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and Cobalt-Dioxygen Complex Chemistry
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Abstract

A series of new one-dimensional coordination polymers based on macrocyclic ligands by
additional pendent groups with bridging ligands-chromate, molybdate, oxalate, and terephthalate-
have been synthesized and characterized. Two noble trans-bis(dicyanamido)nickel(II) macrocyclic
complexes have also been synthesized and structurally characterized by X-ray crystallographic
methods. All these complexes were prepared in order to understand supramolecular systems such
as self-assemblies, molecular recognitions, and intermolecular interactions. Especially, in most of
these cases the presence of water molecules is crucial to lead supramolecular arrays.

To comprehend the process of non-heme enzymes which can activate dioxygen in biological
system, a biomimetic model complex and its functionalized complexes have been synthesized and
structurally characterized by a combination of analytical, spectroscopic, and crystallographic
methods. The role of transition metal species in this system ranges widely from incorporation of
dioxygen and substrates into the coordination sphere to chemical transformations leading to

oxygenated products.



General Introduction

Macrocyclic polyamines and their metal complexes have been the theme of
extensive studies for several decades [1,2]. Macrocyclic compounds are found
extensively in nature, playing a role in some important biological processes [1].
Special attention and great efforts have been devoted to the studies of tetraaza
macrocycles, because of their potential relationship to the naturally occurring
porphyrins and porphyrin-analogs [2]. For examples, the conversion of light
energy from the sun into electrical and chemical energy in photosynthesis depends
on a magnesium containing macrocycle, chlorophyll, oxygen is transported
through the blood by heme, and a vitamin B12 contains cobalt ions (Scheme 1).
The naturally occurring molecules are often very complex and difficult to study
due to their association with several proteins. One approach used to help
understanding the processes is to make the model compounds which have
characteristics similar to the molecules found in nature. Model compounds can
often provide insight into the important factors of the structure of the naturally
occurring complexes as well as giving information into the design of systems
which can mimic biological behavior.

Macrocyclic ligands are defined as cyclic molecules usually consisting of

organic frames where heteroatoms, capable of binding to substrates, have been



Scheme 1. a) chlorophyll, b) heme, ¢) vitamin B12
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interspersed [1]. Since its advent, the development of macrocyclic chemistry has
been proceeded along two lines: as models of the naturally occurring macrocyclic
systems, containing predominantly nitrogen donor atoms, such as porphyrins,
corrins, and chlorins; and as receptors designed for molecular recognition and
supramolecular chemistry, with a variety of donor atoms and recognition
capabilities.

The self-assembly of infinite metal complexes with distinct network topologies
have also been interested due to their potential for supramolecular chemistry and
crystal engineering. Non-covalent intermolecular interactions such as
electrostatics, hydrogen bonds, w-n stacking interactions, van der Waals forces,
and hydrophobic effects provide supramolecular assemblies through the formation
of one-dimensional and multi-dimensional networks.

Consequently, we used macrocyclic ligands and several bridging ligands as
building blocks to mimic biological system and to investigate intermolecular
interactions which have an effect on their structures and properties (Scheme 2). In
this thesis, we report the syntheses and properties of noble one-dimensional Ni(II)
and Cu(Il) complexes with polyaza macrocyclic ligands where each complex is
bridged by chromate, molybdate, oxalate, terephthalate, or dicyanamide. The
influences of the bridging ligands on structures and electronic properties of each

complex have been studied, and X-ray crystal structures have been determined in



Scheme 2.




detail.

In the meantime, dioxygen activation chemistry by transition metal complexes
also has great importance for understanding the reaction mechanisms of dioxygen
activating metalloproteins in biological systems and utilizing metal complexes as
oxidation catalysts [3,4]. In biological systems, heme and non-heme iron enzymes
such as cytochrome P-450 [3] and methane monooxygenase (MMO) [4], catalyze
the hydroxylation of alkanes, affording corresponding alcohols. To describe the
mechanism of dioxygen activation by metal ions, the structure and reactivity of
transition metal complexes with activated oxygen species have attracted
increasing attention. In this thesis, cobalt complex with hydrogen peroxide species
has also been investigated as biomimetic models.

Overall, this thesis is composed of four chapters. Chapter 1 — chapter 3 describe
the Ni(II) and Cu(ll) complexes with macrocyclic ligands which are of
supramolecular structures. The works in these chapters were carried out at the
Pukyong National University in Korea. Chapter 4 deals with the details of the

Cobalt-Dioxygen chemistry, which were done at the Kanazawa University in

Japan under the supervision of Professor Masatatsu Suzuki.
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CHAPTER 1

Structures and magnetic properties of catena-(n-MOQO,4-0,0)
[Ni'(L)]-5H,0 (M = Cr, Mo; L = 3,10-bis(2-hydroxyethyl)-

1,3,5,8,10,12-hexaazacyclotetradecane)

Abstract

The new compounds catena-(p-CrO4-0,07)[Ni"(L)]-SH,O and carena-(p-
Mo0O4-0,0”)[Ni"(L)]-5H,O have been synthesized and structurally characterized
by spectroscopies, magnetic susceptibility and X-ray crystallography, where L is
3,10-bis(2-hydroxyethyl)-1,3.5,8,10,12-hexaazacyclotetradecane. The nickel ions
of the one-dimensional chain complexes are bridged by tetraoxometalate ([CrO4]*
or [MoO4]2') unit. The magnetic properties of the chain complexes in the
temperature range of 5-300 K indicate that there is a weak ferromagnetic
intrachain interactions among the nickel ions. The electronic as well as infrared

spectral properties of the title complexes are also reported and discussed.



Introduction

Various kinds of bridging ligands are now known to mediate magnetic
exchange interactions between paramagnetic metal 1ons. These include the pseudo
halides [1], oxalato and related groups [2], and tetraoxometalate anions [3,4] etc..
From the above systems it has been understood that the magnetic exchange
depends upon the nature of the bridging species, symmetry of the frontier orbitals,
and/or stereochemical factors of the ligands. Usually, the magnetic orbital overlap
of the bridging ligands between the paramagnetic metal ions mediates
antiferromagnetic interactions. On the other hand, if the magnetic orbitals are
orthogonal to each other, ferromagnetic interactions can be resulted. It has been
extensively studied that the one-dimensional nickel(Il) systems with
antiferromagnetic intrachain interactions [5-7]. In contrast, only a few one-
dimensional nickel(Il) chain systems with intrachain ferromagnetic interactions
have been reported. Examples of ferromagnetic one-dimensional chain systems
are the catena-(p-CrO4-0,0")[Ni'(L1)]-2H,0 (J = 0.6 em™; H = -JS 8,:-Si1)) [3],
end-on azido-bridged nickel(Il) complexes (J = 11.9 = 21.7 em™; H = -2J3 Si-Sj)
[8], and frans-cyanato catena nickel(I) complex (J =2.3 em™; H = -2J% S;-Siiy)

[9]. Magnetic interactions between the metal ions mediated through



tetraoxometalate anions have been understood [3,4,10], but examples are still rare.
Herein, we report the structures and magnetic properties of one-dimensional
nickel(I) systems in which paramagnetic nickel(Il) centers bridged by the

tetraoxometalates exhibit ferromagnetic interactions.

CH,CH,OH

” )

H ( W H H H
[\N Nj [\N Nj
N N N N

\
CH,CH,OH
L L1

Experimental

Materials and physical measurements

All chemicals obtained from commercial sources were reagent grade and were
used without further purification. Distilled water was used for all procedures.
Infrared spectra of solid samples were recorded on a Perkin-Elmer Paragon 1000

FT-IR spectrophotometer between 4000 and 400 cm™ as Nujol mulls on KBr discs.
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Solid state electronic spectra were measured by diffuse reflectance method on a
Varian Cary 1C UV-Vis spectrophotometer. Magnetic susceptibility data were
collected in the temperature range 5.0 — 300 K in an applied field of 1 T with the
use of a Quantum Design Model MPMS SQUID magnetometer. Diamagnetic
corrections were estimated from Pascal tables. Solution spectra were obtained on
a Varian Cary 1C UV-Vis spectrophotometer or a Milton Roy Spectronic 1201
recording spectrophotometer. Elemental Analysis was carried out by the Korea

Research Institute of Chemical Technology, Taejon, Korea.

Preparation

The precursor complex [Ni'(L)CL,] was prepared according to the literature

procedures previously reported [11].

Preparation of catena-(n-CrO4-0,0")[Ni'(L)]-5H,0 (1)
A solution of K;CrOy4 (194 mg, 1 mmol) and triethylamine (101 mg, 1 mmol) in
water (20 mL) was added to a solution of the [Ni'(L)Cl,] (430 mg, 1 mmol) in
water (20 mL). After the solution was left to stand overnight, reddish orange

blocks of 1 were filtered out and one of them was subjected to the X-ray structural

11



analysis. Anal. Calcd. for C;;HyNgOCrNi : C, 25.94; H, 7.20; N, 15.13. Found

C,25.57; H,7.17; N, 15.01.

Preparation of catena-(u-MoO4-0,0")[Ni'(L)]-5H,0 (2)
Faint lilac tinted 2 was prepared and isolated in a similar manner using
K>MoOy instead of K,CrO,4. Anal. Caled. for CHqoNgO1;MoNi @ C, 24.03; H,

6.68; N, 14.02. Found C, 23.75; H, 6.99; N, 13.88.

X-ray crystallography

Crystal data, a summary of data collection, and details of structure refinement
are given in Table 1.1. Single crystals of 1 and 2 were grown as described in
Section 2.2. For 1 and 2, data were collected at 107(1) K on a Nonius KappaCCD
diffractometer, using graphite monochromated MoK, radiation (A =0.71073 A).
A combination of 1° phi and omega (with kappa offsets) scans were used to
collect sufficient data. The data frames were integrated and scaled using the
Denzo-SMN package [12]. The structures were solved and refined using the
SHELXTL\PC V5.1 package [13]. Refinement was by full-matrix least squares on

F? using all data (negative intensities included). Hydrogen atoms were included in

12



Table 1.1. Crystal data and structure refinement for [Ci,H30NgOsCrNi][H,O]s

(1) and [C]2H}()N6061\”10Ni][H20]5 (2)

1 2

Empirical formula C12H40CrNgNiOy, CoH40MoNgNiOy,
Formula weight 555.21 599.15
Crystal system Orthorhombic Orthorhombic
Space group Pna2, Pna2,
a(A) 13.0786(2) 13.4288(2)
b(A) 8.7816(2) 8.7643(3)
c(A) 19.9801(4) 19.9375(6)
V(A 2294.73(8) 2346.52(11)
4 4 4
Deatea(Mg/m?) 1.607 1.696
Absorption coefficient(mm™)  1.358 1.399
F(000) 1176 1248
Crystal size(mm) 0.35% 0.30x 0.25 0.35x 0.30x 0.25
Limiting indices -16<h<16 . -18<h<18

11 k<11 -12<k<12

-25<1<25 -27<1<28

13



Table 1.1. Continued

1 2
Completeness to 6 99.8 % (6 =27.49) 99.8 %O =30.03)
Data/restraints/parameters 4988/11/315 6402/11/315
Goodness-of-fit on F? 0.892 1.033

Reflections collected 17189/4988[R(int)=0.039] 18702/6402[R(int)=0.0000]
Final R indices[I>26(I)]R1=0.0293, wR2=0.0727 R1=0.0295, wR2=0.0669
R indices (all data)  R1=0.0336, wR2=0.0757 R1=0.0336, wR2=0.0689

Largest diff. peak and hole 0.428 and -0.468 ¢. A~ 0.541 and -0.625 e. A

R1= 3 || Fo-Fell /2 | Fol and wR2 =[2 [W(F,-FH/2 [w(EL) 1Y

14



calculated positions except for the hydrogen atoms of the water molecule and
those bonded to the nitrogen atoms, which were refined with isotropic thermal
parameters. The structure in 2, except for that Cr is substituted by Mo, is identical,
atom by atom, to that of 1. There are slight differences in the cell parameters but
the space group is the same. To solve the structure of 2 the atom coordinates of 1
were used and simply changed the atom Mo instead of Cr then changed the cell
parameters. For 1 and 2 there are five molecules of crystallization of water, which

are involved in hydrogen bonding for every cation molecule, respectively.

Results and Discussion

Structures of 1 and 2

The structure of 1 consists of one-dimensional nickel-CrOy4 chains (Figure 1.1).
The structure of the chain is shown in Figure 1.1. The important bond lengths and
angles are listed in Table 1.2. In the chain structure, each nickel(Il) atom is
coordinated by one hexaaza macrocyclic ligand and two [CrO4]* anions in a
distorted octahedral trans arrangement. The four nickel-N(macrocycle) bond

lengths are in the range 2.052(2) - 2.070(3) A and shorter than the two nickel-O



/

Cr(1#*1 %

Figure 1.1. Molecular structure of catena-(11-CrO4-0,0")[Ni'(L)]-5H,0 (1) with

atom-labeling scheme. Hydrogen atoms are omitted for clarity.

16



Table 1.2. Selected bond lengths (A) and angles (°) for [C1;H3NgOCrNi]
[HO]s (1)

Ni(1)-N(1) 2.051(2) Ni(1)-N(2) 2.070(3)
Ni(1)-N(3) 2.052(2) Ni(1)-N(4) 2.070(3)
Ni(1)-0(3) 2.0587(16)  Ni(1)-O(4)#1 2.0813(17)
Cr(1)-0(3) 1.6476(17)  Cr(1)-0(4) 1.6513(17)
Cr(1)-0(5) 1.633(2) Cr(1)-0(6) 1.667(2)
N(D)-Ni(1)-N(3) 178.79(9) N(1)-Ni(1)-0(3) 92.28(7)
N(3)-Ni(1)-0(3) 88.41(7) N(1)-Ni(1)-N(2) 86.03(8)
N(3)-Ni(1)-N(2) 95.00(8) 0(3)-Ni(1)-N(2) 87.18(8)
N(1)-Ni(1)-N(4) 93.18(8) N(3)-Ni(1)-N(4) 85.78(8)
0(3)-Ni(1)-N(4) 93.30(8) N(2)-Ni(1)-N(4) 179.10(9)
N(1)-Ni(1)-O(4)#1 86.96(7) N(3)-Ni(1)-O(4)#1 92.44(7)
O(3)-Ni(1)-O(4)#1 174.80(8) N(2)-Ni(1)-O(4)#1 87.64(8)
N(4)-Ni(1)-O(4)#1 91.88(8) Cr(1)-0(3)-Ni(1) 167.78(11)
Cr(1)-O(4)-Ni(1)y#2  145.95(11)

Symmetry transformations used to generate equivalent atoms:

#1 x+1/2, -y+1/2, z #2 x-1/2, -y+1/2, z

17



bond lengths (2.0587(16) and 2.0813(17) A), giving an axially elongated
octahedron in the chain direction. The four N atoms of the hexaaza macrocyclic
ligand and the nickel atom are in the same plane. The coordination geometry
around the Cr is pseudotetrahedral, where Cr-O bond lengths are within the range
1.633(2) - 1.667(2) A with O-Cr-O bond angles of 108.94(10) — 110.02(12)°. The
structure of 2 is isostructural to 1 with four nickel-N(macrocycle) bond lengths of
2.047(2) - 2.077(3) A two nickel-O bond lengths of 2.0615(17) and 2.0880(18) A
(Figure 1.2). The coordination geometry around Mo is similar to that of 1 with
Mo-O bond lengths of 1.746(2) - 1.785(2) and O-Mo-O bond angles of
107.99(10) — 110.60(9) °. Selected bond lengths and bond angles are listed in

Table 1.3.

Spectral and magnetic properties of 1 and 2

The infrared spectra of the two compounds contain the typical bands originated

from the macrocyclic ligands and the bridging [MO,]* units. In 1 the spectrum
consists of a strong sharp band at 833 em’! and additional strong bands at 858, 883,

and 896 cm™', which were tentatively assigned to the v, and v; modes on the basis

of previously studied comparable systems [10,14]. A coordinated secondary

18



Figure 1.2. Molecular structure of catena-(11-MoQ4-0,0")[Ni'(L)]-SH,O (2).
Atom-labeling scheme for the macrocycle is identical to that of 1. Hydrogen

atoms are omitted for clarity.
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Table 1.3. Selected bond lengths (A) and angles (°) for [C,H3sN¢OsMoNi][H,0]s

(2)
Ni(1)-N(1) 2.052(2) Ni(1)-N(2) 2.077(3)
Ni(1)-N(3) 2.047(2) Ni(1)-N(4) 2.068(2)
Ni(1)-0(3) 2.0615(17)  Ni(1)-O(4)#1 2.0880(18)
Mo(1)-0(3) 1.7644(17)  Mo(1)-O(4) 1.7635(18)
Mo(1)-0(5) 1.746(2) Mo(1)-0(6) 1.785(2)
N(1)-Ni(1)-N(3) 178.46(9) N(1)-Ni(1)-0(3) 92.09(8)
N(3)-Ni(1)-0(3) 89.25(8) N(1)-Ni(1)-N(2) 85.81(9)
N(3)-Ni(1)-N(2) 95.00(8) 0(3)-Ni(1)-N(2) 87.15(8)
N(1)-Ni(1)-N(4) 93.26(9) N(3)-Ni(1)-N(4) 85.91(9)
0(3)-Ni(1)-N(4) 93.81(8) N(2)-Ni(1)-N(4) 178.69(9)
N(1)-Ni(1)-0(4)#1 86.43(8) N(3)-Ni(1)-O(4)#1 92.30(8)
0(3)-Ni(1)-O(4)#1 174.34(8) N(2)-Ni(1)-O(4)#1 87.29(8)
N(4)-Ni(1)-O(4)#1 91.73(9) Mo(1)-0(3)-Ni(1) 168.95(11)
Mo(1)-O(@4)-Ni()#2  148.00(12)

Symmetry transformations used to generate equivalent atoms:

#1 x+1/2, -y+1/2, 2

#2 x-1/2, -y+1/2, z

20



v(NH) stretching band at 3270 cm™ and v(HOH) bending vibration at 1620 cm’
were also observed in the spectrum. In 2, strong v(MoQO) bands were observed at
802, 831, 861, and 885 em™, indicating that Cr-O bonds are more covalent than
Mo-O bonds. Similarly to the spectrum of 1 a weak band at 3270 c¢m™ and a
medium band at 1650 cm™ in 2 were assigned to v(NH) and v(HOH), respectively.

Solid state electronic spectra of 1 and 2, which were obtained by the diffuse
reflectance method, are depicted in Figure 1.3. In 1, the absorption bands at 265
and 404 nm with a broad shoulder at 500 nm were observed, where the bands at
265 and 404 nm were assigned to the LMCT (O — Cr) transitions. A broad
shoulder at ~ 500 nm can be assigned to the LMCT (O — Ni) transition [3,4]. In
2, the interpretation of the electronic spectrum which contains four bands at 254, ~
340 (shoulder), 508, and ~ 680nm (shoulder) is obscured due to the overlap in the
region of expected LMCT (O — Ni ) and d-d transitions (at ~ 500 nm). A strong
band at 254 nm is tentatively assigned to one of the LMCT (O — Mo ) bands.
The rest of the band basically resemble to those of a typical high-spin nickel(Il)
system. Another LMCT (O — Mo) band which is expected to appear in the
higher energy region due to the energy mismatching of the molybdenum d- and

oxygen p- orbitals were not observed in the scan range [15-18].
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Figure 1.3. Solid state electronic absorption spectraof 1 ( - )and 2 (... ) in

BaSO; by diftuse reflectance method at room temperature,
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The magnetic susceptibility data for 1 and 2 are shown in the form of 3, T vs T
and y, vs T (Figures 1.4 and 1.5). The shape of the susceptibility plot reveals
behavior typical of a ferromagnetically coupled one-dimensional chain compound.
The observed ferromagnetic interactions are analyzed by Fisher’s model for the

classical spin chain system (S = 1 and Hepain = -J27 S, - Si41) [19].

_NgBS(S+1) 1+u

= 3kT l-u
L Coth[JS(S +) | | AT
kT JS(S+1)

In 1 and 2 y,,T values gradually increase as the temperature is lowered up to 30
K and 170 K. respectively, indicating ferromagnetic interactions between the
nickel ions. The fitting of the observed data afforded to J = 1.127 cm™ and g =
2.275 for 1, J = 0.666 em™ and g = 2.276 for 2. The %, T values below ~ 9K
(for 1) and ~ 35 K (for 2) show sudden decrease which is believed to be an
antiferromagnetic interchain interactions [3]. The ferromagnetic interactions
between the nickel ions through the oxometalates can be explained by the means
of orbital topology of the frontier orbitals, which is recently developed by Oshio

et al. [3].
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Supplementary Material

Full crystal data and structure refinement details, atomic coordinates and
equivalent isotropic displacement parameters, full interatomic distances and
angles, anisotropic displacement parameters, and hydrogen coordinates and
isotropic displacement parameters for 1 and 2 are available from the Cambridge
Crystallographic Data Center, citing the deposition numbers 137387 for 1 and

137388 for 2.
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CHAPTER 11

Synthesis and characterization of trans-bis(dicyanamido)
nickel(II) complexes with polyaza

macrocyclic ligands

Abstract

Two new trans-bis(dicyanamido)nickel(Il)  macrocyclic  complexes,
[NI(ID(L1){N(CN)2},]-H,O (1) and [Ni(II)}(L3){N(CN),},] (2), where L1 is 3,10-
bis(2-hydroxyethyl)-1,3,5,8,10,12-hexaazacyclotetradecane and L3 is 3,14-
dimethyl-2,6,13,17-’tetraazatricyclo[14,4,0l 18 0"]docosane, have been
synthesized and structurally characterized by spectroscopic and X-ray

crystallographic methods. In 1 and 2, each central nickel(II) ion possesses a

distorted octahedral geometry with four equatorial nitrogen atoms from the
macrocycle and two axial nitrogen atoms from dicyanamide anions, which are
terminally bonded to the central nickel atom. The solid state electronic spectra of
1 and 2 using the diffuse reflectance method show a characteristic high-spin d

nickel(Il) ion in a distorted octahedral environment.
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Introduction

Many nickel(I) complexes of polyaza macrocyclic ligands undergo a square-
planar low-spin and octahedral high-spin equilibrium in aqueous solutions [1-3].
Although this equilibrium has been reported to be susceptible to various factors, it
is difficult to shift the equilibrium completely to the octahedral side [3-5]. A
yellow square-planar nickel(I) complex is usually isolated in the presence of
perchlorate or hexafluorophosphate anions [1]. We reported earlier polymeric
octahedral nickel(Il) complexes, bridged through oxalato or molybdato ligands
with polyaza macrocyclic ligands [6,7]. The successful isolation of blue
octahedral nickel(Il) complexes in these cases may be attributed to the formation
of insoluble nickel(1l) coordination polymers in aqueous solutions. By the use of
dicyanamide anion [N(CN),]" with corresponding nickel(Il) macrocycles (L1 and
L.2), although not forming insoluble coordination polymers, we were able to
isolate the blue high-spin octahedral nickel(II) complexes. Numerous metal
complexes with dicyanamide ligand have been reported [8-11], however to our
knowledge, no monomeric dicyanamide nickel(Il) complex with a polyaza
macrocyclic ligand L1 or L2 has been prepared.

In this thesis we report the synthesis and properties of two new dicyanamide
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nickel(Il) complexes with polyaza macrocyclic ligands. The dicyanamide anion,
potentially tridentate, commonly prefers to coordinate as a bidentate mode, but
acts as a monodentate ligand through lone pair donation of the terminal cyano N

atoms to an octahedral metal center in 1 and 2.

(|3H2CHzOH
N Me

o ’
[NH HNj NH HN
NH HN :ijH HN :
GG LA
| Me
CH,CH,OH

L1 L2 L3

N

Experimental

Materials and physical measurements

All chemicals, obtained from commercial sources, were reagent grade and were
used without further purification. Distilled H,O was used for all procedures. [.R.
spectra were measured as Nujol mulls between KBr plates using a Perkin-Elmer

Paragon 1000 FT-IR spectrophotometer over the range 4000 and 400 em’™.
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UV/Vis diffuse reflectance spectra using samples diluted with BaSO; were
recorded with a Shimadzu 2401 PC UV-Vis recording spectrophotometer.
Elemental analyses were performed by the analytical laboratory of Korea
Research Institute of Chemical Technology, Taejon, Korea.

The precursor complexes [Ni(II)(L1)]-2C104 and [Ni(II)(L2)]-2CIO4 were
prepared according to slight modifiable literature procedures previously reported
[3,12]. The macrocyclic ligand L3 in complex 2 having both of the ethylene
bridges replaced by cis-cyclohexane is one of the 16 possible diastereoisomers of
L2. Caution! The perchlorate salts used in this study potentially are explosive and

should be handled in small quantities.

Preparation

Preparation of [Ni(L1){N(CN),},]-H,O (1)

An H,0 solution (10 ecm®) of sodium dicyanamide (27 mg, 0.3 mmol) was
added to a DMF (5 ¢m?) solution of [Ni(II)(L1)]-2C10, (69 mg, 0.15 mmol). After
several weeks, pale grey crystals were obtained while they were wet. Suitable
crystals of 1 for X-ray diffraction studies and subsequent spectroscopic

measurements were manually collected under the microscope. (Found: C, 39.1; H,
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6.7, N, 34.0; Ci¢H3N 203N caled.: C, 38.5; H, 6.4, N, 33.7 %.)

