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Adduct Formation with Metal Chelates
Involved in Liquid-Liquid Extraction®

QUINTUS FERNANDO

DEPARTMENT OF CHEMISTRY, UNIVERSITY OF ARIZONA, TUCSON, ARIZONA

Summary

The factors that influence the formation of metal chelate adducts which are
of importance in liquid-liquid extraction are evaluated and correlations
between the structures and properties of these adducts discussed. A scheme
for the classification of metal chelate adducts is suggested on the basis of
available experimental data.

In a study of the donor properties of a series of heterocyclic bases,
alkylamines, and alkylphosphines, the square-planar tetracoordi-
nated nickel(II) chelate, diacetylbisbenzoylhydrazino nickel(II),
was used as a reference acceptor molecule. This chelate was found
to add two molecules of a base, B, containing a nitrogen or phos-
phorus donor atom, along the axis normal to the plane of the metal
chelate rings and to form a diadduct which is a six-coordinated
octahedral complex of nickel(II) (52-54) (Fig. 1). Adduct formation
of this type is ideally suited for obtaining thermodynamic data on
the donor properties of bases with respect to a single reference
acceptor molecule, provided the systems are studied in non-
coordinating solvents in which the complications involving the
displacement of solvated molecules can be avoided.

The magnetic and spectral properties of the planar metal chelate
acceptors undergo marked changes when axial coordination occurs,
and adduct formation has therefore attracted much attention re-
cently. Analytical chemists have exploited adduct formation for

* This article will be published later in a volume entitled Separation Tech-
niques: Proceedings of the Nineteenth Annual Summer Symposium on Analytical
Chemistry.
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the purpose of increasing the extent of extraction of metal chelates
into organic solvents. With the exception of instances in which the
coordinated donors are water molecules, it has been observed that
adduct formation in general increases the hydrophobic character
of the metal chelates and hence their extractability into organic
solvents. The role played by water as a donor molecule in the
liquid-liquid extraction of metal chelates has been elucidated in
a recent study of the liquid-liquid extraction of bis(8-quinolinolo)-
zinc(Il), ZnOx,, by a variety of organic solvents. The chelate,
ZnOx,(H,0), was found to extract poorly, but when the two water
molecules were successively replaced by organic solvent mole-
cules, the extent of extraction of the zinc chelate increased (55).

In most of the early work an empirical approach was adopted and
consisted of the introduction of a neutral donor molecule into the
extraction system to obtain an enhancement in the distribution
coeflicient of the metal chelate. For example, it has been known
for some tiine that the extent of extraction of the copper(Il) chelate
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FIG. 1. Diadduct of diacetylbisbenzoylhydrazino nickel(II).

of salicylic acid into an organic solvent is increased by the addition
of pyridine to the extraction system (27). The copper(II) chelate
of salicylaldehyde is square planar (5); presumably the copper(II)
chelate of salicylic acid is also square planar, and the formation of
a pyridine adduct which is a five- or six-coordinated copper(II)
complex is probably responsible for the enhancement in the dis-
tribution coeflicient of the metal chelate. It is not always necessary
to introduce another donor molecule into the system containing
the metal ion and the chelating agent for adduct formation to occur
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and for the extractability of the metal chelate to increase, since the
neutral molecules of excess chelating agent can participate in
adduct formation. The chelating agents 8-quinolinol and B-iso-
propyltropolone have been observed to behave in this manner
(17,56). It is important to recognize that the addition of an excess
of a neutral molecule, which is extremely soluble in the organic
phase, will alter the properties of the organic phase. Thus, specific
solvation effects, or adduct formation, or both, can contribute to
the increased extraction of the metal chelate.

The most widely investigated extraction systems have involved
B-diketones as chelating agents and tri-n-butylphosphate or tri-n-
butylphosphine oxide as the neutral donors for the separation of
lanthanides and actinides that have oxidation states of III, IV, V,
and VI. The extraction behavior of these systems has been de-
scribed recently in an extensive review (45). Owing to the com-
plicated solution chemistry of the lanthanides and actinides,
recent work has been directed toward understanding the behavior
of simpler analogous systems involving the chelates of divalent
transition metal ions, since a great deal of experimental data on
their behavior in solution and on the structure and stereochemistry
of their complexes are available. In these investigations, the g-
diketones have been employed almost exclusively as the chelating
agents, the adduct-forming donors being either those that contain
nitrogen atoms, such as pyridine, quinoline, or isoquinoline, or
those that contain oxygen donors, such as tributylphosphate. In
the course of these studies there have been many instances in
which adduct formation of metal chelates has been inferred from
equilibrium extraction data. In a much smaller number of cases
the adducts of certain divalent transition metal chelates have been
isolated, characterized, and measurements made on one or more of
their physical properties. The purpose of this review is to discuss
the structural and stereochemical implications of these results
and to evaluate the various factors that influence the formation of
metal chelate adducts.

