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Abstract

The N-donor macroeyelic ligand cycliom (1481 -tetraazacyelotetradecane forms very
stable complexes with nickel(1l) and copper(1l). With regard to kinetics and mechanism of
complex formation. tetranza cvelic ligands such as cvelam represent an interesting type of
chelate ligands in that they are less flexible than aliphatic open-chain N-donor ligands and
less rigid than cvelic N-donor ligands of the porphyrin type. The Eigen- Wilkins mechanism
provides an adequate description of the kinetics of complex formation of nickelII) and
copper(1l) with monodentate ligands and allows to correlate the rate of complex formation
with the rate of solvent exchinge on the solvated cations NiS; * and CuS; ' (S = solvent).
This review focuses on the factors controlling the rate and mechanism as well as the
stereochemistry of complex formation of nickel(ID and coppertll) with N -donor macro-
evlic ligands of the cyelam type. The kinetic results obtiingd in agueous solution are brietly
reviewed, although their mechanistic interpretation is hampered by ligand protonation. The
Kinetie studies carried out in aprotic polar solvents such as VoV-dimethylformamide are
reviewed and discussed o detail. Tn comparison to the Eigen- Wilking mechanism and
Bigen  sWinkler mechanism. the aspect of metal-bused rate control versus ligand-based rate
controb is emphasized. ¢ 1999 Elsevier Svience S.AL All rights reserved.

Kevwards: Macrocvelic lignd complexes: Kinctics ot complex formation: Reaction  mechianisms;
Cyelam: Eigen Wilkins mechanisim: Efgen Winkler mechanism

1. Introduction

Microcyche hgand complexes are part of a number of fundamental biological
systems, The importance of such complexes has provided @ motivation for investi-
gation of the metal-ion chemistry of these biological systems as well us of cyelic
ligindd systems in general. The possibility of using synthetic macrocyeles as models
for biologically important ones has initiated u broad spectrum of research activities,
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runging from svnthesis of pew ring systems with pendant arms and studies on the
properties and function of macrocyclic ligand complexes to their application in
industry, medicine and other fields.

From the kinetic point of view, macrocyclic ligands represent an interesting class
of ligands. Compared with linear multidentate ligands, cyclic ligands, especially
substituted ones, are less flexible and less apt to folding. One can expect, therefore,
that the process of metal coordination by ¢yclic ligands is more complex and not
necessarily metal-controlled, as it is in the case of the Eigen—Wilkins mechanism.
The steric constraints of the cyclic syvstem may well lead to ligand-control in that
the second (or a later) coordination step becomes rate-limiting.

The properties and structure of macrocyclic ligand complexes critically depend
on ring size, number and type of donor ntoms as well as on size and number of
chelate rings formed upon coordination. Fourteen-membered rings with four donor
atoms X, spaced as shown in 1. provide a cavity large enough to allow the planar
X, coordination of a range of metal ions. In particular, the N,-donor macrocycle
cyclam (1.4.8.11-tetraazacyclotetradecane). 2. has been the subject of numerous
investigations on the chemistry and structure of complexes with 3d transition metals
such us nickel. copper and cobalt.

R
(1 x

m H‘m'H R‘N N7
[/ N,
~x7 “x N N N N

X X

6 | H’L\/r “H R’\><) “R
N )
1 2 {cyclam) 3

The literature on the kinetics and mechanism of complex formation with a
variety of macrocyelic ligands, as published up to the late 1980s. has been
competently summed up by Lindoy [1] and Wilkins [2]. In a more specific way. the
present contribution summarizes the results of studies on the kineties of reaction
(1. as studied in non-agqueous media with M = Ni* * (and, te a lesser extent, Cu- "}
and L = 3,

Mo L o ML (1)
Ligands 3 arc derivatives of cyelam(2), bearing o variable number of methyl groups
R bound to the N-donor atoms and ‘or C atoms of ¢yclun, For comparison, the

results describing the kinetics of complex formation ol Nj-donor macrocyclie
ligands in agueous solution are reviewed briefly.

2. Background

The kinctics of complex formation with monodentate ligands can be described
adequately and understood in terms of the Eigen- Wilkins mechanism. In the study
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of complex formation with multidentate open-chain and cyclic chelate ligands. one
of the key paints of interest has been the question; do these reactions follow the
Eigen- Wilkins mechanism or not?

The following sections give a brief summary of results pertinent to this question.

21, The Eigen- Wilkins mechunism

As described in detail by Burgess [3], the work of Eigen, Tamm and Wilkins [4.5]
led 10 a simple hypothesis which was able to accomodate the results obtained for
the kinetics of complex formation of a wide range of metal ions. What has become
known as the Eigen-~Wilkins mechanism is set out in reaction sequence (2) (M.
metal jon: S. solvent: L. monodentate ligand. present in excess: charges omitted for
clarity).

X

5,
MS +L=IMS,L!-MS, L+S 2)

The equilibrium constant K, describes the rapid equilibration of the solvaled metal
ion MS, and the ligand L to form the outer-sphere complex {MS,, L}. The ligand
L. outer-sphere bound in |MS . L|. enters the inner coordination sphere by an
interchange process. i.¢. L replaces a coordinated solvent molecule. The rate of this
interchange, characterized by the first-order rate constant k.. controls the rate of
complex formation. The fundamentally important point is that the size of 4; is close
o that of k.. as long as the mechanism of solvent exchange is dissociatively
controlled (/,-type). The rate constant &, describes the rate of solvent exchange on
the solvated metal cation M3, according to reaction (3).

Al'\.
MS +8*=MS, S*+8§ (3

Knowing 4, for a given metal ion in a given solveni. one has a remarkably good
measure for k,. The size of K., which is determined mainly by the charges on M
and L. can be calculated on the basis of electrostatic considerations. This means
that the known values of &, [6] and calenlated values of A, allow one to predict
(2} complex formation rates rather reliably for those metal ions, the solvent
exchange of which is /,~controlled.

2001 The vafidiey of the Eigen - Wilkons mechanism for complex farmation with
chelute ligamds

As shown in the reaction sequence (4) for an octahedrally solvated metal ion,
changing from monodentate to bidentate ligands. L- L. introduces another step in
which ring closure occurs,

K /L
MS: + L-L Kﬂwa {M8;, LoL} s SM-L-L + 8 fj——‘—-ﬂ-S*M J
K., N
The ratio &, & dominates the kinetics in that. for &, =k . the formation of the
S.M-L-L entity is rate-controlling whereas, for &k, <k . ring closure determines
the rate.

+ 28 )



H. Eliax  Coordination Chemistey Reviews 187 (1999) 37 73 41

It has been shown convincingly for the complex {ormation of Ni(Il). Co(lI)
and Cu(1l) with bidentate ligands L-~L' such as x-amino acids and ff-amino
acids [2.3] that the shilt from rate-control through first-bond formation (based
on k.) to rate-control through ring closure is determined by the size of the
chelate ring formed and by steric factors, affecting the flexibility of L-L'. When
the geometry and structure of L~L’" make chelate ring closure the rate-limiting
step, reaction (4) is sometimes called a sterically controlled substitution (SCS
mechanism) [3],

Reaction sequence (5) indicates schematically that, in the case of linear tetra-
dentate ligands, L-L-L-L. the multiplicity of steps increases the difficulty in
predicting the rate-detcrmining step and understanding the mechanism

/L-—~L~L L-—-L—»«-;L
M + L-L-L.L ~~— M-L-L-L-L ~——» M\{ ——p \M\j \ ‘ ()]

In principle, the formation of the first M~L bond could still be rate-hmiting
(rate-control through solvent exchange on the metal: Eigen-Wilkins mechanism).
There is a good chance. however, that one of the consecutive steps determines
the rate of the overall process {rate-control through steric constraints of the
hgand; SCS mechanism).

Compared with linear tetradentate ligands. cyclic tetradentate ligands are dif-
ferent in that they have no end and the cyclic structure keeps the four donor
atoms in a 1ather c¢lose neighborhood. As indicated schematically in reaction
sequence (6), second-bond formation can occur either with a ¢iv or with a trans
located donor atom.

Jo——L

M+

With second-bond Formution oceurring, both the third and the lourth donor
atom are being pulled close 1o the metal so that their coodination is favored
strongly and expected to be fast, ¢ompared with second-bond formation.
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3.2 Kinetics of complex formarion with crown ethers—the Eigen— Winkler
mieehuanisin

Crown ethers are all-oxygen donor macrocyceles and. as hard ligands, they [orm
stuble complexes preferentially with alkali and alkaline earth cations. The studies
on the kinetics of comples formation of a variety of svathetic and biological crown
ethers with metal cations such as Na - and K~ in different solvents [3] led 1o the
general result thal the formation rate constants are high and remarkably msensitive
to ligand structure [7].

The work carried out by the groups of Eigen ([8}a--d). Petrucci ([9a-¢) and
Evring [10] revealed that. vcompared with the Eigen-~Wilkins mechanism, complex
formation with crown ethers (and cryptands) is mechanistically more complex. In
addition 1o the formation of the outer-sphere complex and the first metal - higand
bond. as based on the rate of solvent loss from the metal. one or more ring closures
with attendant changes in ligand conformation have to be considered. As an
extension of the Eigen—-Wilkins mechanism. the Eigen—-Winkler mechanism
emerged {rom the mechanistic discussion of complex (ormation with biological and
synthetic crown ethers, According to this mechanism, which 1s set out in reaction
sequence (7). withouwt charges and the solvation number of the metal. diffusion-con-
rolled formation of the cuter-sphere complex (M. C! is followed by stepwise
coordination of the 1 donor woms of the crown ether C. unul full coordination in
MC, is achieved.