Preparation of [NI(L3){N(CN),},] (2)

Violet plate crystals of 2 was prepared and isolated in a similar manner using
[Ni(II)(L2)]-2C104(89.13 mg, 0.15 mmol) instead of [Ni(I[)(L1)]-2ClO4 (69 mg,
0.15 mmol). Although 16 different diastereoisomers are possible with the ligand
L2, the nickel(IT) complex with L3 in which the cyclohexane rings are cis-fused is
always the isolated product. (Found: C, 55.9; H, 7.8; N, 27.1; Co4H4oN(Ni calcd.:

C,54.6;H,7.6;N, 26.6 %.)

X-ray crystallography

A summary of selected crystallographic data for 1 and 2 is given in Table 2.1.
X-ray Data were collected on a STOE STADI4 four-circle-diffractometer using
planar graphite monochromator (Mo Ka, A = 0.71073 A) at 298(1) K. Cell
parameters and an orientation matrix for data collection were obtained from least-
squares refinement, using 24 reflections (for 1) and 30 reflections (for 2) in 9.6° <
B <10.3° (for 1) and 10.24° < 0 < 12.36° (for 2). Intensities were collected using

o scan technique. Three standard reflections were monitored every 1 hour of X-
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Table 2.1. Crystal data and structure refinement for 1 and 2

Empirical formula Ci6H32N2NiO3 Co4H4oN NI

Formula weight 499.25 527.37
Temperature (K) 298(2)

Wavelength (A) 0.71069

Crystal system Triclinic Triclinic
Space group P1- P1-
a(A) 8.1839(8) 8.223(5)
b (A) 9.929(3) 8.338(4)
¢ (A) 8.1008(12) 10.717(6)
a (9) 110.923(11) 72.74(4)
B (%) 105.848(18) 71.42(5)
y (9) 93.68(3) 77.50(4)
V(A?) 581.8(2) 659.0(6)
Z 1 1

Deated (Mg/m?) 1.425 1.329
Absorption coefﬁcient(mm'l) 0.878 0.769
F(000) 264 282
Crystal size(mm) 0.5% 0.5x 0.2 0.50x 0.35x 0.20

6 range for data collection 5.19 to 27.44° 2.07 to 27.49°

Index ranges -10<h<9 9<h<10
-12<k <11 -10<k <10
1<1<10 0<1<13

Reflections collected 2236 3740

Independent reflections 2236 [R(int) = 0.0000] 2911 [R(int) = 0.0244]
83.9% (6 =27.44°) 96.3%(0 =27.49°)
Full-matrix least-squares on F?

Completeness to 0
Refinement method
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Table 2.1. Continued

1 2
Data/restraints/parameters ~ 2236/0/152 2911/0/160
Goodness-of-fit on F* 1.082 1.128
Final R indices[[>2c(1)] R1=0.0277,wR2=0.0751 R1=0.0314, wR2=0.0771
R indices (all data) R1=0.0287, wR2=0.0763 R1=0.0363, wR2=0.0813

Largest diff. peak and hole 0.366 and -0.368 e. A~ 0.199 and -0.420 e. A~
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ray exposure and no significant decay was observed. All data were corrected for
Lorentz and polarization effects. and absorption correction was applied. The
structure was solved by direct method [13] and refined [14] on F* by full-matrix
least-squares for all non-hydrogen atoms. Hydrogen atoms were included in
calculated positions with isotropic displacement parameters. The final agreement
factor values are R1 = 0.0277, wR2 = 0.0751 (I > 20); Rl = 0.0287, wR2 =
0.0763 (all data), R1 = (|[Fo| - [Fell) / = [Fo| and wR2 = [[w(F*-F )Y/ [w(F. 2],
w = 1/[c*(F,)) + (0.0417P)* + 0.2242P) where P = (F* + 2 F¢*)/3 (for 1), and R1 =
0.0314, wR2 =0.0771 (I > 20); R1 = 0.0363, wR2 = 0.0813 (all data), R1 = (||F,| -
IFel) / 2 [Fo| and wR2 = [Z[wW(F,-F ) /E[wW(F,)? 1], w = 1/[cX(Fo2) + (0.0370P)

+0.1724P] where P = (F,* + 2 F.%)/3 (for 2).

Results and Discussion

Structures of 1 and 2

The single crystal X-ray structures were determined to establish the

coordination nature of cyanamide ligands in the complexes in the solid state. In

each case the composition of the structure was confirmed by microanalysis.
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A view of molecules 1 and 2 is described in Figures 2.1 and 2.3, and the
selected interatomic distances and angles are presented in Table 2.2 and 2.3. The
ligand geometries of the present macrocycles adopt the most stable trans I/
configuration. An inversion center exists on the nickel(Il) ion in both complexes.
In 1 and 2 the coordination environment around nickel(II) centers reveals the
expected distorted octahedral arrangement with the four nitrogen atoms from the
macrocycle and the two dicyanamide anions in trans-positions from the nitrogen
atoms of the terminal cyano groups. Although the dicyanamide anion can act as a
monodentate [15-18], bidentate [19-21], or even tridentate [22], it usually prefers
to coordinate as a bridging bidentate through both terminal cyano nitrogens.
However, in the present cases, the monomeric complexes 1 and 2 always even in
different molar ratios of [Ni(II)(L1)]-2Cl1O4 or [Ni(I1)(L2)]-2ClO4 and
Na[N(CN)2]. The nickel-nitrogen (macrocycle) atom distances vary from
2.0534(13) to 2.0777(16) A in 1 [2.0814(19) - 2.0980(18) A in 2]. These values
lie well within the general trend that weaker nickel-nitrogen bonds are involved in
the octahedral species (Ni-N = 2.07-2.10 A) than in the square-planar species (Ni-
N = 1.88-1.91 A) [23]. The longer nickel-nitrogen (dicyanamide) distance in 2
than that in 1 may be most reasonably explained by the increased steric effect of

the macrocycle L3. The end-bonded [N(CN),]" anion maintains C,,
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Figure 2.1. Molecular structure of 1 with atom-labeling scheme. Hydrogen atoms

are omitted for clarity.
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Figure 2.3. Molecular structure of 2 with atom-labeling scheme. Hydrogen atoms

are omitted for clarity.
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Table 2.2. Selected bond lengths (A) and angles (°) for [Ni(L1){N(CN),},]-H,O
(1)

Ni(1)-N(1) 2.0777(16) Ni(1)-N(2) 2.0534(13)
Ni(1)-N(4) 2.1635(15)  N(@)-C(7) 1.144(2)
N(5)-C(8) 1.303(3) N(5)-C(8) 1.303(3)
N(6)-C(8) 1.1473)

N(2)#1-Ni(1)-N(2) 180.0 N(2)#1-Ni(1)-N(1) 94.09(6)

N(2)-Ni(1)-N(1) 85.91(6) N(D#I-Ni(1)-N(1) 180.0
NQ#I-Ni(1)-N@4)  89.13(6) N(1)-Ni(1)-N(4) 88.83(6)
C(7)-N(4)-Ni(1) 179.02(16)  N(4)-C(7)-N(5) 171.3(2)
C(7)-N(5)-C(8) 124.1(2) N(6)-C(8)-N(5) 172.9(2)

N(4)-Ni(1)-N(4)#1 180.0

Symmetry transformations used to generate equivalent atoms: #1 -x+1, -y+1,-z+1
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Table 2.3. Selected bond lengths (A) and angles (°) for [Ni(L3){N(CN),},] (2)

Ni-N(1) 2.0980(18)  Ni-N(2) 2.0814(19)
Ni-N(3) 2.1220(19)  N(4)-C(11) 1.290(2)
N(4)-C(12) 1.294(3) N(3)-C(11) 1.149(3)
N(5)-C(12) 1.138(3)

N(2)#1-Ni-N(2) 180.0 N(2)#1-Ni-N(1) 96.36(7)
N(2)-Ni-N(1) 83.64(7) N(1)#1-Ni-N(1) 180.0
N(2)#1-Ni-N(3) 89.90(7) N(1)-Ni-N(3) 86.86(7)
C(11)-N(3)-Ni 176.53(15)  N(3)-C(11)-N(4) 172.27(19)
C(11)-N(4)-C(12) 123.81(18)  N(5)-C(12)-N(4) 173.5(2)
N(3)-Ni-N(3)#1 180.0

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+1
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symmetry with N(5)-C(7) and N(5)-C(8) bond distances of 1.296(3) and 1.303(3)
Ain 1 [N(4)-C(11) = 1.290(2) and N(4)-C(12) = 1.294(3) in 2]. In 1, the average
C-N and C=N bond distances are 1.300 and 1.146 A [1.292 and 1.144 A in 2],
respectively, as commonly observed in [N(CN),| anions. The lack of significant
electron density near the amide nitrogen results in longer C-N bond distances,
suggesting a small degree of m conjugation within the [N(CN),]” backbone. The
[N(CN).] ligand skeleton in 2 is isostructural to that of 1. All other structural
teatures are as typical of the [N(CN),] anions in 1 and 2. In 1, the molecules are
further extended resulting in a two-dimensional network through hydrogen-
bonding interactions involving the nitrogen atoms of the secondary and tertiary
amines, the hydroxyl group, the lattice water molecule, and one of the terminal
nitrogen atom of [N(CN);]" ligand [O(1w)...O(1)#1 = 2.721(2) A,
O(1w)...N(6)#2 = 2.888(3) A, O(1w)...N(3)#3 = 2.929(2) A, N(2)...0(1)#4 =

2.842(2) A] (Figures 2.1 and 2.2) [24].

Spectroscopic properties of 1 and 2

The I.R. spectra of 1 and 2 contain three v(C=N) stretching bands at 2156, 2217,

and 2272 c¢m™' for 1, and at 2162, 2210, and 2265 c¢m™' for 2, whose
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Figure 2.2. Crystal packing diagram of 1 showing the two-dimensional structure

with the hydrogen-bonding interactions. Dotted lines indicate hydrogen bonds.

Hydrogen atoms are omitted for clarity.

42



positions are in good agreement of those reported in the literature [25]. They are
shghtly shifted to lower frequencies compared to those of the free Na[N(CN),]
(V(C=N) = 2179, 2232, and 2286 cm™), indicating the presence of terminally
coordinated dicyanamide groups. In addition, broad bands above 3100 cm™ and ca.
1600 cm™ were observed in 1 due to a molecule of lattice water (stretching and
bending of O-H).

The Nujol mull diffuse reflectance absorption spectra of 1 and 2 over the range
300-800 nm show three absorption bands [329, 488, and 683 nm for 1, and 337,
513, and 699 nm for 2] (Figure 2.4). These are the characteristic spectra expected
for a high-spin d® nickel(II) ion in a distorted octahedral environment, and can be
attributed to 3B]g - 3'Eg, 3Big - 3Eg, 3B1g - 3B2g + 3B1g - 3A2g transitions,
respectively [1,2,23]. However, the electronic spectra for 1 or 2 dissolved in water
show a single broad absorption band ca. 460 nm, indicating that the square-planar

species is predominant over octahedral species.

Supplementary Material

Crystallographic data have been deposited at the Cambridge Crystallographic

Data Center (CCDC), CCDC No. 163651 for 1 and CCDC No. 163652 for 2.
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Figure 2.4. Solid state electronic absorption spectra of 1 (—) and 2 (...) in BaSOy

by the diffuse reflectance method at room temperature.
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CHAPTER I11

Syntheses, isolation, and structures of nickel(II) and copper(Il)
coordination polymers with a tetraaza

macrocyclic ligand

Abstract

The one-dimensional coordination polymers [Ni(L1)(oxalato)],,nH>O (1) and
[Cu(L1)(terephthalato)],-2nH,O (2) have been synthesized and structurally
characterized by a combination of analytical, spectroscopic, and crystallographic
methods. The complex 1 exhibits a novel one-dimensional polymeric structure
with nickel(II) centers and bridging oxalato ligands. Two important features are
observed in 1 when regarding the structure of the oxalato bridge: first, it has an
unusual bis-monodentate coordination mode to nickel(Il) ions; and second, it is
not planar, the distortion arising forms a twisting about the carbon-carbon bond of
the oxalato ligand. In 2, the ligand conformation is planar, and the distorted
octahedral coordination about the copper(Il) ion is completed by two bis-

monodentate terephthalato ligands. The copper(Il) ions in the complex are bridged



by the terephthalato anions to form infinite linear chains, and each chain is linked
by interchain hydrogen bonding interactions mediated through water molecules.
The presence of water molecules is crucial to lead supramolecular arrays in both

complexes.

Introduction

The design and synthesis of molecular solids containing specific network
topologies have been extensively studied in recent years [1-4]. Some interests lie
in the construction of channel or cavity containing multi-dimensional frameworks
[5-7], others in the understanding of structures and magnetic properties in low-
dimensional polymeric systems [8-10]. The success of construction of these
structures largely has been depend on the nature of the bridging ligand, as well as
the availability of interchain hydrogen bonding interactions. Indeed, a number of
examples of polymeric structures have been reported by the use of various
bridging ligands. These include the oxalate [7], terephthalate [5], halide and
pseudo halide [10.11], and tetraoxometalate [9] etc.

During studies aimed at constructing such one-dimensional networks using

bridging ligands, novel complexes of an oxalato-bridged macrocyclic nickel(I])
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coordination polymer, [Ni(L1)(oxalato)],,nH,O (1) and a terephthalato-bridged
macrocyclic copper(Il) coordination polymer, [Cu(L1)(terephthalato)],-2nH,0 (2)
have been isolated. In 1, each bridging oxalate anion binds two nickel(II) ions in a
bis-monodentate fashion. In spite of numerous studies on oxalato-bridged
nickel(IT) complexes, bis-bidentate dimeric structures are predominant [12-15]. To
the best of our knowledge, 1 is the first example of a bis-monodentate oxalato-
bridged nickel(Il) coordination polymer with tetraaza macrocyclic ligand. In 2,
each bridging terephthalate anion coordinates to two copper(Il) ions in a bis-
monodentate mode, resulting in the formation of infinite one-dimensional chains,
where each chain is further extended by the interchain hydrogen bonding
interactions mediated through water molecules. In this report, the syntheses and
crystal structures of 1 and 2 are reported. where the bridging ligands are stabilized
by hydrogen bonding interactions with pre-organized macrocycles and lattice

water molecules.

(IZH?_CHZOH
H c H c m (Nw
NH HN NH HN,,Q [NH HNj [NH HNj
: I :NH HN: I : : “NH HN‘ : NH  HN NH  HN
CH "”’CH ‘\) N

3 3



Experimental

Materials and physical measurements

All chemicals were obtained from commercial sources, were reagent grade, and
were used without further purification. Distilled water was used for all procedures.
Infrared spectra of solid samples were recorded on a Perkin-Elmer Paragon 1000
FT-IR spectrophotometer between 4000 cm™ and 400 cm™ as Nujol mulls on KBr
discs or as KBr pellets. Solid state electronic spectra were measured by the diffuse
reflectance method using samples diluted with BaSO4 with a Shimadzu 2401 PC
UV/Vis recording spectrophotometer. The analytical laboratory of Korea
Research Institute of Chemical Technology, Taejon, Korea, performed elemental

analyses.

Preparation

The free ligand L and the precursor complexes [Ni(L)]-2ClO4 and

[Cu(L)]-2ClO4 were synthesized by previously reported methods [16].

Caution! The perchlorate salts used in this study potentially are explosive and
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should be handled in small quantities.

Preparation of [Ni(L1)(oxalato)],-nH,0 (1)

To a DMF (10 mL) solution of [Ni(L)]-2ClO4 (594 mg. 1.0 mmol) was added a
stoichiometric amount of sodium oxalate (134 mg. 1.0 mmol) dissolved in water
(10 mL), which was allowed to stand in an open beaker at ambient temperature.
After several weeks, purple crystals were obtained. Suitable crystals of 1 for X-
ray diffraction studies and subsequent spectroscopic measurements were manually
collected under the microscope. Anal. Caled. for CpsHyoNsOgNi: C, 52.24: H,

8.53; N, 12.18. Found C, 51.98; H, 8.14; N, 12.18.

Preparation of [Cu(L1)(terephthalato)],-2nH>O (2)

An aqueous solution of sodium terephthalate (52.5 mg, 0.25 mmol) was added
to an aqueous solution of [Cu(L)]-2Cl04 (150 mg, 0.25 mmol). After standing for
a week, violet crystals were obtained. Suitable crystals of 2 for X-ray diffraction
studies and subsequent spectroscopic measurements were manually collected
under the microscope. Anal. Calcd. for CogH4gN4OgCu : C, 55.98; H, 7.99; N, 9.33.

Found C, 55.87; H, 8.12; N, 9.53.
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X-ray crystallography

A summary of selected crystallographic data for 1 and 2 is given in Table 3.1.
X-ray data were collected on a Nonius KappaCCD diffractometer, using graphite
monochromated Mo Ko radiation (2 = 0.71073 A). A combination of 1° phi and
omega (with kappa offsets) scans were used to collect sufficient data. The data
frames were integrated and scaled using the Denzo-SMN package [17]. The
structures were solved and refined, using the SHELXTL\PC V5.1 package [18].
Refinement was by full-matrix least squares on F?, using all data (negative
intensities included). Hydrogen atoms were included in calculated positions,
except for those involving hydrogen bonding specifically for the hydrogen atoms
of the water molecule and those bonded to the nitrogen atoms, which were refined
with isotropic thermal parameters. For 1 there are two independent
centrosymmetric macrocycles in the structure. There is some electron density,
which was disordered about an inversion center. Presumably, this was DMF
solvent, but could not model the density to fit this type of molecule, which was
eventually removed the contribution from the data using program SQUEEZE [19).
There is a molecule of crystallization of water, which is involved in hydrogen

bonding for each cation and anion. For 2 the Cu containing cation and the anion
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Table 3.1. Crystal data and structure refinement for [Ni(L1)(oxalato)],-nH,O
(1) and [Cu(L1)(terephthalato)],-2nH>O (2)

1 2
Empirical formula CooH4aN4NiOs5 C,gH43CuN4Og
Formula weight S501.31 600.24
Temperature(K) 113(2) 100.0(1)
Wavelength(A) 0.71073
Crystal system Triclinic Triclinic
Space group P-1 P-1
a(A) 9.6798(5) 8.9701(5)
b (A) 11.0018(5) 9.2486(5)
c(A) 12.7679(2) 9.2555(5)
a (%) 103.087(3) 89.314(4)
B (®) 102.613(3) 68.834(3)
v (9 97.914(3) 85.487(3)
V(A% 1267.15(9) 713.7(7)
4 2 1
Dearca(Mg/m’) 1.314 1.397
Absorption coefﬁciem(mm'l) 0.803 0.813
F(000) 540 321
Crystal size(mm) 0.25x020x0.10 0.25x0.20x 0.20
0 range for data collection 2.631027.49° 4.42 t0 27.50°
Index ranges 0<h<l12 -11<h<0

-14<k<14 12<k <11

-1651<15 -12<1<10
Reflections collected 21381 9357
Independent reflections 5738 [R(int) = 0.032] 3245 [R(int) = 0.054]
Completeness to 0 98.3% (0=27.49" 99.2 %(0=127.50°)
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Table 3.1. Continued

1 2
Absorption correction multi-scan (Denzo-SMN)
Max. and min. transmission 0.9240 and 0.8244  0.8542 and 0.8225
Refinement method Full-matrix least-squares on F*
Data/restraints/parameters 5738/3/302 3245/0/195
Goodness-of-fit on F 1.065 1.024

Final R indices[[>2o(I)] R1= 0.0440,wR2 = 0.1044R1=0.0381,wR2=0.0875
R indices (all data) R1=0.0696, wR2 = 0.1123R1=0.0546,R2=0.0918

Largest diff. peak and hole 0.430 and -0.392 e. A~ 0.496 and -0.473 e. A~

R1=3| Fo-F |l /=] F,| and wR2 =[S [W(F,2-FA)/ T [w(F.H]2.
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have crystallographic inversion symmetry and there is one anion for each cation.

There are two molecules of crystallization of water for each cation molecule.

Results and Discussion

Structures of 1 and 2

The macrocyclic ligand L1 in 1 and 2 adopts the classical trans 111
conformation in which both of the ethylene bridges in the macrocycle have been
replaced by trans-cyclohexane. The ligand L1 is one of the 16 possible
diastereoisomers of L.

The structure of 1, as illustrated in Figure 3.1, consists of a basic nickel-oxalate
unit with an included water molecule. The coordination environment around the
nickel(II) ion is a distorted octahedron with four Ni-N bonds and two Ni-O bonds.
The average Ni-O interatomic distance of 2.139 A is longer than the average Ni-N
interatomic distance of 2.081 A. Selected interatomic distances and angles of 1 are
listed in Table 3.2. The oxalate ion in this complex coordinates to two nickel(II)
ions in an unusual bis-monodentate mode. The uncoordinated oxygen atoms{O(2)

and O(3)} of the carboxylate groups and the secondary amines of the macrocycle

O
(@)1



Figure 3.1. Molecular structure of [Ni(L1)(oxalato)], nH,O with atom-labeling
scheme. Hydrogen atoms other than those participating in hydrogen bonding are

omitted for clarity.
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Table 3.2. Selected interatomic distances (A) and angles ()
[Ni(L1)(oxalato)],- nH>O (1)

Ni(1)-N(1) 2.0745(19) Ni(1)-N(2) 2.0793(17)
Ni(1)-O(1) 2.1273(15) Ni(2)-N(3) 2.0628(18)
Ni(2)-N(4) 2.1088(18) Ni(2)-O(4) 2.1504(15)
O(1)-C21) 1.257(3) 0(2)-C(21) 1.258(3)
0O(3)-C(22) 1.249(3) 0(4)-C(22) 1.270(3)
C(21)-C(22) 1.531(3)

N(1)#1-Ni(1)-N(1) 180.00(10) N(1)-Ni(1)-NQ2)# 184.20(7)
N(1)#1-Ni(1)-N(2) 84.20(7) N(1)-Ni(1)-N(2) 95.80(7)
N(2)#1-Ni(1)-N(2) 180.00(7) N(D-Ni(1)-O(1)# 189.02(7)
N(2)-Ni(1)-O(1)#1 89.53(6) N(1)-Ni(1)-0(1) 90.98(7)
N(2)-Ni(1)-O(1) 90.47(6) O(1)#1-Ni(1)-O(1) 180.0
N(3)-Ni(2)-N(3)#2 180.00(10) N(3)-Ni(2)-N(4)#2 84.23(7)
N(3)-Ni(2)-N(4) 95.77(7) N(4)#2-Ni(2)-N(4) 180.00(15)
N(3)-Ni(2)-0(4) 89.48(7) N(4)-Ni(2)-0(4) 85.72(6)
N(3)-Ni(2)-O(4)#2 90.52(7) N(4)-Ni(2)-O(4)#2 94.28(6)
O(4)-Ni(2)-O(4)#2 180.0 C(21)-0O(1)-Ni(1) 137.39(15)
C(22)-0(4)-Ni(2) 128.46(15) O(1)-C(21)-0(2) 127.3(2)
O(1)-C(21)-C(22) 116.3(2) 0(2)-C(21)-C(22) 116.4(2)
0(3)-C(22)-0(4) 126.0(2) 0(3)-C(22)-C(21) 118.4(2)
O4)-C(22)-C(21) 115.48(19)

Symmetry transformations used to generate equivalent atoms:

#1 -xt+1,-y+1,-z+1

#2 —x,-ytl,-z



involve in the formation of stable 6-membered, and 7-membered hydrogen
bonded rings. In addition, one{O(3)} of the oxygen atoms of the oxalato group
forms a third type of hydrogen bonded ring with a secondary amine and a lattice
water molecule (Figure 3.1, Table 3.4). Two important interesting features are
observed in 1 when regarding the structure of the oxalato bridge: first, it has a bis-
monodentate coordination mode to nickel(I) ions; second, it is not planar, the
distortion arising forms a twisting about the carbon-carbon {C(21)-C(22)} bond of
the oxalato ligand, which leads to a dihedral angle of -103.0(3)° between the O(1),
C(21), O(2) and O(3), C(22), O(4) planes. Two combined effects are believed to
be the origin of these unusual phenomena: first, complex 1 has an unequivalence
of hydrogen bonding interactions involving the uncoordinated oxygen atoms of
the oxalate anions with pre-organized macrocycles (Figure 3.1, Table 3.4); second,
complex 1 contains sterically hindered cyclohexane groups as well as methyl
groups on the macrocycle L1 which force the bridging oxalato ligand to twist in a
manner of the minimization of the steric hindrance. Numerous investigators have
reported oxalato-bridged metal complexes with various metal ions. However,
binuclear metal complexes were predominant with planar bis-bidentate oxalato
ligands [7,12-14]. This is especially true in macrocyclic nickel(II) complexes.