One of the B-diketones whose metal-complexing properties have
been thoroughly investigated is acetylacetone. In the last few
years the structures of several acetylacetone chelates of the metals
of the first transition series have been determined by X-ray tech-
niques. Bis(acetylacetonato) copper(II) was found to be planar
(44,57); the diaquobis(acetylacetonato) cobalt(II) was shown to
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have a tetragonally distorted configuration with the two water
molecules occupying the two apical sites and the two chelate rings
approximately planar (9). The diaquobis(acetylacetonato) nickel(II)
chelate has the same structure as the cobalt(II) chelate, (37), but
the anhydrous form was found to be trimeric in the solid state (10),
as well as in benzene solutions (29), each nickel atom being sur-
rounded by a distorted octahedron of oxygen atoms, Fig. 2. It can

FIG. 2. Trimer of Ni(acac),. The shaded circles represent nickel atoms and

the open circles represent oxygen atoms.
therefore be anticipated that the copper(II), cobalt(Il), and
nickel(II) acetylacetonates will form adducts with donors that
can displace water molecules in the axial positions perpendicular
to the plane of the chelate rings. Some difficulty in adduct forma-
tion will, of course, be expected if the trimeric form of nickel(I1I)
acetylacetonate is found to persist in the solvent medium used.
Nickel is hexacoordinated in the trimer and is therefore coordina-
tively saturated. Adduct formation will occur when one or more
chelate rings are ruptured or if the donor molecule is attached to
an atom other than the nickel ion. In this connection it should
be mentioned that in the nickel complex, bis(dimethylglyoximato)
nickel(1I), the strong axial nickel-nickel bonds (26) prevented the
isolation of adducts with strongly basic donors such as pyridine (3).
Moreover, the distribution coefficient of the nickel chelate between
chloroform and water was not increased in the presence of donors
such as quinoline or dodecylamine, whereas these donors were
found to enhance the extraction of bis(dimethylglyoximato)cop-
per(Il), in which the axial bonds are the relatively weak copper-
oxygen bonds (18).
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The expectation that the divalent metal acetylacetonates will form
adducts has been amply verified. The copper(II) chelates of acetyl-
acetone, benzoylacetone, and ethylacetoacetate form 1:1 adducts
with heterocyclic bases such as pyridine or substituted pyridines
(30) and quinoline (24). On exposure to air, the solid adducts
slowly undergo decomposition, the heterocyclic base being lost
as vapor. From an examination of the infrared and visible spectra
of these adducts dispersed in Nujol mulls, it was concluded that
the 1:1 adducts were 5-coordinated complexes of copper(Il). The
additional molecule of the heterocyclic base in the 1:2 adducts
obtained with bis(ethylacetoacetato)copper(II) was assumed to be
free in the crystal lattice and not coordinated to give a six-coordi-
nated copper(II) complex. The existence of five-coordinated com-
plexes of copper(1I) has been convincingly established by a number
of X-ray studies (2), although it has been recently suggested that
at least in some of these cases, five-coordination occurs as a result
of a steric hindrance, the approach of a sixth ligand being sterically
prevented by one or more atoms in a ligand molecule (8).

In contrast to the five-coordinated adducts of copper(Il) acetyl-
acetonates, a six-coordinated copper(II) complex was obtained
with trifluoroacetylacetone and pyridine. The electronic and in-
frared spectra of this 1:2 adduct were compared with the spectra
of the 1:1 adduct, which was also isolated, and with the spectra of
the parent copper(Il) chelate. In the infrared region, single peaks
were observed for the vibrations of the pyridine molecules;
therefore, both pyridine molecules in the 1:2 adducts must have
identical environments. It was thus established that in the 1:2
adducts, both pyridine molecules were coordinated to the central
copper atom, and that one pyridine molecule was not merely
trapped in the crystal lattice (25). These spectral studies have also
disproved an earlier contention that in the 1:1 adducts one of the
chelate rings is opened and the vacant coordination site is occu-
pied by the donor molecule (59). That the chelate rings remain
intact in the monoadducts of the bis(acetylacetonato) copper(II)
chelates, was further confirmed by an examination of the infrared
spectra of the quinoline and isoquinoline monoadducts. The
absence of a free carbonyl absorption band around 1600 to 1700
cm™ in the spectra of these chelates seems to be convincing evi-
dence that the acetylacetonate chelate rings are not ruptured in
adduct formation (38).
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In an extension of the above studies on adduct formation, the
1:1 and 1:2 adducts of the copper(Il) chelates of hexafluoro-
acetylacetone, thenoyltrifluoroacetone, and trifluoroacetylacetone
with 4-methyl pyridine were prepared. The acetylacetone chelate
of copper(II) did not form a 1:2 adduct with 4-methylpyridine and
formed a relatively unstable 1:1 adduct from which the 4-methyl-
pyridine was gradually lost on standing. The electronic spectra
of all these adducts again indicate that they are definite compounds
(62). When the methyl groups in acetylacetone are successively
replaced by the electron-withdrawing CF; groups, the stability of
the metal chelate, given by the logarithim of the first stepwise
formation constant, decreases from 9.2 for copper(Il) acetylace-
tonate, to 6.6 for the trifluoroacetonate, to 2.7 for the hexafluoro-
acetylacetonate (12,60). This decrease in the chelate stability is
accompanied by a concomitant increase in the stability as well as
the extractability of the adducts. A decrease in electron density
around the central metal ion, i.e., an increase in the residual posi-
tive charge, is caused by the electron-withdrawing substituents in
the acetylacetone ligand. As a result, the metal has an increased
tendency to participate in further coordination. Hence, the most
stable chelate, copper(II) acetylacetonate, forms the least stable

