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Thiocyanate anation of the macrocyclic complexes cis-
[Cr(cycb)(OH2)2]3+ and trans-[Cr(cyca)(OH2)2]3+ (cycb and
cyca are rac- and meso-5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane, respectively), and mercury(II)-in-
duced aquation of the product thiocyanato-N complexes, has
been studied in acidic solution. The rate retardation with an
increase of the acid concentration for both types of reactions

Introduction

Recent advances in the elucidation of the mechanisms of
ligand-substitution reactions in solution have been reviewed
in a series of articles.[1] The chemistry of transition metal
complexes of macrocyclic ligands is an area that has at-
tracted considerable interest in recent years.[2–6] These com-
plexes exhibit a range of characteristic properties that are
frequently so markedly different from those of their acyclic
analogues that the special, but not very informative, label
“macrocyclic effects” has been introduced to describe the
differences.

Cyclic tetraaza ligands are among the more readily avail-
able macrocyclic ligands, and these ligands have been coor-
dinated to most metal ions of the periodic table. Macro-
cyclic ligands are usually robustly bound, even to metal ions
otherwise characterized as “labile”, but knowledge of their
ability to modify reactivities at the coordination positions
not occupied by the macrocyclic ligand is very sparse for
most metal ions.

Base hydrolysis of cis-[Cr(cycb)(OH)X]+- and trans-
[Cr(cyca)(OH)X]+-type species (X– = Cl–, NCS–, or N3

–),
leading to liberation of the X ligand and formation of the
dihydroxo complexes, has been studied previously.[7] These
processes occur without any stereochemical changes or
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follows the rate expression kobs = (k1 + k2Ka/[H+
(aq)])/(1 + Ka/

[H+
(aq)]), corresponding to parallel reaction paths through

aqua and hydroxo complexes. Some general trends in the
differences in reactivity between the two geometrical iso-
mers have been observed and are discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

aquation of the macrocyclic amine ligand, even at higher
temperatures and in strongly basic solution. However, they
are markedly influenced by the composition of the ionic
medium, and this has been rationalized by a competitive
ion-pair formation between hydroxide ions and the anion
of the supporting electrolyte.

The aim of the present work is to gain further insight
into the mechanism of ligand substitution in this type of
complexes in acidic media by comparison of the reactivity
of the two geometrical isomers in two types of reactions,
namely anation of the diaqua complexes cis-[Cr(cycb)-
(OH2)2]3+ and trans-[Cr(cyca)(OH2)2]3+ by thiocyanate and
mercury(II)-induced aquation of the thiocyanato ligand by
formation of the heterodinuclear ions cis-[(cycb)(H2O)Cr-
NCS-Hg]4+ and trans-[(cyca)(H2O)Cr-NCS-Hg]4+.

Results and Discussion

Characteristics of the Systems Studied

Direct structural investigations on chromium(III) com-
plexes of the ligands cyca[8] and cycb[9] (Scheme 1), as well
as other types of evidence, point towards structures of the
diaqua complexes with two equivalent water ligands. Con-
sequently, substitution of a water ligand with another
monodentate ligand will give only one product. For the
thiocyanato ligand, this has previously been demonstrated
by isolation of solutions of aquathiocyanato-type com-
plexes formed by thiocyanate anation of cis-[Cr(cycb)-
(OH2)2]3+ and trans-[Cr(cyca)(OH2)2]3+, in which only one
isomer was present.[7]
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Scheme 1.

The thiocyanato ligand in these complexes is sufficiently
robustly coordinated for complexation of mercury(II) to the
uncoordinated sulfur atom of the thiocyanato ligand to be
studied free from complications due to aquation of this li-
gand. Preliminary results demonstrated that anation of the
diaqua complexes by thiocyanate and mercury(II)-assisted
aquation of the monothiocyanato-N derivatives proceed,
for both the macrocyclic ligands studied, according to
Equations (1) and (2):

[Cr(cyc)(OH2)2]3+ + NCS– � [Cr(cyc)(OH2)(NCS)]2+ + H2O (1)

[Cr(cyc)(OH2)(NCS)]2+ + HgII + H2O �
[Cr(cyc)(OH2)2]3+ + Hg(SCN)+

aq (2)

Complete retention of configuration is observed in these
reaction sequences and the possible aquation of the macro-
cyclic ligand does not interfere with the reactions under the
conditions applied in the present work. This conclusion is
based on the results of chromatographic separations and
electronic spectra of the eluted chromium(III) species.

