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Abstract - The coordination chemistry of tetraimine Schiff base macrocycles
derived from heterocyclic dicarbonyls and primary diamines is reviewed in
outline.

INTRODUCTION

It is the purpose of this review to consider the coordination chemistry of tetraimine Schiff
base macrocycles which result from [2+2] condensation reactions of heterocyclic dicarbonyl-
containing species with 1,n-diaxnines (Fig. 1). Serious exploitation of tetraimine Schiff

base macrocycles as binucleating ligands commenced in 1970 with Robson's work on the
template synthesis of transition metal complexes of macrocycles derived from the
condensation of 2,6-diformyl-4-methylphenol with 1,3-diaxninopropane (ref. 1). The
subsequent exploitation of such phenol-containing systems has been extensive and the subject
of review (ref. 2). It was not possible to isolate metal-free macrocycles from the phenolic
systems. Interestingly Steinkopf had reported, in 1939 (ref. 3), that metal-free
macrocycles were available from the condensations of 3,4—di-bromothiophene—2,5—dicarbalde—
hyde with a range of primary diamines. The intense colour and amorphous nature of these
materials led to the suggestion that they were likely to be polymers rather than discrete
tetraimine Schiff base macrocycles (ref. 4). During the course of an investigation into the
coordination chemistry of some pentadentate Schiff base macrocycles (ref. 5), Martin Nelson
and his co—workers found that, in the presence of lead(II) cations, a condensation occurred
beween 2,6—diacetylpyridine and 3,6-dioxooctane—1,8—diamine to give not the anticipated
mononuclear complex of the pentadentate macrocycle (L') but a bimetallic complex of a
30-membered decadentate macrocyclic ligand (L5) (ref. 6). This observation led on to a
seminal study of tetraimine Schiff base macrocyclic complexes derived from heterocyclic
dicarbonyl head—units (refs. 7—10). Two key steps facilitated the development of this area
of macrocyclic chemistry. The first, the utilisation of alkaline earth and main group
elements as templating devices, and the second, transmetallation reactions to give
transition metal complexes which were inaccessible by other routes.
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Fig. 1. Schematic representation of tetraimine

D Schiff base macrocycle

DERIVATIVATIONOF [2+2] MACROCYCLES

Metal ion control in macrocycle synthesis

One general synthetic route to macrocycles (Ll_LL) has been through the application of metal
template procedures; equimolar amounts of the organic precursors are reacted in the presence
of a transition metal salt in alcoholic solution. Extension of the nature of the templating
cation to include the alkaline earth metals and main group elements such as tin and lead was
established in Belfast (refs. 6,11,12) and in Sheffield (refs. 12—15). The compatability
between the radius of the templating cation and the 'hole' of the macrocycle contributes to
the effectiveness of the synthetic pathway, and to the geometry of the product complex. For
example cations of radii less than ca. 0.80 R appear not to generate macrocyclic complexes
with L . Furthermore neither Cu(II) nor Ni(II) act as templates for this group of

'This lecture is presented in memoriam Martin Nelson (1928—1985)

1437



.oT3v qTM UOTIT3WSUJ 
pou SM TSJ8A3. 'BTTWTS uoTsudx3 2uT.z uTAudwozo qTM (J) xeidwoo e3nuqowoq eq 
3A 0zH9 'z(OT3)fl3 qTM (9) JO UtU81I SflTP UOT TW qie 3U>fl pu tLUOJ 

9 papuoxa aq u zTs £TABO opoiooioui JO qOWSçUI o pnqJ eq uo '[9L] ÷ [7?] 
'UOT314UO3 UT1 aq aoj ooj UTATaP 3UIUApOU1JT. aqj •aToA3oJ3w eq Jo UTJ iuuç 3q 

wo1J S2UTJ 8UOpTTOZpTU1T OM4 JO uosindxa qTM spuoq auTtuT uznoqqçu ssoi papp Aq 
sdno au-cLue Lipuooo aq iei pu P9ATOS ueq q ( = '9) xaldwo3 

wnq aq'4 Jo JflOfl2S uo>çp popp jo pu ousd UT qoq sUOT43J 
JflSOT3-UTa iq UMOqS eq UE (9) JO UOTUUOJ 8t4 UT () jo £OTP8WJ3UT a-i pewçEqo 