Binuclear complex, [{Ni(L2)},(oxalato)] (NO3), (L2 = 1,4,8.11-
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Table 3.4.  Hydrogen bonds for [Ni(L1)(oxalato)],-nH,O (1) [A and °]

D-H.. A d(D-H)  d(H..A)  d(D..A) <(DHA)
N(1)-H(1A)...0O(1W)#1 0.93 2.36 3.239(3) 158.4
N(Q2)-H(2A)...0(2)#1  0.93 2.04 2.940(2) 161.5
N(3)-H(3A)..O2)  0.93 2.19 3.096(2) 163.3
N(4)-H4A)..03)  0.93 2.21 3.092(2) 157.6
O(1W)-H2W)...0(3) 0.839(5) 2.095(11)  2.908(3) 163(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1 #2 -x,-y+1,-z
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tetraazacyclotetradecane, cyclam) is one of the examples [20]. In this complex the
oxalate ion acts as a bis-bidentate ligand bridging two macrocyclic nickel(Il) units
with the ligand L2, adopting a folded conformation. The structure of oxalato-
bridged nickel(II) complex with L3 (L3 = 3,10-bis(2-hydroxyethyl)-1,3,5.8,10,12-
hexaazacyclotetradecane) also has been determined [21], where the structure is
similar to that of [{Ni(L2)}(oxalate)](NO3), except for the slightly longer
distances of Ni-O in the former structure. In both cases, the macrocycles in
nickel(IT) complexes of L2 and L3 are flexible and foldable when the bridging
oxalate anion binds to the nickel(Il) ions, occupying the oxalate anion cis-
positions in the coordination sphere of the nickel(II) ion, and producing dimeric
structures. In the present ligand L1, however, the rigidity of the macrocycle has
been increased considerably by the introduction of two cyclohexane rings and two
methyl groups on L2, and a folded macrocycle is not anticipated with L1. Indeed,
the nickel(I) complex of L1 with oxalato bridging ligand produces an unusual
polymeric complex 1 rather than a binuclear complex with folded macrocycles. In
1, the closest Ni---Ni distance in the one dimensional chain is 7.12 A.

The structure of 2 shows a terephthalato-bridged one-dimensional chain
structure with interchain interactions (Figure 3.2). Water molecules mediate

hydrogen bonding interactions between the chains. The intrachain Cu---Cu
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Figure 3.2. Molecular structure of [Cu(L1)(terephthalato)],-2nH,O with atom-

labeling scheme. Hydrogen atoms other than those participating in hydrogen

bonding are omitted for clarity.
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distance is 8.970 A and the interchain Cu--Cu distance is 9.225 A. The copper
coordination geometry of compound 2 shows a strong Jahn-Teller distortion with
oxygen atoms of terephthalate anions occupying the axial sites. The four Cu-
N(macrocycle) interatomic distances vary from 2.0225(16) to 2.0294(16) A with
an average distance of ~ 2.026 A. The Cu-O interatomic distances of 2.7323(12)
A are well outside of any previously determined distances in related systems{Cu-
O(maleato) = 2.3601(18) A in [Cu(L1)(H;0)(maleato); Cu-O(formato) =
2.2343(15) A in [Cu(L1)(0,CH)][CIO4]] [22,23]. The average Cu-O distance of
1.966+0.030 A, determined for five structures, is found in a previous report [24].
It thus appears, that the Cu-O interactions in the present compound are essentially
ionic in nature. Selected bond distances and angles for 2 are listed in Table 3.3.
The hydrogen bonding interactions present in 2 are summarized in Table 3.5. In 2
the oxygen atoms of the terephthalate anions participate in the hydrogen bonding

interactions with secondary amines and water molecules. Water molecules in 2

involve in mediating chain link. The secondary amine hydrogen H(2N)
intramolecularly interacts to the uncoordinated oxygen atom of the terephthalate
anion to form a stable 6-membered ring{Cu(1), O(2), C(14), O(1), H(2N), N(2)}.
Additional hydrogen bonding interactions are observed by an intervention of

water molecule, resulting in the formation of another 6-membered chelate
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Table 3.3. Selected interatomic distances (A) and angles (°) for [Cu(L1)

(terephthalato)],-2nH,O (2)

Cu(1)-N(1) 2.0225(16)
Cu(1)-0(2) 2.7323(12)

N(1)#1-Cu (1)-N(1)  180.00(10)
N(1)-Cu(1)-NQ)#I  84.72(6)
N(D#1-Cu(1)-O(2)#1  95.70(5)
NQ)#1-Cu(1)-OQ2#1  82.81(5)
OQ2)#1-Cu(1)-0(2)  180.00(7)

Cu(1)-N(2)
0(2)-C(14)

N(D#1-Cu(1)-N(2)#1
N@)#1-Cu(1)-N(2)
N(1)-Cu(1)-O(2)#1
N2)-Cu(1)-0(2)#1

2.0294(16)
1.260(2)

95.28(6)
180.00(13)
84.30(5)
97.19(5)

Symmetry transformations used to generate equivalent atoms:

#1 —x,-y,-z #2 —x+1,-y-1,-z
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Table 3.5. Hydrogen bonds for [Cu(L1)(terephthalato)],-2nH,0 (2) [A and °]

D-H..A d(D-H)  dH..A)  d(D..A) <(DHA)
N(D-H(IN)..O(1W)  0.84(2)  2.092)  2.902(2) 162(2)
N(2)-H(2N)...O(1) 0.85(2)  2.01(2)  2.8602(19)  171(2)
N(2)-H2N)...02) 0.85(2)  2.61(2)  3.1932(19)  126.9(18)
O(IW)-H(IW)..02)  0.763)  2.053)  2.806(2) 170(3)
O(1W)-HQW)..O(1)#3 0.85(3)  1.88(3)  2.729(2) 177(2)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y,-z #2 -x+1,-y-1,-z

#3 -x+1,-y,-z
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ring{Cu(1), O(2). H(IW), O(1W), H(IN), N(1)}. as well as interchain

link {O(1W), H2W), O(1)#3} (Table 3.5).

Synthesis and spectroscopic characterization of 1 and 2

By reacting nickel(Il) complex [Ni(L)]-2CIOs with sodium oxalate in
DMF/H,O solutions, a novel one-dimensional nickel(I) coordination polymer
[Ni(LI)(oxalato)],- nH,O (1) has been isolated. The formation of this compound
is partly a consequence of the high rigidity of the macrocyclic ligand L1 which
prevents cis-coordination of the oxalate ligand to the nickel(II) ion. The solid state
IR spectrum of [Ni(L1)(oxalato)],-nH,O displays characteristic strong bands of
the oxalate ligand at 1556 (v4,COO) cm™ and 1284 (viCOO) em’!. The large
difference of 272 cm™ between the two bands indicates that the carboxylate group
of the oxalate ligand coordinates to the nickel ion in a monodentate fashion [25].
The solid state IR spectrum in the vNH and vOH stretching region shows medium
intensity bands at 3169 em” and 3315 cm’! as expected. Compound 2 was
synthesized by reacting copper complex [Cu(L)]-2C10, with sodium terephthalate
in an aqueous solution. In the solid state IR spectrum of 2, a strong (v,;CO0)

band was observable at 1573 cm™ with a medium band at 3332 (vOH) and 1660

65



em™ (VHOH), respectively. Solid state electronic spectrum of 1 over the range
200-800 nm is composed of three bands at 351, 539, and 712 nm. All three bands
are expected from a high-spin d° nickel(Il) ion in a distorted octahedral
environment (3B1g—) 3Eg, 3Blg—> 3Eg, 3Blg—> 3Bzg + 3B1g—> 3Azg). The spectrum
of 2 shows maximum absorptions at 243, 275, and 532 nm. The lower energy
band (532 nm) in the visible region is believed to be a composite of the three
possible transitions dyy, dy,, dy, — dy242 [26]. The other two bands at higher
energy region may be from the terephthalate ligand. The lowest energy absorption
d2 — di2.,2 transition arising from the tetragonal splitting of the formally
octahedral e, orbitals was not observed in the visible region.

In summary. one-dimensional coordination polymers have been constructed by
the reaction of nickel(Il) macrocyclic complex and oxalato ligand (1), and
copper(II) macrocyclic complex and terephthalato ligand (2). The oxalato-bridged
nickel(II) coordination polymer 1 has an unusual twist structure in oxalato bridge
which is stabilized by hydrogen bonding interactions with the pre-organized
nickel(Il) macrocyclic ligand, the oxalato ligand, and the water molecule. The
terephthalato-bridged copper(Il) complex 2 has a tetragonally elongated
octahedral geometry about the copper(Il) ion. The infinite chains in 2 are also

stabilized by hydrogen bonding interactions composed of the secondary amines,
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the oxygen atoms of the terephthalato ligand, the water molecules, and the central
copper(II) atom. Water molecule is a versatile molecule in 1 and 2 with a potential
to play as hydrogen bond donors and acceptors. Oxalato and terephthalato ligands
in 1 and 2 show a tendency to bridging metal ions by coordination to form infinite
chains, as well as to play a role as hydrogen bond acceptors. In both complexes

the ligand skeleton adopts the most stable trans 111 conformations [27].

Supplementary Material

Full crystal data and refinement details, atomic coordinates and equivalent
isotropic displacement parameters, interatomic distances and angles, anisotropic
displacement parameters, hydrogen atom coordinates and isotropic displacement
parameters, and hydrogen bond parameters for 1 and 2 are available from the

Cambridge Crystallographic Data Centre. Deposition numbers 158651 for 1 and

158652 for 2.
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CHAPTER 1V

Biomimetic non-heme catalysts for aliphatic C-H
bond functionalization with

a cobalt complex

Abstract

An aliphatic C-H bond functionalization into carboxylate is attained by
hydrogen peroxide. A biomimetic precursor of the dinuclear Co(1l) bis(p-
hydroxo) complex, [Co”;z(Me3—tpa)2(OH)2]2+ (1), has been synthesized and
structurally characterized by spectroscopy, elemental analysis, and X-ray
crystallography, where Mes-tpa is tris(6-methyl-2-pyridylmethyl)anime. The
reaction of 1 with an excess amount of H,O, yields two kinds of crystals of the
ligand oxidized dinuclear Co(IIl) bis(u-hydroxo) complexes, [Comz(Mez-tpa-
COOR(OH)]™ (2a, 2b), in which one of the methyl groups of Mes-tpa is
oxidized to carboxylate. The structural difference between 2a and 2b is
characterized by spectroscopy and X-ray analysis. One of the pyridyl groups in
asymmetric units of 2a and 2b is detached from metal due to the new bond

formation between metal and oxygen of the lignad which is oxidized by H,0,.



The fixation of atmospheric CO, by 1 affords a p-carbonato dinuclear Co(ID)
complex, [Co”g(Mej,-tpa)z(COg)]z+ (3). which shows that a core of 1 is sufficiently
nucleophilic. These results indicate that a plausible functionalization pathway of

aliphatic C-H bond to carboxylate may be progressed via metal-oxo species.

Introduction

In recent years, there has been great interest in dioxygen activation related to C-
H bond functionalization, which is an important goal for biomimetic chemistry as
well as chemical industry [1]. Dioxygen activation by transition metal-dioxygen
species, My(p-O), (M = Cu [2-12], Fe [13-16]), has been investigated as
biomimetic models. These studies show that M,(i-O), is the intermediate state
prior to be functionalized.

More recently, these kinds of researches have been extended to cobalt
complexes in order to understand general metabolism of the dioxygen in an
ecosystem [17-20], even if no O, carrier or oxygenase with cobalt metals has been
found. For instance, Hikichi at al. have reported the cobalt-dioxygen complex
chemistry surrounded by hydrotris(pyrazoly)borate ligands (Tp®), and explained
their reaction with HOOX (X = H, alkyl, acyl) species, which results in the C-H

bond oxygenation by the spontaneous decomposition [21].
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In the similar subject to alkane C-H bond oxygenation, Costas et al. have also
demonstrated biomimetic nonheme iron catalysts for selective alkane oxidation
using alkyl hydroperoxides or hydrogen peroxide as oxidants [22]. In spite of such
an importance of the C-H bond functionalization, there are a few examples
presented so far, compared with the aromatic/arene oxygenation [23-25].

Among the several transition metals, it is widely known that the cobalt ions
have a tendency to be of a low-spin Co(III) oxidation state. In the transition metal-
dioxygen chemistry, however, a lower oxidation state metal center is more
susceptible to O-O bond activation, because the lower oxidation state metal is able
to give high electron back-donation to the antibonding ¢* orbital (LUMO) of the
peroxide, which abates the O-O bond. In this reason, we have focused on taking
advantage of a bulky tetradentate tripodal ligand, Mes-tpa, which also provides
two vacant sites for O,. Owing to its bulky substituents at 6-position of the pyridyl
rings, the lower oxidation state of the cobalt metal can be stabilized. Moreover,
such a bulky ligand may offer a hydrophobic cavity to the metal core so that
unstable functional groups can be inhibited from decomposition.

By the reaction of a dinuclear Co(Il) bis(u-hydroxo) complex, [Co'y(Mes-
tpa)(OH),]*" (1), with an excess amount of hydrogen peroxide, we have obtained
and isolated the intramolecular ligand oxidized dinuclear Co(III) bis(pu-hydroxo)

complexes, [Co”lz(Mez-tpa-COO)z(OH)2]2+ (2a, 2b) (Scheme). Although ligand
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functionalization to carboxylate has been reported in our group before [26], this

kind of oxygenation is still rare. Herein, we report the structures of 1, 2a, 2b, and

3, and the reaction of intramolecular aliphatic C-H bond oxygenation.

Scheme.
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Experimental

Materials and physical measurements

All chemicals obtained from commercial sources were reagent grade and used

without further purification. All solvents were treated under nitrogen prior to use.

Me;-tpa was prepared according to the literature procedures previously reported

[27]. All air-sensitive processes were performed in a vacuum atmospheres under

nitrogen by standard Schlenk and vacuum line techniques. Caution! The



perchlorate salts in this study are potentially explosive and should be handled
with care.

Electronic spectra were measured on a Shimatsu MultiSpec-1500 UV-Vis
recording spectrophotometer for liquid measurement. UV/Vis diffuse reflectance
spectra using solid samples diluted with BaSO,4 were recorded with a Hitachi U-
3400 spectrophotometer. Infrared spectra were obtained by the KBr-disk method
using a HORIBA FT-300 spectrophotometer over the range 4000 and 400 em’™.
Mass and elemental analyses were performed by the analytical laboratory of

Kanazawa University.

Preparation

Preparation of [Co">(Mes-tpa),(OH),](C104), (1)

To a mixture of Co(ClOy),-:6H,0 (36.6 mg, 0.1 mmol) and Mes-tpa (33.2 mg,
0.1 mmol) in methanol was slowly added 2 equiv. of triethylamine (28 nlL. 0.2
mmol) solution. The resultant mixture in a Schlenk ware was allowed to stand
overnight under N; to give 1 as red-brown crystals, which were suitable for X-ray
crystallography. Anal. Caled. for C4HsoNgOoClCo, : C, 49.67; H, 4.96: N, 11.03.
Found C, 49.53; H, 4.93; N, 11.22. UV-Vis (Ama/nm (¢/M'cm™") in acetonitrile at

r.t): 470(81), 493(72), 576(46). FT-IR (cm™): v(C=C), 1604; v(C10y), 1099.



Preparation of [Co'y(Mex-tpa-COO0)(OH), J(Cl0y4): (2a, 2b)

An excess amount of H,O; was added to an ethanol suspension of 1 with rapid
stirring. This green suspension turned dark brown solution. The resulting solution
was standing for a day to afford 2a and 2b as blue-violet crystals and red-violet
crystals, respectively, which were suitable for X-ray crystallography.

Spectroscopic data for 2a-2H,O: Anal. Calcd. for C4HagNgO6ClLCos : C, 45.46;
H, 4.36; N, 10.10. Found C, 45.66; H, 4.35; N, 10.04. UV-Vis (diffuse reflectance
spectrum, Ama): 584 nm. FT-IR (cm_i): vi(COO), 1677; vi(COO), 1348, v(ClOy,),
1095.

Spectroscopic data for 2b-4H,0: Anal. Caled. for C42Hs5:NgO3ClCo; - C, 44.03;
H., 4.57; N, 9.78. Found C, 43.62; H, 4.24; N, 9.77. UV-Vis (diffuse reflectance
spectrum, Amay): 594 nm. FT-IR (cm'l): va(COO), 1677; vy(COO), 1336; v(ClQy),

1087.

Preparation of [Co"s(Mes-tpa),(CO3)(Cl04); (3)
When the methanol solution of 1 was exposed to CO,, the color change from
green to pink was observed due to the formation of 3. This solution was standing
for several days to give pale brown crystals. Suitable crystals for X-ray

crystallography were collected by filtration and washed with ether (Figure 4.1).



Figure 4.1. Thermal ellipsoid drawing of [Co'Iz(Me3—tpa)2(CO3)]2+ (3) showing

20% thermal ellipsoids. Hydrogen atoms have been omitted for clarity.
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X-ray crystallography

Data for 1 and 2b were collected at =150 °C on a Quantum CCD area detector
coupled with a Rigaku AFC7 diffractometer with graphite monochromated Mo
Ko radiation (L = 0.71069 A). Crystal-to-detector distance was 35.98 mm. To
determine the cell constants and the orientation matrix, seven oscillation
photographs were taken with an oscillation angel of 0.5° for 1 and 0.25° for 2b.
Intensity data were collected by taking oscillation photographs using o scans from
—80.0° to 100.0° at x = 45.0° and ¢ = 0.0°, and at y = 45.0° and ¢ = 90.0°. The
data were corrected for Lorentz and polarization effects, and empirically for the
absorption effect.

Data for 2a and 3 were collected on a Rigaku RAXIS-IV Imaging Plate
diffractometer with graphite monochromated Mo Ko radiation (A = 0.71070 A).
Crystal-to-detector distance was 120 mm. To determine the cell constants and the
orientation matrix, three oscillation photographs were taken with an oscillation
angle of 2°. Intensity data were collected by taking oscillation photographs using
o scans (40 images with 4° oscillation for 2a and 82 images with 2° oscillation for
3). The data were corrected for Lorentz and polarization effects, but not for the

absorption effect.
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All structures were solved by a direct method [28] and expanded using a
Fourier technique [29]. All calculations were performed using the teXsan [30]
crystallographic softwarc package of Molecular Structure Corporation. Hydrogen
atoms were positioned at calculated positions. They were included, but not refined,
in the final least-squares cycles [31].

Crystallographic data are summarized in Table 4.1. Tables of final atomic
coordinates, thermal parameters, and full bond distances and angles are given in

the Supplementary Material.

Results and Discussion

Generally, 1t has been revealed that Co(IIl) dioxygen complexes are produced
by the reaction of Co(Il) species and dioxygen or ROOH (R = H, alkyl), because a
cobalt metal tends to be a low spin d® Co(Ill) state. Co(II)-bis(p-hydroxo)
complex, [Co",(Mes-tpa),(OH),)(Cl0y), (1), is basic enough to react with
atmospheric CO,, which is testified by easily obtaining pi-carbonato dinuclear
complex, [Co'Iz(Meg-tpa)z(COg)](ClO4)2 (3), just standing the solution of complex
1 in the air [32]. Therefore the reaction of the Co(Il)-bis(p-hydroxo) complex and
ROOH may yield Co(IlI) dioxygen complex. as expected.

Reaction of the complex 1 with an equimolar amount of H,O; at -40°C afforded
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a dark brown solution. Although the dark brown species were not isolated owing
to their instability, the color change from green to dark brown suggested that the
oxidation state of the metal was changed. An excess amount of H,O, was then
added to the brown solution and the mixture was warmed to room temperature. It
was followed that blue-violet needle crystals, 2a, and red-violet crystals which
were block shape, 2b, were obtained.

A thermal ellipsoid illustration of the [CO“Q(I\‘1€3-tpa)2(OH)2] (1) cation is
shown in Figure 4.2, and selected bond lengths and angles are listed in Table 4.2.
Complex 1 consists of a centrosymmetric core with a tetradentate ligand
completing the distorted octahedral environment of each cobalt center. The bond
distances of Co-Oge (2.041 A) and Co-N,. (2.233 A) and the Co---Co separation
(3.129 A) of 1 are quite similar but slightly longer than those of [Ni's(Me;s-
tpa);(OH),] (2.018, 2.181, and 3.090 A, respectively) [26], which has the same
coordination sphere around metals, and longer than those of [Co“z(TpMﬂ )2(OH);]

(2.006, 2.105, and 3.141 A, respectively) [18], where each metal center has less

coordination environment than that of the complex 1.

A structural comparison of two ligand oxidized products, [Co'

2(Mez-tpa—
COO)(OH)](ClO4), (2a, 2b), are shown in Figure 4.3, while selected bond
lengths and angles are listed in Table 4.3.

The coordination geometries around each cobalt atom in 2a and 2b are the
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Figure 4.2. Thermal ellipsoid drawing of [Co",(Mes-tpa),(OH),]>" (1) showing

50% thermal ellipsoids. Hydrogen atoms have been omitted for clarity.
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Table 4.2. Selected Bond Lengths (A) and Bond Angles (°) for [Co",(Mes-

tpa)2(OH),](ClO4), (1)

Col-0O1
Col-N1
Col-N3
Col--Col#

Col-O1-Col#
01-Col-N1
O1-Col-N3
O1#-Col-Nl1
O1#-Col-N3
N1-Col-N2
N1-Col-N4
N2-Col-N4

1.974(3)
2.155(4)
2.273(4)
3.130(1)

100.6(1)
169.4(1)
106.2(1)
90.3(1)
92.4(1)
81.6(1)
75.7(1)
89.6(1)

Col#-0O1
Col-N2
Col-N4
01--.01#

01-Col-O1#
O1-Col-N2
01-Col1-N4
O1#-Col-N2
O1#-Col-N4
NI-Col-N3
N2-Co1-N3
N3-Col-N4

2.102(3)
2.241(4)
2.270(4)
2.610(4)

79.4(1)
108.8(1)
101.6(1)
171.5(1)
90.9(1)
76.6(1)
83.2(1)
152.1(1)




Figure 4.3. ORTEP drawings of [Co"»(Me,-tpa-COO),(OH),]*" (2a, 2b) showing
30% and 40% thermal ellipsoids, respectively. Hydrogen atoms have been omitted

for clarity.
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Table 4.3. Selected Bond Distances (A) and Angles (°) of [Comg(Mez—tpa—

COO)A(OH)J(ClO4)2 (22, 2b)

2a 2b

Col-01 1.861(7) Col-01 1.906(3)
Col-Ol# 1.839(7) Col-O1# 1.903(3)
Co1-02 1.910(3) Co1-02 1.962(8)
Col-N1 2.114(9) Col-N1 2.063(4)
Col-N2 1.833(9) Col-N2 1.892(4)
Col-N3 1.986(9) Col-N3 1.987(4)
Col~Col# 2.734(2) Col-Col# 2.921(1)
O1--01# 2.494(1) 01--01# 2.444(4)
N4--O1# 2.842(1) N4--01 2.729(5)
01-Col-O1# 84.8(3) 01-Col-O1#  79.8(1)

Co1-O1-Col# 95.2(3) Col-O1-Col#  100.2(1)




distorted octahedron where each cobalt metal is bound by three nitrogen atoms
from a facially coordinated ligand and by three oxygen atoms from bridging
hydroxides and an oxidized part of the ligand. These two cobalt(lll) complexes
are dimerized by a couple of hydroxides in which each complex has a rotational
C; symmetry axis passing through the center of Co,0; core. Therefore, the core is
strictly planar due to the presence of the symmetry axis, and separation of each
metal is 2.734 and 2.921 A, respectively. These little difference of the separation
is resulted from the position of the free pyridyl groups.

These Ortep diagrams show that a major difference is the position of
intramolecular hydrogen bonds. In 2a, each free nitrogen of pyridyl groups which
are detached from metals forms a hydrogen bond with th‘ev oxygen atom of
bridging hydroxo (N4--O1#) which lies trans to the nitrogen of a non-oxidized
pyridyl group. In the case of 2b, however, the nitrogen forms a hydrogen bond
with the other oxygen atom of bridging hydroxo (N4:--O1) which lies trans to the
nitrogen of an oxidized pyridyl group.

In the case of a monomer Ni(Il) complex, [Ni“(Mez-tpa—COO)(OHz)], which
has the same oxidized ligand reported by Shiren et al. [26], the Ni-O and average
Ni-N bond distances (2.084 and 2.131 A, respectively) are significantly longer
than those in 2a (Co-0;1.910 and Co-N;1.978 A) and 2b (C0-0;1.962 and Co-

N;1.981 A).
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In Ni(III) p-oxo complexes. the average core bond length of the [Ni'';(Mes-
tpa)y(0),] (2.052 A) [26] is longer than those of the [Ni''y(Tp™®),(0),] (1.948 &)
[18], which is attributable to the difference of steric influence and/or Lewis acidity
up to each ligand. Somewhat, in the case of [Col”z(TpMd)g(O)z] [18], the average
Co-O and Co-N bond distances are 1.790 and 2.049 A. All these comparisons of
the bond distances suggest that the intermediate brown species in the present
study is very unstable sterically.

The electronic diffuse reflectance spectra of the compounds exhibit maximum
absorptions at 584 nm for 2a and 594 nm for 2b, which also show the structural
difference in the solid states. Each visible absorption feature is expected from a
low-spin d® cobalt(Il[) ion in a distorted octahedral environment, which is
assigned to the 'A,, » 'T,, transition. When the compounds, however, were
dissolved in acetonitrile, intramolecular hydrogen bonds decompose to be free,
which are identified by the UV-Vis spectra showing the similar absorption bands
(homax = 583 (e = 564 M'em™) and 584 (540) nm, respectively).