The value of the formation constant, at 298 K, for mer-
cury(II) complexation to cationic complexes is usually be-
tween 103 and 104 –1, and for complexation to anionic
complexes usually somewhat higher[10,11] (frequently over
105 –1). The values found for the present cationic macro-
cyclic complexes (Table 1) are similar, 3.9�103 –1 for the
trans and 8.5�103 –1 for the cis isomer. The complexation
reactions are both significantly exothermic (with small

Table 1. Equilibrium constants (KHg at 298 K) and reaction enthalpies (∆rH°) for mercury(II) complexation to aquathiocyanato complexes
of two macrocyclic chromium(III) complexes in 2.0  (Na/H)ClO4. Standard deviations are given in parentheses.

Chromium(III) complex KHg (298 K) [–1] ∆rH° [kJmol–1] ∆rS° [JK–1 mol–1]

trans-[Cr(cyca)(OH2)(NCS)]2+ 3.90(10)�103 –28.5(10) –27(3)
cis-[Cr(cycb)(OH2)(NCS)]2+ 8.5(2)�103 –25.0(10) –9(3)

Table 2. Acidity constants, Ka1, for monoaqua complexes at 298 K and 313 K, Ka1 and Ka2 for diaqua complexes at 298 K, and reaction
enthalpies, ∆rH°, determined by acid/base titrations in 1.0  NaBr. Standard deviations are given in parentheses.

Complex –log(Ka/) (298 K) –log(Ka/) (313 K) ∆rH° [kJ mol–1]

trans-[Cr(cyca)(OH2)2]3+ 2.44(3) 29(8)
6.929(12) 38(2)

trans-[Cr(cyca)(OH2)(NCS)]2+ 3.817(8) 3.70(4)[a] 24(3)
cis-[Cr(cycb)(OH2)2]3+ 3.490(8) 29.4(10)

7.112(6) 41.7(13)
cis-[Cr(cycb)(OH2)(NCS)]2+ 5.298(5) 4.91(2)[a] 30(7)

[a] Noticeable decomposition during titration. The ∆rH° values given are those from Table 4.
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negative entropies of reaction), as expected for the interac-
tion between a “soft” metal center and a “soft” ligand.

The macrocyclic chromium(III) complexes were further
characterized by their acid/base properties; the acidity con-
stants determined for the aquathiocyanato and the diaqua
complexes are presented in Table 2. It can be seen that the
acidity constants for the monothiocyanato 2+ complexes
are over one order of magnitude lower than those of the
diaqua 3+ complexes, which is as expected from the overall
charge variation of the complexes. A direct titrimetric deter-
mination of the acidity constants for the dinuclear Cr–
NCS–Hg4+ species was not possible because of the need for
a large excess of mercury(II), which exhibits similar acid/
base properties to the investigated complexes.[12] In the hy-
drogen concentration range selected for kinetic measure-
ments, deprotonation of the aqua complexes is stoichiomet-
rically unimportant.

Kinetics of the Mercury(II)-Induced Aquation Reaction

Mercury(II) aquaion is known to efficiently induce
aquation of both halide and pseudo-halide ligands in robust
classical complexes[13] as well as in organometallic spe-
cies.[14] A rate enhancement of up to four orders of magni-
tude[10,11] has been observed for thiocyanato ligand aqu-
ation due to coordination of mercury(II) to the uncoordi-
nated sulfur atom of this ligand. Examples are known, how-
ever, of mercury(II) causing rate retardation by coordina-
tion at another available position and not at the ligand
which is the leaving group.[15]

The mercury(II)-induced aquation reactions of the pres-
ent macrocyclic complexes have been studied in the pres-
ence of an excess of mercury(II) sufficient to transform the
aquathiocyanatochromium(III) reagents into [CrIII–NCS–
HgII]-type complexes with a degree of conversion exceeding
95%. This guarantees independence of the observed rate
constant on the mercury(II) concentration. The two macro-
cyclic thiocyanatochromium(III) complexes aquate, with a
rate that decreases with an increase in acid concentration,
as shown in Figure 1.
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Figure 1. Pseudo-first-order rate constants for aquation of trans-
[(cyca)(H2O)Cr-NCS-Hg]4+ (a) and cis-[(cycb)(H2O)Cr-NCS-Hg]4+

(b) complexes as a function of the hydrogen ion concentration in
2.0  (H/Na)ClO4; [HgII] = 25 m.

