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-ABSTRACT -

Part I

\

a

Proton magnetic resonance (pmr) methods have'

been used to determlne the average. llfetlmes of the,
. [N
-

nonequlvalent acetate methylenic protons beforc 1nter—
change in the cadmlum and zinc complexes of l 3—.
propylened1am1netetraacet1c acid (1 3- PDTA) and of

l 4- butylened1am1netctraacet1c acid (1,4- BDTA)

v

Nonequ1valence is 1nd1cated by AB multlplet patterns
in the pmr spectra of these complexes The 1ifetimesb.

were determlned over a range of tempera}ures from"

] .
the extent of collapse of the AB patterns by matchlng

exper1mental spectra with theoret1ca1 spectra whlch a

were calculated as a functlon of the average lifetime

before AB 1nterchange. It is proposed that ‘these

A (—\ ~

llfetlmes are a measure of the rates of partlal'
;
dlssoc1atlon of- these complexes. ‘The AB multlplet

éatterns in the pmr spectra of the cadmlum, zinc

=%

and lead complexes of ethylenedlamlne -N- N'—dlacetlc-

N-N -dlproplonlc ac1d (EDDDA) were also 1nvestlgated
2}
as a functlon of temperature. '

» The klnetlcs of the llgand exchange reactlons o
r

' of the cadmlum, 21nCp and lcad comolexes of 1, 3- PDTA




methods. Rate constants were bbtalned for the proton—

,a551sted dlssoc1at10n of each of these complexes /

and for the dlsplacement of complexed llgand by free

g

\agand for. several of the complexes. The rates of

flrst order dlssoc1atlon of all the complexes are
too slow to: measure by the pmr technlque. Rate

" constants for the reactlon of cadmlum and. zinc

4

w1th monoprotonated 1, 3—PDTA are approx1mately

_‘equal to those of the analogous reactlons w1th

o

‘monoprotonated ethylened1am1netetraacet1c acid,

whlle the wate constants for reaction of cadmlum,

‘zinc anﬁ lead with monoprotonated EDDDA are from

i . L SRR

"2¢5 to 10 tlmes slower than the rate constants for

a

'Hreactlon.w1th monoprotonated 1, 3-PDTA. Mechanlsmsﬂ

are proposed for the formation reactions of the;ﬁ@ﬁ%—r

protonated‘ligrnds.

Part II.

~

The binding of zinc, cadmium, lead and mercury by .
= K ‘ , » : S
the ‘tripeptide glutathione has been investigated
1

" by 3¢ ﬁagnetichresonance_spectroscopy.' Binding to .

the potential coordination sites was monitored as

a function;of solution¢conditions bY-observing’the

.chemical shifts of the ccrbon atoms of glutathlone.

The - results 1ndlcate that each of these metal ions

. . R s
vi ‘ , N Pcats



ord

,blhds to the potential coordination sites of}glu‘

'thlone w1th a hlgh degree of spec1f1C1ty; Mercury )

bands only to the sulfhydryl group at mercury to*f

glutathlone ratlos up to 0. 5 and ‘over’ the entlre
! ! ?
acce551ble pD range. At Ja metal to glutathlone

1

'ratio of30;5, zinc and cadmlum bind to both the

/d

sulfhydryl and amlno groups, the extent of blndlng

to- the two dlfferent 51tes belng a functlon of pD

(‘.
2

whlle lead blnds only to the'sulfhydryl group.‘ el

Bl

Some blndlng of the carboxyllc a01d groups to

slnc, cadmlum and lead was detected }n certain pD
reglons. The chemlcal Shlft data also si ggest that
f21nc promoted 1onlzatlon of the peptldq protons

. ~
with subsequent blndlng of - 21nc to the 1onlzed

peptlde nltrogen takes place above pD 10 5.

results are dlscussed in terms of the poss1b1e
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' A. DISSOCTATION KINETICS T T

2

o " CHAPTER I

INTRODUCTION

-~ -

el qs c e 3 . R
‘Formatlon'and dlssoc1atlon reactlonsrlnvolV1ng

i»: multndentate llgands proceed via stepw1se mechanlsms

‘1n whlch one of the\steos governs the overall rate .
of the reactaon (l)., Fog example, Ahmed and Wilkins
(2}~ found that the, klnetlc results/for the dlSSOCla—
tlon of the nlckel complex of ethylenediaming were

\

con51stent w1th a mechanlsm 1nvolv1ng(stepw1se rupture
of the 1nd1v1dua1 dentate bonds. Margerum and co-
workers (3), on the basis of klnetlc data for the
‘formatloﬁ of some nlckel—polyamlne complexes; proposed
a mechanlsm 1nvolv1ng the stepw1se formatlon ot the
'fhlelcual coordlnate bonds and concluded that fhe
formatlon of the flrst nickel- nltrogen bond was Lne
raue—getermlnlng step. 'It.V?S possible for_these_
workers to estlmate the‘Valueg for'the stepyise
equilibrium consfinfs‘from their Rinetic date.

' Stepw1se mechanisms have also been proposed for
:he exchange of a multldentate

' 1
llgand between two 4x ferent metal ions and of a

reactlons 1nvolv1

metal ion between two m ltldentato 1lgands (4) For

' 1nsténce, such mechan1 ms'have Leen inferred from _

)Q s

P oamiy



-

"klnetlc data for the reactlons of 21yé and copper .
.w1th the nlckel complex of eéhylenedlamlnetetraacetlc
acid (EDTA) and analogs of EDTA (5,6,12, '19) and for
the reactions of EDTA w1th several‘ nickel- polyamlne
complexes (7, 8) In partlcular, the prooosed mechanasm
for the reactlon of copper with the nlckel comolex .
of EDTA‘(G) 1nvqﬂves the unwrapping of an 1m1nod1—
acetatefragment from éhe complex, followed by reaction
mlth copper to- glve a. dlnuclear 1ntermed1ate. For»
~this’ cagri the klnetlc data vielded a rate constant
for the half unwraoplng of EDTA from nickel.

The precedlng work, 1n whlch such teq&nlques

as 1sotop1c labelllng, spectrophotometrv and tempera—

ture Jump relaxatlon were used, has shown that exchanqe
K 4
I

Jreactlons 1nvolv1ng metal complexes of multldentate

llgands také’place in a stepw1se fashion. However,
1t has only been posslble in a few cases, such as
in the work pf Margerum and coworkers (6), to measurev'
the rate. constants for the 1nd1v1dua1 steps |

Proton. magnetlc resonance (omr) studles of metal -
complexes of EDTA (9 ll 13- 17) and analogs of EDTA
(10,13, 15- 18 20~ 23) have shown that, the complexlty
of the pmr spectrnm of complexes of this tyoe

K

'depends on the. lablllty qf the 1nd1v1dual netal— e

pllgand bonds. Hence omr may prov1de a way to stud‘



A the kinetics of 1nd1v1dual metal ~ligand bonds.‘ EDTA

¢
contalns both oxygen and nltrogen donor gloups and
dependlng on the lablllty of the varlous metal - llgand
" bonds, several 51tuatlons may arlse. The first is

the one in which both the nmetal-oxygen and metal-

nitrogen bonds are labile on the pmr time scale. CIn

~

this case, because of rapld nltrogen 1nver51on, the -
*»acetate meth§¥zn1c protons are all_ equlvalent and |
.-the pmr spectrum for these protons conS1sts of a 81ngle
resonance peak. An example of a complex glVlng rlse
to thlS type of spectrum 1s Sr(EDTA) (39)

The second case, 1n Whlch the metal-oxygen bonds
‘.are lablle but the metal- n1trogen bonds are inert on

the pmr time scale, may be 1llustrated by the

following rotat .onai conformers.

- The acetate group is' free,to rctate about the nitrogen—A
: acetate methylenic carbon bond. Examlnatlon reveals that
regardless of the rate of rotatlon, leadlng to inter- .

change of the abOVe three conformatlons, H, and H do.

VAL B
\ )



I f 4
% .
~ . *’n-

v.not necessarlly experlence equivalent enV1ronments

becav of the asymmetry of the quaternary nltrogen

atom. Hence H and H, may have different chemical

. A B b

shlfts and if so, thelr pmr spectrum will consist of
e ’

a 51ng1e AB pattern. Interchange of H, and H_ can

a 7% Fg

‘occur only by inversion oflthe nit?ogen atom,'which

presumably is p0831ble only" whén the nltrogen atom is
not metal coordlnated " As long as the rate of 1nter—
:change of HA and HB 1s less. than the chemlcal shift

difference;Ad ' (in sec ) between H and»H

AB an AB

BI

‘pattern will be observed. In other words, metal—

r

: nltrogén bondlng is inert on the pmr time scale. The
"pmr spectrum of the acetate methylenlc protons of

de(EDTA) " consists of a 51ngle AB pattern such as
N B ) —*\.\’\ . .

N

that described above (24).

]

*For the situation in which both the metai-ox§gen

and metal- nltrogen bondlng\as inert on the pmr time
/\ f’l . -
scale, ‘rather complex soectra are expected because

'the aceﬁate groups are no longer equlvalent In the‘.
case of an octahedral complex in which all the llgahd'

atoms are bound, two of the acetate groups are in
7

"~ the plane formed by the metal and%the two n1trogen'

atoms and two are out of the plane. Thergfore the

aczatate groups.may be e§pected to exhibit two different
AB patterns in their pmr spectra. The‘;nert bonding

ke



2
.

"L»ﬂiﬁ‘co(EDTA)z- results in two different AB patterns

in the pmr spectrum for the ,acetate methylenlc protons
of this complex (9)
Sudmeier and Reilley (24) obtalned ev1dence for

a stepw1se mechanism for the reaction of EDTA w1th
Cd(EDTA) by monitoring the degree of collapse of
the AB pattern in the pmr spectrum of th; complex‘ '
under changlng solutlon condltlons. In partlcular
,they studled the relatlve effectlveness of llgands
wh1ch151mulate fragments o% EDTA in caus1ng AB .
1nterchange; At ‘some point in the overall displace-
ment reaction, the f1rst nltrogen of the comolexed

EDTA ligand is displaced. Dlssoc1at10n of this metal-
nltrogen bond was studled from the collapse of the ‘

AB pattern. It was found that llgands most effective

in ‘causing AB interchange contain'atfleast three. |
.coordlnatlng groups, a nltrogen and two carboxylate
'groups. Oon thls bas1s, 1t was postulated that formatlon
_ of the third bond is ‘most effectlve in breaklng the

vmetal n1trogen bond of the orlg}nal comolex. A

stepw1se mechanlsm was - proposed w1th the rate- ~deter--

© -

'mlnlng step belng the breaklng of the flrst metal-

r

nltrogen bond of the orlglnally complexed lrgand and

dlsplacement by a: carboxylate roup of the ihcomlng
% .

)'\. :

llgand

T



Information»about the,kinetics of dissociation

of the proton from the nitrogen in acidie solutions

Vi

of tertiary amines of the structure

Hy X
as=e
C~—N
: I \
g HB Y

has been obtalned fron cul’dpbe oF the AB pattern for

4

. the methylenlc protons (25- 28) when,the nltrogen

in these types of amines is protonated, it cannot

. undergo inversion In this case, the follOW1ng three

rotatlonal conformers are 1moortant assuming rotation

about the carbon—nitrogenfbond.

o Ha Mg

X | Y X>Q
HD T THe S Kz o

| H :," p H : : »H;

Askln the case of the EDTA type comolexes, when the
rate of nltrogen 1nvers1on is slow on the omr time -
'scale, HA and H will not necessarlly experlence
equ1valent env1ronments regardless of Lhe rate of

1nterconver51on of the above three conformers Hence

the pmr spectrum for the methylenlc protons w111

LN



s
consist ofiaB\AB/pattern. the inversion'rate {s
1ncreased by 1ncrea51ng the p of the solutlon, LS
reduc1ng the fractlon of protonated amine in solutlon,
the rate of 1nterchange of HA/ad& H is 1ncreased
resulting in ‘a. collapse of’ the AB pattern to a single
peak. The rate of this KB'lnterqhange was determlned
for a serles of tertlary amines by llneshape analy31s
Jf the pmr spectra (27). ~It was shown that if the

rate of nltrogen 1nver51on is very much less than the

‘rate of . reprotonatlon of a deprotonated amlne, the

-observed AB 1nterchange rate w1ll be some: fractlon of»

- the rate of nltrogen inversion. However, 1f the rate

of 1nver31on is very much qreater than the rate of

hreprotonatlon, the o;slrved AB 1nterchange rate will.

he one-half the rate of proton exchange.

| The work of Sudmeler and Rellley (24) and that
on the tertlary amlnes (27,28) 1ndlcates that from a
lineshape analy51s of aAB patteﬁns 1t may be p0551ble

to obtaln detalled 1nformatlon(about the dlssoc1atlon

'klnetlcs of complexes of multrdentate llgands By

analogy w1th the work on tertlary amines, collapse

-oiﬁthe AB. pattern by 1nVer31on of a nltrogen atom in

a complexed amlnocarboxyllc acid llgand may be governedT

Y

by the rate of metal—nltrogen bond dlssoc1at10h and/or

" the rate of 1nver31on of the noncoordlnated nitrogen
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atomL If dlssoc1at10n of the metal- nltrogen bond
governs the rate of collapse, the presence of an ‘AB y

pattern 1s~an 1nd1cat10n of inert metal—nitrogen

In Chapter II the results of a pmr temperature

study of the AB multlplet Datterns arlslng from the
acetate methylenlc protons of thé’cadmlum and 21nc
complexes of 1,3- propylenedlamlnetetraacetlc acid “~

(1,3-PDTA), _

HO,CCH,, /}/CHZCOZH
: . NCH,CH, CH,N
- /// 22 2,\\\
HO,CCH}, cn2c02H
PO - 1,3-PDTA

and of l 4- butylenedlamlnetetraacetlc ac1d (1,4- BDTA)
are presented and dlscussed (29 BOLJ—(These partlcular
& - R

HOZCCH - o CH CO H



. . A4 - . & : . \{x_)-‘a

llgands were chosen sincé they are structurally

- similar to EDWA whosa cadmlum complex, as noted above‘
(24), exhlblts an AB pattern in its pmr spe&trum o
It was thought that the dlfferent 31zes of the nltrogen—"
metal nltrogen chelate rlngs in the‘f@tal complexes
‘of 1,3-PDTA and 1,4-BOTA might affect the lablllty

of the metal nltrogenmgonds.» The mutlipiet patterns K
for the acetate,Tethylenic protons of the cadmium,
'zinc and lead complexes of éthyieneaiamine -N,N'- _ .
dlacetlc N N d;proplonlc acid (EDDDA) Were also studled
!

~as a functaon of temperature.= N o '
HOZCCH2CH2 o o CH2CH2C92H
| n NCH2C3g§ S {,
'EDDDA

The main objectlve of thJS work was to determlne what
- ‘-
j klnetlc 1nformat10n can be obtalned from the multl—

plet patterns of the methy enlc protons in complexes

of thls type.e‘

\ ¥
~.

A

FRRMATION KINETICS.

According to the dissociative mechanism for the

. .
By

%%% oo C e
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,-'\ . 'y
/feé%f o @%?an aquated metal 1on with a. llgand to

form c matal complex (31 -33,40), the me aL ion and the

gther to form a outer sohere

complex A water molecule then dlSSOCl tes from the

taquated metal ion and a donor grouo of the llgand

coordlnates w1th the metal ion _-‘at the vacated s1te.
When sterlc and electrostatlc e%fects are negllglble,
the rate- dctermlnlng step in this reaction mechanism

is water loss from the aquated metal ion. For a

monodentate llgand.thls mechanism may,be‘depictedgas

. ’ —2+ _ " i 2+ e . o
- M(Hzo) 6 + X - M(}{zo') 6 . .v‘- e . X )
B o k.u - v
€00 _
vk-Hzo \ r
— M0 x" ¥ no

B - ' L2705 -2

"
e

For a multldentate lxgand ‘this reactlon scheme has 7

to be modlfled to account for the stepw1se nature

vof complex formatlon with multldentate llgands (2 7,8).

' Thls is 1llustrated by the reactlon scheme for a g/

1
»bldentate llgand )

_'..]_. :

iM(H?O)SX——X M(H,0) , (X—X)

Bl

11 -

RLICRIEA M<a'6)5+’{..'x fx.Eiﬂon_ T
o2 6 * xi* 11H0) o X—X = o |-
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As in the case of a monodentate llgand the bldentate“

\

‘ llgand forms an outer-sphere complex with the metal

.1on, followed by water loss from the metal ion. and

o formatlon of the first. metal llgand bond. A second

‘water molecule.then dissoc“vtes from the metaI ion in
a”position’Cis to’the first metal—ligand bond, and
vthe 'second metal llgand bond forms. The rate of thls

,second bond formatlon process is represented by k2 in-

the above reaction sequence. Dependlng upon the
HzO ‘
-1

the flrst or second bond to the bldentate llgand

relative magnitndes"of k and.kz, the formatlon ofp

determines the overall-rate of-complex formatlon. 'For
multldentate llgands such as EDTA, the reaction se- |

quence for complex formatlon would 1nclude steps for

each succe551ve bond formatlon.: - ¥ - _i

l It;has been'found for the qazsréty of.comple#
. formation reactions involving multidentate ligands,_'
that the formation of the first metal%ligand bond is _
rate determlnlng (70), 1ts rate belng gove ned by /ﬁn'
'the rate of water d135001at10n from the aquaitd metal L
1on rn the outer sphere complex. For example, the
rate of complexatlon of dlvalent cadmlum, 21nc,
cobalt copper and nlckel by the monoprotonated form
of .EDTA (15,24, 34, 36 -38). | o

| .M?f+ + 'HEDTA3" - M(EDTAA)Z- +oHY N



'are al%/approximately equal to those predicted by

the dissociative mechanism.
iy Al

‘;—flOther studies have shown, however, that‘the rates -,

s

of complexationuof ealcium and strontium by the
tetraanion of EDTA are factors of'Z.S x 10 and

M“" + Epta’™5 M(mpTa) 2 )
| - !

| _ .
l 6 x lO3 greater than their rates of complexation by

HEDTA3V (39, 40) Slmrlarly, the rates,of-complexation‘

of nickel (41) and_cadmium (42,44) by the trianion'of
: : . P K ¥
- nitrilotriacetic = acid (NTA) are 7 x loqitimes/)

m///\;é' M?* 4 nrad” tvM(NTA)fg', B N
| greater than thelr rates w1th HNTA2 R whlle the rates
of reactlon of zinc (44) and lead (43) with HNTAz

are;three to four.orders of‘magnltude less than ~

the approx1mate values predicted by the dlssoc1at1ve
VA . . .
mechanlsm. . o
/ . - . " . .
In one of the mechanlsms proposed to aécount for

..

these decreased rates, a small amount of -the mono-
’protonated 11gand is con51dered to ‘be present ‘in the

carboxylate protonatgd form along wlth)the nltrogen—

protonated form.v This carboxylate—protonated form - &

. ’
J'is con51dered ‘to be the reactlve spec1es due to the

blocklng of the. nltrogen atom by the oroton (44 46)

.,

el

13



‘ step- relatlve to dlssoc1atlon of the 1ntermed%ate

"reactlon of cobalt(II) with a- alanlnezzln whlch a - %

hordlnatlon of the other end is blocked by the proton

‘greater than that for the slmllar reactlon w1th

¥

‘

A second. reactlon mechanlsm to account for the decreased

+P 3-

rates of reactlon of M2 ‘with HL

for llgands of the /\~

. EDTA type may be ﬂllustrated by reference to Flgure 1.