A, ky s Ly .
M+ C= :MCE;:MCER:::MQ,;& MO = MC, (7
# ] - . b £ s

in each of the single steps. o metal-bound selvent molecule 15 suceessively replaced
by wunother M - € bond, so thin o balance of sobvition and ligand-binding energy is
alwavs maintained,

As 1 the cise of the Eigen -Wilkins mechanism. the condition & (=43 x k
should be Tullilled. This could mewn that, Tor a very flexible crown ether C forming
a very stable complex MCL only one reaction step is observed and. due 1o
kyx ks x k% A, the overall complex formation rate constunt &, is close to £, On
the other hand, increasing ligand rigidity should make one of the subsequent steps
slower and thus observable. Convineing proof for the latter expectation comes from
the kinetic investigation of the crown ethers 4-6 weacting with Na wons in
NoV-dimethy Hormansde [10],

o o™ o™

0 v o 0 s O
SieNedicolodiice
O o/ Lol

118-crown- 6 5 &

By fusing evelohexane rings (5} or benzene nngs (6) into the crown, ligand
flexibility is reduced. Two steps are observed, the first oue with &, berween 4 and
6+ 10" M s for these three higands, and the second one with & = 3.3 = [0t !
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(4), 2x 10°s~ ' (8)and <1 x 10"s ' (6) at 313 K. This example shows that, after
first-bond formation. there are subsequent slower steps which are obviously affected
by the dynamics of conformational change in the ligand.

2.3. Kinetics of complex formation with sulfur-donor niicrocyeles

Macrocycles containing sulfur atoms as donors possess several properties which
are relevant to the study of their complex formation kinetics, namely, (i) S-donor
macrocycles are soft ligands and only metal ions such as Cu{ll), Pd(Il), Agtl) and
Hg(Il) show a significant affinity for these ligands. (i) copper(1l) complexes with
S.-donor macrocyclas absorb strongly in the visible reagion, which [lacilitates
spectrophotometric monitoring, (1) in contrast to N-donor macrocycles, S-donor
macrocyclic ligands are {ree of protonation. and (iv) the solubility of unsubstituted
S-donor macrocycles in water is very limited, As a result, copper (II) has been the
metal of choice for the investigation of complex formation with S-donor maerocy-
cles and methanol-water mixtures have been used as medium,

The kinetics of formation and dissociation of Cu(li)~cyclic polythiacther com-
plexes have been studied extensively by Rorabacher and coworkers ([11]Ja-e). With
regard to complex formation kinetics. the work of this group concentrates on
Cu(H,0); ~ cations reacting with a variety of §,-donor macrocyelic ligands. In view
of multi-step scheme (7). one of the important overall results is that, for complex
formation of Cu(Il) with a wide spectrum of c¢yclic S,-donor ligands, only one
reaction step is observed. feading 1o o single second-order formation rate constant
k,.

H OH H OH
M g
SSRGS RS
SERUARS
OH
7 8 9

The vartation of ring size, as studied with the ligand series [12JaneS, —
[13]aneS, = [14]aneSy(7) - [15]aneS, - [16JaneS,, showed that A7™ is lowest for the
12-membered ring [12JaneS, (0.65 < 0 M 's ') and highest for the |5-membered
one. [15fneS; (2350 1" M ' s 1), with a steady inerease upon going from
[12laneS, 1o [13Jane$, and [14JaneS, (13 x 1" M ' s ") ([I1Ja). The authors
conclude ihat second-bond formation, i.e. closure of the first chelate ring (see
scquence (6)). is the probable rate-controlling step for all of the ligands studied. The
corresponding experiments with the OH-derivatized series of ligands, ranging from
[12]aneS -0l via [14]aneS -ol(8) to {16JancS,-o0l, led to the result that the relative
change in &, with ring size is the same. The &, values are by a factor of 5-8 smaller
though ([1]e).



44 H. Eies - Comdimutionn Clemistry Reriows (87 (1999) 37-73

The introduction of two -OH groups led o the civ- and rrans-isomer of
ligand 9. Again. a reduction in rate comstant A was obsetved uccording to
[14JaneS, : [14]ane8 -0l 1 frans-{14]aneS ~diol : cis-{14]aneS ~diol = 13:1.4:0.6:0.13 a1
298 K ([11]h).

The study of complex formation kinetics for sclvated copper(Il) reacting with
substituted polythiaethers was extended to a series of ligands in which one or both
of the ethylene bridging groups in [14]aneS (7) were replaced by cis- or trans-1.2-cy-
clohexanadiyl, to yield two stereoisomers of 10 and five stereoisomers ol 11 ([11]d).
These seven ligands were compared to the unsubstituied parent {14]aneS, ligand 7.

- (1 [y
E N
$ P U
10 11 12
The complex formation rate constants &, were found 1o lie within the narrow range
of (2-5yx 10 M - 's ' This means that the cvelohexandiyl substituents do not
induce significant steric effects relative to the first two bond formation steps. which
15 surprising.

Substantial rate effects were observed when the tour sulfur-donor atoms in 7
werg successively replaced by nitrogen. according to the series [l4]aneS,(7)—
[[4}aneNS(12) — [14]aneN,S, — [14JancNSSN — [14]laneNSENS — [l14JaneN.S -
[14)aneN; (2= cyclam) ([l1]c). For the reaction of aquocopper(ll} with these
ligands, each N-donor replucing a S-donor increases the thermodynamic stability of
the complex formed considerably and the complex Tormation rate constant &,
markedly. For [[4]aneNSNS, & arvives at 2.0« 10" M "5 ' 208 K. which is in
ling with the interpretation that formation ol the hirst courdinate bond is the
rate-determining step.

The mechanistie information resalting trom the work of Rorabacher and cowork-
ers on copper(lD complex formation with type 7 §<donor macrocyeles can by
summarized as follows, (1) the size of complex formation rate conswant &, suggests
that formation of the second Cu-§ bond (i.e. closure of the first chelate ving) is
rate-determining. (1) the introduction of stericatly demanding groups, such as in 10
aned TL does not induee significant rate effects. and i) for all of the evelic
5-donor ligands studied, only one second-order reaction step is observed. which
means Lhal the mechanistic assienment of this step s dilficult,

3. Kinetics of complex formation with N -donor macroeyeles in aqueous solution

3 Oeneral

As pointed out. the [4-membered N -deney magrocyelic ligand eyelany2) pro-
videy i cavity most properly sized for the planar coordination of 3d transition metal
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cations M~ according to reaction (8).

M*" 4 ¢velam :i M(eyclam)® - (8)
\l

Complex formation constants K = &'k, of the species [Ni(cvelam)])* © (log K = 20.1)
and [Cu(cyclam)]” = (log K = 26.5) are large {12]. due to very small dissociation rate
constants A, This means, that even under 1:1 conditions, complex formation
according to reaction (8) with M = Ni, Cu proceeds 10 completion and the reverse
reaction can be neglected.

In contrast to oxygen-donor and sulfur-donor macrocyeles, cyclic polyamines are
much more basic and subject to protonation. in the case of cyclam, for example,
the pH has (o be raised to pH > 12 to generate the non-protonated neutral ligand.
Under these conditons, metal hydroxide precipitation or nydroxo complex forma-
tion occurs. This means that, at low pH. complex formation of hydraled transition
metal cations M(H,0); - with N,~donor macrocyeles is complicated by protonation
and deprotonation equilibria.

Finally, the four nitrogen atoms in N,-donor type ligands such as cyclam are
prochiral centers, Upon metal coordination, they become chiral centers which,
according 1o Bosnich et al. [13], leads to the stereoisomers rrans~l (RSRS) to
nans-V (RRRR). In the solid state, most of the cyclam complexes prefer the
rrans-11 arrangement, whereas the rrans-l configuration is often observed in the
case of substituted cyclam Hgands L. forming five-coordinate complexes MLX
(X = monodentate ligand)'.

t, :* H}\N,
SR e s

trans-| (RSRS) trans-I' (RSRR) trans-l (RRSS)

The overall process ol complex formation with N-donor ligands of the cyclam type
thus will be strongly affected by stereochemical Fictors,

3.2, Kinvtic studies with non=funcrionalized N g=donor mucrocveles

As indicated above, in aqueous solution the kinetivs of complex formation of
N,-donor macroeyeles according 1o reaction (8) are very much pH-affected in that,
at high pH. the hydrated metal M- | unless precipitating as hydroxide, forms
hydroxometalates and. at low pH, the ligand is protonated. The kinetic information
obtained in aqueous solution is therefore valuable as such but not necessarily
informative with regard to the basic mechanistic question of complex formation by
metal-control (Eigen-Wilkins mechanism) or ligand-control.

In 1970, Kaden was the first to study the kinetics of complex formation with a
N,-donor macroeycle in aqueous solution {14]. He compared the systems Ni* "/
cyclam and Ni** trien (trien = triethylenetetraamine) and found that the hydrated

"See Ret 1] and the original literature cited therein,
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Ni* - cation reacts 3 x 10* times faster with the open-chain N,-donor trien than
with the cyclic N -donor cyelam. He concluded that, in the reaction with the more
rigid ligand cyclam. formation of the second Ni—N bond is rate-limiting. Later on.
Kaden and coworkers showed that the rates observed for the reaction of proto-
nated tetramethyleyclam 13(TMC). with divalent transition metal cations follow the
order Cu® " = Zn" " > Co® " > Ni* -, which parallels the order found for the rate
of water exchange c¢n these cations [15].

