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a b s t r a c t

The review provides insight into the mechanism of ligand substitution and electron transfer (from chro-
mium(III) to iron(III)) by comparison of the reactivity of some tetraazamacrocyclic chromium(III) com-
plexes in the conjugate acid–base forms. Use of two geometrical isomers made possible to estimate
the influence of geometry and protolytic reactions in trans and cis position towards the leaving group
on the rate enhancement. Studies on the reaction rates in different media demonstrated the role played
by outer sphere interactions in a monodentate ligand substitution.
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1. Introduction

When in 1964 the library of Inorganic Chemistry Department of
Nicolaus Copernicus University has purchased the monograph of F.
Basolo and his colleague R.G. Pearson ‘‘Mechanisms of Inorganic
Reactions” [1], in which crystal field theory was applied to other
than spectroscopic areas of chemistry, a new era of inorganic
chemistry courses for our students has begun. In this monograph,
application of crystal field theory was put forward first in an at-
tempt to explain the finer details of the reactivity differences be-
tween various metal ions [2]. Huge differences in reactivity of
some metals complexes in the conjugate acid–base forms have
been an area of considerable interest for many years and have in-
spired many chemists to attempt a molecular interpretation of the
rate variation. This phenomenon of general importance is of partic-
ular significance for cobalt(III) complexes widely studied and de-
scribed by Basolo and Pearson in their textbook. They suggested
that the conjugate base intermediate is stabilized by p bonding
from the deprotonated ligand to an empty d orbital [1]. If Basolo’s
investigations were concentrated first of all on amine complexes of
cobalt(III), the interest on chromium(III) chemistry came later. On

the turn of the 20th century development of chromium coordina-
tion chemistry have covered such areas as environmental prob-
lems [3,4], biochemistry and medicinal applications [5–26],
catalysis [27–33], new materials including nanomaterials and het-
erometallic complexes [34–38]. In all these areas protolytic reac-
tions play crucial role determining thermodynamic stability and
reactivity of the applied species in solution.

A major goal of this review has been to provide further insight
into the mechanism of ligand substitution and electron transfer by
comparison of the reactivity of some tetraazamacrocyclic chro-
mium(III) complexes in the conjugate acid–base forms. Outer
sphere interactions between the reactant and counter ion of the
supporting electrolyte play an important role in kinetics of these
reactions determining the form of the rate law and molecular
interpretation of the kinetic parameters. Use of two geometrical
isomers made possible to estimate the influence of geometry and
protolytic reactions in trans and cis position towards the leaving
group on the rate enhancement. Studies on the reaction rates in
different media demonstrated the role played by outer sphere
interactions in a monodentate ligand substitution (specific kinetic
salt effect).

Ole Mønsted was educated at the University of Copenhagen. Since 1968 he has been working as an Associate Professor at the Department of
Chemistry, University of Copenhagen (Denmark), with robust metal ion complexes, including kinetics, thermodynamics, photochemistry and pre-
parative chemistry.

Andrew Mills is the James Young Professor of Physical and Applied Chemistry at the Department of Pure and Applied Chemistry, University of
Strathclyde (UoS) and Chairman of the recently founded UK Photocatalyst Network (www.ukphotocatalystnetwork.org.uk). His PhD on ‘The Pho-
todissociation of Water’ was carried out at the Royal Institution of Great Britain, under the supervision of Lord Porter at the end of which, in 1982, he
took up a lectureship at the Dept. Chemistry, Swansea University, receiving his personal Chair in 1994. He was awarded the 1986 Meldola medal and
prize for his work in water-splitting photosystems and in 1999 he took up his current Chair at University of Strathclyde. Professor Mills has a long and
established research profile in a number of different areas, including: semiconductor photocatalysis, redox catalysis, corrosion chemistry and optical
sensors, and has published over 200 research papers in international journals.
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2. Substrates, studied systems and reaction products

2.1. Substrates

Two geometrical isomers cis and trans of chromium(III) tetra-
azamacrocyclic complexes have been used as the reactants. Cyclic
tetraamines are among the most intensively studied macrocyclic
ligands forming stable and inert complexes with many transition
metal ions. The hexamethyl derivatives of a very well known cy-
clam (1,4,8,11-tetraazacyclotetradecane), were obtained by Curtis
[39] a half century ago. The cyca or teta and cycb or tetb are
commonly used abbreviations of meso- and rac-5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane diastereoisomers,
respectively (Scheme 1).

Tetraaza macrocycles usually coordinate with the N4 donor set
approximately coplanar giving trans pseudooctahedral arrange-
ments. The more flexible macrocycles can also coordinate in folded
arrangements giving cis pseudooctahedral isomers. The cycb li-
gand, being a racemic mixture of two optical isomers with
(R,R,R,R and S,S,S,S) sec-NH configuration, is such a one that readily
folds giving cis isomers of hexacoordinated complexes with two
equatorial and one axial methyl substituent on each six-membered
chelate ring [40]. Thus, structure of cis-[Cr(cycb)(OH)2]ClO4�2H2O
resolved by Bang and Mønsted [41] can be treated as a prototype
for a series of cis-[Cr(cycb)XY] type complexes. Some important
elements of this structure are presented in Fig. 1.