Reactlon proceeds by dlssoc1at10n of Qgter molecules
followed by metal llgand bond/Yormatl | to ylefﬁ
&
1ntermed1ate (III) in whlch the three dentates of one
L

: end of the llgand are metal coordlnated whlle co-"

S~

_— L 4
%on the nltrogen. For further coordlnatlon to occur,,

the proton must be transferred td a. carboxylate

»

oxygen or a solvent molecule before the intermediate

»

dlssoc1ates tO'the reactants. A slow proton transfer

’

,back to reactants would accou t fq{ the decreased

rates mentloned above, Z

The 51ze of a. chelate rlng formed 1n many

complexatlon reactlons may also affect the overall

rate of the reaction. ‘For 1nstance, the rat~—\f

flve—membered rlng is formed 1sxan oxrder of magnltude

R

B- alanlne, in whlch a SIx—membered r1ng is formed (47)

' ?Slmllarly, the rates fpr the reactlons of nickel and

ucobalt w1th a- amlnobutyrlc acid were found to be

about,an order of magnltude greater than the corresponding

¢

14
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]
rates W1th the B-amino ac1d (48). The results"with

the a-amlno acids are con51stent with the dlssoc1at1ve

mechanlsm. W1th the 8- amlno ac1ds, however, the results_

are con31stent %1th a mechanlsm in whlch rlng closure
is the rate-d /ermlnlng ‘step. 'The latter mechanism
1mp11es that the reposses51on of the vacated coordlnatlon
site by a water molecule 1s a.faster process than- rlng
f

closure. gg ' N

» The size ofiche ate rlngs formed may also be an
1mportant factor governlng the rates of the formatlon
reactions of EDTA type complexes from the mono-
protonated fo of the llgand For examplL, the larger
_the chelate r1ng which must be formed in going fromv‘
,1ntermed1ates (IV) to (V) in Flgure l the more
llkely the vacated coordlnatlon 51te is to be reoccupled
by a water molecule before ring closure can occur.
The stablllty of\éertaln 1ntermed1ates may alsdaaffect
the’overall rates of thgﬁe formation reactiOns."For
. instance, the less stable\intermediate (II1) is,.the_
more likely it;is‘to dissociate to’reactaﬂ%s\before |
proton transfer:and bondihg of thevsecondlnitrogens
can occur. In order tofseerif theSe two factors. do

“have an effect on the rates of certaln complexatlon

reactlons, a pmr llne—broadenlng study of he klnetlcs.

of the llgand exchange reactlons of the admlum, zinc .

16
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N
and lead complexes of l 3 PDTA and EDDDA was.under—‘
taken (49) ' The results of this study are descrlbed
in Chapter IT1. The predomlnant pathways by which
‘thg'llgands exchange between free and complexed forms
are established and thelr r te constants measured
The results are discussed w1th emphas1s on the mechanlsm
of formatlon of the comolexes from the monoprotonated.

forms of the llgands. e

~



CHAPTER II “ .o

PARTIAL DISSOCIATION KINETICS OF METAL COMPLEXES

OF AMINOCARBOXYLIC ACIDS

In thlS chapter, the results of a study of the
temperature dependence of the AB multlplet patterns

in the pmr spectra of certaln metal complexes of

) +

amlnocarboxyllc ac1ds are . presented and dlscussed.
In partlcular,tthe cadmlum and zinc complexes of’

both 1, 3- PDTA and 1,4- BDTA and tne caquum, zinc‘and

/.

,lead complexes of EDDDA were 1nvestlgated A central

'purpose of. thlS ‘work was to ascertaln what klnetlc

13

'1nformatlon can be obtalned from the. nonequlvalence

~

- of the acetate methylenlc protons in complexes of this

»

; type. . . ; ' .“' .

A. RESULTS

fAnaly51s of Multlplet Patterns

. The 60 MHz pmr spectrum of the acetate methylenlc
.protons of Zn(l 3—PDTA) ‘in aqueous solutlon at 25°
, 1s shown 1n the lower left hand 51de of Figure 2. |
The pH of the SOIutlom was 8.7 at 25° The spectrum o
consists of an AB pattern, the upfleld peak of whlch
p is obscured by a broad tllplet due to the two- xg

\

methylene groups bonded to the n1trogen atoms in the

e

18
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" propylene part of'the ligand. Analysis of this AB
pattern by standard metholls (35) yielded the values

‘for AéAB and JAB llsted in Table I. AGAB is the

chemical shift difference between the A and B protons
and‘J is the spinéspin coupling constant. The
value for this geminal coupllng constant was assumed &

to be negatlve (17).

[

The 100 MHz pmr spectrum of the acetate methylen1c;-

5 v

protons Of Cd(l 3- PDTA) in DZO solutlon at 10°'isf
_v'shown in- F;gure 3. The pD of the solutlon was 7.5

at 25° This multiplet pattern 1s more compllcated

o ;ﬂtl
than that for the 21nc system because of the 111 d R

and,llBCd 1sotopes whlch have a nuclear spin quantum

: number of 1/2 and are present at a comblned natural 3 Lff- Ry

abundance of 25.0%6 The multlplet con51sbs of the

AB part of an ABX pattern superlmposed on an AB -

‘1",

xpattern. The AB pattern arises from the complexes g

of the cadmlum isotopes whose spln numbers are zeto'

wh11e the AB part of an ABX pat%ern is due to the - 3;%ﬁJ

3
111 Cd and 113Cd complexes. The broad tr1plet Just

upfleld from the multiplet pattern arlses from the

two methylene groups bonded to the nltrogen atoms

in the propylene part of the l}g\nd. Ana1y51s of the

AB pattern from slow exchange spectra of the type shown

in Flgure 3 at several temperatures in the range Syt
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| Table I
Pmr Spectral Parameteré fof the Acetaté Methylenicv A v‘ :,%
‘Protons of theilndicated Metal Complexeé o “ -
o - I
| B I A I E A
> . ~ , . R . > :
= T NG B | L
cd(1,3-PDTA) <7 . 0.192 -16.3  .11.8 15.0
2n(1,3-PDTA) %~ 0.220 -16.3
. . Pb(l,3-pDTA)%” . o 19.2
‘:'Ca(l,érBDTA)Zf 0.141 -16.2 117;3, - 17?7
| Zn(1,4-BDTA) 2" ~0.204 . -16.3
" cateobpa)2” b b 135 12.5
thEDDDAjz—\‘. ©0.453 © -18.3 | | |
Pb(EDDDA) 2™ ol221 -16.7 22.6  17.5

. ‘la) 'From reference 30.

'(b), Could not be determined from the spectrum.

H? "



22

Z

qnmﬁmwomlm.ﬂvvo wo.coquHOm o‘a

e 3o suojoxd oTusTAyjzaw mumuoum_msu,mo umz3oads Tud zmy COT @Yl :¢ oInbra.
_ . . ; . . TR

T 7T T
- -XgVy 4o 4iod gy
e 1 . 8V

<

A . N " - - .
. .
‘ -
. . . .
. .

gV




3,to 26° yielded the value for JAB llsted in Table I.
The chemical shift dlfference was found to decrease
llnearly as the temperature was 1ncreased and a
least squares analysis of the data ylelded the

-
‘followlng relat1

AGAB(ppm) = -5.000x 1077 1 + 0.205 1

where T is the temperature in degrees centlgrade
Ana1y51s of the AB part of the ABX pattern using the

value determlned for JAB gave a value of 3.2 Hz for
. ) . & = "...,.. ]
“’JAXW-YJBX!' where Iax

onstants between\the Gadmlum nucle1 with spin numbers

d J Bx are the coupllng

'uﬁf-/Z and H," and HB The values for |J Axl and IJBXf

shown in- Table I were determlned by varylng them and

&lculatlng spectra unEil ‘the best fit between o

=
N

experlmental and calculated .spectra was obtalned (35\
assumlng the signs of the coupllng constants to be o
the ﬁame. No 51gn1f1cant varlatlon of these coupllng
constants w1th temperature was found .The stick "
spectra presented in the bottom part of Flé‘*é 3 were.
calculated from the chem1ca1 Shlft and coupllng
_constants obtalned above. ; ‘
The 60 MHz spectrum of the acetate methylenlc

protons of a solutlon of Pb(l 3- PDTA) T at 25° apd

pH 7.9 con51sts of a 51ngle resonance flanked Symmet-



i 1

rically?by'two_satellite'peaks; ‘the width of the central
' resonance is 1. 2 Hz. The satellltes arlse from proton
o .

coupllng to tbe %QJPb 1sotooe whlch has a nuclear

f'lq *

spin - quantum numﬂ%f oﬁ 1]2 -and a natural abundance

of 22.6%- the magn

d; de of the coupl;ng Constant/-
JAX is glven in Table I ‘At both 100 and 220 MHz,
the basic pattern of the suectrum of Ph(l 3—PDTA)2
is the same asvthat'atyﬁg/zﬂz. The lack of an AB
pattern could/be due ﬁp more lablle lead hltrogen
'bondlng resultlng in averaglng of the resonances (9) \
or. to ac01denta1 equlvalence S% the methylenlc proton
" chemical shifts (15) |
‘The 220 MHz spectrum of the acetate meﬁhylenlc

protons of cd(1, 4- BDTA) at 5° is shown’at the
bottom of Figure 4. The pH of this solution was_ e
7.6 at 25°. The spectrum consists of the AB part of
an ABX patterﬁ superlmposed on an AB pattern, analy51S‘
of the multlplet ylelded ‘the values llsted in Table I.

~ The 60 MHz spectrum of the acetaté protons of
Zn(1,4- BDTA)Z at. 62°vcon51sts of a 51mple AB pa cn;
the results of an analy31s are glven in Table I/;¢E\

,‘_ woip was done’ ir collaboratlon w1th Dr. G.

R .
,BM\Mey (30). .

4

‘“)"Thé\acetate proton.spectrum of Cd(EDDDA) at
l220 MHz and 5° is shown at the bottom left of Flgure 5.
)’ M *:f . 5.‘. L s \ )

i

N

i



Figure 4.

A}

e

220 MHz pmr spectra of. the acetaﬁé methyiényc

protons of an agueous solutiodn of" L‘»/

‘Ca(l;l—BD%ﬁ)z-»atgfhe indicated'temperaturesﬁk\

i

i)



Figure 5:

220 MHz pmr spectra of the acetate methylenlc

protons of an aqueous solutlon of

Cd(EDDDA) at the 1nd1cated temperatu:es..

Toa

26



It is believed to consist of the AB part_of an ABX
spectrum superlmposed on an AB pattern. “ The two -

,low 1nten51ty peaks of the AB pattern are too weak

n

+to be observed and hence, AGAB.and JA could not be

calculated. Values for | Axl and IJBXI were estlmated .

dlrectly from the spectrum and are llsted 1n Table I.
At 60 MHz_and 25°;‘the acetate methylenlc portlon
of the‘Zn(EDDDAfzt spectrum consists of a s1mple AB

pattern. The results of an analy51s of thlS spectrum

are shown 1n Table I.‘

-

The 220 MH% spectrum of the acetate methylenlc

- protons of Pb(EDDDA) at 5° con51sts of the . AB

part'of an ABX spectrum superimposed on an AB spectrum. :

The AB part of an ABX spectrum ‘arises frrnfthose

complexes contalnlng the 207Pb 1sotope. Ana1y51s of

this multlplet pattern ylelded the results shown in

‘uTable . - A 'A.-“' ~

-{‘

AB Interchange Rates for the-1, 3- PDTA and 1,4-BDTA
Complexes
The llneshape of the multlplet pattern for the_

acetate methylenlc protons of Cd(l 3- PDTA) is

temperature dependent, as shown by the 60 MHz spectra g

1n Figure 6 for a solutlon of* the complex which was'

pH 8.0 at 25°.. The two low intensity peaks of the

~27
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U . L *
Aﬁ pattern are barely v151ble at 16° and are noti“
shown 1n the figure. Aas the temperature is 1ncreased
the AB pattern collapses to a 31ngle, averaged resonance
while the AB part ‘of an ABX pattern collapses to the
A part of an Azx'pattern The 98° spectrum clearly
x 1llustrates the limit of rapld 1ntercnange of the A
and B protons of a given methylenlc gtoup. on the pmr.

111C . 113

time’ SCale.Q; d and = cd

3

'mhe coupllng to the

1sotopes at'98i° 1ndlcates tha*t compicte dissociation
fof the complex mUst yé 0ccu:ri;g slowly onvthe pmr
- time scale, since metal -prcton coupllnc ~n multl—li 13?
\,dentate ligand complexes 1s not ~pllans..d as long as

chelated llgand does not’ exchangt LdDIdly w1th free \

-

'llgand (9). The metal -proton coupling would be observed
even 1f the 11gand partlally unwraps from the metalA‘
and. then re-bongs because all nuclei remainjin"the

‘same spln\states and the coupllng is notﬂrelaxed,
The_upper_llmlt of the rate of first orderhdissociation
Axr F.87k5ec;l, where |
|a Ax' 1s the average value of the magnltude of the

of’ the‘complex at 98°,1s 2nlJ

-cadmlum—proton couollng constant 1n the llmlt of fast

. AB 1nterchange. The sllght broadenlng of - the

29

\_satelllte peaks at 98° suggests that at thlS temperature ;

the rate;of complete dlssoc1atlon 1s just becomlng

‘appre01able on the pmr_time scale (43), that 1s,



the rate must be of the order of ZnIJAXI

Average llfetlmes before AB 1nterchange were
determlned by llneshape analysis of spectia of which
those in Pigure 6 are representative. AThe density
matrlx method (78 79) was used to simulate spectra'
theoretlcally as a functlon of r, the average
llfetlme before 1nterchange. Other parameters.used_
in the calculatlon were A6 (Hz), J M } J and T
where T2'is the effective spin—spin re{axation time.
‘AGAﬁpat a given temperature was:calculated with the
aid of Equation I; similar chemical shift functions
have heen‘used previously in lineshape’treatments

-

22(57)' ‘A constant T2 calcu ated from an assumed

'natural linewidth of 1 0, z‘was‘used; the natural

linewidth could not be medsured directly‘pecause some_
eXchange-broadening‘was ob erVed even at the lowest
temperatures‘attainable. Typical linemidths in'
»rsimilar‘compiexes are about 1.0 Hz.l‘

' The computer program used to 51mu1ate the spectra
,(51) was modlfled so ‘that it flrst calculated the
11neshape of the AB spectrum and then the AB»part;¢
of the ABX spectrum for a glven set of. parameters.T?‘
It\then normalized the 1nten51t1es for the two

sets of spectra sO that the AB part of the ABX

pattern represented 25.0% of the total 1nten31ty,.

AB' T AX BX 21
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exper;mental spectra._f‘n

‘reactlons 1nvolv1ng hydrogen or hydrox1de 1on to the

since this part'of the.pattern arises from the com-
plexes of the isotopes of;cadmium with spin numbersz .
of 1/2 thch_are present at a cOmbined‘natural
abundance of,ZS.O%. The\normalized'spectra were
combined to_give a spectrum which was compared to

the experimentjl‘Spectrum’ ngr a given-set of
input parameters, 1 was varied until the computed

and experimental spectra.matched. "In the slow and

' rapid'exchange regions the Criterion for matching

) <
was the llnew1dth of the resonance peaks; 1;the Sa

&:% 3
'\ ; K
13 B

valley ratlo of the two central peaks. The terms

N,
1ntermed1ate exchange reglon 1t was the pea

slow, 1ntermed1ate, and fast exchange w111 be

- ¢

explalned in Chapter Iv. The spectra shown in Flgure
6 are typlcal of the fits obtalnedq_'K/erage life-
times before AB 1nterchange determlned by this

matching procedure over a range of temoeratures

are .listed in Table IIPj The exper;mental error in

thé,lifetime deteg@inations'wasufrom'i-S to ¥ 10%

due mainly to dlfflcultles An matchlng computed and

r.

A pH of 8.0 was chosen for the Cda-1, 3 PDTA

lineshape ‘'study to minimize the contrlbutlon fOf .

overall rate of AB 1nterchange. “To determlne

.

e
7
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Table II

Average Lifetimes  of the Acetate Methylenic Protons .

[

of Cd(1,3-PDTA)?” and cd(1,4-BDTA) >~

-

Before AB Interchange

T (sec.)

31

'Témp. (bc) . - Cd(1,34PDTKT%-a'b Cd(1;4—BDTA)2fc'd‘
5 0.10
16 0.12
23 . .'9.085,' - | : 0.050
0.070 |
38 0.012
39, 0.059
45" 0.042 | |
51 0.029 ., 0.0055
58 ') -0.020 |
64 0.011"
71 '50,0043
(a) pH.S.O-at 25°,
(b) Lifefimes determined'by lineshape analysis of 60 MHz
épéctra. | -
"(c) pH 7.6 at 25°.
(d) Lifetimes déterminéd by lineshapé‘ana}ySis of 220

MHz spectraQ
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' magnitude of any pH dependence, samples ak pH s

7.2, 8.4 and 9.1 (at 25°) were studled over the

same temperature range. The spectra obtained were
.identical, at the same. temperatures, w1th those from
which the results in Table II were obtalned

. 1ndlcat1ng no pH dependence.of the rate within this

PH range. z\r %
' .To determine if the ineshape treatment is

L]

ldependent on the spectrometer frequency, llfetlmes
were determlned by the above procedure for a 020
solutlon of cd(1,3- PDTA) at pp 7.5 over a range
of temperatures from both 60 and 100 MHz spe

11D20 was used as the solveng rather than H 0 because

2

w1th HZO as the solvent, the water resonance caused
locklng'problems on the-lOO MHz spectrometer

The results shown in Table III 1nd1cate that the
‘llfetlmes are 1ndependent of the measurlng frequency
wlthln experlmental error. . The results in Tables:
IT and IIT also show that on the average, the

h rates of AB 1n£irchange for: the 020 solutlon are
0.6 times as fast as those-for the‘HZO solution,
‘These results are,discussed”in a later section of‘
‘hthiS'chapter.j | | |

The 60 MHz pmr.spectrum of the acetate methylenlc

A}

_ protons of Zn(l 3- PDTA) - -in aqueous solutlon is -
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| Table III
Comparison of Aberage Lifetimes of the'Aéetate
Methylenic Protons of Cd(l}3;PDT ~ Before.
.AB‘InterChange Déterminéa.from\GoiMHz

and 100 MHz Spectra

1 (sec.)
Temp. (°C) 60 MHz. - '100 MHz
23 | o pl12
. S ! w
: : oo ‘. :
26 ~ S S 0.12
31 -~ .10 o ;
y ‘ ' B » : T
39 o 0.094
45 o ~0.065
47 B B | 0.056
51 - . 0.043 |
56 S L | 0.034
58 - ~ 0.028
60 S I 0.026
(@) D,0 solution of oD 7.5 at 25°.

2 N
'
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shown as a function ofvtemperature in Figure 2.
As.the temperature is increased, the AB pattern
begins to collapse}.however the.extent of oollapse

and hence the rate oflusinterchange is somewhat

less than that for cd(1, 3-PDTA) %7, Average llfetlmes,

before‘AB 1nterchange were determlned by matchlng
computer 51mulated and experlmental spectra’ in the
same way as for the cadmlum complex as descrlbed

above.n The chemlcal Shlft dlfference and coupllng

constant used in the computer—31mulatlon}f

to be 1ndependent of temperature in ‘the ra_

whlch they could be measured (25 to 62°). The llféﬁzih'

times obtalned are listed in Table IV aﬁd some of
the calculated spectra are‘shown in Figure 2. _ .
The temperature dependence of the llneshape of -
the mult;plet pattern for the_acetate protons of
Cd(l,d—BDTA)2— at 220;MH2 is shown in Figure 4;

As obserVed'fo:'Cd(l,B—?DTA)z_, the‘AB pattern
collapses to a sinqie resonanee as the temperature
is 1ncreased and the AB part of the ABX pattern is
]USt beglnning to become the A part of an A2X pattern
eby 70°. In the 1ntermed1ate 1nterchange reqlon,
 the llneshape is sllghtly asymmetrlc with one 51de

of the multlplet sharper than‘the other Averaqe

11fet1mes before AB 1nterchange vere determlned by

“ -

35
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&7 - 'TablevIV .‘ | R
Average Lifetimes of the Acetate Méphylenic Protons ’
Y of Zn(i,3—PDTA)2_,ahd.Zn(1,4;BDTA)2- ©
Before AB Interchange |, “
' e T (seq.)
. _ o ae b o , ‘2_ c
Temp.,(?t) L - 2n(1,3-PDTA) ) Zn(1,4—BDTA)
0 F> . e
EE 39 ' : 1.2
5. o5
56 ‘ . g 0.50
62 0.2 . 0.30
73 fT ~‘ 70.17 B 0.20 .
80 - 0.12 ~ 0.095
‘87 L O T F
93 - o 0.060 © 0.047
‘100 . - o000 . 6.035
| » : . - |

(a) Determined by.lineShape analysis of 60 MHz spectra.

(b) pH 8.7 at 25°,

‘(c) .pH 7.8 at 25°,
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the matchlng procedure used for the 1, 3 -PDTA complexes,
but disre rdlng the . asymmetry. The chemlcal shift
and coupding constant values used 1n the calculatlon
- are g% en in Table I and a T2 assumlng a natural
11neW1dth of 2. 5 Hz obtalned from the 220 MHz spectra
- was uséd The 11fet1mes which were obtalned are
shown in Table I1I for comparlson with those for
Cd(1,3-PDTA)2_.. The error 1ntroduced 1nto the
'llfetlme calculatlons for the 1, 4<BDTA complex by-
the 8%58%%08 of the asymmetry in the 1ntermed1ate

4 exchange Spectra is ‘estimated to be * 20%.