TABLE 1

Formation Constants of 1:1 Adducts of Nitrogen Donors and
Bis(acetylacetonato)copper(1I)

Formation constant in

Dichloro-

Nitrogen donor Benzene  ethane  Chloroform Acetone Ref.
Pyridine 7.2; 8.7 — 2.0 4.4 (30)
2-Methylpyridine - — 0.66 — (30)
3-Methylpyridine 6.0 — — — (46)
4-Methylpyridine 10; 10.9 — 2.7 — (10,30,46,62)
2,6-Dimethylpyridine — — 0.23 — (30)
4-Chloropyridine 5.7 — — — (46)
3-Cyanopyridine 6.8 — — — (46)
3-Acetylpyridine 10.3 — — — (46)
4-Benzoylpyridine 18 — — — (46)
3-Bromopyridine 5.0 — — — (46)
Quinoline 3.7 1.5 — — (38)
Isoquinoline 8.6 — — — (38)
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adducts, and in fact only a 1:1 adduct has been isolated. The least
stable chelate, copper(II) hexafluoroacetylacetonate, forms the
most stable adducts, and 1:1 as well as 1:2 adducts, both of which
are quite stable, have been isolated (62). Thus the statements
which were in apparent conflict in the earlier reports concerning
the formation of 1:1 and 1:2 adducts of copper(II) acetylacetonates
have been resolved.

The formation constants of a number of adducts of copper(II)
acetylacetonates have been determined in nonaqueous solvents;
the values that have been reported are summarized in Table 1.
An extensive calorimetric study of the heats of reaction of a series
of pyridine bases with bis(acetylacetonato)copper(II) has also been
carried out (46). The heats of adduct formation were determined
in benzene in the absence of strongly coordinating molecules such
as water. Therefore, the heat of reaction should reflect the bond
strength of the adduct. A plot of the heat of reaction against the

TABLE 2

Formation Constants of 1:1 Adducts of Nitrogen Donors with
Chelates of Copper(II) and Substituted Acetylacetonates (30)

Rl
AN
c—0
7 N
H—C Cu/2
N /
C=0
7
R
Formation constant in
Substituent Nitrogen
R R’ donor Benzene Chloroform Acetone
CeH; CH, Pyridine 21.6 2.8 7.5
CeH; CH, 2-Methylpyridine — 0.74 —
CeHs CH; 4-Methylpyridine — 3.9 —
CgH; CH; 2,6-Dimethylpyridine — 0.25 —
OC;H; CH, Pyridine 29.0 3.3 15.6
OC,H; CH, 2-Methylpyridine 9.6 1.6 2.9
OC;H;, CH; 4-Methylpyridine 58.7 8.0 16.0

OC,H; CH, 2,6-Dimethylpyridine 1.2 0.44 1.6
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Hammett sigma constant of the pyridine substituent showed a
definite trend. The heats of reaction were high for the stronger
bases and decreased to a limiting value as the basicity decreased.
However, from the data presented in Table 1 there seems to be no
direct correlation between the basicity of the donor molecule and
the formation constant of the adduct, probably because the adducts
formed are very weak and other effects such as solvation and steric
factors overwhelm the weak electronic effects caused by varying
the substituents in the donor molecule (46).

In contrast to the above results, it was found that the free ener-
gies, enthalpies, and entropies of adduct formation of diacetyl-
bisbenzoylhydrazino nickel(Il), Fig. 1, with a series of hetero-
cyclic bases, alkylamines, and alkylphosphines, show definite
trends (52-54). For example, with the alkylamines the donor
ability of the amine, as well as the nickel-nitrogen bond strength,
increases in a regular manner with the length of the alkyl chains.
The reason that these trends are observable in these systems is
that the adduct formation constants are several powers of 10 greater
than the values obtained with copper(Il) acetylacetonates.

Table 2 summarizes the formation constants of the adducts with
the copper(Il) chelates of a number of substituted acetylacetones.
The stabilities of the 4-methylpyridine adducts are greater than the

TABLE 3

Stepwise Formation Constants of Adducts of Oxygen Donors
with Metal Chelates of Thenoyltrifluorcacetone

Solvent

Carbon tetra-

Cyclohexane chloride Chloroform
Metal jon  Oxygen donor K, K, K, K, Ref.

Zn(I1) Tri-n-octylphos- — — 10 — (61)
phine oxide

Co(II) Tributylphos- 4.59 2.67 — — (40)
phate

Cu(ID) Tributylphos- 3.32 — 2.27 0.65 (40,56)
phate

Zn(Il) Tributylphos- 4.77 — 4.34 2.69 (40,56)
phate

Cu(ID) Tri-n-butylphos- 3.98 — — — (40)

phine oxide
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stabilities of the pyridine adducts as a result of the greater base
strength of 4-methylpyridine. The lower stabilities of 2-methyl-
pyridine and 2,6-dimethylpyridine adducts are undoubtedly due
to steric effects. Although adduct formation constants have been
determined in several solvents, it is not possible to draw any valid
conclusions about solvent effects from the data in Tables 1 and 2.

