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Abstract—The kinetics of the acid dissociation of copper(Il) complex of a novel C-functionalized macrocyclic
dioxotetraamine has been studied using a stopped-flow spectrophotometer. It was proven that substituents
decrease the acid dissociation rates. The dissociation rate follows the law vy = C. kK K,H?/
(1 + K\H + K,K;H?). On the intermediates we have obtained, the dissociation kinetics are interpreted by
a mechanism involving the negatively charged carbonyl oxygen of the complex being rapidly proto-
nated in a pre-equilibrium step, the rate-determining step being intramolecular hydrogen(enolic tautomer) mi-
gration(to imine nitrogen). The dissociation rate reached a plateau in strongly acidic solution. By means of
temperatures coefficient method, K, K, of the pre-equilibrium step and AH” and AS ™ of the rate-determining
step were obtained and the results discussed. It is the strong in-plane ligand field that increased AH of the rate-
determining step and thus decreases the dissociation rate constant. The Bronsted type linear free energy
relationships do exist in this C-functionalized dioxotetraamine copper(Il) complex. The results clarify insights
inte acid dissociation mechanisms for the 14-membered macrocyclic dioxotetraamine copper(II) complex.
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Acid-assisted dissociation kinetics of open-chain poly-
amine complexes has been extensively studied,[1-10]
and many of these works have been reviewed [9].
Recently, there has been considerable interest in the
kinetics and mechanism of the acid dissociation of
macrocyclic polyamine complexes [11-14]. Most of
the previous work concerns mainly the macrocyclic
complex without substituents. In general, due to the
thermodynamic macrocyclic effect and the kinetic
macrocyclic effect, macrocyclic complexes are ther-
modynamically stable and kinetically inert, the rates
of dissociation of metal complexes with tetraa-
zacycloalkanes being relatively slow. In some
instances they are so slow that one can study them
even under extreme conditions, such asin 10 M HCIO,

[11].

*Author to whom correspondence should be addressed.

Dioxotetraamine macrocycles are unique metal
chelators, their structures bear the dual feature of
macrocyclic polyamine and oligopeptides [15-20].
Macrocyclic dioxotetraamine complexes display inter-
esting properties from the point of view of the redox
activity and stability. Most interesting is the obser-
vation that the replacement of the amino group by an
amide function greatly affects the dissociation rate of
metal complexes with tetraaza macrocycles. Hay [21]
described the kinetics of the dissociation of the cop-
per(Il) and nickel(I) complexes with 1,4,8,11-
tetraaza-cyclotetradecane-12,14-dione(dioxocyclam)
in the pH region 4-5, in which the analogous com-
plexes with 14-aneN4(cyclam) give no sign of dis-
sociation. In the study of the complex formation of
dioxotetraamine, it was considered that existence of
non-deprotonated or singly deprotonated copper(1I)
complex is unlikely [20]. That is, the dioxotetraamine
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dissociates both its amide hydrogen simuitaneously
when coordinated to a 34 metal ion. However, non-
deprotonated copper(Il) complexes of diox-
otetraamine macrocycles have been prepared in this
laboratory [16]. More recently, we proved that singly
deprotonated copper(ll) complexes do exist both in
the solid state and in aqueous solution [18]. The exis-
tence of the two types of complex we have found so
far provides us with critical evidence for discussion
of the details of acid dissociation or formation of
macrocyclic dioxo-tetraamine copper(II) complexes.
Also, in a study of the acid dissociation of macrocyclic
copper(Il) complex, Siegfried {21] and Hay [22] gave
a different acid dissociation tendency, but there is no
evidence to support their mechanism. There is no acid
dissociation study on substituted macrocyctic diox-
otetraamine copper(Il) complex. Whether sub-
stituents have significant influence on the dissociation
rate can provide some information on the acid dis-
sociation mechanism and this is still unclear. This
stimulated us to further investigate the acid dis-
sociation kinetics and mechanism and clarify insights
into the dissociation process.

In this paper, we report the results of our systematic
studies on the acid dissociation reaction of our new
series C-functionalized macrocyclic dioxotetraamine
copper(Il) complexes in order to determine the “kin-
etic macrocyclic effect” and some important kinetic
parameters to clarify insights into the reaction mech-
anism and the influence of the substituent.

