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ABBREVIATIONS

acac acetylacetone

BME-DACO N, N'-bis{2-mercaptoethyl)-1,5-diazacyclooctane

bipy 2,2-bipyndine

3-CH,-1,5-DTCO

3-methylene-1,5-DTCO

cyclam 1,4,8,11-tetraazacyclotetradecane

DACHDA i 4-diazacycloheptene-N N’ -diacetic acid
DACHDEA i 4-diazacycloheptene-N,N'-{a-cthyljacetic acid
DACHDEN N, N'-bis(Z-aminoethyl}- 1, 4-diazacycloheptane
DACHDMA i 4-diazacycloheptane-N, N'-{x-methyl)acetic acid
DACHDPA 1 4-diazacycloheptane- N . N'-(«-propyliacetic acid
DACHDPN N N'-bis{3-aminopropyl}-1,4-diazacyclohepiane
1.5-DACO 1,5-diazacyclooctane

DACODA 1,5-diazacyclooctane-N N'-diacetic acid
1.4-DACH 1.4-diazacycloheptane
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DMSO dimethylsulfoxide
t4-DTCH L.4-dithiacycloheptane
1,5-DTCO b.5-dithiacyclooctane
1.3-DTCO-0O i.3-dithiacyclooctane 1-oxide
EDDA ethylenediaminediacetic acid
Me,BME-DACO N N'-bis({2-methylmercaptojethyli-1,5-diazacyclooctane
EDTA ethylenediaminetctraacctic acid
mni?” malgonitriledithiolaie
MPHZ N-methyi-5.6.11.12-tcirahydro-2.8-dimethylphenhomazine
3OCH;-1.5-
DTCO Y-methoxy-1.5-dithiacyclooctane
3OH-15-DTCO  3-hydroxy-1,5-dithiacyclooctanc
PHZ 5,6,11.12-tctrahydro-2 8-dimethylphenhomazine
3-PP 1,5-diphenyl-1,5-diphosphacyclooctane
8-P5S 5-phenyl-1-thia-5-phosphacyciooctane
PYAZ 4 4-dimethyl-7-(5.5.7-trimethyl-1 4-diazepan- 1-yl)-5-azaheptan-2-ol
TACO S5-methyl-1-thia-5-azacyclooctane
TMDZ 5,5, 7-trimethyl- | 4-diazacycloheptang

A INTRODUCTION

Medium-sized rings {mesocycles) are molecules which coniain seven- to ten-
membered rings. The most symmetrical members of the series of saturated bidentatc
heterocyclic mesocycles with transannular donor atoms (D) are iHustrated below. All
are potential chelating agents: however, the coordination chemistry of only the first
two members of this series. the 1,4-disubstituted cycloheptanes and 1. 5-disubstituted
cyclooctanes, and their derivatives has been studied. it is the purpose of this manu-
script to review the coordination chemistry of these ligands and to describe some of
the more imporiant properties of their complexes. Mesocyclic Lrideniate and ietraden-
tate ligands will not be discussed.
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B. COORDINATION CHEMISTRY OF 1L5-DIAZACYCLOOCTANE (1L5-DACO). | 4-DIAZACYCLOHFPTANE
tI4-DACEH I AND THEIR DERIVATIVES

‘i) Structure and spectra

In 1966, we reporied that both NICIO,), and Cu(ClO,), react with 1,5-
diazacyclooctane {1.5-DACQO) to give solid bis-complexes which appeared to be
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rigorously square planar [ 1]. Models showed that the planarity of the bis-complexes
of 1,5-DACOQ is conferred by the geometry of the ligands. When both ligands are
arranged in the boat—chair conformation, all intramolecular interactions are mini-
mized and the methylene groups at the three and/or seven positions will effeciively
block the z-axis so that additional coordination is prevented.

QN;H.ZN> &N'H ?N>
e ™ oot
QN.HHNV (<N.HHNV

The fiest crystal structure of a  mesocyclic complex, Ni{i 5-DA-
CO)CH0,),; - 2H;0, was carried out by Royer et al. in 1971 [2]. They reported that
the nickel{Il} atom was “sirictly planar and square within experimental error”. The
most unexpected observation was that the trimethylenc groups did not {old over the
z-axis as predicted [17] but are arranged in a plane so that all the hydrogen atoms
in the trimethylene groups are eclipsed. Although the axial positions are completely
open, neither the perchlorate ions nor the water molecules are in a position in the
lattice to interact with the metal aloag the z-axis. The Ni—N bond distance is 1.95(3)
A and the C—C bond distances vary from 1.47(3) to 1.52(4) A.

An X-ray crystal structure of the same molecule, Ni(1,5-DACO},(CI0,), < 2H,0,
was reported later by Hussain et al. [3] who recoafirmed the structure found by
Royer et al. [2]. The angles and distances were found to be slightly different, but the
same eclipsing of the hydrogens was observed. They report that the Ni—N bond
distances are 1.921(5) and 1.932(5) A but the C—C bonds in the trimethylene groups
are appreciably shorter (from 1.339(13) to 1.385(12) A) than aormal sp® hybrids
{1.54 A). They conclude by stating that Ni{II} forms planar complexes with meso-
cyclic diamines irrespective of their steric requirements [3]. However, low-
temperaiure magnetic studies show that the conformation may change from square
planar to octahedral or ieirahedral or simply undergo a long-range exchange inter-
action along the z-axis below 78 K [3].

A third X-ray crystal structure of Ni{1,5-DACO),(ClO;), - 2H,O was reported
by Boeyens et al. [4]. In this report, molecular disorder in the siructure was discovered
by the use of empirical force field calculations, which indicated that the rings were
in a boat—chair relationship as originally predicted [ 1]. This disorder was responsible
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for the apparent planarity of the trimethylene groups. By this analysis, the C—C
bond distances are more normal ¢1.549 A} and the average Ni—N bond distance 13
calculated to be 1.947 A, Water molecules are hydrogen bonded to the N--H groups
and act as bridges between cations. The crystai structure of a different salt, [MNi(1.5-
DACOY, | {B(C, H),),. also reveals that the eight-membered rings are in the boat -
chair conformation [4].