All the adduct formation constants in Tables 1 and 2 have been
obtained either from liquid-liquid extraction equilibria studies or
have been measured by a spectrophotometric method. The latter
method gives reliable values for systems which have rather small
formation constants. Recently the formation constant of the 1:1
adduct of the zinc chelate of thenoyltrifluoroacetone with tri-n-
octylphosphine oxide in anhydrous carbon tetrachloride has been
determined by yet another method, which makes use of the nuclear
magnetic resonance spectrum of phosphorus (Table 3). This forma-
tion constant, as well as the formation constants obtained by spec-
trophotometric methods in anhydrous media may not be strictly
comparable with values that have been calculated from liquid-
liquid extraction equilibria data. In extraction studies the organic
phase can no longer be considered as an anhydrous medium,
because it is invariably saturated with water. The spectrophoto-
metric method is well suited for the determination of adduct
formation constants if only a single adduct species is present in
solution. If stepwise adduct formation occurs, various adduct
species will be found in solution and unless they are unequivo-
cally identified, the formation constants obtained spectrophoto-
metrically are open to question. For example, it has been shown
recently that bis(acetylacetonato) cobalt(Il), Co(acac),, forms 1:1
and 1:2 adducts with pyridine as well as a 1:1 adduct of the dimer
[Co(acac),],-[pyridine] (20). The spectrophotometric method for
the determination of adduct formation constants should therefore
be used with caution.

It is of interest to investigate the effect of varying the chelated
metal ion on adduct formation constants. From the limited data
available (Table 3), it can be inferred that the tendency for the
zinc(II) chelate to form adducts is greater than that of the cobalt(II)
and copper(lI) chelates. The usual stability sequence of the transi-
tion metal chelates is cobalt(II) < copper(II) > zinc(II); it appears,
therefore, that the greater the stability of the metal chelate, the
weaker the adduct that is formed. This conclusion was arrived at



14: 50 25 January 2011

Downl oaded At:

584 Q. FERNANDO

previously by an examination of the adduct formation constants
and corresponding chelate formation constants of copper(Il) and
a series of substituted acetylacetones.

The study of the thermodynamics of adduct formation of the
nickel(IT) chelate of diacetylbisbenzoylhydrazone with a variety
of donor molecules (52-54) has been extended to an investigation
of the liquid-liquid extraction behavior of this chelate (39). It was
shown that the addition of the heterocyclic bases isoquinoline or
4-methylpyridine caused an enhancement of the distribution
coeflicient of the metal chelate due to the formation of 1:2 adducts.
Thus it is clear that the formation of hydrophobic adducts is pri-
marily responsible for the increase in extractability of the nickel
chelates into organic solvents. The formation constants of the
adducts of the nickel(II) chelates of diacetylbisbenzoylhydrazone
are several powers of 10 greater than the formation constants of
the adducts of acetylacetone chelates (Tables 1, 2, and 3). The
nickel-donor atom bonds in the adducts of the diacetylbisbenzoyl-
hydrazino nickel(II) chelates are therefore much stronger than the
corresponding bonds in the adducts of the acetylacetone chelates.
Nevertheless, there can be no doubt that the extraction of the
chelates of copper(Il), cobalt(Il), zinc(II), and nickel(II) with
acetylacetone and substituted acetylacetones is enhanced by
adduct formation with nitrogen- or oxygen-containing donor
molecules.

For any meaningful correlations to be made between the struc-
ture and properties of metal chelate adducts, their extraction
behavior, formation constants, spectra, and magnetic properties
must be studied in addition to their structures. To this end, an
investigation of the adducts of the chelate, bis-(0,0’-diethyldithio-
phosphato)nickel(IT), Ni(dtp),, with a series of donor molecules has
been initiated in this laboratory. The chelate, Ni(dtp),, is diamag-
netic and its structure has been predicted to be essentially square
planar (41-43), from the results of an examination of its ligand field
transitions. The planarity of the chelate rings has been confirmed
in this laboratory by means of a single-crystal three-dimensional
X-ray structure determination (21). Ni(dtp), forms purple mono-
clinic crystals (a = 10.48 A, b=10.22 A, ¢ = 8.62 A, and 8 = 102.5°)
in the space group P2,/c with two molecules in the unit cell. The
structure was solved in projection down the ¢ axis with the special
position of the nickel atom chosen as the origin. The four atoms in
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the chelate ring were found to lie in a plane and the carbon atoms
in the ethyl groups were found to adopt a staggered configuration.
The important bond distances and bond angles in the chelate ring
are shown in Fig. 3. The average nickel-sulfur bond distance is

+a/2

_NE

\J
FIG. 3. [010] projection of the structure of Ni(dtp),. Only one of the two
molecules in the unit cell is shown.

