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Kinetics of the Acid Dissociation of Cyclic and Open-chain
Tetramine Complexes of Cobalt(it): General Acid Catalysis
with Co-ordinating Phosphate-Citric Acid Bufferst

Hanaa A. Gazzaz, Nabawia M. EI-Guindi and Abbas A. El-Awady "
Department of Chemistry, King Abdulaziz University, P. O. Box, 9028, Jeddah, Kingdom of Saudi Arabia

The kinetics of dissociation of the cobait(il) compiexes of the quadridentate ligands 1,4,8,11-tetra-
azacyclotetradecane (cyclam), triethylenetetramine (trien) and 2,2’,2”-triaminotriethylamine (tren) was
followed spectrophotometrically in the ranges 10 < 7 < 50°C and 0.8 < pH < 4.0 in perchloric acid
and Mcllvaine phosphate—citrate buffer system, an an ionic strength /= 1.0 mol dm™, NaCiO,. The
complexes were prepared /n situ in preaerated solutions under a nitrogen atmosphere, by the addition
of a 10% excess of the ligand in the form of the free base to a solution of CoCl,6H,0. The ligand
dissociation reaction was then initiated by the addition of perchioric acid or Mclivaine phosphate-
citrate buffer. No dissociation was observed for the cyclam complex in perchloric acid media. It was,
however, observed in the buffer and obeyed biphasic kinetics comprising two consecutive first-order
steps. The action of the phosphate and/or citrate is attributed to their complexing ability and to their
association through hydrogen bonding to the axial aqua ligand, thus bringing the proton closer to the
dissociating nitrogen and hence catalysing the dissociation. The dissociation kinetics of the open-
chain unbranched trien and the tripod tren was observed in perchloric acid as well as the Mclivaine
buffer system. Except when too fast to follow by conventional spectrophotometry, the reaction
obeyed biphasic kinetics comprising two consecutive first-order steps. The tren complex dissociates at
a rate 5-10 times faster than that of trien, the first step being too fast to follow except at 10 °C in the
buffer system. The observed rate dependence is explained on the basis of mechanisms involving
solvation, specific acid catalysis and general acid catalysis. The cyclam complex dissociates at a rate
5-30 times slower than those of the two open-chain complexes. This is attributed to the stabilization
due to the hindered rotation of the dissociating nitrogen (entropic effect) and to the higher ligand-
field stabilization of the macrocycle (enthalpic effect). Mechanisms covering the entire range of pH
studied and conforming to the observed rate laws are given.

Macrocyclic ligands' offer enhanced kinetics and thermo-
dynamic stabilities of corresponding metal complexes over
those observed for their open-chain counterparts. This effect has
been termed the macrocyclic effect.? It was originally attributed
to an entropic? effect arising from the restricted configuration
that the macrocycle offers, and to an enthalpic* effect resulting
from the diminished solvation of the free macrocyclic ligand 3-8
relative to the open-chain analogue. The two effects reflect a
number of separate components ’#-!! the magnitudes of which
will vary from one system to another.

The kinetic and mechanisms of formation and dissoci-
ation '® 2% of macrocyclic complexes is an area covering a wide
range of behaviour. The details of a particular reaction often
reflect the type of metal ion present and the structural features
of the cyclic ligand. Thus the formation reactions of these
complexes can be governed by the rate of solvent exchange,
ligand rearrangement in the co-ordination sphere, steric and
electrostatic effects as well as the possibility of ligand
protonation.!*2! On the other hand the dissociation kinetics
reflects the kinetic macrocyclic effects (the inertness associated
with the close fit of the ligand). The dissociation often requires
energetically unfavourable rearrangements 22:23 such as folding
within the co-ordination sphere before dissociation can occur.

In the present work we report the results of kinetic studies on
the ligand dissociation of two open-chain (triethylenetetramine
and 2,2°.2"-triaminotriethylamine) and one macrocyclic
(1,4,8,11-tetraazacyclotetradecane, cyclam) polyamine com-
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t Taken in part from the M.Sc. thesis of H. A. Gazzaz, King Abdulaziz
University, 1991,

plexes of cobalt(i) in the presence of perchloric acid and
Mcllvaine phosphate—citric acid buffers at an ionic strength
I = 1.0 mol dm3, NaClO,.

Experimental

Materials.—Except where indicated, reagent-grade chemicals
were used without further purification. Doubly distilled water
was used for the preparation of all solutions. 1,4,8,11-Tetra-
azacyclotetradecane (Fluka) and triethylenetetramine (trien)
(Fluka) were used without further purification. 2,2,2"-Tri-
aminotriethylamine trihydrochloride (tren-3HCI) was obtained
from Strem Chemicals. The free base was obtained by addition
of 3 equivalents of carbonate-free standard NaOH solution.

Complexes.—The aqueous solutions of the complexes (ionic
strength calculated to give a final value of 1.0 mol dm3,
NaClO, in the kinetic experiments) were prepared by mixing
prethermostatted stock solutions of CoCl,+6H,0 and a 10%
excess of the ligands. All solutions were deaerated by bubbling a
stream of purified N, (g) for 15-20 min before mixing. The
resulting solutions were left to stand for 10 min to complete
complex formation and used for the kinetic experiments.

