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Abstract

The coordination modes of 5-pyrazolones are reviewed in light of the available X-ray diffraction studies of their complexes. This structural
analysis firstly concerns the coordination behaviour of the molecules without any donor atoms other than those associated with the pyrazolone ring,
and then deals with substituted pyrazolones in which the substituent provides additional donor atoms. Although the C4-substituted molecules are
the most widely explored because they are very versatile ligands, interest in the N(1)-substituted derivatives and in the bis- and poly-5-pyrazolones
has been growing steadily in recent years.
© 2007 Elsevier B.V. All rights reserved.

Keywords: 5-Pyrazolone ligands; Metal complexes; X-ray studies; Coordination chemistry

1. Introduction

Abbreviations: ~ bbpa, bis((2-benzimidazolylmethyl)-(2-pyridylmethyl)- Pyrazolones constitute a group of organic compounds that
amine); CN, coordination number; dmamp, o-(dimethylamino)methylphenyl; have been extensively studied due to their properties and
DME, dimethylformamide; DMSO, dimethylsulfoxide; HB(pz)s3, tris(3,5- applications. Since the synthesis of antipyrine (2,3-dimethyl-

dimethylpyrazol-1-yl)hydroborate; Hpiv, pivalic acid; Meac, a-methylacrylate; B 5 .
PhsCp, pentaphenylcyclopentadienyl; py, pyridine; bipy, bipyridine 1-phenyl-5-pyrazolone) by Knorr [1.2] in 1883, a great deal of

* Corresponding author. attention has been paid to the analgesic and antipyretic properties
E-mail address: giscasas@usc.es (J.S. Casas). of these compounds. The discovery of these properties prompted
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the search for other pyrazolones with similar behaviour but
with a better therapeutic action. As a result of this interest,
aminoantipyrine (the 4-amino-antipyrine) was synthesized [3]
and incorporated into the pharmacopoeia as an antipyretic and,
later on, as an analgesic and anti-inflammatory agent. Never-
theless, the use of these compounds in the treatment of humans
declined significantly after their toxicity for bone marrow was
discovered. A new advance in this field occurred in 1949 when H.
Stenzl synthesized phenylbutazone [4], a product for the treat-
ment of rheumatoid arthritis. Once again, the high toxicity of
these compounds in human beings has restricted their use, which
is currently limited to the veterinary field. Since these first his-
torical moments, the synthesis of pyrazolones has remained to
a large extent focused on the search for less toxic new anti-
inflammatory drugs [5] or the preparation of new compounds
with antifungal [6], antitumor [7] and antihyperglycemic [8]
activities.

Although the use of pyrazolones as drugs has warranted sig-
nificant attention, many more applications have been devised
for this group of molecules outside the pharmaceutical field.
For example, they have been applied to the solvent extraction of
metal ions [9], for analytical purposes [10], in the preparation of
azo colorants [11], as ligands in complexes with catalytic activ-
ity [12] and in the synthesis of rare earth metal complexes with
interesting photophysical properties [13].

2. 5-Pyrazolones as ligands in metal complexes

The research outlined above, which is mainly related with
the applications of pyrazolones, has also been accompanied by
a notable and parallel effort directed at unveiling the coordina-
tion chemistry of these molecules. Many complexes have been
prepared and their structures explored using X-ray diffraction
or spectroscopic methods. Although this information is rather
valuable, to the best of our knowledge there has not been a gen-
eral review of this field until the recent publication by Marchetti
et al., which specifically refers to 4-acyl-5-pyrazolones
[14].

A certain amount of information about the synthesis of
ligands and complexes is included in this review, but this publica-
tion is focused mainly on the X-ray analysis of the coordination
modes of all types of 5-pyrazolones rather than the properties
of their complexes. Furthermore, in an effort to avoid overlap
with the review of Marchetti et al., emphasis here is placed on
5-pyrazolones other than the acyl derivatives—although these
are also briefly discussed. The experimental information used in
the present work was obtained, when available, from the Cam-
bridge Structural Data Base (CSD) [15] or, in some cases, from
the corresponding paper. The complexes included are identified,
where possible, by their CSD code. The molecular graphics were
obtained using MERCURY [16].

The review has been ordered in terms of the positions of the
substituents on the pyrazolone ring (i.e., on the C4, N1 or N2
atoms, see Scheme 1) when they have potential donor atom(s),
and to the nature of this (or these) atom(s) because they usu-
ally determine the final denticity of the pyrazolone ligand. In
each section, the complexes formed by each ligand are ordered

3 4

N2 5 0
1
\N

Scheme 1. Numbering adopted for the pyrazolone ring.

by metal according to the periodic table. The complexes that
include bis- and poly-5-pyrazolones are treated together in the
last section.

The nomenclature for this type of molecule is not always
consistent in the literature, particularly when they are substi-
tuted. In order to avoid any confusion, we have adopted for
the pyrazolone ring the numbering in Scheme 1, regardless
of the criteria used by the authors in a cited paper, and con-
sider that they are all 5-pyrazolones. Finally, it is worth noting
that these molecules can adopt different tautomeric forms [17]
and only one (not necessarily the most abundant) will be used
to represent schematically the molecule in question in each
case.

2.1. 5-Pyrazolones without additional donor atoms

The methods of synthesis for these pyrazolones are diverse,
but frequently the preparation involves the condensation of a 3-
keto aldehyde or a B-keto ester with a hydrazine [18]. In solution
these compounds exist in different tautomeric forms, the relative
abundance of which depends on the structure of the compound
(number and position of the substituents), the concentration, the
nature of the solvent and the temperature [19,20].

From a coordinative point of view this is the simplest case,
since the only atoms available for coordination are the nitrogen
atoms of the pyrazole ring and the oxygen atom of the carbonyl
group (see Scheme 1). All complexes of this type studied by
X-ray diffraction are listed in Table 1 and the ligands involved
are shown in Scheme 2.

The ligand L' (antipyrine), in which both nitrogen atoms are
blocked by substitution, shows the same coordination mode in
all of its complexes [21-34], binding to the metal through the
only donor atom available (the O atom), as one would expect
(Fig. 1).

Antipyrine does not carry a charge and, as a result, coordi-
nation to a metal ion requires the presence of anions (e.g., X,
NO3 ™, ClO47) to ensure neutrality in the complexes. The anion
may be within (as in [Co(NO3)2(L!),] [21], Fig. 2) or outside
(as in [CA(L")]1(C104)3 [271, Fig. 3) the coordination sphere of
the metal.

All of the antipyrine complexes are mononuclear apart from
the copper complex [Cup(Meac)s(L1)2][22] (Fig. 4) (Meac=a-

Rs M L' (antipyrine), Ry = Ph, R, = Ry = Me
— HLZ R;=Ry=H, R;= Me
N. C~ HL% R;=R,=H, Ry= -CF,
R/ N /U ’
2 lil 0 HL* Ry=R,=H, Ry = Ph
R, HLS, Ry=Ry=H, Ry = Et

Scheme 2.
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Table 1
Complexes of 5-pyrazolones without additional donor atoms
Ligand Complex CSD code Pyrazolone Reference
donor atoms
L! [Co(NO3)>(LY),] NTAPCO (6] [21]
[Cuz(Meac)4(L1),] ECEBAP 0 [22]
[Cu(NO3), (L] NTAPYC o [23]
[ZnCl, (Ll )2] ANTPZN (0] [24]
[ZnBry(L");] LORHUV o [25]
[Zn(NO3)» (L' )] a o [26]
[CA(LYY6]1(ClO4)2 DAMHAA (6] [27]
[Pb(Ll )6](ClO04)2 PBAPYR (0] [28]
[Y(bbpa)(L1 )3](Cl0y4)3-H,O LUQDAC (6] [29]
[Y(HLY6]I3 YTANPY10 0 [30]
[Pr(bbpa)(L1 )3](Cl104)3-H,0 LUQCUV (6] [29]
[Nd(NO3)3(L")3] ANTNNDI10 0 [31]
[EuCl(bbpa)(Ll )(H>0),]Cl,-2H,O LUQDEG (6] [29]
[Tb(L")s]13 VAPTEL (6] [32]
VAPTELO1 [33]
[Tb(L1 )6](C104)3 COLQAV (6] [34]
Ligand Complex CSD code Coordination mode® Reference
HL?2 [CoClz(HL2)4] MASNAW (a) [35]
[NigNay (L?)4(piv)s(Hpiv)s] s ) [36]
[NisNay (OH)Q(L2 )a(piv)g(Hpiv)2(MeCN), ] EKIYIG (d) [36]
[Nig(OH)4(L?)2(PhCH,CO;)10(HL?)g] EKIYUS (a) (HL?) (¢) (L?) [36]
[Nizg(OH)3(L?)16(MeCO2)24(HL?) 6] a (a) (HL?) (c) L?) [37]
Na[NigNa(OH),Fg(‘BuPhCO,)g(HL?)3] SARZIV (a) [38]
[NigNa; (N3)12(PhCO2 )2 (L?)4(HL?)s(EtOAC)s] SARZOB (a) (HL?) (b) (L% [38]
HL3 [NisNag(L*)4(piv)s (Hpiv)s] EKIYEC (@ [36]
[NisLis(OH)2(L*)2(piv) 2 (Hpiv)s] EKIZAZ (@ [36]
HL* [Mn;402(OH)4(L*)1(HL*)4(NO3)4(MeCN)4 ] Et0-3.5MeCN XOTKAS (a) (HL*) (b), (¢, (d) (L [39]
[NisNas(OH)2(L*)4 (piv)s(Hpiv)2(EtOAc), ] ALOWON (d) [36]
[NigK2(OH)4 (L*)4(piv) 10 (HL*)2 (Hpiv), (MeCN); ] EKIYOM (a) (HL*) (b), (¢, (d) (L [36]
[NigCs(OH)4(L*)4(piv) 10(HL*)2 (Hpiv)2(MeCN)2]-MeCN EKIZED () (HL*) (0, (d) (LY [36]
[NigRb, (OH)4(L*)4(piv)10(HL*), (Hpiv)s (MeCN), EKIZIH (a) (HLY) (o), (d) (LY [36]
[NigMga(OH)2(L*)4(piv) 10(HL*)4(MeOH), ] ILEQIZ (a) (HLY) (¢), (d) (LY [40]
[NigSr(OH)2 (L*)s (piv) 10(HL*)s (Hpiv)2(MeCN)] ILEQOF (@), (b) (HL*) (b), (c) (L [40]
[NigBa(OH)2(L*)s(piv)10(HL*)s5 3 (Hpiv)o.;(MeCN), ] ILEQUL (a), (b) (HL*) (b), (¢) (L) [40]
HLS [NisNag(L?)4(piv)g (Hpiv)s] A (d [36]
[NisNas(OH)2(L3)4(piv)s(MeCN)4] a (d) [36]
[NigK2(OH)4(L?)4(piv)10(HL?)4(MeCN),] a (a) (HL?) (¢, (d) (L°) [36]
[NigRb; (OH)4(L%)4(piv) 0(HL? )4 (MeCN), ] 2 (a) (HL?) (¢), (d) (L) [36]
[NigCs2(OH)4(L3)4(piv)10(HL?)2(Hpiv)2(MeCN), ] a (a) (HL?) (¢, (d) (L) [36]

