ . 3.78 -4.19 -

a) In ppm vs external TMS.

b) CHjs group 1 bond removed from kth carbon, CH; group 2 bonds

, removed from kth carbon etc.

c) Paﬁameters for the interaction between amino and carboxyl
substitﬁents bonded to same carbon.

141



Chemical Shift Parameters? for Pr

TABLE 28

Tertiary Alkyl Carbons

imary, Secondary and

'Pgrameter t. =CH-

|-CH -

of\Amino Acids

19.98
©0.00
.0.00
2.58
-5.97
-1.99
. 0.00
0.00
0.00
0.00
-1.96
1 0.00
0.97
0.00
- -4.04
-2.64
~0.48
0.00
1.09
0.00

0.00 _

0.00
-0.31
.0.00
0.00

0.00

CH; group 2

2

Bg " 62.67 51.49

§; CH; 1° -11.85 -17.89

§2 CHy 2° . 3.60 -0.63,

§s CHs 3 ol4g 0.00"
8§, CH, 1 -9.22 ~8.48

8s CH, 2 2.20 -2.43

§¢ CH 1 -8.25 0.00

8 CH, 2  -0.71 . ~3.37

§¢ NH, 1 , 0.00 1.10

s NH» 2 3.06 0.66

§,0 NH, 3 ~2.60 -2.44
§11 NH, 4 -0.30 0.37
8§12 NHz 5 -0.20 0.47

§,5 NHY 1 -1.64 0.00
§1, NHY 2 -0.30 -4.09

§1s NHY 3 ~2.34 ~2.92
816 NHY 4 -0.35 -0.39

§17 €O~ 1 | 1.81 -2.55
818 CO2™ 2 ©0.00, 2540

818 CO;” 3 -0.33 ~0.32
820 CO,H 1 0.00 -6.04
8§21 CO2H 2 -0.31 -6.28

822 COH- 3 S o-Iog N 0.00 -
§,_ NH3ICO,H® ©0.00 -3.99

§,. NH3CO.™C 0.00 ~6.13

8y NH,CO0,~¢ 0.00 | -4.05

a) 1In ppm vs external TMS.

b) -CH; group 1 bond reémoved from kth carbon,

bonds removed from kth carbon, etc. E

c) Parameters for the interactionﬁﬁetween amino and

carboxyl substituents bonded to the same carbon.

\

‘i\\-\ .
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at the various carbon atoms in the molecule to be the

sum of substituent 1ndependent and dependent parameters. )”
The well known § effect (77), deshielding due to substit-

ution at carbon ataqa“é:v bond removed (C —CH3 + Ck—CH X, //

- fNH;’ NH2, CO,H or €0,”) is

a substltuent independent B ‘ .

deshleldlng»off.ao. . i;upon sdbstltutlon of one 8 hydro- |

gen and by 6 and GL §9an addltlonal deshleldlng of
5.67 ppm upon further substltutlon (to Ck—CHXY) The

1'appropr1ate substltuent parameters, for example 69 when
X or Y.s NHZ’ accou;t for the dependence of the total

deshielding upon the nature of the substituting group.

The shielding of the kth carbon at carbon atoms two bonds

removed from the kth“carbon, the Yheffect, (Ck—C-CﬁB - ' N

Ck-C—CHZX) has been factored'into similar components.

: l?arame‘ters\d2 and 6; indicate an‘increase inyshielding of
1.53 ppm upon the initial substitution and 65 and 6 sug—
gest further substitutlon (to Ck—C CHXY) cauSes an |
addrtlcnal substltuent—lndependent shielding of 1.52 ppm;‘
| IP additioh to the substitutioh at remote carbons;)
. the model repreSented by EquatioL 100 alsc correlates the
chemical shift of. the kth .carbon to its degree of substi-
~tution and to the nature of the dlrectly bonded substlt-b
uents. The degree to which the effect of these molecular

features is additive is 1ndicated by the agreement between-

* calculated and observed shlfts ‘The success of this model
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.1s comparable ﬁo that acpleved by Lindeman and Adams for
branched alkanes  (69).

The alpha carbons of alpha amino. acids ekhibit.
anomolous chemical shift behavior with respect to the =
hadd1t1v1ty of parameters derived from amine and carboxYﬁ
acid data for dlrectly-bonded amine and carboxyl substlt-
uents ThlS anomolout behav1or .was observed previously
for the zw1tterlon1c form of alpha amino ac1ds (40 42)
and the calculated'alpha carbon chemical shifts, as pre-
dicted:by a model‘based on the lkane parameter set of
Grant and Paul (68), were corrected by the addltlon of a
6.0 ppm upfleld Shlft The 1nteractlon parameters of Table

26 were derlved to accoun for the unusual chemlcal Shlft

behavior of carbons bear g both an amino and a carboxyl

group. - The Qalue-ofi—S.BZ m for 6 - is in excellent

agreement With the value'of 6. ppm used by Sternllcht

h and co—workers (40,42) for the zw1tterlonlc form of amino
ac1ds. Examlnatlon of the other 1nteract10n parameters

in Table 26 1nd1cates that the,magnltude of these param-
eters is dependent upon the protonatlon state of the ~_ -
dlrectly bonded amino and carboxyl substltuents. thchman

and’ Grant (78) also found that 51m11ar 1nteract10n param—'

-~

eters were necessary to correlate the ' cmr .shifts of poly-

halpmethanes. . : g@ 'fﬂ\ : | o z\

"Further examinatign”of the results'reported in this,

chapter and in previous publlcgtions (68,69,72,79) allows
! 3

A



145
)

i several conclusions to be drawn regarding the use of linear
parameterization schemes for the prediction of carhon—lB
chemical shifts. It appears that mutual interaction be-
tween the functlonal groups in polyfunctlonal moﬁecules
produces small chemical shift effects which cannot be
predicted from model compound data, for functional groups
which undergo 51multaneous deprotonatlon. For example,
the C2 carbon tesonance of n-propyl amine and the CB |
resonance of g-amlnobutyrlc acid’ and 4-am1nobutyr1c ac1d
shift by 4.75, 3.891and 5.39 ppm, respectlvelyL upon de-.
prc’ptonatlon of* their amino groups. ' Tthresence of the
carboxylate group obv1ously alters the chém1ca1 shift

WeffeCt of an amino group two bonds removed For 51mul—5

‘ltaneously deprotonatlng groups, the effect of the second
group cannot be.observed since the 1nf1uencevof the two

groups cannot be isolated 1n any pH range. These effects
are partlcularlQ ev1dent for carbon\dbonded to more than
one functional group and for the zw;tterlonlc.form of

: amino acids (40;42;79). '?s a conseguence, parameteriza-
. tion schemes whlch provide excellent results when used to

g predlct the chemlcal shifts of the model compounds from

whlch the paramé%&ﬁ%fwere derlved may yleld only. rough

estimates for the 1ntermed1ate'sh1fts of polyfunct;onal

%
molecules.

..
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iii) TCarboxyl'Carbbn Chemical Shift Parameters,

Parameters for the predlctlon of the carbon 13'
4

.

chemlcal shifts of the carboxyl carbons of the molecules
in Tables 21—25 were derived from the stepw1se, multiple

regression analysis of Equation 101:

A

| 22 S
T8, = SR M o uaen e
- 92 el % . :

bl g
T

’ 'Gp is a- const?nt, w1th the subscrlpt P 1nd1¢at1ng the ! .
protonatlonrstate of the carboxylic ac1d group (- lf depro—f
tonated and 0 1f protonated), Gi is an addltlve parameter

for substxtuent i and N 1s the number of such substltuents.
The 1nteract10n parameter (6 ) used. 1n Equatlon‘loo is s

Vi

unnecessaryﬂas the parameters for the amlno group w1ll
1mpll¢1tly$aecount for any ﬂnteract;on effects.‘ fze
values listed‘fn Table 29 for-the ‘parameters were derﬂved
s from nlnety-four obsenvatlonal equatlons with a m&ltlple
" correlation- coefficient’ of 0;995 - ”f;{ : ; i
‘.h' 031ng the parameters in Table 29 to predlc:tchem-
ical shlfts for the carboxyllc acid cagbons of ﬂhetmole—;v
cules in Tables 21-25, the standard ﬁ'rror of the. eastlmate

is 0. 56 ppm and the mean of the absolute value of: the

”%? re51duals ls 0.40 ppm. Nlnety-elght percent of

The £ effect for carboxyl carbons can be de ermlned

°from'<Sl and §, to“be-a 2.56 ppm downfleld Shlft Further
3 5

\ e
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\ ‘ : ~ TABLE 29 a

\bhemlcal Shlft Parameters: .for Carboxyl Carbons of -

Carboxyllc Acids and Amino Ac1ds o
S i !