The reaction pathway for the formation of Me>-tpa-COO" is not clear at present
but it is possible that the Mes-tpa could be oxidized by dioxygen in the presence
of a metal ion, which is initiated by hydrogen abstraction of a methyl group of the
Me;-tpa.

In conclusion, a Co(Il)-bis(u-hydroxo) complex, [Co“z(Me3—tpa)2(OH)2](CIO4)2
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(1), and Co(II)-bis(p-hydroxo) complexes, [Co"',(Mea-tpa-COO)»(OH)»](Cl04)
(2a, 2b). were synthesized and characterized by X-ray crystallography and
physicochemical measurements. Complexes 2a and 2b were produced by the
reaction of a complex 1 with an excess amount of H,0,. The sterically demanding
Me;-tpa ligand makes it possible to isolate the aliphatic C-H bond oxygenated

complexes using hydrogen peroxide.

90



2]

References

(a) Special thematic issue on “Metal-Dioxygen Complexes™, Chem. Rev.
94 (1994) 567. (b) Special thematic issue on “Bioinorgainc Enzymology”,
Chem. Rev. 96 (1996) 2237. (¢) Meunier, B., Ed “Biomimetic Oxidations
Catalyzed by transition Metal Complexes”, ICP, London, 2000.

J.A. Halfen, S. Mahapatra, E.C. Wilkinson, S. Kaderli, V.G., Jr. Young,
L., Ir. Que, A.D. Zuberbiihler, W.B. Tolman, Science 271 (1996) 1397.
(a) S. Mahapatra, J.A. Halfen, E.C. Wilkinson, G. Pan, C.J. Cramer, L., Jr.
Que, W.B. Tolman, J. Am. Chem. Soc. 117 (1995) 8865. (b) S. Mahapatra,
J.A. Halfen, E.C. Wilkinson, G. Pan, X. Wang, V.G., Jr. Young, C.J.
Cramer, L., Jr. Que, W.B. Tolman, J. Am. Chem. Soc. 118 (1996) 11555.
(¢) S. Mahapatra, J.A. Halfen, W.B. Tolman, J. Am. Chem. Soc. 118
(1996) 11575.

A.P. Cole, D.E. Root, P. Mukherjee, E.I. Solomon, T.D.P. Stack, Science
273 (1996) 1848.

(a) S. Mahapatra, S. Kaderli, A. Llobet, Y.-M. Neuhold, T. Palanch¢,
J.A. Halfen, V.G., Jr. Young, T.A. Kaden, L., Jr. Que, A.D. Zuberbiihler,

W.B. Tolman, Inorg. Chem. 36 (1997) 6343. (b) S. Mahapatra, V.G, Jr.

91



[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

Young, S. Kaderli, A.D. Zuberbiihler, W.B. Tolman, Angew. Chem., Int.
Ed. Engl. 36 (1997) 130.

W.B. Tolman, Acc. Chem. Res. 30 (1997) 227.

(a) V. Mahadevan, Z. Hou, A.P. Cole, D.E. Root, T.K. Lal, E.I. Solomon,
T.D.P. Stack, J. Am. Chem. Soc. 119 (1997) 11996. (b) J.L. DuBois, P.
Mukherjee, A.M. Collier, .M. Mayer, E.I. Solomon, B.Hedman, T.D.P.
Stack, K.O. Hodgson, J. Am. Chem. Soc. 119 (1997) 8578.

S. Itoh, H. Nakao, L.M. Berreau, T. Kondo, M. Komatsu, S. Fukuzumi, J.
Am. Chem. Soc. 120 (1998) 2890.

M. Enomoto, T. Aida, J. Am. Chem. Soc. 121 (1999) 874.

P.L.. Holland, W.B. Tolman, Coord. Chem. Rev. 190-192 (1999) 855.

P.L. Holland, C.J. Cramer, E.C. Wilkinson, S. Mahapatra,; K.R. Rodgers,
S. Itoh, M. Taki, S. Fukuzumi, L., Jr. Que, W.B. Tolman, J. Am. Chem.
Soc. 122 (2000) 792.

H. Hayashi, S. Fujinami, S. Nagatomo, S. Ogo, M. Suzuki, A. Uehara, Y.
Watanabe, T. Kitagawa, J. Am. Chem. Soc. 122 (2000) 2124.

(a) C. Kim, Y. Dong, L., Jr. Que, J. Am. Chem. Soc. 119 (1997) 3635. (b)
Y. Dong, Y. Zang, L. Shu, E.C. Wilkinson, L., Jr. Que, J. Am. Chem. Soc.

119 (1997) 12683.

92



[14] L., Jr. Que, J. Chem. Soc., Dalton Trans. (1997) 3933.

[15] (a) H. Zheng, Y. Zang, V.G, Jr. Young. L., Jr. Que, J. Am. Chem. Soc.
121 (1999) 2226. (b) H.-F. Hsu, Y. Dong, L. Shu, V.G., Jr. Young, L., Jr.
Que, J. Am. Chem. Soc. 121 (1999) 5230.

[16] M. Suzuki, H. Furutachi, H. Okawa, Coord. Chem. Rev. 200-202 (2000)
105.

[17] S. Hikichi, H. Komatsuzaki, N. Kitajima, M. Akita, M. Mukai, T.
Kitagawa, Y. Moro-oka, Inorg. Chem. 36 (1997) 266.

[18] S. Hikichi, M. Yoshizawa, Y. Sasakura, M. Akita, Y. Moro-oka, J. Am.
Chem. Soc. 120 (1998) 10567.

[19] F.A. Chavez, J.A. Briones, M.M. Olmstead, P.K. Mascharak, Inorg. Chem.
38 (1999) 1603.

[20]  S. Hikichi, H. Komatsuzaki, M. Akita, Y. Moro-oka, J. Am. Chem. Soc.
120 (1998) 4699.

[21] S. Hikichi, M. Akita, Y. Moro-oka, Coord. Chem. Rev. 198 (2000) 61.

[22] M. Costas, K. Chen, L., Jr. Que, Coord. Chem. Rev. 200-202 (2000) 517.

[23] S. Ménage, J.-B. Galey, G. Hussler, M. Seité, M. Fontecave, Angew.
Chem., Int. Ed. Engl. 35 (1996) 2353.

[24] S. Mahapatra, S. Kaderli, A. Llobet, Y.-M. Neuhold, T. Palanché, J.A.

93



[24]

[25]

[26]

[27]

[28]

[29]

Halfen, V.G., Jr. Young, T.A. Kaden, L., Jr. Que, A.D. Zuberbiihler, W.B.
Tolman, Inorg. Chem. 36 (1997) 6343.

(a) E. Pidcock, H.V. Obias, C.X. Zhang, K.D. Karlin, E.I. Solomon, J. Am.
Chem. Soc. 120 (1998) 7841. (b) E.L. Hegg, R.Y.N. Ho, L., Jr. Que, J.
Am. Chem. Soc. 121 (1999) 1972.

K. Shiren, S. Ogo, S. Fujinami, H. Hayashi, M. Suzuki, A. Uehara, Y.
Watanabe, Y. Moro-oka, J. Am. Chem. Soc. 122 (2000) 254.

H. Nagao, N. Komeda, M. Mukaida, M. Suzuki, K. Tanaka, Inorg. Chem.
35 (1996) 6809.

(a) for 1 and 2b: SHELXS86, G.M. Sheldrick, (1985) In “Crystallographic
Computing 3” (Eds G.M. Sheldrick, C. Kruger, R. Goddard) Oxford
University Press, pp. 175-189. (b) for 2a and 3: SIR92, A. Altomare, M.C.
Burla, M. Camalli, M. Cascarano, C. Giacovazzo, A. Guagliardi, G.
Polidori, J. Appl. Cryst. 27 (1994) 435.

DIRDIF94: P.T. Beurskens, G. Admiraal, G. Beurskens, W.P. Bosman, de
R. Gelder, R. Israel, JM.M. Smits, (1994). The DIRDIF-94 program
system, Technical Report of the Crystallography Laboratory, University of
Nijmegen, The Netherlands.

teXsan: Crystal Structure Analysis Package, Molecular Structure

94



Corporation (1985 & 1999).
[30] Least-Squares: Function minimized: Zw(}F0|-1FCD2 where
w = 1/[c2(Fo)] = [62¢(Fo) + p2Fo2/4]"]
c(Fo) = e.s.d. based on counting statistics

[31] N. Kitajima, S. Hikichi, M. Tanaka, Y. Moro-oka, J. Am. Chem. Soc. 115

(1993) 5496.

Supplementary Material

Tables listing crystallographic experimental details, final atomic coordinates,

thermal parameters, and full bond distances and angles for 1, 2a, 2b, and 3.
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For complex 1.

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type

Lattice Parameters

Space Group
Z value

Dcalc
Fooo
p(MoKaa)

Diffractometer

Radiation

Temperature
Voltage, Current
Detector Aperture

Data Images

Supplementary Materials for Chapter IV

A. Crystal Data

Hs50C4oNg01oC2Coy
1015.68

red-brown, plate

0.25 X 0.20 X 0.05 mm
triclinic

Primitive

a= 11.6303(4) A

b= 18.164(4) A

c= 21.890(1) A

o= 97.457(3)°

B= 91.532(3)°

Y= 90.357(1)°

V =4583(1) A3

P1 (No.2)

4

1.507 g/em3

2158.00

9.08 cm™!

B. Intensity Measurements

o Oscillation Range (x=45.0, $=0.0)

96

Quantum CCD/Rigaku AFC7

MoKa (1=0.71069 A)
graphite monochromated

-150.0 °C
50 kV, 200 mA

70 mm x 70 mm

720 exposures@20.0 seconds

-80.0 - 100.0°



(x=45.0, $=90.0)
Detector Position
Detector Swing Angle

26[“8){

No. of Reflections Measured

Corrections

-80.0 - 100.0°
35.96 mm
10.00 0

55.0°0

Total: 45036

Unique: 19628 (Ript =0.025)

Lorentz-polarization

Empirical Absorption

C. Structure Solution and Refinement

Structure Solution
Refinement

Function Minimized
Least Squares Weights
p-factor

Anomalous Dispersion

Direct Methods (SIR92)
Full-matrix least-squares
Tw ([Fol - [F¢|)?

1/62(Fo) = 4F02/52(Fo2)
0.0890

All non-hydrogen atoms

No. of Observations (I>3.00c(1), 26 < 54.979) 12744

No. Variables 1159

Reflection/Parameter Ratio 11.00

Residuals: R; Rw 0.054 ;0.077

Goodness of Fit Indicator 1.35

Max Shift/Error in Final Cycle 0.004

Maximum peak in Final Diff. Map 1.29 e7/A3

Minimum peak in Final Diff. Map -0.74 /A3

Table 1. Atomic coordinates, Biso/Beq and occupancy

atom X ¥ z Beq occ
Co(1) 0.41161(5) 0.44168(3) 0.46654(3) 2.11(1) 1.0000
Co(2) 0.07801(5) 0.03681(3) 0.55509(3) 2.29(1) 1.0000
Co(3) 0.37009(5) 0.47732(3) 0.99245(3) 2.44(1) 1.0000
Co(4) 0.08192(5) -0.05258(3) 0.95935(3) 2.23(1) 1.0000
o) 0.5798(3) 0.4563(2) 0.4759(1) 2.33(6) 1.0000
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Table 1 (continued). Atomic coordinates, Biso/Beq and occupancy

atom X y z Beq oce

0(2) 0.0300(3) -0.0631(2) 0.5179(1) 2.54(6) 1.0000
0(3) 0.4703(3) 0.5440(2) 1.0485(1) 2.72(6) 1.0000
0(4) -0.0854(3) -0.0370(2) 0.9695(1) 2.45(6) 1.0000
N(D) 0.2266(3) 0.4418(2) 0.4705(2) 2.55(7) 1.0000
N(2) 0.3750(3) 0.3369(2) 0.4028(2) 2.55(7) 1.0000
N(@3) 0.3560(3) 0.4967(2) 0.3831(2) 2.61(8) 1.0000
N(4) 0.3734(3) 0.3810(2) 0.5482(2) 2.47(7) 1.0000
N(5) 0.1104(4) 0.1517(2) 0.5826(2) 2.69(8) 1.0000
N(6) 0.2119(3) 0.0278(2) 0.6305(2) 2.60(8) 1.0000
N(7) 0.2399(3) 0.0590(2) 0.5020(2) 2.69(8) 1.0000
N(8) -0.0567(3) 0.0675(2) 0.6241(2) 2.76(8) 1.0000
N(9) 0.2851(4) 0.4007(2) 0.9221(2) 2.68(8) 1.0000
N(10) 0.1935(4) 0.4784(2) 1.0305(2) 3.03(8) 1.0000
N(11) 0.3758(4) 0.3683(2) 1.0344(2) 2.81(8) 1.0000
N(12) 0.3147(3) 0.5494(2) 0.9206(2) 2.74(8) 1.0000
N(13) 0.2677(3) -0.0531(2) 0.9580(2) 2.59(8) 1.0000
N(14) 0.1057(3) -0.1416(2) 0.8794(2) 2.66(8) 1.0000
N(1S5) 0.1280(3) -0.1313(2) 1.0257(2) 2.447) 1.0000
N(16) 0.1251(3) 0.0232(2) 0.8868(2) 2.63(8) 1.0000
C(1) 0.1808(4) 0.3693(3) 0.4393(2) 3.2(1) 1.0000
C(2) 0.2602(4) 0.3265(3) 0.3949(2) 3.00(10) 1.0000
C(3) 0.2104(5) 0.2737(4) 0.3506(3) 4.4(1) 1.0000
C(4) 0.2820(6) 0.2311(4) 0.3119(3) 3.2(2) 1.0000
C(5) 0.3988(6) 0.2400(3) 0.3196(3) 4.2(1) 1.0000
C(6) 0.4448(4) 0.2932(3) 0.3653(2) 2.94(10) 1.0000
C(7) 0.5726(5) 0.3012(3) 0.3755(2) 3.3(1) 1.0000
C(8) 0.1825(4) 0.5056(3) 0.4421(2) 3.08(10) 1.0000
C(9) 0.2477(4) 0.5224(3) 0.3878(2) 2.83(9) 1.0000
C(10) 0.2000(5) 0.5672(3) 0.3473(2) 3.5(1) 1.0000
can 0.2642(6) 0.5869(3) 0.3005(2) 3.9(1) 1.0000
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Table 1 (continued). Atomic coordinates, Biso/Beq and occupancy

atom X y z Beq occ

C(12) 0.3754(5) 0.5587(3) 0.2936(2) 3.6(1) 1.0000
C(13) 0.4185(4) 0.5130(2) 0.3349(2) 2.90(9) 1.0000
C(14) 0.5345(5) 0.4787(3) 3270(2) 3.4(1) 1.0000
C(15) 0.1981(4) 0.4507(3) 0.5364(2) 2.75(9) 1.0000
C(106) 0.2708(4) 0.4020(2) 0.5720(2) 2.65(9) 1.0000
C(17) 0.2335(5) 0.3823(3) 0.6273(2) 3.2(1) 1.0000
C(18) 0.3061(5) 0.3431(3) 0.6615(2) 3.3(1) 1.0000
C(19) 0.4110(5) 0.3199(3) 0.6371(2) 3.06(10) 1.0000
C(20) 0.4422(4) 0.3388(2) 0.5806(2) 2.72(9) 1.0000
C@2n 0.5537(4) 0.3134(3)- 0.5535(2) 3.01(10) 1.0000
C(22) 0.1822(5) 0.1610(3) 0.6402(2) 3.10(10) 1.0000
C(23) 0.2559(4) 0.0956(3) 0.6495(2) 2.76(9) 1.0000
C(24) 0.3584(4) 0.1069(3) 0.6827(2) 3.3(1) 1.0000
C(25) 0.4169(5) 0.0463(3) 0.6996(2) 3.7(H 1.0000
C(26) 0.3716(5) -0.0231(3) 0.6815(2) 3.6(1) 1.0000
C(27) 0.2693(4) -0.0316(3) 0.6466(2) 3.2(1) 1.0000
C(28) 0.2186(6) -0.1070(3) 0.6276(3) 4.1(1) 1.0000
C(29) 0.1663(5) 0.1834(3) 0.5321(2) 3.12(10) 1.0000
C(30) 0.2579(4) 0.1327(3) 0.5022(2) 2.86(9) 1.0000
C(31) 0.3495(5) 0.1617(3) 0.4740(3) 3.6(1) 1.0000
C(32) 0.4242(5) 0.1138(4) 0.4428(3) 4.1(1) 1.0000
C(33) 0.4083(5) 0.0386(3) 0.4422(2) 3.8(1) 1.0000
C(34) 0.3169(4) 0.0126(3) 0.4725(2) 3.09(10) 1.0000
C(35%5) 0.3000(5) -0.0690(3) 0.4742(2) 3.4(1) 1.0000
C(36) -0.0029(4) 0.1870(3) 0.5943(2) 3.01(10) 1.0000
C(37) -0.0751(4) 0.1415(3) 0.6309(2) 2.9409) 1.0000
C(38) -0.1613(5) 0.1744(3) 0.6686(3) 3.8(1) 1.0000
C(39) -0.2305(5) 0.1309(3) 0.6980(3) 4.0(1) 1.0000
C(40) -0.2140(5) 0.0554(3) 0.6912(2) 3.7(1) 1.0000
C(41) -0.1252(4) 0.0248(3) 0.6549(2) 3.09(10) 1.0000
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Table 1 (continued). Atomic coordinates, Biso""Beq and occupancy

atom X y z Beq occ

C42) -0.1017(5) -0.0571(3) 0.6484(3) 3.8(1) 1.0000
C(43) 0.1601(4) 0.4036(3) 0.9306(2) 3.15(10) 1.0000
C(44) 0.1274(4) 0.4248(3) 0.9966(2) 3.02(10) 1.0000
C(45) 0.0307(5) 0.3950(3) 1.0195(3) 3.9(1) 1.0000
C(46) 0.0013(5) 0.4194(4) 1.0789(3) 4.5(1) 1.0000
C(47) 0.0657(5) 0.4741(4) 1.1132(3) 4.4(1) 1.0000
C(48) 0.1607(5) 0.5044(3) 1.0872(2) 3.6(1) 1.0000
C(49) 0.2278(6) 0.5670(4) 1.1226(3) 4.4(1) 1.0000
C(50) 0.3312(5) 0.3254(2) 0.9256(2) 3.10(10) 1.0000
Cc(isn 0.3506(4) 0.3098(3) 0.9912(2) 2.97(10) 1.0000
C(52) 0.3494(5) 0.2374(3) 1.0037(3) 3.7(H 1.0000
C(53) 0.3759(5) 0.2234(3) 1.0631(3) 4.1(1) 1.0000
C(54) 0.4009(5) 0.2828(3) 1.1077(2) 3.7(1H) 1.0000
C(55) 0.3998(4) 0.3554(3) 1.0925(2) 3.2(1) 1.0000
C(56) 0.4205(5) 0.4191(3) 1.1408(2) 3.7(1) 1.0000
C(5T) 0.3138(5) 0.4259(2) 0.8626(2) 2.90(9) 1.0000
C(5%) 0.2964(4) 0.5081(2) 0.8652(2) 2.70(9) 1.0000
C(59) 0.2660(5) 0.5390(3) 0.8128(2) 3.1(D) 1.0000
C(60) 0.2581(5) 0.6157(3) 0.8158(2) 3.5(H 1.0000
C6h 0.2782(5) 0.6581(3) 0.8716(3) 3.6(1) 1.0000
C(62) 0.3051(5) 0.6239(3) 0.9236(2) 3.2(1) 1.0000
C(63) 0.3212(5) 0.6698(3) 0.9857(3) 3.9(D 1.0000
C(64) 0.3060(4) -0.1127(3) 0.9106(2) 3.04(10) 1.0000
C(65) 0.2152(4) -0.1405(2) 0.8616(2) 2.61(9) 1.0000
C(66) 0.2496(5) -0.1687(3) 0.8034(2) 3.4(1) 1.0000
C(67) 0.1690(6) -0.2046(3) 0.7621(2) 4.0(1) 1.0000
C(68) 0.0581(5) -0.2098(3) 0.7803(3) 4.1(1) 1.0000
C(69) 0.0271(5) -0.1774(3) 0.8394(2) 3.3(1) 1.0000
C(70) -0.0942(5) -0.1854(3) 0.8602(3) 4.1(1) 1.0000
c(71) 0.3110(4) -0.0665(3) 1.0199(2) 2.91(10) 1.0000
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Table | (continued). Atomic coordinates, Biso/Beq and occupancy

atom X y z Beg occ

C(72) 0.2388(4) -0.1228(2) 1.0460(2) 2.67(9) 1.0000
C(73) 0.2828(5) -0.1594(3) 1.0934(2) 3.3(1) 1.0000
C(74) 0.2122(5) -0.2056(3) 1.1208(2) 3.4 1.0000
C(75) 0.0995(5) -0.2154(3) 1.0997(2) 3.1(1) 1.0000
C(70) 0.0600(4) -0.1784(2) 1.0514(2) 2.77(9) 1.0000
C(77) -0.0617(4) -0.1901(3) 1.0275(2) 3.2(1) 1.0000
C(78) 0.3054(4) 0.0209(3) 0.9452(2) 3.03(10) 1.0000
C(79) 0.2357(4) 0.0471(2) 0.8932(2) 2.76(9) 1.0000
C(80) 0.2837(5) 0.0973(3) 0.8581(2) 3.3(1) 1.0000
C(81) 0.2120(5) 0.1267(3) 0.8156(2) 3.7(1) 1.0000
C(82) 0.1004(5) 0.1015(3) 0.8075(2) 3.7(1) 1.0000
C(83) 0.0590(4) 0.0484(3) 0.8422(2) 2.93(10) 1.0000
C(84) -0.0607(5) 0.0181(3) 0.8319(2) 3.5(1) 1.0000
CI(1) -0.1190(1) 0.29587(7) 0.46667(7) 4.09(3) 1.0000
Cl(2) 0.0338(1) 0.33780(6) 0.76374(5) 2.94(2) 1.0000
CI(3) 0.5235(1) 0.26167(7) 0.79467(6) 3.39(2) 1.0000
Cl(4) 0.6014(1) -0.06889(6) 0.82185(5) 2.89(2) 1.0000
O(5) -0.1745(6) 0.3522(3) 0.4378(3) 8.0(2) 1.0000
0(6) -0.0497(4) 0.3315(2) 0.5178(2) 5.0(1) 1.0000
O(7) -0.0466(5) 0.2505(3) 0.4276(3) 6.9(1) 1.0000
0O(8) -0.2047(4) 0.2513(3) 0.4878(2) 5.8(1) 1.0000
09 0.0681(5) 0.4136(2) 0.7796(2) 6.2(1) 1.0000
O(10) 0.0139(4) 0.3270(3) 0.6987(2) 5.0(1) 1.0000
o) -0.0704(5) 0.3219(3) 0.7916(3) 7.1(2) 1.0000
0(12) 0.1239(4) 0.2910(2) 0.7802(3) 5.5(1) 1.0000
O(13) 0.4085(4) 0.2812(2) 0.7779(2) 4.22(9) 1.0000
O(14) 0.5968(5) 0.2641(4) 0.7441(3) 8.5(2) 1.0000
O(15) 0.5663(4) 0.3109(4) 0.8445(4) 9.8(2) 1.0000
O(16) 0.5235(5) 0.1889(3) 0.8095(3) 6.7(1) 1.0000
O(17) 0.6484(8) -0.0617(3) 0.7652(3) 9.7(2) 1.0000
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Table 1 (continued). Atomic coordinates, Biso/Beq and occupancy

atom X y z Beq oce

0(18) 0.5292(4) -0.0086(3) 0.8414(3) 6.1(1) 1.0000
O(19) 0.6881(5) -0.0721(3) 0.8680(3) 7.2(1) 1.0000
0(20) 0.5371(4) -0.1379(2) 0.8158(2) 4.61(10) 1.0000
o@rn) 0.9170 0.3665 03164 12.9025 1.0000
0(22) 0.182(2) 0.389(1) 0.236(1) 13.7029 0.5000
C(85) 0.9220 0.4427 0.3208 10.3620 1.0000
C(86) 0.076(2) 0.353(2) 0.220(1) 10.3461 0.5000
H(1) 0.1634 0.3391 0.4702 3.8 1.0000
H(2) 0.1122 0.3787 04172 3.8 1.0000
H(3) 0.1293 0.2672 0.3471 5.3 1.0000
H(4) 0.2508 0.1956 0.2799 6.2 1.0000
H(5) 0.4486 0.2097 0.2937 5.1 1.0000
H(6) 0.5928 0.2913 0.4160 4.0 1.0000
H(7) 0.6103 0.2671 0.3463 4.0 1.0000
H(8) 0.5956 0.3504 0.3709 4.0 1.0000
H(9) 0.1047 0.4954 0.4292 3.7 1.0000
H(10) 0.1859 0.5482 0.4724 3.7 1.0000
H(11) 0.1232 0.5840 0.3521 4.3 1.0000
H(12) 0.2339 0.6190 0.2733 4.7 1.0000
H(13) 0.4212 0.5707 0.2609 44 1.0000
H(14) 0.5267 0.4262 0.3214 4.0 1.0000
H(15) 0.5691 0.4943 0.2919 4.0 1.0000
H(16) 0.5815 0.4939 0.3626 4.0 1.0000
H(17) 0.2106 0.5010 0.5533 3.3 1.0000
H(18) 0.1195 0.4379 0.5399 33 1.0000
H(19) 0.1590 0.3957 0.6414 3.8 1.0000
H(20) 0.2850 0.3320 0.7010 4.0 1.0000
H21) 0.4612 0.2912 0.6593 3.7 1.0000
H(22) 0.5931 0.2847 0.5806 3.6 1.0000
H(23) 0.5395 0.2841 0.5148 3.6 1.0000
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Table | (continued). Atomic coordinates, Biso/Beq and occupancy