CH\‘;(\/CHJ Ho /™ H o B
-
~.. j N N7
_N N - ~ N N»
Ll J o W/ n R
13 "TMC) 14 15

The rate of complex formation is by a more or less constant tuctor of 10 *-10
slower than the rate of water exchange. which was attributed to a conformational
chunge of the ligand TVC. Analogous results were obtained in a study on ring size
effects, carried out with six macrocvelic Ny-donor ligands, ranging from 12-mem-
bered. 14, 10 16-membered. 15, Again. the rate of water exchange on Cu” ~, Zn° ",
Co’ and Niv° paralleled the (slower) rate of complex formation with a given
protonuted species of these ligands [16]. Another wnteresting finding was that
C-methylation and or N-methylation of the |3-membered macrocyele 16 has a
rute-reducing effect on the complexation with Cu” -~ and Ni*  [17]. The number as
well as the position of the methyl groups was found to be important.

RIR!
AN
RA /K o S CH: CH; CH;
ST NN NNCH: NN
RY TR H_ ) r\H ”“N .\q,H W "q,H
NN N N AN NN
| ' ‘\"N N N N"J .M“N N
S . . i {
SN Hi | H/+\-/ | H Ry H
CHy T CH; N ~ CK
cHy, CHs ch, Chs
16 17a(tet-a) 17hb(tet h) 16(5,12-DMC)

More spectfically. within the sertes of methyhed ligands 16 studied, the V-
methylnted derivative of 16 (R =CH: R* = R7 = R = H) is slowest in complex
tormation. Complexation kinetics were also studied with id-membered N -donor
macrocyeles mowhich one aliphatic N-donor function was replaced by a pyriding
unit (18}, This substitution led to a decrease in complexation rate. most probably
due to increased ligand nigidity. as induced by the pyridine ring.

The results obtained by Wu and Kaden for the reaction of partially complexed,
hydrated metal species NiXoand CaX (o= + 2. + 1, 0. - 1) with mono-proto-
nated eyelum are very interesting from the mechanistic poiat of view [19]. For NiX",
goig from == 4 2 {X =water) o 4 1 (X =acetate) U N = oxalatey and  — !
{X = tricarballyhue) leads o an inerease in rate by a tuctor of ca. 10, This rate



H. Elius Covrdination Chennistry Reviewys 187 (1999) 37-73 47

enhancement is explained on electrostatic grounds. For the series of nickel species
NiX~ " = Ni(H.0); ", NiH,0):NH: ", Ni(H.O)en*~ and Ni(H,O)dien* ", the
change in complexation rate with cyclam was found to be very minor. The authors
present a quantitative relationship which correlates the thermodynamic stability of
a series of copper{ll) species CuX” with the reactivity of the species CuX’ towards
mono-protonated cyclam and explains the results of earlier studies [20,21] in a more
general way. With regard to the mechanism, Wu and Kaden [19] conclude that, for
the reaction of the species NiX with mono-protonated cyclam, formation of the first
Ni-N bond is not the rate-limiting step.

The kinetics of complex formation of non-protonated N -donor macroeyclic and
open-chain ligands with copper(1D in strongly basic aqueous solution (pH = 13) was
studied first by Margerum and coworkers {22.23]. Under these conditions, the
copper is present as Cu(OH), and Co(OH); . with Cuw(OH); being the more
reactive species. In contrast to the systems Ni* -~ ‘eyclam and Ni* * /trien, as studied
by Kaden [14]. the rate-reducing effect of ligand cyclization was found to be very
small for the reaction of Cu(OH);, with cyclam and 2,3.2-tet ( = 1,4,8,11-tetraaza-
undecane), respectively. The species Cu(OH)3 ~ reacts with cyclam by approximately
two orders of magnitude slower than with 2.2.2-tet, The comparison of the ligands
13 240, Ets-2.3.24tet ( = 1.1 1-diethyl-1.4,8.]1 I-tetraazaundecane), cyclam, 17a(tet-a)
and 18(5.12-DMC) showed convincingly, that in addition to the effect of cyclization,
alkyiation at the N-donor atoms or on the carbon backbone has a strong rate-reduc-
ing effect on the complexation with the species Cu{(OH), and Cu{(OH); ~ . Second-
bond formation was suggested as the rate-controlling step for the Cuy(OH)j -
reaction with the macrocychic ligands and the more sterically hindered open-chain
polyamines. Similar kinetic and mechanistic tesults were obtained by Chung and
coworkers [24] for the reaction of Cu(OH), and Cu(OH); = with 17b(tet-b).

The kinetics of complex formation of Zn” - and Cu” * with the macroceyelic lig: -~
18 in aqueous solution was studied by Choi [25).

3.3 Kineric studios with N =donor macroeveles with pendant functional groups

There has been an increasing number of kinetic studies on complex {ormation
with N -donor macrocyeles bearing pendant functional groups, such as carboxylate
groups. Compit-ed to non-ftunctionalized macrocyceles, complex formation with this
sort of ligand is diftferent in the sense that, in general, bonding to the pendant arms
initiates the process of metal coordination.

I macroeyelic ligands with pendant arms, obtained by the atachment of
coordinating groups te the donor wtoms or carbon skeleton of the macrocycle, the
properties resulting from the more rigid cyclic structure are combined with those of
more (lexible open-chain ligands. As pointed out by Kaden in an early review [26],
the increasing interest in this sort of lgands is based on a variety of different
objectives. In view ol possible applications in analytical chemistry and medical
dingnosis, additional ligating groups were introduced into macrocycles in order to
modify ligand and or complex properties such as specificity, thermodynamic stabil-
ity. kinetic stability, solubility in organic media, redox potential, etc. [27].
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Ligands 19 and 20 are examples of N-functionalized N,-donor mucrocvelic
ligands H,L with pendant acetate groups.
o 0, OH

o) o] \i m T
S009% 58 D
Pt U\"go HO b

19 (DOTA) 20(TETA)

6]

Kasprzyk and Wilkins investigated the kinetics of complex formation of 19 and 20
with « series of hydrated M°~ ions [28]). They found that the monoprotonated
ligand species HL®~ is the reactive one and that complex formation is 10°-10"
times faster than with the corresponding non-functionalized macrocycles. In addi-
tion to more favorable electrostatic conditions, the acetate groups, working in
cooperation with the non-protonated nitrogen atoms, help to enhance the rate of
complexation by rapid intermediate formation which brings the metal close to the
macrocyclic ring. Further kinetic studies. especially on complex formation of
Janthanide jons Ln® " with various N-donor macrocycles with pendant acetate
groups, confirmed that, compared to the non-functionalized parent macrocyclic
ligands, there is a change in mechanism. The metal ion is initially captured by one
of the pendant acetate groups. which occurs in cooperation with the N-donor
atoms of the macrocycle and facilitates fast formation of protonated intermediates.
Deprotonation of these intermediate complexes controls the rate of product forma-
tion [29].

Pendant hydroxyl groups are also affecting the rate of metal entry into N -donor
macrocycles. This was shown for complex formation with derivatives of the ligand
cyclam, bearing either 2-hydroxyethyl groups [30] or 2-hydroxypropyl groups [31]
on the four nitrogen atoms. As in the case of acetate groups, the hydroxy groups.
in cooperation with the nitrogen atoms. are supposed to initiate complex formation
by fast adduct formation. In suppert of this mechanistic interpretation. it was
found [32} that a minimum of two 2-hydroxyethyl groups. located on adjacent
nitrogen atoms, Is required to achieve the facilitation of metal coordination.

4. Kinetic investigation of complex formation with N -donor macrocycles in organic
media

41 Dtroductory remarks

The general discussion of mechanisms of complex formation. focuses on reactions
of solvated metal cations with solvated ligands. the chemical form of which is
identical in the free und coordinated state, More clearly, the Eigen- Wilkins scheme,
a8 based on the parameters &, and K, (see Section 2.1), is able. for example, to
predict satistvingly the rate of formation of the complex species Cu(H,0).X ° as
the product of Cu(H.Q), " ions reacting with hydrated X ions. It fuils 1o predict
the rate of tormation of Cu(H.O)LX ~ as the product of the reaction of
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Cu(OH); ~ ions with X * ions because there are no data describing the kinetic
lability of the OH = ions in Cu{OH); ~. Also, the rate of Cu(H,0)? * ions reacting
with HX to form Cu(H,0);X * can be accordingly treated only if the pK, of HX
is known and if the reaction of copper with HX can be excluded. In other words,
in the case of macrocyclic ligands L. an adequate check for the operation of the
Eigen-Wilkins mechanism should be made only for solvated, non-complexed metal
ions reacting with solvated, non-protonated ligands L.

As pointed out (see Section 3.2), the study of complex formation of nitrogen-
donor macrocycles L in agueous solution is hampered by the fact that these ligands
are protonated at the low pH necessary to prevent deprotonation of the hydrated
metal ions M. The mechanistic interpretation of the formation kinetics of com-
plexes ML via partially protonated intermediates M(LH ) is in most cases difficult.

As a result of these limitations, dipolar aprotic organic solvents S can be
considered as an interesting alternative to the medium water. Taking into account
that these solvents should be polar enough to dissolve and dissociate metal salts
sufficiently, one can think, for example, of nitriles, sulfoxides and dialkylfor-
mamides. Another condition is, of course, that the corresponding &, data (see
reaction (3)) tor the solvated metal species, MS,, are known. For the divalent 3d
transition metal cations Mn**, Fe?*, Co?*, Ni*' and Cu*', the rate of solvent
exchange has been measured for the species M(DMF);™ and M(MeCN);~
(DMF = N,N-dimethylformamide. MeCN = acetonitrile) [6]. Systems such as
Ni(DMF)(C10,),/N ~macrocycle/DMF or CW{DMF)(ClO,),/N ,-macrocycle/DMF
should therefore be suitable systems for the study of complex formation of
hexasolvated nickel(1l) and copper(1l) with non-protonated N -donor macrocycles.

