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Abstract - The chemistry of metal B-diketonates broadly follows the pattern
of development of inorganic chemistry as a whole, since their first synthesis
in 1887. Three types of metal B-diketonate complexes : (i) oxygen bonded,
(ii) carbon bonded and (i1ii) both oxygen and carbon bonded have been synthesised
by a variety of routes. Out of these, the reactions of various B-diketones
and -ketoesters with simple and bimetallic alkoxides in different stoichio-
metric ratios in benzene medium have been exploited for synthesizing novel
derivatives of the first type and also for throwing light on their structural
features. A brief mention has been made of a new class of metalla-derivatives
of B-diketones.

INTRODUCTION

The chemistry of metal B-diketonates broadly follows the pattern of development of inorganic
chemistry as a whole (ref. 1). Beginning with the synthesis of these derivatives for the first
time in 1887 (centenniel ?), the nature of bonding and chelation was elucidated (ref. 1-9) in
several prominent schools beginning with those of Werner and Morgan. The suggestion of aromaticity
in the B-diketonate ring by Calvin and Wilson (ref. 10) in 1945 aroused a novel interest in these
derivatives.

The strong chelating tendency of these monovalent bifunctional ligands led to the synthesis
of a number of neutral complexes, [M(A)n] (where M = central element and A = a B-diketone ligand)
with predominant covalent characteristics, i.e., sclubility in organic solvents and volatility
(cf., adding 'wings' to the metals) at a time when such examples of covalent derivatives of
electropositive metals were much less known. These characteristics have been extensively
exploited in solvent extraction and chromatographic technigues. Current interest in metal
B-diketonates also arises from their applications as contact shift reagents (ref. 11) in
n.m.r. spectroscopy and as laser materials.

With increasing applications of sophisticated structural determination techniques since
1950's, the classical work of Cotton and Holm (ref. 12) in 1958 on trimeric nickel acetylacetonates
opened a new chapter in this direction. The work of Lewis, et al. (ref. 13) has confirmed a
bonding mode through 3-C atom in the complex, K[Pt(acac)ZCl], which was initially described
by Werner in 1901.

A new chapter in the field of a closely allied metal thio-B-diketonate derivatives was introduced
by Chaston and Livingstone (ref. 14) in 1969, followed by extensive work including a few publica-
tions (ref. 15-21) from our laboratories also.

Since the first report on metalla-derivatives of B-diketones by Lukehart in 1975, these novel
compounds have attracted considerable attention (ref. 22). These can be represented by the
general formula, L M(RCO)(R'CO); in which two acyl groups occupy adjacent coordination sites
on a metal atom. Resonance of the derivatives as indicated below:

AN
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(L Mis a moiety of the type cis-(0C), Re or m-CSHs)(OC)Fe], confers an acyl/carbene
hybrid electronic structure on the molecule. These can be formally compared to the conven-
tional :organic B-diketonate anions, in which the spZ CH methine group has been replaced
by the 'isolobal' (ref.23) metal fragment. Following earlier publications on the same lines,
work has now been initiated on the reactions of these metalla-B-diketones with mono- and
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bi- metalllc alkoxides for synthesis of derivatives of the types (RD)ZTlA2 ZrA,, (RO)ZNbA3,
A Cr(/J-OPr ),CrA, , where 'A' is cis-(0C), Re(MeCO),

CLASSIFICATION

Metal B-diketonate derivatives may be classified into the following three broad categories
depending upon the mode of bonding of B-diketonate moieties with metal atom:

(i) Oxygen bonded B-diketonate complexes

This is the most common mode of bonding with B-diketonato ligand acting as (a) bidentate

chelating which is by far the most common form (1), (b) unidentate (2) and (c) neutral ligand
(3 5 ref. 24) : - -

7
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(ii} Carbon bonded p-diketonate derivatives

In a number of their B-diketonate derivatives, elements like sulphur, selenium, tellurium,
mercury and gold prefer a bonding through the central carbon atom of the ligand rather than
the carbonyl oxygen atoms (4 and 5):

[ EaS; n=1or 2 (ref.25); E=Se ; 5 (ref. 27)
n=2 (ref. 26) ]

(iii) Both oxygen and carbon bonded complexes

Since 1962, a large number of carbon bonded B-diketonate complexes of later transition metals
like silver, maganese, nickel and platinum also have been characterized, although in some
of these along with a carbon bonded B-diketonate ligand, another B-diketonate ligand chelates
the metal through carbonyl oxygens.

