Available online at www.sciencedirect.com

sc-ence@mnecv COORDINATION

CHEMISTRY REVIEWS

ELSEVIER Coordination Chemistry Reviews 245 (2003) 17—29

www.elsevier.com/locate/ccr

Cobalt(Il) complexes of pyridazine or triazole
containing ligands: spin-state control

Udo Beckmann, Sally Brookér

Department of Chemistry, University of Otago, PO Box 56, Dunedin, New Zealand
Received 4 October 2002; accepted 17 January 2003
Dedicated to Professor George M. Sheldrick (Georg-August-Universitat Géttingen) on the occasion of his 60th birthday

Contents
ADSTTACE . . e e 17
T Yoo o =P 17
2. Introduction to Schiff-base MacroCyCle SYNtheSIS . ... ... . e 18
3. Cobalt(ll) complexes of pyridazine-containing gands. . . . . ... .. .t et 18
4. Complexes of triazole-containing gaNAS . . . ... ..ot ettt e e e et e s 20
4.1. Triazole-bridged cobalt complexes of aCycClic IGaNAS . . ... ... i ettt 20
4.2. Complexes of triazole-containing Schiff-base MaCroCYCIES . . ... ... . e 25
B FULUNE AIFECHIONS. . . .ttt ettt ettt et e et e e e 28
o (g To 1] 1= T [ 1= 0 T o P 28
RTINS, . . . 28
Abstract

Structurally characterised cobalt(ll) complexes containing pyridazine, triazole or triazolate ligands are the subject of this review. Firstly a
briefintroduction to Schiff-base macrocyclic chemistry is given and then the crystal structures and magnetic properties of pyridazing-containin
cobalt(ll) complexes are discussed, focussing on macrocyclic complexes. There follows a discussion of the crystal structures, as well as the
magnetic behaviour where known, of cobalt(ll) complexes containing the triazole moiety'ifN&-bridging fashion. Finally an overview
of reported complexes where the triazole unit has been incorporated into a Schiff-base macrocyclic framework is provided. None of these
triazole-containing macrocyclic complexes has been structurally characterised.
© 2003 Elsevier B.V. All rights reserved.
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1. Scope 4-triazole [3] and 3,5-diacetyl-1,2,4-triazol¢3-5] into
Schiff-base macrocyclic chemistry.
This short overview briefly covers the cobalt(ll) coordi- Pyridazine-bridged cobalt complexes have recently been

nation chemistry which has resulted from the recent reviewed[6] so the main focus of this paper will be on the
introduction of the new heterocyclic head unit, 3,6-diformyl- triazole- and triazolat&d!,N2-bridged complexes. It should
pyridazine [1,2], into Schiff-base macrocyclic chemistry be noted that triazole moieties have also been incorporated
(Section 3. Then triazole- and triazolats®,N?-bridged into phthalacyanine-type monometallic macrocy¢i@sand
cobalt(ll) acyclic complexes are reviewe®ection 4.} small macrocycles for which no structurally characterised
as background t&ection 4.2which deals with the recent  complexes have yet been reporf8fl however, these ligand
introduction of the heterocyclic head units 3,5-diformyl-1,2, types are not covered here. As there are, to date, no published
examples of structurally characterised cobalt (or indeed any
* Corresponding author. Tek64-3-479-7919; fax:+64-3-479-7906. othgr metal) complexes of triazolg— or triazolate-containing
E-mail address: sbrooker@alkali.otago.ac.nz (S. Brooker). Schiff-base macrocycleff], a review of the few related
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acyclic triazole- and triazolaté¥!,N2-bridged cobalt com- ~ moieties then a [2-2] macrocycle resultsHig. 1), and so
plexes which have been structurally characterised is pro-on. Unless single crystals suitable for X-ray diffraction can
vided, before the published examples afacrocyclic be obtained it can be non-trivial to identify what ring size has
Schiff-base metal complexes are reviewed. A brief intro- beenformed (due to ready fragmentation of these complexes,
duction is provided to Schiff-base macrocycle synthesis mass spectrometry is not always as helpful as one might
(Section 2 but the reader is referred to earlier reviews for expect in this regard).

more detailed introductions to this general area and in depth  The keys to developing new Schiff-base macrocycles are:
reviews of pyridine and phenol based head ufii§ along (a) preparing and/or purchasing suitable dicarbonyl head
with a recent overview of thiophenolate based head units Units and diamine lateral units; (b) finding suitable reac-

[11]. Macrobicycles, or cryptands, have also been reviewed tion conditions for the cyclisation reaction; (c) finding suit-
recently[12]. able reaction conditions for any subsequent transmetallation

reactions. In general, much effort must be devoted to the
preparation of, usually, the head units, with the diamine lat-
eral components used being commercially available in most
caseg14]. Once this has been achieved, the development of
suitable cyclisation protocols is of varying difficulty. Usually

one can identify a couple of potentially suitable metal ion

template(s) on the basis of the macrocycle ring size, donor

and diamine lateral unitffg. 1) [10], although there are atoms and the geometry these will provide. Often these tem-
some metal-free synthesgis3]. The presence of the metal . . - )
plate ions will not be transition metal ion(s) but rather metal

lon promotes the cyclisation reaction by: () enhancing the i “\ o < leadin), barium(ll) or silver(l), which will be
polarisation of the carbonyl bond and thereby facilitating nu- . . .
o o o replaced later on, in a transmetallation reaction. In some
cleophilic attack by the amine; (b) the kinetic template effect . : . oo .
ST : o cases the appropriate metal ion template is readily identi-
(aiding in directing the steric course of the reaction); and . o
. . .. fied and works well under fairly standard conditions (room
(c) the thermodynamic template effect (draining the equilib- ) o
. o7 temperature or reflux; reagent grade alcohol or acetonitrile
rium and stabilising the macrocycle as the metal complex). ) L S .
. L . 7" reaction solvents; in air) whilst in other cases the required
The success or otherwise of the cyclisation reaction is

o o . ; cyclisation conditions are rather demanding. For example,
usually readily identified by analysis of the infrared spectrum . S : .
o . : it may be that only one combination of reaction conditions
of the product: this should contain no absorptions due to

primary amine or carbonyl groups but should have a new works at all, or that particularly dry conditions are required.

