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COPPER COMPLEXES OF DIMUCLEATIHG OCTA-AZAMACROCYCLIC LIGANDS 
bv KEITH PHILIP DAWCEY

Abstract

The synthesis of mono and dinucleating ligands and their 
copper complexes are described. Three types of dinacleating 
tetraimine macrocycles have been prepared from 4»7-diasa- 
2,3j8,9-dibenzodecane-l,10-dione by condensation with the 
appropriate polyamine; I, large-ring octa-aza macrocycles e.g. 
the 28—membered ring compound 5»6f7f8fl5fl6f23r24f25»26f33#34— 
dodecahydrotetrabenzoCe fm^ s»a *][lf4fSfllr15118 $ 22 ̂ 25loctaaza— 
cyclooctacosine and” reTated 30- and 36-membered ring 
compounds; II, the "fused" bis(tetra-azamacrocycle) 5,6,7,8, 
22,23,24,25-octahydrotetrabenzolf,f• lbenzoll,2-bx4,5-b*1- 
bi8ll,4,8,llltetraazacyclotetradecine; III, the "Linked" 
bis(tetra-azamacrocycle) 5,6,7,8,24,25,26,27-octahydrotetra- benzo[f,fM,l’ldiphenyl[3,4-bi3*,4*-b«lbi8[l,4,8,llltetraaza-
cyclotetradecTne. For the type I and III ligands reduction of 
the imine linkages yielded the related octa-amines. The 
preparation of copper complexes is described. For many of the 
neutral copper complexes (formed by deprotonation of anilino 
nitrogen atoms) a novel synthetic route had to be used to 
overcome problems associated with the very low solubility of 
both ligand and complex.An alternative route was investigated to other linked 
tetra-imines (type III) by reacting two moles of the amino- substituted macrocycle 17,18,19,20-tetrahydro-9-aminotribenzo- 
(e,i,m)(l,4,8,ll)tetra-azacyclotetradecine with one mole of 
dTac^ halide. The most successful example of this type 
involved oxalyl dichloride. A mixture containing a number of 
high molecular weight species (including large-ring polyaM 
macrocycles of type I) was obtained from the reaction of 4,7- 
diaza-2,3;8,9-dibenzodecane-l,10-dione with hydrazine hydrate.

A dinuclear copper complex which was isolated a * ^ 
diperchlorate salt from the 2s2 reaction of 1,6-diformald- 
oxime-4-methylphenol with copper(II) perchlorate has »een 
shown to have a pseudo-macrocyclic structure (type IV) by 
virtue of intramolecular hydrogen bonding.Single crystal X-ray structure determinations are 
reported for three biscopper complexes (types I and IV), one 
monocopper complex, and one metal-free dinucleating ligand 
(type 1). Comparison are made with structures of a 
closely related compounds which have been determined recently 
at the Polytechnic of North London. In the cationic complexes, 
isolated as the perchlorate salts, three different types of 
enviroment have been found for the CIO4" groups and these are
correlated with infrared spectra.Magnetic data (obtained at University of North ^rolina) 
are presented which indicate subnormal magnetic moments due to 
direct and/or superexchange interactions between copper ion 
in many of the dinuclear complexes.
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ChaotT 1 

Introduction

1.1 Generali

The work decribed in this thesis was carried out in 
collaboration with ICI Organics Division under a CASE 
Studentship# and involves the design and synthesis of 
dinucleating ligands and their copper complexes. Dinuclear 
complexes have been much studied recently because of their 
biological significance^ and/or their potential as oxidation 
catalysts in the fine chemicals industry.
The background to these two areas is surveyed in section 1.2 
and 1.3 below. Synthetic model systems for binuclear copper 
sites ^n vivo are considered in section 1.4. The general 
aims# a description of the systems studied and the layout of 
the thesis are described in chapter 2.

A feature of interest in such complexes is the 
possibility of copper to copper interaction (direct or via 
bridging ligands) as judged by various physical techniques 
including X-ray structural determination# BPR measurements 
and magnetic data. The complexes were tested for solution 
stability which indicates their suitability for testing as 
oxidation catalysts. The complexes prepared are also 
discussed where appropriate as possible models for copper- 
copper interaction in ensymes and proteins.



X,2 Biological Signiflcapca.

Three distinct forms of copper found in biological 
gy8^0ins can be identified^!

Type 1 Cû **“ <or blue cupric). This is characterised by
unigue and apparently inseparable properties! an intense 

multi-banded absorption envelope in the region of 600 nm and 
an EPR spectrum having an unusually small hyperfine coupling
constant.

Type 2 Cû **“. This form of copper is present in all
blue multi-copper oxidases# but is lacking sufficient 
optical absorption to be observed above that of other 
copper-chromophores in these molecules.

Type 3 Cu. This form of copper is also found in all 
multi-copper oxidases and is charaterised by 1) its ability 
to act as a two electron acceptor/donor system# 2) an 
absorption band at 330nm# 3) the lack of an EPR spectrum# 
and 4) its non-paramagnetic nature over a wide range of 
temperatures. This centre appears to consist of two Cu 
ions# in close proximity# which are strongly 
antiferromagnetically coupled.

1.2.1 Copper Proteins Containing Single or Independent 
Centres.

Certain species of bacteria# non-photosynthetic plant 
material and chloroplasts have been found to contain 
relatively low molecular weight proteins hawing either a 
single or two identical and independent copper centres.
Examples of these proteins arei

1) Asurins^f originally named by Sutherland and



Wilkinson^ in 1963. Proteins of this clsss which have 
received most attention were isolated from four bacterial 
speciess psuedomonas aeruginosa, ps. flurescens, ps. 
denitrificans and bordetella pertussis.

2) Stellacyanin^r umecyanin^ and mung bean blue protein^ 
all of which are isolated from non-photosynthetic plant 
tissue.

3) Plastocyanin^, found exclusively in chloroplast when 
its involved in electron transfer from photosystem II to 
photosystem I.

1.2.2 Multicopper Oxidase

Multi-copper oxidases are ensymes which in addition to
Aa blue centre contains several other coppers per molecule . 

The different classes of this type of ensyme are laccase, 
ceruloplasmin and ascorbic acid oxidase, and these ensymes 
catalyse the general reactions:

2AH2 * 0 2 ------ 2h + 2H2O 2 x 2e” reduction
4A“ +4H'*' + O2 -----► 4A 2H2O 4 X le* reduction

1.2.2.1 Laccase

Laccases catalyse the oxidation of a variety of 
materials^ including p-diphenols according to the reaction 
shown in scheme 1.1.



OH

y + 02 4H90

m

Scheme 1.1

The name laccaee was given to the latex of the lac tree 
*rhu8 succeddanea* by 6. Bertrand^O 1894. Since then many 
types of laccases have been studied, and will be referred to 
later on in the text.

In studying proteins, to establish the nature of multi* 
copper sites, model systems are often compared to the 
proteins. The type of results which are used for comparison 
are those suggesting protein mediated Cu*Cu interaction 
where perturbation at one copper site influences the proper
ties of another.

1.2.2.2 Ceruloplasmin

It was observed by Holmberg^^ that a particular serum 
protein fraction which was bluish in colour possessed 
oxidase activity toward p-phenylene diamine, p-cresol and 
catechol. The blue protein was purified by Holmberg and 
Laurell^^ and given the name ceruloplasmin. The exact role 
that ceruloplasmin plays in mammalian organism is unknown, 
although it is believed to be required for the efficient 
incorporation of iron into transferrin^^, and that it is an 
essential component of copper mobilisation^^« The mechanism 
of the oxidase activity is very complex but some overall



features of the reaction have become established: (a) Types
1 and 3 Cu are involved in the oxidation-reduction cycle and
it is possible that other copper ions are likewise involved.
(b) The catalytic role is independent of the nature of the
substrate, (c) The form of ensyme that can react with O2

-6does so with a very high affinity (Kq|02 ■ 4 x 10 mA). (d) 
The reaction between O2 and fully reduced ensyme results in 
formation of the complex composed of the elements of oxygen 
and enzyme which absorb at 420nm radiation.

1.2.2.3 Ascorbate Oxidase

Ascorbate oxidase is obtained from vegetation such as 
cucumber^^ (Cucumis salivus) and the courgette^® (Cucurbita 
pepo medullosa). The reaction^^ catalysed, by ascorbate 
oxidase is shown in scheme 1.2 for which it shows a strong 
but not absolute specificity^^*^.

+  0,

The characterisation of ascorbate oxidase has not been as 
thorough as that of ceruloplasmin or the laccases due to the 
greater difficulty in purifying large enough quantities. 
However, recent developments^®*'^® have allowed measurements 
which show a similarity of the Cu-binding sites to those of



the other blue multicopper oxidases.

1.2.3 Tyrosinase

Tyrosinase is an ensyme isolable from the common 
commercial mushroom (Agaricus bisporus)^^. The ensyme is an 
oxygen* and 4 electron-transferring phenol oxidase which 
catalyses phenol o*hydroxylation and dehydrogenation in 
plants and animals^^. The active site of the ensyme is 
postulated^^ to contain a pair of antiferromagnetically 
coupled Cu(II) ions, for the following reasons; (a) There is 
a lack of any EPR absorption^^^. (b) The apoensyme can be 
wholly reconstituted with Cu(II) to an active product without 
an EPR signal^^, and that on reaction with H202r tyrosinase 
forms an O2- and NO- binding compound which has chemical and 
spectroscopic characteristics similar to those of the 
bicuproprotein hemocyanin^^.

1.2.4 Hemocvanin

Hemocyanin is a copper-containing dioxygen-binding 
protein^^ found in the plasma of certain types of inverteb
rate^^, cephalopoda (molluscs) and xiphosura, arachnida and 
Crustacea (anthropods). The deoxy form is colourless, but 
the absorption spectrum of the blue oxy form, which contains 
the copper-oxygen complex, consists of an intense (€ z IC**̂  
N'^cm'^) band near 340 nm and a weaker band near 570 nm^^. 
In the oxy form the oxygen binds as peroxide^** and there
fore the coppers are formally coi^r(II). The lack of an BPR 
signal is due to antiferromagnetic coupling between the 
coppers via an endogenous protein bridge****'*' •



Recent studies^^'^^® suggest a dinuclear copper(II) site 
(fig 1.1) having an endogenous and exogenous bridging 
ligands which mediate strong antiferromagnetism resulting in 
no paramagnetic behaviour.

L? L?

Cu Lu

/  %isHis

X ■ ^2 “̂ (oxyhemocyanin).
X * N3,OAc* (methemocyanin) 
R - ?

Pig 1.1 Structural representation of the oxyhemocyanin 
active site

1.2.5 Superoxide Dismutase

This protein has been purified from a variety of 
sources^^, including bovine and human erythrocyteSf bovine 
heart, yeast, escherichia coli^^» streptococcus mutans, 
wheat germ, summer squash, garden peas, neurospora crussa 
and chicken liver. The ensymes obtained from eucaryotic 
sources were uniformly blue-*green and contained copper and 
zinc. The bacterial superoxide dismutase had a molecular 
weight of 40000 and was composed of two subunits of identi
cal size, held together bynoacovalent forces^^.



X,3 Copper Complexée es Oxldetion Cetelysts

Copper(I) end Copper(II) selts heve been widely need ee 
catalysts for a variety of oxidation reactions. This aspect 
is important commercially in producing low cost materials in 
an increasingly competitive market. One such reaction is the 
aerial oxidation of aromatic amines to aso compounds which 
is catalysed by copper(I) chloride in pyridine (see below).

2ArNH2 •»' O2 CCU2Cl2^ Ar-N-N-Ar + 2H2O
/pyridine

701̂ 0111iev et al^^ found that for effective catalysiSf 
pyridine could not be replaced by other solvents such as 
dioxan, alcohol, dichloromethane or quinoline, and that 
other copper(I) or copper(II) compounds were inactive. 
Copper (I) chloride has also been used to catalyse the aerial 
oxidation of bensoin to bensil and subsequently to bensoic 
acid^^(scheme 1.3).



O t t O * ~  O r s - O

o-'Cu.OAc,,l__^

Scheme 1.3

Aerial oxidation of 1,2-diaminobeniene^'^ and catechol^® to 
give cistcia-muconitrile and cia^cia-monomethylmuconoate 
respectivly are catalysed by copper(I) chloride in pyridine 
(scheme 1.4). The reaction in each case involves ring 
fission.

CN

^ rCu2Cl2) ♦ 02 ^
- H 2O -t-MtOH '  V ^ C O O H  

fPf

Scheme 1.4
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Brackmann at al^* have lnveatl9ated the oxidation of 
monohydric phenola using molecular oxygen as the oxidant and 
copper( I D  aninee aa catalysts. These reactions are rapid at 
room temperature and may be applied to e variety of phenols 
using a number of different amines as catalysts.

Investigation by Roglc and Demmln*® into the nature of 
the copper species responsible for such ring cleavage 
reactions have revealed activity from binuclear copper 
complexes. The "copper reagent" was prepared by action of 
oxygen with four molar equivalents of copper(I) chloride in 
a pyridine solution containing five equivalents of methanol, 
and the active component is thought to be the dl-|i-methoxy 
and hydroxy bridged copper species (scheme 1.5).

HO.
(Ú

H
 ̂/ P »

Cu Cu Cu h Cu Cu

OH OMt HO

Scheme 1.5

The dimeric copper(II) methoxy hydroxy eyetem described 
by Rogic and Demmin is analogous to the copper containing 
centres in laccase^^ where two of the four copper(II)- 
centres in the fully oxidised laccase exist as an EPR- 
nondetectable copper(ID pairs The absence of an BPR signal 
in this system was also attributed to total antiferromag
netic coupling of the unpaired spins on the two adjacent 
copper(II) centerss This non-eniymatlc reaction sequence for 
the cleavage of the carbon-carbon bonds in the absence of

11



molecular oxygen is not evidence that eniymatic reactions 
proceed by such a reaction but must be considered an 
alternative to the widely accepted^^ mechanistic scheme 
based on ensymatlc activation of molecular oxygen. The 
ability for binuclear copper complexes to act as specific 
oxidising catalysts, providing low energy routes to produce 
low cost materials will be of great commercial Interest. The 
activity of catalysts such as 'CuR* may depend on direct or 
super exchange Interactions between the two copper atoms. In 
order to control the separation and disposition of the two 
copper centres It Is necessary to use relatively rigid
multldentate ligands.

1.4 Copper Complexes as Models for Copper Containing 
Proteins

The information given In the previous section, outlines 
the physical properties of different types of copper 
protein. The types of copper site described In 1.2 above 
have been categorised In an attempt to help define the
structure of the copper site.

Many polynuclear copper complexes have been
synthesised, (some structually characterised) and then their
physical properties compared to those of a variety of
proteins, leading to postulations concerning the nature of
the copper sites. For example, there Is evidence for high
potential electron accepting sites in laccases. The reason
suggested for this phenomenon is the presence of copper(II)

19aatoms present as Cu-Cu pairs

12



1,4.1 «t«ci-3.5-t:rik«to)dicoPPT(II) CoMplexcj ÇuomQLo

CU2(«0)2

Several of these complexes have magnetic and spectral 
properties^® similar to type 3 coppers in metalloensymes. 
Fenton and Lintvedt^^ have investigated the electrochemistry 
of several of these complexes, and found they exhibit a two- 
electron reversible reduction of the Cu(II) ,Cu(II) complex 
to the Cud),Cud) product. Since the redox reactions of 
type 3 coppers involve a 2-electron transfer, then these 
compounds are suggested as potential mimics for type 3 
coppers in metalloensymes»
Note: While many binuclear copperdi) complexes have been 
shown to exhibit antiferromagnetism, very few are diamag
netic at room temperature such as CU2<TKO)2*

13



1^4.2 Amido-Bridqad Binuclaar Coopardl) Complax^

OOOOCO X y
H B

c o Q H

II NO
II Cl
■ P

Thi« range of complexes hae been atudied^^ for 
comparability to the metal centres in biological systems, 
particularly the copper/heme a3 site in cytochrome c 
oxidase^^. The magnetic data has been recorded, and the 
magnitude of the coupling constant used for the 
identificationVof bridging groups. Because the S3 site in 
cytochrome c oxidase shows similar coupling characteristics 
to those in model systems it was concluded^^ that this 
kind of bridge should be seriously considered as a 
possibility for the Cu-Cu sites in biological molecules.

1.4.3 iMia»«ol.t.-Briaa.d COPDT

It has been shown^"^* that by varying the pH, the bridge 
involving the imidaiolate group can be broken. This was 
attempted^^^ for two compounds, CU2bpim^'*’ (1.2) and 
((Me4dien>2CU2(i»HCl04)2l‘̂ C1.3). In these complexes the

14



bridge was stable but a new ligand system was devised 
leading to further complexes for study (fig 1.2).

N-

1.2

-Cu- N- û*

U3 N

HN<

H

Cu-

3+

r\—
Pig 1.2 An imidasolate-bridged dicopper(II) unit

The imidasolate-bridged dicopper(II) ion la stabilised 
by tb. macrocycl. (£lg 1.2>. •»« «ugg-.t.«** to «ho*
•ImiXar prop«rtl.s to thoM obs.tv.d in formn of th. bovln
erythrocyte superoxide dismutase protein^®.

Nany othar axampXaa of co»pX«caa aynth.slaad aa aodaXa
for tba bXna coppar alto ara avalXabXa**.

BinoeXoar C u U )  and C o d i )  coapXanaa bava baan 
aynthaaiaad by KarXin ** with a bridging pyridatina 
nucleusp as a model for metalloprotelnsa

IS



1,4.4 Copper hemocvanin model«■

IK

■-■Çu:
Et*OU4

2+

2BF4 X * N:

The elide complex 1.4, was found^^® to be fully diamag
netic at room temperature, which i« a rare occurence for 
copper(II) dimer«. This complex was proposed as a model for 
Cu(II) hemocyanin due to recent chemical and spectroscopic 
atudies^^® (section 1.2.4).

1,5 Complexes from the condensation of 2-Hydroxy-3-methyl 
inonaphthaldehyde with various diamines.

+  2 MH2 NH2

This basic structure (1.5, scheme 1.6) représente one
of the most intensely studied binucleating Systems? .
The electrochemical properties of a range of binuclear

49métal complexes hâve been investiga^ed by Gagne et al .

16



The magnetic properties of a wide range of blscopper 
complexes with monoatomic bridges (scheme 1.6) have been 
reported*!, thereby the degree of antiferromagnetic coupling 
is dependent on the Cu-O-Cu angle.

17
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Cham. 1970, 245 6176.
35. (a) Tarantiav,A.P. Bull. Soc. Chiiu (Pranca) 1924, 35,

1164. (b) Tarantiav,A.P., NogilyanakB. Doklady Akad Nagk 
(DSSR) 1955, 103, 91. (c) Tarantiav,A.P., Mogilyan-
sktt. Ji Gan. Cham. (USSR) 1958, 28 2002. (d) Tarantiav, 
A.P., Mogilyanaktt. J. Can. Cham^ (USSR) 1961, 31 298.

36. Kinoahita,K. Bull. Cham. Soç.. Japam 1959.32 777.
37. Takahaahi,H., Kajimoto,T., Taugi,J. Synthatic Communica^

tiona 1972, 2 181.
38. Takahashi,H., Tsugi,J. J», Amg. Çhsm«. Boga. 1974, 96 7349.
39. Brackmann,W., Havinga,B. Rac.̂  Trav. Çhigu 1955, 74 937, 

1021, 1070, 1100, 1107.
40. Dammin,T.R., Swardlof£,M.D., Rogifc,M.M., Aiu Chamg. 

Soc. 1981, 103, 5795 and ra£ tharin.
41. Sugiura,Y., Birayama,Y. Am. Cham. foç^ 1977, 99 1581.
42. (a) NcArdla,J.V., Coyla,C.L., Gray,H.B., Youada,G.S., 

Holvarda,R.A. Am*. Soc,. Cb^^^ 1979, 99, 2483. (b) 
Pattarson,G.8., Bolm,R.B. "Bioinorganig £h£iistr)¿, 
1975, 4, 257.

43. Barry,K.J., Black,D.St., Vandartalm,C.B.Bos., Moas,!., 
Murray,K.S. Inore. Chjm,. Agtia. 1980, 46, L21.

44. Landrum,J.T., Raad,C.A., Batano,K., 8chaidt,M.R. i. èSt

21



Chem. Soc. 1978» 100, 3232.
45. Cou9hlin,P.K.f Lipperd,S.J., Bolkovekl,J.B.

J. Am. Chem. Soc. 1980, 102, 7616.
46. Pridovich,!. Science. 1978, 201, 875.
47. (e) Kolke,G., Frlhert,C.R., Coughlin,P.K., Lipperd,S.J

Inorai ÇheiBi 1981, 20 2933. (b) Coughlin,P.K.,
Dewan,J.C., Lipperd,S.J., lfatenabe,B. Lehn,J.N. Anu 
Chem. Soc. 1979, 101, 265.

48. Addiaon,A.lf. Inoro. Bucl. Chenu L o t ^  1976, 12, 899.
49. Gagne,R.R., Koval,C.A., Smith,T.J., Cimolini,M.C. Ab|i. 

Chem. Soc. 1979, 101, 265.
50. croh.s.B.. lerael. Journal, of. Chem. 1977, 15, 277.
51. Hatfield,11.B. Commenta. Inorq. Chem. 1981, 1, 105.

22



Ch>Df r 2 Dinucleatlng ligand»

Type I Mono-bridged bi»-quadridentate system» 
Type II Multiply-bridged bis-quadridentate
systems
Type III Fused bis-quadridentate systems 
Type IV Large ring octadentate systems 
Systems for study
Synthesis of the precursor C2-dialdehyde 
Preparation of (2.16)
References

25

23



ChaptT 2

Dlnuclaatinq Uganda

A large number of dinucleating ligands and their metal 
complexes have been reported^ over the past few years. Many 
such complexes have had their physical properties compared 
to those of metallo proteins. A comprehensive review^ of 
dinucleating ligands appeared in 1977. In this section only 
those macrocyclic ligands with eight donor atoms are 
considered. The systems have been grouped into four classes 
as shown belowf depending on how the macrocyclic units are 
in c 0 rporated into the ligand. For two of these classes it 
is relevent to consider their non-cyclic analogues.

Type I Mono-bridged 
bis-quadridentate systems

Type II Multiply-bridged 
bis-quadridentate systems

Type III Fused 
bis-quadridentate systems

Type XV Large ring octadentate systems

Scheme 2.1
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/
2,1.1 Mono-brldqed bis-quadridcntata ayatemt (ty2e I).

Ligands of this type have a single point of attachment 
between the two halves of the ligand, and depending on the 
bridging moiety, may exhibit a a degree of flexibility. The 
ainucl.atin« non-cyclic ligand 2.1 wan praparad* from tha 
diamino bensidine precursor, and may show a degree of 
rotation about the single C-C bond. It has been reported^ 
that such a molecule will exist in the skew configuration. 
Other compounds may have longer bridging units which would 
show much more flexibility.

H
HN NH4̂̂

2.1

The coupling of two macrocyclic ligands gave^ the 
bisNi(II) complex 2.2 (scheme 2.2). The free ligand was not 
isolated.
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V r '

C - ^ ------>
» v A A  / \ / ^ / HN— V

Scheme 2.2

Other ligands and their copper complexes which fall 
into this class of bis-quadridentate systems are 2.3®, 2.4® 
and 2.5*̂ .

— n/ " ^ n

=Nv /N

:N
Nl N Cu N

tCl04)4

Ob ONH2 HH2 H2M
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The main problem with flexible linking is that the 
coupling of two macrocyclic ligands involving a single point 
of attachment on each ligand, may result in an undesired 
amount of flexibility. This creates problems in estimating 
the distance between the two coordinated metal atoms, and in 
solution more than one conformation of the structure may be 
possible.

2,1.2 Type II Multiolv-bridged bis^quadridentate systems

Multiple linking between two macrocycles results in 
rigid structures, which will hold two metal ions in fixed 
positions. Many cofacial porphryins fit into this category® 
(scheme 2.3). Variation of the bridging group can give a 
range of metal**metal contact distances.

‘N
:nh HN

'N-
H- Hr

NH2
1 XSCOQ2
2.*R

%

;nh

0=rC/
NH

VNH
hn:

Scheme 2.3

27



Condensation reactions with 
2,2*6,6*-tetra-aminobiphenyl and
2-hydroxy bensaldehyde has given 
the structure of a open chain 
binucleating ligand 2.6.

•o„ /)

N

2.6

2.1.3 III Fused bis-Quadridentate systems

These systems have at least two atoms common to the rings of 
both quadridentate units. They have the advantage over the 
mono-bridged previous systems that the ligands can be rigid 
and the bridging between the two metal atoms could consist 
of a aromatic moiety capable of propagating super exchange
interaction.

Rigid systems such as 2.7^ and 2.8® will be planar, nnd 
likely to show extensive conjugation between the two halves 
of the molecule. These systems are unlikely to show direct 
Cu-Cu interaction due to the large separation (-8 of two 
copper atoms, unless close intermolecular contacts are made.
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HN< *NH 0
Q - ' O ' ^»

2.1.4 Large ring octadentate aystemj

Many [24-21 condensations based on the 
precursor 2r6-diacetyl pyridine to give 
nacrocyclic metal complexes 2.9 have been 
reported^®. These complexes undergo metal 
exchange reactions to form various binuclear 
complexes» sometimes capable of incorporating 
additional bridging ligands. The free 
ligands for these systems have not been 
isolated. 2.9

Preliminary reports^^ have suggested [24-2] condensation take 
place between [2.10) and various diamines to 
give large ring macrocycles (2.11 scheme 2.4). Ho metal 
complexes have been reported.
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N ^ ^ N -  
H H

/ ------- NH2 HjN-
R

HjN-

•4H2O

H

2.11

Scheme 2.4

2.2 Systems for study

The C2~dialdehyde (2.10) precursor was chosen for study 
due to the preliminary evidence^^ for forming the 
dinucleating macrocycles 2.8 (type III) and 2.11 (type IV) 
with yarious diamino compounds. It was thought likely that 
these ligands could be used to form biscopper(II) complexes 
which would show interesting spectral properties. It was 
also possible to propose a method of linking two preformed 
macrocycles based on the precursor C 2“8ialdehyde (scheme
2.5). The following section describes the layout of this 
thesis and a brief resume of each chapter.
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rN

NH2
-2 H X

'NH
NH

:N' " W ”

Scheme 2.5

Chapter 3 considera ligands of 
the general type IV, i.e. large ring 
octadentate systems. These octa-asa 
ligands are derived from the 
condensations of the type giving 2.11. 
Related tetra-asa systems (2.12) for 
the equivalent [14>1] condensation 
reactions are also considered. The 
copper complexes of these macrocycles 
are also discussed in terms of 
preparation, solution stability and 
structural points of interest for 
those compounds characterised by X- 
ray crystallography.

2.11

H

2.12
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Fused bis- and mono-bridged qusdridentste systems of 
type III and I respectively are considered in chapter 4. 
These systems are also formed from condensation reactions 
but require the presence of a catalyst. Emphasis is placed 
on the difficulty encountered with the preparation of 
ligands and their copper complexes (due to their low 
solubility)•

The linking of two macrocycles
(2.13) by bridging groups which may 
be varied in length to provide a 
series of biscopper(II) complexes 
are considered in chapter 5.

2.13

As part of the CASE/SRC award, a 
ligand H3DFMP (2.14) was supplied by
I.C.I. for investigation of the structural 
and m a g n e t i c  p r o p e r t i e s  of the 
biscopper(II) complex. The copper(II) 
complex of the hydrogen bridged macrocycle 
is discussed in chapter 6.

2.14

Chapter 7 describes how the five structures in this 
thesis were solved (either by heavy atom solutions from the 
Patterson synthesis or direct methods).

The experimental section (chapter 8) details the 
preparative method for each compound, together with full 
systematic naming.
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2,3 Synthesis of the precursor C2~di»J-dehyde (2.10)

The preparation of C 2-diaidehyde was originally 
described^^ by a three step sequence reaction starting with 
methyl anthranilate (scheme 2.6).

Stage 2 

xs LiAlH^

/Et20

Scheme 2.6

W

HO— ^  jt g  

H #  ^xsM nO

'"“ O /&20

C ^ -d la ld e h y d e  2 .10

Black and co-workers^^ reported an improved synthesis 
for stage 1 , but stage 2 would then require exceptionally 
large quantities of reducing agent (scheme 2.7).

-2HCI
MeO

/Et20
H

2.15
Scheme 2.7

For economic reasons the original method was used, but 
changes in solvent (from diethyl ether to thf) were 
considered for stages 2 and 3 (scheme 2.6). The reduction of 
the C2-diester in thf gave a good yield of C2“dialcohol, but
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> ■ 1

F ig  2 .1  ìh
Mir o f (C 2> 2^ ialcoliol. (a) d^-DNSO. (b) d^-DNSO 

D2O



2.98

3.00

(b) d^-DMSO

the manganese dioxide oxidation resulted in an unexpected 
product which is described in the following section, 
preparation of C2-dialdehyde (2.10) was made by the original 
method^2 (scheme 2.6) showing reproducible results.

2,4 Preparation of (C2)^"dialcohol (2.16)

When thf was added dropwise to mangenese dioxide (type 
*A*)1  ̂under nitrogen, a strongly exothermic reaction was 
observed. It has been reported^^ that when diethyl ether was 
added slowly to manganese dioxide, local hot spots 
developed, and to overcome this the ether was added in one 
portion to wet all the manganese dioxide. This procedure 
was not followed for the addition of thf, since a fast 
addition may have been dangerous, and therefore thf was 
added slowly under a nitrogen atmosphere until the reaction 
subsided. Then a solution of C2*dialcohol in thf was added 
and the mixture refluxed for a short time. The product 
extracted from this mixture in good yield (**90%, Scheme 2.8) 
showed only traces of C2"dialdehyde (2.10), and spectral 
evidence indicated the principle product was W,*N-di(o- 
benzylalcohol) piperazine((€2)2*^^^^^^^^^^^2.16).

H(
V i * ,

Ô -di alcohol

MnÔ
IlUO

/— OH HO—

(2.16)

Scheme 2.8

This new dialcohol was identified by elemental 
analysis, aims (N* - 298) (Section 8) and nmr (table 2.1, 
fig 2.1 facing page).
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ChemicalShl¿t
(ppm) 

2.98 8

Int e g ration 
Ratio

8

Aasionaent Chemical Shift 
after D2O exchange,

3.00 8

4.57 d 4.60 8

5.08 t

8 Aromatic Cg

Table 2.1 nmr (dg-DMSO 60®C) of (€2)2“^^®^®®**®^* 
(8-8inglet, d-doublet, t«triplet, m-multiple)

The -OH proton ia coupled to the protone of the 
methylene groiq>r giving the obeerved n+1 splitting pattern. 
Because the -OH protons usually exchange rapidly# this 
effect indicates a degree of intramolecular hydrogen 
bonding (fig 2.2). On addition of D2O the doublet at 4.57 
ppm collapses to a singlet at 4.6 ppm# while the triplet at
5.08 ppm is lost from the spectrum. This would confirm the 
previous indication of intramolecular hydrogen bonding# 
since the -OH protons have been exchanged for deuterium 
and would not be detected in the nmr spectrum.

Fig 2.2 Hydrogen bonding for (C2>2~^^®^®®^®^ solution
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The material (2.16) was identified 
previously as a byproduct from a reaction and may have 
been present as an impurity in the starting material C2- 
dialdehyde. Of the few crystals obtained from this synthesis 
HU x^ray structure determination confirmed the formulation# 
and showed extensive intermolecular* hydrogen bonding 
throughout the crystal (fig 2.3).

X(6)' 0(i)r •H(l)

C(6)* IC (T)

C(4)‘

C(l)'
C(3)'

C(£)*

IN «)'

cwr

.C(8)'

N(l)\

t>-
¡yC(£)

C(l)

.cm*
:(s)

SC(S)

/C(8)

fOilV

Pig 2.3 Ortep diagrams of (C2>2”^^®^®®^®^^^ (2.16).
* It is unlikely that intermolecular hydrogen bonding will 
persist in solution.

The (C2)2*”̂ ^<^^c o ^®^ arisen as an impurity 
during the preparation of C 2"dialdehyde (scheme 2.6) if 
excess dibromoethane had been used during the 1 st stage^^. 
This would lead to a small percentage of doubly bridged 
diester which would have been reduced at the second stage to 
(C2)2~diiilcohol. However# the isolation of (C2>2“^^*^®®^®^ 
in this work was made with very high yields (-90%)# and 
probably results from a reaction involving thf and €2* 
dialcohol (scheme 2.9).
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•OH
H N

/thf
•OH HO*

H.

i— OH HO- 
H.

/thf

)H HO—

•OH HO*
H

\ W N
/thf

X||_II **♦^JpW —n

)H HO*

HC

ÛH

-(CH^-CRQH)

-H* /thf

•OH HO— V
Na  >N — Q' W '

(02)2*^*^^^^ (2.1^

Scheme 2.9 Tentative mechanism for the formation of (€2)2*'
dialcohol (2.16).

Other related doubly bridged dialdéhydes^^ have been of no 
use in the preparation of macrocyclic di-imines (scheme
2.10) since only the [2*1*1 ] condensation products were 
formed.
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H2N -2Hí

0,N* »NO2
'NO2

Scheme 2.10

The lack of anilino hydrogens and the inability to form 
macrocyclic ligands, reflect the Importance of 
intramolecular hydrogen bonding needed to stabilise metal 
free complexes of this type. When no anilino-hydrogens are 
present, a theoretical macrocycle would experience lone- 
pairs lone—  pair repulsion from the four nitrogen atoms 
(fig 2.4).

Pig 2.4 Lone-pairs Lone-pair repulsion
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It is believed to be for the previous reasons and the 
more stable chair conformation of the piperasine bridge, 
that there are no reports of successful ring closure 
reactions to give metal free 14, 15 and 16 membered *»4' 
macrocycles, unless there are at least two secondary amine 
groups present^®. No further investigations were made with 
(C2)2'dialcohol, although a project^® based on the findings 
in this section confirmed the results, and went further to 
prepare the expected no macrocycles 
could be prepared.
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CHAPTER 3

Tctra-Aia and octa-aia larqa ring macrocycla«

This chapter concerns the large ring macrocycles of the 
schematic type IV which were described in the preliminary 
discussion (chapter 2). The related tetra-asa systems have 
also been studied to allow comparison to be made between the 
mononucleating and dinucleating ligands.

3,1.1 introductiont Tetra-aia macrocycles

Aliphatic bridged macrocycles can be prepared by 
simple imine condensation reactions of C2-dialdehyde (3.1) 
with a diamino compound (scheme 3.1) which do not require 
the presence of a catalyst. A range of macrocycles have been 
reported^ where the bridging portion *R* can vary in length 
from ethane to decane* (scheme).

H2N ^ * * ^ H 2

/MtOH
2H9O

N— ^

R . -(CHzljç n« 23A5.6.7.8.10.

Scheme 3.1
* Ho results were reported for Honane
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3.1,2 introductlont Octa-aia large ring macrocyclea

A very insoluble naberlal 
which was isolated from the 
preparation of H2cyen (3.2) was 
originally assigned a polymeric 
structure^.

The 'polymeric material* was shown^ by field desorption
mass spectrometry (fdms) to have a relative molecular mass
of m/e-584 which is double that of H2cyen (3.2). On this
basis the material was assigned the structure H4cyendimer
(3.4). It was found that after addition of nickel acetate
followed by a long period of refluxing in methanol, only the

2tetra~asa macrocyclic complex [Ni(cyen)] (3.3) was formed 
(scheme 3.2).

The structure for the 28-membered ring (3.4) was 
indirectly confirmed by the X-ray structural analysis^ of 
an unusual boron adduct (3.5) which was isolated during the 
attempted reduction of 3.4 with BH3/thf to give the 
corresponding octaamine H32cyendimer (3.6) (scheme 3.2).
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H.oytndimer (3*4) 
4

V. J

Boren adduot 3*3

H

Nt

N<

♦2Ni(0Ac)2
-4H0AC

d - ” w " ^
[li(07«i)] (3.3)

Scheme 3.2 Reactions of H4cyendimer (3.4).

These results gave rise to speculation that the conden
sation reactions forming the other tetra-a*a macrocycles 
may be accompanied by formation of larger ring analogues* 
During the course of an investigation^ on the preparation of 
a wide range of tetra-aiamacrocycles (scheme 3.1) it 
appeared that two other octa-asa macrocycles could be 
formed (scheme 3*3)

46



d - " v > - o +2

-4H2O

'*r\-

HO
rN

N* 'N N*
•OH (CĤ )̂

H H N ^ N
3.8

Scheme 3.3 H^cyprodimer (3.7) and H4cyhexdimer (3.8)

Characterisation of these large-ring tetra-imines (3.7 
and 3.8) is particularly difficult due to their low volati
lity and solubility. Electron impact mass spectrometry 
(eims) is usually accompanied by extensive fragmentation of 
the parent ion, sometimes symmetrically giving peaJcs with 
maximum m/e values corresponding to the monomer species. 
Fdms is more successful» and X-ray crystallography has been 
employed when suitably crystalline samples were available.
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3.2 Results and discussion for aliphatic bridged macrocycles

3,2,1 Preparation of tetra-asa macrocycles

The experimental details for 
the preparation of tetra-asa 
m a c r o c y c l e s  (fig 3.1) are 
described in section 8 * These 
methods were based on previous 
results^, but not identical as the 
details of the procedures were not 
initially available.

Fig 3.1 Tetra-aza macrocycles
prepared in this project.

The times necessary for complete reaction were judged 
by removing aliquots every few hours, and examining the 
infrared spectrum of the isolated material. The disappearen- 
ce of the carbonyl stretch at 1660 cm“^ indicated complete 
conversion of the C2~dialdehyde (3.1) precursor. A slight 
excess of diamino compound was added to ensure high yields 
based on the C2~dialdehyde (3.1).

3.2.2 Octa-aiamacrocvcles

3.2.2.1 Preparation of the 28~membered ring compound 
Hjcyendimer (3.4)

For the dimer 3.4, two preparative methods were 
possible (scheme 3.4)*
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H^ovn (3 >2) i

H^oyandimer (3.A)

- • *--------• " ' ' » ■  I I ^
1600 1500 1400 1300 1200 1100 1000 900 800 o a T ^

Fig 3.2 ln£rar*d «pactra of Hjcyan (3.2) and H4cyandU»'
(3.4) (prepared as the nujol null).



H2N NH2
+

0= \
Mtttvod 2

-4H2O

-4H2O 
/CHCI3 H/HtOH

Ĥ ogr«idiB«r (3*4)
Method 1

s— /  n^cjm (3»2)

Scheme 3.4 Two method« for the formation of H4cyendimer
(3.4).

Method 1 involve« i«ol«tion of the monomer H2cyen
(3.2)» followed by convereion to the dimer 3.4. Thi« 
reaction can be followed by the different infrared apectra 
of 3.4 and H2cyen (fig 3.2 facing page). Method 2» an in 
situ reaction can be followed by removing aliquot« every few 
hour«» and comparing their infrared apectra to thoae from 
method 1. The reaction path for imine formation from 
carbonyl and amine group«^ (scheme 3.5) is reversible» and 
conversion of the monomer to the dimer could take place by 
one or more pathway«^ (scheme 3.6)• The imine intermediates 
shown in the pathways in scheme 3.6 could also exist with 
one or more of the imine bonds in the carbinolemine form.

C» 0 C— (T R— »— C-^O-H

) and H4cyendia*^
).

6h — RaarC ♦ H2O

Scheme 3.5 Zmine formation.
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3.2.2.2 30 and 36 acmbarad rinq# H|Cyprodimcr (3.7) and 
H|evhaxdimer (3.8)

The reaction of the 1 ,6-diaminohexane or 1»3- 
diaminopropan-2-ol with C2“dialdehyde (3.1) in methanol 
(section 8) formed their respective tetra-imine macrocycles 
directly without the related di~imines beinq detected. No 
catalyst was required for either of these reactions. 
Characterisation was made by elemental analysis and infrared 
spectra which compared with previously characterised 
samples^. Other diamino compounds were reacted with C2- 
dialdehyde and found to form the mononuc lea ting macrocycles 
(fig 3.1) previously reported by Peters^. The macrocyclic 
tetra-imine H4cyendimer (3.4) has been shown to yield the 
di-imine nic)cel(II) complex^ (3.3, scheme 3.2) on prolonged 
heating in methanolic nic)cel(II) acetate. Apart from this 
result, no reports on the interaction of 3.4 with metal ions 
have been reported.

3.2.3 Related ligands and the importance of intramolecular 
hydrogen bonding

Other [2‘«‘2] condensations to give large ring 
macrocycles have been reported, for example the 30-membered 
tetra-imine ligand*^ has been obtained from a 'template* 
reaction as its bilead(II) complex 3.9 (scheme 3.7).
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0 + 0

HoN NH2

Scheme 3.7

The free ligand of 3.9 has not been isolated, but 
other metal complexes can be prepared by transmetallation^ 
procedures. This suggests that the lead(II) ion is essential 
in the ligand formation, and plays a major role in 
stabilising the macrocycle. A different stabilising 
influence is present in the macrocycles based on the 
precursor (3.1). It has been suggested^ that
the o-iminoanilino units present in the free ligands are 
stabilised by intramolecular hydrogen bonding (fig 3.3).
This intramolecular hydrogen bonding will have the effect of%
reducing the repulsions between lone*pairs of electrons in 
the macrocycle cavities. A similar role can be assigned to 
metal ions in stabilising aacrocyclic imines a.g. the Pb^’*‘ 
ions in the complex 3.9.
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Pig 3.3 Intramolecular hydrogen bonding in the o-imino- 
anilino unit

A precursor (3.10) related to C2~dialdehyde (3.1) but 
without the anilino hydrogens, has been shown^ to form [2+11 

condensation products (3.11, scheme 3.8) when treated with a 
molar equivalent of a diamino compound. Mo cyclic monomers 
equivalent to those shown in scheme 3.1 were obtained using 
conditions which had been successful in obtaining cyclic di- 
imines from the C2'*dialdehyde (3.1).

•; R-“ICH2l2“
b;
c; R« - (CH 2 l j -

H2N NH2
O2N

02N- •NO.
3.10

H2N NH2

Scheme 3.8

S3



There are two main reasons why the [2+11 condensation 
product is preferred in reactions of 3.10.
1) . The conformation of the precursor (3.10) will probably 
be in the staggered conformation, due to the more stable 
'chair* arrangement of the piperaiine bridge®. This gives 
an extended conformation with the terminal aldehyde 
functional groups well separated from each other. A higher 
energy 'boat' form of the piperasine bridge would be 
required in the cyclic monomer.
2) . There would be a very unfavourable interaction in the 
centre of the ring (fig 3.4) between the lone-pairs on the 
four nitrogen atoms. The structure determination for two of 
the (2+1 ) products (3.11 a and b) shows that they adopt an 
extended configuration which minimises lone—pairslone—pair 
repulsion (fig 3.4).

Pig 3.4 Lone-pairs lone-pair interaction for the piperasine 
bridged tetra-asamacrocycle

The structures of a number of related macrocyclic di-imines 
(see 3.2 and 3.12, fig 3.5) have been determined^, and 
while the overall configuration of the aacrocycles differ 
considerably, in each case the planarity of the
o-iminoanilino units (3.13) are preserved (fig 3.5).
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(»)

3.2
innb)

3.12 3.13
Fig 3.5 (a) The molecular configurations of the 14 and 15-

membered macrocyles (3.2 and 3.12). (b) The
o-iminoanilino unit.

3.2.4 Analysis of physical data

In solution the intramolecular hydrogen bonding can 
sometimes be supported by nmr spectra. Usually the rate 
of exchange for anilino hydrogens with the solvent is veryI
fast and no coupling can be observed. However# intramole
cular hydrogen bonding reduces the rate of exchange and weak 
coupling can sometimes be found.
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H ĉy«n d^_5Q |
I

» - ( » 2 -  II
I3.88 ppa I

c-ra-c^- I

3.48 ppn

3.48ppn

3.88 ppm

Ĥ ovi d^PKSO 
efellUaJlilOofi

10.2PPB 10.2 ppm

Fig 3.6 Observed nmr for H2cyen (3.2) (d^-DNSO)«

The coupling of the anilino protons with those protons 
on the adjacent carbon atom (fig 3.6) should give rise to a 
doublet at 3.48 ppm, and a triplet for the anilino protons 
at 10.24 ppm but the weak coupling only causes a broadening 
of the signal (3.48 ppm). After deuterium exchange, the 
coupling disappears, and the sharpness of the signal (3.48 
ppm) increases relative to the rest of the spectrum. No 
other structural information can be deduced from the nmr, 
and as both monomer H2cyen (3.2) and dimer 3.4 show similar
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spectra (table 3.1 ) therefore It is not possible to use 
nmr to differentiate between the two compounds.

H2cyen (3.2) 
ppm
23°C

3.48 8

H4cyendimer (3.4) 
ppm

23®C

3.40 s

60°C

3.50 s 
3.75 s

Assignment

A ro in a t io s

Table 3.1 Comparison of nmr of H2cyen (3.2) and H4cyen- 
dimer (3.4) (dg-DMSO). (s-singlet, m«multiple, 
b«broad).

H4cyendimer (3.4) was very involatile, and gave a low 
intensity mass spectrum (from eims) which could not be used 
for comparison with that of the monomer. The eims of 
H4cyprodimer (3.7) contained a molecular ion at m/e ■ 340 
corresponding to a dehydrogenated version of the monomer
(3.14). The appearence of the monomer could be due to 
symmetrical fragmentation and dehydrogenation of the dimer 
or a small amount of monomer impurity which would be more 
volatile than 3.7 and give a misleading mass spectrum. 
However, the high probe temperature required to volatilise 
the material suggests that this latter possibility is not 
the case. An eims of H4cyhexdimer (3.8) could not be 
obtained.

57



All three dimers showed Infrared spectra which 
corresponded to samples which had previously^ been 
characterised by fdms and X-ray crystallography.

3.14

3,2.5 Raductlon of dl- and tetra-lmln.a (achene 3.9)

H « BHythf
W ' - w

Scheme 3.9

A number of literature methods^ are available for 
hydrogenation of imine functions» including H2/Pt» MaBH4 or 
LiAlH4. The hydride reducing agents have one disadvantage» 
that the spent reducing agent sometimes contaminates the 
insoluble product. An improved method^ involves the use of a 
solution of BH3 in thf (BH3/thf) which reduces an imine to a 
secondary amine (scheme 3.10).
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H^oyendimar (3*4)

H
N

H
N;

Jl

/ A ,

xt

H
N

H

IttHCl

Boron adduot 3*3

^  BH HB N- 

^  BH HB N.

H/H2O

.BHCl

/ N N 3

BLiOH >N"..

3.15

Scheme 3.10

(3.6)

An intermediate boron adduct 3.5 has be isolated during 
the reaction of BH^/thf with H^cyendimer (3.4) and struc
turally characterised^. Addition of hydrochloric acid was 
reported^ to hydrolyse the boron adduct 3.5 and liberate the 
free octa-amine ligand 3.6. Excess hydrochloric acid will 
produce the hydrochloride salt 3.15 of the octa-amine 3.6# 
which can be particularly useful if the free polyamine is 
air sensitive (eg tri and tetraamino bensene are isolated as 
their hydrochloride salts see chapter 4). The BH3/thf 
reduction of a polyimine macrocycle can be monitored by the 
changing infrared spectra (scheme 3.11).
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H N
N BH HB N'
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H
HN H

.BHCl
'Nv ®Li OH

H/H2O

N N. >> 
\r

3.15

Scheme 3.10

(3.6)

An intermediate boron adduct 3.5 has be isolated during 
the reaction of BH3/thf with H4cyendimer (3.4) and struc
turally characterised^. Addition of hydrochloric acid was 
reported^ to hydrolyse the boron adduct 3.5 and liberate the 
free octa-amine ligand 3.6. Excess hydrochloric acid will 
produce the hydrochloride salt 3.15 of the octa-amine 3.6# 
which can be particularly useful if the free polyamine is 
air sensitive (eg tri and tetraamino bensene are isolated as 
their hydrochloride salts see chapter 4). The BH3/thf 
reduction of a polyimine macrocycle can be monitored by the 
changing infrared spectra (scheme 3.11).
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The reduced monomers were characterised by elms, 
elemental analysis, and nmr. Methods for characterisation 
of the dimers depended on their solubility and volatility.

(3.6) was characterised by X-ray structural 
analysis, eims, elemental analysis, infrared and nmr, 
whereas the less soluble were 
identified on the basis of C,H,N analytical data, and 
comparison of their infrared spectra with those of

(3.6) and "monomer” tetra-aza analogues. A 
description of the structure of 3.5 determined by X-ray 
crystallography is presented below.

3.2.6 The crystal structure of Hĵ 2£X®Il!̂ i5££ (3.6)

The macrocycle has a centre of symmetry as shown in fig 
3.7. No evidence for intermolecular hydrogen bonding or 
solvates was found from the structure determination. The 
structure was solved using direct methods as described in 
section 7.4.

N
H

H

B

Pi9 3.7 Schematic diagram of the (3.6) showing
the crystallographic inversion centre.

61



3.2.6.1 Intramolecular hydrogen bonding

hñ described earlier (section 3.2.4) the stability of 
the o-iminoanilino units (fig 3.3) present in the polyimine 
macrocycles is at least partly due to intramolecular 
hydrogen bonding involving the anilino hydrogen atom (3.16). 
For the reduced macrocycles a variation may be possible 
involving the bensylamino hydrogen atom (3.17) (fig 3.8).

c P s P h

3.16 3.17

Fig 3.8 Two types of intramolecular hydrogen bonding.

It was found from the structural analysis of 
<3.6) that the intramolecular hydrogen bonding 

was of the type shown in 3.16. This type was also found^ for 
the reduced monomer H^cyen (3.18). The ortep diagrams of 
these two structures are shown in fig 3.9.
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(3»18)

Pig 3.9 Schematic and ortep diagramsof H^cyen (3.18) and 
Hi2cyendimer (3.6).

The intramolecular hydrogen bonding (3.16) results in 
the anilino nitrogen atoms (N2) having a more planar 
enviroment than the bensylamino nitrogen atoms (Nl) (table
3.2). The anilino nitrogen atoms will be encouraged to adopt 
a planar configuration (sum of bond angles approach 360®)» 
therefore adopting an orientation of the lone-pair to 
provide orbital overlap with the pi orbitals from the phenyl 
ring (fig 3.10). The anilino nitrogen atoms thus have a 
higher degree of sp^ hybridisation than the beniylamino 
nitrogen atoms. This is shown for both monomer 3.18 and 
dimer 3.6 in table 3.2. The sums of the bond angles of the 
bensylamino nitrogen atoms are close to the theoretical 
value of 321-324® estimated for the tetrahedral angles of
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trimethylamine^® (fig 3.11). One exception to this are the 
angles at N(lb) in the tetra-aia system 3.18 which are 
anomalously lar9ef possibly due to the atom N(lb) bein9 
involved in intermolecular hydro9en bondin9.

Fi9 3.10 Pi - Pi overlap of a sp^ hybridised anilino 
nitro9en atom with the phenyl rin9.

Me
Me

Pi9 3.11 The tetrahedral structure of trimethylamine
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Anilino WitroEen Atoa» (H2) 
Ĥ cyen“ac: (3.18)

Hijcyendiaer
(3.6)

Bond anxles/̂ Part A Part B Part A Part B
C1-N2-C2C1-H2-HC2-N2-H

119.7(6)110.8(5)120.1(6)
119.5(5)107.5(5)115.6(6)

119.3(9)108.6(4.8)113.2(5.0)
123.5(9)120.4(7.1)108.8(5.8)

Sum of angles 350.6 342.6 341.1 352.7

Bensylamino Nitrosen Atoes (Ml)
Hacyen(3.18)

Hiocyendii(3.6)ser

Bond sngles/i Part A Part B Part A Part B
C8-H1-C9C8-H1-C2C8-N1-H

113.2(6)100.9(5)99.8(5)
112.7(6)115.5(5)111.8(5)

113.6(8)107.1(5.3)100.4(5.2)
111.8(8)112.8(7.0)98.3(6.9)

Sum of angles 313.9 340.0* 321.1 322.9

Table 3.2 Angles about the nitrogen atoaa in the aacrocycles 3.6 
and 3.18.
* Interaolecular hydrogen bonding causes this anoaglous 
▼slue (see text).

For the polyimine macrocycles e.g. Hgcyprodimer (3.7), 
the anilino nitrogen atoms are very nearly planar (table
3.3). In these systems ,the sp^ hybridisation at the anilino 
nitrogen atoms allows delocalisation of electrons over the 
o<-imino*-anilino portion of the molecule, as represented by 
the resonance forms shown in fig 3.12. A comparison of bond 
angles about the anilino nitrogens is made in table 3.3 
between Hgcyprodimer (3*7) and the boron adduct 3.5.
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Fig 3.12 Resonance forms of H^cyprodimer (3.7) contributing 
to the sp^ hybridisation of the anilino nitrogen 
atoms.

Anilino nitrogen atoms
Boron adduct

(3.5)
Bond anqles/X Part A Part B
C1-N2-C2 
Cl-N2-H(or B) 
C2-N2-H(or B)
Sum of angles

120.7(7)
1 2 0 . 2 ( 8 )
118.7(8)
359.6

120.3(7)
119.4(7)120.1(8)
359.^

H4cyprodimer
(3.7)

123.2(4)
115.3(4)
121.5(4)

C8-N1-C9
C8-N1-B
C8-N1-B
Sum of angles

Benivlamino nitrogen atoms 
Boron adduct (3.5)

Bond angles/X Part A Part B
113.4(7)
124.5(8)
120.4(7)

113.5(7)
123.3(8)
121.3(8)

Table 3.3 Angles around the nitrogen atoms in 3.5 and 3.6
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3.2.6.2 Conformational variations

The o-amlnobenzyl six-membered rings of H^cyen (3.18) 
and approximately planar (table 3.4).
The atomic coordinates of the atoms MlfN2rC2rC7 and C8 used 
in the calculation of the plane do not deviate by more than 
0.45 i from the plane. Prom the data in table 3.4, it can be 
seen that the deviation of the atoms in part A of 3.18, 
resemble those deviations in part A of 3.6, and similarly 
for part B of both ligands. The root mean square deviation 
for both compounds are 0.28. Given that the o-aminobenzyl 
fragments are approximately planar the conformation of the 
molecule (3.6) will depend on the nature and
geometry of the bridges between the o~aminobenzyl units. The 
two types of bridging units Ll and L2 are shown in fig 3.13.

Hiocyendimer
(3.6)

Hfcyen
(3.18)

Part A B A B /
N1 0.29 -0.33 0.32 -0.31

nN2 -0.22 0.24 -0.24 0.23
C2 0.20 -0.24 0.22 -0.20 / \ ) C 2-NZC7 0.12 -0.11 0.12 -0.13
C8 •0.39 0.45 -0.41 0.42
RNSD 0.28 28

Table 3.4 Deviation of atoms from/their best plane (&)
the root mean square deviation (RMSD) of the o- 
aminobenzyl fragments.
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H

H

LI //

Fig 3.13 The two types of bridge between the o-aminobensyl 
units in torsion angles for the
two types of bridge are shown for four related 
structures in table 3.5.

Ll (N2C1C1M2) 
L2 (N1C9C9NU

Hfcyen
(3.18)
62.14
70.04

Hiocyendimer Hicyendimer Boron adduct 
(3.6) (3.4+) (3.5)
70.66
59.60

58.76*
59.76*

-70.16
171.92

*Average of two values. 
+Ligand 3.6 of complex
3.4)

[Cu2(H4cyendimer)](€104)3 (section

Table 3.5 Torsion angles for the Ll and L2 bridges in four 
related structures.

In each structure the ethane bridge Ll between the anilino 
nitrogen atoms has a gauche configuration with torsion 
angles fairly close to the value (60^) expected for the 
lowest energy form of this configuration. The overall 
molecular configurations of the dimers (table 3.5) are 
dictated by the ethane bridges (L2r fi? 3*13) between the 
bensylamino or imino nitrogen atoms (Nl). The conformation 
of the bridge L2 (N1C9C9N1) may allow the molecule to twist 
(fig 3.14). The configuration of the ligand H4cyprodimer
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(3.7) was the first dimer (based on the precursor C2~ 
dialdehyde) structurally determined. The L2 bridges contain 
three carbon atoms and not two as for the other dimers 
(table 3.5). It can be seen in fig 3.14 that the ligand 
H^cyprodimer is twisted so that the two halves of the 
molecule (AB and CD) become very close. The distance between 
the centroids* of the two sets (AB and CD) of nitrogen atoms 
(3.20) is 3.44 Â compared with a calculated value (based on 
flat molecule 3.21) of 7.7 A.

HO—
:N N

H H N ^ N

3.21
Fig 3.14 Distance between the two sets of nitrogen atoms in 

H^cyprodimer (3.7).

The calculation of the distance between the centroids of two/
sets of nitrogen atoms were made in the following way.
The coordinates of the centroids were calculated by 
averaging the x,y and s coordinates for each of the two 
sets of four nitrogen atoms (when one set was related by 
symmetry only one needed to be calculated). These 
coordinates were assigned to 'dummy atoms' and used in a 
XANADU^^ calculation to retrieve the contact distances 
between the dummy atoms. If the the same type of molecular 
configuration is found in the dimera with shorter 
bridges(L2) than those in H4cyprodimer, then the centroids 
of the two N4 donor sets will be close together and a
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dinuclear copper complex may be forced to adopt a very short 
copper-copper distance. This was found for a copper complex 
of H4cyendimer (3.4) and is discussed in section 3.4. 
Reduction of the tetraimine compounds are expected to cause 
significant changes in the overall molecular configuration 
due to the tetrahedral disposition of the bonds about the 
benzylamino nitrogen atoms (table 3.2) as opposed to the 
planar arrangement found for the benzylimine nitrogen 
atoms. The benzylamino nitrogen atoms are part of the L2 
bridge which may control the conformation of the molecule. 
In the following discussion the two terms "twisted” and 
"folded” are defined in fig 3.15.

! )  r X "N N N N N N N

Plat Tidsted

N N

Folded

Fig 3.15 The twisted and folded conformations of the 28 
membered ring

The reduction of H^cyendimer caused the following 
changes in molecular configuration:
1). The tetraimine 3.4 is a twisted molecule (structually 

determined as the biscopper complex section 3.4) with a 
centroid-centroid (of the two sets of coordinating nitrogen
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oatoms) distance of 3.71 A.
2) , Reduction of the free 3.4 with BH^/thf 

initially gave a boron adduct found to be partially twisted» 
with the L2 bridges in the transoid configuration.

3) . The boron adduct hydrolysed to yield the octaamine 
and was shown to give a partially folded conformation as 
opposed to the twisted analogues. The three ortep diagrams 
of 3.4» 3.5 and 3.6 are depicted in fig 3.16.
Note: The structure of Ĥ cyendimer was determined as the 
blscopper complex 5*36 (section 5.̂ .1).

Cu(iT roi(2)
kJ

3.4 3.5 3.6
Fig 3.16 Ortep diagrams of H4cyendimer (3.4)» the boron 

adduct (3.5) and (3.6).

The close contact distance between the two sets of nitrogen 
atoms for 3.4 is dependent on the torsion angle of L2 
(N1C9C9N1) being in a gauche configuration as opposed to a 
transoid arrangement which would extend the two halves of 
the molecule.
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H. 60* H, H 1 8 0 ‘

H' ‘N H-

NTransoid

H

Fig 3.17 Schematic diagrams of the gauche and transoid^^ 
arrangements of a ethane bridge.

3.3.1 Copper complexes of aliphatic bridged tetra-aia 
macrocvcles

3.3.1.1 Neutral copper(II) complexes

These are formed in reactions which involve the loss of 
hydrogen atoms from the anilino nitrogen atoms (scheme
3.12).

H2N NH2

C g-dialdsliyde ( 3 « l )  “ ^HOAc [ C u ( o y « ) l  (3 .2 2 )

Scheme 3.12 Preparation of neutral copper(II) complexes
(template method).

The template method^^ (scheme 3.12) involves an »itu 
reaction of the ligand precursors and copper(II) acetate. A 
reaction between the preformed ligand and copper(II) 
acetate did not give good yields or analytically pure 
samples for the macrocycles with aliphatic bridges between 
the imine nitrogen atoms. Yields for a series of complexes
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with different length bridging groups obtained from the 
template method are recorded in table 3.6«

Bridaing group Yield % Reaction
Time

-(CH2)2" 50 48
-(CH2)3- 53 18
-(CH2)4- 32 18
-(CH2)5- 0 48
-(CH2)6- 0 96

Copper complex

[Cu(cyen)] (3.22)
[Cu(cypr)] (3.26)
[Cu(cybut)] (3.28)
[Cu(cypen)]
[Cu(cyhex)]

Table 3.6 Template reactions

The reactions were monitored by withdrawing aliquots 
every few hours and examining the infrared spectra. Loss of 
the C 2-dialdehyde (3.1) characteristic absorption 
frequencies indicated the end of a reaction^ and other 
analyses (C»HrN and Cu% and aims) were used to complete the 
characterisation. The X-ray structure of (Cu(cybut)) (fig 
3.18) has been reported^^ as having an approximately planar 
N4 coordination sphere^^» with the tetramethylene bridge in 
a half boat form.
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Fig 3.18 Ortep diagram of [Cu(cybut)] (3.28).

