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ABSTRACT . §

The rates of formation and decomposition of
cis—(eh)2Co(OH2)(CO3H)+2 and itSchnjugate basés haQe
beenlinﬁestigated in the pH range‘1v7 by the stopped—\
flow method. Loss of 002 occurs p;edominantly through
the fully protonated spécies, cis—(en)2Co(OH2)(COQH)+2,

and the rate constant and activation parameters of this

o

prpcesé are indicative of C-O rather than Co-0 bond-
breaking. Ring-ciosure of the monodentate complexes to
orm (en)ZCOCO3+ has also been étudiedi‘?nly cte-
>(en)2Co(0H2)(CO3)+ undergoes chelate ring-closure at

a measurable rate, and the rate constant is indicative
of‘C;O bond-making. The monodentate carbonato compiexes
afe formed mainly by the reaction of coé with cie-
(en)ZCo(OHZ)(OH)+2. The pH dependénce of the rates
~allowed the acid dissociation constants of cis-
(en)2CO(0H2)(co3H)+2 to be determined.

It was found that histidine reacts with a

stable fridentate Schiff base complex of nickelqil)
(NiTRi(OH2)3+2) in a stereoselective way. fﬁis réaction

was used to resolve the optical isomers of NiTRI(OH2)3+2.'

Kinetic studies of the reactions of NiTRI(Oi_iZ)3+2

with histidine, 3-methylhistidine, histamine, and histidine
methyl ester indicate that initial complexing occurs

Y
4



wiéh the imidazole‘nitrogen followed by ring-closurse
of the deprotonated amine. nitrogen to giGe a bidentate"
complex. The réte constants for formation of £hé

monodentate éompléxés were determined as well as rate
constants for-ring—opéhing bf the bidentate'compléxes.

The rate of reaction with histidine appears to be

N W

independent of the optical isomer used despite the
spereoselectivity of the reaction products. This
indicates that the stereoselécFivity results from
interactions aftér the rate-determining step in
compleg formation. | “

Studiés of the reactigns of Ni.'I‘RI(OHZ);h2
with glycine and l-methyltristidine gave cverall rate
constancs for ﬁhe formation and decomposition processés.
The ra“2 constants could not be reduced to values for |
specific reaction pafhs in an uneQuivocal way. The
rates of the reactions of Ni(OH2)6+2 with histicdine
and a-N,N,N-trimethylhistidine were studied.

Several mechanisms are proposed fér
bidentate‘chélétion to a metal ion, and these are
discussed and anaiysed in detail. The restrictions
imposed by the ion pair dissociative mechanism are_“?”
emphasizea. The interpretation of the rate laws ‘
indicates that the rate-determlnlng step for the
Process of chelate formatlon changes from rlng-closdre

L

vi



\

to initial bond formation as the pH is increased.
The denticity of several multidentate ligands

. . + < . .
coordinated to NiTRI 2 was investigated by an nmr

[
titration method. There is evidence of incomplete

ring—ciosure in the histamine complex with NiTRI(OH2)3+2,

in the regidn of pH = 6.2.

o »
A comparison of the rate constants for analogous
O+ 2
)6

NiTRf(OH2)3+2 and Ni(oHé systems shows that the

formation rate constants are quite similar but

dissociation rate constants are larger for the TRI
complexes. These observations are consistent with a
dissociative formation mechanism and steric acceleratioh

by TRI in the dissociative steps.

. 3
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b CHAPTER I

INTRODUCTION

Carbon dioxide and its coﬁjugate bases, thé2
bicarbonate and carbonate ions, aré among the simplest'
andcmost widely distributed chemical species found in
nature. They are of fundamental importance ﬁo both the
physical makeup of the earth and to the existence of life.
" As a result, they hqve'been thé subject of much study and
dfscussipn in the scientific literature.l ™’

‘1In recent years, the binding of éarbon dioxide
to ﬁetal ions has been a subject of some interest. Much of
this in;erest cenfers around the function of the metal ion

in the enzyme carbonic anhydrase,2'3’4

‘which increases the
rate of hydration of Co, by-a factor of about 109. Z2inc(I1)
is found in the native enzyme, but replacement by other
metal ions|has been accomplished, and the cobalt (II)

enzyme alsa show;/catalytic activity.2

M?st of what is knbwn;about thé binéing,of co,
with metal ions results from studies of carbonato complexes
of cobalt (III). Because of their,ﬁinetic inertness, it |
has been pzéEEB}g to prepare a wide variety of these . L
~ complexes, inﬂzﬁ};h the carbonate ligand is either
monodentate (e.g. carbonatopentaamminecobalt(III) ion,
(NH3)5C0CO3f } or bidentate (e.g. carbonato-bis—(ethyiene-

diamine)cobalt (III) ion, (en)2CoCO3+ ).



Two reviews of the chemistry of carbonato

complexes give a detailed survey of the work up to 1968.6'7

\ 4

The hydrolysis of carbonatoaminecobalt (III)
complexes has been the subject of a number of studies. For

+ . .
CoCO, , in the pH region

the monodentate complex,».(NH.i)5 3

1l to 8, the following mechanism has been proposed.8 N
K
+2 a + +
(NH3)SCOCO3H -+ H0 > (NH4) CoCO,  + HO0 (1.1)
(NH.) .Coco H"? ., NH,) .CoOH™ 4 o, a(1.2)
3’5 3 U305 2 :

If the total reactant concentration is represented by

+2
3)5C0C03H ] + [(NH3L5

is assumed to be a rapid pre-equilibrium, then

T = [(NH COCO3+] (1.3)

3

‘ 9
and Ka

reactions (1.1) and (1.2) lead to the rate law

4T _ k@ T (1.4)
at K+ (H)) o

where (H+) refers to the activiéy of the hydrogen ion. The
values of Kb and k are 4 x 10_7 M and 1.25 s-'1 reépectively,
at 25° and an ionic strength of 0.5 M(NaClO4).-

Other monodentate carbonato complexes ((NH3)5RhCO3+
(NH3)SIrC03+, (en)z(NH3)CoCO3+) appear to undergo hydrolysis
in a similar manner, sinceé they are found to have the same
rate law, and their rate conétants are similar.lo’ll
Oxygen(18) labeiling experiments have shown12 that

reaction (1.2) involves C-0 bond~-breaking, and therefore

it is best described as a decarboxylation reaction.



In contrast with the results obﬁained for the
monoden;ate complexes, the rate law for acid hydrolysis
of bidentate carbonato complexes conta;ns two terms, one
independent of and the other first ordé in hydrogen ion.
concentration. The following reactions Have been propoéed

to explain the kinetic results for the h drolysis of

(en)2C0C03+ 13,14 in the pH regioh 1-5.
+ o+ ky ' +2
(en}) ., CoCO + H,0O ————> c(¢is-(en).,Co (OH ) (CO_H) (1.5)
2 3 3 ‘ 2 2 3
+ k_3 - +
(en),CoCO3" + KO ———=— cig-(en),Co(OH) (CO;H)" (1.6)
28~ (en) ,Co (OH.,) (CO_H)*2 4+ ﬁ 0 a1
cig env2~ 2 3 2 Pru———

3
' : +2 ky - ‘ +é
cis—(en)ZCo(OHZ)(CO3H) — cis-(en)ZCo(OHz)(OH).

-cis—(en)ZCo(OH)(CO3H)+ + H0T (1.7

R S co, (1.8)
+3 . ' Ka3
cis-(en)ZCo(OHz)2 + HZO —_—
cié—(eh)ch(OHz)(OH)+2 + H3o+ L(1.9)

The rate constantshare'numbered so as to be
consistent with the later discussion. Harris and Sastri14
assumed that the rate of ring—opéniné, by reactibns (1.5)
‘and (1.6), is slow rei;tive to the rate\of‘(l.a). With this
' assumption, and if it is assumed that the equilibria

governed by Kal aﬁd Ka3Jare rapidly maintained, then the



rate law is given by

-d[(en)2C0C03+]

= fx 'ty 4 k_3} [(en) ;coco i (1.10)

dt 3

Values of 0.61‘4—15_1 and 1.2 x 10-45-1-were,reported for

)

k, and k_ respeptively, at 25° and an ionic strehgth of

1l 3
approximately 0.25M. If the rate of reaction (1f8) is

similar to that of reaction (1.2), thenaring—openihg will
be rate-determining, as was assumed by Harris and Sastri.

This ‘assumption will be tested in‘this present work.
A should be noted that the species
cis-(en)ZCo(OH)(CO3H)+ in reaction (1.6) could be written

in the tautomeric form, cia—(en)ZCo(OHZ)(CO3)+. There

has been some vacillation in the literature on this pointls,

and perhaps the best representation would show the pxotonﬂ‘

shared between the hydroxo and carbonato oxygen atoms via -
intra-molecular hydrogen bonding.
. 3

and the experimental rate law was' found

The alkaline hydrolysis of (én)ZCoCO has also

been sp\zdied,16

to be consistent with the reaction sequence (l.1l)to (1.16).

. y k } - '_ .
(en) ,CoCO 0 —=3 ciSf(en)zco(on)(co3H)*~ (1.11)

2

+
3 *H

(en) ,CoCO," + OH™ ———— cis=(en),Co(OH) (CO,) (1.12)



K

eis= (en) ,Co (OH) (coi) ¥ =22 ci s~ (en) ,Co (O) (CO,) + H' (1.13)
8k .
cis~ (en) ,Co (OH) (co3)'4—_:—5__——_»r,c~zs—(en)ch(on)z+ + HCO,™ (1.14)
.. k
._5 .
o Co (OH) ;¥ ——— ¢ - co(oH) ., * (1.15
cts (en)2 9 H) , rans en‘)2 o 5 .15)

. ' N . \ )
cis—(en)2C0L9£;7C03)—————>trans—(en)2Co(OH)(CO3) (1.16)

At 26° and an ionic strength of 1.0M(NaClO,),
the values of k_3[HZO], k3 and k._4 were found to be

5.4 x 10_5 s—l; 6.52 x 10—5 M1 s-l, and 3.17.x 10—3 M1 s-l,

16,17

respectively. Under the same cohditions, k5 has a

value of approximately 4.6 X 1073 w1 g1 16

The small
amount of trans product observed was accounted for by:
reactions (1.15) and (1.16). An oxygen (18) study17 showed
that réaction (1.12) pr ceeds via Co-O bond breaking.

These results indicate that partial base
hydrolysis of (en)2C0C03+ should be a cogﬁénien£ method
for preparing solutions of the monodentate species,
acis-(eh)2CO(0H)(co3). It is the intention of this
present work @o study the kinéﬁics of acid ﬁydrolysis
and possible ring-closure of the three monoden£ate
carbonato species, cis-(en)2Co(OH2)(C03H)+2,

-

cis—(en)ZCo(OHz)(CO3)+, and eis- (en) ,Co (OH) (CO,).



N

. N
. EXPERIMENTAIL X S

Materials |
. Carﬁonato—bis;(ethylenediamine)cobalt(III) ,7
chloride: (en)2CoCO3Cl, was prepared as déscribed préviouély
by Schless\inger.18 The product was‘recrystallized from hqt‘
water, and dried under vacuum over CaSO4 for several days
beforé use. Analysis. Calculated for (en)2Co(CO3)Clt C, 22.0;
.H, 5.87; N,20.4. Found: C, 21.1; H, 5.72; N, 20.4. B
‘The perchlorate salt of the complex was
precipitated directly by mixing a warm saturated solution
of (en)ZCo(CO3)Cl with a soiution of sodium perchlorate.
After cooling thé_solqtiﬁﬁ, the precipitate was collectéd by
filtration, washed with cold water, and d;ied under vacuum
over CaSO,. Analysis. Calculated for (en)ZCo(CO3)ClO4:
C, 17.8; H, 4.76; N, 16.5. Found: C, 17.4; H, 4.84; N, 16.3.
The values of the molar absorptivi£y obtained
from the elec;ronic spectrum of.éxfreshly pfepéred aqueous
solution of (en)2Co(C03)ClO4 in 1 M LiClO4 are 'in good
agreement with tﬁose previously published, as shown in
Table 1.
All éolutions were preparéa from water which
was digtilled twiée iﬁ a glass apparatus. The second
distillation was from alkaline permanganate.
Standard‘sodium-hydroxide solutions were

prepared by dilution of ampoules of conééntr;ted reagent

(J.T. Baker). Perchloric acid stock solutions were w

6



Table 1
+
3

A

Molar Absorptivity of (en)2CoCO

’

Amax , M Emax_ A max *°m € max ‘Reference
dammol tem™l dm3mol-lém_l—
512 131.5 . 358 120.8 © - 19%
516 '136.0 363 123.7 162
513 132.2 361 119.9 this workP

(a) Measured at 25° in 1 M NaC104.

~(b) Measured at 23° in 1 M Licld ,<15 minutes after

4
‘preparation of the solution.
prepared ffom concentrated reagent(70%, McArthur) by
dilution, and were standardized against sodium hydroxide
using bromothymol blue indicator. Stock solutions of

y
lithium perchlorate were prepared from reagent grade

material (G.F. Smith Co.). These solutions were filtefed\
wiﬁh a Millipore filter to remove insoluble material (<0.01%),
and standardized-by determining the amount of hydrogeh ion-
released from a Dowex 50W-X8(100~200 mesh) cation.exchange
column, originally, in the H+ form. Analytical grade
sodium carbonate and sédium bicarbonate were used as
supplied(Matheson, Coleman, and Bell). . .f

" Btock solutions of the buffers sodium acetafé

(British Drug Houses), tri-sodium citrate(Fisher),



\

8
2—methoxypyridine(Aldrich), MES (2-(N-morpholino)ethane-

sulfonic acid) (Polyscienceés) and PIPES, (1,4-piperazinobis-
(ethanesulfonic acid))(Polysciences) were preparea‘from

the commercial materials as suppligd. Aniline'(shawinigan,
Reagent Grade) was purified by distillation in the

Presence of zinc dust. Stock solPtions.df aniline were
prepared by dilution and‘used within §evera1 hours. The

PK_  values used in ionic gérength calculations are listed

in Table 2. o
' Table 2 . ' *

Acid Dissociation Constants of Buffers?

[

Buffér pKa Reference
Acetate ‘ l 4.8 ~ (20f
Citrate ' 3.1,4.7,5.4 , (20)

2;methoxylpyridine 5.3 - (20)
Aniline g' 4.6 - ‘ (20)
MES “ 6.1 . .1 (21)

PIPES 6.8 ‘ (21)

(a) Vélpes at 25°.

Kinetic Instrumentation

The kinetic data for the'cis—trans isomerization

of.(en)2Co(OH2)(OH)+2'were collected using a éary Model 14

5

recording spectrophotometer. The.température was



controlled at 25+0.5° by passing water from a
thermostatted water bath through the metal cell holder.
All of the other kinetic data was obtaiﬂed
using a standard Aminco-Morrow stopped-flow epparatue.
The curves of t anenittance uereus time were rgeorded on‘é
Tektronix storage oscilloscope, and were permanentiy
recorded on‘Polaroid film. The drive syringes on the
stopped-flow apparatus were thermcstatted at 26+0.5°,

(except in the temperature study) with water circtlated

from a Coiora constant temperature bath: the temperature
of-which wae controllea by aiThermistemp Model 71 control
device, with the thermietor probe mountea\ongthe thermP-‘

statted housing ef the drive syringes of;the stopped—flow
apparatus. The temperature wasﬁménitore@ﬁwith a Dorié_(
Model DS-100-T3 digital readoﬁt'thermometer coupled with
a COpper—constantat tbermocouple; which also was.
attachéd to the the -mostatted housing of the stopped-
flow apbaratus. Both the thermistor probe and the
thermocouple were theided from air currents with
insﬁlation material. | |

_ {p order to measure the pH of the product
solutions, samples from 3-4 runs on the stepped-flow
instrumeﬁt were collected. The reported pH‘is\the average
‘of 2-3 such determinations. The pH was;measuﬁed with a

Metrohm Herisau; pH meter and a Fisher combination micro-

electrode. The electrode reference solution (KCl) was



. . 10
replaced with.1.0M NaCl to prevent formation of

insoluble KClO4 in the solutions containing perchlorate
ion. The pH meter was calibrated using standard buffer

solutions SFisher Certified). ) -

Kinetic Measurement of the Rate of Decarboxylation
Solutions of cis—(en)2Co(OH)(CQ3)'wére prepared
in 8itu by mixing a 20.0 ml aliquot of;a 1.2 x 10—3M
stock solution of (en)2Cb(CO3)Clnwith 5.00 ml of,l!OOM
NaOH, in alstoppered.flask. After 30 minutes, this solution
was mixed in the stopped-flow apparatus with a solgtion
approximately 0.2M in HC10,, and 0.16M in buffer. THS
concentration of the acid was adjusted so as to give the
desired final pH after mixiné. Lithium perchl;rate was
included in each solution, sobthat the ionic strength of
the solutions before mixing 'was the same, and solthato
the proauct.solutioﬁs would have'an ionic strength‘of
1.0M. The concentration and type of buffer used in each |

‘-

kinetic run is given in Table 3.

Kinetic Measurement of the Rate of Isomerization

A stock soiution fo(en)2C0(0H2)2+3 was
prepared by ?issolving a weighed amount of’(en)2C0C03Cl
in dilute HClO,, and flushing the solution with argon
for’sevefallhqurs to remove the CO,. After addition of
MES buffer (0.04M) and LiClO4,AtQ give a final ionic

Ed

. strength of 1.0M, dilution to volume gave a solution of

[

L ke
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8.79 x 10—3M cobalt compleg{” "pH = 3.

To begin a typiczl kinetic run, 6.0 ml of the

diaquo stock solution were placed in a 2.00 cm cuvette,

1l

which was closed with a rubber serum cap; Then 20 to 50 ul -

d} 3.95M NaOH was injected into the solution, so that the
pH increased rapidly into the region of 6-7. After the.
reaction was complete, the pH of each run was measured.
“The decrease ‘in absorbance at 510 nm'was followed fpr at

lgast five half-lives. .

Q&Hnetic‘Measurement of Carboxylation and Ring-Closing

\

" Method 1

A solution of 3 x 107 %M (en) ,Co(CO,)CL in 0.2M

)

HClO4 was mixed in the stopped-flow apparatus with a
solution of NaHCO3 in 0.2M NaOH. The concentration of the

NaHCO3 was adjusted so as to éive the desired pH after

mixing, and the concentration of free é02 was determined

S

" from -the known eguilibrium comnstants of the carbonate
_system._ |
‘Method 2.
' An “aliquot of 20 to 100 ul of 3.95M Na,CO,

solution was added to 25.0 ml of a stock solution of

4

2'x 10 °M (en)>Co(OH ) +3, prepared by dissolving a known
27707272 .

amount of 1en)2CoC03C1 in 10 3M HClO4. This solution was
mixed in the“S£o§ped—§low apparatus with a solution of

0.16M buffer (MES or PIPES), and enough sodium hydrbxide

to give thé desired final pH in the region of 5.4 to 7.2,
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Since the acidic solutions of carboﬁ%fe tended to give

off CO2 on sténding, they were used as rapidly.as possible
aftef prepa~tion. The concentratighs of several of these
reactant sotuti ns of CO2 were checked by adding an

excgss of toand: -d carbonate-free sodium . ' b5xide to an
aliquot of t: 2actant solutidn, and back titrating

with standard HC]:O4 solution to the bromocresol green
end-point. The co, concenﬁration_determined in this way
was found to agree'within 5% of the concentration
determined from the amount of Na,CO, added.

All reactant solutions contained enough LiClO4

to give a final ionic strength after mixing of 1.0M.

Treatment of.Kinetic Data

i

Throughout the course of this research, several
different techniques were used to analyse the kinetic (\
data more efficiently. The rate constants for eis-trans
isomefization were determined from the slopes of plots
of the 1ogari£hm of the absorbance change versus time.

The plots of these data were linear for at least 90 %
of reaction.

The data from the stopped-flow apﬁaratus are
in the form of o%cilloscope traces of % transmittance
versus time. The absorbance, A, is related to

% tranémittance, ?,'by

A = 1og(l$) =2-1log T (1.17)

12
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A
For a reaction in which the absorbance 1is
proportional to the concentration of the reactants and/or
products, a first—ord%r rate coefficient (kexp) can be

obﬁained from

- In|a, - A | = -k t - (1.18)

InjA_ - A
© exp

el

where A_, A and AO represent the absorbances after 10

tl
half-lives of reaction, at time t, and before the reaction
has begun, respectively. Substitution of (1.17) into

(1.18) leads to

(T,)

- kexp t (1.19)

(Tt)i

= lnglog
(T,)

ln;log
‘ (T,)

where the subscripts have the same meaning as above. It
was found most convenient to measure the difference, ATt,
défined as shown in Figure 1. When the transmittance

increases during the'reaction as in Figure 1l(a), then

AT = (Tofeser ~ Tt) (1.20)
where Toffset 1; obtained directly from-the stopped—flow
apparatus, and Se

AT, = (Toffcet ~ To | (1.21)
Substitution for Tt and T_ into (1.19), gives

T - AT , T .
1n|log|offset t M= inllog]—=2-tl - x £ (1.22)
R - AT : T, exp
offset . ©

The value of kexp is obtaineg from the slope of a plot of



(a)
Toffset
O
2 T
&=
=
=
wn
Z
&
&
I
L
TIME
(b)
5
3]
Z
<
3
5
=
wn
Z,
o
[
R 3 _ Tco
AT,
pon —y ——————— L --------- Toﬂset
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Figure 1. Analysis of transmittance-time data.
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the left hand side of (1.22) versus time.
When the transmittance decreases during the

reaction as in Figure 1(b),

) : (1.23)

AT, = (Tt - Toffset-

t

AT, = (T - Toffset) (1.24)

and theﬁ kexp can be obtained from the slope of a plot of

1n{1og((TOffset +‘ATt)/(Toffset + AT@))} verus time. It is

convenient to redefine ATt and ATm(as above) so that

G

their values are always positive.

' The values of kexp for the decarboxylation study

were obtained from the slopes of linear plots of equation
=(l 22) . Such plots were linear for at least 75% reaction,
except in cases where the'value of AToo was uncertain.
In all cases, the best-fit line was approximated visually.
For the carboxylation and ring-closing data,
least-squares "best-fit" values of kexp were calculated
usiﬁg a computer program written for the Wang 500
programmabls desk calculator. The program was written to
accept ten data points equally spaced on the tlme -axis,
and was found to be very efficient for the analysis of
large amounts of stopped-flow data. The equations and
the program used are described in Appendia‘A. Comparisons

of values of k exp obtained from some of the decarboxylation

data using both graphical and least~squares methods
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showed close agreement. The reported values of kexp
from the stopped-flow data in this work are usually

the average of ten kinetic runs under identical
conditions.

-~ Values of ke were quoted with three figures,

Xp
although the standard dev%ation indicates that the third
figure is usually f;ﬁ/éignificant. Likewise, the results
quotéed in th; text Msually contain one more figure than
is significant as indicated by the confidence limits.

However, only significant figures are retained in the

tables of final results.

&



RESULTS AND DISCUSSION

Decarboxylatio&j

It has been shown by Francis16 that (en)2 oCO3+
.reacts moderately rapidly in dilute élkaline solution

to produce cis—(en)2Co(OH)(CO3), and tkat further reaction
to‘give (en)2Co(OH)2+ is much slower. Thii,reacgion gives
a convenient Zn situ preparation of the monodenﬁate
carbonato species cis—(en)ZCo(OH)(CO3). The spectral
changes accompanyinglﬁhé réaction in 0.2 M NaOH are shown

.

in Figure 2. -
When samples from this reaction solution were
taken after‘30 minutés,ahd mixed in the stopped-flow
~ system with acid and buffer, to give a final pH in theb
range of 1 to 6, a number of spectral cﬁanges were
‘ob§erved.'If the éample is monitored at 520 nm, there'is
an‘increase in t;ansmittance, but th€ magnitude of this
change decreases markedly as the finél pH of the solution
increases above 4.5. In‘%ddition, above pH 5, thé A
transmittance continues to incfease slowly even after
about eight half-lives of the initiai transmiftance
change. This suggests that a second; slower reaction is
occqrring. If sodium bicarbonate ié added to the sblﬁtion
of cié—(en)ZCo(OH)(CO3) before acidification to PH > 5,
the magnitude of the initial transmittance increase at

520 nm is very small, and it is followed by a slow decrease

in transmittance. A typical trace recorded under these

17
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conditions is shown in Figure 3. This slow decrease is
also observed at pH> 5.8 even“in the absence of added

NaHCO3.

)

If a wavelengfh of 320 nm is used to observe

the acidified solutiohs, then an initial increase in
fransmittance is again seen. However the magnitude of this
change is greater than that at 520 nm,\és shown in Figure
4. The magnitudevof the change at 320 ﬁm is relatively
independent of the pH. Thg slower change found at 520 nm

is also much less significant at 320 nm relative to the

- initial change, and therefore causes much less difficulty

in the analysis of the data for the first reaction. However,
for pH > 5.8, the transmittance increase was not a simple
first-order fuhction‘as evidenced b; the non-linearity of
the plots of the logarithm of the absorbance change versus
time. When sodium bicarbonate was added, there was a
considerable reduction in the magnitude of the transmittance
increase at pH > 5, but the slower change, noted for

pH > 5.8 withbut added NaHCO3, still could be observed.

.A considerétion of the known'spect;a of (en)2CoCO3
and ciSs(en)2C0(0H2)2+3, 22 and of equilibr:iom mixtures of
cis and_frans-(en)ZCo(OH)(OHé)+2, indicates tl.at the
observations on écidification of (en)ZCo(OH)(CO3) can be-

understood in terms of the reaction sequence given in

Scheme 1.

|

+
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Figure 3. Transmittance changes_observed at 520 nm upon

rapid neutralization of a solution of 10_3 M

éis—(en)ch(OH)(COB) and 107> M NaHCO, to pH

6.5 . I= 1.0 M(LiClO4). T= 26°.
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Figure 4. A comparison of the transmittance changes

observed at 520 and 320 nm upon decarboxylation’

of cis-(en),Co(0H,) (oM *2. (a) A = 520 nm,

pH= 5.2, [Total Co(III)]= 9.7x 1074 M, [Buffer]=
0.080 M Acetate. I= 1.0 M(LiCl0,). T= 26°.

(b) ‘A = 320 nm, pﬁ= 5.3, [Total Co(III)]= 4.0 x
10":'4 M, [Bufferl= 0.080 M~citfate. I= 1.0 M(LiClO,)

T = 26°.



22.

’

Scheme 1

' ’ ' ; l/Ka? ' +
cis—(en)2Co(OH)(C03) + H == cis—(en)ZCo(OHz)(COB)
L ' +I v 1K . ‘ +2
‘czs—(en)2Co(OH2)(C03) 4+ H. T_-_‘d>CLS—(en)2CO(OHZ)(CO3H)>

ciS‘—(en)2C0(OH2) (CO4H) %kg-* cis~(en) »Co (OH )(OH)+2I+ co,,
. o . + K . - + :
' cts-(en)2CO(OHZ)(CO3) —_—_— czs~(en)2Co(OH)2” + co,
e (on } o+ k3 . +
cts—(en)ZCo(OHz)(CO3) —————-——-»-cts—(en)2CoCO3 + H2O
P +2 Kct
cws—(en)2C0(OH2) (OH) % ———— trans~(en)2CO.(OH2) (OH)

™

The major initial transmittance change in the

£

acidic solution is due to the decarboxylation reactions

( k, and k The magnitude of .the transmittance change .

2 2 )
observed at 520 nm may decrease as - .. pH is increased,
because of a change elther in the natur-a2 of the reactants
'(as (en)2Co(OH2)(CO3H) is converted =5 (en) Co(OH )(CO ) ),
or in the products, (en) Co(OH2)2+3 and (enLZCo(OH )(OH)

This explanation is -also consistent with the observatlon
that the magnltude of the transmlttance change at 320. nm

is 1ndependent of pH, implying that the two reactants are-

nearly isosbestic with each other at this wavelength, and

that the two products are also isosbestic with each other.

