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1

INTRODUCTION
1.1 GENERAL REMARKS
Biuret and related ligands react with bivalent copper, co
balt, nickel and palladium ions in alkaline solutions to form
complexes of these metals with two deprotonated dinegative
biuretato ligands. These compounds have been known since a
hundred years and the intense colour of the copper complexes
is used in analytical methods. Only recently however, the
structure and the unique properties of these compounds were
recognized.
In these complexes the metal is coordinated with four de
protonated amide nitrogen atoms in a planar, approximately
square MN,-moiety, for instance with biuret itself:
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This structural frame makes these complexes interesting in com
parison with phthalocyanine and porphyrin complexes, especial
ly the cobalt complexes in comparison with vitamin В.. and its
model compounds. The characteristic behaviour of the latter is
generally considered to be related to the planar MN.-coordination. As the biuretato complexes have rather different proper-
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ties, the question arises, what kind of stereochemical or
electronic effects generated by the ligand system may cause
this difference.
The biuretato complexes contain coordinated deprotonated
amido groups:

ι

»

—M —

Ï

N — С —

I
It is known that these are also present in complexes of pep
tides with transition metal ions. These peptide complexes have
generated interest because of their proposed rôle in biological systems. A very peculiar oxidation reaction of copper(II)peptide complexes gives a specific fragmentation of the peptide at the indicated place (Levitzki et al.» 1967):
Ν2—CH2
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The proposed copper(III) intermediate in the peptide oxida
tion reaction corresponds to a stable compound in the biuret
system.
The most typical properties of the biuretato complexes are:
easy oxidation of the metal(II) complexes, striking stability
of the resulting copper(III) and nickel(III) compounds, a spin
triplet ground state of the four-coordinated cobalt(III) com
plexes and a surprising preference for planar four-coordina
tion. This characteristic chemical and magnetic behaviour re-
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sembles that of the 1,2-dithiolato complexes, whose properties
have been much studied in recent years.
The biuretato complexes seem thus to be related to three
important other areas: the vitamin В.. and other natural por
phyrin-! ike systems, the metal peptide complexes and the
dithiolato compounds.
1.2 COORDINATION OF BIURET WITH METAL IONS
The formation of coordination compounds of biuret with me
tal ions has been the subject of various studies. It was found
that the biuret ligand can coordinate in three ways, depending
on the kind of metal ion and the pH of the solution. In alka
line solution the terminal NH -groups of biuret are deprotonated and with copper(II) and nickel(II) dinegative, planar
N-coordinated bis(biuretato) complexes are formed, in which
biuret is a bidentate ligand as shown in figure la. In neutral
solution dipositive O-coordinated bis(biuret) complexes are
formed with several transition metal ions, in which the biuret
molecules are again bidentate ligands (figure lb). In complex
es with cadmium(II) and mercury(II), biuret is coordinated as
a monodentate ligand (figure 1c).
1.3 SHORT HISTORICAL REVIEW
The reaction of copper(II) ions with biuret and several
other compounds containing—CO — N H — g r o u p s in alkaline so
lution has been known for a long time. The complex ion formed
in these reactions has a characteristic red or purple colour.
This reaction, known as the "biuret reaction", was first ob
served by Wiedemann (1848) with biuret. Later it was discover
ed that this reaction was also shown by peptides (Ritthausen,
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Figure 1
Coordination of b i u r e t with m e t a l ( I I )
(see s e c t i o n 1.2 and 1.3)

ions.
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1873). Because of this reaction with peptides, the biuret re
action has become familiar to many chemists, as it was used
for a long time as a test for the presence of peptides.
Clearly not all molecules containing—CO — N H — g r o u p s
show the biuret reaction. The acid imides are the only monodentate ligands that react in this way. When bi-, tri- or
tetradentate ligands are used, five or six membered chelate
rings must be formed upon coordination. So the amide groups
in bidentate ligands can never be separated by more than one
atom.
In 1896 the red copper-biuret complex was isolated for the
first time and its composition vas established (Schiff, 1896).
Schiff also showed that many substances other than biuret are
able to form red coloured complexes with Cu(II) ions in alka
line solution and that they are related to three main struc
tures :
0
II

„

H

0
II

0
0
II II

H 2 N — С — N — С — NH2

Η,Ν — С —

biuret

С—ΝΗ2

oxamide

0
H 2 N — С — CH 2

0
С —NH

2

malonamide
The study of the biuret reaction of malonamide, oxamide and
related compounds has been furthered by Rising et al., who
also investigated the biuret reaction of acid imides, which
was first observed by Tschugaeff (Rising et al., 1928, 1930;
Tschugaeff, 1907). Pfeiffer et al. prepared copper complexes
of a large number of ligands containing amide groups and by
varying the composition of the ligands and comparing the pro
ducts, they obtained a good idea about the structure of
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biuretato complexes (Pfeiffer and Saure, 1941). Later, the
structure of the copper(II) complex of deprotonated biuret
was definitely established by X-ray analysis (Freeman et al.,
1959, 1961), as were the structures of the oxygen coordinated
copper(II)- (Freeman et al., 1959), cadmium- (Cavalca et al.,
1960) and zinc-complex (Nardelli et al., 1963). The complex
ions were shown to have the structures discussed in section 1.2
and shown in figure 1. Infrared spectra including normal
coordinate analyses (Kedzia et al., 1968), magnetic proper
ties (McLellan and Melson, 1967) of N- and O-coordinated metal(II) biuret complexes and an ESR study of the N-coordinated
copper(II) complex (Wiersema and Windle, 1964) were reported
more recently.
1.4 THE PRESENT STUDY
Of the several types of metal complexes, that can be formed
with biuret, the N-coordinated bis(biuretato) complexes are by
far the most interesting ones in view of their redox behaviour,
the stabilization of unusually high formal oxidation states of
the central metal atom, stabilization of abnormal spin states
and coordination numbers in cobalt(III) complexes, and their
relationship with biologically interesting systems, such as
metal peptide complexes and vitamin В.. model compounds.
This thesis describes a number of interesting new
copper(III), nickel(III) and spin triplet cobalt(III) biuretato complexes and tries to find correlations between the
electronic structure, some physical and electrochemical pro
perties, and the chemical reactivity of these complexes. The
syntheses, identification and properties of cobalt(III),
copper(III) and nickel(III) complexes of biuret and related
ligands are the subjects of chapters 2 and 3. Electrochemical
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data, infra red spectra, ESCA spectra and a few general remarks
can however, better be discussed for the complexes of the
three metals together and this is the subject of chapter 4.
Detailed preparations and experimental details are given in
chapter 5.
1.5 ABBREVIATIONS
BM
bu4N

bohr magneton
+

(n-C 4 H 9 ) A N +

DMSO

dimethylsulfoxide

iR

current χ resistance

IR

infra red

UW

ultraviolet-visible

RPE

rotating platinum electrode

DME

dropping mercury electrode

SCE

saturated calomel electrode

SALEN

bis(ealicylaldehyde)ethylenediaminato ion

DMG

dimethylglyoximato ion

mp

o-mercaptophenol

abt

o-aminobenzenethiol

tdt

toluenedithiol

en

ethylenediamine

oxam

(HN-CO-CO-NH) ~

ESCA

electron spectroscopy for chemical analysis

BE

binding energy

M

metal

L

ligand or ligand system

2

For the following abbreviations see figure 3: 3-phenbi
3-tolbi ; enbi. ; o-phenbi. ; A-CH.-o-phenbi. ; 4-Cl-o-phenbi
3-prbi ; I-prbiH,.
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2