atom X y z Beg oce

H(24) 0.5995 0.3554 0.5479 3.6 1.0000
H(25%) 0.2313 0.2029 0.6396 3.7 1.0000
H(26) 0.1325 0.1699 0.6741 3.7 1.0000
H(27) 0.3885 0.1557 0.6938 4.0 1.0000
H(28) 0.4868 0.0527 0.7233 4.4 1.0000
H(29) 0.4099 -0.0656 0.6928 4.4 1.0000
H(30) 0.1450 -0.1099 0.6449 4.9 1.0000
H(31) 0.2113 -0.1158 0.5839 4.9 1.0000
H(32) 0.2674 -0.1433 0.6418 49 1.0000
H(33) 0.1094 0.1911 0.5017 3.7 1.0000
H(34) 0.2010 0.2295 0.5482 3.7 1.0000
H(35) 0.3604 0.2138 0.4763 43 1.0000
H(36) 0.4863 0.1322 0.4217 5.0 1.0000
H(37) 0.4600 0.0046 0.4210 4.6 1.0000
H(38) 0.2277 -0.0842 0.4554 4.1 1.0000
H(39) 0.3596 -0.0955 0.4524 4.1 1.0000
H(40) 0.3020 -0.0789 0.5157 4.1 1.0000
H(41) 0.0084 0.2351 0.6165 3.6 1.0000
H(42) -0.0413 0.1911 0.5560 3.6 1.0000
H(43) -0.1710 0.2267 0.6736 4.5 1.0000
H(44) -0.2900 0.1524 0.7231 4.7 1.0000
H(45) -0.2628 0.0243 0.7111 4.4 1.0000
H(46) -0.1550 -0.0807 0.6718 4.6 1.0000
H(47) -0.1095 -0.0774 0.6062 4.6 1.0000
H(48) -0.0257 -0.0649 0.6630 4.6 1.0000
H(49) 0.1287 0.4390 0.9067 3.8 1.0000
H(50) 0.1282 0.3559 0.9165 3.8 1.0000
H(51) -0.0146 0.3582 0.9947 4.7 1.0000
H(52) -0.0633 0.3985 1.0962 5.4 1.0000
H(33) 0.0459 0.4914 1.1543 53 1.0000
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Table I (continued). Atomic coordinates, Biso/Beq and occupancy

atom X y V4 Beg occ

H(54) 0.3053 0.5523 1.1280 5.3 1.0000
H(55) 0.2260 0.6088 1.1006 5.3 1.0000
H(56) 0.1949 0.5798 1.1618 5.3 1.0000
H(57) 0.2780 0.2898 0.9055 3.7 1.0000
H(58) 0.4024 0.3210 0.9053 3.7 1.0000
H(59) 0.3307 0.1978 0.9722 4.4 1.0000
H(60) 0.3769 0.1740 1.0731 4.9 1.0000
H(61) 0.4189 0.2744 1.1488 4.4 1.0000
H(62) 0.4364 0.4015 1.1791 4.4 1.0000
H(63) 0.4843 0.4474 1.1302 4.4 1.0000
H(64) 0.3542 0.4494 1.1441 4.4 1.0000
H(65) 0.3918 0.4147 0.8540 3.5 1.0000
H(66) 0.2654 0.4007 0.8308 3.5 1.0000
H(67) 0.2505 0.5081 0.7750 3.8 1.0000
H(68) 0.2392 0.6382 0.7801 4.2 1.0000
H(69) 0.2739 0.7107 0.8749 4.3 1.0000
H(70) 0.3961 0.6621 1.0019 4.7 1.0000
H(71) 03121 0.7208 0.9814 4.7 1.0000
H(72) 0.2655 0.6554 1.0129 4.7 1.0000
H(73) 0.3696 -0.0944 0.8906 3.6 1.0000
H(74) 0.3297 -0.1536 0.9308 3.6 1.0000
H(75) 0.3272 -0.1637 0.7920 4.1 1.0000
H(76) 0.1903 -0.2251 0.7219 4.8 1.0000
H(77) 0.0018 -0.2353 0.7531 4.9 1.0000
H(78) -0.1260 -0.1376 0.8711 49 1.0000
H(79) -0.1394 -0.2119 0.8276 4.9 1.0000
H(80) -0.0939 -0.2119 0.8949 4.9 1.0000
H(81) 0.3877 -0.0839 1.0167 3.5 1.0000
H(82) 0.3100 -0.0211 1.0468 3.5 1.0000
H(83) 0.3610 -0.1525 1.1067 39 1.0000

104



Table 1 (continued). Atomic coordinates, Bjso/Beq and occupancy

atom X v z Beg oce

H(84) 0.2404 -0.2304 1.1537 4.1 1.0000
H(85) 0.0493 -0.2472 1.1180 3.7 1.0000
H(86) -0.1008 -0.1441 1.0323 3.8 1.0000
H(87) -0.0618 -0.2098 0.9851 3.8 1.0000
H(88) -0.0995 -0.2240 1.0501 3.8 1.0000
H(89) 0.2972 0.0554 0.9813 3.6 1.0000
H(90) 0.3840 0.0186 0.9344 3.6 1.0000
H(I) 0.3627 0.1112 0.8630 4.0 1.0000
H(92) 0.2399 0.1636 0.7925 4.4 1.0000
H(93) 0.0511 0.1204 0.7780 4.5 1.0000
H(94) -0.1023 0.0292 0.8687 4.2 1.0000
H(95) -0.0977 0.0400 0.7996 4.2 1.0000
H(96) -0.0580 -0.0342 0.8210 4.2 1.0000

Beq = 8/3 nz(U] 1(aa*)2 + Uzz(bb"‘)2 + U33(cc*)2 +2Uq2(aa*bb*)cos y + 2U13(aa*cc*)cos p +
2U»23(bb*cc*)cos o)

Table 2. Anisotropic Displacement Parameters

atom Url U22 Us33 Uiz U13 U23

Co(1)  0.0259(3) 0.0250(3) 0.0296(3) -0.0017(2) -0.0011(2) 0.0049(2)
Co(2) 0.0361(3) 0.0238(3) 0.0268(3) -0.0037(2) -0.0026(2) 0.0031(2)
Co(3) 0.0353(3) 0.0275(3) 0.0294(3) -0.00102)  -0.0033(2) 0.0030(2)
Co(4)  0.0301(3) 0.0259(3) 0.0297(3) -0.0021(2)  -0.0045(2) 0.0079(2)
O(1)  0.0292) 0.026(1)  0.033(1) -0.001(1) 0.000(1) 0.004(1)
O(2)  0.0392) 0.026(1) 0.031(2) -0.002(1) -0.004(1) 0.005(1)
O(3)  0.0392) 0.031(2) 0.032(2) 0.001(1) -0.006(1) 0.000(1)
04)  0.0302) 0.032(2) 0.031(1) -0.002(1) -0.006(1) 0.007(1)
N(I)  0.027(2) 0.030(2) 0.041(2) -0.002(1) -0.004(1) 0.008(2)
N(@2)  0.0382) 0.026(2) 0.032(2) -0.002(1) -0.004(2) 0.005(1)
N@3)  0.039(2) 0.029(2)  0.030(2) -0.002(2) -0.005(1) 0.004(1)
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Table 2 (continued). Anisotropic Displacement Parameters

atom Ut U22 U3z Uiz U3 Un3

N(@4)  0.033(2) 0.025(2) 0.036(2) -0.004(1) -0.003(1) 0.007(1)
N(&)  0.043(2) 0.030(2) 0.028(2) -0.006(2) -0.003(2) 0.002(1)
N(6)  0.041(2) 0.033(2) 0.025(2) -0.001(2) -0.002(1) 0.005(1)
N(7)  0.038(2) 0.036(2) 0.028(2) -0.004(2) -0.005(1) 0.005(1)
N(8) 0.038(2)  0.036(2) 0.031(2) 0.000(2) -0.001(2) 0.004(2)
N(@)  0.043(2) 0.026(2) 0.034(2) 0.001(2) -0.005(2) 0.005(1)
N(10) 0.036(2) 0.042(2) 0.037(2) 0.001(2) -0.005(2) 0.009(2)
N(11) 0.040(2) 0.036(2) 0.031(2) -0.001(2) -0.002(2) 0.009(2)
N(12) 0.036(2) 0.032(2) 0.037(2) 0.002(2) -0.002(2) 0.006(2)
N(13) 0.029(2) 0.035(2) 0.036(2) -0.005(1) -0.004(1) 0.014(2)
N(14) 0.038(2) 0.026(2) 0.037(2) -0.001(1) -0.005(2) 0.006(1)
N(15) 0.035(2) 0.029(2) 0.030(2) 0.001(1) -0.004(1) 0.011(1)
N(16) 0.041(2) 0.031(2) 0.029(2) -0.001(2) -0.001(2) 0.008(1)
C(1) 0.030(2)  0.036(2) 0.053(3) -0.008(2) -0.007(2) 0.004(2)
C(2) 0.040(3) 0.036(2) 0.037(2) -0.007(2) -0.009(2) 0.005(2)
C(3) 0.051(3) 0.058(3) 0.054(3) -0.011(3) -0.010(3) -0.005(3)
C 0.070(4)  0.064(4)  0.056(4) -0.012(3) -0.006(3) -0.021(3)
C(5) 0.067(4)  0.045(3) 0.046(3) -0.002(3) 0.002(3) -0.008(2)
C(6) 0.045(3)  0.032(2) 0.035(2) 0.0002) 0.000(2) 0.003(2)
C( 0.045(3) 0.039(3) 0.041(3) 0.008(2) 0.005(2) 0.000(2)
C(8) 0.031(2) 0.039(2) 0.048(3) 0.006(2) -0.007(2) 0.008(2)
C(9) 0.035(2)  0.034(2) 0.037(2) 0.000(2) -0.009(2) 0.003(2)
C(10) 0.047(3) 0.043(3) 0.045(3) 0.004(2) -0.015(2) 0.011(2)
C(11) 0.067(4) 0.044(3) 0.040(3) 0.003(3) -0.018(2) 0.012(2)
C(12) 0.065(4) 0.045(3) 0.028(2) -0.007(2) -0.005(2) 0.009(2)
C(13) 0.050(3) 0.031(2) 0.029(2) -0.005(2) -0.003(2) 0.004(2)
C(14)  0.050(3) 0.040(3) 0.038(2) -0.004(2) 0.008(2) 0.007(2)
C(15) 0.026(2) 0.035(2) 0.043(2) -0.004(2) 0.007(2) 0.004(2)
C(16) 0.035(2) 0.029(2) 0.037(2) -0.008(2) 0.004(2) 0.003(2)
C(17) 0.046(3) 0.032(2) 0.043(3) -0.007(2) 0.009(2) 0.005(2)
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Table 2 (continued). Anisotropic Displacement Parameters

atom Uiy U2 Uiz Uj2 U3 U23

C(18) 0.056(3) 0.034(2) 0.038(2) -0.013(2) 0.006(2) 0.009(2)
C(19) 0.050(3) 0.0292) 0.038(2) -0.005(2) -0.003(2) 0.011(2)
C(20) 0.039(3) 0.026(2) 0.038(2) -0.007(2) -0.005(2) 0.006(2)
C(21) 0.040(3) 0.029(2) 0.046(3) 0.004(2) -0.002(2) 0.009(2)
C(22) 0.054(3) 0.029(2) 0.033(2) -0.009(2) -0.009(2) 0.001(2)
C(23) 0.039(3) 0.037(2) 0.029(2) -0.007(2) -0.002(2) 0.005(2)
C(24) 0.038(3) 0.049(3) 0.038(2) -0.010(2) -0.002(2) 0.001(2)
C(25) 0.035(3) 0.064(3) 0.038(3) 0.002(2) -0.002(2) -0.001(2)
C(26) 0.046(3) 0.058(3) 0.036(2) 0.009(2) -0.002(2) 0.010(2)
C(27y 0.043(3) 0.047(3) 0.032(2) 0.002(2) -0.003(2) 0.009(2)
C(28) 0.064(4) 0.036(3) 0.056(3) 0.004(2) -0.016(3) 0.014(2)
C(29) 0.047(3) 0.028(2) 0.045(3) -0.008(2) -0.004(2) 0.011(2)
C(30) 0.040(3) 0.0392) 0.031(2) -0.007(2) -0.005(2) 0.012(2)
C(31) 0.041(3) 0.045(3) 0.051(3) -0.014(2) -0.006(2) 0.018(2)
C(32) 0.039(3) 0.066(4) 0.057(3) -0.009(3) 0.006(2) 0.025(3)
C(33) 0.040(3) 0.063(3) 0.043(3) 0.005(2) 0.007(2) 0.014(2)
C(34) 0.035(2) 0.049(3) 0.034(2) -0.002(2) -0.007(2) 0.007(2)
C(35) 0.042(3) 0.041(3) 0.046(3) 0.004(2) -0.001(2) 0.000(2)
C(36) 0.047(3) 0.028(2) 0.039(2) 0.003(2) -0.001(2) 0.001(2)
C(37) 0.046(3) 0.033(2) 0.031(2) 0.000(2) -0.007(2) -0.002(2)
C(38) 0.048(3) 0.048(3) 0.044(3) 0.006(2) -0.001(2) -0.005(2)
C(39) 0.041(3) 0.063(3) 0.043(3) 0.005(2) 0.002(2) -0.006(2)
C(40) 0.036(3) 0.069(4) 0.035(2) -0.007(2) -0.002(2) 0.007(2)
C(41) 0.041(3) 0.048(3) 0.028(2) -0.006(2) -0.005(2) 0.008(2)
C(42) 0.055(3) 0.045(3) 0.049(3) -0.009(2) 0.008(2) 0.017(2)
C(43) 0.043(3) 0.033(2) 0.043(3) -0.008(2) -0.011(2) 0.008(2)
C(44) 0.033(2) 0.035(2) 0.048(3) 0.002(2) -0.004(2) 0.010(2)
C(45) 0.035(3) 0.049(3) 0.065(3) 0.000(2) -0.002(2) 0.016(3)
C(46) 0.036(3) 0.074(4) 0.066(4) 0.005(3) 0.012(3) 0.020(3)
C(47) 0.046(3) 0.076(4) 0.047(3) 0.019(3) 0.010(2) 0.015(3)
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Table 2 (continued). Anisotropic Displacement Parameters

atom Un U22 Us3 Upo Uiz Uz3

C(48) 0.043(3) 0.053(3) 0.042(3) 0.015(2) 0.000(2) 0.012(2)
C(49) 0.065(4) 0.064(4) 0.038(3) 0.013(3) 0.003(3) -0.005(3)
C(50) 0.054(3) 0.025(2) 0.039(2) 0.002(2) -0.009(2) 0.005(2)
C(51) 0.041(3) 0.034(2) 0.039(2) 0.000(2) -0.009(2) 0.009(2)
C(52) 0.050(3) 0.037(3) 0.052(3) -0.005(2) -0.014(2) 0.010(2)
C(53) 0.059(4) 0.045(3) 0.057(3) -0.007(2) -0.011(3) 0.027(2)
C(54) 0.051(3) 0.048(3) 0.046(3) -0.004(2) -0.008(2) 0.025(2)
C(55) 0.040(3) 0.044(3) 0.037(2) 0.000(2) -0.003(2) 0.010(2)
C(56) 0.052(3) 0.055(3) 0.033(2) -0.002(2) -0.002(2) 0.010(2)
C(57) 0.051(3) 0.030(2) 0.028(2) 0.003(2) -0.007(2) 0.001(2)
C(58) 0.037(2) 0.031(2) 0.035(2) -0.001(2) -0.003(2) 0.007(2)
C(59) 0.046(3) 0.041(3) 0.033(2) -0.001(2) -0.003(2) 0.009(2)
C(60) 0.051(3) 0.042(3)  0.044(3) -0.002(2) -0.004(2) 0.017(2)
C(61) 0.056(3) 0.027(2) 0.052(3) -0.001(2) -0.007(2) 0.010(2)
C(62) 0.045(3) 0.029(2) 0.047(3) 0.002(2) -0.004(2) 0.006(2)
C(63) 0.069(4) 0.028(2) 0.049(3) 0.008(2) -0.008(3) -0.001(2)
C(64) 0.034(2) 0.039(2) 0.044(3) 0.001(2) 0.001(2) 0.010(2)
C(65) 0.040(3) 0.025(2) 0.036(2) 0.001(2) 0.000(2) 0.011(2)
C(66) 0.051(3) 0.046(3) 0.035(2) 0.004(2) 0.003(2) 0.014(2)
C(67) 0.065(4) 0.051(3) 0.038(3) 0.007(3) 0.000(2) 0.005(2)
C(68) 0.052(3) 0.058(3) 0.043(3) 0.000(3) -0.009(2) 0.003(2)
C(69) 0.042(3) 0.041(3) 0.040(2) 0.004(2) -0.008(2) 0.005(2)
C(70)  0.041(3) 0.056(3) 0.052(3) -0.002(2) -0.005(2) -0.011(3)
C(71) 0.032(2) 0.044(3) 0.036(2) -0.003(2) -0.008(2) 0.014(2)
C(72) 0.039(2) 0.032(2) 0.032(2) 0.003(2) -0.007(2) 0.008(2)
C(73) 0.044(3) 0.042(3) 0.038(2) 0.003(2) -0.011(2) 0.012(2)
C(74) 0.056(3) 0.040(3) 0.036(2) 0.005(2) -0.006(2) 0.015(2)
C(75) 0.051(3) 0.031(2) 0.039(2) 0.002(2) 0.003(2) 0.014(2)
C(76) 0.044(3) 0.025(2) 0.037(2) 0.002(2) -0.002(2) 0.008(2)
C(77) 0.042(3) 0.032(2) 0.049(3) -0.003(2) 0.000(2) 0.016(2)
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Table 2 (continued). Anisotropic Displacement Parameters

atom Uri U2 Uss Ur2 Uis u23

C(78) 0.039(3) 0.035(2) 0.042(2) -0.011(2) -0.003(2) 0.011(2)
C(79)  0.040(3)  0.0292)  0.037(2) -0.001(2) 0.003(2) 0.009(2)
C(80) 0.050(3) 0.035(2)  0.044(3) -0.003(2) 0.013(2) 0.012(2)
C(81) 0.066(4) 0.038(3) 0.041(3) 0.002(2) 0.014(2) 0.020(2)
C(82) 0.062(4) 0.049(3)  0.034(2) 0.011(3) 0.006(2) 0.019(2)
C(83) 0.046(3) 0.039(2) 0.027(2) 0.008(2) 0.001(2) 0.010(2)
C(84) 0.049(3) 0.052(3) 0.035(2) 0.002(2) -0.012(2) 0.018(2)
CI(1)  0.0415(7) 0.0366(6) 0.0785(9) 0.0029(5) 0.0011(6) 0.0121(6)
Cl2)  0.0436(6) 0.0354(5) 0.0328(5) 0.0041(5) -0.0020(4) 0.0050(4)
CI(3)  0.0456(7) 0.0359(6) 0.0472(6) 0.0008(5) 0.0019(5) 0.0045(5)
Cl(4)  0.0386(6) 0.0356(5) 0.0365(5) 0.0012(4) 0.0035(4) 0.0074(4)
O(5)  0.149(6)  0.060(3)  0.095(4) 0.017(3) -0.049(4) 0.018(3)
O(6)  0.056(3) 0.047(2) 0.087(3) -0.008(2) -0.010(2) 0.010(2)
O(7)  0.067(3) 0.078(3) 0.110(4) -0.027(3) 0.031(3) -0.026(3)
O(8)  0.048(3) 0.085(3) 0.088(3) -0.017(2) 0.011(2) 0.016(3)
O(9)  0.114(4) 0.034(2) 0.083(3) 0.000(2) -0.045(3) -0.002(2)
O(10) 0.073(3) 0.074(3) 0.041(2) -0.017(2) -0.002(2) 0.000(2)
O(11) 0.082(4) 0.107(4)  0.098(4) 0.042(3) 0.050(3) 0.063(3)
O(12) 0.059(3) 0.049(2)  0.103(4) 0.011(2) -0.016(2) 0.020(2)
O(13)  0.053(2) 0.060(2) 0.0452) 0.011(2) -0.001(2) 0.001(2)
O(14)  0.082(4) 0.148(6) 0.114(5) 0.063(4) 0.050(3) 0.078(4)
O(15)  0.045(3)  0.122(5)  0.172(6) 0.010(3) -0.016(3) -0.100(5)
O(16) 0.079(3)  0.071(3) 0.112(4) -0.030(3) -0.051(3) 0.057(3)
O(17) 0207(8) 0.074(4)  0.088(4) -0.043(4) 0.092(5) -0.008(3)
O(18) 0.067(3)  0.060(3)  0.103(4) 0.027(2) 0.002(3) 0.004(3)
O(19) 0.083(4) 0.051(3) 0.136(5) 0.000(2) -0.060(3) 0.007(3)
0(20) 0.059(3) 0.056(2) 0.059(2) -0.018(2) 0.004(2) 0.000(2)

The general temperature factor expression:

exp(-an(a*zUl 1h2 + b*2U22k2 + c’*2U33|2 +2a*b*U12hk + 2a*c*U 3hl + 2b*c*Un3kl))
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Table 3. Bond Lengths(A)

atom atom distance atom atom distance
Col ol 1.974(3) Col o1 2.102(3)
Col NI 2.155(4) Col N2 2.241(4)
Col N3 2.273(4) Col N4 2.270(4)
Co2 02 1.962(3) Co2 022) 2.111(3)
Co2 N5 2.125(4) Co2 N6 2.261(4)
Co2 N7 2.299(4) Co2 N8 2.229(4)
Co3 03 1.963(3) Co3 033) 2.099(3)
Co3 N9 2.152(4) Co3 N10 2.237(4)
Co3 N1l 2.289(4) Co3 NI2 2.258(4)
Cod 04 1.983(3) Co4 044) 2.101(3)
Cod NI13 2.161(4) Cod N14 2.247(4)
Cod N15 2.226(4) Cod NI16 2.296(4)
N1 Cl 1.492(6) NI C8 1.474(6)
NI C15 1.477(6) N2 c2 1.351(6)
N2 C6 1.356(6) N3 C9 1.348(6)
N3 C13 1.360(6) N4 Cl6 1.353(6)
N4 C20 1.360(6) N5 22 1.485(6)
N5 C29 1.473(6) N3 C36 1.483(6)
N6 C23 1.341(6) N6 C27 1.353(6)
N7 C30 1.354(6) N7 C34 1.352(6)
N8 C37 1.351(6) N8 c4l 1.358(6)
N9 C43 1.471(7) N9 C50 1.482(6)
N9 C57 1.480(6) N10 C44 1.365(6)
N10 C48 1.335(7) NI Cs1 1.351(6)
N1l Cs5 1.345(6) NI12 Cs8 1.351(6)
NI2 C62 1.350(6) N13 C64 1.479(6)
NI3 C71 1.482(6) N13 C78 1.475(6)
N14 C65 1.343(6) N14 C69 1.351(6)
NI15 C72 1.354(6) N15 C76 1.347(6)
N16 C79 1.352(6) N16 C83 1.355(6)
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Table 3 (continued). Bond Lengths(A)

atom atom distance atom atom distance
Cl Cc2 1.505(7) C2 C3 1.385(7)
C3 C4 1.373(9) C4 CS5 1.370(9)
Cs Cé6 1.390(7) Co C7 1.501(7)
C8 C9 1.490(7) C9 CI10 1.386(7)
C10 Cll1 1.367(8) CI1 C12 1.398(9)
Ci2 Ci3 1.391(7) CI3 Cl4 1.495(8)
CIS Clé6 1.501(7) Cl6 C17 1.387(7)
C17 Ct8 1.376(8) CI18 Cl9 1.390(8)
CI19 C20 1.383(7) C20 C21 1.492(7)
Cc22 C23 1.501(7) C23 C24 1.380(7)
C24 C25 1.383(8) C25 C26 1.369(8)
C26 Cc27 1.393(7) C27 C28 1.492(8)
C29 C30 1.518(7) C30 C31 1.380(7)
C31 C32 1.366(9) C32 C33 1.376(8)
C33 C34 1.381(7) C34 C35 1.498(7)
C36 C37 1.495(7) C37 C38 1.403(7)
C38 C39 1.356(9) C39 C40 1.375(9)
C40 C41 1.394(7) C41 C42 1.504(8)
C43 C44 1.505(7) C44 C45 1.380(7)
C45 C46 1.369(9) C46 Ca7 1.372(10)
C47 C48 1.398(8) C48 C49 1.494(9)
C50 Cs1 1.510(6) C51 Cs52 1.379(7)
C52 C53 1.384(8) C53 C54 1.381(8)
C54 Cs5 1.401(7) C55 C56 1.477(7)
C57 Cs8 1.503(6) Cs8 C59 1.378(6)
C59 Co0 1.390(7) C60 Co6l 1.371(8)
Col C62 1.394(7) Cce2 C63 1.506(7)
Co4 C65 1.520(7) C65 C66 1.381(7)
C66 C67 1.384(8) C67 C68 1.367(9)
C68 C69 1.407(8) C69 C70 1.506(8)
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Table 3 (continued). Bond Lengths(A)