‘ The temperature dependence of the- llneshape for

the acetate protons of Zn(l,4—BDTA) at 60 MHz

is 'shown by the spectra in Figure 7 (30) Average"‘

" lifetimes before AB 1nterchange determlned by matchlng

"computer 51mu1ated spectra W1th exper1menta1 spectra
‘obtalned above 48°'are glven ‘in Table IV for comparlson
_with the results for Zn (1,3~ PDTA) -0

‘Below 48° for Zn(l 4~ BDTA) ,,the 1nd1v1dual

~11nes of the multlplet pattern broaden at dlfferent
‘rates, reSultlng in an asymmetrlcal AB- pattern as

shown in Flgure 7 Each half of the spectrum is-

broa ened further at 100 and 220 MHz,'lndlcatlng

that the broadenlng results™ a second klnetlc

_process.- One p0551b111ty 1s relatlvely slow exchange

37
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Figure_?ﬁ

60 ﬁHz pmﬁ:spect?o'of the acetate

'methylenlc protons of an aqueous solut&en

‘ of Zn(l 4 BDTA) at the 1nd1cated

7

~temperatures. S o - oy

38
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of the acetate groups between the site in the plane
formed by the metal and the two nltrogep atoms apd
the 51te out of the plane.“ Sucheaprocess would

yleld an asymmetrlcal pattern if J 5, , and 6 are

AB’
dlfferent for the in- plane and out-of- -plane acetate

groups, as’ 1n the cobalt(III) and rhodth(III)

.Complexes of EDTA (9,14, 16, 17).,. and if 5A(ln plane)
' A(out of plane) is dlfferent from 5
’\ R
B(OUt -0f- plane)

B(ln—olanﬁf -

It is p0531b1e tha< che asymmetry
'-observed in the 1ntermed1ate exchange spectra for
:Cd(l 4 BDTA) ' also results from 1n plane to out—of—
‘plane exchange Jf "cetate dentates. However, in thlS
case; the chemlcal shift dlfferences between the in-
plane and out—of plane sites must - be _very small "

xsince in the slow exchange soectrum onlyba sllghtly

. greater 1nten51ty of ‘one of the peaks can be observed

vy,

Temperature Dependence of the AB Multlolet Patterns_

-~ I

for the EDDDA Complexes - >

The multlplet pattern for-the acetate methylenlc
protons of Cd(EDDDA) at 220 MHz broaders asymmet-‘
.rically as- the temperature is. 1ncreased as can be
- seen by: the spectra in Flgure 5; At 70° 1t con51sts
of a 51ngle resonance flanked svmmetrlcally by the

"A part of an AZX pattern due\to the “-oton coupllng

P )
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to the Cd and Cd isotopes. “The temperature
J . i
dependence of thlS multiplet pattern could not be S

quantltatlvely studled because the chemical shift
2 e
‘dlfference and coupllng constants could not be obtalned

from the s}ow exchange spectra.

The AB pattern for Zn(EDDDA)2 at 60 MHz broadf‘ﬁ/
little at the hlghest temperatures studled 1nd15
honly a slight degree of AB 1nterchange. L1fet1@e
determlnatlons were not made because of the éfgll
temperature range (90 to 100°) over which broadenlng
was observed '

"The multlplet pattern for Pb(EDDDA) \ at 220 MHz
also broadens as the temperature is 1ncreased
1nd1cat1ng AB 1nterchange.» In the 1ntermed1ate
-exchange region the broadened paStern is asymmetrical.
Severe interference from the water resqnance in thls

'exchange region prevented a quaniltatlve rate study

: from belng undertaken.

» -
o

Pmr Spectra:of the EDTA‘Complexes
j u,)
- « a4 .

The 60 MHz pmr spectrum of the acetateimethylenlc af
protons of an aqueous solutlon of Cd(EDTA) .at a
neutral pH con51sts of the AB part of an ABX Dattern
superlmposed on an AB - pattern (9),}51m11ar to that

’observed for Cd(l 3 PDTA) . In ‘contrast to the
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1,3-PDTA system, however, the llneshape of the

multlplet pattern of the EDTA complem~1sftemperature

1nvar1ant up to 100° | |
"It has prev1ously been observed that the acetate

methylenlc proton resonances’ of the zinc and lead

complexes of EDTA (9, 52) at 60 MHz con51st of

51ng1e peaks. Pmr mea:urements at 220 MHz‘(IS),

however, have revealed AB patterns for these two

complexes.

B. DISCUSSION

Partlal Dlssoc1at10n Klnetlcs of the Comolekes oF

1, 3- PDTA and 1,4-BDTA

, The multlplets in the pmr spectra for the acetate

\.

methylenlc protons of Cd(l 3 PDTA) . Zn(l 3= PDTA)

. and Cd(l,4-BDTA) at 25° and of Zn(lrQ\BDTA) _at

62° con51st of single AB patterns (or the AB part .

of ‘an- ABX pattern superlmposed on a s1ngle AB

fpattern). The slngle,AB pattern5~1ndlcate that the

B

‘four acetate groups of a given complex‘are equivalent’

on the pmr time scale.,\if it is'assumed that coordina-

tion around'the metal ion is octahedral and that ‘all

six dentates of the llgands are coordlnated two

acetate groups are.in the plane formed by the metal

-

and two nitrogen atoms and two are out of the plane P

BN

41



in the instantaneous structures of the complexes.
If a given structure is long lived on the pmr time
scale, the env1ronments experlenced by the acetate
groups in th 1n'plane and outfof—plane sites

must be.equivalent.tO'observe a single‘AB pattern.
Pmr spectra of theAnonlabile‘rhodium(IIl) (14) and
.cobalt(;II) complexes of EDTA (9 16,17) suggest it
is unlikely that the11n—plane.and out-of-plane
environments will‘be.equivalent and rather that the
s1ngle AB patterns for the 1,3- PDTA ‘and. l 4-BDTA
_complexes result from rapld exchange of acetate ,
edentates between the two 51tes.' Exchange could be.
by a sequence of reactions involvlng‘dissoclation of

‘labile,metal—bxygen bonds (9). or by a twist'mechanism

of the type proposed by Ballar (18,53).

Tlpe AB patterns reveal that, for the glven solution

f condltions, %aég~nmtrogen atom of the 1,3- PDTA

and 1,4~ BﬁlA compiexesklsrpermanently 1n cne of ics
two p0551ble 1nver51on states:on'the pmr t1me scale.d
'Increasing the temperature'results in inversion of.
the nltrogen atom becomlng more rapld .as ev1denced
by the collapse of the multlplet patterns for these
complexes.

r

A series of - stepw1se reactlons whlch could lead

to 1nterchange of nonequlvale t acetate protons in

-
N

2y
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‘complexes of EDTA and 1ts homologs wla 1nver51on of

a nitrogen atom is. shown schematlcally ln Flgure 8.
’The llgand is shown as belng hexadentate in at least
some of the complex, but the conclus1ons from the
ftollowing dlscus51on are not’ dependent on thls
assumptlon. It 1s ~assumed, however, that a metal;
_nltrogen bond can dlssoc1att maklng posslble nltrogen
v 1nver51on only after dlssoc-_tlon of the metal bonds
to the two acetate group of the glven nltrogen atom;,
;If Kl (= ',l/k l) and»Ké,( = kz/ 2) are rapld.d‘g
pre equlllbrla on the pmr zime- scale,'the .rate- deter—'
mmlnlng step for AB 1nterc :ange v1a the reactlon_ ﬁqf B
sequence in Figure 8 is elther n;trogenfinversion

or metal nltrogen bond dlssociatlon. Qualltatlvely,,'
CAf k_3 >>ki, the metal nltrogen bond dlSSOClateS

and re-forms many tlmes on’thé average Eeforevthe ,‘»f._ 5y
nOnuoordinated.nitrogén’atomtinverts, %c thatfthe | | f“f;ff
rate-determining step is the_nrtrooen inversion. - -
vbnﬁthelother hand. iy ki>ahk-3t,doncefthe‘metai-_:
a}nitrogen"bond has' | -oken the,noncoordlnated nltrogen‘

atom inverts many times before the bond re- forms and

3% -
.11‘

“
i

the rate- determlnlng step is metal nltrogen bond . o
dlssoc1atlon. e In the 1atter case, there is statls—
-tlcally a 50% chance that the nltrogen atom w111 be

in an 1nverted state when 1t re bonds to the metal

R n
b N
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so that the obserﬁed rate of AB interchanéevwill be
half the rate of dissociation to species (IV) in
Figure 8.

Inver51on rates of nltrogen atoms in multldentate
llgands of the type studied here are not known;

\ ’ .
however,'they ave been estlmated to be. lO8 to 109 ~
. - %

sec 1 for nitrogen. atoms 1n tertlary amines of the
g
type described earlier (26-28). 1In the absence of

45
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’ ‘more appropriate inﬁersion rate. constants, ki for .
“nltrogen atoms 1n multldentate llgands/of the EDTA
type w111 be assumed to be of thls magnltude in the
follow1ng dlscuss\on.‘ \k

The upper 11m1t for the rate of formatlon of .
the metal nltrogen bond descrlbed by the rate constant
k 3,Als the rate of d1ssoc1atlon of the water molecule
.'occupylng the coordlnatlon site if the reaction
~occurs by the Elgen dlssoc1at1veéyedhanlsm (31 33 70) .
In terms of this mechanlsm, a w&ter molecule w1ll
.flrst be released from a. 51te cis to th5351te of
coordlnatlon to the other nltrogen atom, and the
1noncooraﬁnated nltrogen atom w111 then bond to the .
metal ion at the- wacated»coordlnatlon site. -The
rates‘of water release from totally aquated cadmlum

8 7 __.~1

and 21nc are’ 4 X 10 and 5 x"10’ sec respectively

 (54). The rates of water release from these metal ions



s
o

‘whlch a water molecule reoccuples the 51te. ThlS

w1ll be considered as, the upper llmlts for k -3

in the follow1ng dlscu551on.
t

For k. .3 to equal the rate of water release, the

rate at which the noncoordlnated nltrogen atom in

- Species (IV) of Figure 8 coordlnates to an unoccupled ;

site has to be 51gn1f1cantly larger than the rate at

requ1res that the nltrogen atom be properly orlented
for bondlng at the time the water molecule dlssoc1ates

Prev1ous 1nvest1gat10ns of a number of fast complexa—

'”tlon reactlons of multidentate llgands wouId suggest

that the rate at whlch the n1trogen atom w1ll coordlnate

TR A/)-'f“»- "r&ﬂ’

. to the unoccupled sfte W1ll ba#lESs when;ﬁae cﬁff

‘‘‘‘‘ y

. ;.-’ :{h
'Prlng formed is 51x—membered than wBen 1t 1s five—»_’8L

0 tx,‘)

'membered For example, Kustln and coworkers obseéved

-

that the formatlon rate constants of the B alanlne

complex of cobalt(II) is almost one order of magnltude

vless than that for the: a—alanlne complex (47). The

.‘r}"

| d1fﬁérence was attributéd to the dlfflculty 1n forminha

‘ g .
the 51x—membered chelate rlng. Similar dlfferences

'_[were observed for the nickel and cobalt(II) complexes‘

of a- and 8 amlnobutyrlc acids (48) These results

_suggest that, for Cd(l 3-ppTA) 2 and Zn(l 3-PDTA) 27,

k;3 may be somewhat less than the rates of water .

N

'release from spec1es (IV) in. Flgure 8 due to the

46
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is cadmlum > zinc.

 fore, if kifis somewhat.greater'than k

formation‘of a six-membered chelate rino. If so, hi
would be-somewhat greater than-k_3 for these complexes.
On this ba51s, 1t is prop a- that the AB patterns

A

obServed for these comple are 1nd1cat1ve of

' relatlvely inert metal nltrogen bondlng on. the pmr

tlme scale, and that the inverses of the lifetimes
before AB 1nterchange, whlch are llsted in Tables II
and Iv, are half the flrst order rate constants for

partial dlssoc1atlon of the complexes»to soec1es (IV)

- at the 1ndlcated temperatures. If thlS proposal is

correct the llfetlmes before AB 1nterchange 1nd1cate

that the relatlve order of lability of the metal-

nltrogen bonds in the two metal complexes of 1, 3 PDTA
B .

~

The rate at which the metal nltrogen bond in

the 1, 4 BDTA complexes dlssoc1ates should be the

‘same or slightly faster than in the 1,3- PDTA complexes

since 1t y be easier to open the larger seven-
membered chelate r1ng (47,48), while the rate at -

which the'bond_re-forms is predicted‘to be less

47

since a seven-membered ringwis formed (1,58). There- - -

-3 for the

- 1,3-PDTA complexes the rates of 1nterchange in the

1l,4- BDTA complexes of cadmlum and 21nc should be

the same or sllghtly faster than in the 1 3-PDTA .
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complexes. The results in: Tables II and IV indicate

this to be the caseﬁ 'Furthermore, the lifetimes
. , P .
before AB interchange indicate‘that the order of

lablllty of the metal- nltrogen bonds for the complexes

of 1, 4 ~BDTA, is cadmlum > 21nc. ’
i

To determlne 1f the rate constants calculated
from the llfetlmes ‘1. Tables II and IV are reasonable

Yor the reactlon represented in Flgure 8, comparison
*  can be made with the rate constant kd' for dissociation™
] ' '

of one N—methyllmlnodlacetlc acid (MIDA) ligand

from the’ complex Zn(MIDA)

B t ) ’(/
| CH2CO‘2_H'_-§‘,’]' /
CHy;—N IR
CH,CO,H ,,
Ry 5
| T . MIpa- 7. .
N

. T d S
Zn(MIDA)gu — 'ZnKMIpA) + Ml

'54,:;7"

i
'k o
gjwhlch has previously been determlngs by pmr llne—

@

*4__9
p

broadenlng measurements (30) The value foﬁ’kd 1s,f
’A:40 5 sec;1 at '25°, Taklng'theﬁlnverse of the llfe-
times before"AB'interchan@e'to be half the first order‘

- rate constants for part1a1 dlssoc1atlon to spec1es ﬁfb)

in Flgure 8, the partial dlssoc1at10n rate constant



-
for zn(1,3-ppTA) 2" is 0.69 *0.14 sec™d at 250,
The difference between‘kd for Zn(MIDA) " and this value
is of the magnitude expected 1f the energy barrler mp“
g assoc1ated w1th the necessary tw1st1ng of the ali- :
phatlc chaln 1n Zn(l 3-PDTA) 2~ is accounted fpr (1). r
‘The results in Tables I and II which lndlcate
\that the rate of AB interchange in Cd(l,3-PDTA) 2
is dlfferent 1n H20 and DZO can be aCcounted for‘if
the fraction of the complex that ex1sts in the various’
partlally coordinated forms,vshown 1n Flgure 8 ls
dlfferent in these two solvents Thls would be the
case 1f the rate at which HZO and DZO dlssoc1ate
from the metal complex is different. For example,
O and DO if

2 L2
the rate of dlssoc1atlon of HZO from spec1es (II)

Ki f =k /k ) would be. dlfferent in H

»lS dlfferent from the rate dlSSOClatldn of D20

E)

4Temperature Dependence of the AB Multiplet Patterns

.of the EDDDA Complexes

The multlplet patterns observed for the acetate
metﬁylenlc pgotons of ‘the cadmrum, zinc and lead
complexes ‘of EDDDA 1nd1cate aﬁQﬂnertness on the pmr
time scale of the metal- n1trogen bonds. The collapse

of these patterns w1th lncrea51ng temperature 1nd1cates

that partlal dlssocaatlon of these complexes 1is



occurring,on the pmr time scale. The different
degrees of collapse of the multlplet -patterns for
these complexes suggest that the relative order of
lablllty of the metal—nltrogen bond is cadmium > lead. >
zinc.

IS

Assuming that coordination in the EDDDA complexes

is octahedral and that all six dentates are coordlnated

| to the metal 1on, three 1nstantaneous structures are

possible dependlng on whether'the acetate or

'proplonate groups are in- plane or out-of-plane (59).

&q T

(1)

The 51ngle AB pattern observed 1n the pmrqspectrum
for Zn(EDDDA) suggests rapid exchange of the
carboxylate.dentates, but the values for JAB and AﬁAé
indicate that one of the above structures is pre-

‘domlnantr The magni tude of the genminal coupllng

7
constant JAB is apprtx1mately the same for all the

Q

¥ ' * A
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-hhere ggr Zn(z .

‘complexes listed in‘Table 1 except that for zn(EDDDA) 2"

Sudmeler .and coworkers (17) have reported the magnltude

A )
i

rof the gemrnal coupllng constants of the methylenlc‘

1n the 1nert cobalt(III) comolexes of EDTA type
llgands to be 16. % 0.5 Hz and 18 * o. 5 Hz respectlvely.
Since gem1na1 coupllng is sen51t1ve to the electro—’
-negat1v1ty of . substltuents, the magnltudes of in-plane
and out—of-pléne coupllng constants of amlnocarboxyllc
ac1d llgands coordlnated\to divalent metal-ions may
»be dlfferent Assumlng the ;elatlve magnltudes to’

be 1n the same dlrectlon as those foq/thgycobalt
complexes, the results 1n Table I suggest that
~Zn(EDDDA) ex1sts predomlnantly as szructure (III)
tshown above.i'Support for this structure also comes

from the observatlon of Legg and coworkers (60) that

AGAL fcr out—of plane acetate groups of cobalt(III)—

‘ amlnocarquyllc a01d complexes 1s 1arger than for

, I .
1n-plane groups, ‘and the results of Byers and = €

'Douglas (59dehlch show the structure of one 1somer

of Co(EDDDA)4 be 51mllar to the one proposed
. . .

\ -,

as the temperature is increasedvmight then be ekplained

K

51

;protons of the 1n—plane ‘and out-of-plane acetate groups '

—

If the preceding conclusions are cor ect, the geminal
> . ) .

" of Pb(EpDDA) >
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by a temperature dependence of the populations of
~

the above three structures\ The value for JA could

not be determlned from the multlplet pattern for
Cd(EQQDA) , but the asymmetrlc broadening of thlS
pattern mlght also be explalned by a temperature ;
dependence of the populations of the glven structures.
The lack of broadenlng 1n the multlplet for
Cd(EDTA) 'up to 100° 1nd1cates that the rate of AB’
. ,

1nterchange is 51gn1f1cantly less than the rate in

Cd(l 3- PDTA) T ThLS dlfference could result from

" more inert cadmium—n;trogen bonding in Cd(EDTA)

as predicted by the observation that it rs.easier
for a six—membered chelate;ring tohopen than for a
five—membered ring (1,58),;or it_may indiCate'that;
k_3’>§ k- Bond re-formation, the reaction step
described by the rate constant -k 3,Ivis predicted'\
to ’be’ faster bfor cd (EDTA)’z- than- for the 1,3-PDTA
complex since a flve—membered chelate rlng is. belng
formed (47 48). Con51der*ng ‘the EDDDA results,

the rate of partial d1ssoc1at10n to vield spec1es

(IV) in Figure 8 1s predlcted to be. larger:%or

7Cd(EDDDA) " than for the EDTA complex on the basis

“

that 1ntermed1ates in the steow1se sequenée w111

be oresent at higher concentratlohs wh11e the rate

of cadm1um~n1trogen bond re- formatlon is assumed to

- 52



be'the same. Thus, if- the AB pattern of Cd(ES%A)Z_
is due to the cadmium-nitrogen bond re—fofming before
lnversdon occurs, the AB pattern of Cd(EDDDA)

. should be temperature invariant. Rather the . ci-
plet for the ‘acetate methylenlc orotons of the EDDDA
,complex 1s completely collapsed to a s1ngle re’pnance

flanked by the A part of an AZX pattern at 70°>

1nd1cat1ng rap1d1u31nterchangewon the pmr time scale.‘

%

These“con51deratlons prov1de support for the prooosal
of Day and Rellley (9) that theﬂmultlpletépattern
for Cd(EDTA) - results from inert cadmiqunitregen

Tbonding,

—
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CHAPTER III;L
LIGAND EXCHANGE KINETICS OF METAL COMPLEXES

™ OF 1,3-PDTA AND EDDDA

In-thiS'chapter, the results.of a pmr line-
‘ broadening st"dy of the llgand exchange klnetlcs

of the 1,3-PDTA and EDDDA complexei'rf cadmium, zinc

2

and lead are preSented. These systems were 1nvest1—.
gated with the objectlve of eluc1dat1ng the mechanlsms
of llgand exchange reactlons of cadmltm zinc and

lead complexes of amlnocarboxyllc ac1d llgands with
”empha51s on the formatlon reactions of the mono—.

protonated forms of the llgands. These two particular
~

'llgands were chosen in order to observe the effects
: ]

of sllght structural changes” on the rates of reactlons

of amlnocarboxyllc acids of the EDTA type. 1“?:
. '/'.
==+?Qé

.