82$M (9) sexoidwoo 3TT30JW aq anedw aaqq no PaTJ' SM UOT2 8t44 JI 
(L? J81) '() axeidwoo eq 8A oniadwa wooi HOW UT OT iow L: UT ya 

++Js '++o JO e3UeSaJd at; UT 8UTUTJUaTJt4OTP qTM 8UTpT1AdIJ83Tp-9'? JO UOT,DE9J O4J 

UO!3VJU00 6u!J pOOflpU!-IVO 

TSWUS aidw 3aJTP UTfl OU I9M t.3TqM '(II)fl3 JO SOT4 ATJTflOTkid 
'sexaidwoo TaW JO aUJ S>UI ssa3o.d T4 iO'6L'L'L' •SJa) UOT4flTOS 

UT UOT Tow JOJ pUt4OX JTTPBOJ eq JW UOT aTdW pxTdwo3 aq UT TTT 
JTTBOT8UT>T ATIflflUfl eq o PUflOJ Uq OA4 xaTdwoD (II)PT [8W tJ8 UTTT -L 

suooeea uo!;eIIe;ewsueJI 

(LL JJ) Jfl330 O4 paodo.id 

aaq sq UoT4oJ UOTUTWUJ 1BnoeowTq TA 8UTWTP JO UOTUTWTT8 :UaATos AiP 

UT () UTUUM TjU £q poAGTqo uaaq (E) JO flOT UTU UOTD3J iaqZnJ UTTqTqUT 
TUfl TJUOqJ3 OM4 8t4 JO UTUOT4TOd flflW 81flOAJUfl U ST naq T T4 

(eL JJ) SeUTUISTp JO 8UJ S TM UOT3SOJ UO OSOT3 uça O OOU pUtLOJ Uoq SSL{ aUTWSTP 
—9' -UBpOSZSTp-9' JO Tfl3OTOW 8UO pUS 8UTPT dTAeosTp—9'? JO S8TflOTOU1 OM UIOJJ PSATJSP 
() odA JO XaTdwOo 

+ 
59 5 JO UOTSUUOJ OtJ paUTsqo eeti soToJc3oa3Ew (STUfl S8L IIUSJnJ 

pUS t&PTJJd qoq UTUTSUO) 3TJWUSUOU pUS DTJaU1UIAS 4O9 AUoqJS3Tp JO SIflO3TOW 

J8JflJ S 3,UawSaJ UO HOW SflOJUS UT aJnsOTo UTJ OJUfl O UMOt4S J8M 'saxeldwo3 

55 pOS[OS '5e5TPeWUT t4J 8UTWSTP JO SOTfl3TOW OM US 1UoqasoTp 

JO IflO8TOW UO tUOJJ POATJP (E) esTPuIJUT UTSq UedO aq STA spaood ep3OJosw 
O0, JO UOT0,SWJOJ 40, 59 JO a3UaSaJd 80, UT 40, pasodod Ueq ssq i (LL'L J8J) 

5W8L3 UT PS3TPUT ST3A3OJ3SW [+?] JO EL+L] JO UOT0,SUIJOJ t0, 00, 580,flOJ eqTssO 
seseq;uAs eq; jo soedse 3RS!U100IN 

siTns. 0,onpoJd E?--?] 