atom atom distance atom atom distance
C71 C72 1.500(7) C72 C73 1.391(6)
C73 C74 1.373(8) C74 C75 1.381(8)
C75 C76 1.394(7) C76 C77 1.499(7)
C78 C79 1.508(7) C79 C80 1.391(6)
C80 C81 1.393(8) C81 C82 1.372(8)
C82 C83 1.394(7) C83 C84 1.495(8)
cn (O] 1.420(5) Cl1 06 1.442(5)
Cll o7 1.408(5) Cll 08 1.406(5)
cR 09 1.428(4) CI2 010 1.424(4)
Cl2 o1l 1.416(5) CI2 012 1.421(4)
CI3 013 1.436(4) ClI3 014 1.420(5)
CI3 015 1.397(5) CI3 016 1.401(5)
Cl4 017 1.391(5) Cl4 018 1.413(4)
Cl4 019 1.414(5) Cl4 020 1.445(4)
021 C85 1.38 022 C86 1.40(3)
Symmetry operations
(n -X+1,-Y+1,-Z+1 ) -X,-Y,-Z+1
3) -X+1,-Y+1,-Z+2 4 -X,-Y,-Z+2
Table 4. Bond Angles(®)
atom atom atom angle atom atom atom angle
Ol Col o1 79.4(1) Ol Col NI 169.4(1)
01 Col N2 108.8(1) Ol Col N3 106.2(1)
01 Col N4 101.6(1) o1l Col N1 90.3(1)
o1 Col N2 171.5(1) o1D Col N3 92.4(1)
o1 Col N4 90.9(1) NI Col N2 81.6(1)
N1 Col N3 76.6(1) NI Col N4 75.7(1)
N2 Col N3 83.2(1) N2 Col N4 89.6(1)
N3 Col N4 152.1(1) 02 Co2 022) 79.6(1)
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Table 3 (continued). Bond Lengths(A)

atom atom distance atom atom distance
02 Co2 NS 169.5(1) 02 Co2 N6 109.4(1)
02 Co2 N7 103.1(1) 02 Co2 N8 103.0(1)
022) Co2 N5 89.9(1) 022) Co2 N6 169.4(1)
022) Co2 N7 91.4(1) 022) Co2 N8 92.0(1)
N3 Co2 N6 81.1(1) NS Co2 N7 77.1(1)
N5 Co2 N8 77.1(1) Né Co2 N7 81.2(1)
N6 Co2 N8 91.4(1) N7 Co2 N 153.9(1)
03 Co3 033) 79.5(1) O3 Co3 N9 170.5(1)
03 Co3 N10 108.9(1) 03 Co3 N1l 103.4(1)
03 Co3 N12 102.9(1) 033) Co3 N9 91.1(1)
033) Co3 NI10 169.7(1) 033) Co3 NII 91.6(1)
033) Co3 NI2 92.1(1) N9 Co3 N10 80.5(2)
N9 Co3 NIl 77.5(1) N9 Co3 N12 76.3(1)
N10 Co3 NI 80.7(1) NI0 Co3 NI2 91.8(1)
N1l Co3 NI2 153.7(1) 04 Co4 044 80.0(1)
04 Cod N13 170.8(1) 04 Co4 N14 108.1(1)
04 Cod N15 104.2(1) 04 Cod N16 102.6(1)
044) Cod NI3 91.0(1) 044 Cod N14 170.9(1)
044 Cod NI5 91.1(1) 049 Cod N16 92.2(1)
N13 Cod N14 80.8(1) NI3 Cod N15 77.3(1)
N13 Cod N16 76.1(1) N14 Cod N15 90.9(1)
N14 Cod N16 82.1(1) NI5 Cod N16 153.2(1)
Col 0l CotD) 100.6(1) Co2 02 Co22)  100.4(1)
Co3 03 Co33) 100.5(1) Cod 04 Co4®  100.0(1)
Col NI Cl 109.03) Col NI Cs8 108.7(3)
Col NI Cl15 106.9(3) Cl NI cs 112.7(4)
Cl NI C15 109.9(4) C8 NI Cl5 109.5(4)
Col N2 C2 109.8(3) Col N2 C6 131.03)
C2 N2 Cé6 118.0(4) Col N3 9 111.9(3)
Col N3 C13 129.73) €9 N3 C13 118.0(4)
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Table 3 (continued). Bond Lengths(A)

atom atom distance atom atom distance
Col N4 Clé 110.6(3) Col N4 C20 130.7(3)
Cleé N4 C20 117.7(4) Co2 N5 C22 109.1(3)
Co2 N5 C29 109.1(3) Co2 N5 C36 106.8(3)
C22 NS C29 112.1(4) C22 N5 C36 109.8(4)
C29 N5 C36 109.8(4) Co2 N6 C23 108.8(3)
Co2 N6 C27 130.9(3) C23 N6 C27 118.1(4)
Co2 N7 C30 HL13) Co2 N7 C34 131.7(3)
C30 N7 C34 117.2(4) Co2 N8§ C37 110.7(3)
Co2 N8 C41 131.1(3) C37 N8 C41 117.9(4)
Co3 N9 C43 109.4(3) Co3 N9 C50 108.6(3)
Co3 N9 C57 106.0(3) C43 N9 C50 112.0(4)
C43 N9 C57 110.3(4) C50 N9 C57 110.4(4)
Co3 N10 C44 109.4(3) Co3 N10 C48 128.4(4)
C44 NI10 C48 118.5(5) Co3 N11 Cs1 110.9(3)
Co3 N11 Css 130.5(3) Cs5l N1l C55 118.6(4)
Co3 NI2 Cs8 110.8(3) Co3 NI2 ce2 131.2(3)
Cs8 NI2 C62 117.9(4) Cod NI13 Co4 109.6(3)
Co4 N13 C71 107.8(3) Co4 N13 C78 107.3(3)
Co4 N13 C71 110.2(4) Co4 NI3 C78 111.9(4)
C71 NI13 C78 109.9(4) Co4 N14 C635 109.3(3)
Co4 N14 C69 130.1(3) C65 N14 C69 117.7(4)
Co4 NI5 C72 111.93) Co4 NIS C76 129.4(3)
C72 NI5 C76 118.4(4) Co4 NI16 C79 111.2(3)
Co4 N16 C83 131.2(3) C79 NI6 C83 117.5(4)
NI Cl C2 115.5(4) N2 C2 Cl 119.3(4)
N2 C2 C3 123.5(5) Cl C2 C3 117.0(5)
C2 C3 C4 117.9(5) C3 C4 C5 119.6(5)
C4 Cs Coé 120.4(5) N2 Cé Cs 120.6(5)
N2 Cé6 Cc7 118.7(4) CsS C6 C7 120.6(5)
NI C8 C9 114.1(4) N3 C9 C8 116.9(4)
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Table 3 (continued). Bond Lengths(A)

atom atom distance atom atom distance
N3 c9 Cl0 122.8(5) C8 C9 C1o 120.2(5)
Cc9 Cl10 Cl1 119.5(5) Cl10 Cll C12 118.6(5)
Cl1 Cl2 Cl3 119.5(5) N3 C13 CI2 121.4(5)
N3 Cl3 Cl4 117.6(4) Cl12 Cl3 Cl4 121.0(5)
NI Cl5 Clé6 111.7(4) N4 Clé Cl15 116.8(4)
N4 Clé C17 122.9(5) CI15 Clé6 Cl17 120.3(4)
Cle Cl17 Ci8 118.9(5) C17 Cl18 C19 118.7(4)
Cl8 C19 C20 119.9(5) N4 C20 CI9 121.7(5)
N4 C20 C21 117.9(4) C19 C20 C21 120.4(4)
NS C22 C23 114.8(4) N6 C23 C22 117.3(4)
N6 C23 C24 122.9(5) C22 C23 C24 119.4(4)
C23 C24 C25 119.2(5) C24 C25 C26 118.4(5)
C25 C26 C27 120.2(5) N6 C27 C26 121.3(5)
N6 C27 C28 118.3(4) C26 C27 C28 120.4(5)
NS5 C29 C30 112.3(4) N7 C30 C29 116.0(4)
N7 C30 C31 123.2(5) C29 C30 C31 120.6(4)
C30 C31 C32 118.7(5) C31 C32 C33 119.2(5)
C32 C33 C34 119.8(5) N7 C34 C33 121.9(5)
N7 C34 C35 117.5(4) (33 C34 C35 120.7(5)
N5 C36 C37 110.4(4) N8 C37 C36 117.2(4)
N8 C37 C38 122.0(5) C36 C37 C38 120.8(4)
C37 C38 C39 119.3(5) (38 C39 C40 119.6(5)
C39 C40 C41 119.4(5) N8 C4a1 C40 121.6(5)
N8 C41 C42 117.5(4) C40 C41 C42 120.9(5)
N9 C43 C44 113.6(4) NI0 C44 C43 116.4(4)
N10 C44 C45 122.4(5) C43 C44 C45 121.0(5)
C44 C45 C46 118.5(5) (€45 C46 C47 119.7(5)
C46 C47 C48 119.6(5) NIO C48 C47 121.1(5)
NI10 C48 C49 118.6(5) C47 C48 C49 120.3(5)
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N9

NI1
C51
C53
NIl
N9

NI2
C58
C60
NIi2
NI3
N14
Co65
Ce67
N14
N13
N15
C72
C74
NI15
Ni3
N16
C79
C8l1
N16
05

05

06

09

09

C51
Cs2
Cs3
CS55
Cs6
C58
C59
C60
C62
C63
Ces
C66
C67
C69
C70
C72
C73
C74
C76
Cc77
c79
C80
C81
C83
C84
06

08

08

010

012

112.6(4)
123.1(4)
118.7(5)
120.2(5)
119.1(4)
110.6(4)
122.5(4)
119.5(4)
119.8(4)
118.0(4)
114.9(4)
123.5(5)
118.7(5)
120.1(5)
118.8(5)
111.7(4)
122.0(4)
119.4(5)
119.5(4)
118.6(4)
111.9(4)
123.8(4)
117.7(5)
120.4(5)
117.7(4)
108.0(3)
107.8(4)
110.2(3)
106.4(3)

109.4(3)

NIl
C50
C52
N1l
C54
NI2
Cs57
C59
N12
Co61
N14
Co64
C66
N14
Co8
NIS
C71
C73
NIS
C75
NIl6
C78
C80
NI6
C82
(O8]

06

o7

09

010

116

Ol11

o1l

117.5(4)
119.3(4)
118.6(5)
120.8(5)
120.1(5)
116.6(4)
120.8(4)
118.3(4)
121.9(4)
120.1(4)
117.2(4)
119.1(4)
118.6(5)
121.2(5)
120.0(5)
117.6(4)
120.1(4)
118.9(4)
121.7(4)
119.7(4)
116.2(4)
119.8(4)
119.0(4)
121.3(5)
121.0(4)
113.9(4)
108.0(3)
108.9(3)
111.8(4)

107.7(3)



Table 4(continued). Bond Angles(©)

atom atom atom angle atom atom atom a,ngle

010 Cl12 012 110.1(3) 011 Cn2 012 _;1-.4(3)

013 Cl3 014 110.13) 013 CI3 015 110.6(3)

013 CI3 0lé 1093(3) 014 CI3 013 108.7(5)

Ol4 CI3 Ole6 107.8(4) OI3 Ci3 016 110.3(5)

017 Cl4 018 111.3(4)  O17 Cl4 019 111.4(5)

017 Cl4 020 108.1(3) OI18 Cl4 019 108.0(3)

018 Cl4 020 110.3(3) 019 Cl4 020 107.7(3)
Symmetry operations

(1) -X+1,-Y-+1,-Z+1 (2) XY -7+]

3) “X+1,-Y+1,-Z+2 € -X,-Y,-Z+2

Table 5. Non-bonded Contacts out to 3.60 A

atom atom distance atom atom distance

Ol o 0s51) 3.496(8) 03 0152) 3.327(6) o

04 0193) 3.403(6) Qs 0213) 2.931(7)

05 C73) 3.285(9) 05 C853) 3.427(7)

05 C84) 3.441(8) (0N C154) 3.566(7)

06 C36 3.329(7) 06 Cl 3.338(7)

06 C84) 3.371(7) 06 Cis 3.576(6)

07 C285) 3.353(8) 07 Cl 3.586(7)

o7 0213) 3.441(7) 07 C3 3.520(8)

08 C213) 3.327(7) 08 C285) 3.396(8)

08 C36 3.670(7) 09 C59 3.228(7)

09 C476) 3.328(8) 09 C57 3.335(7)

09 C43 3.475(7) 09 C58 3.514(7)

010 C36 3.193(6) 010 Cl7 3.250(7)

0o10 C104) 3.365(7) 010 C38 3.413(7)
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C25
C719)
C841)
C539)
C510)
C861)
C6710)
C3
C22
C8612)

c777)

C86°)

cse6l)

3.536(7)
3.276(6)
3.545(8)
3.340(7)
3.579(7)
3.231(6)
3.376(6)
3.232(8)
3.407(9)
3.592(7)
3.293(9)
3.152(7)
3.494(7)
3.499(7)
3.424(9)
3.454(7)
3.595(8)
3.280(8)
3.498(9)
3.377(7)
3.389(7)
2.83(3)
3.342(6)
3.48(2)
3.568(7)
3.56(3)
3.477(8)
3.48(3)
3.16(3)

Co8
C70
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C496)
C747)
013
Cs7
C18
C19
C24
Cl19
C128)
C492)
C749)
C749)
C25
C401)
C510)
C78
C701)
C539)
C549)
C66
C64
C6810)
C608)
C4711)
Csl
C8612)
C86°)
C86°)

3.193(7)
3.468(7)
3.317(6)
3.564(7)
3.127(7)
3.250(6)
3.592(6)
3.400(8)
3.440(8)
3.255(9)
3.348(8)
3.389(7)
3.495(8)
3.270(8)
3.550(8)
3.499(7)
3.267(8)
3.391(8)
3.370(7)
3.385(7)
3.437(7)
3.340(6)
3.544(5)
3.52(2)

3.390(7)

3.42(3)

3.02(3)
3.33(3)



(DX+1.Y,Z
(3)X-1,Y.Z
(5)-X.-Y.-Z+1
(T)-X,-Y ,-Z+2
(9)-X+1,-Y -Z+2
(1X,Y,Z-1

For complex 2a

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Indexing Images
Detector Position

Lattice Parameters

Space Group

Z value

Dcale
Fooo

w(MoKo)

Diffractometer

Symmetry operations

(2) -X+1,-Y+1,-Z+2
4) -X,-Y+1,-Z+1
(6)-X,-Y+1,-Z+2
(8)-X+1,-Y+1,-Z+1
(10)-X+1,-Y,-Z+1
(12)X.Y,Z~+1

A. Crystal Data

CoyCqpHygNg0O14Cly
1073.63

blue-violet, prism

0.30 X 0.20 X 0.10 mm
monoclinic

Primitive

3 oscillations at 9.0 minutes
120.00 mm

a= 10.9454) A

b= 18.626(5) A

c= 11.673(DA
b=110.57(3)°

V =222(8) A3

P2 /c (#14)

2

1.630 g/cm3

1104.00

9.60 cm™!

B. Intensity Measurements
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Radiation

Temperature

Detector Aperture

Data Images

Oscillation Range

Detector Position

Detector Swing Angle

Pixel Size

26max

No. of Reflections Measured

Corrections

MoKa (1=0.71070 A)

graphite monochromated
23.0°C

300.0 mm x 300.0 mm

25 exposures at 32.0 minutes
100.0°

120.00 mm

4.00°

0.01 mm

51.49

Total: 3237

Lorentz-polarization

C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights
p-factor

Anomalous Dispersion

Direct Methods (SIR92)

Full-matrix least-squares

= w ([Fol - [Fe])?
1/52(Fo) = 4F02/c2(Fo?)
0.0920

All non-hydrogen atoms

No. of Observations (I>3.00a(1), 26 < 0.00°) 1886

No. Variables 307
Reflection/Parameter Ratio 6.14

Residuals: R; Rw 0.089;0.124
Goodness of Fit Indicator 1.92

Max Shift/Error in Final Cycle 0.012

Maximum peak in Final Diff. Map 0.40 /A3
Minimum peak in Final Diff. Map -0.67 e7/A3

Table 1. Atomic coordinates and Biso/Beq

atom X y z Beq
Co(1) 0.8691(1) -0.01414(8) 0.4565(1) 5.08(4)
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Table 1 (continued). Atomic coordinates and Bjso/Beq

atom X ¥ z Beq
o) 0.9812(6) 0.0575(4) 0.4417(6) 5.7(2)
0(2) 0.8819(8) -0.0723(5) 0.3210(7) 7.1(2)
0(3) 0.869(1) -0.1915(6) 0.265(1) 11.3(4)
N(1) 0.8214(8) 0.0319(5) 0.6009(7) 5.7(2)
N(2) 0.7753(8) -0.0896(5) 0.4839(8) 5.5(2)
N(3) 0.7316(8) 0.0495(5) 0.3473(9) 5.8(2)
N(4) 0.9995(9) -0.0830(6) 0.7913(8) 6.5(3)
C(l) 0.705(1) -0.0081(7) 0.596(1) 7.1(4)
C(2) 0.713(1) -0.0814(7) 0.565(1) 6.0(3)
C(3) 0.662(1) -0.1415(9) 0.597(1) 7.7(4)
C4) 0.673(1) -0.2086(9) 0.543(2) 8.7(4)
C(5) 0.732(2) -0.213(1) 0.457(2) 10.4(5)
C(6) 0.782(1) -0.1523(8) 0.431(1H 6.9(3)
C(7) 0.854(1) -0.140(1) 0.334(1) 8.8(4)
C(8) 0.794(1) 0.1070(6) 0.556(1) 6.4(3)
C(9) 0.721(1) 0.1069(7) 0.417(1) 6.1(3)
C(10) 0.647(1) 0.1631(7) 0.364(1) 8.2(4)
c(n 0.584(2) 0.1611(9) 0.233(2) 9.8(5)
C(12) 0.592(1) 0.104(1) 0.157(1) 8.9(4)
C(13) 0.668(1) 0.0470(8) 0.217(1) 7.5(4)
C(14) 0.681(2) -0.0161(9) 0.136(1) 9.9(4)
C(15) 0.899(1) 0.0349(6) 0.744(1) 6.4(3)
C(16) 0.923(1) -0.0351(7) 0.819(1) 6.9(3)
C(17) 0.870(1) -0.0509(10) 0.913(1) 8.6(4)
C(18) 0.903(2) -0.113(1) 0.983(1) 9.5(5)
C(19) 0.981(2) -0.1602(9) 0.958(2) 9.5(5)
C0) 1.026(1) -0.1451(8) 0.856(1) 8.2(4)
c@2y 1.108(2) -0.1938(8) 0.824(2) 10.8(6)
CI(1) 0.4188(4) -0.1292(2) 0.2133(3) 8.0(1)
O(4) 0.466(2) -0.0627(10) 0.251(3) 24.1(9)



Table 1 (continued). Atomic coordinates and Bjso/Beq

atom X Y z Beq
0(5) 0.410(1) -0.1608(9) 0.322(1) 16.0(6)
0(6) 0.4948(10) -0.1710(6) 0.1616(10) 10.1(3)
O(7) 0.310(1) -0.114(1) 0.124(1) 20.5(7)
H(1) 0.6954 -0.0059 0.6738 8.5
H(2) 0.6307 0.0131 0.5362 8.5
H(3) 0.6184 -0.1385 0.6547 9.3
H(4) 0.6401 -0.2510 0.5671 10.4
H(5) 0.7368 -0.2566 0.4180 12.5
H(6) 0.7425 0.1300 0.5959 7.6
H(7) 0.8743 0.1322 0.5739 7.6
H(8) 0.6372 0.2031 0.4102 9.8
H(9) 0.5329 0.2015 0.1944 11.8
H(10) 0.5481 0.1051 0.0708 10.7
H(11) 0.5972 -0.0368 0.0963 11.9
H(12) 0.7144 0.0011 0.0766 11.9
H(13) 0.7380 -0.0512 0.1857 11.9
H(14) 0.9821 0.0553 0.7557 7.7
H(15) 0.8518 0.0660 0.7783 7.7
H(16) 0.8101 -0.0181 0.9277 104
H(17) 0.8708 -0.1219 1.0472 11.4
H(18) 1.0075 -0.2028 1.0049 114
H(19) 1.1166 -0.2365 0.8710 13.0
H(20) 1.0708 -0.2049 0.7397 13.0
H(21) 1.1915 -0.1727 0.8411 13.0

Beq = 8/3 nz(Ul ](aa*)2 + Uzz(bb"‘)2 + U33(cc*)2 + 2U2(aa*bb*)cos y + 2U | 3(aa*cc*)cos B +
2U23(bb*cc*)cos a)
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Table 2. Anisotropic Displacement Parameters

atom U U22 U33 U2 Uis U23
Co(1) 0.0508(9) 0.069(1)  0.079(1)  -0.0041(7) 0.0293(7)  0.0002(7)
o(1) 0.047(4)  0.073(5)  0.097(5)  -0.003(4)  0.025(3)  0.005(4)
0(2) 0.085(6)  0.092(6)  0.106(6)  -0.028(5)  0.052(4)  -0.030(5)
0(3) 0.15(1) 0.111(8)  0.19(1) -0.018(7)  0.097(9)  -0.032(8)
N(1) 0.063(5)  0.082(7)  0.077(5)  -0.005(5)  0.030(4)  -0.003(5)
N(@2) 0.056(5)  0.069(6)  0.085(5)  -0.005(4)  0.026(4)  -0.004(5)
N(3) 0.050(5)  0.083(7)  0.092(6)  -0.006(5)  0.028(5)  0.010(6)
N(4) 0.070(6)  0.092(7)  0.083(6)  -0.016(6)  0.022(5)  0.004(6)
C(1) 0.080(9)  0.097(10) 0.110(9)  -0.003(7)  0.054(7)  0.011(8)
C(2) 0.062(7)  0.077(9)  0.096(8)  -0.011(6)  0.036(6)  0.005(7)
C(3) 0.065(8)  0.11(1) 0.108(9)  -0.019(8)  0.024(7)  0.022(9)
C(4) 0.076(9)  0.09(1) 0.15(1) -0.022(8)  0.014(9)  0.05(1)
C(5) 0.09(1) 0.12(1) 0.17(2) -0.01(1)  0.02(1) 0.01(1)
C(6) 0.064(8)  0.076(9)  0.114(9)  -0.008(7)  0.022(7)  0.008(8)
(7 0.079(9)  0.15(1) 0.099(9)  0.012(10)  0.025(7)  -0.05(1)
C(8) 0.080(8)  0.070(8)  0.105(8)  0.004(6)  0.049(6)  -0.010(7)
C(9) 0.063(7)  0.079(8)  0.101(8)  0.002(6)  0.041(6)  0.000(7)
C(10) 0.072(8)  0.09(1) 0.14(1) 0.025(8)  0.036(8)  0.010(9)
can 0.09(1) 0.09(1) 0.19(2) 0.004(9)  0.06(1) 0.04(1)
C(12) 0.085(10)  0.13(1) 0.12(1) 0.00(1) 0.028(8)  0.04(1)
C(13) 0.071(8)  0.11(1) 0.12(1) -0.025(8)  0.050(8)  -0.011(9)
C(14) 0.11(1) 0.15(1) 0.103(9)  -0.02(1)  0.010(8)  0.014(10)
c(5s) 0.085(8)  0.077(8)  0.088(7)  -0.004(6) 0.037(6)  -0.013(6)
C(16) 0.080(8)  0.092(9)  0.092(8)  0.004(7)  0.036(7)  0.009(7)
C(17) 0.11(1) 0.14(1) 0.097(8)  -0.016(10) 0.050(8)  -0.003(10)
C(18) 0.12(1) 0.13(1) 0.12(1) 0.00(1) 0.051(9)  0.04(1)
C(19) 0.13(1) 0.10(1) 0.14(1) -0.02(1)  0.06(1) 0.02(1)
C(20) 0.084(9)  0.10(1) 0.13(1) -0.001(8)  0.041(8)  0.030(10)
c@ 0.12(1) 0.09(1) 0.22(2) 0.004(10)  0.08(1) 0.04(1)
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CI(1) 0.087(2)  0.1093)  0.118(3)  0.021(2)  0.050(2)  0.009(2)

0(4) 0.21(2) 0.17(1) 0.63(4) 0.07(1)  027(2) -0.20(2)
0(5) 0.19(1) 0.27(2) 0.20(1) 0.10(1) 0.13(1) 0.09(1)
0(6) 0.118(8)  0.127(8)  0.169(8)  0.041(7)  0.089(7)  0.013(7)
o(7) 0.14(1) 0.44(3) 0.16(1) 0.15(2) 0.011(9)  -0.01(1)

The general temperature factor expression:

exp(—2n2(a*2U1 1h2 + b"‘zUzzk2 + 0*2U33¥2 + 2a*b*U|2hk + 2a*c*U 1 3hl + 2b*c*Up3kl))