A. RESULTS - = = -

pH Dependence of the Chemical Shifts

L}

@ The pmr spectrum of 1, 3- PDTA con51sts of a sharp
51ng1et for the acetate methylenlc protons, a broad
wtrlplet llke pattern for the protons of the two

nltrogen bonded methylenlc groups of the propylene‘

-part of the ligand and a broad qulntet like pattern

. for the central methylenlc porotons over the pH range'

' 2 to 13. . The lack of any broadenlng of the exchange—'

)
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averaged acetate methylenlc resonance indicates that
exchange of the acidic carboxylate and nltrogen protons

is fast on the pmr time scale. fThe'resonances due

©

.to the propylene protons, Whigh form an A4B2 spin

system, were not used in the ligand'exchange studies
because of the;r'coﬁplexity.
L .

The chemical shif: . of the 1,3-PDTA resonances

are pH dependent aS'illustrated by curve A for the

,acetate methylenic protons in Figure 9. By analogy

w1th EDTA the two nltrogen atoms of the tetraanlon ’

'.,of 1, 3—PDTA are protonated flrst followed bv

a

protonatlon of the carboxylate groups (61 -63). t‘romi

the chemlcél Shlft vs. pH data, values were det=rmined

ird and fourth_lonlzatlon constants of
T,3-PDTA, defined by Equations II.and III, by methods

described previously_(44,67) and are given in

Ky = ——— o S & S
Tooomy |

aH[L4—]: ‘ _ o
K4 = _—T . ) IIX :
' [HL™ ] ‘ Vv ’

Table V. These constants,are ‘mixed mode éonstants“'

involving hydpogen ion aét1v1ty and 1, 3- -PDTA con- }

centratlonsf“”‘\\\
: \.

» R
¥ N

Nl
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_-Figﬁre 9:
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pH aependence of the chemical shift of the
écetate.methylenic protons of-l,3—PDfA.
Curve A, 0.20 M 1,3-PDTA; curve B, 0.20 M

cd(1,3-PDTA) °7; curve C, 0.20 M Zn(L,3-

pDTA)z‘;-curve‘D, 0.20 g’pb(1,34pDTA)2*.
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Table VvV '

Acid Ionization Constants of 1,3-PDTA and EDDDA

1, 3-PDTA o " EDDDA

Thié worka _lit.b This work a}“ 1it.C
PK; | o 1.88 | ~3.00, |
PK, 2.57 . 3.69.
PK; . 7.93,  8.02 . . 6.00 " s.98
PK,  10.25: 10.4537 | S °.88 . 9:§§ 

. f%\

(a) 25°C, ionic strength = 0.6 M. . ,
(b) ° References 64 and 65, ionic strength = 0.1'%§

| mixedlmodé constants. . o

(c) Reference 66,” ionic strength = 0.1 M, mixed
S . R ;= ,

mode constants.
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Oover the pH range ™ to 13, the pmr spectrum of 7
EDDDA con51sts of a sharp srnglet for the acetate
methylenlc "rotons, a sharp 51nglet for the ethylenlc
protons between the two. nltrogen atoms and a complex-
multlplet pattern for the carbon—bonded protons of
the two proplonate groups. The spectrum at oH" 10
has been described prev1ously (59). . On the-basis>
‘of chemlcal shift data for other'structurally—

related ahinocarboxy]icvacids (62,63,68), the doun_
field singlet‘was‘assigned(to<the acetatekmethylenic
-protonsi The chemical shifts of the EDDDA resonances
: arean dependent as illustrated by'curve A “or thev.‘
acetate methylenlc protons in Flgure 10 The thlrd ~=
_ and fourth 1onlzatlon constants were determlned from
,.these data, the results are given in. Table V.

"_ The spectra of the acetate methylenlc protons of
Athe ‘cadmium, 21nc and lead complexes of 1, 3 PDTA
and EDDDA are reoorted in Chapter II. In most cases
‘they con51st of complex multlplet patterns due to

1nert metal-nltrogen bondlng. To a first approxlmatlon,
]

- the resonances of the remalnlng carbon-bonded protons

of these two complexed llgands a§§~_];,
those of the uncomolexed llganﬁs. But;have dlfferent
. chemical sh;fts.

The chemicai shifts of the acetate methylenic:



. o0k

CHEMICAL SHIFT, ppm vs TMA
| .\ _
-3

< .

 Figure 10:

.

j'curve D, 0.20 M Pb(EDDDA) 2",

1 1 1 1 1 1 |  EE B | 1
4 6 8 10 12 .
: pH S

. ) . ~ ‘ ‘- N . v ‘/y L\ N
PH dependence of the chemical shift of ‘

the acetate methylenic protons of EDDDA;\O.'
CurveJA;"O.ZO M EDDDA; curve B,‘O,ZO’g_
€d (EbppA) 27; curve C, 0.20 M zn(EDDDA)?™;

.
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protons of the cadmium, zinc and lead complexes of

,l 3 —~PDTA. and of EDDDA are pH. dependent as shown by

\

curves B, C and D in Figures .9 and 10. These data

were obtalned from- solutlons made- up from equlmolar
quantltles of both metal nltrate and llgand Forv;'
those complexes in whlch an AB Dattern was observed

the chemlcal Shlft values’ used 1n these curves were

the chemical ShlftS at the centres of “the oatterns.

: For all the. metal COmplexes studled the chemlcal

.‘

shifts remain constant above a certaln pH corres—

-

‘pondlng to the chemlcal shlfts of the 1 1 complexes.

that in a solutlon w1th a cadmlum to l 3- PDTA ratlo

/

. and shlftlng of the resonance beglns tu take olace‘ S

Below this pH the resonances move towards those of
N\

Al

the free ligand and are exchange—broadened Calculatlons
of the species present in solutlon for the 1,3- PDTA -
systems u51ng the llterature 1onlzat10n constants in
Table V and the- llterature formatlon constants’

(64— 66) 1nd1cate that dlssoc1atlon of the 1 l comolexes:

and formatlon of protonated conolexes 1s occurrlng

at those PH's when the resonances are shlftlng and °

are broadened For example, calculatmons 1nd1cate'

NG
A

of one, d1ssoc1atwon r\f the  1:1 complex and formatlon

) ; .
v

of a orotonated complex begln to take place at pH

less than 5.5. It is also below thls PH that broadenlng_'h"'



T .

as can be seen from Figure 9. For the EDDDA systems,

“’plexes, but such spec1es are indicated by the
,exchange-broadenlng and the chemlcal Shlft data shown

‘t in Flgure 10.

An attempt was made to calculate formation constants

for the nonprotonated and the Drotonated complexes,
from the: chemlcal Shlft data presented in Flgures 9
“and 10 u51ng the method descrlbed prev1ously (44)
’These formatlon constants would have been useful fn
subsequent calculatlohs since they would have been
obtalned under 1on1c strength condltlons similar to.
those used 1n all experiments reported in thlS work:
rThls~attempt,~however, ylelded 1ncon51stent results,
00551bly because of the uncertalntles in the’ chemlcal
Shlft values of the observed resonances and those of
the protonated complexes._ The observed resonances

.are broad and hence it was dlfflcult to measure

.thelr chemlcal Shlft p051t10ns The chemlcal shift-

gﬁﬂ ;values of the protonated complexes could not be

5measured dlrectly, but haq to be approx1mated in the "
. \ -

.Wattempted calculatlon of formatlon constants

”Therefore, 1n the subsequent rate constant deter-
: ¢
mlnatlons 1t was. necessary to use llterature values

o

‘of the formatlon constants (64 65) . prever;_the

.,

ormatlon constants are avallable for'the Drotonatedv
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error involved using these literature values is
within the experimental error of the lifetime measureyf

ments.

‘Ligand “Exchange Kinetics of the 1, 3-PDTA Complexes
~,

_ Exchange—broadehing was observed in the pmr
spectra of each of the l{3ePD?A gomplexes‘under

rconditions where some noncomplexed ligand was present. -~

From the broadening for a,given set of experimental
cqnditiohs, thé:mean lifetime§r between events which
lghd\to exchange of the-ligf%d from. the free form
- to the complexed form or vice -versa may be determined.
The following reactions are consideéred to be vathways —
by which exchange can occur: ; e
‘ k. . _ . ,
- b] . - AN\
2™ 2t M, 4 . R o
k-1 o
+ 2- Ko oy 3~
H + ML - Z M~ + HL B v 7
. k ’ o 4 Y
-2 e ‘ ,
v S g7
: G oo
4~ *2- Ky oay 5 . C
L + ML 27 L + ML™ : VI
. | , oo [ - <
3— _ kD k4 *3- 2-- T T
HL™ + ML® 2% HL”T + ML“" 7 y1x
2- . o x2- K5 45 2- o 4
H,L" + ML 27 H,LYT + ML VIII %

The AB multiplet patterns observed for the acetate.



C:Aﬁethylenic protons of Cd(l,3-PDTA)2_ and 2Zn(l,3-PDTA) 3

at intermedia;e PH values in the absence of.nonf
éomplexedlligand"whioh were discussed in detail

1n Chapter II, 1nd1cate that for these conditiohs
"the mean llfetlmes before AB interohange'are greater
than Bilvsec. Thls value was obtained by eomputer—
sfmulating'spectra.byithe method described in Chapter
.II. Since ABtinterchenge may occur éven when the |
complex is‘partially bonded, the above lifetime is

M

a lower' limit for the mean llfetlme of the comolex

‘before it completely dlSSOClates via the reaction

-represented by Equatibn IV -and 1nd1cates that the"

amount to the exchange broadening (43{ eglectlng

this reactlon, the rate equa ion fof eXch@nge of

llgand from the free form to the complexed form 1s

- ¢
dL,) |
dt

+ kglH, 1. ][ML S E IX

=k ML) kg Yy ey o k, (1L37] L27)
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whore [L ] reprez=nts the sum of the concentratlons
of the free licand in- the various protonated forms.
Iine reciprocal ¢ the mean llf%tlme of the free form,

1/tL , 1S relf d to the exchange rate, —d[tf]/dt, by

f
. afLgl 1 » -
. —_ =\‘— £ i * . . . x,
Lf ) dt [LT] : - _ B
which yields g L ‘
1 - 24 P .
“—fka[M]+ka[ML]+ku[ML-]+kcx»[ML—]
T -2"3 52
L. .
f - .
XTI
where a, = [H,127)/[L.1., «. = (1.37) /(L1 ana’
2 2 £+ 73 b :
a, =.[L4—]/[L ]l, Expressing the concentrations in-

terms of fractional concentratlons and. the term .

for the contrlbutlon from the reactlon represented

by Equation Vv in terms of [ML 7] by thelrelatlon

k_p 2Y] = ke, 1) a2 1/a51L;] yields

B —~ . + ] '
_PLf/(rLfPML) = ky[H'] + “(kja, + kgoag + k¢ az)[L 1

whereaPL and P M1, are the fract10na1 concentratlonS»
: f
of llgand in the free and complexed forms (P +
f : .
PME = 1). . The individual rate constants were evaluated

from the dependence of on [H+] and (L.].
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,
A typ1ca1 example of the spectra obtalned as a

e,

functlon of pH’ fdﬁia solution 0. IQ-M in both Cd(1,3-

PDTA) and free l 3- PDTA is glven in Figure 11.

/

At PH 6.42 se. rate acetate methylenlc proton

resonances a%é observed for both the free'ahd the
complexedqﬁorms of 1,3-PDTA; only the two strong
central_peaks of the AB pattern for-the complered

form can be seen. An 1ncrease in the PH results in-:

broadenlng of the resonances 1nd1cat1ng faster

exchange, Since the llnew1dth of the'free ligand
resonance for most of the systems in this’ study
could ea91ly be measured over a wide range of solutlon

condltlons, 1, wWas calculated using, Equatlon
o Lg

XWIII the slow exchange expre551on, which W1ll be

é%écussed in more detail in Chapter Iv v'The'errors
involved in determining the Values of, l/r arise
* - f

mainly from the - llnew1dth measurements and are
estimated to be between ¥ 5% and ¥ 15%. (

. Lifetime data are glven in Table VI for the.
Cd -1, 3-PDTA system for experlments in whlch the pH
‘was hel? constant at 31rid1fferent values and the
concentratlon of free ligand was varied at. each

value.. A typical plot using the data at pH 6.51 is

) shown in E;gure 12, Accordlng to Equatlon XII the

slope of a plot\bf P /(r ) vs. [Lf] at” constant

f ML
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2N-CH,-CO;, ~ "N-CH,-CO;
42; "FREE - COMPLEXED

Figure 11: 60 MHz pmr spectra showing the acetate
S . methylenic resonances for an aqueous
solution containing both free 1,3-PDTA
and Cd(1,3-PDTA)2~ at the indicated pH
values. The solution was 0.1 M in both
free 1,3-PDTA and Cd(1l,3-PDTA)2-.

I
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Table VI

Klnetlc Data for the cq4d-1, 3 -PDTA System at Constant

pH Values as -a Function of Free Ligand Concentratlon 23

/Pf

v

e
.~

/ oH (Lol (n) Py /P Wi,p (H2) g
| ' - (sec—1)
5.52 0.180 11.5 1.05 0.816
0.162 5. 28" 1.26 1.48
0.143 3.15 1.54 2.36
lezsi 2.10 1.87 3.39
0.107 .46 2.16  4.30
0.090 1.04 2.49 . 5.34
| 0.073 _ 0.726 2,83 - 6.q1
: _p;057 _f ) 0.497 3.37 3.;6
N | N | .
5.72 0.180 11.5 0.99 - J0.691
| 0.161 5,25 .16 1.22.
10.143 3:16 1.39 " 1.95
0.125 2.08 1.50 ; - 2.57
‘0.107_ 1.45 1.74 3.05
0.090 ©1.03 2.13 4.27
0.073 0.724 2.38 506
0.055 0.476 2. ié 6.25
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(Table VI, continued)

68

N

| ’pH'.m el o Py /P Wy, Hz), i/rLf
\ (sec™1)
6.00 / 0.163 $5.67 1.08 0.879
0.145 3.39 S1.18 1.19
0.127 2.19 1.32 1.63
. 0.109 1.53 , 1.51 2.23
0.092 i.08 1.70 2.83
. 0.075 0.763 1.87 3.36"
o.oéé" 0.515 2.23 4.49
6.51 - 0.162 5.35 1.12 1.10
| 0.143 3.13 1.33. 1.76
L -0.125 2.08 1:48 2.23 ‘
0.107 1.45 °‘{.74 3.05
! 0.091 1.05 1.96 3.74
0.074 b.742 2.15 4.33
0.058 0.510 2.35 4.96
7.09 1.17 0.88
1.50 1.92
| 1.80 2,86
| 2.00 3.49. /7
2,31 1.46
2.55 5.21
. ©2.90 6.31
e
. 3.16 7.33



’ 69
(Table VI, cbntinued) )
"' . N N N ) )
PH - [ng] () 1>Lf/1>ML W), (Hz) ‘l/rLf‘
o (sec—1)
: & ,
8.03 0.182 ©12.43 1.78 2.79
0.162 ¥ 5.41 2.68 5.62
0.144 . 3.21 3.48 8.13
0.125 2.12 4.15 10.2
0.108 J1-48 i.73 12.1
0.091 1.05 5.46 _ 14.4 -
! 0.074 0.740 6.00 16.1
0.057 § 0.510. 6.90 18.9
(a) 25°. '
« )

(b) WI/Z of free ligéhd‘reéonance for no iiganq exchange ' .

is 0.73 Hz.
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Figure 12:

&

.

0.00 0.04 © 0.08 - 042 ' o046

| .

L (M)
Pmr rate data for the Cd 1,3~ PDTA system

'at pPH 6. 51 as a functlon of the free

1,3~ PDTA concentration.
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PH is equal to k3a4 + k4a3 +'k5a2'and‘the‘interceﬁti
is equal to k, . At'the pH values listed inwﬁg

Table VI G3 ranges from factors of lO5 to 3"x"102
‘greater than @, whlle k3 has been found to be only
10 to 20 tlmes larger than k4 in similar reactions

of EDTA complexes (39,40), suggesting‘that the term

k3a4 contrlbutes a negllglble amount to the slopes

of the P f/(rLf ML) vs. [L 1 plots.4 Ass%g}ng the
slope m to be equal to k4a3 +_k5aé, Equation XIIT
can be derived. o L e ?f,
| . . RS
3/“2 = kyla3/a,) + kg o . XIIT

D ife
. ) 1, .
Rate constants k4 and k5 were evaluated from the

'slope and 1ntercept of a plot of m/a vVs. a /a
the values for a, and u3 were calculated from the

llterature dlssoc1atlon constants llsted in Table V.
4

‘A linear least squares analy51s was used for thlS
and all subsequent determlnatlons of slopes and
1ntercepts. The rate constants and their standard:
.dev1at10ns are glven in- Table VII.  The uncertalnty

in the 1ntercepts of the olots of P /(r ) vs.

Lf ML

‘ [Le] for whlch the data are glven in Table VI, was _‘
3

Y

. Llfetlme data are glven 1n Table VIII as a

too large’ to allow evaluatlon of 'k

';functlon of pH for a solutlon 0 10 M in both
. . H

Lo



72

‘gd ButhzeA pue uq.uﬁmumGOU Je sjuswrIadxe EoumA (2)

Y
i

.mq_mcﬂ%um> pue Hd 3jue3zsuoo 3e mu:meﬂumaxm_eomu ;An%

/o - A .
, > , . : ,\\ . . . ; *. -
o “ S BT g0T¥(v70%)e"8  0TX(T70%)0"z  _, (vaaad)uz.
~ | . onxﬁﬂ 07)0°2 (0TX(2707)57z OTX(T'0M) i1 - _p(vadad)ad
o a oaxﬁm 0%)S =T~ S0TX(Z0%)0'F OTX(Z'07)8"%. (vaaad) po -
\\m 9 -z 'Y
. o /s o -9 C -
0T*(T°07)§°2 2'0°F §°9 L Oﬁxaﬁ 0¥)0°¥ yOT¥(T°0%)6°€ . g (¥dad-g‘T)uz
moﬂxﬁv.o“vh,m_ monAwmoﬂvmxw vOqum 07)o0'z oabeAm 07)8" m.NonKH.o“vo.N ;-wamamww.aynm
o 0TX(£r0%) g g G OTX(T70%)s e R . S e ‘
- .~ ;. . i T . i M . ‘. — .‘_ .- 3 ) 'Y - . ST - . ] !
« 0TX(0%17)9 ¢ nNOHxﬁH 07)o'e . moaxmﬂ 0F)YT*¥ .moﬁxﬁm\pwya 6- -Nﬁcaa@um 1) PO .
S vy €, < z
Y bt i | m : mmmW x (2098 W) T
e mmmeano <aoam vcm YIad- m T
uom mucmumcou 938y 8bueyoxg ucmmﬁq vm:ﬂEkumo madmucmeﬂummxm T -
. ) ) . B ’ .
N ., IIA 91qEg .

"
il

o o SR



' . Table VIII -

.f kinetic'Data aé a Function of pH for fhé%
| PCd—l,3-PDTA SYS£¢maib’c |

PH p ‘Wi/é (Hz) o 1/T£f (sec” ™)
4.80 6.23 17.3
£.99 R 12,7
5.23 3.53 8.80
5.49 ' D2.84 6.64
5.76 ' 2.20 . 4.62
- S " : _
6.00 - 2.04 L 4.12
6.24 1.95 3.84

" 0.10

o I

Jyid resonance for no ligand

- N .
2 é e ) e N E . : '
vadd 3
‘
e :
& @
e N
5 E
| s
L . o . )
[ - P

M Cd(1,3-PDTA)®” and 0.10 M free 1,3-PDTA: *!
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cd(li, 3—PDTA)2- and free 1, 3—PDTA . As can be seen
from these data and from the spectra 1n Flgure ll
the rate of 11gand exchange decreases" as the pH

is- 1ncreased from 4.8, goes through a mlnlmum at

pH 6.4 and then 1ncreases.as the PH is" 1ncreased i

further. Above pH 8 5 the,exchange rate is so

‘o
\

. fast that the lineshapes are of the intermediate

'to'fastbtypes; Since exchange occurs between a o o~

slngle llne, an, AB pattern, and the AB part of an -

ABX pattern, the theory is quite compllcated and B

et
no attempt w%s made’ to evaluate 11fet1mes frbm data

at pH s great\r than 8. 5 . \/;/~—~ [ oo

Rate constant k2 was obtalned from the data 1n ’

'Table VITI: at ijless than 6.4. ‘At ‘these pPH's,

"‘&4 is negllglble relative to a

2_4and a3,.and the‘ o

h contributlon to the total exchange by the‘reactionf

represented by Equatlon VI may be neglected Since

P, equals PML’ rearrangement of Equatlon XII leadsiv,

f K S . . .
( . L 3y
l 'C - . . o + | . |
— - (ko +k o) [Lgl = k('] .- x1v
T,.- 3 3 f 2 . . s R
- Le , i

,"

v

: Theyvalue glven in Table VII for k2 was obtalned from

the. slope of a plot of l/r - (k a3 + k 02)[L 1 ve. - e;x:
i Le -

.