- . In such cases, unless one is fortunate enough to try the win-
band due to the presence of the imine bonds. Depending . T L : 7
. I ) . ning combination early on, this will require a significant
on the metal ion template used, differing ring sizes can be . . o
: - . : amount of work. Finally, given that usually the cyclisation
formed during the cyclisation reaction. If one dicarbonyl

) . . . is carried out on non-transition metal ions, transmetallation
moiety reacts with one diamine moiety af11] macrocycle . . : .
) . - ; oo reactions are required to replace these metal ions(s) with the
results, if two dicarbonyl moieties react with two diamine

transition metal ions of interest. This is usually straightfor-
ward, unless the precursor complex is highly insoluble.

2. Introduction to Schiff-base macrocycle synthesis

Schiff-base macrocycles are generally prepared by the
metal templated reaction of a suitable dicarbonyl head unit

o}
’
3. Cobalt(I1) complexes of pyridazine-containing
2 + 2HN—_ B}, ligands
NS . .
o} Cobalt and copper complexes of pyridazine- or phthala-
Head unit Lateral unit zine-containing ligands were reviewed receffily Here our
attention will focus on those cobalt(ll) complexes featur-
+ nVx* l -4H,0 ing bridging pyridazine, or indeed phthalazine, moieties. Of

these, thosacyclic complexes for which magnetic studies
_—_ have been reporteq have all begn in kingh spin state gnd
N 8 | NS are only weakly antiferromagnetically coupldd,16]. Prior
to our work there were only two examples of cobalt com-
nv plexes of macrocyclic pyridazine- or phthalazine-containing
« _ ligands, neither of them fully characterisgd/,18] Indeed,
NN very few such complexes, cycl[9—-21]or acyclic[16,22],
have been structurally characterised to date.
[2+2] macrocycle An overview of the introduction of 3,6-diformylpyridazine

Fig. 1. Schematic representation of a metal ion templated Schiff-base [1,2,23] into Schiff-base macrocyclic chemistry was pub-
macrocycle synthesis. lished recently6]. Here attention is focussed on the family
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Fig. 4. Perspective view of the [GoL1)(H,0)]** cation.

Fig. 2. The pyridazine-containing Schiff-base macrocyclic ligafd L

is actually more closely related to complexes such as

of dicobalt(ll) complexes of the pyridazine-containing bis(terpyridine)cobalt(11]24].
macrocycle & (Fig. 2) as this includes examples of low [Cog (LY)(CH3CN)4](ClO4)4 has been used as a precur-
spin and spin crossover complexes as well as of high spinsor complex for the preparation of a family of complexes in
complexeq19-21] which the acetonitrile axial ligands have been replaced by

Transmetallation of the lead complex, usually the-[4] a variety of other anions and molecul@4]. The introduc-
complex as it is somewhat more readily prepared than thetion of four water molecules in place of the four acetonitrile
[2+2] complex (i.e. I, Fig. 2) [2,23], gives the desired  molecules has a dramatic effect on the resulting complex,
dicobalt(Il) complex, [C§ (L1)(CH3CN)4](ClO4)4, as red, [Col (L1)(H20)4](ClO4)4. The structure of this orange, as
air stable crystal§l9]. The structure determination showed opposed to deep red, complex is showifig. 4. As for the
that the pyridazine rings and the cobalt(ll) ions are almost acetonitrile adduct, the cobalt ions sit almost exactly in the
co-planar Fig. 3). Detailed magnetic studies show that the N, basal plane. The complex is high spin at all tempera-
complex is low spin at the low temperature of the X-ray tures studied, with-2J = 19.2 cnt! (average Co—N—N-
data collection (170 K) with-2J= —14.2 cn7! (average  124.6).
Co-N-N= 128.4), but that there is a gradual incomplete  Switching our attention to the replacement of the
spin transition starting to occur as the temperature is raisedacetonitrile solvent molecules by anions, we reacted
[21]. This was the first time that a pyridazine-bridged [COg(Ll)(CH3CN)4](C|Q4)4 with NaNCO [21]. Regard-
cobalt(ll) complex had been observed to be other than highless of whether 2, 3 or 4 equivalents of NaNCO were
spin. It should perhaps be noted here that a spin transitionemployed, orange crystals of [C';(Ll)(NCO)g]CIO4 were
had been observed previously, in a pyridazine-coordinatedobtained. In this instance, despite a poor structure deter-
cobalt(ll) complex, [Co(3,3bipyridazine}]X2 (where X= mination due to the marginal quality of the crystals, a new
ClO4 or BF,), but that in this case the complex is mononu- macrocycle conformation is clearly seeffig. 5). Instead
clear, there is no pyridazine bridging and the complex of the very flat macrocycle conformation observed in the
previous two structures, here it has folded in order to ac-
commodate a single N-bridging cyanate anion. A similar
conformation was observed for a dimanganese(ll) com-
plex of L [2]. As expected, the folding of the macrocycle

Fig. 3. Perspective view of the [¢6L1)(CHsCN)]** cation. Fig. 5. Perspective view of the [$6L1)(NCO)3] + cation.