4 Structure not deposited or not available in the CSD.
b See Fig. 5.

methylacrylate), in which two Cu(Il) atoms are bridged by four
a-methylacrylate groups and additionally coordinated by a pyra-
zolone ligand, which occupies the axial position in the distorted
square pyramidal coordination sphere.

The pyrazolone ligands HL?-HL>, which are all substi-
tuted on C3, form metal complexes [35—40] in their neutral
and deprotonated forms (see Table 1), both coexisting in many
complexes. The neutral form usually coordinates to the metal
through the N1 atom (Figs. 5(a) and 6), although in the com-
plexes [NigSr(OH),(L*)6(piv)10(HL*)s(Hpiv),(MeCN)] and
[NigBa(OH)2(L*)s(piv)10(HL*)s 3(Hpiv)o.7(MeCN)3], coordi-
nation of HL* through the N1 and O atoms (see Fig. 5(b)) has
been proposed [40]. Curiously, in the CSD [15] interpretation of

the preceding structures, the putative bidentate HL* ligands are
considered as deprotonated (L*) ligands.

When ligands HL?~HL? are deprotonated they coordinate in
the (b), (c) or (d) modes (Fig. 5), binding two, three or four metal
atoms, respectively.

The capacity of these ligands to bridge a large num-
ber of metal atoms makes their deprotonated forms very
useful in the preparation of polynuclear transition metal
clusters (cages, wheels, etc.). Indeed, as can be seen from
Table 1, complexes of L?>-L> are polynuclear and have very
complicated structures. All of these complexes, apart from
[Mn40,(OH)4(L*)13(HL*)4(NO3)4(MeCN),]-Et,0-3.5MeCN
[39], are homo-{[Nig(OH)4(L?)2(PhCH,CO,)10(HL?)g] [36]



1564 J.S. Casas et al. / Coordination Chemistry Reviews 251 (2007) 1561-1589

Fig. 1. Coordination mode for ligand L' (antipyrine).

Co

Fig. 2. Coordination mode of the ligand in [Co(NO3)>(LY),] (NTAPCO) [21].

Fig. 3. Coordination mode of the ligand in [CA(LY)61(Cl104), (DAMHAA) [27].

Fig. 4. Coordination mode of the ligand in [Cua(Meac) (L"),1 (ECEBAP) [22].

and [Ni24(OH)g(L2)16(MeC02)24(HL2)16] [37]1} or heteronu-
clear Ni(II) complexes that contain, in the latter case, different
metal aggregates [NiM,] (M=Li [36], Na [36,38], K [36], Rb
[36], Cs [36], Mg [40], Sr [40], Ba [40]). In these compounds
other bridging ligands (such as carboxylate, (-diketonate,
hydroxo or oxo) contribute, along with the pyrazolone ligands,
to the formation of polynuclear structures. Much of the current
interest in these types of compounds is based on their magnetic
properties.

The aforementioned Mn complex [39] is a tetradecanuclear
manganese(I1)/(III) cage obtained by the reaction of HL* and
hydrated Mn(NO3); in MeOH/MeCN using NBusOH as a
deprotonating agent. Diffusion of Et;O into the resulting solu-
tion afforded crystals that were suitable for X-ray studies. In
this compound the neutral HL* ligand coordinates the metal in
the (a) mode, while the deprotonated ligands coordinate in the
(b)—(d) modes (Fig. 7).

The homometallic Ni compounds both include the pyra-
zolone HL2/L2 ligands. The nickel wheel [Niz4(OH)g(L2)16
(MeC02)24(HL2)16] [37] was synthesized by reacting HL? and
hydrated nickel acetate in MeOH. After the solid had been
removed, the mother liquor was evaporated to dryness and
the resulting powder was re-dissolved in MeCN. The acetoni-
trile solution finally afforded crystals suitable for an X-ray
study. In turn, [Nig(OH)4(L?)2(PhCH,CO3) 0(HL?)g] [36] was
prepared by stirring a mixture of Ni(NO3),-4H,0O, NaL? and
Na(PhCH,CO;) in MeOH. The mixture was evaporated to dry-
ness and the crude solid was extracted with EtOAc. Evaporation
of the extract led to a crystalline solid. The two Ni cages include
the pyrazolone ligand in both the neutral and deprotonated
forms. The neutral form coordinates the metal as usual in the
(a) mode, while the deprotonated form coordinates in the (c)
mode (see Fig. 8 for the Nig cage).

The heteronuclear [NiyM,] (M =alkaline or alkaline earth
metal) cage complexes were mostly prepared in a similar man-
ner. Thus, compounds that include the pivalate ligand (piv)
[36,40] were all prepared by reacting [Nip(H>O)(piv)4(Hpiv)4]
with a solution of the corresponding pyrazolone (HL?-HL>)
and a base (the hydroxide or alkoxide of an alkaline or alka-
line earth metal) in MeOH. The mixture was stirred overnight
and the solvent removed under reduced pressure. Extrac-
tion of the crude products with MeCN (or EtOAc) and slow
evaporation of the solvents afforded crystalline solids in a
few days. The [NigNa] cage [38] was prepared by reac-
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Fig. 5. Coordination modes in ligands HL>~HL?.

tion of an aqueous solution of nickel tetrafluoroborate with
a methanolic solution of the pyrazolone (HL?) and tert-
butylbenzoic acid. After stirring the mixture briefly, a solution
of NaOMe in MeOH was added and the solution was heated
under reflux for 24h. The solvent was then removed and
the crude product was extracted with ethyl acetate. Crystals
of Na[NigNa(OH),Fg(‘BuPhCO,)g(HL?)g] [38] grew in 10
days. [NigNas(N3)12(PhCO»)>(L?)4(HL?)s(EtOAc)s] [38] was
obtained in a similar way using benzoic acid instead of tert-
butylbenzoic acid and adding an excess of NaNs3 after the
addition of NaOMe.

In one of these heteronuclear cages, Na[NigNa(OH),Fg
('BuPhCO,)3(HL2)g] [38] (Fig. 9), the ligand in the neutral
form (HL?) is coordinated to the metal through the N1 atom
[(a) mode].

Fig. 6. Coordination mode of the ligand in [CoCly(HL?)4] (MASNAW) [35].

Fig. 7. Coordination modes of the ligands in [Mn;40,(OH)4(L%) 3
(HL*)4(NO3)4(MeCN)4]-Et,0-3.5MeCN (XOTKAS) [39].

In another seven cages [36], the pyrazolones are deprotonated
(L*) and all coordinate to the metal in the (d) mode (see Fig. 10
for [Ni4Nay(L?)4(piv)s(Hpiv)s] [36]).

Finally, in the remaining 10 cages, both neutral and depro-
tonated forms coexist [36,38,40] and these compounds can be
classified into three groups according to the coordination mode

Fig. 8. Coordination modes of the [Nig(OH)4(L2)2

(PhCH,CO,)9(HL?)s] (EKIYUS) [36].

ligands in

Fig. 9. Coordination mode of the
('BuPhCO»)s(HL?)g] (SARZIV) [38].

ligand in

Na[NigNa(OH)ng
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Fig. 10. Coordination mode of the ligand in [Ni4Na4(L3)4(in)3(Hpiv)g]
(EKIYEC) [36].

adopted by the ligand: one group of complexes includes ligands
with coordination modes (a) and (b) (see Table 1 and Fig. 11 for
[NigNas(N3)12(PhCO,)>(L?)4(HL?)s(EtOAc)s] [38]), a second
group consists of compounds in which the cages contain pyra-
zolones coordinated in the (a)—(c) modes (see Table 1 and Fig. 12
for [NigSr(OH)2(L*)s(piv)10(HL*)s(Hpiv)2(MeCN)] [40]) and,
finally, there are complexes in which the HL"/L" ligands are
coordinated in the (a), (c) and (d) modes (see Table 1 and Fig. 13
for [NigRba(OH)4(L*)4(piv)10(HL*)2(Hpiv)2(MeCN),] [36]).

Fig. 11. Coordination

modes (a) and (b) for the
[NigNa;(N3)12(PhCO3)2(L2)4(HL?)s(EtOAC)s ] (SARZOB) [38].

ligands in

Fig. 12. Coordination modes (a)—(c) for the ligands in [NigSr(OH),(L*)s
(piv)10(HL*)5(Hpiv)2(MeCN)] (ILEQOF) [40].