COBALT COMPLEXES

2.1 INTRODUCTION

In the literature very little is reported about the cobalt
complexes of biuret. The existence of a nitrogen coordinated
cobalt(II) bis(biuretato) complex of composition
K 2 Co(C 2 H N 0 2 ) 2 .2H 2 0 is reported, but it is only identified
by C, H and N analyses and an infra red spectrum (Kedzia et
al., 1968). Solutions of biuret and cobalt in the tervalent
oxidation state vere studied by Kato. He found that in alkaline solution a diamagnetic complex is formed in the reaction
of labile cobalt(III) amino complexes with biuret or upon
aerial oxidation of an alkaline slurry of cobalt hydroxide
and biuret and that the cobalt biuret ratio is about 1:3 in
this complex. The U W

spectra of these solutions were very

similar to the spectrum of (NH,),CoCl,, so he assumed an octahedral cobalt(III) species to be present, formulated as
Co(HN-CO-NH-CO-NH) 3 ~ (Kato, 1959). It was never isolated in
pure form and analyzed. There are some rather vague reports
about the formation of a cobalt(III) biuret complex (Pal et
al., 1966; Sanyal et al., 1964), its infra red spectrum
(Sanyal et al., 1968) and its X-ray powder spectrum (Ghosh et
al., 1965). All these reports are inconclusive because no analyses are given, no detailed preparations are described and
the infra red spectra given are of poor quality. Moreover it
is not clear to what compound the X-ray powder data refer, so
much work remained to be done in this field.
This chapter deals with the chemistry of cobalt complexes
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of biuret, especially of tervalent cobalt. The most interesting feature of this work is the synthesis of stable fourcoordinated cobalt(III) complexes with spin triplet ground
states. The observed spin triplet ground state in (biuretato)cobaltate(III) complexes is very peculiar. Few paramagnetic
cobalt(III) complexes are known:
Octahedral complexes in which the crystal field splitting
is very small. The only examples of these are [ Co(H20),F ]
and [ CoF,]

having four unpaired electrons.

Two five-coordinated spin triplet cobalt complexes are reported: Co[ P(C H ) ]-Cl_, which is supposed to have a trigonal bipyrimidal structure (figure 2a), as it is a nonelectrolyte with zero dipole moment (Jensen et al., 1963),
and a presumably square pyramidal cobalt(III) complex of
1,2-bis-(o-iminobenzylideneamino)propane, Co(abpn)Cl,
which is illustrated in figure 2b (Higson and McKenzie,
1972).
Five types of planar four-coordinated spin triplet cobalt
complexes:
1. {[ (C H

) PO] Col }I, a 1:1 electrolyte, in which the

cobalt atom is planar coordinated by two iodine atoms
and two tricyclohexylphosphine-oxide ligands (figure 2c;
Issleib and Mitscherling, 1959).
2. A number of rather well known S,-coordinated
bis(dithiolato)cobaltate(III) complexes, of which the
bis(toluenedithiolato)cobaltate(III) shown in figure 2d
is perhaps the best example (Williams et al., 1966;
Baker-Hawkes et al., 1966).
3. The S 0 -coordinated bie(o-mercaptophenolato)cobaltate(III) complex shown in figure 2e (Balch, 1969).
A. The N,-coordinated biuretato complexes, described in
this thesis.

IO

Ρ (MO,

®

CH
Co
Γ'

"0 = P(C 6 H„) 3

[oi'Xio:
®

.ιδθθ§>
Θ
Figure 2
The spin triplet cobalt(III) species.

©

Η

CH,
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5. The S^N -coordinated bis(o-aminobenzenethiolato)cobaltate complex, synthesized for the first time in the
course of these investigations as a link between the
planar S,- and the planar N,-coordinated spin triplets
(figure 2f; Birker et al., 1973 III).

2.2 SYNTHETIC PROCEDURES

In addition to the considerations given in section 1.3,
there are some more restrictions on the ligands that can be
used for biuret reactions. When a substituent is present on a
terminal nitrogen atom (for instance in 1-substituted biurets),
coordination is inhibited due to steric hindrance between this
substituent and an adjacent coordinating group. When, however, complexes of unsubstituted biuret are used in oxidation
reactions, totally insoluble products are often obtained. With
this in mind, a number of substituted biurets were prepared.
They are shown in figure 3. The preparation of 3-phenylbiuret
from a mixture of dry phenylurea and phosphortrichloride has
been described (Weith, 1877). For the preparation of 3-alkylsubstituted and 3-toluyl-substituted biurets the same method
was used, starting with the dry substituted urea and PCI . In
these cases, however, the reaction product always consisted
of a mixture of 1-substituted and 3-substituted biurets. The
two isomeric biurets could not be separated from each other,
so the complexes were prepared using these mixtures. As said
before, the 1-substituted biuret molecules are unable to
coordinate with metal ions, so only complex ions of 3-substituted biuret are formed. The very special role of 1-substituted biuret molecules in the solid compounds will be discussed
in the next section. Pure 1-substituted biuret can be prepared from nitrobiuret and a primary amine (Davis and Blanchard,
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С — МНг

1-SüBSTITUTED BIURET (l-RbiH,)

З-ргЬіНг

р-СНз-С6Н5- 3-ІоІЬіН г
3-SUBSTITUTED BIURET 3-RbiH2

Η

Чсх • 4 ^ 0
H2C-

ΝΗ2

NH

I

ΝΗζ
ι

Ι

0^Γ/Ν.

Ж

ο^Νι^ο

0 "

Η

ETHYLENEBISBIURET

^0

I

I

NH

NH 2

M
NΗ
I

NH2
I

^ N "
Η

^ 0

R = CHj-

(.-CHj-o-phenbijHj

R = Cl-

t-Cl-o-phenb^Ht

o-PHENYLENEBISBIURET | o-phenbi 2 Hj

Figure 3
The substituted biuret ligands and their abbreviations.
The deprotonated ligands are abbreviated as 3-Rbi, enbij
and o-phenbi-.
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1929).
Upon aerial oxidation of aqueous solutions of cobalt(II)
salts and biuret, to which an excess of alkali hydroxide has
been added, a red solution is formed containing a diamagnetic
Co(III) complex as described by Kato. The structure of the red
complex present in such a solution will be discussed in section 2.3.A. This oxidation reaction is also possible when bidentate 3-substituted biurets are used. Careful neutralization
of such a red solution to pH-7 results in the formation of a
four-coordinated bis(biuretato)cobaltate(III) species only if
this bis(biuretato) complex is insoluble in water. If it is
soluble in water the red complex has to be isolated from the
alkaline solution. When it is subsequently dissolved in a nonaqueous solvent such as DMSO, the bis(biuretato) complex is
formed spontaneously, or after addition of a little bit of
acid.
A procedure, analogous to that for the preparation of
1-substituted biurets, was used for the preparation of ethylenebisbiuret and o-phenylenebisbiuret starting with 2:1 mixtures
of nitrobiuret and ethylenediamine or o-phenylenediamine respectively. The complexes of the tetradentate ligands are better prepared without the intermediate preparation of an octahedral cobalt(III) complex. Water-DMSO mixtures are very useful for the synthesis of complexes of these tetradentate ligands. It is possible to choose such a water:DMSO ratio that
all the reactants are soluble and the reaction product is insoluble and precipitates. Oxidation reactions with air in DMSO
prove to be much faster than those in water.
All syntheses are described in detail in section 5.2.
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2.3 RESULTS AND DISCUSSION