The observed pseudo-first-order rate constant, kobs, vs.
[H+

(aq)] data can be reproduced by Equation (3) which is
derived by assuming a fast protolytic equilibrium step fol-
lowed by the parallel substitution of the thiocyanato-S–
mercury(II) ion from the aqua and the hydroxo forms of
the reagents, as shown in Scheme 2.

Table 3. Rate constants (k1 and k2 at 298 K and 323 K), acidity constants (Ka at 298 K and 323 K), activation energies (Ea) and reaction
enthalpies (∆rH°) for mercury(II)-induced aquation of two macrocyclic chromium(III) complexes in 2.0  (Na/H)ClO4 [see Scheme 2 and
Equation (3)]. Standard deviations are given in parentheses.[a]

trans-[Cr(cyca)(OH2)(NCS)]2+ 298 K 323 K Ea or ∆rH° [kJmol–1]

k1 [s–1] 6(2)�10–7 2.0(2)�10–5 113(11)
k2Ka [–1 s–1] 1.19(2)�10–6 8.5(2)�10–5 137(2)
k2 [s–1] 6(2)�10–4 9.9(12)�10–3 89(8)
–log(Ka/) 2.72(18) 2.06(6) 48(9)

cis-[Cr(cycb)(OH2)(NCS)]2+ 298 K 323 K Ea or ∆rH° [kJmol–1]

k1 [s–1] 9.8(6)�10–6 4.66(12)�10–4 124(2)
k2Ka [–1 s–1] 3.42(6)�10–5 1.831(13)�10–3 127.5(7)
k2 [s–1] 1.3(2)�10–2 4.4(3)�10–1 114(7)
–log(Ka/) 2.57(9) 2.38(3) 14(8)

[a] It should be noted that the functional form of the mathematical equation used to interpret the data does not allow a particularly
well-defined separation of the k2 and the Ka parameters for the present set of data. Consequently, the significantly better defined parameter
product k2Ka is also given in the table.
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kobs = (k1 + k2·Ka/[H+
(aq)])/(1 + Ka/[H+

(aq)]) (3)

Scheme 2.

Non-linear regression analysis was used to give the pa-
rameters in Table 3. The data in this table show that the
values of the rate constants and the acid dissociation con-
stants are obtained with significant errors despite the good
fit of the data to the theoretical equation. This is mainly
caused by the relatively narrow range of hydrogen ion con-
centrations that had to be used.

The values of the acidity constants, Ka, for both isomers
of [Cr(cyc)(H2O–NCS–Hg)]4+-type (see Table 3) seem to be
reasonable and are remarkably higher than those for the
[Cr(cyc)(H2O)(NCS)]2+-type isomers (Table 2), as can be
expected due to the higher charge of the cationic complexes.
However, the acidity constants for the trans- and cis-thiocy-
anato ions differ significantly (about 30 times), whereas the
values for the mercury(II) derivatives are very similar.

The reactivity comparison of the cis and the trans iso-
mers in the aqua (k1) and hydroxo (k2) forms is based on
the two parameters in Equation (3). The k1 and k2 values
at 298 K for the cis isomer are about 20 times higher than
for the trans one in spite of the higher value of the acti-
vation energy. The k2/k1 quotient is a measure of the labiliz-
ing effect of OH– trans and cis to the leaving ligand. These
values are similar for both isomers — about 1330 for the
cis and about 1000 for the trans species. The rate constant
increase due to deprotonation of the coordinated water
molecule is larger for the studied macrocyclic complexes
than for many other chromium(III) complexes; [Cr(H2O)
5(OH)]2+, for example, exchanges its water molecule only 75
times faster than [Cr(H2O)6]3+.[1] The significant uncer-
tainties in the activation parameters make mechanistic con-
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siderations difficult, although the rate enhancement is ac-
companied by a lowering of the activation energy (Table 3)
rather than the increase observed if the mechanism changes
from Ia to Id as the result of the deprotonation. Remarka-
bly, the k1 rate constants for the studied macrocyclic com-
plexes are three to four orders of magnitude lower than
those for other CrIII–NCS–Hg type species that are thought
to be very inert.[10,11] Thus, the “kinetic macrocyclic effect”
manifests itself first of all in the extreme inertness of both
geometrical isomers and in a strong reactivity difference be-
tween the aqua and the hydroxo forms of the complexes.