2.2. 5-Pyrazolones with C4-substituents bearing additional
donor atoms

2.2.1. 4-Amino (or 4-imino)-5-pyrazolones (—C4—N—-C—
fragment)

The known ligands of this type are included in Scheme 3
and their complexes are listed in Table 2. These compounds are
derivatives of 4-aminoantipyrine, a compound that can be pre-
pared by the nitrosation [41] and subsequent reduction [42] of
antipyrine (see L!, Fig. 1). Thus, L% was synthesized by methyla-

Fig. 13. Coordination modes (a), (c) and (d) for the ligands in
[NigRba(OH)4(L*)4(piv)10(HL*)2 (Hpiv)2(MeCN), ] (EKIZIH) [36].
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tion of 4-aminoantipyrine with CH,O/HCOOH [43], L7 and L8
were prepared from the corresponding 1-methylthioisoquinoline
and 4-aminoantipyrine [44] and HL?, L' and L!! were obtained
by condensing 4-aminoantipyrine with the corresponding alde-
hyde or ketone [44,45].

The complete substitution of the pyrazolone ring and the
presence in these ligands of an additional donor atom on C4
significantly modifies their coordination behaviour in compar-
ison to the systems described in Section 2.1. In some cases
these changes lead to compounds such as [Cu(L9)2] [45,46] and
[Ni(NO3)2(L!")>(H>0)] [47], in which only the donor atoms on
the C4-substituent are bound to the metal (vide infra).

The two complexes of LO [Co(NCS)(L®),] [48] and
[GA(NO3)3(L8),(H20)]-MeCN [49] (Figs. 14 and 15), show
a different coordination mode for the pyrazolone ligand. In
the Co(Il) derivative [48], prepared by reacting CoCl, with
NaSCN and L, the pyrazolone is bound to the metal through

Ol and the amino nitrogen N3 atom (see Scheme 3). In
[GA(NO3)3(L®)»(H,0)] [49], L is only Ol-bound. A similar
Ol-coordination is observed in the Co(II) complexes of L7 and
L81[50,51] (see Fig. 16 for [CoCl3(HL7)]-Me,CO [50]), in which
the pyrazolone is protonated at N3 and thus bears a positive
charge.

In [Cu(L?)5] [45,46] (Fig. 17), a complex obtained by reac-
tion of the ligand and hydrated copper acetate, only the N3
and 02 atoms from the substituent on C* bind to the metal.
Although the oxygen atom of one antipyrine ring is oriented
toward the metal centre, the distance Cu- - -O (3.41 A) rules out
the formation of a significant bonding interaction between the
two atoms.

[Cu(LlO)(EtOH)z]z(C104)4 [52] (Fig. 18) was prepared by
the reaction of L9 and Cu(Cl0Oy4),-6H,0 in EtOH. In this
complex the pyrazolone, which shows the highest denticity
observed in this group of ligands, is tridentate and binds the

Table 2

Complexes of 4-amino (or 4-imino)-5-pyrazolones

Ligand Complex CSD code Pyrazolone donor atoms Reference

Lo [CO(NCS)2(LO),] SANNUR OI,N3 [48]
[GA(NO3)3(L8),(H,0)]-MeCN NAVWIQ 01 [49]

L’ [CoCl3(HL")]-Me,CO GISVAF 01 [50]

L3 [CoCl3(L%)] ACASUS 01 [51]

HL?® [Cu(L%)5] AZATAW N3, 02 [46]

AZATAWO1 [45]
L0 [Cu(L'%)(EtOH)>12(Cl04)4 XODMEI O1,N3,02 [52]
L [Ni(NO3)»(L'1),(H,0)] ETESIF N4 [47]
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Fig. 17. Coordination mode of the ligand in [Cu(L®);] (AZATAW and
AZATAWO1) [45,46].

As in [Cu(L%),] [45,46], none of the donor atoms of the
Fig. 14. Coordination mode of the ligand in [Co(NCS)(L5)2] (SANNUR) [48]. antipyrine fragment is involved in the coordination to the metal,
with L' only bound through the N atom of the pyridine
metal through the O1, N3 and O2 atoms to form two chelate ring.
rings.
Reaction of L'! and Ni(NO3),-6H,0 in a sealed tube at 383 K
afforded crystals of [Ni(NO3),(L'"),(H,0)] [47] (Fig. 19).

Gd

Fig. 18. Coordination mode of the ligand in [Cu(L'%)(EtOH); ]2(Cl04)4 (XOD-
MEI]) [52].
Fig. 15. Coordination mode of the ligand in [GA(NO3)3(L0)2(H20)]-MeCN
(NAVWIQ) [49].

Co

Fig. 16. Coordination mode of the ligand in [CoCl3(HL’)]-Me,CO (GISVAF) Fig. 19. Coordination mode of the ligand in [Ni(NO3)2 (L', (H,0)] (ETESIF)
[50]. [47].
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HL'%2 R = Me
HL' R=Ph

Scheme 4.

2.2.2. 4-Oxime-5-pyrazolones (—-C4=N—-OH fragment)

Ligands of this type are shown in Scheme 4 and the complexes
are listed in Table 3. The ligands are prepared by nitrosation of
the 5-pyrazolone with NaNQO; in acidic media [53].

Only two complexes with this type of ligand have been
structurally studied [54] and both were obtained by reaction
of HL!'>13 with the corresponding metal acetate. In these com-
plexes the deprotonated pyrazolone-oximato ligand coordinates
to the metal through the oxygen atoms of the carbonyl (O1)
and oximato (02) groups (see Fig. 20 for [Mn(L!3)>(py)2]),
which occupy the equatorial positions in a distorted octahedral
structure.

2.2.3. 4-Diazo-5-pyrazolones (—C4—N=N- fragment)

The diazopyrazolones whose complexes have been struc-
turally identified by X-ray diffraction are those shown in
Scheme 5 and the complexes are listed in Table 4.

The ligands HL!*~HL!7 can be prepared by coupling the
appropriate pyrazolone and the diazonium salt derived from the

Fig. 20. Coordination mode of the ligand in [Mn(L'3),(py)2] (ZUDMAM) [54].

corresponding substituted aniline [55]. These molecules are rep-
resented in Scheme 5 in their diazapyrazolone form but they
can adopt other tautomeric forms such as the hydrazone and
the hydroxydiazopyrazole forms. The cationic ligand L' was
obtained (in the form of tetrafluoroborate salt) by reacting 4-
aminoantipyrine and ethyl nitrite in fluoroboric acid and EtOH
[56]. All these pyrazolones are highly coloured and have been
used extensively in the dyestuffs industry [57].

The complexes of HL'“-HL!® [55,58] were prepared by
reacting these ligands with the corresponding metal acetate,
except for [Cu(L!#),] [55] which was obtained from the nitrate.
The syntheses were carried out in MeOH for HL!#4 and HL!

Table 3
Complexes of 4-oxime-5-pyrazolones
Ligand Complex CSD code Pyrazolone donor atoms Reference
HL'? [Zn(L'?),(H,0),] ZUDLUF 01,02 [54]
HL!3 [Mn(L'3),(py)2] ZUDMAM 01, 02 [54]
R
Me Me
3 4
Me N=N 3_4
Me N=N
7 > \/
NZ; C=g Né
fil -0
Ph HL™ R ="'Bu |
HL"” R=H Ph HL'®
3 4
3 4
Me N=N Me _ N=N'" BF,
2
>/ ( OH 2
2 N (o
NE i Lo Me” \;« o'
I
Ph H2L17 Ph L8 (BF,)

Scheme 5.
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Table 4

Complexes of 4-diazo-5-pyrazolones

Ligand Complex CSD code Pyrazolone donor atoms Reference

HL“ [Co(L'#)3]-3MeOH QIRYEV 01, N4 [55]
[Ni(L'%),(MeOH),]-2MeOH QIRYIZ 01, N4 [55]
[Cu(L'*),] QIRXUK 01, N4 [55]
[Zn(L'*),] QIRYAR 01, N4 [55]

HL'"S [Cu(L'%),] QIRYOF 01, N4 [55]

HL!'6 [Co(L'®),] a O1,N4 [58]
[Ni(L'6),] a 01, N4 [58]
[Cu(L'%),] a 01, N4 [58]

H,L!7 [Sn(L'7),] TOYNUQ 01, 02, N4 [59]

L'8 [Mo{HB(pz); }(L'#)(CO),] ZESKUD N4 [60]

2 Structure not deposited or not available in the CSD.

Fig. 21. Coordination mode of the ligand in [Ni(L'#),(MeOH);]-2MeOH
(QIRYIZ) [55].

and in DMF or dioxane for HL'6. All these complexes, except
[Ni(L'#),(MeOH),]-2MeOH [55] (Fig. 21), are homoleptic and
in all cases the monodeprotonated azapyrazolones chelate the
metal through the O1 and N4 atoms.

The additional hydroxyl group in H,L'7 allows this molecule,
once deprotonated, to act as a dianionic tridentate ligand in the
Sn(IV) complex [Sn(L'7),] (Fig. 22) [59], which was obtained
by reacting HoL'7, Sn(OAc),Cl, and triethylamine in MeOH.
As shown in Fig. 22, the two N,0,O-tridentate pyrazolonate
ligands gives rise to a coordination number of six for the metal.

Fig. 22. Coordination mode of the ligand in [Sn(L!7);] (TOYNUQ) [59].

[Mo{HB(pz); }(L!®)(CO),] [60] (Fig. 23) was prepared by
reaction of [NEty][Mo{HB(pz)3 }(CO)3] [61] and L'¥(BF;) in
MeCN. Crystals of this product were obtained by slow evapo-
ration of a saturated solution in a mixture of dichloromethane
and hexane. The antipyrin-4-yldiazenide ligand acts as a mon-
odentate system through the N4 atom, probably due to the high
steric hindrance of the tris(pyrazolyl)borate ligand.