If the bridge is increased to five or more carbon atomsr 
then the four coordinating nitrogen atoms will be forced 
away from the approximately planar enviroment found for 
[Cu(cybut)] (3.28) and H2cyen (3.2). The thermodynamic 
stability of the copper complexes [Cu(cypen)] and 
[Cu(cyhex)] are probably very low and cannot be easily 
isolated (table 3.6). No neutral copper(II) complexes have 
been prepared from the reduced ligand H^cyen (3.18). The

t
ease in preparing neutral copper(II) complexes from the di- 
imine macrocycles may be due to the stabilisation from 
resonance forms of the final complex (fig 3.19). The 
difficulty in preparing the neutral copper(II) complex of 
the ligand Hgcyen may be due to the lower thermodynamic 
stability of [Cu(H4cyen)l (the lack of imine bonds prevents 
the resonance stabilisation found for (Cu(cyph)]).

etc

Fig 3.19 Resonance forms of (Cu(cyen)].
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3.3.1.2 Cationic copper(II) complexes

The reaction between the preformed ligands and 
copper(II) perchlorate gave the copper(II) complexes without 
loss of the hydrogens from the anilino nitrogens (scheme
3.13)r which were isolated as their relatively insoluble 
perchlorate salts. These reactions were fast (approximately 
1 min) and only required gentle heating in methanol. 
Characterisation was made by elemental analysis and infrared 
(VCIO4 “ llOOB). For ligands with bridges higher than four 
carbon atoms, no solid complexes were isolable. The reduced 
ligand H^cyen (3.18) also formed a copper(II) perchlorate 
complex rapidly. Analytical and spectroscopic data for the 
monomer ligands and their complexes are given in table 3.7. 
The preparation of the reduced ligand H^cyen could be 
monitored by the disappearence of the imine absorption band 
(infrared 1636 cm~^) and the appearence of the NH stretch 
at 1606 cm~^ . The formation of the copper(II) complexes 
were monitored by withdrawing aliquots from the reaction 
mixture and observing their infrared spectra for absorption 
bands characteristic of the precursors.

(CIO.)4'2

Scheme 3.13
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Table 3.7 Analytical and spectroscopic data for the 
mononucleating ligands and their copper(II) 
c<Hnplexes •

H % II % Cu %
H^cyen (3.2)
(Calc, for C2,0H2o^4)
Infrared absorptions cm~^

C %
73.9

(73.4)

3 240 , 3 1 4 6 , 3 0 4 6 , 3016 , 2 9 2 8 , 1 6 3 6 , 
1 6 1 6 , 1 5 8 3 , 1 5 7 7 , 1 5 2 1 , 1 5 1 6 , 1 5 1 1 , 
1 4 1 6 , 1 4 0 1 , 1 3 7 2 , 1332 , 1 3 2 8 , 1 2 0 2 .

[Cu(cyen)] (3.22)
(Calc, for CuC]̂ gH]̂ 9N4)
Infrared absorptions cm”^

60.1
(6 1 .1 )

15 .7
(15 .7)

17.0
(18.0)

3018,2908,2876,2856,2826,2794,  
16 15 ,159 7,132 0 ,14 67,14 53 ,14 4 2 ,  
1060,1032,955,936.

[Cu(H2cyen)] (CIO4)2 (3.23) 38.0 3.7  10.1 11.6
(Calc, for CuC] 3̂H2oN4C l20g) (39.0) (3.6) (10 .1)  (1 1 .5 )

Infrared absorptions cm”^

Uv/vis (methanol)

3548,3258,2953,2898,1666,1620,
1602,1578,1494,1460,1412,1303,
1090.
220(14028), 270(5550), 446(226)

Hgcyen (3.18)
(Calc, for C]^8^24^4^
Infrared absorptions cm”^

Uv/vis (methanol)

71.9
(72.9)

8.2
( 8 . 2 )

19.4
(18.9)

3313,3251,3222,3182,3121,1606,
1582,1518,1502,1399,1334,1320,
1334,1320,1272,1142.
220(14028),270(5550),446(226).

[Cu(H4cyen)](C104)9 (3.24) 38.8 4.4 9.9 1 1 .0
(Calc, for CUC18R24N4C I2O3) (38.8) (4.4) (9.9) (11.0 )

Infrared absorptions cm”^

Uv/vis (methanol)

3528 , 3 2 3 8 , 3 1 9 3 , 1 6 1 0 , 1 5 8 7 , 1 4 9 7 , 
1 4 6 5 , 1 3 6 9 , 1 2 2 0 , 1 1 8 8 , 1 1 7 0 , 1 0 9 0 , 
995 9 6 3 .
2 1 8 ( 3 0 7 3 ) , 2 7 8 (1 100 ) , 3 1 0 (6 6 4 ),  
5 1 0 (2 8 5 ).

Hocypr (3.25)
(Calc, for ^X9^22^4^

Infrared absorptions .-1

74.3 7 . 5  18.2
(74.5) (7 .2)  (18.3)

3 208 , 3 168 , 3 1 4 0 , 1627 , 1 5 9 4 , 1 5 7 6 , 
1 1 3 4 , 1 0 6 4 , 1 0 4 2 , 9 7 4 , 9 6 5 , 9 2 8 , 9 1 8 .

76



Infrared absorptions cm

a^cybut w » /
(Calc, for C2()H24N^)
Infrared absorptions

[Cu(cybut)] (3.28)
(Calc, for CuC2oH22^4^
Infrared absorptions cm“^

Table 3.7 Analytical and spectroscopic data for the 
mononucleating ligands and their copper(II) 
complexes.



[Cu(cypr)] (3.26)
(Calc, for CuC]̂ 9H2oN4)
Infrared absorptions cm-1

62.1
(62.0)

5.0
(5.5)

14.8
(15.2)

3020,1610,1524,1510,1478,1432, 
1402,1392,1362,1340,1252,1200, 
1165,1132,1100,1072,1040,1032, 
953,935.

Hocybut (3.27)
(Calc, for C20H24M4)
Infrared absorptions cm~^

75.2
(75.0)

17.3
(17.5)

3230,3085,1638,1620,1597,1586, 
1532,1345,1288,1213,1280,1162, 
1088,1080,1052,1002,986.

[Cu(cybut)] (3.28)
(Calc, for CuC2qH22^4^
Infrared absorptions cm"^

61.7
(62.9)

5.8
(5.8)

14.0
(14.7)

3072,3027,2980,2890,1604,1524,
1454,1440,1401,1364,1350,1439,
1257,1214,1204,1194,1172,1164,
1132,1094,1074,1042,1035,1008,
1000,970.

Table 3.7 Analytical and spectroscopic data for the 
mononucleating ligands and their copper(II) 
complexes.
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3.3.2 Stability of copper(II) complexes

The objective of preparing the mononuclear copper(II) 
complexes (table 3.7) was to help define the conditions 
which would be required for preparation of the more 
complicated dinuclear copper complexes. The stability of the 
ligands and their copper(II) complexes must be considered, 
since long reaction times may induce decomposition. 
Preliminary experiments involving uv/vis measurements were 
carried out to test their solution stability over extended 
periods of time in the presence of copper ions. The 
following ligands and their copper(II) complexes were 
studied (fig 3.20).

O - J U ' - O
n^Bjm (3 «18)

‘iP-

X
' v y

H ^ p h  (3*30)

Fig 3.20 Tetra-asa macrocycles which were tested for 
solution stability.

It was expected that the reduced macrocycles B^cyen
(3.18) and H^cyph (3.30) may be susceptible to oxidation. To 
examine whether these ligands were sensitive to oxygen in 
the absence of copper(II) ions solutions of H^cyen and
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Hgcyph were prepared in methanol and periodically examined 
by uv/vis (table 3.8). These results confirmed that the 
reduced macrocycles are stable to air in methanol.
Hreven nm
(3TTf)

Abs (2 days) 
0.90 
1.02

fl^cyEiL(3.30)

208 0.75 0.73
250 0.38 0.39
295 0.10 0.10

(3.30)

The solution stability of [Cu(H^cyph)](€104)2 (3.31) 
was tested in the presence of excess copper(II) perchlorate. 
The stability of the copper complex was monitored by 
following the changes in the uv/visible spectra. It was 
found that at low concentrations of ligand to copper, 
decomposition or oxidation takes place, as shown by the 
increasing absorption band at 520 nm (fig 3.21) which is 
also characteristic of the related imine copper complex 
[Cu(cyph)]. The oxidation/decomposition was inhibited as the 
molar ratio of ligand to copper(II) approached Itl.
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Fig 3.21 The changes in the uv/vis spectum of
[Cu(H5cyph) 1(0104)2 (3.31) with time

The cationic copper complex 3.24 of the reduced ligand 
Hgcyen (3.18) was stable in a solution of copper(II) 
perchlorate, and showed no significant change in the uv/vis 
absorption spectra over 2 days. The neutral and cationic 
complexes of both of the imine ligands H2cyen and H2cyph 
were stable in solution in methanol, whether in the 
presence of excess copper(II) ions or not. It was found that 
the addition of a base (sodium methoxide solution) to 
[Cu(H2cyph) 1 (CIO4)2 (3.32) formed the neutral complex 
[Cu(cyph)l (3.33, scheme 3.14).
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(Cl 0 ^ )2

4 2NiMt0 ^tOH 
- 2 N a C l 0 4  ^

Scheme 3.14

The deprotonation of the cationic complex 3.32 to give 
the neutral complex 3.33 was observed in solution by uv/vis 
measurements. The neutral complex could not be protonated by 
addition of perchloric acid, probably due to the greater 
thermodynamic stability of [Cu(cyph)] (3.33). For larger 
quantities of [Cu(H2cyph)](CIO4)2 (3.32), conversion to 
[Cu(cyph)] (3.33) could be effected by addition of the base 
to a suspension of the perchlorate complex in methanol. This 
method could provide a novel synthetic route for the 
preparation of deprotonated species. The conversion of 
solid [Cu(H2cyen) 1(0104)2 ( 3.23) to [Cu(cyen)] (3.22) did 
not proceed so readily but required a period at reflux.

■ganglMion
The stability of the copper complexes of the 

mononucleating ligands appear to be good providing they are 
not left in solution for extended periods of time, and that 
approximately equimolar amounts of ligand and copper(II) 
salt are used. The deprotonation of [Cu(B2cyen) 1(0104)2 

not found to be effective for the preparation of (Cu(cyen)l 
due to contamination from the perchlorate complex. The 
deprotonation of (Cu(H2cyph) 1 (0104)2 to give the corres-
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ponding neutral complex [Cu(cyph)] ie discussed in further 
detail in chapter 4.

3,4.1 Preparation of copper complexes of H4cvendimer (3.4)

The low solubility of H4cyendimer (3.4) results in 
ligand contamination of copper complexes prepared in most 
solvents. Highly polar solvents such as dmf or dmso which 
are suitable for dissolution of the ligand resulted in 
decomposition of the copper complexes as judged by the 
formation of black solids which could not be characterised. 
It has been reported^^ that metal ions in complexes can 
induce ring contraction to accomodate the stereochemical 
requirements of the metal ion. For example a [2-4>2] 
condensation reaction between 2r€’̂ diacetylpyridine with 
lr2-diaminobenxene in the presence of certain divalent 
metal ions N ■ Ca^Sr^Ba and Pb) occurs to accomodate
the metal ion (scheme 3.15) No macrocyclic products were 
isolated when this template reaction was attempted with the 
perchlorate salt of the transition metals Mn to Zn. However 
reaction of the barium complex (3.34) with Co(II) was 
shown^^ by X-ray crystallography to have induced a ring 
contraction (scheme 3.16). Other metals of the same 
transition series show similar reactions.
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H-

4M(C104)2 
/Mc OH a" - X î «O*

Scheme 3.15

Various solvent systems were used in an attempt to 
prepare copper(Il) complexes of the neutral ligand 
H4cyendimer (3.4) (i.e. without loss of the anilino 
protons). The first crystalline sample of a copper complex 
was obtained using a solvent system of thf/CH30H which gave 
translucent green prisms. Elemental analysis data did not 
correspond to the expected (CU2(H4cyendimer)J <0104)4 (3.35) 
complex or any other reasonable formulation. A single 
crystal X^ray structure determination showed the compound to 
be a triperchlorate complex (CU2<H4cyendimer)) (0104)3
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(3.36). The formation of a tricationic complex was 
unexpected. It contains (section 7.1) two copper atoms in 
close proximity, with a particularly short Cu-Cu bond 
(2.444(4) &). The formulation of the electronic structure of 
this complex presents some interesting problems and is 
discussed in detail later in this chapter. One assignment 
gives the copper atoms identical electronic enviroments in a 
(CU2 )̂'*' unit and therefore formal oxidation states of 3/2. 
Since the complex was relatively easily obtained and appears 
to be stable indefinitely in the solid state, it was of 
interest to compare the properties with related complexes 
which would contain the copper in more conventional 
oxidation states of 2 and 1. The biscopper(II) complex 
[Cu2(H4cyendimer) ] (0104)4 (3.35) was prepared using a 
solvent system of chloroform/methanol with the addition of 
diethyl ether, and characterised by elemental analysis. 
A t t e m p t s  to p repare the biscopper(I) c o m p l e x  
[Cu2(H4c y e n d i m e r )](CIO4 ) 2 were made using tetra- 
acetonitrilecopper(I) perchlorate [Cu(CH3CN)4](CIO4) and 
H4cyendimer (3.4) in the solvent thf. Preliminary results 
revealed that the thf must be dried (distilled from LiAlH4) 
and degassed with argon. Preparation of the biscopper(I) 
complex was hampered by rapid oxidation which gave a green 
complex (assumed to be a biscopper(II) species) even under 
an argon atmosphere, nie complex formed in this reaction was 
filtered, and the filtrate left to stand in an open necked 
vessel. After a few days, some brown-green crystals were 
filtered which were shown by infrared spectra to resemble a 
copper(II) perchlorate complex of the macrocyclic ligand. A
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crystal was examined by X-ray crystallography, and when 
the structure was solved it became clear the complex was a 
biscopper(II) with two perchlorates (3.37) and a 
deprotonated dianionic ligand. The preparation of the 
compound was improved by excluding the oxygen from the 
reaction mixture, although yields were still low and not 
reproducible. In an attempt to isolate a stable biscopper (I) 
complex, carbon monoxide was diffused through the reaction 
mixture to convert the reactive species to a carbon 
monoxide adduct. The [Cu(CH3CN)4l (CIO4) was suspended in thf 
and found to be unreactive towards carbon monoxide. After 
twenty minutes diffusion of carbon monoxide through the 
suspension the free ligand was added to give a mole ratio of 
1:2 ligand:Cu(I). The solution immediately turned pale- 
yellow green and remained so for 1 h, until filtration and 
drying gave a pale green compound with the infrared spectra 
showing a weak absorbance (Vmax>B2100 cm~^) due to carbon 
monoxide. Other absorbances demonstrated that a substantial 
quantity of the unchanged ligand was still present. It was 
determined experimentally that a mole ratio of 1:4 ligand 
:Cu(I) gave high yields of a white compound for which the 
infrared spectra showed no unreacted starting materials, but 
did show a strong C<bO stretch at 2100 cm~^. The complex 
analysed as a biscopper (I) diperchlorate complex 3.38, with 
an unknown quantity of carbon monoxide ligand. All the 
reactions described above for the preparation of 
biscopper(I) complexes were carried out at room temperature, 
since heating apparently promoted oxidation of Cud) to 
Cu(li). These oxidised products analysed as a biscopper(II)
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diperchlorate complex (section 8) similar to the structually 
characterised diperchlorate 3.37, but with minor 
differences shown in the infrared.
A summary of copper complexes and their ligands are shown in 
table 3.9 with their analytical data.

Table 3.9 Analytical and spectral data for the dinuclear 
ligands and their copper(II) complexes

Coepound CZ jn

H4 cyendieer (3.4) 
(Cale, for C3 5H4QN4 )

73.4
(73.9)

6.9
(6.9)

18.9
(19.2)

[Cu2(H^C7endiaar)](C10^)^ (3.35) 
(Cale, for Cu2̂ 36̂ 40̂ 8̂ 4̂̂ 16̂

39.5
(39.0)

3.7
(3.6)

10.0(10.1)
[Cu2(H^cyandiaar)](C10^)3 (3.36) 
(Cale, for Cu2C3^H^NgCl 3 0 |2 )

42.2
(42.8)

4.0
(4.0)

10.9
(10.9)

[Cu, (H2cyaiidiaar ) (CIO^) (H,0) ] (CIO4  ) ( 3. 
(Cale, for Cu2C ^ H ^ N g C l 2U 2Q)

.37) 48.8 
(49.5)

4.6
(4.9)

11.5
(11.3)

[Cu2 (H^eyandiear)((X>)2 ] (0 1 0 ^ ) 2  (3.38) 
(Cale, for (^2^38^40^8^^2^12^

46.6
(47.2)

4.1(4.2)
11.2(11.6)

Hi2eyandiear (3.6) 
(Cale• for

73.0
(72.9)

8.1(8.2) 18.9
(18.9)

[Cu2(H^2^yaiidlear)](C104)4 (3.39) 
(Cale. lor CujCj^Hi^i^WgCi^O^^)

37.9
(38.7)

4.3
(4.3)

10.0(10.0)
HxeyprodlMr (3.7) 
(Cale, for 0 3 3 8 4 4 8 0 0 2)

71.2
(70.8)

6.8
(6.7)

17.9
(17.8)

[Cu2(H4cyprodiaar)](C104)4 (3.40) 
(Cale, for ^2^38^44^8^^4^18^

39.5
(39.2)

3.6
(3.8)

9.8(9.6)
H4 eyhaxdiaar (3.8) 
(Cale, for C4 4H 5 3 R3 )

75.3
(75.8)

8.1(8.1)
16.3

(16.8)

[Cu9(H4cyhazdiear)] (0 1 0 4 ) 4  
(Cale, for CO2C4 4 H3 3 N0CÌ4 O 2 3 )

42.3(43.3) 4.5(4.6)
8.6(9.2)

Hi2eyprodiaar.8BCl (3.42) (Cale. for C30H3Q80O2CI3)
49.6(49.7)

3.6
(3.7)

12.0(12.2)

CuZ

12.3

13.4
(13.1)

11.2
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CoapouP̂
(3.43)

(Calc, for C44H^Hg)
Hi jcyhtxd iaer. 8HC1
(Calc, for €44872*8̂ 13)

CcNiPOund Dcacription
3.4 white needlea

3.35 green poirder

3.36 green cryatala

3.37 brown-greencryatala

3.38 white powder

3.6 clear cryatala

3.39 light brown 
powder

3.7 white cryatala

3.40 dark red powder
3.8 white needlaa

3.41 red powder

3.43 white powder

Tabla 3.9 Analytical and

a MX
74.2 9.5 15.8
(74.9) (9.2) (15.9)
54.7 7.3 10.4
(53.0) (7.2) (11.2)

Infrarad abaorntiona ctT̂
3240,3163,3088,1633,1626,1606,1585,1582,1526,1484,1469,1438.
3280,3200,3100,1600,1605,1581,1499,1324,1238,1220,1204,1100 b.
3578 b, 3258,3058,1617,16001,1576, 1426,1407,1365,1248,1075 b.
3500 bv,1660,1632,1601,1532, 1409,1344,1305,1198,1187,1090 b.

3400 b,3270,3250,2088,1627,1602,
1588,1502,1309,1205,1100,970,787,752

3317,3271,3210,3170,1605,1584,
1563.1505.1454.1441.1355.1347.

3560,3260,1635,1620,1595,1502, 
1470,1420,1370,1219,1080 b.

3210,3090,3025,1630,1600,1578, 
1518,1463,1453,1327,1320.

3250 b, 2980,2940,1650,1612,
1590.1509.1100 b,935,768.

3250,3175,1640,1621,1595,1530,
1370,1333,1284,1212,1167.

3500 b, 3370,3180,1680,1648,1640,
1611.1586.1503.1315.1240.1100 b.

3405.3340.1613.1593.1525.1348, 
1319,1295,1277,1232,1222,1199.

Uganda and thalr coppar(Xl) eo^lasaa
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3.4.2 DISCUSSION

The reaction between the ligand H4cyendimer (3.4) with 
copper (II) perchlorate in thf/CH30B gave translucent green 
crystals. Preliminary analysis confirmed the presence of a 
perchlorate complex (Vmax ■ 1100 cm~^). X-ray structural 
analysis (section 7.1) showed the complex to be biscopper 
triperchlorate with a short copper-copper bond of 2.444(4) % 
(fig 3.22).

3+

Cutif

LMIe) A nOc)
|buC2)

B'

Fig 3.22 Schematic and ortep diagram of [Cu2(H4cyen- 
dimer))^'*’

The twisted conformation of the ligand H^cyendimer (section
3.2.5.2) forces the two copper atoms to within bonding 
distance. The crystals of [CU2H4cyendimer 1(0104)3 (3.36) are 
stable when in the solid state, but decomposition occurred 
when this material was allowed to stand for protracted 
psriods in solution or when recrystallisation was attempted 
from a range of solvents (dmf, CHCI3, CH2Cl2r thf and 
acetone). The ligand has low solubility, but during the
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course of the reaction with copper(II) perchlorate a soluble 
intermediate was formed, which then slowly deposited 
crystals of the (CU2(H4cyendimer))(Cl04)3 (3.36) in -50% 
yield. The mother liquor gradually darlcens, leaving a blaclc 
gummy material which could not be characterised. Reaction of 
the ligand with one molar eqivalent of copper(II) 
perchlorate resulted in a partial dissolution of the ligand 
followed by formation of the [Cu2(H4cyendimer) 1 (0104)3

(3.36) complex. The nature of the intermediate is unlcnown, 
but could be a mono-copper complex in which the conformation 
of the ligand differs such to enhance the solubility. It is 
unlilcely to be the biscopper(II) complex [Cu2(H4cyen- 
dimer) 1(0104)4 (3.35) because this was shown to be relatively 
insoluble (this chapter). A 30-membered Schiff base 
macrocyclic ligand (fig 3.23) has been reported^® to 
incorporate one or two copper atoms per ligand. The mono
copper (II) complex is believed to have a pseudo-octahedral 
'OUN4' structure. This complex can be used to form 
biscopper(II) complexes on addition of a copper(II) salt. 
The free ligand has not been isolated, but was prepared as 
the dilead(II) complex, which can be used in 
transmetallation reactions to enable other metal ions to be 
incorporated.
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Fig 3.23 The free ligand of a dilead(II) complex‘s.

The formation of a triperchlorate complex [Cu2(H4cyen- 
dimer)](€104)3 could arise in one of four ways: (i) by the 
transfer of a single electron to the dicopper(II) centre, 
(ii) by the loss of one of the anilino protons from the 
ligand, (iii) by the reduction of both copper atoms to 
copper(I) accompanied by simultaneous oxidation of the 
macrocyclic ligand, or (IV) by complexation of a pair of 
copper(II) ions with a reduced form of the ligand. The 
second possibility can be excluded on the basis of the 
structure determination, which shows all four anilino-* 
nitrogen atoms have approximate tetrahedral geometry (table
3.13) rather than a trigonal planar arrangement which has 
been found^^ for the deprotonated anilino~nitrogen atoms in 
related mononuclear complexes. The structure of the free 
ligand H4cyendimer (3.4) has not been determined but a 
related macrocycle H4cyprodimer (3.7) (this chapter) shows a 
similarly twisted conformation, stabilised by 
intramolecular hydrogen bonding involving the anilino 
protons. This type of stabilisation has been considered to 
be important in determining the ease of isolation of metal 
free tetra-asa macrocycles, and is probably just as 
important for larger ring systems (see section 3.2). On
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complexation, these intramolecular hydrogen bonds are 
broken. The two copper atoms in the complex [Cu2<H4cyen- 
dimer)](€104)3 have very similar geometries (table 3.10) and 
the cation has approximate two fold symmetry about an axis 
which passes through the midpoint of the copper-copper bond 
and relates ligand portions A to C and B to D (fig 3.22). 
The stereoscopic view of the packing diagram depicts the 
cations and anions in a column arrangement (fig 3.24).

wo Q__
"x

X mm.

Fig 3.24 Stereoscopic view of [Cu2(H4cyendimer)](€104)3

(3.36)
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complexation, these intramolecular hydrogen bonds are 
broken. The two copper atoms in the complex (Cu2<H4cyen- 
dimer) 1(0104)3 have very similar geometries (table 3.10) and 
the cation has approximate two fold symmetry about an axis 
which passes through the midpoint of the copper-copper bond 
and relates ligand portions A to C and B to D (fig 3.22). 
The stereoscopic view of the packing diagram depicts the 
cations and anions in a column arrangement (fig 3.24).

Fig 3.24 Stereoscopic view of [Cu2(B4cyendimer)] (0104)3

(3.36)
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Part A Part D Part B Part C
Bondlencths/X
Cu-N(l) 1.92(2) 1.90(2) 1.91(2) 1.95(2)Cu-N(2) 2.18(2) 2.20(2) 2.20(2) 2.13(2)

Anales/A
N(l)-Cu-N(2)
N(l)-Cu-N(l)*

91.5(8)
160.1(7)

91.08(7) 93.5(8)
158.2(7) 91.9(7)

N(l)-Cu-N(2)*N(2)-Cu-N(2)*
107.1(8)
83.5(7)

99.2(7) 101.5(8)
84.5(7) 104.9(7)

N(l)-Cu-Cu®N(2)-Cu-Cu®
80.8(6) 80.7(5) 78.5(5) 80.8(5)

144.6(5) 131.9(5) 129.2(5) 146.2(5)

Table 3.10 Geometry about the copper atoms Cud) and Cu(2)
for complex 3.36. a) denotes an atom in the 
alternative quarter of the ligand which is co
ordinated to the same Cu atom, b) denotes the 
Cu atom in the other half of the complex.

The similarity of the envinnnents of both copper atoms 
and the short bond between them suggest they should not be 
assigned the discrete formal oxidation states •M and but 
that the single unpaired electron is delocalised over both 
metal centers, or that the metal centers are identical and 
that the unpaired electron resides on the ligand. This 
evidence would suggest this is a 'type 3A* mixed valence 
compound, where by the two copper atoms are equivalent and 
indistinquishable^^. A number of copper ensymes contain more 
than one copper per molecule and in some cases^®, not all 
the copper can be accounted for by B8R as Cu(II) in the 
oxidised ensyme. To explain this and other unusual 
absorption spectra of these ensymes, one of the many 
suggestions has been a Cu(II)-Cu(I) interaction, categorised 
as a 'type 3A' mixed valence complex. A dinuclear mixed 
valence copper acetate complex <fig 3.25) has been

92



proposed^^ as a model for such copper-copper interaction in 
enzymes, and similarly to [Cu2(H4cyendimer>] (€104)3 the two 
copper atoms were indistinquishable and their formal 
oxidation states indeterminate.

Fig 3.25 Proposed structure for a dinuclear mixed valence 
acetate complex.

A 30 membered Schiff base macrocyclic ligand (fig 3.23) 
previously described was reported^^ to coordinate two 
copper atoms, incorporating bridging ligands between them.
The variation of the copper-copper distance is dependent on 
the flexibility of the ligand, which can alter to accomodate 
Cu-Cu bridging ligands of differing sizes (table 3.11,fig 3.26).

93



a9A)
aiM

COAl
C(2A}1 .M4A)

Bridging ligand
4(1A)

C(21)<
k(22)

L C u ( l )

OH

Imidaxolate

1,3-azido group

0(23)(
C(2i)<

C (2 5 )j

C(431 | N ( A 2 )

)C (2 4 )

IC(6A) 
|N(7A)

U37) 
>0(35)

C 0 2 A )

Tcai) c(4Ay

N(7B)t

|N (« 0 )

Xu(2)

C02I k(6B) N(1B)'
LN(4B) j j ^ ( 2 B )
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Table 3.11 Fig 3.26 Ortep diagram of a 30 
membered Schiff base macrocycle

The different conformations of the complexes above are 
achieved by folding of the ligand as opposed to the twisting 
of the ligand for the complex [Cu2(H4cyendimer) ] (€104)3

(3.36). An attempt by Nelson?0 to produce the mixed valence 
Cu(I)/Cu(II) complex of the ligand (fig 3.26), resulted in a 
mixture of the biscopper(I) and biscopper(II) complexes. 
Mixed valence copper complexes have become more common 
recently, although few known structures have been 
described^^. A short Cu-Cu bond of 2.441(2) A has been 
reported^^ for a biscopper(I) complex of 1,3- 
diphenyltriasene [Cu2(dpt)4l (fig 3.27). The two H4 planes
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are almost parallel, but the two sets of nitrogen atoms are 
twisted markedly (-15^) from the eclipsed configuration, no 
magnetic data have been reported.

Fig 3.27 Ortep diagram of the structure of [Cu2<dpt)4]

Many metal-metal distances hâve been reported for 
structures related to that of copper(II) acetate monohydrate 
(table 3.12).
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Compound Dintnnco /k Compound Distanced

[CuoC formata)4(NCS)2l9* 
[Cuo(formate)4(urea)2I 
[CU2(acetate)4(py)2 ̂(orthorhombic)
[Cu2(Acetate)4(DCS)2)2*[CU2(acetate)4(H2O )21 
(X-ray study)

[Cu2(acetate)4(qn)21 
[CU2(acetate)4(py)21 (monoclinicT

2.716
2.657
2.645
2.643
2.64
2.64

[CU2(Decanoate)41 
[CU2(aspirinate)2] [Cu2(scetate)4(H^)2l (neutron study)
[CU2(succinate)1 ]

[CU2(dpt)4]

2.63
2.621
2.614
2.610
2.59
2.58
2.565
2.441

Table 3.12 Short Cu - Cu distances^^

Many of these complexes have Cu-Cu distances close to 
the value of 2.56 % for the pure metal^^. Short Cu—Cu 
distances are indicative of metal-metal bonding. However» 
large exchange interactions do not always arise from short 
Cu-Cu distances^^» and very few inorganic dinuclear 
biscopper(II) complexes exhibit complete spin pairing at 
room temperature. One such compound (others have been 
reported^^) was illustrated by Decourcey et al^^» in which 
the two coppers are separated by 3.05 A and bridged by the

t

two oxygens (fig 3.28 ).

2 +

•N
.Cu

•N h 0 "0 ̂
Fig 3.28 An outline of the structure of a di-f»-®lkoxybridged 

Cu(II) complex which exhibits complete spin 
pairing at room temperature.
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In these type of complexes it has been found that the 
degree of coupling increases as the distance between the two 
coppers increases and the bridge geometry varies, thus 
indicating the importance of exchange coupling in ligand- 
bridged copper(II) dimers. Even shorter Cu-Cu bonds have 
been reported^^'^^ for tetranuclear cluster complexes of 
copper(I) (with bridging ligands) showing the copper(I) 
atoms separated by just 2.38 A and 2.42 A, however, these 
complexes are diamagnetic, and therefore cannot be used to 
study how exchange interaction depends on geometry. For 
[Cu2(H4cyendimer)](0104)3 (3.36) the BSR spectrum at the X- 
band of a powdered sample of a frosen acetonrile solution 
(77°K) exhibited one line at g>2.09 6. This does not 
unambiguously support the immediate conclusions from the X- 
ray structural study that the copper ions are equivalent and 
that this is a 'type 3A* mixed valence compound^^. An ESCA 
spectrum^® provided evidence for the assignment of equal 
oxidation states to the two copper atoms. All the data did 
not conclude whether [CU2(H4cyendimer) 1(0104)3 contained a 
[Cu2l^‘*’ unit or a [Cu2l^^ unit and a comparison of magnetic 
data with that of [Cu2(H4cyendimer) 1 (0104)4 is made in 
section 3.7.1. The biscopper(II) complex[0u2(H4cyendimer)l- 
(0104)4 (3.35) was prepared using a different solvent system 
and was characterised by elemental analysis. If the ligand
3.6 is capable of stabilising a [0u2l̂ *'’ unit, then it may be 
possible to stabilise a biscopper(I) unit.
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3.4.3 Bl«coDDcr(I) complex

Preparation of a biscopper(I) complex was attempted 
using [Cu (CH3CN>4](C104) as the source of copper(I). This 
copper(I) salt was made by the reduction of Cu(II)(Cl04)2- 
€H20 with copper bronse in acetonitrile. Preliminary 
experiments to ascertain the stability of copper(I) compounds 
of 3.6 revealed that the solvents must be dried and used in 
an oxygen free atmosphere. The reaction was tested in a 
variety of solvents, but thf was found to be the most 
suitable in preventing oxidation of the copper(I) starting 
material. Without special oxygen free conditions, a green 
complex separated from solution rapidly. This was 
characterised as a biscopper(II) complex but was lightly 
contaminated with the free ligand. The filtrate was left to 
stand for approximately 5 days, when green-brown crystals of 
copper complex 3.37 formed. The infrared spectrum showed 
that the complex contained perchlorate. The dark colour 
suggested a copper(II) complex, although a biscopper(I) 
complex has been reported^^ where the colour was due to 
charge transfer. Other possibilities were that the complex 
was a mononuclear copper complex, or that the "dimeric” 
octa-asa ligand had reverted to a "monomeric” tetra-asa form
(3.2) which gave a mononuclear copper(II) complex. This type 
of "dimer" to "monomer” conversion has been suggested ̂ to 
account for the reaction when a polymeric material (now 
thought to be 3.4) was treated with a refluxing solution of 
nickel(ll) acetate, when the tetra^asamacrocyclic complex 
[Ni(cyen)] was formed (see section 3.1). The infrared data 
for the green-brown copper (ID complex (3.37) were not
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compatible with formation of the analogous copper(II) 
complex (Cu(cyen)l or its related cationic form 
[Cu(H2cyen) ] (C104)2* Consequently an X-ray structure 
determination was undertaken.

3.4.4 The Structure of [CU2(H2Cvendimer)(H20)(C104) 1- 
(ClO^)thf (3.37)

The unit cell had a slightly smaller volume than the 
triperchlorate [Cu2(H4cyendimer)](€104)3# consistent with 
the presence of only two perchlorates. The formulation as a 
mononuclear copper(II) complex seemed reasonable# but when 
the structural analysis was completed a dinuclear copper(II) 
complex of a dianionic form of the ligand was revealed. 
The schematic diagrams of (Cu2(B4cyendimer)](Cl04)3 (3.36) 
and 3.37 are shown in fig 3.29.

ÍN1

>N1 I I 1"^ 

3.37

IN.

1N<

Fig 3.29 Schematic diagram of 3.36 and 3.37

The two coppar atoms in thè diperchlorate 3.37 are 
bonded to different seta of nitrogen atoms from those in 
thè triperchlorate 3.36. The molécula does not have 
crystallographic symmetry# and thè coppers do not have thè
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same coordination spheras. The angles around the anilino 
nitrogen atoms are given in table 3.13. These angles are 
compatible with deprotonation having occurred at nitrogen 
atoms N(2b) and M(2c), where the sums of angles are close to 
360^. The planar disposition of bonds from these nitrogen 
atoms is consistent with an sp^ hybridisation which has been 
observed^^ in other metal complexes containing deprotonated 
o-aminobensaldehyde imines. The aniline nitrogen atoms M(2a) 
and N(2d) have a tetrahedral disposition of bonds, with sums 
of the C-N-C and C-N-Cu bond angles close to the 
theoretical value for a sp^ hybridised atom. A comparison 
for these data is m a d e  with the c o m p l e x  
[Cu2(H4cyendimer)] (0104)3 (3.36) where the anilino nitrogen 
atoms have retained their protons and have values close to 
those expected for tetrahedral nitrogen atoms (table 3.13).

[Cu2(H2cyendimer>(CIO4)(H2O)](Cl04)thf (3.37)

C1-N2-C2
C1-N2-CU
C2-N2-CU
Total

Part A
111.0(9)
109.7(7)
109.5(7)
1 3 0

Part B
117.8(10)
116.2(7)
124.2(8)
330

Part C
117.1(11)
116.9(8)
125.6(8)
330

Part D
109.6(10)
108.7(7)
115.4(7)
33377

C1-N2-C2
C1-N2-CU
C2-H2-CU
Total

[Cu2(H4cyendimer)1(0104)3 (3.36) 
Part A Part D Part B
115.0(18)
115.1(14)
104.2(15)
330

114.2(19)106.0(14)
114.8(14)
33373

115.8(19)102.1(14)
114.4(14)
33373

Part C
111.3(17)
105.1(14)
118.8(14)
330

Table 3.13 Bond angles about the anilino nitrogen atoms for 
complexes 3.36 And 3*37
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For [Cu2(H4cyendlm«r)](0104)3, the anillno hydrogen 
atoms could not be located from the difference fourier 
electron density map. The presence of all four anilino 
hydrogens was suggested by the the tetrahedral disposition 
of the other bonded atoms around the nitrogen atoms (see 
above). In contrast, for 3.37 the two hydrogen atoms 
attached to the anilino nitrogen atoms M(2a) and N(2d) were 
located directly from a difference Fourier map due to the 
better quality of the reflection data (section 7.2). 
However, no electron density maxima could be detected in the 
region of the N(2b) and M(2c) atoms again suggesting that 
these have been deprotonated in the complex 3.37. The 
chelate rings of B and C (3.44) in 3.37 which have the 
deprotonated anilino nitrogen atoms, are more planar than 
a) the chelate rings of A and D, and b) the chelate rings 
A,B,C, and D in 3.37 which contain deprotonated anilino 
nitrogen atoms. This is shown in table 3.14 by the root 
mean square deviation of the plane of the six atoms N2, Nl,Cu^ 
C2, C7 and C8 in each unit.

Chelatering 3.37 3.36
A 0.2874 0.2018
B 0.0428 0.1728
C 0.0457 0.1780D 0.2398 0.1873 C2 

3.44
Table 3.14 Root mean square deviation of atoms in the six 

membered chelate rings A,B,C, and D (see 3.44) 
in the copper complexes 3.36 and 3.37.
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Whereas [Cu2(H4cyendimer)] (0104)3 (3.36) shows similar 
geometries (table 3.10) around each copper atom, the complex 
3.37 has two different copper environments (table 3.15). The 
most significant difference between the envizaments of the 
two copper(II) atoms is the fifth coordination site, which 
for Cul is a strongly bound water, and Cu2 is a very wealcly 
bonded oxygen of a perchlorate.

Cul Cu2

Cu-NlCU-N2
Angles/XN1-CU-N2
Nl-Cu-N(l)*
Nl-Cu-N(2)*
N2-Cu-N(2)*
0-Cu0-CU-N2
0-Cu-Nl

Part A Part B Part 0 Part D
1.94(1) 1.94(1) 1.93(1) 1.95(2)
2.10(1 ) 2.01(1 ) 1.97(1) 2.06(1)

85.2(4) 92.8(4) 93.4(5) 87.0(5)84.8(4) 84.0(6)174.6(5) 160.2(5) 154.3(5) 175.2(5)95.6(4) 96.9(4)
2.369(1) 2.632(1)101.2(4) 93.8(4) 91.9(5) 97.97(591.3(4) 96.1(5) 105.2(6) 84.9(5)

Table 3.15 Geometry about the copper atoms Cu(l) and Cu(2) 
for complex 3.37. a) denotes an atom in the 
alternative quarter of the ligand which is 
coordinated to the same copper ate«.

For the complex (Cu2(H4cyendimer) ] (0104)3 (3.36) a 
pseudo diad relates the ligand portions A to 0, and D to B 
but with 3.37 no such comparison can be made (fig 3.30). 
The two halves of the complex are not related by any pseudo 
symmetry, and this is more pronounced because of the 
different coordination enviioments of the two copper(II) 
atoms. Both copper atoms in 3.37 have irregular coordination 
polyhedra. Cul has an approximately square pyramidal
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arrangement of the four nitrogen atoms and (axial) oxygen 
of the strongly bound water molecule. Cu2 has^rregular 
coordination geometry, described as inbetween square 
pyramidal and a trigonal planar arrangement. The four 
nitrogen atoms experience little repulsion from the very 
weakly coordinated perchlorate oxygen. The best geometric 
plane has been calculated through the four nitrogen atoms 
coordinated to each copper(II) atom, and the displacement of 
the coordinating atoms from their respective planes given in

Fig 3.30 Ortep diagram of (Cu2(B2cyendimer)(Cl04)(H20)] 
(C104)thf (3.37)
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Cul Cu2
Cu~0 bond length k 2.369 2.632
Copper displacwent 
from N4 plane A -0.20 0.18
Oxygen displacesient 
from M4 plane a
Displacement of 
nitrogen atoms A

-2.564 2.801

N1 0.10 -0.25
N2 -0.11 0.21
N1 0.11 0.25
N2 -0.10 -0.22

Table 3.16 Displacement of the coordinating atoms from their 
respective planes.

The overall conformation of the ligand in 3.37 depends 
on the arrangement adopted by the relatively flexible 
ethane linkages (ie upon the torsion angles of the Cl-Cl 
and C9-C9 bridges (3.45) because the four chelate rings 
(3.46) are constrained to be approximately planar (see 
above).

LI

L2

3.45 3.46
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The linking of A-B and C-D is comparable in terms of 
torsion angles at the C9 bridge. The principle difference 
between the A-D and B-C halves of the molecule arise from 
the different torsion angles in the Cl bridge (table 3.17).

LI (N(la) C(9a) C(9b) N(lb)) 
L2 (N(lc) C(9c) C(9d) N(ld))

L3 (N(2b) C(lb) C(lc) M(2c)) 
L4 (N(2d) C(ld) C(la) N(2a))

Torsion angle 
Torsion angle 
Difference 
Torsion angle 
Torsion angle 
Difference

Table 3.17 Dihedral angles in [Cu2(H2cyendimer)-
(C104)(H20)](C104) (3.37).

The deprotonation of the anilino nitrogen atoms N(2b) 
and N(2c) for complex 3.37 is accompanied by a shortening 
of the aromatic carbon-nitrogen bonds (C(2b)-N(2b) and 
C( 2c)-N(2c)), due to the increased conjugation as a 
consequence of sp^ hybridisation. Thus these two C(2)-N(2)

o •bonds in 3.37 have a mean length 1.35 A compared with 1.44 A 
for the other C(2)-N(2) bonds which do not have deprotonated 
nitrogen atoms (see table 3.18).

Complex C(2a)-N(2a) C(2b)-M(2b) C(2c)-M(2c) C(2d)-N(2d)
3.37
3.36 1.447(18)

1.484(31)
1.358(14)1.442(28)

1.351(17)1.401(27) 1.483(31)1.399(30)

Table 3.18 Bond lengths for the aromatic carbon-nitrogen 
atoms in complexes 3.36 and 3.37. (A)«
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The different conformation of the 28-membered ligand in 3.37 
gives a much greater Cul>Cu2 separation (5.7 A) than in 3.36 
(2.44 A), and consequently is not expected to show any 
direct interaction. In the final refinement of this 
structure, the two atoms C(9c) and C(9d) were found to have 
a bond length of approximately 1.4 Jl. A bond this short 
suggested that dehydrogenation had occurred. A complex with 
this formulation (3.37) would be a reasonable product from 
the reaction of the ligand H4cyendimer (3.4) with the 
biscopper(I) salt and dioxygen (scheme 3.17). The reaction 
pathways shoim in scheme 3.17 involves the formation of a 
dioxygen adduct of a biscopper(I) complex 3.48, followed by 
dehydrogenation of the ethane bridge (C(9c)-C(9d)) and semi- 
deprotonation of the anilino hydrogens to give the 
biscopper(II) complex plus two moles of water (one is 
coordinated to Cul).

H20-

\

N N J
----------- Cu-------- -

V  H H ^

oao3

/ y

137
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The different conformation of the 28-membered ligand in 3.37 
gives a much greater Cul-Cu2 separation (5.7 A) than in 3.36 
(2.44 A), and consequently is not expected to show any 
direct interaction. In the final refinement of this 
structure, the two atoms C(9c) and C(9d) were found to have 
a bond length of approximately 1.4 il. A bond this short 
suggested that dehydrogenation had occurred. A complex with 
this formulation (3.37) would be a reasonable product from 
the reaction of the ligand H4cyendimer (3.4) with the 
biscopper(I) salt and dioxygen (scheme 3.17). The reaction 
pathways shoim in scheme 3.17 involves the formation of a 
dioxygen adduct of a biscopper(I) complex 3.48, followed by 
dehydrogenation of the ethane bridge (C(9c)-C(9d)) and semi- 
deprotonation of the anilino hydrogens to give the 
biscopper(II) complex plus two moles of water (one is 
coordinated to Cul).
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Scheme 3.17

Further exeminetlon of the crystellogrephic date for the 
complex 3.37 revealed high thermal parameters for both C(9c) 
and C(9d) atoms. It has been shovn^^ that high thermal 
parameters can sometimes be accounted for by a disordered
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ethane bridge (fig 3.31), which generates during refinement 
a short carbon-carbon bond length. In such a situation the 
four carbon atoms have half occupancy and sometimes it is 
possible to resolve electron density maps so that the 
positions of the four atoms can be defined (fig 3.31).

Located_ positiodT
Actualpositions

y< X
Fig 3.31 The four carbon atoms (half occupancy) of a 

disordered etane bridge.

Detailed examination of the Fourier electron difference 
maps revealed the electron density of the two carbon atoms 
C(9c) and C(9d) were smeared out in the x-s plane, rather 
than resolved into separate peaks. In conclusion, from the 
structural study the presence of a double bond is unlikely 
but cannot be ruled out. Other physical methods such as 
infrared could not be interpreted in terms of one double

I
bond, and other methods (nmr spectra and mass spectra) could 
not be used due to the nature of the complex. For a 
transient biscopper(I) complex (3.48), the conformation to 
form a dioxygen adduct would require the two copper (I) atoms 
to be separated by a distance of 3.5-6 Several examples
of biscopper(I) complexes have been reported recently 
which have been found to react reversibly »with dioxygen or 
carbon monoxide in the solid state (fig 3.32).
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Fig 3.32 The dloxygen adduct of a biacopperd) complex

A biacopperd) complex 3.49 of a 30 membered macrocycle haa 
beendeacrlbed^^ which reacta with dioxygen (acheme 3.18) 
resulting in the oxidative dehydrogenation of the ligand 
(secondary amine groups to imines) to regenerate a 
biscopper(I) complex. The regenerated biscopper(I) complex 
3.50 will then repeat the cycle once more, and the resulting 
complex is thought to have been dehydrogenated in one of the 
ethane bridges as shown by the appearence of an infrared 
band at 1642 cm~^. A comparable band (1660 cm*”̂ ) is present 
in 3.37 which suggests that dehydrogenation may have 
occurred for the bond C(9c)-C(9d).

109



Cu

Cu O2

I

Cu*

Cu

Cu

Xu*

i
H «̂2

HQ OH
V

CH2

Scheme 3.18

Karlin et al have reported^^ the uptake of dioxygen by 
a biscopper(I) complex, resulting in hydroxylation of the 
ligand to produce a phenoxy-bridged bislcopper(II) complex 
(fig 3.33).

Mt

Xu
w

/

Vig 3.33 A phenoxy-bridged biscopper(II) complex
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A dinuclear copper(II) complex of a 24 membered macrocyclic 
Schiff'a base ligand 3.51 has been reported^^. A structure 
determination has shown the metal centers to be linked 
intramolecularly by the imidasolate anion. Bach copper is 6 

coordinate and is bonded to 3 nitrogen atoms of the macro- 
cycle, and to one nitrogen of the imidasolate. Both copper 
atoms are also bonded to oxygen atoms of perchlorate and 
water in axial positions.

N."

Bi«copper(II) conplez of ligand 3*31 3.51

From the above results it is likely that the 
biscopper(I) complex of 3.4 would react readily with 
dioxygen, and strictly anaerobic conditions would be 
essential to isolate [Cu2(H4cyendimer) ]](€10 4)2- The 
preparation was attempted under argon using carefully dried 
solvents, but only a green complex could be isolated, which 
corresponded to a dinuclear copper(II) complex (compound 
3.35). The possibility of introducing a bridging ligand to 
stabilise the biscopper(I) complex by blocking the approach 
of O2 to the Cu2 site was considered. On the basis of a
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Fig 3.34 Infrared spectrum of tCU2(H4cyendiner)(CO)j|l(0104)2 

and unreacted ligand H^cyendimer (see fig 3.2 for 
infrared spectrum of pure ligand).

1633

1100 -1

"208)

Fig 3.35 Infrared spectrum of CCU2(B4cyendimer)(00)xKC^^4̂ 2
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literature search, carbon monoxide was considered as an 
additional ligand to stabilise the Cud) center (see below).

3.5.1 Biscopper(I) - carbon monoxide adducts

Many Cud) complexes have been prepared which react 
reversibly and irreversibly with carbon monoxide^^. The mode 
of b o n d i n g f o r  some complexes have been shown to be 
terminal, although other types have been suggested, and 
recently the bridging mode (3.52) has been confirmed.

^endimer) (CO )j| 1(0104)2 

iimer (see fig 3*2 for 
iand) •

1100 -1

Icyendimer) (CO)»!

3*52

3.5.2 Preparation of the biscopper(I) carbon monoxide 
adduct of the ligand H^cvendimer

The preparation of this compound was attepted by the 
slow diffusion of carbon monoxide through a suspension of 
[Cu(CH3CM)4l(C104) in thf, followed by the addition of 
H4cyendimer to give a mole ratio of 1x2 LtCu(I). The mixture 
changed from white to pale yellow, and the infrared spectrum 
of this material (fig 3.34, facing page) showed it to 
contain large quantities of unreacted ligand but with a 
small amount of carbon monoxide adduct (Vg^x * 2100 cm~^). 
Other solvents (dmf, dmso, acetonitrile, methanol or 
nitromethane) showed no improvement, but by using thf with 
an excess of the copper(I) salt, a white compound was
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Fig 3.36 EPR of the biscopperd) complex [Cu2(H4cyendimer)-
<00)3̂ 1(0104)2
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Isolated of which the infrared spectrum showed a significant 
uptake of carbon monoxide had taken place (fig 3.35, facing 
page). Quantitative experiments revealed optimum yields when 
the mole ratio of LiCu was at least lt4. All these 
experiments with carbon monoxide took place at room 
temperature, since heating resulted in a loss of carbon 
monoxide to yield a green (probably Cu(II) complex) 
compound. Elemental analysis confirmed the formulation of 
the carbon m o n o x i d e  adduct as [ C u 2 (H4cyen- 
dimer)(CO)ĵ ] (ClO^)2» but was unable to determine the amount 
of carbon monoxide in the complex. Attempts to monitor the 
weight lost due to carbon monoxide when the complex was 
gently heated was hampered by the complex not being 
completely dry therefore giving false readings, and because 
it was difficult to remove all the carbon monoxide from the 
adduct. The EPR spectrum of the complex was very weak (fig 
3.36, facing page) but observable due to Cu(II) impurities. 
After the complex had been exposed to air for two weeks a 
signal 100 times as intense was obtained (fig 3.37, facing 
page). The positions of the central bands are very similar 

9* 2.109 and 2.105, and also correspond to that shown by 
the triperchlorate complex 3.3 6 at g « 2.09.

liiii Copper complexes of ■ycvendimer (3.6)

The ligand H22cysndimer (3.6) showed low solubility in 
most solvents, but formed a soluble copper(XI) perchlorate 
complex in a mixture of chloroform/methanol. Addition of 
petrol induced crystallisation of [CU2(H22cyendimer)]- 
<0104)̂  scheme 3.19.
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(C104)4

Scheme 3 .19

The structure of the ligand Hl2cyendimer has been 
determined (section 7.4)and the distance between the 
centroids of the two sets of nitrogen atoms calculated at 
4.605 k (section 3.2.6). It is possible that this distance 
may represent the copper (ID— copper (II) distance in the 
complex  ̂̂ ^^^4^4' since the
conformation of the ligand may vary, there is no definite 
way of Icnowing without an X-ray structure analysis which was 
not possible to undertalce due to the lac)c of suitable 
crystals. The magnetic properties of this complex are 
discussed in section 3.7.

3*6.2 Copper complexes of large ring aacrocvcles (30 and 
36 membered ring).

It was shown (this chapter) that the 28 aembered ring 
H^cyendiaer (3.4) and (3.6) were capable of
coordinating two copper atoms. The larger ring aacrocycles 
B4cyprodiaer (3.7) and H4cyhexdiaer (3.8) may offer an 
interesting variation on the previously described systems.
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by increasing the bridging distance between the two N4 

donor sets (fig 3.38).

R - -CH2CHOHCH2- (3.7)
R - -(CH2>6- (3.8)

Fig 3.38 Schematic diagrams of 30 and 36 membered rings.

3.6.2.1 Copper(II) complexes of the reduced ligands 
H| ̂ cvprodimer (3.42) and H^^cvhexdimer (3.43)

The very low solubility of the 30- and 36- membered 
octa-aza macrocycles (3.42 and 3.43) presented problems in 
forming copper complexes. Soxhlet extraction of the ligand 
into a solution of copper(II) perchlorate in a highly polar 
solvent (pyridine or dmf) for protracted periods did not 
produce a colour change which would have indicated a 
reaction between the ligand and copper(II) salt. The reduced 
ligands were not investigated any further for these reasons.

3.6.2.2 Copper(II) complexes of the tetraimine ligands 
H^cyprodimer (3.7) and H^cvhexdimer (3.8)

These tetraimine ligands showed a greater solubility in 
most solvents than their reduced analogues. Although a green 
colouration was produced when the ligands were added to a 
solution of copper(II) perchlorate in most solvents» any
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attempt to induce precipitation of the copper(II) complex 
resulted in recovery of the ligand. It has been reported 
that certain complexes cannot be prepared in the presence of 
water. It is possible that the water may influence the 
thermodymamic stability of the copper(II) complex and it 
therefore becomes necessary to remove all traces of water 
before the copper complex can be isolated. To overcome these 
problems two approaches can be made.

1) All solvents and starting materials can be vigourously 
dried.
2) A dehydrating solvent such as triethylorthoformate^^ 
or 2,2-dimethoxypropane^^ must be used.

The latter method was attempted due to the solubility 
of both the copper(II) perchlorate and the ligand in the 
triethylorthoformate (teof). Triethylorthoformate will react 
with water according to the following equation:

(C2H50)3CH H2O 2C2H5OH + C2H5(X)CH

Both the ligands (3.7 and 3.8) reacted with copper(II) 
perchlorate in heated triethylorthoformate (200^0 to give 
high yields of a dinuclear copper(II) complex. The yield 
was almost 100% based on a formlation as the 
tetraperchlorate complexes» which was confirmed by 
elemental analysis (table 3.9). The perchlorate complexes of 
both ligands were insoluble in most solvents and could not 
be recrystallised. On heating in dmf, dissociation occurred 
to give the free ligands. The neutral copper(II) complexes 
could not be prepared by reaction of the ligands with
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copper(II) acetate, or by neutralisation of the perchlorate 
complexes with a base, as had been found for other systems 
(section 3.3.2). The magnetic properties are discussed 
below.

3.7.1 Magnetic data.

The copper(II) ion has one unpaired electron and will 
thus be expected to give rise to a magnetic moment close to 
the spin-only value of 1.73 Bohr Magnetons (BM). For 
biscopper(II) complexes there are at least two types of 
copper-copper interaction which may occur to give an 
abnormal magnetic moment.

1) Direct interaction^®.

Compounds having this type of interaction have two or 
more copper(II) ions in close proximity, and a pairing of 
spins on the copper atoms by direct overlap of the metal 
orbitals containing the unpaired electrons gives rise to a 
subnormal magnetic moment.

2) Superexchange interaction®®.

The copper(II) compounds belonging to this category 
usually have a larger copper-copper distance than those with 
direct interaction, and the coupling of the spins ta)ces 
place using orbitals on one or more atoms in a bridging 
ligand.
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Pig 3,39 Magnetic data for the copper(II) complexes of 
H2cyen and H^cyen
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3.7.2 Mononuclear copper (ID complexes.

in the series of copper(II) complexes discussed in this 
chapter, the mononuclear complexes will be expected to show 
normal Curie Weiss behaviour which is dependent on a linear 
relationship between temperature and the reciprocal of the 
magnetic susceptibility. Results for the copper(ll) 
complexes of H2cyen and Hgcyen are given in fig 3.39, facing 
page. The magnetic moments for these three complexes are 
close to the expected value of 1.73 BM and they show normal 
Curie wiess behaviour (see figure 3.39). Anomalously low 
values would only be expected if there were short 
intermolecular contact distances between copper atoms, or 
superexchange interaction in which a copper atom makes a 
close contact with a neighbouring ligand atom.

3.7.3 Dinuclear copper complexes.

The dinuclear copper complexes discussed in this 
chapter are expected to be capable of showing direct 
copper-copper interactions, because the ligands can 
constrain the copper atoms to lie very close together. For 
example, the complex [Cu(H4cyendimer) ] (€104)3 (3.36), the 
particularly short Cu-Cu distance (2.444 A) was due to the 
"twisted” conformation of the ligand (see section 3.2.6) 
which has also been found^ in the related free ligand 
H4cyprodimer (3.7).

The variable temperature magnetic measurements are 
shown in fig 3.40, facing p1l9.. All three biscopper(II) 
complexes (fig 3.40) have subnormal magnetic moments
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compared to the expected value of 1.73 BM for one copper(Il) 
atom per molecule. The slight increase in the magnetic 
moment as the temperature decreases is suggestive of a 
triplet ground state molecule resulting from a ferromagnetic 
interaction between the two copper(II) atoms in the dimer.

The last biscopper(II) complex to be considered in this 
chapter is [CU2  ̂ 4* ligand 
Hi2cyendimer is more flexible (section 3.2.6) and would be 
expected to allow greater copper-copper separations than 
that found in the related complex [Cu(H4cyendimer) ] (0104)4 

(3.35). As expected, the magnetic data for (CU2(H]^2^y®°' 
dimer) 1(0104)4 does show normal Ourie Weiss behaviour and a 
^ eff copper(II) atom (fig 3.41), thus 
confirming the absence of direct or superexchange 
interaction between the copper(II) atoms.

36 * 4b * 60

* * *♦ ♦ ♦ ♦ ♦

tetraimine
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CHAPTER 4

4.1 Mono- and dlnucleatinq aia-macrocvclea containing 1,2- 
diaminobaniane units.

The dinucleating ligands discussed in this chapter 
correspond to the fused and mono bridged bisquadridentate 
types III And i respectively (chapter 2).

4.1.1 Introduction: Mononucleatinq asa macrocvcles.

The tetra-asa macrocycles in this section are restric
ted to those with an aromatic bridging group between the 
imine nitrogen atoms (scheme 4.1). These ligands can be 
prepared by condensation of 4.4 and 4.5 in the presence of a 
catalyst such as sinc(II) acetate or PTSA^. Prior to the 
commencement of this project two free ligands had been 
reported^. Scheme 4.1 lists the free ligands independently 
prepared during this thesis^.

«1 ?2

4.1 R1
4.2 R1 
4.3a R1 
4.3b R1 
4.3c R1 
4.3d R1

R2 - H 
R2 - C»3  
H, R2 - Cl 
H, R2 - NOo 
H, R2 - CH3 
H, R2 - COOH

Scheme 4.1 Tetra-i macrocycles

Many metal complexes (mainly Cu(II), Co(II) and Ni(ID) 
have been prepared^^ by in situ ("template”) reactions of 
the ligand precursors and a metal salt (scheme 4.2).
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4«4

H2N i ,

H

♦ M(0Ac)2
-2H0AC

N N
M

N N

S chX
4*6

X R1 £1

H H H
NO9 Me HH Me Me
NO9 -C4H4-
NO2 CL H

NO2 H

Scheme 4.2 Template eyntheaes of macrocyclic metal
conplexea^^.

»

A high proportion of all the possible permutations of 
Ni(li), Co(Il) and Cu(II) complexes shown in scheme 4.2 have 
been prepared by Black and co-workers^^. These ^  situ 

have been termed^ 'template reactions' and result 
in the neutral metal complex 4.6 formed after loss of the 
snilino protons. The free ligands for the complexes shown in 
the scheme had not been reported at the commencement of this 
work, with the exception of 4.1 and 4.2.
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4.1.2 Introduction: Dlnucleatlnq-a«a macrocyclas.

This class of ligand could be prepared from the 
condensation of the dialdehyde (4.7) with a suitable tetra- 
amino precursor e.g. 1 ,2,4r5-tetraaminobensene tetrahydro- 
chloride (TAB.4HC1) (4.28) (scheme 4.3).

N
H

‘N
H

H.

TAB
H2N NH2

-4H2O

•N̂
N

H
,N*

4.8
H^biogrphtn

Scheme 4.3 Reported synthesis of H4bicyphen (4.8)

A preliminary communication^ reported the synthesis of 
H4bicyphen (4.8). The reaction involved partial (-90 %)
neutralisation of the TAB.4HC1 with sodium methoxide 
solution followed by condensation with C2~8ialdehyde (4.7) 
in refluxing methanol. A yield of 28 % was recorded. 
Problems with solubility were encountered, and the 
dinuclear Cu(II) complex was prepared by extraction of the 
ligand from a Soxhlet thimble by refluxing pyridine from a 
solution of copper(II) acetate monohydrate (in pyridine). 
Characterisation of the ligand was made by infrared, 
elemental analysis and aims N* ■ €02. The copper(II) complex
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was to Involatile to give an eims.