Oxygen-donor and sulfor-donor macrocycles are free of protonation in aqueous
solution. The mechanistic results obtained for complex formation of crown ethers
(Section 2.2) and S ;-donor magrocycles. reacting with hexasolvated copper(Il) in
methanol-water mixtures (Section 2.3), can be used for a powerful comparison
with the results obtained for complex formation of non-protonated N;-donor
macrocycles in media such as DMF and acetonitrile. This comparison should reflect
the difference in the kinetic effects of sulfur and nitrogen as donor in macrocyclic
ligands of equal size and structure,

4.2, Results of carlier studics

Hay and Norman were the first to study the kinetics ol metal incorporation into
N,-donor macrocyclic ligands in a dipolar aprotic solvent [33]. They investigated
the reactions of nickel(ID with 2cyclam) und C-methylated cyclam derivatives,
1I8(5.12-DMC), 21, 1Tatet-a) and 17b(tet-b), in acctonitrile,

CH1\| CH]
H JH CHJ\N NJCH‘

CY OO
N N NN
HJ’ ‘H CH,\/ CH;
CH,MCPh L\)
21

22 {TMRC)
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In all cases. they observed a fast incorporation step (first-order in both nickel and
ligand), followed by one or two slower isomerisation steps. The second-order rate
constant for nickel incorporation was found to be more or less the same for all of
the macrocyelic ligands and even open-chain tetra-amines studied (see Table 1)

4.2.1. Cyclany2) in comparison with retrametfivieyclani(13)

Hertli and Kaden investigated the Kinetics of complex formation of nickel(1l)
with cyelam(2) and TMC(13) in dimethylsulfoxide (DMSO) and DMF [34]. In both
solvents and for both ligands, an initiul second-order reaction was observed. leading
to electronic spectra typical for nickel{Il) in a square-planar N -coordination

Tuble 1
Rate constunts for complex formation of N -doner macrocveles L with nickedtID and copper(lly in
aprotic dipolar solvents aceording to reaction schetme (%)

Solvent I th 10 M T D

Ligand Metal 10k, (s Rel.
2 Ni MeCN 29K 76 [33]
18 Ni MeCN 2% T3 [33)
21 Ni MeCON 29% ) (33}
17a Ni MeCN 29K 9.2 [33]
17h Ni MeCN s %.3 [33]
2 Ni DMS0 2uN 16 230 |34]
2 N DME AV I8 32 [34]
13 Ni DMS0 ACE 0.032 [34)
N Ni DMFE 29N 0.5 [14]
n Cu BME 24K 0.3y i [35)
2 Ny DMF Rk “u 260 136)
23 Y (BASYE W03 23 01 [36)
4 A DM T 13 (g [30]
28 Ni DMF Bk 3.3 1 [36]
13 Ni DMF e .61 058 [36]
13 Cu NDMF A K70 sS4 [36]
17a NI DML a3 2u 0.30 i
17h Ni DN KX 9N 0080 137)
18 N DMFEF IR o 041 (37
1 N DM 13 o I8 137]
i NI DMEF 1 1 1371
27 Ni DMF i 1.3 7]
i3 Cu DMF B "3 s4" (37
17Ta Cu DAME > 3 28" 137]
17h Cu DME PN 14 R 37
18 Cu [PAYIR N N .34 137]
2 Cu DA i~ 1N N (37
26 Cu PME I 1.3 37
27 Cu DM N 1.~ T [37)

"Estripobated o 303K on the basls
A
I = K

meastreiments at 23 230 K
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Lh

sphere. The second-order rate constantl & for the complexation with TMC was
smaller than with eyclam by a factor of 300 (DMSO) and 23 (DMF). As shown in
two-step reaction scheme (9), for the reaction of nickel(1) with L = cyclam in both
DMF and DMSO a slow subsequent first-order step was observed.

i‘.lnt

Ni® 4 L 2 (NiL? ), — NiL* (9)

This step was interpreted 10 describe o rearrangement of the coordinated ligand in
the intermediate (Nil.* ), to form the thermodynuamically most stable stereoiso-
mer NiL* -,

For the system Ni° -~ cyclam DMF. the second-order rate constant for the
incorporation step was found o be k= 1.8 x 10°'M 's ' at 298 K (see Table 1),
Within the framework of the Eigen-Wilkins mechanism (see Section 2.1), the
assumption of an outer-sphere complex formation constant K, = 0.1-0.5 M~
leads 1o A; = &k 'K, =(3.6-18) x 10" s ! for the interchange step. In view of the
vety comparable rate of solvent exchange in NitDMFY), - (k.. = 3.8 x 10% s ! [6]),
Hertli and Kaden concluded that for the systems Niv - cyclam DMF and Ni*
cyelam DMSO the substitution of the first solvent molecule (i.e. formation of the
first Ni-N bond) is rate-controlling. The substantial drop in rate observed for the
tetra- N -methylated ligand TMC(13) was ascribed Lo steric effects,

422 Studies with TMBCi22)

The kinetics of complex formation ol copper{Il) with the highly substitnted
N -donor macroeycle 22(TMBC) in DMF was studied by Elias and coworkers [35)].
The kinetic pattern observed was the same as the one found for the system
Ni*  cyelam DMF [34]. namely, fast second-order intermediate formation and
slow first-order rearvrangement according to reaction scheme (9. Compared with
the fust sulvent exchunge in Ca(DMF); (k=91 % 10% s ' ([6]b}. the size of
sevond-order rate constant A =39 M ' s ' (see Table 1) tor the reaction of
copper(1l) with TMBC is too small to be possibly indicative of the operation of the
Eigen-Wilkins mechanism. TMBC is a sterically very much hindered ligand, It was
suggested therefore that, according (0 reactions (1012} {solvation shell of Cu®
omitted for elarity), fast first-bond formation has occurred betore the observation
on the stopped-flow time scale begins,

Cu® 7 §solv) + TMBC == {1Cu, TMBC - = Cu-(TMBCY &, (10
Cu—{TMBC)Y  =Cu<(TMBC'y "~ K, (11)
Cu-(TMBCY  »Cu(TMBCY " (inty k], (12
Cu{TMBC)* " (int) ~Cu(TMBCY &, (13)

To explain the low rate of copper incorporation into TMBC, Elias et al. argue that
the formation of the second bond Gund of further bonds) according to reaction (12)
cun lake place only when the singly bonded Ni-macrocyele in the species
Cu-(TMBC) - finds itsell” in o suitable conformation and spatial arrangement,
relative Lo the copper. to allow closure of the first ¢helate ring and, subsequently,
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full N,-coordination, The intermediate Cu(TMBC)® ~ (int) finally isomerizes accord-
ing to reaction (13) to optimize its stereochemistry. According to equilibrium (11).
this mechanistic interpretation invokes the dynamics of conformational change in a
partially coordinated macrocyclic ligand as possible rate~limiting factor. It implies
that the experimentally obtained second-order rate constant k=39 M~' s
corresponds formally to & = K-K, k... The small size of k relative to &, for the
volvated copper. Cu(DMF); ~. \\ould lhb\ be due to a small value of K, and.
possibly, of K.

4.2.3. The kinetic effect of stepwise N-methyvlation of cvelum on imtermediate
Jormation

The kinetics of complex formation of nickel1l) and copper(Il) with a series of
five increasingly N-methylated ligands L (2cyclam)~— 23— 24(1.4-DMC) - 25 —
IXTMCO)) in DMF wus investigated by Roper and Elias [36]. The overall kinetic
patiern observed corresponds 1o the two-~step scheme {9).

H,_p CHi  H. x/ﬁ CH: H. (\ _CH;

N

L) 0 EN]
HL;:“)H HUCH; K)CHJ

24 (1, 4-DMC)

Even at the reduced temperature ol 218 K. the imtial second-order reaction of
copper(ll) with ligands 2, 23, 24 and 25 was too fast to bz monitored by the
stopped-flow technique. Only with fully N-methvlited TMC(13), the coordination
of coppertlD) could be followed at 215-230 K. Extrapolation to 303 K vielded
k=87x10"M "5 ' (see Table 11 which means that copper(ll) reacts with
TMC(13) by three orders of mugnitude taster than with TMBC(22). As in the case
of TMBC. the coordination of copper(Il) by TMC is nevertheless too slow to be
controlled by the rate of solvent exchange in CW(DMF);

Second-order rate constants & for the reaction with mekel(ll) were found to
follow sequence (1).

KQ2VA(ZINA24YA Q250K (13) = 130:38:21:9:] (h

The drop in rate with increasing number of methyl groups on the N-donor atoms
obviously reflects the stepwise reduced flexibility of the macrocyelic ligands L.
Mechanistically. sequence (1) points 10 a changeover in rate-contra! from first-bond
formation (L = 2=cvelam) 1o second-bond formation (L = 25, 13). The rate of
reartangement of the interinediates formed was found to be much less affected by
the N-methyl groups. With the exception of K, (2) = 256 ~ 10 *s ', rute constants
A bl Tie in the narrow range (0.1-09) = 10 75 " (see Table 1) The relative pX,
vitlues of *he species LH - (pA (1)) and LH* * (pk,(1),). as determined in DMF for
2= 2, 23-28 and 13, provided a valuable mechanistic information. Increasing
Nomethylation (2-+23-224 225 13) does not affect the size of pK,(1). but
reduces the size of pAL(Y),. Interestingly. a LFE relationship was found to exist
between second-order rate constant & and pKR (2),. which suggests that {formation of
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Table 2
Compuarison ot rate constunts for camplex formatien of C-substituted and V-substituted figands L
with copper(ll} and pickel(1D in OMF accordhing 10 tescton schieme (9} [37]

Ligand 1 [ 7o [heCud AN an 303 K AoolCud & (N at 303 K
i3 1.7 9.3

26 4

22 073 47100

17a w3

17h 43

18 1.0 1.3

27 (4 32

*Rate constant &, (Cuw) wsed o valenlate this vadie reters 1o 208 Komstead of 303 K,

the second Ni—-N bond is indeed involved in the rate-controlling step of intermedi-
ate formation.

d.24. The kinetic effect of C-methvlation of evefunt on intermediare fornration

Ligands 17a, 17b, 18. 22, 26 and 27 were chosen by Raper and Elias [37] 1o
investigate the influence of substituents on the carbon skeleton of cyclam on the
kineties of complex tormation with nickel 1D and copper(Il) in DMF.