2.2.4. 4-Alkyl(or aryl)aminomethylidene-5-pyrazolones
(—C4=C-N(H)-C- fragment)

The complexes containing this type of pyrazolone (see
Scheme 6) are listed in Table 5.

These ligands are usually prepared by condensation of 4-
acyl-5-pyrazolones [14] with substituted amines [62—-64]. When
free, they can exist in three tautomeric forms; imine-one, imine-
ol and amine-ol, with the latter usually found in the solid state
[64]. In their complexes, these pyrazolones usually adopt the
imine-ol form and chelate the metal through the O1 and N3

Mo

Fig. 23. Coordination mode of the ligand in [Mo{HB(pz); }(L'®)(CO),]
(ZESKUD) [60].
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Table 5
Complexes of 4-alkyl(or aryl)aminomethylidene-5-pyrazolones
Ligand Complex CSD code Pyrazolone donor atoms Reference
HL! [Co(L!?),(DMF),] BEQDEH 01,N3 [65]
[Ni(HL!?),(EtOH); ] a 01,N3 [66]
[Ag(HL!%),]PF¢ ASOWIO N2 [76]
HL?0 [Co(L2),] QAKTIG 01,N3 [67]
HL2! [Co(HL2!),(MeOH),[(NO3), XAJRIK 01,N3 [68]
[Ni(L2"),(DMF);] XAJRAC 01,N3 [68]
[Cu(L?"),(DMF),] XAJREG 01,N3 [68]
[Zn(L?")2(DMF), ] XAJROQ 01,N3 [68]
HL2? [Co(L??),(EtOH);] a 01,N3 [69]
[Ni(L?2),(EtOH),] a 01,N3 [66]
[Cu(L??),] a 01,N3 [62]
HL? [Co(L?3),(EtOH),]-EtOH a 01,N3 [69]
[Cu(L?),] a 01,N3 [62]
HL2* [Co(L?*),(EtOH);] HAWVEH 01,N3 [70]
[Ni(L2*),(EtOH), ] HAWVAD 01,N3 [70]
HL? [Cu(LB),(H,0)] XUYRUE 01,N3 [63]
HL2® [Cu(L2%),] YASQIT O1,N3 [71]
HL? [Cu(L?),] JAYLIF 01,N3 [72]
H,L? [Cu2(L?),] TAQIIF 01,N3,02 [78]
H,L% [Cu2(L¥)>(DMF),] a 01, N3, 02 [79]
HL [Zn(L30),]-MeOH VUHDOR 01,N3 [73]
HL! [Zn(L3),] LAPWUV 01,N3 [74]
HL32 [Ni(L32),(EtOH), ] a 01,N3 [66]
[Cu(L??),] a 01,N3 [62]
HL» [Co(L*3),] DAYKUK 01,N3 [75]
HL* [Cu(L3*),]-2HL3* XULMEW N2 [77]

4 Structure not deposited or not available in the CSD.

atoms [62,63,65-75] (see Table 5). Less common is mono-
coordination through N2 [76,77] and three-coordination through
O1, N3 and O2 (with O2 being an additional donor atom on R4)
[78,79].

Most of these compounds are Cu(Il) complexes
[62,63,68,71,72,77-79] obtained by reaction of the corre-
sponding pyrazolone with a metal salt (chloride, nitrate,

acetate) in the presence, in some cases [72,75], of a deproto-
nating agent. In these complexes the Cu atom is coordinated
to two pyrazolonates and, in some of them, one or two solvent
molecules increase the coordination number of the metal to 5
or 6 [63,68,69].

Two examples are dinuclear copper pyrazolonates
([Cuz(L?®)] [78] (Fig. 24) and [Cua(L*)2(DMF)2] [79])

R
R v H Ligand R, R, R, R,
A HL" Ph Me Ph  naphthyl
>/_( HL® Ph Me Ph  m-chlorophenyl
N2, & HL Ph Me Ph -OH
SN So! HL*? PE Me Ph Ph
HL P Me  Ph  nitrophenyl
A ] HL? Ph Me Ph  p-fluorophenyl
H Lz: Ph Me Ph  p-acetylphenyl
n n HL n-hexyl Me Lt Ph
HL /HZL HLY h Me Ph  benzyl
HoL?® Ph Me 1I o-hydroxy(O2)phenyl
HoL? Ph Me H o-hydroxy(02)benzoyl
HL* Ph Pr H cyclohexyl
HL®! Ph Me H  p-'Buphenyl
HL* Ph Me Ph  o-tolyl
Me, /C—NH HL3® Ph Me Ph  p-tolyl
2>/ (
N1, C=0o
Ph HL

Scheme 6.
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Fig. 24. Coordination mode of the ligand in [Cuy(L?®),] (TAQIJIF) [78].

Fig. 25. Coordination mode of the ligand in [Cu(L?®),] (YASQIT) [71].

and these are formed with two ligands that possess an additional
hydroxyl group on R4 (see Scheme 6). These ligands lose two
protons and coordinate through the atoms O1, N3 and O2. The
oxygen atom O2, which belongs to the deprotonated hydroxyl
group, bridges between the two metal centres.

In all the mononuclear copper complexes, the pyrazolone
ligand coordinates the metal through the O1, N3 donor
atoms (see Fig. 25 for [Cu(LZG)z] [71])—one exception is
[Cu(L3*),]-2HL** [77], in which the coordination occurs
through N2 (Fig. 26).

Fig. 26. Coordination mode of the ligand in [Cu(L3*),]-2HL* (XULMEW)
[77].

Fig. 27. Coordination mode of the ligand in [Co(L%);] (QAKTIG) [67].

The complexes of Co(I), Ni(Il) and Zn(II) with this type
of pyrazolone were prepared in a similar way to the Cu(Il)
complexes and they are all mononuclear with [M(L"),] or
[M(L"),(solvent);] stoichiometries [65—-70,73—-75]. As in most
of the copper derivatives, the compounds [M(L"),] have two
deprotonated O1, N3-bidentate pyrazolonates forming a tetrahe-
dral coordination sphere, as occurs in [Co(L2O)2] [67] (Fig. 27),
[Co(L33)5] [75] and [Zn(L3°),]-MeOH (Fig. 28). In the com-
pounds [M(L"),(solvent);] and [Co(HL2!),(MeOH); [(NO3),
[68], the presence of two additional coordinated molecules of
solvent increases the coordination number to six and leads to
octahedral geometries (see Fig. 29 for [Ni(L?!),(DMF);] [68]).

Many of these Cu(II), Co(IT) and Ni(II) complexes can act as
catalyst precursors for styrene and norbornene polymerization
with activation by methylaluminoxane [62,66,70].

Fig. 28. Coordination mode of the ligand in [Zn(L3*);]-MeOH (VUHDOR)
[73].
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Fig. 29. Coordination mode of the ligand in [Ni(L?!),(DMF),] (XAJRAC) [68].

Fig. 30. Coordination mode of the ligand in [Ag(Hng)z]PFG (ASOWIO) [76].

In the Ag(I) complex [Ag(HL'®),]PFs [76] (Fig. 30),
obtained by reaction of HL!® and silver hexafluorophosphate,
two neutral pyrazolone ligands coordinate the metal through the
N2 atoms to give a linear geometry.

2.2.5. 4-Hydrazone-5-pyrazolones (—C4—C=N-N-C—-
fragment)
2.2.5.1. Salicylidenehydrazones. The complexes identified
with this type of ligand (see Scheme 7) are listed in Table 6.
H,L337 can be prepared by reaction of 4-acyl-5-
pyrazolones and salicylidene hydrazone in anhydrous ethanol,
using a few drops of glacial acetic acid as a catalyst [80,81].
In these compounds the occurrence of keto-enol tautomerism is

HO?2 Ligand Ry R
R, H,L® Me  Ph
R L, ﬁ H,L*®  Ph Ph
1 N~ %C H.L*”  Ph -CH,Ph
H H

Scheme 7.

Fig. 31. Coordination mode of the ligand in [Ni(HL3%),(EtOH),] (FETDOY)
[82].

possible, although an X-ray study of HoL37 [81] indicates that
it mainly exists in the keto form in the solid state.

These ligands, due to their multidentate nature and the loca-
tion of the donor atoms, can easily bridge between two or more
metal ions to give polynuclear complexes. In fact, of the com-
plexes reviewed here, only [Ni(HL3®),(EtOH),] — obtained by
reaction of H,L3% and Ni(OAc), —is mononuclear [82] (Fig. 31).
The hydrazone—pyrazolone is singly charged (after losing the
proton from the N3-H group) and coordinates to the metal
through the O1, N3 atoms.

The dinuclear Cu(II) complex [Cuz(L37)2]-O.5H20 [81]
(Fig. 32) was obtained by reacting a solution of Cu(OAc),-H,O
in ethanol with a methanolic solution of the ligand (prepared
after the addition of aqueous NaOH). The tetradentate ligand is
bideprotonated to form two chelating moieties: the first involves
the oxygen atom at the 5-position of the pyrazolone (O1) and one
of the hydrazone nitrogen atoms (N3) and the other comprises
the oxygen of the hydroxyl group (O2) and the other hydrazone
nitrogen (N4) (see Fig. 32). Each moiety chelates to a different
copper atom, meaning that each copper is coordinated to O1,
N3, N4 and O2 atoms in a distorted square planar geometry.