Buffer Solutions—Mcllvaine * phosphate—citric acid buffers
were used for reactions at pH >2.0. Stock solutions of the
buffers were prepared to give the desired pH value when diluted
four times. Fresh buffer solutions were used in all experiments.

pH Measurements.—The pH measurements were made with
an Orion Research model 601 A Digital fon analyser equipped
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with an Orion combination electrode. The meter was
standardized against commercially available standard buffers.
The pH values of all kinetic runs were measured immediately
after mixing the solutions and again when the kinetic measure-
ments were completed. No noticeable pH change was observed.
The hydrogen-ion concentration [H ™ ] was calculated from the
activity values, i.e. pH, using the relationship (1), on the basis

~log [H*] = pH + logy = pH — 0.15 0))]

of electrode calibration titrations?*-2¢ with standard NaOH
and HCIO,, where v is the mean activity coefficient and is
consistent with the extended Debye—Huckel relationship 27 (2).
0.522r*
1+

—logy = —-0.117 2)

Rate Measurements.—All rate measurements were made at
an ionic strength / = 1.0 mol dm=3, NaClO,, over the ranges
0.8 < pH < 4.0 and 10 < T < 50 °C. The pH was generated
prior to use and the kinetics followed by UV/VIS methods.
Kinetic runs were initiated by mixing freshly prepared solutions
of the complexes [Co(cyclam)]?*, [Co(tren)]** or [Co-
(trien)]?* with a solution that contained the desired quantity of
HCl1O,. All solutions were thermostatted to the required
temperature and deaerated by bubbling a stream of purified N,
(g) for 15-20 min before mixing. The resulting solution was then
well mixed and quickly transferred to a thermostatted quartz
cell sealed with a Teflon stopper and placed in the thermostatted
cell compartment of the spectrophotometer. The reaction was
followed at a fixed wavelength dependent on the absorption
maximum of the complex {400 and/or 460 nm for [Co-
(cyclam)]?*, 350 nm for [Cof(trien)]?** and 345 nm for
[Co(tren)]?*}. The kinetic experiment was then followed by
utilizing the time-drive chart procedure of the spectrophoto-
meter. In a number of experiments, spectrum vs. time curves
were recorded over the range 650250 nm. Spectral and kinetic
measurements were done using a Shimadzu 260 and/or 160
UV/VIS spectrophotometer equipped with a thermostatted cell
compartment.

Treatment of Data—All ligand-dissociation kinetic data were
found well fitted by the assumption of first-order kinetics or of
two consecutive first-order steps. The observed pseudo-first-
order rate constants were calculated from plots of In[{4, —
Ap)/(Ao — AL)] vs. time, where Ay, A, and A4, are the
absorbances at time zero, ¢, and infinity respectively. The final
values for the rate constants were obtained from linear least-
squares fits of the data and are reported as the means of at least
three measurements for the [H* J-dependence study.

The biphasic kinetics data were well fitted by the assumption
of two consecutive first-order steps. The rate constants were
calculated 282 by the use of equation (3), which reduces to
equation (4), with C and D representing the constant pre-
exponential factors and A4, and A are the absorbancies of the
intermediate and product respectively. On the assumption that

Ak A
1 + Pk2 )e,k‘, +

(A, — Ap) = (AR +

kz - kl kl - kz
(R
kl - kz kl - kz
(4 — Ap) = Ce™' + D et )

k, is larger than k,, a plot of In(4, — Ap) vs. time should give a
straight line at long times; a plot of In(4, — 4Ap — D e**') vs.
time should give a straight line in the early stages of the
reaction. Initial values of k, and k, were obtained graphically
by this method, and these were used to get the final values with
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Table 1 Temperature dependences and activation parameters for the
dissociation rate constants of [Co(H,0);(cyclam)]** in Mclivaine
buffers

T/BC lO}klobs/SiI l04k20bs/sil
20 5.6 £ 0.6 52
30 9.8 £ 09 371
40 1929 8 +1
50 23+2
AH?/kJ mol™! 4 2 69 6
AS*/J K™ mol™! —-137 205 —84 + 4

an iterative>® least-squares treatment. The activation para-
meters AH* and AS*? were obtained from a linear least-squares
fit of the In(k/T) vs. 1/T data as given by Eyring’s transition-
state equation 31-33

Results and Discussion

Ligand Dissociation Kinetics of [Co(H,0),(cyclam)]?*.—
The addition of a (10%; excess) solution of cyclam to an aqueous
solution of CoCl,+6H,0 causes an immediate colour change
from light pink to pale green, indicative of formation of the
cobalt(ir) cyclam complex.3*3% Addition of perchloric acid
protonates the excess of free ligand without decomposing the
complex.3%3¢ The visible spectrum of such solutions showed a
maximum at A = 465 nm, € = 22.5 dm> mol™! cm™ and is in
good agreement with that in the literature.*” The resulting
protonated species is very stable in solutions of perchloric acid
and no evidence for ligand dissociation is observed. Thus, a
solution of [Co(H,0),(cyclam)]** in 0.1 mol dm™3 HCIO, was
stable even after heating for 0.5 h at 90 °C. The use of higher acid
concentrations resulted in the precipitation of a green solid with
no evidence of decomposition.

It is known 2-3® that compounds containing a macrocyclic
ligand co-ordinating coplanar to a metal ion resist stepwise
dissociation in acid, in contrast to those containing linear
ligands which undergo rapid dissociation in acid.