4.2.1 Results and d iscussion for m ononucleating asa 
macrocvclea.

The mononuclear analogue for all the dinucleating 
ligands considered in this chapter is H2cyph (4.1). This 
ligand was prepared (section 8) along with the copper(II) 
(neutral 4.9 and dicationic 4.10) complexes (scheme 4.4, 
table 4.1). The reason for preparing these Cu(II) complexes 
was to investigate their stability to oxidation before 
testing them or their biscopper(II) analogues as oxidation 
catalysts, and to compare their physical and spectral prope
rties with those of the related dinuclear systems. 
Reduction of the imine links in 4.1 gives the tetra-asa 
macrocycle 4.11 which contains only secondary type nitrogen 
atoms 4.11. Table 4.1 contains analytical data for the 
ligands and their copper complexes, and other closely 
related compounds which are discussed later in this chapter.
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Scheme 4.4 Nononucleating ligands and their copper(II) 
complexes•

Compound 
Hocyph (4.1)Hocypn 14.1}
(Calc, for C22H20N4)
[Cu(Cyph)] (4.9)
(Calc, for CuC22Hx 8̂ 4)
(Cu(H2Cyph))(C104)2 (4.10) 
(Calc, for CuC22"20^4^^2^8^
Hgcyph (4.11)
(Calc, for C22H24M4)
[Cu(H^cyph)](Cl04)2 (4.12) 
(Calc, for CuC22"24^4^^2^8
[Cu(H2cyph)(OMe)2] (4.18) (Calc, for CUC24H22N4O2)
[Cu(cyphX)] (4.28)
(Calc, for CUC22H24N4O2)

)

c% H% Mi Cut
77.5 6.0 16.4
(77.6) (5.9) (16.5)
66.0 4.5 13.8 15.8
(65.7) (4.5) (13.9) (15.8)
44.2 3.4 9.6 10.9(43.8) (3.3) (9.3) (10.5)
76.6 7.0 16.3(76.7) (7.0) (16.3)
43.4 4.0 9.2 10.4
(43.5) (4.0) (9.2) (10.5)
62.2 4.8 12.1 14.0(62.4) (4.8) (12.1 ) (13.8)
60.9 3.4 13.4
(61.5) (3.3) (13.0)

Table 4.1 Analytical data for the mononucleating ligands 
and their copper(II) complexes, found (calculated).

The copper(II) perchlorate complex 4.10 of H2cyph has 
retained the anilino protons while these have been lost in 
the neutral complex 4.9. It is an unusual situation for 
complexes to be stable at two different levels of
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protonation of the ligand. Many chelating ligands which 
coordinate copper(II) at medium or neutral pH, will on 
protonation release the copper(II), and recovery of the 
ligand can be achieved^» This is particularly 
useful for metal ore refining by solvent extraction.

P50
‘OH

PI7

:h:
)H

3XE 329

Pig 4.1 Metal extractants^ marketed by Acorgee ltd 
(P50,P17) and Shell Chemical Company (SME 529).

The conversion from the cationic complex 
[Cu(H2cyph)](C104)2 (4.10) to the neutral complex [Cu(cyph)] 
(4.9) by the addition of sodium methoxide solution (scheme
4.5) has been confirmed by solid state infrared spectra and 
elemental analysis (also see section 3). In contrast, the 
copper(II) perchlorate complex 4.13 of a 16-membered ligand 
QH4 which also contains the o-amino bensylimine unit was 
reported^ to retain the anilino protons on addition of base, 
and only exchange of anions was effected (scheme 4.6).
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N
H Cu

A

4.10

2NaOMc

Jaô )j
4.9

Scheme 4.5 Deprotonation of [Cu(H2cyph)](0104)2! (4.10).

^2NaOH
-2NaCI0i

Cc» ( « ' 4 ) 1 < « V 2  (4 .1 3 ) '

Scheme 4.6 Typical anionic exchange reaction.

(OH).

It is surprising that the neutral complex [Cu(QH2)l
(4.14) was not formed by addition of base to the copper(II) 
perchlorate complex (Cu(QH4)I(0104)2  ̂ eince the ligand QH4 

has been independently reported‘s to give the neutral complex 
[Cu (QH2)] (4.14) when treated with copper(II) acetate 
(scheme 4.7). The deprotonated nature of the latter has 
recently been confirmed by an X-ray structure 
determination^^ at the Polytechnic of North London.
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4Cu(QAo)2
-2HQ10

Scheme 4.7 Preparation of [Ctt(QS2)] (4*14)

4.2.2 The Chemistry of H2£Y£h (4.1)

Two methods have been reported^^'^ for preparing the neutral 
complex [Cu(cyph)] (4.9).

1) . Preparation of the ligand H2cyph (4.1) followed by 
copper(II) complexation^. A mixture of preformed ligand and 
copper(ll) acetate in refluxing methanol or dmf gave 
[Cu(cyph)] (4.9) (scheme 4.4).

2) Template reaction^^. A mixture of C2-dialdehyde (4.7), 
l»2-diaminobensene and copper(II) acetate was heated in dmf 
or refluxing methanol to give the deprotonated copper(II) 
complex (scheme 4.2). Higher yields were recorded than 
Bethod 1. Both methods gave a dark red compound which was
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characterised as [Cu(cyph)]. Many closely related compounds 
have been prepared^^ by method 2 (scheme 4.2). Thus in 
general it appears to be easier to prepare copper(II) 
complexes (scheme) than their free ligands. No mass 
spectral data were reported^^ for the copper(II) complexes 
(scheme 4.2) due to their low volatility.

4.2.3 Discussion

A number of unexpected results were obtained when 
[Cu(cyph)] was prepared according to methods 1 and 2.
Method 1

Before recrystallisation, the crude product [Cu(cyph)] 
was shown by eims to contain trace amounts of oxygenated 
species (table 4.2). The percentage of these oxygenated 
species is low as the infrared spectra did not show any 
absorption ascribable to the carbonyl stretch (-1660 cm*^). 
The relative abundancies of these species are not 
necessarily a useful guide to purity since the oxygenated 
species may be more volatile than [Cu(cyph)] or the ethene 
analogue (Cu(cyph-2H)] (4.15) (m/e - 399). The eims of a 
sample recrystallised from dmf showed a parent ion at m/e 
399, corresponding to the complex [Cu(cyph-2H)] with a 
dehydrogenated ethane bridge. The colour of the compound 
when recrystallised from dmf varies from darlc red to 
blaclc, although no differences can be observed in the 
infrared or mass spectra to account for this. The uv/vis 
spectra in solution of the various samples are identical, 
snd hence the variations in colours of the solids were
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attributed to the different crystalline forms.

m/e relative abundance assignment

429 2%

0 0

415 5%

399 100%
4.15

Table 4.2 Assignment of the three highest m/e peaks in the 
eims of [Cu(cyph)] (crude product) from method 1.

Method 2
The ^  situ reaction of the ligand precursors and copper(II) 
acetate gave a crude red powder, which showed an identical 
infra red and uv/vis (solution) spectra to the [Cu(cyph)] 
from method 1. The eims showed two molecular ions at 401 and 
399 suggesting the presence of two types of parent ion (fig 
4*2). A sample recrystallised from dmf gave dark red 
needles, of which an eims showed the presence of only one 
parent ion at a^e «399.

135



Fig 4.2 Elms of crude [Cu(cyph)] from method 2

It is possible that dehydrogenation could occur in the mass 
spectrometer to give 4.15. Boirever, the observation that 
both 399 and 401 (m/e) peak in the 'crude* [Cu(cyph)] from 
the ijn situ preparation shows that it is possible to obtain 
a molecular ion for (Cu(cyph)] N* ■ 401. Therefore it is 
probable that dehydrogenation occurs in the presence of 
dioxygen to give a more themodynamically stable product. No 
material isolated from method 1 showed a molecular ion 
corresponding to [Cu(cyph)]. Only the m/e - 399 peak and 
traces of oxygenated impurities were observed. Therefore it 

reasonable to suggest that the thermodynamic stability of 
[Cu(cyph)] and the dehydrogenated analogue 4.15 may be very 
close, but extended periods in solution in the presence of 
dioxygen (see section 4.2.4) may give the dehydrogenated 
•pecies. The oxidative dehydrogenation of macrocyclic 
complexes (scheme 4.8) has been investigated by Black and
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co-workers^» using a variety of oxidising agents (oxygen» 
hydrogen peroxide» bromine» iodine» hexa pyridine iron(II) 
chloride and 2»3-dichloro-5»6-dicyano-p-bensoquinone).

Br

iON N— '

+
Br

Scheme 4.8 The oxidative dehydrogenation of related tetra- 
asa macrocycles.

The successful incorporation of Cu(II) into the ligand 
H2cyph (4.1) by method 1» contrasts with the situation for 
the ligand H2cyen (4.16). It was shown (section 3.2) that 
copper incorporation using copper(II) acetate did not 
readily take place for the aliphatic bridged ligands (e.g. 
4.16» method 1» scheme 4.9)» whereas the template method 
(method 2) was effective for both types of ligand (e.g. 4.1 
and 4.16» scheme 4 • 9).
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Issa

/ AH2N Nl̂
Htfhod -

4 . 1 6 / =

Method
1

-Method

Ó - ’> ' \ J - 0

4.17 N
Cu

N
N

Scheme 4.9 Routes to deprotonated copper (ID complexes of
H2cyen (4.16) 6 H2cyph (4.1).

* The addition of triethylamine to a mixture of H2cyen 
(4.16) and copper(II) acetate in methanol resulted in 
partial incorporation of copper(II)r but low yields and 
impure samples were obtained.

4«2.4 Other products fr<xn the preparation of [Cu(cvph)1 
14.9) bv method 1.

The reaction between H2cyph (4.1) and copper(II) 
acetate in thf/methanol gave two products.
^^^•t the dark red neutral complex, either (Cu(cyph)] (4.9)
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or [Cu(cyph-2H)1 (4.15) (with M* « 399) was filtered from 
the reaction mixture. Secondly, after 20 h an unlcnown 
product (gold coloured needles) separated from the filtrate. 
From the molecular weight (M* - 461, from eims measurements) 
and elemental analysis results, an empirical formulae of 
CUC24H22N4O2 calculated. From this information the pro
duct with M* “ 461 could be formulated in one of several 
ways (fig 4.3).

Cu
N

rN

OMc OMft 
4*18 4.19 4.20

Fig 4.3 Three possible formulations, each having the 
empirical formulae CuC24H22N402*

An accurate mass fragmentation pattern was obtained to 
help identify the correct assignment (table 4.3).
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Accurata
mass»
Found
(calculated) 
*461

443.0945
(443.0935)

Bppirical
Formulae"

024^22^4^2^^

A«20

OOCCH3

C24H20N4OCU

4.18

MtO OMe

429.0797
(429.0778) C23H]^3N40Cu

415.0662
(415.0662)

399.0686 C22H1CN4CU 
(399.0673) “  *

4.15

Table 4.3. Accurate mass interpretation of unknoim product.
* The molecular ion at 461 could not be detected 
at high resolution.
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The accurate mass determination was interpreted on the basis 
of the two structures 4.18 and 4.20. Although a complete 
fragmentation pattern could be proposed for 4.20, the 
acetate structure was not confirmed by the infrared 
spectrum. The alternative structure 4.18 could not be fully 
interpreted for the accurate mass fragmentation pattern, but 
other evidence would suggest this possibility cannot be 
ruled out. The addition of methanol to an imine function 
has been reported^^ for a 30 membered Schiff's base 
macrocycle (4.22) mainly on the basis of infrared data. The 
unknown product cannot be formulated in a corresponding way 
(4.21) because the infrared spectrum did not show a N-B 
stretch (ca. 3300 cm*^), and the molecular ion for 4.21 
should be M* ■ 463.

MeO

-N Gi N

N Cu

IC10̂ )2H20

4.22
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Neutral complexes having methoxy substituents^^ (e.g. 4.19)
could result from the addition of methoxide to a
dehydrogenated cationic complex (scheme 4.10). In this
scheme there are four possible sites for the attack of the
methoxide ion, and therefore several isomers are possible.
The formulations 4.18 and 4.19 are the more symmetrical
possibilities. The addition of methoxide to the imine carbon
creates a chiral centre and therefore each dimethoxide 

as geoBMtric isomers oradduct could exist in meso or racemic forms (scheme 4.10).

N
N

OMe

Scheme 4.10 Possible isomers of a dimethoxide adduct.

A cationic tetraimine copper(II) complex (see scheme
4.11) has been shown^^ to undergo nucleophilic addition of 
the methoxide ion to give a neutral complex.
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'3*2

Scheme 4.11 Nucleophilic addition reaction of the methoxide
ion to axomethine linkages.

The product (4.18) was not supported by a complete 
interpretation of the accurate mass fragmentation pattern 
(table 4.3), but can be related to other findings (section
4.2.5).

4.2.5 Reactivity of the ethane bridge in [Cu(cyph) 1.

The evidence presented already in the previous section 
suggests the ethane bridge may be dehydrogenated. Other 
reactions may occur, e.g. it has been reported'^* that 
[Fe(cyph)CH3C02] (4.23) when dissolved in dmf deposits 
crystals of the oxygenated complex 4.28. This was shown by 
X-ray structural analysis to have undergone oxygenation at 
the ethane bridge (scheme 4.12).

4.23

_ Q ,

4.28

.OOCCH3

Scheme 4.12 Oxygenation of [Fe(cyph)CH3C02l (4.23)
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Preliminary reports^^ have suggested a similar result 
for [Cu(cyph)] (scheme 4.13).

4.9
Scheme 4.13 Oxygenation of [Cu(cyph)].

The conditions for this oxygenation were reported^^ 
tobe 5 days at lOO^C in dmf. The reaction mechanism is 
unknown, but may involve a radical reaction between 
[Cu(cyph)] and dioxygen (route 1, scheme 4.14). Routes 1 and 
2 (scheme 4.14) would both involve the initial reation with 
dioxygen to give a radical species 4.26, which may be 
stabilised with a copper(I) analogue 4.27. Route 2 would 
then explain the formation of a dehydrogenated non-radical 
species 4.15, corresponding to the compound [Cu(cyph-2H) ]. 
Route 1 depicts a radical reaction to give the dioxoproduct 
without forming 4.15. Both routes are speculative, although 
the autooxidation of unsaturated molecules is well 
established^^.

H H

Scheme 4.14 (continued next page) 4.26
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4«26

N N

H H

Cu

 ̂ Ripeot 
from 2

r̂ cû

N -'OH

[Oa(oorpbO^)]

Schmm« 4.14 Two posslbl« ■•chanistic routas for ths
oxygsnstion of CCn(cyph)].
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4,2.6 Preparation of [Cu(cyphO;)l (4.25)

The preparation of [Cu(cyph02>l haa been reported using 
two different routes 12,15 (scheme 4.15).

H2N NH2

[CuCoyphOg)]

[Cu(oorph)]

Scheme 4.15 Two previously reported routes to (Cu(cyph)02l*

The structure of [Cu(cyph02)l has been determined^ on a 
crystalline sample from route 1 after recrystallisation from 
dimethylsulphoxide. It was reportedly that the infrared 
spectra of a sample of [Cu(cyph02)l isolated from route 2 
corresponded to the infrared spectra of a sample from route
1. When the preparation of CCu(cyph02)l attempted in 
this worlc using the conditions outlined previouly for route
2, a blaclc solid was obtained on each occasion which could 
not be characterised. A material closely related to 
[Cu(cyph02)l which was initially labelled [Cu(cyphX)] (4.28) 
was obtained from an attempt to recrystallise (Cu(cyph)] 
from dimethylacetamide. The intention was to clarify whether
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[Cu(cyph)] was dehydrogenatsd on rocrystallisation (see 
section 4.2.3). The recrystallisation was attempted from 
dimethyl acetamide (dma) by dissolving a small sample of 
[Cu(cyph)] (4.9) at reflux and setting aside at room 
temperature. After 5 days the dark coloured solution had 
deposited deep burgandy coloured crystals of [Cu(cyphX)]. 
The few crystals obtained were compared to a sample of 
[Cu(cyph02>] (from route 1) which were a lighter colour. 
After a few days the surface of the crystals [Cu(cyphX)] 
(4.28) showed signs of decomposition. One was examined by X- 
ray crystallograhy (section 4.2.7). The recrystallisation of 
[Cu(cyph)] was also made using the same conditions as above 
but with the exclusion of oxygen (nitrogen atmosphere). On 
these occasions no product was isolable. This evidence did 
support the proposed radical reaction between dioxygen and 
[Cu(cyph)] (scheme 4.14).

4.2.7 The X-ray Structure of [Cu(cvphX) 1 (4.28)

On the few crystals isolated from the method above, an 
aims and weak infrared spectra were obtained. The eims 
detected a molecular ion (m/e ■ 429) corresponding to 
(Cu(cyph02>]• infrared spectrum on such a small sample 
was difficult to interpret, but did show a carbonyl stretch 
at 1660 cm~^, and a spectrum similar to that of [Cu(cyph02)] 
(4.25). To confirm this analysis one of the crystals of 
[Cu(cyphX)] recovered .from dma was examined by X-ray 
crystallography, and a unit cell was calculated and refined 
(section 7.5). The unit cell dimensions can often be used to 
'fingerprint* a compound, although many compounds have more
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than one crystalline form. Table 4.4 compares the 
preliminary crystallographic data of [Cu(cyph02>] and 
[Cu(cyphX)].

OHIT CELL DATA 
[Cu(cyph02)] [Cu(cyphX)]

a /k 14.920 15.088
b 4 15.918 16.034
c /A 7.224 7.176
alpha * gamma 90.000^ 90.000®
beta 95.031® 96.615®
Vol 1709.06 1724.47

Table 4.4 Refined unit cell data for [Cu(cyph02>] and 
[Cu(cyphX)].

The difference between the two sets of cell parameters 
was significantr and therefore the full structure 
determination was undertaken to establish the nature of the 
differences between the two materials. Due to the similarity 
of the cell parameters for both dioxocompounds (table 4.4), 
the structure of [Cu(cyphX)] was solved by using the same 
fractional coordinates of the non-hydrogen atoms (except 
oxygen) as those found for [Cu(cyph02)]• A difference 
Fourier map revealed the oxygen atoms in very similar 
positions to those found for (Cu(cyph02)]• The molecular 
configurations were very similar (fig 4.4)» but the main 
difference was that in [Cu(cyphX)] atoms generally showed 
high thermal parameters» in particular the oxygen atom 0(1A) 
(••e figure 4.4 and table 4.5)
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Fig 4.4 Ortep diagram of [Cu(cyph02)] (4.25) and 
[Cu(cyphX)] (4.28) showing thermal ellipsoids at 50 
% probability level.

[Cu(cvohX)]
Ull 022 033 023 013 012

0.120(5) 0.116(5) 0.189(7) -0.030(5) -0.004(5) 0.007(4)
0.051(2) 0.061(3) 0.152(5) -0.004(3) -0.032(3) 0.011(2)

[Cu(cvDh02)]
Oil 022 033 023 013 012

0.039(1) 0.069(1) 0.093(2) -0.020(1) -0.017(1) 0.001(1)
0.044(1) 0.053(1) 0.143(2) -0.009(1) -0.037(1) 0.012(1)

Table 4.5 Anisotropic thermal parameters for oxygen atoms
of the complexes [Cu(cyph02>] and [Cu(cyphX)].

The high thermal parameters could be due tos
1) a monooxygenated form of [Cu(cyph)], which showed a 

statistical disorder of the oxygen site in the ethane 
bridge (fig 4.5), or 2) an oxo-hydroxy species (fig 
4*6), as a consequence of incomplete dehydrogenation. No
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evidence for the existence of this incompletely oxygenated 
form (fig 4.5) or incompletely dehydrogenated form (fig
4.6) could be found from infrared or aims spectra.

N
Cu

Fig 4.5 Statistical disorder of a mono-oxygenated ethane 
bridge in [Cu(cyphX)].

Fig 4.6 A oxo-hydroxy species of [Cu(cyphX)].

A thorough examination of the intermolecular contact 
distances in the solid state structures revealed some minor 
differences in the pac)cing arrangement of [Cu(cyphX)] 
compared with [Cu(cyph02)]*
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4.2.8 A detailed examination of the two atructurea of
^cuicvDhX)] and [Cu(cyph02> 1.

The intense colour of the two compounds [Cu(cyphX)] and 
[Cu(cyph02)l will be due to the charge transfer between the 
copper(II) ion and the coordinated ligand. A close 
examination of the geometry about the copper atoms in both 
complexes, revealed a more tetrahedrally distorted 
arrangement of nitrogen atoms. Fig 4.7 depicts the 
distortion in milliangstroms from the least squares plane of

Fig 4.7 The geometry about the copper atom in the complexes 
[Cu(cyphX)] and [Cu(cyph02)1• Values (in 
milliangstroms) refer to the separation of the 
atoms from the best least squares plane of the four 
coordinating nitrogen atoms.

The intermolecular contact distances of the two structures 
[Cu(cyph02)] [Cu(cyphX)] showed a number of significant
differences. The extent of these differences varied between 
0 to 0.43 k. The differences are too small to be visually 
observed in the packing diagram, and therefore a 
comparison of intermolecular contact differences (greater 
than 0.2 1) is made in table 4.6.
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[Cu(cyphX)] [Cu(cyph02)l
(4.28) (4.25)

C(11A)...N(2A)» 5.34 5.140(1B)....N(1A)* 4.72 4.51C(2A)___N(2B)* 4.42 4.12C(3A)....C(1A)* 5.22 5.02C(4A)....C(1A)* 5.42 5.21C(5A)....C(1A)* 4.87 4.66C(2B)....C(3A)* 5.13 4.71C(1B)....C(11A)* 4.80 4.600(1B)___C(llA)* 4.79 4.530(1B)....C(10A)« 4.25 4.040(1A)....C(11B)* 4.12 3.920(1B)___C(llB)« 5.42 5.19
*(Siyinm«try transformation 1-x, 1-y, 1-s)
Table 4.6 Intermolecular Contact Distances (X).

The experimental procedure for obtaining crystals of 
[Cu(cyphX)] was optimised (section 8) and further crystals 
showing the same intense colour were obtained. One of these 
was examined by X-ray crystallography and found to have the 
unit cell parameters previously found for the crystal 
[Cu(cyphX)] which was used in the structure determination 
above. The availability of larger quantities of crystals 
allowed a more intense infrared spectrum to be obtained 
(section 8). This was compared to the spectrum of 
[Cu(cyph02)l prepared by Peters^^ and found to be 
identical. The high thermal parameters of the oxygen atoms 
0(1A) could be due to a small percentage of hydroxy compound 
(Fig 4.6) distributed statistically throughout the lattice 
of [Cu(cyph02>]. However, the lack of any 0-H stretch in the 
infrared spectra suggests that only a very small percentage 
of this species would be present.
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4.2,9 Further reactions of [Cu(cyph)].

The formation of [Cu(cyph)(ONe)2] (section 4.2.4) would 
suggest that the nucleophilic attack by methoxide has taken 
place on the imine bonds of a dehydrogenated complex 4.29 
(scheme 4.16) This nucleophilic succeptibility of 4.29 has 
been further confirmed by the oxygenation to give 
[Cu(cyphX)] (4.28). The preparation of [Cu(cyph)(0Ne)2]
(4.18) occurred in a solvent mixture containing methanol. 
This suggests that other alcohols may give rise to related 
compounds (scheme 4.16).

/thf/ROH :N N
Cu

RO OR

Scheme 4.16 Alcohol addition to the azomethine links in the
complex 4.29

No addition reactions leading to products analogous 
to[Cucyph(0Me)2)] were detected when the reaction of
H2cyph with copper(II) acetate was carried out in the 
presence of ethanol, propan-l-ol, propan-2-ol, butan~l-ol, 
butan-2-ol, or ethan-l,2-diol as prepared by the route 
described in section 4.2.4. The solvent ethan-l,2-diol was 
tried in an attempt to form the cyclised product 4.30 
(scheme 4.17). This would have confirmed the addition of 
alcohol to the ethene bridge rather than the bensylimine 
linkages (section 4.2.4), however, from this solution
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crystals of a dioxocompound were formsd. A single crystal 
was examined by X-ray crystallography for cell parameters, 
and was found to have a unit cell corresponding to that of 
the [Cu(cyph02)l (4.25) complex. Scheme 4.18 outlines the 
routes to both crystalline forms of the dioxo complex.

♦♦

A.3D

Scheme 4.17 Ethan-1,2-diol addition to the asomethine links
in complex 4.29.

HHg IHj
rO 0- ♦Op ♦cuiaio)̂  /  wso

-2 H Q ie 2H20

♦ O j ♦Cu(QAo)g -2HQAO

/ethan-1  f 2 -d i o l/ t h f

[(h i(p y p h O p )] 4 .25

[Cu(QOrphOp)] 4.25

♦0«
[C u(Q orphZ)] 4 .28

Scheme 4.18 Routes to the dioxocompounds characterised by
X-ray crystallography.
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Conclusion
The solution chemistry of [Cu(cyph)] (4.9) is extensive 

and has shown many interesting features which were 
unexpected. The deprotonation of the perchlorate complex 
[Cu(H2cyph) ] (0104)2 to give [Cu(cyph)], leads to a novel 
synthetic route for the more difficult to prepare neutral 
biscopper(II) complexes of the bicyclic ligands described 
later in this chapter. The side reactions found when 
preparing [Cu(cyph)], or recrystallisation of [Cu(cyph)] 
from dma has proved that the chemistry is by no means 
simpler and care must be taken to prevent leaving any 
copper(II) complexes for extended periods in solution. These 
unexpected results are not necessarily limited to the 
copper(ll) complexes as other oxygenation reactions have 
been reported for related Nl(II)^® and Pe(II)^2 complexes. 
Under conditions where the copper(II) complexes of this type 
are to be considered as catalysts for oxidative reactions it 
is probable that the complex would be first converted to 
oxygenated or dehydrogenated forms, and it would be 
necessary that these latter forms should show catalytic 
activity.

^»3.1 Results and discussion for dinucleatino asa 
Macrocycles

Two tetra-amino compounds are commercially available 
which may react with C2'~dialdehyde to give a new series of 
bicyclic ligands. A third TAG (4.32) was supplied by I.C.I.
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organics division, and is not commercially available (table
4.7). The two compounds TAG and TAB.4HC1 on reaction (2tl 
condensation) with C2-dialdehyde could give bicyclic ligands 
with a "fused” bridge (see type III, section 2) whereas the 
DAB on condensation with C2~dialdehyde would give rise to a 
linked bicyclic ligand (see type I, section 2).

H2N NH2 H2N

TAB.4HC1 TAG DAB
4.31 4.32 4.33

Table 4.7 Tetraamino compounds
4.3.2 The reactions of 1 >2«4,S-tetraaminobenienetetra- 
hydrochloride (TAB.4HG1^ 4.31).

As discussed earlier (section 4.1.2) a preliminary 
communication^ described the synthesis of H4bicyphen (4.8« 
scheme 4.19) but recorded low yields of 28 %.

-N
H

H2N )IH2
.4HQ ♦ 3.5NaOMt

/MtOH
N

♦4H2O
♦ 3.5NaCl
♦ 3.5 MtOH

A Ĥ biQQrphmi (4*8)
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The published method was repeated, but found to give 
little if any of the product H4bicyphen (4.8). The reason 
was thought to be due to problems associated with the 
neutralisation of TAB.4HC1 (4.31). This step involved the 
addition of sodium methoxide solution to the TAB.4HC1 to 
partially neutralise (-90 %) the hydrochloride salt and to 
allow the remaining protons to catalyse the condensation 
reaction. Unfortunately, once neutralised the TAB is very 
sensitive to oxygen and forms a mixture of highly coloured 
products. The reactivity of TAB and other polyamines with 
various carboxylic acids has been well documented by 
Narvel^^ (scheme 4.20).

«(cooe)^^

Scheme 4.20 Polymerisation of TAB.

The method for preparation of H^bicyphen was improved by an 
situ neutralisation of the hydrochloride salt, whereby 

small aliquots of TAB.4BC1 were added to a stirred 
suspension of C 2~dialdehyde (4.7) in ethanol (under 
nitrogen). After each addition a red colour was produced, 
which was discharged by the dropwise addition of base 
(sodium methoxide). Refluxing for 20 h followed by 
recrystallisation from pyridine gave yields of -75 %. 
B4bicyphen has a low solubility and volatility (mp
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330^C(d))r but was stable enough for the molecular ion to be 
detected by elms and fdms (m/e ■ 602, section 8). The copper 
complexes of this ligand are discussed in section 4.4.1.

Relatively stable non-cyclic dinucleating ligands have 
been reported^^ by reaction of TAB or DAB with the 
ethoxymethylene derivative of acetylacetone (scheme 4.21).

0 0

CH(OEt)

TIB

HjN'

IH.

IH2
HN< >NH

Scheme 4.21 Other reactions with TAB and DAB.

4.3.3 Attempted Reduction of H^bicvphen (scheme 4.22).

It was shown earlier in this section that reaction of 
BH3/thf with the compound H2cyph (4.1) gave the reduced 
tetraamine H^cyph (4.11). One of the main problems when 
attempting to form copper(II) complexes from the ligand 
H^bicyphen was the low solubility of the ligand and the 
copper complex. By reduction with BH3/thf to give 
Hi2bicyphen (4.34), it was hoped to form a more soluble 
ligand (scheme 4.22).
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xs BH^/W

Ĥ biogrpĥ

Q - " i r ^ H ' * - p

H H jT \

w ^ - O

Scheme 4.22 Proposed synthesis of (4.34).

It was predicted that reduction of H^bicyphen (4.8) 
would give a product as air sensitive as 1,2,4,5-tetraamino* 
benzene (TAB), and therefore all preparations were attempted 
in a glove box flushed with nitrogen. A solution of BH3/thf 
was added to solid H4bicyphen and gently heated. The 
reaction mixture darkened and thick brown fumes fiercely 
errupted, depositing a film of dust on the surrounding 
apparatus. The remaining solution was clear and no product 
was isolable. A similar observation has been reported^^ for 
a sodium borohydride reduction in dmf, where a runaway 
reaction occurred after a temperature dependent induction 
period of 45 min (90^0 to 45 h (62^0. No further attempts 
to prepare the reduced ligand H32bicyphen were made on the 
assumption that the product would be too unstable to handle.

4.3.4 The reaction of 1.2.4,5-tetra-aminocvclohexane (TAC. 
4.29).

A sample of unknown isomeric distribution of the compound 
TAC (4.32) was provided by the sponsoring establishment 
(I.C.I. Organics Division). No reactions were identified
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between TAC and C2-dlaldehyde either with or without the 
presence of copper(II) acetate. A variety of solvents 
(methanol, ethanol, thf and dmf) and catalysts (zinc(II) 
acetate and PTSA) were used but in each case the precursor 
C 2~dialdehyde was recovered. Attempts to obtain the 
blscopper(II) complex via a template method also failed, 
resulting in the recovery of the precursor C2~dialdehyde 
from a highly coloured solution thought to be due to the 
oxidation of the tetraamine. The reason for TAG failing to 
react with C2~dialdehyde may be due to the conformation of 
the amino substituents. It has been shown^^ that for the 
formation of a chelate ring from 1,2-diaminoethane a gauche 
conformation was the preferred arrangement (see 4.35). 1,2- 
diaminocyclohexane has two geometric isomers cis and trans, 
and only the trans can give the equivalent to the gauche 
form of 1,2-diamino ethane when it has the two amino 
substituents both in equatorial positions (although this 
would be in equilibrium with the bis axial form fig 4.8). 
For formation of large rings on condensation with €2* 
dialdehyde, models show that similar considerations 
concerning the isomeric forms of cyclohexane apply. Since 
TAG has 4 substituent amino groups (two sets of adjacent 
amino groups), then the amino groups should be in equatorial 
positions for the [2*1*1] condensation with G2~dialdehyde. The 
TAG used in the above experiment may contain one or more of 
the many different isomers, but since these isomers are not 
interconvertible, then unless the four substituents were all 
in equatorial positions then the TAG would be unlikely to 
condense with G2~dialdehyde (scheme 4.23).
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4.35

Tran«
Fig 4.8 Equilibrium of the bisaxial with the bisequatorial 

form of l,2~diaminocyclohexane. X • NH2*

-4HjO

Scheme 4.23
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4.3.5 The reactions of 4>4*-diaininobensldine (DAB) 4.33.

A template reaction has been reported^^ for the Ni(II) 
complex of 3,3*,4»4'~tetra-aminobensophenone with C2* and 
C3*dialdehyde (scheme 4.24), although no successful results 
were reported for any related Cu(II) complexes.

HjN'
H. ‘NH. N N

-H ♦2NI(DAcli ^ /  >«
N> ♦4H2O

•»4H0AC

R-(CH2)2
or Rs (CH2)3

Scheme 4.24 A template reaction with 3,3',4,4'-tetra-amino~ 
bensophenone.

To predict with confidence the distance between two 
copper atoms in a dinucleating ligand, it is necessary to 
have a rigid system. The bensidene nucleus provides a longer 
bridging system than that in the 1,2,4,5-tetraaminobenzene, 
but one which may show a degree of rotation while in the 
skew configuration^^. This rotation will have a small effect 
on the distance between the two copper atoms, which 
molecular models show will vary between 11.7 H (coplanar) 
and 11.4 A (skew). The reaction between C2*dialdehyde and 
DAB did not proceed until some sinc(II) acetate was added. 
This gave rise to a mixture of a sinc(II) complex (either
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the dinuclear 4.36 or the related mononuclear species) and 
free ligand H 4b i c y b e n s  (4.37) (scheme 4.25). 
Recrystallisation from pyridine/methanol gave the free ligand 
as microcrystals. The low solubility and volatility 
prevented analysis by aims and nmr, but characterisation 
was achieved by elemental analysis and infrared data 
(section 8). The three ligands H2cyph, H4bicyphen and 
H4bicybens all contain the same component ring system H2cyph
(4.1)r and will be expected to show similar spectral 
properties. A comparison of the strongest absorptions in 
their infrared spectra is made in table 4.8 to show the 
similarity in the absorption pattern. Important features are 
the presence of the N-H (hydrogen bonded) stretch around 
3165 cm~^ and the C*M stretch around 1610 - 1620 cm~^. All 
these imine compounds are yellow whereas the reduced 
compounds H^cyph (4.11) and (4.38) are white.
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Main infrared* abaorptiona/cm~^
Hocyph
T4.1)

H4bicyphen
(4.8)

B4bicybe
(4.36)

3170 3170 3165
3086 3095
3060 3070
3030 3030 3030
2956 2960
2886 2890 2892
2838 2830
1620 1618 1610
1601 1598 1595
1576 1572 1574
1337 1338 1361
1164 1162 1167

Uv/vis absorotions^/nm ( e )
Hocyph
/HeOH

270(1318)
285(1500)

H4bicyphen
/dmf

270(1896)
320(1069)
435(1974)

Hibicybenz
/CHCI3

256(7706)
400(4155)

Table 4.8 Main infrared and uv/vis (solution) absorption
bands of H2cyph, H4bicyphen and H4bicybens. 
^recorded in the ;range 4000 - 600 
recorded as the nujol and HCB mull.
^recorded in the range 260 - 850 nm in the 
solvents indicated, extinction coefficients in 
parentheses•
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Main Infrared* abaorptlona/cm*"^
Bocyph H4bicyphen H4bicybe
74.1) (4.8) (4.36)
3170 3170 3165
3086 3095
3060 3070
3030 3030 3030
2956 2960
2886 2890 2892
2838 2830
1620 1618 1610
1601 1598 1595
1576 1572 15741337 1338 13611164 1162 1167

Uv/vis absorptions^/nm ( e )
Hocyph
/HeOH

270(1318)
285(1500)

Hibicyphen
/dmf

270(1896)
320(1069)
435(1974)

Hibicybens
/CHCI3

256(7706)
400(4155)

Table 4.8 Main infrared and uv/vis (solution) absorption
bands of H2cyph, H4bicyphen and H4bicybens. 
^recorded in the ;range 4000 - 600 
recorded as the nujol and HCB mull.
^recorded in the range 260 - 850 nm in the 
solvents indicated, extinction coefficients in 
parentheses•
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Scheme 4.25 Preparation of H^bicybens (4.37).

4.3.6 Reduction of H|bicvbeni.

Reduction of the imine linkages in H^bicybens was 
accomplished using BH3/thf with no complications as 
experienced with H4bicyphen. The hydrochloride salt of 
Hi2bicybens was prepared by addition of excess hydrochloric 
acid to the reduced ligand (scheme 4.26)r but due to the 
stability of H 32bicybens in air (4.38) it was found 
unnecessary to store further samples of the material in 
this way. Copper(II) complexes of the H 4bicybens and 
H]̂ 2bicybens ligands are described in section 4.4. This 
bicyclic ligand contains the same component ring system as

t

H^cyph, and a comparison of infrared data is made in table
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S4G

4.9. It can be saen that the principle bands occur in very 
similar regions. Important features are the large number of 
bands in the region associated with N-H stretching modes 
(3320 - 3380 cm*^) than in the parent imine molecules (see 
table 4.8). The bands associated with the imine units in 
H2cyph (4.1) etc are not observed in the spectra of the 
reduced systems H^cyph (4.11) or H2,2bicybens (4.38). The 
compounds H^cyph (4.11) and both show only two 
bands in their electronic spectra, these in the uv region 
(see table 4.9). The main chronophore of the imine molecules 
H2cyph etc thus apparently depends on delocalised pi 
orbitals involving the imine links (see table 4.8).

M— V

B^bioarbeas (4*37)

(4 .3 8 )

Q - iT ^ h''“ 0
/"m- /

.8HCI

d=0=b
Scheme 4.26 Preparation of
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Main Infrared 
absorptions^.

Uv/vli
absorptlons^/nm (g)

Hecyph Hĵ b̂icybens Hgcyph(/CH30H)
(4.11)
3376
3350
3325
1607
1598
1584
1516
1502
1348
1302
1274
1252
1244
1123
1042

38)
3370
3320
1607
1585
1516
1506
1321
1306
1259
1246
1136
10461021
754

(4.11)
250(2666)
295(2611)

(4.38)
260(2776)
300(2719)

Table 4.9 Main Infrared and uv/vis (solution) absorption 
bands for H^cyph (4.11) and (4.38).
^recorded in the range 4000 - 600 recorded
as the nujol and HCB mull.
^recorded in the range 260 - 850 nm in the 
solvents indicated, extinction coefficients in 
parentheses.

4.4.1 Preparation of copper complexes of the dinucleatinq 
•«a ligands.

H^bicyphen
It was reported that extraction of the free ligand 

H4bicyphen(4.8) from Soxhlet thimbles by refluxing pyridine 
from a pyridine solution of copper(II) acetate for 30 h 
gave crystals of the neutral copper(II) complex 4.40. This
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method ensures total dissolution of the ligand when the 
complex formation takas place. This method was tried but was 
unsuccesful for two reasons:
1) The ligand was so insoluble, that even after 30 h very 

little had been extracted from the thimble.
2) The complex that had formed gave analytical data 

inconsistent with any expected formulation.
It is probable that long periods of continuous 

refluxing may result in oxygenation, similar to that found 
for the mononuclear analogue [Cu(cyph)] (section 4.2). A 
sample of [Cu2(bicyphen) ] originally prepared by Kendall- 
Torry was shown by fdms to contain oxygenated species 
(scheme 4.27). To avoid this possibility a quick reaction 
was necessary, but one which would ensure no contamination 
from unreacted ligand. Copper(II) complexes of the 
dinucleating ligands H4bicyphen and H4bicybens which were 
prepared in this project are listed in table 4.10.

SoxWet txtraction 
♦2Cu(0Ac)2 
-4H0AC-4H0AC

Scheme 4.2 7 Reported oxygenation of (Cu2<bicyphen)] (4.40).
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Compound £1 li Cu%

Hjbicyphen (4.8) 
(Calc, for C30H24Ng)

75.2
(75.7)

6.0
(5.7)

18.3
(18.6)

[Cu(H2bicyphen)] (4.39) 
(Calc, for CuC3gH32Ng)

67.9
(68.7)

4.6
(4.10)

16.5
(16.9)

9.4
(9.6)

[Cu2(bicyphen)] (4.40) 
(Calc, for CU2C3gH3QNg)

62.1
(62.9)

4.1
(4.2) 15.3

(15.4)
16.8
(17.5)

[Cu2(H4bicyphen)](C104)4 (4.41) 
(Calc, for Cu2C3gH34NgCl40]̂ Q)

41.2
(40.5)

3.4
(3.0)

9.9
(9.9)

11.0
(11.3)

H4bicybens (4.37) 
(Calc, for C44H3gNg)

77.4
(77.9)

5.4
(5.6)

16.1
(16.5)

[Cu2(bicybens)] (4.42) 
(Calc, for Cu2C44H34Ng)

65.2
(65.9)

3.9
(4.3)

13.6
(14.0)

15.2
(15.8)

[Cu2(H4bicybens)](0104)4 (4.43) 
(Calc, for CU2C44H3gNgCx403g)

44.1
(43.9)

3.0
(3.2)

9.6
(9.3)

10.1
(10.6)

Hi2bicybenz (4.38) 
(Calc, for C44H42Ng) 76.2

(76.9)
6.6
(6.8)

16.0
(16.3)

[Cu2(H]̂ 2^^^^>'*>] <<̂104)4 (4.44) 
(Calc, zor Cu2C44H42NgCl40^g) 44.3

(44.0)
3.5
(3.9)

9.2
(9.3)

Table 4.10 Analytical results for the dinucleating 
ligands and their copper(II) complexes.

^«4.2 Preparation of mononuclear copper(II) complexes of 
HAbicvphen (4.8).

H^bicyphen was dissolved in refluxing pyridine, and 
mixed with a solution of copper(II) acetate (2tl CutLigand) 
(in pyridine). The mixture instantly changed colour and 
precipitation occurred to give deep violet microcrystals 
with a green sheen. These crystals were characterised by 
elemental analysis (Cu,C,H and N, see table 4.10) as the 
mononuclear copper(II) complex (4.39). On the basis of this 
analysis, the only other formulation which could be
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proposed was a mixture of ligand and bisCu(II) complex in a 
ratio of 1*1. However, this was not the case since the 
infrared spectra did not indicate the presence of any 
uncomplexed ligand. The complex [Cu(H2bicyphen) 1 was too 
insoluble for fdms and only at approximatly 60®C in 
pyridine did the complex dissolve to give a weak uv/vis 
spectrum (section 8). The preparation of the mono copper(II) 
perchlorate complex was attempted in the same manner using 
copper(II) perchlorate. To a solution of copper(II) 
perchlorate in pyridine a one molar equivalent of H4bicyphen 
was added. No colour change was noted on this addition and 
it was possible that the copper(II) perchlorate at a Isl 
molar ratio with the ligand in pyridine has an equilibrium 
in favour of the pyridine complex. Evaporation of this 
solution and addition of various less polar solvents 
(methanol, diethylether, petrol or bensene) lead to the 
recovery of the free ligand H^bicyphen. The addition of base 
(2 molar equivalents of sodium methoxide solution in 
methanol) to the mixture of ligand and copper(II) 
perchlorate in pyridine instantly gave a colour change (to 
almost black) and precipitation occurred to give the neutral 
mononuclear copper(ll) complex (scheme 4.28).

170



^  / /  H H

N

rN- N;

Ĥ bioyph«) 
(4 .8 )

/py
♦̂cutaô jj

^ " h . h

♦nCu(0Ac)2 /py ^ 
ns 2.3 or xs

[Gtt(H2biq3rph«i) ]
♦2NaOMe (4 .39)

7̂

Scheme 4.28 Preparation of [Cu(H2bicyphen)] (4.39).

4.4.3 Preparation of dinuclear copper(II) complexes of 
Hjbicyphen.

As stated above, direct reaction of the free ligand with 
copper(II) acetate is not an effective method for 
preparation of the neutral complex [Cu2(bicyphen)l (4.40). 
Even in the presence of excess copper(11) acetate, the 
major product separating from a pyridine solution of the 
ligand is the mononuclear complex [Cu(R2bicyphen)] (4.39). 
Continuous refluxing of this mononuclear complex 4.39 with 
excess copper(II) acetate in pyridine did not result in 
further copper(II) incorporation. Curiously however, when
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[Cu(H2bicyphen)] (4.39) was refluxad with on« molar
equivalent of copper(II) perchlorate# dissolution of the 
mononuclear complex occurred, and the neutral dinuclear 
copper(II) complex [Cu2(bicyphen) ] (4.40) separated (scheme 
4.29). In this reaction the pyridine acts as base to 
deprotonate the biscopper(II) complex.

[Ou2(H^biojph«i) ] (CIO^)^

♦ZCuCaÔ ), 
/py /bz

H Cu
H-

<*̂nCu(QAc)
n*23or»1

/py

R
[OuCĤ bioorph«)] (4*39)

<u(a0i,)7 ^
/py

♦¿»NaOMe -4Noa04
/MeOH I 

W n .

Q

[Cn2(biQorph«i)] (4*40)

(CIO,),

Scheme 4.29 Summary of preparative routes to dinuclear
copper complexes of H4bicyphen (4.8)
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The reaction between two moles of copper(II) perchlorate and 
one mole of ligand in pyridine, gave a brown solution. This 
colour change indicated that the ligand had reacted with the 
copper(II) perchlorate to give a soluble complex. Addition 
of less polar solvents (methanol, diethylether, petroleum 
ethers or bensene) resulted in precipitation of the copper 
complex of the ligand. Bensene was found to be the most 
effective, giving the highest yield of [Cu2(H4bicyphen)]- 
(0104)4 (4.41). In the preparation just described, the brown 
solution contained a mixture of Cutligand in the molar ratio 
of 2x1. Apparently the addition of bensene produces the 
conditions needed to shift the equilibrium away from the 
pyridine soluble complex to give the less soluble 
biscopper(II) perchlorate complex. The nature of the soluble 
complex(es) is not clear, the brown solution may contain a 
number of different species in equilibrium but addition of 
the bensene precipitates the least soluble component; 
[Cu2(H4bicyphen) ] (0104)4 Characterisation was made 
by elemental analysis, infrared spectra and additionally

Fig 4.9 Fdms of [CU2(bicyphen)l

The appearance of three molecular ion pealcs and 
separated by two mass units, characterises a dinuclear 
Cu(Il) complex, since naturally occurring copper is composed
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of (€9.09%) and (30.91%). The relative abundanciee 
for the three pealca are dependent on the different isotopic 
combinations of and (table 4.11).

Nature of 
copper In 
macrocycTe

% o f iso to p ic  
S is c o p p e r(II) 
complex

0.6909 X 69.09 •
2(0.6909 X 30.91) *

0.3091 X 30.91 >

Relative Abundancies 
Calc Found

Table 4.11 Isotopic contributions of copper.

The molecular ion detected at M* ■ 720 corresponds to a 
form of the molecule in which both ethane bridges are 
dehydrogenated (fig 4.9). This is consistent with the data 
found for the mononuclear analogue [Cu(cyph~2H)] (section
4.2). Onlilce [Cu(cyph)lr no evidence has been found for 
oxygenation of the ethane bridge in the samples prepared by 
the methods outlined above.

4.4.4 Copper(II) Complexes of H^bicvbens.

The solubility of H4bicybens (4.37) is low, but the 
ligand will dissolve in hot pyridine containing copper(II) 
perchlorate to form the dinuclear copper(II) complex
[Cu2(H4bicybens)](C104>4 (4.43) (scheme 4.30). Deprotonation 
of the perchlorate complex to give (Cu2(bicybens)) (4.42)
was found under similar conditions to those for the 
copper(II) complexes of H4bicyphen (section 4.4.1)•
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Scheme 4.30 Preparation of [Cu2(H4bicybenz)](CIO4)4 (4.43).

The intramolecular Cu-Cu distance was calculated from 
molecular models as approximately 11.4 Hr although some 
close intermolecular contacts in the solid state have been 
shown present in other bisCu(II) systems^^ (scheme 4.31).
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Cu-

.N
■ N

Scheme 4.31

Due to the low solubility of the ligand
biscopper(II) complex  ̂ <4.44) was
prepared in dmf. The complex 4.44 separated from the 
solution above after setting aside for 24h, and appeared to 
be stable in the solid state. The magnetic properties of 
these copper(II) complexes are discussed in section 4.5.

4.4.5 Conclusions concerning the methods of preparation of 
the copper complexes.

The method of deprotonation of the anilino nitrogen 
atoms in the perchlorate complexes, leads to a novel 
synthetic route to the less soluble neutral copper(II) 
c<mipounds. Attempts to reverse this reaction by the addition 
of perchloric acid to the neutral copper(II) compound failed 
for all those complexes described in this chapter. It has 
not been possible to prepare any biscopper(II) complexes via
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a template reaction, and this la believed to be due to the 
rapid oxidation of the tetraamino compounds to give highly 
coloured polymer type species. This difficulty has not 
hindered the preparation of the copper(II) complexes since 
in all cases it was possible to prepare the metal free 
polyimine ligand which would then incorporate copper(II) 
atom(s)•

4.4.6 Properties of the copper(II) complexes of the 
dinucleatinq a»a ligands.

Seme of the physical data is presented in table 4.12 for the 
copper(II) complexes described in this chapter, and it is 
interesting to note some similarities between the mononuc
lear and dinuclear copper(II) complexes. The table is 
divided into four groups of related compounds, which can be 
considered in the following ways.

Group 1 contains the neutral complexes.

[Cu(cyph)] (4.9) and [Cu2(bicybens)] (4.42) show similar 
electronic spectral properties because both compounds 
contain the same chromophore (assuming that there is little 
or no pi-interaction across the skew linkage of the two 
macrocyclic units in [Cu2(bicybens)] (4.42)). The complex 
(Cu2(bicyphen)] (4.40) also shows a similar spectrum, but
with the additional band in the visible spectrum at €30 nm 
possibly due to the extended conjugation through the 'fused* 
bensene ring. The mononuclear complex (Cu(H2bicyphen)]
(4.39) has a similar uv/vis spectrum to the dimer
[Cu2(H2bicyphen)] (4.40) for the same reasons as above.
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Group 2 contains the cationic complexes of the imine 
ligands»

There are no distinct similarities in this group of cationic 
complexes, possibly due to the more basic solvents required 
for the less soluble dinuclear complexes.

Group 3 contains the cationic complexes of the reduced 
ligands.

The copper(II) complexes of the reduced ligands do not show 
similar uv/vis spectra, but this could again be due to the 
different solvents used for the dissolution of the 
c o m p l e x e s .  P o r  e x a m p l e .  T h e  c o m p l e x  
[CU2(Hi2bicybens) 1(0104)4 (4.44) requires dmf, whereas
methanol is suitable for [Cu(H^cyph) 1(0104)2 (4.12).

Group 4

These complexes do not have suitable dinucleating copper 
complexes for comparison, but [Ou(cyph(X)) 1 shows a 
distinctive carbonyl stretch at 1658 cm“ ,̂ and a different 
infrared spectra to that of the parent compound [Ou(cyph)l.
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Group 1.

[Cucyph] (4.9)

Colour Ipfrarod üv/vis (g )
#m«"l nm

black

[Cu2(bicybenz)] (4.42) black

[Cu(H2bicyphen)] (4.39)

[Cu2(bicyphen)] (4.40)

Group 2
(Cu(H2Cyph)](Cl04)2 (4.10) brown

[Cu2(H4bicybens)1(0104)4 (4.43) brown

[Cu2(H4bicyphan)1(0104)4 (4.41) brown

3074 3024 272(2860)2936 1616 337(1131)1588 1573 354(1031)1501 1481 432(1247)1237 520(964)
3050 2850 270(1958)1614 1577 328(1246)1520 1362 440(1079)1190 1143 520(1001)748 600(734)
2940 2480 350(492)*1611 1580 510(526)*1516 1478 650(240)*1448 1391
2940 2480 355(823)*1611 1580 510(769)*1516 1478 630(491)*1448 1391

3500 3176 220(1340)1627 1598 268(524)1571 1482 320(411)1100b 765 390(188)
1620 1551 270(6019)1420 1385 308(3760)1300 1230 330(3700)1192 1168 440(3310)1100b 760 470(3310)628 520(2295)

650(169)
1612 1598 270(462)*1542 1536 320(401)*1517 1485 450(310)*1362 1336 600(60)*
1100b

Tabla 4.12 Infrarad and uv/vis data for coppar(Il) 
coaiplaxas of tha nononuclaar and dinuclaar 
ligands (continuad naxt paga).

* Tha conpound could not ba fully disaolvad.
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Group 3.

[Cu(Hgcyph)](€104)2 (4.12)

[CU2(Hx2bicybens)](0104)4 (4.44) brown

Colour Infrared 
_-1

Uv/vis (€
cm * nm

pin)c 3518 3238 222(3073)1614 1590 260(1100)1495 1462 318(664)1364 1308 370(285)
1100b 520(720)

570(608)
brown 3550 3200 268(5005)1610 1555 320(3337)1495 1420 400(1902)

1305 1100b 440(2369)770 464(2402)
526(2169)
646(267)

Group 4
[Cu(cyphX)] (4.28) burgandy

[Cu(cyph(0M e)2)]  ( 4 . 18 ) gold

1658 1620 
1600 1583 
1547 1524 
1494 1458
3103 3076 
3026 1606 
1580 1521 
1460 1392 
1373

270*340*
450*
520*
605*
275(3619)
315(1841)
336(1567)
354(1521)
420(1498)
480(1106)
510(1286)

Table 4.12 Infrared and uv/vis data for copper(II) 
complexes of the mononuclear and dinuclear 
ligands.

* The compound could not be fully dissolved.

Magnetic data for the copper(II) complexes.

In the previous chapter (section 3.7) abnormally low 
Bisgnetic moments and non Curia*Neiss behaviour were 
explained in terms of direct^® and superexchange^^ pathways 
in the copper(II) complexes of the large ring systems 
(section 3.6). The direct^^ interaction was possible due to
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the twisted conformation of the ligand forcing the two 
copper atoms into close proximity. The ligand system 
H4bicyphen discussed in this chapter is rigidly planar, and 
unlikely to show a subnormal magnetic moment due to direct 
interaction, unless intermolecular contacts are made between 
two copper(II) atoms. The monocopper complexes [Cu(H2cyph)]- 
(0104)2 and [Cu(Hgcyph) ] (CIO4) ] show normal Curie Weiss 
behaviour (fig 4.10, facing page).

The biscopper(II) complexes of H4bicyphen fall into two 
groups, cationic and neutral. The neutral biscopper(II) 
complex was expected to be more likely to show 
superexchange interaction because there is a fully 
unsaturated bridging unit between the two copper atoms. A 
highly delocalised ground state is possible for this 
molecule, shown schematically by the resonance forms in fig 
4.11. Internal redox changes of this type leading to 
difficulties in formulating the formal oxidation levels of 
metal ions and ligand donor atoms have been noted previously 
in the so called "electron-transfer-series-complexes"^^. The 
magnetic data (fig 4.12, facing page 183) confirms the 
presence of antiferromagnetic coupling, however the 
monocopper(II) complex [Cu(H2bicyphen) ] also shows a 
subnormal magnetic moment, and this can only be due to 
intermolecular exchange between copper(II) atoms. This would 
suggest for the biscopper(II) systems both types of 
interaction (intramolecular (via superexchange) or 
intermolecular (via either direct or superexchange)) may 
contribute to the lower magnetic moment.
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oth«r«

Fig 4.11 Resonance forms illustrating the possible 
delocalised electronic ground state in 
[CU2(bicyphen)].

An antiferromagnetic interaction was reported^^ for a 
biscopper(II) complex Cu 2A^(b 3>2 (4.45). The Intramolecular 
nature of this superexchange was demonstrated by comparison 
of physical data to four monomeric copper(II) complexes. The 
antiferromagnetic exchange interaction in CU2A^(B^)2 (4.45) 
was viewed as resulting from "a spin polarisation between 
the unpaired copper electron and the various nitrogen 
electrons» a polarisation that is propagated through the 
beniene moiety to the other copper atom"^^ (i.e. analogous 
to the systems described for [Cu2(bicyphen) ] above.
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The cationic complexes cannot utilise the same pathway as 
[Cu2(bicyphen)] since the anilino nitrogen atoms retain 
their protons and delocalised ground states of the type 
shown in fig 4.11 are not possible. The variable temperature 
magnetic data confirm the normal Curie ffeiss behaviour for 
iCu2(H4bicyphen) 1(0104)4 (fig 4.12, facing page).

The biscopper(II) complexes of the ligand B4bicybens were 
not prepared in time for the magnetic measurements to be 
completed by the submission date of this thesis. However, 
biscopper(II) complexes based on non-cyclic ligands 
containing the bensidine nucleus have been reported^^. The 
complex 4.46 did not show exchange interaction, for reasons 
that "spin polarisation would be attenuated with distance, 
or perhaps there is little spin polarisation between the two 
phenyl groups in the biphenyl bridge*. But it has 
subsequently been demonstrated^^ that electrons can exchange 
between two copper(II) atoms separated by 12 A via a
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benzidine moiety. The phenyl rings of the benzidine nucleus
are planar with dihedral angles of 13.8 and 22.5^ about the
Carbon~Carbon bond connecting them for each of the two

(fig 4.13)crystallographically independent dimers/. This approximately 
planar configuration would allow the presence of resonance 
forms (fig 4.14). These would then be capable of 
contributing to magnetic exchange in a manner analogous to 
that considered above for the neutral [Cu2(bicyphen)] 
complexes (fig 4.11).

dimers.

Fig 4.14 Resonance forms illustrating the possible 
electronic ground state for complexes based on the 
benzidine nucleus.
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benzidine moiety. The phenyl rings of the benzidine nucleus
are planar with dihedral angles of 13.8 and 22.5^ about the
Carbon-Carbon bond connecting them for each of the two

(fig 4.13)crystallographically independent dimers/. This approximately 
planar configuration would allow the presence of resonance 
forms (fig 4.14). These would then be capable of 
contributing to magnetic exchange in a manner analogous to 
that considered above for the neutral [CU2(bicyphen)] 
complexes (fig 4.11).

dimers.
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Fig 4.14 Resonance forms illustrating the possible 
electronic ground state for complexes based on the 
bensidine nucleus.
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CHAPTER 5
Linked Macrocvcles

5.1.1 Introduction.

The linking of two macrocycles together with a bridge 
which could be varied in length and nature would provide an 
interesting range of binuclear metal complexes. Many 
examples are available^ whereby two macrocycles (usually 
porphyrins) have been linked together by one or more 
bridging portions (scheme 5.1).

N,N

II COCI2  (xs)
2 stcond cquivaltnt of R

1

1 C0C(2(xsl 
second equivalent of

¿bO

«¿Hi

Scheme 5.1 Synthesis of cofacial porphyrins.

Cofacial porphyrins are capable of constraining two 
metal ions to lie in close proximity, and may posess unusual 
properties. For example, the dicobalt(II) complex^^ of the 
cofacial diporphryin 5.1 reacts with oxygen to give a 
sandwiched complex.
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.Hm

5.1 R ■ n-hexyl

5.1.2 Precursor« based on C^-dialdehyde (5.3).

H2cyph (5.2)

The precursors outlined above (section 5.1) have been linJced 
together using substituent groups (on the porphryins) such 
as amines or acid chlorides. Related derivatives of H2cyph
(5.2) which are capable of being linJced together have not 
been reported (see chapter 3). A derivative of this type 
which could be used in a "linking” reaction would be 
H2cyphNH2 (5.5, scheme 5.2), which could possibly be 
prepared by condensation of the with either
l»2,4->triaminobensene (route 2) or with l,2-diamino-4- 
nitrobensene, followed by selective reduction of the
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nitrosubstituent (route 1). There was some doubt as to 
whether the [1+1] condensation of the C2~dialdehyde with 
1 ,2,4-triaminobensene would occur successfully because it 
has been observed^ that a [2+1] condensation product (5.4) 
was obtained in attempts to prepare the related nitro 
derivative H2cyphN02 (5.6,scheme 5.3) from condensation with
l,2-diamino-4~nitrobenzene. If a similar [2+1] condensation 
reaction occurred between 1,2,4-triaminobenzene and the C2- 
dialdehyde at least six di-imines could result which may be 
unstable and/or difficult to separate (scheme 5.4). 
Polymeric materials may separate in addition to the 
compounds described above (see section 5.4.3).

Scheme 5.2 Two possible routes for preparing H2cyphNH2

(5.5).
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Scheme 5.3 Preparation of a [2+1] condensation product.

HoN R1 R2
R1 92 RA an

-I- -2H2O I '

NH2
^ ^ ^ N H 2  ^ N H 2

"b “ "c = k J
«2 NH, T T

Scheme 5.4 Possible [2*fl] condensation products.

5»2 Results and Discussion.

The reaction between 3-nitro-l»2-diaminobensene and C2- 
dialdehyde (5.3, scheme 5.3) in the presence of sinc(II) 
acetate was examined, and after 5 days at reflux the (1+1) 
condensation product H2cyph)i02 (5.6) was isolated. The (2+1) 
product appeared initially, therefore confirming the 
previous results^ (as shown by infrared data MH2 ■ 3300 and 
3500 cm~^) but reverts to the more stable macrocycle on
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extended refluxing. At this stage there are two possible 
routes for attempting to prepare the amino derivative 
H2cyphNH2 (5.5) (scheme 5.2). Route 2 was chosen, since 
route 1 would involve difficulties in the selective reduction 
of a nitro substituent.

5.3.1 Preparation of 1,2,4-triaminobensene (5.7)

The precursor l,2-diamino-4-nitrobenzene (a red coloured 
solid) was commercially available, and had been used in the 
previously described reaction to give H2cyphN02 (scheme
5.2). The reduction of the nitro group in l,2-diamino-4- 
nitrobenzene was achieved by using hydrazine hydrate and the 
catalyst palladium on carbon. Care was taken as spontaneous 
ignition occurs when palladium on carbon is added to 
methanol in the presence of oxygen. The progress of the 
reduction was monitored by withdrawing a drop of reaction 
mixture with a capillary pipette, and placing it on a filter 
paper. When the intense red colour had disappeared all the
l,2-diamino-4-nitrobenzene had been reduced to give a clear 
supernatant liquid. CAUTION* The filter paper should be 
soaked in water for 24 h, or else spontaneous combustion 
will take place when the filter paper dries. Care was taken 
(see section 8) to avoid adding excess amounts of 1,2- 
diamino-4-nitrobenzene or hydrazine hydrate since both these 
reagents could react with C2*'dialdehyde. Methanolic 
solutions of 1,2,4-triaminobenzene were only stable under 
nitrogen and attempts to isolate the solid were accompanied

rapid oxidation to give a mixture of highly coloured 
products. A preliminary attempt to form the macrocycle
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H2cyphNH2 (5.5) was made by filtering the reduction solution 
directly into a suspension of C2-dialdehyde in degassed 
methanol. Rapid oxidation of the Ir2,4>triaminobenzene 
appeared to teUce place and only the precursor C2~dialdehyde 
was recovered. On one occasion excess hydrazine hydrate was 
present in the solution of lr2r4>triaminobenzene, and other 
condensation products were isolated (section 5.6). To avoid 
the problem of the Ir2,4-triaminobenzene oxidising it was 
converted into a hydrochloride salt by treatment with 
methanolic hydrochloric acid. The creamy coloured solid 
which was isolated was characterised as 1,2,4- 
triaminobenzene trihydrochloride (scheme 5.5) and was air 
stable.