Kinetics of the Anation Reaction

Both cis-[Cr(cycb)(OH2)2]3+ and trans-[Cr(cyca)-
(OH2)2]3+ isomers undergo slow anation by thiocyanate in
acidic media to give the corresponding monothiocyanato
complexes. At lower temperatures — 298–318 K for the cis
and 308–328 K for the trans complex — the reaction is so
slow that it can be conveniently studied by applying an ini-
tial rate analysis. The pseudo-zero-order rate constants, k(0),
were found to be proportional to the chromium(III) con-
centration, and were converted to pseudo-first-order rate
constants, k(1), with [Equation (4)].

k(1) = k(0)/[CrIII] (4)

These constants depend on the thiocyanate and hydrogen
ion concentrations, as demonstrated in Figures 2 and 3. For
thiocyanate concentrations below 0.1 , the pseudo-first-
order rate constant is proportional to the thiocyanate con-
centration, whereas at higher thiocyanate concentrations a
non-linear behaviour is seen. In the simple anation model
two parameters — the encounter complex formation con-
stant Q and the rate constant k — describe the reaction of

Figure 2. Pseudo-first-order rate constants for anation of cis-
[Cr(cycb)(H2O)2]3+ as a function of the thiocyanate concentration
in 1.0  (H/Na)(Br/NCS); T = 298 K.
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a particular reagent. However, the non-linear kinetics of the
reaction observed at higher NCS– concentration (Figure 3)
does not allow for the separation of these parameters and
are ignored in the following discussion.

Figure 3. Pseudo-first-order rate constants for anation of trans-
[Cr(cyca)(H2O)2]3+ (a) and cis-[Cr(cycb)(H2O)2]3+ (b) as a function
of the thiocyanate concentration in 1.0  (H/Na)(Br/NCS);
[H+

(aq)] = 0.2 .

At higher temperatures — 318–338 K for the cis and
328–348 K for the trans complex — reactions were moni-
tored under pseudo-first-order conditions with thiocyanate
in substantial excess over the chromium(III) reagent. Under
such conditions the reactions are of first order, and the
pseudo-first-order rate constant is proportional to the thio-
cyanate concentration, in agreement with the results at
lower temperatures. Ignoring the data demonstrating devia-
tions from linearity at thiocyanate concentrations higher
than 0.1 , the reactions are found to be of second order,
first order in complex and first order in thiocyanate, corre-
sponding to the second-order anation rate constant, kan,
given by Equation (5) where kan can be interpreted, in terms
of a simple anation model, as the product of the encounter
complex formation constant Q and the rate constant k
[Equation (6)] if the pre-equilibrium step is shifted to the
left.
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kan = k(1)/[NCS–] (5)

(6)

The hydrogen ion concentration dependence of the sec-
ond-order rate constant is shown in Figure 4. The signifi-
cant rate retardation at high acidities can be rationalized in
terms of the reaction given in Scheme 3, which shows paral-
lel reaction paths by water ligand substitution in the diaqua
and the aquahydroxo complexes and gives the expression in
Equation (7) for the second-order anation rate constant.

kan = (k1 + k2·Ka/[H+
(aq)])/(1 + Ka/[H+

(aq)]) (7)

Scheme 3.

The parameters obtained by combining the rate data for
all the kinetic experiments are given in Table 4. The validity
of the proposed reaction scheme can be verified by com-
parison of the kinetically determined acidity constants, Ka,
with those determined independently by titration experi-
ments (see Table 2). A very good agreement of these two
sets of parameters supports the correctness of the pos-
tulated reaction model.

The data in Table 4 show that, as in the case of the
aquation, the values of the rate constants and the acid
dissociation constants have been determined with signifi-
cant errors.