Table 3. Bond Lengths(A)

atom atom distance atom atom distance
Col Coll) 2.734(3) Col Ol 1.861(7)
Col O11) 1.839(7) Col 02 1.962(8)
Col NI 2.114(9) Col N2 1.833(9)
Col N3 1.986(9) 02 C7 1.32(2)
03 C7 1.30(2) NI Cl 1.46(1)
N1 C8 1.49(1) NI Cl15 1.59(1)
N2 C2 1.35(1) N2 Cé 1.33(2)
N3 C9 1.38(1) N3 CI3 1.43(2)
N4 Clé6 1.33(1) N4 C20 1.36(2)
Cl C2 1.43(2) C2 C3 1.37(2)
C3 C4 1.43(2) C4 C5 1.37(2)
C5 Cé6 1.33(2) C6 Cc7 1.61(2)
C8 C9 1.54(2) C9 C10 1.33(2)
C10 Cl1 1.44(2) Cl1l1 C12 1.40(2)
Cl2 CI3 1.39(2) Cl3 Cl4 1.54(2)
Cl5 Cleé 1.54(2) Cl6 C17 1.45(2)
C17 Ci18 1.39(2) Cl18 CI9 1.33(2)
Cl9 C20 1.47(2) C20 C21 1.41(2)
Clt 04 1.35(1) Cll 05 1.44(1)
Cll 06 1.420(9) Cll 07 1.31(D)
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Symmetry operations (N -X+2.-Y,-Z+1

Table 4. Bond Angles(®)

atom atom atom angle atom atom atom angle
Coll) Col Ol 42.1(2)  Coll) Col o1l 42.7(2)
Coll) Col 02 92.5(2)  Coll) Col NI 98.4(2)
Coll) Col N2 131.4(3) Coll) Col N3 125.6(3)
01 Col Ool1) 84.8(3) Ol Col 02 94.9(3)
01 Col NI 98.0(3) Ol Col N2 173.4(3)
) Col N3 83.6(3) Ol Col 02 88.8(4)
011) Col Nl 94.4(3) OIl) Col N2 88.7(3)
o1 Col N3 168.2(3) 02 Col N1 167.0(3)
02 Col N2 855(4) O2 Col N3 93.7(4)
NI Col N2 82.0(4) NI Col N3 85.8(4)
N2 Col N3 103.0(4) Col Ol Coll) 95.2(3)
Col 02 Cc7 110.3(8) Col NI Cl1 102.7(7)
Col NI C8 100.2(6) Col NI Cl5 131.6(7)
Cl NI C8 113.7(9) Cl NI CI5 101.3(8)
C8 NI Cl15 107.6(8) Col N2 C2 119.1(8)
Col N2 Cé 117.7(8) C2 N2 Co 122(1)
Col N3 C9 106.7(7) Col N3 CI3 129.5(9)
C9 N3 C13 122(1) Cle N4 C20 117(1)
NI Cl C2 i - N2 C2 Cl 112(1)
N2 C2 C3 117(1) Cl C2 C3 130(1)
Cc2 C3 Cc4 119(1) C3 C4 CS 120(1)
C4 G5 Co6 17(1) N2 Cé G5 122(1)
N2 C6 C7 108(1) C5 Co c7 128(1)
02 C7 03 123(1) 02 C7 C6 114(1)
03 C7 Coé 122(1) N1 C8 C9 109.5(9)
N3 Cc9 C8 120(1) N3 C9 C10 119(1)
C8 Cc9 Clo 120(1) C9 C10 Cll1 117(1)
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C10 CIt Cl12 125(1) CI1 Cl12 CI13 115(1)
N3 CI3 Ci12 119(1) N3 Cl13 Cl4 124(1)
Ci2 C13 Cl4 116(1) Nl Cl5 Cl6 119.1(9)
N4 Clé6 C15 115(1) N4 Cle6 Ct7 120(1)
Ci1s Clé Cl17 124(1) Cl6 Ct7 Cl8 121(H)
C17 C18 Cl19 118(1) Cl18 C19 C20 118(1)
N4 C20 C19 123(1) N4 C20 C21 115(1)
Cl19 C20 C21 120(1)

04 cl1 05 102(1) 04 Cll 06 115.3(8)
04 Cll 07 101(1) (O Cll 06 112.6(7)
05 Cll1 07 117(1) 06 Cli 07 106.3(8)
Symmetry operations (1) -X+2,-Y,-Z+1

Table 5. Non-bonded Contacts out to 3.60 A

atom atom distance atom atom distance
03 C211) 3.26(2) 03 C41) 3.30(2)

03 C201) 3.47(2) 03 CI91) 3.50(2)

04 Cl13 3.14(2) 04 Cl4 3.21(3)

04 C12) 3.28(2) 04 N3 3.44(2)

04 N2 3.56(3) 05 C82) 3.2002)

05 C4 3.25(2) 05 CI13) 3.38(2)

05 C3 3.44(2) 05 CS5 3.46(2)

06 C103) 3.43(2) 06 C41) 3.56(2)

06 C113) 3.58(2) 07 C152) 3.50(2)

07 C194) 3.54(3) 07 C204) 3.60(2)

07 C172) 3.60(3) C3 C102) 3.59(2)

CI5 C185) 3.48(2) Cl6 C175) 3.54(2)

Cl17 C175) 3.43(3)

Symmetry operations

(N X,-Y-172,2-172 @) -X+1,-Y,-Z+1
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3) XH1.Y-1/2,-7+172
(5) XH2,-Y-Z42

For complex 2b

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type

Lattice Parameters

Space Group
Z value

Dealc
Fooo

wMoKar)

Diffractometer

Radiation

Temperature
Voltage, Current

Detector Aperture

A. Crystal Data

@) X-1,Y.Z-1

Hg4CaeNgO20CHhCop
1237.83
Colorless, Prism

0.07 X 0.07 X 0.05mm

triclinic
Primitive
a= 11.249(D A

b= 11.2127(8) A
c= 12.030(3)A
o= 68.693(4)°
B= 84.087(4)°
y= 70.387(2)°
V = 1331.3(3) A3
P1 (No.2)

1

1.544 g/cm3

644.00

8.08 cm-!

B. Intensity Measurements

-~

Quantum CCD/Rigaku AFC7
MoKa (1=0.71069 A)

graphite monochromated
-150.0 °C
50 kV, 200 mA

70 mm x 70 mm



Data Images
o Oscillation Range (¥x=45.0, $=0.0)
(x=45.0, $=90.0)

Detector Position
Detector Swing Angle

26maX

No. of Reflections Measured

Corrections

1440 exposures @30.0 seconds
-80.0 - 100.0°

-80.0 - 100.0°

35.98 mm

10.00©

55.00

Total: 13665

Unique: 5751 (Rjpt = 0.039)

Lorentz-polarization

C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights
p-factor

Anomalous Dispersion

Direct Methods (SHELXS-86)
Full-matrix least-squares

T w (|Fo| - [Fe|)?

1/62(Fo) = 4Fo2/52(Fo?)
0.0570

All non-hydrogen atoms

No. of Observations (1>3.00a(1), 26 < 54.979) 3498

No. Variables 352

Reflection/Parameter Ratio 9.94

Residuals: R; Rw 0.048 ; 0.063

Goodness of Fit Indicator 1.17

Max Shift/Error in Final Cycle 0.001

Maximum peak in Final Diff. Map 0.60 e~/=3

Minimum peak in Final Diff. Map -0.35 ¢7/=3

Table 1. Atomic coordinates and Biso/Beq

atom X y z Beq
Co(1) 0.53392(6) 0.12184(6) 0.93529(5) 1.94(1)
o) 0.4065(3) 0.0668(3) 1.0378(3) 2.10(6)
0(2) 0.6348(3) 0.1032(3) 1.0627(3) 2.62(6)
0@3) 0.8213(4) 0.1133(4) 1.1037(4) 3.85(9)
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Table 1 (continued). Atomic coordinates and Biso/Beq

atom X Y Z Beq
N(1) 0.4672(4) 0.1792(4) 0.7640(3) 2.44(8)
N(2) 0.6827(3) 0.1344(3) 0.8495(3) 221(7)
N(3) 0.4416(3) 0.3139(3) 0.9153(3) 2.11(7)
N(4) 0.2068(4) 0.2201(4) 0.8822(4) 3.02(9)
C(D) 0.5778(5) 0.1132(5) 0.7003(4) 2.80(10)
C(2) 0.6930(5) 0.1239(4) 0.7409(4) 2.72(9)
C(3) 0.8080(5) 0.1174(5) 0.6831(5) 3.3(1)
C4) 0.9086(5) 0.1168(5) 0.7404(6) 3.9(1)
C(5) 0.8968(5) 0.1192(5) 0.8547(5) 3.4(1)
C(6) 0.7802(4) 0.1283(4) 0.9069(4) 2.64(9)
(N 0.7471(5) 0.1169(5) 1.0340(5) 3.0(1)
C(8) 0.4486(5) 0.3290(4) 0.7104(4) 2.61(9)
C(9) 0.4027(4) 0.3937(4) 0.8014(4) 2.34(8)
C(10) 0.3285(5) 0.5272(5) 0.7691(5) 3.1(1)
C(11) 0.2935(5) 0.5848(5) 0.8570(5) 3.7(1)
C(12) 0.3293(5) 0.5051(5) 0.9723(5) 3.4(1)
C(13) 0.4028(4) 0.3686(4) 1.0032(4) 2.63(9)
C(14) 0.4312(5) 0.2870(5) 1.1303(4) 3.1(D)
C(15) 0.3544(5) 0.1531(5) 0.7343(4) 3.0(1)
C(16) 0.2304(5) 0.2374(5) 0.7650(4) 3.0(1)
Cc(17) 0.1408(6) 0.3266(6) 0.6759(5) 4.1(1)
C(18) 0.0259(6) 0.4021(7) 0.7071(7) 5.1(2)
C(19) 0.0048(6) 0.3847(6) 0.8273(7) 4.7(1)
C(20) 0.0964(5) 0.2945(5) 0.9120(5) 3.5(1)
c2n) 0.0768(6) 0.2711(6) 1.0420(6) 4.5(1)
CI(1) 0.6743(1) 0.5338(1) 0.6252(1) 2.96(2)
0O(4) 0.6791(4) 0.4449(4) 0.7467(3) 3.67(8)
O(5) 0.5451(4) 0.6065(5) 0.5868(4) 5.0(1)
0(6) 0.7343(4) 0.6314(4) 0.6167(4) 4.8(1)
o(7) 0.7347(4) 0.4580(4) 0.5503(3) 4.51(9)
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Table 1 (continued). Atomic coordinates and Biso/Beg

atom X y z Beg
C(22) 0.091(1) 0.1758(9) 0.4138(9) 8.0(3)
C(23) -0.024(1) 0.256(1) 0.364(1) 10.5(3)
O(8) 0.0824(5) 0.0574(5) 0.5109(4) 6.1(1)
0(9) 0.4921(6) 0.1042(5) 0.4003(5) 6.7(1)
O(10) 0.7306(6) 0.0885(7) 0.3339(5) 7.5(2)
H(T) 0.3390 0.1103 0.9935 3.2
H(2) 0.5669 0.1637 0.6097 3.2
H(3) 0.5893 0.0151 0.7190 3.2
H(4) 0.8141 0.1114 0.6075 32
H(5) 0.9967 0.1191 0.7111 3.2
H(6) 0.9727 0.1375 0.8904 32
H(7) 0.5390 0.3412 0.6782 3.2
H(8) 0.3944 0.3670 0.6395 32
H(9) 0.2993 0.5879 0.6816 32
H(10) 0.2341 0.6769 0.8521 32
H(11) 0.3231 0.5217 1.0453 3.2
H(12) 0.3806 0.3255 1.1771 32
H(13) 0.4257 0.2007 1.1488 32
H(14) 0.5119 0.2661 1.1596 3.2
H(15) 0.3636 0.0552 0.7811 32
H(16) 0.3583 0.1718 0.6419 3.2
H(17) 0.1650 0.3154 0.5801 32
H(18) -0.0571 0.4670 0.6476 32
H(19) -0.0797 0.4426 0.8598 32
H(20) 0.0077 0.3571 1.0591 32
H(21) 0.0610 0.1892 1.0835 3.2
H(22) 0.1161 0.2971 1.0535 32

Beq = 8/3 nz(Ul l(aa"‘)2 + U22(bb*)2 + U33(cc"‘)2 + 2U12(aa*bb*)cos y + 2U13(aa*cc*)cos B +
2U23(bb*cc*)cos o)
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Table 2. Anisotropic Displacement Parameters

atom Uri U22 Us33 Ui Urs U23
Co(1) 0.0239(3)  0.0249(3)  0.0270(3)  -0.0100(2)  0.0034(2) -0.0104(2)
o(1) 0.023(1)  0.026(1)  0.031(2)  -0.009(1)  0.004(1)  -0.010(1)
0(2) 0033(2)  0.0342)  0.0352)  -0.011(1) -0.001(1) -0.014(1)
0(3) 0038(2)  0.0522)  0.062(2)  -0.014(2) -0.008(2)  -0.025(2)
N(1) 0.033(2)  0.033(2)  0.0322) -0.0142)  0.0012) -0.013(2)
N(@2) 0.030(2)  0.022(2)  0.0342)  -0.011(1)  0.006(2) -0.010(1)
N(@3) 0.025(2)  0.026(2)  0.033(2)  -0.012(1)  0.006(1)  -0.012(1)
N(4) 0.032(2)  0.037(2)  0.048(2)  -0.013(2) -0.001(2) -0.016(2)
C(1) 0.044(3) ~ 0.033(2)  0.0302)  -0.011(2)  0.0052) -0.015(2)
C2) 0.036(3)  0.031(2)  0.037(2)  -0.012(2)  0.0092)  -0.014(2)
C(3) 0.042(3)  0.043(3)  0.039(3)  -0.0142)  0.018(2) -0.016(2)
C(4) 0.033(3)  0.041(3)  0.065(4)  -0.01422)  0.0203)  -0.011(2)
C(5) 0.032(3)  0.031(2)  0.061(3)  -0.012(2)  0.0092) -0.012(2)
C(6) 0.029(2)  0.026(2)  0.047(3)  -0.01022)  0.0012) -0.013(2)
C(7) 0031(2)  0.0302)  0.051(3)  -0.004(2) -0.0052) -0.017(2)
C(8) 0.037(3)  0.0302)  0.028(2)  -0.011(2)  -0.001(2)  -0.005(2)
C(9) 0.026(2)  0.027(2)  0.0352)  -0.011(2)  0.000Q2)  -0.007(2)
C(10) 0.033(3)  0.034(2)  0.0483)  -0.011(2)  0.004(2) -0.012(2)
Cc(11) 0.041(3)  0.035(2)  0.062(3)  -0.0102)  0.008(3) -0.017(2)
C(12) 0.041(3)  0.041(3)  0.0543)  -0.0142)  0.0112)  -0.026(2)
C(13) 0.036(2)  0.032(2)  0.039(2)  -0.018(2)  0.008(2) -0.016(2)
C(14) 0041(3)  0.0352)  0.0413)  -0.006(2)  0.0022)  -0.020(2)
C(15) 0.041(3)  0.041(3)  0.036(2)  -0.01922) -0.003(2) -0.014(2)
C(16) 0.037(3)  0.042(3)  0.0393)  -0.022(2)  -0.004(2)  -0.009(2)
C(17) 0.044(3)  0.055(3)  0.052(3)  -0.0253)  -0.010(3)  -0.002(3)
C(18) 0.0423)  0.061(4)  0.076(5)  -0.022(3)  -0.013(3)  0.000(3)
C(19) 0.035(3)  0.045(3)  0.087(5)  -0.015(2)  0.002(3)  -0.009(3)
C(20) 0.030(2)  0.038(33)  0.063(3)  -0.013(2)  0.002(2)  -0.015(2)
C21) 0.047(3)  0.052(3)  0.078(4)  -0.021(3)  0.020(3)  -0.032(3)
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CI(1) 0.0425(7)  0.0334(6)  0.0367(6) -0.0163(5)  0.0030(5) -0.0093(5)

O(4) 0.062(2)  0.038(2)  0.035(2)  -0.0192)  -0.003(2)  -0.004(1)
O(5) 0.043(2)  0.073(3)  0.054(2)  -0.004(2) -0.0042) -0.010(2)
0(6) 0.0723)  0.053(2)  0.074(3)  -0.0402)  0.021(2)  -0.025(2)
0(7) 0.074(3)  0.0442)  0.0442)  -0.004(2)  0.005(2)  -0.020(2)
O(8) 0.084(4)  0.077(3)  0.060(3)  -0.034(3)  0.011(2)  -0.008(2)
C(22) 0.132(8)  0.074(5)  0.098(6)  -0.065(6) -0.024(6)  0.006(5)
C(23) 0.130(10)  0.074(6)  0.15(1) -0.037(6)  -0.047(8)  0.023(6)
0(9) 0.126(5)  0.050(3)  0.067(3)  -0.013(3) -0.007(3) -0.017(2)
0(10) 0.119(5)  0.113(5)  0.064(3)  -0.059(4)  -0.009(3)  -0.020(3)

The general temperature factor expression:

exp(—2n2(a*2U1 1h2 + b*2U22k2 + c"‘2U3.3l2 +2a*b*U|2hk + 2a*c*U | 3hl + 2b*c*Up3kl))

Table 3. Bond Lengths(=)

atom atom distance atom atom distance
Col Ol 1.906(3) Col o1l 1.903(3)
Col 02 1.910(3) Col NI 2.063(4)
Col N2 1.892(4) Col N3 1.987(3)
02 C7 1.319(6) O3 C7 1.223(6)
NI Cl 1.510(6) N1 C8 1.512(5)
NI Cl5 1.497(6) N2 C2 1.343(6)
N2 C6 1.326(6) N3 C9 1.356(6)
N3 C13 1.372(6) N4 Cle 1.361(7)
N4 C20 1.340(7)

Cl C2 1.487(7) C2 C3 1.397(6)
C3 C4 1.382(9) C4 Cs 1.378(9)
C5 C6 1.383(6) C6 C7 1.505(7)
C8 C9 1.483(7) C9 Cl10 1.376(6)
C10 Cll 1.389(8) Cll Cl2 1.363(8)
Cl2 C13 1.402(7) Cl3 Cl4 1.471(7)
Cl15 Clé6 1.497(7) Clé Cl17 1.389(7)
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C17 CI8 1.387(10) C18 CI19 1.39(1)

Ci9 C20 1.374(8) C20 C21 1.495(9)

Cl1 04 1.432(3) Cll 05 1.435(4)

Ccl 06 1.437(4) Cll 07 1.427(4)

08 C22 1.439(9) C22 C23 1.35(1)
Symmetry operations (1)-X-1,-Y,-Z+2

Table 4. Bond Angles(©)

atom atom atom angle  atom atom atom angle
0l Col Ol11) 79.8(1) Ol Col 02 94.1(1)
(0] Col NI 105.6(1) Ol Col N2 166.9(1)
(0] Col N3 90.5(1) Ol Col 02 93.4(1)
0l11) Col NI 953(1) Ol Co! N2 88.0(1)
o1 Col N3 169.6(1) 02 Col N1 159.6(1)
02 Col N2 81.72) 02 Col N3 91.2(1)
N1 Col N2 80.2(2) NI Col N3 83.5(2)
N2 Col N3 101.9(1) Col Ol Coll) 100.2(1)
Col 02 C7 116.2(3) Col N1 Cl 104.8(3)
Col NI C8 104.5(3) Col NI Ct5 124.1(3)
Cl NI C8 105.6(3) ClI NI Cls5 107.0(4)
C8 NI C1s 109.4(4) Cot N2 C2 118.3(3)
Col N2 C6 118.3(3) C2 N2 Co 122.2(4)
Col N3 C9 113.93) Col N3 Cl13 127.6(3)
C9 N3 Ci3 118.2(4) Cl16 N4 C20 119.2(5)
N1 Cl C2 107.4(4) N2 C2 Cl 113.5(4)
N2 C2 C3 118.5(5) Cl C2 C3 127.9(5)
C2 C3 C4 119.4(5) C3 C4 (O8] 120.4(4)
C4 Cs C6 117.8(5) N2 C6 C5 121.4(5)
N2 C6 c7 1104(4) C5 C6 Cc7 127.8(5)
02 C7 03 124.6(5) O2 C7 Cé 113.0(4)
03 C7 Cé6 122.2(5) NI C8 C9 110.6(3)
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N3 Cc9 C8 115.5(4) N3 C9 Clo 123.5(4)
C8 C9 C10 120.9(4) C9 C10 C1l1 118.6(5)
Clo Cl11 Cl12 118.6(5) CIl C12 C13 121.7(5)
N3 Cl13 Ci2 119.4(4) N3 Cl13 Cl4 122.1(4)
CI2 C13 Cl4 118.5(4) NI CI1S Cl6 114.7(4)
N4 C16 C1s 118.1(4) N4 Cl6 C17 121.6(5)
CI5 Clo Cl17 120.3(5) Cl6 C17 Cl18 119.1(6)
C17 C18 C19 118.4(6) CI8 C19 C20 120.2(6)
N4 C20 Cl19 121.5(6) N4 C20 C21 116.5(5)
C19 C20 C21 121.9(5)

04 Cll1 05 109.5(2) 04 Cll 06 109.6(3)
04 Cll 07 110.12) 05 ch 06 107.5(3)
05 Cll 07 109.5(3) 06 CH 07 110.5(3)
08 C22 C23 111.2(9)

Symmetry operations (1) -X+1,-Y,-Z+2

Table 5. Non-bonded Contacts out to 3.60 =

atom atom distance atom atom distance
02 0101) 3.471(6) 03 0101) 2.800(7)

03 C52) 3.307(6) 03 CI113) 3.385(7)

03 C42) 3.436(7) 04 Cé 3.222(6)

04 N2 3.231(5) 04 C9 3.306(6)

04 C8 3.392(6) 04 Cs 3.497(6)

04 N3 3.572(5) 04 C2 3.575(6)

05 094) 3.188(7) 0s Clo 3.236(6)

05 C84) 3.379(6) 05 C8 3.412(6)

05 co 3.487(6) 06 09%4) 3.149(7)

06 C224) 3.288(9) 06 C185) 3.405(8)

06 C174) 3.579(8) 07 C3 3.397(6)

07 C174) 3.451(7) 07 C84) 3.519(6)
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08 0106) 2.621(8) 08

08 C48) 3.352(8) 08
08 C237) 3.54(1) 08
08 C227) 3.575(10) 09
09 010 2.685(9) 09
09 C16) 3.414(7) 010
010 C79) 3.495(8) 010
010 C226) 3.57(1) Cs
C10 C2310) 3.60(1)

Symmetry operations
(HX,Y.Z+1
(3)-X+1,-Y+1,-Z+2
(5X+1,Y.Z
(7)-X,-Y,-Z+1
MHX,)Y,Z-1

For complex 3

087) 2.67(1)
C36) 3.452(8)
C38) 3.545(7)
096) 2.642(10)
C149) 3.147(7)
Cl114) 3.481(8)
C156) 3.527(8)
C195) 3.476(8)

(2) -X+2,-Y.-Z+2
(4) -X+1,-Y+1,-Z+1
(6) -X+1,-Y,-Z+1
8) X-1.,Y.Z
(10)-X,-Y+1,-Z+1

A. Crystal Data

Empirical Formula

Formula Weight
Crystal Color, Habit

Crystal Dimensions
Crystal System
Lattice Type

Lattice Parameters

Space Group

135

C43H50Ng017CCoy
1059.69

pale-brown, chunk
0.25 X 0.15 X 0.05 mm
monoclinic

Primitive

a= 10.3443(8) A

b= 19216(2) A

c= 23330(HA

B= 94.187(8)°

V =4625.2(6) A3
P2|/c (#14)



Z value
Dealc
Foo0
u(MoKa)

4
1.522 g/fem?