S pUS PSTS' T S0,Ufl SUTWJ80, 0, JO JTWTX0Jd aSoT3 00, UTpSaT 0,UTSJ0,SUOO 80, U8Lj0, SJOUOP 
UT0,SUTPJOOD £PTSOM q0,TM 0,DnpoJd [L-i-L] I0, 00, JflSO[C) UTJ JOJ PeJTnbJ SS 0,UWUTTS-STO 

O0,U qnoq q us (T) STPUJ1UT qsqod 80, JO sdno2 o=o US ZHN TSUTWJ eq0, 

U0t40, ) 5500,5 JOUOP OL{0, PUS [S0,W 0t40, U8M0,O SJflZ3O UO0,oSJe0,U UOJ0,S S JT -I 
T41 (EL JOJ) OTDAOOJDSW IEON JST3flUOUOW 0,SOJ S UT US (9 JO) (N3s)IZqd 

xetdwoc 8t0, UT SJOUOP UJXO 8t40, 00, US40, SJOUOP UOJ0,TU 80, 00, JSOT3 £0,USDJUTS 
SGTI qj pOUTS0,qo T 1 0,OflpOJd EL--LI 50, Wa0,SAS UOJ0,TU flS UTpUOdSJJOZ) 8t0, UT 
' SPT8TJ JO SSfl qnoqs SS 0,US0,JOdWT OSIS T W00,S JOUOP 840, JO 8Jfl0,SU 341 (LL'L'9 

s'1 JO sox3Tdwo 00, PST ( 8L J) US ( L L J) '( 9 L J) S9 'V 9VL J) nq (L -J3J) '1 JOJ 30,SW80, 5 SS 50,35 ( LO J) 'Jfl33O U53 
UO0,SSU8pUO3 [LL S US40, J040,SJ [??] S U040, 0T04 840, JOJ 3ST 000, T TPS UOT0,S3 840, 

JI -pessq SUOS0,U3d UTaq o pasoddo SS S0,U3W8USJJS SUO2O40,JO UT 3JS STSO,TqJO 2UpUoq 
340, 43T4M UT S3TJ0,sTwerpOOJO0,S JOJ SUO0,S3 35340, JO 3OU3J3JOJd 340, WOJJ iq5qOJd 

5T40, (9L JOJ) S3TOJc3OJ3SU sN 30,S0,U3SJ0,30, 30,sdwa0, 00, 3Sfl £1U0ww03 3JS 0,3A S3T313OJ3SW 

_ZH3ZH3ZH3HNZH3H3ZHO_ = u 
_ZH3ZH3$H3ZH3. 'oi'1 \=-i( N-='( 

_Z93Z93ZH3_ 6 r( 
x _Z93(HO)93ZH3_ N N) 

( .- -H93- = H ''-N N-=' 
UJ(4) - W(HD) 933 3113 3H3- U 'I _Zfl3ZH3OZH3ZH3QZH3H3_ H ''1 

0 )LVJL 
HNX'U'EW' (XX HNX'EU'?W'I W(H) W(?H5) 

HNX '?U5 'J 0X'?UW ' "-N N 

No1NJa 8C1v1 



Tetraimine Schiff base ,macrocycles 1439

N 44N( Cu
LNH HN

Cu )

7

The above ring contraction is entirely analogous to an [18] ± [15] contraction observed on
replacement of alkaline earth metal cations by smaller transition metal ions in the related
macrocycle L7, (ref. 22). The reaction of 1,3-diainino-2-propanol with 2,6-diacetylpyridine
provides furthe evidence for the metal-ion control of ri contraction (ref. 23). In the

presence of Ba the macrocycle L8 was produced as its Ba complex whereas with the smaller
Pb cation as template a [20] ± [18] ring contraction occurred to give the Pb complex
of the oxazolidone-containing macrocycle (8). Both products give a dinuclear complex of L8

on reaction with copper(II) (refs. 23,24).
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UTILUSATION OF (2+ 21 MACROCYCLES

Mononuclear complexes

Mononuclear alkaline earth metal complexes of the [2+2] macrocycles provide interesting
chemical features in their own right as well as serving, through the transmetallation
reaction, as useful synthetic reagents. Macrocycles such as L7, L'2 and L13 are readily

. ++ ++ ++ ++
generated in the presence of Ca+ ' Sr , Ba or Pb (refs. 25—28). The influence of
cation size is noted in that M is ineffective as a templating device as are the