2.21 A and the average sulfur-phosphorus bond distance is 1.97 A.
The values of the bond angles show that there is a significant
distortion from square planarity, caused by strain in the four-
membered ring. The nickel-sulfur bond distance compares well
with the normal value in tetracoordinated diamagnetic nickel
chelates (7), and the sulfur-phosphorus bond distance is identical
with that found in the potassium salt of O,0’-dimethylphosphoro-
dithioic acid (15).
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Single crystals of the paramagnetic 1:2 pyridine adduct, Ni(dtp),-
2py, have been prepared. Although a five-coordinated 1:1 pyridine
adduct of Ni(dtp), could not be isolated, evidence for its existence
in benzene solution has been found in the course of a spectro-
photometric determination of the formation constants of the 1:2
adduct. The values of the successive stepwise adduct formation
constants in benzene were found to be 29 and 78 (13). Crystals of
the 1:2 adduct are unstable in air: their green color changes slowly
to the purple color of Ni(dtp),. However crystals of the adduct
when sealed in a thin-walled capillary were found to be stable to
X rays. A single-crystal three-dimensional X-ray structure deter-

L]

A(Zat
i

FIG. 4. [001] projection of the structure of the diadduct of Ni(dtp), with
pyridine. Only one of the two molecules in the unit cell is shown.
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mination of this compound is in progress in this laboratory (51).
The adduct, Ni(dtp),'2py forms green monoclinic crystals (a=
8.11 A, b=17.89 A, c=9.94 A, 3=104.8°) in the space group
P2,/c with two molecules in the unit cell. This diadduct must there-
fore have a trans configuration. The structure was solved in pro-
jection down the a and ¢ axes and was found to have the same
features as the parent chelate Ni(dtp),. One significant difference
is that the nickel-sulfur bond distance is increased to 2.46 A. This
is to be expected for hexacoordinated paramagnetic nickel chelates
(7). The plane of the pyridine ring is perpendicular to that of the
chelate rings and approximately bisects the larger sulfur-nickel-
sulfur angle; the nickel-nitrogen bond distance is approximately
2.1 A. These preliminary results represent the first structure deter-
mination of a metal chelate adduct (Fig. 4).

The structures of the metal acetylacetonate adducts are of con-
siderable importance, but little attention seems to have been paid
to this area. In cases where the metal ion is coordinatively satu-
rated, the position of attachment of the donor molecule cannot be
surmised and has to be determined by a direct experimental
method. Although it is possible that the donor molecule will occupy
a coordination position which is left vacant by the opening of a
chelate ring, there has been no convincing experimental proof that
such an adduct exists. Recently, however, liquid-liquid extraction
data have been obtained which strongly suggest that ring opening
followed by adduct formation occurs. The effect of tri-n-octyl-
phosphine oxide on the distribution coefficients between cyclo-
hexane and water of the coordinatively saturated chelates of
cobalt(IIT) and iron(III) with acetylacetone has been determined.
It was found that the distribution coeflicient of only the labile-
iron(III) acetylacetonate showed a marked enhancement, whereas
the distribution coefficient of the inert cobalt(III) complex was
virtually unchanged. It has been suggested that the only satisfac-
tory explanation of this data consists of the assumption that a chelate
ring is ruptured and the molecule of tri-n-octylphosphine oxide
is coordinated directly to the iron atom (I). Confirmation of this
interesting hypothesis must await further work with this and
related systems.

If the metal ion is coordinatively unsaturated, the donor molecule
will occupy a position in the coordination sphere of the metal ion.
In such cases, the metal-donor atom bond strength can vary con-
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siderably, and any experimental data that can elucidate this aspect
of the structure of the adduct are of importance. One approach
that can be adopted is to carry out the measurement of free ener-
gies, enthalpies, and entropies of adduct formation as well as the
examination of spectral data of the adducts. However, little ex-
perimental data of this type is available from which the structures
of the adducts with metal acetylacetonates can be deduced. More-
over, no complete X-ray structural data on any of these adducts
are available, although adducts of cobalt(II) and nickel(II) acetyl-
acetonate with pyridine, aniline, and ammonia have been known
for more than 50 years (6).

An examination of the infrared spectrum of the bispyridine
adduct of nickel(II) acetylacetonate has shown that all the bands
in the region below 700 cm™, which involve Ni—O stretching
vibrations, are shifted to lower frequencies. The band at 452 cm™
which arises from an almost pure Ni—O stretching mode is shifted
to 439 cm™ in the adduct, owing to a marked change in the Ni—O
stretching force constant. This can only be attributed to direct
bonding between the metal ion and the nitrogen atom of the pyri-
dine donor. On the basis of this evidence, a trans octahedral
configuration was proposed for the bispyridine adduct of bis(acetyl-
acetonato) nickel(II) (49). This has been recently confirmed by a
determination of the space group in which the compound crys-
tallizes. Since the compound crystallizes in the space group P2,/c
with two molecules per unit cell, the compound must have a center
of symmetry, and the only possible arrangement of the two pyridine
molecules is therefore in a trans configuration (32). The bispyridine
adduct resembles the dihydrate of bis(acetylacetonato)nickel(II),
which has been shown, by a three-dimensional X-ray study, to have
a trans configuration (48).