EXPERIMENTAL
Reagents

All the reagents used were of reagent grade. KNO,
and chloroacetic acid were recrystallized before use.
Redistilled water was used for all the solutions. The
C-functionalized macrocyclic dioxotetraamine were
prepared according to our novel synthesis methods
[17].

Instruments

Electronic spectra were recorded on a Shimadzu
UV-160A spectrophotometer. Stability of macrocyclic
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Scheme 1. Structure of the ligands.
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dioxotetraamine copper(Il) complexes were deter-
mined in the same way as reported previously [17].
pHs were measured on a Beckman ®71 pH meter.

Kinetic measurements

The dissociation kinetics was followed on a Union
Giken RA-410 stopped-flow spectrophotometer. The
complex and buffer solution were prepared by using
0.5 mol dm~* KNO,; solution. Experimental con-
ditions were [complex] = 3.0 x 107* mol dm~*
({ = 0.5 mol dm~?* KNO,), [buffer] = 0.10 mol dm~*
chloroacetic acid (/ = 0.5 mol dm—* KNO,), pH was
adjusted with 1 mol dm™* KOH. Complex solutions
were prepared by mixing equimolar quantities of the
ligand and standard Cu(NO,),, followed by adjust-
ment of pH to 7 with NaOH, at which the complex is
fully formed in the form [Cu(H _.L)]. The dissociation
was followed at their absorption maxima, i.e., 500 nm
(L1), 505 nm (L2), 495 nm (L3), 490 nm (L4), 515
nm (dioxocyclam). Reaction time ranges from 5 s to
2 min. In our experiments, the reaction has excellent
reproducibility.

RESULTS AND DISCUSSION

All these complexes have a d-d absorption band at
~500 nm, but the free ligands have no absorption
in this region. In acid dissociation experiments, the
absorption at 500 nm disappeared without any inter-
ference.

Under the experimental conditions of constant
hydrogen concentration, a first-order reaction with
respect to the concentration of complex was observed,
that is. the kinetics of the acid dissociation of the
copper(ll) complexes follows the rate law vy = kg,
C.om» Where C., 1s the total concentration of the
complex and £k, is the pseudo-first-order rate
constant. It should be noted that &, is a function of
pH and temperature of the solution.

Figures 1 and 2 show k., values at different pH and
temperature.
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Fig. 1. The plot of k., vs [H*] for CuH _,L,.
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Fig. 2. The plot of k,,, vs [H*] for CuH_,L;.

We can see that k,,, increased rapidly with the
increase of [H*] at low hydrogen concentration, fur-
ther increase of [H*], k. increases slowly, up to a
plateau, &, keeps constant with the increase of [H*].
This phenomenon is similar to those reported by Sieg-
fried [21], but quite different from those reported by
Hay [22] who studied the similar reaction in a narrow
pH region and found that k, linearly increases with
[H*)*. Reference to Figs 1 and 2 suggests an order for
[H*] varying from 1 to 0. From a mathematical view,
the tendency coincides with the following equation
[23]:

koo = a[H*]/(1 + b[H™]) M

where ¢ and b are constants. The above equation
is just the experimental rate law. From the above
experimental rate law, plots of 1/k,,vs 1/[H*] should

Scheme 2. Crystal structure of singly-deprotonated L, cop-
per(1l) complex.
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give a straight line. The slope and intercept are 1/a and
b/a values respectively. ¢ and a/b values and regression
coefficient r obtained are summarized in Table 1.

Previously we prepared a singly deprotonated 14-
membered dioxotetraamine copper(Il) complex [18]
and a non-deprotonated 13-membered macrocyclic
dioxotetraamine copper(II) complex [16]. The singly-
deprotonated copper(II) complex of L, has the fol-
lowing structure:

In the singly-deprotonated 14-membered macro-
cyclic dioxotetraamine copper(Il) complex, the amido
hydrogen binds to amido oxygen instead of nitrogen.
Considering that undeprotonated 13-membered
macrocyclic dioxotetraamine copper(II) complex can
exist in the solid state and the mechanism proposed
by Siegfried [21], we propose the following acid-dis-
sociation mechanism.