2.3.1 THE STRUCTURES OF THE N.-COORDINATED COMPLEXES AND THE
4
ROLE OF 1-ALKYLBIURET

2.3.1.1 INTRODUCTION
Neutralization of the red alkaline solution resulting from
aerial oxidation of a slurry of unsubstituted biuret, a
cobalt(II) salt and excess potassium hydroxide (more than two
moles for each mole of biuret) results in the precipitation
of the insoluble yellow potassium bis(biuretato)cobaltate(III)
complex. This cobalt complex has a room temperature effective
magnetic moment of 3.4 BM, indicating a spin triplet state.
The complex being a fine powder, entirely insoluble in all
solvents, it was difficult to obtain more hard information
concerning the structure of this complex. In order to continue the investigations it was necessary to synthesize soluble
complexes. For this purpose a number of substituted biurets
were prepared, that are already mentioned in the previous section.
Preparations of bis(biuretato) complexes with two 3-substituted biuret ligands from the red aqueous solutions proved to
be successful only if also 1-substituted biuret was present
in the solution. In that case the bis(biuretato) complex
spontaneously precipitated upon neutralization of the red solution. For instance, when the substituted biurets used were
3-propylbiuret (3-prbiH2) and l-propylbiuret (l-prbiH«) and
potassium hydroxide was the base, the precipitated compound
had the composition KCo(3-prbi) 2 (l-prbiH 2 ) 2 . The 1-substituted biuret molecules could be removed by dissolving the complex in DMSO. From DMSO solutions complexes of composition

U W spectral data b )

Magnetic properties
measured temp.range
over which Curie-Weiss
Compound

KCobi2

PeffC>(BM)

3.4

law is obeyed (0C)

-150 •• +100

8°
0

bu4NCobi2
KCo(3-prbi)2.(l-prbiH2)2

3.3

-150 - +20

-16

3.4 DMSO
KCo(3-prbi)2.2DMS0

3.5

-150 - +20

d)

KCo(3-prbi)2.2H20

3.4

-250 -• +20

-19

v3(kK)

solvent

v2(kK)

VjikK)

13.2

12.7

11.2

solid KBr

13.3(sh)

12.6(100)

11.6(50)

с 2 н 5 он

13.2

12.8

11.5

DMSO

13.4(sh)

12.8(107)

11.5(51)

DMSO

13.4

12.8

11.5

с 2 н 5 он

13.7

13.3

11.4

13.1(100)

11.4(50)

12.8

11.1

с 2 н 5 он

12.2(sh)

11.5(40)

DMSO

solid KBr
DMSO

3.5 DMSO
KCo(3-phenbi) .2DMS0

3.5

-150 - +20

d)

Ьи4ЫСо(епЬ12)

3.3

-150 - +20

-20

KCo(o-phenbi2)

3.1

bu4NCo(o-phenbi2) .CHClj

3.1

-150 - +20

-20

Corrections for diamagnetism taken from Kolthoff and Elving (1963).
Only bands with small extinction coefficients given.
Extinction coefficients in parentheses.
At room temperature. Measured on solid samples, unless solvent is indicated.
Not determined because of inaccuracy in measurement.

13.0(140)
13.8(1240)

11.2(600)

DMSO

13.8(1200)

11.2(600)

DMSO

13.0(1050)

10.4(940)

с 2 н 5 он
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KCo(3-prbi) 2 .2H 2 0 and KCo(3-prbi)2.2DMSO could be isolated
(see experimental part).
It is obvious from NMR spectra of DMSO-d, solutions of the
analogous diamagnetic copper(III) complex (see section 3.3)
KCu(3-prbi) 9 (l-prbiH ? )_ that the 1-propylbiuret molecules are
present in the solution in the same form as in a solution of
pure 1-propylbiuret, whereas the peak positions of 3-propylbiuret in the complex are markedly shifted from those of a
solution of pure 3-propylbiuret. The terminal amide groups
of 3-propylbiuret molecules prove to be deprotonated. The
spectral and magnetic properties of KCo(3-prbi) ? (l-prbiH«) 2 ,
KCo(3-prbi)2.2DMS0 and KCoO-prbiJ-.ZH.O are all very similar
(see table 1). The frequencies of the low intensity bands in
the U W

spectra are about the same for the three compounds

and they all have magnetic moments of about 3.4

BM. All this

suggested the idea that only 3-substituted biuret is coordi
nated to cobalt or copper and that 1-propylbiuret, DMSO and
H.O are not bound to the central metal atom, but that they
are incorporated elsewhere in the solid compound for stabili
zation of the crystal lattice. This has been confirmed by
X-ray single crystal structure determinations of
KCo(3-phenbi) .2DMS0 and КСо(З-ргЪі) (1-prbiH ) .

2.3.1.2 THE CRYSTAL STRUCTURE OF POTASSIUM BIS(3-PHENYLBIURETATO)COBALTATE(III).2DMS0

The crystal data are given in table 2. The space group was
determined from zero and first layer Weissenberg photographs.
The crystal was rotated about a. The systematic extinctions
(for hol:l"2n+l) are compatible with Pc or P2/c. The structure
was solved assuming the crystal to be centrosymmetric, con
firming space group P2/c.
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Table 2
Crystal data of KCo(3-phenbi)2.2DMS0
Crystal morphology

orange-yellow needle-shaped,
elongated along a

Crystal dimensions

0.065 χ 0.040 χ 0.572 mm

Mol.formula

KCOC

F.W.

20N606S2H26
608.62

Space group

P2/c

Ζ

2

D
m
D
с
υ(ΜοΚα)

1.57 g/cm3

10.43 cm"1

_a

7.471 + 0.014 X^

b

ß

8.126 + 0.017
,
,.,,
—
from dirfractometer
21.467 + 0.036 _,
—
data
95.29° + 0.13

V

1297 X 3

£

1.55 g/cm3

/

Intensity data were collected on a Nonius CAD3 diffractometer with the moving-crystal moving-counter method, using
Zr-filtered ΜοΚα-radiation. Reference reflections were mea
sured to check the measuring performance. 2286 Reflections
were measured (0<25 ) . Intensity data of 1019 independent re
flections with Ι>1.5σ(Ι) (σ(Ι) being calculated from counting
statistics) were used for the structure refinement. Lorentz
and polarization corrections were made in the usual way. No
absorption corrections were made (linear absorption coeffi
cient 10.43; maximal effect on intensities: 5%). The crystal
was sealed in a glass capillary during the measurement to pre
vent decomposition by moist air.
The structure was solved using Patterson and Fourier
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methods (Birker and Beurskens, 1974 II). Positional and aniso
tropic vibrational parameters were refined by full-matrix
least-squares methods. The function that was minimized was
EW(|F |-|F | )

2

with w-[o(F o )

2

2

1

+ (0.05|F I ) ] " . a(F ) was cal3+
culated from counting statistics. Scattering factors for Co ,
К , С, Ν, 0, H and S with corrections for Af' were obtained
from the International Tables. The phenyl-hydrogen atoms were
placed and kept fixed at calculated positions. The hydrogen
atoms of DMSO and of the NH groups were not located. The final
R-value is 0.14. Structure factor calculations for 638 reflec
tions with Ι>3σ(Ι) gave R-0.10. Due to the small dimensions of
the crystal, the intensity data were rather poor, prohibiting
further refinement. Positional parameters of non-hydrogen atoms
are given in table 3, selected geometrical data in table 4.

V
\

\

r'la
2

lb
Figure 4
KCo(3-phenbi)9.2DMS0.

Projection along с showing the atomic

numbering used in table 3, 4 and 5 (dashed lines: half of the
complex ion related by the twofold axis in the b-direction at
z-J; dotted lines: complex ion related by the inversion center
at 0,0,i).
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Figure 5
KCo(3-phenbi)?.2DMSO.