The first C-3 bonded platinum complex was identified as Me,Pt(acac-C-3)(bpy) by Swallow and
Truter (ref. 28) in 1962. Later the complex K[Pt(acac)zCl] (assumed to involve an O-unident-
tate acac ligand by Werner in 1901) was shown by IR and NMR (ref. 29) as well as X-ray
(ref. 30) studies to be a C-3 bonded derivatives. Some other types of C-bonded complexes have
since been identified and are illustrated below: (a) C-3, bonded (6 ; ref. 6 & 31) ; (b )7)_-<C c)

bonded (7 ; ref. 32) ; (cMmrallylic coordination (8 ; reF 33) and (d) terminal carbon bonded

(9 5 ref. 34):
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A BRIEF RESUME OF WORK CARRIED OUT IN OUR LABORATORIES

1. Reactions of metal alkoxides with 3-diketonates and -ketoesters

The marked reactivity of metal alkoxides towards hydroxy compounds led us to look into the
reactions of metal alkoxides with PB-diketones, B-ketoesters and allied reagents. A large
number of novel derivatives with metals sometimes depicting uncommon coordination numbers
have been synthesised during the course of this work, elucidation of the structural features
of which by more sophisticated physico-chemical investigations should provide a rich field
of research for coordination chemists in the coming years.

The B-diketones in general depict a facile reactivity towards metal alkoxides, in which the
alkoxy groups undergo facile replacements by the enolate forms of the B-diketones or B-ketoesters.
Following the pioneering work of Schmidt (ref. 35), Reeves and Mazzeno (ref. 36) as well as
of Yamamoto and Kambara (ref. 37), Mehrotra and coworkers (ref. 38-41) made a detailed study
of the reactions of titanium alkoxides with B-diketones, fluoro-B-diketones and B-ketoesters
in different molar ratios. The reactions in 1:1 and 1:2 molar ratios were facile resulting
in mono- and bis-chelates respectively. Further reaction was slow and although the third
alkoxy group was replaced, yet the final product decomposed immediately to yield titanyl
bis(B-diketonate). Out of the above, the fluoro-p-diketonates were comparatively volatile
and can be distilled in vacuo.

Contrary to the conclusions of Fay et al. (ref. 42 & 43), Bradley and Holloway (ref. 44 & 45)
characterized the above derivatives as cis products. Compounds like TiX (acac)2 exist only
in cis (optically active) forms over a wide temperature range. Alt%ough steric hindrance
of the alkoxy groups did raise the activation emergy for intramolecular exchange of ligands
in these fluxional molecules, yet the formation of trans form was not enhanced.

In the reactions of metal alkoxides with B~diketones the alkoxide is mixed with a stoichiometric
amount of the desired ligand in benzene medium and after fractionation of the benzene-alcohol
azeotrope, the corresponding B-diketone or B-ketoester derivative can be isolated by removal
of excess benzene by evaporation (ref. 46). The advantage of this method is the possibility
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to prepare complexes with different coordination numbers using the desired stoichiometric
ratio of the ligand. A few of such reactions are represented by the following equations:

-

Rl
HO—CE —
Cele )
M(OR)_ +m H ——(RO)___ M } >CH + mRoH 4
n n-m //’
o= ===
Rll \Rll

(i)  M=Al,n=3 ; R:Et,Pri; R'=Me,R"=Me,Ph,0Et; m=1-3(ref. 47-50)

(ii) M=Ga,n=3 ; R:Pri ; R'=Me,R="Me,0Me,0Et ; m=1-3 (ref. 51)

(iii) M=Ti,n=4 ; R=Et,Pr® ; R'zMe,R"zMe,Ph , OMe,OEt R =CF 5,R=CF 5

(iv) M=Zr,n=4 ; R'=Me,R"=Me,Ph,0Me; R':R":CFB;;m=1-4 (ref.52 & 53)