Under the conditions investigated, the initial form
of the complex is entirely [Cu(H_,L)]. The first and
the second step are the protonation of the negatively
charged carbonyl oxygens. The protonation of the
negatively charged carbonyl oxygens leads to the
enolic tautomer structure, these two intermediates
have been isolated and characterized both in solid
state and in aqueous solution previously [16,18]. The
two protonation processes are actually the neu-
tralization reaction of an acid and a base, their rates
are very fast, therefore they are pre-equilibrium pro-
cesses. The third step is the protonation of the amido
nitrogen with simultaneous deprotonation of the
amido oxygen. This process is most probably, in our
opinion, intramolecular hydrogen migration (as
shown in the mechanism) because it is more accessible
than other protonation modes. This is the rate-deter-
mining step, the products being solvated copper(Il)
ion and free ligand. The free ligand is quickly pro-
tonated in the acid solution (neutralization reaction).

The observed reaction rate is first-order with respect
to complex concentration C,,,,. However, k., shows
a first-order dependence on [H*] at low [H*] and
zero-order at high [H*] as shown in Figs 1 and 2.

From the following stoichiometric relation:

Ceom = [ML] + [MH_,L] + [MH_,L], 2)
we have

Ceom = [MLI(1 + K, [H] + K, K,[H]*)/K, K> [H]*.
3)

According to the mechanism,

vq = kK[ML] = Conk K, K>[H]?/
(1 + K,[H] + K, K-[H*), (4)

therefore,

kovs = kK, K [H]*/(1 + K\ [H] + K, K:[H]*). (5)
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Table 1. a, b parameters in the experimental rate law and regression coefficients at different temperatures (I = 0.5
mol dm—* KNO3)

Complex CuH_,L, CuH L, CuH ,L, CuH_,L, CuH_,L;
288 K afb 7.29 12.1 S.15 6.63 12.6
a 0.00437 0.00194 0.00218 0.00123 0.00683
r 0.997 0.987 0.985 0.991 0.996
298 K aflb 14.1 14.8 1.3 11.2 24.6
a 0.00606 0.00399 0.00322 0.00200 0.000107
r 0.991 0.980 0.979 0.999 0.995
308 K alb 30.1 27.4 20.7 20.76 394
a 0.00804 0.00650 0.00527 0.00335 0.000213
r 0.986 0.986 0.989 0.998 0.988
318K alb 46.8 40.6 323 39.7 60.4
a 0.000130 0.000112 0.00906 0.00468 0.000380
r 0.987 0.995 0.999 0.997 0.996
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Scheme 3. Proposed acid-dissociation mechanism.
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From the above equations, we stress that k. is not
simply two power to hydrogen ion. At high [H*],
1 + K\[H] + K,K,[H)* = K, K,[H)?, ko = k, that is,
the k., becomes a constant at high [H*](zero-
order dependence). At low [H*] (pH > 5.5),
1 + K,[H] + K, K,[H]? = 1, ks = kK, K,[H]?, that is
a second-order dependance on [H*] should be
observed. However, at this [H*] concentration,
because of the fast equilibrium of step | and 2 in the
mechanism, we cannot observe acid dissociation of
the copper(Il) complex, i.e., the complex does not
dissociate at all, therefore, we cannot investigate the
dissociation kinetics at pH higher than 5.5 because of
the strong coordination tendency of the macrocyclic
ligands. Looking at the data in Fig. 2, we assumed
that, even at the lowest concentrations of acid used
((H*] = 0.0003 mol dm~*, K, = 20,000), therefore
K,[H*} » | appears to be correct. Consequently,
under the conditions used in this study the limiting
rate law that operates is:

Kops = kK>[H™]/(1 + K;[H™]). ©®

The above equation is exactly the same as the exper-
imental rate law (1). Therefore, the mechanism pro-
posed by us is reasonable. Comparing (6) with (1), we
have:

a=kK, %)
b=K,, ®8)
alb = k. ©)

According to (7) and (8), using the values of Table 1,
K, values of the complex can be obtained and listed
in Table 2.