Spectra of the products are consistent with this explanation.
1

‘ | |
|



The slower decrease in transmittance at 526 nm
in the presence of NaHCOB,at pH > 5, and the increase in
transmittance observed at 320 nm for‘pH > 5.8, or in the
presence of NaHCO3 et pH > 5, can be attrinuted to the
chelation reaction (i.e. formation of (en) CoCO3+ ).

This is observed because the added carbonate suppresses:
the decarboxylation reactions. The dlrecnlons of these
'transmittance changes are consistent with what is expected
for chelation, and their identity is further confirmed by
the observations made during the .carboxylation studies to

be discussed later.

The slowest change observed at 520 nm and pH > 5
is consistent with‘the iSomerination reaction (Kct). This
was confirmed by an independent'study desribed in the next
sectionf |

The experimental pseudo-first-order rate
coefficients ike ) for the decarboxylation reaction are

given in Table 3. The results at 320 nm and 520 nm are

found to agree when experlmental conditions  have permitted

observation at "> two wavelengths. The pH dependence of
kexn is found to follow the empirical rate law
‘ |
keXp = a . (1.25)411
b + (H )

This result can be reconciled with the reactions shown



Observed Rate Coefficients for tcthe Decarboxylation Reaction®

Table 3

£
lld

&
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pH kexp"s-l No. of Runs Buffercfd
0.95° 1.10 + .03 10 None
1.15° 1.10 + .08 . 16 Nonc
2.02°  1.10 + .04 10 None
3.005  1.11 + .06 12 - MP
3.00 1.12 + .04 9 MP
3.12 1.21 + .06 10 MP
3.14° 1.10 £ .05 7

3.32 1.20 + .04 10 . MP
3.52 1.18 + .04 10 Mp
4.30 0.96 + .06 10 AN
4.30 1.05 + .06 10 AC
4.40 1.01 + .05 12 AN
4.40 1,04 + .04 11

4.54 1.08 + .03 10 ac
4.56 0.900 *+ .04 10 AN
1.63 0.880 * .03 10 AN
4.75 0.9801i .04 10 AN
4.96 0.890 - .05 12

5.05 0.920 ¢ .05 6 ac”
5.10 o.égo £ .06 ‘

11
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Table 3 (Cont'd)

1P _ c,d

pH kexp s No. of Runs Buffer '’
5.12 0.890 * .06 12
5.12 0.850 * .06 10
5.20°  0.911 * .02 8 AC j
5.32 0.810 * .03 14 5
5.42 0.780 * .02 10 '
5.43 0.726 *+ .03 8 :
5.48  0.678 * .06 8
5.56 0.603 + .03 9
5.62 0.670 * .05 14 -
5.64 0.478 *+ .04 6 MES, .04M
5.70 ~ 0.483 * .03 10
5.75 0.530 + .03 Y10
5.76 .+ .01 ¢ 11
5.80 .02 6
5.86 0.445 + .02 10 ‘ -
5.86 0.490 *+ .03 12 ( -
6.04  0.211 * .02 10  MES, .04M
3.0%%  0.301 + .01 8 MP
1.9%' 5,275 + .02 10 None
3.0%'9 02548 + .03 10 MP - | é
1.1%°9  0.513 + .04 8 ‘ None ) :
1.8%°9  0.490 + .03 10 None é
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.Table 3 (Cont'qd)

, b "
pH kexp s1 No. of Runs BufferSd
1.8%°0 1,91 +.07 .8 1 None
2.9 4 .90 +.12 ‘10 MP
1.7 g.79

.29 10 : None

i\

(a)

(b)
(c)

(d)

(e)
(£)
(9)
(h)
L (4)

Temperature (T) is 26.0° unless otherwise s;ated.

I= 1.0 M (LiClO4), A = 320 nm, and total complex
concentration 2-5 x 10”4 M after mixing, unless
otherwise indicated.

The error limits are one standard deviation.

Citrate buffer was used unless designated as follows:
AC, acetate; AN, aniline; MP, 2-methoxy-pyridine; MES,
see é;perimental.

The final buffer c- ‘entration after mixing was 0.08 M

unless otherwise indicated.

A = 520 nm.
T = 14.0°
T = 20.0°
T = 30.0°

41.0°

-3
i
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in Scheme 2.

Scheme 2

. + l/KaZ . +
c1s—(en)2Co(OH)(CO3) + H — cts—(en)2Cc “2)(C03)

. -

1/K

+ + al . Yy t2
) + H ——“».czs-—(en)2CO (OHZ) (CO3H)

cis—(en)2Co(OH2)(CO§

#2 K +2
cis—(en)2Co(OH2)(CO3H)V -——————>cis—(en)2Co(OH2)(OH) + CO2

| k' ,
cis-(en),Co (OH,) (co)* —2 eis-(en) ,Co (0H),* + co,

If the total reactant concentration is represented by
“ N

T = [(en),Co(0H,) (cO,H)*?] + [ (en) ,Co (0H,) (CO4)*)

+ [(en)2Co(OH)(CO3)]\ (1.26)
and since
~dT =k P (1.27)
—-dt exp o
then ic can be shown that'
. +.2 , ¥
X = Kpy(H)T + k'K (HT) (1.28)
exp

- + 2 +
(H)* + Kal<(H ) + Kaz)

Ao

Previous worker523 reported a value of Ka2 =
1.8 x 10-9 M, so that (H+),$> Ka2 under thé present
experimental ~nditions, and equation (1.28)‘can be .reduced
to | |

+ . )
k = Kp(H) + ky'K 4 (1.29)
exp Y :
(H)+ K_;
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Consistency with the experimental rate law
(equation (1.25)) requires tnat kz(H+) >> K, K Comparison
of (1.29) with (1.25) then.gives a= k, and b= K 1+ A computer
fit of the results to an expression of the form of equation

(1.29) confirmed that kz’Kal is not distinguishable from zero.

The least-squares "best-fit" values?? of k, and K, q are

1

1.11 + 0.04 s™~ and (2.2¢0.4) x 10" ® M respectively, wh.e

the errors quoted are estimates of the 95% confidence
25

. ~
The results calculated from these values using

limits,
an equation of the f6rm of (1.25), are compared to the
experimental results in Fig zﬁxsl

If it is assumed (that kz'Ka is less than 10%

1
of the minimum value of k2 +), then an upper limit of
k,' < 0.05 s! is calculated.

The results of the,déca;bbxylation study, together
with those from the carboxylation study‘discussed later in
this section, allow an independent calculation of an upper

limit for kz': The reactions are shown in Scheme. 3.

Scheme 3

k
+2 -2 : +2
(en)zco(OHz)(OH) + CO, ———> \(en)ZCo(onz)(co3H)
k
+ 2 +
H Il K4 . . H 11 K.y
+ : g -2 _ +
(en)ZCOQOH)Z» + CO, ———* (en)2Co(OH2)(CO3)
k t
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Figure 5. The PH dependence of kexp

PH
fof the decarboxylation®
of eis-(en),Co(0Hy) (co5i) "2, 1= 1.0 M(Liclo,).

T= 26°. The solid line was calculated from (1.25)

using values of a= 1.11 s«1 and b= 2.2 x 10.-6 M.



All of the cobalt species in Scheme 3 have the cis

configuration. From detailed balancing,

30

K_,k.k ,'
k2' . _a42-2 (1.30)
”Kal k-—2.
Using values of k, = 1.10 s_l} Ky = 2.2 X 1078 M,
_ -9 _ S a2 1 -1 '
Ka4 = 6.46 x 10 M, k_2 5.2 x 10" M "s 7, .and
k_2' < §O M-ls_l, the latter two of which are evaluated

G

later in this section, k2' is estimated to have a value

less than 3 x 10-'4 s_l.

The results of the temperature study of the.

decarboxylation reaction (Table 3) give AH* = 959 kJ mol~

and AS* = (8% 3) x 10! 5 x7?t

mol™!. These values were

1

determined by least-squares analysis of the transition-

state equation,

* Ky ) . AgH
Jaax o (%] as

RT Ry R

k
ex
T

where the symbols have their usual meanings.

(1.31)



31

Isomerization

As noted in the previous section, a much slower

reaction was observed at 520 nm following the decarboxylation
| 26,27

reaction. A consideration of results in the literafﬁre
indicatea that this might be cis-trans isomerizaﬁion of
the products of the decarboxylation reaction. However, the
publisﬁéd results were not complete enough to allow an
unambiguous assignment of this reaction. Thereforé a study
was undertaken to determine if the rate and direction of
transmittance changes due té isoﬁerization were consistent
| : .

with those observed for the slow reaction following
‘decarboxylation. Since this work was completed, results

of a similar study have been publishéd.28

Bjerrum and Rasmussen have shown22 that at pH < 3,
cis—(en)2Co(OH2)2+3 is the predominant speéies, However,
when the pH is increased, isomerization involving the
conjugate bases wili oécur.:This is essentially the
- procedure which was used té follow the isomerization, as
described in the experimental section. /

It should be noted initialiy that the direction
and magnitude of theltransmittance change observedjfor
this reaction are the same as those observed at 520 nm
fof the slow reaction following decarboxylation. The

experimental pseudo-first-order rate coefficients are given

in Table 4, and are found to fit the general equation:
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- Table 4

(2

Observed Rate Coefficients fdr cts—trans Isomerization®

pH . ' 10° Koxp’ s~1
5.76 . 4.0
5.82 4.0
5.90 , 3.9
6.14 | 4.3
6.46 4.4 |
6.50 4.6
6.58 4.7

(2) The total concentration of cobalt(III) species was
8.79 x 10_3 M. Temperature was 25.0° , I = l.OrM (LiClO4)

and 0.040 M MES buffer was included.
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\

_a+ b

k (1.32)

exp r—
c + (H+)

The results of Bjerrum and Rasmussen22 clearly .

L4

-

show that under the present experimental conditions,

(PH 5.8 to 6.6) the dominant species in solution will be

the c¢is and trans isomers of (en)ZCo(OHz)z+3 and

o : 1
(en)2Co(OH2)(OH)+2. Therefore only the reactions in Scheme

4 will be considered in developing the rate law.

Scheme 4

) ‘ X
eis=(en) 5Co (0H,) ) —23 cis-(en) ,Co(0n,) (0m*2 4+ 1

=~

RV g

+

K

trans-(en)2Co(OH2)2+3————§§—> trans—(enXZCo(OHz)(OH)+2 + H+
. +3 ka1 +3
c'Ls—(en)2Co(OH2)2 _— trans—(en)2Co(OH2)2
tl '
. L2 ka \ +2
c¢s-(en)2C0(OH2)(OH) —f—;:———> trans—(en)2Co(OH2)(OH)
t2

Kinegﬁc analysis of this system (given in Appeﬁdix B) gives
the pseudo-first-order rate coefficient for the approach

to equil%?rium as

, ' + Y + .
D kg = et ) KeoKag e ke M)+ ki oKos (1.33)
o ¥ ' ¥
Ka3 + (H) ) Ka5 + (H)
22,26

The previously determined Qalues for the

A}

rate and equilibrium constants in this system are

summarized in Table 5. It is clear from Ehese values that
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Table 5

Rate and Equilibrium Constants for aquo Cobalt (I1I) Species

¢

a -7 -1
cl 1.3 x 10 s
b -6 -1
Keq 6.8 x 107° s
Kk .© 8.7 x 107 M
a3l .
K C ° 3.6 x 10 ° M
ab ,
a B -3 -1
Kopr Kip ~2 x 10°° s

a . \
(a) Obtained from a value26 of (ktl + kcl)= 6.8 x 10'-6 S 1

and a value of ktl/kcl = 50 appropriate to perchlorate

media, as deduced from data of Henney.3

(b) Value at 55° and low ionic streng%h in NaClO} media.26

(c) Values reported at 25° and I = 1.0 M (NaNO3).22
(d) Estimated from kexp = 8.0 x 10_45_l at pH = 3.826
29

and kcz/kt2 = 1.25.



under the conditions of pH 5.8 to 6.6, it will be true

that K ¢ t2Xas

Therefore ‘equation (l.33)lsimplifies to give

"

35

>> (HY), k..K . >> ktl(H+), and k_,K_, >> kcl(H+).

+
o kc2Ka3 _ (kc2+ kt2)Ka3 + ktZ(H )
Kexp = o + Ky = - (1.34)
N Koy + (H')

This equation has the same form as the experimental rate

law, equation (1.32). With K_, = 8.7 x 107 /M, values of

k , = 1.6 x ].O_?’s'-l and k, 5, = 3.4 x 10—38:} are

c2

determined from the slope and the intercept of the plot

+ . :

of kexp versus Ka3<‘Ka3f (H)) shown in Flgure 6. These
values are in good agreement with recent literature

. values of k,, = 1 x 10 %s™and k_, = 4 x 107357} (250,

2
I=1.0M, Naclo,).28
| The slow reaction following decarboxylation
has an observed rate coefficient of s 1072571 at pH 5.8.
Comparison with the data in Table 4 supports the

suggestion that the slow reaction is eis-trans

isomerization .of the decﬁrboxylation products.

(O
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p versus Ka3/(Ka3 + (H')) for the
igomerization of_cisé(en)ZCo(OHz)(OH)+2. I =

1.0 M(LiCl0,). T= 25°. Slope = 1.6 x 1073-g71,

Intercept = 3.4 x 10--3 s—l. °

Figure 6. Avplot of kex
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Carboxylation and Chelate Ring-Closure

The reaction of intermediate rate between
decarboxylation and isomerization was assigned earlier as
chelate ring-closure to form (en)2CoCO3+. Since this |
reaction was itself of considerable interest, an independent
study of its rate was unde?taken.'Although in principle
this reaction could be studied by‘stérting with
~(en) ,Co (OH) (CO,), the results will always be obscured by
ﬁhe‘decarboxylation. Therefore a stopped-flow kinetic
study of the carboxylation and subsequent ring-closure
was made by obéerving the transmittance changes in a
solution initially containing cis—(en)2Co(OH2)2+3 and C02.
Both carboxylation and chelate ring-closure can be
studied conveniently at 320 nm, sinc there is an initial
decrease in transmittance followed by a slower increase‘
fo a final value, as shown iﬁ'Figure 7. The relatively
large transmittance changes and large rate difference
make it possible to study both reactions under the same
experimental conditions. |

Thé reactions were studied by the two meﬁhods
_describéd in the experimental section. In the first method,
solutions of sodium bicarbonate of known concentration
were mixed Qith acidic solutions of ciSf(en)2C0(0H2)2+3,

to give a final pH in the region 7.5 to 8.5. The free Cco,

concentrations in these solutions were determined from the

4

LS
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Figure 7. Transmittance changes observed at (3 nm upon

rapid neutralization of a ®solution/of co,,

and cis-(en),Co(0H,) ,*3 to pr 6.53.

[Total Co(III)] = 2.00 x 1072
3

M, [CO,) = 2.1
x 10 °M. I= 1.0 M(LiClO4)..T= 26°. [Buffer]=

0.20 M PIPES. (a) carboxylatign, (b) ring-closure.



known values16 for the equilibrium constants under»these
conditions of temperature and ionic strength. In all cﬁées,
[CO,] >> [cia-(en),Co(0H,),*?] . The method has the
disadvantage that the calculated CO2 concentration depends
on several equilibrium.consﬁants.

| In the second method, an acidic solution (pH=3)
of cis—(en)2C0(0H2)2+3 and Na2CO3 was mixed with buffer in
the stopped-flow system. This method relies on the fact
that, before mixing, all the carbonate in solution is
present aé C02, and, as loﬂg as the pH after mixing is
not too high, the C02 undergges hydrat;on quite slowly
relative to the carboxylation of the cobalt(IiI) speciés.

' The rate constants kC and kOH for the hydration reactions

0, '
(1.35) and (1.36) have been reported by a number of
workersl'16'32, with values of 0.024 s_1 and 1.06 x 104 M—l‘
s_1 respectively at 26° and an ionic strength of 1.0 M
(NaC10,) . | :
k .
> CO. .
C02\+ HZO-—————> H2CO3 : (1.35)
- kOH -
CO, + OH ———— HCO, : . (1.36)

The pseudo-first-order rate coefficients for
the carboxylation reaction are given in Table 6. Because
of the lérge/humber of species pfesenf in these reaction
solutions, it does not‘seem‘meahingful to quote‘an empirical

Tate law based on the results in Table 6. However, it



Table 6.

Observed Rate Coefficients for Carboxylation

pH '103[C02],M* kexp s71 No. of Rups Conditions®
5.42 3.00 0.908+,09. 12 b
5.65 3.00 0.990: .07 10 b
5.72 3.00 0.848+ .06 10 b
5.85 3.00 1.05 +.06 10 b
6.13 3.00 1.24 *+.09 10 b
6.36 3.00 1.22 +.04 10 b |
6.52 2.10 0.946%.05 10 c
6.55 4.20 1.80 +.11 10 c
6.70 5.50 2.29 +.13 8- c
6.72 6.60 2.72 +.16 10 c
6.91 6.00 2.65 + .18 4 c
7.09 6.00 3.18 .24 | Y10 c
7.22 6.60 2.69 .10 10 c
7.25 3.00 1.36 .06 10 c
7.87 2.88 0.9b0* .04 10 d (0.193)
8.14 3.00 0.757¢ .05 10 d (0.381)
8.17 3.87 0.873* .04 10 d (0.529)
8.19 1.85 0.552%.02 10 "d (0.264)
8.55 1.51 0.328%.01 10 d (0.518)




- (a)

(b)

(c)

(d)

Table 6 (Cont'd)

>

Total ([Co(III)] = (1-3) x 10”4 M. Temperature 26°,
I =1.0M (LiClO4).

Method 2. 0.10 M MES buffer.

Method 2. 0.20 M PIPES buffer.

Method 1. Self-buffered by NaHCO,, the total molar

concentration of which is given in the brackets.



should be noted that the results show a first-order
dependence on [COZ]' Also, a comparisén of the observed
rate‘coefficients for decarboxylation (see Table 3) with
those listed in Table 6 for carboxylation indicates that
the system under consideration can be best described at
low pH as one which is approaching equilibrium, and thus
the obser&ed pseudo-first-order réte coefficient will
contain a contribution from both éarboxylation and
decarboxylation. Therefore, a reaction scheme which will
account for the pH and,CO2 dependence of kexp must include
the reverse reactions. The potential complexity of the
system canvbe reduced if it is assumed that the reaction
pathways for carboxylation will be similar to that found31
for the pentaammine species. In the iatter system, the pH
dependence of the rate required thaf the major species
reacting'with CO2 be (NH3)5C06H+2; Because of the slow
rate of hydration of CO2 alredady mentioned, very little
bicarbonate or carbonate is present during the
carboxylation reaction when the acidification method

(Method 2) is used. Therefore the carboxylation resul

should be explained by the reactions shown in Scheme 5.



Scheme 5

K

cis—(en)2Co(OH2)2+3——JEL—> cis—(en)ZCo(Oﬂz)(OH)+2 + ut
. +2 Ka4 + +
cts—(en)zpo(OHz)(OH) ——————-’-cis—(en)2Co(OH)2 + H
. | +2 kK 2 +2
czs—(en)2CO(OH2)(OH) + C02——————*'cis—(en)ZCo(Oﬂz)(CO3H)
k
kK v 2
. + -2 . +
czs—(en)ZCo(OH)2 + C02——————>c13—(en)2Co(OH2)(CO3)
L}
k, )
- ' . +
czs—(en)2Co(OH2)(CO3H)+2 —————EL—*-czs—(en)ZCo(OHz)(CO3) +ut
.; |

cis—(en)ch(onz)(co3)+————93+-cis-(en)ch(OH)(co3) + B

From the kinetic analysis of this mechanism,
given in Appendix B, the pseudo-first-order rate coefficient

is given by

+ '
y _ k_2Ka3(H ) + k_? Ka3K£@ (o1
exp 2
+,2 S
(H) + Ka3(H ) + KaBKa4
k(1) 2 4k, 'k_, () |
+ ' . (1.37)
+.2 7, + |
(H)™ + Kal(H ? + KalKaZ
The results in Table 6 were fitted to an equation
of the form of (1.37), using a non~linear least-squares \\
computer program.24 Since there are eight independent .- \\

parameters in equation (1.37), a meaningful fit results
only when some of the parameters are fixed. The constants’

k2 and Kal can be fixed at the Values previously



determined in the décarboxylation“study. In addition, Ka3
and Ka4 have been measured previousiy,‘?2 and Ka2 has been
determined byvthe ring-closure study, discussed later'in
this section. Several different fits were obtained b;hj
allowing different pgrameters to vary, and a summary of
the results of these fits is given in Table 7. Although
Ka2 and Kaé_are not well-defined by the data-fitting, the
value of k_, is not very sensitive to either of these
parameters, and thus k_2 is assigned a value of (5.2¢0.5).x
102 M--1 s_l. The rate coefficients calculated from the
"best-fit" parameters (Fit A in Table 7), using eéuation
(1.38), are compared to the observed values in Table 8.

The values of k_,' and k,' were not distinguished

from zero in any of the computer fits. Therefore, the

results being discussed here require that

5 +, . '
- kK 3(H) >> k_, K 3K.4 (1.38)

from which the upper limit of k_2'v<‘50 M_ls_l is

determined.



Table 7
A Summary of the Results of Computer Fits of the " //

Carboxylation Data

Fit {
Parameter A B C D E

107%k_,,m sl 5.20:.55 5.20+.54 5.17+.38 5.41:.61 5.10:.68

104k_2',M—ls_1 0 0 0.2:10% . o 0
10%k,", 71 1074+ 20 0 0 0 10:30
10° k_,, M 2.20  2.48+2  2.20 2.20 2.20
10° k_,, M 0.092  3.44:80 0.092  0.092 2.50
107‘K%3, Mo 8.57:4  8.71 7.85+4  7.56+4  8.71
10° K ,, M 6.46 6.46 6.46  8.45:4  7.08:4
s.g.P 0.161  0.162 0.163. 0.156 0.168

(a) The value of k, was fixed at 1.11 g1 throughout. In
each fit, 2 or 3 of the parametefs were alldwed to
vary, and its "besf—fit" value is listed along with
an estimate of its 95% confidence limits. The parameters
without error 1imits were fixed at the values given.

(b) Minimization of the absolute residuals waé used, from
which this estimate of the standard error of the fit

¢

is derived.



‘Table 8

~

A Comparison of Observed and Calculated Rate Coefficients

for Carboxylation

PH kexp ,s-l kcald s-l
5.42 0.908 0.990
5.65 0.990 0.991
5.72 0.848 0.998
5.85 1.05 1.02
6.13 1.24 1.11
6.36 T 1.22 1.21
6.52 0.946 0.929
6.55 1.80 1.74
6.70 ) 2.29 2.35
6.72 | 12,72 2.82

6.91 o 2.65 " 2.67
7.09 3.18 2.70
7.22 2.69 2.94
7.25 'o1.36 1.35
7.87 0.900 1.01
8.14 0.757 0.823
8.17 0.873 1.03
8.19 0.552 © 0.481



Chelate Ay ~Cclosure

Tye glower reaction observed when solutions
of (en)Z&O(UH2)2+3 and COZ are mixed has been attributed
to chelé‘e gingfclosure fox two reasons. First of all,
the dire;tigh.gf the spectrél change is consistent with
ring-qloﬁurg' and secondly, the reaction rate is
independﬁnt Of the Co2 concentration. The latter
observatiOh rylés out formation of possible dicarbonato
species,'Thg values of the pseudo-first-order rate
coefficif Mty (kegp) are given in Table 9, and gre éhown

plotted ”ebgug pH in Figure 8. The results can be

accounted fgt by the reactions in the following scheme.

Scheme 6

Kal . +

c§s—(en)2°o(onz)(cO3H)+2—a—————»-czs—(en)ZCo(onz)(co3)+ + H

. K
cis—ﬁen)on(DHZ)(coa)+ —'—~22——+~cis-(en)ZCo(OH)(C03) + HY

ks

. ! + ‘ .
cis-(en)ZQﬂ(OHZ)(CO3) —_— cis—(en)2C0C03+ + H,0
k r

. Q 3‘ . + -
eis-(en) 2~ (OH) (CO3) ~——— cis~(en) ,CoCO5  + OH

T£ tphe tOtal'reactant.concentration is given as

T = [cig“(gﬂ)ZGO(?Hz)(COBH)+2] + [cis—(en)2Co(OH2)(CO;)+]

s

+ [eis-(en).,Co(OH) (CO,) ] (1.39)
| 2 3 ,



Figure 8.

pPH

- for carboxylate

The PH dependence of kexp

chelate ring-closure. I= 1.0 M(LiClO4).
T= 26°. The so0lid line was determined using
equatibn (1.37) with the parameter values

given in column C of Table 10.




Table 9

Observed Rate Coefficients for Chelate Ring-Closure

pH 103[C02],M lOzkexp -1 No. of Runs Conditionsa
5.72 3.00 3.4+ .4 8 b (MES)
5.85 3.00 4.1+ .4 8 b - (MES)
6.13 3.00 5.0%.4 6 b (MES)
6.20 7.0 4.4+ .4 10 c 4
6.33 4.00 4.7+.3 10 c

6.36 3.00 5.3%.5 4 b (MES)
6.38 6.00 4.7+.2 3 c

6.48 9.0 4.4%.3 J c

6.55 4.20 4.8%.4 10 b (PIPES)
6.65 3.00 5.1%.4 10 b (PIPES)
6.70 5.50 5.1*.4 8 b (PIPES)
6.70 18.5 4.5%.2 10 da (0.100)
6.72 6.60 5.2+.3 8 b (PIPES)
6.72 11 4.5%.5 2 b (PIPES)
7.22 6.60 4.4%.4 8 b (PIPES)
7.25 3.00 4.7+.3 8 b (PIPES)
7.54 3.05 3.7¢.3 6 da (0.097)
7.87 2.88 2.9:.3 6 d (0.193)
8.14 3.00 1.8 d@ (0.381)



Table 9 (Cont'd)

3 2 -1 ...t A
PH 10 [C02],M 10 kexp S No. of Runs Conditions
8.17 3.87 1.3 1 d (0.529)
8.19 1.85 1.7 - d (0.264)
8.56 1.51 1.1.1 4 a (0.518)
8.71 1.94 1.7+.1 6 4 (0.100)

(a)

(b)
(c)

(d)

Total [Co(III)] = (1-3) x 10—4 M. Temperature 26.0° ,
I = 1.0M:(Liclo,). |
Method 2. 0.20 M buffer of type indicated in the brackets.
Method 1. 0.05 M MES buffer included. [Na,CO5] = 0.02 M.

A = 520 nm.

Method 1. Self-buffered by NaHC03, the total molar

concentration of which is given in the brackets.



and since

¢ - = x T (1.40)

then +
' ‘
kg (H) o+ kTR K, -
k = (1.41)
exp +.2
(H)

+
+ Kal(H ) + KalKa2

.

A summary of the results of several least-squares
fits of the data in Tabie 9 to an equation of the form
of (1.41) is given in Table 10. The values of K,, and kg -
are fairly independent of.the other parameters, with
values of (2.5%1)x 10-8M and (6.0ib.4)x 10_25-l respectively.

when the value of K o, was fixed at the

previously reported value23 of 1.78 x 10'_9 M, a very poor

fit was obtained. Also, when the ratio Kaz/k3 was fixed

8 16

the data could

at 1.53 x 100 " M s, as given by Francis,

not be fitted to give reasonable values of k3, K,17 OF K 5-

The value of k3‘ was not defined by the computer
. q
fits, suggesting that k3(H+) > k3~'Ka2 in the pH range of

this study. An upper limit of k3' =~ 5 x 10-4 s—l can be

calculated from K_, = 2.5 x 1078 M ana @") > 2 x 1077 M.
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Table 10

A Summary of the Results ofﬂComputer Fits of" the -

Ring-Closure Data

Parameter Fita
A B C
10k ., M 3,442 2.20 2.20
a1 . .4t i i
108 x ., M 1.9+1 - 0.178P 2.5¢1
a2
2 . - -1
10% k; s 5.61+.4 5.02+.7 6.01+.4
10% ky' s™H 6.1 .7 =0 7.6 %7
3 Uc *
102 s.E 3.6 12 3.7

(a)

The "best-fit" value is listed alohg with an estimate

of its 95% confidence limits. The parameters without

-error limits were fixed at the value given.