(v} M=Cr,n=z3; R=Me,Et ; R'=Me,R"=Me,Ph ; R'=CF3,R"=C4H}S sm = 1-3 (ref. 54)

(vi) M=Nb,Ta; n=5 ; R'=Me,R"=Me,Ph,0Me,0Ft; R'=R"=Ph ; m=1-3 (ref. 55-58)

(vii) M=Ni,n=2; R:Me,PFi 3 R'=Me,R"=Me,Ph 3 R':CF},R":CqHBS ; m=1,2 (ref. 59)

(viii)M=Sn, n=4 ; R=Pr' ; R'=Me,R"=zMe,Ph ; R'=R"zPh ; m=1,2 (ref. 60)

(ix) M=La (ref. 61) ; Pr (ref. 62); Nd,Sm (ref. 63) ; Gd,Er,Y,Yb (ref.64) ; n=3 ; R=Prt ;
R'=Me, R"=Me,Ph,0Me,0Et ; R'=R"=Ph ; m = 1-3.

(x) M=EtSn, BuSn, n=3; R=Pri ; R'=Me, R"=Ph ; R'=R"=Ph, m=1,2 ; R'=R"=Me,m=1-3 (ref. 65)

(xi) M=Et,Sn,Bu,Sn, n=2 ; R=Et ; R'=Me,R"=Me,Ph, OMe; m=1,2 (ref. 66)

(xii) M:EtBSn,Bu}Sn, n=1 ; R=Et ; R'zMe, R"=Me,Ph,0Me ; m=1 (ref.66)

(xiii) M=Ph;Sb, n=2 ; R=Me ; R'zMe, R"=Me,Ph ; R'=R"=Ph ; m=1 (ref. 67)

~=m

3CeHgs m=1,2 (ref. 38-41)

6

(b)  [(COD)Rh(QMe)], + 2HOCR'C=CHC(O)R" —> 2(COD)RAOCR'C(CH)(O)R" + 2MeOH %
[(COD-Me)Pt(OMe)1, + 2HOCR'C=CHC(D)R" ——> 2(COD-Me)PEOCR'C(CH) (O)R" + 2MeOH 4
R' = Me, R" = Me,Ph ; R'=R"zPh (ref. 68)

In addition to the reactions of simple (mono-metallic)alkoxides, those of bi-metallic and
ter-metallic alkoxides have been investigated extensively yielding a wide variety of novel
(and in many cases volatile ) derivatives, a few of which are illustrated below:

i

Pr i Pri L
0 op 0
M \Al< i i M \A
o \/L 0/ L
pri n prt n

[HL or HL'= a B-diketone or p-ketoester ligand ; when n = 2, M=Be,Zn,Cd
{ref. 70), Mg,Ca,Sr,Ba (ref.46), Mn(11), Fe(II) (ref. 69 & 71), Co(II)
(ref. 72a), Ni(11) (ref. 72b), Cu(Il) (ref. 72c), Sn(II) {ref. 73) etc.
when n=3, M=Al,Ga,In (ref. 46), Cr(II) (ref. 72d), etc. ; whenn=4,
M=z sm(IVS, Th{IV), U(IV) (ref. 73b) etc.].

Similar products have been obtained by gradual replacements of the terminal isopropoxy groups
by the same or different B-diketonate ligands in derivatives like:

i . i .
r prt Br oPrt

M \NbAPri i M >"Ta<0prfL
o *opri 0] \OPrl

prt oppt AN Pr oprl

In all these, a maximum of two terminal isopropoxide groups can be replaced by B-diketonate
moiety as in the bis-B-diketonate products, the metal niobium/tantalum attains coordination
number eight (M=Ni (ref. 74) ; M=Cr (ref. 75).

Similar, monomeric volatile praducts are obtained (ref. 76) by gradual replacement of terminal
isopropoxy groups by B-diketonate ligands in derivatives with the general formula M(Zrz(UPri)9)n.
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In these reactions also, the zirconium atom appears to attain the maximum coordination
number eight. Forcing the replacement reaction further brings about disproportionation
of the bimetallic isopropoxide in the terminal metal B-diketonate and central metal isopropoxide ;
the latter can then undergo further replacement reactions by B-diketone ligands as a simple
monometallic isopropoxide.