The structure of the enly Cu(ll) complex of 1,5-DACO. Cull.5-DACO),{NO;},.
was determined only recenily [S{a)(b}]. The molecule is planar with Cu—N bond
distances of 1.997(1) and 2.034(1) A. The 1.5-DACO ligands are in the boat-chair
conformation and there 1s no disorder problem. The only unusual featuse in the
structure is that the four N—H bonds in cach Cu(1.5-DACO)* cation are hydrogen
bonded to the two nitrate groups to give what the authors describe as a “macrocycle-
like™ ring system,

Although N(II) and Cufll} only seem to form crystalline four-coordinated
complexes with 1.5-DACQO, CoCl, forms a five-coordinated complex, [Co(1,5-DA-
CO),CICI[6]. The X-ray crystal structure was reported, but no struciural data was
given in the paper [7]. The Cofll) is tn a square pyramidal environment forimed by
four nitrogen atoms and one chlorine. We initially thought that the increasc in
coordination number might be due to the shghtly targer size of Cotll) relative te
Ni(H} and Culll); however, the metal—nitrogen bond distances in the cobalt complex
are similar. The Co—N boad distances are 1.97(17 and 1.91{1) A, The Co—Cl bond
distance is 2.491} A. The cobalt atom lics 0.23(1} A above the plane of the four
nitrogen atoms. The two 1.5-DACO ligands are related to euch other by a mirror
plane imposed by the choice of space groups, Pama vs. Pnal,. Although this
assumption has little effect on the coordination around cobali, it can affect the
conformation that is assigned to the two 1,5-DACO rnings. The middle carbons of
the trimethylene groups which he on the same side of the basal plane as the
coordinated chlorine, point away from the chlornne. The trimethylene groups which
lie below the basal planc are arranged so that all the hydrogen atoms are cclipsed.
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However, the C-C bond disiances in this trimethylene group ase unusual for C—C
single bonds and they have rather large temperature factors. This may be related to
a disorder problem or it may have been imposed on the structure by the choice of
the space group. The normal tests for a non-centrosymimetric space group was carried
out but a centrosymmetric space group always seemed to fit the data better [7]. If
the ligands are disordered, the disorder may not be the same as that found in
Ni{1,5-DACO) ", but may be an interconversion of twist conformations that are
proposed in the interconversion of the two chair forms of cyclohexane. This twisting
would minimize the eclipsing of the methylene groups while not increasing the
interaction between the middle methylene groups.

AR A
‘C°2+
N7 HNQ

Since 1,4-diazacyclohepiane {1,4-DACH) has both a dimethylene and trimethyl-
ene group spanning the two niirogen atoms, several stabie arrangements of the
1,4-DACH ligands about a metal can be envisioned. If one focuses on just the two
1,4-DACH hgands themselves, the cis form has the iwo dimethylene groups on the
same side of the basal plane, which includes the metal with the two rings in either
a boai-boat or a boat—chair conformation. There are three possible trans forms
depending on the folding of the rings {(boat boat, boat -chair and chair—chair),

550 9%

Cis forms
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Trans forms

The crystal structure of the NiCl, complex, Ni(i 4-DACH),Cl,, shows that the
Ni(li) is planar with Ni—N bond distances of 1.917(3} and 1.921(6) A and with
the two 1 4-DACH ligands in the trans boai—boat conformation [8]. Although the
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z-axis 1s not blocked as effectively by 1,4-DACH as by 1.5-DACO. there is still a
sufficient steric effect to prevent additional coordination by the chloride ions. Some
interaction between the chloride and the metal can be seen from an analysis of the
magnetic propertics of the complex [9].

Planar Cu{1,4-DACH)Z* compiexes are obtained only in the presence of very
weakly coordinating anions and solvenis but one additional ligand can be coordi-
nated easily Lo give a series of pentacovalent complexes having square pyramidal
geometry [14,11].

L
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The crystal structure of Cu(1,4-DACH),(NQ;),- tH,0O was found to have two
different cations in the unit ¢cll, Cu{1 4-DACHL{NO,)” and Cu(1 4-DACH],(H,O)*
[1Z]. The 1.4-DACH ligands in both complexes adopt the ¢is boat -boat conforma-

tion, The Cu—N and Cu—O boad distances are 2.011(9) and 2.3558) A respectively,
in the nitrate complex and 2.007(9) and 2.322(9) A in the agua complex.
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Since the local enviromment around the metal ion due 1o the coordination of
1.5-DACO or 1.4-DACH is alimost identical, differences in physical and spectrai
properties can often be attributed to the additional ligand occupying the fifth (apical)
position. Because there are no n bonding ligands present, this may be the best series
of compounds to use to study the change from four-coordination to five-coordination.
For example, the spectrum of both [Cu(l4-DACH),(CIO,), and [Cu(i.5-DA-
C0},J(CIO,), show maximu near 20000 ¢cm ', By the use of a single crystal polarized
spectrum of [Cu{l,5-DACO), NCIO,),, Royer [2] concluded that the order of the
d-orbital energies are d,._,.>d,, >d _>d.>d,.

Both of these light red solid complexes, when dissolved in nitromethane, give
maroon solutions with absorption maxima at a wavelength which is similar to the
solid samples. Therefore, nitromethane is not coordinated to the metal ion and the
struciure of the compiexcs in the solid state and in solution 15 aimost identical [10].
When coordination occurs, the spectrum shifts to lower energy. In Cufl4-
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DACH)},(NO,),, where the nitrate ion is coordinated, the maximum occurs af
18850 cm ™! in the solid state. The spectrum of [Cu(1,4-DACH),C1]CIO, shows a
maximum at 17200cm ™! and [Cu{l4-DACH),Br]ClO, shows a maximum at
17300 cm ™}, indicating that the halide ions are coordinated to the copper. A
spectrochemical series can be established based on the shift of the absorption maxima
to lower energy as various ligands are added to the apical position: ClO,
~CHyNO,; <{CH;},CO <CH;CN <DMSO < NQ; <« H;O<HCONH,«SCN™ ~
Br~ ~ 17 ['10]. This order appears anomalous because of the position of the neutral
ligands {EMSO, H,0, and HCONH,) relative to the halides. This phenomenon is
usually attributed to a variation in the displacement of the Cu(il) from the four “in-
plane” ligands [13]. Thus, the Cu(ll) atom in the aqua complex would lie cioser to
the plane than in the halide complexes [13].