Projection along с. Only the contents

of the upper half of the cell is shown. The other half is re
lated by the inversion center at 1,1,1· There are only van der
Waals interactions between them (dotted lines: weak NH...0
hydrogen bonds; dashed lines: K-0 bonds). Positions of twofold
axes (at z-{,J) and inversion centers at z-0,1 are indicated
by arrows and small circles respectively.
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The structure is drawn in figures 4, 5 and 6.
The complex anion is situated on a twofold axis. Four ni
trogen atoms are coordinated to the cobalt atom in an effec
tively square-planar arrangement. The deviation from planarity is given in table 5. Co-N distances are 1.83 and 1.84 +_
0.02 A. At greater distance from the cobalt atom (2.9 A) are
hydrogen atoms, attached to C(4) atoms of phenyl rings of
other complex ions. The complex ion is planar except for the
phenyl substituents (see table 5 ) . The angle between the
plane of the phenyl ring and that of the (biuretato)cobaltate
part of the complex is 77 .
The DMSO molecules are not coordinated to cobalt, but they
are incorporated elsewhere in the crystal lattice with their
oxygen atoms coordinated with the potassium ions. The potas
sium ions are in a distorted octahedral environment of six
oxygen atoms, four of biuretato ligands, and two of DMSO mo
lecules.
Intermolecular interactions are the weak hydrogen bonds
between the anion and DMSO: N(1 )-0(3)'-3.22 X, and N ^ - O O ) 1 3.26 A (see dotted lines in figure 5 ) .

а

9

Ш-Лг^Я

Figure 6
KCo(3-phenbi)-.2DMSO.

Projection along с showing the aniso

tropic thermal vibrational ellipsoids of the complex ion.
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Table 3
Positional parameters of non-hydrogen atoms (in fractional
coordinates; esd's in parentheses) of KCo(3-phenbi)2.2DMSO

Biuret

Co

0.0

N(l)

0.161(3)

-0.035(3)

0.7818(8)

N(2)

0.160(3)

0.285(3)

0.7751(9)

N(3)

0.371(2)

0.127(3)

0.8386(8)

CO)

0.307(3)

-0.027(3)

0.8220(9)

C(2)

0.317(4)

0.281(3)

0.812(1)

0(1)

0.390(3)

-0.152(2)

0.8406(7)

0.404(3)

0.400(2)

0.8258(8)

C(3)

0.527(3)

0.127(3)

0.886(1)

C(4)

0.688(4)

0.089(3)

0.871(1)

C(5)

0.847(3)

0.095(4)

0.913(2)

C(6)

0.817(3)

0.140(4)

0.973(2)

C(7)

0.645(5)

0.178(4)

0.990(1)

C(8)

0.501(3)

0.172(3)

0.946(2)

К

0.50

0.3607(9)

0.25

C(9)

0.272(4)

0.384(4)

0.086(2)

C(10)

-0.058(5)

0.467(4)

0.105(2)

S

0.095(2)

0.324(1)

0.1303(4)

0(3)

0.151(3)

0.367(3)

0.1991(7)

0(2)

0.1220(5)

0.75

Phenyl group

Dimethylsulphoxide
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Table 4
Selected bond lengths (in A) and angles (in degrees; a prime
refers to a symmetry-related atom) in KCo(3-phenbi)2.2DMSO.

The complex ion
Co-N(l)

1.84(2)

N(l)-Co-N(2)

Co-N(2)

1.83(2)

C(l)-N(l)-Co

132.5(1.6)

N(l)-C(l)

1.33(3)

N(3)-C(l)-N(l)

117.0(1.9)

N(2)-C(2)

1.35(3)

N(3)-C(2)-N(2)

117.2(1.9)

C(l)-N(3)

1.38(3)

C(2)-N(2)-Co

131.2(1.6)

C(2)-N(3)

1.42(3)

N(I)-C(1)-0(1)

122.1(2.0)

N(3)-C(3)

1.48(3)

N(2)-C(2)-0(2)

123.5(2.1)

C(1)-0(I)

1.23(3)

C(2)-0(2)

1.19(3)

90.5(9)

DMSO
C(9)-S

1.76(3)

C(9)-S-0(3)

107.3(1.2)

C(10)-E »

1.69(4)

C(10)-S-O(3)

106.0(1.4)

S-0(3)

1.54(2)

C(9)-S-C(10)

98.9(1.5)

+
К

К-О(З)(DMSO)

2.73(2)

K-0(1)' (biuret)

2.76(2)

^ 0 ( 2 ) * (biuret)

2.67(2)
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All remaining van der Waals interactions are in the expected
range.
Table 5
Planarity of the Co(3-phenbi)„

ion. Distances of atoms from

the mean plane through the given atoms (A).
The central Co-N moiety:
Co

0.0

N(l)

-0.06(2)

N(2)

0.06(2)

N(1)'

0.06(2)

N(2)·

-0.06(2)

N(1)'

N(l)

^ С о ^

N(2)'/ I

N(2)

The (biuretato)cobaltate:
Co

-0.0775(3)

N(l)

0.104(17)

N(2)

0.035(18)

N(3)

-0.157(16)

C(l)

-0.029(20)

C(2)

0.014(24)

0(1)

0.048(15)

0(2)

0.062(16)

2.3.1.3 THE STRUCTURE OF POTASSIUMBIS(3-PR0PYLBIURETAT0)COBALTATE(III).2(1-PR0PYLBIURET)
The structure of KCo(3-prbi)_(l-prbiH 2 ) 2 has been determin
ed by the X-ray group of our department (Bour et al., 1972).
Crystal data are given in table 6. Positional parameters and
selected geometrical data are given in table 7 and 8 respec
tively. The structure of this compound is shown in figure 7 and 8.
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Figure 7
KCo(3-prbi) ? (l-prbiH_)_.

Projection along a. The 1-propyl-

biuret molecule and the propyl group of the biuret ion are
omitted. Cobalt atoms are on centres of symmetry, potassium
atoms are on a twofold axis (indicated by an arrow).
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Figure 8
KCo(3-prbi)2(l-prbiH»)..

Projection along b. K-0 bonds are

indicated by heavily dashed lines; hydrogen bonds are indicated by dotted lines.
The cobalt atom is four-coordinated with the terminal nitrogen
atoms of two deprotonated 3-propylbiuret ligands. The complex
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ion thus formed is entirely planar except for the propyl groups.
The cobalt atoms are effectively four-coordinated, the nearest
atoms above and under the Co(3-prbi)„

units being at a dis

tance of 3.40 A. These are the middle nitrogen atoms of 3-propylbiuret ligands of adjacent complex ions.

Table 6
Crystal data of KCo(3-prbi) 2 (l-prbiH 2 ) 2 .
Crystal morphology

orange-yellow needle-shaped,
elongated along b

Mol.formula

KCoN

F.W.

12C2008H40
674.65

Space group

C2/c

Ζ

4

a

32.73(2) X

b

4.64(1)

_c

19.98(1)

ß

94.50(5)

V

3026 X 3

The potassium ions are in a slightly distorted octahedral
environment of six oxygen atoms, two of cobalt-coordinating
3-propylbiuret ligands and four of 1-propylbiuret molecules.
The 1-propylbiuret molecules are incorporated in the crystal
lattice by means of a number of hydrogen bonds with the
3-propylsubstituted ligands of the complex Co(3-prbi).

ions.