The complex cation has a distorted pseudooctahedral symmetry
with the macrocycle folded to place N3 and N4 donor atoms trans to
each other. The Cr–N1(N2), Cr–N3(N4), Cr–O bond lengths are as fol-
lows: 214.2, 214.0 and 191.8 pm; the N3–Cr–N4 and N1–Cr–N2 an-
gles are equal to 165.30 and 94.85�, respectively. The significant
difference between the N3–Cr–O2(N4–Cr–O1) and N3–Cr–O1(N4–
Cr–O2) angles equal to 88.08 and 102.18�, respectively, show a pro-
nounced tetrahedral distortion of the CrN2O2 – plane that may be
accounted for by interactions of this plane with two methyl groups
above and below it. The conformations of the five- and six-mem-
bered rings are gauche and chair, respectively [41]. The cis configu-
ration has been found for a number of hexacoordinated metal
(except of cobalt(III)) complexes with the cycb ligand and is pre-
dicted to be the most stable one.

The cyca ligand folds with difficulty and occupies the equatorial
plane in pseudooctahedral complexes with trans position of two
other monodentate ligands. This is due to unfavourable interaction
between the axial methyl groups on six-membered chelate rings
and the axial ligands in the coordination sphere [40]. Structure of
the trans-[Cr(cyca)(H2O)2](ClO4)3�4H2O resolved by Lemma et al.
is shown in Fig. 2 [42].

The central ion is coplanar with the four nitrogen atoms. The
N1–Cr–N3, N2–Cr–N4 and O1-Cr-O2 angles equal to 179.67, 179.50
and 179.83�, respectively and the lengths of chromium–nitrogen
and chromium–oxygen bonds equal to 207.5(Cr–N1), 204.2(Cr–
N2), 206.1(Cr–N3), 205.1(Cr–N4), 200.8(Cr–O1) and 200.9(Cr–O2)

pm demonstrate quite high octahedral symmetry of the trans-
[Cr(cyca)(H2O)2]3+ isomer. The five- and the six-membered rings
adopt the gauche (dk) and the chair (qq) conformations, respec-
tively. The sec-NH protons are in the lowest-energy R,R,S,S (meso)
configuration.

Tetraaza macrocyclic ligands coordinate to many metal ions
giving cis or trans isomers; structures of complexes with the cyca
and cycb ligands have been established for instance for Co(III),
Co(II), Ru(III), Ru(II), Fe(II), Fe(III), Ir(III) [43–48]. Interconversion
between the cis and trans isomers of complexes with the cyca
and cycb ligands has been observed for some central ions, e.g.
Rh(III), Ir(III), Co(III) [48–50] but not for chromium(III) species,
though the slow cis to trans isomerization of chromium(III) –
unsubstituted cyclam analogue takes place.

cyca ligand cycb ligand 

NH

NH HN

HN NH

NH HN

HN NH

NH HN

HN

Scheme 1. The simplified structures of cyca and cycb ligands.

Fig. 1. X-ray structure of cis-[Cr(cycb)(OH)2]+ cation based on the data from [41].

Fig. 2. X-ray structure of trans-[Cr(cyca)(OH2)2]3+ cation based on the data from
[42].
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An interesting feature of the cyca and cycb ligands, like of other
symmetrical 14-membered ones is a capability to stabilize metals
at unusual oxidation states, e.g. chromium(IV) and chromium(V)
[51–53].

Chromium(III) complexes with cyca or cycb ligand exhibit sev-
eral unusual properties compared to other chromium(III) species.
The both isomers are extremely resistant to the macrocycle disso-
ciation (aquation) within the whole pH range even at high temper-
atures. They can be completely converted into dihydroxo conjugate
bases without any stereochemical changes or any observable
decomposition characteristic for many other chromium(III) spe-
cies. The robustness, stereochemical rigidity of the [Cr(cyca)] and
[Cr(cycb)] moieties and the higher lability of the fifth and sixth
coordination positions than that of the coordinated macrocycle al-
low the synthesis and isolation of the complexes with several
monodentate or bidentate ligands as well as studies on reactions
at two unblocked coordination positions under very varied condi-
tions under which aquation of other amine ligands takes place.
Both cis-[Cr(cycb)(H2O)2]3+ and trans-[Cr(cyca)(H2O)2]3+ cations
are medium strength Brønsted diprotic acids, significantly stronger
than their cis or trans tetraamine analogues. This fact may be ac-
counted for by lower hydration energy changes accompanying
deprotonation of the complexes with more organic amine ligand
[49]. Values of the acidity constants for some tetraamine chro-
mium(III) complexes are given in Table 1.

Inspection of electronic absorption spectral data summarized in
Table 2 [49,51,54] proves that the d-d transitions in the cis-
[Cr(cycb)(H2O)2]3+ ion and its mono and double deprotonated
derivatives are characterized by much lower energy and much
higher intensity than in other tetraamine chromium(III) com-
plexes; the maximum of its long wavelength d-d band is shifted
30–45 nm towards the i.r. and value of the extinction coefficient
is up to 5 times higher compared to its analogues with ammonia,
ethane-1,2-diamine and even with unsubstituted cyclam. Both
these effects may qualitatively be accounted for by tetrahedral dis-
tortion of the CrN2O2 plane described above.