20

Fig. 6. Perspective view of [GgL)(NC92(SCN);]. S-bound NCS
has been observed once before for cobalt(ll), in cobalt(ll) thiocyanate
trinydrate[51].
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majority of complexes prepared to date are copper com-
plexes. Thompson and co-workers have pointed out that
these studies with copper ions indicate that the superex-
change capacity of the neutral 4-amino-triaZ@e] and the
anionic triazolatef27] bridging moieties are similar, with
both resulting in dicopper(ll) complexes with2J values in
the range 200-244 cn [28]. Further, they point out that
triazole and triazolate mediate exchange less efficiently than
pyrazole, due to ‘the presence of the extra electronegative
nitrogen donor in the triazole ring, which has the ability to
polarize spin within the triazole ring itself and thus limit
exchange’[28]. Finally, and importantly in the context of
this review, they also pointed out that triazole and triazolate
bridges diminish the antiferromagnetic exchange in cop-
per(ll) complexes in comparison with pyridazine and phtha-
lazine bridged copper(ll) complexes (examples of the latter
type which were included in this paper hav@J values in
the range 489-545 cm). The changes in Cu-N-N angles
that result from the presence of the five-membered (Cu—N-N
ca. 134) versus six-membered (Cu—-N-N ca. 1p@ings
also impact in this case. It should be noted that the com-
plexes being compared in drawing the above conclusions
all contained fairly flat copper-heterocycle moietj28].

The ligand field strength of triazoles is just in the right

impacts on the efficiency of the antiferromagnetic exchange range for iron(ll) to give spin-crossover compounds. It has

interaction between the two high spin cobalt(ll) centres,
with the —2J value dropping to 7.5 crmt-.

Finally, diffusion of a solution of [Cg)(Ll)(CH3CN)4]
(ClOy)4 into a solution of NaSCN results in almost black
crystals of [C@ (L) (NCS)2(SCN)7] [20]. The flat macro-
cycle conformation is once again observedg( 6). The
plane of the pyridazine ring intersects thg basal plane of
the cobalt(ll) ion at an angle of only 3.3Detailed mag-
netic studies revealed that this complex (average Co—N-N
128.9) is low spin at low temperatures-@J= —11.7

been found that the crossover temperature can be fine-tuned
by the other ligands and ranges between 100 and 400 K
[25]. Exploiting this fact, Kahn and co-workers have pre-
sented some very interesting systems containing polymeric
Fe-triazole chaind29]. The iron(ll) centers are octahe-
drally coordinated and the neighbouring metal centers are
bridged by three triazole units. These complexes exhibit
spin crossover with hysteresis, as is desired for the devel-
opment of memory devices, as well as a colour change
from violet (LS) to white (HS). One particularly interesting

cm~1) but at higher temperatures undergoes a gradual andcomplex has a wide hysteresis loop occurring close to room

incomplete spin transitiof20,21] This complex, and the
acetonitrile adduct, are the first examples of dicobalt com-
plexes which exhibit both a L&HS spin transition and ex-
change coupling.

In summary, fine tuning of the spin state of the two
cobalt(ll) ions encircled by the pyridazine-containing
Schiff-base macrocyclellis possible, and gives rise to high
spin, low spin and spin transition cobalt complexes of this
macrocycle. Antiferromagnetic exchange is a feature of all
of the complexes. For the flat high spin complexes-ta3
values fall in the range 19.2—-20.5 cth with the folded
high spin complex exhibiting a lower value, 7.5 th The
flat complexes for which the low spin region was fitted gave
—2J values in the range 10.2—-14.2 th

4. Complexes of triazole-containing ligands

The coordination chemistry of triazole ligands was re-
cently comprehensively reviewed by Haasn@@6]. The

temperature.

Despite this interest in triazole ligands in the development
of new magnetic materials, surprisingly few cojaih—39]
or indeed iron40], complexes with bridging triazole or tri-
azolate moieties have been reported. In this review we focus
on the cobalt complexes which have been structurally char-
acterised31-38] all of which are of acyclic ligandSSection
4.1). This is followed by an examination of the recent intro-
duction of the triazole head unit, in the form of diformyl-
and diacetyl-triazole, into Schiff-base macrocycl8sdtion
4.2). No reports of structurally characterised complexes of
such macrocyclic ligands have been published to [#teo
this section will consider all of the metal complexes reported
to date.

4.1. Triazole-bridged cobalt complexes of acyclic ligands
The first structurally characterised dinuclear triazole-

containing cobalt complex was described by Engelfriet et al.
in 1980[31]. Single crystals of [Cg)(Lz)(NCSM] -2.7H0
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Fig. 7. The triazole-containing acyclic ligand$ (4-phenyl-1,2,4-triazole), 1 (4-allyl-1,2,4-triazole), I (4-tert-butyl-1,2,4-triazole), HE (3,5-dimethyl-
1,2,4-triazole), B (3,4,5-trimethyl-1,2,4-triazole), 1 (4-ethyl-3-methyl-1,2,4-triazole), & (4-tert-butyl-3-methyl-1,2,4-triazole), 1 (4-(1H-pyrrole-1-yl)-
3,5-bis(pyridine-2-yl)-1,2,4-triazole), HL (3,5-bis(pyridine-2-yl)-1,2,4-triazole), HE (3,5-diamino-1,2,4-triazole) and HE

were grown from an aqueous solution containing stoichio-
metric amounts of Co(Ng)2-6H,0, 4-phenyl-1,2,4-triazole
(Fig. 7) and NH;SCN. In the structure the two ¢dons are
bridged by three phenyltriazole&i¢. 8. Each metal ion

is also coordinated to one nitrogen atom of an additional,
monodentate, triazole and two N-donating thiocyanate an-
ions, forming a slightly distorted octahedral coordination

turning blue upon powdering as well as on heating up to
460 K, which these authors suggest indicates a change of
coordination from octahedral to tetrahedral for the central
metal ion. Unfortunately, no magnetic data were reported
for this complex.