]
nar N

.H

N N
L o )
NN P N
R “H K H
~ g

26 27

Again it was found that complex formation aecording te reaction (1 follows (he
twosstep scheme (9. Compared with the effect of stepwise  A-methiylation on
second-arder rale constant & (see sequence (1), the effect of C-methylation s less
pronounced. For M = Ni, the & values obtined lor 18 (1wo methyl groups),
170 17h six methyl groupst and 27 (two methyl and two phenyl groups) are all of
the same order 1(2-10) = 107 M " s 1 ac 3 Koosee Table 1), For M = Cu, the
results are similar (b =Q-14) = 10° M ' 5 ' at 218 K). One can conclude,
thetetore, that methyl or phenyl groups on the propylene bridge ol eyelam have o
minor effeet only on the rate of metal incorporation. The addition of ring systems,
Rowever, as in 26 {(dibenzocyelum), has o much more pronounced rate-reducing
elfect (for M=Cu, A=13x10°M "5 " 2% K) and the combination of
Ne-methylation and added ring systems, as in 22, lews the rate of metal coordination
drop by a factor of ¢i. 10" (nicke)) and 107 (copper) {371,

The comparison of the second-order rate constants & obtained for the reaction of
ligands 13, 17a, 17h, 18. 22. 26 and 27 with nickelt{l) and copper(1D). respectively,
leads 10 an interesting result. As shown o Table 2. the ratio A(Cu)R{NI),
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lc—w- fast stage s} i Elow stage -~>|

The overall process of complexation has two stages. The initial stage. accompanied
by substantial spectral changes. is fast and second-order. The second stage, associ-
ated with only minor spectral changes, is considerably slower and first~order. The
dat obtained for second-order rate constant & in the cuse of M- and or C-substi-
tuted evelam derivatives suggest that tormation of the second M-N bond (e,
closure of the first chelate ring) s determining the rate of the first stage (as an
exception. the size of & for the non-substituted hgand L = cvelami2) is compatible
with ttte-control through first M- N bound formation). The absorption spectra of
the intermecdiates present at the end ol the first stage confirm planar Nj-coordini-
tion of the metal, Thisy means that. compared with second-bond formation, form;-
tion of the third and fourth M-N bond is a fast consecutive progess,

As pointed out carlier (see Section 3.1). the Tour nitrogen atoms of 4 Ny-donor
macrocevele become chirul upon coordination, [t s well conceivable that, in the
course of st consecutive coordination of the third and fourth N-donor atom. there
i not enough time for the ovelie ligand 1w accommaodate the metal in the
stereochemicaily most favorable configuration (U has been suggested  therefore
(33 - 35] that first-order rate constant 4, describes a stereochemical reorganization
of the mtermediate (ML7 ). leding o a thermodvnamically more  stable
stereotsomer MLT 7 as produet.

It s very iformative o analyze the dida obtained for rate constant A, (see
Table 1% In DMF and for M= Nu the rearrangement of the intermediate
(NIL™ ), with L= evelamie2) occurs with A, = 0.26 s ' at 303 K. The introduc-
tion of one Vomethvl group (L =2 = L = 23) is sufticient o let &, drop from 0.26
o019 10 s T e by three orders of magnitude. Further .V -miethylation
and C-methviation or even addition of benzene rings (as in 22) has a minor eftect
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only in that the data for k;,, lie in the rather narrow range of (0.08-1.5) x 103
s ! for all of the substituted ligands (13, 18, 17a. 17h. 18. 22-27). Considering
the fact that, for example, £(23)4(22) =4 x 107 and k&, (23)/Ah,(22) = 1.1, one
recognizes that. mechanistically. intermediate formation (rate constant &) and
inter-mediate reorganization {rate constant k) are fundamentally different. One
should also note that the copper intermediate Cu(TMC);, (TMC = 13) reacts
only ten times faster than the analogous nickel intermediate (see Table 2) and
that the corresponding enthalpies of activation. AH ”. agree within the limits of
error (67 kI mol ~ ' for nickel and 65 kJ mol ! for copper [36]). These findings
support the plausible interpretation thai the second slow stage of the overall
prccess of complexation describes ligand-specific stereochemical rearrangement
steps.

"H-NMR  monitoring of the reaction (NiU(TMC) ), - N(TMC)Y = with
TMC =13 in DMF-d- allowed a more detailed description of the rearrangement
taking place [36]. In agreement with earlier studies on the stereoisomers of
NI{TMC) = [38-40]. it was confirmed that this step corresponds to the stereo-
chemical isomerization wuns-lIIRSRR) - rrans-HRSRS) according 1o reaction
scheme (15). The participation of the solvent S =DMF follows from the para-
magnetic shift of the NMR spectra.

T ']2+
Ne § M"
Me N Mc Ni N Me 15
= “Me
trans-ll {(RSRR) trans-1 (RSRS)

The rearrangement of the intermediate (NUTMCY ), according to reaction
(15) is the only one which is stereochemically well-charactenized. As a matter of
faet. for both nickel and copper the data for &, lic in the tather narrow range
of (0.1-8)=x 10 “ s ! for all of the substituted ligands studied (seq Table | as
the only exception. intermediate (Cul® ), with L =22 rearranges laster), It is
theretore reasonable to assume that the first-order rearrangement ol all of these
intermediites corresponds 1o an inversion of configuration of one of the chiral
NM-donor atoms, as schematically shown in reaction sequence (16),

:':;

T

" _A

N .
\(,{ \\1\\/1%'«-4- hww{/ —M\/’j (16)

The low rate of reorganization is due to the high energy barrier for the transi-
tion siate of such inversion processes. The stereochemical details of the various
isomerization steps have vet to be studied.
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426, The role of pendant coordinating groups
The kinetic investigation of the complex formation of ligand 28 with divalent
metal ions M? © (M = Zn. Ni. Co. Cu) in DMSOQ, as carried out by Moore et al.
[41]. is an example 1o show as to how ligand functionalization affects the mecha-
nism of metal incorporation.
e

(
o oy

EN N]“ |
e

As in the case of the medium water (see Section 3.3). the pendant donor group
initiates complex formation by catching the metal. The overall process. schemati-
cally described by reaction sequence (17). has two stages.

R LY . i
M(DMSO}. -~ + L = intermediate - product (17)

oo

The rapid first stage is second-order and reversible. leading to an intermediate with
the metal bound to the bipyridyl group. The slower secand stage is first-order and
practically irreversible, involving chelation by the macrocyelic ring.

4.3 Recent results

4.3.1. General

Due to the fact that the synthesis of substituted Ndonor macrocyeles is mostly
laborious. many of the earlier studies described in Section 4.2 were carried out
under stoichiometric conditions in order to save matetial. When pseudo-first-order
conditions were applied. they were established with an excess of metal, not with an
excesy of ligand. In the meantime. the synthetic procedutes have improved and, in
addition, the experimental technigues for monitoring reactions in the UV - vis range
have beeome more sophisticated. The availability of diode arravs has led from
conventional stopped-flow spectrophotometry (with monitoring at a single wave-
length) te rapid scan stopped-flow spectrophotemetey. This technigque provides
series of complete absorption spectra at time intervals of a few milliseconels. The
computer-ided multi wavelrngth analysis of such series of spectra leads 10 more
accurate rate constants and allows the detection and spectroseopic chacacterization
ol intermediates.

Based on more powerful experimental techniques, recent stadies on the kineties
of complex tormation of’ Ny-donor cyclic hgands have revealed a greater kinetic
complexity ol the overall process of metal complexation, The kmetic pattern
deseribed by the two~step reaction sequence (14) has to be refined. Novel experi-
mental results allow and demand to describe the initial fast stage of metal
meorporation as well as the consecutive slower stage of reorganization in greater
detail.
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432 More detailed information on intermediate formanen in the reaction of
nickeltlf) with cvelam(2) and tei-a{17a) in DMF

Mult wavelength analysis of the data obtained for the reaction of L = cyclami2)
with an excess of nickel(1l) in DMF revealed ihat the experimental rate constant
describing the imitial fast stage of the reaction, k... 15 not just linearly depending
on [Ni* "] according to k., =& - [Ni* "]. The data obtained for k.., at variable
concentration ot nickel follow relutonship (1) mswead [42).

kppy =a - b [NV U +b [NV ]) (1

This sort of dependence indicates the existence of a fast eqguiifibrivm according to
reaction (I8a) (M == Ni* "), preceding the formation of the intermediate (ML),
acuording to reaction (18b),

M+ L==tMLI K (18a)
:ML}' A(ML)HH kl (ISb}

The parameters « and & in (1D correspond to a=z=hk, =27T+1 s 'and h=K=
200420 M " at 298 K (see Table 3). With regard o the chenueal nature of the
snecies |ML), the size of equilibrium constant K is such that the assumption of
‘ML) being an outer sphere complex can be ruled out, It is much move plausible
to suggest instead that ML} is sort of a precurser comphex, M- L. with singly
bonded cyclam. which forms the species with doubly tonded cyclam, M-L, with
first-order rate constant &,. The conversion of the species M=L into the fully
N -coordinated intermediate {ML},, is a fust process, not detecied by stopped-fow
technique at ambient temperature (see Section 4.2).