2.2. Studied systems and reaction products

Differences in reactivity of chromium(III) complexes with the
cyca and cycb ligands, collectively referred to as cyc, in their con-
jugate acid and conjugate base forms have been examined for
the three ligand substitution types: (i) anation of the substrate
by NCS� in acidic media [56] or by [Fe(CN)6]4� ions in slightly
acidic, neutral or slightly basic solutions [57]; (ii) aquation of Cr–
NCSHg species in acidic media [56] and (iii) base hydrolysis of
Cr–X complexes, where X = Cl�, N3

�, NCS�, ONO�, in strongly alka-
line solutions [57,58]. Additionally, electron transfer from chro-
mium(III) to hexacyanoferrate(III) has been studied in basic
solution [52,53,59–62]. The key role in the kinetics of these pro-
cesses is played by protolytic preequilibria of two types:

Cr—OH2 þH2O�Cr—OH� þH3Oþ ð1Þ
Cr—NHþ OH��Cr—N� þH2O ð2Þ

Reaction (1) affects the rate of the anation and mercury(II) in-
duced aquation whereas reaction (2) is crucial in the redox and
base hydrolysis processes.

2.2.1. Ligand substitution
Anation of the diaquacomplexes, cis-[Cr(cycb)(H2O)2]3+ and

trans-[Cr(cyca)(H2O)2]3+, by thiocyanate [56] and hexacyanofer-
rate(II) [63] leading to one coordinated water molecule substitu-
tion has been studied within pH range 0–2 and 4.5–8.5,
respectively. The reactions, practically irreversible under applied
conditions, proceed according to Eqs. (3 and 4):

½CrðcycÞðH2OÞ2�
3þ þ NCS� ! ½CrðcycÞðH2OÞðNCSÞ�2þ þH2O ð3Þ

½CrðcycÞðXÞðXÞ�nþ þ ½FeðCNÞ6�
4�

! ½ðXÞðcycÞCrIIINCFeIIðCNÞ5�
nþk�4 þ Xk� ð4Þ

where X = H2O or OH�, n = 1, 2 or 3 and k = 0 or 1.
Kinetics of the reaction (3) have been measured at lower tem-

peratures by an initial rate method under pseudo-zero order con-
ditions up to conversion degree less than 5% and at higher
temperatures – by conventional pseudo-first order method up to
conversion degree 95%. Formation of the heterobimetallic complex,
Eq. (4), has been examined under pseudo-first order conditions
applying an excess of the iron(II) complex over the chromium(III)
species up to 90–95% of the conversion degree.

Mercury(II)-assisted aquation of the monothiocyanatocomplex
[56], Eq. (5):

½CrðcycÞðH2OÞðNCSHgÞ�4þ þH2O

! ½CrðcycÞðH2OÞ2�
3þ þHgSCNþ ð5Þ

has been followed in solution of 0.05–1.8 M HClO4 up to 4 half lives.

Table 1
Values of the acidity constants for some tetraamine chromium(III) complexes.

Complex pKa1 pKa2 Ref.

Cis-[Cr(NH3)4(H2O)2]3+ 4.96 7.53 [48]
Cis-[Cr(en)2(H2O)2]3+ 4.75 7.35 [48]
Cis-[Cr(trien)(H2O)2]3+ 4.47 7.14 [48]
Cis-[Cr(cyclam)(H2O)2]3+ 4.21 7.25 [48]
Cis-[Cr(cycb)(H2O)2]3+ 3.33 (3.49) 7.02 (7.11) [48]([55])
Trans-[Cr(NH3)4(H2O)2]3+ 4.38 7.78 [54]
Trans-[Cr(en)2(H2O)2]3+ 4.12 7.71 [54]
Trans-[Cr(cyca)(H2O)2]3+ 2.4 6.9 [55]

Table 2
Characteristic spectral data for some tetraamine chromium(III) – type complexes.

Complex kmax, nm
(e, M�1 cm�1)

kmax, nm
(e, M�1 cm�1)

kmax, nm
(e, M�1 cm�1)

Ref.

Cis-[Cr(NH3)4(H2O)2]3+ 366(27) 495(36) [50]
Cis-[Cr(en)2(H2O)2]3+ 366(44) 485(68) [50]
Cis-[Cr(trien)(H2O)2]3+ 372(36) 497(72) [50]
Cis-[Cr(cyclam)(H2O)2]3+ 370(38) 483(26) [50]
Cis-[Cr(cycb)(H2O)2]3+ 388(82) 529(169) [48]
Cis-[Cr(cycb)(H2O)(OH)]2+ 407(53) 572(130) [48]
Cis-[Cr(cycb)(OH)2]+ 380(73) 609(111) [48]
Trans-[Cr(NH3)4(H2O)2]3+ 368(30) 476(21) [50]
Trans-[Cr(en)2(H2O)2]3+ 361(39) 442(29) 508(23) [50]
Trans-[Cr(cyclam)(H2O)2]3+ 350(53) 405(39) 510(24) [50]
Trans-[Cr(cyca)(H2O)2]3+ 418(42) 510(20) [55]
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Base hydrolysis [57,58], i.e. the monodentate X ligand release
proceeding practically irreversibly according to Eq. (6):