. . . ++ +F . .transition metal ions Mn -Zn . The complexes have 1 :1 stoicheiometry with hexagonally-
based geometries (refs. 25,26), with the exception of the Ba complexes of L'2 and L'3
where a 1:2 metal:ligand ratio is observed (refs. 27,28). X—R crystallographic studies
reveal that these complexes have 'sandwich' structures, the Ba being too large to sit
within the macrocyclic cavity. In the complex [Ba(L'2)2(H20)2][Co(NSC)+] the Ba is bound
to all six donor atoms from one macrocycle but only three donors from the second. There is
a severe folding of this latter macrocycle such that one furan group is not coordinated
(ref. 27). The hexahapto—trihapto structure is retained in solution (CD3CN) at low
temperatures; 'H n.m.r. studies reveal that as the temperature is raised there is a
coalescence of resonances indicating a fluxional interconversion between the four available,
equivalent configurations of the complex. The complex [Ba(L'')2][BPhd2 shows a true
sandwich structure with two almost parallel donor ring planes (ref. 28). The macrocycle L'3
can also be prepared in the presence of K+, but the smaller alkali cations do not induce
cyclisation. The Na complex may be synthesised via neutralisation of the diacid salt
[H2L13][ClO]2 and the 23Na n.m.r. spectrum shows slow exchange of Na+ between [NaL''][ClO]
and [Na(2H6_dmso)ni. The free macrocycle was not isolated but recrystallisation of the
Na complex gave the metal-free alcohol addition products L''.2MeOH and L''.EtOH. These may
be compared with similar products found during the template generation of related diimine
macrocycles containing a—aininoether units (ref. 29).

—R-
=N N=N

L1, B -CH2CH2CH2-
I 0 L'', B —C6H—

L1 L', B -CH2C(CH,)2CH2-

-N N-

Although the transition metal ions are not effective templating agents for the above
macrocycles, it was found that transmetallation reactions with the alkaline earth complexes

of L7 gave Mn(II), Fe(II), Co(II) and Zn(II) complexes of the ring—contracted ligand (9),
(ref. 22). This ring contraction is consistent with the observed poor templating properties
of transition metal ions. Mononuclear transition metal complexes (Fe(II), Co(II), Co(III),

Ni(II) and Cu(II)) have been prepared via transmetallation routes for the macrocycle L5.
The complexes are octahedral and only the six methine N atoms are coordinated. In the case
of the Fe and Co complexes the large crystal field stabilisation energy accompanying the
formation of the spin-paired, approximately octahedral structure is suggested as the driving
force for the macrocycle adopting this mode of coordination (ref. 30). The copper complex
can be treated with excess metal to generate a binuclear complex; this is in contrast with
the Fe, Co and Ni complexes (ref. 31).

Binuclear complexes

Binuclear complexes of macrocyclic ligands have been the focus of much attention (ref. 32).
They are of importance in several areas including the study of ferro— and anti-ferromagnetic
exchange coupling, electron transfer properties, the binding and activation of small
substrate molecules and as small molecule models for bimetallobiosites. Homodinuclear
complexes of [2+2] tetraimine Schiff base macrocycles have been readily obtained but, to
date, heterobinuclear complexes are restricted to a CuNi complex of L5 (ref. 31).

9
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Homodinuclear complexes as hosts

Homodinuclear complexes of [2+2] macrocycles are ideally suited to act as hosts for small
bridging ligands (refs. 8—10). The copper(II) complex [Cu2L5](C10J+, 2H20 serves as the
starting point for the preparation of several derivatives in which small substrate anions
may be bound between the metal centres (OH , imidazolate, N3, NCS), (refs. 31,33). The
crystal structures of the OH , imidazolate (ref. 31) and N3 (ref. 33) derivatives show the
copper(II) atoms held by the methine N atoms and bridged by the anion, (Fig. 2). The N3

and imidazolate bridge in p-1 ,3-modes. Magnetic exchange studies on pt-OH and -imidazolate
show antiferromagnetic coupling to occur with respective J values of —120 cm' and —21 cm'.
The latter value corresponds with a value of —23 cm ' found for the related dinuclear
copper(II) -imidazolate complex derived from L'° (ref. 34) and is close to that (-26 cm 1)
found from temperature dependent e.p.r. studies of the Cu(II) derivative of bovine
superoxide dismutase (ref. 35), in which bridging imidazolates span each pair of Cu(II)
atoms by analogy with the known structure of the native CuZn form (ref. 36).