The results obtained for the anation demonstrate, as for
the aquation, a higher reactivity of the cis isomer; the ratio
of k1 for the cis and trans isomers is about 7 whereas the
same ratio for k2 is even higher at about 380. Deprotonation
of the coordinated water molecule increases the reactivity,
as in the case of the aquation, although the extent of this
effect is different for the isomers: the k2/k1 quotient is about

Table 4. Rate constants (k1 and k2 at 298 K and 323 K), acidity constants (Ka at 298 K and 323 K), activation energies (Ea) and reaction
enthalpies (∆rH°) for thiocyanate anation of two macrocyclic chromium(III) complexes in 1.0  (Na/H)(Br/NCS) [see Scheme 3 and
Equation (7)]. Standard deviations are given in parentheses.[a]

trans-[Cr(cyca)(OH2)2]3+ 298 K 323 K Ea or ∆rH° [kJ mol–1]

k1 [s–1] 6.5(9)�10–6 2.61(18)�10–4 119(6)
k2Ka [–1 s–1] 4.92(14)�10–6 2.42(4)�10–4 124.9(8)
k2 [s–1] 1.25(6)�10–3 2.95(8)�10–2 101.3(12)
–log(Ka/) 2.40(3) 2.084(16) 23.6(15)

cis-[Cr(cycb)(OH2)2]3+ 298 K 323 K Ea or ∆rH° [kJ mol–1]

k1 [s–1] 4.2(3)�10–5 9.4(11)�10–4 100(5)
k2Ka [–1 s–1] 1.73(5)�10–5 9.38(13)�10–3 128.0(8)
k2 [s–1] 4.8(11)�10–2 1.03(8) 98(7)
–log(Ka/) 3.44(11) 3.04(4) 30(8)

[a] It should be noted that the functional form of the mathematical equation used to interpret the data does not allow a particularly
well-defined separation of the k2 and the Ka parameters for the set of data for the cis isomer. Consequently, the significantly better
defined parameter product k2Ka is also given in the table.
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1100 for the cis but only around 20 for the trans isomer.
However, it should be noted that the k1 and k2 parameters
are composite quantities, interpreted in terms of a simple

Figure 4. Pseudo-second-order rate constants for the anation of
trans-[Cr(cyca)(H2O)2]3+ (a) and cis-[Cr(cycb)(H2O)2]3+ (b) com-
plexes by NCS– as a function of [H+

(aq)]; I = 1.0  (H/Na)(Br/
NCS).
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anation model, as the product of the encounter complex
formation constant Q and the rate constant k [see Equa-
tion (6)].

The significant uncertainties in the apparent activation
parameters for the anation make them almost unusable for
mechanistic considerations.

Summary and Conclusions

Data for the presently investigated reactions, sup-
plemented with base hydrolysis data for complexes of the
same macrocyclic ligands,[7] are shown in the form of a lin-
ear free energy relationship at 298 K in Figure 5. The same
trend in the relative rates is observed for the cis and the
trans series of complexes, with the trans complexes reacting
between 6.5 and 38 times slower than the cis complexes.
The linearized correlation in Figure 5 corresponds to the
rate constant relationship kcis ≈ 20ktrans, or to a difference
in the free energy of activation of about 8 kJmol–1. Regret-
tably, the activation parameters are not accurate enough to
separate the free energy into well-defined enthalpy and en-
tropy contributions.

Figure 5. Correlation between free energies of activation for reac-
tions of cis-Cr(cycb) and trans-Cr(cyca) complexes at 298 K. The
data are from this work and from ref.[7] Rate constants are given
in units of s–1 or –1 s–1 according to the type of reaction. The line
drawn corresponds to kcis ≈ 20ktrans.

Some other general trends are worth pointing out ex-
plicitly. For example, the exceptional inertness and stereori-
gidity is a characteristic feature of the studied macrocyclic
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complexes. An increased acidity of the water ligands coordi-
nated to the macrocyclic complexes with a highly hydro-
phobic coordination sphere is also seen. For the present
complexes, this manifests itself in dominating reactivity
contributions from deprotonated complexes, even in
strongly acidic solution. The strong increase in reactivity
caused by the coordinated water molecule deprotonation
may be correlated with a lowering of the energy of acti-
vation. Regrettably, however, the present data are not accu-
rate enough to determine whether this is the only effect op-
erating. This effect is practically non-directional for the
aquation but, unexpectedly, is much stronger in the cis posi-
tion for the anation. The general reactivity pattern of the
present reactions follows that normally seen for complexes
of chromium(III) involving slow substitution processes of
and by thiocyanate ligands.