½CrðcycÞðOHÞðXÞ�þ þ OH� ! ½CrðcycÞðOHÞ2�
þ þ X� ð6Þ

where X = NCS�, N3
�, Cl� or ONO� has been studied in 0.02–1.9 M

NaOH till 3–4 half lives. Concentration of chromium(III) complex
was at least two orders of magnitude lower than that of OH� ions.
Chromatographic separations of the reaction mixtures and spectro-
scopic identification of the separated complexes provided that the
reactions (3)–(6) are accompanied by neither macrocyclic amine
liberation nor isomerization; complete retention of configuration
has been observed under the conditions applied. Thus, detailed
studies on kinetics of these transformations make possible compar-
ison of the cis and trans isomers reactivity and an evaluation of the
labilizing effect of a hydroxide ligand at cis and trans positions to
the substituted ligand.

2.2.2. Electron transfer
Electron transfer from chromium(III)–cyc complexes to hexacy-

anoferrate(III) has been studied under pseudo-first order condi-
tions with respect to either the oxidant or the reductant in
strongly alkaline solution (pH P13) [52,53,60–62]. The reaction
leads to long-lived chromium(V) species, detected by EPR method,
finally transformed to chromate(VI), illustrated in Scheme 2 where
X = OH�, F�, Y = OH�, F� or XY = C2O4

2�. Stoichiometry of the redox
process has been established applying several analytical tech-
niques. The CrIII:FeIII molar ratio assigned based on results of deter-
mination of: (i) hexacyanoferrate(II) produced during the reaction
using potentiometric measurements with platinum indicator elec-
trode and cerium(IV) or permanganate titration, and (ii) unreacted
chromium(III) by chromatographic separation of the reaction mix-
ture, has been found to be around 1:(7–9) depending on hydroxide
concentration. It has been demonstrated by chromatographic
separations of acidified reaction mixtures combined with electro-
spray ionization mass spectrometry that during the reaction course
a multitude of chromium complexes with oxidized macrocyclic
amine is produced. It has been postulated that an electron transfer
from the chromium(III) t2g orbitals to the hexacyanoferrate(III) t2g

one is followed by an intramolecular oxidation of the macrocyclic
ligand. This results in reduction of chromium(V) back to chro-
mium(III) coordinated to the organic ligand oxidized to loose
hydrogen and/or to gain double bonded oxygen atoms. Then, the
chromium(III) species produced in this way is oxidized to chro-
mium(V) by hexacyanoferrate(III), Scheme 3, where cycox and
cyc0ox denote oxidized forms of the macrocyclic ligand. Formation
of multiple chromium(V) complexes has been further supported
by the EPR spectroscopy showing in addition that ultimatively only
one of them is stabilized. This most inert chromium(V) is coordi-
nated to four equivalent or almost equivalent nitrogen atoms and
one oxygen atom and its EPR characteristics is similar to that of
perchloratooxochromium(V) porphyrins [59]. The last stage of
the redox process, i.e. further oxidation of chromium(V) to chro-
mate(VI) takes place only after macrocyclic ligand decomposition.
Kinetics of the oxidation process have been followed by UV/Vis
spectrophotometry. Special attention was focused on its first stage,

i.e. CrIII to CrIV conversion being the rate limiting step for the chro-
mium(V) formation.

3. The reactivity of some tetraazamacrocyclic chromium(III)
complexes in their conjugate acid and conjugate base forms

3.1. Acidic media, enhanced reactivity due to coordinated water
deprotonation

Kinetic effects accompanying deprotonation of the coordinated
water molecule have been studied for the monodentate ligand lib-
eration during aquation and anation processes shown by Eqs. (3)–
(5). Difference in the reactivity of the aqua and hydroxo forms of
the complexes can be evaluated based on the k1 and k2 parameters
determined from the three parameters rate expression, given by
Eq. (7), describing the dependence of the observed pseudo-first or-
der rate constant (kobs) on pH. Eq. (7) is derived assuming a fast
protolytic equilibrium step followed by the parallel ligand substi-
tution from the reactants in their conjugate acid (k1) – base (k2)
forms (Scheme 4) [56], where X denotes H2O or NCSHg ligand.

kobs ¼ k1 þ
k2Ka

HþðaqÞ

h i
0
@

1
A= 1þ Ka

HþðaqÞ

h i
0
@

1
A ð7Þ

Eq. (7) satisfies very well a decrease of value of the observed
pseudo-first order rate constant (kobs) with an increase of acid con-
centration; a representative example is given in Fig. 3.

The validity of the proposed reaction model has been verified by
a very good agreement of values of the acidity constant (Ka) ob-
tained from kinetic experiments with those determined indepen-
dently by potentiometric titration. The k2/k1 quotient is a
measure of the labilizing effect of hydroxide ion present in the in-
ner coordination sphere of the reactant. Values of this quotient for
the aquation (Eq. (5)) and anation (Eq. (3)) processes are summa-
rized in Table 3.