The conformation of the 1-propylbiuret molecules is the same
as in Cd(biH 7 )Cl 9 (Cavalca et al., I960). The structure of the
.
2Co(3-prbi) 9

ion is very similar to that of the Cubi,-

ion

(Freeman et al., 1959, 1961) including the rather short distance between the metal and the amide nitrogen, Co-N-1.88 A,
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Table 7
Fractional coordinates (with e.s.d.) for KCo(3-prbi)9(l-prbiH9)
The atomic numbering is given in figures 7 and 8. (a and b are
two possible orientations of a disordered propyl chain)

Co

0.0

0.0

0.5

0(1)

0.0475(5)

0.513(5)

0.3638(7)

0(2)

0.0965(4)

0.444(4)

0.5804(7)

N(l)

0.0146(5)

0.212(5)

0.4257(8)

N(2)

0.0703(5)

0.483(5)

0.4733(7)

N(3)

0.0428(5)

0.175(5)

0.5542(8)

C(l)

0.0430(6)

0.401(5)

0.4180(9)

C(2)

0.0688(6)

0.366(5)

0.5387(9)

C(3)

0.1032(7)

0.690(6)

0.4600(10)

C<4)

0.1406(7)

0.511(8)

0.4348(11)

C(5)

0.1768(9)

0.741(8)

0.4278(14)

К

0.0

0.533(3)

0.25

0(3)

0.0455(5)

0.019(5)

0.2086(7)

0(4)

0.1644(5)

0.220(5)

0.2780(8)

N(4)

0.0967(5)

-0.083(5)

0.2887(8)

N(5)

0.1062(6)

0.252(5)

0.2036(9)

N(6)

0.1621(6)

0.526(6)

0.1869(9)

C(6)

0.0821(6)

0.065(5)

0.2341(9)

C(7)

0.1462(7)

0.327(6)

0.2262(10)

C(8)

0.2036(8)

0.649(7)

0.2044(13)

C(9a)

0.2304

0.611

0.1500

C(9b)

0.2148

0.833

0.1438

C(10a)

0.2225

0.556

0.0938

C(10b)

0.2225

0.778

0.0938
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Table 8
Selected bond distances (A) and angles (degrees) in
KCo(3-prbi) 2 (l-prbiH 2 ) 2 .

Co(3-prbi) 2

Co-N(l)

1.88(2)

Co-N(3)

1.88(2)

N(l)-C(l)

1.29(3)

N(3)-C(2)

1.28(3)

C(l)-N(2)

1.42(3)

C(2)-N(2)

1.42(3)

C(l)-0(1)

1.22(3)

C(2)-0(2)

1.24(3)

N(2)-C(3)

1.49(3)

N(l)-Co-N(3)

88.5(1.0)

N ( l ) - C ( l ) - N(2)

120(2)

N ( 3 ) - C ( 2 ) - N(2)

124(2)

C ( l ) - N ( 2 ) - •C(2)

123(2)

l-prbiH,:

N(4)-C(6)

1.35(3)

C(6)-N(5)

1.35(3)

N(5)-C(7)

1.34(3)

C(7)-N(6)

1.34(3)

C(6)-0(3)

1.28(3)

C(7)-0(4)

1.26(3)

N(4)-0(4)

2.65
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whereas the normal distance between a cobalt atom and an amine
nitrogen atom in a complex is 2.00 A (Gillard et al., 1966).

2.3.1.4 COMMENTS

The framework of hydrogen-bonded interlinked biuret molecules, with the potassium and cobalt ions encaged in the polar
parts of the alkyl-substituted biuret molecules and the nonpolar alkylsubstituents all pointing outward, is probably
responsible for the insolubility of the KM(3-Rbi) 2 (l-RbiH 2 ) 2
compounds in water. Thus the coincidental presence of 1-alkylbiuret in some of the reaction mixtures made preparation of
these compounds from aqueous solutions possible.
The similarity of spectra, magnetic moments and chemical
properties of the compound containing H O instead of DMSO or
1-alkylbiuret strongly suggests that also in this compound the
cobalt atom is planar N -coordinated. These 1-alkylbiuret,
DMSO or H„0 molecules are possibly built in because of the bad
matching in size of a potassium ion and a Co(3-Rbi). ion.
+
.
With larger positive ions, such as bu.N , solid compounds of
composition bu,NCo(3-Rbi) 2 could be synthesized, for instance
bu,NCo(3-phenbi) 2 , in which no other molecules are present.
For that reason the complexes are better formulated as
K(l-RbiH 2 ) 2 Co(3-Rbi) 2 , K(H 2 0) 2 Co(3-Rbi) 2 and K(DMSO) 2 Co(3-Rbi) 2 .
It is difficult to imagine that the cobalt atom in complexes of the tetradentate ligands o-phenylenebisbiuret and ethylenebisbiuret is otherwise than planar coordinated by four nitrogen atoms. Also, considering the similarity in magnetic and
spectral data in table 1, it can safely be assumed that the
(biuretato)cobaltate(III) complex ions all have the planar
structures shown in figure 9.
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Figure 9
The structures of the spin triplet (biuretato)cobaltate(III)
complexes
2.3.2 THE MO SCHEME OF THE Cobi

ION

The spin triplet ground state for cobalt(III) complexes be
ing rather extraordinary, and its origin being at first sight
unclear, it vas interesting to check, whether the observed
triplet ground state was in agreement with a molecular orbi
tal calculation and whether the calculated sequence in molecu
lar orbitala could be understood on structural considerations.
The LCAO-MO extended Hückel method (Hoffman, 1963) was used
for the calculation of the molecular orbitale of the
bis(biuretato)cobaltate(III) ion. The interatomic distances
were taken from the known structure of the bis(3-n-propylbiuretato)cobaltate(III) ion. The propyl groups were replaced
by hydrogen atoms at a distance of 1.00 A from the nitrogen
atoms. Assuming perfect D.. symmetry, average values were taken for symmetry-related bond lengths.
All 71 valence orbitale with 86 valence electrons were
used as a basis for the calculations: Co 3d,4s,4p; N 2s,2p;
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O 2s,2р; С 2s,2p; H Is. For the description of the atomic wave
functions, single exponent Slater type orbitala, ф»Сг

e

,

were used for β and ρ orbitale and double exponent functions
for the d orbitale (Richardson et al., 1962; Richardson et
al., 1963; Сlernenti and Raimondi, 1963). As the biuret ligands
can be considered as strong electron donors the coefficients
and exponents of Co(II) were used for the construction of the
Slater type orbitale.
In extended Huckel calculations the possible values of E
are determined from the secular determinant | H - E S J - 0 , wherein
Η and £ are the Hamiltonian and overlap matrices, respective
ly3..-<φ.|φ.> is an element of the overlap matrix describing
the overlap between the atomic orbitals φ. and φ. and is cali

j

culated using the Slater type atomic orbital wave functions.
H..-<ф.|н|ф.> is a diagonal element of the Hamiltonian ma
trix and represents the energy of an electron in atomic orbi
tal φ.. Η., is approximated by the valence state ionization
potential (VSIP): H..•α.+kß.q, wherein a. is the ionization
potential of atomic orbital φ. in the neutral atom and ß
describes the charge dependence of the VSIP, q being the charge of the atom. The parameter k, usually taken as O^k^l, makes
variation of charge dependence possible as it is often influenced, mostly lowered, by surrounding atoms. The α and ß
values for many atomic orbitals are published (Basch et al.,
1966; Basch et al., 1965).
The off-diagonal elements in the Hamiltonian matrix H..
are calculated with the Wolfsberg-Helmholz relation:
H..-іК S..(H..+H..)·
К is a constant usually chosen between
v
lj

ij

11

jj'