(b)

(c)

Previous literature value at 20°.

23

Minimization of the absolute’ residuals was used, from

which this estimate of the standard ‘error of the fit

¥

" is derived.



CONCLUSION

Decarboxylation

The kinetic parameters measured in this present
work for the decarboxylation of cie‘-(en)ZCQ(OHZ)(CO3ﬂ)+2

are compared in Table 11 with the analogous parameters

for the species(NH3)5M C03H+2. The similarity in these

rate constants supports the choice of a simildr mechanism,

2

which for (NH3)C0CO H+

12

3 is known to proceed without Co-0

bohd-breaking,
On the other hand, the significant difference
in the activation parameters could be interpreted as

resulting from a chanée in the mechanism of CO2 loss‘fdr'

the species cis-(en)2Co(0H2)(CO3H)+2.

v

However, if Co-0

bond-breaking is occurring, and if the activétiohﬂfa ¢§é;
J : ; N

: as . . - . Y AR
"~ dissociative in nature, then one must explain the unusual .*-:

lability of the Co-0 bond in this species as compared i

RV

. to others in which Co-0 bond-breaking has been shown to
occu- For éxample, one of the most rapid reactions in
which Co-0 bond-breaking must_occur is the exchange of

oxygen between (en)ZCo(OHZ)(OH)+2 and water. This reaction

has a rate coefficient.of about 107> s ! at 25°,2°

1

compared to values of -1 é- for the decarboxylation

reaction. It thus seems most probable that the
9-'. . . > ‘
decarboxylation of cis-(en)ZCo(OHZ)(COBH)+2 proceeds via

.

t
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C-0 bond-breaking.
oo It is also noted from Tablé 11 that Kal(Scheme 2)

is considerably larger than the analogous values for the
(NHB)SM CO3H+2 species. This could result from the increased

stability of the conjugate base, cis—(en)ZCo(OHﬁ)(C03)+,
due to internal H-bonding.

In an earlier calculation, an upper limit of

i

ky' <3 x 1074 71 yas determined (Scheme 3). From the
res .’ " Dasgupta and Harris,33 an analogous value
ca 5. 7-- mined for the complex carbonatoaquo (8,8’ ,8’’~

t .amirnc ri-thylamine)cobalt (III), ((tren)Co(OHz)(CO3)+)
‘from detailed balancing of a system of reactions analogous
to those of Scheme 3, in which (tren) is substituted for
~(en),. If one assumes a value of 1.1 st for the rate
¢§nstant analogous to kz, and uses values 33 of ~5 x 10“6M,
44 M—ls_l, 170 M 1s7! ana 1.25 x 1078M for the constants
corresponding to K. ,k_é ’ k_z' and K , ., then a value
of 1072 st is calculated for the rate constant for
decarboxyiation of (tren)Co(OHz)(CO3)+.

»

As mentioned earlier, two tautomeric forms of

the carbonatoaquo'complex are possible, as shown below.

OH . ' . ,OH
7 ? . (N) Co//
~N 47

(N)4Co
OCO2 : . OCOZH

g . , I

'y



The small values of k2' estimated for decarboxylation
of the (en)2 and (tren) complexes, as compared to the
value of 1.25 s—1 for decarboxylation of (NH3)5C0C03H+2,8

suggests that Structure I predominates over Structure I}

Isomerization

As previously mentioned, the kinetic results

reported here for the cis-trans isomerization (kc2=¥'6 b
lO-3 s—l, k:,= 3.4 x 10—3 s-l) are in good agreement with

t2
values from another recent st:udy,28 which gave 1 x 10—3 s_1

and 4 x 1073 7! respectively. These two studies yield

values for the equilibrium ratio [cis-(en),Co(oH,) (om) 2]/
[trans—(en)ZCo(OHZ)(OH)+2] of 2.1 and 4 compared to
earlier equilibrium studies which gave 1.4222(25°, 1M NaNO3)

29 (30°, lM‘NaClO4). The.experimentq%;uﬁcertainties

~.

and 1.25

in both kc2 and kt2 probably make the equillibrium ratios

from the kinetic method leasf accurate.

RSN



Carboxylation

} The present Kinetic results for the'carboxyiation
reactions are compared in Table 12 with the previous
results for several similar speciés.

The rate constant report=d h~re for the reaction

)+2

of cis—(en)ZCo(OHZ)(oH with CO q-.1te similar to

g 4
the values reported for the pentaammine species, for which
a mechanism involving nucleophilic attack by coordinated
hydroxide at the carbon centre of the C02 molecule has

been proposed.31 This is therefore the most likely path

for cis-(en)2Co(OH2)(OH)+2, and supports the eafiier
su§gestion that the revérsa process occurs without Co-0
bond-breaking, since poth the forward and the reverse
reactions must involve the same activated cbmplex.

A comparison of the rate constants/for the
reactions of (tren)Co(OHZ)(OH)+2 and (trenfCo(OH)z+ with
COZ (Table 12) shows.that the latter is somewhat more
reactive than the former. This is in contrast with the’
results for cis—(en)zco(OHz)(OH)+2 and cis-(en)ZCo(OH)2+[
where the former is at least 10 times more reactive than
theilatter at 25?. However,such a comparison may be
misleading, since the reactions being compared could have
different mechénisms, as suggested by the large differences

in the activation parameters. Re-evaluation of the



activation paramcters of the (tren) complexes gave values
(Table 12) which were more consistent with the reported
déta,33 but which still differ considerabiy from each
other. Thus any comparison of the relative reactivities
is temperature dependent. For example, the rate constants
for‘the-reactions of the (tren) complexe; are found by
extrapolation to be equal at 10°.

A less -~mbiguous rate comparison can be made
between cis—(en)ZCo(OHz)(OH)+2 and (tren)Co(OHz)(OH)+2,
»wﬁich shows the former to be considerably more reactive
than the latter. A comparison of the basicities of these
two complexes, as determined from the base dissociation
constanté,(Kb) shows t.aat the cooEdinated hydroxide in
the former complex is more basic than that in the latter.
(Table 12) Thushthe order’of reactivity vathese two
complexes parallels the basicity of the coordinated
hydroxide. This is consistent with a méchanism involving
nucleophilic attack by coordinated OH on .CO,.

A comparison of the dihydroxo species shows
. that cis—(en)ZCo(OH)2+ is at least 3 times less reactive
than (tren)Co(OH)2+, but this does.not correlate with
the correspondiné values of‘Kb Shown in Table 12.

~
' A comparison can also be made between reactions

(1.35) and (1.42).



Keo
H—-OH + CO Z . H-OCO,H (1.35)

k_2 2

2, €O, —=*— (en) , (H,0) Co-0cO, " (1.42)

' +
(en)z(HZO)Co—OH

If the first-order rate constant kCO is converted into
2

a second-order one by dividing by the solvent concentration

4 -1 -1

(55 M), to obtain 8 x10 "M "s ~,then a comparison with k—2

(5.2 x 10°M° %

s_l) is possible. Coordination to the metal

ion instead of to the proton increases the rate constant

for hydration of co, by a factor of 106. It has been

28,31

suggested by several workers that this effect is

analogous to the catalysis of Cozlhydration by the

enzyme carbonic anhydrase, in which a hydroxide’ligand

is thought to be coordinated td-the zinc ion at the active
site at biological pH.2 o

In a recent study of the reaction of 2,4—pentane-

dione (acac) with cis—(en)2C0(0H2)2+3 and its conjugate

. 28 ' 4 -2 -1 -1
bases, Buckingham et al. report values of 5 x 10 "M s
-2 -1 -1 o .
and 3 x lp M “s (25°, 1M NaClo,) for k,, and ky, as
given in reactions (1.43) and (1.44) below.
o +2 ‘ k12

cis-(en)ZCo(OHz)(OH) + acac —————-u-—p

) L 2 a

czs—(en)ZCo(acac) + 2 H20 (1.43)
. o+ K3z +2
cis-(en)2Co(OH)2 + acac ————-——»»cis-(en)ZCo(acac)
+ H,O0 + OH (1.44)\

2



These authors also showed that these reactions proceed
withoﬁt Co-0 bond—breakiné. They prefer a mechanism in
which the overall rate of acac additibn is controlled

by initial bond formation, and thus k12 and k32 refer

to initial nucleophilic attack by coofdinated ﬁydroxide

. at the carbonyl carbon centre of acac. A comparison of

k12 and k32 with the rate constants k_2 and k_2’ (Scheme 5)
shows that acac is much less reactive than C02. It is of
interest to note, however, that fhe ratio of the rate
constants for the reactions of CO2 and acac with
cis-—(en)ZCo(OHz)(OH)+2 of ~104 is similar to the analogous
ratio for the reactions of these ligands with OH , with

4 1 -1 1 -1

rate constants of ~1.6 x 10% M~ s~ and 0.5 M 's at

350 34,35

S
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Chelate Ring-Closure

A previous literature'value23 of the observed

rate coefficient for chelate ring-closure of ~0.011 s*¥

(pH 8.7, 20°) agrees.«~ th the data in Table 9. A value of

_ -v =1 -1
k3Kw/ Ka2 = 1,11 x 10 M s T(26°, 1M NaClO4) was

previously reported by Francis and Jordan,17 from which

10 M, using the value

~14M2.36

Ka2 can be_calculated to be 9.7 x 10
of k, reported here (0.060 s—l).and K, = 1.79 x 10
This value of Ka2 agrees fairly well with therpreviously

23 9

reported value of 1.78 x 10~ M(20°). Both these values

disagree considerably from the value of 2.5 x 10°° M
determined in the kinetic study. As mentioned earlier, the
kinetic data are not consistent with either of the smaller
values of.Kéz. quever, it should be pointea“out that the
value of Ka2 SO dgtermined is.almost sole;y dependent on
the last 6 data points, which were obtained under conditions
in which a large excess of both HCQ3_ and C03= were prééent.
Under these coﬁditions, the formation of significant
amounts of ion—pair‘cbmplexes of cis'—(en)ZCo(OHz)(Cd3)+
with HCO3~ and CO3= is likely. Such ion-pair complexes
might be considerably less reactive than "free"
cis-(en)ZCo(OHz)(CO3)+, and this could explain the decrease
in k previously accounted for by the larger value of

exp

Ka2. Because of this uncertainty in the kexp values at



N

PH > 7.2, the upper limit previously ‘calculated for k3’
is probably no£ meaningful.

The rate constant for ring-closure ?f
cis-—(en)ZCo(OHz)(CO3)+ (k3) is compared with ﬁhe analogous
constants for several other similar complexes in‘Table 12.

Table 12 |

Rate Constants for Ring-Closure of Cobalt(III) Complexes

Complex 102k, s-l Reference
. ) + ” . a
CLs-(en)ZCo(OHz)(COB) 6.0 ~this work
cis~ (tren)Co (0H,) (coy)* 5.0 ,, (33)P
eig~ (en),Co (OH) (PO H) 0.083 ‘ (37)€
+ . d
(en)ZCo(OHz)(C204) 0.01 ‘ | (15b)

(a) T = 26°, I l.O'M(LiClO4).

25°, 1

(b) T 0.5 M(NaCl).
(c) T = 22.5°, I =1.0 M(NaClO4).

(d) Extrapolated to 25°, I = 0.37 M(NaNO,) .

|

The values for the two carbonato complexeslih Table 12

are very similar to each other, suggesting that these

species undergo ring-closure by a similar mechanism.

If the mechanism of chelate ring-closure
{‘«..

involves dissociative water loss, then the rate constant



for the process should be similar to that for water exchange
on Lhe reactant speciee: Unfortunately, such values are

not available, but a value of 9.2 x 1074 71 (25°) has been
reported26 for the exchange.of oxygen between Hzo and

cis—(en)ZCo(OH )(OH)+2. This value is about 50 times smaller

2
than the ring-closure rate constants of the (en)2 and
(tren) complexes, suggesting that chelate ring—cloéure in
these species proceeds by a different mechanism, or
that the release of water from cis—(N)4CQ(OH2)(CO3)+
species is considerably more facile than from
cis—(en)2Co(OH2)(OH)+2. If the latter were the case, it
implies that the carbonate ligand has an unusually large
cis labilizing effect. v -

' In contrast to the carbonato complexes, the
rate constant for fing-closure of cis—(en)ZCo(OH)(PO4H)
to give (en)2C0P04 is quite similarﬁto that for oxygen
exchange on cis-(en),Co (OH, )(OH)+2. Therefore for this_
species a dissociative rlng—closure mechanism geems
most probable The monodentate phosphato complex in
this study was formed from the reactlon of (en) Co(OH )(OH)
with phosphate, and it has been suggested3§ that -the
rate of isome;iZation of trans-(en)2Co(OH)(P94H)
rather than ring—clesure of.cis—(en)ZCo(OH)(P04H) may
<ieontrol the observed reaction rate. However, this

p0551b111ty is clearly eliminated by the results of

Lincoln andkstranks.29 37



N,

The observed rate constant for the formation
of (en)2CoC204'from (en)ZCo(OHz)(C204)+ has a magnitude
which is consistent with rate-limiting dissociative
watef loss. However, the possibility that the observed
rate is controlled by the isomerizdfion of an
intermediate trans &xalato species is not excluded by
the results in this case.

| These comparisons suggest that the carbonato’
complexes may undergo ring-closure without Co—O‘bond—

breaking. Oxygen(18) labelling experiments have shown

that Co-0 bond—breaking occurs in the acid and base-

catalysed ring-opening of (en)2C0C03+, but the

4

uncatalyzed path,‘sééction (1.45), has not been studied.-

(en)2C0C03+ + H,0 kz: (en)z'cO(onz) (do3)“r (1.45)
X )




CHAPTER II

INTRODUCTION

Numerous kinetic and equilibrium studies )of the
.

reactions of first row transition metal ions with ligands

have been reported in recent years. The results of these

38,39,40,41,42

studies have been reviewed, and further

detailed discussion will not be given here. Much of the
kinetic data has been interpreted using the SNlIP

43

mechanism, as formulated by Eigen and Wilkins. This

mechanism can be described by reactions (2.1) and (2.2),

K
(o] \
M) ™+ 18 ::.—_.__—*{M(s)n . L}‘“+q (2.1)
i ion pair '
o k |
sy, - L™ ey @™ s - .2

wherg'M(S)nm refers to }he soivated metal’ion of charge.m,
1.9 refers to the ligand of charge q, and é reférs to the
solvent mole('1e. "omplex formation in solution is
considered to proceed in two steps, the first of which is
the rapid formation of an ion pair or outer sphere complex.
wThe second step involves the replacement of a solvent
molecule in the first or inner coordination sphere with the
vligand molecule. This second step is dissociative in
chafactef, and thus the ratehconstant kex should be Similar

to that for solvent exchange on that metal ion.

The ion pair formation constant, K, is a

65



function of several variables, of whicﬁ the charges on
the metal and ligand‘species are two of the most important.
The rates of formation and dissociation of the ion pair
complex are determiﬁed by the rates at whichfthe speciﬁs
can diffuse together or apart,~and,'since these processes
are very tapid, equilibrium is always maintained. For

low llgand concentratlons, i.e. when l>> K [L]}, the rate
law derlved from (2.1) and (2.2) 1s -d[L]/dt~ K k [M][L],
whlch is the same as that observed experlmentally for

the reactions of a wide range of métal ‘ions and ligands.39

;he ev1dence in support of the S 11p mechanlsm

is ofs two klnds, the first of whlch comes from klnetlc'

studies. For a partlcular llgand reactlng w1th a series
of metal ions, the observed rate constant is usually
51m11ar to the rate constant for solyent exchange on -
t metal ion..This is predicted by the SylIP mechanism
in which the value of Ko is close to unity.

of reaction of a metal ion with a series of
-

unidentate ligands are insensitive to the size or nature

of the ligand, but are ver¥k dependent on the charge & &
] i i

the llgand ThlS is consistént with'dissoc1at1vé

-

actlvatlon along with a prior step to account for the

v

effect of the charge. v

»

The second kind of evidence concerns the ~
. . . i

existence of the out%§ sphere complex. Before a reaction
‘ %,
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can occur, the reactants must be brbught together. The

outer sphere complex satisfies this requirement. In F

tﬂiﬁé;t systems, such as those of cobalt(III) complexes,
i?ﬁid spectral changes often occur upon addition of
i;éénd,44‘which.suggest some associatién of the reactants
l prior to the substitution process. Other measurements on

more labile systems by ultrasonic absorptibn45 lead to

e :
N PN . . . . . -
' “the same conclusion. While theseé results give fairly

conclusive evidence of the existence of outer sphere

|

. . ' - X I3
complexes, they do not prove that inner sphere substitution

procggdsfthfough such outer sphere complexes. :An equation

46,47

has ‘been derived from theory which allows calculg@@?br

R 0 )
e ey

o% the value of Ko , and the calculated and measu;g?

i

values are in fair agreement for systems where‘a;?

ﬂ%eaéurement of K, has been made.

Much of the kinetic evidence in support of the:
Eigen mechanism has come ftpm studies with nickel(Ii)“’
39 o |

ion. This is mainly because the reactions with hickel(II)J‘

ére‘generally slower than rhose with other +2 metal

ions, and are‘tﬂ refore easier to study} A wider range

of reaétioﬁ conditions is usually available,: and the
choicé ofyligandé is thus less rgstfiqted.‘Tbe nickel (II)

»on is also convenient for study because it is not

*subject to oxidation, and hydrolys;é in agueous solution

*i% not a problem, at least helow pH 7. .

S R
PRy INS \ ) R ‘
< . S R - i e
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'llgand there already have been a numbef of studies.

In this study, the validity*of' the Eigen‘/
/
mechanism will be accepted. The purpose. here will be to
exploit the previous knowledge and conclusions to

investigate the order of events which occurs when a

mul tidentate ligand reacts with a metal ion to form a

.ighelated complexc Por the simplest casefof a bidentate

~48-51

'/‘.Unfoxtunately, it has been shown recentlys2 that much of

the prevxous work was lnterpreted 1ncorrect1y. For
example, in the case of glyc1ne, the mechanlsm for
complexation Hlth a metal ion, M, has been 1nterpreted

by Cassatt and Wllklnsso using the reactlons in Scheme 7.

Scheme 7

.V» . . 12 v
M. + L—LH M-L-~ -LH

TR
+ ‘

STY I IR ,' k23 [ *32 o
‘ k

‘M+L-*L 'M—L-—L —————»M

P
‘\‘L

-
[

k3 e

‘L~LH represents the glyCine zwitterion, _OZCCHzNH3+ and
Y LeL represents the anion, 02CCH2NH2 . Throughout this

dlscu551on, 1t 15~assumed that the rate constants k12

and k43 are really approprlate products of K and k 7‘§

If the” steady-state approxlmatlon is made er the

.t



monodenta* :pecies M-L-LH and M-L-L, and if the
cy s . L .
equilibrium governed by K14 is considered rapid, then

the rate law 1is

'

Rate = kobs[M] L

t
{ . (2.3)
Kiokyskoy ) + (kyy # 23)k35 a3F1af M) Ly )
(Kyq* )){(kZI 3 (B) + (kggtky,) (kyvky)) |
where 5 - C b
L, = ((L-L] + [L-LH]) (2.4)
If k23 > Eél , and for [M] >~Lt , equation (2.3) can '
be reduced and rearranged to give 4
a1 Jd ; ,
L + ) + _1‘/ ) o .
Kpg#tH)  kyokpskyg + "«13"23}‘35K14(H Yoo (2.5)
» ; (2.5).
(H) koK 32(H ) + k 3(k 34)
Ins order to obtain the same form. f»equation'
as that observe& experlmentally, a furtherl.ﬁpfoximation
is necessary. Cassatt and W1lk1n550 assumed that E -
» . R N ‘ o X
& C 4 . ) -
kpykzp (H') < kpz(kygtkyy) - o f2.8)
{ 4 ’
' ' '-‘\a . B
and if.k35 > k3,4 + then equation (2.5) reduces to
ek (K. (HTY) K, K. !
o Kopg (KygtH D)) 43814
4 — = k12 + ——0 , (2.7)
o8 o (H) : . (H) -~

g rye numBer of amino acids and other bidentate

L >

W
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-than 3 x 10

R

ligands,:a plot of the experimental function on the left-
hand side of equation (2.7) wyrsus (H') ! yields a
» .

straight line. The intercepts of such Qlots arc generally
close to zero, and this implies that kl2 * 0. This result
has been interpreted50 as proof that the zwitterion form
of the aminolacid i1s unreactive.

. 52 °

However,'a recent reappraisal of the

approximation in equation (2.6) suggested that the
inequality should be reversed. For an amino acid, the

acid dissociation censtant K14 is usually less than 10 9M.
The acid dissociation constant for the monodentate complex,
M-L-LH, defined as K23 = k23/k32 » 1s expected to be less

-9 53

M, which is the value reported for the

proton dlssoc1at10n constant of cooxdsnated glycine in
l-f

3)5 3 3. Common experlmental conditions

require that (H*) > 10 -7

104s—l, and (k +k34) < 5% 1045 l, as expected if kBi“

(NH COOZCCﬂzNH

M. If k21 is given a value54

of

is 51m11ar»to k21 /and if k35 is similar te. | o

the Fate constant for water exchange55 on Ni(OH2)6 ’

then 1t is seen that k l(H )y > K23(k35+k34), With this

‘ app;oxlmatlon equatlon (2.5) reduces to

AN S . ' * B ,
S kg Kyt k12k35 i
W . + - -‘_——_’ (2. 8)
B e
-3 R
% f]#, SN ,
.. Y \\V/;\;'
2 "_' .. N i v N v. \/
*L h ,;w‘ . r—‘»?i"' A ‘\' ° N Fl



This equation also predicts a linear plot of
k bs(K +(H ))/(H ) versus (H ) 1, with an intercept of
zero. As mentioned earlier, this is the result found

experimentally. This equation does not require that the

zw1tter10n be unreactlve, but instead suggests that the

process of chelate rlng closure is rate determlnlng for : RS
this type of reaction under the conditions specified. ﬁ&;
2 ’ . ' . 'J

The present work will be concerned with the T

complex1ng of the amino acid hlstldlne, and several of

its derivatives. Histidine is an i teresting llgand from

several points of wiew. Like many ino acids, it has

. an asymmetric carbon centre, and thus exists in both D-

and L-isomers. It has been located near the active site
in a number of proteins_,56 and its coordinatio” « the

metq}ulon at the active site is proposed in gome of these
r' .
enzymatlc spec1es.57 As a chelating llgand hlStldlne is

potentlally tridentate, and its three ba51c groups should
&R
be quite unique 1n their coordlnatlng abilities.

Two previous kinetic studies of the reaction

-of L-histidine with N1(0H2) *+2 have been reported.?g >0
\,_,\

These resuits*;e§§=5hterpreted u51ng the slmplest

apprclch, which . beglns by assumlng that 1n1t1al bond

forration is rate determlnlng,,and that all further

ct lation steps‘proce; zvdly. 051ng thls approach,
. Y ‘,”:\ ; - n,./» u- ’ '

> obtains an expressis#f Of 1dentlc$l form to equation
. & . Lo . A

T .e




(2.7), except that K14 now refers to the acid dissociation
constant for the imidazole proton rather than'the amine

proton, and k12 and k43 are the rate constants for reaction

"of the metal ion with the cationic and zwitterionic forms

of histidine respectively. The experimental results gave

linear plots of kobS(Kl;+lH+))/(H+) versus (H+)_¥/ with

£
intercepts close to zero. A dlscu5510n of these results
usingpa more complex model will be included later.

T Ve

4 ) . s
¢ A second slower reactlon was also observed in

? at 49,50

previous studles w1th L-histidine. It was proposed
by Letter eq%‘gprdan49 that this slow reaction involved
formation of a binuclear nickel (II) species, formed by
attack by a second nickel ioo}at the remote pyrrole
nitrogen of the histidine ligand. In a similar study51
with the modified,species, L—3—methylhistidine, in which
the pyrrole nltrogen is blocked the slower reaction waeq
not obsé&ved This compllcatlon seems to arise because of
the reaction conditions, in which the nickel (11)
cogcentratlon is kept in large excess over that of the

. \J\@m ) «

Iqﬁ%he present work, a stable SChlff base
complex of g&ékel(II), triaquotribenzol[b, f, J] [1,5,9]1-
tr1azacycloduodeC}oenlckel(II),(Figure 9) known as
NiTBI(OHZ)B+2 , was cthosen for scudy for a number of *-

reasons. Formation of bis complexes of NiTRI(OH2)3+2

g - o R - o



Figure 9. The structure of the Schiff

4
. +2
NlTRI(OH2)3 .
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with a multidentate ligand is unlikely to occur, since
only three positions are available for substitution. This
allows for a greater range of éossible concentration
conditions, which could be quite advantageous. In
particular, if a study of the histidine reaction could
be made under conditions of high ligand to metal ratio,

complications arising from-.attack by a ‘second metal species

would be uhlikely to occur. ' .
: ‘ .
The rate constant for water exchange on
2 4s-l,25°)59 is similar to that

NiTRI(OH2)3+ (3.8 x 10

reported for Ni(OH2)6+2(3.3 X 1045-1)55. Thus it is
expected that conclusions regarding the pathways for

2

formation of a chelate complex of NiTRI(OH2)3+ should

2

be generally applicable to Ni(OH2)6+ , assuming that both

undergo. substitution by an SNlIP mechanism.
The structure of NlTRI(OH2)3 2 contains no axis,

of improper rotation, S_, and thus can exist as either OF -

two isomers, which are mirror images of each other. In’

fact, a resolution of these isomers has been repOrted.60 i
The reaction of oﬂe optical isomer of NiTRI(OH2)3+2 with

an optida11y7activé ligand such as histidine, might show

a kinetic_stereoéélectivity, which would be interesting
. R
to investigate, nd m.ght also help to determine the . i

order :in whicr. the 1elation steps occur.

Ih'summn}y, the inteption of this study is to

.o R
PR~ R . - A3
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1nvestlgate the binding of several multldentate ligands

such as hlStldlne and its derivatives w1th*the nickel (I11)

complex NlTRI(OH2)3+2.



EXPERIMENTAL

Materials

| The nickel complex, trlaquotrlbenzo[bAf Jgl-
.[l 5, 9]tr1azacycloduode01nen1ckel(II)nltrate, NlTRI(OH ) 2
was prepared as suggested by Taylor and Busch.61 The )
compound O-amino-benzaldehyde was prepared by -reduction.
of o—nitro—benzaldehydelwith FeSO4 as described by
Smith and Opie.62 A sampley(4.5 gm) of thig.was allowed
to trimerize by self-condensation in dilute HC1l under
a nitrogen atmosphere, (asAdescribed by McGeachin,GB) to
form the trldentate ligand 13- hydroxy—G 12- —-benzo- -6~
‘ qu1nazollno[3 4,alquinazoline. -a suspension of this llgand
(1.0 gm) was heated with an equimolar amount of nlckel(II)
nltratebhexahydrate in 40 ml of absolute ethanol for one
hour. The initially green solution gradually became
yellow;orange, and the nickel complex prec1p1tated The
NiTRI (OH )3(NO )2 (1.5 gm) was isolated by flltratlon,
and re-dissolved in 100 ml of warm water. After addition
of ~10 ml of 3M NaClO ; the solutlon was' cooled for
several hours. The prec1p1tate, NiTRI (OH )3(ClO ) o .
was collected by filtration, and recrystallized twice
from water and NaClO4 as described above. The product

was washe@twith‘cold water, and dried for.several days

- under vacuum over CaSO4. Analysis. Calculated for

76 f v L
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NiTRI(OH,),(Cl0,), : C, 40.62; H, 3.41; N, 6.78. Found:
C, 40.75; H, 2.79; N, 6.85.