Replacing the phenyl group with an allyl group, Reed-
ijk and co-workers were able to grow red single crystals of

sphere around the cobalt(ll) ion. The metal centers are sepa{Cog (L3)4(H20)(NC94](H20)2 from a hot, aqueous solu-

rated by 3.907(1) A. The water molecules are disordered in

tion containing the metal thiocyanate and the triazole in a

between the dimeric units and seem to be necessary to stal:2 stoichiometric ratioKig. 7) [32]. Again the two C8

bilise the structure. The compound is orange—red in colour,

centers are linked by three bridging triazole groupig)(9)

Fig. 8. Perspective view of [dL?)s(NCS)4].

Fig. 9. Perspective view of [¢aL3)4(H20)(NC9)4].
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and each cobalt center is coordinated by two N-donating is given by the Ising trimer equationdz{ = 0), resulting
thiocyanate groups. To complete the slightly distorted octa- in J= —13.2 cnt! and gy = 7.8. Upon applying pres-
hedra, one cobalt ion is furthermore coordinated to a mon- sure on the compound, it turns from orange to blue. In the
odentate triazole group, whereas the other is coordinatedsame paper, another trinuclear cobalt compound, formu-
to a water molecule, resulting in unusual asymmetrical co- lated as [C§(L4)4(NCS)6](H20)2, is described. It has not
ordination. The metal centers are separated by 3.909(2) Abeen structurally characterised, but from the spectral data
just like in the previous example. Hydrogen bonds to two it is clear that the linearly arranged cobalt centers are now
additional water molecules stabilise the structure. The red bridged by just two triazole groups each. The octahedron
complex turns blue on powdering or heating which, in this of the central cobalt ion is completed by two N-donating
case, is suggested to be due to the loss of water moleculesthiocyanate ions. Interestingly, the terminal cobalt ions are
The magnetic susceptibility data has been calculated assumietrahedrally coordinated, with their coordination spheres
ing an Ising dimer withS = 1/,. According to this, both being completed by two N-donating thiocyanate ions each.
high-spin cobalt ions are weakly antiferromagnetically cou- This causes the dark-blue colour of the complex. Estimating

pled withJ= —10.9 cn1t (9y = 7.16). Also, a very weak  the exchange coupling constant with the Ising model for this
ferromagnetic intermolecular exchange may occur, probably compound yields)= —8.5 cnt! (g = 9.0) which is in
via intermolecular hydrogen bond3£ +0.02 cnY). agreement with the expected weaker exchange when com-

The attempt to substitute &ert-butyl group in the pared to the previous, triply triazole bridged, compound.
4-position of the triazole ring proved successful, and Reed- In the same year, 1985, Reedijk and co-workers also
ijk and co-workers subsequently grew orange single crystalsreported the crystal structure of [§2(HL5)6(NCS)4(F2)]
of [Co'g(L4)8(NCS)4](SCI\I)2(H20)9 from an appropriate (H20)2, which is the first structurally characterised cobalt
aqueous reaction mixtur&ig. 7) [33]. This complex isthe  complex containing a 3,5-disubstituted triazdigy( 7) [34].
first example of a trinuclear triazole-bridged cobalt complex Red single crystals were obtained by slow evaporation of
(Fig. 10. The cobalt ions are arranged linearly and are oc- the aqueous reaction mixturgig. 11). As seen above, the
tahedrally coordinated, with the terminal ions being slightly three metal ions are arranged linearly, with the central cobalt
distorted. The metal centers are separated by 3.8828(9) Acentre on the crystallographic inversion center. Here, how-
from each other, the middle one being located on the crys- ever, the metal ions are bridged by two triazole units and
tallographic center of inversion. The central cobalt ion is one fluoride ion, leading to a separation of 3.3726(3) A be-
surrounded by six triazole units which provide triple triazole tween nearest neighbour metal centers. The octahedral co-
bridges to each of the two terminal cobalt ions. The octahe- ordination sphere of the central tdés compressed along
dral coordination of each of the two terminal cobalt centers the F—Co—F axis. The distorted octrahedral coordination of
is completed by a monodentatetett-butyl-1,2,4-triazole the terminal C8 centers is completed by one monodentate
and two N-donating thiocyanate ions. Five of the nine water N!-triazole unit and two N-donating thiocyanate ions. The
molecules in the structure are disordered. Magnetic studieswater molecule is well resolved and forms a strong hydrogen
on this compound have been performed in the range 2—35bond to the HN* position of one triazole bridge; by sym-
K. The models used for simulating the experimental data metry the second water molecule does the same on the other
include the Heisenberg model and the Ising model for a side. Additional hydrogen bonding interactions are present
trimer. Because of the high zero-field splitting of Co(ll), and the sum of all of these interactions is believed to be es-
again aS = 1/, formalism rather than & = 3/, is used, sential for the stabilisation of the structure. Magnetic stud-
assuming that in this temperature range only the Kramersies have been performed between 4 and 80 K. Again, the
doublet of the lowest energy level is populated. The best fit best fit has been obtained by solving the Isifig= 1/,
type of Hamiltonian yielding = —17.4 cnt® (9y = 8.23).
Although the analysis of the magnetic behaviour is only

Fig. 10. Perspective view of the [ %)g(NCS)4]?* cation. Fig. 11. Perspective view of [QgHL®)(SCN)4(F)2].
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(which is usually the case) and at low temperatures. This
problem is representative for all of the trinuclear cobalt com-
plexes discussed here.