The data in Table 3 show the strong accelerating effect of the
water molecule deprotonation for the NCSHg ligand release similar

Cr III(cyc)     CrV(cyc) Cr III(cycox) CrV(cyc’ox) …… -2e- -2H+ -2e-, -2H+

Scheme 3.
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for the both isomers – ca. three orders of magnitude – indicative
that the labilization of the leaving group caused by OH� is not
directional. In the case of the Cl� ligand liberation this effect is
even larger – ca. five orders of magnitude for the cis isomer; unfor-
tunately the analogous data for the trans one are not available due
to the exceptional inertness of its aqua form. The rate enhance-
ment found for the anation process is similar to that for the NCSHg
ligand liberation, but is stronger for the cis than for the trans iso-
mer. However, it is not a good proof for the labilization direction-
ality of the OH� ligand because the k1 and k2 rate constants for the
anation are composite quantities, so they are not as good reactivity
measures as for the aquation process. In terms of a simplified ana-
tion model, neglecting outer sphere interactions between the posi-
tive charged reactant and the counter ion of the supporting
electrolyte, they are interpreted as the products of the encounter
complex formation constant and the rate constant. The more com-
plete model of the anation process including all outer sphere inter-
actions leads to much more complex form of the rate expression
giving difficult to separate set of parameters [65–67]. The rate con-
stant increase due to the deprotonation of the coordinated water
molecule is larger for the examined macrocyclic complexes than
for many other chromium(III) species; the [Cr(H2O)5(OH)]2+ ion,
for example, exchanges its water molecule only 75 times
faster than its conjugate acid, [Cr(H2O)6]3+ [68]; however value of
the rate constant for Cl� ligand liberation from the cis-
[Cr(NH3)4(OH)Cl]+ ion is even 4.1 � 104 times higher than from
its aqua analog [64]. The significant uncertainties in the activation
parameters make mechanistic considerations hard or almost
impossible, although it is noted that the rate enhancement is
accompanied by the activation energy lowering for the both con-
sidered processes (Table 3).

Much more complicate dependence of the reaction rate on pH
has been found for the anation of the macrocyclic chromium(III)
species by hexacyanoferrate(II) leading to formation of heterobi-
metallic complexes, Eq. (4) [63]. The pseudo-first order rate con-
stant (kobs) versus pH profiles, illustrated in Figs. 4 and 5 can be
accounted for in terms of the reaction model outlined in Scheme 5.

The observed variation of value of the kobs with pH is a conse-
quence of different reactivities of chromium(III) complexes in their
diaqua, aquahydroxo and dihydroxo forms described by pseudo-
second order rate constants kan1, kan2 and kan3, respectively. The
rate law developed for this type of system, in which protolytic
equilibria of the outer sphere complexes were omitted for the sim-
plicity, is of the form:

kan ¼
kobs

½FeII�
¼ ðkan1½HþðaqÞ�

2 þ kan2Ka1½HþðaqÞ�

þ kan3Ka1Ka2Þ=ð½HþðaqÞ�
2 þ Ka1½HþðaqÞ� þ Ka1Ka2Þ ð8Þ

where Ka1 and Ka2 are the acid dissociation constants for the
[Cr(cyc)(H2O)2]3+ and [Cr(cyc)(H2O)(OH)]2+ ions, respectively. For
trans isomer being a strong Brønsted acid, that practically does
not exist as the [Cr(cyca)(H2O)2]3+ ion over the considered pH range,
kan1 term is negligible and Eq. (8) reduces to Eq. (9):

kan ¼ ðkan2½HþðaqÞ� þ kan3Ka2Þ=ð½HþðaqÞ� þ Ka2Þ ð9Þ

equivalent to the algebraic expression of the form:

kan ¼ aþ b HþðaqÞ

h i� �
= 1þ c HþðaqÞ

h i� �
ð10Þ

where a=c ¼ kan3Ka2, b=c ¼ kan2 and 1=c ¼ Ka2.
The chosen pH range was too narrow (at higher acidities of the

solution the [Fe(CN)6]4� anion exists in its protonated forms) to
evaluate the reactivity difference of the diaqua and the aquahy-
droxo forms. Nevertheless, the collected data demonstrate that
the OH� ligand present in the inner coordination sphere labilizes
the coordinated water molecule (Fig. 6). It is worth noting that sub-
stitution of the OH� ligand is more difficult than of the H2O one.

Table 3
Kinetic parameters for the aquation of [Cr(cyc)(OH2)(NCSHg)]4+-type complexes (Eq. (5)) and the anation of [Cr(cyc)(OH2)2]3+-type complexes by NCS� ion (Eq. (3)) in their aqua
(k1) and hydroxo (k2) forms at 298 K, I = 2.0 M.

Complex k2/k1 Ea (k2), kJ mol�1 Ea (k1), kJ mol�1 Ref.

Cis-[Cr(cycb)(OH2)(NCSHg)]4+ 1327 114 124 [56]
Trans-[Cr(cyca)(OH2)(NCSHg)]4+ 1000 89 113 [56]
Cis-[Cr(cycb)(OH2)2]3+ + Cl� 8.3 � 104* - 125 [64]
Cis-[Cr(cycb)(OH2)2]3+ + NCS� 1140 98 100 [57]
Trans-[Cr(cyca)(OH2)2]3+ + NCS� 192 101 119 [57]

* I = 1.0 M.