[H+] using the data 1n Table VIII and the values

-

-



determlned above for k, and ks.l This plbt‘is shown

4
in Figure 13._ Rate constant k. 2 was obtalned frowu
‘ YA P s
kz u51ng the relatlon k N ; k2 4Kf where/Kf 1s-the3g

v_formatlon constant of. Cd(1, 3- PDTA) (64—66). 3

‘Rate constants k4 and k5 were also determlned

‘from th% data in Table VIII in. the pH range 6 4 to.».
8.2, In thlS pH range, calculatlons u51ng the value
of kzzshow the amount of llgand exchange via the
rreactlor represented by Equatlon V tovbe negllglble

-The reactlon represented by Equatlon VI has also been

neglected for reasons glven above, leadlng to

T TR Fsoo o E

*fi
by’ rearrangement of Equatlon XII. The Values obtalned
vaffor k4 and kS from ‘the slope and 1ntercept otaavolot
'of 1/ (1 f[L la ) vs.‘d37 2 are glven 1n Table VII

. Above pH 8. 5, the rate- of llgand exchange’
alncreases,_as ev1denced by the 1ntermed1ate to fast
exchange spectra, presumably due to 1ncreased con—
'ftrlbutlons from the reactlons represented by . .f
| Equatlons vi and VII. '

Llfetlme data are glven 1n Table Ix'as a functlon

of pH for a: solutlon 0 lO M 1n both Zn(1, 3- PDTA)

'and free 1, 3—PDTA.o Slow exchange spectra- were obtalned

: -

throughout the whole pH ranqe studled .and Fquatlon

B LI
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Table IX
Klnetlc Data as a Funcylon of pH for the

Zn-1,3-PDTA System 2'P+C

PH Wi, (Hz) 1/7

4.03 2.72 | 6.22

4.65 - 1.90 A 3.64

4.97 1.75 3.17

5.60 *l 1.55 - 2.54

6.03 ' 1.53 2.48

6.34 " 1.s5 2.54

6.68 1.49 2.36

7.02 ¢ 1.42 | . 2.20
7.53 o 1.35 _ 1.92

7.95 S l2s 1.60

8.38 S T TS T I T
9.01 | 0;95 e

. S ougs

| | | R ’g:'f

. (a) 0.10 M zn(1, 3—PDTA)2 and 0 10: M free'1, 3-PDTA.

'(b) ..1/2 of free llgand resonance for no llgand
exchange is O 73 Hz

t

(é)"zSé; | o e



XVIII was used to calculate the lifetime L from
f - i

- the acetate methylenlc proton resonance of the free

1,3-PDTA. As in the cd- 1,3~ PDTA system, the rate

N
constants k4 and k5 were obtalned from the slope and

‘1ntercept of a plot of l/(r [ﬂ&]az)hvs. a.3/cx2 u31ng
f : .
the kinetic data at PH's greater than 7. The value

for k was obtalned from the slope of a plot Gf

l/rL {k 4%3 * 'k uz)[L 1 wvs. [H ] using the llfetlme ‘

f
data-at pH less than 6 and the values of k and k5
determined above. All rate constahts so obtalned
- -4

are llsted 1n Table VII. ' \T

L]

Intermedlate to fast exchange sp@ctra‘for the:
acetate methylenlc protons are exhlb%ted by the
Pb 1,3~-PDTA system; examples of such spectra are
'~ shown on the left hand side of Flgure 14 for a
" 0.10 M solutlon of Pb(l 3- PDTA) at pH 7.00 which,
contained the 1nd1cated concentratlons of free 1,3-
PDTA. . Because of the complex1ty of this exchange

case, kinetic data were obtained from the'experi—

mental spectra by comparlson w1th computer 51mulated

spectra. The s1mulat10n was accompllshed w1th a four-

‘81te exchange program (43) formulated u51ng modlfled
Bloch equatlons. ‘The four sites are free l 3 PDTA
and 1, 3- PDTA complexed to lead 1n three dlfferent

nuclear spln states, +l/2 and -1/2 for ° Pb,and

78
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for- K,

zeroffor all the‘other lead isotopes. The procedure
was to s1mulate a series. of soectra as a functlon.of
the mean lifetime oflthe Pb—l,B-PDTA complex before
ligand exchange T&L, using the follow1ng 1nput oara—
meters: populatlons, chemlcal shlfts and natural
linewidths at each of the four, sites. The 1nd1v1dual.
llfetlmes for glven\solutlon condltlons were then
obtalned by comparlng the 11new1dths of the resonance

peaks and by . superlmp051ng the experlmental and

-calculated spectra..v ' . o \\

The llfetlme data presented 1n Table X were ob-

\/

tained from experlments 1n Wthh the PH was. held

'constant and ‘the free llgand concentratlon was varled

The" matched experimental and computer 51mulated

-

spectra shown 1n Flgure 14 are typlcal of the fltS

»"

_ ohtalned in such experlments., Applylng Eouatlon XII‘

to the above 11fet1me data, the s;ppes of the‘plots

of P Kr ) vs. [Lf] yielded the values for k

Lf ML 3

k4,and k5 listed in‘Tahle_VII. The 1ntercepts of such

7 =1 v—;ﬂ

vplots,gave an approximate value of 2.2 x10° M “sec

} .

3

A more prec1se value for k was obtalned uslnﬂ the‘

.Jdata glven in Table XI which " glves the PH dependence

of 1/1 for a solutlon 0. 10 M in both Pb(l 3- PDTA)
f

'and free~l,37PDTA. Equat%on XIV‘was applicable in B

L
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: ‘Pable X h
A Kinetic‘Dafa for the Pb-1, 3-PDTA System at .
' Constant pH Vald?s as.a Functioﬁ of Free
ngaﬂé Concentratlorna
R . ‘,_ A« ,'h; '
pH [Le] (g)“i L, /Py 1/1Lf(sec7})
6.00 0.015 . 0.153 163
.0.030 ~0.307. - 93,2
0.0%44 0.468 . 69.2
0.9%8¢  0.634 ) 52,5
0.073 . " 9.g08 - 45,9
0.087 © 0.980 © £39.6
0.100 1.5 - 36.5
0.114 -~ 1.34 - 33.1
7.00 . ~ 0.015 0.155 32,3
- | 0.030 - 0.314 ‘ 39.8
0.045 . o.479 349
0.059 - 0.639- 35,7
0.073 ~ 0.808 | 31.7
- - 0.087 oo 0984 319
- o.100 " 1.16° 29.2
0.113. .33 27.9
9.03. . - .0.015 . 0.157 - .79.%
| 0.030 C0.31a 290
0.045 ey 0.474 201
L0059 oueas L a7y
0.074 = - 0.814 189%@v
- 0.089 1.00 185
0.103 - L 1§v o212
(a) 25°.

(b) Dcétermined by matchlnq exncllmon1al ‘and Computor-
" “, s;mulatcd spgctra. : -




-

(a)

(b)

(c)

Ve L

¥

,0.10 M Pb(1,3-PDTA)2” and.0.10 M free 1,3-PDTA.

25°.

. :}
N

Determlned b§ matchlng experlmental and .~

-

computer 51mulated spectra.'

s HE .
“ S N . A

=
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-

thlS case, so tha¢ the slope of a plot of F

r

24

. . EJ

Value_
3

l/rL <>(k4 3+ k az)[L ] vs. [H ] ylelded the,
£ ;
-2 .vas

fc~ ¥ - shown 1n Table VII Rate constant k

2747°fF"°
;o - ‘

u .

obtalned from the relation k -2 = k.K K.

L
\

ngand Exchange Klnetlcs of the EDDDA Complexes

The reactlons represented by Equatlons IV to VIII
were'con51dered to be the predomlnant pathways by o }
whlch EDDDA exchanges betweeyg the free and complexed
forms for the solutlon conditions used in this work -
As in’ the 1,3-PDTA systems, the- AB multlplet patterns
observed for the acetate methylenlc protons of the
EDDDA complexes at 1ntermed1ate pL alues in the

b

absence of noncomplexed llgand 1nd1cate that the mean R

llfetlme of the complexes before first- order dls—‘

. sociation by the reactlon represented by Equation IV

& .
is greater than 0.1 sec., Thus, thls reactlon can be

neglected in the klnetlc analys1s of the data. Free
l}gand llfetlmes were determlned from the llnew1dths
of the exchanged- broadened acetate resonance of the
free llgghd u51ng Equatlon XVIII. |
Llfetlme data for ‘the Cd-EDDDA system or. experl— -

N .
ments in ﬂhlch the pPH was held constant and the free

&
iggand concentratlon was varled are given,in Table

XII. Using Equatlon XII, themslopes obtalned from

-



- Table XII h

]

‘Kinetic Data for.the Cd-EDDDA System at 3

Constant pH Valuqs‘as a Function .of

»

Free Ligand éoncéntrgtion arb
PH ) W B e e 1/x
‘ = “Lg’ "ML 1/2°7%0 L¢
oL . o T (sec—1)
8420 1'0.l§0 5.02 _é,zé - o.82
N ) 01149 2.92 . 1.40 1.19
0121 1.93 1.57 1.73
0.102 ' 1.29 .75 12,30
0.084 0.898 \  1.87 3. 7
0,066 10613 2.04  3.20
8.50 f 0.160 4.95 1.57- 1.82
0.141 2.94 1.85 2.70
0.122 1.95 7 2.16 3.68
0.103 1.31 - 2.31 4.15
0.084 . 0.894 | .63 5.15
D 0.066 0.608. ~ 3.18  6.88
- S
(a)  25°. | ; |
(b)-vwlzz éf»ffe¢ liqan&‘resonance fbr_né liganﬁ.exchahgg
is 1.03 Hz.
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plots of P /(rL %}} Vs. [L 1 ylelded the value for

k3 llsted in Table VII and valués of zero w1th1n"
experlmental error for k and kS' 1nd1cat1ng that the

.lattep rate constants are too small to be measured
v 4

. by the pmr method. - From the. llfetlme data as a -
functlon of pH for a solutlcn 0.10 M in both Cd(EDDDA)

and free EDDDA shown in Table XIII the value for k2

&
. was determlned. Over the pH range studieq, Equatlon

XII could be reduced to -
W’l', S R N

1 = k2[H+] _ v' '. ! _ XVI

. 2 L
. . U

- The terms in~kz and k5 were neglected. because 1t was L

'~ shown above that thelr exchange contrqbutlons are too
small to be detected by pmr llne—broadenlng methods,

Know1ng the value of k3, calculations 1ndlcated that

!

- the term contalnlng this rate constant couldgalso be

neglected For the glven solutlon condltlons
/ <.
Py =Py and ‘the slope of the plot of l/r vs.
7 f
[H] ylelded/the value for k2 shown in Table VII.

"

Llfetlme data for the Pb-EDDDA system at constant

'iipr varylng the free llgand concentratlon are presented
‘1n Table XIVs- Using Equatlon XII the slopes obtalned
from plots of P f/(Lf ML

of k3 llsted in Table VII and values of zero W1th1n

) vs. [L T ylelded the value

-
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Table XITI
Kinetic pata as a Function of pH for -the

CAd-EDDDA System ?'b'c

pH .  $, Wi/zi(ﬂz). ;,»' 1/rLf
(sec™1)

5.60 5.28 13.3
5.74 4.09 9.61
5.90 ) 3.44 7.57
5.99 3.13 6.59
6.15 2.63 5.02
6.37 2.04 3.17
6.67 1.59 1.76
7.03 “1.32 0.91
(a) ‘25°C.

-—1

rbg 0.10 M Cd(EDDDA)2 and 0.10 M free EDDDA.

’-'(cj" Y12 of free llgand resonance for no:‘lgand

exchange 15';,03 Hz.'



Ty -y .
- Table XIV ' &
Kinetic Déta for the Pb-EDDDA System /
at Constant pH Values as a Function of -
@;f' - Free Ligand Concentration apb -

;l>H SNt PR PL/Pur 1922y Uy
7.2Q\'4' ,0.178 .1 9.87 1.26 0.818
T 0.156 " 4.37 1.56 1 1.76

0.135 2.49 1.84 2.64
0.113 1.59 2.16  3.64
10.0924 1.04 2.43 . 4.50
©06.0727 0.70 2.85 . 5081
+0.0530..  ° 0.44 . o .3.18 . 685 - .
- LT : | |
7.50 - 0:178 9.88 ~ '1.50 1.60
- 0.159 4.81 « 1.91 - 2.91
0.141 <2.94 2.26 -3, g
- 0:123 1.98 2.64 5.19
0.105 1.38 3.02 6.39
0.0875 0.981 3.33 7.35
©0.0702, 0.685 3.66 . 1 8.40
. 0.0534 0.460 4.55 - 11.2
(a) 25°C T g

~ (b)% wl/2 of ?rqg ligané respnanéelfor

is 1.03 Hz.

o "

no ligand exchange

. 87



experlmental error for k4 and k5 Data as a function
. b

of pPH for thls system are glven Ain Table XV.- Ihﬁfj'”

v IR

TR,

the determlnation of k2 from these data, Equatlon XII‘ ' gfﬁg

. B : \_,\?".‘ '., 'z' .
. . was reduced to - S ST
' . B v, gé\? v
' Ty : o
~~ 1 ‘: A o o + : : ‘ F:?‘ '
T mT ke (ngd =ty I
, L s S
ad ¥ a

In thlS case the term contalnlng k3 was tooblarget Y

to. be neglected oveér the pH range shown in Table-Xv.

Therefore, a plot of l/r k3 4[L 1 vs. [H ]
f

i ylelded the value of k2 given in T ole’VII

L
For the Zn- EDDDA system it was found that the

rates of the reactlons represented by Equatlons VI

‘to VIII are too slow to be measured by pmr line-

1

broadenlng methods. The value for k2, however, was

{él“t of l/ﬂ

VsS.
f.

determlned from the slope of a

for the comp&éﬁatlon o eé"x‘;‘ L+ 3} 1nc bv mono-

protonated A3 PDTA (k'



. (B} ©0.10 M PB(EDDDA) 2" and 0.10 M free EDDDA.

s / Table XV
\Klnetlc Data as a Functlon of pH

for the Pb- EDDDA System 2/PrC .

" pH ~%" | . W/, (Hz) -1
: B
6.30 : 3.08 6.15
6.50 2.50 4.34
6.77 2.27 3.62
~6.97 2.25 3.77

”“1a¥ *25°C.

"Qlé)ffwl/z of free ligand resonance ‘for no llgand
;gf;exchange is 1. 03 Hz.
J.“K, _ - v v
2'!.: b e : ;
SR g ) &
. o




s

X
-
Tornle VI
Kinetlc ata tunc*ion »f pH
for the - LDDDA Sy ey 2:E:C
] ‘
pH . Wl/ﬁ Hz) %/TLf(sec
)
3.48 ! 2.99 ) 6.28
3.67 » ; 2.40 4,62
| ' ' _
3.87 .~ 1.88 ( 2..80
a.06 } {1.59 | o 1.89
4.26 1.3, 1.0l
4.46 | .16 . o.54
o hd )
(a) 25%c. "

(b) ‘0.10.M Zn(EDDDA)z_ and 0.10 M free EDDDA.

e

. () wl/zaof_free ligaif[resonance“for no ligand

J
§

‘exchange is 1.03 R%.

AY



K”’Ndk

_Protonated EbTA (15"24 34). Thls finding contrasts

' w1th that of Pearson and de Wit (69) who determlned

thas the rate of the reactlon of 21nc w1th monoprotgmated‘
EDTA was less than that‘W1th monoprotonated 1, 3 PDTA

u51ng .stopped-flow kinetic measurements Thelr
¢

results can only be con31dered approx1mate, however,v

.31nce the observed rates were just at the detectlon

.llmltS for thelr stopped flow apparatus. .T@e réte con*_*

,stants for complexatlon of cadmium, zinc'and lead by mono-k

—

- protonated EDDDA are from 2.5 to 10 times smaller than the:

correspondlng ones’ w1th monoprotonated. 1, 3 =PDTA.

In the dlssoc1at1ve mechanlsm (1,70) of complex
"formatlon, the reactlon takes place in-a Stepwise |
fashion, with metal ion and llgand flrst dlffus1ng
together to form an outer-sphere complex. A water
molecule then dlssoc1ates from the aquated: metal ion
‘and a donor group of the multldentate llgand coordlnates
at the vacated 81te. When a second water molecule
dissociates at a p051tlon Cis to the metal- llgand
_bond the second metal -ligand bond forms._ The reaction
continues w1th a Separate

™
Depending onlhe_structur;

for each of the bonds.

vhe llgand, the rate of

. fcrmatlon of a spec1f1cﬁt, ;
. ar “\\" ‘Q
govern the compleﬁatlon rate. For the majorlty of

1"i§and bond will -

L4

.complexes whose formatlon klnetlcs have been studled,

N D



\ '

. J N
formatlon ‘of the flrst bond is rate- determlnlng, its

rate being governed by the rate of water dlSSOClathh

fréh the aquated metal ion 1n the outer sohere complex

(70)

4

A p0551b1e sequence for- the stepw1se reactlon of

7.

aquated metal 1ons w1th monoprotonated hexadentate
F.h
1lgands of the EDTA type is shown 1n Flgure 1.

P

‘Reactlon proceeds by dlssoc1atlon ‘of water molecules
followed by metal llgand bond formation to yield

an 1ntermed1ate in Wthh the three dentates of one
"end othhe llgand are metal- coordlnated whlle
‘icoordlnatrpn at the other end.is blocked by the proton

M 4

 on the nltrogen. For furthen coordlnatlon to occur

the second metal-~ nltrogEn bond- has .to form before

the 1ntermed1ate dissociates to reactants. Presumably
x

the second metal nltrogen bo:d>can form only after

.the ﬁroton has been transfer e
_or to a solvent moleaule.:“ , ‘ J . oo
A
:The s1m11ar1ty of the rate constahts for the !

reactlon of monoprotonated EDTA and 1, 3—PDTA with

aquated cadmlum aﬁd zinc (k 2) suggests that, once’m
the nltrogen protonated 1ntermed1ate has formed w1th
these llgands, coordlnatlon of the remalnlng dentates

ise not rate determlnlng. If 1t were ratp determlnlng,

-

1t 1s llkely LLthe overall complexatlﬁn/rate constants .

d to a carboxylate oxygen



Jor monoprotonated l 3—PD“A would be ‘less than those

for monoprotonated EDTA due to closure of the slx—’n

membered rlng Wthh is necessary in the former

"complexes Kustln and coworkers (47 48) have ound

4

<

~
N

T

4

vf m1n1ng step is dlfferent,ln these reactlons., ztais

that when rlng closure\ls the rate—determlnlng ‘step,

the rates of certa;n complex‘formati n-reactibns are

slower ~when -sixcmembered rings arefinvolved than whenr, _;

Y N/
flve-membe ed rlngs must be closed The present '
l] . .
results are con51stent w1th the, rate—determlnlng step

being formatlon of One of ‘the flrst three metal—

— \ 14 o, -
1. : < /', !

R

llgand bonds, L‘s ‘rate belngﬁgoverned by the rate of

wfter loss frofm ‘the' metal ion.

f

The smalLer rate constants for reaction w1th ﬁono-

prqtonated EDDDA (k,z) suggest that the rate-deter—
F )

?

™~
Cd
1

p0551b1e that when the first llgand dentate t

M.& . 0
a7 ~:,

‘bond is' a prop onate“@%rboxylate oxygen, the rate
of formatlon of the metal nltrogen bond to close

)

the slx—membered chelate ring is-less. than when the

flrst llgand dentate to bond is an acetate carboxylate
\

" oxygen. If . thlS were the only fo' or respon51ble

for the smaller rate constants, the rates of complex-

/
‘ation w1th monoprotonated EDDDA should be ‘at least

e

half tho with monoprotonated 1, 3 -PDTA.
A-f;j:;2 decrease, the magnltude of“which would

%
3

L .

¥
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rooe e g

‘; . o ' ‘ L *

be metal 1on dependent mlght result if the rate}
3 . £ 4 N
' of dlssoc1atlon of the nltrogen protonated ihtter- .;kf o
e . ~ e

faqiﬁedlates 'in the EDDDA reactlons are Euff1c1ently

Y.