In 1987 Haasnoot and co-workers introduced the first
trinuclear cobalt complex based on an asymmetrically sub-
stituted triazolg36]. Orange crystals of [C(L7)s(H20)]

[Cog (L")g(H20)4] (CF3S03)12(H20)g were grown from an
aqueous solution containing cobalt triflate and the triazole
componentFig. 7). Unfortunately, the quality of the struc-
ture is very poor, because of a high level of disorder, yielding
a final Ry value of only 23%. Therefore, bond lengths and
angles cannot be discussed. The two trinuclear complexes
are independent, but both consist of a linear C€o- - - Co
chain with the neighbouring cobalt centers being connected
by three bridging triazole unitd={g. 13. All of the cobalt
centers are octahedrally coordinated and the two indepen-
approximate, one can conclude that by replacing a triazole dent complexes differ in the completion of the octahedron
bridge with a bridging fluoride anion the antiferromagnetic for the cobalt centers at the termini. The terminal metal ions
exchange can be increased. are coordinated to three water molecules in one complex,

One year later, in 1986, Reedijk and co-workers pub- whereas they are coordinated to two water molecules and
lished a second fluoride bridged cobalt complex, in which one monodentate triazole in the other complex. The orien-
they changed the substitution pattern on the triazole ring tation of the asymmetric triazole units is remarkable: in the
to 3,4,5-trimethy[35]. The complex [CH(L®)4(NCS4(F)2 complex terminated by two water molecules and one triazole
(H20)2](H20)4 is obtained as dark-red crystalline material unit, all of the methyl groups of the bridging triazoles point
from the aqueous reaction mixturféig. 7). Again, the struc-  towards the termini of the complex whereas in the other com-
ture is centrosymmetric, forming a linear CeCo --Co plex two of the six methyl groups of the bridging triazoles
chain Fig. 12. Similar to the previous example, the two
neighbouring cobalt ions are bridged by two triazole units
and one fluoride anion, causing the octahedral coordina-
tion sphere of the central metal to be compressed along the
F—Co-F axis. The terminal octahedra are each completed by
two N-donating thiocyanate ions and one water molecule.
This is the first example in which a monodentate triazole
is not coordinated at each of these termini. The -C€o
distance (3.4015(3) A) is slightly longer than in the, very
similar, previous example. Another important difference be-
tween the two structures is the hydrogen bonding pattern. In
this compound the bridging fluoride anion is strongly hydro-
gen bonded to an uncoordinated water molecule, whereas in
the previous compound the fluoride anions are not involved
in the hydrogen bonding. The magnetic behaviour of this
compound has been studied. The best fit to the experimental
data was again obtained by applying an Ising trimer model
(S = 1/5), resulting inJ= —7 cm ! andg; = 8.23. From
the plot of both the theoretical fit and the experimental data
against temperature it is obvious that the Ising trimer for-
malism withS = 1/, fails at higher temperature3 ¢& 10
K). As suggested by these authors, possible reasons for this
include neglecting the perpendicular magnetic susceptibil-
ity, a breakdown of the spity, approach at higher temper- N4
atures, or an inappropriate choice of the Hamiltonian set, d
the last of these being the most likely reason. The Hamil- N Na)
tonian set chosen is only appropriate in the case where the

’ . . Fig. 13. Perspective view of the [¢L7)s(H20)6]®* cation (top) and
metal centers have equivalent coordination spheres, which, [Cd! (L7)s(H20)4]5* cation (bottom). The coordinates were typed in

is obviously not the case here. Also tie= 1/, approach from the information given in Ref[36], the ethyl groups were omitted
for Co(ll) is only appropriate for a high zero-field splitting for clarity.

co
»

Fig. 12. Perspective view of [(‘_i,cQLG)4(SCI\I)4(F)2(H20)2].
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point towards the central cobalt ion. The two corresponding ﬂ
triazoles are positioned imans sites about the central €o N

atom. The triflate anions are highly disordered and this ap- J | =
pears to be the main reason for the pBoralue. The mag- Q\(N <
netic susceptibility of the compound has also been studied N OH, kj—lﬁ H,o N
and could be fitted to a Heisenberg Hamiltonian with= é!/ \\C/o
15 resulting ind= —11 cnt! andg= 4.5 in the temper- /%\N_N/s\
ature range below 40 K. The failure of this model to fit the _NOH2 H;0
data obtained at higher temperatures might be due to the fact / N 7\
that the compound consists of two different trinuclear com- N | S
plexes which differ in their magnetic behaviour. But it could N

also well be that, just like in the other cases presented here, (\_/7

the approximations made in the model are found Wa_nting a_lt Fig. 14. Line diagram (no coordinates are available from the CCDC or
higher temperatures. In the same paper the synthesis and inte original paper for this crystal structure) of the J20°)2(H20)4]4+
vestigation of the non-structurally characterised complexes cation.
[Cog (L)12](CF3S03)s and [CG(L?)7(H20)s] (CFsSOz)s
(H20)4 is also presented{g. 7). Both complexes are or-  (47) However, in 1991 Fabretti, Gatteschi and co-workers
ange in colour and consist of a trinuclear unit. In the first published an interesting crystal structure afass | mixed-
one the cobalt ions are proposed to be triply bridged by tri- \51ent co' co'! complex formed by employing 3,5-diamino-
azole units and the terminal metal ions to be coordinated 1 2 4-triazole Fig. 7) [38]. This is also the first example of a
to three monodentate triazoles. The magnetic investigationStructura”y characterisddiazolate-bridged cobalt complex.
resulted inJ= —12 cnt! andg= 4.5 for an Heisenberg  grown single crystals of [ChCA" (HL1Y)5(L 1) 4(H20)6]

