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Abstract The kinetics of the acid dissociation of copper(II) 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 t~d=CcomkKiK2H2/ 
(1 + K~H + KIK2H2). 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~, K2 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 Br6nsted type linear free energy 
relationships do exist in this C-functionalized dioxotetraamine copper(II) complex. The results clarify insights 
into acid dissociation mechanisms for the 14-membered macrocyclic dioxotetraamine copper(II) complex. 
© 1997 Published by Elsevier Science Ltd 
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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 as in 10 M HC104 
[111. 

* A u t h o r  to  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  add re s sed .  

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(II) and nickel(II) 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(II) 
complex is unlikely [20]. That is, the dioxotetraamine 
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dissociates both its amide hydrogen simultaneously 
when coordinated to a 3d metal ion. However, non- 
deprotonated copper(ll) complexes of diox- 
otetraamine macrocycles have been prepared in this 
laboratory [16]. More recently, we proved that singly 
deprotonated copper(II) 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(lI) complexes. 
Also, in a study of the acid dissociation of macrocyclic 
copper(II) 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 macrocyclic diox- 
otetraamine copper(II) 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(II) 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. KNO3 
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 

dioxotetraamine copper(ll) 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 3 KNO~ solution. Experimental con- 
ditions were [ c o m p l e x ] = Y 0 x  10 3 tool dm 3 
(I = 0.5 mol dm 3 KNO3), [buffer] = 0.10 mol dm 3 
chloroacetic acid (I = 0.5 mol dm 3 KNO3), pH was 
adjusted with 1 mol dm 3 KOH. Complex solutions 
were prepared by mixing equimolar quantities of the 
ligand and standard Cu(NO3)2, followed by adjust- 
ment of pH to 7 with NaOH, at which the complex is 
fully formed in the form [Cu(H_2L)]. The dissociation 
was followed at their absorption maxima, i.e., 500 nm 
(LI), 505 nm (L2), 495 nm (L3), 490 nm (L4), 515 
nm (dioxocyclam). Reaction time ranges from 5 s to 
2 rain. 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 Vd = kobs  

C~om, where Qom is the total concentration of the 
complex and kobs is the pseudo-first-order rate 
constant. It should be noted that kob~ is a function of 
pH and temperature of the solution. 

Figures 1 and 2 show kob~ values at different pH and 
temperature. 

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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Fig. 1. The plot ofko~s vs [H +] for Cull 2Li. 
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Fig. 2. The plot of kob~ vs [H +] for Cull 2L5. 

Macrocyclic dioxotetraamine copper(II) complexes 

We can see that kob s increased rapidly with the 
increase of [H +] at low hydrogen concentration, fur- 
ther increase of [H+], kob ~ increases slowly, up to a 
p l a t e a u ,  kob s 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 kob s linearly increases with 
[H+] 2. 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]: 

kob ~ = a[H+]/(1 + b[H*]) (1) 

where a and b are constants. The above equation 
is just the experimental rate law. From the above 
experimental rate law, plots of l/kob , vs 1/[H +] should 
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Scheme 2. Crystal structure of singly-deprotonated L~ cop- 
per(I I) complex. 
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give a straight line. The slope and intercept are l/a and 
b/a values respectively, a and a/b values and regression 
coefficient r obtained are summarized in Table 1. 

Previously we prepared a singly deprotonated 14- 
membered dioxotetraamine copper(II) 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(II) complex, the amido 
hydrogen binds to amido oxygen instead of nitrogen. 
Considering that undeprotonated 13-membered 
macrocyclic dioxotetraamine copper(lI) 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_2L)]. 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(ll) 
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 Ccom. However, kob s 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: 

Ccom=[ML]+[MH , L ] +  [MH 2L], (2) 

we have 

Cco m = [MLI(I + K, [H] + K, K2 [HI2)/K, K2 [H] 2. 