- | - S Standard
R L Value ‘Error: -
o e _epm_
5 Deprotonated O, . 182.09 R
8o ,X Protonated ~ CO : 178.47 < 0.16 =
8y CHj 12 . " 0.00
62 . emy 22 Vo 0.68 0.29
s | CCcHs 3, . - 0.27 - 0.23
8, CHy 48 S 0.15 - 0.18
§s + . CHp - 1 L 2.56 0.43° - ¢
86 CH: 2 T . 0.00 |
& ' cH L. | 5.08 | 0.58
2
3
4

T

ey

§s - . - CH - 0.43 0.33 .
e N, - 2.35 . 0.38.
L .5.1 0 ‘ ) NH, ’ - -
811 o ONHp

,ij. | - Tg3:21‘ -L’»iidpssf/'

61'2“. . | “ \.‘NHz 5 - “ | 0 .Og . | . ' ) L . | . S
. NH, A L 0.28 * - 0.35
NH; " “ -10.26 - 0.36 P4

5
6
2 .
3 s -®4.48 " 0.28 R
4 F T igm 2,090 0.2
5 o~ U-136 0 0.3
+,J, 6 o ) B | : - 0.74 0.27

L | | O
3
4
2
3
4

NH3*

"

-.6.15 - " 0.43
- 1.17 % 0.28
4 | - 0.55 & _

- L - 8.90 :7+”“ 0.44

bém&\ .' ' -2, l%w \\\\0234: o

L .. ! Co-L. 50 . ©.0.33
2! - 1J 4 . . B e ' \ # . f &-- . ’ . ' _J‘ B
g E .l"'\ o2 o { . . o )

5%, §4 ~
%ﬁa) CH& 1 bond removed from the carbofyl carbon CH ' 2 bonds :
' 5 rem?ved from the carboxyl carbon, etc. o »

*5

A
EOA A »
w !, bu_,



‘ . . /
substitution (to Ck:CHXQ) leads to an additional de-

shielding of 2.52 ppm. As was previously noted for alkyl

- carbons, the ¥y effect is marked by an 1ncrease in shleldlng.

| w1th ad;&tloﬁéb‘pag;meters

' 3neffects,g£4§he vaf;ous su tltuents.

«

L

\

,62 and 65 1nd1cate an 1n1t1a% Shlft of 1 52 ppm and fur-
‘ther substltutlon at the gamma p051tlon results in an

L ’
addltlonal 1.52 ppm upfleld Shlft These values represent

.the- substltugﬂ@ léd;péjdent portlon of- §$e observed shlft,

elng used to predict the
‘ - -

~,;n : AR
J&omparlsom of the substltuent independent fractlons

T

o

-

'f_of-the B apg y effects, as predlcted by the parameters in

.f <)"\'”'“

Table 26 for alky1 carbons and 1n Table 29 for carboxyl
‘carbons,’lndlcates that the drrectlon of the observed .
Shlft 1s ‘the_same for both types of carbon atoms. Howevery .
the B. effect is approxlmately WO tlmes as great for alkyl

N
carbons as for oarboxyl carbonb The magnltude of the

r

. substltuent 1ndependent fractlon of the vy effect is approx-

od

”~_1mately the same in both case . m

.

' group 1n carboxyllc &cids. or amino ac1ds._

J
S g 4
® -

_ 'Parameters §_ and 6 from Table 29 1nd1cate that
deprotonatlon of the carboxy ic a@fe group réQults in a-
deshleldrpg of tH% carboxyl carbon of' 3.62 ppm.r From_-

Table 26, parameterQ 851 and 618.1nd1cate a deshleldlng

- Y
?Qof 3. 72 ppm for an aEkyl carbon one bond remqved and from/»

My ...,.4

,522‘aﬁd GIL, a deshleldlng of 1.04 ppm for an alkyl carbon

_two bonds removed upon deprotonatlon of a carboxyllc ac1d

-

. % ‘ , . )
- . 4 . .
. -dx ', b ';""}5 ) o . e " ) B % v
e

¥ A

\
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L ‘ . : J .
The results presented in this chapter indicate

that linear pafameter’ization ‘schemes can be developed to &;
predict the carbon 13 chemical shlfts of alkyl and car- ;;?W
boel carbons of amlnes, Far f)xyllc acids and amino ac1ds‘ ’P %
in aqueous‘solutlon. The mutual 1nteragtlon effects of‘aih‘
simultaneously deprotonatlon funct10na1 groups cannot be
predicted with suff1c1ent accuracy for use in the calcu—
lation of Ricroscopic acid dlss001atlon constants from
conmon resonance chémlcal shift data. The chemlcal shlft
parameters should, however, be of value in ;he assignment
of observed'chemical shifts to the carbons ofﬂpeptides TR
and protelns as &211 as amlnes, carboxyllc acids and -

, oy
amino acids. : ‘ S A
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Part II ¥
THE AQUEOUS SOLUTION CHEMISTRY OF TRIMETHYLLEAD AND
TRIMETHYLLEAD CARBOXYLIC ACID COMPLEXES
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‘combustion end&nes (3),’organic compounds of ﬂead arej;

CHAPTER VII

INTRODUCTION

The importance of heavy metals in environmental(
pollution is well established (1). 'Of the heavy metals

common%y found in the environment, lead is of great con-

cern because of its high toxicity and its widespread- -

occurehce, both in nature (2) and in use by man (3}? 'Due\

. : . - . I ' A 1
to their use as antiknock agents in fuel for internalj

especially w1despread throughout the env1ronment.

Alfhough much of the lead dlspersed by man is eventually

“ “’ X

washed\lnt& natural Waters (49, very llttle is known

‘about the aqueous solutlon chemrstry of organolead com- .

5

. 4
pounds. ‘In their monograph on the organlc cémpounds of

lead, Shap1r0¢and Frey (5) note that although the flrst

very little subsequent work has appeared'in the litera-
. . ' e N ! - ‘ )
ture. Studies in aqueous solution are particularly

sparse, most reviews concentratlng on feactlons in non-

k aqueous solvents (6, 7) or-on related systems such as

-

.organomercury and —t1n (8).

Recently1}Wong, Chau, and Luxon (9) have reported

“the methylatlon of certaLn organlc and inorganic lead

oy - -;t u&’q .‘.

compounds by mlcroorganlsms in lake“sedlments. Although

not all of. thejsedlment samples examlned produced tetra-

%

ot oo .

. .

1

1
¥

\coordinationucompound.of organolead was reported 'in 1887,
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methyllead ((CH3)4Pb) frdw 1norgan1c lead, in all cases
the transformatlon of trlmethyllead ((CH3)3Pb ) acetate
to (CH3)4Pb was.observed. Although'the organometallic
chemistry of trimethyllead has been the subject of much
study (3,5,7,8), its aQueous solution chemlstry and
-coordination chemlstry have not been characterlzed (8).
Such ‘fundamental information is essentlal for—developlng
treatments for organolead poisonin;. Inhalation or
aqsorptlon of tetraalkyl lead compounds results in the
presence of lead in the flUldS and tlssues of the body,
prlmarlly as dlssolved trlalkyl 1ead salts (10) | Chela-'
tion therapy, a common form of treatment for inomganic

. lead poisoning (ll), has thus far proven to be 1neffect1ve
‘in the treatment of organlc lead- pOISonlng due to the:
lack of an effective chelatlng agent for organlc lead

9

salts (10)

In-response to kne need for~information on the
fundamental solution chemistry and cogrdination chemlstry
$f alky& lead salts 1n\an aqueous env1ronment a programme
dlrected tomards characterlzlng the aqueous solutlon ‘

.chemlstry of trlmethyllead and its complexes has been

11n1t1ated at the Unlver51ty of Alberta.’ In Part’ II of ‘
this thesis, the results of a study of trlmethyllead and of

trlmethyllead complexes of “selected carboxyllc ac1ds, in
Kt F

? " an aqueous env1ronment is reported. The acid-base \
-chemigtry of»(CH3)3Pb has*beeﬁ.studied at'various,

"i
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o B

”concentration levels by both potentionetry and proton
magnetlc resonance spectroscopy. Tpe formation’ constants
of the trlmethylleagscomplexes of five carboxyllc ac1ds
with pK values ranglng from 3¢40 to 4. 65 have been\deter-
mlned from pmr chemlcal shift data. The relationship
~_between the magnltudes of the (CH3)3Pbt*formation constant .