The:plectronié spectrum of a sample of
NiTRI(OH,)4(Cl0,  dissolved in 107% M HC10, has

absorption maxima at 315 nm (é 1.18 X 104 dm3mol_lcm—l)

and at 275 nm (e 4.10 x lO4 dm3mol_lcm-l), which are
in good agreement with the previpusly reported60 maxima
at 325 nm (¢ 1.15 x»104 dm3mol‘lcm‘l) and’ at 275 nm
(e 4.17 x lO dm mol _l ). A comparison,of the complete
electrenic spectrum (250-1100 nm ) of an agueous solution
of gﬁ%g;(oH2)3(Clo4)2 with that shbwn in reference 60
fugfher supports the characterizatgon of thg perugt.
The IR spectrun of arsamplevbf thg%complex was 1in
agreement with thatzpreviousiy reported.

Aquéous‘solutions of NiTRI(Oﬁ2)3(ClO4) at
PH< 7 are reasonably stable, as confirmed by the
reprqducibility of the electronic spectrum over a
period of three days. However, for the kinetic expeéiméntg

fresh solutions were prepared directly by weighing Jjust

prior to use. | - "
l V

A stock solution o&'nlckel(II) perchlorate

was prepared by mixing reag@hﬁfgrade nlckel(II) carbonate

( J. T Baker) with an equlvalent amount of perchloric

S ——— ’

acid.: This solution was standardized by titration with
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'EDTA, using murexide indicator (Fisher).
The ligands D-histidine, DL-histidine, L-3-
methylhistidine, and L—l—methylhistidine.( the latter

»

two of which are named using biochemical nomenclature)
were used as supplied bx Slgma Chemical Co. The 1lgand
L—h%stidine,‘( free base, Nutritional Biochemicals Corp.)‘
was recrystallized from 50% aqueous ethanol, and dried
under‘vacuum over CaSO4 before use. Analysis. |
Calculated for - C6H9N3O2 C, 46.5; H, 5.81; N, 27.1.
Found: C! 46.9; H,d5783; N, 27.5. Glycine (free base)
was prepared by dissolving 8 gm of the hydrochloride
salth (Eastman) in 100 ml of hot 50 % agueous ethanol
solutlon contalnlng 3 gm of NaOH. Upon refrlgeratlon,
the free basevcrystallized, and was collected by
flltratlon; The crystals were washed with cold
,dlstllled Water.and thh ethanol, and drled'under \

% yacuum over‘CaSO4 A sample dissolved in water was ‘
“found to- contaln very‘{lttle chlorlde ion, as l

. indicated by'testlng with AqNO3.>H1stam1ne (free baseﬂ |
was used as supplied ( Matheson,’Coleman, and Bell),

- A9
: after drying under vacuum over (,aSO4 for several days.

% Analysis. Calculated for C5H9N3 ¢, 54.0; H, 8.11;
< . ' . .
N, 37.8. Eaﬁﬁa:/c, 53.4; H, 8.07; N, 38.2. Solutions

//////Sﬁ/tﬁg;e/ligands were prepared.by weighing the

"
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appropriate amount Of the sokid directly into a 25 ml
volumetric flask, adding aliquots pf the LiClO4 and

indicator stock sélutions as needed, and diyuting to
volume. All ligand solutions were prepareﬁ just prior

»

to use.

The concentrations of L=3-methylhistidine
and L[-l-methylhistidine were checked in a few cases
by PH titration of a small aliquot of the solution
prepared for' the st&pped—flow experiments. Corrections
of 1l6.4% éﬁd 9.2% were applied respectively,"to account
for the difference betyeen the weighed amount and the
actual céncentration. This discrepancy is assumed‘té
be due to abgorbed water.

Solutions of L-histidine methyl ester were

prepared from the dihydrocﬁloride alt of Z-histidine

methyl ester (Aldrich). AnaZys'

C,Hy N50,Cl: €, 34.7; H, 5.41; W

directly into.a 15 ml centrifuge tube, and then é'
in 5.00 ml of distillédiwateru TL.=n l.Od ml of
§olution containing enough AgClQ4 (British Drug Houses)
to pPrecipitate 98% bf.the;chloride iqﬁ preseﬁt was .

added. After shaking Well, the mixture was centrifuged

for fifteen minutes. Exactly 5.00 ml of the clear

e




supernatant were removed for preparation of the solution

to be used in the kinetic experiments¢ : \

\

The ligand o-N,N,N-trimethyl-r-histidine
(hercynine) was prepared by the method of Reinhold et aZ.6
. The recrystallized product was dried uﬁder vacuum,'and |
melted with decomposition at 239-241°, The proton NMR

spectrum also conflrmed the stru0tura1 characterlzatlon
Analysis. Calculated for C9H15N3 2:‘C{ 54.8; H, 7.67;

N, 21.3. Found: C, 53.8; H, 7.60; N, 20.8.
o
The llgand N- methyllmlnodlacetlc ac1d (MIDA)z

s.\\
e

was used w1thout further purlflcatlon as supplled by

K and K Laboratories. - 3 : .

Stock SOlutlonS of the buffers MES (2= (§¥-morpho-

N
[}

llno)ethanesulfonlc acld) and PIPES Ci» -plpera21nebls'
' —(ethanesulfonlc ac1d)) were prepared from the,@ommerc1a1
products as supplied (POlysClences) Ftock solutlons

(5 x 19 -4 M) of the rndlcators bromodhymol blue and

bromocresol purple ( Matheson, Coleman, and Bell ) were
l :

prepared by dlssolv1ng the commerC1al products 1@ water
. 8

0conta5n1ng an equivalent amount of.NaOH. , -‘fﬂh -
- . Stock :olutions of Liclo, (alfa Inorg n1C),ﬁ

perchlpric a01dr and sOdlum hydrox1de were pre ared /:

as descrlbed in: the experlmental Section of C apter I. /

All solutions were prepared from water whlch/had/beenv

E :
. e . ot ¢

g

4

pw



distilled twice in glass apparatus; and the lac«

distillation was from alkaline potassium perma ~2i .

3

Resolution of NiTRI(OH,) ;"

- Ion Exchange Method

Approxlmately 10 gm of the weak acid cation
exchange resin, CGC-271 (Baker), were washed thoroughly
with ethanol and diethyl ether. qu resinAwas then tleataﬂ/
several times with 100 ml of 1.0M NaOH, to convert it
into the Na© formA The resin was then slurried in water,
and transferred to a glass column 20 cm long and 2 cm in
dlameter. The resin was eluted with dlstllled water
unt’ 1o pH’ change could be detected on pa;sage through
.ne co.mn. The pH of the column wa%hthen adjusted to -6
by elution with acetate buffer (50 ﬁl of 0.04M sodium
agetate adjusted to pH 6 with acetic acid). ‘A solution ;
containing 0.077 gm of L-hlstldlne ’ 0.062 gm of
racemic NiTRI(0H2)3(ClO4)2 and sodium acetate buffer
(0.04M ) at pH 6 was placed,on the eolumh. The celumn was
then eluted with acetate'buffer containing L-histidine
ﬁ(lO-ZM),,The'concentration.of'the buffer was increased

“

step-wise to 0.80M, at which pointi che complex was seen



’

to move down the column. Six 2C ml fractions of eluent
were collected sequentially, and the optical rotation of

each was measured using a Perkin-Elmer Model 241 polar-
' 2

imeter. The optical rotation of a blank containing 10 “M

L- hlstldlne in ‘0.8M sodium acetate buffer was also >
measured The electronlc and ORD sp Yé of acidified:
(pH 2, HClo ) samples of the second 2nu s_xth fractions
were recorded. Upon addition of minimal volumes. of 6M
HC10, and 4M NaClo, , crystalline NiTRI(OHz)B(c164)2

4
could be recovered after cooling. 3

Precipitation Method

An aqueous 501u;ion of 0.060 gm of racemic
NiTRI(OH,)4(Cl0,), (10 ml) was added with stirring to
10 ml of water contaihing 0.240 gm of L—histidine:and

sufficient acetic acid to adjust the initial pH to 6.2.

Precipitation of a yellow-orange product begins after
about 30 s of rapid stir;ipg. After 15 minutes, this
precipitate was col@fcted by filtratidp in a sintered

glass'filter funnel, washed with cold distilled water,
*
‘and air-dried. A sample of this prec1p1tate was

dissolved in 10, 2M HClO4r and its optical rotatlon

was measured. The remalnder of the precipitate was

di5501ved in 10 2M.‘acetic acid. A_solution containing

a 20 fold excess of LJhistidine was aaded, together
o * ' )

~with enough NaOH to neutralize the acetic acid, to a

82
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~
final pH éf 6. Again a precipitate was formed; and it
was ;eparaﬁed by filtration. A sample was takeh for
measurement of the optical rotation. This process was
repeated once again to ensure complete resolutlon of ™~
the isomers. A sampl@ of ‘the washed, dry crystallnne
méterial'was sent for microanalysis, and another was
dissolved in 10_2M HClO4 for measurement of the ORD
spectrum. The remaining precipitate was dissolved in

10_2M HC1O0,., and 4M NaClO4 was added. After cooling[

NiTRI ( i }(C104)2 was recovered by. filtration.
The othe- omer could be obtained by either
of two methods. Whe. . few ml of 4M NaClO4 was added

to the filtraée.obtained earlier, a precipitate was
formed upon cooling. This precipitate was re—dissolved
in 10-2M HCld4 and re—precipitated by addition of excess
.4M N_aClO4 and cooling. The electronic and ORD spectra

of a sample of this precipitate dissolved in 10—2M

HClO4 were recorded.

o This second isomer could also be recovered by

*

addltlon of an aqueous solution of D ~-histidine to the
orlglnal filtrate obtalned earlier. The NlTRI(OH2)3(ClO )
2

was recovered from solution by addition of NaClO4 as

described‘above.
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Determination of the Acid Dissociation constant of

Hercynine .

The value of the pK for hercynine in 0730 M
LiClO at 25+0 20 was determined by PpH tltratlon Samples
of the ligand were titrated with 0.202 M HC1lO, . using
a Metrohm Dosimat titration apparatus. The pH Was
measured using a Metrohm E300B pH meter and combination
microelectrode previously described (Chapter I). Three,
titrations were made, from which the average ‘pKa was
determined from the half—nehtralization point to be

6.05+0.03.

Kinetic Measurements

The rates of the reactlons of NlTRI(OH2)3 +2

B

with histidine, L- 3-methylhlst1d1ne, L- 1—methy1hlst1d1ne,
histamine, glycihe, and L-histidine methyl ester have )
been measured in the pH range 5-7. In jnitial runs with
hisﬁidine, the reactlon was followed directly by
observation of the decrease in transmlttance at 275 nm.

All of the remaining studies were made by following the
rate_of release of H+, using the transmittanég change

due to an acid-base indicator in the solution. The’
Aminco-Morrow stopped-flow apparatus described in Chapter I

was used to obtain the kinetic data. The temperature was

controlled and monitored at 25.0+0.5° using the equipment

’
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described earlier in Chapter I. The ligand was always kept
q +2

in at least a fen—fold mola; excess over the NiTRI(OH2)3
The pH of each of the reactants was adjusted prior to
mixing with a.small volume of"'HClO4 (less than 100 ul),
and the pH of the products was measured within 10 minutes
of mixing in the stopped-flow system, using.the pH meter
and probe described in Chapter I.

Blank experiﬁents,made by mixing in the stopped-

2

T flow abpératus solutions of NiTRI(OH2)3+ and bromothymol

blue ihdicator,_each containing PIPES buffer, showed a
small 1%1%), slow increase in transmittance at 620 nm °
a* pH_GLB. In most of the histidine results, the indicator

2 solutions, but

was not included in the NiTRI(OH2)3+
identical runs in which the bromothymol blue was included
in both solutions showed -no significant difference in
“the observed rate coefficient. Similar blank experiments
with bromocresol purple indicator at pH 6.2 (A=590rnm) ’
showed no transmittance changé; In all of the studies
with the other ligands, the indicator was included in
both reactant solutions. .Blank experiments ih which’a
histidine solution was mixed in the stopped-flow system
with bromotﬂymol blue or‘bromocregolfpurple and MES
buffer showed no transmittance changes at 620 or 590 nm

respectively (pH 6.2).

The pseudo-first-order rate coefficients were

/

K
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determined from the photographic traces using the least-
squares program described in Appendix A.
Several different combinations of optical

2 and histidine were studied.

\

isomers of NiTRI(OH2)3+

Racemic NiTRI (OH 2 was used for all of the studies

+
2)3
with the other ligands.

)6+2 with L-histidine

The reaction of Ni(OH2
was studied under conditions of excess ligahd. The ligand
solutions were prepared similéhly to those already |
described, while the Ni(OH2)6+2\solution was prepared by
. dilution of the stock solution described earlier. Both
‘reactants contained indicator and 0.30 M LiClO4, and the
Ni(OHz)é+2 sol&fion contained a small amount-(0.00ZMY of
bﬁffer to stabilize its initial pH.

In the study of the reaction of Ni(OH2)6+2
with L-hercynine, the metal icn wae kept in excess over
the ligana, since under these cond.tions cbmplex fo;mation

) .
was most favorable, and easier to study.

NMR Measurements

]

Meaéurements of the solvent pro£on longitudinal
relaxation time, T, ,in an agueous soluﬁion of NiTRI(VOH2)3+2
containing various kgown amounts 6f liganq,-were made
using a Briker SXP 4-100 pulsed nmf instrument operating

at 60 MHz. A friplet pulse sequence (180-t-{90-180-90}-1-

N
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{90-180-90} --- ) was used, anc the magnetization after
each 180° pulse was displayéa as a funétion of time on

‘the oscillogcope “screen, after storage in a Tracor Northern
N S 570 data accumulator. This‘firSt—brder decay was

compared visually to an exponential curve simulated using

-~

“the output from a series R-C network. Variation of tbe
resistancé (R) and the amplitude of the signal allowed
the simulated curve to be superimposed upon‘thg experimental
trace, the formef of which was displayved on the‘oscilloscope
screen via a second channel. T@e,time qgﬁsfan% was then
determined directly from the simulator values of R and C.
Com .risons oi the Ti values obtained by this methcd were
found to agree mithin ;5% of those determined Ly least-»t
séuares analysis of the digitized experimental cata.

The experiments were made using a titration
techniqﬁe, in which incremental volumes (100-500 ul) of
ligand solution were added to 2.00 ml of 4.0 x 10—3M

(Clo solution in 0.10 M MES buffer initiaily

2)3(€104) 5
adjusted to pH 6.20 (or 6.98). The Tl was measured after

NiTRI(OH

each addition of ligand soldtion, as well as on pure
solutions of NiTRI(OH2)3f2 and liéand. The tehberature
was‘25t1° in all cases.

~Solutiéng‘of the ligands L-histidine, L-~hercynine,
histamine, thigtidine meth§l ester,‘and MIDA were

prepared by dissolving weighed amounts of the compounds



in water, to give final concentrations of 0.020 or 0.040M.
MES buffer (0.10M) was included in these solutions, and

the pH of eazh was adjusted ‘as réquired with 2.0M HC104.



RESULTS AND DISCUSSION

When solutions containing eduimolar amounts
of L—histidine and NiTRI(OH2)3+? buffered at pﬁ 6.2
are mixed,’the absorbarice at 275 nm decreases as shown
in Figure 10. Additional histidine causes a further
absorbanee decrease, iﬁplying that complex formation
is not'complete at 1:1 Stoiehiometry.
' The reaction of NiTRI(OH2)3 with histidine
was shown to be rever51ble by treating one aliquot of :

PR N

a NiTRI (OH solution at pH 6 1 with histidine and

2)3
then with 0.5 M HClO4 to a final pﬁ{Z, while a second
aliquot was acidified prior to additioq‘of histidine.

In the'first case the histidine complex‘of NiTRI(OH2)3+
will form and then be converted back to reactants by'
fthe acid, whereas in the second case , no complex will
'have formed. The electronic spectra of the two solutlons
. were identical, showing that the reaction with histidine
has no irreversible effect on NiTRI(OH2T3+2;

Resolution of NiTRI (oH,),*?

\
Prellmlnary attempts to separate the optical

2)3 by selectlve elution from a

cation exchange column indicated that resolution could

isomers of NiTRI (OH

89



Absorbance

Figure 10.

wWavelength, nm

t

: \
Electronic absorption spectra of solutions of
+2
2)3
were measured at 23° in a cell of 1.00 cm path

NiTRI (OH and IL-histidine. The spectra

length. Total [NiTRI] = 2.00 x'10 SM. Solutions

contained L—histidigb as follows: (i) none

(2) 2.00 x 107K (3) 8.00 x 10 "M (4) 8.00 x

10 3M. NaOZCCH buffer(o 10M) at pH 6.23 wa$

3

included in all solutlons.;
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be obtained if‘tﬁe eluent éontained 10~

M L-histidine

and was buffered at pH 5-7. Under these conditions, the
. |

details of which are given in the experimental section,

the eluent fractions gave optical rotations as listed

in Table 13.

0

'Apparent Optical

Table 13

Rotations of Eluent Fractionsa

Wavelength, nm

Fraction 365 436 546 - 578
1 -0.031  +0.021 _ +0.012 +0.008
2 -0.035 . +0.031 +0.016 +0.011
37 -0.017  +0.013  +0.007  +0.005
4 -0.001 .0.000 0.000 0.000
5 40.007 - -0.012 ~  -0.007! "-0.005
6 +0.008 - -0.016 -0.010  -0.008

Blank® -0.009 ~0.006 -0.003  -0.002

14

o

in a 1.00 dm path length cell at 23°.
2

(b) A solution of 10~

pH 6.

L ) .
‘(a) The tabulated\galues,are in degrees, and were measured
{ N

M I-histidine in 0.80 M NaOZCCH3 at -




" ¢
Recovery of the perchlorate salts yielded

0.0.'4 gm (40%) of the (+)436N1TRI(OH2)3(C104)2 isomer
from Fractions 1 and 2 (Table 13), and 0.0087 gm (30%)
of (- )43rN1TRI(OH2)3(ClO4)2 from Fractlons 5"and 6.
Ylelds are based on the max1mum amc 1t of the 1somer
that could be obtained.

In the precipitation method, a solution of
L-histidine was added to a buffered solution of

-

NiTRI(OH clo At pH> 5.4, a yellow:orange precip~

2)3(C104) 5.
-itate was formed, which gave a p051t1ve rotatlon at 436
_nm. This isomer thus corresponds to the one eluted first
from the ion exchange column in the previous method.
Fractional recrystailizatioﬁ of this yellow-orange

precipitate gave an improvement in the resolution of the

’(+)436.isomér, as shown in columnPA of Table 14.

After removal of the (+)436 isomer from the
original solution, the (-)436 isomer was precipitated
by addiéion of sodium perchlbrate solution. Recrystalliz-
ation of the perchlorate-salt‘of this isomer from dilutef4‘
perchloric acid énd sodium perchlorate resulted in an
increase in its molecular rotation, és shown in colﬁmn
B of Table 14. |

Because of “the low ylelds, further recrystalliz- B

ations of these samples were not undertaken. The ORD

spectra of solutions of the (+)436 and (-)436 isomers '
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obtained by this precipitation method are shown in Figures
11 and 12 respectively. The ORD spectra of samples of the
“ion exchange Fractions 2 arld 6 (Table 13) are also similar’ .
to those ghown i% Figureé 11 ana‘12 resﬁectively, and the
resolutions obtained by the‘twb'ﬁethods Ffe compared in
2?ap§? 15. |
Table 15

Moieculﬁr Rotationsa of Rgsolved NiTRI(OH2)3+2

. +2 . +2
(+)436N1TRI(OH2)3 (—)436N1TRI(0H2)3

. =5 ' -5 ' -5 -5
10 °[@),g5 10 TIe)y5, 10 T(®]yg5 10 T[0l5g,

)

" Ion Exchange -1.9 +0.70 T 42,1 -0.68
Method . '
Precipitation = -2.0 - 40.65 +1.2 - . =-0.38
" Method’

N

‘(a)+ The molecular rotations were determined directly

C

from the ORD spéctra at 23° in 1072 M HC1O,. [¢]A

is defined'under Table 14; - a

The results of an analysis of the precipitate
2

.

of L-histidine and (;)436NiTRI(OH2)3+ are shown in Table 16.
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Figure 11. ORD spectrum of (+),,, NiTRI(QH2)3+2-

[NiTRI(OH2)3+2] = 4.13 x 10™°M, in 10 %M
HCiO4. The spectrum was measured in a

1.00 cm path length cell at 23°.
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Figure 12.

300 - 400 500

WAVELENGTH, nm

"

ORD spectrum of (-),3¢ NiTRI(0H2)3+2.

(NATRI (OH,) ;%21 = 3.73 x 107° M, in 107 °M

HC104. The spectrum was measured in a

1.00 cm path length cell at 23°.

»



Table 16

Analytical Results for the Precipitate

97

C H N MW
. Found ': 50.7 3.98 12.5
Calculated for :
NiTRI(his)(ClO4)a 52.2 3.73 13.5 621.68
NiTRI(his) (G10,) (OH,) 50.7 3.94 13.1 639.70
NiTRI (his) (C10,) (OH,) , 49.3 4.1 12.8 657.71

b
|

(a) (his) = histidine, C6H8N302

1

o, { »
- :
~ \.“'w -~

: “-"‘\\ ..

Table 16 the analytical results seem most consistent

. (TRI) = C,yH;cN;.

Of the possible molecular formﬁlae listed in

-with NiTRI(his)(ClO )(OH ). Formulae with two histidines

_per nlckel(II) or with the histidine zw1tter10n and two

perchlorate ions per nickel (II) are clearly ellmlnated

by the analysis.

The formula NiTRI(his)(ClO )(OH ) can be

1nterpreted as a bidentate histidine complex, in which’

the water molecule occupies the sixth: coordination site

on the nickel ion. On the ot! - hand, the histidine could

be tridentate, and the water molecule might be held in the
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crystal lattice by hydrogen bonding. The nature of the
histidine complex will be further discussed in ‘connection

with the kinetic and nuclear magnetic resonance results.

Acid Dissociation Constants

Literature values65 of pKa at 25° for the
ligands used in this work are collected in Tab;e 17.
These are appareﬁt, or "mixed " constants,9 as obtained
.difectly from pH titration, or by applying an activity
co;‘rection65 (for I= 0.30 M) to the concentration

constants tabulated in reference 65.

A



Table 17

Acid Dissociation Constants of the Ligands

Ligand pKal pKa2 Reference
L-histidine 6.18 9.22 65
3—L~meth;lhistidinea 5.79 9.30 66
histamine 6.21 9.97 65
L-histidine methyl ester 5.39 7.36 4&
L-hercynine 6.05 - this WQEf.
glycine - 9.71 65 |

a 6.58 8.60 66

l1-L-methylhistidine

(a) Measured with I = 0.10 M at an unspecified temperature.
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Kinetics and Mechanisms

The reac&%on of NiTRI(OH2)3+2 with histidine

| The rate of the reaction of NiT‘IT(OHz)3+2 with
histidine was followed both dlrectly at 275 nm, and
indirectly through the use of an indicator.|When followed
directly, a small transmittance increase wag\observed, in
agreement with the spectral results discussed. earller. The
1nd1cator method generally gave larger transmlttance
changes, which ¢ould be\optlmlzed convenlently.for the pH
of interest, by the appropriate choice of reactant
concentrations and indicator. Most of the systems were
self-buffering in the pH region studied due to the large
"molar extess of ligand present. While this was conveaient
in.some respects, it necessitated ihcréases in the

NiTRI (OH +2 concentration when the ligand concentration

2)3 ,
was increased in order to compensate for the increased
buffer}ng. In kinetic studies at a particular pH, the
ratio of [ligand] to [NiTRI(OH2)3 ] was kept constant.ﬁ
Under these conditions, the totai observed transmittance
change at pH 6.8 was fairly constant as the reactant
concentrations were increased. In similar studiea at pH
6.2, the total observed transmittance'change increased
as the reactant concentrations were increased, implying

. ) , \
that complex  formation is not complete under these latter



conditions. The pfeviously mentioned spectral observations

yielded the same result. '
The experimental'pseudo—firqt—order rate

coefficients (k exp ) "for the reaction of NlTRI(OH2)3 +2

with histidine are listed in Table 18. The variation of

\"kexp with totel histidine qoncentration ( L, ) at constaﬁt‘

leis'consistent with equation (2.9), as indicated bywthe

linearity of the plot shown in Figure 13.

k = Kk

exp = Ke () * K (2.9)

Similar p{ets at pH 5.5, 5.9 and 6.8 are also linear,
and all have intercepts close to 0.1 s 1.

A consideration of the results in Table 18

“.shows that variation of the optieal forms of the reactants

has no significent effect on the observed rate coefficients.
It is therefore concluded that stereospecific rate behavior -
is absent in this reaction system.

_The data in Table 18 are not suited to a
comparison of the‘direct and indicator methods of
following tﬁe reaction because of the necessary differences
in the concentratlon condltlons. However, the llnearlty
of the plot shown in Flgure 13 1mp11es agreement of the

two methods, %1nce half of the p01nts plotted were obtalned

by each method.



Table 18

Observed Rate Coefficients foi_the Réaction of NiTRI(OH2)3+2
with Histidine?
w ‘

pH ;04Lt,M Kexp 571 calqg’s T conditions®
5.55 © 33.3 10.601%.04 0.585 (+) D BCP
5.56 . 30.5 0.690%.02 1 0.568 C(+) BCP
5.56 31.5 0.788%.02 0.578 BCP
5.56 23.3 0.460%.02 0.493 BCP
5.84 23.3 0.923+.04 0.879 BCP
5.87 © 33.3 1.21+.08 1.24 BCP
5.87 38.6 1.38+.06 1.39 BCP
5.87 47.2 1.63+.04 1.63 BCP
5.89 75.3 2.3di.2 2.49 BCP
6.00 10.3 0.613+.05 0.679

6.15 3.03 0.362+.01 0.380 (-) 275
6.15 23.3 1.70+.12 1.78 BCP
6.16 30.3 2.27+.09 2.28 (=) 275
6.16 9.95 0.824+.05 0.889 (-) 275
6.17 4.97 0.490%.05 0.535 (-) 275
6.18 49.9 3.94%.1 3.65 (=) 275
6.18 33.3 2.35%.1 2.58 BCP-
6.20 10.3 © 1.00%.04 0.983 t



Table 18 (cont'd)

pH. ‘104Lt,M kexp ,s—l caldb’s—l Cc%nditionsC
6.20 9.59 0.954%.07 0.927

6.21 30.5 2.71%.1 2.62 (+) D

6.21 31.5 2.96+.1 2.55 (+)

6.28 9347 1.19+.09 1.05 DL
6.32 5.15 0.610%.05 0.678 - (-) 275
6.46 9.47 1.47 .09 1.40 DL
6.60 5.15 0.910+.03 0.962 (=) 275
6.60 5.48 0.920+.05 1.02 (-) 275
6.70 9.59  \u 2.00%.1 1.90

6.77 9.36 {782+.03 1.99 (-)

6.79 18.7 3.53:.1 3.93 (-)

6.80 5.48 1.14+.05 1.23 (-) 275
6.91 9.40 2.48%.2 2.24

6.94 9.59 2.59%.1 2.34 DL
7.01 9.59 2.601.23 2.45 DL
7.10 9.40 2.585.1 2.52

7.11 9.71 2.854.2 2.62 DL
7.21 9.71 2.90%.2 2.74 DL
7.21 9.71 2.97+.2 2.74 DL




Table 18 (cont'd)

(ai The yalue of kexp reported is the average of 10
identical runs at 25°. I= 0.30M (LiClO4). The -
error limits given are one standard deviation.
Total [NiTRI] = (0.5-3.0) x 10" %M after mixing.

(b) cCalculated using equation (2.49) and’the "bes{—

it" values given in the text.

-
¥

(c) The reactants were racemic NiTRI(OH2)3+2 and
L-histidine, except where specified as follows:
(+) 5 (+) 436 NATRI(0H,) *%; (o) = (-) 436 NATRI(0H,) *7;
D = D-histidine; DL = DI-histidine. Bromothymol blue
indicator (2.5 x 10-5M) was used unless specifiéd as
follows: BCP = Bromocresol pufple(2.5 X lO-SM); ‘ )

275 = No indicator present, reaction followed directly

at 275 nm.
7 ' y



with ligand concentration
‘ ,

‘Flgure 13. Variation Of.kexp

for the reaction of NiTRI(OH2)3+ with

histidine at pH ~b.15.