H9N NH>

Scheme 5.5 P r e p a r a t i o n  of 1,2,4-tr iaminobenzene
trihydrochloride.

 ̂  ̂  ̂ Reactions of 1,2,4-Triaminobenzene trihvdrochloride 
with Co-dialdehvde

To prepare the ligand H2cyphNH2 (5.5) a similar 
procedure to that for the reaction of TAB^HCl (chapter 4) 
with C2-dialdehyde was used. However, the mixture of C2~ 
dialdehyde and 1,2,4-triaminobenzene (5.7) in refluxing 
ethanol showed no reaction until sinc(II) acetate was added.
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The reaction of tetra-aminobeniene with C2~dialdehyde 
(chapter 4) only required the presence of acid to catalyse 
the [2*i>l] condensation reaction, but this reaction gave rise 
to a very low soluble product. The addition of a lewis acid 
catalyst has been found necessary for all the aromatic 
bridged tetra-asa macrocycles (section 4). After the 
addition of sine acetate to the mixture of C2~dialdehyde and 
l,2,4>triaminobensene in refluxing methanol a yellow-orange 
precipitate separated, which was then shown to be the sine 
complex [Zn(cyphNH2> ] (5.8) by elemental analysis 
(Zn,C,H,N), aims (N* - 463, fig 5.1) and infrared spectra. 
Optimisation of the reaction conditions led to a yield of 
92% which was dependent on a reaction time of only one hour 
in refluxing ethanol. When the reaction time was prolonged 
the yield decreased (table 5.1). Only when these conditions 
were established could a high yield of [Zn(H2cyphNH2> ] (5.8) 
be obtained, despite the many other possibilities shown 
previously in scheme 5.4. It is lilcely that the formation of 
the macrocyclic sinc(II) complex was more stable than any of 
the [2'fl] condensation products

999

Fig 5.1 Bims of (Zn(cyphNH2>l
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Reaction Time h % Yield

Table 5.1 Effect of reaction time on yields of 
[Zn(cyphNH2> ] (5.8)

The zinc complex 5.8 was unstable» and slowly changed 
to a dark red coloured product on standing in air. Attempts 
to recrystallise [Zn(cyphNH2)] (5.8) from pyridine/methanol 
resulted in the isolation of the free ligand (-60 % yield) 
as a bright yellow powder. This compound was air stable and 
was characterised by infrared spectroscopy, elemental 
analysis and aims (M* - 355).

5.4.1 Linking reactions.

To examine whether H2cyphNH2 (5.5) would react with 
acid chlorides, preliminary experiments were made with 
acetyl and benzoyl chloride, and with oxalyl dichloride. Two 
methods were originally considered:

1). The acid chloride (RCOCl) was added to a suspension 
of H2cyphNH2 in diethyl ether^, and an alkaline water 
phase was added to absorb the liberated hydrogen chloride 
which occurred on addition of the H2cyphNH2 (eq 5.1). This 
was not successful due to the low solubility of H2cyphNH2 

in diethyl ether.
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of RNHCOCOMHR (5.U)

•l-NaOB/HoO 
-Nad-Nad

H2cyphNH2 ♦ RCOCl ----------------- H2cyphNHC0R ...
/diathylather aq 5.1

2). Tha aacond method^uaad tha solvant pyridina to act as 
base and absorb libaratad hydrogen chloride (aq 5.2).

H2cyphNH2 * RCOCl /py

-CpyHjd H2cyphNHC0R . aq 5.2

11M
112« ritM

5*4.2 Remits for acetyl and baniovl chloride, and for 
oxalvl dichlorida

A solution of acid chloride in bansana was added to a 
solution of H2cyphNH2 (5.5) in pyridina. Tha addition of 
methanol precipitated a yellow powder which had a strong 
absorbance at*»l€70 cm“^ in tha infrared spectrum ascribabla 
to tha carbonyl group (fig 5.2 facing page, table 5.2). This 
and elemental analyses confirmed that all three acid 
chlorides (acetyl, bensoyl and oxalyl) had reacted with 
H2cyphNH2 (5.5) (scheme 5.6). The three products were too 
involatile for a molecular ion to be detected in their 
electron impact mass spectra. However, for the oxalyl 
derivative a m/e peak at 526 was detected which may 
^^^^**Pond to a fragment (fig 5.3) of the expected linked 
molecule.

196



NH2

Fig 5.3 Elms assignment for m/e ■ 528

d  ^«coc. d
/ » N  /py -HCl

RNH2

R ■ NHCOCH3 (5.9) 

R - NHCOPh (5.10) 

R -  CONHR'(5.11)

Scheme 5.6 Reactions of H2cyphNH2 (5.5) with acid
chlorides.
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RNHCOCH^ RNHCOPh RNHCOCONHR

3470
3370
3240
3090
2950
2880
1622 
1600 
1580 
1562 
1524 B

1330 B

1210
1183
1165
11501100
1082
1049

(5.9) (5.10) (5.L

3300 BW 3300 BIf 3300

1665 1665 1680
1618 1618 1620
1600 1600 1605
1585 1582 1590
1575 1530
1522 1521 1520
1505 1497
1485 1487

14151322 B 1325 B 13201275 1281
1253 1256 1250
1235 1237 1220
1205 1213 If
1185 1185 1188
1163 1163 1166
1100 B 1100 B 1120

1046 N 
1031 M

1048
972 B 
933

975
893 890

Table 5.2 Infrared absorption bands in the spectra of the 
derivatives of H2cyphNH2 (RNH2>« B * broad. If « 
weak, N ■ medium intensity bands.
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Trianine.3HC1 (5.7) 
(Calc, for
H2CyphNH2 (5.5)
(calc, for €22^21^5^
[Zn(cyphNH2>] (5.8) 
(Calc, for ZnC22Hi9l̂5)
RNHCOCH^.ZH^O (5.9)* 
(Calc, for C24H27N5O3)
RNHC0Ph.2H20 (5.10)* 
(Calc, for C29H29N5O3)
RNHCCX:0NHR.H20 (5.i d * 
(Calc, for ^45^42^10^2^
(RNH2)2C0.2H20 (5.12)* 
(Calc, for ^45^44^x903)

£i li
30.5 5.3 17.7
(31.0) (5.2) (18.1)
74.0 5.8 19.2
(74.3) (6.0) (19.7)
63.9 4.6 17.0(63.4) (4.6) (16.8)
66.1 5.9 16.0
(66.5) (6.2) (16.2)
70.9 5.9 13.8
(70.3) (5.9) (14.1)
71.8 5.3 18.0(72.1) (5.5) (18.3)
70.4 5.8 17.9(69.9) (5.7) (18.1)

CL%
44.1
(45.7)

Zn%

14.1
(15.3)

Table 5.3 Microanalytical data for the macrocycles derived 
from 1,2,4-triaminobensene.
*In these amide derivatives the abbreviation RNH2 

refers to the aminosubstituted macrocycle 
H2cyphNH2 (5.5)

5*4.3 Reactions of the diacid chlorides with the amino 
substituted macrocvcle H^cvphWH  ̂ (5.5)

The reactions of a range of diacid chlorides with H2cyphNH2

(5.5) were considered (scheme 5.7).
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(CH,)-
(CH2)9-
(CH2>v(CH2>4*
(CH2>8-

R̂ COCl^COCl
/py

Malonyl dichloride 
Succinyl dichloride 
Gluteryl dichloride 
Adipoyl dichloride 
Sebacoyl dichloride 
Terephtheyl dichloride

Scheme 5.7

For each of the reactions between H2cyphNH2 (5.5) and 
diacid dichloride (except terephthayl dichloride) two 
products were isolated. One product was insoluble in all the 
highly polar solvents tried (refluxing pyridine, dmso, dmf, 
thf) but was only isolated in 3 % yield. In each case both 
products had relatively similar infrared spectra (fig 5.4). 
The insoluble products from the different reactions were too 
involatile to be analysed by fdms and did not correspond 
to any expected formulation on the basis of elemental 
analysis (each product gave different elemental analyses). 
The second product from each reaction was soluble in
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pyridine and was isolated in approximately 60 % yield by 
the addition of methanol. The infrared spectra of these 
products showed only minor differences from that of 
H2cyphNH2 (5.5) and in all cases eims detected only a 
molecular ion at m/e ■ 355 which corresponded to the 
precursor H2cyphNH2*

5.4 Infrared spectra of the products from the
reaction of sebacoyl dichloride with H2cyphNH2
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The first insoluble product could be formed for each of 
the above reactions^ and the low solubility would suggest 
the material was a polymer (scheme 5.8). This polymer 
formation was one of the many problems anticipated for the 
preparation of H2cyphNH2 (section 5.1.2), but was overcome 
by the formation of the macrocyclic zinc complex 
[Zn(H2cyphNH2)]• The acidic conditions created with the 
addition of the acid chloride may be the cause of a 
transamination reaction^.

NH2 NH2

»NĤ R
/

RNH2
NH2

d  .
+RNH2 RepMt

Scheme 5.8 Possible polymeric formulation.

The second soluble product was considered to be a 
mixture of mainly H2cyphNH2 (shown by infrared spectra) and 
other minor amide compounde, (addition products as shown by a 
weaJc carbonyl stretch C«0 stretch at ca. 1700 cm"^).

•xceptions to the above results were the reactions 
involving terephthayl dichloride which did not give an 
insoluble product, and oxalyl dichloride as discussed 
•arlier. The choice of pyridine as solvent for the reaction 
between H2cyphHH2 (5.5) and the diacidchloride was to absorb 
the liberated hydrochloride and prevent formation of the
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The first insoluble product could be formed for each of 
the above reactions^ and the low solubility would suggest 
the material was a polymer (scheme 5.8). This polymer 
formation was one of the many problems anticipated for the 
preparation of H2cyphMH2 (section 5.1.2)» but was overcome 
by the formation of the macrocyclic sine complex 
[Zn(H2cyphMH2>]• The acidic conditions created with the 
addition of the acid chloride may be the cause of a 
transamination reaction^.

NH2 NH2

>NH2R

RNH2
NH2

é  .
+RNH2 Repwtt

Scheme 5.8 Possible polymeric formulation.

The second soluble product was considered to be a 
mixture of mainly H2cyphNH2 (shown by infrared spectra) and 
other minor amide compounds^ (addition products as shown by a 
weak carbonyl stretch C-0 stretch at ca. 1700 cm"^). 
Two exceptions to the above results were the reactions 
involving terephthayl dichloride which did not give an 
insoluble product, and oxalyl dichloride as discussed 
Mrlier. The choice of pyridine as solvent for the reaction 
between H2cyphlIH2 (5.5) and the diacidchloride was to absorb 
the liberated hydrochloride and prevent formation of the
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hydrochloride salt of the ligand 5.8. An alternative method 
for this type of addition has been reported^ which involves 
anhydrous benzene as the solvent media for the formation of 
aliphatic amides. The anhydrous media prevents formation of 
the ammonium salt. Ether can be used but was found to give 
lower yields. A half molar equivalent of diacid dichloride 
as a solution in benzene was added to a suspension of 
H2cyphNH2 in benzene. For all the diacid dichlorides a red 
precipitate instantly formed, which was isolated in high 
yield (**90 % based on reaction scheme 5.9) as a chloride 
salt

HN.
R

/
COCI

R\ 2RKH, /B«nsane
\ C=0
R

COCI \ 2HC1
C=0

/
V

RHHg -  HgPyphHHg ®

R'm diaoid chloride (see sohsoe 3«7)

Scheme 5.9 Preparation of the chloride salt of a 
dinucleating ligand.

The compounds shown in scheme 5.9 were isolated and 
found by elemental analysis to contain substantial amounts 
of chloride, but more importantly they all showed similar 
infrared spectra. The compounds could not be characterised 
by elemental analysis due to impurities (shown by infrared 
to possibly consist of small amounts of a carbonyl compound) 
and could not be recrystallised due to their low solubility
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in non-basic solvents (thf, CHCI3, CH3OH). Reaction of these 
chloride salts with sodium methoxide solution or pyridine 
gave yellow compounds which showed a similar infrared 
spectra to the soluble compounds isolated using the 
method in section 5.4.3,

^  Further reactions with HycyphMH;.

A series of other linking reactions were attempted 
(table 5.4) using pyridine and thf as the solvent media.

Product

Infrared spectrum indicates unchanged H2cyphNH2

CH3COCH2COCH3
HCOHCO
C1C0(X:2H5

Infrared spectrum indicates unchanged H2cyphNH2 

Infrared spectrum indicates unchanged H2cyphNH2 

Possible linking reaction see below

Table 5.4 Results for the attempted linking reaction of 
H2CyphNH2 (5.5)

Apart from ethylchloroformate, the results were 
negative and only the H2cyphNH2 precursor was recovered from 
the reaction mixture. For the reaction between H2cyphNH2 and 
ethylchloroformate a product separated, and the infrared 
spectrum showed distinct changes from that of H2cyphNH2 

(including C-0 stretch of 1720 cm“ )̂. The elms showed a weak 
spectrum trailing to above m/e - 500 which would be 
consistent for the high molecular weight of a linked
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macrocycle. The product was tooinsoluble to be characterised 
by nmr but was confirmed by elemental analysis (scheme 
5. 10) .

HCl -C 2HSOH  ̂ ^

im

NH

NH

Scheme 5.10 Preparation of (H2cyphNH)2CO. (5*12).

Conclusion.

This section has described the successful reaction of 
H2cyphNH2 (5.5) with acetyl and bensoyl chloride, and with 
oxalyl dichloride and ethylorthoformate. Preliminary 
attempts to prepare the copper(II) complexes of these 
ligands resulted in the products heavily contaminated with 
unchanged ligand. These problems were experienced in chapter 
4 with H^bicyphen but were overcome by forming the cationic 
complex in pyridine. However, preliminary attempts have not 
shown comparable results and a lack of time has prevented 
further work in this area.
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HjN
iN N’

Hv r
[2*1]5.13

N-
H

N'
NH2NH2

:N H

-N
H H

[3*̂ 2] 5.15

5.6.1 Reaction of hydrazine hydrate with Co-dialdehvde.

Crystals of a hydrazine derivative were isolated from 
a reaction between C2~dialdehyde and lf2r4~triaminobenzene 
(section 5.3.2) where the l#2,4-'triaminobensene had been 
heavily contaminated with hydrazine hydrate. These crystals 
were analysed by eims which showed a maximum m/e of 264, 
elemental analysis and infrared (section 8). On the basis of 
eims, a formulation corresponding to a monomer [h i ] was 
made. This structure probably results from the fragmentation 
of a larger molecule since the infrared spectrum showed two 
strong absorptions (3300 and 3416 cm"^) (fig 5.5) indicative 
of a compound with one or more terminal NH2 groups. On this 
evidence a [2*fl] (5.13) or (3+2) (5.15) condensation product
(hydrazine t C2-dialdehyde) could be predicted (facing 
page).

The sample from above was analysed by field desorption 
mass spectrometry which detected two molecular ions (m/e - 
528 and 560). One of these molecular ions corresponded to 
the predicted formulation C32H3gNio of a (3+2) condensation 
product (5.15). This was also confirmed by elemental 
analysis, which was able to differentiate between (3+2) 
(5.15) and the other molecular ion (m/e ■ 528) which 
corresponded to a [2+2] condensation product (5.14). The

V

dimer 5.14 would therefore be assigned a fragmentation 
product of 5.15.

)
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5.6,2 Attempts to prepare the [3-*-33 condensation product 
5.16.

An attempt was made to form the condensation
product (5.16) by treating the (3-I-2) product (5.15) with a 
further molar quantity of C2-dialdehyde (5.3) in refluxing 
methanol. After 24 h^ a yellow crystalline compound was 
isolated which showed no absorptions in its infrared 
spectrum characteristic of terminal NH2 groups which had 
been found for the (3-I-2) product (5.15). Field desorption 
mass spectrometry indicated that the material contained four 
species (table 5.5). The (3+3) condensation product 5.16 
showed the largest molecular ion, but this does not identify 
the major constituent, since this would depend on the 
relative volatilities of all the possible species. However, 
elemental analysis was consistent with the (3+3) product.

m/e Assianment
824 (4+3) 5.17
792 (3+3) 5.16
560 (3+2) 5.15
528 (2+2) 5.14

Table 5.5 Interpretation of the fdms results.

[4̂ 3] 5.17

H2N̂ IH2
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Vj sv (-\'i *

[ > ^ ]  P roduot

3260
[>•>3] Produot

Fig 5.5 Infrared spectra (3000-3500 cm"l) for the two 
compounds 5.15 and 5.16

The preparation and reactions of hydrasine ligands have been 
reported^'® as part of a program of the reactions of 
coordinated hydrasines (scheme 5.1 1).

' ><io
NH2 H2N

RCOR
-H2O

NH hIi

X,

2 +

Scheme 5.11
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Conclusion

From the results described above, it is likely that the 
products consist of a mixture of species. These mixtures are 
unlikely to provide any useful dinucleating ligands because 
the different species may be difficult to separate, and 
could also be in equilibrium with eachother.
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CHAPTER 6

BiacoDPerdl) complexes of a hydrogen bridged molecule.

6.1 Introduction.

During a routine solvent extraction process of 
copper(II) using the ligand 2-formaldoxime-4-nonylphenol
(6.1)r a very low soluble material was isolated^. This was 
shown by elemental analysis to correspond to a neutral bis 
copper(II) complex [CU2(H2DFNP>2 1 (6.2). Subsequent 
analysis of the ligand 6.1 showed it contained small amounts 
of 2,6-diformyl-4-nonylphenol (H3DFNP) (6.1a) which when 
treated with copper(II) ions gave the very insoluble complex 
[CU2(H2DFNP)2] (6.2)

(6. 2)
(6 .4 )

X \ / \ /  %
K  Cu Cu ^

V / \ / \ X

A closely related biscopper(II) complex [CU2(HDFNP)2] 
(6.4) has been reported^ as being practically insoluble in 
highly basic solvents such as pyridine and dmf, and also 
stable to cold concentrated hydrochloric and sulphuric acid 
or sodium hydroxide solution. The magnetic moment at room
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temperature was found to be subnormal (0.59 BN) and the 
magnetic susceptibility was measured over a large range 77- 
300^. The temperature variation of magnetic susceptibility 
could be explained on the basis of the Bleaney Bowers 
equation^. It was also reported^ that the mass spectra of 
[Cu 2(HDFMP)2] detected molecular ion peaks at 510 and 512, 
with relative intensities corresponding to to the isotopic 
ratios for binuclear copper complexes (see section 4.4). On 
the basis of the molecular formulae obtained from the mass 
spectra, the molecule was assumed to be deprotonated at two 
of the oxime hydroxy groups and an intramolecular hydrogen 
bonded structure (6.4) was proposed. It is improbable that
6.4 contains a symmetrical hydrogen bond as in fig 6.1 (c), 
but more likely a statistical distribution in the solid 
state of asymmetrical hydrogen bonds as in (a) and (b).

N-

Fig 6.1 Hydrogen bonding schemes for the oxime groups in
6.4.

The interest in the nature of the hydrogen bonding in 
[Cu2(H2DFNP)2] (6.2) led us to consider attempting an X-ray 
structure determination. Also It was of interest to examine 
the separation and disposition of the two copper atoms in 
such a complex. The nonyl derivative H3DFNP (6.1a) was 
unsuitable for the preparation of a crystalline copper(II)
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complex, since the nonyl chain would have given rise to many 
c o n f o r m e r s ,  A methyl derivative H3DPMP was used to
prepare a biscopper(II) complex and model the hydrogen 
bonding suggested for the nonyl derivative [CU2(H2DFNP)2]
(6.2). The ligand l,6-diformaldoxime-4-methylphenol (H3DFNP)
(6.5) was supplied by ICI Ltd Organics Division, and 
attempts were made to crystallise the bis copper(II) 
complex. A large number of macrocyclic complexes have been 
prepared^ from the precursor 2,6-diformyl-4-methylphenol 
(scheme 6.1). The biscopper complexes and a series of 
heterobinuclear Cu(II)-N(II) complexes have been 
investigated^

•̂2NH20H
•̂2M(OAc)2
-4H0AC-2H2O

\ / \ / 'M H/\/\.N O N

0-v
11

•»•2NH2RNH2
♦2M(0Ac)2
-4H0AC
-2H2O W  V

Scheme €.1
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The complex [CU2(H2DFNP)21 (6.4) was prepared by addition 
of copper(II) acetate to a solution of ligand in a range of 
solvents (thf# dmf, dma and pyridine). In each case only 
microcrystalline samples of the biscopper(II) complex could 
be obtained. These crystals were not large enough for X-ray 
structure determination.

6.2.1 Preparation and X-ray structural analysis of 
[CU2(H2DFMP)2(C10^)2l»2thf (6.6)

An attempt was made to prepare the cationic copper(II) 
complex by the addition of a solution of copper(II) 
perchlorate to a solution of ligand H3DFNP (6.5). It has 
been found (previous chapters 3 and 4) that the perchlorate 
salt of copper(II) complexes are generally more soluble than 
their neutral analogues. This would enable slow 
neutralisation (with a base) of the perchlorate salt to give 
a crystalline complex of the neutral biscopper(II) complex 
[C u 2(H2D F N P )2 ] (6.4). The bisc o p p e r (I I ) complex
[Cu2(H2DFNP)21(0104)2 has not been reported» although many 
related complexes have been studied as part of an 
investigation into the magneto chemistry of hydroxy bridged 
binuclear copper(ll) compounds^. The conditions used 
previously (see chapters 3 and 4) for the preparation of the 
copper(ll) complexes were not suitable» as the reaction was 
instantaneous and gave rise to a precipitate which was 
difficult to purify due to its low solubility. In an attempt 
to grow larger crystals of the biscopper(II) complex the 
reaction rate was slowed down by carrying it out at a lower
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.N

Cu

N

Cu H

temperature. A solution of H3DPMP (6.5) in thf was cooled 
with liquid nitrogen until the solution just started to 
freeze. The addition of a methanolic solution of copper(II) 
perchlorate gave a translucent green solution, which on 
warming to room temperature deposited green prisms of a 
cationic complex (Cu(H2DFMP)2(Cl04)2)r as shown by the 
strong infrared absorptions ascribable to the perchlorate 
group at 1100 cm*^. The addition of base to the solution 
above did not produce the neutral biscopper(II) complex, but 
induced precipitation of the perchlorate salt. The X-ray 
structure determination was undertaJcen to examine the nature 
of the hydrogen bonding.

Fig 6 .3  S o h sn a tio  diagnun

O f  [ C U j C H j i D P J I P ) ^ ] ® *

Ii2j2 » - r « y  Btructur. of (CUo(H2DPMP).»(C1 0< ) , | . 2 t h f

(6. 0 .

6.2.3 General.

The complex 6.6 consists of an approximately planar 
[Cu2(H3DFNP)2]2*«' unit to which there are bonded across the 
copper atoms two perchlorate groups (see fig 6.4). The 
structure of the dication unit [CU2(H2DFNP)2]2-i> is shown in 
fig 6.2 and 6.3 (facing page). The CU2O2 bridging unit is 
planar due to the crystallographic 2 fold axis which passes 
through the two oxygen atoms 0(la) and 0(lb).

In addition to the two phenolate bridges, there are 
symmetry related perchlorate bridges above and below the 
N2CU-02-CUN2 plane (fig 6.4, facing page) which have been 
found for many other related perchlorate complexes^. The 
perchlorate anion is coordinated in a bidendate fashion.
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with one oxygen showing a relatively strong bond of 2.51 A, 
and the other a much weaker bond of 2.76 X. A range of bond 
lengths have been reported for semi-coordinated perchlorate 
groups in copper(II) complexes showing comparable bond 
lengths^.

Two thf solvate molecules accompany each molecule, but 
show serious disorder (see section 7.3). Fig 6.5 (facing 
page) depicts the ortep diagrams, and the stereoscopic 
views are shown in fig 6.6.

Ù  &

>2(0104)2)

Pig 6.6 Stereoscopic views of the packing arrangement in 
[Cu2(HDFNP)2(Cl04)2).2thf. Fig'6.6a omits the thf 
solvate for clarity.
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In addition to the crystallographic two fold axis which 
passes through the methyl and phenolate oxygens, the complex 
is theoretically capable of showing a pseudo mirror plane 
symmetry which would relate ligand framents A and B (fig
6.7). In practice this mirror plane relationship dose not 
exist (see fig 6.4). However, chemically equivalent bond 
lengths and angles in the A and B fragments agree reasonably 
well (table 6.1). | Actual 2'fold

Fig 6.7 The possible and actual symmetry elements in 
[CU2(H2DFMP)2(CIO4)2].2thf
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Bond lenath/A Part a Part b
Cu-N(l) 1.945(16) 1.985(18)
Cu-O(l) 1.941(10) 1.965(12)
Bond Anales/A
Cu-N(l)-C(l) 129.3(1.4) 127.9(1.6)Cu-N(l)-0(2) 115.5(1.1) 120.1(1.3)0(2)-N(l)-C(l) 115.2(1.6) 111.9(1.8)
Sum of anqles about N(l) 360.O'* 359.9"

C(3)-0(1)-Cu 129.5(0.3) 130.4(0.4)C(3)-0(1)-Cu 129.5(0.3) 130.4(0.4)Cu-0(1)-Cu 100.9(0.7) 99.2(0.8)
Sum of anqles about 0(1) 359.9" 360.0*’
Table 6.1 Comparison of bond lengths and angles in

chemically equivalent parts (a and b) of 
[Cu2(H3DPMP)2(0104)2]

The non-hydrogen atoms of the dication unit [CU2(H2DFMP)2124- 
do not form a perfect planar system, this could be due to 
the steric repulsion of the two oxime oxygen atoms. The 
deviation from planarity (fig 6.8) allow the oxygen atoms 
0(2a) and 0(2b) to become further' apart.

- . I l l

-.09
-.27

HOif"H O ^
H0Í2^

Nía día Nía
02a

Cu Cu
02b

^ / H 0a2

® ^ H 0a1 ^HObl 
02*̂

-.50

4>.Ó9

► 25

.u

H0b2
►35

Nlb 01b Nlb

4-.21

Fig 6.8 Deviation of the non-hydrogen atoms from the 
planarity of the Cu-02-Cu bridging unit (mk)
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In support of the electron density maxima near 0(2a) 
and 0(2b) as partial occupancy hydrogen atoms, the bond 
angles about the oxygen atoms in fig €.9 (c) correspond to 
sp^ hybridisation at the oxygen atoms (table 6.2).

H ^
iH/°
*

(•) (b) (e)
Fig 6.9 Statistically disordered hydrogen bonds (a) and 

(b), plus a schematic diagram (c) of the 
assignment of half occupancy hydrogen atoms to 
the electron density maxima found for the complex 
[CU2(H2DPNP)2)(C104 ]̂ (6.6)

N(la)-0(2a)-H0(a2)
N(la)-0(2a)-H0(al)
H0(a2)-0(2a)-H0(al)
Sum of angles

120.5(1.4)
119.4(1.3)
120.1(1.3)

M(lb)-0(2b)-H0(b2)
N(lb)-0(2b)-H0(bl)
H0(b2)-0(2b)-H0(bl)
Sum of angles

129.8(1.6)
97.4(1.3)

132.8(1.6)
n o

Table 6.2 Bond angles about the oxygen atoms 0(2a) and 
0(2b)

^  explain the nature of the hydrogen bonds, there are three 
possible types that must be consideredt
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1) The oxygen 1» epl hybridised (fig 6.10).
The most overlap of the sp^ hybridised orbitals will occur 
if Hx forms bond angles of approximately 120^ at the oxygen.

> -HjrO—
N

Fig 6.10 sp^ hybridisation 

2) The oxygen is spl hybridised.
One lone pair is involved in hydrogen bonding (fig 6.11). 
The best overlap will occur when Hx forms bond angles of 
approximately 111^.

N
Fig 6.11 SP^ hybridisation

3), Electrostatic hydrogen bond (fig 6.12).
The best overlap will occur when Hx forms bond angles of 
approximately 124.5^

Hf.

■>Hk- 0-

Pig 6.12 Electrostatic hydrogen bond

From the structure determination the sum of the bond 
Angles about the oxygen atoms 0(2b) and 0(2a) (table 6.3) 
Are shown to difficult to Assign a definite type# but are 
probably closer to 8P^ hybridisation than the other two 
types.
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N(la)-0(2a)-H0(a2)
N(la)-0(2a)-H0(bl)
H0(a2)-0(2a)-H0(bl)
Sum of angles

120.5(1.4)
109.9(1.1)
119.1(1.1)

N(lb)-0(2b)-H0(b2)
N(lb)-0(2b)-H0(al)
H0(al)-0(2b)-H0(b2)
Sum of angles

129.8(1.6)
112. 1 ( 1 . 2 )
113.5(1.2)
¿55.4

Table 6.3 Bond angles about the oxygen atoms 0(2a) and 
0(2b)

The separation of 2.99 A between the two copper atoms 
is to great to allow a strong Cu-Cu interaction by direct 
overlap of metal orbitals. Also it has been reported^ that 
for compounds of this type the degree of super exchange 
interaction is dependent on the angle between the bridging 
oxygens and the copper atom (fig 6.13).

Part A

Part B

Fig 6.13 Bond angles about the bridging oxygen atoms 0(1 a) 
and 0(1 b).
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Part A 
Part B

C-O/A
1.345(27)
1.316(31)

Cu-0/À
1.941(10)
1.965(12)

Cu-O-Cu/^
100.9(0.7)
99.2(0.8)

Table 6.4 Bond lengths about the bridging oxygen 
0(1a) and 0(1b).

atoms

The shorter Cu-*0 bond in portion A fig 6.13) and other 
data (table 6.4) would suggest a higher degree of coupling 
between the oxygen and copper(II) atoms than those in 
portion B. Therefore, any superexchange interaction that 
probably occurs for this compound, may be due more to one 
phenolic bridge than the other. It must be stressed however, 
that the difference between the bond lengths in part A and B 
(table 6.4) is not very large in comparison with the errors 
in their determination. Spin coupling between the two 
copper(II) atoms may tales place using two superexchange 
pathways^ (scheme 6.2).

\

Scheme 6.2 Spin coupling pathways using d type orbitals.
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Part A 
Part B

C-O/A
1.345(27)
1.316(31)

Cu-O/X
1.941(10)
1.965(12)

Cu~0-Ctt/^
100.9(0.7)
99.2(0.8)

Table 6.4 Bond lengths about the bridging oxygen 
0(1a) and Odb).

atoms

The shorter Cu-0 bond in portion A fig 6.13) and other 
data (table 6.4) would suggest a higher degree of coupling 
between the oxygen and copper(II) atoms than those in 
portion B. Therefore» any superexchange interaction that 
probably occurs for this compound» may be due more to one 
phenolic bridge than the other. It must be stressed however» 
that the difference between the bond lengths in part A and B 
(table 6.4) is not very large in comparison with the errors 
in their determination. Spin coupling between the two 
copper(II) atoms may tales place using two superexchange 
pathways^ (scheme 6.2).

/
J  Pm

\
Vfy9»**«riM

Scheme 6.2 Spin coupling pathways using d type orbitals.
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Conclusion

The X-ray structure of [Cu(H2DFMP)2(Cl04)2].2thf has 
shown the hydrogen bonding of the oxime groups to be 
asymmtrical as predicted in section 6.1. The preparation of 
the cationic complex was achieved using a novel synthesis of 
cooling the solutions before reaction to produce a 
crystalline complex suitable for X-ray structural 
determination. This procedure did not prove successful for 
producing the neutral complex. The lack of time has 
prevented the magnetic data being available at the 
conclusion of this project.

6.3 The infrared of coordinated perchlorates.

The difference between ionic and coordinated 
perchlorate can often be detected in the infrared 
spectrum^^. The perchlorate ion has a regular tetrahedral 
structure and belongs to the point group Td, having nine 
vibrational degrees of freedom distributed between four 
normal modes of vibration (table 6.5).
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State of CIO«
-o *-a o .

Syn-
mttrvc»' A.i.R, Eff.R, QO str. rocking.

4 4

.\5 .r) e(!.r)•.•tr. a.bend. ao, CIO*
A(1,R) e3.R) •.bead. a.bend.
ao. ao.

CIO«- TV I I
A(k) E(k) •.•tr. «.bend. 
0S2 460

\  Z'
F,(?.R)a.̂tr.Ilio

F.(?.R)a.oeod.«Mi /\ /1\ /l\
C. A ^  Â a», Bjĵ , Â K,

•.itr. s.bend. «.itr. a.»tr. s.beiid♦ A «nd B. non-degenerate. E. doubly degenerate. F. triply degenerate. I. infrared active. K. itaman active. et-mmetne. a., antisj'mnictric. O* refen to oxygen co-ordinated to copper.

Table 6.5 Vibrations of the CIO^ group as a function of
10synsnetry

For ionic perchlorates the characteristic infrared 
frequencies are:
1) A very broad strong band with a poorly defined maximum 

(VCIO4 1100cm"!)

2) A medium strong band at 625 cm"^
3) A weak absorption at 930 cm"l (this absorption is 

weakly allowed due to a slight distortion of the ion 
in a crystal field of lower symmetry than itself).

The degree of splitting of these absorptions will be 
dependent on the extent and type of coordination of the 
perchlorate ion. A bidentate bridged ligand shows a greater 
splitting pattern than a monodentate ligand^^(fig €.14).
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Fig 6.14 Different types of perchlorate enviroment.

The effect of coordination of the perchlorate group 
will bring major differences in the infrared spectra, and 
additionally minor shifts or splittings may result from a 
lowering of the site symmetry of the group from coupling of 
vibrations between perchlorate groups in the same unit cell, 
or purely from an isotopic effect within the group. In this 
thesis, three of the five structures discussed contain 
perchlorate anions, which have different types of enviroment 
(table 6.6).
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Complex

[Cu2(H4cyendimer)](€104)3 
(Cu2(H2cyendimer)(C104)(H2O)](CIO4 ) 

[CU2 (H2DFMP) (CIO4 )2 ] . t h f

Mode^ Complex 1
(Ionic)
930 w 
936 w

Complex 2 
(Onidentete) 

932 w

625 s
1055 ■
1100 be

Section Perchlorate
Type<T.l > Ionic

< 7.2 > One Ionic 
One Unidentate« T.3> Both Bidentate 
(Bridging)

Complex 3
(Bldentate)

922 V 
930 w 
936 w
625 8

1035 8 1100 8 
1170 8

Table 6.6 Obeerved infrared abaorptiona aaaigned to the 
perchlorate group

1035

Lex 3

The main differencea occur at 1100 cm“ ,̂ which aa ahown 
in fig 6.15 (facing page) are atrongly aplit for the 
bidentate perchlorate. The degree of aplitting will 
increaae with the diatortion of the tetrahedral arrangement 
of the perchlorate oxygena, and thia will depend on the 
atrength of the Cu-0(C103) bond (fig 6.16).

2 and 3 in the
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CoapltK 2 Coaplez 3

i51 2.76

Pig 6.16 Bonding distance of the Cu-0(C103) in complexes 2 
and 3.

The most significant differences in the infrared 
spectra of the three complexes are at 1100 cm"^, but 
complex 3 does not show as much splitting of the 1100 cm“  ̂
band as expected due to only half the total amount of 
perchlorate being coordinated. No splitting was observed for 
the 4th mode at 625 cm”  ̂for any of the above complexes, 
whereas Nelson et al^^ have reported a splitting of the 
4th mode for the complex [Cu2L(NCS>2l (C104>2 (fig 6.17). No 
other infrared data for this complex were reported.

N«‘

^ig 6.17 Schematic diagram of the ligand (L) and complex 
[CU2L(NC8)2](C104)2
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Conclusion

From the infrared data of other cationic complexes 
presented in this thesis it is proposed that 
[Cu2(H4bicybens)l (0104)4 has coordinated perchlorates shown 
by the split infrared band at 1100 cm~^ (fig 6.18). All 
other perchlorate complexes have shown no appreciable 
splitting at 1100 cm”^ although the possibility of a mixture 
of ionic and coordinated perchlorates cannot be excluded.

Fig €.18 Infrared spectrum of [Cu2(H4bicybens) 1(0104)4 in 
the region of 1100 cm*^ (prepared as nujol mull).

229



Sip IP» ■i»'»

References

1 I.C.I. Organics Division.
2 Okawa,H., Tokii,T., Nuto,Y. Kida,8. Bull. Cham. Soc. 

Japan. 1973, 46, 2464.
3 Bleany,B., Bowers,K.D. Proc. Roy. Soc. Bar A. 1952. 214, 

451.
4 Groh,S. Israel. J. Cham. 1977, 15, 277 and ref tharin.
5 (a) Gagne,R.R., Hanling,L.N., Kistanmachar,T.J. Inorq.

Cham. 1980, 19, 1226. (b) Lambert,8.L., Spiro,S.L.,
Gagne,R.R., Hendrickson,D.N. Inorq. Cham. 1982, 21, 68.

6 Hatfield,W.B., Comments. Inorg. Cham. 1981, 1, 105.
7 Hendrickson,D.M., Haddad,M.S. Inorq. Cham. Acta. 1978, 

28, L121 and ref tharin.
8 Hodqeson,D.J. Inorq. Cham. 1976# 15, 3174.
9 Casetallato,U., Vigato,P.A., Vidali,N. Coord. Cham. Rev. 

1977, 23, 31.
10 Hathaway,B.J., Underhill,A.B. ÇL Cham. Soc. 1961, 3091 

and rafarancas tharin.
11 Draw,N.6.B., McCann,N., Nelson,S.M. Ĵ . Ĉ . Ŝ . Dalton. 
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Chapter 2 X-ray atructure determination

action Compound Paqe

7.1 [Cu2(H4cyendimer)](C104>3 232

7.2 [Cu2(H2cyendimer)(H2O)(CIO4)](CIO4).(.5thf) 238

7.3 [CU2(H2DFMP)2(CIO4)2]•2thf 242

7.4 Hi2cyendimer 250

7.5 [Cu(cyphX)] 252

References 254
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CHAPTER 7

(CUV3

X-rav Structure determination

7.1 X-ray structure of [Cu.p(H|Cvendimer) 1 (010^)3 (7.1)

Crystal Datas Cu2C3gH4QN0Cl3O]^2 
M wt > 1010.2, monoclinic space 
group Cc, a > 22.577(7), b •
11.016(4), c - 20.909(8) Jl. Beta - 
118.96®, V - 4550 A^, Z - 4, T - 
22®C, d(calc) - 1.47 9 cm"^.
Crystal Sise - 0.13 x 0.26 x 0.32 
mm, data - 1815 (I> 3cr (I)).
Absorption corrections were applied 
based on a pseudo-ellipsoid model^.

[CU2(H4cyendimer)](C104)3

General systematic absences in the data of the type 
^ X B 2n 4 1 indicated that the lattice was C-face 
centered. The special absences hOl, 1 ■ 2n 4 1 indicated 
the presence of a C-glide perpendicular to b. This 
suggested two possible monoclinic space groups Cc or C2/c. 
The two fold axis for C2/c would not show systematic 
absences.

A Patterson synthesis was calculated to resolve the 
Ambiguity in the space group, and to determine the position 
of the copper atom(s). Early attempts at solving the 
^^^terson were made with the assumption that the compound 
VAA A tetraperchlorate complex [Cu2(H4cyendimer)](C104)4,
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which requires the unit cell to contain eight copper atoms 
on the basis of the crystal density being in a reasonable 
range. For the space group C2/c the eight copper atoms are 
generated by the symmetry operations shown in table 7.1. 
For four dinuclear complexes per unit cell this would 
require the [Cu2 (H4c y e n d i m e r )] unit to lie on a 
crystallographic symmetry element e.g. the diad as in fig 
7.1. Alternatively, the space group Cc contains only four 
asymmetric units per unit cell (table 7.4) and therefore 
each asymmetric unit could contain two independent copper 
atoms in the complex 7.1 (fig 7.2).

Fig 7.1 Schematic diagram of Fig 7.2 Schematic diagram of
the dimer for C2/c space group the dimer for Cc space group

X y * -X -y -x -X y 0.5-s x -y 0.5 + t 
Symmetry related positions ( 0 0 0  0.50.50)

Table 7.1 Equivalent positions for the space group C2/c.

A copper atom at the position x y s in the C2/c space 
group would give rise to three unique Cu-Cu vectors in the 
Patterson synthesis as listed in table 7.2.
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2x 2y
-2x 0

0 2y

Table 7.2 The three Cu-Cu vectors for [CU2(H4cyen- 
dlmer)](Cl04)3 (7.1) in the space group C2/c.

Examination of the first twenty highest peaks in the 
Patterson map (table 7.3) did not produce a solution based 
on the above (table 7.2) vectors.

HEIGHT X/A Y/B Z/C
Q1 999. 0.0 0.000 -0.000
Q2 999. 0.0 0.000 1.000
Q3 999. 0.500 0.500 -0.000
Q4 999. 0.500 0.500 1.000
Q5 310. 0.000 0.500 0.500
Q6 310. 0.500 0.0 0.500
Q7 225. 0.000 0.337 0.500
Q8 225. 0.500 0.163 0.500
Q9 128. 0.380 0.086 0.464
QIO 128. 0.120 0.414 0.536
Qll 125. 0.120 0.072 0.037
Q12 125. 0.380 0.428 0.963
Q13 103. 0.158 0.315 0.876
Q14 103. 0.342 0.185 0.124
Q15 102. -0.000 0.198 0.500
Q16 102. 0.500 0.302 0.500
Q17 94. 0.296 0.141 0.259
Q18 94. 0.204 0.359 0.741
Q19 79. 0.178 0.442 0.724
Q20 79. 0.322 0.058 0.276
Table 7.3 Patterson map from the

complex 7.1.

The above results suggested the dimer 7.1 did not belong to 
the C2/c space group» and the non-centrosymmetric space 
group Cc was investigated. The equivalent positions are 
shown in table 7.4.
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X y * X -y 0.5 *

Symmetry related positions ( 0 0 0  0.5 0.5 0)

Table 7.4 Equivalent positions for the space group Cc.

A copper atom Cul at the position x y s would give 
rise to one strong vector between the symmetry related 
copper atoms at 0 2y 0. Examination of the Patterson 
map revealed the peak (Q7) 0.0 0.337 0.5 which could 
correspond to the vector 0 2y 0.5. This would give a 
value for the y coordinate of 0.169 for Cul. This solution 
only supplies the y coordinate of a copper atom, and 
further vectors need to be sought to find the the 
coordinates for Cu2. The vectors between the two copper 
atoms Cul and Cu2 in the asymmetric unit are calculated by 
subtracting the positions x, y, and z for Cul, away from 
the two positions of the other Cu2 atom which gave the two
vectors ^ 1*^2 *1 ” *2 and X 1 - X 2  y i + y 2

0.5*I'(Z]̂ -Z2). These vectors between the two copper atoms 
Cul and Cu2 should appear at high intensity in the 
Patterson map. The length of the first vector will 
correspond to the Cul-Cu2 contact distance in the dimer 
[Cu2(H4cyendimer)](C104)3 (7.1). From molecular models of 
the ligand it was found that this distance would be less 
than 7 1, but will depend greatly on the conformation of 
the ligand. The vector which most obviously met the 
requirements of being less than 7 A is Qll which was 
particularly short at approximately 2.9 i. If vector Qll 
corresponds to X3-X2» yi**y2' *1~*2' then QIO can be
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readily assigned as xj^-X2» yi**‘y2' 0.5*i*(S]̂ -S2) having an 
identical x value (0.120) and a similar height value (128 
c£ 125). The y coordinates of both copper atoms were 
evaluated by simultaneous equations giving ŷ  ̂■ 0.171 and 
Y2 * 0.243. In the space group Cc the origin is not fixed 
in the ”a” and ”c” directions and therefore X2 and S2 were 
assigned arbitary values, and and ŝ  ̂were calculated 
using these arbitary values and the vectors QIO and Qll. 
The coordinates for Cul and Cu2 are:

Cu2 0 0.243 0.250
Cul 0.12 0.171 0.283

A Fourier electron difference map based on this solution 
for the two nonequivalent copper atoms showed a 
recognisable fragment of the expected molecule. The atoms 
which were located from this map were used for further 
Fourier maps which located all the non-hydrogen atoms. More 
than four positions were found for the oxygen atoms about 
two of the perchlorate anions, and a fine grid difference 
map was used to resolve the disordered positions. The 
oxygen atoms were fixed at these sites and assigned a 
common thermal parameter. The site occupation factors for 
the disordered oxygens were allowed to refine. In the final 
cycles of refinement anisotropic thermal parameters were 
assigned to the two copper atoms and CKl) and Cl(3) atoms 
where previously higher isotropic thermal parameters were 
found. Hydrogen atoms were included in fixed positions, 
"riding" at a fixed distance of 0.95 & from the carbon
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atoms to which they were attached, having a common
isotropic thermal parameter. The hydrogen atoms of the
anilino nitrogen atoms were also included in calculated

opositions at a fixed distance of 0.9 A, and assigned a 
common thermal parameter. This resulted in R ■ 0.0727 and 

> 0.0712. Fig 7.3 depicts the schematic and ortep 
diagrams of the complex 7.1.

Cum

Fig 7.3 Ortep diagram of [Cu2(H4cyendimer)]3+
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7.2 X-Ray structure of [Cu2(H2cvendimer)(H^O)(C10|) ]- 
fglQ|).O.Sthf
Crystal Data: CU2C2gH^^MgCl20g Nwt “ p 
998.9, monoclinic space group Cc, a 
« 21.963(7), b - 16.326, c -
12.699(4) X. Beta - 103.73®, V - 
4423.3 Z - 4, T - 22®C, d(calc)
« 1.451 9 cm'^. Crystal Size * 0.36 
X 0.43 X 0.35 mm, data - > 2835.
[ i:̂  30̂  ( )̂ ]. Absorption corrections _ 
were not applied.

H2O - ^ - C u  Cu— ^  OCIO; (CIO4 )
thf

N

//

General systematic absences in the data of the type 
h + k « 2n 1 indicated the lattice was C-face centered. 
The special absences hOl, 1 « 2n -f 1 indicated the presence 
of a C-glide perpendicular to b. This indicated two 
possible monoclinic space groups Cc or C2/c. The two fold 
axis for C2/c would not show systematic absences. A 
Patterson Synthesis was calculated to resolve the ambiguity 
in the space group, and to determine the position of the 
copper atom(s). The volume of the unit cell was slightly 
smaller than that of (Cu2(H4cyendimer) ] (€104)3 (7.1) 
(4423.3 cf 4450 H^) and therefore approximate calculations 
were made with with the assumption that the compound was a 
biscopper diperchlorate complex [Cu2(H4cyendimer)](€104)2» 
which would require eight copper atoms per unit cell. The 
non-centrosymmetric space group €c was considered first and 
the vectors between two copper atoms €ul and €u2 in the 
same asymmetric unit are *1 ^ * 2  ^1*^2 •l“ *2 *1**2  

yi*t‘y 2 0.54-(S]^-t2) calculated in section 7.1.
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Examination of the first twenty highest peaks in the 
Patterson map (table 7.5) produced a solution based on the 
above vectors.

HEIGHT X/A Y/B Z/C
Q1 1000. 0.0 -0.000 -0.000
Q2 1000. 0.0 -0.000 1.000Q3 1000. 0.500 0.500 -0.000Q4 1000. 0.500 0.500 1.00005 185. 0.000 0.279 0.50006 185. 0.500 0.221 0.50007 162. 0.375 0.012 0.42108 162. 0.125 0.488 0.57909 160. 0.123 0.238 0.081010 160. 0.377 0.262 0.918
o i l 100. 0.502 0.418 0.463012 100. 0.002 0.082 0.463013 100. -0.002 0.082 0.537014 100. 0.498 0.418 0.537015 94. 0.217 0.000 0.081016 94. 0.283 0.500 0.919017 77. 0.451 0.500 0.870018 77. 0.049 -0.000 0.130019 76. -0.000 0.111 -0.000020 76. -0.000 0.111 1.000

Table 7.5 Patterson synthesis from
of the complex 7.2

The peak which corresponds to yi”y2 *1**2 should
be less than about 7 A in length for the same reasons 
discussed in section 7.1. The highest peak to meet this 
requirement was Q9 which showed an approximate contact 
distance between Cul and Cu2 of 4.8 A. If this vector Q9 
corresponded to *x"*2' yi”y2' *1“*2' then Q8 can be readily 
assigned as X1-X2» yi***y2' 0.5‘**(sx“i2> having a similar x
value (0.123 cf 0.125) and height (162 cf 160). The 
coordinates of the two copper atoms Cul and Cu2 can be
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evaluated in the same way as for the previous complex 7.1, 
and the coordinates for Cul and Cu2 are:
Cul 0.000 0.125 0.250
Cu2 0.124 0.363 0.330
A Fourier difference map phased on this solution for the 
two nonequivalent copper atoms showed recognisable 
fragments of the expected molecule and gave an R factor of 
0.33. The atoms which were located from this map were 
used for further Fourier maps which located all the non> 
hydrogen atoms plus the anilino hydrogen atoms. The 
hydrogen atoms attached to the carbon atoms were inclined 
in calculated positions, "riding" at a fixed distance of 
1.08 X and assigned a common thermal parameter. One of the 
two perchlorates was coordinated to Cu2, while the other 
perchlorate was disordered, and refined as described in 
section 7.1. In the final cycles of refinement, anisotropic 
thermal parameters were assigned to the two copper atoms 
and the following atoms C(9c), C49d), 0(1), Cl(l) and Cl(2) 
where previously higher isotropic thermal parameters were 
found. The atoms C(9c) and C(9d) showed disorder, and a 
fine grid difference map was examined to try to resolve the 
disordered positions, however, the electron density for 
these two atoms was smeared in the x>s plane rather than 
resolved into separate peaks (see chapter 3.4.4 for further 
details). Atetrahydrofuran (thf) solvate molecule 
accompanied each dimer molecule, but showed high thermal 
parameters for all the five atoms located from the Fourier 
electron difference map. These five atoms were assigned 
common isotropic thermal parameters which allowed their
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site occupation factors to refine to 0.5, thereby 
accounting for half a mole of thf per mole of complex 7.2. 
The final cycles of refinement gave an R > 0.0753 and ■ 
0.0727. Pig 7.4 depicts the ortep diagram of the 
biscopper(II) complex 7.2.

rcu

ICl

Fig 7.4 Ortep diagram of [CU2(H2cyendimer)(H20)(Cl04>] 
(ClO4).0.5thf (7.2)
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2rl X-Ray atructure of lCu2(H2DFMP)y(ClO|)^).t:hf (7.3).

Crystal data: Cu2C25H52NgCl20^ Mwt 
■ 855.7r monoclinic apace group 
I42d, a « 21.527(3), c - 14.759(8)
A. V « 6839 k^, Z ■ 8, T ■ 22°C, 
d(calc) " 1.66 9 1st Crystal
Sise - 0.3 X 0.3 x 0.24 mm 2nd 
Crystal Sixe ■ 0.3 x 0.3 x 0.16 mm
data ■ 929 and 481 respectively 
3o~ (¿)]. Absorption corrections 
were not applied.

Two square pyridimal shaped crystals were used for 
data collection and both were coated in "Araldite Resin"^ 
to prevent loss of the solvate thf. The first crystal was 
used to collect data within the theta range of 2.5 - 10® 

disintergrating. The second crystal was used to 
collect data within the theta range 7 - 30® (an overlap of 

allow both sets of data to be scaled and merged). 
The two data sets were merged through common reflections by 
linear least squares^ to give 1031 unique reflections 
(interlayer scale factors of 0.4687 and 2.133) with a merge 
R factor of 0.0436. Prom the original 25 refections the 
^^^^>^®ctometer calculated a orientation matrix and a 
Dirichlet reduced unit cell. The relationships of the 
parameters of the cell indicated that a body-centered unit 
®®^1 with all angles 90® and two of the axis of equal 
length could be selected. The intensity relationships of a 
large range or reflections was tested and indicated that

2thf
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the Laue symmetry (table 7.6) corresponded to the 
tetragonal crystal system.

h J c l - h k l - h k l - h k l - h k l - h k l - h k l - h k l

k h l - k h l - k h l - k h l - k h l - k h l - k h l - k h i

Table 7.6 Laue symmetry for the tetragonal crystal system.

Systematic absences in the full data set gave rise to 
two possible space groups» I42d and I4][̂ md, both having the 
same special conditions: 0 k 1 (k + 1 ■ 2n) and h k 1 
(1 « 2n and 2h 4- 1 ■ 4n).

Num^r of 
positions

I42d

16

8

8

X, y# xj X, 0.5+y, 0.25-x
X, y » XI X, 0.5-y, 0.25-z

ÿ » X, XI Yr 0.5+x, 0.25-i'X

Yr X, XI Yr 0.5-x, 0.25-i'Z

X, 0.25, 0.1251 X, 0.750, 0.125
0.75, X, 0.8751 0.25, X, 0.875

0, 0, XI 0, 0, t

0, 0.5, 0.25-i-xi 0, 0.5, 0.25-z

.valent positions for space groups I42d and
I4]̂ md (continued next page).
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I4]̂ md

16

X, Yr s; y» 0.5'fx, 0.25-i'Z
5» y# s; y# 0.5-x, 0.254S
X, y» s; y# 0.5'fx, 0.25*l>z
X, y# ij y# 0.5-x, 0.254Z
0, s; y» 0.5, 0.54z
0, -Yr z; -y» 0.5, 0.5*fz

Symmetry related positions (0 0 0, 0.5 0.5 0.5)

Table 7.7 Eqivalent positions for space groups I42d and I4]̂ md

From the expected structure both space groups are 
possible, one with a two fold axis and the other with a

[CU2(H2DFNP)2]^'*' (7.3).

The space group I4j^md was considered first, and table 7.8 
shows the Cu-Cu vectors for the copper atoms in general 
(fig 7.6) and special (fig 7.7) positions.
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¡Dirror plane

plane

Fig 7.6 Schematic diagram 
for copper atoms 
in general positions

I4^md

Fig 7.7 Schematic diagram for 
for copper atoms in 
in special positions

2x, 2y» Oj Xr 0, 0
(x-y), 0.5-Kx-y), 0.25j X, 2yr 0
(x+y). 0.5+(x+y)r 0.25| x-y# y-0.5. 0.25
2x, 0, 0i x+y. y-o.5r 0.25
0, 2yr Ot(x+y). 0.5+(x-y), 0.25;
(x-y), 0.5-(x+y), 0.25; (x+y) , 0.5+(x+y), 0.25

Table 7• 8 Vectors between the copper (atoms in general
special positions
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HEIGHT X/A Y/B 2/C
Q1 999. -0.000 0.000 -0.000
Q2 219. 0.034 0.500 -0.000
Q3 213. 0.000 0.465 0.500
Q4 194. 0.000 0.140 -0.000
Q5 170. 0.065 0.064 -0.000
Q6 85. 0.033 0.364 -0.000
Q7 76. 0.061 0.118 -0.000
Q8 76. 0.120 0.060 rOOOO
Q9 74. 0.048 0.000 -0.225
QIO 74. 0.095 -0.000 0.217
Qll 74. 0.000 0.095 0.217
Q12 70. 0.029 0.440 -0.000
Q13 69. 0.000 0.047 0.222
Q14 67. 0.090 0.437 -0.000
Q15 63. 0.061 0.472 0.500
Q16 63. 0.065 0.410 0.500
Q17 56. 0.060 0.260 -0.000
Q18 54. 0.000 0.318 0.500Q19 52. -0.000 -0.000 0.169Q20 49. 0.034 0.404 0.233

Table 7.9 Patterson synthesis from
the complex 7.3

The Patterson was not readily Interpreted, and a 
further Patterson (table 7.10) was obtained by examining a 
different part of the unit cell.

The highest 20 peaks from the second Patterson 
synthesis are tabulated in table 7.10.
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height X/A Y/B
-0.000 -0.000
0.500 0.031
0.032 0.500
0.064 0.064
0.140 0.000
-0.000 0.140
0.298 0.202
0.202 0.298
0.257 0.242
0.243 0.258
0.198 0.165
0.165 0.198
0.450 0.025
0.019 0.450
0.337 0.163
0.163 0.337
0.000 0.049
0.047 -0.000
0.180 0.125
0.121 0.186

Patterson synt

z/c
0 .000
0 .000
0 . 0 0 0
0 .000
0 .0 0 0
0.000
0.250
0.250
0.250
0.250
0.245
0.2450.000
0.000
0.250
0.250
0.228
0.224
0 .0 0 0
0 .0 0 0

of the complex 7.3

Th«>e results sliminatsd the space group I4iBd since 
the vectors shown In table 7.8 could not all be assigned to 
the above Patterson. The alternative space group I42d was 
considered, and the vectors between two copper atoms in 
general positions are shown in table 7.11.
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2x, 2y, 0.
x+y. x-yr 2s.
X-Yr x+y» 2s.
2x, 0.5» 2S-0.25

2x, 2y-0.5» 2S-0.25
(x-y)^ 0.5+(x-y)» 0.25.
(x+y)» 0.5-(x+y)» 0.25

Table 7.11 The vectors bet
position for the space group I42d.

The Patterson synthesis was solved for two copper atone in 
general positions by assignment of all the vectors (table
7.12) as follows.

Vectors (table 7.11) Patterson peak (Patterson
synthesis)

2x» 2y» 0 06 0.033 0.364 -0.000 (1)
x+y» x-y» 2s Oil 0.198 0.165 0.245 (2)
x-y» x+y» 2s Q12 0.165 0.198 0.245 (2)2x» 0.5» 2S-0.25 03 0.032 0.500 0.000 (2)
0» 2y-0.5» 2S-0.25 06 -0.000 0.140 0.000 (2)(x-y) » 0.5+(x-y)» 0.25 015 0.337 0.163 0.250 (2)(x+y) » 0.5-(x+y)» 0.25 08 0.202 0.298 0.250 (2)

Table 7.12 Assignment of the Patterson peaks for the space
group I42d.

The coordinates of the copper atom ares 
Cu 0.517 0.182 0.123

After a series of fourier maps for the above solution a 
fragment of the expected molecule be recognised. The 
hydrogen atoms were included in calculated positions»
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"riding” on at a fixed distance of 1.08 i from the carbon 
atoms to which they were attached having a common isotropic 
thermal parameter. Four sites of low electron density 
corresponded to the two hydroxyl hydrogens. These were 
assigned site occupation factors of 0.5 and refined (see 
chapter 6 for further details). Anisotropic thermal 
parameters were assigned to the Cu and Cl atoms in the 
final cycles of refinement. The dimer molecule was found to 
have one perchlorate (coordinated in a bidentate fashion 
to the two copper atoms) and one thf solvate per asymmetric 
unit. A fine grid difference map detected ten areas of high 
electron density, and these ten positions were assigned 
common thermal parameters to allow the site occupation 
factors to refine. These site occupation factors were fixed 
in the final cycles of refinement and accounted for two 
molesof thf per mole of complex 7.3. This resulted in R « 
0.0753 and R

Fig 7.8 Ortep diagram of [Cu2(H2DFNP)2(C104)2l*thf (7.3),
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7.4 X-ray structure of

crystal Data: C35H40Ng Mwt - 592.8, 
monoclinic space group P21/n, a « 
14.603(2), b « 9.846(2), c -
11.462(2) A. Beta - 97.25(2)°, V - 
1648 A^, Z - 4, T - 22°C, d(calc) 
« 1.194 g cm“ .̂ Crystal Size ■ 0.19 
X 0.22 X 0.24 mm, data - 3236 [i:̂  
3o- (I)]. Absorption corrections 
were not applied.

From the original 25 reflections the diffractometer 
calculated a orientation matrix and a Dirichlet reduced 
unit cell. The relationships of the parameters of the cell 
confirmed a monoclinic space group. Sytematic absences in a 
range of the reflection data indicated the space group 
P23̂ /n. The structure was solved using the SHBLX program by 
TANGENT multisolution refinement with values of E > 1.3. 
The starting origin and multisolution phases were selected 
as in table 7.13.

Origin E Multisolutions E

3.303 - 1 0  5 3.214
3.443 1 0  3 2.992
4.336 0 1 9 2.970

Table 7.13 Origin and multisolution phases.

From the E map with the lowest RA(> 0.103) all the 22 
non-hydrogen atoms were found from the highest 22 pealcs.
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Isotropic refinement on these 22 atoms gave R ■ 0.118. The 
C~H hydrogen atoms were included in calculated positions 
"riding” on the atoms to which they were bonded at a fixed 
distance of 0.95 X . The N-H hydrogen atoms were located 
from a difference map and included in subsequent 
refinement. Anisotropic thermal parameters were assigned to 
the nitrogen atoms, while two different common thermal 
parameters were assigned to the phenylene and methylene 
hydrogen atoms. These two parameters were included as free 
variables in the refinement. This resulted in of R ■ 0.077 
and Rw “ 0.0734. Fig 7.9 (facing page) depicts the ortep 
diagram of stereoscopic view is shown 
below (fig 7.10).

m

2cyendimer Pig 7.10 Stereoscopic view of
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7.5 X-ray atructure of [Cu(cyphX)1
Crystal Data: CuC22®18*®4®2 ** “
401, monoclinic apace group P21/c, 
a - 15.088(5), b - 16.034(5), c - 
7.176(3) A. Beta " 96.15®, V - 
1724 2 - 4, T ■ 22®C, d(calc)
a 1.55 9 cm'^. Crystal Sixe ■ 0.2 z 
0.15 X 0.1 m m  data ■ 2043
Absorption corrections were applied 
based on a pseudo ellipsoid model^.