The results obtained for complex lormation ol the ligand tet-{17a) with an
excess of nickel in DMFE are in line with the kinetic patiern described for complex
formation with eyvelam(2) {42). The fast stage of intermediate formation with tet-a
cin be broken down into three steps. characterized by the experimental rate
constants k.. kg and £ The nickel dependence of rate constant £,,,,., loliows

Table 3

Rate amd cquilibrium: constats for comples formanon of the N-goner wacroerelic ligamds 1o

cwlimid), tetd 1T and S2DMOUE) wuh o nickedlD fn DME ac B8 KM B TR
K N [ [T T TR

Reaction scheme: Mob Loz ML =MLy, A B WML

L. AiM Y Aots hog (s 1 k

and 5 " /\mﬂ (" i:"l RL'I‘.
Cyelami2) 2 ki P [+2]
Tet-a{172) 8.9 ] 2 028 03x 10 4]
S12-DMCUR) 0.3 ™ Jar 08 [0 4]

*Rate constant A, deseribes the gie of formation of te il prodoet complex: ML

" ase catalyzed sep.

< Upon prolonged observation onder smaerobic conditions, another slow lirst-order rerrangenent
step wiy Be detevted k=00 B s e 298 KL
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relationship (). whereas k... and k.. are independent of [Ni "1 As shown in
reaction sequence (19 —d) (M = Ni® * ). the consecutive first-order steps (19%) and
119d) are fast steps.

M+L={ML! K=89M ' (19a)
ML) (ML), & =415 {19b)
IMLY,, —=A &, =21s ' (1%¢)
A—=B k,.=028s (19d)

The mtermedipte (ML), formed initially accerding to reaction {19b) rearranges
quickly via an intermediaie A o an intermediate B, which finally 1somerizes slowly
with rate constant &,,;=0.30 x 10 7 & ' (sec Table 3). The size of equilibrium
constani K =8.9+ 1.7 M ' ugain suggests that in the species *ML} the ligand tet-a
is singly bonded.

Compared with the pareat hgand cyelam. hexa C-methylated tet-n is less flexible.
Reduced flexibifity of the Ni-donor hgand causes obviously a greater Kinelic
complexity of the mitial fast stage of intermedinte formation. which makes sense. It
is also plausible to see that the equilibrium ¢onstant K for the formation of the
precursor complex (ML} with singly bonded hgand is considerably smaller (or the
substituted ligand tet-a than for ovclam.

As outlined in Section 4.2, in the earlier work intermediate formation accornding
W reaction sequence (141 was Kingnweally treated as o simple second-order reaction
with rate constant & (see Table 1) For b - [Ni7 | = A [NE | 1L relationstup (1D
takes the form 1Y with &, - K corresponding 1o second-order vate constant & of
reaction (14

Ko xa b ING Y=k ok [N (1D

For L = eyclamid) and L = ter-a17a), the product &, - K amounts o 535 = 10°- M
sooand 37 x 100 M s L respectively. al 298 K, which dillers tfrom the dita
obtained for & (see Table 1) by less than a factor of two,

In summary. the mvestigaton ol the reaction al evelm(2) and tet-atB7a) with an
eaeess of nicke! reveals that the raeconirolling step ol intermediate formation is
preceded by a fast equilibrium v which species with (st protably) singly bonded
Na-donor hgands are formed.

L3230 Remrement of the cowrse of conplox formeartan of 312-DXCUE8) wirh
pickel(ft) in DMF

The kinetie investigation of the the tormation of Nud 12-DMC) in e
presence of an excess of mickel or lgand L ois revealing m a two-fold sense [43)

The resubis obtained wihh excess nivkel confirmed that, as in the case of
tet-af 1), wtermediate formation is not a simple secondeorder process. The fas
stage can be broken down mto o fast imtial equilibrium folowed by 1wo steps
accurding to the seguence 1203 ¢ 1A = Ny

Moz ML K=103M (200)

ML (ML, &, =785 ! (20b)

(15
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(ML)im —+A ",\-mll = 24 5 ! l.?.GC'

The mechamistic interpretation s analogous to the one given for reaction sequence
(19a—¢), The precusor complex (ML} is again assumed to be one with singly
banded 5.12-DMC, 1i reacts with rate constant &, to form the fully N -coordinated
intermediate (ML), .. The latter one rearrauges quickly with rate constant £, to an
mtermediate A, which finally isomerizes stowly in two first-order steps (see Table 3)
to form the thermodynamically most stable product Ni(5.12-DMCHDMF)s -,

In the presence of an excess of the ligand 5. 12-DMC(IR), three comparatively fast
steps are observed. as characterized by rate constants & .. Koy and &, [43).
Surprisingly. all three of these rate constants nerease lineurly with [3.12-DMC).
Accepting equilibrium (20a) with K= 10.3 M ', as resulting from the studies with
an exeess of nickel, one would expect to find this equilibrium in the presence ol an
excess of 5. 12-DMC as well. In other words, relationship (11) should appiv in the
form oo 1),

Ko = Ky K [LHL 4 K- LD (1a)

The solubility of the ligand 5,12-DMC in DMF is. however, limited to .02 M. For
this maximum concentration and K= 10,5 M ', the term K - {1.] amounts to 0,105
and contributes 1o the deneminator in relationship (Hay only very weakly. This
means that (Hay takes the form &, = &, - K [L] and the dependence of &, on
[5.12-DMC]. as obscrved experimentally, is linear with a slope of &, K=6d4 M
5L On the basis of K= 10.5M ', rate constnt &, is caleulated to be 61 s 1 This
number compares satistactorily to &, = 78 s 'L as obttined with an excess of nickel,

Accerding o this interpretation of the lipand dependence of & 4., the lirst step
of complex formation leads Lo the imermedioe (ML), which & expected 10
somerize slowly i two steps (see above and Table 310 As o matter ol Laet, ths 1y
not observed. The product frons-11-Ni 5.1 2-DMCHDMEF): © is lormed instead in
two surprisingly fast steps and the corresponding rate constants k. and Ao
increase lincarly with [3.12-DMC). Sunzenbacher and Elias pive o plausible explana-
tion lor this observition by assuming that the last two steps of the overall process
are stereochemical rearrangement steps. which are subject to base catalysis by
SEDMC (und. less efficiently, by triethylamine). As schematically suggested in
reaction sequenee (21) (M = Nit ) the base B = §12.DMC might add to the nickel
and thus facilitute the process of N bond inversion according to reaction (2]a).

H

] |
,H,._. "N .—H‘_‘H_"N /N‘A.,,.._:N
AT e DN L INT
H

Pt Bt S (21a)
N Js——. H A e N YR
T
S AN Fo— =N
LM eB e M| e ZMOS g i)
N=—N H NTL—N NETN

I?:i B = 3 12-DAC (18)
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Alternatively and possibly additionally, hydrogen bond formation between coordi-
nated 5,12-DMC and bulk 5.12-DMC according to reaction (21b) might contribute
to iower the energy barrier for the inversion process. This sort of itnteraction
between (ML), . and 5,12-PMC would mean that. at high concentrations of the free
ligand. rate constants %, and &,,,.. should show saturation behavior according to
relationship {11a). Unfortunately, the solubility of 53,12-DMC in DMF is too limited
to prove this.

4.3.4. Complex formation of 1,4-DMC(24). 1.8-DMC(29) und mitet-a(30) with
nickelill) and copper(I1} in DMF

The Ny-donor macrocycles 24, 29 and 30 were chosen by Schwamberger and
Elias [44] as ligands for the study of reaction (1) in order to provide further Kinetic
information on how the specific position and number of methyl groups on the
parent ligand cyclam(2) affect the course of complex formation with nickel and
copper.

SN en
» 3
H\ \j .C Hs H. (&\‘ AHa CHJ:?/’\\CﬁH; HSQ\A LCiHs
I N N N /N N
i
3 ) ( ]
}:\L MCHy CHJ”N /TNH (’HL>N N\CH Wiy “CH
3 ) sy s
) L\"' CHy' CHa L\')
CH,
24 (1, 4~-DMC) 285,870y Jo{tmbet-a; 31 ({TEC)

Ligands 24 and 29 differ only .. e relative positions ol the two N-bound methy]
groups (ciy and frans. respectively). whereas ligand 30, bearing four N-bound and
six Ce-bound methyl groups. should ollow an interesting comparison to ligands 173
(six C-bound methyl groups) and 13 (four N-bound methyl groups).

The X-ray structure analysis of the product complexes shows that in Ni(l8.
DMOC)CIO),. Nittmtet-a)(Cl0), and Caluntet-a)ClO,), the ligand coufiguration
is trens-HHURRSES). In the complex NitL4&-DMC)HCLO,), the ligand has the trans.
I(RSRS) configuration [44] and the ethylene bridge lovated trans 1o the two methyl
substituents s disordered.

As tound earlier under stoichiometric conditions [36). the overall process ol
complex formation of 14-DMC24) with nickel(1) in DMF can be split into two
stages. The investigation with an excess of either nickel or ligand reveals however
that. as found for the ligands et-at17a) (see Section 4.3.2) and 5.12-DMC(18) (see
Seetion 4.3.3), both stages can be kineticallv resolved in greater detudl than before.