It was previously suggested that the feaétion

) +2
436 2°3 _
complex in which histidine is bidentate. This is supported

of (+) NiTRI (OH with L-histidine may produce a

by molecular models of the reactants, which show that
histidine may prefer "identate coordination in at least :
two of the four péss ble diastereoisomeric products.
However, thé lack of an obserggble rate differenée between
reactions lead}ng to optically unique préducts indicates

a similarity in ‘the rate—determining process. These

observations imply either that a bidentate complex forms
‘ | '

in all cases, or that chelation of the thirdjdonor group

has no effect on the observed rate. With these

condiderations in mind,&it is reasonable to consider only
those mechanisms which lead to a. bidentate product.
There are-three possible ways in which a

bidentate product can be formed from NiTRI and histidine.

The first of these mechanisms is shown in Scheme 8.

|



Scheme 8

, | 12
ONHImMH + M Z———> M-ONHImH
K21
. toLt
Kas || K32 ¢ H
kg3

ONHIm + M =—= M-ONHIm «
K., \ 35
34 g‘\\\\\ /O
33 M >~NH
\
kg k22§§§;" Im
%
ONHIm + M Z——=* M-ImNHO 56 .
. - k6 4 ] . Q

The symbols ONHImH and ONHIm represent the histidine

species III and IV respectively, and M refers to

. o +2
Ni1TRI (OH2) 3

CHZ—?H—NH5+ éHz—CH—NH3+

/—-*i | Co., /===<:/ go -

HN\\J;;NH+ 2 HN\\J;jN <
ITI e . v

)

In.this reaction sequence, ‘bonding occurs with
¢ .

the carboxylato oxygen (0) and .the imidazole nitrogen (Im).

It is assumed that the contribution from the amine -
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. (;{"Q o
deprotonated species (ONIm) is not significant because its

concentration is small under the present experimental

conditions of (H+)>>Ka2.

- The fundamental requirement of any proposed

vhechapism'is that it predict a rate law which is consistent

in form and magnitude with the experimental rate law.

In fhis work, thé;obsefved first-order dépendence on the
metal ion concentration implies that a single ;xponential
decay governs the rate -d[M]/dt. With this restriction,

a f&irly coﬁplete expression corresponding éo kexp can
%?%derived from a kihetic analysis of Scheme 8, as
described in Appendix C. Simplification of thls complete
e#bression using estimates of the magnitudes of the

rate constants results in an equation which can be

meaningfully compared to the experimental rate law. As

gxplﬁlned in Appendik C. the rate constants in Scheme

J 8 are expected to‘bg'related as shown in equation (2.10).

L}

k k k =~k =k65>k =k

34 556K 35 =k

k,+=k (2.10)

64 753 7 437746 " 12

" Since tgé final form of the predicted rate
law is quite dépendent on the magnitudes of k23 and k32 '
a detailed evaluation. 'is warranted. Equations (2.11),
(2.12) and (2f13i/shqw'the proton transfer processes

’

which most likely'contribuge to k23.
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Ky

,0 T=—= M-ONHIm + H3O+ o (2.11)
' X
-1

M—ONHImH + H
' ]
kb ~

+
M—ONH Im}i B &———* M-ONHIm + BH (2.12)

k
a

k3 "

M—ONHImMH + OH Z————* M-ONHIm + H,0 (2.13)

k—3

1
In the present work very iittle extra buffer
was added, so the base B refers only to the species
(ONHIm). The contributions from the base (ONIm) and from
the metal complexes are neglected because of their small

«

concentrations. Thus the rate constant k23 is given by

k23 = k1[H20] + kz[ONH;m] + k3[OH ] (2.14)

It can be shown that the acid dissociation
constant of the imidazole proton in the species M—ONHImH

- in Scheme 8 is related to the rate constants by

1

K3 ) ky (H,0] + k, [ONHIm] + k4 [OH ] ) K 3 (2.15)
/ + ’——+‘ .
/k32 -k-l(H ) + k_, [ONHIm] + k_j [H201 - (H)

e

Since coordination of histiéine to the metal

o

ion at the carboxylate oxygen probably has only a small

effect on the fairly distant imidazole nitrogen, it is
‘ S

N
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‘estimated directly, sinceﬂk3 ~ 2 x 10 M

110

likely that Ka is equal to or slightly greater than Kal‘

7

3
For histidine, Kal= 6.61 x 10
7

have a value of -8 x 10

M, s® Kaj 1s estimated to
M. The term kl[H20] in equation

(2.14) can now be evaluated from the equality k, [H,0] =

k K , using an estimate 67 of~10lO M"ls—l for k ’
~-17a3 . -1
to give k, [H,0] > 8 x 103 7L, o
The second term in equation (2.14) can be
rewritten
k.K L
k,[ONHIm] = —22L %t (2.16)
Kal + (H)
where J
L, = [ONHImH] + [ONHIm] (2.17)

t

The value of k2 can be estimated from the Bronsted

relationship

K.3 - 5
+ 1n (1.7 x 10°)  (2.18)

1n k., = 0.492 1n
K
al

2

which was determined experimentally for the ligand
2-aminomethylpyridine.68 From the known values of kal
and Ka3 ’ calculatlon shows that k2[ONHIm] << hl[HZO]
for the concentratign conditions of the histidine study.
The third term in equation (2.14) can be
‘ 10 -1 -1 67
s .

For

most of the pH range of the histidine study, .the

approximation k3[OH-] < kl[HZO] will be valid.



These calculations.show that k23 in Scheme

8 is relatively pH independent, and has a value of

.8 x 10° 571,

Substitution for k32, [HL], and [L] from

equations (2.15) and (2.19),

K L

+
(H) L -
(HL) = [ONHTmH] = ———F ,  [L1Z[ONHIm] = —2L 2 (2.19)
Ka1+(H ) Ka1+(H )

into equations (C-25) and (C~26) in Appendix C permits

simplification of these equations to give the ligand

dependent term in k as
exp

k,,k,K ‘
/<k 12%35 a3>(H+) . \

46 al
. k21

: k.. + k : .
: 23 21 ‘
\ ,(k46(k35 kgt k43k35)( - x )KalKaB/

23721
kf = ‘ (2.20)
k + k
+ 23 21 P
(Kal + (H.O (-—7:—7;———)(k35 + k34)Ka3 + (H)
23721
Likewise, the ligand independent term reduces to
(Kgqkse + k65k53){k34(k23+ k1) 7 kazkzl} (2.21)

k =
r B
| kgt Kgg) (U5t Kyg) Gyt Kyy) + k32k21}

= Kg3
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A consideration of the form of equations (2.20)
and (2.21) shows that the kexp values in Table 18

should be consistent with
B(l) (H) + B(2)

K . = 1, + B(5) (2.22)
exp fk_, + whHi{s) + @} t

A least-squares fit24 of the data in Table 18
to equatioh (2.22) gave the results summarized in
columné A and B of Table 19. It is evident from tRese

results that B(l) is poorly defined by the data, and

similar resdlts were obtained from a third fit in which

B(l) was fixed at zero.

Comparison of equations (2.20) and (2.22)
show's that the parameters in the latter should

be consistent with the equations (2.23) to (2.25).

. -

k,:K

K
B(l) = k46Kal 12735 a3 : (2.23)
K21
' . k.. + k .
23 21 ;
B(2) = KyeKyy(kys + Kyl ——— | %a3 +
ky3%o1
. (2.24)
‘ & k + k
o ‘ 23 21
' k43Ka1k35(' . X ) K.3
o 23¥21
- - k.. + k ‘ \
ko3koy f



Table 19

A Summary of'the Data Fits for the Reaction of NiTRI(OH2)3+2

with Histidinea‘

Parameter A Bb
¥ B
\
1081y, st - Y 2.9:.9 0.75+1
10102y, ms™F 6.8.6 9.7+ .6
10'8(4), M 2.8+ .4 4.4 .4
B(5), s * 0.2+.6 0.2:1 \
s.E.C | 0.174 0.163
Parameter ) ‘.\g c pP E
10%p (1), M s~ 1.55:.1 1.19+.07 1.09+.06
1017 (2), M%7t 5.9:3 1.6+1 1.1:.8
107 p(4), M 11.0+1 6.5¢.5 5.24.4
p(5), s ' . 0.19:.6 0.23t.1 ~ 0.37:.2

s.E.C 0.176 0.156 0.154

(a) Results obtained by fitting to equation (2,22) (A and B),
i .
é% to equation (2.36) (C and D) and to equation (2.40) (E).
The parameter error estimates are 95% confidence limig§,“

K and Kaz were fixed at the values given in Table 17.

al ,
Relative residuals were minimized unless otherwise

indicated.



(b)

(c)

Table 19 (cont'd)

The absolute residuals, (yi —‘Yi); were minimized
in this fit. (see Appendix A)

The standard error of the fit was determined from

the absolute residuals.
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Detailed bqlancing of Scheme 8 gives

k, kK
_ *12%347a3
ky3Kap = — (2.26)
L2

Substitution of equations (2.25) and (2.26) into (2.24)

leads to
B(2) - K. K . 4 1283453 (Fa3 * R}
T TM46al Kk '35 k_ _k a3 (2.27)
21 E 23721
Since k34: k35 (equ (2. N)), ii fnllows from
equation (2 L25) tnac-
'k . ) - ‘ ’ :
23 ST ,
k35(— e T B (1) (2.28)
T 2377

Combination of equations (2.23), (2.°7) ard (2.28)

results in @

k, k. ,K
B(2) < (k46Kal + —13—35—53) B(4) = B(1) E(4) (2.29)

ka1

If the lower limit on B(2) 'and the upper
limits on B(1) and B(4) are 6.2 x 1070 u s, 3.8 x 10747t

and 3.2 x 10f7M respectively, then .

6.2 x 10_10 < B(2) > 1.5 x 10_10 7 B(1l) B(4) (2.30)

Clearly the results do not sgtisfy equation (2.29) and

thus Scheme,é is eliminated.



A second possible mechanism leading to bidentate

chelation of histidine is shown "in Scheme 9.

Scheme 9

OIMHNH + M =——* M-OImHNH
78 Y

koal| ko7 + H
k \

OImMNH + M L—— M—OImNH

+

kK43 ' k3s ©
OImMN '+ M ——* MOImN T—————* M Im
34 53 N

The histidine species III, IV, and V are
represented in this scheme by OImHNH ., OImNH and OImN
respectivély. -

. CH2—?H—-NH2
— co.,

2
A |

HN

In contrast to Scheme 8, the species (OImN) is

included in this case because it can lead directly to the



final product. It is assumed, however, that binding with
(OImN) occurs preferentially at the carboxylate oxygen
because of its negative charge.

Comparison shows that the rate constants k72
and k in Scheme 9 correspond to k,; and ki, in

27
_ + . .
Scheme 8, and thus k72/k27 = Ka3/(H ). Likewise,

k72 = kl[H2O] + k2[OImNH] +'k3[QH ] = kl[HZO] (2.31)

Since the rate constants k23 and k32 in Scheme 9 govern
the transfer of the amine proton rather than the imidazole
proton, a unique evaluation is required. The acid
dissociation constant of the amine proton in the species

. . _ +
M—OImNH is defined by Ka4 = k23(H )/k32. The value of

is estimated to be less than 7 x 10—9‘M, by comparison

Ka4

. / B
with the sp;ﬁies (NH3)5CO—OOCCH2NH3+ discussed in the

inﬁroduct{gn, and since K_, = 6.0 x 10710, The terms in

equation (2.3l)lcan now be evaluated by the method

described previously. In this analysis, kl[H20] = k—lKa4

1 ls—l

and since k_; = 10 M , then it follows that

kl[HZO] < 70 S_l. These estimates lead to the conclusion

that

5 -y _ +
k23 > k3[OH ] = k3Kw/(H ) | (2.32)

Since k Kw =2 X 10—4M s_l, and k21 = 104 s_l, it i;/Z

3
easily shown that k21 > k23 in the pH range of this study.

#



The ligand species [HZL]’ [HL] and [L] in

equation (C~-36) of Appendix C are defined by

+
+.2 K ,(H) K_.K
GRS S I — m, (L) = 22221 (2.33)
A A A
where A = {Kal + (H+)}{Ka2 + (H+)}. With these definitions,

tr

" and for k21 > k23, equations (C-35) and (C—36) can be

rewritten to give

4l

- k35 Kyq kg7Xa3. / +
- k.. K., + k,.K_.}@h
(k + k + k. \k. . x 32a4 437a?2
u (k3g 34 32 78%a1
(Kot Kon)
78+ K92 |
T KaB(kl2k32Ka4 * k21k43Ka2)
78%72 | '
ke = s (2.34)
| o K (Kot ko)
+ b f Koy (Kggt ko +
{Kal+ (H )}{Ka2+ (H )} k. k Ka3 + (R)
78572
and ,
Keo(Kay + koo)
k_ 53 34 32 (2.35)
(k3g + kg4 + k35)

Equations (2.35) and (2.34) combine to give the general
expression |
{P(l)(H+) + P(Z)}Lt

K _ + P(5)  (2.36)
®XP g o+ O} {x, + @O} {pa) + @)




A least-squares fit of the data in Table 18 to
equatibn (2.36) gave "best-fit" values of the pérameters
as listed in columns C .and D of Table 19. Substitution
of the result of detalled.balanc1ng (k87Ka3/k78= klZKal/kZl)

shows that eqhation (2.34) predicts P(l) = P(2)/P(4).

9 1

M s

If the lo&er limits on P(1) ané’P(4) are 1.0 x 10
—17M2S—1’

and 6.0 x 10—7M pespectively, and if P(2) < 9.0 x‘10

then '

9

~ =10 _ P(2)
P(l) > 1.0 x 10 ">1.5 x 10 > 5(4) (2.37)

It is concluded. that equation (2.34) is

inconsistent with the experimental results in Table 18,

4

and therefore Scheme 9 is eliﬁinated as a possible

mechanism for the reaction of histidine with NiTRI(OH2)3+2.
o



The third mechanism to be considered for the

reaction of histidine with N’iTRI(OH2)3+2 is shown in

Scheme 10.

Scheme 10

4

Ky2

IMONH + M T———* M-ImONH

ko1
+
koz|| k3p oH

IMON + M T—> M—TmON

\ /Im B
) )
. - Ky ‘////’ N NG
ImON + M &/ M-NOIm

Tkeq

The symbols I&EEH and ImON represent thes
histidine species IV and V shown previously. -

Scheme 10 differs in several ways from Schemes
8 a;d 9. First of all, note tﬂat k21 and k34 refer to Ni—Im
bondjbreaking, and therefore are expected to have values
similar to the estim o cf k64 (~5 s_l) given in Appendix
C. Secondly,'since coordination at the imidazole nitrogen
probably has only a small effect on the amine proton, |
‘- the acid dlSSOClatlon constant of the spec1es M~—ImONH (K 4)

probably has a value similar to KaZ" Evaluatlon of the

[



k =

terms in equation (2.14)

kl[Hzo] = k—1Ka4’ and Ka4

. - -1
k,y = kyfoH™] 2 200 s

“y

as previously descraibed,

=6 x 10 M,

with

-10 indicates that

in the experimenfnﬁ pH range.

It follows that ké < k23‘in Scheme 10.

1

The kihetic;ahalysis of Scheme Log\as described

X

in Appendix C, leads to equations (C-43) and (C-44), which

can be rearranged to give

(k,.+ k

N k. .k..K )k
12735 a4 + 43 46’735
('”_kf — * k46Kag)Ka1(H ) t /% Ka4%a2%a1
21 & 21 .
kf ) : | y k._.K
+ + 35 a4 +
{Kaz + (H )HKal + (H )}(———-——- + (H ))
k21 .
. (2.38)
and
kgy (H)
kr = (2.39)

k., K
( 35 a4 + (H+))
k21 .

Equations (2.38) and (2.39) combine to give the general

equation

{P(l)gn+>'¥ P(z)}Lt

P(5) - (H')
+

Pk + WO, + @Ol {r@ + @D} p) + @)

+

(2.40)

Comparison of équation (2.40) with (2.38) and (2.39)

shows that

N

/\_‘
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K, kK :
p(l) = [223>23ad . g q\ K (2.41)
K 46 az A
21 /
CP(2) = (kg v Kye) K35Kas KaiKan (2.42)
ko1

k K . w

P(4) = 35 a4 (2.43)
ko1

P(5) = kgq (2.44)

The results obtained by fitting'éhe‘data‘in
Table 18 to equation (2.40) are summarized in column E
. of Table 19. As found for the similar fit to equation (2.36),
“the value of P(2) is poorly defined, and the results show
‘that P(2) < P(l)(H+) 6ver mést of the pH range of the data.
Subst%tution of equatign (2.43) into (2.41) and (2.42) .

gives

Fa
'

P(l) = Yo+ k46Ka2) K1 | (2.45)’

AN

and |

+

P(2) = KaZP(4) (2.46)

(kg3 + Kgg) Ky

v

If the second term on the right-hand side of equation

_ oy _ _ 6,-1_-1
(%;45L:dom1nates, _hen.k46 = P(l)/KalKa2 = 2.9 x 10 M "s .
vThis value is much creater than the estimate determined

in Appendix C, anc thus is inconsistent with the SNlIP

mechanism. On the other hand, if P(1) = ky,P(4) Ky o
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then ky, = (3.2:0.4) x 1037 1s™!. This value is in good

agreement with the predicted value in Appendix C.

From equation (2.46), a value of (kg + kyg)

'5.3+4)x 104M_ls-1can be calculated from the parameter P(2).

This result is also consistent with the estimates in
. :

Appendix C. 5

- 4 -1 5 =X Lo

35 = 4 x10's 7, k21 = 5 s 7, and Ka4 Ka2 ’
6

then P(4) has a predicted value of 4 x 10 °"M. The

If k

experimental value of 5.2 x 10-7M is consistent within
the error limits of the estimate. Likewise, the result
that K53 = O.37>s_1 is in reasonable aéreement with the
estimate in Appendix C.

It is apparent from this analysis that the
kinetic data for the reaction of NiTRI(QH2)3+2 with
histidine can be successfully interpreted by Scheme 10 ,
since the parameters obtained re consistent with each
other and with expectation. HE :ver, the unéertainty
in P(2) implies ihét the k43 and k,. paths contribute
very little to kexp& This observation, along 7ith the
results 6f the nmr study to be.presented later, prombted

a reappraisal of the data in terms of the modified:

mechanism shown in Scheme 11.

‘
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Scheme 11

Ky

ImONH + M Z———* M—ImONH

ko1 | N
kosl| K3p oH

<k Im
35 /
. M—ImON T—= M\ )
' k
53 N

&
;

Using the steady-state approximation for M—-ImON, and

. ’ - + . . .
noting that k23/k32 = Ka4/(H ) << 1, then kinetic analysis

- ‘
of Scheme 11 by the methods described in Appendix C results

in equation (2.47).

exp

where

kiaiko3k3s 32

+ kookeo} + ko k,ok
53 21732753 “ (2.47)

kyplkip *+ Koy + kg + kygikiy + Koy + ko5

<

k12KalLt

ki, = ky,[IMONH] = —==S=— o (2.48)

12 +
Ka1+ (H)

i

Equation (2.48) is valid since (K ,+ (H'))= (H') in the

pH range of the kinetic study. The.denominator of (2.47

is analogous to equation (C-43) derived for Scheme 10,

except that the ligand dependent terms present in the

‘complete expressi (see computer output) have been

dropped in the derivation of equation (C;43) because

they do not appear in the experimental rate law. However,
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evaluation of k'’ | with k = 3 x 103M—ls—i\ L <5 x 107 3m
12 ' 12 A !
PK_,= 6.2 and 6<pH<7 shows that ki2 1s comparable to the
expected value of k21' Since the prior analysis gave
_ -1 S . , )
kg3= 0.37 s ~,then it is likely that ki, > kg3. Evaluation
described previously indicated that k23: k3[OH-], and
therefore‘k23> kiz for 6 <pH? 7. With these approximations,

equation (2.48) can be reduced and rearranged to give

N + + . .
-, kg5 (H) Ky1ks3(H) »
ki1 22 ),
k. K k. K
ep = 35Ka4 35Kaq (2. 49)
k', + k + k .
1+ ( 12 21 53) )
k3sKog >

A consideration of Scheme 11 shows that the second term

in the numerator of equétion (2.49) can also be written as

© [M—ImONH] k53(H+) .
_ - F (2.50)

Im
[M// /}*ﬂ k35Kaq
>N

Since [M—ImMONH] >> [M—ImON], the ratio F indicates the

compléteness of ring-closure. In the analysis of Scheme
. \ .

10, it was implicitly assumed that F<<]l (i.e. complete

ring-closure). The nmr results to be discussed later

imply that .ring-closure may not be complete in some of

T
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the systems under discussion. In addition, note that F
increases with decreasing.pﬂ, implYing that ring-closure
is less favorable at low pH. These considerations
indicate that equation (2.49) is likel%;to give a more
meaningful interpretation of the kinefic behavior than
was obtained from equations (2.38) and (2.39).

A computer fit of the results in Table 18 to
equation (2.49), with pK_,= 6.18, gave k12=(3-41i0-3)x 10

-1 -1 5 1

mwls™l k.. =35:4 71, koK, 4= (2.0020.1)x 10" st and

21

k53=0.29t0.l s—l. The error estimates are approkimate
95% confidenée 1imits. With these "best-fit" parameters,
equation (2.49) gives calculated rate coefficients, kcald’
which are compared to the experimental values in Table 18.
The results given above are similar to those of the

previous analysis by equation (2.40), except that k21

has now been evaluated separately. The value of k21 = 35 s—l,
althoﬂéh reasonable, is larger than was predicted in
Appendix C: This explains why the k,, term in the

denominator of equation (2.49) was not observed in the

experimental rate law. \
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i
The reaction of NiTRI(OH2)3+2 with 3-methylhistidine

The observed pseudo-first-order coefficients

2

(kexp) for the reaction of NiTRI (OH with 3-methyl-

+
2)3
histidine (VI) are listed in Table 20.

+

: Cﬂzf?H—NHB
CO2

| N N

H3C/ N , ¥

VI

The similarity in the structure and pKa galues
of 3-methylhistidine and histidine should lead to a
siiilarity in their mechanisms, and comparison of the
‘kexp'Values in Tables‘ls éndeQ supports this ptoposal.
The data for VI give linear plots of kexp versus total
ligand concentration (Lt) at fixed pH valués of ~6.25,
~6.42, and ~6.75, with intercepts of about 0.1 s-1 as
Ebserved for histidine.

A computer fit of the data in Table 20 to
equation (2.40) with Kk_; fixed at 1.62 x 1076y gives
P(1 = 2,65%0.3 x 10 °M s~ % and P(2) < 5 x 10—?‘7M25_1.

THe error limits on the latter pérameter show that it

is‘no; distinguished from zero. This failure to

127



Table 20

128

Observed Rate Coefficients for the Reaction of NiTRI(OH2)3+

with 3—methylhistidinea

2

pH 3Lt M kexp ’s—l caldb’S
5.61 1.85/ 0.728+.04 0.728
5.82 1.85 1.20+.07 1.16
6.01 6.80 5.73t.3 5.13
6.05 1.85 1.96+.07 1.89
6.14 1.99 2.40%.2 2.38
6.24 6.80 7.01+.3 8.16
6.26 0.920 1.36%.09 1.47
6.27 1.84 2.75%.2 2.78
6.41 6.80 11.8+.3 10.8
6.42 0.920 1.76+.08 1.83
6.43 1.84 3.43+.08 3.51
6.51 1.99 - 4.54%.2 4.16
6.75 0.920 2.47+.1 2.52
6.75 1.84 4.94%.3 4.89
6.75 6.80 14.8:.5 164
6.76 6.80 18.8%.8 16.5
6.94 6.80 19.6+.7 19.1
‘ 1.99 6.40%.3 6.23




L

Table 20 (cont'd)

(a) The value of kexp reported is the average of at
least 9 identical runs at 25°. I= 0.30M(LiClO4).
Error limits given are one standard deviation.
[NITRI] = (0.8-2.0) x 10 M after mixing.

Bromothymol blue (BTB) (2.5 x 107°M) and PIPES
buffer (6 x 10—4M) wére used unless otherwise stated.

(b) Calculated dsing equation (2.49) and the "best-

fit" values.given in tﬁe text.

(c) No buffer included.
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evaluate P(2)'result5'becau§e P(l)(H+) > P(2) for the
majority of the data points. Values of 4.07%0.6 x 10 'M

and 0.4140.2 s ' were determined for P(4) and kg,

~

respectively.
Since the k43 and k46 paths (Scheme 10) are
apparently not contributing significantly to kexp in

the pH range of this study, as implied by the small P(2)
value, then the mechanism shown in Scheme 11 is applicable
to 3-methylhistidine. Therefore the data in Table 20

were fitted to equation (2:49) and the experimenﬁal and
calculated rate coefficients are compared in Table 20.

The "best-fit" values of the parameters are, k12 =(3.96

3,-1 -1 _ -1 _ -5
*0.4)x 10°M "s 7, k21 = 43;8 s 7, k35Ka4 =(2.42+0.4)x 10
M s—l, and kg4 = 0.26%0.2 s_l, where the error estimates
are approximate 95% confidence limits. From these

9

constants, values of P(l) = 3.62 x 10 °M s—1 and P(4) =

5.63 x 10 'M are calculated from equations (2.41) and

(2.43) . These values are_similar to the results of the

previous interpretation using equation (2.40), as
. 4

4

expected. ‘ _ _

“ | §

=
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The reaction of NiTRI(OH2)3+2 with histamine

#
The observed pseudo-first-order rate coefficients

2

for the reéction of NiTRI(OH2)3+ with histamine (VII)

are listed in Table 21.

&

VII

N

The data for histamine give a linear plot of

1

k versus L, at pH 6.35 with an intercept of 0.9 s —.

exp t
Similar plots at pH 6.59 and pH 6.74 show the same ligand

~ b

dependence.

The structure of histamine requires that
bidentate chelation occur by a mechanism similar to
that shown in Scheme 10. Therefore the kexp values in

Table 21 were fitted to equation (2;40), which gave

8M and

=1.13+0.2 s-l. Only an upper limit of 1.4 x 10-]'8M25_l

P(1) =(8.2140.8)x 10 tIM 5L, P(4) =(8.9+2)x 10~

ks

was determined for P(2), implying that the k43 and k46

paths in Scheme 10 are not contributing significan€ly to

kexp and thus Scheme 11 can be applied. A least-squares

N



Table 21

A J oL

Observed Rate Coefficients for the Reaction of NiTRI(OH2)3+

with Histaminea

2

pH 103Lt M Kexp st cald 'S
5.80° 2.54 0.922+.05 1.11
5.90 7.51 1.15+.08 1.31
6.03° 2.14 1.06+.05 1.12
6.11° 2.54 1.142.07 1.17
6.13 2.32 1.01+.06 1.16
6.14 5.13 1.44+.04 1.41
6.15 - 7.51 1.81+.08 1.62
6.17° 2.14 1.10+.04 1.16
6.35 2.14 1.18%.05 1.24
6.35 7.51 2.03%.2 2.06
6.36 2.32 1.35+.07 1.28
6.37 4.12 1.73%.1 1.59
6.39° 2.14 . 1.26%.07 1.27
6.39 5.13 1.86+.08 1.79
6.51 2.32 1.53+.1 1.40
6.58 5.51 2.04+.09 2.35
6.59 2.14 '1.49+.07 1.42
6.59 8.25 2.87+.1 3.07

Y



Iable 21 (cont'qd)

-’ )

pH 1031.t M kexp ,s":L kcaldb’s_l

6.60 4.12 2.041.07 2.02

6.73 8.25 3.98%.15 3.77

6.74 " 2.14 > .1.67i.05 1.57

6.74 5.51 2.98%.09 ° 2.87

6.75 4.12 2.18%.1 2.38

6.91 5.51 3.50%.2 3.52

(a) The value of kexp reporte = is the average of 10°
identical runs ét 25°, I= 0;30M(Liclo4). Thé error
limit§ given are one standard deviation. Toéal [NLTRI]=
(1.0-7.5) x 10" %M after mixing. BTB indicator (2.5 x
lO_SM) and MES buffer (4 x 10-4M) were used unless
otherwise stated.