and the llgand pK is dlscussed

A. The Studygof;the Solution Chemistry of Metal Compléxes

\3 . '

s +2Y Nuc;ear MagnetiC'Resonance'5pectroscopy =
e ; ‘ \

? - N . .
! ' The use \of nuclear magnetic resonance (nmr) spec- '

troscopy to study\the solutlon chemlstry of 1ons and’
i

compléxes is welliestabllshed (12) and the technique has
~beén applied to a variety of systems (13). The wide range
of appllcatlon of the nmr'technique is due to the variety
of ligands whlch contaln nmr actlve nuclel whose chemlcal

shlfés are sens;tlve to complexatlon reactlons. In

addltlon, for organometalllc ions, the chemical shlft

o~

and, if the metal has ‘an 1sotope of I =%, the metal-

'proton coupllng constant also prov1de 1nformatlon about

the complexatlon reactlons at the molecular level
w

(Naturally-occurrlng lead contalns 22 6% lead~207, whose

= ¥). In v1ew of the detalled 1nformatlon whlch has
»
- been vbtained from ﬁmr studles of the coordlnatlon ’

chemlstry of methylmercury (14), proton magnetlc resonance'i&

is the-pr1nc1pal technlque belng used ih- thls ~, -ofhf

'Ltrlmethyllead chemlstry. T : o Wa |
& :



| (CH ) Pb02CCH3 to trlmethyllead perchlorate.

sacetate is passed through an anion exchange column ‘

CHAPTER VITII

| EXPERIMENTAL
. , « —== | /f
A. Chemicals - & ; - -

The carboxyllc acids were of the hlghest gr;de_x

commerc1ally availdable and were used w1thout furtg"

purification., !

An 1n1t1q}-attempt to extract (CH3)3PbOH frpm~benzehe, \

using a,méthod developed for trlethxsiead chlbrlaeMKIS),_

(&Y v

comp031t10n.’ Ion exchange has beentused Fo remove ‘acetate

‘1,

\

from methylmercurlc Lydroxlde solutlons (16), . and the\p -'.

. ¥:

~'follow1ng method was developed for the conVer51&h of

An\approx1mately 0. 25 M solutlon of trfmethy1lead

- N

(Dowex Z\x 8) in the hydroxlde form. The eluate is. then .

° -

checked for acetate by examlnlnq the pmr spectrum, at

hlgh 51gnal amplltude, for the acetate resonance.f (In

! v e

., "

»

i . , : . ‘
N Q. .
. . : . . :
b : \ - : - Voo ) P
-, - i : i £ :
. ' ° T . R
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. ba51c solutlon, thg,resonance due to the protons of- the

o \
* acetate methyl group is. lodated approx1mately 0.67 ppm

Y

o ,fdownf1¥1d ﬁ&om the. tert-butyl resOnance of tertlary , :
L ¥ \ - o
£ butanol and 1s detectable at concentration levels S

Py

present he solutlon 1s gassed through the- cozggn a;;_]vi.ﬁ.

e a .

ﬁ',; second tgme.A ﬁhe 1on exchange resin was regen ted Wlth x

k%

100‘m1 b 1 M NaOH prlor to each passage of trlmethyllead v

,@5 o
throug the column Due to resxdual 1mpur1t1es on ghe S
colﬁmq the res1n was’ changed\after every 500 ml ofl o ‘; b

?

»trlm hyllead solutlon. The 1on exchanged :JH3)3Pb0H

o

sol'tlon was neutrallzed w1th concentrated perchlor&c

2

.d&a ‘ y
?éfore us%, theustock solut;on of (CH 3y Pbcﬁoa'was,
9 - E - :
,/ /ardlzed w1th NaOH "as descrlbed bel?w.a‘ o ST
L\u__ A T * e, e e
~,_¢ = @ The sodlum hydrox'de solutlbns used in all,phases :

/ - .- - \.)t‘

*

-»

carbonate free NaOH and gbubly drskllled‘yater._ Stand-“'h
\

o

ardlzatldn of NaOH was carrled out u51ng pota051um hydro- N
l o

gen phthalate as descrlbed by Vogel (l\)

¥ N S

b

V.r.\B. pH Measurements o ’ Lo i

-"1
“ . .

. R T
A S e

Lo - (

-

All pH measurements were\made at 25 Y 1°C usrng an - .au'

- L n
Orlon Model 701 d1g1ta1 pH meter equlpped w1th a standard

WL

glass electrode-porous ceramlc junctaq\g saturated calo- .

mel electrode palr._ For solu;;ons contalnlng perchlorate
"\Q\ T ; Y

".,‘) : : ...'.'.‘r. B i . @'-‘.‘ : oo

Ca e EEE . : o : . S
. SR R oonE e

: . N S R _ ‘ V- 2 o AR .
: - . : . . . . s . ! .
N . R L Lo . Ca H . [

e

w' v s
> 0 001 MP ’ Iﬁ a detectable concentratlon of acetate is "ﬁﬁ“»

' ‘acid and was stored tlghtly sealeq 1n thé.&ark 0&5) ‘ *;;\l

™
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o I . o S , .
! andilo oo g . T,

, _c._ NMKQM%Ements ) q T .

atg a. probe S

a0 D . . . ! ' /f."
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ion, electrlcal contact between the solutloh and the

calomel electrode was made via a salt brldge contalnlng
)

S 4.0 ﬁ» Nan solutlon to av01d prec1p1tatlon of KClO4 ift

[} .

the E{quld 3 ‘The. qﬂ meter was’ callbrafed u51ng;j '\'wf"'

A W l' - ‘\, ‘ ) ’

‘Fishey -dérw“n~:“standard solutlons of pH 4.00,.7.00 , -
i ey A B . ‘ - \ .

'-'_." - ‘ ‘e

ﬂu he proton magnetlc rqgohance measurements were . Q3}

Iperaturerof 25 + 1°C (see
- TN W’ v,
Part 8. T

“;;2 Chemlcal shlfﬁ% were measuéég.relatlyemﬁo(the ‘cen-
"' i - ‘ -

P2

» &
Ftral - resonance of the tEtramethylamﬁinum (TMA)‘ion or.the
},_ o8

;tert butyl resonance«of t-butaﬁ%l théjch01ce of standard

gdependmng upon whlchaa;*gwed use‘o

%@

i ﬁ]e narrower §weep~-*“'hv »
fv - ' - . . .

;‘*B' vs D§S\ as. de’i‘ ' \\

. v . 9
w1dth 'Thepchemical.shifts&areétf
Ham L e T TR :
crlbed in Chapter II and are. the average of at éfast two

S ST AN S N
D. ~‘-'Solhltion Preparatioﬁ' , S
o -"P ’ " .: o ‘ ’ . . ' . ‘..'v B ', .", ' . \‘ ‘
. i) 'PMR Studles e 4 ; o et

o Solutlons for the pmr studles were prepared from T

¢ t\' S
an allquot of stock (GH3) PbClO solutlon and the approp-
g f Y

'rlate amount of sodlum perchlorate and/or carbexyllc

'aéld All solutrons were prepéfed u51ng'HBubly,""ui119d
- o N 73 AT
' ‘ e D e o - ’ o F
water.y Sy R T . |
| o PR U (I .
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“ .
Tos ' . ., . .};-

e .
taken at'a pH. o*hlgﬂer than 5 Samples ‘were ‘.taken o

, @pproxm\ately everyg_2 0.3 pl; un1t to a max1mum pl\! between
s : \‘ _(w“ - ‘ ‘. ‘ - . ’.‘l S

‘1l and 12. . . F R L e
. o - .

The 1n1t1al pH of sthe: (CH3)3Pb —carb;;xYl:Lc acld R
_ solutlons was reduced t% a‘va%ue about 3.0 pF unlts below |
) the pK of the a&ﬁq,‘ in order w ‘!gtaln the chem1ca1 Shlft
.'of the fully proto’na{:ed ac1d and*pi ‘the«%ee (CH3) Pb+
Y- AR .