The oxygen atoms in the chelating agent, acetylacetone, can
frequently participate in the formation of bridged complexes. For
example, bis(acetylacetonato) nickel(II) exists as a trimer in the
solid state (I1) as well as in hydrocarbon solvents (19). A three-
dimensional X-ray structure determination of the trimer has shown
that each nickel ion is surrounded by a distorted octahedron of
oxygen atoms (I11). A monoadduct with pyridine and a dimeric
form of the nickel chelate has been isolated with the stoichiometry
[Ni(acac), ], py in addition to a 1:2 adduct, Ni(acac),-2py (19). The
structure of the monoadduct has not been determined. If how-
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Py

(2

FIG. 5. Probable structure of the monoadduct of [Ni(acac),], with pyridine.
The shaded circles represent nickel atoms and the open circles represent
oxygen atoms.

ever, it is assumed that the octahedral configuration of the nickel
ion is maintained by the sharing of octahedral faces, the adduct,
[Ni(acac),],py probably has the structure in Fig. 5, since it is the
only adduct to be expected when the dimer breaks away from the
trimer. An X-ray structure determination of this compound would
be of great interest.

Although no stable monoadduct of pyridine with bis(acetyl-
acetonato) nickel(II) has been found (19), a stable monoadduct with
bis(acetylacetonato) cobalt(II) has been isolated, together with the
pyridine diadduct and the monoadduct of the dimeric species,
[Co(acac),],'py (20). It may be speculated that the structures of

B

H CH;
Hc>=o><:o/o— C:;CH

ST
H3C 3 H

H

HC\z; . o/"o\0= C/
Hy CHg

B

FIG. 6. Probable structure of the diadduct of [Co(acac),], with a nitrogen
donor.
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the latter two compounds are similar to the structures of the
corresponding nickel(II) compounds, but they may well be dit-
ferent. It has, for example, been proposed that the mono adduct
with cyclohexylamine is the dimer, [Co(acac),],-2B, having the
structure shown in Fig. 6 (4), and it would not be entirely un-
expected if the monopyridine adduct had a similar structure. On
the other hand, the monoadduct of pyridine with Co(acac), may be
a five-coordinated cobalt(II) chelate with a square-pyramidal con-
figuration, or a trigonal bipyramidal configuration, or a structure
intermediate between the two, as was found for Zn(acac),"H,0
(47). The observation that the only monoadducts isolated were
[Ni(acac),],'py with pyridine as the donor (19), and Ni(acac),'py
with methylpyridines as donors (29-30), suggests that the nature
of the nitrogen-containing base is probably a factor that determines
the type of adduct formed (4). Verification of this interesting con-
clusion must await the X-ray structure determination of these
adducts.

The manganese(II) chelate of acetylacetone forms the adduct
Mn(acac),py, and the monopyridine adduct of the dimeric form,
[Mn(acac),],'py. These compounds resemble the corresponding
adducts of the acetylacetonates of nickel(II) and cobalt(II). The
five-coordinated manganese(II) adducts, in which two molecules
of the heterocyclic base are coordinated to the chelate, are very
unstable and in this respect they differ markedly from the nickel(II)
and cobalt(II) adducts, but resemble the behavior of the zinc(II)
adducts (28).

Five-coordinated zinc(II) complexes are known (31,47), and it is
probable that the adducts of the type ZnX, B (where B = tri-n-

* butylphosphate and X = thenoyltrifluoroacetone) are five-coordi-

nated zinc(II) complexes with a pyramidal arrangement of the
bonding atoms (47). Adducts of bis(acetylacetonato) zinc(1I) with
two molecules of ammonia, one molecule of o-phenanthroline, or
one molecule of bipyridyl have also been reported (16). The
diadduct with ammonia probably has an octahedral configuration,
but the structures of the monoadducts with bipyridyl and with
o-phenanthroline depend on whether the donors are monodentate
or bidentate in these adducts.

It is well known that the square-planar copper(Il) complexes
expand their coordination number from four to five, with the result
that square-pyramidal complexes are formed (2,63). On these
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grounds it appears reasonable to postulate similar structures for
the monoadducts formed with bis(acetylacetonato) copper(II)
chelates and a wide variety of donor molecules.

The adducts of the metal acetylacetonates have been by far the
most extensively investigated complexes. Several questions of
importance that concern the properties of adducts have been clari-
fied. The available thermodynamic data have shown that in the
absence of specific steric and solvation effects, the greater the
basicity of the donor atom, the greater the stability of the adduct
that is formed, and that the greater the stability of the metal chelate,
the weaker the adduct that is formed. The adducts formed with
oxygen- and nitrogen-containing donor molecules and the acetyl-
acetonates of certain of the first row transition metals have en-
hanced hydrophobic properties, and, as a consequence, their
distribution coefficients between an organic phase and aqueous
phase are increased. Although it is premature to classify these
adducts on the basis of their structures, which are mostly unknown,
it is clear from the foregoing that the adducts of the metal acetyl-
acetonates, and indeed the adducts of all metal chelates, must fall
into one of the following classes:

Class I. Adducts formed by coordination of the chelated metal
ion to one or more donor groups. Strong bonds are formed, the
configuration of the metal chelate is altered, or its structure is
grossly distorted. In extreme cases the adduct formed can be con-
sidered to be a charge-transfer complex. Examples of adducts in
this class are Ni(dtp),-2py, Zn(TTA),-TBP, and Ni(acac), 2py.