(b) "best-fit"

(c)

Calculated using egquation (2.49) and the
values reported in the text.

BCP indicator (2.5 x 10’5M).



-

fit of the data in Table 21 to equation (2.49) gives "best-

fit" values of ki, =(1.3720.1) x 10371571, k, = 325 s,

1

k =(4.24+0.3)x 10" M s ana kgy = 1.16£0.2 s,

35%a4
from which the calculated rate coefficients (kcald) listed

in Table 21 were determined. Values of P(1) = 1.12 x ‘10 10

M s™! and P(4) = 1.32 x 107'M are calculated from the
constants given above using equations (2.41) and (2.43).
These values are similar to the results of the -
previous fit to‘equatiOn (2.440), as expectedi

2

The reaction of NiTRI(OHZ)B+ with histidine methyl ester

The oﬂserved pseudo-first-order rate coefficients
for the reaction of NiTRI(OH2)3+2 with histidine methyl

ester (VIII) are listed in Table 22.

[}

CH2—fH_C02CH3
- NH2 .

HN\\$§>N
VIII

The data for histidine methyl ester gives linear

plots of kexp versus L at pH 5.96 and. at pH 5.65, with

o ——



Table 22

Observed Rate Coefficients for the Reaction of N1TR1(OH2)3+2
w1th Histidine Methyl hster

pPH o 103Lt M ) kéxp ,s—l kcaldb’s—l
5.25 5.13 T 3la2e.2 2.96
5.54 - 1.04 1.06+.04 ©1.05
5.55 2.20 ! 1.95%.09 1.9
5.55 - 5.13 4.04:.2 . 4.15
5.57. 3.19 2.59+.09 | 2.74
5.66 3.19 T 2.81%.2 2.97
5.70 r 1.04 1.18+.04 1.18
5.85 3.19 3.33:.1 '3.45
5.86 1.04 1.33£.08 - S 1.31

' 5.86  5.13 5.41+.1 5.42
5.87 2.20 2.45%.1 2.50

£ 89 6.18 6.73%.3 | © 6.63
6.06 .18 7.28%.3 | h7.48
6.24 ' 6.18 9.15%.7 | 8.44
6.54 - 6.29 11.0%.9 10.6
6.70° o 6.29 11.9%.4 12.0

6.87° 6.29 13.4%1 13.7

o




.(a)

(b)

(c)

Table 22 (cont'd)

The Yalue of kexp reported is the aQerége of at
least 9 identical runs at 2S°. I= 0.30M(LiC104).

The error limits given are one standard deviation.
Total [NiTRI]= (0.7—3.5) X 10-4M after mixing.

BCP indicator (2.5 x 10 °M) and MES buffer (2 x 10™4m)
were used unless otherwise indicated.

Ctalculated using equation (2.51) and the "best—fi£"

values reorted in the text.

BTB indicator (2.5 x 10°5M) and PIPES buffer (2 x 10—4M).



intercepts of 0.3 s—l and 0.4 s—l respectively.

Although the values of kys and k,; in this

s, system and in the histidine system are probably similar,
the Ka4 values are likely to be quite different because

of ‘the larger Ka2 value of VIIJ. Therefore it is

!

+ s .
expected that k35K:34/k21 > (H' ) under the experimental
pPH conditions, and equations (2.38) and (2.39) will
simplify to give an equation of the form ' o )

<

oty + Q(2)} L,

v whx, + @}

kexp - {K + Q(5)(H) (2.51)
al

The parameters in equation (2.51) are felated to (2.38)

and (2.39) by the expressionq

k, K .K_. :
Q(l) = k K + 4_6_a_1_a£ (2.52)
l12al k. K
357a4
21
) 9]
Q(2) = (k43.+ kés) K. 1K,> (2.53)
k.. .k .
Q(s) = 2222 (2.54)
ky5Ka4

AR least-squares fit of the data in Table 22

. +0 equation (2.51) gives "best-fit" values of Q(l) =
= 31 10, T-1

(4.98+£0.3)x 10 °s™~, Q(2) =1(9.77+2)x 10 ~""M s~ and



L IO

Q(5) =(1.03:0.4)x 10°M 1s7L,

These wefe used to determine
the calculated rate coefficients li§ted in Table 22 for
comparison to the experimental valué§. The error estimates
on the parameters are approximate 95% confidence l;ﬁits.

| From Q(2) and the values of Kal and Ka2 in

Table 17, a value of (k,; + ko) = 5.5 x 10°M 1s7! ig
calculated from equation (2.53). The contribution to

Q(l) by the second term on the right-hand side of

equation (2.52) can ke determined by estimating the value
of k35Ka4/k21 for VIII-from the results for histidine
and the known pKazvvalues of these ligands. This

approximation predicts

k, K k., _K (K_,) - ‘
35 a4)  _(35ad4) , Ta2’me _ , -5y (2.55)
kyy Jme ka1 /his (K 5)pis

where me and his refer to ViII and histidine respectively.
It is noted that this estimate‘is consistent with the
inequality k35Ka‘4/k2l > (') used in obtaining equation
(2.51). Calculation shows that Q(2)/(4 x 10™°) < o(l),

- and therefore equation (2.52) }educes to Q(1) = klZKal '

3,-1 -1 S . _
or k 1.22 x 10°M "s ~. In addition, if k35Ka4/k21 =

12~
4 x 10°°M, then from Q(5) an approximate value of 4 s +

is determined for k53.



The reaction of Ni(OH2)6+2 with histidine

The results of previous studies49’50

of this

reaction under conditions of excess nickel (II) suggest

that the present results should follow the rate law
alL

. ,
k = —w———8+—— + b (2.56)
exp + -

Kal + (H )

-
~where L, represents the total histidine concentration.
The results in Table 23 are consisten£ with this rate
law, as evidenced by the linear plot of kexp versus
Lt/(Kal + (H+)) shown in Figure 14. Least-squares
analysis gives "best-fit" values of 1.8820.08 x 10_35_l
and 0.00:0.1 s—1 for a and b respectively. The rate
coefficients caléulated from these parameters are |
compared in Table 23 to the experimental values.
If‘equations (2.38) and,(2.§9) derived

‘previously for Scheme 10 are to be consistent with

the experimental rate law (equatiqn'(2.56), then

k35Ka2Ka4

ka1

K. k. K,
( 12°35 a4 (2.57)

+ ‘
" -+ k46KaZ)(H ) > (k43 + k46)

21
and

k., .K . ' .
35 a4 5 (H+) (2.58)




Table 23

Observed Rate Coefficients for the Reaction of Ni(OH2)6+2

with Histidine?

pH | 103Lt M Kexp e ‘ kcéldb,s'l
5.88° - 0.948 | 0.639+.04 0.902
6.08° 0.948 0.963%.04 1.20
6.31° 0.948 1.36%.05 1.55
6.52 | 1.90 3.75¢.1 3.71 .
6.53 4.74 8.99%.5 . 9.33
6.73 1.93 4.35+.1 4.29
6.78 1.90  4.44%.2 | 4.32
6.81 4.74 10.8+.6 © 10.9
6.99 1.90 4.85%.2' 4.68
7.00 4.74 x 12.1%.4 11.7

(a) -The value of kexp reported.is the average of at
least 10 identical runs at’2$°. I= 0.30M(LiC1l0,).
Error limits given are one standard deviatioh.
[nickel(II)]= 8.00 x 10-5M after mixing. BTB
indicator (1.3 x 107°M) and PIPES buffer (2 x 10~ 3M)
were used unless otherwise indicated.

(b) .Calculated using equation (2.56) and the values of a

and b given in the text.

(c) MES buffer(2 x 10 °M).
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2

Figure 14. A plot Qf kexp

the reaction of Ni(OH2)6+

>

with histidine.



With these approximations, equations (2.38) and (2.39)

can be reduced to give

+
k, ko K K., L Ke Koo (HY)
v oo [k 4 f46°217a2) "al e 53721 (2.59)

exp 12 +
k35Ka4 Kal + (H) k35Ka4

Comparison of this expression with equation(2.56) gives

\\ . k k

K
a =k, + 2621 a2z, ! (2.60)
12 . al, &
357a4 o’
+
ke ko (H)
. p= 2321 . (2.61)
k35Kaq

From equation (2.58), it follows that

k35Ka4
k

(k + k

+
43 46 Xa2 > kK (H) (2.62)

21

Equations (2.62) and (2.57) are only consistent if

and so equation (2.60) reduces

3157l The

k1o > KgeKaoKp1/K35Kay »

to k = a, or<k12 =(2.85+0.1)x 10

: 12Kal
observed value of b= 0 is consistent with equatibns
(2.58) and (2.61); if k53 is small as expected by
analogy with the NiTRI.(OH2)3+2 resul;s.
£t should be nqted'that the k;, value obtained

from this interpretation agrees with the estimate given



in Appendix C. In addition, the result that k35Ka4/k21 >

IO_GM is quite consistent with the previous estimate of

P(4) = 4 x 10" %m.

The reaction of Ni (OH 2 with hercynine

+
2)6

Initial'kinetic experiments with NiTRI(OH2)3+2

and hercynine (IX) under similar concentration
conditions to those of the previous studies gave very
little transmittance change, implying that product

formation is less favorable in this system.

2
pem—— +

T

CHZ—CH-CO
HN

IX

Therefore a study of the reaction of hercynine
with Ni(OHz)G+2 was undertaken, which resulted in the
koxp Values listed in Table 24. In order to increase
the amount of product formed, and thus optimize the
observed transmittanée change, the nickel (II)

concentration (Mt) was kept in large molar excess over

the hercynine concentration (Lt).



Table 24

Observed Rate Coefficients for the Reaction of Ni(OH2)6+2

with Hercyninea

pPH 103Mt M Koxp st kcaldb's—l
5.68 | 5.00 4.19%.2 4.10 .
5.78 10.0 5.31+.2 5.33
5.94 10.0 5.68+.3 5.87
5.98 ' 5.0Q 4.63t.1 4.60
6.09 10.0 6.31%.2 - 6.41
6.12 ’ 5.00 4.83%.2 4.84
6.28 . 10.0 . 7.02%.2 7.06
6.49° 10.0 7.59+.3 7.70
6.69¢ - 10.0 8.39+.7 8.20
6.86° " 10.0 | 8.79%.7 8.52

'(a) The value o.f‘kexp reported is the ave?age df at least
11 identical runs at 25°. I = O.3OM(LiC104). The
error limits given are one standard deviation. Total
[hercynihe]=_(0.5—l.0) X 10_3M after mixing. BCP
indicator (7.0 x 107°M) and MES buffer(4.8 x 107m)
were uéed unless cherwice indicated.

(b) calculhited using équation (2.63) and ihe valueé of
a and b given in the text.

(c) BTB indicator(2.5 x 107 °M) and PIPES buffer(l.0 x 107 2M).
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Figure 15. A plot of kexp versus [Nl-(OHZ)6 ]/(Kal + (H ))

2

for the reaction of Ni(OH2)6+ with hercynine.



The results in Table 24 give a linear plot

. +2 + .
of kexp versus [Nl(OHz)G ]/(Kal + (H )) as shown in
Figure 15, indicating that the rate law has the form

a[Ni(OH2)6+2]
kK = + b (2.63)

exp - Kal + (H+)

Least-squares analysis gives "best-fit" values of

a=5.50¢0.2 x 10 %s™! and b = 3.18+0.2 s},

The rate
coefficients calculated frém these parameters are
compared in Table 24 with the experimental values.

A consideration of the structurerf hercynine
shows that bidentate coordination can or1l: océur by a
mechanism analogous to that shown in Scheme 8. Re-analysis
confirms that equations (2.20) and (2.21) are valid for
the'present experimental conditions of Mt > Lt‘ In order
 for equation (2.20) to be consistent with (2.63), it is
required that B(4) > (H') and B(2) > B(1) (u¥), with B(4),
B(2) and B(l) defined :as in equaﬁions (2.25), (2.24) and

(2.23). Thus equations (2.20) and (2.21) reduce to give

>

| ' . +2
ky3k35K,7 | [NL(OH,) ¢ 77] .

+
k35 + k34 Kal + (H )

(2.64)

kKexp ={¥46Xa1 *

exp 53

1Y

_ Comparison of equatiSES\j2.63) and (2.64)- -results in a/Kal=
: N

- 2 -1 -1 .
kgg * Xg3K3s/ (Kgs + kyg) =(6.17£0.2)x 10°M 's™1, and b= k.=

3.2 s,



The reaction of NiTRI(OH2)3' with glycine

The pseudo-first-order rate coefficients for

the reaction of NiTRI(OH2)3+2 with glycine are listed

in Table :.5. By analogy with thevrosults of a similar

2

study of the reaction of Ni(OH2)6+ with glycine,48

the kinetic data in Table 25 are expected to follow

the rate law

- —alz] . (2.65)

k
+
Ka2 + (H)

exp
where [Z] is the concentration of the reactant in excess,
in this case histidine (Lt). This is confirmed by the linear
versus Lt/(Ka2 + (H+)) shown in Figure 16, from

Xp
which values Of a=(2.880.4)x 10" %s™! and b =(7.7:4)x 107%s7*

plot of ke

were determined by leést—squares analysis. The rate
coefficients calculated using these parameters in equation
(2.65) are compared in Table 25 to the experimental
values. '

Although'Scheme 7 was used in the introduction
to interpret the results f;r the reaqfion of Ni(OH2)6+2
with glycine, the more complete mechanism shown in

Scheme 12 will be applied in the analysis of the present

results.




Observed Rate Coefficients for the Reaction of NiTRI(OH2)3+

Lapie Lo

with Glycinea

2

pH 102Lt M Kexp st kcaldb's
6.20 10.0 0.634+.03 0.535
6.20 7.00 0.459%.01 0.397
6.21 7.38 0.457+.03 0.423
6.21 3.00 0.221%+.02 0.218
6.22 5.87 0.394%.02 0.359
6.23 3.03 0.217+.01 0.22%6
6.42 3.00 0.315+.03 0.305
6.61 3.00 0.465%.01 0.430
6.71° 3.00 7 0.533t.05 0.522
6.86° 1.00 0.234%.01 0.287
6.86° 3.00 0.749%.04 0.705
6.98°C 1.00 0.355%.02 0.353
7.00° 3.00 0.984%.03 1.20
The value of kexp reported is the average df’at

(a)

least 8 identical runs at

25°, I= 0.30 M(LiCl0,).

The error limits given are one standard deviation.

Total [NiTRI] = 2.0 x 1074

M after mixing. BTB



(&

(b)

(c)

V]

1}

indicator‘(2;5 X lOfSM) and MES buffer (4.0 x 10—3M)
were use 1leés'otherwise indicated. |

Calculated using equation (2.65) and the values of

a and b given in the text.

o

PIPES buffer (4.0 x 10 °M).
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Scheme 12

ki
O—NH + M 4__: M—O—NH
ka1 .
ko3 || k32 +H
kg3
ON +M IT—= MON _ ,
X 35,
34 K
53 0
v
‘. N M
X \N>
X 65
46 2
O—N + M z M—N-O 56 :
Ke4

The symbols O-NH and O-N represent the

. . . + o~ : . . -y s
zwitterionic ("H;N—CH,—-0, ) and anionic (HzN"CHZ-COZ_) ¢

forms of glycine respectively.  All of the approximqtions
used pr ‘ou51y in the kinetic analysis of Scheme 8 are
valid for this system, except that the acid dissociation
constant of the monbdentate.species MfO—NH (Ka4) will

be much smaller than the a&éldgous constant.Ka3 in Sc%eme 8.

The effect of coordination of gl,.ine to the metal ion

9

‘likely results in K_, < K;4 ~ 1 x 10 °M. With this estimate

of-Ka , the evaluation of‘k23 using equation (2.14)

4
. g - +. + .
indicates that k,; = k3Kw4:H ) = k32xa4/(n ) . Comparison

-1

to the estimate of<k21 > 1945 (Appéndix C) shows that

k > k

21

23 in the experimenﬁal pH range.



Simplification of the cohputer—derived
‘ \l .

EXPIESSlonS shown 1in ix C for Scheme 8, and

Append

substitution of [HL] = 4H+)Lt/(Ka2+ (H+)) and [L] =

+ .
KaZLt/(Ka2+ (H)), gives

k ,
12 35732 a4
+(k43k35 + k (k + k34+ k32)) xaz

k
(¢<.66)

21

+ .
(K«z + (H‘)>(k35+ kygt K3p)

and

o

k. ke )(k + K.5) R
64 56 65 53 32 (2.67)

k =
X . \
(kgg + Kggl (K3s* K3g® kqo)

combination of equations (2.66) and (2.67) and

ﬁﬂﬂnmpariéon‘to thé experimental rate law (equation (2.65)) \
gives - »
° o kyg [ *12%32%a8 |
K
43 a2
a Kap \ k22
1= - : + k46 2.68)
Ka2/ (kyg* kgt *32)
\
For K., = 1 x 10"7M anc koK, = 2”x-1o'4M st
ad 3w

as given prevxously, then K‘i. X losmals-l, and so'

k32 > k34 = k35. From detailed balancing,
° . <J

and with k32> k§4

- j’. :« RN
oo ' 'l"€\

.\
I



it follows that

K12%32%aa _ Ka3*30%a2 |

ka1 K4

a3%a2

and simplification of equation (2.68) leads to (a/Kaz)

) H ki =

(ky k35K a/Ko1Kap) + Ky = (kg3k35/k gy 46

12K35
(1.48:0.2)x 107 1s™t.

From detailed balancing in Scheme 12, it can

also be shown that k64k56 = k65k53k46k34/k43k35.

Simplification and rearrangement of equation (2.67),

with the added approximations that k56 = k65 and k46

gives the estimate k.5 = b =(7.7+4)x 1072571,

(2.69).
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The reaction of NiTRI(OH2)3+ with l-methylhistidine

, .
The results of a previous studySl of the

reaction of l-methylhistidine (X) With~Ni(OH7)6+2 indicate
that initial complexing occurs wiih the nitrog2n at the 3-
position of the imidazole ring, followec bv acdition of
a second.nickel(II) ion to the glyciné end of the first

ligand molecule.

CHZ-—CH—CO2

ﬁ,_j( I
_ NH3+
. AN

A \/\\CH

\

3
X

Since the reaction conditions of this present study differ
from those of the previous study, in that the histidine
is the reactant in excess, the formatioq of a binuclear
camplex of NiTRI is considered unlikely. Also, in
contrast to the previous study, the present data follow
a simplerpseudo—first—érder rate law and thus a
consecutivevmechanism is not requirea.

| Moleculér models indicate that bidentate

coordination of X to NiTRI can occur only through thé

glycine end of the molecule. Therefore the reaction of

.



o}

NiTRI(OH2‘3+2 with l—mefhylhistidine will be assumed to
proceed by a mechanism analogous té that sho&n in Scheme
9 under the experimental conditions of this study. Since
all of the approximations used in the derivafion of
equations (2.34) and (2.35) afe expected to be valid in'
this system, the kinetic results listed in Table 26
should follow a rate law of the form of equation (2.36).
Attempts to find suitable initial estimates of the
parameters in equation (2.36) indicated that a.simpler
rate law might be sufficient to describe the results,
and this was confirmed by the plot of kekp versus
Lt/‘(xfal+ (H+))(Ka2+ (H*_)) shown in:Figure 17. Therefore
the data in Table 26 are consistent with a rate law

of the form |

a L

. ’ t
= + b (2.70)
TP kg )k, + wh)

1

-

Least-squares analysis gives values of a =(3.5*1) x lO-le sm1

and b = 0.14:0.03 s~ %, and the rate coefficents
calculated from these parameters aré compared in Table 26
to the experimental values.

Simplificatioﬁ of equatioﬁ’(2.34) is required
for consiséency~with-the experimental rate law, equation

(2.70). Estimation of the denominator of (2,34), with



Table 26

Observed Rate Coefficients for the Reaction of NiTRI(OH2)3+2
with l~methylhistidinea
pH | 103Lt M . Kexp ,s71 . kc‘_ﬂdb,‘s"1
6.00°  \ 7.40 © 0.269:.03 0.162
6.10 iiba | 0.123+.01 0.145
6.11 2.80 0.167+.01 0.153
6.229 1.82 | 0.138+.01 0.153
6.43° 7.40 | '0.320%.03 0.251
6.539 1.82 0.179%.01 0.180
6.58 2.80 0.228%.02 0.212
6.69 1.08 . 0.177¢.01 ,0.180
6.819 1.82 0.239+.01 0.239
6.83° 7.40 0.554+.04 *0.564
6.97 1.08 0.2215.01 0.235
7.03 2.80 © 0.392+.03 0.430
(a) The valﬁétof kexp reportedtig‘the avgrage of 10

identical runs at 25°., I= 0.30M (LiClO4). The error

limits given are one standard deviation. Total

4

[NiTRI] = (1.6-4.0) x 10 "M after mixing. BTB

indicator (2.5 x 10~5M) and PIPES buffer(2 x 10—4M)

-

"were used unless otherwise indicated.



Table 26 (cont'd)

(b) cCalculated using equation (2.70) and the values of
a and b given in the text.
(c) No buffer used.

(d) PIPES buffer (8 x 107 1m).
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Kao~k,,> 10's ©, K_.=K = 2,6 x LU M(raple Ll/) ana

78 21~ a3 al
k72:k—lKa3 = 2.6 x 1035"1, indicates that the inequality
Koo (Kog + koo )K | *
21778 727 a3 > (H+) (2.71)
ko8%72

rather than its converse will be approximately valid
for the pH range of this study. Consistency with

equation (2.70) then requires the approximation

(kga + K
78 * K72
;T,k y zKa3(k21k43Ka2 * k12k323a4) >
. Kagk72
K.k, K_oK .
k. _K + 87 32 a} a4 +) (2.72)
437a2 X K .
78 Ka1

Analysis of this expression shows that it will be valid
. _

when k21=k78 > k72 and Ka3= (H ). The same approximations
were made to obtain equation®(2.71). Simplification of
equation (2.34) using (2.71) and (2.72) gives

ky3kysK 1K g (Kygt K g)) (2.73)

kgt kyp) Ky (Kt BDHE @]

(K35

From a comparison of equations (2.73) and” (2.70), it
1

follows that



> pH range of this study. Consistency with

sn (2.70) then requires the approximation

+ k72 ‘
y zKa3(k21k43Ka2 * k12k32Ka4) g
8k72 '
K.k, K_ oK -
k. _K + 87 32 a} ad +) (2.72)
437a2 X K .
78 Ka1

is of this expression shows that it will be valid

+ ’ . .
21"k78 > k72 and Ka3_ (H ). The same approximations

ade to obtain equation®(2.71). Simplification of

on (2.34) using (2.71) and (2.72) gives

k,3k35Ka1Kgo (Kygt kg))

. 3 . (2.73)
(kygt Kygt Kqp) kg {Ka;+ O} ,+ )}

comparison of egquations (2.73) and” (2.70), it
Y

s that

4
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The nmr experimentg to be discussed here were
undertaken to clarify the denticity of the ligands’used
in the kinetic studies. Previous nmr line-broadening
'measurementssg on NiTRi(OHé)3+2 in water indicate that
‘at a temperature of 25°, the solvent proton longitudinal
relaxation time Tl will be controlled by the rate of
relaxation of the solvenr.protons in the first and
outer coordination spheres of the metal ion. Thus it

is expected that |

ner 7

)7L o = X iy (2.76)
p [M] [H,0] lo -

(T

where T11 and Tiolere'the relaxation times for solvent
protons in the first and outer cbordihation spheres of
the metal ion M respectively, n is the number of |
coordinated water molecules in the inner sphere, and

T is the relaxation tlme in the pure solvent. When

la .

a. 1lgand is added to é solufﬂbn the metal ion M,

water molecules will

the average numbel. Qﬁ“ggord w

S
-~

decrease due to replacement by ligand molecules, and

thus (Tlp)—l is expected to decrease.

The above prediétion is in agreement with the

data obtained from the titration of NiTRI(OH2)3+2‘Qith'
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one product ML(OHz)n(containing one histidine molecule
per nickel atom) is formed, then the total concentration

of nickel (II) species can be represented by ‘ ) N

M, = [M(OH

N ] + [ML(OHZ)n] . (2.77)

I

2)3

2

. Then, since

where M (OH represents NiTRI(OH3)3+

273 |
the relaxation rates from the two species are additive,

equation (2.76) gives

1 (].) 3.0, 1 | MOH)S
T1p T11/ H01 © Ty, M,
; ;
( 1 >, n_, 1 [ML(OH,) ]
Ty, H01 Ty, M - .
t N :
; . (2.78)
. b
s
_ Ry [M(OH2)3] N JRMnf [ML(OHz)n]
M, ' oM
where (Tll)-l and"(le)—l refer to the relaxation times

of prbtons in the first coordination spheré of the

~

reactanEHM(OH , and product»ML(OHz)n‘,'respectively.

| 2)3
The concentrations of the species are rélated by the

definitions



‘ . . e +2 . e
Results of nmr Titration of NlTRI(OH2)3 2 with L—Hlstldlnea

103 M. M 105 L, M | 1072 Ry, s

3.865 _ 0.388 5.29
3.689 | 0.740 - \ 4.78
3.521 1.078 ‘ ) 4.39

3.374 ‘ 1.371 ' .o 3.94

=

‘-,u;,_‘
RN

£y

(a) The measurements were-made at 25° in 0.10 M MES

buffer at pH = 6.20. Ry, and T, are given in

Table 28.
'&‘z&

-
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t e Thus the experimgntal data in Table 27 ecan

"ML (OH,) 17 ") [(HL) (%) (L]
- , Ky = —————— o K 7 ——— (2.79)
o 5 [M(OH,) 4] [L] [HoL) © .+ [HL] )
. T A
2 F Y b
- L = LN |
- “ Ly [HZL]\t [HL] +_[L] 4,[ML(OH2)n] (2.80)
. h; IFRE AT ] 5 i
s where L, refers to the total histidine concentration, "
g f;;dnqugL,-HL, and L represent III, IV, and V respectively.
?”]f<:From these definitions, it\¢an be shown that
O w2 e
» B (H)# K ;(H) + K_.K_,
e 1 ‘J.'ql” al ‘a2 [L]2 . o
Kalxaz l T
+ .2 " + o -
(ﬂ ) + Kal(H ) +;"1K31Ka2 N
' — + Bl(Mt- Lt) (L] -“Lt = 0"
K_.K . . o
A al a2
, " | 5 ;
ilﬁisubst%fution for [M(OH2)3] and [ML(OHz)n] {h_equation
(2.78) Usihg (2.77) and the definition of 81 gives :
. R,.BIL] . .
L. R . Rurf1 oo (2.82)
1p (Y + B, (L]) - (1 +:'B,I[L])) v E
] 1 4 1
The value of,Rﬁ is determined fr*m the initial value
of”(T,:)_l (when [L] = 0), and equation (2.81) can be
solved for [L] in ﬁerms of the known values Of-xal 'Ka2 r

'\‘C‘"‘ e

B N N N

<l .
[rCTE
e
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‘ . N ~ ‘ "
be fitted to equation (2.82) to give "best-fit" values_

1 -1

. a . N 7 - ’ - 2
of By =(1.7¢0.4)x 10'M “and R =(1.3+0.2)x lO s R

The value of 81 determined here for the NlTRI(OH2)3

hlstldlne system is 25 times smaller than the value

of 4.3 x 10®M71(25°, 1= 0.1M)73 for the n;(6n2)6+ -

RN

hiatidine system.
The results of ptellmlnary nmr measurements

oo of the-"llmitlng values of (T ¥ (RML) at large

t

?%%.:ﬁ' (L /M ) ratios for several 81m11ar llgands are shown
'ln Table 28,

e ‘ 1f it is assumed that Tll = 12 and that Tl
is the same for both M(OH2)3 and ML(OH ) n’ then by .
equating the terms on the rlght-hand side of equation

(2.78), it can be shown -that

| N -1 S
3'O{RML (T16) } : 22.83)
N

The formatlon of a trmdentate complex ‘is expected to

Ay

?ﬁ be most favorable with the llgand MIDA, and so its RML
! value of 56 s -1 may be used as a reasonable estlmate

of (T )_1 in eguatlon (2.83)..It should be noted that

the assumptlonq about T1 are quite critical for small

g
)

'n values because then the values of Ry, and (T, ) ?'dre», J,fvﬂh

[

< e

most 51m11ar. : ~¢"w ' ' o . -

? ‘ o A comparlson of the RML and n values in Table

N -



"~ indicates that hercynine and histamine (at pH 6.20)
a. monodentate. Since nonf of thenfxlaxation times in
equétion (2.83) should be pH dependent,'the rgsults for

., 4
histamine at pH 6.96 indicate ~ tendency . toward bidentate
chelate formation as the pH increases. This observation
is consistent with the kinetic results, which give the
monodentate to bidentate fatio as k53(H+)/k35Ka4;
Values of n calculated from the kinetic results are
given in parentheses in Table 28, and are in qualitative (
agreement with the nmr results.