1on. d“%’E‘or*ea01ds w1th ‘a pk ." ’

b7 mlnlm\i{n .pH of /

-

3 “ 0 75 wa's uSed Sample.s were taken egerf 0 .3 ofi pH *1 g'\,g
ft e A

Q

cid and
. ‘)b\b q \

to,og pH «val‘ée 3‘0 pH unlts ahgve‘éhe pK of the
tfxen mﬁry g‘ﬁ \unit to a mamLmum pH of& 00% ‘ » A o
S AT
' ll H ad— ustme ts were made w1th concentrated S
Adl pH 23 Eores e Bt bl

f

Y
i ;
HClOa%r t:arbornaﬁe-@?ee NaOH solutlon.‘ The temperature,, :‘

- was mA1nta1ned at 25% 1°C uslng a water bath e @

&

I

t 11) Potentlometrlc Studlesa et ~§ s o ,d

SR R LY -,
. e
o

BT ', Lo T?soluthns used .'Ln: the

2 T

were prepar from ah allqu(st of the stock trl‘methyllead

AR '
. "perchlorate. Crystall’:me NaClO was added to gllle a\ ;J‘/\
| lL.u' W

1%

total ionic strength of about 0\3 M If ne‘cessary, the C .

v .
initialk pH was adjusted to' a value below pH 3 0 w:.th 2 N

- Ll

HClO 1or to the beglnnlng of the tltratlon. A stream
.oﬁ-nltrogen was passed over the SOlutlon to reduce )

‘i‘ exposure of the solutlons to atmospherlc carbop daox1de. ';; A
; All'tltratlons~were carrled out u51ng carbonate-free NaOH |

and all solutlonsrwere’ ma&:talned at- 25 E_1° C us:mg a. . Voo

water bath

./\
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E. Calculations . Y

9 .

- : ’ ’
%?“ The calculations were perfoum

\

PaCkard Model. HP 65 Progfamméblyﬂﬁﬁ“@

&

BN
. . -

F.. Standardlzatlon of Trlmethyllead Stock Solutlons

T

'The 1on exChanged (CH ) Pb stock‘solutions’were

'standardlzed by\potentlometrlc t1trat10n u51ng a glaSS\

[

electrode. The tltratlons were carried out u51ng car-,”'

: bonate free NaOH and the iohic strength was contro&led
i : 3y .

» u51ng NaClo4 REE S ~ . .
i 5 \ ;

- TO insure complete neutrallzatlhp of all the" Iy s

. g @ x ' ﬂp& ,
T (CHR) PbOH present in solutlon, the 1n1t1a1 pH ‘was re= ,Qf‘_
Fkﬁs dUced to a value between 2 andf3 USlnq conbentrated HCfb :
h*; The solutlom\ls thus a mlxture of a strong ac1d (HClO ) =
d o .

and a’yeak ‘a 1d (TCH3)3Pb ) and the tltratlon ylelds two

' 1nf§icﬁipn p01nts. Tltratlon of the adﬁed perchlorlc

" ac1d yléids a sharp 1nflectlon p01nt "at pH 6.0 and the

i 3

- (CH3)3Pb a rather poorly deflned lnflectlon\p01nt between
| pH 10<§nd ll The exact position of ‘the (CH3)3Pb end--
o point was det rmined u31nq}zPSecond derlvatlve plot of
.the‘tltratlon/burvev(18) The-tltratlon w1th base con- o
y’verts ‘the tgamethyilead from (CH FéPb to (Ch3)3gbOH.. |
Consequent;y the - amount of NaOH added between the flrst
. and second endp01nts prov1des Ehe concentratlon of
g trlmethyllead in the stock solutlon. };]‘ .

Slnce the p0551b111ty of dlmer formatlon ex1sts in

' b

.. .

i‘ﬁ N

[ T
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- basic solution,'(see Chapter IX), the pctentiometric
- . .
method was verified by determlnlng the trlmethyllead con- R -

'centratlon of several stock solutlons u51n? atomlc absorp-

»

? tion spectroscopy ,

Thé atomlc absorpthp measurements were made at ,
. %‘ . [ ' §
'thé 283?f~nm 1Lne u51ng a Perkln—Elmer 290~ B atoAlc ' -

absorptl‘gn spectrophotometerﬂ A working curve was bre- _ %1'
Ve d . ’5;? 4 ! R
,i&_ pared using Pb(N03)2 and a 0.1 M solution of the disodium
salt of ethylenedlamlnetetnaacet;c acid was used as a
‘' . ————\\ .

‘ camA n matrlx. ‘Standard solutlons were 'prepared coﬁtarnlng,s N
SRR #‘" S T
40 ug per ml of 1e?d aqﬁvan allquot of the trl-'

L"’

\ﬂ . ghillead StOCk Aoluﬁ‘hn wa’ﬂﬁlidted to yleld axsolutlon

-

[N

i ‘of apprOXLmatel§‘20 30 ug/ml of ldﬁf Qﬂthough the*atomicff

.

absorpt;on results tended to be sllghtly hlgher than the . o
trlmethyllead concentratlons obtalned by pbtentﬂometry,' uf”

‘ the agreémeht\ls sufflqgent to(jgpport the potentlometrlc

[ ’ o’

standardlzatlog | 'Q. ;' SR S
v ' ‘ A . ’ ,. R\
. In addi 1on, a method based updn the oxldatlon of L
.
trlmethyllead ro Pb f01¥§*\? by anKEDTA titration (19)r . .

-has ylelged results,;n excellent agreemept w1th those
obtained by pH tltratlon. Ccnsequently, w%‘may safely
.assume that only'TCH3)3PbOH 1s present at the endp01nt of’

'--_‘~ - ] v . A
RIS %ﬁglemetrlc tltrét"fon'r" ‘*e T"“P““ ' _ . : AR



'”lead is shown in Flgure 217 The spectrum con51sts of a »

. central ré@bnance is a531gnedgto the protons of methyl

~ The coupling constant is shown as a. functlon df pH in

, ' ' ] .
A. The Acid—Base Chemistry of Trimethyllead

uof&zero whlle hhe sate?
Qbonded to lead 207 ,
‘chemlcal Shlft 1s giveh by the p031 f%n*of the central

§ resonance- the lead—proton coupllng constant bv the

Jthe me yl resonance and the lead-proton spln—spln

e 'CHAPTER IX - N ‘ S
e : .
(. : A i |

NUCLEAR MAGNETIC RESO CE STUDIES OF THE AQUEOUS -~ '+ :

5 .‘ ~ SOLUTION CHEMISTRY OF TRIMETHYLLEAD. : :’M

]

’,

W

ﬂ
%,

The proton magnetlc resonance spectrum of trlmethyl—
# .l 1 W Ly

t

\
51nglet flanked Q{Vtwo less 1ntenﬁb satelllte lines. .The .{i

. »

groups bonded to 1sotqpes of lead hav1ng a nuclear spln o

'es are due to methyl,groups

;22 6% nat qé abundance) The‘

a

aratlon of the satelllte 11nes._ The chemlcal shlft»of;

;
couplinb co tant for a trlmethyllead solutlon contalnlng
no coordlnatlng\llgand other &han hydrox1de ien are PH

dependent.v The chemlggl\shift of the central resonance

Se - 2 -
1s shown as a functlon of pH 1n Flgure 22 for a 0 140 M
“,t~

solution of trlmethyllead perchlorate (bottom curve) L m

\e

- J-K’-' A ’*v "l :
--Flgure ?ﬁ? «The‘pH‘dependence is ﬁﬁ?‘%o the formatlon of

>
» -

:trlmethyllead hydroxlde complex(es) as. the/pH 'is 1ncreased

from: ac1dxc to h@ﬁac. -
. . 1‘
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N b., Ppm vs PSS

+ Figure 231, . PMR.Squtrum\
I trimethylleaqd
- approximatgly

of the meth
in a 0.140 M so

S
Y1l.groups of
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. peutr;l PH.. > o
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‘lead and 0.093 M pivalic acid.

T . . ' o R D
-pH dependence of ‘the methyl protons of
trimethyllead in a 0.140 M aqueous .
solution, in an-aquepus solution?con-
- taining 0.153 M trimetWY1lead and®
0.071 M pivalic acid and 'in an &queous

solutiom containing 0.10

K-

M trimethyl-

]
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pH depenéence of the: le
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Kl is the formation constant for (CH3)3PbOH End_éOH, is

is rapld on the nmr tlme

***Shlft wxll be a welghted

'a system. descrlbed by Equatlon 1l we may wrlte-

e €Hy),pb* + O 3 (cHy)gepo (1)
| . o o,
| c - [(CH3)3PbOH]_ _ )
| \ 1 A b*1a | .

BRI

s

“ o _ )
thevhydroxyl ion activity. Waters of solvati

negiected for simplicity. o 'H‘ ' S
) _ : . _ o

’le, the erVed chemlcal

\ As was shown in Chaﬁter III, 1f chemlcal exchange.-

~

Kvd,
$ of the cher(\lcal shJ.fts <%

of the varldps molecular forms\present in solutlon.' qu*.