Pentacoordinated complexes are not normally observed in Cu(l,5-DACO)*
complexes in the solid state or in solution [10]. The absorption maximum remains
in the same region of the spectrum regardiess of the anion or the solvent. However,
it has recently been shown that [Cu{1,5-DACO),J(NQO;), undergoes a color change
from orange to viclet during a phase transition on heating from 25 to 90°C [5]. One
possibility is that one of the nitrates may be coordinaied to the copper at the higher
temperature, This possibility was rejected in favor of a dynamic process in which the
nitrate anions which are hydrogen bonded to the N—H bonds cause an appreciable
distortion of the planar coordination of Cu{Il) as the temperature is raised.

Low-temperature specific hcat and magnetization studies [14{a){b)] on
polycrystailine samples of [Cu(14-DACH),BrCIO, indicate the existence of a
bromide-bridged Cu{i,4-DACH)3"* dimer. Mecasurements on the dibromide, Cu{l 4-
DACH),Br,, reveal the formation of one-dimensional linear chains. EPR studies of
[Cu(1,4-DACH)}; YC10,),.[Cu(1,4-DACH),BrJCI0, and Cu(l 4-DACH),Br, also re-
veal the interaction between the bromide ion and the Cu(ll) as the coordination
changes from four to five to six. Variation of the g-value and the hyperfine coupling
constant in the EPR spectra also reveals an interaction between the sclvent and the
metal in certain complexes. These results confirm the prediction that the position of
the neutral ligands (DMSO, H,0, and HCONH,;) relative to the halides in the
spectrochemical series is due to a variation of the displacement of the Cu(ll) from
the “in-plane” ligands. Low-temperature specific heat and magnetization studies [9]
of Ni(14-DACH),{ClO,), and Ni{1,4-DACH},(Cl, reveal that the perchlorate salt
remains diamagnetic down to 44 K whereas the chloride becomes paramagnetic at
77 K. This result suggests that superexchange interactions in the chloride complex
are appreciably greater than in the perchlorate complex [2].

The only example of a complex containing a tridentate 1,5-DACO derivative
was reported by Jensen et al. in 1972 [15]. They prepared the Cu(ll) and Fe(1il}
complexes of cis-3,7-dihydroxy-1,5-diphenyi-1,5-diazacyclooctane and, based on a
continuous variation study which showed the formation of a 1:1 complex, they
proposed that the Cu(ll) was five-coordinated to one hydroxyl group and two amine
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groups of the mesocycle and two water molecules. The Fe{lll} compiex was not
discussed. They also reported that they could not make complexes of Ni{11}, Cofll).
Coflily, Ma(IT), Cr{IIT} or V(IIN.

H
~0
HzO_ cht N/
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A number of derivatives of 1.53-DACO and 1.4-DACH have becn prepared by
substituting the hydrogen on the amine group with alkyl substituents having pendant
arms conlaining lunctional groups such as carboxylic acids, amines and thiols. The
first reported example of one of these derivatives is 1,53-diazacyclooctane- NV, N-diacetic
acid, DACODA [16,17]. Complexes of Co(11), NHII), Cu{lT)and Zn{il) were prepared.
The crystal structure of the NiIl) complex showed that the nickel is square pyramidal
with a water molecule cccupying the fifth site with a Ni—Q (water) bond distance of
2.011(7) A [18]. The Ni—N bond distances are 2.025(7) and 2.030{7) A and the Ni-O
{carboxyiate) bond distances are 1.997(7) and 1.983(6) A The eight-membered ring
adopts a boat chair conformation with one of the methyiene groups blocking the
sixth position.

The Cofll} and Zn(il) complexes are isomorphous with the Nitll} complex and
are considered to be square pyramidal. The Cofll) complex is unusual in that it is
stable to oxidation. Neither air nor hvdregen peroxide oxidizes the Cofll) to Co{lll},
in contrast to the bchavior of ethylenediaminediacetic acid (EDDA) complexes of
Coll}). Although the Cu(ll) complex ts not 1somorphous with the Ni(ll)’complex, it
stilt has all the characteristics of a five-coordinated complex. Detailed spectral and
magnetic data are reported for these complexes [17].

{n a later report on DACODA complexes, it was shown that the unactivated
C—H bond which folds over ihe z-axis in CofDACODA{H,O) could be activated
by oxidation with hydrogen peroxide but only in the presence of a strong field ligand
like KON [19]. The strong field ligand is required for the production of the Co(lIl}
species. The crystal structure of the dark red Co(Ill) complex has a very short Co—C
bond {Co—C bond distance = 1.941{4) A). Thus the 1,5-DACO framework is severely
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strained. However, the molecule is quite stable in boiling water for three hours. When
sulfite is used as the strong field ligand, an isolable Coflll) agostic intermediate
having a (Co-agostic H) bond distance of 2.26{5) A is formed. Treatment of the
Co(Hl) suifite complex with base causes deprotonation to occur along with the
formation of the Co—C boad.

OH, OH,
O O
A N/- «.o KON, H202 Q N/- 4?0
e T RS
AX ]
O o
H

Fukuda et al. [20] have synthesized a series of analogous carboxylic acid
derivatives of 1,4-DACH where a methylene group, placed between the nitrogen in
the ring and the carboxyiic acid group is unsubstituied (DACHDA) or dialkylated
(DACHDMA {methyl), DACHDEA (ethyl} and DACHDPA (propyl)). The crystal
structure of the nickel complex of DACHDEA reveals that the molecule is planar
and the DACH ligand is in the boat form. In aqueocus solution the spectrum of
Ni(DACHDA} corresponds to an diaqua complex so the siructure in solution is
octahedral. However, the spectra of Ni{II) complexes with the dialkylated derivatives
reveal an equilibrium between planar and five-coordinaied species in solution.

CzHs o)
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Phillip prepared derivatives of 1.4-DACH in which the pendant arms were
substituted with two aminoethyl groups {DACHDEN) to give planar Cu(ll), Ni(iI)
and Pd{I1} complexes [21]. Billo [22(a)}] prepared related derivatives in which the
pendant arms are substituted with one ¢thylamine group {DACHEN) and iwe
propylamine groups (DACHDPN), Cofll), Ni(II}, Cufll) and Za({ll} complexes of
DACHDEN were prepared and their stability constants were determined [22(bj].
Only the N¥Il) and Cu{ll} complexes of DACHEN were sufficiently stable for
titration studies [22(b)]. The Cu{ll) compiex appears to be planar with a water
molecule occupying the fourth site. The NiII) complex is ociahedral with three
coordinated water molecules but is converted to Ni{DACHENJOH™ at a pH of
about 8.8, a value which is exiremely low for the hydrolysis of a water molecule.
Zn(ll) and Co(II) complexes of DACHDEN are believed to be five coordinate by
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spectral and equilibrium measurements, whereas the Ni(II) complex is square planar.
When DACHIDPN is used as the ligand, the complex is predominantly square planar
in agueous solution (91%:) but is in cquilibrizm with a five coordinated eomplex
[22(a)]. The addition of an mnert clectrolyte such as NaClQ, shifis the equilibrium
more toward the planar form [22{a)]. The crystal structure of N{DACHDPN)Y "~
was recently carried out and shows Ni—NRH, bond distances of 1.912(5) and 1.930(5}
A and Ni—R, bond distances of 1.919(5) and 1.9385) A [23].