Experimental Section

Materials: cis-[Cr(cycb)(OH2)2]Br3·2H2O was prepared according
to a literature method;[16] trans-[Cr(cyca)(OH2)2]Br3·3H2O was pre-
pared analogously;[16] cis-[Cr(cycb)(OH2)(NCS)]2+ and trans-
[Cr(cyca)(OH2)(NCS)]2+ complexes were prepared and character-
ised in solution as described previously.[7] Sephadex SP C-25
(Na+,H+) was used for chromatographic separations. Other chemi-
cals were the best available commercial grades. For all solutions
doubly distilled water was used.

Determination of the Formation Constant for the CrIII–NCS–HgII

Complexes: Equilibrium constants, KHg, for reactions of the type
shown in Equation (8) were determined spectrophotometrically at
λ = 312 nm for the cis isomer and at λ = 309 nm for the trans
isomer, using a Perkin–Elmer Lambda-20 spectrophotometer.

[Cr(cyc)(OH2)(NCS)]2+
(aq) + Hg2+

(aq) h

[Cr(cyc)(OH2)(NCS-Hg)]4+
(aq) (8)

Spectra were taken immediately after mixing of the reactants, and
effects of subsequent aquation reactions were not observed during
the time of the experiments. A decrease of the thiocyanatochromiu-
m(III) charge-transfer bands with an increase of the mercury(II)
concentration was observed for both isomers. An example is shown
in Figure S1 (see Supporting Information). The equilibria in Equa-
tion (8) were examined at three temperatures (293.7–330.1 K) at a
hydrogen ion concentration of 0.5  and an ionic strength of 2.0 

maintained by the addition of NaClO4. The concentration of the
chromium(III) species was about 0.4 m and the mercury(II) con-
centration was varied between 0.1 and 2.5 m. The equilibrium
constants, KHg, were calculated from Equation (9) which is derived
from the relevant mass-action expressions in Equation (10) where
[C] = [S] + [P], P = [Cr(cyc)(OH2)(NCS–Hg)]4+

(aq), S = [Cr(cyc)-
(OH2)(NCS)]2+

(aq), [P] = (Ai – As)/∆ε, ∆ε = εp – εs, assuming εp =
0. The results are given in Table 1.
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Identification of Reaction Products: Stoichiometric studies of the
aquation of the CrIII–NCS–HgII complexes were carried out to
95% conversion and anation of the diaqua isomers by thiocyanate
to 5% conversion. The reaction mixtures were chromatographed
and the chromium(III) species were eluted with 0.1–0.5  HClO4.
The complexes were identified by their UV/Vis spectra. Chromium
concentrations were determined by atomic absorption spectrometry
using a Varian ABQ-20 instrument.

Mercury(II)-Assisted Aquation Kinetics: These reactions were moni-
tored spectrophotometrically using a Shimadzu UV-1601 PC spec-
trophotometer equipped with a Shimadzu CPS-240A digital tem-
perature controller. Absorbance/time data were collected at λ =
270 nm for the cis isomer and at λ = 265 nm for the trans isomer;
the decrease of absorbance was up to 0.4. The kinetic experiments
covered the temperature range 298–329 K for the cis and 298–
340 K for the trans isomer and the hydrogen ion concentration
range 0.02–1.8 , giving half-lives of the reactions of between 6 and
18000 s. The chromium(III) concentration was kept at 0.25 m in
most of the experiments but was varied in the range 0.2–0.5 m.
The concentration of mercury(II) necessary for greater than 95%
transformation of the starting complexes into the dinuclear com-
pounds was kept at 25 m in most experiments but was varied in
the concentration range 0.02–0.1 . The ionic strength was main-
tained constant at 2.0  by the addition of NaClO4. Reactions were
initiated by injecting a portion of the stock complex solution
(0.2 mL) into a thermostatted solution (1.8 mL) containing all
other components. Kinetic runs were repeated three times, five
times at the lowest H+