[
large that a 51gn1f1cant amount of 1ntermed1ate ! ,
. o , et
dlssoc1ates to reactants prior to proton transfer
\

AR

/
- from the nltrogen atom.f Klnetlc data are not avallable N
< t

¥
- for model Ehldentate complexes from which the rates St

of dlssoc1at10n of the nltrogfn protonated trl—

) /)‘

%

dentate 1ntermedmates of l 3- PDTA and EDDDA can*be RIS o

obtalned However, assumlng the-~fate constants for ; 5
~ v A
formatlonQof th%‘nltroqegnprotonated 1ntermed1ates

- to. be equal to the- rate constaﬁts for the reactlon .“'J\
w1th monoprotonated l 3~ PDTA (k _2) -and the formatlon ;_b

‘constants forCthe 1ntermed1ates to be approxlmately ‘

>,

. _
“those of . complexes of model tridentate llgands, order
of magnltude’rates of 1ntermed1ate d1$5001at10n can

: i

be predlcted. The dlssoc1at10n rate cohstant is

\

glven by 4 2/Kf, where Kf‘ls the formatlon constant

051ng the formatlon“COnstants of the 1m1nod1acet1c
. v. ﬁ‘
ac1d (IDA) complexes (71) as approx1mate values for

]

trldentate coordlnatlon to mqnpprotonated l 3 PDTA

EER

~and assumlng the. analogous formatlon constants with
L 4

v
monoprotonated EDDDg\to lie between thosq for IDA

.ﬂ.
. E

and 1m1nod1prop10n1c ac1d the predlcted value for

the_dlssoclatlon rate c€nstant of the cadmium 1nger- o

\ .



o,

. of 175 sec -1 for migration of the proton to the

mediate with lXEQEEEA is 1.8 x 10? sec 71 while that
o ' &
with EDDDA is between. l 8 x 10 4 ana 1.1 % 10 6‘.sec—l

The predicted value for the dlSSOCl tlon rate constant

‘of the zinc 1ntermediate with 1, 3-PDTA is 3.7 x’lO2

sec 1 while that with EDDDA is between 3 7 x 102 and _
4 5 x lO4 -l. The . formatlon constant of the
1ead complex of 1m1nod1proplonlo acid is not avallable.

~ The reactlon by which the proton leaves the

nltrogen to permlt formatlonxof the second metal—

“

vnltrogen bond could-lnvolve elther direct transfer

to solvent ‘water or mlgratlon to a nelghbourlng

o -

ucarboxylate group. The klnEEIcs\of ‘these two g
.reactlons for the‘nltrogen—protonated isomer of
‘neutral'glycine.haue hEen studied by‘Sheinblatt_and
Gutowsky (72), who report a\paghdo first order rate
constant of 5 sec -1 for the transfer of the |
nltr:2;n—bonded proton to water and a rate constant

‘Carboxylate group.~ The rate constants for proton

~'transfer in the nitrogen-protonated 1ntermediates.1.' -
) pf_i;jxpoTA.and EDDDA would prbbably bé somewhat =~ -*

(larger than elther of those for quc1ne because of

charge charge 1ﬁterac 1on between the metal ion

and the proton and the add1t10na1 carboxylate group

“to whlch proton transﬁer can occur.

95
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The precedlng con51deratlons suggest that the

/

'rates of dlssoc1atlon of the metal ions from the

EDDDA 1ntermed1ates are larger than from the cor-

frespondlng 1,3- PDTA 1ntermed1ates, and. that they may

'_be comparable to the rate of proton transfer from

4the nltrogen atom. If so, there is a greater chance

fthat EDDDA 1ntermed1ates will dissociate before

proton transfer ama formatlon of the second metal-‘

).o

nitrogen boun. can take place, and consequently k
‘ would be less for the EDDDA complexes. The Rrec

cons1deratlons also suggest that the rate

'dlng

react%&n
(\J/

'“PNﬁnlthééadmlum\should be decreased\V~}e than’w1th 21nc,

- as observed experlm

tally.-

If these conclu51ons

A arg correct, a further decrease would be predlcted

for the formatlon reactlons of the monoprotonated

formgof”ethylenediaminetetrapropionic acid.

Pearson -

: . . 3 - R ! '
and de Wit “(69) found this to be the case for the

1 . L
zinc complex. p

Second Order Ligand Displacement'Reactionsa

. -

«

\

The'reactions‘repreSented by Equations VI to

VIII are‘second order ligand displacement reactions.

The mechanlsm (7,24, 73) for similar EDTA type llgand

'exchange reactlons has been demgastrated to 1nvolve

,the bound llgand belng succe551vely dlsplaced by

[
[
S
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" the incoming ligand w1th 1ntermed1ates present in ‘_.
whlch both 1lia- s : 51multaneously bound in
" varying degrees ﬁo tnc,mftal ion. The mechanism'
for the ligand UJupldCémeht reections studied in -
this chapter isfp:obabiy similer? COmparisen of
the rate constants L3 k4 and ksrln Table VII for
the cadmlum and lead complexes of 1,3-PDTA ‘shows
a decrease in the values w1th 1ncrea51ng degrgz
of protonatlon of‘the 1ncom1ng llgand 1nd1cat1ng ) S
.fthat proton transfer ‘might be a rate- determlnlng |
step in these reactions. S¥milar results. have. .
been found ;or otherégystems.(7,39;40,44,73).v° ,:{.- N
' o : : o ". : '_.._ i



i'CHAPTéR\IV a 47ﬂ

 EXPERIMENTAL e oy
) ) RIN |

A. CHEMICALS
1,3~ PDTA ‘was synthe51zed by’ the method of Weyh

and Hamm (74} The follow1ng analytlcal data were

) qbtalned for the ligand: Calculatedffor-c11 181 208:

C, 43.1; H, 4.9; N,79.1.’»qund C, 42.9; H, 5.1;
.N, 9{1' The 1“4 QDTA was prepared by Dr. George

{
Blakngy by a procedure analogous to that used for

1,3- PDTA. "EDDDA (Lamont Laboratorles) was used
without furthar purlflcatlon. No 1mpur1t1es could

be %etected in the pmr spectra of solutloﬂ§ of each

of these llgands. Reagent grade. metal nltrate |

salts were used as recelved.' Tetramethylammonium

(TMA) derox1de (Eastman Organic Cheﬂ?&als); tertiar&-
.butanoll(tebutanol’ and‘l,dédioxane'(Fisher Scientific)

were used as received. -

B.° SOLUTIONS
A stock solution of TMA H'trate,’used as a.
reference'for some of the ch lcal Shlft measure-
,’ments, was - prepared by tltratlon of a 25% aqueous @
solutlon of TMA hydrox1de with nitric ac1d to a

neutral pH,

e

Q.



The solutlons used in the pmr measurements were
prepared in elther trlply dlstllled water or in
' D20 from the approprlate amounts of metal salt and
.llgand at concentratlons varylng between 0. 10 and
0 20 M For maklng chemlcal Shlft measurements
TMA or t—butanol was added at concentratlons of
\»0\01 M and 0,03 M reSpectlvely to ‘serve as a reference.

- To avoid dllutlon, the pH or pD was adjusted w1th

e

o concentrated HNO3, KOH or KOD and samples of about

<. 0. 5 ml were w1thdrawn at approprlate pPH or pD values.
"When klnetlc measurements were belng made at constant
pH as a functlon of free llgand (or metal nltrate) |
concentratlon, the requlslte amount of llgand (or

: metal nltrate) was added the pH adJusted and a.
sample: w1thdrawn.. More llgand was added to the
.solutlon and the same procedure followed for all
’samples at thls pPH. The concentratlons were
corrected for the decrea51ng solutlon volume.. Since
hlgh toncentratlons are necessary in the pmr experl-

ment, no attempt was made to control the ionic

. strength.

C. .pH MEASUREMENTS




g

S

Orlon Model 801 pH meter equ1pped w1th either a

standard glass electrode and ‘a flbre—Junctlon
saturated calomel reference electrode or a‘micro—
combination electrode. Saturated pota551um acid
tartrate ‘and 0.01 §'sod1um tetraborate solutlons,
pH.3.56_and 9.18 at 25° were used to standardize.
the meter.  For DZO solutlons, the meter readlngs
bwere converted to pD values u51ng the expression™

of Glascoe and Long (75)

PD = pH meter reading + 0.40.

' D.  PMR MEASUREMENTS - o 7

The proton spectra were obtalned at 60 MHz on

3

'[a Varlan A-GOD at 100 MHz on a Varian HA-100

and at 220 MHz on a Varlan HR—220 spectrometer.

-

These 1nstruments were equlpped w1th Varlan varlable
temperature controllers. The temperature of the |
vprobe was determlned using the standard methanol

and ethylene glycol solutlons and the plot of-

chemical shift vs. temperature prepared by varian. e

At 60 MHz, spectra were recorded at sweep rates

~of 0. l'ﬁg/sec for both the chemlcal Shlft and line-

shape measurements.' The chemlcal shlfts are reported e
. P

in ppm relatlve to the central- resonance of the TMA

e



triplet which is 3.17 ppm}downfield from the methyl
.resonance of sodium 3 (trlmethyls1lyl) l—propane
sulfonic. ac1d - For llnew1dth measurements, each
spectrum was recorded at least four times and the
llnew1dths at half helght ‘of the resonances in the
'-1nd1v1dual,spectra.were averaged.
The«HA—lOOVSpectrometer mas oper§tedkin the
frequency sweep mode with the methyl resonance of-
internal t butanol prov1d1ng the lock 51gnal Inter¥x
ference . from the water resonance nece551tated 3
‘the use<fo20 as the solvent. Each spectrum was
recorded at least four times at sweep rates of
0.1 Hz/sec for the llnew1dthymeasurements.' Fre—
quencies were measured from the differences between'
the manual and sweep osc1llator frequenc1es.

At 220 MHz the chemlcal shlft dlfferences and

llneW1dths were measured dlrectly from the spectra.

E. KINETIC APPLICATIONS OF NUCLEAR MAGNETIC RESONANCE

The basic theories used in the study of'chemiCald
exchange ‘by nuclear magnetlc resonance (nmr) have
been treated exten51vely in several monographs and
rev1ew artlcles (50, 76 79) Tﬁ of these theorles,‘
the modlfled Bloch approachvangfden51ty matrlx theory,

A

p
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' “have been utlllzed in the -present work to extract
‘ klnetlr data from the pmr spectra. Only a brlef

qualltatlve descrlptlon of these two approaches ’ -

L

w1ll be given.

gioch (80) obtained a set of equatlons to descrlbe
the varlatlon of the components of the total nuclear
magnetlc moment per unit volume for a collectron

of nucle1 w1th non—zero splns in the presence of a’

| *varylng magnetlc fleld The 51mplest chemical exchange
system whlch may be studied by nmr is one for which the
nuclel may 1nterchange between two different chemical
env1ronments, A and B with different Larmoﬁr fre-

vquencies._' For this case, there w1ll ‘be two 1ndependent

‘ magnetlc moments for env1ronments A and B whlch can

Tl

';be descrlbed by the Bloch. equatlons Addition of terns
to these equatlons to account for the transfer of o |
magnetlzatlon between the two sites leads to . the
modlfled Bloch equatlons (81). Frgm these equatlons

a general express1on -may be derlved desorlblng the
1ntens1ty of the nmr absorptlon at a glven frequency
.when there is exchange between the sites (82 83).

Thls general equatlon may be 51mpi3§1ed under certain
11m1t1ng condltlons.

One such condition is that of slow exchange for

‘which the spectrum consists of two sepérate resonances

102
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ggeneltles.r

'separatlon of the “esonances and

. . " . /
KT o : - —
PR . .

,at,freQuenCiesﬂé and N (in Hz). For this situa-

A

tion the lifetimes Ta and s of the nuclei in‘each_

'
of the sites before exchange to the other site are

large compared to the inverse of the separatlon of

-1
the resonances, that 1s, A' B AT B

lifetimes may be determined from the extent of broad-

e

ening of each of the resonances by an equation of the

form (76),

l 1

':where Wl/2 A is the llnew1dth at haiﬁ helght of the

exchange-broadened resonance of nuclei at site A

and wl/2 A is the llnew1dth of the same resonance in

&;

 the ‘absence of exchange. An. analogous equation

‘may be wrltten for the llfetlme T : The natural

B®

linewidth wl/2 A is related to the effectlve spln—

)spln relaxation tlme T2 A by.the relatlon /7 =

2,A
“wl/2 A. The effectlve spln—spln relaxatlon tlme

takes 1nto account the actual spin-spin relaxatlon

.tlme and broadening due to magnetlc field 1nhomq-

!

For the condltlon of 1ntermed1ate exchange, the.

‘bllfetlmes are of the: order of the lnverse of the

¥,

of the tran51t10n from two resonances to one. When-the

T, > (6. - §.) . These

- "Myoa T wl/z,A" o ",(VII_I'

the spectrum con51sts

103



lifetimes are small COmpared to the inversé of the
9 . '

separation of the resonances,lrapid exchange occurs

and the spectrum con51sts of one resonance at an

A

1ntermed1ate frequency between §, and 6B.
Most of the ligand fxchange systems studied in

Chapter‘III arelone%‘for'which EqUation‘XVIII is

‘applicable. The two sites are free ligand and com-

- plexed ligand.

The modlfled Bloch equatlon approach may be

extended to the many- site- exchange problem by  the

~addition of approprlate exchange termSvand the

i

- L%

derivation of an expre551on descrlblng the 1nten51ty

-of the nmr absorptlon as a functlon of the frequency.

The llfetlmes in the- 1nd1v1dual 81tes may then be

obtalned by computlng theoretlcal spectra and matchlng

them to the exper1menta1 spectra. Such an approach

was used ‘for the Pb- 1, 3-PDTA exchange system whlch

'was analyzed as a four-site exchange problem

The exchange problem becomes much fore complex
when' there is spln—spln coupllng between the nuc1e1
at the dlffere\t sites.. For such systems the
modlfled Bloch approach 1s ‘no longer valld however[
a quantum mechan1ca1 method based on the use. of

densxty matrlces is appllcable. In th1s theoretiCal

treatment (78,79)," exchange and relaxation matrix

3
)
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u#ing as the basis set/the spin

terms are added to the basic dénsity matrix equatic

roduct functions

for‘the spin system in question. A final 1ineshape'

expressioh~for thebﬁmr absorption ‘spectrum can then
be deri&ed., For an AB sp1n system, the llfetlmes
Ty OF TB may be obtalned by computlng theoret1ca1

speptra using the above lineshape expre551on and

matching them to. the experlmental spectra. Such an

approach was used in Chapter II for determlnlng the

lifetimes before AB 1nterchange,

’
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CHAPTER ¥

' INTRODUCTION .

The blndlng of metal ions by molecules such as
&
peptldes and protelns is of fundamental 1nterest in

v1ew of the 1mportance of metal ions in blologlcal

¢systems (l 4) For example, the catalytlc function

;.of many ‘enzymes is. dependent upon the presence of metal

4

"1ons whlch may be coordlnated to certaln functional-.

'groups of the enzyme or substrate. In an enzyvme

o

are relatlvely small molecules maklng them more

i

many groups are avallable as potentlal coordlnatlon
51tes, but only certaln.ones are_actually metalP‘
coordlnated in.an enzymatic reactioh.

Metal—peptlde complexes are- potentlal models for
metal- enzyme 1nteractlons since peptides can be syn—
thesized which contain the functlonal groups involved
at the active 51tes of enzynes. Moreover,’peptldes‘

amenable to study by a. varlety of technlques. Freeman

: -has summarized X-ray crystallographlc data for many

)

" metal- peptlde complexes (5) Even though these data

refer to SOlld state structures they may be useful for'

at least sugges’ .ng p0551b1e metal blndlng 51tes and

’ cOnfbrmations’of the complekes'in solution. A great

: deal of research has also been devoted to the solutlon

-y



chemistry of metal-peptide complexes. Several of these

4

studies will be reviewed briefly below. (Q
Representatlve of the early work in thlS area are
the studles in whlch the formatlon constants of the

cadmium, 21nc, and lead complexes of a series . of

polyglyclne peptldes were determined (6—8)\using

potentiometric measurements. By comparing the formation

constant‘data, it wastifoposed that the binding sites

in these-complexes'con ist of the terminal amino group

113

and the adjacent peptide linkage, but it was not possible

to establlsh any carboxyl coordlnatloﬂ. The copper

land nlckel complEEes of the polygly01ne peptldes have

also been extens ely 1nvestlgated (9-12, 18) u31ng

pH tltratlon, 1nfrared and spectrophotometrlc methods
in order to determine formatlon constants. Ionlzatlon
of the peptlde protons and subsequent metal blndlng

to the negatlve nitrogen atoms was proposed by some

of the workers for these complexes. pH tltratlon

and spectrophotometrlc studles have also been carrled |

out on the copper complex of B-alanyl L-hlstldlne
(carn051ne)(9 13, 14). From thlS work 1t ‘was' suggested
f’that 1onlzatron df the peptide proton takes place

wlth subsequent copper blndlng to the negatlvely

charged peptlde nltrogen, but there ‘was lack of agree—b

3
N

ment as to the binding‘sites and the structure of

]



. ‘(J_\‘
the.complex.

The technlques-used in the above examples have
the dlsadvantage that they measure macroscopit proper-—
t1es and hence, do not prov1de definitive 1nformatlon
at the molecular level. Pmr %zectroscopy has proven
useful for eluc1dat1ng the bin ing of metal ions by

51mple peptldes at the molecular level “"For example

the functlonal groups of polyglyc1ne peptldes involved

\

in coordinatioh to diamagnetic cadmium, 21nc, lead
and nlckel (15- 17) have been establlshed from changes

in the- chemlcal shlfts of carbon—bonded protonS’.' )

close to the binding site.' The groups 6f polyglyc1ne

vpeptldes 1nvolved in blndlng to paramagnetlc copper

and n1cke1 (16, 17) and of carn031ne w1th copper (38)

114

have been 1dent1f1ed from the dependence of the llne— o

. widths of the pmr resonances on their prox1m1t\ 0

n -

the blndlng site.. This appllcatlon of pmr is 11mlted

'however, to those. peptldes whose spectra are relatlvely
"31mple becau e of the need " for dlStlnCt, well resolved

'r sonances for monltorlng 1nteractxons at the potentlal

1nd1ng 51tes. Spectra which cbn51stvof overlﬁgping f

‘_peaks and complex multlplet patterns are of llmlted

--use in metal blndln% studles.

Carbon-l3 magnetic resonance (cmr) spectroscopy

is potentlally more: useful than pmr for the study of

;
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metal-peptide interactions. First of a11 proton-

decoupled c r\spectra are - comprlsed of 51ngle A - Ay

resonanceg for each of the nonequlvalent carbon atoms

of'peptidis. Secondly, the range of chemical shlfts
‘in cmr is at least an order of magnltude greater
than in pmr, so. that often a resonance ¢an be re-
solved for each ‘0of the. carbon atoms. In addltlon,
carbon atoms are bonded dlrectly to the possible -
binding sites 1nvpeptrdes making cmr potentially
more sensitiue’as a probesfor'studying bindinghat
:the molecular level. | |

In Chapter VI, the results of a- cmr investi-—
_gatlon of the blndlng of cadmlum, 21nc, lead and
mercury by the trlpeptlde wa-glutamyl L-cystelnyl—
- glycine (glutathlone) are. presented ‘and dlscussed |

]

Y
'(23) ThlS peptlde was chosen to evaluate the

HZ%CHCH'CH CONHCHCONHCH., COOH

2772 l 2
'COOH 'ﬁnzw
SH

GLUTATHIONE

potentlal of cmr for\}he eluc1dat10n of metal blndlng
by peptldes because there is a lack of agreement as
'to wh1ch of the six p0581ble coordlnatlon 51tes are

1nvolved in blndlng to these metal ions (19-22).