Many of the cobalt(i1) complexes containing 14-membered
tetradentate macrocycles having nitrogen-donor atoms are
known from crystallographic determinations to have a six-co-
ordinate geometry with the macrocycle occupying the equa-
torial positions.>® The remainder of such complexes are
surmised to possess similar geometries.®® The restricted
configuration that the macrocycle forms around the metal ion
leads to a ‘multiple juxtapositional fixedness’*® which inhibits
stepwise dissociation of the donor atoms from the metal ion.?-3

In contrast to the behaviour in perchloric acid solutions,
addition of phosphate—citric acid buffer resulted in the
dissociation of the complex and the formation of Co(aq)?** and
the free ligand. The amount of Co(aq)?* was determined
spectrophotometrically using thiocyanate in 509, aqueous
acetone (A = 623 nm, ¢ = 1.84 x 10> dm® mol™* cm™).%! The
reaction was thus studied in the buffer system in the range
2.0 < pH < 4.0, 1 = 1.0 mol dm™3, NaClO, at 20.0, 30.0, 40.0
and 50.0 + 0.1°C, under pseudo-first-order conditions in
which the buffer concentration was at least 25 times greater
than that of the complex. The reaction was followed spectro-
photometrically for up to S half-lives at A = 400 and 460 nm.
In a number of experiments, spectrum vs. time curves were
recorded over the range 650-300 nm. The reaction conformed to
biphasic kinetics made up of two consecutive first-order steps.
The corresponding observed rate constants k., and k,,,, were
independent of the pH of the buffer used over the pH range
studied. The average values of k., and k,.,, at the four
temperatures studied are collected in Table 1, together with the
corresponding activation parameters AH * and AS*.

The above results show that the dissociation of the
macrocyclic complex is initiated by the presence of the
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phosphate and/or citrate ions in the buffer system. These species
are known for their great ability to co-ordinate to metal ions.
The fact that no dissociation was observed in the presence of
perchloric acid is indicative of the fact that the catalytic
process of ring opening does not depend so much on acid
strength, but rather on the ability of the acid to co-ordinate.

The acid-catalysed protonation and dissociation of deproton-
ated oligopeptides of copper(it) and nickel(i) was found*? to
proceed via a series of protonation steps, each of which involves
a number of rate-determining steps, in the sense that water
molecules, protons and the applied acid HB can induce the
reaction.IB 20.43.44

The contributions of the terms ky[H*] and k,z[HB] are
referred to as being specific acid catalysis and general acid
catalysis respectively.!®-25 The extent of general acid catalysis
depends strongly on the nature of HB. Thus sterically hindered
acids such as the non-co-ordinating buffers 2-morpholino-
ethanesulfonic acid, piperazine-N,N’-bis(ethane-2-sulfonic
acid), 2,6-dimethylpyridine-3-sulfonic acid, 3-acetyl-2,4,6-
trimethylpyridine, etc., show very little or practically no acid
catalysis.?***> Co-ordinating acids such as acetic acid, however,
give rise to a substantial contribution to the dissociation process
in the term kyg[HB].

The foregoing discussion shows that the ligand-cleavage
kinetics of [Co(H,0),(cyclam)]** exhibits general acid
catalysis, meaning that the presence of phosphate and/or citrate
species in the reaction medium helps in activating the
dissociation process. The reaction scheme can be represented by
the sequence (5).

k
[Co(cyclam)]?* 7;3;—5 [Co(Hcyclam)]?*

k2o
—=222Co(aq)** + Hycyclam** (5
B (aq) 4Cy (5)

As stated previously, the [Co(cyclam)]?** complex has a
trans-octahedral arrangement in aqueous solution with the
tetramine equatorial and the aqua groups axial. The generally
accepted stepwise mechanism for the dissociation of tetramine
macrocyclic ligand complexes is that suggested by Margerum
and co-workers.!®!7 The complete detailed mechanism %47 is
given in Scheme 1. For cleavage of the first cobalt-nitrogen
bond there are three possible pathways: (1) solvation or solvent
separation; (2) direct protonation, acid-assisted or specific acid
catalysis, and (3) general acid catalysis. The dissociation or
cleavage of the second cobalt-nitrogen bond has four possible
mechanistic pathways: (1) solvation, (2) direct protonation, (3)
intramolecular hydrogen bonding, and (4) general acid catalysis.

In the present system no evidence was found for the solvation
or acid-catalysed pathways in either of the two steps, since
solutions of [Co(cyclam)]** are stable in perchloric acid for
long periods of time. The only possible pathway is that of general
acid catalysis.

Since the concentration of the general acid was kept virtually
constant in all experiments one can write equations (6) and (7).

klobs = leB[HB]T (6)

kzobs = kZHB[HB]T ™

Given that [HB]; = 0.12 mol dm™3, values of 8.2 x 1072 and
3.1 x 102 dm?® mol™ s! for k,us and k,,s respectively are
calculated at 30.0 °C. Since the weak acids are more effective
than H;O ™" in accelerating or bringing about dissociation of the
[Co(cyclam)]?* complex, it is safe to assume that they react in a
way so as to make proton transfer more efficient. The fact,
however, remains that even at very high [H*] no dissociation
was observed in the absence of the general acid. We have thus
suggested (see general mechanism) that the general acid co-
ordinates to the complex in such a way that the proton can be
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Table 2 Observed first-order rate constants for the dissociation of
[Co(H,0),(trien)]** in perchloric acid

10 °C 30°C

10°[H*]/ 102k g/ 10%k 35/ 10°[H*]))  10%k 344/

mol dm™3 s7! s! mo} dm™ st

229 170 £ 0.08 1.50 £ 0.1 229 1.29 + 0.02

20.9 1.68 + 0.08 1.70 £ 0.1 209 121 £ 0.02
17.4 1.80 + 0.07 136 £0.07 174 0.99 * 0.02
138 135 £ 006 1.14 £ 0.06 13.8 0.81 + 0.02
1.2 133 3005 122006 112 0.79 + 0.02
54 113 £ 005 115+ 006 54 0.49 * 0.03
1.9 0.74 + 003 0.79 + 002 19 0.38 + 0.02