2

4

6

8

10

12

14

4.5 5.5 6.5 7.5 8.5

pH

10
4

k
ob

s, 
s-1

Fig. 4. Dependence of the kobs on pH for the reaction between trans-[Cr(cy-
ca)(H2O)2]3+ and [Fe(CN)6]4� ions; [FeII] = 0.10 M, I = 2.0 M, T = 308 K [63].

4

5

6

7

8

4 5 6 7 8 9

pH

10
3

k
ob

s, 
s-1

Fig. 5. Dependence of the kobs on pH for the reaction between cis-[Cr(cycb)(H2O)2]3+

and [Fe(CN)6]4� ions; [FeII] = 0.12 M, I = 2.0 M, T = 298 K [63].

2352 A. Katafias et al. / Inorganica Chimica Acta 363 (2010) 2346–2356



Comparison of values of the rate constants shows that the reactiv-
ity of the trans aquahydroxo derivative (kan2) is only one order of
magnitude higher than that of its dihydroxo form (kan3). This
remarkably small effect arises from the lower value of the preasso-
ciation constant of the [Fe(CN)6]4� and the [Cr(cyc)(OH)2]+ ions
(Kip3, Scheme 5) than of the [Fe(CN)6]4� and the [Cr(cy-
c)(H2O)(OH)]2+ ions (Kip2, Scheme 5) originating from the lower
electric charge of the dihydroxo cation than of the aquahydroxo
one. As a consequence, values of the rate constant of the rate lim-
iting step, k2 = kan2/Kip2 and k3 = kan3/Kip3 for the aquahydroxo and
dihydroxo chromium(III) derivatives, respectively, are expected to
be close to each other.

Summing up, it has been found that kinetics of a monodentate
ligand substitution from chromium(III) macrocyclic species in
acidic media are strongly affected by pH. Kinetic parameters ob-
tained from the established dependence of the observed rate con-
stant on [H+

(aq)] allow one to compare reactivity difference
between the aqua and the hydroxo chromium(III) complexes. In
the case of the aquation process, the determined rate constants di-
rectly represent the reactivity of two protolytic forms of the com-
plexes. In contrast, for the anation process the discussion is much
less straightforward because it is based on the unseparated rate
and preequilibrium constants.

3.2. Alkaline media, enhanced reactivity due to the macrocyclic amine
ligand deprotonation

Exceptional inertness of the [Cr(cyc)(F)2]+, [Cr(cyc)(C2O4)]+ and
[Cr(cyc)(OH)(X)]+ – type complexes, where X = OH�, F�, NCS�,
N3
�, enables an evaluation of the reactivity difference between

the reactants with the protonated and the deprotonated macrocy-

clic amine ligand in two groups of chemical processes, i.e. a mono-
dentate ligand liberation and chromium(III) oxidation. Inspection
of the variation of the observed rate constant values (obtained un-
der pseudo-first order conditions) with pH over a wide OH� con-
centration range (up to 2 M) has demonstrated the analogous
nonlinear kobs vs. [OH�] profile for the both groups of the studied
processes [52,53,57,61,62], Figs. 6 and 7.

An increase of the reaction rate with an increase of pH demon-
strates importance of the macrocyclic amine ligand deprotonation
prior to a monodentate ligand release or an electron transfer. A
higher order than linear dependence of the observed pseudo-first
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order rate constant (kobs) on the hydroxide concentration, particu-
larly well marked at high [OH�] could be rationalized in terms of
the double deprotonation of the macrocyclic amine ligand or, alter-
natively, the competitive ion-pairing of the chromium(III) reactant
with OH�. The first mechanism leads to a parabolic kobs vs. [OH�]
dependence. However, much better reproduction of the data is ob-
tained using the hyperbolic function of the type:

kobs ¼ ðaþ b½OH��Þ=ð1þ c½OH��Þ ð11Þ

Eq. (11) is equivalent to the rate law given by Eq. (12), devel-
oped under isolation experimental conditions in terms of a model
operating with a competitive ion-pair formation between the chro-
mium(III) reactant (M) and the two anions – the OH� and the coun-
ter ion of the supporting electrolyte (Y) followed by a single proton
transfer within the hydroxide ion-pair {M,OH} to give a reactive
conjugate base (CB). As a consequence, specific outer sphere inter-
actions between the chromium(III) cation and a counter ion of the
supporting electrolyte lead to the retardation of the reactive conju-
gate base formation. The reaction model is presented in Scheme 6,
in which the conjugate base (CB) formed via the deprotonation of
the macrocyclic amine ligand within the {M,OH} ion-pair is not
explicity shown. The rate law derived from Scheme 6 is of the form:

kobs ¼ ðkYcY þ kOHKYcOHÞ=ðcY þ KYcOHÞ ð12Þ

where cY þ cOH ¼ I, I being the ionic strength and kY is the pseudo-
first order rate constant for reaction of the ion-pair formed by the
conjugate acid and a counter ion of the supporting electrolyte. Com-
parison of Eqs. (11 and 12) gives the following relations among the
parameters:

a ¼ kY; b ¼ ðkOHKY � kYÞ=I and c ¼ ðKY � 1Þ=I ð13Þ

3.2.1. Ligand liberation
Some kinetic data for the base hydrolysis are collected in Table

4. The validity of the proposed reaction model has been proved by
comparison of the kOH values determined at the ionic strength
equal to 1 and 2 M. The increase of the ionic strength doubles value
of the kOH (Table 4) whereas it does not affect the kY what is in
accordance with Eq. (12). On the other hand, values of the kY show
a statistically significant variation with the nature of the support-
ing electrolyte.