From the original 25 reflections the diffractometer 
calculated a orientation matrix and a Dirichlet reduced unit 
cell. The unit cell parameters were similar to those found 
for a previously characterised compound [Cu(cyph02)l (chapter
4). There was however a significant difference, and the full 
set of diffraction data were collected. The structure was 
solved using the same x, y and s coordinates of the non
hydrogen atoms found for the compound [Cu(cyph02) 1 • 
Anisotropic thermal parameters were assigned to all the non 
hydrogen atoms, while the 14 hydrogen atoms were assigned 
common thermal parameters and refined isotropically. This 
resulted in R - 0.0428 and Rw - 0.0430. Fig 7.11 depicts the 
ortep diagram of (Cu(cyphX)] where X ■ 02*
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Fig 7.11 Ortep diagram of [Cu(cyphX)] (7.5) (X - O7).
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chapter 8 Experimental section

Compound Pace
H2cyen 8.II 258
[Cu(cyen)] 8.IIA 259
[Cu(H2cyen)](C104)2 8.IIB 259
Hgcyen 8.Ill 260
[CuCHgcyen)](C104)2 8.IIIB 261
H2Cyph 8.IV 262
[Cu(Cyph)] 8.IVA 263
[Cu(H2Cyph)](C104)2 8.IVB 264
HeCyph 8.V 265
[Cu(HgCyph)](C104)2 8.VB 266
H2cyphN02 8.VI 267
[Cu(cyphN02>] 8.VIA 268
[Cu(H2cyphN02)] (0104)2 8.VIB 269
TAB.3HC1 8.VII 269
H2cyphNH2 8.VIII 270
[Cu(H2cyphNH2)](C104>2 8.VIIIB 271
[Cu(cyphNH2>] 8.VIIIA 272
H2cypr 8.IX 273
[Cu(cypr)] 8.IXA 274
H2cybn 8.X 275
[Cu(cybn)] 8.XA 276
[Cu(cyphX)] 8.XI 277
[(Cucyph(0Me)2>] 8.XII 278

Reference
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Compound Page 
H4cyendimer 8.XIII 279 
[Cu2(H4cyendimer)](€104)3 8.XIIIB1 280 
[Cu2(H4cyendimer)](€104)4 8.XIIIB2 281 
(€u2(H2cyendimer)(C104)(H20)](Cl04) 8.XIIIB3 282 
[€u2(H4cyendlmer)(CO)x](0104)2 8.XIIIB4 283 
Hi2cyendimer 8.XIV 284 
[€U2(H^2^^'^^^”̂ ®̂ ) ] ̂ ^^^4^ 4 B.XIVB. 285 
H4cyhexdimer 8.XV 286 
[€u2(H4cyhexdimer)](CIO4)4 8.XVB 287

8.XVI 288 
Hx2cy>)exdimer8HCl 8.XVIC 289 
H4cyprodimer 8.XVII 290 
[€u2(H4cyprodimer)](CIO4)4 8.XVIIB 291 
Hi2cyP^odi-ner8HCl 8.XVIIC 292 
H4bicyphen 8.XIX 293 
[€u(H2bicyphen)] 8.XIXA1 294 
[Cu2(bicyphen)] 8.XIXA2 295 
[Cu2(H4bicyph)](€104)4 8.XIXB 296 
H4bicybens (8.XX) 297 
[Cu2(bicybent)] 8.XXA 298 
[Cu2(H4bicybenz)](C104)4 8.XXB 299 
Hi2bicybens 8.XXI 300 
(Cu2(H32bicybens)](0104)4 8.XXIB 301 
[CU2(HDFMP)2] 8.XXIIA 302 
[CU2(H2DFMP)2(0104)2]*2thf 8.XXIIB 303

Reference

256





7.8.15.16.17.18-H»»«hydrodib»n«o[» .«1 [1.4.8.11] f  tr— «•cyclotttradecine,

, A A .

1,2-Diaainocthane (0.63 f, 10.5 aaol) in chlorofora (2 câ ) vat 
added to a refluxing aolution of 4,7-diasa*2,3:8,9*dibenaodecane-l,10' 
dione (8.1) (2.68 g, 10 aaol) in chlorofora (250 câ ). After refluxing 
for 24 h the aolution waa evaporated to 80 ca*̂ under reduced preaaure 
et 50̂ 0 and addition of ethanol (80 câ ), followed hj cooling, gave 
7,8,15,16,17,18>hexahydrodihenxo(c,a][1,4,8,11]tetraaxacyclotetradeci- 
ne (8.II) (2.75 g, 9.4 aaol, 94 X yield) aa white cryatala froa 
aethanol/chlorofora (1:1 , 80 câ ), ap 130̂ 0, (found: C, 73.9; H, 6.9; 
N, 19.2. ^238298  ̂requirea C, 73.4; H, 7.0; N, 18.6 Z). Electronic 
Spectrua (aethanol) (1935), 294 (428). Vgiax
3240, 3146, 3046, 3016, 2928, 2918, 2888, 2841, 2834, 1636, 1616,
1583, 1577, 1521, 1516, 1511, 1416, 1401, 1372, 1332, 1328, 1202,
1165, 1158, 1141, 1044, 1032, 920, 915, 754, 742, 703. nar
Spectrua: 0/ppa 1.80 ha 2H ITO; 3.55 a 4H; 3.88 a 4H; 6.65*7.29 a 8H
aryl protone; 8.47 a CH. Maaa Spectrua a/e: 292(M* ■ 42 Z), 231(9), 
175(25), 174(14), 173(17), 149(29), 147(16), 146(30), 145(36), 
133(26), 132(26), 131(66), 118(100), 117(38), 104(27), 99(16), 91(36).
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r(7.8.16.17-T«trahYdrodib«n«o[«.«lil.4.e.lllf tr— ŝ cyclot̂ trad̂ cin̂ t̂
Q(2-)lî .M̂ .Ŵ .̂Ŵ )̂copp̂ r(II)>.

fCtt(cyan)l 8.IIA

1,2'diaainoathane (0.3 t* 5 aaol) was addad to a auapansion of 
4,7-diaaa-2,3:8,9-dibanaodacana-l,10-diona (8.1) (0.67 g, 2.5 aaol) 
and coppar(ll) acatata(0.5 g, 2.5 aaol) in rafluxing aatbanol (100 
câ ). Aftar rafluxing for 48 b, cooling and filtaring gara a daap 
brown powdar of ((7,8,16,17“tatrabydrodibanao(̂ jaJ(l»4,8,llJtatraaa“ 
cyclotatradacinato(2-)lî ,Il’,Ĥ ,̂M̂ *)coppar(Il)> (8.IIA) (0.44 g, 1.25 
aaol, 50 Z yiald), ap 270®C, (found: Cu, 17.0; C, 60.1; H, 4.6; M, 
15.7. CuCxgHigN4 raquiras: Cu, 18.0; C, 61.1; H, 5.1; M, 15.7 X). 
Vaax/c** 2®®®» 2®^®» ̂ ®5®» *®^®»
1453, 1442, 1433, 1060, 1032, 955, 936, 927, 862, 820, 788, 746, 740, 
730, 723, 646, 631, 618, 497, 433.

rN
Cu

;=j - h’'v / h- 0
(□04)2

[Cu(H2cyn)l(C10A)^ 8.IIB

H2cyan (8.II) (0.12 g, 0.4 aaol) waa addad to a rafluxing
aolution of coppar(IZ) parcblorata (0.185 g, 0.5 aaol) in aatbanol 
(20 ca®) undar nitrogan. Aftar 10 ain tba aolution waa coolad to 
giro daap brown cryatala of i(7,8,15,16,17,18“baxabydrodibanaoIa,al-
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[ 1,4,8 ,-11J t«tra«*«cyclot«trad€cin«-IÎ  ,11̂ ,I|̂  ̂ )coppar (II )parchlora-
te> (8.IIB) (0.12 g, 0.22 aaol, 54 X yiald), ap 220̂ C, (found: C, 
38.0; H, 3.7; M, 10.1; Cu, 11.6. CuC^3H2oI>4Cl20s raquiraa: C, 39.0; H, 
3.6; N, 10.1; Cu, 11.5 X ). Electronic Spactrua (aathanol) A^^j^/na CE 
): 220 (14028), 270 (5550), 440 (226). V̂ ĵ̂ /ca: 3548 B, 3258, 3138, 
2953, 2898, 2838, 1666, 1652, 1620, 1602, 1578, 1494, 1460, 1412, 
1307, 1225, 1090 B, 987, 952, 772, 624.

5.6.7.8.9.10.15.16.17.18-Dacahydredibanaoia.a.lil.4.8.111tatraaaacycl-
otetradecina.

Ĥ cyan 8.Ill

BĤ /thf (250 câ , 1 aol da^ aolution, 250 aaol) was added under 
nitrogen to H2cyen (8.II) (6.4 g, 21.9 aaol). After refluxing for 24 
h, distilled water (100 câ ), KCl (5 g), and NaOH aolution (2 aol 
da~̂ , 40 câ , 80 aaol) was added. Eyaporation of the organic layer to 
40 ca^ under reduced presaure at 50^C and addition of aethanol (100 
câ ) with eyaporation to 60 ca^ and addition of petrol (40:60 , 100 
ca^) gave white crystals of 5,6,7,8,9,10,15,16,17,18- 
decahydrodibenso (¿,a, ][ 1,4,8,11 ]tatraasacyclotetradecine. (4.1 g, 15.2 
aaol, 69X yield), ap 110-112̂ C, (found: C, 71.9; H, 8.2; N, 19.4. 
1̂8*24*4 requirea: C, 72.9; H, 8.2; H, 18.9 X). Electronic Spectrua 
X,„/na (€): 250 (1963), 294 (435). V,,jj/ca: 3313, 3251, 3222, 
3182, 3121, 3074, 3034, 2944, 2924, 2884, 2864, 2824, 1606, 1582, 
1518, 1512, 1502, 1399, 1334, 1330, 1320, 1303, 1272, 1259, 1230, 
1142, 1123, 1110, 1038, 1000, 962, 943, 844, 757, 747, 728, 722, 654,
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602. nmr Spectrua (CDCI3) 6 /pp«: 2.71 • 4H; 3.45 ■ 4H; 3.81 s 4H; 
6.52-7.30 ■ aryl protons. Moss Spoctrua a/«: 296(M*»24Z), 236(5), 
176(22), 161(10), 149(28), 148(26), 147(31), 132(25), 120(42), 
118(46), 106(41), 91(37), 77(11).

<(5.6.7.8.9.10.15.16.17.18-Docnhydrodibon«o[o.al[1.4.8.11)totrnnEncyc« 
lof t rndocino*ll̂ . 11̂. ^ ) c o p p t  (II) Iporchlornf.

H H>— N' ^

0 - ; w i - 0 (C104)2

iCu(H|̂ CYon)l(C10iL)«» 8.IIIB

Hgcyen (8.III) (0.12 g, 0.4 aaol) vns «ddod to a rafluxing 
solution of copper(II) parchlorata (0.19 g, 0.5 aaol) in aathanol (10 
câ ) under nitrogen. After 3 ain the solution was cooled and filtered 
to give red-brown crystals of <(5,6,7,8,9,10,15,16,17,18- 
decahydrodibenso ie ,a)[1,4,8,11]tetraasacyclotetradecine-̂  
)copper(II))perchlorate (8.II1B) (0.11 g, 0.2 aaol, 49 X yield), ap 
265̂ C(e), (found: C, 38.8; N, 4.4; N, 9.9; Cu, 11.0. CuC igH24ll4Cl20g 
requires C, 38.7; H, 4.3; N, 10.0; Cu, 11.4 X). Electronic Spectrua 
(aetbanol) X  ,„/na ( e ) :  218 (3073), 278 (1100), 310 (664),
510(285). V,„/ca: 3528 b, 3238, 3193, 3123, 3078, 3033, 2968, 2938, 
2878, 2788, 1610, 1587, 1497, 1465, 1369, 1220, 1188, 1170, 1090 b, 
995, 963, 960, 950, 930, 913, 833, 772, 737, 620, 590.
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602. nar Spectrua (CDCI3) 6 /ppa: 2.71 ■ 4H; 3.45 0 4R; 3.81 a 4H; 
6.52*7.30 a aryl protona. Maaa Spactrua a/a: 296(M**24Z), 236(5), 
176(22), 161(10), 149(28), 148(26), 147(31), 132(25), 120(42), 
118(46), 106(41), 91(37), 77(11).

<(5.6.7.8.9.10.15.16.17.18*Dacahydrodibanao[a.alil.4.8.111tatraaaacyc*
lotatradacina-ll̂ .R̂ .lt̂ .̂ll̂ )̂coppar(II)>parchlorata.

(C104)2

[Cu(Hxcyan)1(010̂ )7 8.IIIB

Hgcyan (8.III) (0.12 g, 0.4 aaol) vaa addad to a rafluzing 
aolution of coppar(II) parchlorata (0.19 g, 0.5 aaol) in aathanol (10 
ca'̂) undar nitrogan. Aftar 3 ain tha aolution vaa coolad and filtarad 
to giva rad-brovn cryatala of <(5,6,7,8,9,10,15,16,17,18* 
dacahydrodibanzo[a,a][l,4,8,ll]tatraasacyclotatradaeina*Ĥ ,Ĥ ,M̂ ,̂N̂ ®- 
)coppar(lI))parcblorata (8.II1B) (0.11 g, 0.2 aaol, 49 X yiald), ap 
265̂ C(a), (found: C, 38.8; B, 4.4; M, 9.9; Cu, 11.0. CuC ISH24M4CI2O3 
raquiraa C, 38.7; H, 4.3; N, 10.0; Cu, 11.4 Z). Blactronic Spactrua 
(aatbanol) A. .^^^na (£): 218 (3073), 278 (1100), 310 (664),
510(285). V,.,/ca: 3528 b, 3238, 3193, 3123, 3078, 3033, 2968, 2938, 
2878, 2788, 1610, 1587, 1497, 1465, 1369, 1220, 1188, 1170, 1090 b, 
995, 963, 960, 950, 930, 913, 833, 772, 737, 620, 590.
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18.19.20»T»trahvdrotribanmo[•.i .■! [ 1.4.8.111 f  trwacyclof tradecinc.

HjCyph 8.IV

4̂ 7-Diasa-2,3:8,9*’dibcnsodcc«n«'*l,10'dion« (8.1) (1.0 g, 3.7 
■aol), l,2-di««inob«ns«n€ (0.488 g, 4.5 ■■ol) «nd sinc(Il)acetate w«» 
heated in refluxing aathanol (200 cm̂ ) under nitrogen for 18 h. 
Evaporation to 80 c«̂  under reduced pressure at 60®C and cooling gave
17,18,19,20-tetrahydrotribenso ia,i,«)(1,4,8,11J tetraaaacyclotetradeci- 
ne. (8.IV) (0.78 g, 2.3 aaol, 62 X yield) as fine yellow needles after 
recrystallisation froa chlorofora/aethanol (60:40 , 50 ca ), ap 174- 
176®C, (found: C, 77.5; H, 6.0; H, 16.4. C22H22l<4 requires: C, 77.6; 
H, 5.9; H, 16.45 X). Electronic Spectrua (aethanol) X.,,/na (ff): 206 
(8182), 214 (7182), 230 (4045), 270 (1318), 285 (1500). V ,„/ca: 
3170, 3086, 3060, 3030, 2956, 2886, 2835, 2830, 1620, 1601, 1576, 
1588, 1533, 1483, 1455, 1337, 1320, 1183, 1164, 1154, 742, 713, 600.

nar Spactrua/ppa : 3.57 t 4H CH2; 6.57-7.60 a 12H aryl protons; 
8.81 s 2H CH; 10.28 bs 2H HH. Mass Spactrua a/a: 340(M*-18 X), 
273(12), 231(12), 230(14), 222(6), 221(29), 220(31), 208(8), 207(8), 
206(6), 205(12), 192(12), 147(100), 119(38), 118(46), 111(24), 
105(28), 104(26), 97(40), 91(44).
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[Cu(Cyph)l (8.IVA)

Method A
H2Cyph (8.IV) (0.3 g, 0.88 nmol) vae added to a refluxing solu

tion of copper(II)acetate (0.2 g, 1 aaol) in aethanol (40 câ ). After 
5 ain the product was filtered and recrystallised froa DMF (20 ca ) to 
give black needles of ((18,19-dihydrotribenao[e,̂ ,aJ[l,4,8,ll]tetraax- 
acyclotetradecinato(2-)M̂ ,Ĥ ,̂M̂ *̂|l̂ ®)copper(II)> (8.1VA) (0.18 g, 
0.44 aaol, 51 Z yield), ap 250̂ C(d), (found: Cu, 15.8; C, 66.0; H, 
4.5; N, 13.8. CuC22HigH4 requires: Cu, 15.8; C, 65.7; H, 4.5; M, 13.9 
X). Electronic Spectrua (Chlorofora) 272 (2860), 337
(1131), 354 (1031), 432 (1247), 520 (964). V.„/ca: 3074, 3024, 2936, 
2900, 2862, 1610, 1588, 1573, 1501, 1481, 1448, 1364, 1246, 1237, 
1184, 1171, 1158, 1140, 1032, 949. 920, 749, 617, 537, 503.

Method B
1,2-Diaainobensene (0.54 g 5 aaol) in aethanol was added to a 

refluxing suspension of 4,7-Diaxa“2,3:8,9-dibenxodecane“l,10-dione 
(8.1) (0.67 g, 2.5 aaol) and copper(Il) acetate (0.5 g, 2.5 aaol) in 
aethanol (100 câ ). After refluxing for 20 b the aixture was cooled 
and filtered to give a dark red powder, which on recryatallisation 
froa DMF (50 eâ ) gave black needles of <(18,19-Dihydrotribenao- 
(e,̂ ,a] [1,4,8,11 Jtetraaaacyclotetradecinato(2-)̂  *J|̂ »̂*̂ )c®PP*̂ '“
(ID) (8.IVA) (0.9 g, 2.5 aaol, 90 Z yield).
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<(17.18.19.20-T«tr«hYdrotrib«iuo [•. i .■] [ 1.4.8.111 f  tr««fcyclof trad«- 
cing"M̂ . ^ ^ ) coppT (II) )pT ch loraf.

(C10̂ )2

Method A
H2Cyph (8.IV) (0.3 g, 0.88 aaol) woe added to e refluxing 

solution of copper(II) perchlorate (0.37 g, 1 aaol) in aethenol (20 
câ ) under nitrogen. After 10 ain the solution wee cooled end filtered 
to give e brown powder of <(17,18,19,20<-tetrehydrotribenso[e,£,a]- 
[l,4,8,ll]tetreesecyclotetredecineHN̂ ,  ̂f ^ )copper(II)}perchlor- 
ete (8.IVB) (0.43 g, 0.71 aaol, 80 I yield), ap 270̂ C(e), (found: Cu, 
10.9; C, 44.2; H, 3.4; M, 3.9. CuC22H20^4C^2^8 '«quires: Cu, 10.5; C, 
48.8; H, 3.3; M, 9.3 Z). Electronic Spectrua (aethenol) (C):
220 (1340), 268 (524), 320 (411), 390 (188). V.^^/ca: 3500 b, 3176, 
1627, 1598, 1571, 1482, 1100 b, 1012, 978, 962, 929, 906, 805, 765, 
752, 623, 555.

Method B
A solution of H2Cypb (8.IV) (0.1 g, 0.29 aaol) in thf (10 câ ) 

was added to copper(ll) perchlorate (0.13 g, 0.35 aaol) dissolved in 
aethenol (20 câ ). The aixture was allowed to stand for two days, and 
then filtered to give orange/brown crystals of <(17,18,19,20-tetrahyd- 
rotribenao(e,i.,aHl ,4,8,11 Jtatraaaacyclotetradecine-Ĵ  *Ĥ »̂Ŵ )co- 
pper(ll))perchlorate (8.1?B) (0.12 g, 0.2 aaol, 69 Z yield), ap 275®C
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(e), (found: Cu, 10.9; 0,43.8; H, 3.4; M, 9.29). at for
"method A” except 1547, 1416, 1215 which are aittint.

%Cyph 8.V

BĤ /thf (350 câ  of 1 aol da“̂  aolution, 350 aaol) waa added in 
20 ca^ portiont over a period of 20 ain to H2cyph (8J7) (6.65 t> 19.6 
aaol) under nitrogen. After refluxing for 3 h, diatillad water (50 
câ ), potaaeiua chloride (3 g), and eodiua hydroxide aolution (2 aol 
da~̂ , 20 câ , 40 aaol) wao added. Evaporation of the organic layer 
under reduced preaaure at 50̂ C and addition of aethanol (40 câ ) 
followed by further evaporation and addition of aethanol gave a white 
powder after filtration. Recryatalliaation froa petrol (40:60)/dichlo- 
roaethane (100:40 , 100 ca^) gave white fluffy needlea of
5,6,11,12,17,18,19,20-oc tahydrotribenaoIa,i,a)(1,4,8,11)tetraasacyclo- 
tetradecine (8.V) (4.3 g, 12.5 aaol, 64 Z yield), ap 188-190®C, 
(found: C, 76.6; H, 7.0; M, 16.25. 022*24*4 requirea: C, 76.7; H, 7.0; 
M, 16.3 Z). Electronic Spectrua (aethanol)X^^jj/na(): 208 (4111), 
250 (2666), 295 (7611). nar Spectrua (chlorofora) ó /pp«: 3.28 a 
4H CH2; 4.23 d 4H CH2; 4.89 t 2H TO; 5.74 a 2B EH; 6.50-7.22 a 12B 
aryl protona. V̂ ^̂ /ca: 3376, 3350, 3325, 3312, 3046, 2870, 1607, 1598, 
1584, 1516, 1502, 1455, 1348, 1302, 1274, 1252, 1244, 1123, 1047, 934, 
922, 912, 749, 732. Naaa Speetrua a/e: 344(M*-77Z), 237(17), 235(18),
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225(23), 234(100), 222(61), 209(27), 120(71), 119(68), 118(85),
106(100), 91(73).

((5.6.11.12.17.18.19.20~0cfhydrotribtn»o[«.i.«lil.4.8.111f tra««acTC- 
lot a t radac ina-Ŵ . ^ ^ )coppar(II)>parchlorata.

(CIO 4)2

[Cu(HiiCyph)l(C10A)7 8.VB

H^Cyph (8. V) (0.3 g, 0.87 aaol) vaa addad to a rafluxing aolu- 
tion of coppar(Il) parchlorata (0.37 g, 1 b b o I) in aathanol (25 câ ) 
undar nitrogan. Tha raaulting auapansion waa diaaolvad by placing tba 
flaak in an ultraaoniea batb for 1 ain, and cryatalliaation occurred 
overnight. Filtering undar nitrogan gave a deep pink powder of 
<(5,6,11,12,17,18,19,20-oc tahydrot ribanso [a ,̂ ,a] [1,4,8,11] ta t raasacyc** 
lotatradacina<*N̂ ,R̂ ,̂N̂ ,̂R̂ )̂coppar(II))parcblorata (8.VB) (0.35 g, 
0.58 aaol, 66.3 Z yield), ap 240°C(a), (found: Cu, 10.4; C, 43.4; H, 
4.1; N, 9.15. CuC22H24^4Cl20g requires: Cu, 10.5; C, 43.5; H, 4.0; R,
9.2 Z) Electronic Spactrua (aatbanol) (O: 222 (3073), 260
(1100), 318 (664), 370 (285), 520 (720), 570 (608). V.^,/ca: 3518, 
3238 b, 3218, 3178, 3075, 3043, 2978, 2958, 2936, 2903, 2864, 1614, 
1590, 1495, 1462, 1364, 1308, 1294, 1267, 1225, 1100 b, 1000, 961, 
931, 919, 905, 874, 854, 822, 761, 748, 732, 722, 626, 590, 532, 493.
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4,7-di«sa*'2,3:8,9*dibttnsodttcane-l,10~dioii« (8.1) (0.68 g, 2.5 
■■ol), 4-nitro*'l,2*di«ainobensene (0.42 g 2.75 aaol) and ainc(II) 
acetate (1.1 g. 6 aaol) was heated in refluxing aethanol (70 câ ) for 
5 days. Recrystallisation froa chlorofora (150 câ ) gave a yellow 
powder of 17,18,19,20-tetrahydro-9-nitrotribenso[£,^,a] (1,4,8,11 ]• 
tetraasacyclotetradecine. (8.VI) (0.8 g, 2 aaol, 80 X yield), ap 
200̂ 0, (found: C, 69.1; H, 4.6; M 17.4. C22HX9N5O2 requires C, 68.7; H 
4.7; N, 18.2 X). V,„/ca: 3490, 3480, 3080, 2970, 2890, 2860, 2820,
1620, 1600, 1574, 1560, 1520, 1510, 1488, 1335, 1300, 1265, 1190, 
1162, 1095, 1082, 1048, 980, 955, 930, 900, 825, 750, 470.
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/ (17.18.19.20»T«trahYdro-9-nitrotrib»n«o [ •«i ,■] [ 1.4.8.111 f  traagacycl-

1̂ 2-Diaaino-4**iiitrob«nsene (0.16 g, 1.05 aaol) in ««thnnol (10 
cn̂ ) wai added to a auapenaion of 4,7-diaaa-2,3:8,9-dibenaodecane- 
1,10-dionc (8.1) (0.27 g, 1 aaol) and in aethanol (50 câ ). After 
refluxing for 18 h under nitrogen the aixture aaa cooled and filtered 
to give brown cryatala of ((17,18,19,20-tetrabydro-9-nitrotribenxo- 

[1,4-,8,llltetraaaacyclotetradecinato(2-)-̂
(Il)l (8.VIA) (0.35 g, 0.79 aaol, 79 X yield), ap 214®C(d), (found: C, 
57.2; H, 3.5; M, 14.8. CUC22H17N5O2 requirea: C, 59.1; H, 3.5; M, 15.6 
X). Vaax/c*- 0̂82, 3028, 2910, 2850, 1620, 1584, 1571, 1522, 1480, 
1435, 1390, 1350, 1335, 1286, 1223, 1260, 1200, 1180, 1156, 1091, 
1080, 968, 948, 928, 870, 833, 750, 740, 728, 626, 532, 512, 480, 389.
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((17.18.19.20-ftr«hydro»9»aitrotrib»n«o[•.i.■][1,A.8.111ftraaiacycl- 
of trad<cin«-ll̂ .ll̂ .Ŵ .̂lt̂ )̂coppT(II)>pTchlor«f.

(004)2

[Cu(Ĥ CTPhH02)l(C10î )2 8.VIB

(0.2 g, 0.52 aaol) was addad to a rafluxing 
solution of coppar(II) parchlorata (0.23 g, 0.61 aaol) in aathanol (25 
ca'̂) under nitrogen. After 10 ain the solution vas cooled and filtered 
to give brown crystals of [(17,18,19,20-tetrahydro-9*nitrotriben- 
so[e,a] [1,4,8,11] tctraasacyclotatradecina-̂ ,N̂ ,M̂ ,̂JÎ )̂copper (II)]- 
perchlorate (8.VIB) (0.24 g, 0.39 aaol, 70 X yield), ap >360̂ 0, (found 
C, 40.7; H, 3.3; N, 10.5. CUC22H19N5CI2O2Q requires: C, 40.8; H, 3.0; 
N, 10.8 X). 3350 b, 1610, 1590, 1575, 1480, 1462, 1120 b,
930, 750.

1.2.4-TriaainebenaenetrihTdrechleride
NH2

.3HCI

H2N NH2 

TAB.3HC1 8.VI1

Methanol (30 câ ) was added to Pd-C (5 X, 1 g) under nitrogen, 
followed by l,2-diaaino-4-nitrobensene (2 g, 13 aaol). The solution 
vaa refluxed and the addition of hydrasine hydrate (3 g, 60 aaol) was 
aade in a dropwise fashion until the yellow coloured solution becaae

269



clear. The «ixture wae then refluxed for e further 24 h, end then 
filtered throu^ a celite filter under nitrogen into «ethanol (50 ca ) 
containing concentrated hydrochloric acid (20 c«̂ ). Filtering and 
vacuus drying at 30®C for 10 daya gave 1,2,4-triaainobenaenetrihydroc- 
hloride (8.VII) (2.8 g, 12 ««ol, 93 X yield), (found: C, 30.5; H, 5.3; 
H, 17.7; Cl, 44.1. C^H22H3CL3 requires: C, 31.0; H, 5.2; M, 18.1; Cl, 
45.7 Z).

<(17.18.19.20»Tetrahvdro»9«a«inotribenxo ie.i.«l[1.4.8,llltetraaaacycl- 
otetradecine

4,7-diasa-2,3:8,9-dibensodecane-l,10-dione (8.1) (4.0 g, 15 
■■ol) vaa heated in refluxing ethanol (175 c«̂ ) under nitrogen and 
TAB3HCL (8.XXI) (4.0 g, 17.2 saol) was added in twenty approxiaately 
equal aliquota over a period of 15 «in. After each addition a deep red 
colour was produced which was discharged in each case by addition of 
sodiua aethoxide solution (2.0 aol da )̂ until a yellow colouration 
was produced (total 24 câ , 48 aaol). Addition of sinc(Il) acetate 
(6.4 g, 35 aaol) followed by refluxing for 1 h and filtering under 
dry nitrogen gawe a orange powder, lecrystallisation froa pyri- 
dine/aethanol (1:8 , 360 câ ) gawe yellow flakes of <(17,18,19,20- 
tetrahydro-9-aainotribenso[a,i,«][1,4,8,11]tetraasacyclotetradecine 
(8.VIII) (3.9 g, 11.0 aaol, 73 X yield), ap 190®C(d), (found: C, 74.0;
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H, 5.8; H, 19.2. C22H21*5 *’•̂ «¿»‘•0: C, 74.3; H, 6.0; M, 19.7 X).
,„/c» 3470, 3370, 3240, 3090, 2950, 2880, 1622, 1600, 1580, 1524, 

1510, 1330, 1100, 1183, 1165, 1150, 1100, 1049, 968, 895, 751. Mast 
Spectrua a/a: 355(M*-20 X), 340(2), 249(8), 238(18), 237(20), 224(10), 
223(12), 221(14), 123(100), 122(100).

<(17.18.19,20-tatrahydro-9-aainotribanso[a.i.alf1.4.8.1 1ItatraasacTcl- 
otatradacina-M̂ .ll̂ .lt̂ .̂ll̂ *)coppar(II)>parchlorata.

[<hi(Ĥ cyphllH2))(C10î )2 8.VIIIB

H2cyphNH2 (8.VIII) (0.2 g, 0.56 aaol) was addad to a rafluxing 
solution of coppar(II) parchlorata (0.23 g, 0.61 aaol) in aathanol (30 
ca ) undar nitrogan. Aftar 10 ain tha solution was coolad and filtarad 
to giva brown crystals of [(17,18,19,20-tatrabydro-9-aainotribanso(a,- 
i»lH 1 .8»11J ta traasacyclota t radacina-M̂  ,]l̂, »M̂ )̂ coppar (II)) parcb-
lorata (8.VIIIB) (0.22 g, 0.35 aaol, 63 X yiald), ap >360®C, (found C, 
43.0; H, 3.6; M, 11.0. 000228218501203 raquiras: 0, 42.8; H, 5.4; M, 
1̂.3 X). V̂ ĵj/ca: 3380, 1620, 1600, 1575, 1550, 1330, 1275, 1230, 
1190, 1170, 1100 b, 975, 930, 770, 629.
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<(17.18,19.20-T»tr«hydro-9~— inotribgnEO [ • .i.«l[l,4.8,lll f  traasacycl* 
otetr«d«cin«to(2- ) ~ W ^ , W ^ ^ ) coppt(II)>.

4,7-'diasa*2,3:8,9-dib«nsod«c«ne-l,10-dion« (8.1) (1.0 g, 3.7
■aol) vai haatad in rafluxing aathanol (60 câ ) undar nitrogan and 
TAB3H(n. (8.VII) (1.0 g, 4.3 aaol) vaa addad in tan approxiaataly aqual 
aliquota ovar a pariod of 10 ain. Aftar aach addition a daap rad 
colour vaa producad vhich vaa diachargad in aach caaa by tha dropviaa 
addition of aodiua aathoxida (2.0 aol da"^) until a yallov/oranga 
colour vaa producad (total 6 câ , 12 aaol). Addition of coppar(ll) 
acetato (0.8 g, 4.1 aaol) aa a aolution in aathanol (20 câ ) follovad 
by rafluxing for 4 h, and filtering tha aixtura gave dark brovn 
coloured cryatala of <(17,18,19,20-tatrahydro-9-aainotribanxo[a,̂ ,a)- 
[1,4,8,11]tatraaxacyclotatradacinato(2-)-^ ,Ĥ ®)coppar(II)>
(8.VIIIA) (1 g, 2.4 aaol, 65 X yield), ap 225®C(d), (found: C, 63.2; 
H, 4.6; H, 16.8. CUC22H19M5 raquiraa: C, 63.4; H, 4.6; H, 18.8 X). 
Vaax^«*- 3600, 1617, 1580, 1520, 1560, 1330, 1187, 1161, 990,
970, 750.

272



1,3-Diaainopropane (0.4 g, 5.4 aaol) vat addad to a rafluzing 
solution of 4,7*DiaBa~2,3:8,9-dibansodacana~l,10-diona (8.1) (1.34 g, 
5 Mol) in aathanol/chlorofoni (1:1 , 50 câ ). Aftar 72 h of refluxing 
the solution was evaporated down at 50̂ C under reduced pressure to 20 
cŵ  voluae. Cooling and filtering gave a white crystalline aaterial of 
8,9,16,17,18,19-hexahydro-7H-dibenso[e,n][1,4,8,12]tetraaaacyclopenta- 
decine (8.IX) (0.75 g, 2.45 aaol, 49.0 X yield), ap 175̂ C, (found: 
C, 74.3; H, 7.5; H, 18.2. C19H22K4 requires: C, 74.5; H, 7.2; H, 18.3 
X). V.„/ca: 3208, 3168, 3140, 3088 , 3022, 3000, 2922, 2900, 2878, 
2840, 2816, 1627, 1594, 1576, 1134, 1064, 1042, 974, 965, 928, 918, 
890, 873, 830, 747, 739, 732, 721, 696, 634, 587, 554, 480.
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<(8.9.16.17.18,19~H«««hTdro~7H-dib«PEo[<.pl[1.4.8.12lt«tr— ««cyclopen»

tadpcippto(2-)"W.̂ .!Î .̂Ŵ .̂IÎ )̂coppT(II)>.

[Cu(cypr)l 8»IXA

l,3>*Diaaipoprop«p« (0.37 g, 5 aaol) ip aathapol was addad to a 
rafluxipg auapapaiop of 4,7>'diaxa-2,3:8,9-*dlbapsodacaoa*-l,10-diooa
(8.1) (0.67 g, 2.5 aaol) aod coppar(II) acatata (0.5 g, 5 aaol) io 
aathaool (100 câ )* Aftar rafluziog for 18 h, cooliog aod filtariog 
gava a daap brovo powdar of <(8,9»16»17,18,19-'haxahydro*7B-dibaoso[a>* 
o] [ 1 >4,4,12 ] tatraasacyclopaotadacioato(2-)-M,®_̂ N̂ ®jJ|̂ _̂J[̂ )̂coppar (II)> 
(8.1XA) (0.49 g, 1.33 aaol, 53 X yiald), ap 205<̂ C, (fouod: C, 62.1; H, 
5.0; N, 14.8. CUC19H20II4 raquiras: C, 62.0; H, 5.5; N, 15.2 X). 
V,„/ca: 3020, 2940, 2920, 2876, 2816, 1610, 1524, 1510, 1478, 1432, 
1402, 1392, 1362, 1352, 1340, 1252, 1200, 1165, 1135, 1100, 1072, 
1040, 1032, 953, 935, 908, 863, 740, 722, 617, 480, 473, 442, 427.
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l,4-Di«aiaobut«ntt (0.60 g, 6.8 aaol) in chlorofora (25 câ ) vat 
added to a refluxing aolution of 4,7-diaaa-2,3:8,9-dibenaodecane-l,10- 
dione (8.1) (1.34 g, 5 aaol) in aethanol/chlorofora (2:1 , 150 câ ). 
After 48 h at reflux the voluae vaa reduced at 50°C and low preeaure 
to approxiaately 30 câ . Cooling and filtering gave a white powder of
7,8,9,10,17,18,19,20-octahydrodibenao[e,o)[1,4,8,13]tatraasaeyclohexa- 
decine (8.X) (1.3 g, 4 aaol, 80 X yield) (found: C, 75.2; H, 7.1; 
M, 17.3. 020^241*4 require« C, 75.0; H, 7.5; M, 17.5 X). V̂ ĵj/ca: 3230 
b, 3085, 2950,2820, 1638, 1620, 1597, 1586, 1532, 1447, 1345, 1288, 
1213, 1280, 1162, 1088, 1080, 1052, 1002, 986, 973, 927, 920, 838, 
745, 734, 658, 644, 614, 581, 550, 510, 480, 431, 431.
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<(7.8.9,10.18.19-H«««hydrodib«n«o[#.ol[1.4.8.131ftra«»acTcle»»«<d<ci~ 
Mto(2-)-ll̂ .ll̂ .̂ll̂ .̂8̂ Q)coppT(II)>.

:N N:
D j

c f - s y - C ’

iCtt(cybp)] 8«X8

l,2-Di«ainobut«n« (0.25 g, 2.5 aaol) in asthnnol (50 câ ) ant 
added to a refusing auapenaion of 4,7~diasa~2,3:8,9~dibensodecane- 
l,10*dione (8.1) (0.34 g, 1.25 aaol) and copper(Il) acetate (0.25 g, 
1.25 aaol) in aethanol (50 câ ). After refluxing for 18 h, cooling and 
filtering gave a dark brown powder of <(7,8,9,10,18,19-hexahpdrodiben~ 
ao[e,oJ (1,4,8,13 Jtetraaaacycloaexadecioato(2-)-lî ,M̂ ^
II)> (8.XA) (0.15 g, 0.4 aaol, 32 X yield), ap 250̂ C, (found: C, 61.7; 
H, 5.8} 11,14.0. CuC2q822^4 rê uirea: C, 62.9$ H, 5.8$ V, 14.7 X). 
Vaa,/c« 3072, 3027, 2980, 2930, 2890, 2865, 2820, 1604, 1524, 1454, 
1440, 1401, 1364, 1350, 1439, 1257, 1214, 1204, 1194, 1172, 1164, 
1132, 1094, 1074, 1042, 1035, 1008, 1000, 970, 942, 929, 859, 742, 
733, 725, 638, 532, 471, 458, 437.
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/(18.19-Dio«otrib«nE«oi«.i.nHl «4«8,lllf tr>d<cinato(2-)~Ĥ «ll̂ ^
)eopp€r(II)»

N
‘N

Cu

iCtt(cTPhX)] 8»I1

Cucyph (8.IVA) (0.1 t>0*25 aaol) vat addad to diaathylacataaidc 
(30 CB̂ ) and diaaolvad by rafluxing for 10 aae. Cooling and laaving to 
stand for 14 days gava burgandy colourad crystals of 18,19-dioxotriba-
ntao[e,i,al [1,4,8,11 ltatradacinato(2-)R̂ ,M̂ ,̂j!̂ ,̂jl̂ °)coppar(II) (8JM)
(0.05 g, 0.12 aaol, 47 Z yiald), ap 350<̂ C, (found: C, 60.9; H, 3.4; M,
13.4. CUC22H14M4O2 raquiras: C, 61.5; H, 3.28; R, 13.0 Z). V̂ ĵ̂ /ca: 
1658, 1620, 1600, 1583, 1578, 1547, 1524, 1494, 1458, 1444, 1430, 
1412, 1397, 1389, 1369, 1360, 1228, 1245, 1190, 1180, 1168, 1156, 
1134, 1055, 1035, 985, 970, 948, 920, 825, 745, 735, 725, 700, 620, 
554, 503.
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< ( 18 .19~DihTdro-18 « 19-di— tho«y trib»iuo [ • .  i  .«1 [ 1 .4 .6 .111 f t r —»acyclo- 

ftr«d»ciiuto(2-)«ll^.ll^^.ll^^.»^Q )coppT(II)>.

[(Cucyph(OM»)^)l 8 . m

H2cyph (8.IV) (0.3 g, 0.88 aaol) vas addad to a rafluxing 
•olution of coppar(ll) acatata (0.2 g, 10 aaol) in thf/aathanol (5:1 
,60 câ ). Aitar 1 ain tha hot aixtura vaa filtarad, and racryatalliaa* 
tion of tha iaolatad aatarial froa daf (20 ea^) gara [Cu(c7ph)] 
(8.IVA) (0.18 g, 0.44 aaol 50 X yiald). Tha filtrata on atanding for 
20 h at rooa taaparatura yialdad fina gold naadlaa of ((18,19~dihydro*' 
18,19-diaathoxy tribanao [a, i ,a) [1,4,8,11] tatraaxacyclotatradacinato( 2*>) 
-H®,M̂ ,̂ll̂ ,̂II*®)coppar(II)> (8J111) (0.09 g, 0.19 aaol, 22 Z yiald), 
ap 200̂ C(d), (found: Cu, 14.0; C, 62.2, H, 4.8; 8, 12.1. 00022^24^4^2 
raquiraa: Cu, 13.8; 0, 62.4, H, 4.8; M, 12.1 Z). Elactronic Spactra 
(chlorofora) (e) A.,«,/®«: 275 (3619), 315 (1844), 336 (1567), 354 
(1521), 420 (1498), 480 (1106), 510 (1286). V.^,/ca: 3103, 3076, 
3026, 2922, 2898, 2872, 2816, 1606, 1580, 1521, 1460, 1392, 1373, 
1340, 1189, 1056, 1035, 912, 740, 725, 553. Naaa Spactrua a/a: 
461(M*), 429, 415, 399.
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4,7~dÍAsa*'2,3:8,9~dibcasodccaiic*l,lO'dionc (8*1) (9*58 g, 35.7 
■■ol) and l,2<-diaainoathana (2.4 g, 40 aaol) wat haatad in rafluxing 
aathanol (600 câ ) for 5 h. Addition of chlorofora (90 câ ) and furth
er rafluxing for 18 h gave a ahita poader on filtration. Racryatallia- 
ation froa daf (5(K) câ ) gave fina ahita naadlae of 5,6,7,8,15,16,23,—
24,25,26,33,34-dodacahydrotatrahanso[¿,a,£, a*]Í1»6,8,11,15,18,22,25-]- 
octaaxacyclooctacoeina (8.XI1I) (8.47 g, 29 aaol, 81 X yiald), ap 
278®C, (found: C, 73.4; H, 6.9; M, 18.9. C3̂ H4o"4 raquiraa: C, 73.9; 
H, 6.9; H, 19.2 X). Elactronic Spactrua (daf) A/na (€*): 272 (2385), 
365 (2190).V,„/ca: 3240, 3163, 3088, 3054, 3006, 3003, 2963, 2914, 
2888, 2848, 2828, 1633, 1626, 1606, 1585, 1582, 1526, 1484, 1469, 
1458, 1441, 1332, 1213, 1164, 1151, 1136, 1114, 1012, 964, 743, 617, 
594, 549. Naaa Spactrua a/a: 584(M*»42 X), 464(16), 421(10), 408(18), 
318(25), 305(37), 293(60), 292(88), 291(100), 280(22), 279(100), 
234(21), 176(100), 174(31), 159(25), 145(31), 133(48), 132(62), 
131(100), 130(64), 118(100), 117(57), 91(34).
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<(5.6.7.8.15.16.23.24.25.26.33.34»Dod«cahydrotrib«n«o[».«.«.«n[1.4.» 
8.11.15,18.22.25 loctaamacycloocf co»in«-ll̂  
dicoDPT >trip€rchlor«f.

CoppsrdI) pcrehlorat« (0.2 g, 0.55 aaol) in aathanol (12 câ ) 
was addad to a auapanaion of H^cjandiaar (8.XI1I) (0.1 g, 0,17 aaol) 
in rafluxing THF (60 câ ). Aftar 1 ain tha translueant graan aolution 
«ras filtarad, and laft to cool, Aftar 18 h, filtaring gava graan 
prisas of <(5,6,7,8,15,16,23,24,25,'26,33,34'>dodacahhydrotribanso[a,-‘ 
a,¿,a*][1,4,8,111 > 22•25]octaaxacyclooctacosina*N̂  
>lî̂ >̂8^̂ »8̂ )̂dicoppar>triparcblorata (8,XI1IB1) ap 198*200̂ 0, (found: 
Cu, 12.3; C, 42.2; H, 4.00; N» 10.88. Cu2C35H4QNgCl30|2 raquiras: Cu, 
12.6; C, 42.8; H, 4.0; M, 10.9 Z). Blactronic Spaetrua (CH3OH/THF 1:5) 
Xaax/n« («“ ): 3̂ 8 (1641), 450 (1978). V,„/ca: 3578 b, 3258, 3058, 
2943, 2878, 1617, 1600, 1576, 1502, 1426, 1407, 1365, 1248, 1210, 
1202, 1164, 1075 b, 970, 930, 902, 882, 864, 790, 760, 624, 381.
Crytal dansitj 1.5 gea-3

280



<(5.6.7,8.15.16.23.24.25.26.33.34-»Dod«c«hydrotrib»n»oi<.«.t.«*lil.4.~ 
8.11.15.18.22.251 o c f  «acycloocf co«ia»-ll̂  .1^
) coppT (II) >f trapTchloraf.

Ĥ cycndiacr (8JUIIB2) (0.6 g, 1 aaol) and coppar(II) perchlorate 
(0.9 f, 2.4 aaol) vaa diaaoWed in chlorofora/aethanol (8:3 , 220 câ ) 
at rooa teaperature. Addition of petrol (40:60 , 100 câ ) and 
filtration gave a light green powder of <(5,6,7,8,15,16,23,24,25,26,-
33,34-dodecahydrotribenso(•>■ »£,•'1[1,4,8,11,15,18,22,25]octaaaacyclo- 
oc t acoaine-M̂  ) copper (II) > te t raperch lorat e
(8.XIIIB2) (0.86 g, 0.78 aaol, 78 Z yield), ap 220̂ 0, (found: C, 39.5; 
H, 3.7; M, 10.0. Cu2C3̂ H q̂M^C1̂ 0^̂  requirea: C, 39.0; H, 3.6; X, 10.1 
Z). Vaax/c>: 3280, 3200, 3100, 1640, 1605, 1581, 1499, 1324, 1299, 
1238, 1220, 1204, 1100 b, 970, 881, 807, 807, 765, 737, 651, 628, 556.
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(ru 7 lS,16,23.24.25.26.33.34-D«cahYdrotrib«n«o[».««i««*líl.4.8.11,15)

18.22.25locta««»cvclooctaco»in«-W^ «ll^^.ll^^,W^^)dicopp<^
(ll)>diparchlorataJiydrata.tatrahydrofuran.

H2O-
V  ■'H H ^

- ^ Q j  Cu— ^0C 10 3
(CIO4)
0.5 thf

[Ctt7(Ĥ CTandi«ar)(C10A)(H70)l(C10A).0.5thf 8.miB3

Cu(CH3CII)4(C104) (0.55 f> 1*7 ««oD in dagaasad aathanol (10 ca 
3) VAS addad to a auapanaion of H^cyandiaar (0.4 g« 0.7 aaol) in thf 
(50 ca“ )̂. Tha aiztura vaa diffnaad with nitrogan, and broan-graan 
cryatala of <(6,7,15,16,23,24,25,26,33,34-dacahydrotribanao(a,a,a,a*l- 
[1,4,8,11,15,18,22,25 Joctaaaacyclooc tacoaina-ÿ ,1̂  ̂ : I* .J|̂  ̂»1̂ “̂
Ĥ )̂dicoppar(Il) >diparcblorata.hydrata.tatrabydrofuran (8.Z1IIB3) 
vara acrapad froa tha aida of tha flaak (0.9 g, 0.94 aaol, 13 X 
yiald). (found: C, 48.8; H, 4.6; M, 11.5. €02040843830120x0 raquiraa 
0, 49.5; H, 4.9; M, 11.3 X)«V,.,/ca; 3500 b, 1660, 1632, 1601, 1532, 
1409, 1344, 1305, 1198, 1187, 1090 b.
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<(5.6.7.8.15.16.23.24.25.26.33.34»Dodtcahydrotrib«p«o[».«.«.a*lil.4.- 
8.11.15.18.22.25locf •â cyclooct•cô in̂ dicoppar(I)(ĉ rbô ^̂ ono«id̂ )>- 
dil>̂ rchIor̂ t̂ .

(00̂ )2

ICtt̂ CĤ cyndi— r)(C0),l(C10̂ )2 8.H1IB4

In an argon ataoaphara, Ĥ cyandiaar (0.25 g, 0.43 aaol) vaa addad 
to thf (50 ca*̂ ) which had baan diatillad froa LiAlB̂ . For twenty 
ainutea carbon aonoxida waa alowly diffuaad through tha abowa 
auapanaion and alao during tha addition and reaction of 
Cu(CH3CN)̂ (C104) (0.58 g, 1.8 aaol). After one hour of tha diffuaion 
of carbon aonoxide at rooa taaperature, filtration and waahing with 
diethyl ether (dried) followed by 20 ain auction in the argon/CO 
ataoaphere gave a white powder of <(5,6,7,8,15,16,23,24,25,26,33,34- 
dodecahydrotribenao[e,a,a,a'](l»4,8,ll,15,18,22,25]octeaxacyclooctaco- 
ainedicopper(I)(carbon aonoxide)>diperchlorate (8.XIIIB4) (0.37 g, 
0.38 aaol, 88 Z yield), (found: Cu, 13.4; C, 46.6; H, 4.1; W, 11.2; 
Cl, 7.2. 2̂ 10 Cu, 13.1s C, 47.2s B, 4.2s B,
11.6s Cl, 7.3 X).V^^^/cm: 3400 b, 3270, 3250, 2088, 1627, 1602, 1588, 
1502, 1309, 1205, 1100, 970, 787, 752.
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BH3/thf (35 c«̂ , 1 «ol d«“  ̂solution, 35 ■■ol) vss nddsd in 5 cm̂  
portions ovsr a 20 ain pariod, undar nitrogan to Ĥ cyandiaar (8.XII1) 
(0.69 g, 1.16 aaol)« Aftar rafluxing for 1 h, distillad vatar (35 câ ) 
was addad, and tha aixtura avoporatad to a Toloao of 30 ca^ undar 
raducad prassura at 50®C« Filtaring and racrystallisation froa daf (20 
câ ) gava colourlass granular crystals of 5,6,7,8,13,14,15,16,17,18,“
23,24,25,26,31,32,33,34,35,36-aicosahydrotatrabansoIa,a,s,a*ni,4,8,l“
1,15,18,22,25Joctaasacyclooctacosina (8.XIV) (0*59 g, 0.99 aaol, 86 Z 
yiald), apt 228-230®C, (found: C, 73.0; H, 8.1; 8, 18.9. C35H43M3 
raquiras: C, 72.9; H, 8.2; 8, 18.9 Z). Blactronie Spactrua (daf)
X ^/nm  (C): 268 (1066), 300 (710). V,^/ca 3317, 3271, 3210, 3170,
3108, 3070, 3042, 3018, 2947, 2935, 2905, 2890, 2846, 1605, 1584,
1563, 1505, 1454, 1441, 1355, 1347, 1343, 1326, 1305, 1235, 1228,
1225, 1129, 1113, 1105, 1085, 1042, 1017, 932, 902, 864, 807, 772,
746, 726, 615, 606, 465, 415. Mass Spaetrua a/a: 592(M*»55 Z), 
457(15), 431(15), 426(10), 414(28), 402(12), 342(10), 332(13),
311(18), 309(63), 298(18), 297(72), 296(84), 295(100), 235(49),
225(31), 201(15), 161(57), 149(90), 147(100), 132(97), 132(97),
130(100), 121(67), 120(100), 118(100), 106(99), 91(9), 77(16).
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/(S.6.7.8,13.14.15.16.17.18.23.24.25.26.31.32.33.34.35.36«Bicoiahydrot- 

•tfb«ngo[«.«.e.**l[1.4.8.1ia5.18.22.25loctw«cyclooct«cotin»-»^ ,■

.ll̂ )̂dicoppT( II) >pTchIoraf.

^cyndi— r) 1 (C10a)a 8.XIVB.

(Cioj,4'4

Coppgr(ll) pgrchlorgtg (0*15 g» 0*4 aaol) in anthnnol (15 ca ) 
ifas addnd to n outpongion of (8*XIV) (0*1 g» 0.17 aaol)
in chlorofora (15 câ ). Tho aixturo wgg rofluxod for 1 ain which 
rogultod in a rod-brown golntion, and addition of patrol (40:60 , 40 
câ ) induced cryitallisation to giva a light brown powder after 
filtration of {(5,6,7,8,13,14,15,16,17,18,23,24,25,26,31,32,33,34,35,-
36-eicogahydrotetrabengoIe,a,g,a*J(l,4,8,ll,15,18,22,25]octaagacycloo-
ct acoaine-Ŵ  ,8®, ,8®̂  .̂ 17 ̂ 2̂3 ̂ 2̂6, *32 ) ¿¿copper (II) >perchlorate
(8.XIVB) (0.18 g, 0.15 aaol, 89 X yield), ap 220̂ C(e), (found: Cu, 
11.2; C, 37.9; H, 4.3; 8, 10.0. Cu2C36H4g83Cl40i4 requires: Cu, 11.4; 
C, 38.7; H, 4.3; 8, 10.0 X). Electronic Spectrua (aethanol) A,.,/na 
(e): 328 (2250), 375 (1618). V^^^/ca: 3560,3260, 2970, 2900, 1635, 
1620, 1595, 1502, 1470, 1420, 1370, 1219, 1080 b, 867, 828, 765, 719,
619.
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R -

4,7-Di«M-2,3:8,9*‘dibea£odecati€~’l(10'~dione (8.1) (1.34 g» 5 aaol) 
and 1,6-diaainohexane (0.67 g, 5.8 aaol) aaa haatad in rafluxing 
ethanol (100 câ ) under nitrogen for 5 h. Acetic acid (0.003 g, 0.05 
aaol) waa added and refluxing continued for a further 48 h. Cooling, 
filtering, and recryatalliaation froa dichloroaethane (40 ca ) gave 
fine white needlea of 5,6,7,8,15,16,17,18,19,20,27,28,29,30,37,38,39,- 
40,41,42-eicoaahydrotetrabenao (e ,£,w,̂ * H 1,4,8,15,19,22,26,331 octaaxa- 
cyclohexatriacontine (8Jn0 (1.42 g, 2.0 aaol, 82 X yield), (found: C, 
75.3; H, 8.1; H, 15.8. C44H35Hg requires: C, 75.8; H, 8.1; H, 16.8 X). 
V̂ ĵj/ca: 3250, 3175, 3100, 3030, 2938, 2895, 2860, 2840, 1640, 1621, 
1595, 1530, 1370, 1333, 1284, 1212, 1167, 1150, 1104, 987, 972, 880, 
750, 668, 636, 614, 510, 468.
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r(5.6.7.8.15.16.17.18.19.20.27.28.29.30.37.38.39.40.41.42-Bico»«hydro- 
f  trabenmo i».q.ir.i*lil.4.8.15.19.22.26.33loct— »«cycIoh«»atri«contin€-

)dicoppT (II )pTchIor«f.

R - -(CH2)6-

Copper(II) perchlorate (0.24 g, 0.65 aaol) in TEOF (10 câ ) vee 
added to e refluxing solution of H^cyhexdiaer (8.XV) (0.2 g, 0.28 
aaol) in TEOF (50 câ ). Cooling end filtering gave e red powder of 
5,6,7,8,15,16,17,18,19,20,27,28,29,30,37,38,39,40,41,42-eicosehydrote- 
te trebenso [e ,£,V,̂ ' ][114,8,15,19,22,26,33]octeesecyclohezetriecontine- 
N5,N*,M̂ ,̂ll2̂ ,l|2̂ ,Ĥ ®,8̂ ,̂̂ )̂dicopper(II)perchlorete (8JĤ ) (0.3 g, 
0.25 aaol, 88 Z yield), (found: C, 42.3; H, 4.5; M, 8.6. CU2C44H35N3- 
®̂ 4®16 C, 43.3; H, 4.6; H, 9.2 Z). V̂ ĵ̂ /ca: 3500 b, 3370 b,
3180 b, 2940 b, 2870, 1680, 1648, 1640, 1611, 1586, 1503, 1315, 1240, 
1220, 1100 b, 935, 769, 631.
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BH3/thf (20 1 aol 0.5 aaol) was added to Ĥ cyhexdiaar
(8.XV) (0.35 g, 0.5 aaol) under nitrogen. After refluxing for 18 h, 
distilled water (1 câ ) was added followed by sodiua hydroxide 
solution (2.5 câ , 2 aol da“ )̂. The organic layer was separated and 
mixed with the same amount of alkali solution as previously used, 
shaken well and then evaporation of the organic phase to 5 ca over a 
period of 7 days at rooa teaperature gave white crystals of 5,6,7,8,- 
13,14,15,16,17,18,19,20,21,22,27,28,29,30,35,36,37,38,39,40,41,42,43,- 
44-octacosahydrotetrahenso[e,q,w,i*]Il,4,8,15,19,22,26,33j octaasacycl- 
ohexatriacontine. (8.XVI) (0.32 g, 0.46 aaol, 91 X yield), (found: C, 
74.2; H, 9.5; M, 15.8. C44H^4Ng requires: C, 74.9; H, 9.2; M, 15.9 X). 
Vaax/c** 3̂ 05, 3390,1613, 1593, 1525, 1348, 1319,1295, 1277, 1232, 
1222, 1199,1170, 1151,1077, 1059, 1010, 925, 758, 484.
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S.6.7.8.13.14.15.16.17.18.19.20.21.22.27.28.29.30.35.36.37,38.39.40.« 
4 1.42.43.44«OcfcoMhydroftr«b<n8o[».q.w.i*l [1.4.8.15.19.22.26.3310« 
cf (•«•hydrochloridolcTclohoxotriocontii».

.8HCI
8 -

Hĵ CyhoxditrCl̂  8.X9IC

(20 câ , 1 aol 0.5 aaol) vas addod to Ĥ cyhaxdiaar
(8.XV) (0.35 g. 0.5 aaol) undar nitrogan. 4ftar rafluzing for 24 h, 
distilled water (2 câ ) and concentrated hydrochloric acid (15 câ ) 
was added, and refluxing continued for 3 days. The voluae was then 
reduced to 5 câ  at 60̂ C at low pressure, followed by the addition of 
concentrated hydrochloric acid (10 câ )and further evaporation to 5 
câ . Filtering and washing with aethanol (2 câ ) gsve a white powder 
of 5,6,7,8,13,14,15,16,17,18,19,20,21,22,27,28,29,30,35,36,37,38,39,« 
40,41,42,43,44«octacosahydrotetrabenso[• » £ > Hi >4,8,15,19,22,26,33« 
]octa(asahydrochloride)cyclohexatriacontine (8.XV1C) (0.32 g, 0.32 
aaol, 65 X yield), (found: C, 54.7; H, 7.3; H, 10.4; Cl, 30.1. 
C44H72R8CI8 requires: C, 53.0; H, 7.2; M, 11.2; Cl, 28.5 X). V^^,/ca: 
3400«2400, 1615, 1594, 1530, 1475, 1450, 1385, 1320, 1288, 1233, 1172, 
1120, 1098, 1060, 1011, 968, 925, 800, 755, 615, 498, 472.
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5.6.7.8.15.17.2».25.26.27.34,36»Dod»c«hydro-16.35-dihydro»yftr«b«n«o- 
fc.n.t.c*Hl.4.8.12.16.19.23.27]oct— sacyclotrUcontin«.

:N

Ni -CHoCHOHCHo-

Hî Cyprodi— r 8«XVII

1,3 -D i«m in o p r o p A ii~ '2 -o l  (0 .4 8  g , 5.28 m a o l)  in  a e t h n n o l  (20  c a ^ )  

was added to  a r e f lu x in g  a o lu t io n  o f  4 ,7 -d ia a a -2 ,3 :8 ,9 -d ib e n a o d e c a n e - 

1 ,1 0 -d io n e  (8 .1 )  (1 .3 4  g , 5 m a o l)  i n  c h l o r o f o r a  (50 c a ^ )  u n d e r n i t r o 

gen. A f t e r  25 h ,  a c e t ic  a c id  (0 .003  g , 0.05 a a o l )  mac ad d e d , and 

r e f l u x i n g  c o n t in u e d  f o r  24 h . The a o lu t io n  v a a  c o o le d  and f i l t e r e d ,  

and th e  p ro d u c t  r e c r y a t a l l i s e d  f r o a  d ic h lo r o a e t h a n e  to  g iv e  w h it e  

a ic r o c ry a t a la  o f  5 ,6 ,7 ,8 ,1 5 ,1 7 ,2 4 ,2 5 ,2 6 ,2 7 ,3 4 ,3 6 -d o d e c a h y d ro -1 6 ,3 5 -d i- 

h y d ro x y te tra b e n s o [e ,n , t , c * 1i 1 »4 ,8 ,1 2 ,1 6 ,1 9 ,2 3 ,2 7 lo c ta a x a c y c lo t r ia c o n t - 

ine  ( 8 .X V I I )  (1 .0 3  g ,  1.6 a a o l ,  64 X y i e l d ) ,  ( fo u n d :  C , 71.2 ; H , 6 .8 ; 

H, 17.9. r e q u ir e a  C, 70.8; H, 6 .8 ; H, 17.8 3500,

3210, 3090, 3025, 2923, 2880, 2857, 1630, 1600, 1578, 1518, 1463, 

1453, 1327, 1320, 1630, 1600, 1578, 1518, 1463, 1453, 1327, 1320, 

1200, 1155, 1135, 1091, 1050, 1042, 1033, 972, 873, 747, 600
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n37 ; h18 .ŵ )̂dlcoppT >pTchIoraf.