1.5 and 3.0.
Once that the energies are calculated with these data, the
coefficients of the atomic orbitals in the LCAO-MO's are cal-
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culated from (H-ES)(£)-£ and the molecular orbitals are filled
with electrons according to the spin multiplicity of the compound. These coefficients are then used to determine the atomic charges according to Mulliken (Mulliken, 1955). New values
for the VSIP's are calculated with these Mulliken charges.
With these new VSIP's a new set of energy levels is obtained
with new coefficients for the atomic orbitals, etc. This procedure is repeated in a computer calculation until self consistency is reached, i.e. until the results of two successive
calculations are almost identical and the charges are within
a chosen criterion equal to each other.
The MO scheme of the Cobi

ion was calculated for three

different values of К (1.75;2.00;2.50) and with k-0.1, a va
lue also used by Keijzers et al., (1972), van Rens (1974) and
de Vries (1972) for the calculation of the MO schemes of dithiocarbamato complexes. The system of axes is defined in fi
gure 10. Initially all atomic charges were taken zero. The
final charge criterion was 0.002 charge unit. There is little
mixing of cobalt d orbitals with ligand orbitals as a result
of the relatively large difference between the VSIP's of the
cobalt 3d orbitals and those of the nitrogen 2s and 2p orbi
tals, compared with, for instance, the difference between the
VSIP's of copper 3d orbitals and sulphur 3s and 3p orbitals
(see table 9 and Keijzers, 1974). In other words, the compound
is very ionic as far as the metal d orbitals are concerned.
Indeed, the coefficients of these d orbitals are very large in
the four highest occupied and the first empty molecular orbi
tals for all values of К (table 10). These MO's can be consi
dered as almost pure d orbitals. The calculated energies of the
MO's are in excellent agreement with the observed spin triplet
ground state. The d

and d 2- 2

or

bitals, both occupied by

one electron, are almost degenerate. The d electron configu-
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Table 9
Constants for atomic orbitale in Cobi
VSIP(eV)
Atom

Co

Radial Function

Orbital

α

8

4s
3d

7.327

8.263

5.554

11.301

N

4p
2s

С

2p
2s

0

2p
2s

H

2p
Is

3.806

Coefficient(c)

6.441

28.02

20,25

16.04

14.13

21.20

17.51

10.77

13.88

32.33

22.88

15.67

18.00

13.60

27.18

Exponent(ζ)

1.0

1.45

0.582434

5.55

0.565421

2.30

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.61
1.9237
1.9170
1.6083
1.5679
2.2458
2.2266

1.0

Table 10
Coefficients of d orbitale in the four highest occupied and the
first empty molecular orbitale, together with the energies of
these molecular orbitale and the charge on the cobalt atom for
different values of the Wolfeberg-Helmholz parameter.
K-2.50
Coeff.
d
xy
d 2
x -y2
d
xz
d
yz
d
z2

Qco

K-2.00

Energy,eV Coeff.

K-1.75

Energy,eV Coeff.

Energy,eV

0.93382 -4.01319

0.94451 - 8.05548 0.94919 -10.86347

0.95914 -9.13753

0.93858 -11.68261 0.90342 -13.76943

0.98489 -9.13893

0.98419 -11.68973 0.98145 -13.76865

0.97602 -9.30084

0.97604 -11.80467 0.97741 -13.84998

0.94288 -9.36949

0.92295 -11.83599 0.88887 -13.87696

+ 1 918

+ 1.630

+ 1 .219
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according to these calculations. The cal

culated charge on the cobalt atom is much lower than the for
mally expected +3 (table 10) but very low metal charges are
often found in extended HÜckel calculations. It is not possible to calculate band frequencies in UVV spectra from extended
HÜckel calculations due to the inherent inaccuracy of the
method. The magnitude of the orbital splitting is strongly
dependent upon the choice of the optional parameter К in the
Wolfsberg-Helmholz approximation.
As the compound is very ionic, as far as the d-orbitals are
concerned, the crystal field theory should be applicable in
this case, and it is interesting to check whether the calcu
lated d orbital sequence is in agreement with crystal field
predictions. The possible splittings of the d orbital set in
D„, symmetry are deduced in figure 10. The five d orbitals
¿n
that are degenerate in the free ion remain degenerate in a
spherical crystal field. When an octahedral arrangement of
ligands is formed around the metal ion, the d orbitals are no
longer degenerate but split up in two sets of orbitals, one
doubly and one triply degenerate, whose symmetry in the given
system of axes is indicated in the figure. So d

and d 2

will be highest in energy as they point directly at the ligands, and the d

, d
xz

and d 2_ 2
У"
" У

or

bitals, that are pointing

between the coordinated atoms, are lowered in energy. When two
axial ligands are removed, the two degenerate sets split fur
ther. In the D,, symmetry thus obtained, the orbitals with a
component in the z-direction will drop in energy, most of all
the d 2 that was pointing directly at the axial ligands. It
is not possible to predict α priori

how far the d 2 orbital

will drop in energy; so there are two cases possible, shown

Figure 10
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The two ways of splitting of the d orbital set in
D_ -symmetry.
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in figure 10a and I Ob respectively. Also, the t„

set in 0,

will no longer be triply degenerate in D,, , but is split in
a doubly degenerate set d

fd

and a single d £_ 2 level.

When the symmetry is lowered to D

this last d

,d

dege-

пегасу is lost and no orbital degeneracy at all is left. The
d

orbital is still hindered by the ligand, especially in

biuret complexes by the negative charge in the π electron
system of the ligand. The d

orbital points more in the di

rection of the positively charged terminal hydrogen atoms
and is perhaps stabilized for that reason. This explains the
order of these levels in figure 10.
As there is no orbital degeneracy in D., symmetry, the
¿n
observed spin triplet ground state in these complexes must be
coincidental and cannot be accounted for on group-theoretical
grounds. The only possible explanation left is that one of
the energy differences ΔΕ, indicated in the figure, is smaller
than the spin pairing energy of the two electrons. When the
two possible splittings 10a and 10b are compared with the
energies of the LCAO-MO's from the extended HÜckel calculations, it is obvious that the splitting in figure 10b is in
good agreement with the HÜckel МО-scheme and that the calcu
lated energy difference ΔΕ is very small (~0.01 eV or ~80 cm

).

In fact all four lower d orbitala are very close together
in energy and the fifth and highest d orbital d

is very

much higher in energy than the other four. The difference in
spin pairing energy between a d (S=0) and a d (S=l) state is
about 14B (Lever, 1968 I ) . Depending on the magnitude of the
nephelauxetic effect it is 7-15kK for a Co(III) complex. As
this is very much larger than the calculated energy differen
ces between the lower four d orbitale, the six d-electrons
will be distributed among the four lowest d orbitale in a high
spin way.
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If a bis(biuretato)ferrate(III) complex could be synthesized, it would probably have a spin quartet ground state
(S=3/2). However, attempts to prepare iron complexes with
deprotonated biuret failed.
.2. 2- .
Also the MO schemes of the Cobi
and the Cubi.
ions
.2have been calculated. For Cobi»
the structural data of the
. 2Cobi. ion were used, and for the Cubi«
ion the published
structural data were taken (Freeman, 1959, 1961). For the
construction of the Slater type orbitale the coefficients
and exponents for Co(I) and Cu(I) were used (Richardson et
al., 1962; Richardson et al., 1963). The calculated order of
d orbital energy levels is as shown in figure 10b (table II).

Table 11
2The d orbital levels of Cobi«

2and Cubi.