2192.00

9.04 ¢cm-1

B. Intensity Measurements

Diffractometer

Radiation

Temperature

Detector Aperture

Data Images

Oscillation Range

Detector Position

Detector Swing Angle

Pixel Size

20max

No. of Reflections Measured

Corrections

Rigaku RAXIS-1V Imaging Plate

MoKa (1=0.71070 A)

graphite monochromated
23.00C

300.0 mm x 300.0 mm

45 exposures at 18.0 minutes

90.0°

120.00 mm

2.000

0.01 mm

51.30

Total: 4385

Lorentz-polarization

C. Structure Solution and Refinement

Structure Solution

Refinement

Function Minimized

Least Squares Weights

p-factor

Anomalous Dispersion

No. Observations (I>3.00sigma(l))
No. Variables
Reflection/Parameter Ratio
Residuals: R; Rw

Goodness of Fit Indicator

136

Direct Methods (SIR92)
Full-matrix least-squares
2w ([Fo - [Fe))?
1/62(Fo) = 4F02/sigma(Fo?)
0.0960

All non-hydrogen atoms
2523

575

4.39

0.070 ; 0.095

1.61



Max Shift/Error in Final Cycle 0.027

Maximum peak in Final Diff. Map 0.64 e/A3
Minimum peak in Final Diff. Map -0.57 e7/A3

Table 1. Atomic coordinates, Biso/Beq and occupancy

atom X y z Beq occe

Co(1) 0.7624(2) 0.3808(1) -0.07665(8) 4.74(5) 1.0000
Co(2) 0.8280(2) 0.21320(10) 0.05531(9) 4.68(5) 1.0000
O(1) 0.8999(9) 0.3817(5) -0.0152(4) 5.4(3) 1.0000
02) 0.7815(8) 0.2874(5) -0.0132(4) 4.7(2) 1.0000
0Q3) 0.9400(9) 0.2978(5) 0.0508(4) 5.3(3) 1.0000
N(D) 0.616(1) 0.3513(7) -0.1366(6) 5.1(4) 1.0000
N(2) 0.759(1) 0.4698(6) -0.1299(5) 4.9(3) 1.0000
N(3) 0.854(1) 0.3085(6) -0.1335(5) 4.7(3) 1.0000
N4) 0.599(1) 0.4027(7) -0.0271(7) 6.3(4) 1.0000
N(5) 0.684(1) 0.1385(6) 0.0423(5) 4.5(3) 1.0000
N(6) 0.880(1) 0.1503(6) 0.1268(5) 4.8(3) 1.0000
N(7) 0.904(1) 0.1383(7) -0.0059(6) 5.8(4) 1.0000
N(8) 0.678(1) 0.2548(7) 0.1113(6) 5.4(4) 1.0000
C() 0.630(2) 0.389(1) -0.1891(10) 13.0(9) 1.0000
C(2) 0.677(1) 0.4645(9) -0.1744(8) 6.6(5) 1.0000
C(3) 0.649(1) 0.519(1) -0.2119(7) 6.7(5) 1.0000
C4) 0.719(2) 0.5801(9) -0.2044(8) 6.2(5) 1.0000
C(5) 0.803(2) 0.5826(9) -0.1608(7) 6.4(5) 1.0000
C(6) 0.823(2) 0.5286(8) -0.1244(7) 6.0(5) 1.0000
C(7) 0.921(3) 0.531(1) -0.0755(9) 15.1(9) 1.0000
C(8) 0.638(2) 0.276(1) -0.1464(10) 10.1(7) 1.0000
C9) 0.771(2) 0.261(1) -0.1533(7) 5.8(5) 1.0000
C(10) 0.799(2) 0.199(1) -0.1748(8) 7.3(6) 1.0000
C(11) 0.922(4) 0.180(1) -0.1765(9) 9.5(8) 1.0000
C(12) 1.010(2) 0.227(2) -0.158(1) 9.7(9) 1.0000
C(13) 0.977(2) 0.292(1) -0.1362(8) 7.1(6) 1.0000



Table 1 (continued). Atomic coordinates, Biso/Beq and occupancy

atom X y Z Beq oce

C(14) 1.068(2) 0.345(1) -0.113(1) 12.2(8) 1.0000
C(15) 0.496(2) 0.361(1) -0.1160(9) 12.0(8) 1.0000
C(16) 0.501(2) 0.3643(9) -0.0490(8) 6.2(5) 1.0000
C(17) 0.402(2) 0.342(1) -0.016(1) 8.0(7) 1.0000
C(18) 0.405(3) 0.365(2) 0.041(1) 9.2(9) 1.0000
c(9) 0.498(4) 0.406(2) 0.0602(10) 9.8(9) 1.0000
C(20) 0.601(2) 0.424(1) 0.028(1) 7.9(7) 1.0000
c@2n 0.700(3) 0.471(1) 0.0511(10) 12.0(9) 1.0000
C(22) 0.708(1) 0.0810(8) 0.0834(7) 5.8(4) 1.0000
C(23) 0.801(1) 0.0960(8) 0.1322(7) 4.7(4) 1.0000
C(24) 0.808(2) 0.0552(9) 0.1804(8) 7.4(6) 1.0000
C(25) 0.897(2) 0.068(1) 0.2236(8) 8.1(6) 1.0000
C(26) 0.977(2) 0.122(1) 0.2166(8) 6.6(5) 1.0000
C(27) 0.970(1) 0.1606(8) 0.1692(7) 4.9(4) 1.0000
C(28) 1.065(2) 0.2178(9) 0.1627(8) 7.4(5) 1.0000
C(29) 0.689(2) 0.1160(9) -0.0180(8) 6.2(5) 1.0000
C(30) 0.816(2) 0.098(1) -0.0337(8) 6.1(5) 1.0000
C(31 0.844(3) 0.046(1) -0.0694(9) 8.5(7) 1.0000
C(32) 0.971(3) 0.038(1) -0.083(1) 10.0(9) 1.0000
C(33) 1.058(2) 0.077(2) -0.056(1) 9.5(9) 1.0000
C(34) 1.025(2) 0.1284(10) -0.0166(9) 6.8(6) 1.0000
C(33) 1.126(2) 0.173(1) 0.010(1) 10.1(7) 1.0000
C(36) 0.567(2) 0.1721(9) 0.0523(8) 6.4(5) 1.0000
C(37) 0.571(2) 0.2155(9) 0.1056(8) 5.8(5) 1.0000
C(38) 0.478(2) 0.220(1) 0.143(1) 7.7(6) 1.0000
C(39) 0.492(2) 0.266(1) 0.1870(9) 8.2(7) 1.0000
C(40) 0.594(2) 0.308(1) 0.1950(9) 7.7(6) 1.0000
C(41) 0.685(2) 0.298(1) 0.1550(10) 6.0(5) 1.0000
C(42) 0.798(2) 0.339(1) 0.1653(8) 8.3(6) 1.0000
C(43) 0.875(1) 0.3259(9) 0.0076(7) 4.5(4) 1.0000
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Table 1 (continued). Atomic coordinates, Biso"'Beq and occupancy

atom X y z Beq occ

CKD) 0.3805(4) 0.1446(3) -0.1333(3) 7.9(1) 1.0000
Cl(2) 0.7345(6) -0.0238(4) -0.2594(4) 12.0(2) 1.0000
04) 0.281(2) 0.105(1) -0.1470(8) 14.4(5) 1.0000
O(5) 0.489(2) 0.1280(9) -0.1541(8) 12.8(5) 1.0000
O(6) 0.384(1) 0.1858(9) -0.0867(7) 11.6(4) 1.0000
O(7) 0.341(2) 0.202(1) -0.179(1) 8.2(6) 0.5000
0O(8) 0.380(4) 0.083(3) -0.086(2) 17(1) 0.5000
O(9) 0.634(2) 0.006(1) -0.296(1) 8.9(6) 0.5000
0(10) 0.662(4) 0.036(2) -0.239(2) 15(1) 0.5000
o) 0.799(3) 0.012(2) -0.214(1) 13.3(8) 0.6000
0(12) 0.865(5) 0.004(3) -0.269(2) 9(1) 0.3000
0(13) 0.820(4) -0.037(2) -0.308(2) 17(1) 0.6000
O(14) 0.701(3) -0.100(2) -0.256(1) 9.3(7) 0.5000
O(15) 0.681(2) -0.063(1) -0.209(1) 16.7(7) 1.0000
o(16) 0.437(2) 0.029(1) - 0.1318(9) 17.3(7) 1.0000
H(1) 0.6895 0.3654 -0.2110 15.6050 1.0000
H(2) 0.5521 0.3905 -0.2105 15.6050 1.0000
H(3) 0.5851 0.5153 -0.2416 8.0323 1.0000
H(4) 0.7064 0.6185 -0.2298 7.4041 1.0000
H(S) 0.8519 0.6237 -0.1549 7.7122 1.0000
H(6) 0.8826 0.5247 -0.0404 18.1102 1.0000
H(7) 0.9809 0.4959 -0.0802 18.1102 1.0000
H(8) 0.9609 0.5756 -0.0752 18.1102 1.0000
H(9) 0.6114 0.2503 -0.1145 12.1328 1.0000
H(10) 0.5907 0.2616 -0.1801 12.1328 1.0000
H(11) 0.7348 0.1678 -0.1886 8.7876 1.0000
H(12) 0.9450 0.1355 -0.1902 11.4236 1.0000
H(13) 1.0956 0.2159 -0.1598 11.6459 1.0000
H(14) 1.1510 0.3291 -0.1168 14.6819 1.0000
H(15) 1.0564 0.3878 -0.1336 14.6819 1.0000
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Table 1 (continued). Atomic coordinates, Biso/Beq and occupancy

atom X v z Beq oce

H(16) 1.0559 0.3534 -0.0736 14.6819 1.0000
H(17) 0.4620 0.4035 -0.1310 14.3580 1.0000
H(18) 0.4439 0.3234 -0.1287 14.3580 1.0000
H(19) 0.3366 0.3132 -0.0315 9.6179 1.0000
H(20) 0.3412 0.3518 0.0651 10.9908 1.0000
H(21) 0.4962 0.4236 0.0980 11.8024 1.0000
H(22) 0.7793 0.4494 0.0483 14.4323 1.0000
H(23) 0.6980 0.5134 0.0297 14.4323 1.0000
H(24) 0.6877 0.4810 0.0902 14.4323 1.0000
H(25) 0.6315 0.0690 0.0989 6.9550 1.0000
H(26) 0.7385 0.0423 0.0629 6.9550 1.0000
H(27) 0.7510 0.0179 0.1839 8.8810 1.0000
H(28) 0.9032 0.0394 0.2572 9.6698 1.0000
H(29) 1.0396 0.1325 0.2461 7.8842 1.0000
H(30) 1.1462 0.1981 0.1637 89114 1.0000
H@T1) 1.0481 0.2409 0.1271 89114 1.0000
H(32) 1.0602 0.2503 0.1931 39114 1.0000
H(33) 0.6370 0.0762 -0.0238 7.4224 1.0000
H(34) 0.6582 0.1528 -0.0421 7.4224 1.0000
H(35) 0.7807 0.0161 -0.0852 10.2270 1.0000
H(36) 0.9922 0.0044 -0.1111 11.9682 1.0000
H(37) 1.1437 0.0704 -0.0635 11.4492 1.0000
H(38) 1.1268 0.1686 0.0508 12.1002 1.0000
H(39) 1.2045 0.1574 -0.0023 12.1002 1.0000
H(40) 1.1127 0.2198 -0.0006 12.1002 1.0000
H(41) 0.5442 0.2012 0.0205 7.6726 1.0000
H(42) 0.5050 0.1370 0.0555 7.6726 1.0000
H(43) 0.4051 0.1919 0.1384 92129 1.0000
H(44) 0.4281 0.2691 0.2134 9.7898 1.0000
H(45) 0.6032 0.3420 0.2249 9.2963 1.0000
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H(46) 0.8676 0.3084 0.1721 9.9394 1.0000
H(47) 0.8112 0.3669 0.1327 9.9394 1.0000
H(48) 0.7905 0.3679 0.1978 9.9394 1.0000

Beq = 8/3 nz(Ul 1(21.&1”‘)2 + Uzz(bb*)2 + U33(cc*)2 +2Uq2(aa*bb*)cos y + 2U 3(aa*cc*)cos B +
2U23(bb*cc*)cos o)

Table 2. Anisotropic Displacement Parameters

atom Utt U22 U33 Ui2 Ui3 U23
Co(1) 0.071(1) ~ 0.057(1)  0.050(1)  -0.007(1)  -0.012(1)  0.008(1)
Co(2) 0.062(1)  0.050(1)  0.065(1)  -0.0005(10) -0.005(1)  0.011(1)
o(1) 0.078(7)  0.056(7)  0.066(7)  -0.018(5)  -0.027(5)  0.024(6)
0(2) 0.058(6)  0.056(6)  0.061(6)  0.000(5)  -0.013(5)  0.006(5)
03) 0.073(6)  0.061(7)  0.063(7)  -0.017(5) -0.014(6)  0.005(6)
N(1) 0.049(7)  0.067(10)  0.08(1) -0.006(6)  -0.003(7)  0.012(8)
NQ2) 0.080(8)  0.058(9)  0.046(8)  -0.013(7)  -0.007(7)  0.014(7)
N(@3) 0.045(8)  0.082(10) 0.052(8)  -0.005(7)  -0.005(6)  0.002(7)
N(4) 0.12(1) 0.057(9)  0.06(1) 0.010(8)  0.001(9)  -0.008(8)
N(5) 0.057(8)  0.054(8)  0.059(9)  -0.009(6)  0.004(6)  0.001(7)
N(6) 0.068(8)  0.051(8)  0.061(9)  0.002(7)  -0.008(7) 0.011(7)
N(7) 0.060(9)  0.07(1) 0.09(1) 0.019(8)  0.021(9)  0.015(8)
N(8) 0.09(1) 0.047(8)  0.06(1) 0.022(8)  0.005(8)  0.000(8)
C(1) 0.14(2) 0.21(3) 0.13(2) -0.082)  -0.08(2)  0.12(2)
C(2) 0.07(1) 0.09(1) 0.09(1) -0.029(10)  -0.008(10)  0.06(1)
C(3) 0.07(1) 0.10(2) 0.08(1) 0.02(1) 0.007(9) 0.03(1)
C(4) 0.11(1) 0.04(1) 0.08(1) 0.02(1) 0.02(1) 0.027(10)
C(5) 0.13(1) 0.06(1) 0.06(1) -0.02(1)  -0.02(1)  0.007(10)
C(6) 0.13(1) 0.04(1) 0.06(1) -0.021(10)  -0.003(10)  0.014(9)
C(7) 0.30(3) 0.13(2) 0.12(2) -0.132)  -0.142)  0.06(2)
C(8) 0.08(1) 0.12(2) 0.17(2) 0.00(1) -0.04(1)  -0.06(2)
C(9) 0.07(1) 0.08(1) 0.07(1) 0.01(1) -0.003(9)  -0.02(1)
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C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
C(19)
C(20)
c@n
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
Cc@31
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)

0.10(2)
0.18(3)
0.10(2)
0.07(1)
0.06(1)
0.08(1)
0.08(1)
0.09(2)
0.12Q2)
0.17(3)
0.12(2)
0.20(3)
0.07(1)
0.068(10)
0.13(2)
0.13(2)
0.08(1)
0.07(1)
0.08(1)
0.09(1)
0.10(1)
0.19(2)
0.17(3)
0.122)
0.12(2)
0.09(1)
0.09(1)
0.06(1)
0.07(1)
0.13(2)
0.10(2)

0.10(2)
0.10(2)
0.18(3)
0.13(2)
0.25(3)
0.27(3)
0.07(1)
0.09(2)
0.13(2)
0.14(2)
0.10(2)
0.13(2)
0.07(1)
0.043(10)
0.08(1)
0.12(2)
0.09(1)
0.05(1)
0.09(1)
0.07(1)
0.08(1)
0.07(1)
0.102)
0.11(2)
0.05(1)
0.13(2)
0.08(1)
0.07(1)
0.11(2)
0.11(2)
0.11(2)

0.08(1)
0.08(2)
0.10(2)
0.07(1)
0.15(2)
0.11(2)
0.09(1)
0.13(2)
0.11(2)
0.07(2)
0.08(2)
0.11(2)
0.08(1)
0.07(1)
0.07(1)
0.05(1)
0.08(1)
0.07(1)
0.10(1)
0.08(1)
0.06(1)
0.07(1)
0.122)
0.14(3)
0.09(2)
0.18(2)
0.08(1)
0.09(2)
0.11(2)
0.08(2)
0.08(2)

142

0.02(1)
0.04(2)
0.07(2)
0.02(1)
-0.05(2)
-0.06(2)
0.01(1)
0.02(1)
0.06(2)
0.09(2)
0.08(1)
0.04(2)
-0.019(9)
-0.004(8)
-0.01(1)
0.01(1)
0.01(1)
-0.003(8)
0.00(1)
-0.004(10)
-0.01(1)
0.01(2)
0.04(2)
0.042)
0.01(1)
0.00(1)
0.00(1)
0.01(1)
0.01(1)
0.05(2)
0.01(1)

0.02(1)
0.00(2)
0.01(1)
-0.01(1)
0.00(1)
0.02(1)
0.04(1)
0.03(2)
0.05(2)
0.03(2)
0.02(2)
-0.06(2)
-0.011(9)
0.027(9)
0.03(1)
-0.02(1)
0.008(10)
0.007(9)
-0.03(1)
0.01(1)
0.01(1)
0.04(1)
0.09(2)
0.05(2)
0.03(1)
0.06(1)
0.02(1)
0.02(1)
0.02(1)
0.04(1)
-0.02(1)

-0.01(1)
0.00(1)
0.02(2)
0.02(1)
-0.022)
0.11(2)
0.00(1)
0.02(2)
0.05(2)
0.00(2)
0.03(2)
-0.05(2)
-0.01(1)
0.004(9)
0.03(1)
0.04(1)
0.02(1)
0.022(9)
0.04(1)
0.00(1)
0.01(1)
0.00(1)
0.02(2)
0.06(2)
0.01(1)
0.00(2)
0.00(1)
0.02(1)
-0.01(2)
0.01(1)
0.00(1)



C1) 0.06(1) 0.08(1) 0.09(2) -0.01(1) 0.01(1) 0.00(1)

C(42) 0.15(2) 0.09(1)  0.08(1) 0.04(1) 0.01(1) 0.00(1)
C(43) 0.07(1) 0.05(1)  0.05(1)  -0.005(9)  -0.007(8)  0.004(9)
CI(1) 0.0793)  0.100(4)  0.123(4)  -0.0253) 0.017(3)  -0.041(4)
Cl2) 0.114(5)  0.151(7)  0.189(8)  0.0194)  -0.011(5)  0.001(6)

The general temperature factor expression:

exp(-2n2(a*2U] 1h2 + b*ZUzzk2 + c*2U33l2 + 2a*b*Uohk + 2a*c*U|3hl + 2b*c*Up3kl))

Table 3. Bond Lengths(A)

atom atom distance atom atom distance
Col 0))| 1.944(8) Col NI 2.06(1)
Col N2 2.11(1) Col N3 2.18(1)
Col N4 2.16(2) Co2 02 2.17009)
Co2 03 2.004(9) Co2 N5 2.07(1)
Co2 N6 2.10(1) Co2 N7 2211
Co2 N8 2.25(1) ol C43 1.23(2)
o2 C43 1.29(2) o3 C43 1.29(2)
N1 Cl 1.43(2) N1 C8 1.49(2)
NI Cl15 1.38(2) N2 C2 1.30(2)
N2 Cé 1.31(2) N3 C9 1.31(2)
N3 C13 1.32(2) N4 Cl6 1.33(2)
N4 C20 1.34(2) NS C22 1.47(2)
N5 C29 1.47(2) N5 C36 1.41(2)
N6 C23 1.34(2) N6 Cc27 1.32(2)
N7 C30 1.33(2) N7 C34 1.30(2)
N8 C37 1.33(2) N8 C41 1.31(2)
Cl C2 1.57(3) Cc2 C3 1.38(2)
C3 C4 1.38(2) C4 Cs 1.29(2)
Cs5 Cé 1.35(2) Cé C7 1.47(2)
C8 Cc9 1.42(2) C9 C10 1.35(2)
C10 Cl1 1.32(3) Cll C12 1.34(3)
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c12 C13 1.40(3) C13 Cl4 1.47(3)

Cl5 Clo6 1.56(3) Cl6 C17 1.39(3)

C17 C18 1.39(3) Cl18 C19 1.30(3)

cl9 C20 1.39(3) C20 C21 1.45(3)

C22 C23 1.46(2) C23 C24 1.37(2)

C24 C25 1.34(2) C25 C26 1.36(2)

C26 C27 1.33(2) C27 C28 1.49(2)

C29 C30 1.43(2) C30 C31 1.34(2)

C31 C32 1.38(3) C32 C33 1.31(3)

C33 C34 1.41(3) C34 C35 1.46(3)

C36 C37 1.50(2) C37 C38 1.35(2)

C38 C39 1.35(3) C39 C40 1.34(3)

C40 C41 1.38(3) C41 C42 1.42(2)

Ccl 04 1.30(2) CHl (08 1.30(2)

Cll 06 1.34(2) Cll 07 1.56(3)

Cll 08 1.63(5) CI2 09 1.42(3)

CI2 010 1.47(4) CI2 011 1.39(3)

Cl2 o12 1.48(5) CI2 O13 1.51(4)

CI2 014 1.50(3) CI2 Ol5 1.53(2)

Table 4. Bond Angles(©)

atom atom atom angle atom atom atom angle
Ol Col N1 164.4(5) Ol Col N2 113.9(4)
Ol Col N3 97.2(4) Ol Col N4 99.3(5)
NI Col N2 81.0(5) NI Col N3 75.1(5)
N1 Col N4 81.6(6) N2 Col N3 98.5(5)
N2 Col N4 100.2(5) N3 Col N4 147.3(5)
02 Co2 03 61.7(3) 02 Co2 N5 103.2(4)
02 Co2 N6 174.04) 02 Co2 N7 91.3(4)
02 Co2 N8 94.04) O3 Co2 N3 164.9(4)
03 Co2 N6 113.2(4) O3 Co2 N7 105.0(5)
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03
NS5
N6
N7
Co2
Col
Col
Cl
Col
Cc2
Col
Col
Clé

c22

Cll
N3
NI

C10
C12
C13
Cl5

N8
N7
N7
N§

Cl
CIS
CI5

C10
Cll
C13
Ci4
C16

99.8(5)
75.0(5)
93.1(4)
154.2(6)
88.8(9)
109.1(10)
111(1)
112(1)
112(1)
116(1)
130(1)
107(1)
119(1)
105.7(9)
112(1)
112(1)
129(1)
115(1)
117(1)
132(1)
109(1)
122(1)
118(1)
121(1)
114(1)
111(1)
126(1)
119(1)
1232)
114(2)
112(1)

N5
NS5
N6
Col
Co2
Col

C10

C12
N4
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Co2
Co2
Co2

Ol

NI
NI
NI
N2
N3
N3
N4
NS
NS5
N5
N6
N6
N7
N8
N§
C2
C2
C4
Cé
C6
C9
Cc9
Cl1l
Cl3
CI3
Cl6

N6
N8
N8
C43
C43
C8
C8
Cl5

Cl10
Cl2
C12
Cl4
Cl5

81.8(5)
79.2(5)
83.8(4)
98.5(8)
96.4(9)
105.1(9)
109(1)
109(1)
130.9(10)
110(1)
115(1)
128(1)
109.8(8)
106.1(10)
109(1)
113.5(10)
116(1)
127(1)
110(1)
115(1)
114(1)
121(1)
116(1)
123(1)
121(1)
116(1)
117(1)
116(2)
119(1)
126(2)
111(1)



N4 Cl16 C17 121(1) Cls Cl6 C17 124(2)
Cl6 C17 C18 117(2) C17 C18 C19 119(2)
CI18 CI19 C20 122(2) N4 C20 C19 119(2)
N4 C20 C21 120(2) Cl19 C20 C21 120(2)
N5 C22 C23 115(1) N6 C23 C22 116(1)
N6 C23 C24 121(1) C22 C23 C24 121(1)
C23 C24 C25 120(1) C24 C25 C26 116(1)
C25 C26 C27 122(1) N6 C27 C26 122(1)
N6 C27 C28 117(1) C26 C27 C28 119(1)
N5 C29 C30 114(1) N7 C30 C29 110(1)
N7 C30 C31 124(1) C29 C30 C31 125(2)
C30 C31 C32 119(2) C31 C32 C33 117(2)
C32 C33 C34 121(2) N7 C34 C33 120(1)
N7 C34 C35 120(2) C33 C34 C35 118(2)
N5 C36 C37 114(1) N8 C37 C36 111(1)
N8 C37 C38 121(1) C36 C37 C38 126(1)
C37 C38 C39 119¢1) €38 C39 C40 122(2)
C39 C40 C41 112(1) N8 C41 C40 127(1)
N8 C41 C42 118(2) C40 C41 C42 113(2)
01 C43 02 120(1) 01 C43 03 126(1)
02 C43 03 112(1)

Table 5. Non-bonded Contacts out to 3.60 A

atom atom distance  ADC atom atom distance ~ ADC
2 Ol6 3.58(2) 65503 ) C7 3.182) 76503
04 C33 3.29(3) 45501 04 C24 3.29(3) 65503
04 C4 3.50(3) 64402 05 C8 3.23(3) 1

05 Cl10 3.55(3) 1 06 C17 3.43(3) 1

06 C8 3.52(3) 1 o7 C8 3.42(3) 1

07 Cl2 3.53(3) 45501 014 Cl 3.58(3) 64402
08 C22 3.28(5) 65503 08 C33 3.45(5) 45501
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08
09
09
010

C29

3.52(5)
3.33(3)
3.58(3)
3.35(4)
3.44(4)
3.47(4)
3.56(4)
3.12(5)
3.18(5)
3.46(4)
3.58(4)
3.25(3)
3.47(3)
3.49(3)

(HX, Y,
3)-X, -V,

64402
55404
64402

75503

75503
74402
75503
64402

55404
55404

09

09

09

O10
Ol1
Oll1
012
012
013
Ol4
014
Ol6
C3

Clo

Cl

C40
C40
C32
C25
C25
Ca2
C26
C26
Ole6
C31
C24
C40

Symmetry Operators:

4
-Z
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2)-X,
(DX,

296(3) 64402
3.54(4) 64402
3.59(4) 55404
341(5) 55404
346(5) 1

3.52(4) 75503
2.94(5) 75503
3.44(5) 55404
331(4) 75503
3.41(3) 75503
3.58(4) 65503
3.47(3) 65503
3.42(3) 55404
3.58(3) 55404

12+Y, 172-Z
122-Y,  12+2Z
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