The tetranuclear Zn(II) complexes [Zn4(L3'5 )4]-CH3CO0C,
Hs-EtOH-H,0 [80] and [Zn4(L37)4] [81] (Fig. 33) are very sim-
ilar. Both are obtained by a similar procedure to that previously

Fig. 32. Coordination mode of the ligand in [Cus(L37),1-0.5H,0 (FAKPEN)
[81].
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Table 6
Complexes of 4-salicylidenehydrazone-5-pyrazolones
Ligand Complex CSD code Pyrazolone donor atoms Reference
HLY» [Zng(L*)4]-CH;COOC, Hs-EtOH-H,0 PAVXUG O1,N3,N4, 02 [80]
H,L3¢ [Ni(HL3¢),(EtOH),] FETDOY 01,N3 [82]
H, L3 [Cuy(L37),]-0.5H,0 FAKPEN 01,N3, N4, 02 [81]

[Zng (L3 )4] FAKPAJ 01, N3, N4, 02 [81]

Fig. 33. Coordination mode of the ligand in [Zn4(L37)4] (FAKPAJ) [81].

described for the Cu(Il) complex using Zn(OAc);-2H> O instead
of Cu(OAc);-H,0O. The bridging bideprotonated pyrazolonates
are coordinated to three Zn(Il) cations, one through the Ol,
N3 donor atoms, another through the N4, O2 atoms and the
third through O2. In this way, the hydroxyl O2 atom bridges
between two metal centres. Each of these centres is pentaco-
ordinated and has a trigonal bipyramidal coordination sphere
formed by O1, N3 (from one ligand), N4, O2 (from another)
and O2 (from a third ligand). The tetranuclear core of these
complexes is practically square planar (Fig. 34) with a Zn- - -Zn
distance of 3.411 A.

2.2.5.2. Acylhydrazones. The 4-acylhydrazone-5-pyrazolones
studied so far in the present context are shown in Scheme 8
and their complexes in Table 7.

These ligands can be synthesized by condensation of
equimolar quantities of 4-acyl-5-pyrazolones (see Section 2.2.6)
and acylhydrazides in methanol or ethanol under reflux. A
few drops of acetic acid are normally used as a catalyst
[83-85]. The X-ray studies on H,L3® [83] and H,L*' [86]

Fig. 34. The tetranuclear core of [Zn4(L37)4] (FAKPAJ) [81].

showed that these molecules are in the keto form in the solid
state.

[ReO(L38)(HL3®)].CH,Cl, [83] (Fig. 35) was prepared by
reacting HoL3® and triethylamine in ethanol with a solution
of ReOCI3(PPh3) in boiling chloroform. After heating under
reflux, the solution was partially evaporated and the crude prod-
uct was purified by column chromatography using CH,Cl; as
eluent. Crystals were obtained when the residue was recrys-
tallized from dichloromethane/hexane. In the complex, two
acylhydrazone—pyrazolone ligands, one monodeprotonated and
the other bideprotonated, coordinate the metal. The monodepro-
tonated ligand is bidentate and binds the rhenium through the
N3 and O2 atoms (Fig. 35), whereas the bideprotonated ligand
is tridentate and binds through the O1, N3 and O2 atoms.

Rj Liggnd R, R, R; R,

Ph Me Ph Ph
Ph Ph Me  2-hydroxyphenyl

Ph Me Ph 2-hydroxyphenyl
Ph Me Ph 4-nitrophenyl
Ph Me Ph 4-pyridyl

| H
R, /C\gl/';‘\C/R‘i
/ H ||2
N{;l/CQO1 H2L42
i H,L"

Scheme 8.
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Table 7

Complexes of 4-acylhydrazone-5-pyrazolones

Ligand Complex CSD code Pyrazolone donor atoms Reference

H,L38 [ReO(L3®)(HL38)].CH,Cl, WIVPEW L38: 01, N3, 02; HL3: N2, 02 [83]

H,L¥ [Ni(L3%)(bipy)(CH3;0H)] HEBBEW 01,N3,02 [84]
[Cu(L?*)(bipy)]-2CH,Cl, HEBBOG 01,N3, 02 [84]
[Zn(L3?)(bipy)(CH3OH)] HEBBIA 01,N3, 02 [84]

H,L40 [Ni(L*)(py)] UKEWEM O1,N3,02 [87]

H,LA! [Ni(L*)(py)3] NACBID 01,N3,02 (88]
[Cu(L*")(py)] CAVDEJ 01,N3, 02 [89]

H,L*? [Eu(HL*?)3]-3.5H,0-0.5MeOH QIGJAR 01, N3, 02 [85]

[M(L*)(bipy)(CH;0H)] (M=Ni, Zn) and [Cu(L*%)
(bipy)]-2CH,Cl, [84] were prepared by reacting the cor-
responding M(OAc),-nH,O with the ligand H,L3° and
2,2’-bipyridine in MeOH at 70°C. In all of these complexes
the bideprotonated pyrazolone (only the phenolic proton on
R4 remains) coordinates the metal through the O1, N3 and
02 atoms (Fig. 36). The same coordination mode occurs in
[Ni(L*%)(py)] [87], which was prepared by a similar procedure.

The complexes of HoLH, je. [Ni(L41)(py)3] [88] and
[Cu(L*M)(py)] [89], were both obtained as follows. Equimolar
mixtures of H,L*' and M(OAc),-H,O were ground and dis-
solved in MeOH. The clear solution was then placed in a Teflon
bomb and 1 mL of CH3CN and 1 mL of pyridine were added to
the mixture, which was heated to 120 °C for 2 days. Slow cool-
ing to room temperature afforded crystals in both cases. In these
complexes the ligand loses two protons from its enol form and
behaves in a tridentate manner through the N3, O1 and O2 atoms
(see Fig. 37 for [Cu(L41)(py)] [89]). Three pyridine molecules
in the Ni(II) complex and one in the Cu(Il) complex com-
pleted an octahedral and a square planar coordination sphere,
respectively.

[Eu(HL**)3]-3.5H,0-0.5MeOH [85] (Fig. 38), prepared by
reaction of an aqueous solution of H,L*? at pH 7 with an aque-
ous solution of EuClz-6H;0, was studied by X-ray diffraction

Fig. 35. Coordination mode of the ligand in [ReO(L3®)(HL38)].-CH,Cl,
(WIVPEW) [83].

Fig. 36. Coordination mode of the ligand in [Zn(L3?)(bipy)(CH3OH)] (HEB-
BIA) [84].

after recrystallization from MeOH/EtOH (1:2). The coordina-
tion polyhedron is a tricapped trigonal prism defined by three N
atoms (N3) and six O atoms (three O1 and three O2) from three
monodeprotonated tridentate pyrazolonates.

Fig. 37. Coordination mode of the ligand in [Cu(L*")(py)] (CAVDEJ) [89].
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Fig. 38. Coordination mode of the ligand in [Eu(HL*?)3]-3.5H,0-0.5MeOH
(QIGJAR) [85].

2.2.5.3. Thiosemicarbazones. The  4-thiosemicarbazone-5-
pyrazolones are indicated in Scheme 9 and their complexes are
listed in Table 8.

These ligands can be easily prepared by condensation of
the corresponding 4-acyl-5-pyrazolone [14] and the desired
thiosemicarbazide in MeOH or EtOH. Yields can be improved
by the addition of a few drops of an acid (AcOH or H,SOy) as
a catalyst [90,91]. In the solid state these ligands exist in the
keto-thione form [92,93].

[CO(HL43 )21-2H,O-2DMF [90] (Fig. 39) was synthesized by
reacting Co(OAc); with HL*3 in H,O/EtOH and the product
was recrystallized from DMF. Both monodeprotonated ligands
coordinate the metal through the O, N3 and S atoms, giving rise
to a distorted octahedral coordination sphere.

In [Ni(L*¥)(H,L*)]-2H,0-EtOH [92], although the metal
environment is similar to that in the Co(II) complex and the
pyrazolones are also O, N3, S-tridentate, one ligand is neutral
and the other bideprotonated.

The Co(IIl) derivative [Co(L**),]BF,s [94] was obtained
during crystallization of the corresponding Co(II) complex
[Co(HL*),](BF3), (prepared by reacting HyL** and Co(BF4),

Fig. 39. Coordination mode of the ligand in [Co(HL*?),]-2H,O-2DMF
(FASKEQ) [90].

Fig. 40. Coordination mode of the ligand in [Pd(L*),] (UJELOK) [96].

in MeOH under reflux [95]). In a similar way to previous com-
pounds, the monodeprotonated ligands coordinate the metal
through the O, N3 and S atoms.

When K>PdCls and HL* were reacted in water (pH 8-9,
adjusted with aqueous 1.0M NHj3) and the isolated solid
was recrystallized from MeCN/MeOH, the Pd(II) complex
[PA(L*),] [96] (Fig. 40) was obtained. In this case the
deprotonated thiosemicarbazone-5-pyrazolone ligands are N3,
S-coordinated and the Pd(Il) has a trans-N2,S2 square planar
environment.

2.2.5.4. Dithiocarbazates. HL* (Scheme 10) was prepared
by condensation of 3-methyl-1-phenyl-4-benzoylpyrazol-5-one
[14] and S-methylthiosemicarbazate [97] in MeOH. This ligand
exhibits solid-state photochromism due to photoisomerization
from the enol to the keto form through an intermolecular proton
transfer.

The complex [Co(L46)2]-2H20 [98] (Fig. 41) was pre-
pared by reaction of HL* and Co(OAc);-4H,0 in EtOH/H,0.

Fig. 41. Coordination mode of the ligand in [Co(L*%),]-2H,0 (IWETEJ) [98].