The Ba in [BaL9](ClOJ2 may be replaced by two copper(II) atoms to give
[Cu2L9(OH)](Cl04)3, 2H20 and [Cu2L9(OMe)](ClO)3, 2H20 (ref. 37). The X—ray structure of
the former established the presence of the bridging hydroxy-group and magnetic studies show
antiferromagnetic coupling with J values of -32 and -53 cm ' respectively. The e.p.r.
spectra indicate a retention of the bridge in solution. Treatment of the p—OH complex with
NaN3 yields an azido-complex which, from its i.r. spectrum, probably has present an
-1,1—azide. Electrochemical studies have been reported for the —OH and -imidazolate
complexes; all showed two district reduction processes to occur, and no evidence for a
cooperative, two-electron process, as found in Type 3 copper proteins, was observed (ref.
38).

3+NN/ N X=0H Cu N N

/ POOR (Cu ,CuN Cu Cu N

-NNN-

Fig. 2. Schematic representation of bridging Fig. 3. Comparison of copper disposition
substrates in pyridine and furan headed macrocycles

-Hydroxy and -alkoxy dicopper(II) complexes are also available for furan-containing
ligands. The structure of [Cu2L'2(OEt)2](NCS)2, (ref. 39), shows that the copper(II) atoms
are bound to the imine N atoms but not to the furan, and so a lateral Cu.. .Cu disposition is
found in contrast to the head-to-head disposition found in the corresponding pyridine
complexes (Fig. 3). The copper(II) atoms in the furan-headed macrocycles are strongly

antiferromagnetically coupled having J values of -300 to -350 cm

Dicopper(I) complexes of L5 and L'2 have been prepared by transmetallation reactions, or by
the reduction of copper(II) present in the macrocycle (refs. 31,39). The latter route can

be accomplished by reduction of dicopper(II) complexes of L5 using NaBPh (ref. 31), or by
simply heating dicopper(II) complexes of L'2 in MeCN to yield the dicopper(I) complex (ref.
39). The ease of reduction in the latter case has been traced to geometrical factors (ref.
10) as when the 'Cu2L12' moiety is in the planar configuration preferred by Cu(II) severe
steric hindrance occurs between the bridging groups and the noncoordinated furan oxygens.
This is effectively removed if a tetrahedral geometry is attained; this is less acceptable
to Cu(II) so the facile reduction is promoted.

The first observation of thiocyanate bridging through the S-atom only was made through the
X-ray structure of [Cu2L'2](SCN)2 prepared by reduction of [Cu2L'2(OEt)2](NCS)2 (ref. 40).

A series of dicobalt(II) complexes of L'2, having present hydroxo-, alkoxo-, phenoxo-,
thiolato-, halogeno- and pseudohalogeno-bridges has been reported (ref. 41).

Substrate oxidation
In the presence of certain substrates the reduction of the [Cu(II)2L'2] moiety in

[Cu2L12(OH)2](ClO)2, 2H20 or [Cu2L'2(OR)2(MeCN)2]BPh. is accompanied by substrate oxidation
(refs. 10,39,42). For example PhSH, PhCCH, hydrazobenzene, catechols, hydroquinones and
ascorbic acid gave respectively PhSSPh, PhCCCECPh, azobenzene, o-quinones, p-quinone and
dehydroascorbic acid. The latter reactions may be compared with the behaviour of Type III
cuproproteins. Several of the oxidations proved to be catalytic in 'Cu(II)2L'2' when
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carried out in dimethylformamide solution in the presence of 02. The complex
[Cu2L'2(OEt)2](NCS)2 was inactive, however, illustrating a requirement for coordinative
unsaturation at the metal centres in the reduced state. The very poor activity of
mononuclear Cu(ClO+)2, 6H20 in the above reactions is indicative of the need for a dicopper
site.