It should be noted that the values of K, in Table 2
are not precise because of several calculations and
approximations, but we still can conclude that the
K, values decrease with the increase of temperature.
From non-linear least-square fitting of the exper-
imental points using the formula (5), plateau values
of ko (initial value of k) and the equilibrium constant
K, we can obtain the real values of &, K, and K| K,.
Figure 3 and 4 represent experimental point and fitted
curves. Table 3 and 4 are the 1/K,K, and k values.
Regression of In(1/K K;) vs 1/T, the values of AH?(kJ
mol) and AS? (kJ/mol) were obtained, they are also
listed in Table 3.

3 1.0 :_
£ F » 45°C
3 06
02
02F
_06 :J Ll 11 L1 1 I Lt 1 1l l N T . | l I
1. 22 26 3.0 34

pH
Fig. 3. Plot of Log kg, vs pH for CuH_,L,.
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Fig. 4. Plot of Log k., vs pH for CuH_,L.

From Eyring’s equation
In(k/T) = — AHZ/RT + AS7/R + In(R/N,h),
@

where R = 8.3144 Jmol K, N, = 6.023 x 10? mol ™',
h = 6.636 x 107 J s, Regression of k/T vs 1/T, acti-
vation parameters AH” and AS™ of the rate-deter-
mining step can be obtained. The values of AH* and
AS* and correlation coefficient r were summarized in
Table 4. In fact, 1/K,K, values are the equilibrium
constants of the following reaction:

~—'

ML = MH_,L + 2H", ®)

values of 1/K, K, represent the stability of the complex

Table 2. K, x 10* values of the complexes (/ = 0.5 mol dm~3 KNO,)

Complex CuH _,L, CuH_,L, CuH_,L, CuH_,L, CuH_,L;
288 K 5.99 1.60 423 1.86 5.42
298 K 4.30 2.69 2.85 1.78 0.14
308 K 2.67 2.37 2.55 1.61 0.05
318 K 0.03 2.80 2.80 1.18 0.06
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Table 3. Pre-equilibrium constant 1/(K,K.) x 107 at different temperatures ({ = 0.5 mol dm > KNO,)
Complex 288 K 298 K 308 K 318 K AH? (kJ mol) AS? (J mol K)
CuH_,L, 6.75 9.34 14.02 17.81 253 ~303
CuH_,L, 18.24 19.31 20.30 22.47 512 —-922
CuH_,L, 7.78 10.00 13.53 17.75 21.2 —43.7
CuH_,L, 9.45 10.92 12.98 15.40 12.5 —722
CuH_,L; 9.13 11.52 15.67 17.94 17.8 —-53.8
Table 4. Rate constants k at diffcrent temperatures (/ = 0.5 mol dm~* KNO,)
Complex 288 K 298 K 308 K 318 K AH7* (kJ mol) AS* (J mol K) r
CuH_,L, 8.05 13.83 25.06 43.89 40.77 —86.02 0.9991
CuH_,L, 9.45 16.75 29.54 49.15 39.51 —88.88 0.9912
CuH_,L; 6.49 11.74 21.34 37.05 41.86 —83.90 0.9998
CuH_,L, 9.45 16.75 29.54 49.15 39.51 —88.88 0.9912
CuH_,L, 5.08 9.47 17.42 32.37 44.50 —76.86 0.9996
CuH_,L; 11.32 19.54 35.24 56.99 38.94 —89.38 0.9995

CuH _,L. This process has an endothermic effect with
an increase of entropy. This means it will consume
some energy to deprotonate the non-deprotonated
copper(Il) complex. The sequence of K, K, values are
exactly the same as determined by pH potentiometric
titration. CuH _, L, has the greatest 1/K, K, value, this
indicates that there are some interactions of the phenol
substituent and the hydrogen ions bound to the car-
bonyl oxygens. The value of K, for CuH _,L, at 25°C,
I=0.1 mol dm~> NaClO, is 1.99 x 10* [24]. Using
this value, we get K, = 4.69 x 10° which agrees well
with the values obtained in this study. All this indi-
cates that the first protonation constant of CuH L,
is larger than that of the second protonation constant
of the complexes. This means that the hydrogen ion
bound to negatively charged carbonyl oxygen repels
the proton of the second carbonyl oxygen. This result
agrees well with the results reported earlier [18].