2. Some salient contributions from our laboratories

The synthesis of titanium dialkoxide bis-B-diketonates and their distinctly monomeric nature
(ref. 77) in a number of organic solvents and convertibility into titanium dichloride bis-B-
diketonates by facile reactions with hydrogen chloride led to serious doubts about the well-
established notions about the trimeric nature of [TiX;(acac);]s, reported in the beginning of
of this century independently = by Rosenheim (ref. 78) and Dllthey (ref. 79). This product
had been assigned an ionic structure of the type[Tl(acac) ] [T1Cl 12- , which is the trimeric
form of TiCl, (acac),, merely on the basis of analogy w1t?21 the products, SiCl(acac),HCl

and ZrCl(acac) s o%talned earlier in the corresponding reactions of acetylacetone with
silicon or erConlUl‘n tetrachlorides. The only evidence adduced in support of the above structure
was that the product on treatment with ferric chloride readily gives a product of the composition
[Tl(acac)z][FeCl 1, the formation of which could be easily explained on the basis of the
following plau51ble reactlon

[Ti(acac)3]2 [TiCls]Z_ + 2feCl —>2[Ti(acac)3][FeC14] + TiCl4

3
On repeating the experimental work of Rosenheim and Dilthey, the analytical results of the
products obtained did correspond to TiCl,(acac), and [Ti(acac);]{FeCl,]. However, on actual
measurement of molecular weights of the derivative TiClz(acac) in a number of common organie
solvents, the observed experimental value was found to correspond to the simple monomeric
TiCl, (acac),. Further, the derivative was found to be non~-electrolyte in these solvents,

thereby ruling out the possibility of the above trimeric ionic form [Tl(acac)3]2[T1Cl ] -
as suggested by earlier workers and quoted even in undergraduate text-books.

The product of the reaction between titanium tetrachloride and excess of acetylacetone was,
thus shown to be a simple hexa-coordinated derivative TiCl, (acac),. This was also in conformity

with a considerable amount of work on the reactions of titanium tetrachloride with reagents
having active hydroxy groups like alcohols (ref. 80) and carboxylic acids (ref. 81), in which
two of the four chlorine atoms on titanium tetrachloride were shown to be much more reactive.
The convertibility of TiCl,(acac), into monomeric Ti{OEt),(acac), by the reaction with ethanol
in the presence of a base further lent support to the similarity in the monomeric nature of
the two allied derivatives.

The formation of the product [Ti(acac)j][FeCla] from the reaction of TiClz(acac)2 and FeCl3

has been shown to be much more complicated. Efforts have been made to elucidate it in a number
of publications (ref. 82 & 83) dealing with synthesis and isolation of the products, TiClB(acac)

in addition to TiCl,(acac), as well as FeCl,(acac), FeCl(acac), and Fe{acac), and the
observations of formation of the products with the composition, [Ti(acac)B][FeCla] by their
mutual interactions.

In the reaction of stannic chloride with acetylacetone in chloroform at room temperature,
the product isolated corresponds in composition to SnCl, .Hacac which was found to be stable

even upto 60-70° under 0.1 mm pressure but decomposed above 90-100° to give stannic dichloride
bis(acetylacetonate) as follows (ref. 84):

ZSnCla.Hacac —_— Sn[:lz(acac)2 + SnCl4 + 2HC1

Stannic dichloride bis(acetylacetonate) has been prepared alternatively by refluxing stannic
chloride and acetylacetone in benzene or chloroform and it has also been shown to be a monomeric
covalent compound (ref. 85).