As shown schematically in reaction sequence (21 (M = Nit L L = 1.4DMC. the
first (last) stage begins with an equilibrium, leading o the species ML} with (most
probably) singly bonded L, and ends with a fully Nj~coordinated. stereochemicaliy
{and thermodynamicaily) unstable intermediaie ('\iLi

4y feo e

st stage: MLt == ML (ML),‘ (2N

141

Avcording 1o reaction sequence (23) (AL B = intermediates), the second (slower)
stige comprises three stereochetical rearrangement steps and leads finally to the
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stereochemically (and thermodynamically) stable product ML = rrans-1-Ni(1,4-
DMC) ",
I Ky - Ky s

2nd stage: (ML), l‘ LA LB ML (23)

L T IO (T TR B T R 1 | I IO
Rate constants ki, K and A, are independent of the concentration of the
eXCess partner.

One might argue that outer~sphere complex formation should be considered as
step preceding first-bond formation. In the case of macrocyclic ligands such as
cyclam, this argument is, however, questionable. There is good reason to assume
that, due to the dynamics of coaformational change of the cyclic molecule, its
effective dipole moment is close to zero and the outer-sphere complex formation is,
therefore, negligibly small.

Equilibrium constant K=4 M~ ! for the formation of the complex species
{Ni(1,4-DMC)E* - with the singly bonded ligand is of the same order of magnitude
as in the case of the systems nickel(1l)/tet-a(17a) and nickel(11)/5,12-DMC(18) (see
Table 3). In view of the fact that the product complex Ni(1,4-DMC)* " has the
frams-1 configuration [44], Schwamberger and Elias suggest that, mechanistically,
rearrangement steps A, and ki, refer to the conversions (ML), — trans-11 and
trans~11 — rrans-1. respectively (see Fig. [). The corresponding activation enthalpies,
AH * are found to be 72 k) wol ! (k) and 110 kJ mol ™' (k) (sec Table 4).
The last step {rate constant &;,,.) is assigned to the conversion of the frans-I isomer
with a parallel arrangement of the two ethylene bridges (rrans-I(p)) into the trans-1
isomer with antiparallel ethylene bridges (rrans-lap)), which is reported to be
energetically more favored [45]. The possible course of the overall reaction is
schematically shown in Fig. 1,

For the reaction of the ligand 1.8-DMC(2%9) with nickelt1D), equilibrium constant
A is obviously rather small, so that K[L),,. (ind K- [NiF ], <01 As a
consequence (see Eq. (1la), the experimental rate constant &,,,,, hereases lincarly
with the concentration of the excess pariner and leads to the parameter &, - K =770
M s ! (see Table 4). In the presence of excess nickel, two first-order tearrange-
ment steps are observed. The corresponding rate constants &, and Aj,,.. which are
independent of the concentration of the exeess nickel, are ¢lose to those obtained
with the ligand 1,4-DMC24) see Table 4). In the presence of an excess of the
ligand 1.8-DMC. the data obtained for K, &, and k. agree satisfyingly with
those obtained in the presenve of an excess of nickel. It is noteworthy, however,
that the &,,: step is followed by a another step, which is linearly depending on the
concentration of the exeess ligand with second-order rate constant &, =0.13 M
s | (see Table 4). The spectral changes associated with this final step suggest that
the complex Ni(].8-DMC) * with six-coordinate nickel tn o {Nytfolded).cis-N.}
environment is formed. as shown in Fig. 1, This complex has not been isolated yet.

Compared 10 the M-dimethylaed ligands 14-DMC and 1,8-DMC, the ligand
tmiet-a(30), bearing four N-methyl groups and six C-methyl groups, is expected 10
be much more rigid. The loss in flexibility is reflected by the corresponding rate
data tsee Table 4). The pseudo-second-order rate constant &, * K is by three orders
of magnitude smaller and so are first-order rate constants k,,, and k.. In
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L= LA-DMC@24), M = Ni*

First (fast) J
stage

Second (slow) <
stape

MSe+ L
K
|

SsM-L+§

k|

J
Me 77 Me

(S

’, W\H

(ML ine
1 klllll
Me Me
/
../NO‘:‘N
H
trans-I1
I Kint2
Me M&‘
H \m\;\l H
,_,M_,N,\(, M
S~ “"\/ N
trans-1 {p)

{ ks
Mc\ /Mw

H N =Ny
= e N T e N \,,,M
.

rans-1 (ap)

L= 1,.8-DMC(29), M = Ni¥"

T \,,//

MSs+ L

K

SsMAL +8

tramye I11

l ks

Fig. 1. Reaction seheme sugpested (or the course of complex formation ol ligands 24 and 29 with

nickeltHy w DME

addition, there is another very slow rearrungement step, characterized by A, =

6.2 10 " s

As expected.

capper(ll) reacts with  tmitet-a(30) faster than

nickel(1D). The difference in rate is given by a factor ol ca. 107 for the first stage and

cat. 107 for the second stage (sce Table 4),
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Fig. Z shows schemes suggested for the course of the reactions of tmtet-a(30) with
nickel and copper. The assignmeni of specific ligand configurations to the various
steps (as well as the corresponding assignments in Fig. 1) is based (i) on the known
ligand configuration of the product complex ML. (ii) on vis-spectroscopic informa-
tion and (iii) on the results of a molecular mechanics study on nickel(ID) complexes

Fuirst (fasr)
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i e,
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with N,-donor macrocycles [45]. 1t follows from the latter study that, in the case of
Ni(cyclam)™ =, the rrans-1 and prons-111 isomer are the lowest in relative strain
energy. The trans-11 1somer, somewhat less favored than the trans-1 and trans-111
isomer. is calculated to be much more stable than the trans-1V and trans-V isomer.
One has to keep in mind. however, that any N- or C-methylation of cyclam will
affect the relative stabilities of the various configurational isomers.

4.3.3. Solvent and anion etfects on the Kineties of complex formation with
N pdonor macrocyeles of the evelam 1vpe

Most of the results reported in Section 4 refer to studies carried out in the aprotic
solvent DMF. As cleatly shown by the work of Hertli and Kaden [34], the rate data
abtained for the reaction of nickel(11) with eyclam(2) and TMC(13) in DMF differ
substantially from those obtained in the ap.otic solvent DMSO (see Table 1). In
principle. these solvent effects can originate in the solvation of the metal cation as
well as in the solvation of the ligand. One would expect, however, that the solvated
metal cation plays a major role, 1t is well-documented {or the medium water that
the lability of the coordinated water in nickel complexes such as Ni(H,0)~,
Ni(H,0)(NH )" *, NitH,0),(NH )3 " . NitH,0).(NH,)3 " and Ni(H,0);Cl - varies
with the nature and composttion of’ the first coordination sphere ([6]a). A variation
ol the inner solvation shell of the metal can be achieved most simply by changing
the solvent S. Alternatively, the introduction of, for example, coordinating anions
X generates species sueh as NiSX " in the case of nickel(Il). Compared with the
fully solvated cation, NiS; . these species should differ in the lability of the
coordinated solvent and. as a consequence, in reactivity towards macrocyclic
ligands.

4.3.6. Kinctics of complex formation of SA2-DMCI8) with nickel(dl) in DMF
containing an admixture of a less coordinaring solvent

The absorption spectrum of a solution of Ni(5,12-DMCYCIO,}, in nitromethane
clearly proves the presence of the four-coordinate planar species Ni(3,12.DMC)* +.
In DMF, however, the speetrum indicates the furmation ol the six-coordinate
species Ni(5,12-DMC)YDMF): © [43]. These facts show that, compared with DMF,
the solvent nitromethuane is much less coordinating,

The reaction of 5,12-DMCOI8) with nickel(IT) in DMF. as described in detail in
Section 4.3.3, leads to the intermediate (Ni(5,12-DMO));,; in the first step. In the
presence of excess nickel, (he corresponding experimental rate constant, k.,
depends on [Ni7° ] according to Eq. (1') Interestingly, the size of k,,, increases
when the medium DMF is diluted with nitromethane [42]. In pure DMF (i.e.
[DMF] = 12.9 M), rate constant k.., is found 1o be 7.3 s~ ' under given conditions
of concentration and temperature. Keeping these conditions constant, one observes
a considerable increase in A ., upon stepwise admixture ol nitromethane, At the
very low concentration of [DMF] = 0.8 M in the solvent muxture, rate constant k.,
has increased to 165 s ' The dependence of k..., on [DMF] is of the type
Ko ~ [DMF] ' Admixture of the nor coordinating solvent 1,2-dichloroethane to
the medium DMF has an analogous rate-enhancing effect.
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These preliminary results demonstrate the significance of the solvent. The kinetic
interpretation of the observed effects is difficult. It is reasonabie to assume that the
less coordinating solvent nitromethane (NM) partially enters the inner solvation
shell of the nickel ion to form species such as Ni(DMF)(NM) .
NiDMFELINM): © and Ni(DMF),(NM); ~. In these species the lability of the
coordinated solvent molecules is probably increased. In the case ol the non-coordi-
nating solvent 1.2-dichloroethane (DE) partial dissociation of the caticn
Ni(DMF); © and changes in coordination number and coordination geometry
according to equilibria (24) are also conceivable.

NiDMF)? == Ni(DMF):~ + DMF =2 Ni{DMF); © + 2DMF (24)

Compared with the cation N{DMF); *. species such as Ni(DMF) - and
Ni{DMF); © with a reduced coordination number arc probably much more reactive
with regard to complex formation with N -donor macrocyclic hgands.

4.3.7. The kinetic effect of courdinating figands suelt as cliloride

The reaction of TMC(13) with nickeltIl) in DMF. as siudied by Roper and Elas
under 1:1 conditions at /=0.1 M (NaClOQ,) {36]. follows reaction scheme (14) (see
Section 4.2 and Table 1). Fast second-order intermediate formation is followed by
slow first-order rearrangement of the frans-11 isomer to the frans-1 isomer
NiTMCHDMF)" * according to reaction (15).