:N “'Ni2+’ NHz

wN’ “NH,
NP

The incorporation of a 14-DACH ligand into several macrocycles has been
carried out by Hancock et al. [24]. The structure of a representative Ni(Il) complex
is illustrated below. The 1. 4-DACH ring is in the boat conformation with Ni—NR,H
bond distances of 1.880(8) and 1923(7) A and Ni—NR; bond distances of 1.902(7)
and 1.870{8) A. Spcetrally, it has been obscrved that the macrocycle with the primary
amine substituent instead of a hydroxymethyl group exerts the highest ligand field
known for anv complex of Ni{II) with saturated rings. Thus, the presence of secondary
and teriary amines 1 a complex with a low steric strain appears to lead to ligands
having the highesi ligand ficld strengths,

Recently, 1.5-DACO has been alkylated with ethylene sulfide to give a derivative
with iwo pendani tnercaptocthyl groups (BME-DACO) and then coordinated to
Ni{II} [25]. These Ni(Il) complexes may be prototypes for the active site in nickel-
containing hydrogenases. The 1,5-DACO ring is predominanily in the unusual boat -
boat conformation (75%) but there is some disorder to the chair- chair conformation
{25%). NYBME-DACO) can be alkylated with methyl iodide to give the dithicether,
Ni{Me,BME-DACO)IL,. The struciure of this derivative reveals that the 1.5-DACO
rings are in the boat -chair conformation. Both methyl groups are on the same side
of the nickel. In acetonitrile, conductance measurements suggest that the iodide is
coordinated to the open face of the nicketl. Treatment of Ni{tBME-DACO) with FeCl,
in acetoaitrile gives a tetranuclear complex in which two Ni(BME-DACO) complexes
are bonded to a square pyramidal won(ll) via chloride bridges [26]. Another unusual
complex is formed when BME-DACO is treated with Fefacac), in toluene. The
stoichiometry 18 [(BME-IDACOjFe],. The crystal structure shows that the iron is
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coordinated to the iwo nitrogens and the two sulfurs of the BME-DACO molecule
and the fifth position is taken up by a sulfur atom of an adjacent molecule to give
an Fe,8, four-membered ring [26].

/__\S N
—_———
N s (N""" Ng CH,
) N N——\
Ct
N. .S l ,S.\ ,N

N2
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There are only a few other reported structures of complexes containing meso-
cyclic diamines. 5,6,11,12-Tetrahydro-2,8-dimethylphenhomazine(PHZ) is an eight-
membered ring diamine in which two carbon atoms are part of a benzenoid ring
sysiem., N-Methy)-5,6,11,12-tetrahydro-2 8-dimethylphenhomazinelMPHZ) is its
monomethyl denivative [27]. Complexes of Cudll), Ni(Il}), and Zn(il), Pi1l) and
Py(1V} with both ligands have been prepared. in general, the stoichiomeiry of the
PHZ complexes is M(PHZ),X; whereas the stoichiometry the MPHZ complexes is
M{(MPHZX, [28]. Cu(ll) forms both mono and bis complexes with PHZ
Cu(PHZ)3* complexes are octahedral when nitrate or chloride are the anions but
pentacoordinated when sulifate is the anion. Surprisingly, bis-complexes of MPHZ
with the first row transition metals could not be preparcd [28]. The crystal structure
of Ni{PHZ),(CIO,), shows that it is planar wiih litile apparent screening of the
z-axis. However, no octahedral nickel{Il} complexes were obtained, subsiantiating
the suggestion that Ni(il) bis-complexes of mesocyclic diamines will be square planar

£31.
CH, CH,

N
V4 N/

CH,4 H CH,

CH,

I-2 Z-1

Ni{Il) and Cu{ll) complexes of a 1,4-DACH derivative {l,5-benzodiazepine},
have been prepared. Here, the dimethylene bridge is replaced by a benzene ring and
some of the hydrogen atoms on the trimethylene group have been methylated [29].
The nickel bromide, iodide and perchlorate complexes are square planar, but the
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chloride complexes are pentacoordinated. The copper perchlorate sait of the trimethyl
derivative is also planar bui derivatives with fewer methyl substituents are five-
coordinated. A more highly subsitituted derivative of 1,4-DACH has been prepared
{4.4-dimecthyl-7-(5,5,7-trimethyvl- 1 4-diazcpan-1-yl}-5-azaheptan-2-cl{PYAZ)) and
treated with nickel{Il) perchlorate {30]. The complex is planar with three nitrogen
atoms and one oxygen atom atiached to the nickel. The 1. 4-DACH ring adopis a
beat conformation and the axial positions are not blocked.

H R
N R

N

L

H R

QHH
N

,
CH:,;

Fl \O CH3
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N7 N CH,
N CH,

!
CHs'ch,
fii} Thermodynamics and kinetics

The stability constant of {Ni{1,5-DACO), J{C10,), was initially reported tc be
higher (pK = i8.7) [1] than the ciosely related bis-complexes of ethylenediamine
(pK = 14.1), but a recent redetermination [23] of the constant {(pK = 13.1) shows that
it is slightly lower. The stability constant for [Cu(1,5-DACO), (ClO,), was found to
be slightly lower than the corresponding complexes of ethylenediamine [17]. Howgever.
the absorption maximum of [Cu{l,5-DACQO),J(CIO,); 15 at a higher encrgy and
intensity than ethylenediamine complexes, suggesting a very stable species. The
stability constanis of the corresponding 14-DACH compiexes are lower than the
1.5-DACO complexes [10].