The kOH is a composite parameter and can not be used as a di-
rect measure of the conjugate base reactivity. It represents a cumu-
lative reactivity of the conjugate base and the hydroxide ion-pair
{M, OH}. Calculation of the kcb component from the kOH term re-

quires an independent determination of the proton transfer equi-
librium constant which is unobtainable for the studied systems.
Nevertheless, the kOH is two–three and one order of magnitude
higher for trans and cis isomers respectively, than the kY demon-
strating a much higher reactivity of the reactant in the form of
the conjugate base. Values of the kY and kOH given in Table 4 prove
that: (i) the reactivity of the cis isomers is much higher than of
their trans analogues; (ii) the rate of the monodentate ligand liber-
ation increases (the kY and kOH path) with the decreasing ligand
field strength of the leaving group: NCS� < N3

� � Cl�; (iii) specific
kinetic salt effect reaches 30% for the cis and 95% for the trans iso-
mers, respectively; (iv) value of the kY depends on the nature of the
counter ion (Y).

3.2.2. Chromium(III) oxidation
Operation of the common rate law describing dependence of

the kobs on [OH�] for the monodentate ligand liberation and chro-
mium(III) oxidation processes (Eqs. (11 and 12)) illustrated in Fig. 7
implies the decisive role of the reductant deprotonation for the
oxidation process and a higher reactivity of the reductant in the
form of the conjugate base. Results of the nonlinear least square
fitting of the kobs – [OH�] data to Eq. (11) are shown in Table 5.
The best fit has been obtained for a equal to 0 indicating that the
reaction path involving the reactants in their conjugate acid forms
can be neglected. The kY reaction path (Eq. (13)) is observable only
for oxidation of the cis dihydroxo complex but it is still statistically
unimportant. Characteristic differences in the b and the c parame-
ters variations with temperature are seen. Values of the b substan-
tially increase together with the temperature whereas values of the
c increase only 10–20% for the trans isomers and for the cis ones
fluctuate irregularly round the value equal to �0.5. This is consis-
tent with the mechanistic interpretation of these parameters (Eq.
(13)). The c parameter is connected with the equilibrium constant
for which minor changes with the temperature are expected but
the temperature changes of the b are determined first of all by
the substantial changes in the kOH rate constant, Eq. (13).

Table 4
Comparison of the kOH and kY rate constants for the base hydrolysis of the selected [Cr(cyc)(OH)(X)]+-type species at T = 298 K [57].

Reactant kY, s�1 kY, s�1

I = 1.0 M I = 2.0 M I = 1.0 M I = 2.0 M

kOH, s�1 kOH, s�1 Y = ClO4
� Y = Cl� Y = Br� Y = ClO4

�

Trans-[Cr(cyca)(OH)(NCS)]+ 1.6 � 10�3 3.4 � 10�3 9.0 � 10�6 1.6 � 10�5 2.0 � 10�6 1.3 � 10�5

Trans-[Cr(cyca)(OH)(N3)]+ 1.3 � 10�2 2.9 � 10�2 4.7 � 10�5 7.5 � 10�5 5.6 � 10�5 4.5 � 10�5

Trans-[Cr(cyca)(OH)(Cl)]+ 6.1 � 10�1 5.7 � 10�3 8.1 � 10�3 7.6 � 10�3

Cis-[Cr(cycb)(OH)(NCS)]+ 9.5 � 10�4 1.7 � 10�3 1.3 � 10�4 1.7 � 10�4 1.5 � 10�4 1.5 � 10�4

Cis-[Cr(cycb)(OH)(N3)]+ 2.8 � 10�3 5.1 � 10�3 3.3 � 10�4 4.1 � 10�4 3.3 � 10�4 2.6 � 10�4

Cis-[Cr(cycb)(OH)(Cl)]+ 4.5 � 101 4.0 5.9 5.4

Table 5
The results of the nonlinear least square fitting of the kinetic data, for the oxidation
chromium(III) macrocycle complexes by [Fe(CN)6]3� ions, to equation kOH ¼ b½OH��

1þc½OH��.

Reductor T (K) b, M�2s�1 c, M�1 Ref.