The a/b values (k) in Table 1 and k values of the
rate-determining step in Table 4 are nearly the same.
They regularly change with the ligands. Electron-with-
drawing substituents decrease k of their complexes.
For all the C-functionalized complexes in this study,
the k values are obviously smaller than that of the
complexes without substituents. In fact, the d-d tran-
sition wavelengths of all the functionalized complexes
are shorter than similar complexes without substitu-
ents, the great d—d transition energies provide the evi-
dence that they have great in-plane ligand field
strength and strong Cu—N bonds. More energy is
needed to break the Cu—N bond in the former (large
enthalpy). Therefore, shorter wavelength in d-d tran-

sition leads to larger positive AH” and smaller k of the
rate-determining step, i.e., large activation enthalpy
leads to small k.

The rate-determining step is an endothermic
process. Comparing with CuH_,L;, substituents
increase the endothermic effect of the rate-determining
step because of the strong in-plane ligand field. The
kK, K, value in our study is 1.70 x 10’dm? mol* s~
for CuH_,Ls at pH 1.9-3.7. This value agrees well
with the result of Hay [22] who obtained 1.17 x 10’
dm?® mol® s~! for the same ligand in = 0.1 mol dm~*
NaClO,. However, Siegfried [21] obtained the value
6.3 x 10" dm® mol® s™', the agreement is not very
good, the difference may, in our opinion, arise from
the different buffers used in the two studies. We found
that &, values in the same pH are different in different
buffers. The k., do not change smoothly with the
change of buffers, this change of k., greatly influences
the values (in orders of magnitude) of K, and K. This
phenomenon shows that buffers affect the dissociation
rate of the complex, therefore, we use only one buffer
(chloroacetic acid) to ensure the continuity of the
data. Although K, and K, are very sensitive to exper-
imental conditions, especially to the change of buffer,
k value of the rate-determining step is relatively insen-
sitive 10 ko, because k is simply the plateau value of
kops- As shown in eq. (5), in the investigated pH range,
1 < K, [H] < K,K,[H}?, that is K, K,[H]* has a greater
contribution than the other two terms, the con-
tribution of K,[H*] is negligible, especially in a strong
acid solutions, therefore, K,K, values are more
rehable than K, values.
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The k of the rate-determining step also varies with
the stability of the MH _,L [24]. Large stability of the
complex increased their & of the rate-determining step.
This implies that large stability increases the rate of
intramolecular hydrogen migration. The reason is that
the stability constant not only depends on in-plane
interaction of metal ion with ligands, but also depends
on axial interaction. In these C-functionalized macro-
cyclic complexes, strong in-plane interaction greatly
reduced axial interaction, thus decreasing the stability
of the complexes. The activation AH” is only related
to the in-plane interaction, therefore, strong in-plane
interaction has different influence on stability of the
complexes and k values of the acid dissociation. The
Bronsted type linear free energy relationships do exist
in this C-functionalized dioxotetraamine copper(II)
complex (Fig. 5).

From all the above results, we can further clarify
the mechanism. Steps |1 and 2 were firmly proved by
the characteristic of the intermediates, the K, K, values
determined kinetically agree well with those obtained
by pH titration. In the acid dissociation mechanism,
only step 3 is to be identified. There are two pathways
to dissociate the complex, the first, as shown in the
mechanism, is by intramolecular hydrogen migration;
the second, through the intermolecular protonation
in the following equation:

H* + CuL - products.

In this case, we have:
ko = k[H*][CuL] = kK, K, [H]/

(1+ K\[H] + K, K;[H]*).  (10)

From (10) we may conclude that it would be first
order dependence on [H*] in low pH (high H* con-
centration). Of course this is not true, therefore, inter-
molecular hydrogen migration or competitive
protonation at another site should be firmly excluded.
From Figs 2 and 3 we can see there are no significant
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Fig. 5. Plot of logk vs logK(11 — 1).
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differences (in order) of the dissociation rate between
L, and L complexes, so do the k values. This indicates
that substituents do not decrease the dissociation rate
considerably, therefore, intermolecular hydrogen
migration in the rate-determing step is unlikely.