20°C 40 °C

10°[H*Y  10%,4/ 10%k 45/ WMHYY  10%k,0/

mol dm™ st st mol dm™3 s

25.7 3.37 £ 005 521 £ 006 257 3.7 03
18.6 4103 48+04 186 28 £ 02
138 258 £0.07 34+01 138 2.15 % 0.04
13.5 35+ 0.1 45+ 02 120 1.97 + 0.02
12.0 167 £ 009 2402 8.5 1.51 + 0.03
54 1.3+£03 1.9 +£0.8 6.8 1.14 + 0.02
2.8 1.08 + 0.04 161 £ 007 28 0.58 + 0.01

Table 3 Final rate and activation parameters for the dissociation of
[Co(H,0),(trien)]** in perchloric acid

kyops/s™! K pons/s™

10250/ 10%kH,/dm®  10%°/  10%Y,/dm?
T/°C s mol™! st s mol™ st
10 08 £ 0.1 45 % 0.6 0.72 £ 0.09 0.38 + 0.05
20 08 0.2 10 £ 1 1.0 £ 0.3 1.7 £ 0.2
30 — — 24+ 04 45+ 0.2
40 — e 27204 136 +03
AH k] mol™! 55 312 84 + 3
AS*/J K ! mol! -77 —197 + 8 5%0.6

more readily transferred to the donor. In addition, the co-
ordination of the general acid to the metal ions removes electron
density from the bonding region to the co-ordinated nitrogen cis
to the co-ordinated general acid. This labilizes the bond and
helps in its cleavage.*® Similar enhanced general acid catalysis
has been observed for the cleavage of metal-peptide nitrogen
bonds in the presence of co-ordinating acids such as HC,0, ",
H,P0O,2~, HCO; , H,trien?*, etc.!®*34%5% Finally since
the relative concentrations of the phosphate and citrate ions
vary from one buffer to the other without changing the values
of k., it appears that the demetallation process is a com-
bined effect and that both ions behave kinetically in a similar
fashion.

Ligand Dissociation Kinetics of [Co(H,0),(trien)]?*.—The
dissociation kinetics of the trien complex was followed in a
similar fashion to that for the cyclam complex, in the ranges
0.02 < [H*] < 0.25moldm™ HCIO, and 2 < pH < 4, using
Mcllvaine phosphate—citric acid buffers at / = 1.0 mol dm3,
NaClO, and at 10.0, 20.0, 30.0 and 40.0 + 0.1 °C. Except where
the first step was too fast to follow the reaction conformed to
biphasic kinetics made up of two consecutive first-order steps.
The rate constants k, ,, and &, in perchloric acid are given in
Table 2 and those in the phosphate—citric acid media in Table 4.

The perchloric acid data were found to be linear functions of
[H*] and were thus fitted by equations (8) and (9) where k:©

klobs = k‘;lio + kl;lZ[H+] (8)
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Scheme 1  Stepwise mechanism for the dissociation of metal-tetradentate macrocycle complexes (S = solvent molecule)

klobs = klZiiO = klziz[H+] (9)

and kM refer to the water- and proton-induced dissociation
respectively. Values for these constants together with their
activation parameters are given in Table 3. The rate constant
k'° did not show any temperature dependence in the narrow
range studied.

Scheme 2 gives a mechanism which conforms to the rate
equations (8) and (9). The observed rate constant for each of the
two biphasic steps corresponding to Scheme 2 takes the forms
(10) and (11). Equations (10) and (11) reduce to the

kyy + koK [H']

Ky, = L T T2l S 10

fob 1 + K,[H'] (9
k ko, K,[HY

kzobs=‘£l-i—'li—2£;_] 1
1 + K,[HY]

experimentally observed rate constants given that K,[H*],
K,[H*] < 1, since the pK value of the intermediate is likely to
be less than that of Hytrien** (pK = 3.32).>! Under these
conditions we have K%{® = k,,, K}, = k,K,, kK§i® = k,, and
kS, = k22K,

An alternative mechanism for the dissociation of the trien
complex is given in Scheme 3. This mechanism is a modification
of that given by Lilie and co-workers *? for the dissociation of
cobalt(i1) polyamines formed by the reaction of hydrated
electrons e(aq)~ with the corresponding cobalt(i1) complexes.
The essential feature of the mechanism in Scheme 3 is that the
rupture of the first Co"~-N bond takes place via a rate-
determining reversible step. The detached end of the polyamine
ligand will remain near Co" and can easily reform the chelate
ring if a proton does not add to it. Our experimental conditions
and method do not allow for the establishment of the number of
protons actually involved in each step. The fact still remains that
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Table 4 Observed first-order rate constants for the dissociation of [Co(H,0),(trien)]** in Mcllvaine buffers