One of the firsi studies of the kinetics of substitution reactions of square planar
MNi(II) was the reaction of the square planar Ni{1.5-DACQO); ™ compiex with cyanide
[31]. The reaction is relativety fast and there are few side reactions, The kinctics of
the substitution reveal that the reaction with cyanide proceeds by an associative
process to give an unsiable ionic intermediate, Ni{1.5-DACOLICN)", in the first
step followed by the addition of a second cyanide 10 give an octahedral complex.
Loss of one molecule of 1,5-DACO then gives a stable square planar intermediate.
Ni(1,5-DACOJCN),, which shows no tendency to disproportionate. Subsequent
addition of cyanide finally gives Ni{CN); ~. It should be cmphasized that. even though
the two 1,5-DACO molecules sterically block the z-axis in the solid state. reactions
in selution proceed by an associative path.
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The base-catalyzed hydrolysis of Ni{1,5-DACO):* follows an associative path
to give an unstable intermediate Ni(1,5-DACO),OH ", which then coliapses by loss
of two 1.5DACO molecules to give a hydroxo Ni(ll} complex [32]. The rate of
solvolysis of Ni{1,5-DACQ):™ in acid solution is extremely slow and, in dilute acid,
is independent of the acid concentration [31]. The reaction involves a weakening of
a Ni—N bond foliowed by protonation and aquation which ultimaiely leads to
cleavage of diprotonated 1,5-DACO.

Studies of the kinetics of the acid dissociation of Cu{l,5-DACO)* also show
that the rate is independent of the acid concentration but dependent on the concen-
tration of Cu(1,5-DACO)* [33]. At intermediate pH, the reaction proceeds as
expected, by loss of one 1,5-DACO ligand and replacement by two water molecules
to give the mono complex, Cu(1,5-DACOXH,0);. Cu(l,5-DACO)* hydrolyzes at
a rate which is about 5 x10* faster than the N¥II) complex. The difference in rate is
attributed to the tetragonal distortior of the Cufll} complex. The mono-complex,
Cui1,5-DACO)**, hydrolyzes about 7 times slower than the bis-complex. There also
seems to be a specific carboxylate- and phosphate-catalyzed cleavage path which
facilitates Cu—N bond cleavage. EDTA, as iis carboxylate anion, also facilitates
decomposition. The overall conclusion is that there are two independent paths; (1) a
first-order, solvent-assisted dissociation of the complex and (2) a facilitation of the
dissociation by added nucleophiles. Billo [317 also indicated an acetate dependence
on the rate of the acid dissociation of the Ni(1,5-DACOYR " complex.

The kinetics of the acid hydrolysis of Nillj and Cu(il) complexes of 1,5-DACO,
1,4-DACH and a 14-DACH derivative, 5,57-trimethyl-1,4-diazacycloheptane
(TMDZ), were re-examined and compared [34,35]. The relative reactivity is:
Ni{1,4-DACH)2 " > Ni{1,4-DACO}2* » N{TMDZ)?**. The hydrolysis has both acid-
independent and acid-dependent paths [32]. The Cu(ll) complexes react faster than
the Ni{Il) complexes by a factor of 10°, once again with the 1,4-DACH complex
reacting the fastest. For Ni1l} the rate-determining step is the reaction of the bis-
complex, while for Cu(Il} the rate-determining siep is the reaction of the mono-
complex. Thus, both mono- and bis-complexes are seen with Cufll), in contrast te
Ni(fl) where only the bis-complexes are observed. Although the rates for the meso-
cyclic complexes are slow, they are faster than tetradentate macrocycles such as
cyclam. The similarities in rates are atiributed to the constrained nature of the ligand,
which requires a concerted conformational change to cause cleavage of the Ni—N
bond. The acid-independent rate occurs because this conformational change is rate-
determining unless the acid conceniration is very low. The conformational change
is made more difficult to accomplish in TMDZ than in 1,4-DACH because of the
extra methyl groups [34].

The stability constants for Ni{II} and Cofll) complexes of DACODA reveal
that they are less stable than those of EDDA by 2-3 log units [36]. The rate iaw
for the formation of the complexes is first order in DACODA, first order in metal
ion and inverse first order in acid, which suggests that the reactive species may be
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MOH™* and HDACODA ~. The mechanism of the complexation reaction proceeds
by a stepwise process in which the carboxylate first binds to the metal in a fast step
followed by a siower step invoiving coordination of the nitrogen. The sccond-order
rate constanis are higher for DACODA than for other amine carboxylic acids. This
15 attributed to the fact that the amine group in DACODA is a stronger base than
the amine group in EDDA [36]. The acid dissociation of DACODA complexcs
procceds by both acid-independent and acid-dependent paths.

C. COORDINATION CHEMISTRY OF L J-DITHIACYCLOHEPTANE {14 DTCH)
LS-DITHIACYCLOOCTANE (L3000 AND THEIR DERIVATIVES

Although metal complexes of mesocyclic diamines and their derivatives have
been examined most cxtensively, numercus studies have been carried out on the
corresponding mesocyelic dithioethers 1 4-dithiacycloheplane {1.4-DTCH) and 1.5-
dithiucyclooctane (1,5-DTCO).

Uindoubtedly the most versatile of all the mesocyclic molecules is 1.5-DTCO.
In addition to its use as a ligand., it can be oxidized to a cation radical and a dication
having transannular sulfur sulfur bonds [37]. T will not discuss the chemistry of
these 1ons in detail. bui it should be noted that the dication, ,5-DTCO? ", undergoes
an oxidative addition reaciion [38] with cthylene-bis{triphenyiphosphinejplatinum
(0) to give PH®,P),(1.5-DTCO)".