In the presence of chlovide ions (JC1 J[Ni7 "} = L3:1L [TMC][Ni" - ] = 1:1), the
fast incorporation step. as charucterized by the second-order rate constant 4. is
aceelerated by a factor of 117 (see Table 3) [46]. Interestingly. the consecutive
isomerization step, as characterized by the first-order rate constant & ,,,. 18 practi-
cally not affected. As following from the vis spectra, the intermediate complex is
NUTMC)CL;, (instead of Ni(TMC),, ) and the produet oymplex is N(TMOICH
(instead of N(TMCUDME)" ),

Ishigure et al. [47] have reported the equilibrinm constants for the stepwise
tormation ol nickel chloro complexes in DMFE accordimg w0 equilibria (23).

X A Ao LA
NIt +4CT = NiCl +3C1 2 NiClL + 201 == NiClL
~ )
+Cl = NiCly (25)

One can thus caleulate that, under the given conditions tor the systenn TMC Nit-
Cl  (see Table 5). the monochloro species NUDMEF)LCL is dominating (61%
NUDMFLCL . 3870 NI(DMFEF), L 1% NiDMEF) CL)Y. T is therefore reasonable to
assume, that the more than 100-fold increase in the rate of intermediate ‘onmation
has 1o be ascribed to the greater reactivity of this species compared to th.. of the
hexasolvated cation NDMF), . As in the case of the monochloro agua species
Ni(H,O)CL o ([6Ja). the inner solvent shell is tabilized by the coordinated chloride.
due to cis- and rrges-eftects and the reduction of the overall charge from + 2 to
+ 1

The addition of bromide instead of ¢hloride increases the e of formation of the
intermediate NUTMOBr,, by a factor of four only (see Table 5). Au explanation
tor this comparatively small rate effect could lie in a smaller formation coustant for
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the species NifDMF).Br - in the system nickel(Il)'bromide/'DMF. Alternatively, it
is also conceivable that the stability of the halo species N{TMC)X - {as expressed
bv equilibrium constant K(X) for reaction (26)) is essential.

NiTMCY  +X 2" NiTMCO)X - (26)
In DMF solution. K(Cl) is very high an can only be estimated (K(Ch > 10° M ~ Y,
whereas K(Br) is found to be considerably smaller (K(Bri=2.4 x 10 M ') [46].

As poirted out above, the spectra obtained for the reaction of TMC(13) with
nickel(IT) in the presence of chloride icns clearly show that chloride is bound to the
nickel in the rapidly formed intermediate as well as in the final product. In view of
the Ni-N bond inversion mechanism suggested for the isomerization of
Ni(TMC);,; (see reaction (15)), it is surprising to find that the intermediates
Ni(TMC)CL,;, and Ni(TMC);,; isomerize at practically the same rate (see data for
k., in Table 5). Another puzzling finding is that, compared with the ligand
TMC(13). the reaction of the tetra N-ethylated ligand TEC(31) with nickel(ID is
only weakly accelerated by chloride ions (see Table 3).

In summary, the rate of complex formation of Nj-macrocyclic hgands of the
cvelam type with nickel(ID in DMF 1s rather specilically affected by admixtures of
less coordinating or non-coordinating solvents and by coordinating anions. It 1s
obvious that this sort of solvent and anion effects needs to be studied in greater
detail,

5. Summary and conclusions

The early work on the kinetics of complex tormation of Nj-donor macroeyeles L
ol the eyelam type with nickeltIh and copper(I1) in aprotic orgame aedia aceording
to reaction G led to the two-stage reaction pattern (b),

M-+ LML (a)

The mital second-order intermediate lormaton is followed by stow  first-order
product formation,

k M7s™) ko oiwTh
MY e L =3 (ML) —T- ML* (b)
!v-—* wartial fast) stage --:I«-- second (slowi stage --:’I

The size of second-order rate constant & was found 1o depend critically on the
position. number and nature of substituents on L. In contrast to &, first-order rate
constant &, was found to be much less affected by substituents on L. In the
intermediate complex (MLU7 ), the metal has achieved planar N -coordination
geometry.

With regard to the wwechamsm, o was suggested that formation of the second
MON bond controls the ritte of intermeduate tormation. The consecutive first-order
step (rate constant &) was interpreted to be a stercochemical rearrangement
reagnon,
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product ML with trans-i configuration
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Fig 3 Generad reaction scheme suggested Tov the course of complex formation of Nj-donor maerocyelic
hgands Lol the evelam tvpe with divadent mietal cations in aprotic solvents § sucly as DM (charpes

omitted),

More recent studies show that the two-stage reaction pattern (b) is basically
correet, but for most ligands not detailed enough. As suggested schematically in
Fig. 3. both stages have to be refined. In the first stage, rate-limiting formation of
the second M~N bond (i.e. closure of the first chelate ring), is preceded by a fast
equilibrium between the solvated metal cation and a precursor complex with (most
probably) singly bonded L. The equilibrium constant K and first-order rate
constant &, control the rate ol intermediate tormuiivon (rormaiivia of the third and
fourth M - N bond is 100 fast to be observed on the stopped-flow time scale). The
first stage of the overall reaction leads to a stereochemically (and thermodynami-
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cally) unstable intermediate complex with planar Nj-coordination of the metal,
Depending on the pattern of substituents on the ligand L, the second stage is found
to consist of up to three first-order reorganization steps. In these s eps, rearrange-
ment of the carbon skeleton and M-N bond inversion occurs. which finally leads
to the stereochemically and thermodynamically most stable wrans-1 or trans-11
configurated product complex. Within the series of first-order rearrangement steps.
the rrans-11 isomer plays probably a major role. Ut is important to note that, in the
presence of bases (such as, for example. excess ligand) the rearrangement steps can
be subject to base catalysis. In addition. all of the intermediate complexes and also
the final product complex are subject to ligand-specific solvation of the metal site.

The reaction sequence suggested in Fig. 3 is genzral in the sense that intermediate
formation and subsequent intermediate rearrangement is typically found for com-
plex tormation of nickel(Il) and copper(Il) with all of the N ;-macrocyclic ligands L
studied. Ligand specificity expresses itself in the size of K and &, (first stage) and in
the number of rearrangement steps following intermediate formation (second
stage).

The Eigen- Wilkins mechanism correlates the rate of complex formation with the
riate of solvent exchange on the metal. whereas the Eigen-Winkler mechanism
allows for the rate of conformational change of the ligand L to become rate<limit-
ing. Does the mechanistic scheme in Fig. 3. as suggested for intermediate forma-
tion. correspond to one of these two mechanisms? The answer to be given is
obviously yes and no.

As a matter of fuct, a highly substituted cvclam derivative such as tmtet-a(30)
torms the intermediate complex with copperil{; and nickel(1l) at such & low rate
that the idea of rate control by solvent exchange on these metals has o be rejected.
On the other hand. intermedtate formation of this ligand with copper is by more
than four orders of magnitude faster than with nickel. which reflects the greater
lability of the solvated copper cation. as expressed by & (Cu(DMF); )
A JANUDME), =24 % 107,

The consideraion of ligand rigidity as well as of metal lability provides a
reasonable explanation for the fact that, even in the case of very rigid cyclam
denvatives, the reaction with copper is considerably ess slow than the reaction with
mekel. As schematicadly shown by ruuclion {c), the higand L is subject to last
conformational change (rate constant &

1||

T o r?l eon,_ / \ Reon N m/ﬂ
T = (¢)
N-——N \ / - \j :

The rate of this contormanonal change will be reduced. when L is singly bonded to
the metal i the precursor complex (see reaction (dy; &7, < h_).

s <
S s N s /N
/ - % i / .
§—— M——N" \\N e §——M— -N" | (d)
,'/ /’I’ /’ Lo ! N
s N 8 s
L
hY 5 N
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As schematically shown in reaction (e). in the precursor complex. the rate of solvent
exchange on the metal will also be changed (k. #k.,).

g'——\'ti—“-'— \I / +5i — S“
/ >
C N g
$

|/ e . |
Ko h"/ / \ (e)

1 +S

NS
| .

If formation of the sccond M-N bond according 1o reaction (f) is controlling the
rate of intermediate formation. the rate of this step (rate constant &,) will depend
on both k., and A,

S §

S N | N-—N
—_lé——w/ \‘1\' ul mrld/’ } +$ ()
S//£ \N/ S/L\NH— N

The rate constant &, determines the rate at which the partially coordinated ligand
offers the second N-donor wtom in a spatial arrangement close enough to the metal.
On the other hand, rate constant &, determines the rate at which the metal in the
precursor complex olfrs a vacant site (or labilized solvent molecule) on the me:al.
Due to & (Cu) > k. IN1), even with verv rigid ligands L (for which &, is small)
the copper will catch « properly positioned second N-donor atom of L faster than
the nickel. Ly the case of a comparatively flexible ligand L such as non-substituted
cvelam (for which &), is large). rate constant &, may well be close to rate constant
k., for solvent exchange on the metal. Intermediate formation miry thus appear to
be metal-controlled (Eigen-Wilkins mechanism).

Unfortunately. data for &, and £, are not available (and hard 1o determine),

In conclusion, the present results confirm that substituted Nj-donor macroeyclic
ligands of the cyclam type represent indeed a special type of chelate hgand. In order
to deseribe the mechanism of metal complex formation ol these ligands plausibly
one has to invoke elements of the metal-based Eigen- Wilkins mechanism as well as
clements of the ligand-based Eigen- Winkler mechanism,
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