10 °C 30°C
10*[H*}/mol dm™? lOzklobs/s" 10%k 3515/ 10*[H*]/mol dm™ 102Kk | opfs! 103k 5,p/s7!
53.7 1.14 £ 0.05 169 £ 0.5 85.1 23+0.2 57+ 0.6
22.4 0.98 *+ 0.04 128 £ 0.3 36.3 1.8 £ 0.1 4.7 0.5
11.2 0.71 £ 0.03 79 + 0.1 17.8 1.14 £ 0.05 30+ 03
4.7 0.24 = 0.03 55+ 05 8.9 1.10 = 0.04 30t 0.1
1.7 0.49 + 0.01 5.1+04 2.7 0.56 £ 0.03 1.6 £ 0.1
20 °C 40 °C
10*TH* J/moldm™  10%k, /s 10% 5 0y/s™" 10*[H*}/mol dm™> 102, /5™
85.1 1.90 + 0.04 4.06  0.09 85.1 1.27 £ 0.02
355 1.67 £ 0.05 3.80 * 0.09 53.7 1.01 +0.02
14.1 1.36 £ 0.05 2.61 £ 0.06 37.2 0.77 + 0.01
7.1 0.89 + 0.02 1.67 + 0.03 14.5 0.56 = 0.0]
2.6 0.70 £ 0.03 1.13 £ 0.03 5.2 0.43 + 0.01
4.7 0.41 * 0.01
2.5 0.16 + 0.01
2+ 2+ N |2+ N 3+
N N / A
ot o | L ) LT S
o \r;l & \';‘ kK \r]‘ " \r;‘
N N N NH*
/'l4 3+ /N 2+ lk\a
)
N N
L
2 P4
" H,O )
N o N N5+ N4+ N ]3¢
ZN /I | 1
ki2 Col } H NH L [N H* LN
Hzé 'l4 fast Co '!JH fast Co 'qu fast Co ’lq
NH | 1 )
NH NH NH
kzy \\K"
N N 4+ B
3+ ) . 21
r'q Co./r;‘ " lkn H0
co” P N—H
)t W0l H
(H0), NH r;l 4+ Co®* + Htrien** tas~ CO™* +Htrien
. s'“' Co/';J V Scheme 3 Alternative mechanism involving steady-state intermediates
2 (Hzé)2 r;'H for the dissociation of [Co(H,0),(trien)]**
NH
__kukis[H) )
st 2 T ey + k[H']
Co?* + H,trien**
* kaos = k23 + k22[H'] (13)

Scheme 2 Mechanism involving acid- and solvent-assisted pathways
for the dissociation of [Co(H,0),(trien)]**

in their case, as in ours, the rate-determining step involves only
one hydrogen ion in each of the two consecutive steps. Whether
the rate-determining steps are the rupture of the first and
last cobalt(i1)-nitrogen bonds, or the first and second, is open
to question. Melson and Wilkins*® reported that for the
dissociation of nickel(1) polyamine complexes in the limiting
acid region (where all released amino groups are scavenged by
protons) the rupture of the second Ni-N bond is slower than
that of the first, and the rupture of the last Ni-N bond is
unmeasurably fast. On the other hand, Margerum er al.5*
concluded on the basis of indirect evidence that the rupture
of the last Ni-N bond is the rate-determining step in the
dissociation of [Ni(trien)]**. Apart from this controversey,
however, which cannot be resolved by the techniques used in
this or the above authors works, the mechanism in Scheme 3
gives, after consideration of steady-state kinetics for the half-
bonded unprotonated species, expressions (12) and (13).

Equation (13) for the second step is identical to that given by
Scheme 2 with k%{® = k,, and k%, = k,,. Rearranging
equation (12) for the first step gives (14). A plot of 1/k,, vs.

1 1 ki,

(149

+ -—
klobs kll kllkIZ[H+]

[H* 7 should give a straight line with an intercept of 1/k,, and
aslopeofk_,/k,,k,,. Aleast squares fit for the k., data using
equation (14) gave respectively for the slope and intercept the
values 1.6 + 0.1 s and 55.4 + 2.8 mol dm™ s~ at 10 °C and
2.1 ¥ 0.4sand 244 £ 6.4 mol dm™3s* at 20 °C.

A final note on the acid-catalysed pathway in the dissociation
of polyamine complexes is pertinent. The co-ordinated trien
molecule has no readily available electrons for bond-attacking
protons. Thus the dissociation will be initiated by ring opening.
It was suggested, however, by Margerum and co-workers !7-%3
that protonation of the dissociating nitrogen can take place
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/'Iq 2+
N
H,0-Co |
TR
N
Kay H*

[ /,;‘ 3+
N
H:.o"—Co<’:1
i
N

3+ N |4+
| |
/ Ka2H* /N
/s
H,0 Co\'!J — H30"—Co é
|
NH NH
ki %ﬂ
N |4+ N |5+
A A
T Kaa H H.O* —C
HO~-Co 'E‘H 3! o t;l
NH NH
H’l!asl

Co?* + H,trien®

Scheme 4 Mechanism for the general acid catalysis of the dissociation
of [Co(H,0),(trien)]** in Mcllvaine buffers

while it is still within the first co-ordination sphere. In this
analysis the role of the water molecule occupying the co-
ordination site cis to the dissociating nitrogen has been
neglected. In fact these water molecules are capable of adding a
proton via the available lone pair. This would result in a
withdrawal of electron density from the Co"™N bond, hence
facilitating its rupture. In addition, as can be seen from the
schematic representation (15), the protonated H,O brings the

AN /N)
co\
H—o: V7 = A +\N (15)
} h H
H

proton closer to the nitrogen atom resulting in a faster rate of
rupture of the Co”N bond. The possibility thus manifests itself
that it is this protonated species that undergoes dissociation via
a water pathway and an acid-assisted pathway.

We thus conclude that three mechanisms are possible for the
dissociation of multidentate ligands in acid solutions; °¢-7 (1) a
proton attaches itself to the donor atom, (2) a proton attaches
itself to other basic groups in the ligand and (3) a proton
attaches itself to a basic group occupying an adjacent co-
ordination site to the dissociating donor atom.