1 it ,
§ = */2 model. The composition of the second complex  c|,(H,0)4 were grown by siow evaporation of an aqueous
closely resembles the structurally characterised one with thegq|tion containing cobalt(l) chloride and 3,5-diamino-1,2
3-methyl-4-ethyl-1,2,4-triazole ligand, but without a crystal 4.triazole in stoichiometric amountsig. 15. The three
structure it cannot be decided for certain whether or not it copalt jons are arranged linearly with the central one being
also consists of two independent trinuclear units. The mag- |ocated on a crystallographic 3 bar centre. Each of the ter-
netic susceptibility measurelments performed on this cOM- ying| metal ions are triply bridged, by two triazolate and
pound yielded = —14.4 cnr~andg= 4.7 forthe Heisen- 6 triazole unit, to the central metal ion. The coordination

_ 1 itoni ich i . o

berg S = “/> Hamiltonian, which is so far the best de-  gphere of the two terminal Goions is completed by three
scription of the magnetic susceptibility of a trinuclear cobalt \yater molecules each, forming a distorted GGY octa-
triazole complex in the range between 4 and 70 K. hedron and giving the whole moleculeCa axis along the

In 1993 Mandal and co-workers reported a dinuclear cq. ..co...Co chain. The central cobalt ion is also octa-
triazole containing cobalt complex of the tetradentate lig- hedrally coordinated, and it is clear from the Co—N bond
and 4-(H-pyrrole-1-yl)-3,5-bis(pyridine-2-yl)-1,2,4-triazole  |engths, which are on average 0.115 A shorter than those
(Fig. 7) [37]. Orange single crystals of [§oL%)2(H20)4] of the terminal metal ions, that the oxidation state of the
Cla(CH30H)2(H20)2 were grown directly from the reaction  cenral cobalt ion is+ Il rather than + II. The complex is

mixture containing stoichiometric amounts of Co®H,0 a tri-cation and its positive charge is compensated for by
and the triazole compound in 80% methanol. The authors

did not supply the crystallographic details to the CCDC
or publish them so only the structural formula is shown in
Fig. 14 The two Cd centers are related by a centre of
inversion. The metal ions are bridged by two triazoles, from
two ligand strands, and are further coordinated to the pyri-
dine nitrogen atoms, resulting in ary Masal plane. In each
case the distorted octahedral coordination sphere is com-
pleted by two water molecules in the axial positions. This §
leads to a relatively large Co Co distance, 4.226(2) A. No
magnetochemical data was reported for this compound. It
was designed to perform reductive electropolymerisation on
glassy carbon electrodes and, indeed, reduction of @O
DMSO solution was observed. The closely related triazolate
bridged complex cation [CaL1%),]2* had been described
earlier Fig. 7), but was not structurally characterisgd].

All of the above structurally characterised complexes rig. 15. perspective view of the [E6d" (HL1Y) (L 1Y) 4(Ho0)6)3+
contain solely triazole units attached to high-spin''Co cation.

oM

N(S)
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three chloride anions, which are disordered as are three ofmagnetic coupling between the two '€high-spin centers,
the water molecules. The remaining six water molecules of approximate order odJ=—4.3 cnt! using Lines’ theory
form hydrogen bonds to the triazole moieties. Four of the of Cd' cluster complexe§41]. This model describes in a
six bridging triazole units are deprotonated which can be satisfactory manner the magnetic behaviour of the complex
seen from the slightly shorter €eN bond length observed  petween 4.2 and 100 K.
for the terminal metal ions, compared to those of the other  The examples presented above give an exhaustive
complexes described here. The 'Co Co" distance is  overview of structurally characterised bi- and trinuclear
3.653(3) A which is considerably smaller than in the other triazoleN!,N2-bridged cobalt complexes. In all cases the
complexes, in full agreement with the mixed-valent nature cobalt(ll) ions are in thehigh spin state. The complexes
of this complex. The effective magnetic moment at room mostly contain triazole units attached to the high-spiff Co
temperature for this complex is 7.35s, which strongly  centers, however, exceptions include a very interesting class
supports the proposal of two uncouplefitdgh spin (Cd) | mixed valent C8Cd" Cd' complex containing triazole
centers, since it would be too small for thre€'dons. This  and triazolate units, and an acyclic Schiff-base triazolate
is furthermore supported by the temperature independenceaigand coordinated to high-spin ¢o The latter complex,
of the magnetic susceptibility from room temperature to whilst not structurally characterised, clearly points out
100 K. The EPR spectrum shows only one set of signals, the way to extending this chemistry to includeacro-
indicating that only one type of Clospecies is present. cyclic ligands, that is by the condensation of diformyl- or
A further example of a triazolate bridged cobalt complex diacetyl-triazoles with primary diamines, and this will be
was presented by Torres and co-workers in 18§. They addressed in the following sectioBéction 4.2.
condensed 3,5-diacetyl-1,2,4-triazole, a dicarbonyl head Although the triazolate unit should be able to stabilise
unit of interest to us irSection 4.2 with 2 equivalents of  cobalt in the oxidation state- IIl, to date no complex that
p-methoxyaniline (HE?, Fig. 7) in the presence of stoi-  containsonly Cd" centers has been structurally charac-
chiometric amounts of base and'Csalt. Unfortunately, no  terised or even describd@]. This is true both for acyclic
crystal structure was reported for of any of the complexes, and macrocyclic ligands.
which analyse as [CGL'2)2X] (X being CI-, Br—, BF,, The above examples show that thNéN2-bridging tria-
NO; or CIO,), but from the spectroscopic data it is clear zole and triazolate units can effectively transmit magnetic
that the expected [+ 2] condensation has occurred and interactions between the cobalt centers. Neighbouring metal
that two of the resulting Schiff-base ligands bridge two ions exchange magnetic interactions via antiferromagnetic

Cd' centers as shown iffig. 16 This results in an N pathways with the magnitude of exchandgbeing in the
donor set for each metal center. The powder EPR spectrumrange of—5 to —20 cnt 1. All magnetic data are obtained
at 4 K shows an axial spectrum witl) = 2.16 andg, = from a low temperature approximation and no suitable mod-