(□04)4
-CH2CHOHCH2*

[CttiyCHiifCTProdi— r)l(C10A)A 8.XVIIB

A t o l u t i o n  fo  c o p p « r ( I l )  p e r c h lo r a t e  (0*26 g , 0.70 m a o l)  in  

t r i e t h y l o r t h o f o r a a t e  (5  c a ^ )  waa added t o  a r e f l u x i n g  a o lu t io n  o f  

H4 c y p ro d ia e r  (8 JC V II) (0 .2  g , 0.31 a a o l )  in  t r ie t h y lo r t h o f o r a a t e  (240 

c a 3 ).  C o o lin g  and f i l t e r i n g  g ave  a d a rk  re d  pow der o f  5 ,6 ,7 ,8 , -  

1 5 ,1 7 ,2 4 ,2 5 ,2 6 ,2 7 ,3 4 ,3 6 -d o d e c a h y d ro -1 6 ,3 5 -d ih y d ro x y te tra b e n a o -(e ,n ,t , -  

c ’ ] [ 1 ,4 ,8 ,1 2 ,1 6 ,1 9 ,2 3 ,2 7  J o c t a a a a c y c l o t r i a c o n t i n e - H ^ , l i 3 7  r i j l® ,-

(8.XVIIB) (0.33 g, 0.28 aaol, 91 Z 
yield), (found: C, 39.5; H, 3.6; M, 9.8. Cu2C3gH44NgCl40^̂  requires: 
C, 39.2; H, 3.8; H, 9.6 Z).V.„/ca: 3250 b, 2980, 2940, 1650, 1612, 
1590, 1500, 1100 b, 935, 768, 705, 630.
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s,6.7.8.13.14.15.17.18.19.24.25.26.27.32.33.34.36.37.38-Eico»ahydro-
16.35-dihydroxyftr«b»nEO-[«.n.t.c*l [1.4.8.12.16,19,23,27locf(«»«hy~ 
drochlorid«)cyclotriacontin«.

-CH2CHOHCH2*

y c y p ro d i— rCl|^ d.JCVlDLC

BH3 / th f (20 c a ^ , 1 a o l  da~^ s o lu t io n , 20 a a o l )  v s t  sddsd in  5 ca^ 

p o rt io n s  o ve r s  20 a in  p e r io d , under n it ro g e n  to  H ^ c yp ro d ia e r (8 Jn ^ II)  

(0 .3  g , 0.48 a a o l ) .  A f t e r  r e f l u x i n g  f o r  24 h ,  d i s t i l l e d  a s t e r  (2  c a ^ ) 

end concentrated h y d ro c h lo r ic  a c id  was added, and re f lu x in g  continued 

fo r  3 days. The v o lu a e  was then reduced to  5 ca^ a t 60^C under reduced 

p r e s s u r e ,  f o l l o w e d  b y  th e  f u r t h e r  a d d i t i o n  o f  c o n c e n t r a t e d  

h y d r o c h lo r ic  a c id  (5  c a ^ )  and e v a p o r a t io n  to  5 c a ^ . F i l t e r i n g  and 

w a s h in g  w i t h  a e t h a n o l  (5  c a ^ )  g a v e  a w h i t e  p o w d e r  o f  

5 ,6 ,7 ,8 ,1 3 ,1 4 ,1 5 ,1 7 ,1 8 ,1 9 ,2 4 ,2 5 ,2 6 ,2 7 ,3 2 ,3 3 ,3 4 ,3 6 ,3 7 ,3 8 -e ic o s a h yd ro -1 6  

, 3 5 -d ih y d ro x y te t ra b e n s o -(e ,n ,t ,c * J [ l»4 ,8 ,1 2 ,1 6 ,1 9 ,2 3 ,2 7 ]o c  ta (a s a h y d ro - 

c h l o r id e ) c y c l o t r i a c o n t in e  (8.XV11IC) (0 .2 8  g , 0.30 a a o l ,  62 X y i e l d ) .  

V a a x / c « :  3 40 0 -24 0 0 , 1617, 1597, 1537, 1515, 1472, 1386, 1324, 1270, 

1154, 1130, 1097, 1084, 1060, 983, 765, 731, 625, 480, 450.
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5 .6 .7 .8 .2 2 .2 3 .2 4 ,2 5 H )c fh y d ro t « t r< b «n «o If  ,f*  .1 .1* lb n m o [1 .2 ~ b ;4 ,$ "b *  

bii [ 1.4 ,8 ,111 f  t r « a » a c y c l o f t r « d « c « n » .

4,7-diasa-2,3:8,9*dib«nsod«cantt~l»10-dion« (8.1) (3.2 g, 12.0 
■Bol) vat haated in rafluxing athanol (500 c«̂ ) undar nltrogan. 
l,2,4,5“tatraa«inobanaana tatrahydrochlorida (2.0 g« 7 aaol) vat addad 
in 15 approxiaataly aqual aaountt ovar a pariod of ^  ain. Aftar aach 
addition a daap rad colour vat producad vhich vat ditchargad in aach 
cata by tha dropvita addition of todiua aathoxida aolution (0.52 aol 

until a yallov/oranga colour vat obtained. (Total 45 ca , 23.4 
aaol). Rafluxing vat continuad for 24 h and tha aixtura filtered hot. 
Racryatalliaation froa pyridine (230 câ ) gave yallov platea of 
5,6,7,8,22,23,24,25-octahydrotatrabanao I f, f * 1.* Ibanxo [ 1,2-b :4,5-b * J-
bit[1,4,8,11 Jtatraaaacyclotatradacana (8J1IX) (2.75 g, 4.57 aaol, 76 X 
yield), ap 330®C(d), (found: C, 75.2; H, 6.0; *, 18.3. C33H34N3 
raquirat: C, 75.7; H, 5.7; R, 18.6 X). Electronic Spactrua (daf) 
\^/na (C ): 270 (1896), 320 (1069), 440 (1974). V^^/ca: 3170, 3095, 
3070, 3030, 2960, 2890, 2830, 1618, 1598, 1572, 1535, 1522, 1488, 
1368, 1338, 1332, 1209, 1162, 1146, 749, 741, 720, 701. Matt Spactrua
Field Datorption N**602.
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< (6 .7 .2 2 | 2 3 .2 4 .2 5 -H « » «h Y d ro t « t r «b < n «o if .f* .1 .1 * lb « n « o I1 .2 ~ b i4 .5 -b * 1 [1 ."

(1,4.8.11.1* .4* .8* .ll*loct«wdicycIoftr«dtcin«to(2-)-W^.»^.W^^.W^^)-
c o p p r d l ) ) «

fC u(H .fb icY i)hpn )l 8 .n X 4 1

C o p p c r d l )  a c p t a t «  (0 .1 6  t* 0.8 a a o l )  i n  p y r id in e  (2 0  c « ^ )  w « i  

added to  e r e f l u z i n g  e o la t io n  o f  H4 b ic y p h e n  (8 .X IX )  (0 .2  f ,  0.33 

■■ol) in  p y r id in e  (150 c « ^ )  under n it ro g e n . A f t e r  10 a in  the e o la t io n  

wee c o o le d  and l e f t  f o r  20 h b e fo r e  f i l t e r i n g  to  g iv e  p u r p le  

a ic r o c ry e t e le  w ith  e green eheen o f  ( ( 6 , 7 , 2 2 , 2 3 , 2 4 , 2 5 “h e * e h yd ro te tre

beneoif.f* ,l,l*-lbeneo(l.»;4,5b* lil,(1,6.8.11.1* .4* .8»,11'locteeeedi-
c y c lo t e t r e d e c in e t o (2 -) - l| 5 .H ® .M ^ ^ ,H ^ ^ )c o p p e r ( I l )>  (8 .X IX A 1 ) (0 .2 0  g .

0.31 a a o l .  95 Z y i e l d ) ,  a p  >360®C. ( fo u n d : C u . 9 .4 ; C. 66.7 ; H. 4 .5 ;

N. 16.2. CuC3 gH3 2 Ng r e q u ir e e i  Cu. 9 .6 ; C. 6 8 .7 ; H . 4 .9 ; M. 16.9 X ) .  

E le c  to n ic  S p ectrua  (p y r id in e  60®C) ^ a * * / “ *   ̂ ^50 (492). 510 (526).

650 (2 4 0 ). V ^ ^ j / c a :  2940. 2860. 1611. 1580. 1516. 1478. 1448. 1391. 

1361. 1254. 1220. 1173. 1140. 1035. 956. 944. 847, 835, 741, 629, 617, 

585, 556, 545, 496. L e e e r  te a e n  V ^ „ / c a :  1206, 1293, 1373, 1395, 

1460, 1561, 1600.

294



^=Nv /N=^

Cu
N ^ -

[Ctt«y(bicyph»n)l 8 »11142

4 solution of coppsr(ll) psrchlorsts (0»06 g, 0.15 aaol) in
pyridine (10 câ ) vss edded to a suspension of [Cu(H2bicyphen)]
(8.XIZA1) (0.1 g, 0.15 aaol) in refluxing pyridine. 4fter 24 h the
solution was cooled and filtered to give purple aicrocrystals with a
green sheen of ((6,7,23,24-tetrahydrotetrabenso(jf,^*,l^*i*lbenso(l,2-

mJ a 33 jab:4,5-b* ]bis[l,4,8,ll]tetraasacyclotetradeeinato(4-)-jr,ir,ll ,11 .M
,,31)gopper(II)> (8JQZ42) (0.08 g, 0.11 ■•ol, 74 Z yield), ap 

>360®C, (found: Co, 16.8; C, 62.1; H, 4.1 *, 15.3. 00203983083 
requires: Cu, 17.5; C, 62.9; H, 4.2; 8, 15.4 Z). Electronic Spectrua 
(pyridine) X,„/na (€): 355 (823), 510 (769), 630 (491). V,„/ca: 
2940, 2860, 1611, 1580, 1516, 1478, 1448, 1391, 1361, 1254, 1220, 
1173, 1140, 1035, 956, 944, 847, 835, 741, 629, 617, 585, 556, 545, 
496. Laser laaan/ca: 1206, 1293, 1373, 1395, 1460, 1561, 1600.
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^=Nv /N=^
(ClOi.)4'4

iCuo(HAbicTph)l(ClOA)A 8.IIP
Method A

H4bicyphen (8J[IX) (0.1 t» 0.17 ««oD wee extrected fro* e 
Soxhlet thiable into e refluxing solution of copper(Il) perchlorete 
(0.15 g, 0.39 aaol) over e period of 24 h under nitrogen. Cooling end 
filtering geve brovn cryetele of {(6,7,23,24octebydrotetrebenxol£,̂ *,“ 
r ]benso(1,2-b :4,5-b* Jbie([ 1,4,8,11 ] tetreexecyclotetredecine,11* 

ll̂ ,̂M**:M̂ *,ll̂ ,̂M̂ ,̂II*̂ )dicopper(II)dicopper>perchlorete (8.X1X6)(0.1 
g, 0.09 aaol, 52 X yield), ap 200®C(d), (found: Cu, 11.0; C, 41.2; H, 
3.4; M, 9.9. Cu2C3gH34HgCl40ig requires: Cu, 11.3; C, 40.5; H, 3.0; H, 
9.9 X). Electronic Spectrua (pyridine)X|||̂ jj/na: 270, 320, 450, 600. 
Va„/«** 1598, 1542, 1536, 1517, 1485, 1362, 1336, 1320, 1314,
1218, 1158, 1100 b, 927, 756, 744, 719, 697, 622, 434.

Method B
A solution of copper(Xl) perchlorete (0.15 g, 0.4 aaol) in 

pyridine (5 ca"*) ass added to a solution of Hgbicypben (0.1 g, 0.17
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■aol) in refluxing pyridine (25 After 1 h the solution vee 
cooled, end the addition of bensene (25 c«“̂ ) gave brown aicrocryatala 
of (Cu2(H4bicyph) 1(0104)4 (8.XIXB) (0.15 g, 1.4 aaol, 76 X yield).

•N,

:N

Ĥ bicybena (8.XX)

4,7~diaaa~2,3:8,9~dibeniodecane~‘l,10~dione (8.1) (2.2 g, 8.0 
aaol), 4,4'**diaainobensidine (0.86 g, 4 aaol) and xinc(ll) acetate 
(1.76 g, 9.6 aaol) waa heated in refluxing aethanol (250 câ ) for 48 
h. Cooling and filtering, followed by recryatalliaation froa 
pyridine/aetbanol (2:5 , 70 câ ) gave yellow cryatals of B4bicyph 
(8.XX) (2.0 g, 2.95 aaol, 74 Z yield), (found: C, 77.4; H, 5.4; 8, 
16.1. 04483383 requires: C, 77.9; H, 5.6; 8, 16.5 Z). llectronic 
Speetrua (cblorofora)^^,(/na (C): 256 (7706), 400 (4155).V̂ ^̂ j/ca: 
3170, 3095, 3070, 3030, 2960, 2890, 2830, 1618, 1598, 1572, 1338, 
1162.
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r(6,7.25 2̂6-T«trahTdrof tr«b«n»o[f ,f* ,1.1* ]bm«idin«t3.4^:3.4-b* ]bi«-
|l,4.8.111t«tr«M«cycIof tr«d<cinato)(4-)-M̂
iî ^)c o p p t (II)>.

[C u j (b ic y b « n « ) ]  8.1X4

H ^ b ic y b p n i (0 .4  g , 0.59 nmol)  v « s  « » t p « c t « d  f r o «  a S o z h lo t  

t h i a b l «  i n t o  «  r o f l u x i n g  o o lu t io n  o f  c o p p o r d l )  a c o t a to  (0 .2 8  g , 1.4 

■ B o l) in  «a th a n o l/ tb f  (4 :3  , 70 ca h  f o r  48 b . C o o lin g  and f i l t a r i n g

gava a b la c k  po w d er o f  ( ( 6 , 7 , 2 5 , 2 6 - ta t r a b y d ro ta t r a b a n a o If ,f* , l , l* lb a n - 

a id in a  13,4 -b : 3,4 -b ' ] b ia (  [ 1 ,4 ,8 ,1 1 ) ta tra a a a c y c lo ta tra d a c in a  to  ) ( 4 - ) - I I ^  

N ® ,!l^^ ,M ^^ ,M ^® ,M * ^ ,M ^^ ,M ^^ )c o p p a r(II)>  (8 .XXA) (0.33 g , 0.41 a a o l ,  69 

X y i e l d ) ,  ( f o u n d :  C u ,  1 5 . 2 ;  C ,  6 5 . 2 ;  H ,  3 . 9 ;  « ,  1 3 . 6 .

CU2 C4 4 H3 4 MSCI4 O 1 5  r a q u ir a a :  C u , 15.8; C , 6 5 .9 ; H, 4 .3 ; M, 14.0 X ) .  

E le c t r o n ic  S p e c tru a  ( d « f ) ^ ^ j | / n «  ( C ) :  270 (1 9 5 8 ), 328 (1 2 4 6 ), 440 

(1 0 7 9 ), 520 ( 1 001) ,  600 ( 7 3 4 ) . V , „ / c a :  3050, 2850, 1614,  1577, 1520,

1362, 1190, 1143, 748.

298



((6.7.25.26»T«tr«hydroftr«b>n«o[f,f*.1.1*lb«n»idip«í3.A-b;3.4-b*Ibi»« 
[1.4.8.111 f  tr«a««cycloftr«d«cin«)-ll^ .»̂ )̂dic‘ 
oppT(H)>PTchloraf.

(CIOJ,%%

CCu.y(Ĥ bicyb«n«)l(C10̂ )̂  8j

A solution of coppor(Il) porchloroto (0.6 g, 1.6 aaol) in 
aothsnol (10 ca*̂ ) vss nddod to s varaod solution of H^bicybsns (0.53 
g, 0.73 aaol) in daf (20 ca~̂ ). Aftsr 24 h tho aixturo ass filtsrod to 
giys dark brown aicro crystals of <(6,7,25,26'tatrabydrotatrabanso[f,>- 
f ', 1,1 ' Ibansidina [ 3,4*b : 3,4-‘b *]bis [1,4,8,11] tat raasacyclota tradacina )-* 

»8® » * ^, W ̂ ® ,M ,1 , M® ® )di coppar ( II ) > par ch lorata (8 JUDB) (0.62
g, 0.5 aaol, 71 X yiald), (found: Cu 10.1; C, 44.1; H, 3.0; M, 9.6.
*̂‘2^44^38^8^^4^16 '*9(*̂ *̂** 0̂*8; C, 43.9; B, 3.2; M, 9.3 X).
Elactronic Spactrua (daf)^^j^/na (C): 270 (6019), 308 (3760), 330 
(3700), 440 (3310), 470 (3310) 520 (2295), 650 (169).V..,/ca: 1620, 
1551, 1420, 1385, 1300, 1230, 1192, 1168, 1100, 760, 628.
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H H

H|jbicyb>n« 8.III

BHj/thf (40 cm̂ , 0.2 aol d«” ,̂ 8 aaol) w«§ added to H^bicyph 
(8.XZV) (0.5 g, 0.74 aaol) under nitrogen. After refluxing for 2 h the 
solution containing e eaell eaount of dark coloured iapurity vet 
filtered end then quenched with thf/vater (5:2 • 70 ca ). Addition of 
sodiua hydroxide solution (10 câ , 2 aol da 20 aaol) end sodiua 
chloride (3 g) end ereporetion of the. organic layer under reduced 
pressure at 50®C to 20 câ » followed by addition of e aethenolic 
solution of hydrochloric acid (10:1 • 55 câ ) gewe e clear solution. 
Addition of sodiua hydroxide solution to approx pH 7 (20 câ , 2 aol 
da“3, 40 aaol) gewe e white precipitate. Filtering gawe a white powder
of 5,6,7,8,13,14,18,19,24,25,26,27,32,33,37,38-hexedecehydrotetrebens- 

oif,fM,l*)beneidinel3,4-b:3*,5*-b*)bisCl,4,8,ll)tetreeeecyclotetred-

ecene (0.4 g, 0.58 aaol» 79 X yield), (found: C, 76.2; H, 6.6; H, 
16.0. C44R4gH0 requires: C, 76.9; B, 6.8; H, 16.3 X). llectronic 
Spectrua (chlorofora)X^^/na (C ):260 (2776), 300 (2719).
3370, 3320, 1607, 1585, 1516, 1506, 1321, 1306, 1259, 1246, 1136, 
1046, 1021, 754.
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<(5.6.7.8.13.14.18.19,24.25.26.27.32.33.37.38-H««<d«c«hydroftr«b«n«o- 
[f ,f * ,1.1* ]b«nmidin«i3.4-b;3.4-b* lbi»[1.4.8.111f traaaacyclof trad<ci* 
)"ll̂ . )dicoppT ( H  ) >PTchloraf.ne

(aô )̂

ICû (Ĥ 7bicyb«n«)l(C104)̂  8.HIB

A solution of coppsr(II) psrchlorsts (0.36 g, 0.97 aaol) in 
■ethsnol (10 ca~̂ ) vss sddsd to s suspension of H|28ic7bens (0.3 g,
0.43 aaol) in bested thf (20 ca~̂ ). After 24 h the Mixture wes 
filtered to give bleck aicro crystels of ((5,6,7,8,13,14,18,19,24,25,- 
26,27,32,33,37,38-hexedecehydrobenso[f,f',1,1']bensidine[3,4-b:3,4-b'- 
]bis [1,4,8,11] tetreesscyclotetredecine)-8̂  ,11̂  ̂,11̂  ̂»5^̂ “
)dieopper(II)>perchlorete (8.XXIB) (0.45 g, 0.37 aaol, 86 X yield), 
(found: C, 44.3; H, 3.5; 8, 9.2. Cu2C^^H^^NgC1̂ 0^̂  requires: C, 44.0; 
H, 3.9; M, 9.3 Z). Electronic Spectrua (daf)^^j^/na (C'): 268 (5005), 
320 (3337), 400 (1902), 440 (2369), 464 (2420) 526 (2169), 646 (267). 
Va^/ca: 3550, 3200, 1610, 1555, 1495, 1420, 1305, 1100, 770.
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|Cû (HDFMP)ol S.miA

iCttj(HDrHP)7l s.miA

A solution of l,6-difor«sldoxi»S“4-«sthylphsnol (0*1 g, 0»52 
■■ol) in daf (50 cb )̂ vss sdded to s solution of coppsr(Il) scstste 
(0.24 g, 1.2 aaol) in daf (25 câ ) which produced s light coloured 
green powdery suspension. The aixture wee filtered end dried to giwe 
green aicrocrystels of [Cu2(H0FHP)2) (8JCXIIA) (0.13 g, 0.25 aaol, 97 
X yield), (found: C, 41.8; H, 3.4; M, 10.9. Cu2CigRxQN40  ̂requires: C, 
42.1; H, 3.5; H, 10.9 X). V,„/ca: 3450, 3025, 3005, 2930, 1620,
1600, 1588, 1402, 1350, 1302, 1237, 1190, 1098, 1070, 110, 960, 930, 
906, 865, 822, 762, 707, 686, 582, 568, 519, 504, 477, 430.
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|Cuj(HjDrMP)j(C10̂ )jl.2thf S.miB

2 thf

ICttj(HjDniP)j(C10̂ )̂ 1.2thf S.miB

A solution of l,6*dlforaaldoxiao-4-aothylphonol (0.1 g, 0.52 
■■ol) in thf (100 câ ) was coolod in liquid nitrogan to a taaparatura 
just abova tha fraasing point of tha aixtura. Vith fast stirring a 
solution of coppar(ll) parchlorata (0.5 g, 1.35 aaol) in aathanol (25 
câ ) vas addad which producad a translucant graan solution. On varaing 
tha aiztura to rooa taaparstura, graan crystals of 
[Cu2(H2DFNP)2(C104)2].2thf (8.XXIXB) vara dapositad (0.09 g, 0.11 
aaol, 40 X yiald), (found: C, 34.3; H, 3.6; M, 6.6. Cu2C2gH34ll4Cl20|4 
raquiras: C, 34.5; H, 4.00; B, 6.5 X). V̂ ĵj/ca: 3260, 1642, 1628, 
1612, 1572, 1370, 1350, 1313, 1268, 1243, 1200, 1100 b, 1003, 972, 
956, 922, 882, 820, 762, 708, 682, 564, 514.
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Xhe [3»2l condtBtation product (Hydra«ÍPc;C«ydtaldohydo) 8.XXIII

H H 

:NNH2

^oeNNf)2

[3<»21 product 8.mil

Hydrasine hydrata (5 t* 100 nol) vaa addad to a rafluxing 
suapanaion of 4,7*‘diaxa-‘2,3:8,9*dibanxodacana*‘l,10~diona (8.1) (1.5 t>
5.6 aaol). Aftar rafluxing for 2 h tha aolution vaa coolad and 
filtarad to giva tha [3<*-2] product (8.ZXII1) (1.43 g, 2.55 aaol, 91 Z 
yield), (found: C, 68.1; H, 6.4; M, 24.5. 032835810 raquiraa: C, 68.6; 
H. 6.5; 8, 25.0 Z). V,„/ca: 3416, 3300, 1605, 1530, 1488, 1400, 
1343, 1331, 1313, 1234, 1202, 1167, 1141, 1085, 1048, 91, 930, 894, 
767.
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Tht [3*31 eond«n»«tion product (HydrctinorĈ dicldohydc) 8.IHV

[3»3l product 8.IHV

The [3̂ 2l product (8JLZIII) <0.2 g, 0.36 aaol) and 4,7-diaaa- 
2,3:8,9*dibaniodacana*l,10-diona (8.1) (0.1 g, 0.37 aaol). was haatad 
in refluxing aathanol (70 câ ) for 24 h. After cooling and standing 
for 3 days the solution was filtered and racrystallised froa 
chlorofora/aethanol (5:1 » 100 câ ) to giro the (3+3) product (8JUIV) 
(0.18 g, 0.23 aaol, 64 Z yield), (found: C, 72.2; H, 6.2; 1, 21.3. 
4̂8*48*8 requires: C, 72.7; H, 6.1; M, 21.2 X). V,„/ca: 3260, 1620, 
1588, 1521, 1320, 1200, 1163, 1141, 1100, 1080, 1048, 928, 914, 863, 
701, 686, 652, 597, 577, 541, 462.
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N.'N-di(o"bengyl«lcohol) pipraiinc (Ĉ )*y-di«lcohol

•OH HO*

(Ĉ )̂ -dialcohol 8.XXV

Type 'A' Mn02 (tee chapter 2) (400 g) was placed in a flask and 
flushed with nitrogen for twenty minutes. The Mn02 was stirred as 
tetrahydrofuran (thf) (400 cm̂ ) was added slowly. C2-dialcohol (see 
chapter 2) (30 g, 110 mmol) was added as a solution in thf (50 cm̂ ), 
followed by refluxing for 6 h. The product was extracted with hot thf 
(5 x 200 cm̂ ), and evaporation of the resulting mixture gave white 
crystals of N,'N-di(o-bensylalcohol) piperasine ((C2)2**̂ *̂̂ cô ô ) 
(8.XXV) (29.5 g» 99 mmol, 90 Z yield), (found: C, 72.1; H, 7.3; N, 
9.2. C|gH22N202 requires C, 72.5; H, 7.4; N, 9.4 Z). nmr Spectrum 
6/ppm: 2.98, s, NCH2-, 8H; 4.57, d, -CH2OH, 4H; 5.08, t, -CH, 2H; 6.9- 
7.4, m, aryl protons, 8H. Vmn^/cm” :̂ 3300, 3220 b, 1605, 1580, 1500, 
1402, 1326, 1292, 1284, 1230, 1222, 1187, 1013. Mass Spectrum m/e: 
298(M* - lOOZ), 163(36), 162(64), 150(51), 149(30), 148(31), 144(40), 
136(53), 106(91), 91(35).
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General «ethode for the reection of H ĉyphHHj (8.VIII) <rith acid 
chloridea and dichioridea.

Acetyl chloride (0.045 g, 0.57 mmol) in benzene (1 cm̂ ) vae added 
to a solution of H2cyphNH2 (0.2 g, 0.56 mmol) in pyridine (10 cm̂ ). 
The solution vas filtered to remove any insoluble component (only 
found for certain acid chlorides, see chapter 5), and to the filtrate 
was added methanol (~10 cm̂ ) which gave a yellow precipitate of the 
product (for the reaction between acetyl chloride and H2cyphNH2 a 
yield of 48 X was recorded, see chapter 5 for analytical data).

To produce the hydrochloride salt of the product, the solvent 
pyridine was replaced with benzene.

307





Appendi»

Appendix 1 X-ray crystallographic data.

7.1 [Cu2(H4cyendimer)] (C104>3 Al
7.2 [Cu2(H2cyendimer)(H2O)(CIO4)](CIO4).(.5thf) A18
7.3 [CU2(H2DFMP)2(0104)2]«2thf A31
7.4 A39
7.5 [Cu(cyphX)] A47

Appendix 2 X-ray structure factors.
7.1 [Cu2<H4cyendiner)](0104)3 A55
7.2 [Cu2(H2cyendimer)(H2O)(CIO4)](CIO4).(.5thf) A66

7.3 [CU2(H2DFNP)2(CIO4)2]•2thf A81
7.4 A86

7.5 [Cu(cyphX)] A91

309





The X-rey erYetallotfphic d«f for [Cû HAcyendi— rl(ClÔ )̂  (§ee 
■ection 7.1) ochomotio dimmm facing pogo»

TABLE 1 Fractionol otoaic coordinof ond thoraal por— tore (Â )

310,

3___4 1  Atoa X I s Oioo or Qpq

" O ’ 1  Cu(l) 0.00000 0.23977(26) 0.25000 0.0521(16)
1  Cu(2) 0.1145(2) 0.1725(3) 0.2832(2) 0.052(2)
1 Cid) 0.1583(4) 0.0932(7) 0.6224(4) 0.087(5)

‘“ V . 1 Cl(3) 0.4573(4) -0.0817(7) 0.8794(4) 0.084(5)

8 1 0(11) 0.14178 -0.01857 0.59379 0.1336(60)

A ?  6 1 0(12) 0.18635 0.17017 0.59429 0.1336(60)
1 0(13) 0.11094 0.15167 0.64344 0.1336(60)

C / 1 0(14) 0.21457 0.05146 0.68766 0.1336(60)
y— 4 1 0(15) 0.13864 0.90215 0.17750 0.1336(60)

1 0(16) 0.09869 0.98128 0.05121 0.1336(60)

\ 1 0(17) 0.18297 1.04202 0.13818 0.1336(60)
3̂ 1 0(18) 0.20151 0.96613 0.09900 0.1336(60)

1 0(31) 0.49306 0.02235 0.91056 0.1336(60)
1 0(32) 0.42451 -0.15589 0.90865 0.1336(60)
1 0(33) 0.47273 -0.13512 0.82716 0.1336(60)
1 0(34) 0.40173 -0.00965 0.84476 0.1336(60)
1 0(35) -0.02945 0.67129 0.44980 0.1336(60)
1 0(36) 0.02587 0.54251 0.43988 0.1336(60)
1 0(37) -0.04669 0.44610 0.38109 0.1336(60)
1 0(38) -0.10421 0.64864 0.34479 0.1336(60)
1 0(39) -0.00396 0.62967 0.39527 0.1336(60)
1 0(40) 0.02632 0.63861 0.45680 0.1336(60)
1 Cl(2) 0.2928(4) 0.3797(7) 0.5064(4) 0.073(2)
1 0(21) 0.2719(12) 0.4392(22) 0.4367(13) 0.120(8)

Al



0.2783(15)
0.3611(13)
0.2453(17)
0.1815(9)
0 . 1211(8)
0 . 2021( 10)
0.0727(9)
0.0477(9)
-0.0744(9)
-0.0173(9)
-0.0763(9)
-0.1389(14)
-0.0755(11)
-0.0896(14)
-0.0945(15)
-0.0823(15)
-0.0637(14)
-0.0603(12)
-0.0397(14)
0.0032(12)
0.0173(12)
0.0884(11)
0.1340(12)
0.1281(15)
0.1640(16)
0.2089(18)
0.2244(14)
0.1864(11)
0.2503(13)

0.2602(29)
0.3970(24)
0.4319(28)
0.0218(17)
0.1689(16)
0.2803(17)
0.1752(17)
0.3866(17)
0.2518(18)
0.0692(17)
0.3368(17)
0.2747(25)
0.1497(21)
0.1720(31)
0.0739(28)
-0.0444(30)
-0.0592(28)
0.0355(22)
-0.0021(28)
0.0063(23)
0.0916(21)
0.2508(23)
0.3533(22)
0.4406(28)
0.5399(30)
0.5597(32)
0.4761(25)
0.3720(21)
0.1847(22)

0.4966(17)
0.5579(14)
0.5276(18)
0.3090(10)
0.3797(9)
0.2974(11)
0.1789(9)
0.2906(10)
0.2864(10)
0.2301(10)
0.1548(10)
0.2184(15)
0.3297(13)
0.3868(16)
0.4270(18)
0.4147(18)
0.3579(15)
0.3199(14)
0.2619(16)
0.1829(13)
0.1358(13)
0.1419(13)
0.1663(13)
0.1142(17)
0.1328(19)
0.2015(19)
0.2624(16)
0.2423(12)
0.3018(14)

0.165(11)
0.130(8)
0.174(11)
0.058(5)
0.040(4)
0.064(6)
0.051(5)
0.051(5)
0.056(5)
0.054(5)
0.054(5)
0.076(8)
0.056(6)
0.091(9)
0.093(9)
0.094(9)
0.081(8)
0.063(7)
0.084(8)
0.062(7)
0.058(6)
0.060(6)
0.060(7)
0.088(9)
0.097(10)
0 . 110(11)
0.079(8)
0.052(6)
0.063(7)

A2



í̂i ̂  Vn -

0.2783(15)
0.3611(13)
0.2453(17)
0.1815(9)
0 . 1211(8)
0 . 2021( 10)
0.0727(9)
0.0477(9)
-0.0744(9)
-0.0173(9)
-0.0763(9)
-0.1389(14)
-0.0755(11)
-0.0896(14)
-0.0945(15)
-0.0823(15)
-0.0637(14)
-0.0603(12)
-0.0397(14)
0.0032(12)
0.0173(12)
0.0884(11)
0.1340(12)
0.1281(15)
0.1640(16)
0.2089(18)
0.2244(14)
0.1864(11)
0.2503(13)

0.2602(29)
0.3970(24)
0.4319(28)
0.0218(17)
0.1689(16)
0.2803(17)
0.1752(17)
0.3866(17)
0.2518(18)
0.0692(17)
0.3368(17)
0.2747(25)
0.1497(21)
0.1720(31)
0.0739(28)
-0.0444(30)
-0.0592(28)
0.0355(22)
-0.0021(28)
0.0063(23)
0.0916(21)
0.2508(23)
0.3533(22)
0.4406(28)
0.5399(30)
0.5597(32)
0.4761(25)
0.3720(21)
0.1847(22)

0.4966(17)
0.5579(14)
0.5276(18)
0.3090(10)
0.3797(9)
0.2974(11)
0.1789(9)
0.2906(10)
0.2864(10)
0.2301(10)
0.1548(10)
0.2184(15)
0.3297(13)
0.3868(16)
0.4270(18)
0.4147(18)
0.3579(15)
0.3199(14)
0.2619(16)
0.1829(13)
0.1358(13)
0.1419(13)
0.1663(13)
0.1142(17)
0.1328(19)
0.2015(19)
0.2624(16)
0.2423(12)
0.3018(14)

0.165(11)
0.130(8)
0.174(11)
0.058(5)
0.040(4)
0.064(6)
0.051(5)
0.051(5)
0.056(5)
0.054(5)
0.054(5)
0.076(8)
0.056(6)
0.091(9)
0.093(9)
0.094(9)
0.081(8)
0.063(7)
0.084(8)
0.062(7)
0.058(6)
0.060(6)
0.060(7)
0.088(9)
0.097(10)
0 . 110( 11)
0.079(8)
0.052(6)
0.063(7)
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C(lc) 0.2494(12) 0.0744(22) 0.3443(14) 0.060(7)
C(2c) 0.1767(11) -0.0736(21) 0.3505(12) 0.054(6)
C(3c) 0.1911(13) -0.1887(25) 0.3406(15) 0.078(8)
C(4c) 0.1880(17) -0.2904(33) 0.3837(19) 0.110(11)
C(5c) 0.1635(16) -0.2622(32) 0.4304(18) 0.103(10)
C(6c) 0.1539(20) -0.1476(36) 0.4481(24) 0.132(13)
C(7c) 0.1572(15) -0.0454(28) 0.4055(17) 0.092(9)
C(8c) 0.1379(13) 0.0721(25) 0.4196(15) 0.078(8)
C(9c) 0.1046(13) 0.2764(21) 0.4090(13) 0.062(7)
C(9d) 0.1006(12) 0.3890(22) 0.3729(13) 0.060(6)
C(8d) 0.0413(12) 0.4873(26) 0.2595(14) 0.064(7)
C(7d) 0.0013(11) 0.5079(23) 0.1794(13) 0.059(7)
C(6d) 0.0159(16) 0.6107(31) 0.1522(18) 0.098(10)
C(5d) -0.0117(16) 0.6414(32) 0.0778(19) 0.105(11)
C(4d) -0.0610(18) 0.5561(32) 0.0323(21) 0.115(12)
C(3d) -0.0834(14) 0.4587(25) 0.0576(16) 0.080(8)
C(2d) -0.0513(13) 0.4327(23) 0.1308(14) 0.060(7)
C(ld) -0.1285(13) 0.3718(23) 0.1726(15) 0.072(7)

TABLE 2 Fractional «toaic coordinaf• for the hydrofn atogg

X 1 a
0.1684 -0.0168 0.2661
0.2183 0.3271 0.3382
-0.0645 0.3122 0.3189
-0.0939 0.2888 0.1150
-0.1535 0.2018 0.1907
-0.1724 0.3008 0.2306
-0.0961 0.2528 0.3982
-0.1066 0.0894 0.4640
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H(5a) -0.0857 -0.1109 0.4417
H(6a) -0.0542 -0.1382 0.3472
H(8a) -0.0443 -0.0854 0.2486
H(9al) 0.0432 -0.0387 0.2125
H(9a2) -0.0320 -0.0477 0.1523
H(9bl) -0.0225 0.1376 0.1068
H(9b2) 0.0288 0.0458 0.1049
H(8b) 0.0663 0.2367 0.0907
R(6b) 0.0973 0.4261 0.0641
H(5b) 0.1574 0.5985 0.0966
H(4b) 0.2334 0.6339 0.2127
H(3b) 0.2576 0.4930 0.3114
H(lbl) 0.2386 0.1599 0.2536
H(lb2) 0.2947 0.2179 0.3249
H(lcl) 0.2613 0.0979 0.3927
H(lc2) 0.2809 0.0160 0.3456
R(3c) 0.2037 -0.2042 0.3042
H(4c) 0.2020 -0.3701 0.3797
R(5e) 0.1523 -0.3280 0.4520
R(6c) 0.1452 -0.1345 0.4877
R(8c) 0.1376 0.0797 0.4647
R(9cl) 0.1385 0.2845 0.4587
R(9c2) 0.0620 0.2628 0.4065
R(9dl) 0.0885 0.4513 0.3960
H(9d2) 0.1437 0.4065 0.3776
H(8d) 0.0641 0.5551 0.2894
H(6d) 0.0479 0.6654 0.1869
H(5d) 0.0011 0.7109 0.0605
H(4d) -0.0805 0.5665 -0.0191
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H(3d) -0 .1 2 0 5

H d d l )  -0.1151 

H ( ld 2 )  -0 .1 6 97

TABLE 3 Ani»otropic thT«al praatf r» (1̂ )

Atoa 011 022 033 023 013 012

0.051(1) 0.062(2) 0.043(1) -0.005(2) 0.026(1) -0.003(2)
0.051(2) 0.072(2) 0.031(1) -0.004(2) 0.022(1) -0.002(2)
0.112(6) 0.086(5) 0.063(4) -0.006(4) 0.058(4) -0.019(5)
0.086(5) 0.086(5) 0.082(5) -0.001(4) 0.051(4) -0.010(4)

TABLB A Bond longtho (A)

Cu(l) -Cu(2)
Cu(l) -1K2«)
Cii(l) -ll(2d)
Cu(2) -Klc)
Cu(2) -Ndb)
Cl(l) -0(12)
Cl(l) -0(14)
Cl(3) -0(32)
01(3) -0(34)
01( 2) - 0( 22)

01(2) -0(24)
M(2c) -0(2c)
■de) -0(9c)
■(2b) -G(lb)
■db) -0(6b)
■(Id) -0(8d)

Oud) -■(Id) 
Oud) -■(!•) 
0u(2) -lK2c) 

0u(2) -̂ (2b) 
01(1) -0(11) 

01(1) -0(13) 
01(3) -0(31) 

01(3) -0(33) 
01(2) -0(21) 

01(2) -0(23) 
■(2c) -Odc) 

■de) -0(8c) 
■(2b) -0(2b) 

■db) -0(9b) 
■dd) -0(9d) 

■(2a) -Oda)
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1.45(3) ■da) -C(8a) 1.28(3)
1.45(3) ■(2d) -C(2d) 1.40(3)
1.45(3) Cda) -Cdd) 1.53(4)
1.40(4) C(2a) -C(7a) 1.34(3)
1.41(4) C(4a) -C(5a) 1.38(4)
1.45(4) C(6a) -C(7a) 1.34(3)
1.55(4) C(9a) -C(9b) 1.50(3)
1.44(3) C(7b) -C(6b) 1.41(3)
1.47(3) C(6b) -C(5b) 1.30(4)
1.31(4) C(4b) -C(3b) 1.47(4)
1.37(3) Cdb) -Cdc) 1.51(3)
1.35(3) C(2c) -C(7c) 1.45(4)
1.46(4) C(4c) -C(5c) 1.37(4)
1.36(4) C(6c) -C(7c) 1.46(4)
1.44(4) C(9c) -C(9d) 1.43(3)
1.48(3) C(7d) -C(6d) 1.38(4)
1.40(3) C(6d) -C(5d) 1.41(4)
1.41(4) C(4d) -C(3d) 1.39(4)
1.37(3)

«

TáBLE 5 Bond aniloi (*)

ll(ld) -Cad) -Cu(2) 
ll(2a) -Cud) -Mdd) 
M(U) -Cud) -Ndd) 
■(2d) -Cud) -Cu(2) 
■(2d) -Cud) -̂ (2«) 
■(2c) -Cu(2) -Cud) 
■de) -0u(2) -^(20) 
■(2b) -Cu(2) -̂ (20)

80.7(5) ■(2a) -Cud) -Cu(2) 144.6(5)
99.2(7) ■da) -Cud) -Cu(2) 80.8(6)
160.1(7) ■da) -Cud) -̂ (2a) 91.5(8)
131.9(5) ■(2d) -Cud) -mid) 91.0(8)
83.5(7) ■(2d) -Cud) -mia) 107.1(8)
146.2(5) ■de) -Cu(2) -Cud) 80.8(5)
91.9(7) ■(2b) -Cu(2) -Cud) 129.2(5)
84.5(7) m2b) -Cu(2) -mie) 104.9(7)
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H(lb) -Cu(2) -Cu(l) 78.5(5) Mdb) -Ou(2) -M(2c) 101.5(8)
H(lb) -Cu(2) -Mdc) 158.2(7) Mdb) -Cu(2) -M(2b) 93.5(8)
0(22) -Cl(2) -0(21) 111(2) 0(23) -01(2) -0(21) 114(2)
0(23) -Cl(2) -0(22) 110(2) 0(24) -01(2) -0(21) 101(2)
0(24) -Cl(2) -0(22) 106(2) 0(24) -01(2) -0(23) 114(2)
C(lc) -M(2c) -Cu(2) 105(1) 0(2c) -M(2c) -Cu(2) 119(1)
C(2c) -ll(2c) -C(lc) 111(2) 0(8c) -Mdc) -Cu(2) 122(2)
C(9c) -M(lc) -Cu(2) 121(1) 0(9c) -Mdc) -C(8c) 117(2)
C(2b) -M(2b) -Cu(2) 114(1) Odb) -M(2b) -Cu(2) 102(1)
C(lb) -ll(2b) -C(2b) 116(2) 0(9b) -Mdb) -Cu(2) 120(1)
C(8b) -ll(lb) -Cu(2) 124(2) 0(8b) -Mdb) -C(9b) 116(2)
C(9d) -ll(ld) -Ctt(l) 118(1) 0(8d) -Mdd) -Cud) 128(2)
C(8d) -Rdd) -C(9d) 113(2) 0(1«) -M(2«) -Oud) 104(1)
0(2«) -ll(2«) -Cttd) 115(1) 0(2«) -M(2«) -0(1«) 115(2)
0(8«) -Md«) -Oud) 125(2) 0(9«) -Md«) -0»(1) 121(2)
0(9«) -Md«) -0(8«) 113(2) 0(2d) -M(2d) -Cud) 115(1)
Odd) -M(2d) -Oud) 106(1) Odd) -M(2d) -C(2d) 114(2)
Odd) -0(1«) -M(2«) 110(2) 0(3«) -0(2«) -M(2«) 118(2)
0(7«) -0(2«) -M(2«) 123(2) 0(7«) -0(2«) -0(3«) 118(2)
0(4«) -0(3«) -0(2«) 119(3) 0(5«) -0(4«) -0(3«) 122(3)
0(6«) -0(5«) -0(4«) 115(3) 0(7«) -0(6«) -0(5«) 122(3)
0(6«) -0(7«) -0(2«) 123(2) 0(8«) -0(7«) -0(2«) 124(2)
0(8«) -0(7«) -0(6«) 112(2) 0(7«) -0(8«) -Md«) 126(3)
0(9b) -0(9«) -M(U) 113(2) 0(9«) -0(9b) -Mdb) 112(2)
0(7b) -C(8b) -Mdb) 130(2) 0(6b) -0(7b) -C(8b) 118(2)
0(2b) -C(7b) -C(8b) 124(2) C(2b) -0(7b) -C(6b) 118(2)
C(5b) -C(6b) -C(7b) 122(3) C(4b) -0(5b) -C(6b) 120(4)
C(3b) -C(4b) -C(5b) 125(3) C(2b) -0(3b) -C(4b) 114(3)
C(7b) -C(2b) -M(2b) 122(2) C(3b) -0(2b) -M(2b) 118(2)
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0(15) ...Cl(l) 
0(16) ...Cid) 
0(17) ...Cl(l) 
0(18) ...Cl(l) 
0(15) ...0(11) 
0(16) ...0(11) 
0(17) ...0(11) 
0(18) ...0(11) 
H(9b2)...0(ll) 
B(8b) ...0(11) 
0(15) ...0(12) 
0(16) ...0(12) 
0(17) ...0(12)

120(2) C(lc) -C(lb) -ll(2b) 113(2)
109(2) C(3c) -C(2c) -ll(2c) 121(2)
118(2) C(7c) -C(2c) -C(3c) 121(2)
123(3) C(5c) -C(4c) -C(3c) 115(3)
125(4) C(7c) -C(6c) -C(5c) 119(4)
116(3)

1
C(8c) -C(7c) -C(2c) 126(3)

117(3) C(7c) -C(8c) -Mdc) 129(3)
116(2) C(9c) -C(9d) -»(Id) 113(2)
125(2) C(6d) -C(7d) -C(8d) 117(2)
124(2) C(2d) -C(7d) -C(6d) 118(2)
126(3) C(4d) -C(5d) -C(6d) 111(3)
125(4) C(2d) -C(3d) -C(4d) 119(3)
122(2) C(3d) -C(2d) -M(2d) 118(2)
119(2) C(la) -C(ld) -B(2d) 111(2)

distane«« (A)

2 0.0 1.0 -1.0
2 0.0 1.0 -1.0
2 0.0 1.0. -1.0
2 0.0 1.0 -1.0
2 0.0 1.0 -1.0
2 0.0 1.0 -1.0
2 0.0 1.0 -1.0
2 0.0 1.0 -1.0
2 0.0 0.0 -1.0
2 0.0 0.0 -1.0
2 0.0 1.0 -1.0
2 0.0 1.0 -1.0
2 0.0 1.0 -1.0 
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0(18) ...0(12) 1.53 2 0.0 1.0 -1.0
H(5b) ...0(12) 2.64 2 0.0 1.0 -1.0
0(15) ...0(13) .91 2 0.0 1.0 -1.0
0(16) ...0(13) 2.33 2 0.0 1.0 -1.0
0(17) ...0(13) 2.72 2 0.0 1.0 -1.0
0(18) ...0(13) 2.93 2 0.0 1.0 -1.0
HN(2c)...0(13) 2.69 2 0.0 0.0 -1.0
H(9al)...0(13) 2.85 2 0.0 0.0 -1.0
H(9b2)...0(13) 2.72 2 0.0 0.0 -1.0
H(6d) ...0(13) 2.86 2 0.0 1.0 -1.0
H(5d) ...0(13) 2.70 2 0.0 1.0 -1.0
0(15) ...0(14) 1.70 2 0.0 1.0 -1.0
0(16) ...0(14) 2.81 2 0.0 1.0 -1.0
0(17) ...0(14) 1.39 2 0.0 1.0 -1.0
0(18) ...0(14) 1.74 2 0.0 1.0 -1.0
HN(2c)...0(14) 2.36 2 0.0 0.0 -1.0
H(lbl)...0(14) 2.63 2 0.0 0.0 -1.0
H(lc2)...0(14) 2.99 2 0.0 0.0 -1.0
H(U2)...0(14) 2.78 2 -0.5 0.5 -1.0
Il(2c) ...0(15) 2.77 1 0.0 -1.0 0.0
HN(2c)...0(15) 1.86 1 0.0 -1.0 0.0
H(9al)...0(15) 2.67 1 0.0 -1.0 0.0
H(9b2)...0(15) 2.70 1 0.0 -1.0 0.0
H(3c) ...0(15) 2.60 1 0.0 -1.0 0.0
R(9b2)...0(16) 2.44 1 0.0 -1.0 0.0
B(6c) ...0(16) 2.66 2 0.0 1.0 0.0
H(8c) ...0(16) 2.46 2 0.0 1.0 0.0
HR(2c)...0(17) 2.92 1 0.0 -1.0 0.0
H(lbl)...0(17) 2.48 1 0.0 -1.0 0.0
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H(6c) ....0(18) 2.76 2 0.0 1.0 0.0
H(8c) ....0(18) 2.51 2 0.0 1.0 0.0
H(ld2)....0(18) 2.81 1 -0.5 -0.5 0.0
0(35) ...Cl(3) 1.67 2 -0.5 0.5 -1.0
0(36) ...Cl(3) 1.51 2 -0.5 0.5 -1.0
0(37) ...Cl(3) 1.50 2 -0.5 0.5 -1.0
0(38) ...Cl(3) 1.42 2 -0.5 0.5 -1.0
0(39) ...Cl(3) .94 2 -0.5 0.5 -1.0
0(40) ...Cl(3) 1.73 2 -0.5 0.5 -1.0
H(4d) ...0(31) 2.74 1 -0.5 0.5 -1.0
0(35) ...0(31) 2.43 2 -0.5 0.5 -1.0
0(36) ...0(31) 1.00 2 -0.5 0.5 -1.0
0(37) ...0(31) .88 2 -0.5 0.5 -1.0
0(38) ...0(31) 2.71 2 -0.5 0.5 -1.0
0(39) ...0(31) 1.71 2 -0.5 0.5 -1.0
0(40) ...0(31) 1.98 2 —0.5 0.5 -1.0
HN(2«)...0(31) 2.50 2 -0.5 0.5 -1.0
H(9c2)...0(31) 2.86 2 -0.5 0.5 -1.0
H(9dl)...0(31) 2.34 2 -0.5 0.5 -1.0
H(lb2)...0(32) 2.68 2 0.0 0.0 -1.0
H(4d) ...0(32) 2.91 1 -0.5 0.5 -1.0
0(35) ...0(32) .99 2 -0.5 0.5 -1.0
0(36) ...0(32) 2.40 2 -0.5 0.5 -1.0
0(37) ...0(32) 2.54 2 -0.5 0.5 -1.0
0(38) ...0(32) 1.17 2 -0.5 0.5 -1.0
0(39) ...0(32) 1.79 2 -0.5 0.5 -1.0
0(40) ...0(32) 2.02 2 -0.5 0.5 -1.0
1(5«) ...0(32) 2.70 2 -0.5 -0.5 -1.0
8(6«) ...0(32) 2.76 2 -0.5 -0.5 -1.0
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H(6c) ...0(18) 2.76 2 0.0 1.0 0.0
H ( 8 c )  ...0(18) 2.51 2 0.0 1.0 0.0
H(ld2)...0(18) 2.81 1 -0.5 -0.5 0.0
0(35) ...Cl(3) 1.67 2 -0.5 0.5 -1.0
0(36) ...Cl(3) 1.51 2 -0.5 0.5 -1.0
0(37) ...Cl(3) 1.50 2 -0.5 0.5 -1.0
0(38) ...Cl(3) 1.42 2 -0.5 0.5 -1.0
0(39) ...Cl(3) .94 2 -0.5 0.5 -1.0
0(40) ...Cl(3) 1.73 2 -0.5 0.5 -1.0
H(4d) ...0(31) 2.74 1 -0.5 0.5 -1.0
0(35) ...0(31) 2.43 2 -0.5 0.5 -1.0
0(36) ...0(31) 1.00 2 -0.5 0.5 -1.0
0(37) ...0(31) .88 2 —0.5 0.5 -1.0
0(38) ...0(31) 2.71 2 -0.5 0.5 -1.0
0(39) ...0(31) 1.71 2 -0.5 0.5 -1.0
0(40) ...0(31) 1.98 2 -0.5 0.5 -1.0
HN(2a)...0(31) 2.50 2 -0.5 0.5 -1.0
H(9c2)...0(31) 2.86 2 -0.5 0.5 -1.0
H(9dl)...0(31) 2.34 2 -0.5 0.5 -1.0
H(lb2)...0(32) 2.68 2 0.0 0.0 -1.0
H(4d) ...0(32) 2.91 1 -0.5 0.5 -1.0
0(35) ...0(32) .99 2 -0.5 0.5 -1.0
0(36) ...0(32) 2.40 2 -0.5 0.5 -1.0
0(37) ...0(32) 2.54 2 -0.5 0.5 -1.0
0(38) ...0(32) 1.17 2 -0.5 0.5 -1.0
0(39) ...0(32) 1.79 2 —0.5 0.5 -1.0
0(40) ...0(32) 2.02 2 -0.5 0.5 -1.0
H(5a) ...0(32) 2.70 2 -0.5 -0.5 -1.0
R(6a) ...0(32) 2.76 2 -0.5 -0.5 -1.0
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0(35) ...0(33) 2.62 2 -0.5 0.5 -1.0
0(36) ...0(33) 2.30 2 -0.5 0.5 -1.0
0(37) ...0(33) 2.51 2 -0.5 0.5 -1.0
0(38) ...0(33) 1.95 2 -0.5 0.5 -1.0
0(39) ...0(33) 1.26 2 -0.5 0.5 -1.0
0(40) ...0(33) 2.37 2 -0.5 0.5 -1.0
H(6a) ...0(33) 2.65 2 -0.5 -0.5 -1.0
H(8d) ...0(33) 2.69 2 -0.5 0.5 -1.0
H(lc2)...0(34) 2.74 2 0.0 0.0 -1.0
H(4d) ...0(34) 2.81 1 -0.5 0.5 -1.0
0(35) ...0(34) 2.66 2 -0.5 0.5 -1.0
0(36) ...0(34) 2.56 2 -0.5 0.5 -1.0
0(37) ...0(34) 1.25 2 -0.5 0.5 -1.0
0(38) ...0(34) 1.54 2 -0.5 0.5 -1.0
0(39) ...0(34) 2.28 2 -0.5 0.5 -1.0
HN(2a)...0(34) 2.45 2 -0.5 0.5 -1.0
H(ldl)...0(34) 2.95 2 -0.5 0.5 -1.0
H(5a) ...0(35) 2.68 1 0.0 -1.0 0.0
H(6a) ...0(35) 2.86 1 0.0 -1.0 0.0
H(8b) ...0(35) 2.87 2 0.0 1.0 -1.0
H(6b) ...0(35) 2.90 2 0.0 1.0 -1.0
H(6b) ...0(36) 2.33 2 0.0 1.0 -1.0
H(4d) ...0(37) 2.55 2 0.0 1.0 -1.0
B(6a) ...0(38) 2.59 1 0.0 -1.0 0.0
C(lb) ...0(38) 2.98 1 0.5 -0.5 0.0
B(lb2)...0(38) 2.25 1 0.5 -0.5 0.0
B(lc2)...0(38) 2.99 1 0.5 -0.5 0.0
B(6a) ...0(39) 2.78 1 0.0 -1.0 0.0
B(5c) ...0(40) 2.92 1 0.0 -1.0 0.0
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H(8b) . . . 0 ( 4 0 ) 2.84 2 0.0 1.0 -1 .0

H(6b) . . . 0 ( 4 0 ) 2.15 2 0.0 1.0 - 1 .0

H (4 c ) . . . 0 ( 2 1 ) 2.55 1 0.0 -1 .0  0 .0

H H (2 d ) . . .0 (2 2 ) 2.80 2 -0 .5 0 .5  - 1 .0

H (3 d) . . . 0 ( 2 2 ) 2.79 2 -0 .5 0.5 -1 .0

H ( l d 2 ) . . . 0 ( 2 2 ) 2.90 2 -0 .5 0 .5  - 1 .0

H N (2 d ) . . .0 (2 3 ) 2.34 2 -0 .5 0 .5  - 1 .0

H ( 9 « 2 ) . . . 0 ( 2 3 ) 2.81 2 -0 .5 0 .5  -1 .0

H ( 9 b l ) . . . 0 ( 2 3 ) 2.35 2 -0 .5 0.5 -1 .0

H (5b) . . . 0 ( 2 4 ) 2.98 2 0.0 1.0 - 1 .0

TABLE 7 In t r a a o lc c u la r diatancaa ( i )

l l ( l c )  . . . C u ( l ) 2.87 l l ( l b ) . . . C u ( l )  2.79

H N ( 2 a ) . . . C a ( l ) 2.62 HN(2d) . . . C u ( l )  2.64

C ( l a )  . . . C t t ( l ) 2.90 C(8a) . . . C u ( l )  2.86

C (9 a ) . . . C u ( l ) 2.95 H(9c2) . . . C u ( l )  2.88

C (9 d) . . . C u ( l ) 2.97 C(8d) . . . C u ( l )  2.86

C ( l d )  . . . C u ( l ) 2.93 HN(2c) . . . C u ( 2 )  2.53

H N (2 b ) . . .C u (2 ) 2.67 N d d ) . . . C u ( 2 )  -2.84

M d a )  . . . C u ( 2 ) 2.86 C(9a) . . . C u ( 2 )  2.99

H ( 9 a l ) . . . C o ( 2 ) 2.81 C(9b) . . .C t t (2 )  2.93

C (8 b ) . . . C u ( 2 ) 2.85 C ( l b ) . . . C u ( 2 )  2.90

C ( l c )  . . . C u ( 2 ) 2.88 C(8c) . . . C u ( 2 )  2.86

C (9 c ) . .• C u (2 ) 2.97 0(1 2 ) . . . 0 ( 1 1 )  2.31

0 (1 3 ) . . . 0 ( 1 1 ) 2.40 H (6c) . . . 0 ( 1 1 )  2.59

H (8 c ) . . . 0 ( 1 1 ) 2.87 0 (13) . . . 0 ( 1 2 )  2.39

0 (14) . . . 0 ( 1 2 ) 2.17 ■ (8 c) . . . 0 ( 1 2 )  2.58

■ ( 9 c l ) . . . 0 ( 1 2 ) 2.80 0(14) . . . 0 ( 1 3 )  2.34

0 (1 6 ) . . . 0 ( 1 5 ) 2.50 0(17) . . . 0 ( 1 5 )  2.20
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H(8b) . . .0 (4 0 ) 2.84 2 0.0 1.0 - 1 . 0

H(6b) . . .0 (4 0) 2.15 2 0.0 1.0 - 1 . 0

H(4c) . . .0 (2 1 ) 2.55 1 0.0 - 1 . 0  0 .0

H N (2 d ) . . .0 (2 2) 2.80 2 - 0 .5 0 .5  - 1 . 0

H(3d) . . .0 (2 2 ) 2.79 2 - 0 .5 0 .5  - 1 .0

H ( l d 2 ) . . .0 (22) 2.90 2 - 0 .5 0 .5  - 1 .0

H N (2 d ) . . .0 (2 3 ) 2.34 2 -0 .5 0 .5  - 1 .0

H (9 a 2 ) . . .0 (2 3 ) 2.81 2 - 0 .5 0 .5  - 1 .0

H ( 9 b l ) . . .0 (2 3 ) 2.35 2 -0 .5 0 .5  - 1 .0

H(5b) . . .0 (2 4) 2.98 2 0.0 1.0 - 1 .0

TABLE 7 In t r a s o la c u la r diatancaa ( 1 )

N ( lc )  . . . . C u ( l ) 2.87 B ( lb ) . . . C u ( l )  2.79

H N (2 a ). . . . C u ( l ) 2.62 BN(2d) . . . C u ( l )  2.64

C ( la )  . . i . C u ( l ) 2.90 C(8a) . . . C u ( l )  2.86

C(9a) . . . . C u ( l ) 2.95 B(9c2) . . . C u ( l )  2.88

C(9d) . . C u ( l ) 2.97 C(8d) . . . C u ( l )  2.86

C ( l d )  ... . C u ( l ) 2.93 BM(2c) . . . C u ( 2 )  2.53

H N (2b). . .C u (2 ) 2.67 R ( ld ) . . . C u ( 2 )  -2.84

N ( la )  . . .C u (2 ) 2.86 C(9a) . . . C u ( 2 )  2.99

B ( 9 a l ) . . .C u (2 ) 2.81 C(9b) . . . C u ( 2 )  2.93

C(8b) . . .C u (2 ) 2.85 C ( l b ) . . .C t t (2 )  2.90

C ( l c )  . . .C u (2 ) 2.88 C (8c) . . .C t t (2 )  2.86

C (9 c ) . . . C u ( 2 ) 2.97 0(1 2 ) . . . 0 ( 1 1 )  2.31

0(13) . . .0 (1 1 ) 2.40 B (6c) . . . 0 ( 1 1 )  2.59

B (8 c) . . .0 ( 1 1 ) 2.87 0 (13) . . . 0 ( 1 2 )  2.39

( K U )  . . .0 (1 2 ) 2.17 B (8 c) . . . 0 ( 1 2 )  2.58

B ( 9 c l ) . . . 0 ( 1 2 ) 2.80 0(14) . . . 0 ( 1 3 )  2.34

0(16) . . .0 (1 5 ) 2.50 0(17) . . . 0 ( 1 5 )  2.20
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0(18) . . .0 (1 5 ) 2.73 0 (32) . . .0 (3 1 ) 2.49

0(33) . . .0 (3 1 ) 2.34 0 (33) . . .0 (3 2 ) 2.44

0(34) . . .0 (3 3 ) 2.28 0 (3 7 ) . . .0 (3 5 ) 2.80

0(38) . . .0 (3 6 ) 2.88 R ( 9 d l ) . . .0 (3 6 ) 2.26

0(38) . . .0 (3 7 ) 2.51 0 (3 9 ) . . .0 (3 7 ) 2.20
0(40) . . .0 (3 7 ) 2.68 M(2a) . . .0 (3 7 ) 2.78