\

~
T

- Sobs = L 6. + P §c- R (3)

-

where § bs. 1s the observed chemlcal.sﬁnfb gfﬁthe methylp

v

¢ :
'~resonance, Pf\and P are\the fractions of the\total con—

i

centratlon of trlmethyllead which are in the freg

on have been .
~ e

| 170

((CH3)3Pb B énd complexed ((CH3)3PbOH) forms, respectlvely,-

o<
{6% and‘a aremthe g%smlcal ShlftS of the free and ‘com=-

the fnee. and d: 1 complexed1 forms, Pf b P = 1.and
i L4 - . . N - o
\Equatmon “3 can be rewrltten.as-

.plexed forms. If e trlmethyl lead 1s present only dn

: N

1- Al:1l complex contains 1 molecule of'trimethyllead‘aqd.

1 ligand molecule.

M \

- e ﬁr . ~: e

S
* l‘r‘V\

7
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N o . )
Sobs = (1 =P8 + P &, IR C)
v ", < !
whidh rearranges to -
- 6 . = 6 - - . ' -
p, = 9= £ \»‘_ S ) R,
. c £ - cs .

~ To determine K, from tﬁe”chemical sbifti&itﬁétién'u o

data, Equation 2 is written in terms ‘of Pc"a ~aH+

‘ When tﬂg chemlcal shlft tltratlon data reprgggsted'
by the Qpen p01nts in Flgure 22 was analysed u51ng Eéua—

thDS 5 and 6, the. log K1 values obtalned decreased

contlnuously w1th decreaslbg ?H | A systematlc drlft d@ »

vthls type }ndlcates the presence oE a second equlllbrlum e,

(@09, )" PR ST i
By analogy ‘o the solutlon equ111br1a for methyl—

Lo . v .
. mercury (16, 21° 22) dlmer formatlon lS a pogsrﬁle second

equlllbrlum : Co o

. ?;, (CH ) PbOH + (E33%3 ,2 f(c#3)3Pb)20ﬁf | (3)..-

. -,»-,-—’\.“ K ) . |
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~

- [((cﬁi) LPb) Jon] ; |
K, = . : (8) : \\1
[(ch3)3pb 10 (CH, ) 37bon) . o

’

@

l4

Vo If a second equlllbrlum of the type descrlbed by
Equatlon 7 is present, reduc1ng the. tptal concentratlon_l

of trlmethyl lead present 1n solutlon should reduce the tv'

.. & M .o
' concentratlon of dlmer formed : Consequdﬂtiy, the values Jox

fobtarned for 10g K1 from the chemltal Sblft data should .

ﬂ‘i o . . ~ “ Ly
becohe pH 1ndependent at a suff1c1entl;%&ow concentratlon
M ‘¥
Y As a result kpmr tltratlons were perfdrmed onasolutlons

contalnlng total trlmethyllead concentrftlons of 0. OGQ'Mx : ),\ e
0.034 M,‘O 014 M,{ and 0. 004 Mﬁ'; DU o e

e The ionic strength was malntalned'at agout 0 3 M _ ,{»x\’ s

- with sodium perchlorate.‘ The chemlcal Shlft and coupllng 'W;,:\

~

constant data and the log Kl valubs calculated u51ng the ;:

chemlcal shlfts aré presented in Tables 30 =33 for the
0.07- Mzto 0 004 M solutions.ﬁ Due to the small relatlve

'f\ w‘change observed 1n the coupllng constant values (approx-»

+

Aamately 2.Hz out of a. coupllng constant of 78 Hz or. ~2 5%), -

;he coupllng constant data was no¥ used td‘characterlzé
"
,.\ the ac1d-base equlllbrla. s o . v
& . \ - - J . HENAN : L

Examlnatagn.of the results ld\Tables 30 33\and1cates:¢‘

‘that the drlft with PH in the calculaied ldg'K v!lues is
reduced with decrea51ng trlmethyllead concentratlons - The .

' \essentlally coﬁstant value of 4.83 obtalnfd with- the ~ :ff

L] - ~

3

S
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z

}
i . . . . -
’ . . ’
' \ ! .

_ R ~ TABLE 30
‘ Proton pagnetlc‘Resonance Data and. Log Kl Values For
069 M Trlmethyll_r Perchloratea ,

Toa ;-&J",;s <3 ‘ A' ‘ . . P -
AT “?s T e
© JipH' 7’ Chemical - ¥ Pb~ H'ﬂ‘ log" 1

IR & N -3 NP e
fi'f—‘—""-?hl.ft SN A e —“'—*'
72 1. spz C 5 71200, R R
.is23° y et.,17,4o'.,;‘;': 5006w .
_1.508,"l;w~. | .,77425"_’f': ',»,5!163 7?§‘

1.488 i__, L 77035 5,14
R o e

&i 461 ~ b “™g7.85. - ~ 5.08

o 78.05 5 01

e

78.40 . 0 .92

' | = , 178-?0 'iX__( 4 84\\":
‘ s . 1.32a00 ,’." E ‘“»' 7\8{.60 . 4. ﬂ | 4.75 | 4‘.".
| T 1'29‘.3" . . »78 "éoll ST ,‘4..’69‘“. |
* fﬁ 1.260° 7 - . - 79.20 S 4.59

1.255 , 790000 o=l

a) ]J = "‘"3 M‘ . ' - 4’_', .. ',-”.lu

b) \ ppm vs DSs. - T I
<) Uncertalnt is ~ %.05 Hz: « 1. \
.d). \ Mlxed act1 aty—concentratlon constant *25ac.

: ." : - N ‘ \ . . : i ° . ' B ' ) .
. R :.-./ ‘v. .‘\\‘_' . [ ': S Lo ‘. o d ) ) -
) . . . | . SR . . S, U y 4 oo



; "}9;25 “_“'Ln1~2qyﬁ'v<  :7 78 75

‘ o : .‘ ‘ : 0‘"' R
TABLE 31 B )

. Protdn Magnetlc Resogance Data and Log. X, Values ’For
0.034 M Trlmethylleagd Perchlora%e . "

. - e - h -;:' - J-\b'::J

J T : . a; .

0ty wey

' ru L u - oy ‘ .
S \7_7.’_.10 )

£
&

.2“-96‘_“ i yz

- : o T 77.50 -+ % 'f,;jjj'l L }X;,
7.91 u’ '» 'éﬁ .511 , e\v“; . 'v77.30.' 7] %: - .

';;f;8.23-.§ﬁ'f‘ 491 T 77,30 ) .d,“'/ f
; _8,§§? L %1;4§3; a'm ";( 7;”80 R )
wes v i s
9;29 / 2 f‘“1r§69¢ R 78, 30‘-* ¢:l3
9.54 . #]‘1 337”,_,'3 18300k
9: 93 ?,~f; ’ 1. 301j5,i:,':: ' 19 20

flb;71;*}7'] 1. 263 ' ‘;ff\5'78 s0
108 ctis8t Y g 26“
11.54 75u} 1.255 . . L 79.90;:

-

12477 .0 0 1.253 ¢ . 179,00

' .a). "?i‘= 0. 3"M,ﬂ,‘ LT e RO A (
“B), ppmuvs DSS.. - T LW E RIS W
c) Uncertalnty 1s.~.:0 05 Hz. > 4 e

-4 . Mlxed act1v1ty-vconcentra.tlon constant 25°C. '\

O A I L S A ce TR

Lk E o [
RN . . o : - e
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. . TABLE 32 T

Proton Magnetic Resonance Data and Log K Valges For
0.014 M Trlmethyllead Perchloratea