2+
”~

The following complexes of Ni{Il) with 1.4-DTCH and 1.5-DTCO have been
isolated and characterized fully: [Ni{1 4-DTCH).(BF, ). [Ni{1.5-DTCO}, J(BF,)..
[Ni(1.5-DTCH), JCIO,Y,, [Nif1,5-DTCO),](CIO,); and Ni1.5-DTCO,CI, [39]
The nickel complexes containing tetrafluoroborate and perchlorate anions are square
planar whereas the crystal structure of Ni{1.5-DTCO),Cl, shows that it is polymeric
with bridging 1,5-DTCO molccules in the horizontal planc and the two chlorides
perpendicular to the plane [40). This is the only confirmed example of a compiex
where the mesocycle is bridging. The square planar complexes siowly dissociate in
nitromethane as cvidenced by a changs in the spectra. The 14-DTCH complexes
dissociate more rapidly than the 1.5-DTCO complexes. Bromides and iodides were
also prepared, but it is difficult to assign exact - fructures to them based on analvtical,
spectral and magnetic data [39]. For exampile, L2 stoichiometry of the bromides is
Ni,(dithicether), Br,, s0 numerous structures could be formulated. Spectral data
reveal that the bromides dissociate in nitromethane (o give tetrahedral complexes
with one coordinated dithicether and two brominces atoms. Three different iodide
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complexes were prepared (Ni(il ,4-DTCH),1,, Ni(1,5-DTCO)I, and Ni(1,5-DTCO), 1,),
but ne crystallographic information was obtained [39].
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When 1, 4-DTCH or 1,5-DTCO is treated with either Cu{ClO,), or Cu{BF,),
in methanol, the Cu(ll) is rapidly reduced and only the Cu(l) complexes, [Cufl,5-
DTCO),]BF,, and [Cu{l 4-DTCH},1BF, are isolated [41]. No Cu(Il) complexes
could be prepared because they always underwent a rapid reduction to Cu(l} com-
plexes. Further studies revealed that all dithioethers with cither three or four methy-
lene groups between the thioether sulfur atoms cause a rapid reduction of Cu(ii) io
Cuil) when perchiorate of tetrafiuoroborate salts are used [41]. The faie of the
dithicether was not determined, but it is felt that it undergoes a one-clectron oxidation
to the cation radical which is destroyed by the solvent. Conversely, the reaction of
CuCl, with 1,5-DTCO gives a chloride-bridged Cu{ll) dimer and oxidation can be
achieved only if the complex is refluxed in methanol. The product of this reaction is
1,5-DTCO sulfoxide [41]. Thus, the reaction of CuCl, with thicethers is thought to
proceed by a direct two-electron oxidation.

Cofll} and RWIID complexes of 1,5-DTCO have been prepared in ace-
tonitrile [42]. Spectral and analytical evidence suggests that [Cofl,5-
DTCO),-CH,CN](BF,), is square pyramidal with one mole of acetonitrile bound
10 an axial position. Thus, the structure may resemble the [Cofl,5-DACO),CIYY
complex. CoCl; reacts with 1,5-DTCO to form a peatacoordinated complex with
the empirical formula, Cofi,5-DTCO),Cl,, which dissoives in nitromethane to give
tetrahedral Cof1,5-DTCOCL,. With larger metal ions, the axial positions are not as
effectively blocked and additional ligands are easily coordinated to the metal. Thus,
RhCl, reacts with 1,5-DTCO to give trans octahedral complexes with stoichiometry,
[Rhil,5-DTCO),C1,1C1 [42].

An X-ray crystal structure confirmed the formation of an octahedral complex
of 1,5-DTCO with RuCl, [43]. The four thioether groups lie in a plane with the two
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chlorine atoms perpendicular to the plane. The Ru—S bond distances arc 2.33X(1)
and 2.345(1} A and the Ru—Cl bond distance is 2.445(i) A. The 1,5-DTCO molecule
adopts the unusual boat--boat conformation to minimize interactions with the trans
chlorides,

Ci

A monodentate 1.5-DTCO complex, [(NH;)sRu{1 5-DTCOY}’** " was pre-
pared by Stcin and Taube {44]. The redox characteristics of the Ru(llj complex and
the spectral properties of the Ru{llT) complex reveal an intramolecular interaction
between the electron pair of the non-coordinated thiocther and the coordinated
thioether. The mixed valence bis-compicex, [(NH3}sRu{1.5-DTCO)Ru(NH }51° ~. was
also prepared and shows an intervalence transition between the two metal ions thal
is Tacilitated by the bridging thioether [44].

SMS—RUQ‘{NH (NHs)sﬂu:‘*-SMS—HUQ‘tNHsis

3s

Recently, several Pd(IT) and Pi(IT) complexes of 1,5-DTCO have been prepared.
The crystal structures of Pd{1,5-DTCO)Cl, and Pd(1.5-DTCO},(NO;}, were deter-
mined, ard the kinetics of ligand substitution reactions by 2.2"-bipyndine {bipy) and
maleoniirifedithiolate (mnt® "} were investigated [45], The mono complex of PACH,
with 1.5-DTCO s square planar with 1,5-DTCO in the boat - chair conformation.
The Pd—S bond distances are 2.267(1) and 2.264{1) A. In Pd{i.5-DTCO),{NO;),,
1,5-DTCO is in the boat chair conformaiton, which 15 similar to that found in
N{1.5-PACOY ° and PAITACO)E" (TACO =5-methyl-1-thia-5-azacyclooctane),
However. the plancs of the two nitrate tons are onented perpendicular to the PdS,
plane. The Pd—S bond distance is 2.321{1) A and the Pd—Q (nitrate) distance is
3.687(2) A, The rate of the reaction of Pd(1,5-DTCO)}* with bipy is second order
overall and corresponds to an assaciative pathway. The negative entropy of activation
(— 32.2 cal K" mol !} supports this conclusion. The proposed mechanism involves
an approach of the hgand toward the metal perpendicular to the PdS, planc to give
a “pseudo-octahedral” activated complex which resembles the mteraction of the
nitrate fon with the PA{Il} in the crystal structure. The 1.5-DTCO molecule then
icaves to givc a stable mixed ligand complex, Pd(1,5-DTCOYbipy}y . The mixed
ligand complex is stablc because Pd{bipy);* cannot assume a planar structure. The
reaction of PA(1,5-DTCO);" with mnt? "~ is four orders of magnitude faster than
with bipy and the reaction goes to completion to give Pd{mnt)3 ™ [45].
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The only molecule which exhibits a non-bridging, monodeatate 1,5-DTCO
ligand is an octahedral tin{IV) complex with the stoichiometry SnCl,{1,5-DTCQ),
[46]. The four chiorine atoms liec in a plane and the monodentate
1,5-DTCO molecules lie perpendicular to the plane. The mesocycle exists in the
boat—chair form with an appareni interaction between the remote sulfur and the
coordinated sulfur. The S---S distance is 3.271(3} A ard the Sn—S---S angle is 171.5(1)°.
The crystal structure of a bis todine complex of 1,5-DTCO has also been reported.
There are two different molecules in the asymmetric unit; in one, the 1,5-DTCO
molccule is in the chair—chair conformation while in the other is in the boat—chair
conformation. The intramolecular S---S distances are 3.443(8) and 3.227(8) A, respec-
tively [46].