J.S. Casas et al. / Coordination Chemistry Reviews 251 (2007) 1561-1589

1577

Ph\ H NH H 'lwe
3 2
Me c=N" e \C_ “ NN
_ Il Me —N c/ \M
S — g e
2
HN\;\‘/C>O Me/N\N/C*o
| 43 |
Ph HoL Ph HL%
H
H\ '\5
—_n AN
Me C=N ﬁ Et
>=< S
Me/N\N/ Cx0
[
Ph HL*®
Scheme 9.
Ph H R;
\ _3_N_ /S\ \
Me C=NT47¢ Me R, c=02
7—=< s )3 4\/
HN2 , C=q ol \s
Ph HL* |
R4
Scheme 10.
Scheme 11.
Crystals suitable for the X-ray study were obtained from
ethanol/acetone. The ligand is in its tautomeric thiol form and Ph
coordinates the metal through the thiolato sulphur (S), the Me \C—
azomethine nitrogen (N3) and the pyrazolone oxygen (O) atoms. -
The coordination geometry around the metal is described as a 23 4
slightly distorted octahedron. HN{ ] 2C=q
2.2.6. 4-Acyl-5-pyrazolones (-C4—C(O)-C- fragment) |Lh HLY
As mentioned previously, the synthesis, structure, coordina- Seheme 12
cheme .

tion behaviour and applications of 4-acyl-5-pyrazolones (see
Scheme 11) were extensively reviewed by Marchetti et al. [14].
According to this review the coordination modes for these lig-
ands are those summarized in Fig. 42.

2.2.7. 4-Thioacyl-5-pyrazolones (-C4—C(S)-C- fragment)
The 4-thioacyl-5-pyrazolone HL*’ (Scheme 12) was pre-

pared by reacting a solution of 3-methyl-1-phenyl-5-pyrazolone

and thiobenzoylthioglycolic acid in 50% MeOH containing

sodium hydroxide. After heating the mixture under reflux, the
solution was allowed to cool and then acidified with acetic acid
[99].

In the only complex of this ligand studied to date by X-ray
diffraction, i.e. [Cu(L*"),] [100] (Fig. 43), the monodeproto-
nated ligands coordinate the metal through the O and S atoms,
giving rise to a very distorted square planar geometry.

Table 8

Complexes of 4-thiosemicarbazone-5-pyrazolones

Ligand Complex CSD code Pyrazolone donor atoms Reference

HyL 4 [Co(HL*3),]-2H,0-2DMF FASKEQ N3,0,S [90]
[Ni(L*3)(H,L*%),]-2H,0-EtOH IFENOW N3,0,S [92]

HL* [Co(L*),]BF, NATFOE N3,0,S [94]

HL® [PA(L*),] UJELOK N3, S [96]
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Fig. 42. Coordination modes for 4-acyl-5-pyrazolones [14].

2.2.8. 4-Phosphino (phosphoryl or
phosphoranylidene)-5-pyrazolones (—C4—P—C- fragment)
Some 5-pyrazolones with a P atom on C* have been prepared
(Scheme 13) and their complexes are included in Table 9.
NaL*® was obtained by reacting 3-methyl-1-phenyl-5-
pyrazolone first with sodium hydride in THF at 0°C and
then with PhpPCI [101]. The reaction of 4-diphenylphosphine-
5-ethoxy-3-methyl-1-phenyl-l-pyrazole with Cl, in benzene
afforded a chloro ylide that was then reacted with aqueous
sodium carbonate to give HL* [102]. The ligand L>° was pre-
pared by mixing the corresponding 4-bromo-5-pyrazolone [103]
with triphenylphosphine in toluene at 90 °C to give the phospho-
nium salt, which was then deprotonated with NaH/THF [104].
The reactions of NaL*® with the Ni(Il) organometal-
lic derivatives [Ni(PhsCp)(CO)Br] and [Ni(Ph)Cl(PPh3)]
afforded the complexes [Ni(PhsCp)(L*®)] [105] and

[Ni(Ph)(L*®)(PPh3)]-PhCH; [106] (Fig. 44), respectively. These
two Ni(II) compounds show catalytic activity toward ethene
polymerization. In both cases the 4-phosphane-5-pyrazolonato
unit is linked to the metal through O and P atoms (Fig. 44).

The Pd(II) complexes [Pd(dmamp)(L*®)] [107] and
[PA(L*®),][101] (Fig. 45) were prepared by reacting NaL.*® with
[PdCl(dmamp)], in dry THF or Pd(OAc); in CH,Cl,, respec-
tively. In both compounds the metal atom is in a square planar
environment and the pyrazolonate is again bound through the O
and P atoms.

[Fe(L*)3] [108] was isolated by adding a solution of the
ligand in dichloromethane to an aqueous solution of Fe(NO3)3
(M:L molarratio 10:1). The crystals used in the X-ray study were
obtained by diffusion of pentane into a THF solution of the com-
plex. It can be seen from Fig. 46 that the three deprotonated lig-
ands bind the metal through the two donor O atoms, O1 and O2.
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Table 9
Complexes of 4-phosphanyl (phosphonate or phosphoranylidene)-5-pyrazolones
Ligand Complex CSD code Pyrazolone donor atoms Reference
Nal#8 [Ni(PhsCp)(L*®)] YOGKAG 0,P [105]
[Ni(Ph)(L*®)(PPh3)]-PhCH3 WALTOT O,P [106]
[Pd(dmamp)(L*®)]-C¢Hg HATRAV 0,P [107]
[PA(L*®),] LATJAR 0,P [101]
HL* [Fe(L*)3] JOSRUE 01,02 [108]
L50 [PdCly(L>°),]-4CHCl; HAVHIW N2 [104]
[PACI(L>%)(dmamp)] HAVHES N2 [104]

Fig. 43. Coordination mode of the ligand in [Cu(L*7),] (OCEFUY) [100].

The Pd(I) complexes of L3, [PdCl,(L°),]-4CHCI3 [104]
(Fig.47) and [PdCl(LSO)(dmarnp)] [104], were prepared by mix-
ing a solution of the ligand in chloroform or toluene with a
solution of [PdCI>(PhCN);] in chloroform or [Pd(dmamp)Cl],
in toluene, respectively. Crystals of these compounds were
grown by slow evaporation of chloroform or dichloromethane
solutions. In both complexes LY coordinates the metal in a simi-
lar way through the N2 atom and the metal atoms have an almost
ideal square planar environment.

2.3. 5-Pyrazolones with additional donor atoms on N1

The ligands of this type that have been prepared to date are
all N!-carbothioamide-5-pyrazolones (see Scheme 14) and their
complexes are listed in Table 10.

Fig. 44. Coordination mode of the ligand in [Ni(Ph)(L*®)(PPh3)]-PhCH;3 (WAL-
TOT) [106].

All these carbothioamide-5-pyrazolones were obtained by
elimination-cyclization processes involving [3-keto ester or [3-
keto amide thiosemicarbazones (HBTSCs) in the presence of a
metal cation (although other factors such as pH, temperature and
the nature of the solvent may influence the process) [109-114]
(see Scheme 15).

When reacted with aqueous trifluoroacetic acid, these com-
plexes release the free pyrazolone, which is then easily isolated
[111]. In their free form all of these ligands adopt the keto-thione
form in the solid state [111,115].

The interesting coordination possibilities of these molecules
are well illustrated by the related rhenium coordination chem-
istry developed in recent years. The reaction of [ReBr(CO)s]

Ph Ph_ Ph Ph_ PP
P-Ph Me P Me P.
Me \\02 / \Ph
J/ \< / \ /
NZ 1/C\O' Na®* N2 , /C\o1|.| NZ 4 /C§o
) | |
Ph NaL*® Ph HL4® Ph L50

Scheme 13.



1580 J.S. Casas et al. / Coordination Chemistry Reviews 251 (2007) 1561-1589

Table 10
Complexes of N!-carbothioamide-5-pyrazolone ligands
Ligand Complex CSD code Pyrazolone donor atoms Reference
HLS! [Re(L31)(CO)3]4-PhCH; ALIBAY N2, S1, 01 [109]
[Zn(L>1),(H,0)]-DMSO XIHBAR N2, S1 [110]
[CALM )2 (py)] HOXLEL N2, S1 [111]
HL>? [Zn(L?2)>(MeOH)] TAYQIU N2, S1 [112]
HL3 [Zn(L3);]-MeOH TAYQOA N2, S1 [112]
[CA(L%),(DMS0)]-DMSO BEYKOG L3: N2, S1, O1; L33: N2, S1 [113]
HL>* [Zn(L>*),]-H,0 BEYKEW N2, S1 [113]
HLSS [ReBr(CO)3(HL%)] ALEZOG N2, S1 [109]
[Re(L>)(CO)3(H,0)] ALIBEC N2, S1 [109]
[Zn(L>3)2(H,0)]-2DMSO XIHBEV N2, S1 [110]
[CA(L%),(H,0)]-DMSO BEYKIA N2, S1 [113]
HLS36 [Zn(L%)5] TAYQUG N2, S1 [112]
[Zn(L%)5] TAYQUGO1 N2, S1 [112]
HLY [Re(L57)(C0O)3]3-0.5PhCH3 a N2, S1, 01 [114]
HL>8 [Zn(L%)5] TAYRAN N2, S1 [112]
HL [Re(L)(CO)3]3 a N2, S1, 01 [114]
[Re(L?)(C0O)3]3-2PhCH; 2 N2, S1, O1 [114]
4 Structure not deposited or not available in CSD.
R, R; Ligand R, R, R;
>=< HL:12 I8 Me H
2 HL H Et H
HN 1 Cxq' HL® ¢ Ph H
'i‘ HL* 1 CHyO-Cl- H
. Co HL® H Me Me
$“ TNHR, HL¥® H Me Et
HLY  Me Me H
HL" HL3® Et Me H
HL®  ph Me H

Fig. 45. Coordination mode of the ligand in [Pd(L*%),] (LATJAR) [101].

with methyl acetoacetate and ethyl 2-methylacetoacetate
thiosemicarbazone in toluene under reflux afforded crystals of
[Re(L>1)(CO)3]4-PhCH; and [ReBr(CO)3(HL>>)], respectively
[109]. In the former case, four fac-Re(CO)s and four bridging

Scheme 14.

pyrazolonates form a tetramer (Fig. 48) in which the pyra-
zolonate coordinates to one rhenium atom through its S and
N2 atoms, forming a five-membered chelate ring, and to a
second metal atom through the oxygen atom (O1). However,
[ReBr(CO)3(HLY)] is a monomer [109] (Fig. 49) and the neu-
tral pyrazolone is in the enol form and coordinates to the metal
through the N2, S atoms.