. The energies of

the molecular orbitals largely consisting of metal d orbitale
together with the coefficients of d orbitals in these molecular orbitals for K-2.5 and k-0.1.
2Cob]
"2
Coefficient Energy.eV

Cubi
Coefficient

d
xy

0.97309

-0.89506

0.92182

d

0.98382

-7.48102

0.66929(xz)

x2-y2

2?
Energy,eV
-5.99330
-10.54080

2

0.65034(x -y2)
d
xz

0.98324

-7.54984

0.71780(xz)
2

-10.55413
2

0.601516(x -y )

V
d

z2

0.95333

-7.84896

0.97567

-10.68875

0.95691

-7.92925

0.87138

-10.73096

Thus also in this case crystal field concepts seem to be valid.
The electronic configuration according to these calculations
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2
is d o
id
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z

yz

2
» d

2
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xz ' χΔ-γ*

1 0
τ ,d
'

22
, for Cobi.
and d 9z ,

xy '

2

z

'

2
2
2
1
. 2d
,d
. d z9 9 , d
for Cubi»
yz ' xz * x -y*
xy
2
2.3.3 THE PARAMAGNETISM OF OTHER SPIN TRIPLET COBALT COMPLEXES
The paramagnetism of other spin triplet cobalt complexes
may well be accounted for on the same considerations. Starting
with the d orbital splitting in a strong field octahedron, the
energy of one of the upper two orbitale is lowered when the
symmetry of the arrangement of ligands around the metal ion
is lowered. One of these orbitale, which initially could not
be occupied by electrons, comes now within reach. When the
energy of this orbital is sufficiently lowered, the electrons
will be high spin distributed over the lower four orbitale.
This is obvious for the trigonal bipyrimidal example
Co{(C H 5 ) 3 P} 2 C1

(see section 2.1). The crystal field

splitting of the d orbitala in D . symmetry is given in figu
re II (Furlani, 1968; Lever, 1968 II).

z'

a'
2

2

xy;X -y e'
xzjyz

e"

Figure 11
The crystal field splitting of the d orbitala in a trigonal
bipyramidal environment (D,,) (Lever, 1968 I I ) .

In the case of Co{(C 2 H-)_P} 2 Cl, only the axial ligands are
relatively strong. The d 9 orbital will accordingly be too
high in energy to be occupied by electrons. Necessarily the
distribution of six d-electrons over the four remaining orbi-
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tais will result in a spin triplet state, as in D

symmetry

the four orbitals belong to two doubly degenerate sets. No
other spin ground state could be imagined.
The crystal field splitting in the tetragonal pyramidal
Co(abpn)Cl complex (see section 2.1) can also be explained in
the same way (figure 12).

.

ку

b,

, — x2-y2 b
"•^ xz.yz e
Figure 12
The crystal field splitting of the d orbitals in a tetragonal
pyramidal environment (C, ) (Lever, 1968 II).

Starting again with the octahedrally surrounded free ion, the
degeneracy of the upper two levels is lost, when the symmetry
of the complex is lowered. As the axial interaction in
Co(abpn)Cl (approximately C,

symmetry) is rather weak, the

d 2 orbital has a rather low energy. The four lowest orbitals
are filled in a high spin way and -as in the original octahe
dron- the d

orbital, that is pointing towards the in plane

coordinating ligand atoms, will not be filled. If the inter
action of the axial ligand in a square pyramidal C,
is strong, the d 2

та

У

complex

still be unfavourable in energy and

the complex will be diamagnetic, e.g.
(n-C.H ),NCo(Cl C.S ) (C H ) Ρ (Baker-Hawkes, 1967) and a so
lution of the unisolated adduct Co(o-phenbi 0 )P(C,H,).

(see

section 4.4).
The paramagnetism of the remaining planar complexes, men-
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tioned in section 2.1, can well be accounted for on the same
grounds; removal of axial ligands from an octahedral configu
ration lowers the d 2 orbital in energy. All d orbitala except
the one which is pointing to the coordinated atoms are brought
so close together in energy, that the energy differences be
tween them are less than the difference in spin pairing energy
between the S™0 and S-l states. Therefore, the important re
quirement for the ligand system in the xy plane in square py
ramidal and planar four-coordinated complexes is that its elec
tron donating properties are so strong that the high electro
nic charge induced on the central metal atom makes coordina
tion of ligands in the z-direction unfavourable and thus sta
bilizes the for cobalt(III) unusually low symmetry. Once that
four- or five-coordination is stabilized, there is a possibi
lity that the compound will be in a spin triplet state.
These arguments are also in agreement with the molecular
orbital calculations carried out for bis(benzenedithiolato)
nickelate(lll) and bis(tetrachlorobenzenedithiolato)nickelate2
(III) as far as the large splitting of the orbitale with ζ
and xy symmetry is concerned, the axis system being defined as
in figure 10 (Baker-Hawkes, 1967). Some of the four highest
occupied orbitale have, however, predominantly ligand character.
According to these calculations the metal and sulfur orbitals
are mixed to a much greater extent than in the nitrogen coor
dinated biuretato complexes, so the crystal field model is not
appropriate.
It is emphasized again, that the triplet

state in

these complexes is due to a coincidental effect and is not
caused by a symmetry-induced orbital degeneracy, except in the
trigonal bipyramidal one.

41

2.3.4 THE STRUCTURE OF THE TRIS(BIURETATO)COBALTATE(III) ION

As is pointed out in the previous section, the cobalt atom
in planar cobalt(III) complexes with biuretato or dithiolato
ligands is not very electrophilic. The bis(biuretato)cobaltate
(III) complexes react with primary amines, and form very un
stable bis(amino)bis(biuretato)cobaltate(III) adducts (see
also section 4.4). In view of this slightly electrophilic
character of the central metal atom, the coordination of
.2another very strong base (bi ) with the cobalt atom in
bis(biuretato)cobaltate(III) and the existence of the resulting
3- .
Cobi.
ion as postulated by Kato was questionable.
From the red aqueous solutions obtained by aerial oxidation
of a slurry of cobalt(II) hydroxide, biuret and potassium hy
droxide, a red crystalline compound could be isolated (see
experimental part). The compound is diamagnetic and its ultra
violet spectrum in alkaline aqueous solution is typical of an
octahedrally coordinated cobalt(III) complex:

V.-20.6 kK (е-ггон'л. -'τ ) ; ν -28.0 kK (е-175)(,А -»-'τ );
1
'g
'g
2
lg 2g
V3-I2.8 kK (ε-1.5)(1Α1 ^ T j ) ; 10Dq-24.5 kK; B-460 K.
cf. Co(NH 3 ) 6 Cl 3 :
ν,-21.2 kK (ε-56); v 2 -29.5 kK (ε-46); v.j-13.0 kK (ε-0.2);
10Dq-22.9 kK; B-615 K.
The analyses of the red products from different preparations
were not reproducible, nor could they offer an unambiguous in
dication about the composition of the compound. The atomic
ratios for four samples were found to be C, n H 1 0 „N
C

,;

6.0 H 21.8 N 9.6 ; C 6.0 H 24.6 N 10.0 ; C o l . 1 7 C 6.0 H 21 Λ . β * A 8 S u m i n 8
the cobaltibiuret ratio to be 1:3 the composition of the com
pound should be K.CoC H^N 0 .xH„0. From the analytical data χ
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is calculated to be 6.0 +_ 0.5.
An X-ray structural investigation vas carried out (Birker et
al., 1974 II) and the product was shown indeed to contain the
3tris(biuretato)cobaltate(III) ion: Co(HN-CO-NH-CO-NH), . The
complex ion is shown in figure 13.

ah

-f

Figure 13
The structure of the Cobi.

ion.