From the above results, we can see that although
the macrocyclic dioxotetraamine has a strong in-plane
ligand field, its copper(I) complex is still sensitive
toward acidity. The low kinetic stability (kinetic
macrocyclic effect) is attributed to the negatively char-
ged carbonyl oxygen, this is an easily accessible basic
site so that the proton can successfully attack the
dioxotetraamine complex and induce the acid dis-
sociation. While in the saturated analogs, there are no
free electron pairs on the nitrogens or other atoms
(basic site), therefore, it is very difficult to undergo
protonation.

Acknowledgement—The authors gratefully acknowledge
financial support from the National Natural Science Foun-
dation of China.

REFERENCES

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

2. S. K. S. Ahmed and R. G. Wilkins, J. Chem. Soc.
1960, 2901.

3. G. A. Melson and R. G. Wilkins, J. Chem. Soc.
1962, 2662; ibid., 1962, 4475.

4. A. K. S. Ahmed and R. G. Wilkins, Proc. Chem.
Soc. 1959, 399.

5. A.K.S. Ahmed and R. G. Wilkins, J. Chem. Soc.
1959, 3700, ibid., 1960, 2895.

6. R. F. Childers and R. A. D. Wentworth, Inorg.
Chem. 1969, 8, 2218.

7. D. C. Weatherburn, E. J. Billo, J. P. Jones and
D. W. Margerum, /norg. Chem. 1970, 9, 1557.

8. G. B. Kolski and D. W. Margerum, Inorg. Chem.
1969, 8, 1129.

9. D. W. Margerum, G. R. Cayley, D. C. Wea-
therburn and G. K. Pagenkopf, ACS Monogr.
1978, 174, 1.

10. R. A. Read and D. W. Margerum, Inorg. Chem.
1981, 20, 3143.

11. A. K. Pondit, A. K. Das and D. Banerjea, Trans.
Met. Chem. 1988, 437.

12. C. C. Chang and C. S. Chung, J. Chem. Soc.,
Dalton Trans. 1991, 1965.

13. B. F. Liang and C. S. Chung, Inorg. Chem. 1983,
22, 1017, ibid., 1981, 20, 2152.

14. L. H. Chen and C. S. Chung, Inorg. Chem. 1988,
27, 1980, ibid., 1986, 25, 2841.

15. Q. H. Luo, S. R. Zhu, M. C. Shen, A. B. Dai, A.
D. Liu, H. C. Gu, F. M. Li and S. J. Di Kexue
Tongbao 1992, 1288; M. C. Shen, Q. H. Luo, S.
R. Zhu, Q. Y. Tu, A. B. Dai, A. D. Liu, H. C.
Gu, F. M. Liand S. J. Di, Chem. J. Chinese Univ.,
Series B 1990, 6, 354.

16. Q. H. Luo, S. R. Zhu, M. C. Shen, S. Y. Yu, Z.
Zhang, X. Y. Huang and Q. J. Wu, J. Chem. Soc.,
Dalton Trans. 1994, 1873.



2028 F. Kou et al.
17. S. R. Zhu, H. K. Lin, C. C. Lin, F. P. Kou and 21. L. C. Siegfried and T. A. Kaden, J. Phys. Org.

Y. T. Chen, Inorg. Chim. Acta 1995, 228, 225. Chem. 1992, 5, 549.
18. F. P. Kou, S. R. Zhu, H. K. Lin, Y. T. Chen, H.  22. R. W. Hay, M. P. Pujari and F. McLaren, Inorg.
G. Wang and X. K. Yao, J. Chem. Soc., Chem. Chem. 1984, 23, 3033.
Commun. 1996, 59. 23. M. M. Doeff and D. A. Sweigart, Inorg. Chem.
19. H. K. Lin, S. R. Zhu, Z. X. Guand Y. T. Chen, 1982, 21, 3699.
J. Chem. Soc., Dalton Trans. 1995, 1879. 24. S.R. Zhu, F. P. Kou, H. K. Lin and Y. T. Chen,

20. E. Kimura, J. Coord. Chem. 1986, 15, 1. Inorg. Chem. 1996, 35(20), 5851.