Cis-[Cr(cycb)(OH)2]+ 312 1.52 ± 0.03 �0.49 ± 0.01 [69]
322 2.75 ± 0.04 �0.53 ± 0.01
332 5.67 ± 0.36 �0.47 ± 0.05

Trans-[Cr(cyca)(OH)2]+ 288 0.66 ± 0.01 �0.38 ± 0.03 [53]
298 1.53 ± 0.05 �0.37 ± 0.05
308 3.42 ± 0.16 �0.36 ± 0.08
318 6.93 ± 0.18 �0.36 ± 0.05

Trans-[Cr(cyca)(F)(OH)]+ 288 0.51 ± 0.02 �0.40 ± 0.05 [60]
298 1.05 ± 0.09 �0.39 ± 0.01
308 2.33 ± 0.09 �0.37 ± 0.08
318 5.14 ± 0.26 �0.34 ± 0.18

M,OH

M,Y

KY
Products

kOH

kY

Scheme 6.
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Comparison of the reaction pattern and values of the kinetic
parameters for the chromium(III) macrocyclic complexes (Table
5) with the data for analogous reaction of chromates(III) [52] and
bis(bipyridine) complex [70], leads to the following conclusions:
(i) chromium(V) species are efficiently stabilized to accumulate
in solution only by the macrocyclic ligands; (ii) the deprotonation
of all the examined chromium(III) complexes plays the crucial role
in the electron transfer process resulting in a strong dependence of
the reaction rate on the OH� concentration; (iii) the b is a compos-
ite parameter that depends on the rate constant of the electron
transfer from the reductant in the form of the conjugate base and
value of the preequilibrium constant for the competitive Br�/OH�

outer sphere complex formation between these anions and the
chromium(III) complex, Eq. (13).

A quantitative evaluation of the reactivities of the complexes
due to the macrocyclic amine ligand deprotonation is impossible
because of the exceptionally slow rate of the oxidation process at
[OH�] < 0.1 M (a � 0). Moreover, if value of the c is close to �0.5
the separation of the parameters connected by Eq. (13) is unrealiz-
able because then value of the KY is close to 0 and the quotient
2b/KY = kOH is determined with a large error even if the c parameter
is determined with a high accuracy.

For that reason the reactivities of the complexes can be com-
pared based on the values of the b parameter at 298 K (Table 5)
giving the following reactivity order: cis-[Cr(cycb)(OH)2]+ < trans-
[Cr(cyca)(F)(OH)]+ < trans-[Cr(cyca)(OH)2]+. It is remarkable that
the trans isomer is oxidized faster than the cis one whereas the
monodentate ligand substitution is faster in the cis than in the
trans isomer. As it has been stated in the previous paper: ‘‘the
chromium(V) species formed via oxidation of the trans isomer
are less inert than the analogues chromium(V) complexes ob-
tained from the cis isomer. It can be ascribed first of all to the dis-
cussed differences in the steric hindrances of the organic ligands”
[53].

Differences in values of the c parameter (reflecting differences
in the preequlibrium constant KY) are of important kinetic conse-
quences; the lower value of the KY (the more negative value of
the c) the stronger accelerating effect of the [OH�] on the rate of
the electron transfer. As a consequence, the highest rate enhance-
ment with the pH is observed for the oxidation of the cis-[Cr(cyc-
b)(OH)2]+ (Table 5).

4. Concluding remarks

Protolytic equilibria strongly affect kinetics of reactions of
examined chromium(III) tetraazamacrocyclic complexes. Modifi-
cation of their reactivity via water or amine ligand deprotonation
has been studied for two types of chemical processes: a monoden-
tate ligand substitution and electron transfer from chromium(III)
to iron(III). In the both cases a major difference in the reaction rate
of the complex itself and its conjugate base has been observed. The
labilizing effect caused by OH� ion to the leaving group is practi-
cally non-directional for either the aquation or the anation pro-
cesses. In accordance with the mechanism developed by Basolo
and Pearson [1], conversion, in a rapid acid–base preequilibrium
step, of the original aqua or ammine complex into its hydroxo or
amido derivative, respectively, enables p bonding formation be-
tween the deprotonated ligand and the central atom. This enforces
the p-antibonding character of the chromium(III) ‘‘t2g” electrons
(pseudo-Oh symmetry approximation) and increases the electron
donor capability of the chromium(III) center.

The magnitude of the labilizing effect upon the deprotonation of
the chromium(III) macrocyclic amine complexes can be estimated
based on the parameters involved in a mathematical expression
describing the observed pseudo-first order rate constant vs. H+ or

OH� concentration profiles. These nonlinear dependences of the
kobs on the solution acidity or basicity give a better insight into
the reaction mechanism although inclusion of all outer sphere
interactions between the positive charged reactant and the counter
ion of the supporting electrolyte makes a detailed interpretation of
the obtained data difficult. Then, separation of the parameters of
the experimental rate expression giving rate constants reflecting
the reactivity of the complexes in their conjugate acid-base forms
requires determination of the encounter complex formation con-
stants in the separate nonkinetic experiments being very difficult
to accomplish.
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Toruń, 2001.

[55] L. Mønsted, O. Mønsted, Acta Chem. Scand. A 30 (1976) 203.
[56] E. Madej, A. Katafias, P. Kita, J. Eriksen, O. Mønsted, Eur. J. Inorg. Chem. (2006)

5098.
[57] E. Madej, O. Mønsted, P. Kita, J. Chem. Soc., Dalton Trans. (2002) 2361.

[58] A. Katafias, E. Madej, O. Impert, B. Cywińska, P. Kita, Polish J. Chem. 78 (2004)
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[70] O. Impert, M. Kujawski, P. Kita, Polish J. Chem. 80 (2006) 351.

2356 A. Katafias et al. / Inorganica Chimica Acta 363 (2010) 2346–2356