Chem1cg1. log K a
_pH . _Shift 1
2.90  * a.sss . . -
‘4.20 7 . 1.535 -
6.4 ‘\1;5?4,‘ _
7.12 1.532 -
7.60 1.516 ° -
8.29 1.494 v 4.0
8.63 | 1.461 ) 4.92
- 8.95 1.417 4.90
9.30 1.366 - 4.8 . |
9.60 1.324 4587
9.52' 1.297 . 4:83
10.33 . l.272 | 79.00 T 483 \
10.59 1.2610 78.80 ° 4.82
1,02 1.2s6 | 78.90 | a5y ::\
11.38 . * 1.255 78..90 '__ oL |
| | 79.05 - { - |
v
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‘ \
. , , ,
e . " * TABLE 33 k
- Proton Magnetic Resonance gata and Log K1 Values For v
0. 005 M Trlmethyll ad. Perchlorate?,o -
. !
pH Chemical shift® ~ log-k@
5.96 - _ 1.531° T -
6.35 1.531 T B
6.72 1.526 . -
7.18 . 1.s528 . ~
7.8;" o .. L.s22 s 470
8.13 . 1.513 | _ 4.70
8.3;\f\\\L  1.492 . 483
8.69 T 1.462 | 4.83,
8.92 - .~\~~‘~ 1.431 . 4.83
9.18 ' " 1.390 < 4.83
9.34 o 1.367 - pe82
9.59 -~ 1.335 . - 4.79
9.8  , - 1.306 - 4ls2
10.09 - .. 1.286 . 4.18 .
10.37 ! ‘ 1272 - : 4.78
10.67 S 1.261 R 4.84
11.i6, " 1.255 . -
11.59 . i - 1.253 , o -
11.99 - . '1.253 . ‘ - ; ; .
a) u ~0.3 M. . o '
b) Coupling constant .not measurable due’ to low con- .
centration. . - L _ .-
.c) ppm vs DSS. S : u

~d) Mixed agtivity-concentration constant, 25°C,



.0.004 M solution is- considered to be a good estimate of
- h » ) °

log”’ K1 for the condltrons used.™ "

To verify‘the conclusions drawn from the nmr.data;

potentiometric titrations were carried out on solutions.
‘ o . - ‘ '
‘with trimethyllead concentrations of 0.07 M and 0.007 M

Y dnd ionic'strength approximately 0.3 M. By neglecting

dimer formation (Equation 7), Ki'wae‘calculated from -
potentionetric data using Equation 2'and the following ]
procedudre. - | ‘ |

For the titration of a solhtlon of . (CH3) PbClO4 _ )

’w1th NaOH, the charge balance equatlon rs | “@

. -~ . | o
. [(CH3T3be]*+ [“+1 +.[Na+]:‘; " [OHT] + ;¢10431 (9)

- . : ! Co 4

A

[OH-] can be obtained from the pH meter readings;-[H+]

‘may be neglected in thepH range of 1nterest [Na ] is

obtalned from the volume of tltrant added and [ClO4 -

from the 1n1t1al concentratlon of added trxmethyllead

\salt C(Slnce\[Na ] = [C104-] when»added as NaC104, the

contribution of the inert saltfs neglected).  The sodium .

and perchlorate ion concentrations are easily\corrected
for dllutlon 51nce both the 1n1t1a1 volume and the volume

F
of t1trant added are known quantltles (20). [(CH3)3Pb ]~'

. o o
.can thus be written in terms of Known quantities.’ ’ f’—\\\\\\

' ’
.. . S '

‘\\.‘ . + - . - . . . +|
 [(CH3) 4PBT] = ,;OH ] +‘[(¢H3)3?b0104] - [Na']  (10) .(*‘T"‘\
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where [(CH3)3PbC1041 iS‘the total concentration of tri- IR

,methyllead iﬁ solution. Slnge only two forms of tr;methyl- -y

lead are belng con81dered we can wr1te~

g

| J g _ . - ) . + o
[(CH3)3§§QH] , [(CH3)3?bC10¢] E(CH393PP L{ }lli
T S . \. TR 7 AR
Thus all three varlables on the rlght hand 31de of Egqua- oy

tion 2 cdn be obtained from the experlmental data.v“

‘ . The log K1 values obtalned from the potentlometrlc
data at the 0.07 M conﬁentratlon leuel exPlbltEd the same . ",
range of values and contlnuous drlft w1th pH as was ob- n
_ served with the nir data obtalned at 0. 069 M. whereas ‘the .

/
calqmlatlons using the data obtained at 0 007 M YleldEd

an essentlally constant log K1 value of 4.96. The reason\
for the difference between the nmr and potentlometrlcally oL T
determlned log K1 values at 1o concentxatlon is not

flmmedlately apparent’but is obablxcgue, 1n part to the

- ’

higher trlmethyllead concentratlon used 1n the potentlo—‘

metric: eﬁperlment Also, the pH tltratlon is more sus-.
\ . »

ceptible to carbon dioxide 1nterference and to errors in N

the determination of ‘the trlmethyllead cOncentratlon e _

Assuming that Equations 1 and 7 represe tet . R
e . N )
equilibria which exist’between trﬁ$9thyllead“%:;\ﬁkdrox1de é’( <\

ion in ba81c solutlon, the equatlon for the observed FR ' 0

chemloal Shlft becomes..—_

-~
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—
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C‘+\ a4
. * - S
where the suéscrlpt d represents the dlmerlc form,

((CH Pb) OH ExaTlnatlon of the trlmethyllead chemlcal'

33
Shlft values at hlgh pH and at varlous totai concentra- =
' tions of trlmethylleaa (see Tables 30 33) shows that the

N
llmltlng chem1ca1 Shlft, at hlgh pH, is lndependent of

the concentratlon level of the trlmethyllead ~This 1ndi»

ates that either 6 and dd are the same, wh;ch 1stvery

unllkely considerlng the results’ for CHBHg (16) or tha ,“f
"Lnly (CH3)3PbOH is present at hlgh pPH, whlch 1s much ore

likely: cq331der1ng that only one’ equlvalent of hydro 1de

is consumed in the standardlzatlon tltratlons (see hapter

, VIII) ~As a result Sf and 6 may be obtalned di ectly

N " y

3

trlmethyllead present and as a consequence,’ﬁa cannot be'.

» .

measured dlrectly. K %nd 6 have been=gst mated to be B

-

Rl

ants of Trlmethyl-: s
. , : “’<

' lead Complexes of ﬁelepted Carboxyélc ACIdS{s’ )

B. The Determlnatlon of Bormatlon Con

* Tables 34 through “contain he chem1cal shlftj£ ff-‘ﬂ .-
lxgand resonances '
: et

Y@a f(or both the trlmé,thyllead

’
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\ SR \ | TABLH 34 > S |

" . , J N N
Proton Magnetlc Resonance Data For The Trlmethy lead-_g .
: - = Plvallc Acid System?® - b S

L v A I
R L

q. . .ly ' . \ - ' '- X ' i >
. PH o Chemlcal Shlftb ~
) SN
\\ Plvallc Ac1d Trlmethylleia'

e

1.62 1193 T 1sa3 g 112

¢

2.05 Liss | 7 1533
2.42 “ 5 £3193j L+ 1.533

. 3.01 -";flp;i9x o 1.531

.“3.4#..~ 1:18s e 1530,
3.79 Tv-‘u.l;%75' . "'1.523 i
4.21 ° iliss T Iisal
459 . ..,111§p Lo L1514
4.92 .‘5;4155‘-J‘_; ,',1 511
5.30 . 1.1 - 1si0,

5.74 © 1.103 ©o 1,506 ©77.5 A

6.29 S 1200 ' 1.505 RS & Y N
7;00, N 1oo ¢ 1.5000, -~ 97.2

7.51. 1 1. 1oo 1486 . 7750 L

i , e q B 7»;'%'
- — ¢ _" .' N ooty “\ . ‘i., Ty, =
, R
a) 0 153 M (CH3)3PbC104, 0 071 M Plvallc Ac1F o g ,
b) ppm vs DSS. LE : | °

e B

’ 2 : : x . ' ™ I -
A i ' ’ - e N
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\x‘v R TA\?LEQS o N

erot,on Magnetld‘ Resonance Data for the Tr:.methyllead— g
. Pivallc 'Acld Systema i

|
" pH . ! Chemlcal Sln.ft:b R "
SN / P1va11c Acui < Trimethyllead -

=1.83 . 1193 . 10833

LN .