115
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(f’\ ‘ CHAPTER VI -
THE BINDING OF ZINC, CADMIUM, LEAD AND MERCURY

BY GLUTATHIONE

ol

The trlpeptlde glutathlone, which is W1dely
dlstrlbuted in nature, contains the follow1ng six
potentlal sites for metal ion coord1nat10n~ the

sulfhydryl grouo, the amlno group, the; two carboxyl

L groups and the two peptide llnkages.‘ Formatlon

S

‘ constants for the 21nc, cadmium and lead complexes
of élutath one have been: determlned prev1ously
u31ng the o5H tltratlon method (19v22), but the
results are dlfferent in each case because of the
lack of agreement as to whlch of the 51tes are
‘1nvolved_1n metal ion coordlnatlon. The validity og‘.'
microscopic formatlon constants determlned from oH
'tltratlon data is questlonable when. the b1nd1ng sites
2are not Rnown because the method is based on the com-.
petltlon between the metal 1on and the proton for
| the 51te. Furthermore, mlcroscoplc ionization i
constants must be used in the calculatlons and
only in one 1nstance (21) was this done.=
’Aw Li and coworkers (19120) obtalned formatlon
"coqgtants for the zlnc, cadmium and lead complexes
of glutathlone by assumlng that all 1onlzab1e
protons are removed from the peptlde when it blnds

s,

C e
N
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.
to these.metal ions. They suggested that 1n these
complexes the metal ion 4s bound to the ionlzed
‘sulfhydryl and amino groups. Martin and~Edsall’(21)
on the other hand, considered that divalent metal
. ions could be bound to glutathlone elther through
the amlno and carboxyl groups of the glutamyl res1dueﬂ
- or to the sulfhydryl group of the cystelnyl re51due - -
with p0551ble chelate formatlon through a peptlde
bond. By assumlng that sulfur blqdlng coulddbe "
/éxcluded in S—methylglutathlone nd that bondlng to
the glutamyl re51due would be equivalent in gluta—_ ' :g€“hv
' thlone and 1ts S-methyl derlvatlve, they a551gned ﬁﬂ,,f}'
stablllty constant values -to the sulfhydryl bound REA
and to the;glutamyl “bound complexes of 21nc.; At »"]

e N
. . e .‘v',

PH < 8 these workers postulated that 21nc blndlng

could take place at 2 peptlde bond,’ but that 1on12a-i‘- g

tion of a peptide proton was unllkely. Perrlﬁ and _@:nfyf

\

Watt (22) con51dered a number of” dlffel=nt zinc and

2

cadmlum complexes of glutathlone of the type ML ’f:”riifgkgf;
ML;—' MHL ML(HL) ’ and calculated formatlon con; v -'*ﬁ%d g
-stants for each of these spec1es., These workers |
proposed structures 1nvolv1ng 31multaneous coordlna-L

tion of sulfhydryl and glutamyl groups to the same

: metal ion, and suggested that 1onlzatlon of the_ 75{V$Cwi

.,peptlde protons can occur on complex formatlon.
. 7 ’
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Because of the differing results of the previous o f%
studies of the metal complexes of glutathione, this_‘
particuiar'peptrde was chosen to evaluate the potential
of cmr for the elucidation of metal blndlng by pep-—
t1des. The results of a cmr 1nvest1gat10n of the
binding of zinc,~cddmium, lead and mercury by gluta-
‘thione are reported in thls chapter Blndlng to D
mercury has been studled prev1ously by the polaro—
graphic method (24), and binding to CH3Hg has been
studied by pmr (25). In addltlon, the acid-base
chemistry of the four acidic groups of glutathlone,
‘whlch is necessary for- quantltatlve studles of metal-
'blndlng, has already been characterlzed at the

molecular level (25 26) .

¢ A _RESULTS

:gclutathiOne

Cmar spectra of glutathlone were obtalned over
SN a pD range l to‘lf for a 0.30 M solutlon of the trl—'
peptlde in 020 using 1, 4 dloxane as an 1nternal

reference. The spectrum obtalned at pD 7.37 is the

f;f3\fone de51gnated (a) in Flgure 15. The carbon atoms
jf are 1dent1f1ed by Glu, Cys or Gly to spec1fy the

&

o amlno ac1d res€§g glutamyl cys€é1 or ycyl in
. 45
whlch the carbo n»Eé

located and C R C'

g+ C,+ CONH or
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Figure 15: 13C magnetlc resonance spectra of gluta-

thlone

(a) D20 solutlon contalnlng 0. 30 M gluta-'”

thlone at pD 7.37.

(b) . 020 solution containing'O;BOfﬂ gluta- J

. thione and 0.15 M Zh(NO3)

2 at pD 7.84,
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. CQOH to indicate the particu;ar carbon of -that
-residue. The assignments~of the carbon resonances
were made by comparison wlth the chemlcal ShlftS of
the constltuent amlno ac1ds (27 28), and frcm the
chewlcal shift d: =ndence of each of the resenances
on the'pD; These a351gnments are in agreement w1th

those reported by Jung and’ coworkers who have -

prev1ously given the cmr spectrum of. glutathlone

‘ (29), and have presented chemlcal Shlft vs. pH

curves for.each of-the carbon atoms (30). .

Zinc-glutathione

to change, as 1llustratedvby spectrum (bf in Flgure 15
This spectrum was obtained from a solutlon 0.30 M

in glutathlone and 0.15 M in Zn(NO3)2 in DZO at

pD 7. 84 and lndlcates that the 13C chemlcal ShlftS are
sensftlve to metal binding. The resonances were
a351gned by follow1ng thelr pD dependence from low o
pD values where little metal blndlng takesL;IaLe.
vThe chemical shifts of the three cystelnyl carbon.
,resonances are shown as a functlon of pD for a 21nc -
to glutathlone ratlo of 1:2 by the SOlld curves in

Flg?re 16 while the chemlcal shlfts of selected

‘carbon atoms of the glutamyl’ and glycyl res1dues
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- Figure 16: pD dependahce of the chemical shifts of the' -

cysteinyl carbons for aszo solution con-
~taining 0.30ﬁ§ﬂglﬁtathione'and 0;1S'§

Zn(NO ), ':The dashed cutves“represént the

chemlcal shrftvbehav1or of the same carbon
: g ’ _atoms for a solutlon of glutathlone con-

. + taining no complexlng metal 1?n.-
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are shown for the same solution cOnditions in Figure
17. The discontinuity injthese solddfcurves indicates
the pD region over which,precipitationnOCCurred.
The dashed ouryes.in Figures 16 and 17 represent&ihe
chemical shift vs, pD behaviour of the indicated
carboncresonances in the absence»of coordinating-
.metal ion.’ ;f e | ‘ t

* The lack of any large dependence of the chemlcal
ShlftS plotted in Flgures 16 and 17 on the presence
ltof 21nc at pD <3 1nd1cates no strong coordlnatlon
‘in thls pD range. A small amount of blndlng (] both
carboxyllc a01d groups,'whlch prev1ous studles (25)
have shown ‘to be partlally 1onlzed at pb > 0, As

’

indicated by the small chemlcal shift ‘differences A 2

observed for the Giy’,-c , Gly COOH glu—c and Glu-COOH

d'carbons.' A chemlcal Shlft difference for a glven e ) ' B

{

carbon'atom refers to the dlfferenCe between the solid

Aand dotted curves in Flgure§516 and 17 andyln sub-, N
'sequent flgures, and is- assumed to be 1nd1cat1ve

vof some degree of metal" blndlng to a spe01f1c 51te (

/
near the glven carbon atom. Some carboxyllc acid 9ﬁ¥<
group coordlnaﬁlon is con51stent w1th the known ‘ fgk\
blndlng of 21nc by the carboxyllc ac1d groups of

acetylglycxne and the C-termlnal end of‘polvglyc1ne

.peotldes (15 31).
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Between pD 3 0 and 13.2, the large chemlcal

Shlft dlfferences exhibited by all three cystelnyl

" - carbon resonances 1nd1cate that zinc 1s bound to some
extent: to the sulfhydryl group and possibly to the
‘peptlde llnkage between the cysteinyl 'and glycyl

re31dues. The lack of any chemical shift .difference

for the Glu-CONH carbon at pD < 10 5 1nd1cates no-

‘blndlng to the: peptlde llnkage betweeu the glutamyl'

and cyste1ny1 re51dues. The Glu—COOH resonance
1nd1cates a small amount of blndlng to the glutamyl

residue. up to pD 6, presumably 1nvolv1ng only the

' carboxyl group. An‘lncrease in the b1nd1ng‘to‘the‘

glutamyl re31due at pD > 6, 1nd1cated by the chemlcal]

Shlft dlfferences for the Glu—COOH -Cu, —C and -CY

..carbon resonances, probably involves 51mu1taneous
~21nc coordlnatlon to the amlno and carboxyl groups
“_by analogy w1th the coordination of zinc by gly01ne.

'The small chemlcal Shlft dlfferences observed for

the Gly-C and Gly—COOH resonances over the pD range
3 to 9 are con51stent w1th a small amount of binding
to the glycyl carboxyllc ac1d group.a

The rather large downfleld shlfts exhlblted

by the Cys-CONH Cys CB, Glu~-CONH and Glu—C carbon

'resonances at pD > 10 5 1nd1cate a change 1n the

nature of: the blndlng to the peptide_linkages. 'If_

bl
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blndlng does take place at the peptlde linkages at
pD, < 10 5, 1t is presumably to the carbonyl oxygen
of' the neutral peptide linkage, since it is known
to be the more basic site (5,32-34). ‘The downfield
shift behaviour suggests that, in the presence of
- 21nc, 1onlzat10n of one or both of the peptlde
protons mlght occur at pD > lO 5 w1th subsequent
b1nd1ng of 21nc to a negatlvely charged nitrogen
-atom. Separate resonances for the free amino ac1ds
of which glutath;one is comprised were not obserVed,
indicating that.hydrol§sis of the peptide bonds had l
not,occurred underlthe given‘solution-condition%t

' The specificity of the'zincibinding in the pd

range.3-to 6 was investigated further.by'mOnitoring

E the chemlcal shifts as a function of the zinc to

glutathlone ratio for an HZO solution at a constant -
pH of 5 51; the results of thls study are presented
in Flgure 18. It can be seen that the" chemlcal |
shift of the Cys- CB carbon varies contlnuously as

the ratio is increased from 0.0 to 0.5 and then

levels out at a constant value of 38.2 ppm, the total

v-chemlcal Shlft varlatlon is 2.7 ppm. “This 1nd1cates

that at a ratio of 0.5 and a pH of 5.51, the main
spg01es in solution is a complex con51st1ng of one

A21nc and two glutathione molecules. The chemlcal Shlft
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change of only 0 3 ppm for the Glu-COOH carbon up
vto a ratio of 0. 5 suggests that only a small amount
of binding takes place at the glutamyl end ‘éFor
comnarlson, aonlzatlon of the glutamyl ammonlum

proton results in a change of 8.4 ppm for this carbon

resonance. On changing the‘ratlo from 0.5 to 0.7,

however, when the sulfhydryl‘group is presumably com-

‘pletely complexed, thevadditional-chemical shift
changevof 0.6 Ppmffor“the'Glu—COOh carbon indicates
‘that the glutamyl end is becoming more important as
a‘binding site. - The chemical shift variation ofvonly
0. 1 ppm for the Gly-C carbon in Flgure 18 1nd1cates

very weak glycyl carboxyl blndlng at the glven PH.

: Prec1p1tatlon occurred at ratios greater than 0.7.

,Cadmium4glutathione |

The chemicai shifts of_the threevcysteinyl'
carbons for a.cadmium'to glntathione;ratio of 1:2
are shown as a functlon of pD in Flgure 19 by the
Asolld curves.. The correspondlng curves for selected

carbon atoms of the dlutamyl and glycyl r551dues are

shown in Figure. 20. The do ted curves in these»ﬁ

e T
-

flgures represent the data - 1nts for a glutathlone

solutlon contalnlng ‘no complexlng metal 1on. At
pDh < 2, ev1dence for a small amount of cadmlum

'blndlng to the two carboxyl grouns is glven by the
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- small chemical shiftldifferences.obseryed for the
G;y-Ca,»ély4C00H; G-lu—cOl and Glu-COOH carbons. Asv
in'the'iinc syStem} this type of binding is consistent
ﬂw1th the known blndlng of cadmium by the carboxyllc"
ac1d groups in certaln peptldes (31) _
Between pD 2.0 and 13 2, thellarge chemical'
Shlft dlfferences observed for the t?ree cystelnyl
';carbon resonances 1nd1cate that cadmium {s bound .
uto the sulfhydryl group and possibly to the oeptlde
fllnkage between the cystelnyl and glycyl re51dues.
vNo detectable blndlng ‘to the other peptlde linkage
" is 1nd1cated by the fact that the chem1ca1 shift of ;
the Glu—CONH carbon resonance is not changed by the f.
.preSence of cadmlum The chem1cal shift curves
for the Glu-COOH carbon suggest that a small amount
v-of glutamyl blndlng takes place up to pD 7, probably
1nVOlVlng the carboxyl group. An 1ncrease in glutamylh
. binding at pD > 7, 1nd1cated by the chem1ca1 Shlft_ |
ubehav1our of the GluOCOOH ~C_., -C_ and. —C carbon

8
fresonances, most Iikely 1nvolves slmultaneous

coordlnatlon of cadmlum ‘to both the glutamyl amino
_and carboxyl groups. Flnally, the small chemlcal‘
'shlft dlfferences observed for the Gly-C and Gly COOH

carbons over . the pD range 2 to 9 1nd1cates weak

- 'glycyl carboxyl coordlnatlon.'
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The above results indicate that in the pD range
2 to 7 cadmium binding occurs almost exclusively at
the cysteinyl residue of~glutathione. This specifi—_
city was further 1nvest1gated bv monitoring the chemlcal
"shifts as a functlon of the cadmlum to glutathlone
'ratlo for an H20 solutlon at a constant pH of 6.59.
The chemlcal shifts of selected carbon resonances
are plotted as a functlon of the ratio in Figure 21
The cystelnyl re31due is- the pr1nc10al coordlnatlon
s1te up to a ratio of 0.5, as ev1denced by the: chemlcal
hshlft variations of the cystelnyl carbons. In par-
tlcular, the chemical Shlft of the Cys- /g_carbon changes
by 3. 2 me and then levels out. above a ratio. of 0. 5.
The chem1ca1 Shlft of the Glu—COOH carbon changes by
only 0.3 ppmkuo to thls ratlo, 1nd1cat1ng very little
glutamyl b1nd1ng. However, an 1ncrease in thlS 1nter-
actlon takes place at ratlos greater»than 0 5 when
'presumably the sulfhydryl group is fully\coordlnated
‘:Flnally, ~the chem1cal Shlft change of only 0.2 ppm |
for the Gly—C resonance 1nd1cates weak blndlng to

the glycyl carboxyl group under these condltlons. —

Prec1p1tat10n occurred at ratlos greater than 0.7.
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Lead—glntaéﬁgone ' - o ' ' /

The chemical shift curves of the three cysteinyl, |
the Gly—C ;nd the Glu-COOH carbons are shown as a : 4
functionvof pD in Figure 22 for a lead to glutathione

ratio of 1:2. Precipitation from pD é 3-to 5.4 and

above pbh 12 limited the range over which binding couldd

2%,

;,be studi\d
‘ At pD < 2.3, weak coordination to the two carboxyl

groups is indicated by the small chemical shift dif-

st

ferences for the Gly— . and Glu—COOH canpons._ Between

&

. pD 5.4 and 12 the chemical shift curves prov1de
eVidence for lead binding to only the cysteinyl and
glycyl reSidues.d The large differences between the
‘solid and dotted curves for the three cysteinyl carbon

hresonances indicate lead coordination to the sulfhydry‘

o group and possibly the peptide linkage between the'

cysteinyl and glycyl reSidues. Evidence for weak
glycyl carboxyl binding'between pD Sld,and 9.0 is also‘
provided by the chemical,Shift.curves:for the Gly—C°l
and ‘Gly-COCH carbons. The:extent of this binding

’decreases at pD > 9 presumably due to carboxyl displace—

‘ment by hydrOXide ions w1th the formation of lead-

'hydroxxjglutathione mixed comolexes. The.lack of any

change in the chemical shifts due to the presence of

lead for all the glutamyl carbon resonances is ‘evidence
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“whlch the ratlo was’ varled from 0. 0 to 0. 5 for an H 0

'y 1nvest1gat10ns at mercury to glutathlone ratlos '

|

that the glutamyl functlonal groups ‘do not act as

*

blndlng 51tes in the pD range 5 4 to 12.

:3

’ ’
Mercury—glutathione

- The chemical Shlft curves for the three cyste1ny1
carbons as a function of pD shown in Flgure 23 for a
. ‘mercury to @lutathlone ratio of 1:2, are seen toﬁBe
nearly. constant over the entire acce351ble pD range.«~
 The chemical ShlftS for all the other carbon‘atoms of.
:~g1utathlone are 1dent1cal with those obtalned from
solutlons contalnlng no mercury ions. . Therefbre, the
blndlng of. mercury appears to take place exclu51yely
{’to the sulfhydryl group at a mercury to glutathlone
'ratlo of O.S. The results of further experlments, in
_ 2
';solutlon at. a constant pH of 5 01 are presented 1n

vFlgure 24.~ These plots conflrm the spec1f1c1ty of the

A

‘sulfhydryl group for mercu£$ Rrec1p1tatlon prevented

Ay

'-greater than 0.5"

~

B. DISCUSSION

A

The cmr resu@tscshow that all of the metal 1ons
studled in. this work bind to the sulfhydryl group of

glutathlone at metal to peptlde ‘ratios of 1:2 ‘and, at

135



."- . . . ) 136

R e
//
/

. -~ 14
t { LI 1 | L N 1 1 | ] ] LR
42 = ) ' ‘ - ) N L —
. ' D G e S SEEL G S G S T S Smee w=— G =
—~—
-~ ,
i ~ ™,

wof N

38

[\ -

(\"
AL

L. SREPSL, ) :
F - . | | -
12[ SRR o S .

10 |F = | °—"—°'—‘*"’_'°—'~'>—<)—:>~—<>——4:~—o —

L SHIFT ‘(ppm.'from dioané)

N
2\

(O |
\Y

-104 - R o DT

206 | om0 == BN

~ Cys-CONH __ e

CHEMICA

© o8

1
2

SIS TS T | IR B T |
T _

Figure 23: pD dépehdénce of the chemical shifts of

_thqocysteihyl Carbons for a D2O solution
COntaining 0.30 § glutatpione and 6;15 gf N

Hg(NO3)2.ﬁ. .: .’ S \*»



137

- ..:L"Q{'
) A
. Y T T T T ;;,j’f'f. _
O
o
b -9 - e
5 38 -
E ,
. Cys-C .
E 36 ys-bg v
L L M
gl la[' | L F" P
. l,_ RN
L
I ,
n ° e r_’; ]
= -1osf Cys-CO}VH .
g X N . |
ol -108- Glu-COOH + 7
=110 _" ; ! i | ;GIy-COOHko .
6.0 of 02 03 04 o5
[Hg"*“]/ [GLUTA THIONE]

AFigu:e‘24ﬁ Theuchemlcal shlfts of selected carbons “w oo
as a functlon of the- mercury to gluta-
'thlone ratlo for an aqueous solutlon at

PH 5. 01. Cw



138

pD > 3. Also, all of the metal ions except mercury
coordinate rather weakly to the. glycyl and glutamyl
carboxyl groups, while only zinc and cadmium blnd to
the glutamyl amino group. The extent of blndlng to
the varlous sxtes is dependent upon the solutlon pD
'except in the case of mercury which is bound strongly
to the sulfhydryl group over the entlre acce351ble pD :

1

range.'_ o S U ' : .

Zinc and Cadmlum Blndlng to the Sulfhydryl and Glutamyl

Groups : o : R a

Because of the similaritylin the binding of'cadmium

and zinc, the results for these systems w111 be dls—
sicussed together. The strongest blndlng o‘ these two
- metal ions occurs to the\sulfhydryl group, as ev1denced’A B
by the fact that the metal ions bind to thls groupiat ' i
a much lower pD than to the glutamyl amlno group,
even though the pK of the sulfhydryl group is only | . }
.'o 2 units less than thaL of the amlno group (25) The -
chem1ca1 shlfts of the Cys CB carbon indicate that |
"for a metal to glutathlone ratio of 0.5, all the sulf—
-hydryl groups are complexed at pD 6 in the zinc svstem
and at pD 7 in the cadmlum system. The results of

experlments in whlch the metal to glutathlone ratlo was'r

varled at pH 5 51 for the zlnc systemxand at pH 6 59

~



for the cadmium system also indicate that binding

occurs almost exclusively to the. sulfhydryl group at

, these PH values up to a ratio of 0.5. Thus, a 1:2
o _ _ , -

complex such as that shown below is the major species

in solution for-these conditions.