The dissociation kinetics of the trien complex in presence of
the phosphate—citrate buffer was studied at 10.0, 20.0, 30.0 and
40.0 *+ 0.1 °C. Two steps each associated with two first-order
rate constants were observed, except at 40 °C where only one
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Table S Final rate and activation parameters for the first and second
steps of the dissociation of [Co(H,0),(trien)] in Mcllvaine buffers

1073/ 10°K,,/ loak'zig 10K, ,/
T/°C s! dm? mol! st dm? mol™!
10 45+09 26+ 038 1.2+01 1604
20 13x2 1.9 + 0.2 3601 1502
30 19+2 09 +0.2 4104 1.1+03
40 - — 12 £ 1 0.75 £ 0.1
AH}/ 50 £ 7 - 48 + 7 —
kJ mol™!
AS3/] —-114 £ 7 _— —129 + 7 —
K™ mol!
AH</ —— —38+6 — —26 1
kJ mol!
AS®/) — —71 £ 20 — -30+4
K™! mol™!
AG3os/ — 59t 17 — 7%
kJ mol”

step was realized. The data are presented in Table 4. The
observed first-order rate constants were well fitted by the
relationship (16). The kinetic behaviour is consistent with a

[H+]/kohs =a+ b[H+] (16)

mechanism in which rapid protonation of [Co(trien)]** occurs
prior to rate-limiting reactions with H,O or with HB. The
sequence of reaction steps is given in Scheme 4. This gives the
relationships (17) and (18) which can be rearranged to give (19)

(K1° + KDK,.[H"]

Kyone = 17
1ob T K.[H'] 17
K4 + KBK,,[HY
PR | Ko [H) (18)
1 + K,[H*]

H']_ 1 HT

k1 obs KY° + KYDK,, (KW + kY

H* +

Ml 1 HT o

kaows (K31 + K§DK,,  (K51° + K53

and (20). The various kinetic rate constants were obtained from
a least-squares fit of the data by equations (19) and (20) and are
given in Table 5. In arriving at the rate constants for the general
acid pathway we subtracted the rate constants for the water
pathway obtained from the perchloric acid data.

Ligand Dissociation Kinetics of [Co(H,0),(tren)]**.—The
ligand dissociation kinetics of the tren complex was followed in
exactly the same fashion as that for the trien analogue. The
complex was again prepared in situ by the addition of a
deaerated (by the use of purified nitrogen gas) 10%; excess of the
free base to a deacrated solution of CoCl,:6H,0. The free base
was prepared from the trihydrochloride salt by the addition of
3 equivalents of NaOH.

The dissociation of the complex was initiated by the addition
of perchloric acid or Mcllvaine phosphate—citrate buffer. The
reaction was followed up to S half-lives at 10.0, 20.0, 30.0 and
40.0 £ 0.1°C. It was much faster than that of the trien
analogue. Except at 10 °C in the buffer mixture, the first step
was too fast to follow. Only the second step of dissociation was
observed. The reaction thus conformed to first-order kinetics.
The data for the ligand dissociation in perchloric acid are given
in Table 6. The observed rate constant &, data was well fitted
by a linear function of [H*] of the form (21). Since this

kZobs = k [H+] (21)
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Table 6 Observed first-order rate constants for the dissociation of [Co(H,0),(tren)]** in perchloric acid

10°C 30°C
10°[H*]/ 10%k 501,/ 10°[H*Y/ 10%k 3005/
mol dm™ st mol dm™3 5!
34.7 50 +0.5 240 7.5 £ 0.7
28.2 42 + 0.2 19.5 69 + 0.5
24.0 36 £02 12.3 44 £ 03
19.5 29 £ 0.1 9.8 40 + 0.1
12.6 2.31 +0.04 35 242 + 0.02
89 1.60 + 0.02
35 0.75 + 0.01

20°C 40 °C

10°[H*Y/ 102K 3515/ 10°[H*]/ 107K 3014/
mol dm™? s mol dm3 s
34.7 7.7 £ 09 19.5 109 + 0.5
28.2 64 + 0.7 12.3 7.6 £ 0.1
24.0 55+05 9.1 6.2 + 0.3
19.5 49 + 0.3 3.5 3.73 £ 0.04
12.3 35+02

8.9 2.89 + 0.04

35 1.82 + 0.04

Table 7 Final rate and activation parameters for the dissociation of
[Co(H,0),(tren)]?* in perchloric acid

T/°C 10%4:%/s7* k%,/dm3 mol™ s
10 40 + 0.8 0.135 + 0.004
20 11.8 + 0.6 0.186 + 0.003
30 14 +2 0.26 + 0.01

40 21.1 £ 0.3 0.45 + 0.01
AH?*/kJ mol™! 36 £ 7 272

AS*J K ! mol™* —-161 £ 13 —168 2

Table 8 Observed first-order rate constants for the dissociation of
[Co(H,0),(tren)]** in Mcllvaine buffers

10°C 30°C
10THY]) 10%, 5/ 10%k 3455/ 10°7H*))  10%k 300/
mol dm™3 s! st mol dm™ st
354.8 3704 7.0 £ 0.3 3548 2.54 £ 0.04
125.9 1.7 £ 0.2 40+ 03 1259 1.80 + 0.02
56.2 1.8 +0.3 25%+02 56.2 1.20 + 0.01
224 1.5 £ 0.1 1.42 £ 0.02 224 0.77 £ 0.01
4.3 1.2 £ 0.2 0.90 * 0.01 4.2 0.51 + 0.01
1.9 14 £ 0.1 0.56 £ 0.01 2.0 0.32 + 0.01
20 °C 40 °C
10°[H*Y/ 107k 3014/ 10°TH*]/  10%k,0/
mol dm™? st mol dm™3 s!
354.8 1.5 £ 0.01 301.2 46 + 0.1
125.9 095 + 0.01 1259 3.14 + 0.08
56.2 0.60 £ 0.01 447 2.2 +0.05
22.4 0.37 £ 0.01 245 1.55 £ 0.04
42 0.24 £ 0.01 7.7 1.06 + 0.02
2.0 0.15 £ 0.01 2.0 0.72 £ 0.01

relationship is the same as that observed for trien, we suggest
that the same mechanism applies, as given in Schemes 2 and 3.
Whether or not the rate-determining step is cleavage of the
second or last nitrogen is not answerable by our data. The final
rate and activation parameters are given in Table 7 as obtained
from linear least-squares fit of the data by the respective
equations given above.