{

© 3.09 . 1l.ass, © 1.530
389 - L 186 1530

'1‘3.70"* .4 1.8 iv S 1.525

s, - 1. 170" ;‘f St isa

437 1“155\ e s

4.72 ~‘(, S Ieé'f~ - 0 15 2

“sl03 T 1.123 | oo | 1.s00 -
539 % 1.111 S o claa6 L

) 5.70 "1.r&s»i§\" | ©o1.496 1 |
6.61 o 100 1.490

T 10088 ¥ ©1.378

. e . . .v". B

a) 0.102 M .(cn3)-pbcio4, 0.093 M Pivalic Acid

b) ppm vs DSS . | 3 ) o Y SR | \/\//
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TABLE 36 . : \;J
Proton Magnetlc Resonance Data for the Tr1methy1 ad—-' ' K
Proplonlc Acid Systema - H ‘
L Chemical shiftP
\ _pH N ,Trimethy}lead
) lalg\\"~ - 1.535 ”
o308 © 1.532
34 18320 0 7
3.74 . 1.s28 . . ’
4.14 C ©1.523 "N
a.40 - "1.518_
S : Co . , ~
o, 4.83 . 1,512
5.12 ¢ ' 1,508 - oy
5.54 | 1.506 ‘
' o . ) : .
6.01 . & 1.503
‘ 4
oes L, ‘ ) .
K ’ 7-23 . V. \ 1.496 C
. k ' ’ '. N . ’ -
N - 7.95 K '.". : 1.4(6 «
1 -079 M (CHy) pbc1o4 9 M-sodiufi propionate.
b) ppm vs DSS. . ' . o~
. " N : ./
1 . ' B [ - L ‘,v
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- b
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. TABLE 37 '
Proédgnggnetic Reso;anae Daéa fér the Trimeth;llead—.
L Acetic Acid System?
pH I ‘\ ' éhemiCai 'Sh_lg'.b
- . ‘ . Acetic Acid, - + Trimethyllead
1.97 " ; -7 2.085 - 1.533
2.52 . . 2.085 . 1.533i"_
2.87 L 2.043 - 1.531f
3.5 . 2.074 1.5:1
3.46 2,061 | 1.526  ~
3.78 -  2.045 7 1533 .
4.14 B © 2,013 E | 1.516
4.76 ) - 1.961 : 1.506
5.01 1.943 S © 1.503 | ty.
5.37 . 1.e31 BT B
'5,68  1.922 | . 1.500
d.01 N - 1.919 7 o 1.500
6.6 | 191357 1.495 _
7.2 1.e15 I 1.495 .
- ‘

a) 1.402 M (cu3)3pb02ccn3
b) ppm ¥s DSS
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[
A

acid and 1:1 solutlonf of’trlmethyligad,andf

}and acetyl glyg;ne‘\ The ‘chemical sh1f&‘”’$"L

% ”)‘J ’)“4“ ~ -
the trlmethyllead\fesonance aloﬁ for 1

trlmethyllead and proplonlc afldwanﬂ formmc ‘acid 1s”pre-
sented in Tables 38, and 39.

Flgure 22 presents the chem1ca1 Shlft of the c[Z—

methyllead resonance as a functlon of pH for trlmethylleag

perchlorate and 1:1 and 2 1 solutlons of ihethyllead
and pivalic ac1d. Qualltatlvely, the effect'of‘compiexa—
tion can be observed as the- upfleld displacement of the |
trimethyllead . resonagce in the pH ﬂeglon below pH 7  in

the solutions contéining the cafboxylic acid. AhoVe pH 7,
the hydroxyl ion competes with the carboxylate ligan \for -
the trimethyllead and by a pH of 10 essentlally all of the

trlmethyllead is present-as a hydroxyl.complex. The small

plete at thls pH This is not an'unexpected-resu

the acid is almost completely deprotonated Jy'this pH.

The plot for trimethyllead perchlorate shows that hzdxoxyl
complexation does not occur to any significant 3\§f e be-

| low pﬁ 6.5. consequence, it is apparent that neg-

lectlng the Jrkget ead-hydroxlde equlllbrla w1ll have

« 8

(l)\ x:1 solut;on contaln approxlmately l mole of trl-/,
' , methyllead per mole of ligand. <2:1 solutions contain .

2" males of trimethyllead r mole of ligand.

“ . ! 3 M

g
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. TABLE 38 R
_Proton Magnetic Resonance Data for the Trlmethyllead-'
Formlc Ac1d System
4
\‘\ ' . ‘Chemlcal shift?
‘ pPH : Trlmeghx;lead
- R C |
T 1.94 . ‘ i 533
f ' ~ 2.64 2533 o
4 300 '1.530 '
o . 3.30 4 T 1.526 , o
> . > &0 ' f— 1.§26 ‘ , j;v\
_ ‘ . L
' 91 y . 1,525 o
¥ 1.s23
5.2 1.523
7.3¢ . - 1.511

a) .0785 M (ca3)3 PbC104 .0786 M sodium formate. -
'b) ppm‘vs DSS. . |

. : N \

-
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Y .
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| X o -
Prdton Magnetic Resénance Data~fo& the Trimeﬁhyllead- | :
. Acetylglycine System? - e N
.. . o . - ' v v o, .
0 ﬂ o R )
PR ‘ L Chemical Shift~ . _ ,
o . Acetyl Glycine . | R )
' Methyl - Methylene - Trimethyllead . :
0.85° - . 2,056, 388 = 1. 535 N
141 % 20058 3.980 P 1.535
170 - 2,054 3,977 . 1835
2.00 " 2,055 3.969 . 1.s34
2,32 - 2.054 3.955 - 1.532
2.64 2.051  \ 3.929 1.530
3.00 . 2,048 3.893 . - 1.527
3-32 . 2.04r 3848 . 1523
3.60 T 2,039 384 ris;y
394 20036 7 3,783 N 1.518
4.47 2,031 3.753 . . 1.515
5.47 ' 2,033 3.740 . 1.514
6.60 2,031  3.740 A
7.29 2,031 . - 3,742 - \'1.501 .
. ) \ ’ . - N
a) 0.153 M (CH,).PbClO,, 0.140 M acetylglycine. -
133 3)3 g v 4
b) ppm vs DSs. ~ ° o : |
. ~ . . ‘ N ' 5




no effect upon the determinatlor of the trimethyllead—.

o A Ty
o - . . . P
N A . o

. ' . ' . X

carboxylic acid formatiOn constants.. . -

\/‘

‘ \

(J ') was measured for the mixtuxes 1n Tables 34- 37 q
N 207Pb 1n , -
. and was: observed to be essLntlally constant at 77.0 * |

The 1ead-207vmethy1 proton coupltng constant .

u : ’
0.5 Hz over the PH range 1 0 7.0.° It appears, therefore, L

T

_ \ .
that J2°7 \is not: sufficiently senslt1Ve to coordxn- .

Pb H - e F) st
ation by the carboxylate ligand to ﬂe of use 1n the: deter— J_‘ ‘w

mination of formation csnstants for trlmethyllead- 'q‘ '
'carboxylate comglexes., The coupling constant balues ob- : .
‘sérved are quite similar to ‘the value of" 77.5: Hz oBserved }

o forr30! (CH,) 4PbF, in aqueous solution (23). ﬂ,ﬁT?rf B

» It has ‘beén prevzously 111ustrated (16), for.'

"methylmercury—carboxylic ac1d systems,‘that the chemlcal

"ishlft vs pH data for the carboxyllc acid protons can oe “‘{ly»u
" used to determlne formation constants. In contrast t; _ ;é’?,fﬂg
’thT tnimethyllead resonances, below pH 7 the observed o ,;, .
'chemical shifts of the carboxylzc acid resonances are |

o affected by the protonation*deprotonat1on equlllbrlum as

' well as by complex formatlon. ‘As a,consequence, the

- ;observed chemical shlft of the llgand resonance(s) 1sﬂkﬁsbw,{ff

welghted average of the protonated deprotonated ‘and com—gd L @;

‘_plexed llyiting shlfts.' Accountlng for the addltlonal ‘ B

aVequlilbrium brlngg*ahout a sxgniflcant 1ncrease in the ) gi@?

| complexlty of the calculatlons requxred to determlne e

formatlon cT\seants from the‘chemlcal shift titratlon data

o

: . 4
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and, as a rt\jit the formatlon constants for the
d

trimethyllea arboxylic ac1d complexes studled in this .

[ [

the51s were calculated only from the’ observed changes.ln
the chemlcal shifts of the trlmethyllead protons. f

Although prev1ous studies of the aqueous solutlon
chemlstry Qf the chloro -complexes of trlethyllead (24 25)
were 1nconclu51ve with regards to the preferred coordina-
tlon statf of trlethyllead a study of the trlmethyll%?d-
dlphenylthlocarbazone system (26) 1nd1cated that al: l
complex was the domlnant form in aqueous solutlon. Also,
the tendency for (CH3)3Pb to form 1:1 complexes has been : ,;'W
documented for a varlety of llgands in.several nonaqueousl-- |
. solvents (23, 27). Consequently, only 1l:1 trlmethyllead-
carboxyllc acid complexes were con51dered for the solution
conditions used in this work | 2 ‘ ~.. ' _ .