5.2, indicative of an octahedral ligand field; so the anions els exist yet to describe the behaviour of trinuclear cobalt
are bound to axial sites (if they are not bridging then an complexes for higher temperatures (ifex 40 K). It has also
unidentified interaction completes the octahedral coordina- been shown that the magnitude of exchange can be altered
tion). The triazole unit is deprotonated and coordinates as by replacing some of the bridging triazoles with fluoride an-
a triazolate anion. Interestingly, attempts to synthesize theions, increasing the antiferromagnetic exchange.
free ligand from a stoichiometric mixture of the triazole and
amine components proved unsuccessful, instead yielding4.2. Complexes of triazole-containing Schiff-base
a mixture of several compounds including the desired one macrocycles
in only 55% yield. Attempts at separation failed to yield
the free ligand, as did attempts to demetallate the prepared Triazole moieties were first incorporated into Schiff-base
complexes. Magnetic studies show the presence of antiferro-macrocycles by Torres and co-workers in 1993 Large
macrocycles, containing bis(imino)-triazole subunits, are of

\ / interest because of their potential ability to, in a controlled
0 N o way, place the metal centers in a planas dbordination
\Q\NA\(@%N/Q/ environment and to provide a pathway, via the bridging tri-
AN

., azole moiety, for antiferromagnetic exchange to occur be-
Coz* Co
/ S\
N—=N

tween them. If amN-unsubstituted 1,2,4-triazole is employed
_ it can be deprotonated to give a triazolate anion within the
NGO WA macrocycle. This facilitates metal coordination and also dis-
o) %N)\( o tinguishes them from diacylpyridiné0] and diformylpyri-
/ \ dazine [6] based Schiff-base macrocycles. No reports of
structurally characterised complexes of such macrocycles
2Xx have been published to dg®].

Fig. 16. Line diagram of the proposed structure (based on spectroscopic  Four small triazolate-containing macrocycles,lﬂ]:
data) of [C4(L'?),X2], X being CI, Br-, BF,, NOg, CIO;. to [L16]~, have been derived from the condensation of
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addition of water to an imine bon2], without the next

Y(@)\K K(@)\(OH step, complete hydrolysis, occurring also. This behaviour,
NHOH addition to an imine bond, has however been observed for
the intramolecular addition of an alcoh@l3,44] or amine
Q/ Q/ [45] group, or the addition of an alcohol solvent molecule
[46]. This usually occurs to relieve steric strain in some
[L13] [L4] of the unsaturated Schiff-base linkages in the macrocyclic
ring, forming more flexible, saturated, linkages in their
N—N N—N place. The second feature which merits comment is that, on
}/(@ )\'L r(@ OH the basis of the mass spectra, the transition metal complexes
HN N N OH o N " are proposed to be of the J11] macrocycles (i.e. as drawn
in Fig. 17) and to therefore be bound to the metal ion via
K/NJ K/NJ the N* nitrogen atom of the triazolate ring. This is interest-
H H ing as the Schiff-base macrocycles derived from the related
[L's] [Ls- five-membered heterocycle 2,5-diformylpyrrole have not,

to date, coordinated to a single transition metal ion via all

N—N N—N three of the donor atoms in the tridentate bis(imino)-pyrrole
H/(@)\’/ K(@)\' unit [42,47] The probable reason for this is the poor metal
| N | N ion binding geometry which would result (two consecutive
N N N N Nimine=M—Npyrrole @angles< 90°). In one case it has been
K/ \) Q/ \J proposed, on the basis of spectroscopic evidence, that a wa-
” N ter molecule has added across one of the four imine bonds
L7 Lo in a [2+ 2] macrocycle derived from 2,5-diformylpyrrole
and 1,2-diaminoethane, as is proposed to be the case with
Fig. 17. The triazolate-containing macrocyclic ligand$3t to [L8]~. [L 13]7 and [|_l4]7 [42]. Crystals suitable for X-ray diffrac-

Note that L]~ and [L®)~ have not been isolated. tion have not been obtained for any of the'[{12)]CIO, or

[Ni"'(L1%]ClO4 compounds so the presence of these unusual

bis(3-aminopropyl)amine with 3,5-diformyl-1,2,4-triazole features has not yet been confirmed. The-[1] di-imine
[3] and 3,5-diacetyl-1,2,4-triazo[8-5], respectively, using  macrocycles [E]~ and [L*¥]~ (Fig. 17) were not observed.
a variety of metal ion template§ig. 17 [5]. In all cases Use of tris(2-aminoethyl)-amine (tren), instead of bis
improved yields were obtained when one equivalent of (3-aminopropyl)amine, as the amine component in the
lithium hydroxide was used to promote the deprotonation Schiff-base cyclisation reaction allowed Torres, Vazquez
of the triazole ring. Attempts to obtain the free ligands, and co-workers to prepare triazole-containing mhbiayclic
without the assistance of at least one metal ion template,ligands, or cryptands, in a straightforward manner, without
have not been successful to date. The first series of macrothe need for a template metal ion, in good yighB].
cyclic complexes prepared by this method has the formula However, initial attempts which employed 3,5-diformyl-1,2,
[M"(L13)]CIO4, where M= Ni, Cu, Co, Pb. Only a single  4-triazole as the dicarbonyl head unit were not successful,
example of a macrocyclic complex of }f]~ was isolated most likely for solubility reasons. Subsequently, in order
and characterised, [N{L14)]CIO4, as the other complexes to increase the solubilityN!-substituted derivatives of the
of this 3,5-diformyl-1,2,4-triazole derived macrocycle were triazole dialdehyde head unit were employed, as well as
too insoluble to be purified and characterised. 3,5-diacetyl-1,2,4-triazole, and the three macrobicycles