The rate constant data for the cleavage of tren in phosphate-
citrate buffer are given in Table 8. It was possible only at 10 °C
to obtain values for the observed first-order rate constant of the
first step which were well fitted by equation (22). This relation-

[H* ko = a + b[H"] (22

ship is the same as that observed for the trien analogue and
hence it is predicted that the same mechanism given in Scheme 4
is applicable. The final rate parameters for the first rate

Table 9 Final rate and activation parameters for the dissociation of
[Co(H,0),(tren)]** in Mcllvaine buffers

T/°C 103448571 10°2K,,/dm? mol™!
10 4%1 13+ 04

20 5+2 1.7+ 0.5

30 13 %2 23 +06

40 2+6 3+1

AH?*/kJ mol™! 68 + 1 —

AS*J K mol! —57+0.1 —

AH ° [k} mol™! — 2+07
AS®/JK ' mol™! — 118 + 2
AG345/kJ mol™ — —13+04

constants for the second step obtained by the application of
Scheme 4 together with the pertinent activation parameters are
given in Table 9. The final parameters for the first step at 10 °C
are (kY% + K¥9) = (3.3 £ 04) x 102s'and K,, = (299 *
1.9) x 102 dm® mol . Individual values for k}{° and A"}
cannot be obtained because of the observation of only one step
for the dissociation of the tren complex in perchloric acid.

Conclusion

The rate-determining step in the dissociation of metal chelates
is the rupture of the metal-ligand bond. Three general
mechanisms are possible for these systems in the presence of
added acid, depending on whether the proton is attached to the
donor atoms, to other basic groups in the ligand or to other
basic ligands within the complex. Since co-ordinated amine has
no readily available electrons for a bond-attacking proton, the
dissociation of amine complexes would be expected to proceed
by the first or last mechanism where the proton assists in the
dechelation process either by hydrogen bonding to the donor
atom during the ring-opening process or by hydrogen bonding
to a basic group on a ligand cis to the dissociating ligand.

In the case of the cobalt(i) cyclam complex, the restrictions
imposed by the ligand cyclization serve to hold the donor atom
in the first co-ordination sphere leading to a much lower rate of
dissociation in comparison to the open-chain complexes. In
addition, the constraints of the cyclic structure decrease the
distances between the ligand sites to be protonated and the
metal ion, resulting in extremely large electrostatic repulsions.
Therefore, the protonation pathway for cleavage of the Co-N
bond in cyclam is highly hindered by electrostatic effects.
Consequently, this complex does not dissociate in perchloric
acid. Dissociation is only observed in presence of the phosphate—
citrate buffer system.

The dissociation of the branched tripod tren proceeds at a
rate much faster than that observed for the open-chain
unbranched trien. There are three possible points of attack in
comparison to only two points for the trien complex. In
addition, the hindered dissociation observed for polydentate
ligands due to the angular expansion of bond angles in the
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chelate ring and the hindered rotation of the chelating ligand *®
is smaller for tren compared to trien.

Finally, it should be noted that our experimental conditions
and method do not allow for the establishment of the number
of protons actually involved in each step. The fact still remains
that in our case the rate-determining step involves only one
hydrogen ion in each of the two consecutive steps. Whether the
rate-determining steps are rupture of the first and last cobalt(ir)
nitrogen bonds or the first and second is open to question.

References
1 L. F. Lindoy, The Chemistry of Macrocyclic Ligand Complexes,
Cambridge University Press, Cambridge, 1989.
2 D. K. Cabbiness and D. W. Margerum, J. Am. Chem. Soc., 1969, 91,
6540; 1970, 92, 2151.
3 F. P. Hinz and D. W. Margerum, Inorg. Chem., 1974, 13, 2941.
4 M. Kodama and E. Kimura, J. Chem. Soc., Dalton Trans., 1976,
2341.
5 F. P. Hinz and D. W. Margerum, J. Am. Chem. Soc., 1974, 96,
4993,
6 R. M. Clay, M. Micheloni, P. Paolettiand W. U. Steele, J. Am. Chem.
Soc., 1979, 101, 4119.
7 R. M. Clay, H. McCormac, M. Micheloni and P. Paoletti, Inorg.
Chem., 1982, 21, 2494.
8 R. M. Clay, S. Corr, M. Micheloni and P. Paoletti, Inorg. Chem.,
1985, 24, 3330.
9 A. Bianchi, L. Bologni, P. Dapporto, M. Micheloni and P. Paoletti,
Inorg. Chem., 1984, 23, 1201.
10 M. Micheloni and P. Paoletti, Inorg. Chim. Acta, 1980, 43, 109.
11 R. M. Izatt, J. S. Bradshaw, S. A. Nielson, J. D. Lamb and J.
Christensen, Chem. Rev., 1985, 85, 271.
12 A. A. El-Awady, P. C. Wilkinsand R. G. Wilkins, Inorg. Chem., 1985,
24, 2053.
13 D. K. Lavallee, Coord. Chem. Rev., 1985, 61, 55.
14 J. A. Drumhiller, F. Montavon, J. M. Lehn and R. W. Taylor, Inorg.
Chem., 1986, 25, 3751.
15 S. F. Lincolin, I. M. Breveton and T. M. Spotsword, J. Am. Chem.
Soc., 1986, 108, 8153.
16 D. W. Margerum, G. R. Cayley, D. C. Weatherburn and G. K.
Pagenkopf, ACS Monogr., 1978, 174, 1.
17 R. A. Read and D. W. Margerum, Inorg. Chem., 1981, 20, 3143.
18 E. J. Billo and D. W. Margerum, J. Am. Chem. Soc., 1970, 92, 6811.
19 M. P. Youngblood and D. W. Margerum, Inorg. Chem., 1980, 19,
3072.
20 M. P. Youngblood, K. L. Chelappa, C. E. Bannister and D. W.
Margerum, /norg. Chem., 1981, 20, 1742.
21 L. Herthi and T. A. Kaden, Helv. Chim. Acta, 1981, 64, 33.
22 E. J. Billo, Inorg. Chem., 1984, 23, 236.
23 R. W. Hay, R. Bembi, W. T. Moodie and P. R. Norman, J. Chem.
Soc., Dalton Trans., 1982, 2131.
24 P.J.Elving, J. M. Markowitzand I. Rosenthal, Anal. Chem., 1956, 28,
1179.
25 C. E. Bannister and D. W. Margerum, Inorg. Chem., 1981, 20, 3149.