(3) 

According to the mechanism, 

vd = k[ML] = C~omkK, K2[H]2/ 

(l + K, [H] + K1K2tH]2), (4) 

therefore, 

kob~ = kK, K2[H]2/(I + Kt[H] + K~K2[H]2). (5) 
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Table 1. a, b parameters in the experimental rate law and regression coefficients at different temperatures (I = 0.5 
m o l d m  3 KNO3) 

Complex Cull  ~Lt Cull 2L2 Cull 2L3 Cull 2L4 Cull  2Ls 

288 K a/b 7.29 12.1 5.15 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 a/b 14.1 14.8 11.3 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 a/b 30.1 27.4 20.7 20.76 39.4 
a 0.00804 0.00650 0.00527 0.00335 0.000213 
r 0.986 0.986 0.989 0.998 0.988 

318 K a/b 46.8 40.6 32.3 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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Macrocyclic dioxotetraamine copper(II) complexes 

From the above equations, we stress that kobs is not  
simply two power to hydrogen ion. At high [H÷], 
1 + K~[H] + K, K2[H] 2 = K1K2[H] 2, kob s = k, that is, 
the kob~ becomes a constant  at high [H+](zero - 
order dependence). At low [H +] (pH > 5.5), 
1 + K~[H] + KjKE[H] 2 = 1, kobs = kK~K2[H] 2, that is 
a second-order dependance on [H +] should be 
observed. However, at this [H +] concentration, 
because of the fast equilibrium of step 1 and 2 in the 
mechanism, we cannot  observe acid dissociation of 
the copper(II) 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 -3, K~ = 20,000), therefore 
Kt[H +] >> 1 appears to be correct. Consequently, 
under  the conditions used in this study the limiting 
rate law that operates is: 

kob~ = kK2[H+]/(1 + K2[H+]). (6) 

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=kK2 (7) 

b =  K2, (8) 

a/b=k. (9) 

According to (7) and (8), using the values of Table 1, 
K2 values of the complex can be obtained and listed 
in Table 2. 

It should be noted that the values of K2 in Table 2 
are not  precise because of several calculations and 
approximations, but  we still can conclude that the 
K2 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 kob~ (initial value of k) and the equilibrium constant  
K~, we can obtain the real values of k, K~ and K~ K2. 
Figure 3 and 4 represent experimental point and fitted 
curves. Table 3 and 4 are the 1/K~K2 and k values. 
Regression ofln(1/KiK2) vs 1/T, the values of AH°(kJ 
mol) and AS ° (kJ/mol) were obtained, they are also 
listed in Table 3. 
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Fig. 4. Plot of Log kob s VS pH for CuH_2Ls. 

From Eyring's equation 

ln(k/T) = -- AH~m/RT + AS~m/R + ln(R/NAh), 

(7) 

where R = 8.3144 J mol K, NA = 6.023 × 1023 mo1-1, 
h = 6.636 x 10-34 J s, Regression o f k / T v s  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/KIK2 values are the equilibrium 
constants of  the following reaction: 

ML = MH_2L + 2H ÷, (8) 

values of 1/K~ K2 represent the stability of the complex 

Table 2. K2 x 104 values of the complexes (I = 0.5 mol dm -3 KNO3) 

Complex Cull 2L1 CuH_2L2 Cull :L3 CuH_2L4 CuH_2L5 

288 K 5.99 1.60 4.23 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 cons tan t  1/(K~K2) × 10 7 at different temperatures (1 = 0.5 mol dm 3 KNO3 ) 

Complex 288 K 298 K 308 K 318 K AH ~ (kJ moll AS 4' (J mol K) 

Cull  2LI 6.75 9.34 14.02 17.81 25.3 --30,3 
CuH_2L2 18,24 19.31 20.30 22.47 5.12 - 92,2 
C u l l  2L3 7.78 10.00 13.53 17.75 21.2 --43.7 
Cull  2L4 9.45 10.92 12.98 15.40 12.5 -72.2  
Cull  2L5 9.13 11.52 15.67 17.94 17.8 -53.8  

Table 4. Rate constants k at different temperatures (I = 0.5 mol dm 3 KNO3) 

Complex 288 K 298 K 308 K 318 K AH '~ (kJ mol) AS s (J mol K) r 

Cull  2LI 8.05 13.83 25.06 43.89 40.77 - 86.02 0.9991 
Cull  2L2 9.45 16.75 29.54 49.15 39.51 -88.88 0.9912 
C u l l  2L3 6.49 11.74 21.34 37.05 41.86 - 83.90 0.9998 
CuH_2Lz 9.45 16.75 29.54 49.15 39.51 - 88.88 0.9912 
CuH_2L4 5.08 9.47 17.42 32.37 44.50 -- 76.86 0.9996 
Cull  2L5 l 1.32 19.54 35.24 56.99 38.94 - 89.38 0.9995 