Histidine methyl ester appears to be bidentate
with one remaining coordinated water molecule. This
is;cohsistent with the expectation that the ester
function will not coordinate readily. e A

- SRR RO

.For histidine, the kinetic values of

k53(H+)/k35Ka4 and the nmr.results agree in that they both

indicate bidentate chelation. It is interesting to note PRt

that’thé value of n calculated for histidine suggests that

about oanﬁalf of the histidine is tridentate. This

“

observatioh is consistent with earlier arguments based
on molecular models that L-histidine could be tridentate

with one isomer of NiTRI and bidentate ‘with the other.
4o ”

W~ .
B R

@
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CONCLUSION

ti

In this work, two new methods have been

developed for the resolution of the optical isomers of
) +2
2°3 °

of the reaction between the nickel (II) complex and

NiTRI (OH Both methods are based on the specificity
D(or I)-histidine. In one case resolution is achieved

by ion-exchange chromatography and in the other by
fractional cryétallization of alperchloraté salt.

Resolutions of NiTRI(OH2)3+2 by chromatography on

cellulose, and on potato starch, have been réported by
60

Taylor and Busch. They found maxima in the ORD
spectrum of [<!>]283 = - 2.0 x losdeg M_ldm_1 and [¢). .=
+ 6.6 x 10%deqg M tam™ ! for (+)436N1TR1(032)3+2Q Thesc

vaiueSxﬁﬁgyin good agreement with the results ofgthe N
present work reported in Table 16. Thus it appears that

essentially complete resolv:ion has been aché?Ved.

Experience gained during this work indicates.that

NiTRI (OH 2 forms a number Of moderately to slightly

+
2)3 .
soluble perchlorate salts with®amino acid ‘ligands. Thusy:
. o . ) X R o ,-':
NiTRI(OH2)3+2 might prove to be a useful resolving

agent for amino acids.

Y o

The absolute configuration of the.NiTRI(OH2)3+2
"isomer is still unknowp,.vdaéi‘r; the leést_%plub;e
a & . . ‘.w .- ¥ . . ) - .M_a ) :ya
" pre .tate contains L-his ipe and (+),4¢ NiTRI(OH2)3+2
P 168
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that the imidazole groups shoufgr lwaYs be trans. In the'

racemic bis histidino complex, this prediction pesulfs

in a trans arrangement of the remaining donor groups,

whereasﬂin the optically-pure complex, ‘the other

coordinated atoms are expected to be cis.71

structures of bis-(L- hlStldan)nleel(II) and bis-

optically-pure cobalt(II) complexes,75

prediction.

(D- hlstldlno)nlckel(II),74

However, the crystal structure of

and also of the analogous

The crystal

conform to this

(D—histidiho)(L—-histidino)cobalt(II)76 has a completely

cis configurqtion),gven of the imidazole

groups.

It is

not known whether the models give an incorrect prediction,

or if crystal forces result in solids which are non-

,to have been con51dered prev1ously as a factor in

representatiive of the species in solution.

The fact

that the,mixed complex can be isolated with cobalt (I1)

but not with nickel (II) is alse puzzling.

It has been suggested earlier. in this work that

AJ

the denticity of‘histidine may depend on which optical

' 42

isomers of NiTRI(OH2)3, and histidine are involved.

The nmr results (Table 28) indicate that about equal

)

amounts of tridentate and bidentate complexes are

present in a solution of r"’acemic«NiTRI(OHz)3

+2

and

excess L- hlstldlne. This p0551b111ty does not seem

stereospe01flc 1n§gractlons in the‘bzs(hlstldlno)-

2
Lel

vvEs
2T
N trvad

B #:.




nickel (II) or cobalt(II) systems, althouéh there is no
unequivocal .evidence to the contrary at present. This
last statement assumes that the solids isolated, which
always contain tridentate histidine, may not represent
the major species in solution. This assﬂmption seems
justified from the previous discussion

.The kinetic data from this study;show that
coordination of the imidazole and amine nitrogens o\

. {

controls the rate of complex\fdrmation, but subsequent \n»/
binding by the carboxylate oxygen is still possible.
More extensive r s ies sueh as those initiated
here seem to be the best way“fo answer the question of
the stefeospecificity of the denticity ot histidinef

The kinetic results for the feactions of the
histidine derivatives with NiTRI(OH2)3+2 are summari;ed
in Table 29. The formation rate constant% for the

neutral ligands histidine(klz), 3-methylhlst1d1ne(k12), ' _&“fw

and hlStldlne methyl ester (k43+ k 6) are all 51m11ar

to each other, and larger than the rate constants for

.
. R U ANpNe g
. RN : -.‘s\v g SR
. v VLRSS 2
. AR
RS DU SR Y (G 2 0l

the un1p051t1ve ions of hlstamlne(klz) and hlstldlne
methyl ester(klz) This correlatlon w1th llgand ch§§ge

is con51stent with theidlssoc1at1ve ion pair mechanlsm
discussed in the int:i bduction to this chapter. The S 1IP»
vmechanlsm assumes -hat " =2 rate constant for dissociative

. water loss (k ) is relactively independent of the ligand,

o3
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whereas the ion pair formation constant(Ko) depgndS‘on
ligand charge. Formation rate constants are predicted
by this mechanism to have thé value kexKo'

jThe raté constants for dissociation of NiTRI %
from the. imidazole nitrogen (k21) are very similar for
the three ligands for which values could be obtained.
From a number of studi(‘es”'7 it has been found that
formation constants (kl2/k21) parallel ligand basicity.
However the SNlIP mechanism requires k12 to be
independent of the ligand basicity. Therefore‘k21
should decrease as ligand basicity increases. Somewhat
surﬁrisingly, consiaefing the uncertainties, the k21
vaiues ih Table 29 do parallel the Ka1 values. Steric
and charge effects thight élso influence kZl , but the
results are too limiteé and inaccurate to illustrate

such effects at present.

It is convenient at this point to discuss

- the k., values, since they also refer to a ligand

 dissociation reaction, the chelate ring-opening. The

kinetic factors influencing k21 should also be operative

on k53. However, a simple basicity correlation apparently

does not apply to k53 , since histamine with the most
basic amino grdup has the .largest k53 value. Even after
considering the experimental uncertainties, there is

.. - , PR '

no doubt that kg4 for histamine is much larger than

O - A e son R
. Do i b e AR iy i s AR IS e SN e

!
{
}
:
kl
i
i




_____________ ~ mvtagyassoLiuAnS. L AUdLlYSL0g
-this result, it is necessary to'decide whether the
histidine value is unusually small, or if the histamine
value is unusually,}qrge. Unfortunately there is no
clear precedent fofne' erlmalue in the. literature.

Ethylenediamine, with a similar basicity to histamine

(K_.= l.x lO—IOM)65 has a much smaller k53 value of

a2
0.18 s-l, 78 ut forms a chelate ring which is one atom

smaller than that of hisBamine. The effect of ring size

on k53 can be estimated from a.comparison of the

formation cgnstants65 of the nlckel(II) complexes of

ethyleneiﬁﬁﬁlne and 1 3- -diaminopropane, - the latter of

which fonms a six-membered rlﬁg’llke~hlstam1ne, If all

kg

of the other rate constants are assume%%to remain
constant, then an increase in the ring size from five

to six is predicted to produce a 10 fold increase in

ks

the rate constant for ring-closure, k35, might decrease

3 This is probably an upper limit ‘estimate because

with increased ring size, and this would have the same
effect on the overall formatlon constant as an increase

©in k53. In addltlon, the ethylenedlamlne k53 value refers

to ring- opening of the complex (eMNl(OHZ)4 rather
+2

. 2)

'the comparlson with ethylenedlamlne predlcts k53 < 1.8 s

~than (en)NlTRI(O . With thes&,, Wmitations in mind,

~n

—

, 'for hlstamlne, 1n reasonable agreement with the measured

]
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value of 1.2 s ~. This leads to the CONClLuUsS10N THAT Kgq,
for histidine and 34methylhistidine are unexpectedly small.
Perhaps some electrostatic ettraction between the“
carboxylate group and the metal ion seryes to inhibit
ring-opening at the amino group.

The values of k35Ké4 cennot be analysed readily
because Ka4 is unknowu. It would be interesting; however,
to at least estimate k35 ; since the values should be
similar for‘ell of these 1i§ands if the rate of chelate
ring-closure'is controlled by dissociation of a
coordinated water molecule. The value of K ad is expected
to parallel Ka2 » and if the Simplest assumption K ad” KaZ,

is\made, then k35 values of 3. 3 X 104s 1, 5.0 x 1045-;,

".,.a

and 4.0 x 1045_; are calculated for histidine, 3-methyl-

histidine;“and histamine respectively. These values

“
I

";‘Af ' ) R . o
" are sxmllar to each other and to the rate constant for i &
* K :""' . ‘ - ' N ) y . . v \ 1:
water exchange oh‘NiTRI(OH§?3+2 (3.8 x 10'4501),59 as ‘ \ -Qﬁ

A x

expected for a dissoc1ative ring—closure mechanism. , \ i

A collection of E{netic results for the reactions . ! &
\ i

of'Ni‘(OHz)6 with histidine andvits derivatives is shown

lﬁgTable 30. Before comparisons can. be made, it is,
RS

et‘al.so and Letter and_Jordan49 on the reaction of
histidine with Ni(OH2)6+2. Cassatt et al. interpreted '

‘their data in terms of reaction of the zwitterion and

EN N
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Kinetic Results for the Reactions of Ni(OH2)6+2

Yo

Ligand | 10-3k'12 Mis™d Reference
, .
histidine | 2.8 +.2 2P this work
h g | 2.2 ¢ 49
3-methylhistidine . 2.1 € | 51
histamine g 1.0 .6 b a
histidine methyl  0.6° (2.6)¢ ' 49 !
ester - . ' : S : //’_,,//’/ 5
" hercynine ’;A0.62i.04 a,b,f this work f
ia)v Measured at 55°, I= 0.30 M}Liélo4), ‘ {
(b) .Error estimates given are qpproximate 95% confidence ‘?
limits. ’ ' ] ' ;
(c) Measufed at 23.7°;‘I= 0.10 M(K{ - ;
(a) Deterﬁined by re-gnalysis of th"..q‘,iﬁ referen ,' - ;éf
as described in the téxt, - .A“ L | :5
(e) Value of (k,;+ kel ( - | |
(f). Valué'éf k46 + k43k35/(k35f k34) derived from . g
Scheme 8. . i

1




Lile aAainilloll oL AlLstidlile, wilgLead Ll uaita UL Letiern ana

"Jordan are consistent with reaction oniy with the zwitterion.

As pointed out by Letter and Jordan, only one of the

four data points of Cassatt et al. suggests a

contribution by the‘anion. It is also noted that the

rate constant for éomplexing of the anion reported by

Cassatt et al. (3.8 x 10°M *s™1) is anomalously large.

In the present work, the reaction wes studied under

different conditions than thoselused previously in that

the histidine was the reactant in_excess.'If the

~differences in ionic_strength‘and temperat:re are - Sy

considéred, the results of the present work are in

good agreemernt with those of Letter and‘Jordanf‘ ;
The experlence galned here with, the NlTRI(OH2)3

—hlstamlne system suggested that the earlﬁer work on the‘

Nl(OH —hlstamlne system should be re—#nalysed win

2)6
tterms of equatlon (2.36). Unfortunately t?e orlglnal
data set50 is not suff1c;ently exten51ve to permlt a
‘complete analysgs. However, it is reasonable to assumé o,

that (K_,+ %)) = @), and that the P(2) and Jo

p(5)(n+)/(p(4)+(n+)) terms are negligible ﬁnder‘the

experlmental conditions. “Equatlon (2 40) then predi ts_

‘that a plot of [Nlcpa2) *29 x

exp(Ka1+ (H )) versu7

- should be .linear. Least—squares analy51s of thls/p 6“”
Y/

i

i .

’ 1. v .
. ‘gives "best fit" values an& 95% confldence 11t>#s of
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3

- -1 _- -7
k =(120.6)x 10™M ls 1 and k35 a4/k21 =(4+3)x 10 M. This

12
analysis suggests that a thorough klnetlc study of the Ni(OH )

1\

+2_

histamine system is warranted. The k12 value above is
consistent with the other rate constants in Table 30.
The study of the reaction of hercynine with

Ni (OH resulted in a value of k46+ k43k35/(k35+‘k34)

e
(Scheme 8). This parameter relates to the reactivity of . .
the hercynine zwitterion,vand thus should be coﬂparablé
to the kl2 values for histidiﬁe or 3-methylhistidine. '
The results iﬁ Table 30 show that hercynine is about
four times less reactive than tﬁe histidine zwitterion,
but is similar in reaqtivity to the.éétionic ligands,
histamine(klé) and histidine methyl 9§ter(k12)-

A possible exglanation‘for the sZoWér than

‘expected reaction rate of hercynine is suggested My a
N . b

|
|

recent carbon(13) nmr study79 which  indicated that .
>951'%f the hercynine molecules in an gqueous‘solution

‘at pH:5-7 exists as the trans rotamer XI, where REC3H3N2.

1

4




The size and possibly the charge of the
triﬂbthylamine substituent, which is fixed in the
vicinity of the im .. : ring, may inhibit close
vapproaéh of the metal ion to the imidazole nitrogen
thus causirg k46 to be smaller than expected.

Metal ion attack at the carboxyléte oxygen
is still favorable in XI but’theré may be steric
inhibition to ring—closure(k35) resulting in a smaller
than expected value of k43k35/(k3;+ k;,): Therefore
the known conformation and steric effects may explain
the observed reactivity of hercynine.

It is intéfésting to note that histidine is
oniy about 50% in the conformation analogous to XIjg,
and of course it lacks the bulky methyl substituents.

Therefore the type of steric inhibition suggested for

hercynine should not be -important for histidine.

A comparison of the formation rate constants

- ¥ o
for the reaction® of histidine and its derivatives
(Tables 29 and 30) suggests that NiTRI(OH2)3+2 is

2 Wwithin the

slightly more reactive than‘Ni(O§2)6+
experimental error limits, thig difference can be
Texplained by taking account of the greater water
vexchange raté'(414§)_on'NiTRI(bH2)3+2 and the small

"differences in reaction conditions. Thus on the basis

of the available reéults, it is concluded‘that steric

179
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.

NiTRI1OR2)3f2 system because of the greater weter exchange
rate, but k34‘is alse incredsed as a result of the steric
effects of TRI ligand,-then a/xa2 could remain corstant
for the two'metai complexes. This cancelling would not
result if only the k46 term were present. Although this
argument is potentially useful, it does not confirm the

importance of the k43 35/k34 term because the experimental

uncertainties in the a/ha2 values in Table 31 are larger
than the expected difference of ~14% in the forward rate
constants. |

The results for the reaction of l-methylhistidine

with NiTRI(OHé)3+2 yield a value of a/KalKaz.from the

-experimental rate law. When interpreted by Scheme 9,
a/KalKa-2 is given by equation (2.74). Since the k46 path
was not lncluded in Scheme 9, the expre551on for a/Kall(a2
in equation (2 74) is equlvalent to that given in, equatlon

(2 68) for a/K . Therefore a/K 1Ka2 for 1—methy1hlst1d1ne

is compared to the values of a/K a2 for other systems in

Table 31. The comparison shows that the lfmethylhlstldlne /s

-

value fits into the same pattern as the other values in

Table 31.

In order to better qn@erstand tﬁe‘implications
of the kinetic results, it is useful to consider the co.
mechanisms im some detail. The'expression derived.for

Scheme 10 (equation (2.38)) shows that, in general,

-/

— ———— s b - . e
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four terms can” contribute to the forward rate constant

k Comparison of eguation (2.38) with the experimental

£

rate laws for the reactions of ligands‘having Ka2<<(H+)
.led to the conclusion that the pH i1ndependent terms in
the numerator of (2.38) do not contribute significantly
to the observed rate under the expérimental conditions.
Of .the two terms remaining in equation (2.38), the

»

k46Ka2 i? eligiqated rg}atjve to k12k35xa4/k21 because-
pf the upper lihit plaéed on k46 by the SNlIP mechanism.
- ose simplifications led O Sch-me 11l.

The mechanism shown i~ Scheme 11 is proposed
as the most favorable ré;ctiqn séquence for the reactions
of histidine, 3-methylhistidine, and histamine. This
reaction sequence consists éf three steps, as illustrated
by the reaction coordinate diagrahs shown in Figure 12.
The reactants at A are the nickel (1I) épecies and the
" monoprotonated ligand species. Initiél bond formation‘
at the imidazole nitrogen (klz) gives the protonated
monodentaﬁe‘intermediate B in Figure 18. Since k12>"k21-,
formation of B‘ié favorable. Loss of the proton leads
to the fully deprotonated monodentate interﬁediate,’c,
which undergoes ring-closure by k35 to give the biaentate
product, D. It has bgggﬂggsumed in constructing these
.diagréms ﬁhét initial bondjformation(klé) and ring-closure

(k35) are controlled by dissociative water loss, and
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FREE ENERGY

REACTION COORDINATE

FREE ENERGY

REACTION COORDINATE

Figure 18. Reaction coordinate diagrams iliustrating the
mechanism of chelation of a bidentate ligand.
(a) Ring-closure is rate-determining .

(b) Initial bond formation is rate-determining.

[POTIN
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thus have similar activation barrlers. Also k21<<k23<k32 ’

as egtlmated in the analySLS of Scheme 11.
In Figure 18(a), the k35 path leads to the
point of haghest energy on the reaction coordinate,

and thus, by definition, is the rate-determining

K35
step. By relating the free energy changes to the rate
constants, it can be shown that Figure lé(a) is

32721
(51nce k23/k32 a4/(H )) This condition is approached

. . ) t 4+ 0"
applicable when k35k23 < k,,k , or when k35/k21 <(H )/Kad

in the lower part of the exper1mental pH range, when the
deprotonated intermediate C is least stable. ' -

In some systems at low pH, the bidentate
produqt may become less stabie than the monodentate
intermediate B (Figure 18).‘This was suggested in the
h;lstamine—NiTRI(OHz):a+2 system. However,.it is noted
that the fraction of the total ligand in the fully.
protonated form increases as the pH is lowered, with
the result that the formation of B becomes less faorat-le.
In order for the concentration of B ta‘be significant
relative to A and D, the equilibria require that
ksy (1) 2 KygRyy o
These requirements limit considerably the number of

and also k12 = k12K lL /(K +(H ))>k21.

systems in which B is likely to be presént at detectable
concentrations.

"As the pH is increased, the stability of C

g

it e
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increases, as illustrated in Flgure 18(b). This-reéuLtS
fgom the 1ncrease in k23 , since all of the o;hervrate.
constant; in Figure 18 are pH indépendént. fhé diagréms
show a change in thearate—determining step from ring-

closure (k 5) to 1n1t1al bond formatlon (klz) as the pH

<

is. 1ncreased;7Thls 1nterpretatlon is 1mp11ed by the

rate - law derlved for Scheme 11 (equation (2. 49)),'wh1chw
in turn is consistent with the experimental results for .
the reactions 'of histidine, 3+methylhistidine, and
‘ histamine. . - R

For éeactioqs of ligands with lower pKa2 values,
such as histidine metﬁYl ester, a significant fraction
‘ of the ligand exists as the completely deprotonated
species, so the k43 and k46 paths compete favorably with
the kiz path. The reaction coordinate diagram in Figuré
lé(b) can be used to describe'the k43 and k46‘paths, if
species C apd the proton transfer steps k23 and k32 ére
omitted. Since ring-closure (k35 OT k6§) is expected
to be more favofablg thén brééking;of the nickel(II)—
nitrogen bond (k34’br k64)} initial bond formétion will
always be rate-determining for the-k43 and k46 pathways'
in Scheme 10. This is another consequence of the
requirement of consistency with the leIP mechanism.

The other mechanisms discussed in this work

are in many respects similar to Scheme 10. However, since



the nickel (II1)-oxygen bond 'is much more labile than the
nickel(II)—nitrogen bond, the stability of B wiﬂl'be.
decreased signifiéantly. In the k12 path of Schemes 9
and LZ, loss of the amine proton will remain unfavorable
as in Scheme lO,'so it is likely that k35 will normally
be réte—determining, and Figure 18(a) will apply.
However, if k35 > k32 , 1t is‘apparent7from Figure 18
that proton loss will become rate= determlnlng Since

k32 = (2 x 10~ /Ka4)M ls_l, rate- determlnlng proton

transfer is expected for less basic amino a01ds.

From similar considerations to those discussed

for Scheme 10, initial bond formation should be rate-

~

determining in the k46 paths in Schemes 9 and 12. On

the other hénd, for k35 = k34 , either of the two steps

©

in the k43 paths of Schemes 9 and 12 could be rate-

determining. ,

It~is interesting to note that in‘several
cases it has been possibles to obtain more Rinetic
information from the NiTRI(OH2)3f2 reactions than from
comparahle réqctiéns yith Ni(OH2)6+2. IﬁSpéc;ion of
the raee lawstfor these two metal -ions shoyﬁ'that, with
NiTRI(OH2)3+2,.(H+) > k35Ka4/k21 witEiniéﬁéiéxperimental

357a4

pH range, and thus k,.K /Kzl can.. Qe‘gijbuated from the
klnetlc data. However w1th N}(OHZ'%'

\(H ) < k35K 47Koy

over the usual expeflmental prnange(G 7), and so
- \\r‘ -
\‘K\\ N Pyt Y
,\'}1
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}535Ka4/k21 cannot be determined. Previous arghments
indicate that k35 and Ka4 should be similar for these :

two metal ion syster=. Therefore k21 must be larger
with NiTRI(OH2)3+2 as might be expected if- the TRI
ligand eauees steric ~nhancement of ligand dissociation.
Unfortunately there are no simple model systems which

can be ﬁsed to provide a precedent foxr the larger kZl

+2

values w1th NlTRI(OH2)3 .
!

The klnetlc results for the N1 ( JHZ)6 2—glycine

system can be comblned with the known formation constant

(B, = 6.0 x 10%M) to obtain kg, = 2.7 X 1072571,

lSimilarly, the reanalysed kinetic results for the
2)6+2-—his_tamine reaction, and the By value of

6.0 x 10°M,%° yield kg4 = 0.66 s"1. These values are

Ni (OH

2-3 times smaller than the corresponding k53 values qf'
NJTRI(OH2)3+2 complexes (see Results section); The
observatlon that k53 is larger in the NlTRI(OH ) +2
_systems is con51stent‘ﬁlth the argument that k21 is
also largerfln these systems.u .y _ -
- The klnetlc results can be used to calculate

»formatioh constants for the NiTRI(OH2)3 +2 complefes
from the“relationship Bl = k12 35 a4/k21 53 . From
the:kinetic results for histidine, this calculation
gives B, = 1.1 x 107M; as compared to 1.7 X 107M from
the nmr results. These two values agree within their :

4
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experiméhgal uncertainties, but a larger nmr value could
be gxplaihed by some carboXyldte‘complexing which- is
not accounted for in the kinetic,result.
}jThe-dl values for complexes of Ni(0H2)6+2 and
NiTRI(OH2)3+2 are cémpared ibﬁTgble 32.
Table 32
Formation Constahts for Nickel(II):Complexes 1
L +2°a o +
Ni (0112/_6  NiTRI(OHp) 3
' &)
histidine ’ 4.7 x 108 1.7 x 107 P
| 1.1 x 10’ ©
. . 6 - a1 e 6 c
histamine ) 6.0 x 10 - 175 x 10
glycine\ ‘ . . 6.0 x,lO5 ' . - %1.9x 105 <

(a) Values at 25° and I = 0.10 M. 6 |
(b) Vallue at 25° and I = 0.1V M(MES), determined from
the nmr measurements. '

(c) Value at 25° and I = 0.30 M(LiC104) determined from

the kinetic'resulﬁs. ' v

2
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Sincé the formafion rate constants are similar for these
two me;al ;ons, the smaiier Bl values observed for the

2)5 2 complexes‘are consistent with the 5uggestion
thatvthé dissociation ratF constantsl(k21 and k53) are

"NiTRI (OH

larger for these complexes. It may be noted that the Bl

value for the hlstldlne complex with N1TRI(OH2)3 +2 is

~28 times smaller than that for Ni(OHz)6 2, while the

values for the histamine ahd glycine complexes of <«
NiTRf(OH2)3+2 are only 3-4 times smaller than those )
J'for fhe analogous Ni(OH2)6+2 complexes. The larger
dlfference in the histidine complexes perhaps 1nd1ca£es
.more or stronger carboxylate blndlng 1n the complex

+2

.with Nl(OHz)6 because of less steric interaction.

Some suggestlons for future 1nvestlgatlons

are appropriate.at this stage, It is apparent from the

o

analysis and discussion in this work that chelation

uch more complex than had been previously
+2

" reactions are®
assumed. As result, many of the eérlier Ni(OHz)6
studies with multidentate ligands sh.uld be considered

as merely exploratory. More thorough studies clearly

+2 .. . .
“_histamine reaction for

are required of the Ni(OH2)6
> . .

example. The results reported here indicate that it

would be of benefit to extend the pH range of kinetic

studies as low as feasibie in ordef'to make (H+) =

k.cK

35 a4/k21 and thus allow evaluation of this :ate
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parameter.\Studies under conditions of excess ligand

may also be advantageous.
The nmr titration technique discussed here

should prove valuable in establishing the denticity

of multidentate ligands. The bis (histidino)nickel (II)
system 1is of.pérticular interest. Quantitative

measurements of the ratio of morbdentate’ to bidentaté

“species in systems. similar to NiTRI (OH,) +2-—histamine
2’3 A

. should be valuable in the interpretation ofikinetic,

~d

and equilibrium studies.
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APPENDIX A

The Method of Linear Least—Squares using Relative Residuals

The least-squares fits in this work have
minimized the sum of the.squares of the relative residuals,

defined as

’ 2 ' ) ’
| 2 {(Yi - Y5 )} | (A-1)
! i Yi | \
where Y is the experimentally observed dependent

variable, and Yi is the predicted value of yi. The latter

is calculated from the linear equation

r — . —
Yi = a -+ b X (A-2)
where Xy is the independent variable (in the present cese, R

the time). For n data points (1<i<n), the values of a

and b obtained when ZAi2 is a minimum are given by

s 2
I(1/y;)- bI(x;/¥:")
a = i i741 (A-3)

£(1/y;°)

{rogvprasyd} - frasypzegy®)
b = : (a-4)
{z(xi/yi)zz(i/yiz)} RN T

<
~An estimate of the standard error of the least-squares fit

a

can beLcalculated from
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2 r Ai2 3 n - aX(l/yi) - b Z(xi/yi) |
S, = = (A-5)
. (n-2) (n - 2)

Nt

Description of the computer Program

The program written\for_the Wang 500 Programmable

Desk Calculator to calculate the values of a, b and s

»

consists of three sequential parts, which are chained

e

together‘by use of the cassette memory tape. Once the
first part has been ménually loaded into the "core"
memory from the cassette tape, the second and third parts
are loaded automatically by the prOgramvat'the appropriate
times.