J. CHEM. SOC. DALTON TRANS. 1993

26 L.S. W.L. Sokol, L. A. Ochrymowyez and D. B. Rorabacher, Inorg.
Chem., 1981, 20, 3189.

27 C. W. Davies, J. Chem. Soc., 1938, 2093.

28 J. W. Moore and R. G. Pearson, Kinetics and Mechanisms, A Study
of Homogeneous Chemical Reactions, 3rd edn., Wiley-Interscience,
New York, 1981, pp. 290-296.

29 A. A. El-Awady and G. M. Harris, Inorg. Chem., 1986, 25, 1323.

30 A. A. El-Awady and Z. Z. Hugus, Inorg. Chem., 1971, 10, 1415.

31 W. F. K. Wynne-Jones and H. Eyring, J. Chem. Phys., 1935, 3, 492.

32 K. J. Laidler, Pure Appl. Chem., 1981, 83, 753.

33 P. D. Pacey, J. Chem. Educ., 1981, 58, 612.

34 C. K. Poon and M. L. Tobe, J. Chem. Soc. A, 1968, 1549.

35 R. A. Heckmann and J. H. Espenson, Inorg. Chem., 1979, 18, 38.

36 A. Bakac and J. H. Espenson, Inorg. Chem., 1989, 28, 3901.

37 C. Y. Mok and J. F. Endicott, J. Am. Chem. Soc., 1978, 100, 123.

38 B. L. Vallee and R. J. P. Williams, Chem. Br., 1968, 4, 397.

39 S. A. Zuckman, G. M. Freeman, D. E. Trontner, W. A. Volkert,R. A.
Holmes, D. G. Van Derveer and E. K. Barefield, Inorg. Chem., 1981,
20, 2386.

40 D. H. Bush, K. Farmey, V. Goedken, V. Katovic, A. C. Melnyk, C. R.
Sperati and N. E. Tokel, ACS Monogr., 1971, 100, 44.

41 R. G. Hughes, J. F. Endicott, M. Z. Hoffman and D. A. House,
J. Chem. Educ., 1969, 46, 440.

42 G. K. Pagenkopf and D. W. Margerum, J. Am. Chem. Soc., 1968, 90,
6963.

43 C. E. Bannister, D. W. Margerum, J. M. T. Raycheba and L. F.
Wong, Faraday Symp. Chem. Soc., 1975, 10, 78.

44 J. M. T. Raycheba and D. W. Margerum, Inorg. Chem., 1980,19,497.

45 M. Hauroder, M. Schutz, K. J. Wannowius and H. Elias, Inorg.
Chem., 1989, 28, 737.

46 L.-H. Chen and C.-S. Chung, Inorg. Chem., 1988, 27, 1880.

47 J.-W. Chen, D.-S. Wu and C.-S. Chung, Inorg. Chem., 1986, 25, 1940.

48 D. Katakis and G. 1. Gordon, Mechanism of Inorganic Reactions,
Wiley, New York, 1987, p. 291.

49 L. F. Wong, J. C. Cooper and D. W. Margerum, J. Am. Chem. Soc.,
1976, 98, 7268.

50 E. G. Paniago and D. W. Margerum, J. Am. Chem. Soc., 1972, 94,
6704.

51 G. Schwarzenbach, Helv. Chim. Acta, 1950, 33, 973.

52 N. Shinohara, J. Lilie and M. G. Simic, Inorg. Chem., 1977, 16,
2809.

53 G. A. Melson and R. G. Wilkins, J. Chem. Soc., 1963, 2662.

54 D. W. Margerum, D. B. Rorabacher and J. F. G. Clarke, jun., Inorg.
Chem., 1963, 2, 667.

55 D. W. Margerum, in Mechanistic Aspects of Inorganic Reactions, eds.
D. B. Rorabacher and J. F. Endicott, American Chemical Society,
Washington D.C., 1982, pp. 1-38.

56 N. Shinohara and J. Lilie, Inorg. Chem., 1990, 29, 3812.

57 E. Brucher, S. Cortes, F. Chavez and A. D. Sherry, Inorg. Chem.,
1991, 30, 3092.

58 D. W. Margerum, G. R. Cayley, D. C. Weatherburn and G. K.
Pagenkopf, ACS Monogr., 1978, 174, 1.

Received 11th January 1993; Paper 3/00174A


http://dx.doi.org/10.1039/DT9930002313