Instill another field, the simple technique of the reactions of metal alkoxides with B-diketones
and B-ketoesters appears to have provided a very convenient route for the preparation of
anhydrous lanthanide derivatives for the first time in 1965. Earlier methods used for the
preparation of lanthanide tris-p-diketonates were examined critically by Pope et al. (ref. 86)
and by Moeller et al.(ref. 87), who have conclusively established that the products from
aqueous solutions were invariably hydrates, from which generally hydroxy derivatives were
obtained on dehydration even under mild conditions. Attempts were also made to synthesize
these derivatives in non-aqueous media also by (i) the reaction of lanthanon metal with excess
acetylacetone using metal evaporation technique (ref. 88) or (ii) by the reaction of lanthanide
hydrides (ref. 89 & 90) with excess acetylacetone in the presence of acetic acid. Liss and
Bos (ref. 91) have recently claimed to have isolated a crystalline tris-chelate by the former
method, yet according to their own description, unusual properties like large number of
extra peaks in infrared spectra, the observed lowm.p. (94°) and loss in weight when the derivati
ves are exposed to air, probably indicate the presence of some volatile fractions in their
products which might have been formed in the side decomposition reactions earlier.
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As indicated earlier, the reactions of lanthanon isopropoxides with B-diketones (ref. 61-64)
are straightforward and yield not only the pure ahhydrous tris-B-diketonates, but also the
mixed isopropoxide B-diketonates. These lanthanide isopropoxide B-diketonates interchange
their isopropoxy groups with B-diketones and B-ketoesters in different molar ratios to yield
a variety of mixed as well as tris-chelates.

These tris-B-diketonates have been found to be dimeric products, which are not as highly
hygroscopic as the anhydrous derlvatives claimed to have been obtained earlier by dehydration
of hydrated products, Ln{acac) 0 from agueous medium. A plausible explanation for
this difference has been sugges}ted gref. 64) by the author. Y(acac)3(0H2)2, La(acac)3(0H2 and

Ho(TTA) (OH ) have been shown (ref. 92-94) to depict the two water molecules on octa-coordina-
tion posltlons of the square face of an antiprism (Fig. 1). Mere removal of the two water
molecules under the mildest conditions possible (to avoid side-hydrolysis of the products),
would leave an apen unaltered structure with two coordination sites vacant, rendering it
extremely susceptible to atmospheric moisture. By contrast, the anhydrous dimeric products
synthesized through the alkoxide route are fairly stable towards atmospheric moisture and
could possibly have a structure of type (ref. 90) shown inFig. 2 in which two square antiprisms
share one square face:

Fig. 1 Structure of Ln(acac) (OHZ)2 Fig. 2 Structure of anhydrous
unit. [Ln(acac)B]z.

Detailed physico-chemical investigations have been initiated recently on the structural
features of other alkoxide B~-diketonate systems. For example, it has been shown (ref. 95) by IR
and NMR(27A1 TH and 13C) studies that the volatile products obtained by the reactions
of B- diketonates and B-ketoesters(HL) with ZrAl(UPrl) can be represented by

(prlo) Zr(,u.—OPr ) Al ’-\L) , indicating that the 1sopropoxy groups at the aluminium are
preferably replaced in these reactions. Following the earlier studies (ref. 52 & 53) on
(Prto, A1(M-0PTY) Zr(OPr ) (M-OPr )zAl(DPr ), an attempt (ref. 96) has been made to throw
light on the dlfferent 1somerlc species formed by its reactions with B-diketones and B-ketoesters.

In addition to the B-diketone, thio-B-diketone and allied B-ketoester derivatives, work is
being extended to a number of other similar ligands in the author's laboratories, e.g.,
p-aminothionates (ref. 97), P-ketoaminates (ref. 98) and alkylacetopyruvates (ref. 99).

Special reference may be made to a series of publications by Rai and coworkers on the pyrazolone
complexes of titanium (ref. 100), boron (ref. 101), zirconium (ref. 102) and tin (ref. 103)
and two recent reviews (ref. 104 & 105) with relevant references by the author.

The author is grateful to a large number of colleagues, especially Drs. K.C.Pande, D.M.Puri,
G.Srivastava, A.K.Rai, R.K.Mehrotra, B.C.Pant, V.D.Gupta, T.N.Misra, S.N.Misra, P.N.Kapoor,
$.Jain, U.B.Saxena, J.M.Batwara, S.R.Bindal, B.P.Bachlas, U.D.Tripathi, A.Singh, D.P.Gaur,
P.C.Bharara, R.Bohra, B.S.S5araswat, P.Rupani, B.P.Baranwal, K.N.Mahendra, 3.Singh, V.K.Jain,
S.K.Saini, M.Aggarwal, R.Jain for their dedicated research efforts in our research schools
at the University of Lucknow, Gorakhpur, Rajasthan and Delhi.
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