In general no [2+2] or higher products or polymeric  successfully isolated are shown kiig. 18 The complexes
byproducts were observed, probably due to the strong coor-prepared from these ligands are believed to have the fol-
dination ability of the triazolate unit, however, in the case Iowing formulae (based on spectroscopic evidence alone):
of the [PB' (L%)]CIO4 complex there was some evidence in  [Agh(L19)](BF4), [AgZ(LZO)](BF4)2, [CUs(L19)](PFs)3
the mass spectrum for the presence of a low ratio &f 22 and [CY(L29)](PFe)s, [Nij(L2Y)]Br3 and [Cq; (LZH]Bra.
product also. The imine complexes, except for the lead com- Unfortunately no crystallographlc data exist for any of these
plex, can be successfully reduced to the amine analoguescompounds either: the complexes have only been charac-
using NaBH in ethanol under reflux conditions, giving com- terised by NMR, IR and MS techniques. A structure de-
plexes of [L1°]~ from those of [I13]~ and [L16]~ from those termination would be particularly interesting in the case of
of [L14]~, respectively Fig. 17). Again, the resulting com-  the [L?1]3~ complexes to: (a) determine absolutely whether
pounds have very low solubilities in common solvents other these complexes are bimetallic, or trimetallic as the mass
than water. spectra suggest (elemental analyses would also be interest-

These complexes are unusual from two points of view, ing in this regard); and (b) reveal whether or not some or
points which may well be inter-related. Firstly, it is uncom- all of the triazolate head units are bridging the incorporated
mon to observe (as is proposed for these macrocycles) themetal ions (and hence have the opposite conformation rela-
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Fig. 18. The triazole-containing macrobicyclic ligand$ (R = Cj2H2s), N—N
20 (R 21
LY (R= CHy—(CsH4)—p-OCHg) and HL-". [HL25]*
tive to the adjacent imine bonds to that showrFig. 1&. Fig. 19. The triazole-containing macrocyclic ligandsli#? (2‘,8-din;ethyl-
However, the particularly low solubilities of the complexes 34:6.7-tetraaza-13,5(1,2 4-triazola)cyclooctaphane-5-thiongl. “H(2,
. 21 lud h tud 8-dimethyl-3,4,6,7-tetraaza-13,5-(1,2,4-triazola)cyclooctaphane-5-one),
of ligand HsL=* may preclude such a study. HeL24 and [HL25)-.

More recently authors have focused on 3,5-diacetyl-1,2,
4-triazole head unit as the preferred starting material for do not require dissolution, or at least only require highly
macrocycle synthesis, probably because of the improved sol-dilute solutions of the material, as they too have very low
ubility (and stability) over that of the analogous dialdehyde, solubilities. The characterisation includes elemental analy-
3,5-diformyl-1,2,4-triazole. This is despite the fact that in sis, IR and UV—vis only. It is proposed that the complexes
Schiff-base macrocyclic chemistry dialdehydes are usually are of [14 1] macrocycles, although again no MS data are
preferred over diketones for reasons of reactivity combined reported so there is no evidence to support the assumption
with the fact that subsequent access to the analogous aminghat the macrocycles are {41] in size, and that they have
ligands via reduction of the resulting imine bonds to amine the following compositions: [CU(H3L22)](ClO4)2(H20)s
bonds does not raise chirality issues in the case of the di-with a neutral ligand and [GYHL23)](H,0)s with a dou-
aldehyde. bly deprotonated ligand. An X-ray structure determination

Souza and co-workers were able to obtain two metal-free is needed to identify the true nature of these complexes
macrocyclic ligands Kig. 19 by a 1:1 condensation of as the proposed compositions pose many questions about
3,5-diacetyl-1,2,4-triazole and carbohydrazide or thiocar- both the macrocycle size and the metal ion coordination
bohydrazide, respectively, in the presence of one equivalentenvironment.
of LIOH [49]. However, the yields were modest (below Lead(ll) ions are often used as metal ion templates in
50%), and the solubility of the macrocycles, presumed to the synthesis of larger macrocyclgs23,44,50] and when
be [1+4 1] macrocycles (m.p., IR and NMR are reported, employed here, with 3,5-diacetyl-1,2,4-triazole and carbo-
but critically no MS data), is poor. Only copper complexes hydrazide, initially an acyclic [2-1] reaction product is
have been prepared from these macrocycles so far, obtainedormed as a lead(ll) bisthiocyanate complex. When this
by stirring a suspension of the ligand in ethanol contain- [2 + 1] lead(ll) complex was reacted in ethanol with a fur-
ing copper(ll) perchlorate. The two resulting green copper ther equivalent of either carbohydrazideg(t4*, Fig. 19
complexes have only been characterised by means whichor 1,3-diaminopropane ([H®]*~, Fig. 19, cyclisation oc-
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curred and dilead(ll) macrocyclic complexes were isolated. efficient mediation of antiferromagnetic exchange relative
Neither complex formed in high yield, however it is not to both the pyridazines and the pyrazoles. The iron coordi-
clear whether the yield was calculated based on the limit- nation chemistry of both heterocycles, although especially
ing reagent, lead(ll) ions, or not: no comment was made asof the triazoles and triazolates, will, of course, also be of
to whether adding a further equivalent of lead(ll) ions im- very considerable interest.

proved the yield of these reactions. It is assumed, not unrea-

sonably, that a [2- 2] condensation has occurred in these
reactionsig. 19, however, as the resulting insoluble solids
were only characterised by IR, elemental analysis and melt-
ing point (no MS), this is not proven to be the case. The d
general composition of these complexes was found to be:
[PBJ (HsL2%)] (SCN)4(CH3CH,OH); for the neutral ligand
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