Class I1. Adducts formed by the weak interaction of the metal
ion with donor molecules. The structure of the metal chelate is
hardly affected by the weak bonds formed between the metal
chelate and the donor, but the coordination number of the metal
ion increases. Because of the weak bonds formed, only the mono-
adduct is sufficiently stable to be isolated, e.g., Cu(acac), py.

Adducts that fall into classes I and II are formed with coordina-
tively unsaturated metal chelates, whereas those that fall into
classes III and IV are formed with coordinatively saturated metal
chelates.

Class II1. Adducts in which the donor molecule occupies a
position in the coordination sphere of the metal ion that is vacant
as a result of the rupture of a chelate ring. The coordination number
of the metal does not change. An example of such an adduct is
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[Ni(acac),],'py, which is formed by the rupture of the chelate
rings in the trimer [Ni(acac),]5. The coordination number of nickel
is six in both complexes. Another probable example is the adduct
of tri-n-butylphosphine oxide with Fe(acac);, in which one of the
chelate rings is ruptured and the vacant position is occupied by
the TBPO donor (1).

Class IV. In adducts of this class, the donor molecule is attached
to an atom other than the chelated metal atom and the coordination
number of the metal remains unchanged. No example of this class
of adduct has been found with the divalent transition metal acetyl-
acetonates. With the acetylacetonate of iron(III), a diadduct with
chloroform has been identified which probably falls into class IV.
It has been suggested that the two molecules of chloroform are
held by hydrogen bonds between layers perpendicular to the b
axis of the tris(acetylacetonato) iron(III) chelate (58). A similar
structure has been proposed for the adducts of several halo-
methanes with the acetylacetonates of the tervalent ions, alumi-
num, iron, chromium, scandium, gallium, and indium, on the basis
of a preliminary study of their NMR spectra (14). There are experi-
mental difficulties associated with the location of the site of attach-
ment of a donor molecule such as chloroform, since the bonds
formed between the donor atom and the metal-chelate acceptor
are quite weak. This is evident in the chloroform and benzene
adducts of the zinc(II) chelate of 8-quinolinol (55), although it is
probable that these adducts too can be grouped together in class IV.

Examples of class IV adducts are more likely to be found with the
chelates of metal ions having Ligher oxidation states. It has been
suggested from equilibrium extraction data involving the thorium
chelate of thenoyltrifluoroacetone, TTA, in the presence of tri-n-
octylamine, RyN, that the adduct formed is Th(TTA),-R;2NHCI and
that the amine hydrochloride is bound by one of the TTA mole-
cules and not by the thorium (50). The TTA chelates of a number
of other elements in the lanthanide and actinide series were found
to form adducts with organophosphorus compounds such as tri-n-
butylphosphate, TBP, and tri-n-octylphosphine oxide, TOPO.
Many stable adducts have been isolated from the liquid-liquid
extraction systems involving these compounds (22,33-36). A study
of the infrared spectra of these adducts indicates that the TTA
molecules are monodentate as well as bidentate in several repre-
sentative examples and that the organophosphorus donor mole-



14: 50 25 January 2011

Downl oaded At:

ADDUCT FORMATION WITH CHELATES 593

cules are directly attached to the metal ion (23). Again, no struc-
tural investigations on these compounds have been carried out,
and it is possible that examples of class IV adducts may be found
among this group of compounds.

Acknowledgment

Financial assistance from the National Science Foundation
Institutional Grant to the University of Arizona is gratefully
acknowledged.

REFERENCES

J. Aggett, Chem Ind. (London), 1966, 27.

G. A. Barclay and C. H. L. Kennard, J. Chem. Soc., 1961, 3289.

F. Basolo and W. R. Matoush, J]. Am. Chem. Soc., 75, 5663 (1933).

J. A. Bertrand, F. A. Cotton, and W. J. Hart, Inorg. Chem., 3, 1007 (1964).

J. A. Bevan, D. P. Graddon, and ]J. F. McConnell, Nature, 199, 373 (1963).

W. Blitz and J. A. Clinch, Z. Anorg. Allgem. Chem., 40, 221 (1904).

M. Bonamico, G. Dessy, C. Mariani, M. Vaciago, and L. Zamborelli, Acta Cryst.,

19,619 (1965).

. M. Bonamico, G. Dessy, A. Mugnoli, A. Vaciago, and L. Zamborelli, Acta Cryst.,
19, 886 (1965).
9. G.J. Bullen, Acta. Cryst., 12, 703 (1959).

10. G. J. Bullen, R. Mason, and P. Pauling, Nature, 189, 291 (1961).

11. G. J. Bullen, R. Mason, and P. Pauling, Inorg. Chem., 4, 4456 (1965).

12. M. Calvin and K. W. Wilson, J. Am. Chem. Soc., 67, 2003 (1945).

13. R. L. Carlin, J. S. Dubnoff, and W. T. Huntress, Proc. Chem. Soc., 1964, 228.

14. F. R. Clarke, J. F. Steinbach, and W. F. Wagner, J. Inorg. Nucl. Chem., 26, 1311

(1964).
15. P. Coppens, C. H. MacGillavry, S. G. Hovenkamp, and H. Douwes, Acta Cryst.,
15, 765 (1962).

16, F. P. Dwyer and A. M. Sargeson, J. Proc. Roy. Soc. N.S. Wales, 90, 29 (1956).