H N (2 a ) . . .0 (3 7 ) 1.88 R (3a) . . .0 (3 7 ) 2.51

H ( 9 d l ) . . .0 (3 7 ) 2.91 0 (40) . . .0 (3 8 ) 2.74

H ( 9 d l ) . . .0 (3 9 ) 2.86 0(2 2 ) . . .0 (2 1 ) 2.30

0(23) . . .0 (2 1 ) 2.40 0 (24) . . .0 (2 1 ) 2.25

H N (2 b ) . . .0 (2 1 ) 2.19 R (3 b) . . .0 (2 1 ) 2.55

H (9 d 2 ) . . .0 (2 1 ) 2.56 0(23) . . .0 (2 2 ) 2.26

0 (2 4 ) . . .0 (2 2 ) 2.24 R ( l c l ) . . .0 (2 2 ) 2.69

H ( 9 c l ) . . .0 (2 2 ) 2.87 0 (24) . . .0 (2 3 ) 2.40

H ( 9 c l ) . . .0 (2 4 ) 2.68 R (9 d 2 ) . . .0 (2 4 ) 2.87

M (lc )  . . .R (2 c ) 2.94 N(2b) . . .H (2 c ) 2.91

H ( 9 « l ) . . .N (2 e ) 2.86 C ( l b )  . . .R (2 c ) 2.42

B ( l b l ) . . .R (2 c ) 2.60 R ( l c l ) . . .R (2 c ) 1.99

H ( l c 2 ) . . .N (2 e ) 1.99 C (3 c ) . . .R (2 c ) 2.39

R (3c) . . .R (2 c ) 2.55 C (7 c) . . .R (2 e ) 2.45

C (8 c ) . . .N (2 e ) 2.97 R ( l b )  . . .RR(2c) 2.94

C ( l b )  . . .RR(2c) 2.75 C ( l c )  . . .RR(2c) 2.03

C (3 c ) •••RR(2c) 2.35 R ( l d )  . . . R ( l c ) 3.00

C(7c) . . • iK lc ) 2.47 R (8 c) . . . R ( l c ) 1.90

R ( 9 c l ) . . • R (lc ) 1.97 H (9 c 2 ) . . . V ( l e ) 1.97

C (9d) •••■(Ic) 2.46 I ( 9 d 2 ) . . . ■ ( I c ) 2.67

M (lb )  . . •R(2b) 3.00 C (7 b) . . . « ( 2 b ) 2.54

C (3b) . . .R (2 b ) 2.41 B (3 b) . . . « ( 2 b ) 2.61

H ( l b l ) . . .R (2 b ) 2.00 R ( l b 2 ) . . . « ( 2 b ) 2.00
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C ( l c )  . . .N (2 b ) 2.50 H ( l c l ) . . .R (2 b ) 2.69

H (9 d 2 ) . . • M(2b) 2.94 C(3b) . . .HN(2b) 2.33

C (2b) . . •HN(2b) 1.84 C ( l b )  . . .RN(2b) 2.02
C ( l c )  •••HH(2b) 2.86 R d a )  . . . R d b ) 2.96

C(9a) ••. N ( l b ) 2.46 R ( 9 a l ) . . . R d b ) 2.63

H ( 9 b l ) . . . H ( l b ) 1.98 H (9 b 2 ) . . . R d b ) 1.98

H(8b) . . . N ( l b ) 1.90 C(7b) . . .M d b ) 2.49

H N (2 a ) . . . H ( l d ) 2.98 Il(2d) . . . R d d ) 2.92

C (9 c) . . . N ( l d ) 2.48 H (9 c 2 ) . . . N d d ) 2.66
H ( 9 d l ) . . • N (ld ) 2.06 H (9 d 2 ) . . . R d d ) 2.06

H (8 d) . . • N (ld ) 1.90 C (7 d) . . . R d d ) 2.44

N ( l « )  . . .N (2 a ) 2.93 Il(2d) . . .R (2 a ) 2.89

H ( l a l ) . . .M (2a) 2.01 R ( l a 2 ) . . .R (2 a ) 2.01
CC3a) . . . l l (2 a ) 2.45 H(3a) . . .R (2 a ) 2.61

C(7m) . . •N(2a) 2.46 H (9 c 2 ) . . .R (2 a ) 2.88
C ( l d )  . . •N(2a) 2.47 H ( l d l ) . . .R (2 a ) 2.65

C ( l a )  . . •HM(2a) 2.00 C(2a) . . .HR(2a) 1.84

C(3a) . . •HH(2a) 2.35 C ( l d )  ... .HR(2a) 2.76

C (7a) . . • N (la ) 2.52 B(8a) . . . R d a ) 1.91

H ( 9 a l ) . . . N ( l a ) 1.97 H (9 a 2 ) . . . R d a ) 1.97

C (9 b) . . • R (la ) 2.46 H ( 9 b l ) . . . R d a ) 2.63

C ( l a )  . . • ll(2 d ) 2.46 H ( l a l ) . . .R (2 d ) 2.66
H ( 9 b l ) . . •Il(2d) 2.91 C(8d) . . .R (2 d ) 2.99

C(7d) . . • H (2d) 2.45 C(3d) . . .R (2 d ) 2.38

H (3 d) . . •R(2d) 2.54 R ( l d l ) . . .R (2 d ) 1.97

H(U2)..•N(2d) 1.98 C ( l a )  . . .RR(2d) 2.80

C (3 d ) . . .mi(2d) 2.30 C ( l d )  . . .RR(2d) 1.95

C (2 a) . . •ecu) 2.48 R d d l  ) . . . € (  l a ) 2.04

R ( l d 2 ) . . • C (la ) 2.05 C (2a) . . . R ( l a l ) 2.63
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C ( l d )  . . . H ( U 1 ) 2.04 c (a ) . . . B ( l a 2 ) 2.73

C ( l d )  . . . H ( l a 2 ) 2.05 H(3a) . . . C ( 2 a ) 2.05

C (4 a) . .• C (2 a ) 2.42 C(5a) . . . C ( 2 a ) 2.83

C(6a) •••C(2a) 2.36 C(8a) . . .C (2 a ) 2.56

H (9 c 2 ) . . .C (2 a ) 2.99 H(4a) . . . C ( 3 a ) 2.04

C(5a) . . . C O a ) 2.44 C(6a) . . . C ( 3 a ) 2.75

C (7a) . . . C ( 3 a ) 2.36 C(4a) . . . B ( 3 a ) 2.06

H(5a) •••C(4a) 2.05 C(6a) . . .C (4 a ) 2.39

C(7a) •••C(4a) 2.73 C(5a) . . . B ( 4 a ) 2.02
B(6a) . . .C C S a ) 2.08 C(7a) . . . C ( 5 a ) 2.43

C (6a) . . . H ( 5 a ) 2.12 C(8a) . . .C (6 a ) 2.40

H(8a) . . . C ( 6 a ) 2.54 C(7a) . . . B ( 6 a ) 1.98

C (8a) . . . H ( 6 a ) 2.47 H(8a) . . . C ( 7 a ) 2.16

C(9a) . . . C ( 8 a ) 2.28 H (9 a l) . . . C ( 8 a ) 2.57

H (9 a 2 ) . . .C (8 a ) 2.43 C(9a) . . . B ( 8 a ) 2.34

R ( 9 b l ) . . . C ( 9 a ) 2.02 H(9b2) . . .C (9 a ) 2.02
C (9 b) . . . H ( 9 a l ) 2.02 C(9b) . . .B (9 a 2 ) 2.02
C(8b) . . . C ( 9 b ) 2.34 H(8b) . . . C ( 9 b ) 2.38

C (8 b) . . . H ( 9 b l ) 2.56 C(8b) . . .B (9 b 2 ) 2.55

C(6b) . . . C ( 8 b ) 2.45 H(6b) . . . C ( 8 b ) 2.59

C (2 b) . . . C ( 8 b ) 2.57 C(7b) . . . B ( 8 b ) 2.03

C(6b) . . . H ( 8 b ) 2.56 H(6b) . . . C ( 7 b ) 2.04

C (5 b) . . . C ( 7 b ) 2.37 C(4b) . . . C ( 7 b ) 2.72

C (3b) . . . C ( 7 b ) 2.46 ■(5b) . . . C ( 6 b ) 1.96

C (4 b ) . . . c e 6 b ) 2.27 C(3b) . . . C ( 6 b ) 2.82

C (2b) . . . C ( 6 b ) 2.46 C(5b) . . . ■ ( 6 b ) 1.95

■ (4 b ) . . .C C S b ) 1.95 C(3b) . . . C ( 5 b ) 2.47

C(2b) . . . c e S b ) 2.79 C(4b) . . . ■ ( 5 b ) 1.97

l ( 3 b )  . . . C ( 4 b ) 2.14 C(2b) . . . C ( 4 b ) 2.38
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C(3b) . . . H ( 4 b ) 2.09 C(2b) . . .R ( 3 b ) 2.05

C ( l b ) . . .C ( 2 b ) 2.48 H ( l b l ) . . .C ( 2 b ) 2.57

H ( lb 2 ) . . . C ( 2 b ) 2.78 H ( l c l ) . . . C ( l b ) 2.03

H ( lc 2 ) . . . C ( l b ) 2.04 C ( l c ) . . . H ( l b l ) 2.02
C ( l c ) . . . H ( l b 2 ) 2.03 C (2c) . . . C ( l c ) 2.36

C(2c) . . . H ( l c l ) 2.52 C(7c) . . . H ( l c l ) 2.95

C (2 c ) . . . H ( l c 2 ) 2.60 C (3 c) . . . H ( l c 2 ) 3.00

B (3c) •••C(2c) 1.99 C (4c) . . .C (2 c ) 2.47

C (5 c ) •••C(2c) 2.77 C (6 c) . . .C (2 c ) 2.47

C (8c) •••C(2c) 2.58 H (4c) . . .C ( 3 c ) 2.13

C (5 c ) . . . C ( 3 c ) 2.39 C (6 c ). . . . C ( 3 c ) 2.79

C(7c) . . . C ( 3 c ) 2.43 C(4c) . . .H ( 3 c ) 2.09

H (5 c ) •••C(4c) 1.99 C (6 c) . . . C ( 4 c ) 2.43

C (7c) •••C(4c) 2.88 C (5c) . . .H ( 4 c ) 2.04

H (6 c ) ••.C (5 c ) 2.02 C (7 c) . . . C ( 5 c ) 2.43

C(6c) . . . R ( 5 c ) 1.99 C(8c) . . . C ( 6 c ) 2.48

H (8 c ) . . . C ( 6 c ) 2.58 C (7 c) . . . H ( 6 c ) 2.11
C(8c) . . . H ( 6 c ) 2.65 H (8 c) . . . C ( 7 c ) 2.04

C (9 c ) . . . C ( 8 c ) 2.35 H (9 c l) i . . . C ( 8 c ) 2.48

R(9c2) •••C(8c) 2.64 C (9c) . . .H ( 8 c ) 2.40

H (9 d l) i . . . C ( 9 c ) 1.95 H(9d2)i . . . C ( 9 c ) 1.95

C(9d) . . . H ( 9 c l ) 1.95 C(9d) . . .H (9 c 2 ) 1.94

C (8 d) . . . C ( 9 d ) 2.35 H (8 d) . . . C ( 9 d ) 2.38

C(8d) . . . H ( 9 d l ) 2.55 C(8d) . . .H (9 d 2 ) 2.59

C (6 d) . . . C ( 8 d ) 2.44* H (6 d) . . .C ( 8 d ) 2.53

C(2d) . . . C ( 8 d ) 2.55 C(7d) . . .H ( 8 d ) 2.10
C (8 d ) •••H(8d) 2.60 H (6d) . . .C ( 7 d ) 2.00
C (5d) . . . C ( 7 d ) 2.48 C (4 d) . . .C ( 7 d ) 2.74

C (3 d ) . . . C ( 7 d ) 2.39 R ( l d l ) . . . C ( 7 d ) 2.95
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H(5d) . . . C ( 6 d ) 2.09 C (4 d) . . . C ( 6 d ) 2.33

C(3d) . . . C ( 6 d ) 2.73 C(2d) . . . C ( 6 d ) 2.39

C(5d) . . . H ( 6 d ) 2.03 H(4d) . . . C ( 5 d ) 2.04

C(3d) . . . C ( 5 d ) 2.49 C(2d) . . . C ( 5 d ) 2.88
C(4d) . . . H ( 5 d ) 2.10 H(3d) . . . C ( 4 d ) 2.05

C(2d) . . . C ( 4 d ) 2.39 C(3d) . . .H ( 4 d ) 2.02
C(2d) . . . H ( 3 d ) 2.02 C ( l d ) . . . C ( 2 d ) 2.39

H ( l d l ) . . . C ( 2 d ) 2.49 H ( ld 2 ) . . . C ( 2 d ) 2.70





The X -r e y  c r y e t e l lo t r e p h ic  date  f o r  [Cu.yH^cyepdi»er(H>^0)(C10i^)l» 

(C lO A )t h f  (eee e e ct io n  7 .2 )  »c h e p a t io  diagram fa c in g  o e ^ .

N1

N2

N2

HI

O i l

■)(H20)(010^)J(C10^)^hf

TABLE 1 F ra c t io n a l a to a ic  c o o rd in a te s  and th e ra a l paraaetara

Atoa X 1 £ Qiao o r  Pag

C u d ) 0.00000 0.14474(9) 0.25000 0.0444(8)

Cu(2) 0.12483(9) 0.38292(9) 0.33461(17) 0 .0517(9)

C(9c) 0.1327(8) 0.5424(11) 0.2533(21) 0 .119(16)

C(9d) 0.1643(12) 0.5007(12) 0.1957(21) 0 .145(19)

0(1 ) •0.0938(5) 0.1178(8) 0.3052(10) 0 .10 0 (9 )

C l ( l ) 0 .2720(2) 0.4547(3) 0.5106(4) 0 .0 9 8 (3 )

C l ( 2 ) •0.0014(2) 0.2286(2) 0.8017(4) 0 .07 8 (3 )

C ( la ) 0 .0305(6) 0.2966(7) 0.1515(11) 0 .0 4 9 (3 )

IK 2a) •0.0060(4) 0.2723(5) 0.2274(8) 0 .04 2 (2 )

C(2a) •0.0716(5) 0.2961(7) 0.1883(10) 0 .0 4 2 (3 )

C (3a) •0.0942(6) 0.3607(8) 0.2372(12) 0 .056(3 )

C(4a) •0.1585(7) 0.3883(10) 0.1945(13) 0 .07 3 (4 )

C (5a) •0.1941(6) 0.3487(9) 0.1066(12) 0 .061(4 )

C(6a) •0.1719(6) 0.2839(9) 0.0609(12) 0 .06 4 (4 )

C (7a) •0.1101(5) 0.2543(7) 0.0985(10) 0 .043(3 )

C(8a) •0.0903(6) 0.1834(8) 0.0484(12) 0 .059(4 )

M d a ) •0.0437(5) 0.1384(6) 0.0986(9) 0 .054(3 )

C(9a) •0.0290(6) 0.0648(8) 0.0439(11) 0 .05 9 (4 )

C (9b) •0.0183(6) -0 .0 0 2 5 (9 ) 0.1302(12) 0 .068(4 )

■ ( l b ) 0 .0211(5) 0.0310(6) 0.2322(9) 0 .05 0 (3 )

C (8 b) 0.0624(6) •0.0122(8) 0.2939(11) 0 .05 3 (3 )

C (7b) 0 .0984(5) 0 .0116(7) 0.4017(10) 0 .047(3 )
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C(6b) 0 .1395(6) -0 .0 4 9 2 (8 ) 0.4585(12) 0 .0 6 0 (4 )

C(5b) 0 .1721(7 ) -0 .0 3 6 7 (8 ) 0.5585(12) 0 .0 6 3 (4 )

C(4b) 0 .1643(7 ) 0 .0324(8 ) 0.6117(12) 0 .0 6 4 (4 )

C(3b) 0 .1260(6 ) 0 .0965(7 ) 0.5622(11) 0 .0 5 2 (3 )

C(2b) 0 .0912(5) 0 .0882(7 ) 0.4514(10) 0 .0 4 1 (3 )

R(2b) 0 .0529(4 ) 0 .1494(6 ) 0.4026(8) 0 .0 4 2 (2 )

C ( lb ) 0 .0376(6) 0 .2148(7 ) 0.4716(11) 0 .0 5 2 (3 )

C ( lc ) 0 .0878(5) 0 .2813(7 ) 0.5028(10) 0 .0 4 4 (3 )

N(2c) 0 .0731(4 ) 0 .3586(6) 0.4379(8) 0 .0 4 8 (2 )

C(2c) 0 .0306(5 ) 0 .4096(7 ) 0.4640(10) 0 .0 4 4 (3 )

C(3c) -0 .0 0 5 0 (6 ) 0 .3866(8) 0.5419(12) 0 .0 6 2 (4 )

C(4c) -0 .0 5 2 6 (7 ) 0 .4351(9 ) 0.5631(13) 0 .0 7 6 (4 )

C(5c) -0 .0 6 4 5 (7 ) 0.5119(10) 0.5106(13) 0 .07 3 (4 )

C(6c) -0 .0 2 9 9 (7 ) 0 .5362(9 ) 0.4457(12) 0 .0 6 6 (4 )

C(7c) 0 .0185(6 ) 0 .4894(8) 0.4197(11) 0 .05 3 (3 )

C(8c) 0 .0514(6 ) 0 .5251(9 ) 0.3500(12) 0 .0 6 2 (4 )

M d c ) 0 .0970(5) 0 .4954(7) 0.3155(11) 0 .067(3 )

l l ( ld ) 0 .1793(6) 0 .4143(8) 0.2404(11) 0 .0 7 7 (4 )

C(8d) 0 .2273(8 ) 0 .3738(9) 0.2264(14) 0 .0 7 6 (5 )

C(7d) 0 .2389(6) 0 .2900(8) 0.2590(12) 0 .0 5 8 (3 )

C (6d) 0 .2996(8 ) 0.2567(10) 0.2608(14) 0 .0 8 2 (5 )

C(5d) 0 .3133(8 ) 0 .1781(9) 0.2873(14) 0 .0 7 6 (4 )

C (4d) 0 .2745(7 ) 0.1271(9) 0.3202(13) 0 .06 9 (4 )

C(3d) 0 .2131(6) 0 .1578(8) 0.3200(11) 0 .0 5 5 (3 )

C (2 d) 0 .1972(6 ) 0 .2357(8) 0.2900(11) 0 .05 5 (3 )

■ (2d) 0 .1324(4 ) 0 .2644(5) 0.2840(8) 0 .0 4 4 (2 )

C ( l d ) 0 .0943(6) 0 .2558(8) 0.1714(11) 0 .05 3 (3 )

0(1 1 ) 0 .2280(7) 0 .3868(9) 0.4906(13) 0 .1 2 4 (5 )

0(1 2 ) 0 .3109(7 ) 0 .4500(8) 0.6186(13) 0 .1 2 4 (5 )
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0(13) 0.3093(8) 0.4512(9) 0.4347(14) 0.141(5)
0(14) 0.2342(6) 0.5292(8) 0.5017(12) 0.120(4)
0(21) 0.0460(6) 0.2174(8) 0.7432(11) 0.100
0(22) -0.0379(7) 0.2991(10) 0.7577(19) 0.100
0(23) -0.0398(11) 0.1573(12) 0.7925(20) 0.100
0(24) 0.0306(9) 0.2476(13) 0.9090(18) 0.100
0(25) -0.03580 0.27660 0.86200 0.1000
0(27) -0.02310 0.16560 0.72580 0.1000
0(28) 0.05080 0.27510 0.76630 0.1000
0(29) -0.01080 0.15750 0.85410 0.1000
0(30) 0.04280 0.19180 0.90290 0.1000
0(31) -0.05810 0.23770 0.71030 0.1000
0(32) -0.03450 0.30290 0.81370 0.1000
0(41) 0.3258(14) 0.2840(18) 0.8735(27) 0.129(10)
C(42) 0.2632(17) 0.2970(23) 0.8190(31)

>
0.097(11)

C(43) 0.2246(22) 0.2360(28) 0.8477(42) 0.125(15)
C(44) 0.2629(22) 0.2206(27) 0.9656(39) 0.129(15)
C(45) 0.3315(24) 0.2468(33) 0.9751(48) 0.146(17)
mi(2a) -0.00420 0.30670 0.28320 0.0500
HH(2d) 0.12300 0.22310 0.30220 0.0500

TABLE 2 Fraction«! >atonic coordinataa for tho hydrotan atona

At<m JC X £
B(U1) 0.0045 0.2811 0.0706
H(l«2) 0.0373 0.3621 0.1576
H(3al) -0.0646 0.3904 0.3068
■(4al) -0.1772 0.4393 0.2310
H(5«l) -0.2414 0.3694 0.0730
l(6al) -0.2025 0.2534 -0.0069
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H(8al) •0.1150 0.1673 -0.0331
H(9al) -0.0678 0.0485 -0.0224
H(9a2) 0.0124 0.0743 0.0136
H(9bl) 0.0058 -0.0534 0.1036
H(9b2) -0.0626 -0.0232 0.1432
H(8bl) 0.0719 -0.0718 0.2646
H(6bl) 0.1441 -0.1069 0.4195
H(5bl) 0.2053 -0.0821 0.5985
H(4bl) 0.1885 0.0391 0.6959
H(5bl) 0.1221 0.1520 0.6064
R(lbl) -0.0055 0.2437 0.4289
H(lb2) 0.0309 0.1873 0.5454
R(lcl) 0.1313 0.2570 0.4901
R(lc2) 0.0934 0.2959 0.5875
R(3cl) 0.0059 0.3296 0.5855
R(4el) -0.0797 0.4153 0.6190
R(5cl) -0.1020 0.5504 0.5235
R(6cl) -0.0394 0.5959 0.4087
R(8cl) 0.0363 0.5856 0.3207
R(8dl) 0.2602 0.4045 0.1887
R(6dl) 0.3350 0.2956 0.2408
R(5dl) 0.3583 0.1545 0.2812
R(4dl) 0.2885 0.0655 0.3462
R(3dl) 0.1792 0.1181 0.3433
R(ldl) 0.1199 0.2827 0.1172
H(ld2) 0.0874 0.1913 0.1539
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table 3 Aniiotropic thcr— 1 pr— f  r« (1̂ )

Ü11 022 033 023 013 012
0.045(1) 0.046(1) 0.042(1) 0.003(1) 0.007(1) 0.007(1)
0.050(1) 0.054(1) 0.051(1) 0.010(1) 0.012(1) 0.000(1)
0.086(12) 0.075(12) 0.195(25) 0.061(14) 0.077(15) 0.028(10)
0.191(22) 0.062(11) 0.182(25) 0.046(14) 0.109(21) 0.001(14)
0.067(7) 0.139(10) 0.094(9) 0.012(8) 0.027(7) -0.017(7)
0.082(3) 0.139(4) 0.073(3) -0.009(3) 0.019(3) 0.037(3)
0.101(3) 0.063(2) 0.069(3) 0.006(2) 0.039(2) 0.011(2)

Bond lanctha (A)

Cud) -M(2a) 
Cud) -iKlb) 
Cud) -0(1) 
Cu(2) -Klc) 
Cu(2) -H(2d) 
C(U) -Cdd)
RC 2a) -HII(2a) 
C(2a) -C(7a) 
C(4a) -C(Sa) 
C(6a) -C(7a) 
C(8a) -Ida) 
C(9a) -C(9b) 
N(lb) -C(8b) 
C(7b) -0(6b) 
C(6b) -C(5b) 
C(4b) -0(3b) 
C(2b) -R(2b)

2.102(9)
1.940(10)
2.369(12)

1.932(12)
2.059(9)

1.519(17)
.899(9)

1.421(16)
1.363(20)

1.412(17)
1.298(16)

1.530(20)
1.264(15)

1.418(17)
1.317(20)

1.396(18)
1.358(14)

Cud) -Nda) 
Cud) -R(2b) 
Cu(2) -lK2c) 

Cu(2) -Ndd) 
Cda) -lK2a) 

R(2a) -C(2a) 
C(2a) -C(3a) 

C(3a) -C(4a) 
C(5a) -C(6a) 

C(7a) -C(8a) 
■da) -C(9a) 

C(9b) -Idb) 
C(8b) -C(7b) 

C(7b) -C(2b) 
C(5b) -C(4b) 

C(3b) -C(2b) 
ll(2b) -Odb)

1.938(11)
2.010(9)
1.968(12)
1.951(15)
1.447(18)
1.461(14)
1375(19)
1.461(19)
1353(21)
1.437(19)
1.461(18)
1.481(17)
IJkSOai)

1.428(17)
1347(21)
1.439(17)
1.470(17)
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C(lb) -C(lc) 
H(2c) -C(2c) 
C(2c) -C(7c) 
C(4c) -C(5c) 
C(6c) -C(7c) 
C(8c) -Mdc) 
C(9c) -C(9d) 
M(ld) -C(8d) 
C(7d) -C(6d) 
C(6d) -C(5d) 
C(4d) -C(3d) 
C(2d) -ll(2d) 
N(2d) -HN(2d) 
Cl(l) -0(12) 
Cl(l) -0(14) 
0(41) -C(45) 
C(43) -C(44)

1.531(16) ede) -«(2e) 1.501(15)
1.351(16) C(2e) -C(3e) 1.449(21)
1.419(18) C(3e) -C(4e) 1.387(22)
1.415(22) C(5e) -C(6e) 1.308(24)
1.409(21) C(7e) -C(8e) 1.397(22)
1.279(20) ■de) -C(9e) 1.46(3)
1.31(4) C(9d) -«(Id) 1.528(24)
1.291(22) C(8d) -C(7d) 1.434(20)
1.436(22) C(7d) -C(2d) 1.396(20)
1.343(22) C(5d) -C(4d) 1.328(24)
1.438(21) C(3d) -C(2d) 1.350(18)
1.483(16) ■(2d) -edd) 1.482(16)
.757(9) Cid) -0(11) 1.453(16)
1.436(15) Cid) -0(13) 1.407(20)
1.463(15) 0(41) -C(42) 1.40(4)
1.41(7) C(42) -C(43) 1.41(6)
1.55(6) C(44) -C(45) 1.54(7)

TABLE 5 Bond nntloo C)

Mda) -Cud) -11(2«)
■db) -Cud) -Md«)
■(2b) -Cud) -■(!«)
0(1) -Cud) -■(2a)
0(1) -Cud) -Rdb) 
■de) -Cu(2) -V(2c) 
■dd) -Cu(2) -«de) 
■(2d) -Cu(2) -Mde) 
edd) -Cd«) -H(2«) 
C(2«) -M(2«) -Cud)

85.2(4) ■db) -Cud) -«(2«) 160.2(5)
84.8(4) ■(2b) -Cud) -«(2«) 95.6(4)
174.6(5) ■(2b) -Cud) -«(Ib) 92.8(4)
101.2(4) 0(1) -Cud) -■(!«) 91.3(4)
96.1(5) 0(1) -Cud) -«(2b) 93.8(4)
93.4(5) ■dd) -Cu(2) -«(2e) 175.2(5)
84.0(6) ■(2d) -Cu(2) -«(2e) 96.9(4)
154.3(5) ■(2d) -Cu(2) -«(Id) 87.0(5)
114(1) Cd«) -«(2«) -Cud) 109.7(7)

109.5(7) C(2«) -«(2«) -Cd«) 111.0(9)
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■

HN(2a)-II(2a) -Cu(l) 121.5(8) HN(2a)-M(2a) -C(la) 115.2(9)
HN(2a)~M(2ft) -C(2*> 87.5(8) C(3a) -C(2a) -M(2a) 119(1)
C(7«) -C(2«) -M(2«) 120(1) C(7a) -C(2a) -C(3a) 121(1)
C(4«) -C(3a) -C(2«) 119(1) C(5a) -C(4a) -C(3a) 118(1)
C(6a) -C(5a) -C(4a) 122(1) C(7a) -C(6a) -C(5a) 123(1)
C(6a) -C(7a) -C(2a) 117(1) C(8a) -C(7a) -C(2a) 124(1)
C(8a) -C(7«) •C(6a) 119(1) Mda) -C(8a) -C(7a) 122(1)
C(8a) -MCI«) -Cu(l) 127(1) C(9a) -Mda) -Co(l) 113.7(8)
C(9a) -M(la) >C(8a) 118(1) C(9b) -C(9a) -Mda) 105(1)
Mdb) -C(9b) -C(9a) 109(1) C(9b) -Mdb) -Cud) 110.5(8)
C(8b) -Ndb) -Cud) 128.1(9) C(8b) -Mdb) -C(9b) 121(1)
C(7b) -C(8b) -Mdb) 126(1) C(6b) -C(7b) -C(8b) 115(1)
C(2b) -C(7b) -C(8b) 124(1) C(2b) -C(7b) -C(6b) 121(1)
C(5b) -C(6b) -C(7b) 121(1) C(4b) -C(5b) -C(6b) 121(1)
C(3b) -C(4b) -C(5b) 122(1) C(2b) -C(3b) -C(4b) 120(1)
C(3b) -C(2b) -C(7b) 115(1) M(2b) -C(2b) -C(7b) 124(1)
M(2b) -C(2b) -C(3b) 120(1) C(2b) -M(2b) -Cud) 124.5(8)
Cdb) -M(2b) -Cud) 116.2(7) Cdb) -M(2b) -C(2b) 118(1)
Cdc) -Cdb) -M(2b) 115(1) M(2c) -Cdc) -Cdb) 114.0(9)
Cdc) -M(2c) -Cu(2) 116.9(8) C(2c) -M(2c) -Cu(2) 125.6(8)
C(2c) -M(2c) -Cdc) 117(1) C(3c) -C(2c) -M(2c) 122(1)
C(7c) -C(2c) -M(2c) 123(1) C(7c) -C(2c) -C(3c) 115(1)
C(4c) -C(3c) -C(2c) 122(1) C(5c) -C(4c) -C(3c) 119(2)
C(6c) -C(5c) -C(4c) 120(1) C(7c) -C(6c) -C(5c) 124(1)
C(6e) -C(7c) -C(2c) 119(1) C(8c) -C(7c) -C(2c) 124(1)
C(8e) -C(7c) -C(6c) 117(1) Mdc) -C(8c) -C(7c) 129(1)
C(8c) -N(lc) -Cn(2) 125(1) C(9c) -Mdc) -Cu(2) 112(1)
C(9c) -Mdc) -C(8c) 123(1) C(9d) -C(9c) -Mdc) 117(2)
Mdd) -C(9d) -C(9c) 112(2) C(9d) -Mdd) -Ctt(2) 111(1)
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C(8d) -Ildd) 
C(7d) -C(8d) 
C(2d) -C(7d) 
C(5d) -C(6d) 
C(3d) -C(4d) 
C(3d) -C(2d) 
ll(2d) -C(2d) 
C(ld) -11(28) 
HN(2d)-H(2d) 
HII(2d)-ll(2d) 
0(12) -Cl(l) 
0(13) -Cl(l) 
0(14) -Cl(l)

H(5cl)...C(4a) 
H(5el)...C(5«) 
C(4b) ...H(5«l) 
C(3b) ...H(5al) 
C(6d) ...H(6«l) 
C(5d) ...H(6al) 
C(4d) ...H(6«l) 
C(3d) ...H(6al) 
C(2d) ...R(6«l) 
0(11) ...H(6«l) 
0(13) ...H(8«l) 
0(13) . . . K m )  

C(7b) ...i(m) 
C(3b) ...H(9bl)

126(1) C(8d) -N(ld) -C(9d) 122(2)
123(2) C(6d) -C(7d) -C(8d) 118(1)
127(1) C(2d) -C(7d) -C(6d) 115(1)
121(2) C(4d) -C(5d) -€(6d) 124(2)
117(1) C(2d) -C(3d) -C(4d)

<1
120(1)

122(1) K2d) -C(2d) -C(7d) 118(1)
119(1) C(2d) -ll(2d) -Cu(2) 115.4(7)

106.7(7) C(ld) -N(2d) -C(2d) 110(1)
134(1) HM(2d)-M(2d) -C(2d) 91.9(9)
94.5(9) ll(2d) -C(ld) -C(la) 114(1)
110.3(9) 0(13) -Cl(l) -0(11) 109(1)
110(1) 0(14) -Cl(l) -0(11) 106.1(9)

108.4(9) 0(14) -Cl(l) -0(13) 113.2(9)

‘ distane«• il>

2 0.0 1.0 0.0
2 0.0 1.0 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.5 0.5 0.0
2 0.0 0.0 0.0
2 0.0 0.0 0.0
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••s,v

0( 12) ••.H(9b2) 2.97 2 0.5 0.5 0.0
C(4d) ...H(5bl) 2.96 2 0.0 0.0 -1.0
0(12) ...H(8dl) 2.85 2 0.0 1.0 0..0
0(14) ..•H(8dl) 2.55 2 0.0 1.0 0.0
0(12) ...0(1) 2.98 2 0.5 0.5 0..0
0(41) ...0(1) 2.68 2 0.5 0.5 0.0

TABLE 7 Intr«aol«cul«r ditt«nc«i (1)

C(la) ••.Cu(l) 2.93 0(2«) .••Ou(l) 2.93
0(8«) ...0u(l) 2.91 0(9«) •••0o(l) 2.86
C(9b) ...0u(l) 2.82 0(8b) .••Ou(l) 2.90
C(2b) ...0u(l) 3.00 0(lb) .• .oud) 2.97
H(lbl)...0u(l) 2.81 H(ld2).••Ou(l) 2.62
HN( 2«)...Cu(l) 2.68 HII(2d).•.Ou(l) 2.92
H(l«2)...0u(2) 2.61 Ode) .••Ou(2) 2.97
H(lcl)...Cu(2) 2.83 0(2c) ...Ou(2) 2.97
C(8c) ...0u(2) 2.86 0(9c) .••Ou(2) 2.82
C(9d) ...Cu(2) 2.88 0(8d) .•.Ott(2) 2.91
C(ld) ...Cu(2) 2.90 0(11) .••Ou(2) 2.63
HN(2d)...Cu(2) 2.64 0(2«) ...0(1«) 2.40
Il(2d) ...0(1«) 2.52 B(ldl)...0(1«) 2.12
H(ld2)...0(1«) 2.12 BN(2«)...0(1«) 2.00
lW(2d)..•0(1«) 2.72 1(2«) ...B(l«l) 2.06
0(2«) ...B(l«l) 2.50 0(7«) ...B(l«l) 2.66
0(8«) •••H(l«l) 2.59 B(U) ...B(l«l) 2.62
C(ld) ..•KUl) 2.12 B(2«) ...B(l«2) 2.06
0(2«) ..•■(1«2) 2.73 B(2d) ...B(l«2) 2.81
C(ld) ..•H(l«2) 2.12 BR(2«)...B(l«2) 2.21
0(3«) •••■(2«) 2.44 B(3«l)...M(2«) 2.65
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C(7a) ...11(2«) 2.49 0(8«) ....1(2«) 2.99
MCI«) ...11(2«) 2.74 R(lbl)....1(2«) 2.60
H(2d) ...11(2«) 2.96 O(ld) ...1(2«) 2.49
H(ld2)...ll(2«) 2.78 RR(2d)...1(2«) 2.88
R(3«1)...C(2«) 2.13 0(4«) ...0(2«) 2.49
C(5«) ...C(2«) 2.78 0(6«) ...0(2«) 2.41
C(8«) ...C(2«) 2.52 R(l«) ...0(2«) 2.94
HM(2«)...C(2«) 1.68 R(4«l)...0(3«) 2.22
C(5«) ...C(3«) 2.43 0(6«) ...0(3«) 2.77
C(7«) ...0(3«) 2.44 RM(2«)...0(3«) 2.12
0(4«) ...R(3«l) 2.21 0(2c) ...R(3«l) 2.94
0(3c) ...H(3«l) 2.96 0(6c) ...8(3«!) 2.99
0(7c) ...H(3«l) 2.60 RR(2«)...R(3«l) 1.98
H(S«1)...0(4«) 2.11 0(6«) ...0(4«) 2.37
0(7«) ...0(4«) 2.83 0(9«) ...R(4«l) 2.13
H(6«l)...0(5«) 2.10 0(7«) ...0(9«) 2.43
0(6«) ...R(5«l) 2.10 0(8«) ...0(6«) 2.46
R(8«l)...0(6«) 2.71 0(7«) ...R(6«l) 2.19
0(8«) ...R(6«l) 2.66 R(8«l)...0(7«) 2.18
R(l«) ...0(7«) 2.39 0(9«) ...0(8«) 2.37
R(9«l)...0(8«) 2.47 R(9«2)...0(8«) 2.99
R(U) ...l(8«l) 2.06 0(9«) ...R(8«l) 2.94
R(9«1)...R(1«) 2.10 R(9«2)...1(1«) 2.10
0(9b) ...8(1«) 2.38 R(9b2)...K1«) 2.75
R(lb) ...R(l«) 2.61 H(ld2)...1(1«) 2.93
R(9bl)...0(9«) 2.19 R(9b2)...0(9«) 2.16
R(lb) ...0(9«) 2.49 0(9b) ..•1(9«1) 2.19
0(9b) ...1(9«2) 2.17 iKlb) ..>.1(9«2) 2.83
0(8b) ...0(9b) 2.40 KSbl)....C(9b) 2.99
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N(lb) ...H(9bl) 2.10 C(8b) ...B(9bl) 2.53
Il(lb) ...H(9b2) 2.11 C(8b) ...B(9b2) 2.96
H(8bl)...ll(lb) 2.00 C(7b) ...N(lb) 2.43
C(2b) ...M(lb) 2.99 B(2b) ...N(lb) 2.86
C(6b) ...C(8b) 2.43 B(6bl)...€(8b) 2.61
C(2b) ...C(8b) 2.55 C(7b) ...B(8bl) 2.18
C(6b) ...H(8bl) 2.58 B(6bl)...C(7b) 2.17
C(5b) ...C(7b) 2.38 C(4b) ...C(7b) 2.74
C(3b) ...C(7b) 2.42 ll(2b) ...C(7b) 2.46
H(3dl)...C(7b) 2.71 B(5bl)...€(6b) 2.08
C(4b) ...C(6b) 2.31 C(3b) ...C(6b) 2.77
C(2b) ...C(6b) 2.47 C(5b) ...B(6bl) 2.07
H(4bl)...C(5b) 2.10 C(3b) ...C(5b) 2.40
C(2b) ...C(5b) 2.83 C(4b) ...B(5bl) 2.10
H(5bl)...C(4b) 2.16 C(2b) ...C(4b) 2.45
C(3b) ...R(4bl) 2.13 M(2b) ...C(3b) 2.43
C(lb) ...C(3b) 2.79 B(lb2)...C(3b) 2.53
B( lei)...€(3b) 2.79 C(2b) ...B(5bl) 2.19
MC2b) ...H(5bl) 2.67 C(lb) ...B(5bl) 2.43
C(lc) ...H(5bl) 2.51 0(21) ...B(5bl) 2.89
C(lb) ...C(2b) 2.42 B(lb2)...C(2b) 2.56
H(lcl)...C(2b) 2.90 B(3dl)...C(2b) 2.67
H(lbl)...«(2b) 2.08 B(lb2)...li(2b) 2.08
C(lc) ...■(2b) 2.53 B(lel)...R(2b) 2.53
DI(2d)...V(2b) 2.53 B(lel)...C(lb) 2.13
■(lc2)...C(lb) 2.14 H(2c) ...C(lb) 2.54
B(3el )...€( lb) 2.56 BN(2a).•*C(lb) 2.79
C(le) ...Bdbl) 2.13 R(2c) ...BClbl) 2.53
C(2c) ...labl) 2.83 C(3c) ...R(lbl) 2.74
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HN(2a)...H(lbl) 2.12 Cdc) ...B(lb2) 2.13
C(2c) ••.Cdc) 2.43 C(3c) ...Cdc) 2.80
H(3cl)...Cdc) 2.42 BBC 2d)...Cdc) 2.99
Il(2c) ..•Bdel) 2.10 B(2d) ...Bdcl) 2.63
0(11) ...Bdcl) 3.00 BB(2d)...B(lcl) 2.41
Il(2c) ...B(lc2) 2.11 C(2c) ...B(lc2) 2.60
C(3c) ...Bdc2) 2.57 C(3c) ...B(2c) 2.44
H(3cl)...M(2c) 2.69 C(7c) ...B(2c) 2.43
C(8c) ..•UC 2c) 2.93 Hdc) ...M(2c) 2.84
BMC2«)...B(2c) 2.42 B(3cl)...C(2c) 2.19
C(4c) •••C(2c) 2.49 C(5c) ...C(2c) 2.84
C(6c) •••C(2c) 2.44 C(8c) ...C(2c) 2.49
Mdc) ..•C(2c) 2.99 BB(2«)...C(2c) 2.80
H(4cl)..•C(3c) 2.15 C(5c) ...C(3c) 2.41
C(6c) ••.C(3c) 2.73 C(7c) ...C(3c) 2.42
C(4c) ...B(3cl) 2.13 0(21) ...B(3cl) 2.70
H(5cl)..•C(4c) 2.17 C(6c) ...C(4c) 2.35
C(7c) •••C(4c) 2.81 C(5c) ...B(4cl) 2.17
H(6cl)..•C(5c) 2.05 C(7c) ...C(5c) 2.40
C(6c) •••B(5cl) 2.07 C(8c) ...C(6c) 2.39
H(8cl)..•C(6c) 2.52 C(7c) ...B(6cl) 2.14
C(8c) •••B(6cl) 2.56 B(8cl)...C(7c) 2.11
Mdc) ...Me) 2.41 C(9c) ...C(8c) 2.41
Kdc) ..•B(8cl) 2.00 C(9c) •..B(8cl) 2.56
C(9d) ..•BClc) 2.36 Bdd) ...Mdc) 2.60
■dd) ...C(9c) 2.35 C(8d) ...C(9d) 2.47
H(8dl)..•C(9d) 2.65 R(8dl)...M(ld) 2.04
C(7d) •••■(Id) 2.39 C(2d) ...Rdd) 2.99
M(2d) ..•■(Id) 2.76 B(ldl)...«dd) 2.79
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C(6d) ••.C(8d) 2.46 H(6dl)...C(8d) 2.66
C(2d) • •.C(8d) 2.53 ll(2d) ...C(8d) 2.97
H(ldl)...C(8d) 2.85 C(7d) ...H(8dl) 2.17
C(6d) ...H(8dl) 2.65 H(6dl)...C(7d) 2.18
C(5d) ...C(7d) 2.42 C(4d) ...C(7d) 2.83
C(3d) ..•C(7d) 2.41 Il(2d) ...C(7d) 2.47
H(ldl)...C(7d) 2.80 mi(2d)...C(7d) 2.94
H(5dl)...C(6d) 2.09 C(4d) ...C(6d) 2.35
C(3d) ...C(6d) 2.73 C(2d) ...C(6d) 2.39
C(5d) ...H(6dl) 2.10 H(4dl)...C(5d) 2.10
C(3d) ...C(5d) 2.36 C(2d) ...C(5d) 2.73
C(4d) ...H(5dl) 2.06 H(3dl)...C(4d) 2.19
C(2d) ...C(4d) 2.42 C(3d) ...H(4dl) 2.20
ll(2d) ...C(3d) 2.45 Hll(2d)...C(3d) 2.21
C(2d) ...H(3dl) 2.10 H(2d) ...H(3dl) 2.64
HM(2d)...H(3dl) 2.10 C(ld) ...C(2d) 2.42
H(ldl)...C(2d) 2.55 H(ld2)...C(2d) 2.71
mi(2d)...C(2d) 1.69 H(ldl)...ll(2d) 2.09
H(ld2)..•M(2d) 2.09 HN(2«)...C(ld) 2.97
Hll(2d)...C(ld) 1.72 mi(2d)...H(ldl) 2.53
HN(2d)...B(ld2) 1.93 0(12) ...0(11) 2.37
0(13) ...0(11) 2.32 0(14) ...(Kll) 2.33
0(13) ...0(12) 2.33 0(14) ...0(12) 2.35
0(14) ...0(13) 2.40
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Th« I-ray cnritallo«r«phic daf for [Cu«f(H<yDFMP)̂ (CIOî )̂ l «thf 
(aaa taction 7.3) achamatio diagram facinjt pagn*

TABLE 1 Fractional atoaic coordinataa and tharaal para»atara (Â )

Ato« X 1 £ Qiao or Pag

Cu 0.51711(11) 0.18051(10) 0.12873(21) 0.0624(14)
Cl 0.5144(3) 0.2273(2) >0.1008(4) 0.073(4)
0(lb) 0.5763(8) 0.2500 0.1250 0.069(5)
(C3b) 0.6374(12) 0.2500 0.1250 0.054(7)
C(2b) 0.6696(8) 0.1964(8) 0.1378(13) 0.056(5)
C(4b) 0.7364(9) 0.1956(9) 0.1418(13) 0.068(6)
(C5b) 0.7697(14) 0.2500 0.1250 0.083(9)
C(6b) 0.8400(16) 0.2500 0.1250 0.110(12)
C(2b) 0.6410(10) 0.1321(10) 0.1557(13) 0.076(7)
H(lb) 0.5858(8) 0.1217(8) 0.1554(10) 0.063(5)
0(2b) 0.5725(8) 0.0607(8) 0.1821(10) 0.094(5)
Oda) 0.4597(7) 0.2500 0.1250 0.051(4)
C(3a) 0.3973(11) 0.2500 0.1250 0.048(6)
C(2a) 0.3646(8) 0.1944(8) 0.1217(14) 0.056(5)
C(la) 0.3901(8) 0.1332(9) 0.1130(14) 0.062(5)
C(4a) 0.2995(9) 0.1960(10) 0.1203(17) 0.074(6)
C(5a) 0.2665(14) 0.2500 0.1250 0.085(9)
C(6a) 0.1922(17) 0.2500 0.1250 0.115(13)
M(la) 0.4485(7) 0.1225(8) 0.1148(13) 0.064(5)
0(2a) 0.4656(7) 0.0598(7) 0.1012(10) 0.090(5)
0(31) 0.5193(9) 0.2882(8) -0.0598(10) 0.098(5)
0(32) 0.5349(8) 0.1807(9) -0.0392(11) 0.111(5)
0(33) 0.4541(9) 0.2170(8) -0.1333(15) 0.130(6)
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0.5557(9)
0.3674(26)
0.40618
0.3304(58)
0.3798(52)
0.3300(39)
0.4220(19)
0.3913(19)
0.3895(18)
0.4175(26)
0.3665(19)
0.59007
0.44543
0.54050
0.50229

0.2261(9)
-0.0483(24)
-0.03529
-0.0377(55)
0.0621(49)
-0.0068(37)
0.0179(19)
0.0227(22)
0.0090(21)
0.0493(23)
-0.0368(18)
0.03444
0.03271
0.04970
0.03769

-0.1769(13)
-0.1430(39)
-0.06861
-0.1027(83)
-0.0946(69)
-0.1353(57)
-0.0318(24)
-0.0285(27)
-0.1773(24)
-0.1088(40)
-0.0388(27)
0.23837
0.04435
0.12800
0.14746

0.130(7)
0.101(16)
0.1567(41)
0.092(35)
0.106(35)
0.075(24)
0.074(11)
0.085(12)
0.136(14)
0.134(18)
0.136(13)
0.1000

0.1000

0.1000

0.1000

TABLE 2 yractional atoaic coordinaf for tho hydrogon atoat

TABLE 3 Aniaotropic thonml para— fra (t̂ )

At< Ull U22 U33 023 013 012

Ctt 0.059(1) 0.031(1) 0.097(2) 0.000(1) -0.007(2) -0.002(1)
Cl 0.066(3) 0.073(3) 0.080(4) -0.002(3) 0.006(3) -0.001(3)

TABLE 4 Bond la n a th a  (1)
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Cu -O(lb) 1.965(12) Cu -Ndb) 1.985(18)
Cu -0(1«) 1.941(10) Cu -Md«) 1.945(16)
Cu -0(32) 2.508(17) Cu -Cu 2.994(4)
O(lb) -(C3b) 1.32(3) (C3b) -C(2b) 1.359(21)
C(2b) -C(4b) 1.44(3) C(2b) -C(2b) 1.54(3)
C(4b) -(C5b) 1.394(24) (C5b) -C(6b) 1.51(5)
C(2b) -M(lb) 1.21(3) C(2b) -0(2b) 2.16(3)
Ndb) -0(2b) 1.401(24) 0(2b) -H0(b2) 1.074(16)
0(2b) -BO(bl) 1.081(16) 0(2b) -B0(«1) 1.671(17)
0(1«) -C(3«) 1.34(3) C(3«) -C(2«) 1.389(20)
C(2«) -Cd«) 1.43(3) C(2«) -C(4«) 1.402(25)
Cd«) -Nd«) 1.279(24) C(4«) -C(Sa) 1.37(3)
C(5«) -C(6«) 1.60(5) Md«) -0(2«) 1.414(22)
0(2«) -H0(«2) 1.110(15) 0(2«) -H0(bl) 1.675(14)
0(2«) -B0(«1) 1.148(15) CI -0(31) 1.449(17)
CI -0(32) 1.423(19) CI -0(33) 1.402(20)
CI -0(34) 1.433(20) Cd) -C(2) 1.41(6)
HO(bl)-HO(«l) .909(1)

TABLE 5 Bond «n|l«« (*)

H(lb) -Cu 
0(1«) -Cu 
N(U) -Cu 
0(32) -Cu 
0(32) -Cu 
Cu -<Klb) 
(C3b) -0(lb) 
C(4b) -C(2b) 
C(2b) -C(2b)

-Odb) 90.5(7) 0(1«) -Cu -Odb) 79.9(5)
-Mdb) 166.1(6) Md«) -Cu -odb) 167.9(6)
-Mdb) 100.2(7) Md«) -Cu -0(1«) 90.5(6)
-Odb) 82.7(4) 0(32) -Cu -Mdb) 94.8(6)
-0(1«) 93.9(4) 0(32) -Cu -Md«) 90.7(7)
-Cu 99.2(8) Cu -0(1«) -Cu 100.9(7)

-Co 130.4(4) C(2b) -(C3b) -Odb) 121(1)
-(C3b) 122(2) C(2b) -C(2b) -(C3b) 126(2)
-C(4b) 112(2) C(2b) -(C3b) -C(2b) 119(2)

A33



(C5b) -C(4b) -C(2b) 120(2) C(4b) -(C5b) -C(4b) 118(3)
C(6b) -(C5b) -C(4b) 121(1) Mdb) -C(2b) -C(2b) 124(2)
0(2b) -C(2b) -C(2b) 160(2) 0(2b) -C(2b) -lldb) 37(1)
C(2b) -M(lb) -Cu 126(2) 0(2b) -Rdb) -Cu 120(1)
0(2b) -H(lb) -C(2b) 112(2) Mdb) -0(2b) -C(2b) 31(1)
H0(b2)-0(2b) -C(2b) 106(1) H0(b2)-0(2b) -Idb) 130(2)
B0(bl)-0<2b) -C(2b) 117(1) B0(bl)-0(2b) -R(lb) 97(1)
H0(bl)>0(2b) -HO(b2) 133(2) H0(al)-0(2b) -C(2b) 140(1)
B0(al)-0(2b) -ll(lb) 112(1) K>(al)-0(2b) -B0(b2) 113(1)
H0(al)-0(2b) -HO(bl) 29.6(5) C(3a) -Oda) -Cu 129.5(3)
C(2a) -C(3a) -OUa) 120(1) Cda) -C(2a) -C(3a) 127(2)
C(4a) -C(2a) -C(3a) 119(2) C(4a) -C(2a) -C(la) 114(2)
C(2a) -C(3a) *C(2a) 119(2) Kda) -Cda) -C(2a) 123(2)
C(5a) -C(4a) -C(2a) 123(2) C(4a) -C(5a) -C(4a) 117(3)
C(6a) *C(5a) *C(4a) 121(1) Cda) -Rda) -Cu 129(1)
0(2a) -Mda) -Cu 115(1) 0(2a) -Rda) -C(la) 115(2)
B0(a2)-0<2a) -l(la) 120(1) B0(bl)-0(2a) -Rda) 110(1)
R0(bl)-0(2a) -H0(a2) 119(1) R0(al)-0(2a) -R(la) 119(1)
W>(al)-0(2a) -B0(a2) 120(1) B0(al)-0(2a) -BO(bl) 31.0(4)
0(32) -Cl -0(31) 110(1) 0(33) -Cl -0(31) 111(1)
0(33) -Cl -0(32) 113(1) 0(34) -Cl -0(31) 107(1)
(K34) -Cl -0(32) 107(1) 0(34) -Cl -0(33) 106(1)
Cl -0(32) -Cu 126(1)

TABLE 6 Intaimolaeular diatancaa (A)

0(lb) ...Cu 1.97 3 0.0 0.0 0.0
(C3b) ...Ctt 2.99 3 0.0 0.0 0.0
(Kla) ...(hi 1.94 3 0.0 0.0 0.0
C(3a) •••Ca 2.96 0.0 0.0



iX ̂  '•
i

0(31) .. .Ou 2.76 3 0.0 0.0 0.0
H0(b2)...Ou 2.98 6 0.5 0.5 0.5
C(2b) ...0(2b) 2.34 3 0.0 0.0 0.0
C(4b) ...0(2b) 2.77 3 0.0 0.0 0.0
(C5b) ...0(2b) 2.45 3 0.0 0.0 0.0
C(4b) ...0(4b) 2.39 3 0.0 0.0 0.0
(C5b) ...0(4b) 1.39 3 0.0 0.0 0.0
C(6b) ...0(4b) 2.53 3 0.0 0.0 0.0
(C5b) ...H(13) 2.15 3 0.0 0.0 0.0
C(6b) ....H(13) 2.73 3 0.0 0.0 0.0
0(33) ....H(13) 2.43 8 0.5 0.5 -0.5
0(31) .>..H(16) 2.60 8 0.5 0.5 -0.5
0(33) ....B(16) 2.71 8 0.5 0.5 -0.5
0(2«) ...0(2b) 2.97 2 1.0 0.0 0.0
B0(«2)...0(2b) 2.89 2 1.0 0.0 0.0
H0(al)...0(2b) 2.71 2 1.0 0.0 0.0
H0(«1)...0(2b) 2.96 5 0.5 -0.5 0.5
H0(b2)...0(2b) 2.66 6 0.5 0.5 0.5
0(2«) ...0(2«) 2.40 3 0.0 0.0 0.0
0(4«) ...0(2«) 2.75 3 0.0 0.0 0.0
0(5«) ...0(2«) 2.43 3 0.0 0.0 0.0
H0(b2)...0(1«) 2.88 6 0.5 0.5 0.5
0(31) ...H(26) 2.55 4 0.5 -0.5 -0.5
0(4«) ...0(4«) 2.33 3 0.0 0.0 0.0
0(5«) ...0(4«) 1.37 3 0.0 0.0 0.0
0(6«) ...0(4«) 2.59 3 0.0 0.0 0.0
0(5«) ...1(23) 2.11 3 0.0 0.0 0.0
0(6«) ...B(23) 2.75 3 0.0 0.0 0.0
0(34) ...B(23) 2.41 4 0.5 -0.5 -0.5
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B0(b2)...Il(la) 
0(2a) •••0(2«) 
B 0 (a 2 ) ...0 (2 a )

HCKbl)...0(2a)
f

B0(b2)...0(2«)
H0(b2)...0(2a)
H0(b2)...0(31)

H0<bl)...C(6)
H0(«l)...H0(b2)
H0(bl)...H0(a2)
BO(«1)...HO(a2)
H(Xal)...H0(bl)

H0(al)...H0(b2)

6 0.5 0.5 0.5
2 1.0 0.0 0.0

2 1.0 0.0 0.0

2 1.0 0.0 0.0

2 1.0 0.0 0.0

6 0.5 0.5 0.5
8 1.0 0.0 0.0

2 1.0 0.0 0.0

5 0.5 -0.5 0.5
2 1.0 0.0 0.0

2 1.0 0.0 0.0

2 1.0 0.0 0.0

2 1.0 0.0 0.0

TABLE 7 Intrmoluculur distuncus (A)

(C3b) ...Cu 2.99 C(2b) .. .Cu 2.89
0(2b) ...Cu 2.95 C(3a) . ..Cu 2.98
C(la) ...Cu 2.93 0(2«) .. .Cu 2.85
H0(bl)...Ca 2.86 C(2b) ...0(lb) 2.32
C(2b) ...0(lb) 2.93 R(lb) ...0(lb) 2.81
0(1«) ...0(lb) 2.51 0(32) ...0(lb) 2.98
C(4b) ...(C3b) 2.44 (C5b) ...(C3b) 2.85
C(2b) ...(C3b) 2.58 H(13) ...C(2b) 2.19
(C5b) ...C(2b) 2.45 B(16) ...C(2b) 2.26
■(lb) ...C(2b) 2.43 C(6b) ...C(4b) 2.53
C(2b) ...C(4b) 2.48 B(16) ...C(4b) 2.62
(C5b) ...K») 2.15 C(6b) ...B(13) 2.73
C(2b) ...1(13) 2.62 B0(b2)...C(2b) 2.67
IO(bl)...C(2b) 2.83 ■(lb) ...B(16) 1.96
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0(2 b ) . . . B ( 1 6 ) 2.27 B0(b2) . . . B ( 1 6 ) 2.41

H0(b2) . . . N d b ) 2.25 B O (b l) . . . B d b ) 1.88
H O (a l) . . . M d b ) 2.55 0(  2a) . . . 0 ( 2 b ) 2.59

C(2a) . . . O d a ) 2.37 C d a ) . . . O d a ) 2.93

N ( la ) . .  . O d a ) 2.76 C d a ) . . . C ( 3 a ) 2.52

C(4a) . . . C ( 3 a ) 2.41 C(5a) . . . C ( 3 a ) 2.82

N d a ) . . . C ( 3 a ) 2.96 B(26) . . .C (2 a ) 2.17

H(23) . . .C (2 a ) 2.14 C(5a) . . . C ( 2 a ) 2.43

N ( la ) . . .C (2 a ) 2.38 C (4a) . .  . C d a ) 2.37

H(23) . . . C d a ) 2.52 0(2 a ) . . . C d a ) 2.27

B0(a2) . . . C d a ) 2.67 C (4a) . . . B ( 2 6 ) 2.54

M d a ) . . . B ( 2 6 ) 2.03 0(2 a ) . . .B ( 2 6 ) 2.42

C (6 ) . . . B ( 2 6 ) 2.94 C (7 ) . . . B ( 2 6 ) 2.60

H0<a2) . . .B ( 2 6 ) 2.46 C(6a) . . .C (4 a ) 2.59

C(5a) . . . B ( 2 3 ) 2.11 C (6a) . . .B ( 2 3 ) 2.75

HO<a2) . . . B d a ) 2.20 B O (b l) . . . M d a ) 2.53

B O (a l) . . . I d a ) 2.22 C (6 ) . . . 0 ( 2 a ) 2.35

C (7 ) . . . 0 ( 2 a ) 2.62 0 (32) . . . 0 ( 3 1 ) 2.36

(K33) . . . 0 ( 3 1 ) 2.35 0 (34) . . . 0 ( 3 1 ) 2.32

0(33) . . . 0 ( 3 2 ) 2.36 0(34) . . . 0 ( 3 2 ) 2.30

0(34) . . . 0 ( 3 3 ) 2.29 C (4 ) . . . C ( l ) 2.50

C (6 ) . . . C ( l ) 2.47 C (7 ) . . . C ( l ) 2.34

C (9 ) . . . C ( l ) 2.41 B0(a2)> . . .C (2 ) 2.37

C (4 ) . . . C ( 3 ) 2.40 C (6 ) . . . C ( 3 ) 2.53

C (9 ) . . . C ( 3 ) 2.65 C ( IO ) . . . C ( 4 ) 2.30

B0(a2) • ••C(4) 2.57 C (6 ) . . . C ( 5 ) 2.56

C (9 ) . . . C ( 5 ) 2.27 C (8 ) . . . C ( 6 ) 2.27

C d O ) . . . C ( 8 ) 2.32 C ( IO ) . . . C ( 9 ) 2.39

■0(a2)) . . . C ( 9 ) 2.37 B0(a2)i . . . C ( 1 0 ) 2.98

A37



H 0 ( b l ) . . .H 0 ( b 2 )  1.97 H 0 ( « l ) . . . H 0 ( b 2 )  2.32

H 0 ( b l ) . . .H 0 ( a 2 )  2.42 H 0 ( « 1 ) . .  .H (X «2 )  1.96
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The X -re y  c r y e t e l lo g r e p h ic  d e f  f o r  <ycyendi»er (eee e e c t io n  7 .4 ) 

t a b l e  F ra c t io n e l  « t o « i c  ceord in etee  end thetm el pereaetere  (1 ^ )  

Atoa JL 2 ^  JZifA ÜL Stfl.