The oxidation of acetonitrile to 3,5-dimethyl—1 ,2,4—triazole has been found to occur when
[Cu2LL(MeCN)2][ClO]2 is heated in a MeCN/EtOH solvent mixture containing a little water,
and in the presence of air. The complex [Cu5(L'4)2(TAZ)2][ClO]3, EtOH (10) (TAZ = the
3,5-dimethyl-1 ,2,4—triazole anion) was recovered and identified through the X-ray crystal
structure (ref. 43). A possible mechanism for the reaction is illustrated in Scheme 2; the
ammonia required for ring closure is probably generated by a metal—promoted hydrolysis of
MeCN. The Cu5 complex can also be synthesised via spontaneous self-assembly from

/0 Scheme 2

N-N t
Cu,,Cu

N NH3
Me-s -MeNjN

10 Cu' Cu' Cu Cu

pre-prepared 3,5-dimethyl-1,2,4-tetrazole. Aggregate structures in copper complexes of L'2
have also been found. The tetranuclear cation [Cu(L'2)2(CECPh)]3 , containing a Cu-
phenylacetylide core has been isolated during the oxidative coupling of phenylacetylene
(ref. 42) and [Cu6(L'2)3(SPh)2] is isolated as a by—product in the catalytic oxidation of
PhSH to PhSSPh (ref. 10). Spectrophotometric monitoring of the reaction of [Cu2L'2(MeCN)2]-
(Cl0)2 with 02 in dimethylacetamide provides further demonstration of molecular association
of the dinuclear units. It can be established that the concentration of a reddish brown
intermediate complex is optimised when 0.25 moles of 02 per di-Cu(I) complex is consumed.
The stoicheiometry of the intermediate is probably 'Cu0' and an aggregation has occurred.
From these and related observations of 0 uptake it is proposed that the di-Cu(I) complexes
promote a four-electron reduction of 0 via a -peroxo-di-Cu(II) stage. In the presence of
a substrate further reduction occurs through substrate dehydrogenation whereas in the
absence of substrate it occurs via association with a second unit of di-Cu(I) (ref. 10).

Metal-free (2+2] macrocycles

Although in general it has been found necessary to use template procedures in the synthesis
of [2+2] macrocycles derived from heterocyclic dicarbonyls, metal-free macrocycles (L'5)
were obtained by non-template procedures when thiophen-2,5-dicarbaldehyde was reacted with
primary diamines (ref. 44). The integrity of the macrocycles was deduced through i.r.,

N'
L'5
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n.m.r., and m.s., and verified by the X-ray structure of L'5 (R = -CH2CH2OCH2CH2-). These
syntheses, and the template procedures referred to throughout, have been carried out in
alcohols. When 2,6-diacetylpyridine was reacted with bis(aininopropyl)axnine in thf the
metal-free macrocycle L'' was obtained (ref. 45). The metal—free macrocycles may be reduced
with NaBFI to give the corresponding tetrainines. Reduction of the lead complexes of
tetraimine Schiff bases also provides a route to the metal-free tetrarnines; the lead(II)
being reduced to lead(O) (ref. 20).

Recent developments

Pyrrole-2,5-dicarbaldehyde (ref. 46) and 5,5'—diformyldipyrrole (ref. 47) have been used to
promote the synthesis of tetraimine Schiff bases, and so extend the range of available
head-units. Functionalised lateral-units have been incorporated introducing hydroxyl (ref s.
23,24), dimethylaininoethyl (ref. 45), aininoethyl and pyridylmethyl (ref. 48) moieties and
giving 'opened cryptands'. The cyclisation process itself does not stop at the [2+2] stage.
This has been evidenced through the crystal structure of a tetranuclear Schiff base complex
in which a novel cubane-like Mn,(alkoxy) core is incorporated into a [4+4] macrocycle
derived from 2,6-diacetylpyridine and 1,3-diamino-2—hydroxypropane (ref. 49). Extension of
the range of templating metal ions to include lanthanides (ref. 50) and actinides (ref. 51)
has also been achieved.
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