17. D. Dyrssen, Svensk Kem. Tidskr., 75, 618 (1963).

18. D. Dyrssen and M. Hennicks, Acta Chem. Scand., 15, 47 (1961).

19. ]. P. Fackler, J. Am. Chem. Soc., 84, 24 (1962).

20. ]. P. Fackler, Inorg. Chem., 2, 226 (1963).

NSk LM~

o

21. Q. Fernando and C. D. Green, unpublished results, 1966.

22. J.R. Ferraro and T. V, Healy, J. Inorg. Nucl. Chem., 24, 1463 (1962).
23. ]. R. Ferraro and D. F. Peppard, Nucl. Sci. Eng., 16, 389 (1963).

24. R. D. Gillard and G. Wilkinson, J. Chem. Soc., 1963, 5399.

25. R. D. Gillard and G. Wilkinson, J. Chem. Soc., 1963, 5885.

26. L. E. Godycki and R. E. Rundle, Acta Cryst., 6, 487 (1953).

27. V. A. Gordieyeff, Anal. Chem., 22, 1166 (1950).

28. D. P. Graddon and G. M. Mockler, Australian J. Chem., 17, 119 (1964).
29. D. P. Graddon and E. C. Watton, Nature, 190, 907 (1961).

30. D. P. Graddon and E. C. Watton, J. Inorg. Nucl. Chem., 21, 49 (1961).



14: 50 25 January 2011

Downl oaded At:

594 Q. FERNANDO

31. D. Hall and F. H. Moore, Proc. Chem. Soc., 1960, 256.

32. ]. T. Hashagen and ]. P. Fackler, J. Am. Chem. Soc., 87, 2821 (1965).

33. T. V. Healy, J. Inorg. Nucl. Chem., 19, 314 (1961).

34. T. V. Healy, ]. Inorg. Nucl. Chem., 19, 328 (1961).

35. T. V. Healy and ]. R. Ferraro, J. Inorg. Nucl. Chem., 24, 1449 (1962).

36. T. V. Healy, D. F. Peppard, and G. W. Mason, J. Inorg. Nucl. Chem., 24, 1429

(1962).
37. R. H. Holm and F. A. Cotton, J. Phys. Chem., 65, 321 (1961).
38. H. M. N. H. Irving and N. S. Al-Niami, ]. Inorg. Nucl. Chem., 27, 1671 (1964).
39. H. M. N. H. Irving and N. S. Al-Niami, J. Inorg. Nucl. Chem., 27, 2231 (1965).
40. H. M. N. H. Irving and N. S. Al-Niami, J. Inorg. Nucl. Chem., 27, 1359 (1965).
41 C. K. Jérgenson, Acta Chem. Scand., 16, 2017 (1962).
42. C. K. Jérgenson, J. Inorg. Nucl. Chem., 24, 1571 (1962).

43. C. K. Jérgenson, Mol. Phys., 5, 485 (1962).

44. H. Kogama, Y. Saito, and H. Kuroya, J. Inst. Polytech. Osaka City Univ. Ser. C4,
43 (1953).

45. Y. Marcus, Chem. Rev., 63, 139 (1963).

46. W. R. May and M. M. Jones, J. Inorg. Nucl. Chem., 25, 507 (1963).

47. H. Montgomery and E. C. Lingafelter, Acta Cryst., 16, 748 (1963).

48. H. Montgomery and E. C. Lingafelter, Acta Cryst., 17, 1481 (1964).

49. K. Nakamoto, Y. Morimoto, and A. E. Martell, J. Am. Chem. Soc., 83, 4533
(1961).

50. L. Newman, J. Inorg. Nucl. Chem., 25, 304 (1963).

51. S. Ooi and Q. Fernando, unpublished results, 1966.

52. L. Sacconi, G. Lombardo, and R. Ciofalo, J. Am. Chem. Soc., 82, 4182 (1960).

53. L. Sacconi, G. Lombardo, and P. Paoletti, J. Chem. Soc., 1958, 848.

54. L. Sacconi, G. Lombardo, and P. Paoletti, J]. Am. Chem. Soc., 82, 4185 (1960).

55. G. X. Schweitzer, R. B. Neel, and F. R. Clifford, Anal. Chim. Acta, 33, 514
(1964).

56. T. Sekine and D. Dyrssen, J. Inorg. Nucl. Chem., 26, 1741 (1964).

57. E. A. Shugam, Dokl. Akad. Nauk SSSR, 81, 853 (1951).

58. J. F. Steinbach and J. F. Burns, J. Am. Chem. Soc., 80, 1839 (1958).

59. R. C. Trail, Nature, 185, 631 (1960).

60. L. G. VanUitert, W. C. Fernelius, and B. E. Douglas, J. Am. Chem. Soc., 75, 457
(1953).

61. W.R. Walkerand N. C. Li, J. Inorg. Nucl. Chem., 27,411 (1965).

62. W. R, Walker and N. C. Li, J. Inorg. Nucl. Chem., 27, 2255 (1965).

63. T. N. Waters, D. Hall, and F. ]. Llewllyn, Chem. Ind. (London), 1958, 1203.

Received by editor July 6, 1966
Submitted for publication July 21, 1966