. o .
OZCCHCH2CH2CONHCHCONHCH -Co e’

. T 2 2
@ .
NH, | "CTZ
o
nla' ] .
‘ |
. S N
R | .
o *”,‘2_ |
0. CCHCH..CH.. CONHCHCONHCH - o 2.
2 2CH, | 2¢0, ™
) o '
NH

This’ 1 2 complex is analogous to the complex
. M(HL) y where M fs gd *or Zn2+ and- HL2 represente
,1monoprotonated glutathione, proposed by Perrln and |
wWatt (22). These workers weée unable to asslgn the
'blndlng s1tes due- to the uncertalnty in the pK o
‘values of the amlno and sulfhydryl groups. The.amino‘
group is st111 protonated as ev1denced by the chemlcal
1 Shlft caufves for the Glu-COOH —C and ~CB carbons.? Li
and coworkers (19 20) 1nterpreted pH tltratlon data

for the blndlng of cadmlum and 21nc by qlutathlone in

@
terms.of.complexes 1n whlchgthe twogcarboxyl,wtheuamlno

139



and the sulfhydryl groups are.all.ionizedev The present'
' chemlcal shift data show thlS not "to be the case, but
rather that several dlfferent complexes may form and in-
some, those functlonal groups whlch-are not coordinated
are protonated. | |
lt‘is'possible that in the zinc and cadmlum
'complexes dlscussed above, binding mlght also occur
to the peptlde llnkage between the cystelnyl and glycﬁl
.»re51dues. Of the two 51tes in chnis llnkage, protonated

T
_ nltrogen and carbonyl oxygen, tae oxygen is the more
B & .
»r
ba51c (5, 32 -34) and hence a mor= probable b1nd1ng 51te,
Such binding occurrlng 31mu1tar=ously w1th sulfhydryl

group coordlnatlon would. result 1n a. 51x—membered

. chelate rlng.v The cyste1ny1 carbon. chemlcal Shlft

data for the z:.nc system at pD. 7 are cons:Lstent w1th
carbonyl oxygen blndlng.' . ‘i71. ‘;ff;- ;yf'

o As i nown by the chemical Shlft vs. pD cuives,
observable metal blndlng to the glutamyl amlgo group |
;'takes place at pD >'6 for the 21nc system and at pD > 7

'for the cadmlum system “he extent of thlS plndlng 1s

pD dependent, as 111ustrated by the results 1n Table

@ 4‘4'

XVIiI whlch were calculated from the chem1ca1 Shlft data

5

- for the Glu—COOH and, Glu~C8‘carbon,resonances-usrng_u

"the equation,

Q..
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A

Table XVII

Fractlon of Glutamyl Groups of Glutathlone

Complexed by an and‘Cdz as a Function of.pD a
. o an‘+ i o ca?*
pD ' Glu—COOHb"\ Glu-C_ c \G;u?COOH  R Glu-c_
' , —= ' A , A R
6.0  0.03 Q.00 10.03 . 0.00
7.0 00 WS o2z oos 0.00
8.0 - 0.3 0.2 - _0.14  0.06
'8 5 © 0.49 Y o.ar \n,zl ) 0.14 .
9.0 °  o.58 ‘jv 0.53 S 0.35 © 0.36
10.5  0.63  o.55 0.37° 0.32
‘1.0 058 _o0.56 0.27 0.21
L R | | |

"(a) :Data obtalned from solutlons of metal to glutathione
~  ratio of Lr S .
J',Glu—COOH carbon chem1ca1 shift data.

“(c): Glu—ce carbqn chem1ca1 Shlft data.

.
2
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where f is the fractlon of glutamyl groups complexed
hsbBS is the observed chemical shift of a glutamyl carbon
in the presence of complexlng metal 1on,‘6f is the
chemlcal Shlft in the absence of metal ion and 6 is the
chemlcal Shlft of glutamyl complexed glutathlone. The
"value of 6 used in ‘these calculations was obtalned from
the p01nt where the solid and dashed curves cross in
Flgures 17 and 20 (31). ng GOBS values were obtalned
from the chemlcal Shlft vs. DD curves for solutlons
of a metal to glutathlone ratio of 1: 2 and those for
df from the correspondlng curves for a solutlon of
glutathlone. The: fractlons shown in Table kVII reveal
that cadmlum is bound less strongly to the glutamyl end |,
ﬂpof glutathlone than is 21nc.'
A change in the nature of the zinc blndlng to the
"cystelnyl re51due in the PD range 6 to 10.5 is 1nd1cated
by the chemlcal Shlft data for ‘the cystelnvl carbon
resonances shown 1n Flgure 16. | Slmul%aneous coordlnatlon
to the sulfhydryl group and the peptide carbonyl oxvgen,.
‘as suggested above, would be expected to have @dlfferent
effect on a11 three cystelnyl carbons than coordlnatlon
‘to’ the sulfhydryl group alone.' Therefore, it is sug-
: _gested that at pD < 6 slmultaneous sulfhydryl—peptlde

oxygen blndlng takes place, and at PD > 6 the amount of

blndlng to the peptlde oxygen decreases. Presumably
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the decreased peptide binding isvdue to giutamfl group
competition for the coordination siteshon thedzinc;
The smaller affinity of cadmiUm for,the glutamyi'group
'probably causes a smaller decrease in peptide binding
~and hence, the effect on the cystelnyl carbon chem1ca1
shlfts is less than in the zinc system. - ," >

At pD > 6 for the 21nc—glutath10ne system. and pD > 7

_for the cadmlum system, the pr1nc1pal b1nd1ng sites are ﬁ"
'the glutamyl re51due and the cystelnyl re51due. GlutanylVS

blndlng most. llkely‘lnvolves 31mu1taneous-metal co—{
,‘ordlnatlon to the amlno and carboxyl groups by analogy

-w1th the coordlnatlon of these two metal r?ns by glycmne.

. n3;5. Fa J‘:;. - [:3§ .
As - 1ndlcated above, cystelnyl blndlng%couid 1nvdﬁ@e .r» : ’
o i SF @
B mv .
51multaneous coordlnatlon to“%ﬂe sulfhydryl group and i
jn‘ B ‘{~ :‘E‘})

‘the oxygen of the peptlde llnkage between the cystelnyl
'and glycyl re51dues._ In any case, it is unllkely that

both the cystelnyl and glutamyl re51dues of a glutathlone

At
gy

. %_, (I ‘ t{&'
ggetal ionjy thls would 1nvolve an unstable lO—memberedﬂ“°*$§Q%
R ,

ring (35), 51nce the present chem1ca1 shift data have

" molecule are SLmultaneously coordlnated to the same

shown'that the peptlde llnkage between the glutamyl and |

E cystelnyl residues is not bonded to cadmlum nor to

zinc at pD < 10. 5. The structure proposed by Perrln and

Watt (22) for the ML complexes, where Mz is Cd2 s

"-anf-and,LB represents‘fully ;onlzed glutathione}
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‘involves simultaneous coordination to the glutamyl
amino and carboxyl groups, the glutamyl peptide . llnkage

‘and’ the sulfhydryl group ééyhis clearly is not in
i

13

‘agreement w1th,the C chemical shift data. In the

structure proposed for the ML; comolexes by~these
'3workers, the second glutathlone'molecule was assumed
| to be bonded to the metal only through the glutamyl -
carboxyl and amino groups. More likely structures
for these complexes are ones in whlch the cystelnyl
.ﬁor glutamyl group of one’ glutathlone molecule and
“the cystelnyl or glutamyl-group of another are boundf
‘to the same metal ion, as con51dered by Martln and
AEdsall (21) 1n the analy31s of pH tltratlon data.
Another 11ke1y structure mlght be onevlnu;hlch the
'cystelnyl and glutamyl groups of a glutathlone molecule
;are bound to dlfferent metal ions, resultlng in
.gpolynuclear complexes whlch have been_proposeda-
"'previously'fOr polyglycine'peptide complekes (15'16).
Molecular models 1nd1cate that polyndclear complexes in
which a metal is bonded to the sulfhyd;yl grouos of ", .
‘two glutathlone ligands and the glutamyl amino and |

carboxyl dentates of two other sulfhydryl—comolexed

.glutathlone molecules are . poss1ble.»
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. ; )
, A
Ionization of the Peglde/ﬁrotOns
F/ . .
It 1s known that, in certain metal—peptlde

complexes, the metal ion promotes the ionization of
peptlde protons with subsequent binding to the negativeiy
charged nltrogen atom (9 10 1s, 18 33,36, 37) The -
large downfleld ShlftS obserVed for the Glu—CONH
_leu—Cyi Cys—CONH, and Cys-CB'carbon resonances for the
zinc system at pD > 10.5 suggest that‘zinc'might promote

Ty

'iqnization of the peptide protons of glutathione. After g
such jonization the most basic site is the nitrogen
- ‘atom (5, 34) where zinc binding-could take place.

Slmultaneous zinc coordlnatlon to the sulfhydryl. group

{

uand glutamyl peptlde nltrogen would result in a five-

1ny1 peptlde nltrogen

'ng. Ionlzatlon of a

,\ .
_}nltrogen atom to ‘a zinc 1on presumably have dlfferent

effects on the chemlcal shlfts of the nelghb ,ing

carbon atoms. The fact that the chemlcal shlftéyﬁ
. ;1 . l

the Cys—C 'carbon,twhlch is near both peptlde ;ktrogéhs,_

‘experlences no change at pD > 10 5 mlgﬁi be due %n
the comblned effects of 1on12at10n and blndlng can-"‘”a: ¢
celllng each other out. The chem1ca1 Shlft data for T

the cadmlum, lead and mercury systems prOV1de no - ' ;;}~J‘

rev1dence for peptide proton 1onlzat10n.
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Perrin and Watt (22), from pH.titration data,
/suggest@d that.ionizatioh of the peptide protons of
glutathione can occur upon complex formatlon with both o
'21nc and cadmium and that the metal-peptide bond o
1nteract10n rs slrghtly'greater'in the zinc.systeﬁ.
However, the pK of 9.86 which they ihterpreted as
correspondlng to 1onlzatlon of a peptide proton from
a coordinated peptlde group in -the ZnLg - complex, |
is approximately two orders of magnltude/too low to
" be con51stent w;@h the present chemlcaa Shlft data.
.Martln and Edsall (21) found that thelr pH tltratlon
vdata for zlnc—glutathlone did not nece551tate the
postulation of the 1on12atlon of peptlde protons;
however their experlments were carrled out. at pH < 8.
These same workers have suggested that zinc 1on'does
promote peptlde 1onlzat10n in the zlnc—glycylhlstldlne
complex (13). _ H‘Av?/{"

'HMercury ‘and Lead Blndlng to the Sulfhydryl Group

The blndlng of mercury and- lead. to glutathlone
,1s someﬁhat dlfﬁgrent from that of zinc and cadmlum,“'

nelther mercurfgnor Lead blnds totthe glutamyl end
at pD > 3 for metal to peptlde ratlos of 0. 5. 'Mercury
' blnds exclu51vely to the sulfhydryl group at ratlos up

to 0. 5 over the pD range 0 5 to 12, resultlng in 1:2
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complexes with the protonation state of the carboxyl and
amino groupsudependent on the solution pD. No binding
‘to'any‘of the'other,potential coordination sites is
indicated by the;chemicai shift data. This is in agree-
ment with the results of Stricks and 'Kolthoff (24)
who found that in the complex Hng, where L represents‘
glutathlone in any of its protonatlon states, mercury
is flrmly -bound to glutathlone as a mercaptlde._ .
‘Since mercury and CH3Hg (25,39) bind to the sulfhydryl -
group with siuch a high degree of spec1f1c1ty and since
such blndlnggéesults/;n large chem1ca1 -shift changes
1n the Cys—C and\:gé resonances, it may be possible
to 1dent1fy these two resonances in the cmr spectra’
of proteins. by observxng changes in the spectrum as.
the proteln is titrated with mercury ‘or CH3Hg at
‘ constant PH. | |
e
The blndlng of lead to the sulfhydryl group of
glutathlone 1scnot as strong as that of mercury, as
ev1denced by the“decreasehln the ektent of binding
at pD < 7 and by the fa%t that no blndlng to the;
';ulfhydryl .group is observed at pD < 2.3 for the lead-
glutathlone system. The chemlcal shift data for the
) Cys CONH carbon 1nd1cate that lead mlght be 51mu1- |
- taneously bound to the surfhydryl group and. to the

oxygen of the peptlde llnkage between the cystelnyl and

M
| S
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glycyl residues.‘ The cnemlcal shift data also- 1nd1cate

) thatwthe glutamyl amino group is not a binding 51te

iH

‘7:_for a lead to glutathlone ratio of 0.5 over the

QhemicalbShfft"Differences
4 ) - . .
i Addition of metal ions to a solution of glutathione

causes the chemlqal shifts” of selected carbons close

to the blndlng 31te to change. Results of quantita-
'tlve measurements of the magnltudes of the dlfferences

L4

between the chemlcal shifts of selected carbon atoms, ,
: when a’ glven functlonal group is complexed({hg when the
group 1s not complexed are glven in Table XVIII. The
"Jmagnltudes of these chemical Shlft dlffe@emces are
Tdenoted by A.u |
In the determlnatlon of the a values for ‘the
cysteir ~arbon resonances, the chemlcal shlfts when

-the sulfhydrx} group is complexed were obtained from

’ the chemlcal shlfx vs. pD curves for the metal complemﬁ v

solutlons at ng?. , The chemical shlfts-when the

sulfhydryl group *~ not complexed were obtained from
- the chem&gal sh; . pD curves for glutathlone

'solutlons at pD 7 where the sulfhydryl group ‘is . 4

o

_protonated. ~ The order of decrea51ng A values for the

.CYs}CB carbon is ng+“> Pb2+_% Cd2+ > Zn2+, ln agree-
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Table XVIII'*
13C Chemlcai Shlft Changes for Selected CarhOn

Resonances of Glutathlone upon Complexatlon o0

5 A (ppm)

CARBON - an®t ea® T g2t o go2e

cys-c,, Coo3 3.3, - 3.5 4.

Cys-C_ : 1.0 1.5 - y 1.6 ‘i 1.0 E
Cys-coNH_:_} 1 0.5 n 0.5 | . 0.8 if‘. b;z"
Glu—COOH  v?. :6:9- ;1;3.9 - ﬁJ'déi-g '.‘, a'.

Glu-C s - 2:63 o 1.8 Ca . .
Gife, . o ez o3

3

7 (a) Noucoordination'of ngf or.Pb2+‘to the glutamyl“ -

’

amino group was - detected. ,
“{b) ;No coordlnatlon of Hggf‘to the glyCYi‘carbOXYI‘

group.was_detected. »‘3;
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.ment Wlth the order ‘of decrea51ng afflnlty of the )

sulfhydryl grouo of: bov1ne serum albumln for these

a'metal ions (40). The data in Table XVIII afso

?111ustrate that the A values decrease as the number

‘of bonds separatlng the carbon atom from the sulfhydryl

‘group 1ncreases. The much greater decrease for thf;
Cys—C ‘and Cys-CONH carbons in the mercury system is-

ﬁ”con51stégt w1th no blndlng of thls metal “ion to the \

l;oxygen of the peptlde l1nkagevbetweenvthe,cystelnyl

| and glycyl res1dues.‘- - | . : v

_The A values for the Glu—COOH and Glu—CB carbonl

resonances are presented in Table XVIII for the cadmlum
‘and zlnc systems, no glutamyl amlno coordlnatlon by

"h 'mercury or lead was detected by the chemlcal Shlft

B data.f The chemrcal shlfts for‘the glutamvl complexed

é;pec1es were obtalned from the po1nts where the solld

<vand dashed curves intersect in Flgures 17 and 20 (31), |

:”whereas the correspondlng values for noncomolexed
,glu&amyl specres were obtalned from the chem1ca1

lshlft vs. pD curves for glutathlone at pD 7 where the
.amlno group is protonated and the glutamyl carboxyl
,E

’i‘group is 1onrzed , It can be seen from Table XVIII that:p.

- the values are larger for zlnc than - for cadmlum, 1n

Jagreement w1th the relatlve order of stabllltles of the'

- correspondlng glutamlc ac1d complexes of these metal

o

=) .

- 150
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ions (41). - It is also ev1dent that blndlng at the

”glutamyl end of glutathlone affects the chemical shli

of the Glu COOH carbon more than that of the Glu-C

carbon, whlch in turn experlences a. larger effect

L

. than the Glu—C carbon. The order 6f-these chemical

151 .

shlft effects is 51m11ar to that observed on protonatlon

of the amino’ group in amlno ac1ds and éﬁntldes (27).
The A values for the Gly C, carbon listed in
Table XVIII were obtalned from the differences between

the solld and dashed curves at pD 7 in Flgu‘es 17,

20, and 22, and reflect the extent of_b;ndlng_of the
- glycyl carbOxyl group of glutathione by these metal

~ions. It can be seen that the order of decrea31ng

o : . ’
A values is Pb ’>,Cd2+ > 2n2+, the same as the relatlve

order of the formatlon constants of the’ complexes e

x.
' of these metal 1ons w1th acetyllec1ne.and tﬂe carboxyl

Sy

group of polyglyc1ne peptides (15, 31) These carboxyl

nlnteractlons are very weak as ev1denced by the small

< . N -2

" A values,‘whlch are all less than 0. 3 opm. -B1nd1ng of :

- &

" zinc to the carboxyl grouos of glutathlone has not

“ "

" been. Drev1ously detected in pH tltratlon experlments

(19 22), presumably because the formatlon constants

' are so small.



' Cbnclusions
13

C chemlcal shift data indicate that the metal
ions 21nc, cadmlum, lead and mercury bind to the
“potentlal coordlnatlon sites of giutathione with a
'hlgh degree of_specificity.v All rour‘metalliOns _
bind to the. sulfhydryl group while only zinc and
cadmlum blnd to the glutaw;l amlno group under the ;
condltlons used in this work These results demonstrate
’phe potent1a1 of cmr as a technlque for eluc1dat1ng Lii
the . blndlng of metal 1ons by oeptldes. The technigue

should ‘also ‘be appllcable to 51m11ar studles for other

multldentate blologlcal molecules. N

[

,_,/// | "
. ) ) »
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Four

©©*" CHAPTER vir /| - ;
. l.VEXPE“RI.MENTA-L . a@
;o B CHEMI,C;ALSL.AND SOLUTIONS e

Reduced glutathlone (Nutrltlonal Blochemlcals

u

Corg° and\merochem Laboratorles) was washed w1th a
water—ethanol solutlon and drled at llO° before u51ng.

Reagent grade metal nltrate salts were used as
:)m A' 07 ,‘ R ou
. recelved . : “d
(//s_.\',. L - 'J)u*‘.

. The solutlons mere prepared in DZO or . trlply

,'"dlstllled water under an atmosohere of nltrogen to

.t ._,a,

ST

‘”mlnlmlze ox1dat10n of the sulfhydryl group of gluta-g’g

,thlone., ‘For the chemlcal shift vs. DD measurements,'
Grithe pD of‘DZO solutlons, 0.30 M in glutathlone and
0. 15 M in. metal nltrate, was ad]usted w1th a 40%
;; 'HKOD solutlon and concentrated nitric acid and samoles
hof apopt 2 ml each were w1thdrawn at the aporoprlate

e
41.

»fﬁﬁpnwyalues- 1,4- dloxane<??s added to the solutions

-1as an internal reference at a concentratlon of about
0 1 M. For maklng chemlcal shift vs. mole ratlo
’vmeasurements at constant pH the requlslte amount of

“imetal nltrate was added to an H,0 solutlon of gluta—'

”-thlone, the pH adjusted and ' a sample w1thdrawn More

metal nitrate was added to the solution and the same

' procedure followed for all samples at thls PH.

-4
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. B. POTENTIOMETRIC AND CMR MEASUREMENTS,

All pH and pD measurements were carried out as
.descrlbed in Chapter Iv. |

The 13C soectra were obtained . us1ng a Bruker>
HFX 90 soectrometer operatlng at a frequency of 22 63
: MHz and equlpoed with a Nlcolet 1085 comouter."%he '

i

Fourier transform mode was used w1th proton decoupllng ¥

’ [

When DZO was the solvent tHe deuterlum resonance

‘ﬁ;om the D,0 was used for the heteronuclear lockﬂ51gnal.',r
ﬁbenih29 was the‘sgizent the';gF resonance fraom hexa-
dfluorobenzene.in a coax1al caplllary was used for~the

lock. For each free 1nduct10n decay 51gnal 8K

data p01nts were collected in the computer and 4K
.faccumulatlons were carrled out to achieve an adequate’

: 51gnal to-n01se ratlo. The frequencv range of the dl
‘transformed spectra was 5000 Hz. Chemlcal shlfts§ o

""ﬁ

are reported in ppm relatlve to  the resonancfm?f
'1nternaL 1,4- dloxane whlch 1s 67 4 ppm downfield from

',the TMS resonance. P051t1ve chemlcal ShlftS correspond
to greater shleldlng than in l 4- dloxane._ The chemlcal
pshlft measurements are cons1dered accurate to

within 0.l ppm. For all measurements the samole .

.,temperature was 32 + 20,
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