(aq) concentration. The pseudo-first-order
rate constants, kobs, were calculated by standard non-linear re-
gression analysis from the absorbance, Aobs, vs. time, t, data using
the formula Aobs ≈ Acalc = A0 + A1·e–kobs·t. Data up to four half-
lives were used for the rate-constant calculations. The obtained rate
constants were practically independent of the chromium(III) con-
centration and independent of mercury(II) concentrations at levels
above 0.02 . The average reproduction in the final calculations to
give the rate constants and activation parameters of Table 3 was
about 1.0 % for the cis reagent and 3.6% for the trans reagent.

Thiocyanate Anation Kinetics: The thiocyanate anation reactions
were monitored spectrophotometrically at λ = 310 nm using Per-
kin–Elmer Lambda 18 and Lambda 20 spectrophotometers, with
cell holders thermostatted with a Perkin–Elmer or a Julabo F-25
thermostat. The ionic strength was kept constant at 1.0  with H+,
Na+, Br– and NCS–. Kinetic measurements at the lower tempera-
tures were done by applying an initial rate method, under pseudo-
zero-order conditions, where the increase of absorbance was re-
corded up to less than 5% of the conversion degree. Absorbance
changes for the trans isomer are shown in Figure S2 in the Support-
ing Information. The absorbance changes for the cis complex are
analogous to those seen for the trans complex, as could be ex-
pected. The experiments covered the temperature range 298–318 K
for the cis and 308–328 K for the trans complex and the concentra-
tion ranges [CrIII] = 5–15 m, [NCS–] = 0.01–0.8  and [H+

(aq)] =
0.01–0.5 . The reactions were initiated by injection of a stock
NaNCS solution (0.1 mL) into a thermostatted solution (1.9 mL)
containing all other components. All kinetic runs were repeated
three times. The pseudo-zero-order rate constants, kobs

(0), were cal-
culated by linear regression analysis from the absorbance, A, vs.
time, t, data using the expression Aobs ≈ Acalc = A0 + kobs

(0)·ε310·t,
where ε310 is the molar absorption coefficient for the complexes.
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The pseudo-first-order rate constants k(1), calculated as kobs
(0)/

[CrIII] = k(1), are directly proportional to the thiocyanate concentra-
tion at [NCS–] �� 0.1 . The kinetic parameters obtained in this
way are, of course, strongly dependent on the accuracy of the deter-
mination of the reactant concentrations and accurate determi-
nation of the molar absorption coefficients for the examined com-
plexes. However, a good agreement between the values found by
this method at lower temperatures and by the experimental ap-
proach described below for the higher temperatures was obtained.
Kinetic measurements at these latter conditions were performed
under conventional pseudo-first-order conditions with [CrIII]
(0.1 m) �� [NCS–] (0.035–0.1 ). These experiments covered the
temperature range 318–338 K for the cis and 328–348 K for the
trans complex and the hydrogen ion concentration range 0.002–
0.1 . The reactions were initiated by injection of a stock solution
of the complex (0.1 mL) into a thermostatted solution (3.0 mL)
containing all other components. The pseudo-first-order rate con-
stants, kobs

(1), were calculated by non-linear regression from the
absorbance, Aobs, vs. time, t, data using the formula Aobs ≈ Acalc =
A0 + A1·e–kobs

(I)·t. At higher thiocyanate concentrations a deviation
from the linear behaviour is seen. The pseudo-first-order rate con-
stants at the lower thiocyanate concentrations were converted into
second-order rate constants, and these data are the basis for the
average rate constants and activation parameters listed in Table 4.
The reproduction of the individual rate constants in this final cal-
culation was about 4.7% for the cis reagent and 3.6% for the trans
reagent.

Determination of Acidity Constants: Acidity constants were deter-
mined by potentiometric titrations at 298 and 313 K. The ionic
strength was kept constant at 1.0  by the addition of NaBr. The
results are given in Table 2.

Supporting Information (see footnote on the first page of this arti-
cle): Spectral changes accompanying the addition of mercury(II) to
cis-[Cr(cycb)(H2O)(NCS)]2+ and anation of trans-[Cr(cyca)-
(OH2)2]3+ by thiocyanate.
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