(i} 1.5-DTCQO derivatives

Since Jensen et al. [15] found that a substituent at the 3-position in 1,5-DACO
gives a trideniate ligand that coordinates to Cu(ll} in a facial manner, we decided
to examine the coordination chemistry of 3-hydroxy-1,5-dithiacyclooctane (3-OH-
1,5-DTCO) [41]. The resulis with Cu{Cl0,), were most surprising because we were
able to prepare a Cu{ll) complex, Cu(3-OH-1,5-DTCOL(CIO,),, without any reduc-
tion to the Cu{l) compiex [41]. As mentioned previcusly, we were unabie to prepare
Cudll) complexes of 1,5-DTCO itself in the presence of perchlorate or tetrafluorober-
ate [41]. The crystal structure shows that the copper is coordinated to two tridentaie
3} OH-1,5-DTCO ligands with the hydroxyl groups in trans positions. The Cu—S§
bond distances are 2,333(1) and 2.335(1) A and the Cu—O bond distance is 2.350(1)
A. The OH groups are tilted 13.6° from the perpendicular to the Cu—S, plane and
the rings are in the boat-chair conformation. A Cuill) complex with only one
coordinated 3-OH-1,5-DTCO molecule was observed in solution by the method of
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continucus variations. To account for the lack of reduction of the 3-OH-15-DTCO
complexes, it was proposed that the mechanism for a one-electron reduction of Cu(ll)
requires a linear orientation of Cu—S---S bonds so that a dithioether cation radical
can be formed. The coordination of the OH group to the Cull) prevents this
alignment and therefore prevents reduction. When the OH group is converted to a
methoxy group, reduction occurs more readily and both Cu(Il) and Cu(l} complexes
are obtained [47]. The structure of the Cu(ll} complex of 3-QCH,-1,5-DTCO s
almost identical to the hydroxy complex with the QCH; group 10.5 off the perpen-
dicular to the CuS, plane. The Cu{l) complex has a distorted-tetrahedral arrangement
of the four sulfur atoms with an vnusual long-range intcraction between the oxygen
of the methexy group and the Cu{l} Although the oxygen atom could casily have
folded away from the Cu(l). it foided toward it through one of the tctrahedral faces
at a distance of 3.069(5) A. The Cu—S bond distance trans to the oxygen is 0.04 A
longer than any of the other Cu—S$ bond distances. if the oxygen atom is included
in the geometry. the Cu(l} is trigonal bipyramidal.
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The crystal structures of complexes of Nill) and Fe{ll} with 3-OH-1,5-DTCO
all show thal twoe molecules of the ligand are coordinated to the metal and the
geometry of the complexes 1s quite similar to the Cu(ll) complex [48]. In the Ni(II)
complex, the Ni—S bond distances are 2.398(1) and 2.396(1) A and the Ni—~Q distance
is 2.046(3} A. In the Fe(Il) complex, the Fe—S bond distances are 2.565({1)and 2.514{1)
A and the Fe—O distance is 2.062(3) A. 1.5-DTCO itself does not form complexes
with the hard metals, TKIV) or Pb(ll). However, when TiCl, and Pb(NQO,}, were
treated with 3-OH-1,5-DTCO, a mono-complex is formed with TiCl; and a bis-
complex with Pb{IN(O;), [49]. The titanium complex has the stoichiometry Ti{3-O-
L3-DTCOYC]; where the OH proton has been tost. The complex is highly distorted
from octahedral symmetry and is the first example of a crystal structure of a molecule
having a Ti—thioether bond. The Ti—O bond is short (1.791(4) A) and the Ti—S
bonds are 2.595(1} and 2.607(2) A, suggesting that the thiocther group only reluctantly
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binds to the TiIV} atom. As expected, if one proceeds from right to left across the
first row of transition metals, the length of the metal—oxygen bond decreases
(Cu—0 =2.350(1) A: Ti—O =1.791{4) A), while the length of ihe metal-thiocther bond
increases (Cu—S =2.333(1) and 2.335(1) A; Ti—§=2.595(1} and 2.607(2) A). The lead
complex has the stoichiometry Pb(3-OH-1,5-DTCO},(NO,),. Each 3-CH-1,5-DTCO
is tridentate and each nitrate ion is bidentate, giving a ten-coordinated Pb(II) com-
plex. Therefore, it appears that only the presence of the hard OH group causes the
soft thiogther groups to bind these hard metals.
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When 3-OH-1,5-DTCO is treated with cis-Re(DMSO),Cl,, an octahedral com-
plex is formed with the stoichiometry Ru(3-OH-1,5-DTCO),Cl, [50]. The Ru—S
bond distances are 2.339(1) and 2.336(1) A and the Ru—0O bond distance is 2.120{3)
A. The OH group lies about 8° from the perpendicular to the S, plane. When 3-OH-
1,5-DTCO was treated with a d® metal, i.e. PACl,, we thought that a square planar
complex would be formed with the OH proup pointing away from the metal
However, when the crystal structure was determined, we discovered that the OH
group had foided toward the Pd{ll). Although the Pd—O distance is long (2.839(3)
A) and the Pd—O bond is 21° from the perpendicular to the S, plane, there appears
to be some semi-coordination or electrostatic interaction which prevenis the OH
group from folding away from the Pd(I1). Several additional complexes of Pd(II) and
Pt(II) have now been prepared: the PiIl} complex (Pt(3-OH-1,5-DTCQ),Cl,} and
the methyl ethers (Pd(3-OCH,-1,5-DTCO),Cl,, and Pd(3-OCH;-1,5-DTCOC],)
[51]. In all these complexes at least one of the oxvgen atoms folds over the axis.
However, the oxygen atom in the methyl ethers is more displaced (about 30°) from
the perpendicular than the oxygen atom in the alcohols. In the platinem complex,
there is appreciable disorder in the QH groups. Although one OH group always
folds over the axis, the OH group on the other 3-OH-1,5-DTCO molecule appears
to have fractional occupancy in three of the four possible positions.
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The only other reported example of a mesocyclic ligand having another func-
tional group in the three position is 3-methylene-1,5-DTCO. The mesocycle was
treated with Pd(C HCN),Cl, to give a product which has the stoichiometry, Pd(3-
CH,-1,5-DTCO)C1,. An X-ray crystal struciure of this complex shows that the ring
is in the boat -chair conformation with the methylene group pointing away from ihe
palladium atom {52].
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In bis-complexes of mesocyciic ligands, it was always observed that substituents
on the four donor atoms lic in the plane of the metal and the four donor atoms.
However, if only on¢ of the heteroatoms in the mesocycle was substituted, the two
substituents would rather occupy trans positions than cis positions so that they
would not sterically interact with onc another, This idea was the basis of the synthesis
of an “ail trans” octahedral Ru(ll) complex in which thioether, sulfoxide and halide
groups arc all trans to cach other [43]. Tt had been reported ihat this particular
arrangement of donor atoms was the active species in the Ru€l,-catalyzed oxidation
of thioethers to sulfoxides [33]. Although a number of ligands were tested prior to
this work, none gave an “all trans” complex (53] Thus, treatment of the monosubsti-
tuted dithiocether {1.5-dithiacyclooctane 1-oxide {1.5-DTCO-O)} with trans-Ruf{l,5-
DTCO),Cl, pave afl trans-Ru(l,5-DTCO-0)CL, [2]. The “all trans” geometry was
confirmed by an X-ray crystal structure. The bond distances are as follows; Ru—S=
2.355(4) A, Ru—{SO)=2.298(4) A, and Ru—Cl=2.413{4} A. The rings are in the boat-
beoat conformation to minimize interactions with the axial chiorines. The complex
dissociates in non-polar selvenis so that it cannot be tested for catalytic activity.
Another isomer was prepared by treatment of RuCl{tetrahydrothiophene), with
1,5-DTCO-0. In this isomer, the two mesocyclic ligands did not lie in a plane
but occupied cis positions: the thioether groups are trans and the chloride and
sulfoxide groups are cis. The bond distances are as follows: Ru—S=2.363(2) A,
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Ru—(SO1=2239(3) A, and Ru—Cl=2467(3) A. The rings are in the boat-chair
conformation. This is the first example of an octahedral complex where two meso-
¢yclie ligands were found to occupy cis positions [43].
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D. COORDINATION CHEMISTRY OF S-METHYL-1-THIA-3-AZACYCLOOCTANE {TACO)