- Part 1 of the proéram initially accepts a valﬁe

of T , and of a conversion factor, CF, both of

offset
which are stored in memory. The conversion factor'takes
///;,//iﬁfa"account the amplificatioﬁ of thé signal and the
| difection of the observed transmittance change. For
example, if the amplification.isvo.S% T per grapicule ,
unit (20%T full vertical scale), and the transmittance‘{ o
increases with time as in Figure la, then the conversion
factor is -0.5. Ten data points (ATt in Figure 1), which
are read directly from the phgtograph of the observed
oséilloscope trace at equal.time intefvals, are then

entered sequentially into the computer. These are measured

in the units of the oscilloscope graticule (full vertical
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scale = 40 graticule units). Each point is.muftiplied~
by CF, converted to 3%T using TOffset , and stored in
a memory register. Two data points are stored in each
of five memories (01-05) in the form of two five digit:
numbers separated by a decimal. Lastly, AT_ is entered
(in the same units as ATt2 PR is calculated and stored,
and Part 2 of the program is loaded. ;

Part 2 of the program recovers the v;iues of
Tt sequentially. The odd-numbered points (1,3,5,7,9)
.precede the decimal,and are obtained as.lO3Tt. The
even-numbered points follow the decimal, and areArecovered
from the difference between the total (10 digit) numbers
and their integer parts, as 10—2Tt' Values of Yy
(lnllog(Tt/Tm)l) and of the sums in equation; (A-3) and
(A-4) are then’célculated, with/ki values 1-10 supplied

i

by an internal counter. ;
Part 3 of the program calculates values of )

b, a, and B8 x (se?), and the latt;r appears in the display
at the end of the calculation. The time interval At,
defined as 0.1 x (full horizontal sweep time), can then
be entered, and the display gives _kexp'

‘ Before entering another data set; Part 1 must
be re—ioaded and initiated. It should be noted that the

values of T_ and T used in. the last calculation can Be

t
recovered if desired, before beginning a second

S )

e e b= s g
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calculation. The memories are cleared upon initiation

of Part 1.
The program is given in the following pages.
‘ Part 1

00 Mark __— " 036 £(x)03

01 £{x)00’ 037 1Integer Xx

02 Load , o 038 «

03 Mark 039 f(x)05°'

04 f(x)00" : 040 Add 01

05 Clear mem . 041 sSp St 02

06 Stop (enter T ) 042 Sp St 03 \

07 st oo  offset 043 Sp St- 04

08, Stop (enter CF) 044 sSp St 05

09 St 06 ' 045 St 01 .

010 Mark ) 046 Rec. 012

011 f£(x)01 - 047 «

012 1 - , 048. f(x)ol1'

013 Aadqd 012 o 049 Integer x

014 Stop (enter ATt) ' 050 J if # 0

015 St R . - _ : 051 Tot 013

016 Rec 06 X 052 f(x)o01

017 Mult R _ - . 053 sStop

018 Rec 00 054 Mult 06

019 Add R : 055 Tot 06

020 st L , ‘ . " 056 Add 00

021 Rec 013 ' 057 «

022 J if O . ~ -058 f(x)03

023 Rec L : 059 St 00

024 f£f(x)03 = - 060 Tot 013 -
. 025 Rec L . _ : 061 £(x)00’

026 a
027 £(x)03
028 1Integer x

062 END (verify 815)
\

029 st 01
030 1

031 st 013
032 f£(x)01
033- Mark
034 f£(x)03

035 «



00
01
02
03
04
05
06
07
08
09
010
011
012

013

014
015
016
017
018
019
d20
021
022
023
024
025
026
027
028

029

030

v/

Mark -
“(x,00
.

st 012 e

Rec 01

Mark

f(x)01 ]
Integer x
St L ,’

Rec 00

Div L .
log y <
1yl
In y

/Y

St L

St R ——
Add 06 (Il/y)
Rec 012

Mult L

Add 08 (Ix/y)
Rec L

Square 2 2
Add 010(Zx“/y")
Rec R

Square

St L 2
Add 07 (Z 1/y7)
‘Rec 012

Mult L

K

Part 2

031
032

033
034

035
036
037
038
039
040

. 041
- 042

043
044

. 045

046
047
048
049
050
051
052
053
054

055

056
057
058
059
060

203

Add 09 (Zx/y%)
1

Subt 012

Rec 013

J if # 0 .

1

f(x)02

Tot 013

Rec 01

Sp St 02

Sp St 03

Sp St 04 - :
Sp St 05 ;s
st 01 -

Rec 012

J if 0

Rec 01

£ (x)l01

£ (x) poO’

Mark

¥ (x)02

St 013

-Rec 01

St L

Integer x

Subtr L -

. v

£ (x) 05

f(x)01

END (verify 878)



00
0l
02
03
04
05
06
07
08
09
010
011
012

013,

014
015
016
017
0ls
019
020
021

022

023
024
025
026

Mark
£(xy03
Rec 08
St L
Rec 07

©"Mult L

Rec 06
St R

Rec 09
Mult R

‘Subt L

Rec 010
St R
Rec 07
Mult, R
Rec 09
Square
Subt R

Div L (b=k___)

St 011 exp

Change sign
St R

a
Stop

a

Stop
Rec 09

Part 3

027
028

1029

030
031
032
033
034
035

, 036
037

&

038 -
- 0389

040
041

042
‘043

044

. 045

046
047
048

049

050

- 051

052
053

END (verify 812) .
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Mult R

" Rec 06

Add R

Rec 07
Div R

St 012 (a)
Rec 06
Mult R
Rec 08

Mult L

Add R

1

0 . 2
Subt R (SE™)8
Stop . (enter At)
St L - 9@
Rec 011

Div L

1/x .

Stop

-Tot 06

Tot 07

Tot 08

Tot 09

Tot 010
Stop



APPENDIX B -

~Derivations of the Rate Laws for the Mechanisms in Chapter I

Isomerization - \

The total concentration of cig-species in
solution can be represented by

CT = [cis—(en)2C0(OH2)2+3] + [cis-(en)ZCo(OHZ)(OH)+2]

| _ (B-1)
{4 and the trans-species by. 0
. +3 B ' +2
BT = [trans-(en),Co(OH,), ~]+[trans-(en),Co (OE,) (2H) ]
' . (B-2)

since the dihydroxy-species are relatively insignificant
in the pH range:Pf the isomerization study. If the
-équi;ibria governed by Ka3'and KaS are rabidly main+aired,

- then the following equations can be derived.

‘4

. | @t X,

HyC = ———— , aC = —22__ (B-3)
Ka3*t(H) Ky3t(EY)

(H+) ' Kas

HyB = —— HB = —=—=—— , (B-4)

Ka5+(H X a Ka5+(H ) ’
From Scheme 3,
' -d (H,C) h

_— . = &cl(HZC) - ktl(H2B) (B-5)

dat
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anc
-d (HC) S &
= k_.(HC) - k, . (HB) (B-6)
at c2 ‘ t2

Substitution of (B-3) and (B-4) into (B-5) and (B-6),

and defining

T™CB = CT + BT (B-7)

gives
-a(CT) |k () * KooRas | kep () + kt2 as | .,
) +
dt K, t (H) K,g ¥ (H )
: (B-8)
(H ) + k

_ t2 Kas TCB

4 = (cb + bc) CT - bc TCB . X

The linear operator method, described in detail(\
in reference 1, can be u;ed to solve this simple first-
order differential equation. This method is chosen for
'uge here as a simple introduction, priof to its use in
Appendix C to solve the more complicated kinetic systems
dlscussed in part II.

In applying the operator method, one replaces
| differentiation by multlpllcatlon, in which the multlpller %
is the operator S = d/d4t. Under the initial conditions
of:this case, CT = TCB at t = 0, and equatlon (B-8) 1s

v

transformed to




-

Eguation (B-9) can be rearranged to
\ .

207

\ o '
-S(CT) + S(TCB) = (cb + bc) CT - bc TCB _ (B-9)

CT = (S + bc) TCB (B-10)
4 S + (cb + bc)

“uy

2,3

From a table of Laplace transforms, the 'original”

corresponding to the solution of equation (B-10) is

CT = TCB bc + cb e-(cb + bc)t (B-11)

Ty . cb t+ bc cb + bc

,Equatlon (B-11) has the same form as that derlved for a

simple flrst-order reversible react10n4, which implies

3

that Scheme 3 can be rewritten as

A\ | .
or —2— BT _ (B-12)
bc
“At equilibrium,
= EE} =Kk, * -, (813
[CT]e bc -

Also,

(B-14) .

TcB = [BT1_ + [CTl, = [CT], 399

Substitution o (B—l4)"into (B-11), and rearrangement,

gives

CT - [CT]é [CT]egigi e'(Cb + bc)t
c

(B-15)

o~ (o + be)t
/

[CT]ech
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Differentiation of (B-15) with respect to time yields

-a(cr)

} -(cb + be)t (B-16)
dat

{(cb + be) [CTI K yle

which, after substitution from (B-15), gives

—d(CT) _ (cp +bc){CT - [CT] } - (B-17)
e
at :
Experimentally,
“alem o g {cr - [CT]e} (B-18)
at P
Therefore ,
Co o+ +
e o Fert® ) * koo K @) * KeoKast it
exp + at
. Ka3+(H) Ka5+(H)
Carboxylation

The reactant species in Scheme 4 can be represented by

CT = [(en)ch(0H2)2+3] + [(en)2Co(OH2)(OH)+21 +
_[(en) ,Co (0H) ,"] (B-20)
= H,C + HC + C
and
‘ +2 | N v +
AT = [(en),Co(OH,) (CO;H) "] + [(en),Co(OH,) (CO,) ]

+ [(en)ZCo(on)(co3)]' (B-21)

=H2A+HA+A

where all the species are cig-isomers.
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?f the equilibria governed by Ka3 P Ka4 ’ Kal , and Ka2

(Scheme 4) are rapidly maintained, and since

TCA : (B-22)

[CO,] >> (CT + AT)

then

—a(em _ Z[COZ] HC + k_,"[co,] C - k2“H2A - k,” HA (B-23)
at - B ’

Equation (B-23) can be rewritten in a form analogoué to

v

(B-8), to give

-d(cT) _ (ca + ac) CT - ac TCA (B-24)
dt ‘ _
where
+ y
_ k_z[Colea3(H ) + k_z [COZ]Ka3Ka4 .
ca . 7 (B~25)
(H )™ + Ka3(H ) + Ka3Ka4
+,2 +
ko (H)® + k,’K_,(H)
ac = 2 2 al, (B-26)"

+,2 +,
(H )" + Kal(H ) + KalKaZ

Equation (B-24) can be solved using the operator method

described earlier, to give

cr= Tca {2 4 3  (ca+ ac)tf . (B-27)
ca + ac ca + ac

By analogy with (B-10), it fdllows that

-d(cT) _ _ e -
” | (ca + ac){CT '[CT]e} | (B-28)
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The experimental rate law is

-d (CT)

= k CT - [CT]é (B=29)
dt .

_ exp
!
Y

From a comparison of equations (B-28) and (B-29), it

fdllows that

k = ca + ac ' T (B-30)
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APPENDIX C

Derivations of the Rate Laws for the Mechanisms in Chapter II

Scheme 8

The mechanism in Scheme & can be rewritten in

the general form shown in Scheme C-I.

Scheme C-1I

mc
HL + M T—* C
a cm

cd dc

: md a

D
dap
dm ‘pd\‘ . ‘
P .
o
L +M =—/—— F P
fm o ‘

.

where HL and L refer to the protonated and unprotopétéd

forms of the'ligand, and the rate congtants/are

designated by letterﬁ (e.g. for the paﬁh M + C, the

pseudo-first-order r;£e constant7is representgd by mc).
The species in Scheme C-I are related by

equations (C-l) to (C-5). “
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S5 = mclM] - (cm + cd) [C] + dc[D] (C-1)
UDL -~ napM) - calcl - (amtdetdp) (D] +pd[P]  (C-2)
L= nemm - (fm + fp) [F] + pf[P] (C-3)

+ dp[D] + fplF] - (pf + pd)[P] (C-4)

] + [D]  + [F] + [P] (C-5)

A nun 2r . f approximations are necessary in
order to obtain . usefnlﬂ§olution from equations (C-1)
to (C-5). The first and most familiar of these is the
"steady-state"” approximation, which when applied to
the specifks C and D, gives

da[cl _ d[p] _
‘ at - at - ° (C-6)

‘This approximationtimplies that the rates of formation
of C and D equal theirirespective rates of decomposition.
The validity of equation (C-6{ the:efore depénds on the
magnitudes of therindividual"r;te constants in the

specific chemical system under consideration. On the

Y
R

basis of the estimated rate constants given later in

Al

this appendix, the choiée'of C and D as the "steady-

state" intermediates can be justified.




213

Inithe method of linear transforms introduced

©

in Appendix B, d/dt is replaced by the operator S. With
this substitution and rearrangement of terms, equations

(C-1) to (C-5) can be rewritten in matrix form as

- R

(0] |nc L2 ac - 0 0 M
0 md cd L3 Ll pd C
o] = |mf 0 L6 L4 pf 1D (c-7)
0 0 0 dp fp L5 F
j"@i b1 1 1 1 1,_ R
whefe
L2 = - (cm + cd) | (c-8)
L3 = - (dm + dc + dp) (C-9)
L4 = - (S + fm + £p) . (C-10)
L5 = - (S + pf + pd) ‘ o (C-11)
L1 =16 =0 . . (C-12)

The terms L1 and L6 are included here for convenience

in the later discussion of Scheme ¢. From equation

(C~7), the solution for [M] is given by Cramer's Rule as
M (cof)51

M] = & 2% (c-13)
|A] )
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where |A| is the determinant of the coefficient matrix A,
(equétion(c—7)) and (cof)51 is .the cofactor of the
element ag; (fifth row,first column) in the matrix A.

The cofactor consists of the elements in rows 1,2,3,4
and columns 2,3,4,5 of A.

Expansion of equation (C-13) gives an

expression of the general form

[M] p 82 +gqS+«r p 52 +gS+r
= 5 = ' (C-14)
Mt aS +b S+ ¢ (S + y)(S + §)
From a table of transforms and originals,1 equation
(C-14) can be expressed as
M1 -vt -St _
where f1 ,f2 and f3 are constants, and Y and § are the

roots of the quadratic equation in the denominator of

(C-14).

Cbmparison of équations (C-13) and (C-14) shdws
that the expressions for Y and 8 require the solution of
the determinant of A. The complete expressions for a, b
and ¢ in equation (C-14) were determined with the aid

2,3

of the computer program *REDUCE2, " and are shown on the

following ﬁage.
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sdbnddek) 4 Qdealebhleh( + dNsddsNDehd + UdaddeRleNd + dNeddnNDaN0 ¢+ OdaHCeROsNd ¢+ ddeRDaKA#Rd 4 Qd=ddeW0OsDW +
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dK4dd44C0Dsd0 ¢+ ddebdasGZedd ¢+ 3dslHs0GDsdQ + dde-H#0-sd0 + Wd#2Hs0Ded0 + dde0HedZ#+d0 + ddsCHNeQdCsdd ¢ KI#OQWeCIells 0.

4 déshlsld
4+ hlabdelQ
4+ dd+l0=dW
+ dd»lHa0D

4 ddslhsdd
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WNIZakUskd
ddslhsC”0
ddsZ0sUK
WdslkeQl

ddallhedd

RlsWd

4 0éehGadN + ddasW0edU +
+ d38Zhs’0 ¢+ mman»Uc +
4 RdesZUaGH + GdeWKU=0D +
+ Cd+QkaUD ¢ ddsdksdD +

4+ KkdsZRsdQ + WDeGksedd ¢+

4 KGalHW ¢ HO#ZQ ¢ JWsld

dd»NQaZH
IR 2§ Jol¢]
dN4Kkd202
dd»QH=02

dRa0D9dd

HQaNd4OR 4
GdsRI=0W ¢
2d*HA#0D +
NdesQRsQD ¢+

dd=0Dedd +

Cd« U220
mmncu.nc
ddeN02CC
d¥#H3sdd

ddsQlead

Gds HOe N
dH«HD#2A
dd«HI«dH
RQeRd*QD
ddsWJedd

KdsQledd

dWeWO2KQ
4d»HJ220Q
ROs HdeQH
dd#2k#0dD
ddesNCedd

ol FYiIoF Y.}

+

+

dd»RO#+KQ
ddsKJeZd

Qdsd0eQN .~ T

" dd*Oksad

HCehdedq

dks0Csdd= ¢

¢ HSaOH + J0+0H ¢ KQ9GZ + CWeQS + OWedD ¢ R3#dQ + ONedQ + UCedd= D
. . <
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The expressions for y and § in equation'(C—14)
are given by

-y = - b‘ '*i(b - 4aC) . (C_lG)
2 a .
2,

- 6 - - b -(b _\/4aC) : (‘C-l-/)

2 a

D 4aé/b2 << 1, "then equations (C-16) and (C-17) can be

simplified by the binomial approximation to give

\ Yy = ¢ : (C-18)
6= Z2-%-= % (c-19)
All of the reactzzns studied in this present
work follow an eXpeFimental cate law of the form
M -5 e{—kexp t}‘>\ (C-20)
. - . :

.
~

It will be assumed that the observed rate

coefficient kexp corresponds- to the smaller root Y,

~

Jand thus kexp = ¢/b. The validity of the binomial
approximation will be considered later in this
appendix, after the expressions for a,b, and ¢ have
been simplified. |
\ | Noting that the rate constants mg, md, and

mf are dependent on the concentrations of #he ligand
|
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species HL and L, a consideration of the computer-derived
ekpressions shows that y hag the -form
_ e _ d[HL) + f[L] + g ‘ (C-21)

Y =5 = JIHL] + m[L] + n

!

The ligand concentrations [HL] and [L] are functions 
of Lt » SO equation (C-21) can be compared to the
experimental rate law of the form kexp = kf Lt + kr

(equation(2.9)). If equation (C-21) is to be consistent

with the experimental-ligaﬁd dependence, then

SIHL] + m[L] < n (C-22)

and (6-21) reduces to give

g___: d[HL]n+ f[L] + g (C—23)>
"
Further simplification of the expressions
‘fov’d, f, g and n requires estimates of the magnitudes
~ the individual rate sonstants. An interchange of
symbols is appropriate for the following discussion,
since these estimates refer spécifically to Scheme 8
rather than to the general Scheme C-I. |
As noted in the introduction to Chapter II,
the S&lIP meéhanﬂsm places definite upper limits_on the

rates of substitution reactions involving water as the

leaving group. Specifically, for the reactions governed




218

12 ,k43 and k46 i~ Scheme 8, it is expected that the
1

outer sphere formation constants will be less than 1 M .

+
Since the rate constant for water exchange on NlTRI(OH2)3 2

is 3.8 x 10 svl, an upper limit of ~4 X 104M_ls_1 is

by k

predicted for k12 ,k43 and k46 from the product Kokex
+2

Previous results4’5 for reactions of'Ni‘(OHZ)6 with
unidentate ligands indicate that kl2 = 5 x 103M_ls—l, N

N 4 -1 =1 :
43° k46 10'M "s . The rate constants kig and
k65 may be as large as the water exchange rate constant

and still be con51stent with a dlSSOClatlve ‘'mechanism.

and k

However, sterlc or entropy effects might inhibit chelate

ring-closure, thus decreasing k35 and k65.4

Hoffman6 has observed a correlation betheen
the pK of certain carboxylic acid\ligands and the
rates of decomposition of their respective nickel (II)
complexes. These results predictbk21 = k34ﬁ= 104s-lh
The rate constant kg may be slightly smaller than k,,
due to chelation effects, whereas k53 "and k64 will-~

likely have much lower values of -5 s ~1 as found for

the decomﬁosition.of the imidazole complex of nickel(II).5
From these‘approximations, the rate constants in.Scheme 8
are predicted to have magnitudes in the order k21=k34=
56~X35” kss2 ky37Kg67%122 Kga7Ks53°
in the matn text, %t'ls likely ;hat k23zk32=k34. These

k In addition,,as shown -

a~
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estimates allow simplification of the comélete computer-
. 1
derived expressions to give
a = k21(k35+ k32+ k 4) + k23k35 (C-24)
b = (k65+ kss)((k35+ k34)(k + k l) + k32 21) V(C—25)
¢ = (kgs* Kgg) 2 kyaK3skpg HL] + k43 35 (Ka3+ Kpp) [L]

+ k46((k23+ kyy) (k3gt k34’ + k32"21) [.L]z (C-26)

+ kggkse* k65k53)(k34 (kpg* kyy) #+ k32"21)
Evaluation_of a, b and ¢ using the estimates
o ~ -ate constants confirms that 4ac/b2 << 1 as -

_as. previously.

A
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Scheme 9

Y

Scheme 9 can be written in the general form -

.shown in Scheme C-ITI.

Scheme C-II

mc
H,L + M =——=
cm

> 0O

cd dc

8

Hh
Hh
e}

~»

The kineti nalysis of‘this scheme is completely
analogous to the previous treatment of Scheme C-I.
The coefficient matrix A ‘7 equation (C-7) must be
modified fdr application to Scheme C-II, using

equations (C-27) to (C-33). ‘

Ll = £d (c-27)

L2 = -(S + cm + cd) o (C-28)
; L3 = -(dm + dc + df) | (c-zé)
L4 = -(fm +.£4 + £fp) ) (c-30)
L5 = -(S + pf) o (C-31)



[+

221

1.6 = df (C-32)
dp = pd = 0 . " (C—3j)

‘It should be noted that species D and F have been
chosen as "steady-state" intermediates in tﬁis.case.‘
The solution of the determinant of the
revised cdeincient méﬁrix hasvthg general  form of
equation (C-14), and thus the smaller root Y = c/b.
The complete computer-derived expressions for a, b,

and ¢ are shown on the following page.
By .analogy with the previous estimates of the

rate constants in Scheme 8, the re constants in Scheme 9

can be placed in the order k78=k21=k34=k35> k43=k12=k87> k53.
From the discussion in the main text (H+) = Ka3 and thus

+ .
'k k  whereas (H ) >> Ka4 and so k32 >> k23f With

27°°73
these estimates of the rate constants in Scheme .9, .
\the complete computer-derived expressions for a, b and

¢ simplify to give

a = (kyg+ kyy) (kyg+ kg,) (c-34)

o
|

(kyg* k34) ((k78+ ko) (kygt Koy + k27k78)
- (C-35)

* K3 ((k78+ kg2lkar  * kaikqg )

and

LR A PRGN
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+ d04dNaddasid + 408 dhaddefD ¢ (QdnddeMIalU + dWsddsRIwk
$SH ¢ d0eddeBdedk + ddehUsakdeDH + OJedHeddssQ + Qdeddsk

shed0 ¢ ddekde’

J#20 + mzomuunu.UQ + dWeddeN3+DQ + ddeNDeNJedd + Qdedd

..
JdedKeddelld

0 + dNeddsNIeNQ + JdAsddsHIsNI + ddsROsh0eWd + Qdeddsi(

20 + (deddeRIedW + ddeddeHDedR + d02d3d2RDe0N + ddsHIeWISUN + Ud»dd+20+QN + ddaNd+20eC0N + ad

-;r“W@QQW;‘ dUsdNeadsUD ¢+ dUsdkaddesd + Gd»ddeH0sC) + JdFeddek@e0 + dNeddelGedd + d043d3eH390C + ddeNQeRdedD +

faeddeskadd d0sddes

/

-

Gérikedd +

+ dhabhlalQ ¢

4+ hGoabhdsdlW +

¢ JaslhseldQ +
+ KlakdsQR o

+ d0ekdaQC +

d0sdd +

dC0adhndd
disk Je @
UdsdbheldQ

ddsJhsC20

Qd»ZUslk

HGakdedZ

dd»kQ + Jdhs k@

keC) 4 J0sddedNe0D + JddeRd+OH40D ¢ Gd#ddedRs0D + JAeddsQksdd + d0+dd «a»0D + dd sl d=0dReQd = ©

+ dUdsdkedd
+.mc.mmanm
+ Gdsddsdq
+ HdsIKe2Q
4+ dds20s0QN

+ 0dsZheQD

>

4 ddak0 + JQakd + WQeld

d#dRakd
ddsRIe N4
dlNsdds3dQ
Gd+ddsaw
RdsD0= 0N

402ZRe 0D

d0a¥HeND 4 dQeddskd
ddsRAsHd + WZaHUsR4
dkedd20 + QdsWDe2d
d09ddeQK + J0eddedn
Qd»dR#02 + 40#dKe0D
ddsdNe0D + WdeIR#QD

Udsddskda
d0sdds2W
dWsKIOs2dU
ad#»RO=QR
403402

cm‘nncny

+

dksddsha
Jd+RA+Z2R
ddsND#3Q
d0sNO»0U

dd+RA«QD

dd»QHsQd

¢+ Gdedd ¢ dU#2Q + ddw2Q + HJd+2Q + Qd +QN +

6 dWHHDS ¥O04 NOIILNTOS -,

+ dH#dd=Nq
+ ddsNQeOW
+ ddeNdaDd
4+ dd»RIs0N
+ dN»RA=QD

+ dd=QH«QD

Qd#+d U

d0e0N + a4

-

+ Qd»RD+}Na
+ dQ+RJ+OR
+ HOsRdeDQ
+ ddsRdsQN
+ dd»sKQds0D

+ HdeQHe@d = q

+ d0+dN ¢+

sIR 4+ NdeON = D
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e =_k35 3k k,,k [HZL] + k12k23(k78+\k72)[HL] +

87772723

\

k43<(k78+ k72)(k23+ kél) + k27k78)[L]f + (C-36)
kgsy 3”‘34+ kyy) (kggt koodkyy + k27k78$

Evaluation of a, b» and ¢ using the estimated

rate constants confirms that 4ac/b2 << 1, and thus

kexp = o/b.
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Scheme 10 ‘ _ \

Scheme 10 has the same general form as Scheme
C-I, so equations (C-1) to (C~5) are applicable. However,

a consideration of the natuyre of the bonds formed in

Scheme 10 leads to a different choice of "steady-state"

intermediates. In Scheme 10, 321 and k34 are expected

to be considerably smaller than their counterparts in

Scheme 8. Also, the amine proton is much less acidic than

the imidazole proton. Thetrefore, for the kinetic analysis
. - .-

of Scheme 10, the "steady“~state” approximation will be

applied to the species M—~IMON and M—NOIm, which correspond

,to D and F in Scheme C-I. The coefficient matrix in equation

(C-7) must then be modifi®q by replacing equations (c-7)

and (C-10) with

L2 = ~(8 + cd + om) | (c-37)

L4 ='~(fm + £p) (c-38)

‘Thg complete computegvderived expressions
for b and ¢ which result from this revised analysis
e \ J

aré€ completely identical to those given previously for

Scheme 8. However, the exPression for a is now given by

a = mf (dp+dc+dm) + md (Ep+fm) + (£p+fm) (dp+dc+dm) (C-39)
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In Scheme 10, the rate constants are expected .
to have values in the order k35=k65> k43=k46=k12> Kea™

k. .=k by analogy with the discussion of. the rate

56 53 .
constants in Scheme 8. Estimates of k32 ,k23 ’k21 and k34
are discussed in the main text.

The bigand species HL and L in Scheme (C-III)

are related to Lt by

+
K (H) L
al t
(HL] = o T () | (C-40)
. (( a1t 1) ( a2 ) .
and
. K K L
L] = al a2 't (C-41)

+ ¥
(R + (H)) (K + ()

With the approximations and substitutions given above,
the complete computer-derived expressions for a, b and
e appropriate to Scheme 10 can be simplified and

rearranged to give

a = k65(k32 + k35) (C-42)

A
\

b =k, (k, k

= kg5 (Ka3¥3s, (c-43)

+ 53zk21)

dnd
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o . +
. kes Ly ("'12"23"35‘%1(H )

B + +

(C-44)
kg (kogkag + kyokyy) KalKaZ) + kgskggkgokyg

Evaluation of a, » and ¢ using the estimates
of the rate constants confirms that 4a0/b2 << 1, and

thus k = e/b.
exp
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