The formation constant of the trimethy1lead com-. T
plex can be defined by Equations 13 and 14: ‘

°

(CHz) 3pb" + RCO,™ 2 (CH;) PBO,CR - (13) © ~

fi

o : [ (CH,) ,PbO_CR]
, K. = 33 2 ' S (14)

f + -
: [(CH3)_-3.Pb ][Rco2 ']

o ) T ‘ :
| where (CH3)3Pb02CR represents the trimethyllead-carboxylic

acid complex and RQOZ— the deprotonated,‘uncomplexed,

carboxylic acid.
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’
-

‘Kf can be detg;mined from nmr chemical shift data

by recalllng that, £or a 1 l complex, the observed chem- [T\\\\

ical shift «fs deflned by Equat1on 3 with 6 referrlng

to the llmltlng shift of (CH L3Pb02CR. \The “fraction of *x_;a’//
the trlmethyllead in the complexed form 1s descr;b d by 1

Equatlon 5 and the fraction in phe free fgrm by Equatloﬂ'

15, - | - .

’ -
Ve ' oS -/\

< ' L NE

" The equation for'Kf can be written in terms of P, and P,

> . 7 ’

o

» . “ Pc. Cea | R ) .
. ’ Ke = T (16) ™
\ s ‘ e ‘ Pf [BC,OZ' ‘].. , ’
; R . . -
~and [RCO, ) can be determined from:
A | | a
s B - _ . . o » . .
[rRcOo, 1 = a([RCO,H], . P_[CH;)PbT].) 47). '

.
¥

fbhere [RCO H]t and [(CH3)3Pb+]‘ are the total concen':a—‘

AN

tlons of carboxyllc acid and trlmethyllead respectlvely )

a is the fraction of uncomplexed, deprotonated cargg; lic

-

acid at a given pH

[4 ¥ o

a = K,/(K, + aH+) - - (18) .\

Substitution of Equations 5,~15, and 17‘into

Equation 16 gives:
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e < ) S ' ; .
\ s . -5 \'[/( - (8, ~8.) -
_ obs £ _ >bs f ot
Kf =l y=5— [RCOZH]t '—(‘5'—:8—)-—[ (CH3)3Pb-]t o \ (19)
A c qgg , c f .
. .

h-.Equatlon 19 gives Kf in terms of the total concentrat1&f
of ‘ligand and trlmethyllead o, "and the chemical Shlfth
'data. Kf and 6 are the ‘only unknowns and can be calcu-
lated!§51ng Equatlon 19 b.'a serres of successive approx-
. imations. E/dm Flgure 2§f it cag be seen that the pH
_range 5,5 to 6.0 is the range of maxlmum (CH3)3Pb02CR

~
jon. By a531gnrhg/;he experlmentally observed

vaIUe'of'Go at pH 6.0 to Gc, a value for Kf can be-

ca ulated froﬁ each chemical shift-pH data point in théﬂ

regij of the titration curve over which compleXatlon

ocduks) (as determlned from- chemlcal shift vs pH plots
‘vsdch as Flgure 22). As it is unllkely that the trlmethyl—

o

lead is totari

complexed under the solut;on condltlons
\ )

PSed,. - is most likely greater than Goﬁs.at pH_G.O

(recall, Equation 3) and as arconsequence, the assigned

value of §. is 1ncreased by 0. 0167 ppm ‘and a new set of " .

Kf values calculated This cycle is repeated 4 or 5 tlmeé

f

7, ‘to obtaln several sets of Gf,é ‘and average K values.
(Gf is the same in all_data ‘sets and the Ke values are

averaged for each 6 ). Each set of constants is then

‘used “to prediis th hemical shift of the trimethyllead
- |, resonance at'each':;Q)a%ue;in/éhe data set. The goodness

: |
- )

-
2
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of fit between the predict

¥

'6pred'(?ﬁu observed chemical
v , / \ \
shifts is dgiermined by calculating ¢ . \

~ v ' ‘
- . - N

R = _ & 253 - _
R = {zgapred $obs’ } P —\

4 - *

" the minimu% value of R indicating the best‘fit; The two
- successive Gc values between which F will be a minimum

are thus determined ‘and theuentire dalculation is repeated
| ' . .
‘ : \
using smaller increments '(.004 ppm) between successive
. e ) - ’ .

estimates of 6. for the range yielding a minimum.for R. .
. \ '

‘The 6 and average Kf vaﬂues which yield the minimum
. value of R are reported in Table 40 for. the carboxyllc
acids 1n\Tables 34-39. The uncertainties in the formatiqn'“

constants are the average absolute deviations from the

&

reported value of Kf,'for valueSfcalcelated with the'

rebort ‘6;. ?he uncertéint* in th? S values.is +0.004" o 4

. ppm for alf|compounds. L o o '
| " There are no formation cOnFtante'for trimethyllead ﬂ g

complexes available fo} coﬁparison with the results given

in Table 40. A gqualitative comparison can be made witH

" the previously reported formation constants for the/ methyl-
‘ - \t i ’ .. )
‘mercury tohplexes of the same carboxylic acids a

, to -

fac111tate comparlsoh, the log Kf values of the/;pproprlate'
meﬁhylmercury complexes rep&rted in Reference 16 are given :
in Table 40. The values 1n Table 40 show that the qog Kf

of a g1ven methylmercury complex is appror}mately 2.2 .

q‘é' N g
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.
Pl d \
. \

unlts greater than the log Kf of the equivalent trlmethyl-

' lead complex. The greatest dev1at10n occurs for formlc

two log Kf values. This correlatlon lends some support -~

to the prev1ous use of ‘the methylmercury—hydrexlde equil-

ibria as mgdeI/ for the trlmethyllead-hydroxlde system. |
of greater 1nterest however, is the corre/atlon

shownlln Figure 24 between the formation constant of the

complex. and the acid d1?§001atlon:constant of the ligand.
- From the piot-in'Figure 24 we obtain: ' .

pKy = 1,47‘129 K}.+P3.O L ! (20)
. : e

Equatlon 20 predlcts that for carboxyllc acids with pK
,values\iess than 3.0, the log Kf for complexes w1th
trlmethyllead should be less than zero. In other words,7
no’ stable complexes would be expected _A‘nmr‘titration U
of a l1: 1 solutlon of trlmethyllead. monochloroacetlc' |
?ac1d (pKA = 2 .75) was performed and the chemlcal Shlft o
data ‘obtained 1nd1cates»that no detectable complex &s
formed. - . | ,' ‘ ‘:‘ © , . :
N By analogy to the metﬁylmercury work (16), it would
be expected that the 207Pb~lH coupllng constant would be
sen51t1ve to. complex formatlon. However, the coupllng—

constant data presented in Tables 30 32 for. hydroxyl com- |

plexes and the even smaller changes in J207 1 observed\

Pb .

<
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Figuré 24. Plot of the pK 's of selected car-

boxylic acids vs the formation
';stants of their trlmethyllead

lexés.
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for tSe carboxyllc acld cgmplexes 1nd1cates that the
lead-207 proton coupllng constant is not sen51t1ve to the
complexatlon of trlmethyllead by the 1lgands studled
Any changes in the hybrldlzatl/P of lead due to complex—
‘atlon, which 1nvolve the bond angles at the 1ead atom
-should be reflected in changes in J207

l

Pb- .

and Drago (23) have shown however, that J . changes
20]Pb

(23). rsni‘e_r
from 77.5 Hz for (CH3)3PbBF4 in water to 85.0 Hz for
(CH3)3PbClO4 in‘hexamethylphosphoramide and that the change

“is not solely dependent upon any apparent geometr1cal change
in the planar (CH3)3 1on. -+ Raman spectroscopy studles o
(28) bave 1llbstrated that (CH )3Pb is‘planar in aqueous

}solutlons of perchlorate salt. It is possxble, then, )
that complex formation w1th the carboxyllc aclds studied
does not brlng about any 51gn1f1cant change 1n the
geomeérlcal conflguratlon or in the hybrld;zatlon of the
lead 1on in trlmethyllead. As a result a system of 121
tr1L~ﬁgzjiead—oxalac acld was studied to determlne if the

/;;ﬁsence bf two carboxyl groups on a 51ngle 11gand mole--

cule would brlng abo _hanges in the arrangement of . =

methyl,groups aroun the

flected in the lead 207 proton coupllng constant.’ How-
‘ ever, in dllute solutlon (.014 M (CH )Pb ) no detectable
~b1nd1ng occurred below pH 7.0 and in more concentrated

solutlon (0.14 (CH3)3Pb ),.a hlghly insoluble. prec1nltate

formed above PH 2.4. _ o S '///(//
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