5-Methyl-i-thia-5-azacyclooctane (TACQ) is not as readily synthesized as 1,5-
DTCO and only palladium complexes have been prepared and characterized [54].
The crysial structure of PATACOICL, reveals that TACO adopts a boat—chair
conformation. The Pd—S bond distance is 2.268(1) A and the Pd—N bond distance
is 2.104(3) A. Since the molecule is diamagnetic and does not dissociate in CH,Cl,,
a detailed 'H and '>*C NMR study was carried out. The 2DFT-J spectrum shows
that the complex exhibits six coupled non-equivalent methylene hydrogens. The
simulated spectrum confirmed the assignment of all the chemical shifts and the 15
coupling constants for the methylene protons. Based on these coupling constanis,
the conformation of PA(TACQO)CI, in solution is consistent with an equilibrium
between the two boai—chair conformers with little, if any, of the chair—chair form
preseni. The crystal structure of the iodide complex is similar to the chioride. The
Pd—S bond distance is 2.323(7) A and the Pd—N bond distance is 2.14(2) A

E. COORDINATION CHEMISTRY OF 5-PHENYL-1-THIA-5-PHOSPHACYCLOOCTANE (8-PS}

The ¢ight-membered ring mesocycle with one sulfur and one phosphorus atom,
5-phenyl-1-thia-5-phosphacyclooctane {8-PS), has been prepared [55]. Four different
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Pt{ll) complexes of 8-PS were prepared and characterized by X-ray crystallography;
the mono-complexes, PH8-PS)Cl; and Pt(8-PS),. the bis-complex, ¢is-PUg-
PS),{BF,},, and a methylated complex, Pi(8-PSYCH;JCl. The mono-methylation of
the dichloride was carried out using Sa{CH,),. No dimethylation was obtained even
in the presence of ¢xcess Sa{CH,),. The Pt-8 bond distance trans to the mcthyl
group (2.374(2) A} is significantly lengthened relative to the Pt—S bond distances in
Pt{8-PSiCl, (2.258(2) A) and Pi(8-PS)I. (2.280(8) A). In the bis-complex. the phenyl
groups on the phosphorus atoms of different ligands are oricnted in a near parallel
arrangement to each other and are about 3.36 A apart. The mesocyclic rings are in
the boat chair conformation in ali 8-PS complexes [55].
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. COORDINATION CHEMISTRY OF LSDIPHENYL- LS-DHPHOSPHACYCLOQOUTANE (8-PP)

The cix and trans isomers of the mesocychc diphosphine, 1.5-diphenyl-1.5-
diphoespha-cyciooctane (8-PP), were prepared and separated [56]. When the mixture
of the isomers was treated with PACLLiC HCN),, only the ¢is form reacted to give
a planar mono-complex, PA(8-PP)Ct, [57]. The crystal structure shows that the rings
are in the boat--chair conformation as usual but the middle carbon in the trimethylene
group is disordered, indicating that there are two equivalent boat -chair conformers
in the crystal lattice. The aromatic rings are essentiaily perpendicular to the
P,Cl, planc. The Pd—P bond distance is 2.234(4) A and the Pd—Cl bond distance
is 2.373(4) A.

Treatment of 8-PP with NiCl, -6H,O gives a pentacoordinated complex having
the stoichiometry [Ni{8-PP},C1Cl [57). This molecule exhibits a distorted trigonal
bipyramidal geometry with chlorine cceupying an equatorial position. The rings in
the Ni(il) complex are in the boat-chair conformation and the phenyl groups on
the phosphorus atoms of different ligands are oricnted in a near parailel arrangement
to each other, This arrangement is similar to that obscrved m ¢is-Pt{8-PS),(BF,),.
The Ni—P bond distances are 2.202(4). 2.215{1), 2.228(2) and 2.237(1} A and the
Ni—Cl bond distance is 2.410¢1} A. This is the first example of the structure of a five-
coordinated Ni{ll) compiex with a mesocyclic ligand and may be an alternative
model for the proposed square pyramidal structure of the five-coordinated intermedi-
ates, (N L.3-DACQO),CN] ™ and (Ni(}1,5-DACO),OH] ", that were proposed during
the kinetic studies of the reactions of Ni{1.5-DACOY* [31.32].
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G. CONCLUSIONS

Mesocyclic ligands cccupy an imporiant place between acyclic and macrocyclic
ligands, Their advantage over both these systems is that they often provide a steric
effect along with a strong ligand field efieci. Appropriately substituted mesocycles
may enhance the preorganization of the ligand, thereby facilitating complexation
[24].
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