0.4464(6) 0.1386(9) •0.2225(8) 0 .0 5 0 (6 )

0 .5178(6) 0.1768(9) 0 .0208(8 ) 0 .0 5 6 (7 )

0 .5746(7) 0.3025(9) 0 .2540(7) 0 .0 4 8 (6 )

0 .4680(7) 0.0898(9) 0 .3516(8) 0 .05 3 (7 )

0 .5320(7) •0.0898(9) •0.3516(8) 0.000
0.4854(6) 0.1492(10) •0.3334(9) 0 .0 6 1 (3 )

0 .3797(7) 0.2333(10) •0.1971(9) 0 .04 8 (3 )

0 .3295(6) 0.3087(10) •0.2861(9) 0 .0 6 0 (3 )

0 .2652(7) 0.3989(11) •0.2557(10) 0 .0 6 7 (3 )

0.2503(7) 0.4167(12) •0.1434(10) 0 .07 3 (4 )

0 .2986(7) 0.3417(10) •0.0530(11) 0 .06 9 (3 )

0 .3644(6) 0.2493(10) •0.0798(9) 0 .04 9 (3 )

0 .4161(7) 0.1695(11) 0.0194(9) 0 .06 3 (3 )

0 .5562(6) 0.3168(10) 0.0415(9) 0 .05 7 (3 )

0 .5365(6) 0.3838(10) 0.1528(9) 0 .05 3 (3 )

0.5459(6) 0.3536(10) 0 .3637(9) 0 .05 8 (3 )

0 .4457(7) 0.3305(11) 0 .3681(9 ) 0 .05 6 (3 )

0 .3852(7) 0.4378(12) 0.3775(9) 0 .071(4 )

0 .2934(8) 0.4144(13) 0.3849(10) 0 .08 3 (4 )

0 .2587(8) 0.2897(12) 0.3772(9) 0 .07 7 (4 )

0 .3134(7 ) 0.1755(12) 0 .3647(9 ) 0 .0 6 9 (3 )

0 .4074(7) 0.2002(11) 0.3593(9) 0 .05 2 (3 )

0 .5627(7) 0.0508(10) •0.3395(10) 0 .0 6 4 (3 )

A39



TABLE 2 Fractional atoaic coordinataa for the hydroten atoas

Atoa X 1 £
HN(2a) 0.4919(46) 0.1289(75) -0.1649(62) 0.014(27)
HN(la) 0.5418(50) 0.1375(73) 0.0829(65) 0.018(28)
HN(lb) 0.6367(68) 0.3135(**) 0.2725(92) 0.096(49)
RM(2b) 0.5151(51) 0.1175(82) 0.3184(70) 0.035(32)
H(U1) 0.4381 0.1305 -0.3961
H(U2) 0.5076 0.2390 -0.3412
H(3a) 0.3396 0.2976 -0.3658
H(4«) 0.2301 0.4504 -0.3155
H(5a) 0.2061 0.4816 -0.1254
H(6a) 0.2868 0.3533 0.0260
H(8al) 0.3976 0.0771 0.0116
H(8a2) 0.4008 0.2044 0.0918
R(9«l) 0.6213 0.3117 0.0435
H(9a2) 0.5313 0.3720 -0.0227
H(9bl) 0.4716 0.3910 0.1523
H(9b2) 0.5632 0.4719 0.1583
H(8bl) 0.5800 0.3078 0.4280
H(8b2) 0.5582 0.4483 0.3697
H(6b) 0.4077 0.5284 0.3787
H(5b) 0.2541 0.4889 0.3958
H(4b) 0.1944 0.2779 0.3802
H(lb) 0.2884 0.0862 0.3602
H(lbl) 0.6046 0.0590 -0.2694
H(lb2) 0.5934 0.0732 -0.4053
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TABLE 3 Anisotropic thT«al PT««ttT» (Â )
Atoa Ull U22 U33 U23 U13 U12

ll(2a) 0.059(7) 0.052(7) 0.039(6)-0.006(6)-0.007(6) -0.007(5)
N(U) 0.087(8) 0.043(6) 0.038(6)-0.004(6)-0.006(6) 0.020(6)
8(lb) 0.054(7) 0.040(6) 0.050(6) -0.002(5)-0.001(5) 0.004(5) 
N(2b) 0.064(7)0.049(6)0.046(6)-0.002(5) 0.009(5) -0.019(6)

etable 4 Bond lonEths (A )
C(U) -1(2«)
N(2n) -HlK2a)
C(2a) -C(3a)
0(3«) -0(4«)
0(5«) -0(6«)
0(7«) -0(8«)
Md«) -BM(1«)
0(9«) -0(9b)
Mdb) -midb)
0(8b) -0(7b)
0(7b) -0(2b)
0(5b) -0(4b)
0(3b) -0(2b)
>(2b) -HN(2b)

1.461(12) 0(1«) -Odb) 1.496(11)
.88(6) H(2«) -0(2«) 1.404(11)
1.393(12) 0(2«) -0(7«) 1.399(13)

1.369(12) 0(4«) -0(5«) 1.344(13)
1.390(13) 0(6«) -0(7«) 1.386(12)

1.505(11) 0(8«) -Md«) 1.485(11)
.85(7) Nd«) -0(9«) 1.495(12)

1.496(12) 0(9b) -Mdb) 1.460(11)
.91(9) Ndb) -0(8b) 1.463(12)

1.488(12) 0(7b) -0(6b) 1.389(13)
1.398(13) 0(6b) -0(5b) 1.373(12)

1.327(14) 0(4b) -0(3b) 1.397(13)
1.404(12) 0(2b) -M(2b) 1.411(12)
.87(7) Odb) -M(2b') 1.456(12)

TABLE 2 Bond «nil«« (*) 

Odb) -0(1«) -V(2«)

0(3«) -0(2«) -11(2«) 
0(7«) -0(2«) -0(3«) 
0(5«) -0(4«) -0(3«)

112.0(9) HN(2«)-M(2«) -0(1«) 109(5)
119.3(9) 0(2«) -M(2«) -HN(2«) 113(5)
121(1) 0(7«) -0(2«) -M(2«) 118.2(9)

121(1) 0(4«) -0(3«) -0(2«) 118(1)
122(1) 0(6«) -0(5«) -0(4«) 121(1)
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•C(6a) -C(5â) 
-C(7«) -C(2*) 
•C(8«) -C(7«) 
-N(la) -C(8a) 
-C(9a) -MC la) 
-H(lb) -C(9b) 
-H(lb) -BH(lb) 
-C(7b) -C(8b) 
-C(7b) -C(6b) 
-C(5b) -C(6b) 
-C(3b) -C(4b) 
-C(2b) -C(7b) 
-ll(2b) -C(2b)

119(1) C(6a) -C(7a) -C(2a) 119(1)
122.8(9) C(8a) -C(7a) -C(6a) 118(1)
112.8(9) HN(la)-ll(la) -C(8a) 107(5)
113.6(8) C(9a) -N(la) -Hll(la) 100(5)
115.7(9) Klb) -C(9b) -C(9a) 109.9(8)
113(7) C(8b) -Mdb) >C(9b) 111.8(8)
98(7) C(7b) -C(8b) -Mdb) 111.5(9)
122(1) C(2b) -C(7b) -C(8b) 122(1)
117(1) C(5b) -C(6b) -C(7b) 121(1)
121(1) C(3b) -C(4b) -C(5b) 122(1)
116(1) C(3b) -C(2b) -C(7b) 123(1)

117.6(9) ll(2b) -C(2b) -C(3b) 119(1)
109(6) ll(2b*)-C(lb) -C(la) 113.3(8)

TABLE 6 iBtaraolacular diatancaa (1)

N(2b) ...C(la) 2.47 -1 1.0 0.0 0.0
BM(2b)...C(la) 2.63 -1 1.0 0.0 0.0
C(2b) ...H(lal) 2.87 1 0.0 0.0 1.0
Il(2b) ...H(lal) 2.58 -1 1.0 0.0 0.0
HM(2b)...H(lal) 2.66 -1 1.0 0.0 0.0
mi(2b)...■(2a) 2.84 >1 1.0 0.0 0.0
H(9b2)..•C(3a) 2.95 -1 1.0 1.0 0.0
H(9b2)..•C(4a) 2.90 -1 1.0 1.0 0.0
HN(lb)...C(4a) 2.85 2 0.0 0.0 0.0
H(9b2)...C(5a) 2.96 -1 1.0 1.0 0.0
BN(lb)...C(5a) 2.90 2 0.0 0.0 0.0
■(la) ...■(8al) 2.83 -1 1.0 0.0 0.0
HM(la)..•■(Sal) 2.58 -1 1.0 0.0 0.0
C(9b) ..•I(9a2) 2.93 -1 1.0 1.0 0.0
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N(2b')...N(lb) 2.92 -1 1.0 0.0 0.0
N(2b')...C(8b) 2.83 -1 1.0 0.0 0.0
N(2b')...H(8bl) 2.77 -1 1.0 0.0 0.0
N(2b')...C(7b) 2.40 -1 1.0 0.0 0.0
C(lb) ...C(3b) 2.91 -1 1.0 0.0 0.0
H(lbl)...C(3b) 2.88 -1 1.0 0.0 0.0
H(lb2)...C(3b) 2.81 -1 1.0 0.0 0.0
Il(2b')...C(3b) 2.43 -1 1.0 0.0 0.0
C(lb) ...H(3b) 2.59 -1 1.0 0.0 0.0
N(2b')...H(3b) 2.64 -1 1.0 0.0 0.0
C(lb) ...C(2b) 2.53 -1 1.0 0.0 0.0
H(lbl)...C(2b) 2.75 -1 1.0 0.0 0.0
H(lb2)...C(2b) 2.74 -1 1.0 0.0 0.0
Il(2b')...C(2b) 1.41 -1 1.0 0.0 0.0
C(lb) ...MC 2b) 1.46 -1 1.0 0.0 0.0
H(lbl)...M(2b) 1.98 -1 1.0 0.0 0.0
H(lb2)...ll(2b) 1.97 -1 1.0 0.0 0.0
C(lb) ...HM(2b) 2.04 -1 1.0 0.0 0.0
H(lbl)....HM(2b) 2.48 -1 1.0 0.0 0.0
Il(2b*)....Hll(2b) .87 -1 1.0 0.0 0.0

TABLE 7 Intmolteular dittancts ( X )

UI(2a)...C(la) 1.93 C(2a) ...C(la) 2.47
C(3a) ...C(la) 2.87 H(3a) ...C(la) 2.57
H(lbl)...C(U) 2.01 H(lb2)...C(la) 2.01
N(2b')...C(U) 2.47 M(2a) ...H(lal) 1.98
C(2a) •..l(lal) 2.73 C(3a) ...H(U1) 2.77
C(lb) ...■(Ul) 2.01 N<2b')...H(lal) 2.58
H(2a) ...■(la2) 1.96 mi(2a)...l(la2) 2.33
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C(2a) ...H(la2) 
C(lb) ...H(la2) 
H(3«) ...11(2«) 
C(8«) ...11(2«) 
Nd«) ...H(2«)
H(lbl)...R(2«)
C(7«) ...HN(2«) 
H(8«l )...«!( 2«) 
C(lb) ...HH(2«) 
H(3«) ...C(2«) 
C(5«) ...C(2«) 
C(8«) ...C(2«) 
R(4«) ...CO«) 
C(6«) ...C(3«) 
C(4«) ...H(3«) 
C(6«) ...0(4«) 
0(5«) ...H(4«) 
0(7«) ...0(5«) 
0( 8« )  . . . 0( 6« )  

0(7«) ...H(6«) 
H(8«l)...0(7«) 
Rd«) ...0(7«) 
HR(1«)...0(8«) 
R(9«2)...0(8«) 
R(U) ...H(8«l) 
R(U) ...R(8«2) 
0(9«) ...H(8«2) 
H(9«1)...R(U) 
0(9b) ...Rd«)

0(3«) ...H(l«2) 
0(3«) ...R(2«) 
0(7«) ...R(2«) 
H(8«1)...R(2«) 
Odb) ...R(2«) 
0(2«) ...HR(2«) 
0(8«) ...HR(2«) 
Rd«) ...HR(2«) 
H(lbl)...HR(2«) 
0(4«) ...0(a)
0(6« )  . . . 0( a )  

H(8« l ) . . . 0( a )  

0(5«) . . . 0( a )  

0(7«) . . . 0( a )  

H(5«) ...0(4«) 
0(7«) ...0(4«) 
H(6«) ...0(5«) 
0(a) ...H(5«) 
H(a2)...0(6«) 
0( a )  . . .H ( a )

H (a 2 ) . . .0 (7 « )  

H (9«2)...0 (7«) 

0(9« )  . . . 0(8« )  

H (9 b l ) . . .0 (a )  

BR(l«)...R(ai) 
BRd«)...H(8«2)
0(9b) . . . l ( a 2 )

l(9«2)...R(U)
R(9bl)...R(U)
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ĵ j|f‘j»f<iwmw'4fc>.

N(lb) ...Nda) 
H(9al)...HN(U) 
C(9b) ...HH(U) 
B(9bl)...C(9a)
MC lb) ...C(9a) 
C(9b) ...H(9al) 
HN( lb)...R(9al) 
mi(lb)...C(9b) 
H(8b2)...C(9b)
MC lb) ...H(9bl) 
C(7b) ...H(9bl) 
HN(lb)...H(9b2) 
H(8bl)...M(lb) 
C(7b) ...ll(lb) 
HN(2b)...ll(lb) 
H(8bl)...Hll(lb) 
C(6b) ...C(8b) 
C(2b) ...C(8b) 
HN(2b)...C(8b) 
C(2b) ...H(8bl) 
HM(2b)...H(8bl) 
C(6b) ...H(8b2) 
C(5b) ...C(7b) 
C(3b) ...C(7b) 
ni(2b)...C(7b) 
C(4b) ...C(6b) 
C(2b) ...C(6b) 
B(4b) ...C(5b) 
C(2b) ...C(5b)

C(9a) ...BH(la) 
B(9a2)...BN(U) 
M(lb) ...Buda) 
B(9b2)...C(9a) 
BN(lb)...C(9a) 
Bdb) ...B(9al) 
C(9b) ...B(9a2) 
C(8b) ...C(9b) 
C(7b) ...C(9b) 
C(8b) ...B(9bl) 
Ndb) ...B(9b2) 
C(8b) ...B(9b2) 
B(8b2)...ll(lb) 
H(2b) ...Bdb) 
C(8b) ...BN(lb) 
B(8b2)...BN(lb) 
B(6b) ...C(8b) 
M(2b) ...C(8b) 
C(7b) ...B(8bl) 
ll(2b) ...B(8bl) 
C(7b) ...B(8b2) 
B(6b) ...C(7b) 
C(4b) ...C(7b) 
B(2b) ...CCTb) 
B(5b) ...C(6b) 
C(3b) ...C(6b) 
C(5b) ...B(6b) 
C(3b) ...C(5b) 
C(4b) ...B(5b)
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Th« X-r«y crr»fllotraphic data of ÌCu(cyphX)] (aaa aaction 7.5) 

table 1 Fractional atomic coordinataa and tharaal paraaatara (t̂ )

At(

^0

N1

pN2

8

01b

:)]

X 1 a Qiao or Pag

0.47163(4) -0.06659(4) 0.17723(9) 0.0417(4)
0.5726(3) -0.0022(3) 0.2858(6) 0.043(3)
0.3855(3) 0.0221(3) 0.2047(6) 0.046(3)
0.5537(3) -0.1582(3) 0.1543(6) 0.043(3)
0.3666(3) -0.1286(3) 0.0733(6) 0.044(3)
0.6471(3) -0.0513(4) 0.3097(9) 0.052(4)
0.5735(4) 0.0791(3) 0.3489(7) 0.046(3)
0.6518(4) 0.1212(4) 0.4259(9) 0.056(4)
0.6499(5) 0.2012(4) 0.4919(9) 0.068(4)
0.5706(5) 0.2458(4) 0.4873(10) 0.068(4)
0.4940(4) 0.2095(4) 0.4106(9) 0.061(4)
0.4922(4) 0.1252(3) 0.3407(8) 0.050(3)
0.4051(4) 0.0961(4) 0.2713(9) 0.051(3)
0.2962(4) -0.0013(4) 0.1398(8) 0.051(3)
0.2194(5) 0.0484(4) 0.1466(12) 0.081(5)
0.1392(4) 0.0190(5) 0.0727(14) 0.094(6)
0.1297(4) -0.0604(5) -0.0022(12) 0.084(5)
0.2025(4) -0.1109(4) -0.0068(10) 0.064(4)
0.2860(3) -0.0825(3) 0.0666(8) 0.047(3)
0.3660(4) -0.2057(4) 0.0189(8) 0.048(3)
0.4423(4) -0.2591(3) 0.0181(8) 0.046(3)
0.4209(4) -0.3391(3) -0.0591(9) 0.058(4)
0.4861(5) -0.3965(4) -0.0800(10) 0.068(4)
0.5756(5) -0.3755(4) -0.0245(11) 0.072(5)
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V. \y fK.'m-

0.5969(4) -0.2985(4) 0.0514(10) 0.062(4)
0.5329(4) -0.2370(3) 0.0789(8) 0.045(3)
0.6347(4) -0.1419(3) 0.2517(9) 0.052(4)
0.7195(5) -0.0349(4) 0.3867(12) 0.144(6)
0.6946(3) -0.1909(3) 0.3031(8) 0.088(3)

TABLE 2 Fractioiul «toaic coordinaf for th< hydrofP •to«i

Atoa X 1 s
H(3«) 0.7151 0.0920 0.4504
H(4«) 0.7183 0.2269 0.5559
H(5«) 0.5816 0.3059 0.5244
H(6«) 0.4198 0.2405 0.4053
H(8a) 0.3480 0.1407 0.2662
H(lOa) 0.2260 0.1047 0.1817
H(1U) 0.0793 0.0540 0.0950
H(llb) 0.0651 -0.0813 -0.0905
H(lOb) 0.1929 -0.1783 -0.0654
H(8b) 0.3038 -0.2351 -0.0219
H(6b) 0.3354 -0.3559 -0.1286
H(5b) 0.4781 -0.4570 -0.1639
R(4b) 0.6209 -0.4207 -0.0698
H(3b) 0.6592 -0.2856 0.0758
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s\

3 Anisotropic thsrasl psrsastsrs (X̂ )

Ato» Ü11 D22 033 D23 013 012

Cu 0.378(3) 0.0399(3) 0.0474(4) 0.0039(4) 0.0027(3) 0.0005(3)
M(2s) 0.038(2) 0.043(3) 0.048(3) 0.001(2) 0.004(2) -0.002(2)
NC Is) 0.042(3) 0.045(3) 0.051(3) 0.008(2) 0.007(2) 0.003(2)
ll(2b) 0.040(2) 0.041(2) 0.048(3) 0.006(2) 0.004(2) 0.003(2)
Mdb) 0.037(2) 0.046(3) 0.049(3) 0.011(2) 0.002(2) 0.003(2)
C(ls) 0.029(3) 0.071(4) 0.057(4) -0.001(3) -0.003(3) -0.011(3)
C( 2o) 0.054(3) 0.049(4) 0.035(3) 0.004(3) 0.009(2) -0.009(3)
C(3s) 0.056(4) 0.057(4) 0.055(4) 0.001(3) 0.007(3) -0.011(3)
C(4s) 0.077(5) 0.065(4) 0.063(4) -0.006(4) 0.012(4) -0.024(4)
C(5s) 0.096(5) 0.045(4) 0.062(4) -0.005(3) 0.013(4) -0.018(4)
C(6s) 0.081(4) 0.044(3) 0.057(4) 0.001(3) 0.016(4) 0.002(3)
C(7s) 0.066(4) 0.036(3) 0.047(4) 0.003(3) 0.014(3) -0.007(3)
C(8s) 0.058(4) 0.043(3) 0.053(4) 0.004(3) 0.009(3) 0.002(3)
C(9s) 0.045(3) 0.051(3) 0.057(4) 0.010(3) 0.004(3) 0.007(3)
C(lOs) 0.060(4) 0.049(4) 0.134(7) 0.005(4) 0.003(4) 0.017(3)
C(lls) 0.039(4) 0.081(5) 0.161(8) 0.006(6) -0.004(4) 0.021(4)
C(llb) 0.039(3) 0.076(5) 0.136(7) 0.009(5) -0.013(4) 0.005(4)
C(lOb) 0.048(3) 0.055(4) 0.088(5) 0.004(4) -0.009(3) 0.000(3)
C(9b) 0.039(3) 0.050(4) 0.052(4) 0.013(3) 0.004(3) 0.003(2)
C(8b) 0.052(3) 0.044(3) 0.047(4) 0.004(3) 0.001(3) -0.008(3)
C(7b) 0.046(3) 0.043(3) 0.051(4) 0.002(3) 0.000(3) 0.005(3)

C(6b) 0.069(4) 0.040(3) 0.066(4) 0.001(3) -0.002(3) 0.001(3)

C(Sb) 0.095(5) 0.043(3) 0.065(4) -0.008(3) -0.004(4) 0.013(4)

C(4b) 0.074(5) 0.052(4) 0.089(5) -0.016(4) -0.007(4) 0.022(4)

C(3b) 0.046(3) 0.061(4) 0.080(5) -0.002(4) 0.001(3) 0.014(3)
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C(2b) 0.047(3) 0.041(3) 0.047(3) 0.004(3) 0.004(3) 0.006(3)
C(lb) 0.039(3) 0.045(3) 0.072(4) 0.001(3) -0.003(3) 0.001(3)
O(la) 0.120(5) 0.116(5) 0.189(7) -0.030(5) -0.004(5) 0.007(4)
0(lb) 0.051(3) 0.061(3) 0.152(5) -0.004(3) -0.032(3) 0.011(2)

tablé 4 Bond lnn«th§ (1)

Cu -N(2a) 1.928(4) Cu -Rda) 1.952(4)
Cu —H(2b) 1.940(4) Cu -N(lb) 1.945(4)
Cu -C(la) 2.719(5) Cu -Cdb) 2.737(5)
11(2«) -C(U) 1.368(7) M(2«) -C(2a) 1.380(7)
Md«) -C(8«) 1.301(7) Md«) -C(9«) 1.423(7)
M(2b) -C(2b) 1.397(7) M(2b) -Cdb) 1.361(7)
M(lb) -C(9b) 1.419(7) Mdb) -C(8b) 1.297(7)
Cd«) -Cdb) 1.516(8) Cd«) -0(1«) 1.195(9)
C(2«) -C(3«) 1.416(8) C(2«) -C(7«) 1.428(8)
C(3«) -C(4«) 1.368(10) C(4«) -C(5«) 1.391(10)
C(5«) -C(6«) 1.353(10) C(6«) -C(7«) 1.441(8)
C(7«) -C(8«) 1.428(8) C(9«) -cdo«) 1.412(9)
C(9«) -C(9b) 1.406(8) C(10«)-C(ll«) 1.349(10)
C(ll«)-C(llb) 1.382(11) Cdlb)-C(lOb) 1.369(9)
C(10b)-C(9b) 1.385(8) C(8b) -C(7b) 1.435(8)
C(7b) -C(6b) 1.419(8) C(7b) -C(2b) 1.431(8)
C(6b) -C(5b) 1.369(9) C(5b) -C(4b) 1.404(10)
C(4b) -C(3b) 1.372(9) C(3b) -C(2b) 1.410(8)
Cdb) -Odb) 1.223(7)

TABLE 5 Bond «nnl«« (*)

■(la) -Cu -M(2a) 94.2(2) M(2b) -Cu -1K2«)

M(2b) -Cu -1(1«) 177.5(2) Edb) -Cu -R(2«)

A50



H(lb) -Cu -Míla) 83.6(2) Xlb) -Cu -X2b) 94.6(2)
C(la) -Cu -ll(2a) 28.2(2) Cda) -Cu -Mda) 122.2(2)
C(la) -Cu -H(2b) 59.5(2) Cda) -Cu -Mdb) 153.8(2)
C(lb) -Cu -Il(2a) 60.4(2) Cdb) -Cu -Xla) 153.6(2)
C(lb) -Cu -ll(2b) 27.7(2) Cdb) -Cu -Mdb) 121.6(2)
C(lb) -Cu -C(la) 32.3(2) Cda) -X2a) -Cu 110.1(4)
C(2a) -M(2a) -Cu 128.0(3) C(2a) -X2a) -C(la) 121.7(4)
C(8a) -Míla) -Cu 125.1(4) C(9a) -Xla) -Cu 113.0(4)
C(9a) -M(la) -C(8a) 121.8(5) C(2b) -X2b) -Cu 126.9(3)
C(lb) -ll(2b) -Cu 110.8(3) Cdb) -M(2b) -C(2b) 121.4(4)
C(9b) -H(lb) -Cu 113.8(3) C(8b) -Xlb) -Cu 125.4(4)
C(8b) -Mdb) -C(9b) 120.7(4) M(2a) -Cda) -Cu 41.8(2)
C(lb) -C(la) -Cu 74.5(3) Cdb) -Cda) -M(2a) 116.3(5)
O(la) -C(la) -Cu 169.3(6) Oda) -Cda) -M(2a) 128.8(6)
ocia) -C(la) -C(lb) 114.5(6) C(3a) -C(2a) -X2a) 123.8(5)
C(7a) -C(2a) -ll(2a) 119.9(5) C(7a) -C(2a) -C(3a) 116.3(5)
C(4a) -C(3a) -C(2a) 122.2(6) C(5a) -C(4a) -C(3a) 121.8(6)
C(6a) -C(5a) -C(4a) 118.6(6) C(7a) -C(6a) -C(5a) 121.8(6)
C(6a) -C(7a) -C(2a) 119.3(5) C(8a) -C(7a) -C(2a) 126.7(5)
C(8a) -C(7a) -C(6a) 114.1(5) C(7a) -C(8a) -Xla) 126.0(5)
C(10a)-C(9a) -MC la) 126.1(5) C(9b) -C(9a) -Xla) 115.1(5)
C(9b) -C(9a) -C(lOa) 118.7(5) C(lla)-C(10a)-C(9a) 119.4(6)
C(llb)-C(lla)-C(10a) 121.6(6) CdOb)-C(llb)-Cdla) 120.4(6)
C(9b) -C(lOb)-Cdlb) 119.6(6) C(9a) -C(9b) -Mdb) 114.4(4)
C(10b)-C(9b) -Xlb) 125.5(5) C(10b)-C(9b) -C(9a) 120.2(5)
C(7b) -C(8b) -Hdb) 126.4(5) C(6b) -C(7b) -C(8b) 113.3(5)
C(2b) -C(7b) -C(8b) 126.1(5) C(2b) -C(7b) -C(6b) 120.6(5)
C(5b) -C(6b) -C(7b) 121.1(6) C(4b) -C(5b) -C(6b) 119.2(6)
C(lb) -C(4b) -C(5b) 120.1(6) C(2b) -C(3b) -C(4b) 123.5(5)
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C(7b) -C(2b) -M(2b) 
C(3b) -C(2b) -C(7b) 
cd«) -C(lb) -Cu 
0(lb) -C(lb) -Cu 
O(lb) -C(lb) -Cd«)

120.4(5) C(3b) -C(2b) -H(2b) 124.1(5)
115.5(5) H(2b) -Cdb) -Cu 41.5(2)
73.2(3) Cd«) -Cdb) -ll(2b) 113.6(5)
163.6(5) Odb) -Cdb) -ll(2b) 128.3(5)
118.0(5)

9

table 6 Infr»ol«cuI«r di«t«nc«« (A)

H(3b) ...C (4 « ) 2.98 2 1.0 -1 .0 0 .0

H(5«) ...C(ll«) 2.95 -2 1.0 1.0 1.0

H(5b) ...C (5b ) 2.94 -1 1.0 -1 .0 0 .0

HdOb) ...C (3b ) 2.98 -2 0 .0 0 .0 0 .0

H(6b) . . .0 ( 1 « ) 2.49 -2 0 .0 0 .0 0 .0

H(6«) ...O d b ) 2.97 -1 1.0 0 .0 1 .0

HdOb) . . .o d b ) 2.30 -2 0 .0 0 .0 0 .0

H(8b) . . .o d b ) 2.28 -2 0 .0 0 .0 0 .0

H(6b) . . .o d b ) 2.25 -2 0 .0 0 .0 0 .0

TABLE 7 Intra»»l«cul«r diatane«« (X)

C(2«) .. .Cu 2.98 C(8«) ...Cu 2.90

C(9«) ...Cu 2.83 C(9b) ...Cu 2.83

C(8b) ... Cu 2.90 C(2b) .. .Cu 3.00

Md«) ...M (2«) 2.84 M(2b) . . .■ ( 2 . )  2.68

C(3«) ...M (2«) 2.47 C(7«) ...M (2«) 2.43

C(8«) ...N (2a ) 2.97 Cdb) ...M (2«) 2.45

0(1«) ...M (2«) 2.31 H(3«) . . .■ ( 2 . )  2.78

Mdb) . . .N ( U ) 2.60 C(7«) . ..M d « )  2.43

C (1 0 « ) ...l l( l« ) 2.53 C(9b) . . .a ( l a )  2.39

H(8«) . . .H ( U ) 2.05 HdO«)i...M (l« ) 2.74

Mdb) ..•H(2b) 2.86 C d «) ...a (2 b )  2.61
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C(8b) ...Il(2b) 2.99 C(7b) ...■(2b) 2.45
C(3b) ...M(2b) 2.48 0(lb) ...■(2b) 2.33
H(3b) ...■(2b) 2.69 C(9a) ...■(lb) 2.37
C(lOb)..•M(lb) 2.49 C(7b) ...■(lb) 2.44
B(lOb)...■(lb) 2.81 H(8b) ...■(lb) 2.03
C(2a) ••.C(la) 2.40 C(3a) ...C(la) 2.89
0(lb) ...C(la) 2.35 H(3a) ...C(la) 2.67
C(4a) ..•C(2a) 2.44 C(5a) ...C(2a) 2.85

•••C(2a) 2.48 C(8a) ...C(2a) 2.55
0(1«) ...C(2a) 2.85 H(3a) ...C(2a) 2.19
C(5a) •••C(3a) 2.41 C(6a) ...C(3a) 2.76
C(7a) ..,.C(3a) 2.42 0(la) ...C(3a) 2.73
H(4a) ..,.C(3a) 2.13 C(6a) ...C(4a) 2.36
C(7a) ....C(4a) 2.78 H(3a) ...C(4a) 2.05
H(5a) ....C(4a) 2.00 C(7a) ...C(5a) 2.44
H(4a) ....C(5a) 2.25 H(6a) ...C(5a) 2.28
C(8a) •(..C(6a) 2.41 H(5a) ...C(6a) 2.13
H(8a) ...C(6a) 2.57 H(6a) ...C(7a) 2.22
H(8a) ...C(7a) 2.19 C(9a) •••C(8a) 2.38
C(lOa)...C(8a) 2.94 H(6a) ...C(8a) 2.51
H(lOa)...C(8a) 2.71 C(lla)...C(9a) 2.38
C(llb)...C(9a) 2.77 C(10b)...C(9a) 2.42
H(8a) ...C(9a) 2.54 B(10a)...C(9a) 2.04
C(llb)...C(lOa) 2.38 C(10b)...C(10a) 2.78
C(9b) ...C(lOa) 2.43 H(8a) ...C(lOa) 2.51
H(lla)...C(lOa) 2.10 C(10b)...C(lla) 2.39
C(9b) ...Cdla) 2.75 B(10a)...C(lla) 2.00
■(lib)...C(1U) 2.22 C(9b) ...C(llb) 2.38
H(lla)....C(llb) 2.13 B(10b)...C(llb) 2.19
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C(8b) ...C(lOb) 2.89 H(llb)...C(10b) 2.14
H(8b) ...C(lOb) 2.52 C(8b) ...C(9b) 2.36
H(lOb)...C(9b) 2.22 H(8b) ...C(9b) 2.55
C(6b) ...C(8b) 2.38 C(2b) ...C(8b) 2.56
H(lOb)...C(8b) 2.65 H(6b) ...C(8b) 2.65
C(5b) ...C(7b) 2.43 C(4b) ...C(7b) 2.79
C(3b) ...C(7b) 2.40 H(8b) ...C(7b) 2.11
H(6b) ...C(7b) 2.39 C(4b) ...C(6b) 2.39
C(3b) ...C(6b) 2.76 C(2b) ...C(6b) 2.47
H(8b) ...C(6b) 2.47 H(5b) ...C(6b) 2.24
C(3b) ...C(5b) 2.41 C(2b) ...C(5b) 2.85
H(6b) ...C(5b) 2.35 B(4b) ...C(5b) 2.06
C(2b) ...C(4b) 2.45 H(5b) ...C(4b) 2.13
H(3b) ...C(4b) 1.99 C(lb) ...C(3b) 2.92
0(lb) ...C(3b) 2.79 H(4b) ...C(3b) 2.19
C(lb) ...C(2b) 2.41 0(lb) ...C(2b) 2.86
H(3b) ...C(2b) 2.06 0(1«) ...C(lb) 2.29
H(3b) ...C(lb) 2.67 0(lb) ...0(1«) 2.59
H(3a) ...O(la) 2.09 H(3b) ...0(lb) 2.25
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Appendix 2 General experimental techniques

The infrared spectra was recorded on a Pye Unicam 
SP2000 spectrometer, in the range 4000-626 cm'^. Nujol and 
hexachlorobutadiene mulls were made of the conqpounds and 
were supported between potassium bromide discs. The spectra 
were calibrated against the 1603 cm~^ band of polystyrene.

Mass spectra were obtained from MS9 and NS4 
spectrometers. Field desorption mass spectra were obtained 
on a KRATOS MS50 spectrometer operated at 8-kv accelerating 
voltage with a potential difference of 10 kv between the 
emitter and extractor plate.

""»1̂ spectra were recorded on a Perkin Elmer R12B and 
a Bruker NP80.

Uv/vis spectra were recorded using a Pye Unicam SP1800 
spectrometer.

X-ray crystallographic data were collected on a Philips 
PlfllOO diffractometer with Mo-K^ radiation.
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Tabia. Geometry aboet tiw copper atoms Ce(l) and Ca(f).

Ca-N(Oi-N(
•/A

Ca(l)Part A FartD Ca(t)FartB parte

iVJSi

f)-Ca-Ca* «1»)
101-1 100KK4)
71-T7)111-0(0)

Treatment of a suspension of the octa-asamacrocycle (1)* in tetrahydrofuran with a methanolic solution oí copper(ii) perchlorate resulted in almost complete diaaolu- tkm of (1). After filtration, the green solution slosHy deposited green prisms of the title complex. [Cut(l)](ClQ|)«. The presence of a trkationic complex was unexpected and could have arisen eithsr (i) by the transfer of a sin  ̂dectron to the dkoppar centre, (ii) by the loss of one of the anilino-protons from the ligand (a common form of co-ordination lor rdated tetra-anmacrocyclee).* (iH) by the reduction of the copper ions and simultaneous monooxidation of the macrocyclic ligand, or (hr) from a bonded peir of coppsr(ii) ions with a reduced ligand. The second possibility can be excluded on the basis of an X-̂ ny structure determination which shows that all four anilino-nitrogen atoms have approximatdy tetrahedral geometry (ngnie), rather than a trigonal {dañar arrangement which has bem found* for the deprotonated anilino-nitrogen atoms in the neutral complexes (3).A magnotic-moment determination by the Faraday mettiod on a solid sample at room tsmpsratnre (MO IQ yidded « 1*17 iia. thus confirming ttw expected psun- magnetm̂ of toe [(^1)]**' formulation.‘Dm two copper atoms have very dmilar co-ordination geometries (TaUe) and the cation has approximate t-fold S]rmmetry about an axis which passes thronî  the midpoint of theC»-Cu bond and rdatss toe Ugand portion A to C and B to D (see the Rgurs). The similarity of the

ltl(tl 110(1)
IIl^D

•Denotes aa atom ia the dtemative quarter of toe ligand which is co-ordinated to dm same Cu atom. * Donotm the Ca atom in toe otoer half of the complex.
environments of Ca(l) and Cu(l) and the short bond [1*441(4) A] between them suggest that the capper atonu should not be «—3g««»«< the discrete formal oxidatioa states •fl and -1-1. but that the sin^ unpaired eiectron is over both metal centres, or that the metal centres are identical and the unpaired electron resides on the ligand.The SA.T. spectra, at the X-band, of a powdered sample or of a frosen acetonitrile sfdution (77 K) exhibited one line atg a 1*01 wito a peak line width of 80— MG. These data <fo not unambiguously support the immediate cem- clusions from the X -n y structural study that the copper ions are equivalent and-that this is a‘type lA* mixed-valence compound.* The sin̂  line could arise foom exchange- narrowing between sites with liie-timas which are very short on the oj»s. tone ecsle or from iahsrsntly narrow Unss arising from isotropic, nuclear, hypsrfine coupUng- constaats of the order of 40 x 10-*cm-*, as estimated from the tine width. Such small coopling-cottstants are known for the ‘blue’ copper protoins> as well as a variety of typical co-ordination compounds of oopper(n).* It is wen eftaMH*»*>d tost a 4a and ̂  orbital admixtors in tha ground state leads to smaU. hypsrfina ooupUng-constantî and sin̂  line e.a.r. ̂ectra. The magnetic suaceptibility and eAjr. data dearly indkats that toe formulatioo of the confound as [Cî ](C10||)i| is correct and the JT-ray
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structural reaulta are moat readily interpreted in tmiw of fi^-copper bond .ince the Cu^u ‘'»tance “ short** lew a dinuclear comple* and compares uit \a 
found in other metal-metal ^An E.S.C.A. spectrum was \spectrometer using a magnesium anode JEergy analyser. A single copper *P,̂  lineseparation of lO-» eV are compelling pieces of evidence for the assignment of equal oxidation sUtes to
*̂*Tbeĉ prand undergoes leductioo rapWy in »of solvents including tetrahydrofuran-mcthanolbut is relatively stable in acetonitrile, thw permittûrange of electrochemical and optical studies on a now
chemical system.

University Chemical Lsooenwry 
dtstw o for this oommanieatioB.
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Crystaf daU: tCu,(l)3(C10«)„ ^  "lOlOi. monocUnic. space group Cc. ̂11019(41 e - 20-909(8) A. /i - H»*9«<1) . U - 4SS(H 

2 . 4  '¿ange »-M*. P - (H)ê0 for 1916 date with //oi/) > S O o^ned on a Philips PWIIOO diffracton̂  sriS radiation (two of the perchlorate ions show
“ r S Æ ^ ’uC. fa, . «-fa.faWP «0 K. P. D.) ̂
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Msrtocydic ligands which arc capable of incorporating two metal tons' offer ̂  possibility of studying unusual electronic aad chemical properties which depend upon proximity of two metal centen. ̂  advanuge of macrocydic systems for this type of investijption is that variation of ring size or other geooietrie constraints should allow the separation and disposition of the two metal ions to be controlled in a systematic manner. In this paper we desmbe a serim of such ligands which have been obuined la high yidds from simple imine condensation reactions and have bKn characterized 1̂  fiekl desorption mass spectrometry aad X*ray structure determination.We have reported̂ that under appropriate conditions the di* aldehyde la can be condensed with a range of diamines 2 to give tctraazamacrocycies 3 with a wide range of ring sizes. These rcac^ proceed without addition of ‘*meul-ioo templatesV provided that reaction conditions and solvents are selected udddi allow the free ligands to separate from solution before they can undergo oonverskm to species which are leu soluble or thomo* dynamically more suble. It was noted,’ for example, that on prolonged heating in methanol, 3a is converted to a species of higher relative im^lar ziass (!»«,). We have now characterized a number of the higher nî materiiJs obtained from condensations under conditions defined in Scheme 1 and shown them to be an
(I) (a) Croh. S. E. Itr. J. Ckem. 1971̂ 15,227-307. (k) rom eo, D. I4 Liatvadt,R.LA/lm.Cami.Sor. 1978,160L6367*6372. (c)FkMen,aB4 IrwiâNkor. N4 Cellipme. M4 Nerdie. O4 Raadaede. L A Cfcwi. gke, 

Ckem. Cm^  1979,39-40. (d) Cagal. R. R̂ HoiHiic, L. U a Kiriao- ■M̂ T.J./̂ .pMi.l98R/9.1236-1231. (a) Rwnait, M. O; McKaâ V4 Nckom S. M4 Draw. M. G. 8. A Cimi. Sar., Ckrm. Camaimi. I98R 929-631. (0 Kaka, O.: MarfeaMera-gadaraa, U Aaditra, J. K  Uha. J. M.; SaNivaa. S. A . J. dm . Ckem. See. I9M, 102. S936-S936. (g) ̂irutlin. P. K.; Lippaid, S. J.: Mania, A. E4 fialkeaaki, J. E. A ̂  Ckak Sac. 1986c 
102. H16-76n.<2) OwiMa. P. G4 Nwn. lU RanMaany. E4 TaAw. P. A.; Tralltr, AA CMm. Jer„ Ckem. Caaawaa 1989,1216-1230.(3) (a) MakeaH G. A. “Ca*ardiaation Ckaaiitify af MaciacyaBc mmaeadi-;PkaaaiProa: NaarYafk, 1979;CkamarA (k)Gfaaa,M4 Sadtk. ¡A Taritar. P. A. Im eg. Ckim. Acta 1971, .1,17-24. (c) Siaci. D. 9l C4 iaa Vaadaraalm, C. Wear. L C. H.2303-2311 aad ralHaacaa tkoaia. A uit. A Ckem. 1979, 32.
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r%m I. Tctraioiine 9k, showinf the disorder of the hydroxyl froaps «boot the 2>foM axis which passes through carbon atoms C(10). Another crystaOotraphk Cj axis passes through the midpointt of the C(l)-€(l) boadi. Shaded C and H atoms are in the half of the molecale nearer the
intcrcsUnf new class of poteatially ocudentate macrocycles 5.These high m, compounds, which were obtained (see Scheme I) from rroctions of the diamines 2a-c, are relatively insoluble and invobtile, and cryosoopic methods and electron-impact mass spectrometry could not be used to determine their relative molecular masses. However, the samples shewed simple fíeld de- sorptioa (FO) mass spectra,̂ giving molecular ions compatible with the (2 *f 2] condensation producU:’ Sa, m/e 5t4; 9Í, m/e 645 (M + I)*; fc, m /e 697 (M - !)♦ . No fragmentation products were observed in the range m /e 400-800.FDMS alM> proved useful in identifying compounds which were present when mixtures of products were obtained from similar oondenutioo reactions. For example, a mixture (ca. 1:4) of the diimine4 and the tetraimine é [m/e 307 (M 4-1)*̂ and m /e 613 (M ̂  1)̂, respectively) was obtained from the condensation of the trimethykñc-bridged dialdehyde Ih and 1,2-diaminoethane (1:1.1,4 h in IS-cm’ refluxing CHClj). These substrates have been used previously,* but un^ conditions of high dilution, to prepare the diimine 4.An X-ray strûure determination̂ confirmed the presence of • 30-membcred ringin5h(seeHgure 1). The inner great ring has ■ configuratioo which effectively creates two “N4" donor sets (from the o-iminoanilino units of a with d and b with c, see Ftgure 1), in the two halves of the molecale. Such an arrangement would cause close approximation of two metal ions in a dinculear 0001- plex, because the centroids of the two donor seu arc separated -tjr only 3.44 A. A similar ligand geometry is found* in a dkopper
ilL**??* ***»‘̂  • KhATOS MS50 spwtmncur. opmlsSall-kV aeeskrttiagvoluee sad with • poicMial «fTcrtiiotof 10 kV bstwm 

IhecMincraadcxtrMUrplMc. Seectfx,raciirdedflaaKaiatfaiApupcr. w«n sd>ialsdwimtheEiipccuumofFoBrtSiuca(Hcaui«a.J4U«̂ trKuc«ii)ii 1977,27,171-179). High-uaiperaturt setivutuS tmitun wo« louded Iw r a MlMiaa (Se aad 4/é) or ■ nupmiiM (SahJu) ■ CH A. anwut ia the raagt 19-21 aAwuRiuguindtadMrhUMM
l§TÍ*yiuiiaelid eciaaxa awerecyele (I, * • (CH.)> a ■ 2) aad a ¡■ww »yMrai (with phxaoae graupa wpliciag Uw aaiHao uaits:Uaiay, L F. at aL, aapubliihed raialul wars aho i£aiifM ly PDMS ■aamwaiiBU {m j* 992 (M)* aad 997 (M <f i)\ luspawlvsly).«4) Kaek. D. St C.; Hartahera. A. J4 Hwasr, M4 Huaig, I. Atm . J. 

aum. 1977, JO. 2499-29I4.
(TlCrvaul data far Sh: 74.9.14.17.11.19,2447,21 J9.94.374t-

Mra4acrtydra4^.dikydroayiatrabcaxlr4U^1-IAJ.I2.l4.l94347.octaa-
t t , 944 J: urtharhaaikic: «aee wuup FtUtk e • 99474 (9). 4 ■ 17.499 (2). e • 11.797 ( 3 ) A ; U »  é f U j A ^  ■ I, *1^ Kw) • a49 car': 2047 ¡m tm tím wm racetdad aa a■hiKpa ̂ 1100 fauT'̂ifBla diffractaatcicr. aad awmed la give 701 uaigus Asarv̂  IF > 4atF)l. The fCHduab ara 4 ■ a060 sad ■■ 0.019. ThcMructurc was aalvad by direct amhada aad Nfiaad by the Matrix Icaai ayarca awthsd.

PIpne 2. The TO-membered B-N hctcrocydc 7.
complex of the smaller ring Sa in which the two copper ions are forced to adopt a very short Cu-Cu bond (2.445 (5) A).A crystallographic 2-foM axis passes through the carbon atoms having the hydroxyl substituents, and the oxygen atoms are statistically disordered with half-occupancies oif the sites shown in Figure 1. Consequently, the structure determination does not allow a distinction to be made betwe*.«. meso and racemic isomeric forms for 5b.
We conclude that ease of isolatkm of the metal-ftee macrocydes S is dependent on the presence of strong /arromolecular hydrogen bonding in the o-iminoanilino uniu. The geometry of the o-im- inoanilino unit in 5b is very similar to that found̂ in the related tetraaa maaocycles 3. Reactions of 2.6-diacetylpyridine with certain diamines have also been observed* to give Imge ring ligands 

1^ [2 4- 2) condensations,̂ but for these systems the new chelate rmgs arc of the a-dhmine type and do not have the facility to form liiiromolecular H bonds. In these cases the free ligands have not been isdated, but an extensive range of mono- and binudear complexes have been prepared* by carrying out transmeulation reactions on complexes prepared in the presence of certain metal ion templates.The 28-membered ring structure for 5a was indirectly confirmed by x-ray structure analŷ** of an unusual borane adduct (7) which was obtained u an intermeihate in the reduction with borane/THF to give the corresponding octaamine 8. Crystals of 7 which

separated from a suspension of 5a in borane/THF gave a sharp infrared absorption band a* 2510 cm*', a region in wheih B-H stretching modes are knouii to occur. They were found to surprisingly stable to hydrolysis, and X-ray diffraction dau were
(I) Omow. K. F4 TariMr. P. A4 Price. R.: Hatfield. W. 

C . J. Cheat. See., Ckem. Ca »E4 gecaecr. P.1949. 1244-1290.(9) (a) Dnw. M. G. 84 Kaoa. C C4 NdMM. S. M. / OWm. Sor̂ PulMi Thaw. 1999,942-949. (b) Drew. M. G. 84 McFaM. S. G4 Nekctk S. M4 Waters. C. F. J. Cheat. See., SjmeO- >979. 14-17. (c) Drc«. M. G. 8 4 McCaaa. M4 J. Oteat. S ee., Cheat. Ceatataa.. 1979.4SI-4S2.
(10) Crystal Oiiafcr 7: C»IU*8iNi;4f,S3M.ertborlwiibie;m»«|rwP IkwR e • ».142 (2). * * 10J49 (2). e ̂ 14.449 (2) At’« 3901.4 A*; ZÛ aw\<4MeK«i)«0J9au*';9449iuieaMiie8wef«iwerde4 aa a Fbilifs FWI ;00 four-drek dUfrsctaaieur aad owrged tu give 1099 uaiinM abasrved refleciioas |F > JvtMI. Tb* rcsidMl« arc It ■ C.094. A« • » 0.094. 11w structure was solved b)- direct aictlwdsaaî refiaed̂  the lall-awtrix bast squares aicthod.
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a.

!• Tctraioiine 9b, sbowing the diionkr of tht bydroxyl groapo 
abovt the 2-roid a ik  whkb puM i tbroufb cvboa atomi C(10). Another 
cryitallograpbic C , axis panes tbrongh the midpotau o fth e C (I)-C (l) 
boadi. Shaded C  aad H  atoms am in the half of the molacalc aeaiar the

intereatinf new class of potentially ocudenute macrocycles S.These high fiî compounds, which were obtained (see Scheme I) from reactiotts of the diamines 2n-c, are relatively insoluble and involatile, and cryoscopic methods and electroo*iinpact mass spectrometry could not be used to determine their relative molecular masses. However, the samples shewed simple fìcld de- lorption (FD) mass spectra,̂ molecular kms compatible with the [2 2] condensation produca:* Sa, m /e 514; ̂  m /e  645 (M 4-1) ; Sc, m /e 697 (M -1)"*”. No fragmentation produca were observed in the range m /e 400-8(X).FDMS abo proved useful in identifying compounds whidi were present when mixtures of produca were chained from similar omdensatioo reaaions. For example, a mixture (ca. 1:4) of the diiminc 4 and the tetraimine é [m/e 307 (M + !)♦ and m /e 613 (M 4-1)̂  respectivelyl was chained from the condensation of the trimethylene-bridged dialdehyde lb and U-diaminoethane (1:1.1,4 h in lS<<m* refluxing CHCI}). These substrates have been used previously,* but under conditions of Ugh dilution, to prepare the diimine 4.
An X-ray structure determination* confirmed the presence of a 30-membered ring in Sh (see Figure I). The inner great ring 

km a configuration which effectively creates two “N*" donor sea (from the o-iminoanilino unia of a with d and b with c. see Figure 1), in the two halves of the molecule. Such an arrangement would muse dose appraximatkm of two metal ions in a dinculear complex, because the centroids of the two donor sea are separated "by only 3.44 A. A similar ligand geometry is found* in a dicoppm
^  • « A T O S  MSSO ipactwwticr. opmtaë
? -*?Y..y*** * ?* ^ wohags aad «Mb a poteatial diflmaea of 10 kV botwoia 
Ib^cailHçr^ w tfa ç to r pitie. Speeiia, loeordod oa oudDograiA paper. • «»Lt”- ̂eemm
2 7 ^^,1 7 1 -1 7 3 ). Higb-iMBperataio activsiod canu.'n «tre  loaM  by 
»p la g  lalaeiiber a sohmoa (9e sad 4/4) or a uuaiwina (SaJbJa) ia C H x g  
B a n e rM  I5-2| aiA«weitgairedwdesorbUmw

« Î « »  "»«o q ic la  it . h  • (C H ,)>  a -  2) aad a 
î v*y* ,  ^  »yttoai (with pbeaoae groaps repiaca^ tao aaiiiao aaits: 

F  f  « I -  aapabliibed itsalu) «ore alee ideatified by FDMS 
aad Sf7 (M  4 !)♦, wapiHbiily|.

C k2 Mr»* M ^ ***■**• *•O rar. 1977, ¡0, 2491-2SI4.
7 J.f.l* .l7 .1 l,lt,2 4 J7 ,2 tJS J4 .3 7 Jg .

2 S !2 5 lS ? '* ^'i* !f5 * yw rabiax|rA i# 1 -M 4 .l2 .1 * .l9 J3 J7 .eetaa -

1 1 2  iBeatrtiea «e i«  rteoMod oa a

Plgare 2. The 20-iacmbcred l-N bctcrocyda 7.
complex of the smaller ring Sn in which the two copper ions are forced to adopt a very short Cu-Cu bond (2.445 (5) Aj.A crystallographic 2-fold axis posies through the carbon atoms hav^ the hydroxyl substituents, and the oxygen atoms arc sa- tistically disordered with half-occupancies of the sites shown in Fî re 1. Comeiiuently, the structure determination does not allow a (fistinction to be made betwe>.*. meso and racemic iaomeric fomu for Sh.

We conclude that ease of iiolatiôn of the metal-free macrocydesSb dependent on the presence of strong /nr/mnolecular hydrogen bonding ia the o-hninoanilino unia. The geometry of the o-im- inoanilino unit in Sh is very similar to that found* in the rekted tetraaa macrocycles 3. Reactions of 2,6-diacetylpyridine with 
ceroin diamines have also been obicrved* to give large ring ligands^ P + 2] condensations,** but for these systems the new chelaa
rings arc of the a-diiinine type and do not have the fadlhy to form arramolecular H bonds. In these cases the free lî nds have not been isolated, but an extensive range o( mono- and Unudear complexes have been prepared* by carrying out transmeaktion reactions on complexes prepared in the presence of certain metal km tempktes.The 28-membered ring structure for Sa was indirectly by x-ray Mructure analysis'* of an unusual borane adduct (7) whidi
was obtained as an intermedkte in the reduction with borane/THFto give the oorresponding octaamine t. Crystak of 7 whkh

separated from a suspension of Sn ia borane/THF gave a sharp infrared absorption band a! 2510 cm’*, a rcgkm in whdh B>H stretching modes are knou ii to occur. They were ̂mnd to be nrprisingly sable to hydrolysik. and X-ray diffraction daa were
K- F4 TaOw. F. A4 F»ke. R4 /. d w . Jar.,-, — j,—  ^ -  • —— - •—». ».4 HatfitW. Uf. B4 hramar, P.

Cemmmm. HM. i24f-125a
-  (> )(s),D w «.M .O .l4 K a oa .C C ;N € iM a .S .M ./O W iu .S af,l> a hM

C. F. /. Sjmoo. 1979. 14-17. td Dra«. M. O. I4M ^ ^ M 4 J. Ckai. Sac., Chrm. Chwmm.. 1979. Ml-4a2. (IO)CnMl4aialbr7: C »ll* l,N e : *1,4311. enborbambiceewereap t2h * ■ »0343 UK e - 14.449 (2) A 4' - 35114 A*; Z  • A ■ l-T̂ew .«(Me K«) ■ CÜ9aa*': 3449 iaitaiiiiii ««n ncofUM se a Fbilipi FWi ;00 foardick eitfractaimiar aaS awrfc4 la fWe 1099 
.? i!y * * ? .lf  * ' Tbe Ksidaal« ai* It «  C.094.
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ritMt 1. Tctrainine Sk. ikmias the disorder of the hydroxyl troaps •boat the 2'foM axis which puses through carbon atoms C(10). Another crystaOographic Cj axis passes throagb the midpoinu of the C(l)-C(l) boadi. Shaded C aadH atoms are ia the half of the mokcale nearer the
m teftsting aew class o f poteatially ocudenute macrocydes S.These high Hif compounds, which were obtained (see Scheme I) from reactions of the diamines 2a-c, are relatively insoluble and involatile, and cryosoopic methods and electron-impact mass spectrometry could not be used to determine their rdative molecular masses. However, the samples shewed simple field desorption (FD) mass spectra,* givinf molecular ions compatible with the [2 2] condensation produett:’ Sa, m/e St4; ̂  m/e64S (M -f 1)*: ̂  m/e 697 (M -1)*. No fragmentation products were observed in the range m /e 400-800.FDMS also proved useful in identifying compounds whidi were present when mixtures of products were obtained from similar condensation reactions. For example, a mixture (ca. 1:4) of the diimine 4 and the tetraimiiK 6 (m/r 307 (M 1)* and m /e 613 (M 4-1)*, respectivdyl was obtained fr«n the condensation of the trimethyl̂ -bridged dialdehyde lb and 1,2-diaminoethane (1:1.1,4 h in IS-cm’ refluxing CHQ}). These substrates have been used previously,* but un^ conditioiis of high dilution, to prqMre the diimine 4.An X-ray structure determinatk»̂ confirmed the presence of a 30-membered ring in Sh (see Figure 1). The inner great ring has a configuration which effectivdy creates two “N4” donor sets (from the o>imiooanilino units of a with d and b with c, see Figure 1), in the two halves of the mdecule. Such an arrangemem would cause dose approximatioo of two metal ions in a dincukar complex, because the centroids of the two donor sets are separated ‘4iyoidy 3.44 A. A similar ligand geometry is found* in a dioopper
(4) fpactn wan abiaiaad « a KRATOS MSSO tpactramcwr, optratad at l4tV aeaakrstiag vohagi md with a potoitial difleraaoa of 10 kV batwaaa thacadncraadastfactar plata. SeeGtn.raooidadaaaacinegra«A paper, wan asMkaiadwhhthaElyectnaiof F<Mabliaoa(lkBaiaa.J4L>.»*,H. Veemm  

W n , Z 7 ,171-I7S). High-iaaipcntuia actintad emitun wan loaded Iqr dkpiag iaia either a Miutioa (Sa aad 4/4) ar a mpaaiMia iSaJkJa) ia ■minar haadagawnaiaia the nage IS-21 atA wen lagaindiedewih them
**7^Tni!^hydragaaatad actaasa auafacyda (8, R • (CH*)}. a • 2) aad a 
lalaiid lystaai (with pheaoae groape nplaciag Uia aaiUao aaita:
Uaday, L  F. at aL. aapablwhcd reialu) wan aho ideatifiad ky FDMS 
mmmniaiati («/a S«2 (M)* aad S97 (M l)\ mpi«ivily|.id) Mack, D. SL C4 Hanahora, A. Ju Haiaar, M4 Haaig. S. ̂taar. J. 
Chtm. 1977, JO. 2493-2314.(7)CnaUl dma far Sb: 7A,9.ld.l7,lg,19.2da7.2l4S.M.37JS- letndanhydio4,27.dihydnaytatrahaaxirjMx1-IAI.I2.l4.l9J3J27-actaa- aacyckitriaoiiac;C||H4,N/)|; jr,6444;arthe»fiamkir.ipaccpoapf(ddRa • 33h74 (3).* • 17.459 (2), e  • 11.797 (3) ATcTw smj V. Z • t, Ai ■ I gam'\|i(Mo Ka) ■ R45 eat'*; 2047 iataaiitiai wan ncaided an a FWKpa FWIlOO foar-arda diffractaowier, aad aMrged la gi*a 701 aaigaa abaaned relicctum (f > 4a(f)l. The midaale an Jt ■ 0.060 aad Jl. • 2Iiv̂iV£ir'̂J ■ 0.019. lie nnctarcwaa salved by dkactaKthoila aad nllaadhy the Mtmstrix i

flgma 2. The 20-mcnbcrcd R-N beterocyda 7.
comfdex of the smaller ring So in which the two copper ions are forced to adopt a very short Cu-€u bond [2.445 (S) A].A crystallographic 2-fdd axis passes through the carbon atoms having the hydroxyl substituents, and the oxygen atoms are su- tistically disordered with half-occupancies of the sites shown in Figure 1. Omeequently, the structure determinatk» does not allow a distinctioo to be made betwc'«>. meso and racemic isomeric forms forSh.We condude that ease of itdatiön of the metal-free macrocydes S is dependent on the presence of strong /nrramolecular hydrogen bonding in the o-hninoanilino uniu. The geometry of tte o-im- inoanilino unit in 5b is very similar to that found̂ in the related telraaa macrocycles 3. Reactions of 2,6-diacetylpyridine with certain diamines have also been observed* to give faurge ring ligands by [2 4 2] condenMtkms,** but for these systems tte new chelate rfatgs arc of the a-dnmine type and do not have the facility to form tar/amolecular H bonds. In these cases the free ligands have not been isolated, but an mitensive range of mono- and binudear complexes have been prepared* by carrying out transmetalation rcactions on complexes prepared in the presence of certain metal km templates.The 28-membered ring structure for Sa was indirectly confirmed by x-ray structure analysit'* of an unusual borane adduct (7) whidi was obuihied as an intermedtate in the reduction with borane/THF to give the corrcqxmding octaamine t. Crystals of 7 which

separated from a suspension of Sn in borane/THF gave a sharp infrared absorptkm band s! 2510 cm'*, a r̂ km in wheih R-H stretching inodes are know.i to occur. They were found to be surprisingly stable to hydrolysis, aiul X-ray diffraction data were
(•) Daacay. K. F4 Taikar. F. A4 Ftkc. R.: HatfkM. W. R; Rramw. D. C y. Cktm. S ee.. Ckem. Cemmem. I99R 1249-1290(9) (a) Draw. M. O. R4 Kaoa. C C: Neboa. S. M. J. OWm. Sor., XMm

rm rn. t m . 942-04g. (b) Onw. M. O. 8 4 McFal. S. C4 NulMii. S. Ma Waim. C. F. J. Ckem. S et.. S>aap. H79. 16-17. (c) Onw. M. O. §4 McCiaa. M4 J. Cktmt. S ee.. Cktm. Comemm.. 1979. «1-481(10) 0̂ 4uaiw7: C|iJlMR.Nt; Al,431l.«nherhambicm*nira« 
reem  e • 20.142 (2k k • I0J43 (2k e  ^ 14.449 (2) At’« 3901.4 Ah Z • 4; ik • I JO g an'h MMo Kw) ■ 0i39 cm*': 3449 wtcmiiia w*n nnf4« aa a Fhilipa FWrOO ftwr̂rde «tfractmncMr u4 aMfgc4 1« gin 1099 ■alaai ahsinii rcfbctioac (F> 5«(J7|. The rciiOnh an S • C.0M. A,• 0.094. The ciractan was sahwd ky «net methods aad nfiaed̂ the All-auitrix kssl sgasns awthad.
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*J^4^50 «w*)«fl«xed 6 h Md a further 24 h after additkM of Old, (5 cm*): (B) 3 heated 24 h ia lefhixint MeOli -
SSS *■ ■*■ ̂  *«<»*)EtOH (50 cm») lefhixcd for 1J h. ffltemd, and aet aUde for 12 k.
iiilSiS?*®" ^utiow to protect the crystals fron •tm«p^ mottttiî Structure determiiutkw SS
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* ? ”** ^  **** ***" »«»porated betweeo each pair o f 
h c t o i ^  *0 five  the unusual 20-m e m b e re ^ N

The two halves of the molecule 
E i l S i ?  «XI* perpendicutortoUmDcrt plane througli the inner gieat rin#.'

two m ^  tons a controlled by ring sixes and other aannifiiii constraints ia the Hgaads. feometric
**““k the Sdcace Research Councfl «wtotships (to R.P̂  RMand K.PJ).)aiSdS-

P.A.T,thaS»^e^to of the Univeruty of California for support during a period of leave spent at the Irvine Campus. ^
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