The same coordination mode, this time for the anionic form
of the ligand, occurs in [Re(L*°)(CO)3(H,0)] [109]. This
complex was prepared by mixing ethyl 2-methylacetoacetate
thiosemicarbazone and [ReX(CO)3;(CH3CN),] (X=C],

Scheme 15.
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Fig. 46. Coordination mode of the ligand in [Fe(L*’);] JOSRUE) [108].

Fig. 47. Coordination mode of the ligand in [PdCl,(L>°),]-4CHCl; (HAVHIW)
[104].

Br) in chloroform at room temperature and then react-

ing the resulting complex {[ReBr(CO)3(HTSC)]}
with NaOMe. However, [Re(L57)(CO)3]3~O.5PhCH3,
[Re(L*?)(CO)3]3-2PhCH;  and  [Re(L?)(CO)s]3  [114],

which were isolated from the reaction of [ReCl(CO)s] with

Re

Fig.48. Coordination mode of the ligand in [Re(L3!)(CO)3]*-PhCH;3 (ALIBAY)
[109].

Re

Fig. 49. Coordination mode of the ligand in [ReBr(CO)3 (HL%)] (ALEZOG)
[109].

methyl acetoacetate-N3-methylthiosemicarbazone or methyl
acetoacetate-N>-phenylthiosemicarbazone, are all trimers, with
the pyrazolonate ligands bridging two [Re(CO)3] fragments
(see Fig. 50 for [Re(L>?)(CO)3]3 [114]) in a similar way to L>!
in the previously described tetramer.

Zn(Il) complexes with the general formulae [Zn(L");]
(n=53, 54, 56, 58) [112,113] and [Zn(L")2(Solv)] (n=51,
Solv=H,0O; n=52, Solv=MeOH; n=55, Solv=H;0)
[110,112] have also been prepared, as was indicated in
Scheme 15, by reaction of Zn(OAc), and the corresponding
thiosemicarbazone ligand in MeOH (at room temperature
or under reflux). These complexes contain monodeproto-
nated N2, S-bound pyrazolonate ligands and the complexes
[Zn(L™),] have a distorted tetrahedral geometry (see Fig. 51 for
[Zn(L53)2]~MeOH [112]), whereas those with [Zn(L"),(Solv)]
stoichiometry possess distorted trigonal bipyramidal coor-
dination spheres (see Fig. 52 for [Zn(L%),(MeOH)] [112]).
Curiously, the potentially polymeric [Zn(L"-H)] complexes
have also been isolated but their X-ray structures are yet to be
determined.

The Cd(IT) complexes with the ligands HL>' [111], HL>3
[113] and HLY [113] were synthesized in a similar way
to the Zn(II) systems by reacting Cd(OAc), with the corre-
sponding thiosemicarbazone. Recrystallization of the complexes
from pyridine or DMSO afforded crystals suitable for X-ray

Fig. 50. Coordination mode of the ligand in [Re(L3?)(CO)313 [114].
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Fig. 51. Coordination mode of the ligand in [Zn(L3*);]-MeOH (TAYQOA)
[112].

study. As one would expect given the increase in the size of
the metal cation, all three complexes have the stoichiometry
[CA(L™)2(Solv)] (n=51 Solv=Py, n=53 Solv=DMSO, n=55
Solv=H>0). In [CA(L3"),(Py)] [111] and [CA(L>),(H,0)]
[113] two monocharged pyrazolonate ligands chelate the metal
through the N2, S1 atoms. An additional donor atom (N
or O) from the solvent molecule completes the coordination
number of five, giving rise to a distorted trigonal bipyrami-
dal coordination geometry (see Fig. 53 for [Cd(L>')>(Py)]
[111]).

In [Cd(L>?),(DMSO)]-DMSO [113] (Fig. 54) the monode-
protonated pyrazolonates chelate the metal as in the previous
complex through the N2, S1 atoms, which is once again consis-
tent with the increase of the size of the Cd(I) ion with respect
to that of Zn(II). However, one of the L3 ligands is also linked
to a second metal atom through O1 to give a chain. This bond,

Zn

Fig. 52. Coordination mode of the ligand in [Zn(L>?),(MeOH)] (TAYQIU)
[112].

Fig. 53. Coordination mode of the ligand in [Cd(L>"),(py)] (HOXLEL) [111].

together with that of the solvent molecule, increases the CN of
cadmium to six and leads to a trigonal prismatic coordination
geometry.

2.4. 5-Pyrazolones with additional donor atoms on N2

Only one complex {[Mo,0s (L60)2]-2MeCN} containing an
N2-subtituted 5-pyrazolone (see Scheme 16) has been struc-
turally identified (Fig. 55) [116].

HL% was not independently synthesized and isolated
but the complex [Mo0305(L%9),]-2MeCN was formed during
the reaction of FcTpPLi [Fc=ferrocenyl, TpP!=tris(4-
phenylpyrazolyl)borate] with Mo(CO)g upon treatment with

Fig. 54. Coordination mode of the ligand in [Cd(L53),(DMS0)]-DMSO
(BEYKOG) [113].



J.S. Casas et al. / Coordination Chemistry Reviews 251 (2007) 1561-1589 1583

H Ph

He )X

2.
/) N\&/C:O HLGO
HN3 H

Scheme 16.

3-bromo-2-methylpropene and subsequent recrystallization of
the crude product from CH3CN/toluene [116]. The in situ for-
mation of this pyrazolonate ligand seems to occur via complete
breakdown of the initial scorpionate, which is accompanied by
the oxidative CH activation at the pyrazolyl moiety and nucle-
ophilic attack on the acetonitrile by a pyrazolyl N atom. The
oxidation of molybdenum occurs simultaneously.

In [Mo0,05(L%%),]-2MeCN [116] (Fig. 55) the pyrazolone is
tridentate and chelates one metal atom through N1 and N3 and
links a second one through the O atom.

2.5. Bis- and tetra-5-pyrazolones

The bis- and tetra-5-pyrazolones discussed in this review are
represented in Scheme 17 and their metal complexes are listed
in Table 11.

The ligands L' and L% can be prepared by condensation
of antipyrine and the corresponding aldehyde (formaldehyde
or benzaldehyde) [117,118]. H,L% was synthesized by reac-
tion of 3-methyl-1-phenyl-5-pyrazolone with phthaloyl chloride
[119]. H,L% to HoL% are obtained by condensing 4-acyl-5-
pyrazolones (Section 2.2.6) and diamines [120,121], while L8
and L% were prepared by a Mannich process using antipyrine,
formaldehyde and the corresponding diamine (piperazine or
ethylenediamine) [122].

The reaction of L°' with TiCly in a perchloric acid
solution afforded crystals of [Ti(L61)3](C104)4] (vio-
let) and [Ti(L%!)3](Cl04)4-H,O (orange) [123] and that
of L% with a methanolic solution of Nd(NOs); gave
[Nd(NO3)3(L%?)(MeOH)]-MeOH [124]. In all of these com-
plexes the bis-pyrazolone chelates the metal through its two
available donor atoms, O1 and O1’ (see Fig. 56 for the Nd
complex).

Fig. 55. Coordination mode of the ligand in [Mo05(L%%),]-2MeCN
(EDALOK) [116].

Fig. 56. Coordination mode of the ligand in [Nd(NO3)3(L%%)(MeOH)]-MeOH
(LUHSOW) [124].

The organotin(IV) derivative [SnPhj (HL%)] [119] was pre-
pared by adding (SnPh3),0 to a benzene solution of HL®3 under
a N, atmosphere and heating the mixture under reflux overnight.
After removing the solvent, the addition of diethyl ether afforded
the aforementioned complex. The compound was recrystallized
from MeOH/Me,CO to give crystals of [SnPh3(H>O)(HL®3)]
0.5Me,;CO [119]. In both derivatives the monoanionic lig-
and coordinates the Sn atom through the oxygen atom O2
(Fig. 57) of the deprotonated carboxylic acid group (see HL
in Scheme 17).

The dinuclear complex [SnMe; (L], was synthesized when
an acetonitrile solution of HyL% and triethylamine was reacted
with SnMe,Cl, [119]. Recrystallization (CHClz/MeOH)
of the solid led to the isolation of single crystals of
[SnMez(L63)]2~CHC13. In the dimeric structure of this com-
plex, two bideprotonated bis-pyrazolones are bridging between
two tin atoms, Sn and Sn’, coordinating one of them through
the two oxygen atoms (O1 and O1’) from the pyrazolone frag-
ments and the other one through the carboxylic O2 oxygen
(Fig. 58).

Fig. 57. Coordination mode of the ligand in [SnPh3(HL%?)] (QOWYEG) [119].
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Reaction of HyL% with Mn(OAc)3-2H,0 and LiCl gives
the complex [Mn(CI)(L%*)]. The reaction of this chloro-
manganese(Ill) derivative with aqueous ammonia in a
CH,Cl,/CH3OH mixture and subsequent oxidation with NaClO
enabled the isolation of the nitridomanganese(V) complex
[Mn(N)(L®)] from the organic phase [125]. Crystals suitable
for an X-ray study were obtained by slow evaporation of a
methylene chloride/hexane solution of the crude product. In this
complex (Fig. 59) the bideprotonated bis-pyrazolone embraces
the cation with its four coordinating atoms (01, O1’, N3, N3')
defining the square-base of an almost perfect square pyramidal
environment. The fifth position is occupied by the nitrido lig-
and. The ability of this complex to transfer nitrogen to styrene
in stoichiometric reactions has been tested.