C u l l  2L. This  process has an  endothermic  effect with 
an increase of  entropy.  This means  it will consume 
some energy to dep ro tona te  the non -dep ro tona t ed  
copper(I I )  complex. The sequence of  K~ K2 values are 
exactly the same as determined by pH potent iometr ic  
t i t rat ion.  C u l l  2L2 has the greatest  1/K~ K2 value, this 
indicates tha t  there are some interact ions  of  the phenol  
subst i tuent  and  the hydrogen ions bound  to the car- 
bonyl  oxygens. The value of  K~ for C u l l  2L~ at 25 C ,  
I = 0.1 mol dm -3 NaCIO4 is 1.99 x 104 [24]. Using 
this value, we get K2 = 4.69 x 103 which agrees well 
with  the values ob ta ined  in this study. All this indi- 
cates tha t  the first p ro tona t ion  cons tan t  of  C u l l  2L. 
is larger t han  tha t  of  the second p ro tona t ion  cons tan t  
of  the complexes. This means  tha t  the hydrogen ion 
bound  to negatively charged carbonyl  oxygen repels 
the p r o t o n  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 
ra te-de termining  step in Table  4 are nearly the same. 
They regularly change with the ligands. Electron-with-  
drawing subst i tuents  decrease k of  their  complexes. 
For  all the C-functionalized complexes in this study, 
the k values are obviously smaller  than  tha t  of  the 
complexes wi thou t  substi tuents.  In fact, the ~ d  t ran-  
sit ion wavelengths of  all the funct ional ized complexes 
are shor ter  than  similar complexes wi thou t  substi tu-  
ents, the great d-d t rans i t ion  energies provide the evi- 
dence tha t  they have great in-plane ligand field 
s t rength  and  s t rong C u - - N  bonds.  More  energy is 
needed to break  the C u - - N  bond  in the former  (large 
enthalpy) .  Therefore,  shor ter  wavelength  in d-d t ran-  

sition leads to larger positive AH ~ and  smaller k of  the 
ra te-determining step, i.e., large act ivat ion enthalpy 
leads to small k. 

The ra te-determining step is an  endothermic  
process. Compar ing  with C u l l  2L5, subst i tuents  
increase the endothermic  effect of  the ra te-determining 
step because of  the s t rong in-plane ligand field. The 
kK~K2 value in our  study is 1.70 x 107dm 2 mol 2 s 
for C u l l  2L5 at  pH 1.9-3.7. This value agrees well 
with the result of  Hay [22] who obta ined  1.17 x 10 7 

d m  z mol 2 s -1 for the same ligand in I = 0.1 mol  dm -3 

NaC104. However,  Siegfried [21] obta ined  the value 
6.3 x 107 d m  2 mol  2 s ~, the agreement  is not  very 
good,  the difference may, in our  opinion,  arise f rom 
the different buffers used in the two studies. We found  
tha t  kob s values in the same pH are different in different 
bufl'ers. The kob s do not  change smooth ly  with the 
change of  buffers, this change ofkob~ greatly influences 
the values (in orders of  magni tude)  of  K~ and/£2.  This 
p h e n o m e n o n  shows tha t  buffers affect the dissociat ion 
rate of  the complex, therefore,  we use only one buffer 
(chloroacetic acid) to ensure the cont inui ty  of  the 
data.  A l though  K~ and  K2 are very sensitive to exper- 
imental  condit ions,  especially to the change of  buffer, 
k value of  the ra te-determining step is relatively insen- 
sitive to kobs, because k is simply the plateau value of  
kob s. As shown in eq. (5), in the investigated pH range, 
1 < K~ [H] < K~Kz[H] z, tha t  is KIKz[H] 2 has a greater 
con t r ibu t ion  than  the o ther  two terms, the con- 
t r ibut ion ofK~ [H +] is negligible, especially in a s trong 
acid solutions,  therefore,  K~K2 values are more  
reliable than  K~ values. 
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The k of the rate-determining step also varies with 
the stability of the MH_2L [24]. Large stability of the 
complex increased their k 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 K1K2 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 + ][CuLl = kX, 1£2 [HI3/ 

(1 + K,[H] + K,K:[H]2). (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 L5 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(II) 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. 
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