The Ni(Il) complexes with the ligands HoL" (n=65, 66,
67) [126,127] were prepared by reacting the pyrazolones and
anhydrous Ni(OAc); in 2-methoxyethanol under reflux [127].
Crystals of these complexes were isolated by recrystallization
from CHCl3, DMSO or mixtures of these two solvents. In all of
these Ni(II) derivatives the bis-pyrazolones, which are bidepro-
tonated and tetradentate, show the same coordination behaviour
and bind the same metal through four donor atoms (O1, O1’, N3
and N3'). These four atoms are almost in a plane in [Ni(L%)]
[126] (Fig. 60), giving rise to a planar coordination geometry
around the metal, and in [Ni(L")(DMSO),] (n=66, 67) [127]
(see Fig. 61 for [Ni(L%7)(DMSO);]), where the metal reaches
a pseudo-octahedral environment with the DMSO molecules
axial. However, in [Ni(L%)]-0.5CHCI3 [127] the four donor
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Table 11
Complexes of bis- and tetra-5-pyrazolone ligands
Ligand Complex CSD code Pyrazolone donor atoms Reference
Lot [Ti(L®")3](ClO4)4 01,01 [123]
[Ti(L®")3](C104)4-H,0 o1,0l [123]
L% [Nd(NO3)3(L6?)(MeOH)]-MeOH LUHSOW o1, 0V [124]
H,L63 [SnPh3(HL%)] QOWYEG 02 [119]
[SnPh3(HL%?)(H,0)]-0.5MeCOMe QOWYIK 02 [119]
[SnMe,(L%3)],-CHCl3 QOWYOQ 01,01’ (Sn), 02 (Sn') [119]
H,L% [Mn(N)(L)] NAHQET 01, 01/, N3, N3’ [125]
H,L% [Ni(L%%)] NEKFOY 01, 01/, N3, N3 [126]
H, L5 [Ni(L%)].0.5CHCI3 TONPAN 01, Ol’, N3, N3’ [127]
[Ni(L%)(DMSO);] TONPER 01, 0l’, N3, N3’ [127]
H,L¢7 [Ni(L%7)(DMSO),] TONPIV 01, 01/, N3, N3 [127]
168 [Coy(LO®)Cl4] BIFFEC 01, N3 (Co), O1’, N3’ (Co’) [128]
[Cu(L%®)](Cl04), 01, 0l’, N3, N3’ [129]
[Cu(L%®)(H,0)](Cl04), BIFFIG 01, Ol’, N3, N3’ [128]
[CusI3(L%%)]-DMF QOBXAG 01, 01’,N3, N3’ [130]
[Cu(L8)(DMSO)][Zn(NCS)4] DAXBIO 01, 01/, N3, N3 [131]
L% [Cu(L%)](ClO4),-H,O-DMF NAXXEQ 01,01’,01”,01"”,N3, N3’ [132]

Fig. 58. Coordination mode of the ligand in [SnMe»(L*)]>-CHCl3 (QOWYOQ) i 60, Coordination mode of the ligand in [Ni(L5%)] (NEKFOY) [126].
[119].

Fig. 61. Coordination mode of the ligand in [Ni(L7)(DMSO),] (TONPIV)
Fig. 59. Coordination mode of the ligand in [Mn(N)(L®*)] (NAHQET) [125]. [127].
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Fig. 62. Coordination mode of the ligand in [Coa(L9®)Cl4] (BIFFEC) [128].

atoms of the bis-pyrazolone are not in a strictly planar envi-
ronment (the angle between planes N3-Ni—O1 and N3’'-Ni-O1’
is 12.7°), leading to a coordination sphere that is described by
the authors as pseudo-tetrahedral.

Crystals of the binuclear complex [C02(L68)C14] [128]
(Fig. 62) were isolated when the solid obtained by reaction of
L% and CoCl,-6H,0 in EtOH was recrystallized from DMSO.
In this complex the bis-bidentate ligand L%, with its piperazine
ring in a “chair” conformation, coordinates with two metal ions
through its O1, N3 and O1’, N3’ pairs of donor atoms.

The reaction of L% with Cu(ClO4), in EtOH at 40°C and
recrystallization of the resulting solid from EtOH/CH3CN led
to the isolation of crystals of [Cu(L68)](CIO4)2 [129]. Surpris-
ingly, reaction of this complex with MnCl,.4H> 0O in MeOH/H,O
at 35°C afforded crystals of [Cu(L%®)(H,0)](ClO4), [128]
(Fig. 63). In both Cu(Il) complexes the pyrazolone (with the
pyperazine in a boat conformation) is tetradentate and the N, O;-
donor atoms are essentially located on a distorted plane. In
[Cu(L68)](CIO4)2 [129] one of the oxygen atoms also interacts,
albeit weakly, with a copper atom from a neighbouring molecule,
thus allowing the metal to acquire coordination number 5. This
coordination number is achieved in [Cu(LGS)(Hzo)](C104)2
[128] by the additional bonding of the water molecule.

The dinuclear complex [CUng(LGS)] [130] was synthesized
by reaction of Cu(OAc);-H>O and L% in EtOH at 50 °C and
treatment of the resulting solution with an excess of KI. Recrys-
tallization of the crude product from DMF gave monocrystals of
[CunI3(L%)]-DMF [130] (Fig. 64). In this compound L% coor-
dinates through all of its donor atoms to the same metal centre,
giving rise to the same coordination behaviour as in previously

Fig. 63. Coordination mode of the ligand in [Cu(L%)(H,0)](Cl04), (BIFFIG)
[128].

Fig. 64. Coordination mode of the ligand in [Cu,I3(L%)]-DMF (QOBXAG)
[130].

described Cu(Il) complexes. An analogous bonding mode for
L% was also found in [Cu(L%)(DMSO)][Zn(NCS)4] [131], a
complex that was prepared by reacting L% with Cu(OAc), and
Zn(OAc); in the presence of NH4SCN, followed by recrystal-
lization of the crude product from DMSO.

[Cu(L®)](Cl04),-H,O-DMF [132] is the only complex of
a tetra-pyrazolone that has been studied by X-ray diffraction
to date. This complex was obtained by reaction of L% and
Cu(Cl0O4),-6H,0 in ethanol at 40 °C and recrystallization of the
resulting solid from DMEF trichloroethylene. In the [Cu(L%%)]?*
cation (Fig. 65) the ligand with the ethylene bridge in a gauche
conformation uses all of its donor atoms in coordinating the
metal, although these atoms are bound to the metal with different
strengths. Thus, four of these atoms (N3, N3’, 01, 01", Fig. 65)
bind the metal strongly and are located in the equatorial plane of
a tetragonally distorted octahedron, while the other two atoms
(01’ and O1”) are weakly bonded in the axial positions—as one
would expect in an octahedral Cu(Il) derivative.

Fig. 65. Coordination mode of the ligand in [Cu(L%)](ClO4),-H,O-DMF
(NAXXEQ) [132].
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3. Conclusions

On the basis of the structural information described above,
5-pyrazolones have well-documented coordination chemistry.
The pyrazolone ring itself can efficiently bind to metal ions
through the pyridine-like N atom (N2, see Scheme 1) and the
carbonyl O atom. In the latter case, probably due to the keto-enol
tautomerism that occurs in this type of heterocycle, this donor
atom sometimes shows behaviour that closely resembles that of
bridging hydroxyl groups, contributing to the formation of very
interesting metal-pyrazolone polynuclear assemblies. However,
the most significant aspect of the explored versatility of these
molecules as ligands derives from the easy substitution of one
hydrogen atom on the C4 carbon by another fragment that can
vary in complexity. This allows the incorporation of donor atoms
that complement those of the pyrazolone ring and facilitates the
preparation of chelating molecules that can be tailored in order
to achieve more efficient binding properties with respect to a
specific metal cation. Besides the 4-acyl derivatives, the coor-
dination behaviour of which has been extensively explored, the
group of compounds bearing 4-hydrazone moieties have also
warranted considerable attention in recent years. In these two
types of molecule, the presence of a donor atom that is well
placed for chelation in the substituent on C4 (the acyl oxygen
in the case of the 4-acyl derivatives or one of the hydrazinic
nitrogens in the 4-hydrazone compounds) usually leads to six-
membered chelate rings that also involve the carbonyl oxygen
atom of the 5-pyrazolone.

Substitutions at other positions in the pyrazolone ring that
lead to new coordination possibilities are less well documented.
As a consequence of the synthetic procedure most commonly
used for the preparation of these ligands (condensation of
phenylhydrazine and a (-keto ester), the N1 atom is usually
blocked by a phenyl group. In a few cases in which this group
was substituted by a pyridine fragment, N2,Npy-chelates were
isolated. A new strategy for the preparation of 5-pyrazolones
by cyclization of thiosemicarbazones in the presence of a metal
substrate afforded 1-carbothiamide-5-pyrazolone complexes. It
was found that in these derivatives N2,Sioamide-chelation is pre-
ferred to O,Sthjoamide-chelation. Nevertheless, when the former
situation occurs, the oxygen atom of the carbonyl group retains
its donor ability and can contribute to form interesting polynu-
clear assemblies, as occurs in the Re complexes (see Section
2.3). Only one complex containing an N2-subtituted pyrazolone
has been studied by X-ray diffraction and this was prepared
via a decomposition mechanism that is difficult to rationalise.
The product of this reaction was a Mo(VI) complex in which
the pyrazolone ring donor atom is N1. Some C3-substituted
5-pyrazolones have been prepared but the substituents did not
bear additional donor atoms, meaning that their influence was
reduced to their effects on the electron charge distribution over
the ring.

Finally, in recent years there has been a rapid growth in the
published information available on the coordination behaviour
of bis- and poly-5-pyrazolones. The current trends in this emerg-
ing field include the inclusion of spacers that connect the rings
because they can contribute with their own donor atoms to the

coordination of the metal and also tailor the particular arrange-
ment of the pyrazolone donor atoms. It is expected that this area
will maintain a high level of interest in the near future.
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