Projection along a on the

be plane.
Three biuret ligands are coordinated through nitrogen to a
cobalt atom, forming a trivalent complex anion. The cobalt
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atom has a nearly regular octahedral coordination.
When the structures of the bis(biuretato)cobaltate(III)
ion and the tris(biuretato)cobaltate(III) ion are compared, it
is clear that the ligands are not unaffected by the coordi
nation of a third biuretato ligand. In the tris(biuretato)
compound the ligands are not so planar as in the bieibiuretato) complex. The whole ligand is slightly puckered and it is
bent out of the plane formed by four coordinating nitrogen
atoms and the cobalt atom (see table 12 and figure 13).
Table 12
. 3Non-plananty of the ligands in the Cobi. . The tabulated
data for each ligand refer to the plane through the three ni
trogen atoms. The distance of Co to this plane is d n ; d. and
d. are the distances from the oxygen atoms to this plane and
α

and a. are the dihedral angles between this plane and the

coordination planes around the carbon atoms (for instance the
N 6 N 9 0 6 plane).
d

o

d

l

d

2

a

l

a

2

ligand 1

0.28

-0.35

0.11

20.33

3.25

ligand 2

0.17

-0.08

0.14

4.20

0.80

ligand 3

0.52

0.45

0.19

13.25

5.75

Relative to the triangles formed by the nitrogen atoms in a
ligand, ligands I and 2 have a chair and ligand 3 has a boat
conformation.
The average cobalt-nitrogen distance is longer in the
trie(biuretato) complex: in Co(HN-C0-N(C3H )-C0-NH) ~ it is
3

1.88 X, while in Co(HN-CO-NH-CO-NH) ~ it is 1.92 X. This
could be the result of a greater repulsion between the negati
vely charged ligands and the less positive cobalt atom in the

A4

tris(biuretato) complex, wherein three strongly electron do
nating ligands are present.
The crystal structure analysis showed the presence of seven
H 7 0 sites, one of which was only 38% occupied. Hence, the com
position of the crystal was К Co(HN-CO-NH-CO-NH)..6.38H 0. As
distinction between the occupancy of these sites by H 9 0 or
NH_ is difficult, the variations in analytical data are possi
bly caused by the presence of some NH_ (from partial hydroly
sis of biuret) instead of H ? 0 in the crystal lattice.
The crystal structure is a complicated three-dimensional
network of electrostatic, hydrogen bonding and van der Waals
interactions.

2.3.5 MAGNETIC PROPERTIES AND ZERO FIELD SPLITTING IN S-l
COBALT COMPLEXES

As the spin triplet state in the planar (biuretato)cobaltate(III) complexes is not caused by a symmetry-induced orbital
degeneracy, the D.

point group merely having one dimensional

irreducible representations, a change of the spin multiplici
ty at lower temperatures might be possible. In other words,
if the S-0 state would be lower in energy, the spin triplet
state would only be observed at those temperatures at which
kT is much larger than the energy difference between the S-0
and S-l states. At temperatures at which kT is much smaller
than this energy difference, a spin singlet state would be ob
served. This energy difference between the S«0 and the S-l
state is equal to the energy difference between the two orbi
tale with the unpaired electrons in the triplet state minus
the difference in spin pairing energy between the S-0 and S-l
states.
If there would be a change in spin multiplicity from S-l
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Co S O at low temperatures, the Curie-Weiss law χ»

would
1—Θ

no longer be obeyed, and the magnetic susceptibility would
suddenly decrease instead of increase when the temperature is
lowered. Such a temperature dependence of the magnetic suscep
tibility has been found in the Co(abpn)Cl complex, discussed
in section 2.1 (Gerloch et al., 1971).
Other deviations from ideal Curie or Curie-Weiss behaviour
can be caused by effects inside the molecules or ions, without
any change of spin multiplicity. In symmetries, wherein the
x, y and ζ directions are not all equivalent to each other,
there may be an energy difference between the states with
different values of m , even in zero external magnetic field.
In a planar axially symmetric complex ion, for instance, with
a total spin S-l the situations with m -0 and m »+_1 are phy
sically different. There is an energy difference between the
two situations even in the absence of an external field. For
this reason, this energy difference is called the zero field
splitting, usually indicated with the symbol D. When the χ
and y directions are inequivalent, there will be another zero
field splitting usually indicated with the symbol E. In planar
complexes, D is usually an order of magnitude greater than E.
It is clear that, when the temperature is so low that k.T~D,
there will be a Boltzmann distribution over the available
energy levels. As the molecules in the solid compounds are
fixed in space, the electron spins are no longer able to align
themselves freely with the external magnetic field, the origi
nal thermal Boltzmann distribution of free magnetic dipoles
С
in the external field is disturbed and the relationship χ-ψ
will not hold any more at these low temperatures.
It is possible to derive a general formula for the tempera
ture dependence of the magnetic susceptibility if the energy
levels, available for the magnetic dipoles, are known as a
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function of the external magnetic field. In this derivation,
the important general property of magnetic dipoles, that the
magnetic moment of dipole ν

is proportional to the decrease

in energy U of the molecule with increase of the applied
η
magnetic field H, is used:
dU
η
Vn

"

dH

If the energy of the magnetic dipole in the external field Η
can be written in the general form:
U - U (0) + U (1)H + U <2)Н 2 +
η
η
η
η

,

then the magnitude of the magnetic dipole will be:

Uη - - M
D -2Uη (2)H η
M
As the molar magnetic susceptibility χ

is defined as —, M

being the magnetization or magnetic moment per mole,
XM-jT— , where μ

is the average magnetic moment per ion or mo

lecule in the field direction, so:
N
Σ μ1
N i-I
ΧΜ Η
Ν
Now μ. is the magnetic moment of molecule number i in the
field direction. If there is only a limited number, say n, of
values for the magnetic moment in the field direction (μ ) and
η
if there are m molecules in a mole with this magnetic moment
μ , then:
n'
Χ

„ Σμ m
Ν η η η
Μ " Η Гт
η η
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The number m of molecules with dipole moment μ will be den
η
termined by the Boltzmann distribution law, so:

Х

М

и

Η Σ exp(-U /kT)
η

η

Inserting the expressions for μ

and U

magnetic field, U -U (0)+U (])H+
η

η

as functions of the
and μ — U (1)-2U (2)H..,

η

η

η

η

and provided that no further terms than U (2)H are important,
which is true unless very high magnetic fields are used, this
formula for X w can be worked out by expanding the exponentials to (Van Vleck, 1932):
NE[ (Ü (l) 2 /kT)- 2U (2)] exp(-ü (0)/kT)
η

Χ

Μ *

η

η

η

Σ exp (-U (0)/кТ)
η

η

This formula is known as the Van Vleck relationship.
In order to be able to use the Van Vleck formula for the
description of the magnetic susceptibility of the
bis(biuretato)cobaltate(III) spin triplet complexes, the ener
gies of the levels, available for the magnetic dipoles, must
be known as a function of the external magnetic field. Ex
pressions for these energies can be derived with the spin
Hamiltonian for spin triplets with all axes inequivalent
( D 2 h symmetry):
Η - ßH-g-S + D(S

2

ζ

- L·2) + E(S 2 - S 2 )
J
χ
y

and with the appropriate spin functions |θ>, |+1> and |-l>,
corresponding to m - 0 , 1 and -1 respectively. In this formula
D and E are the zero field splitting parameters, earlier men
tioned. The energy levels thus calculated are given by Ballhausen (1962). They are functions of the three principal gvalues, the magnetic field H and the two zero field splitting
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parameters D and E. When these energies are then written in
the general form U -U (0)+U (1)H+U (2)H2+
η

η

η

they can be

η

used in the Van Vleck formula. As VT+x-O + Jx) if χ<1, this can
be done as follows:
For the magnetic field parallel to the ζ axis (H»H ):
ζ

υ,-ο
2 2 2
U'2,3
,.l -

D

І

8,В

Η

ζ

g

Г

ГГГг
+

Ε

D

Ε < 1

-

+

2 22

0

8

z Л
2E¿ * "

D

-

( Ε

ζ

+

β Η

Using the Van Vleck formula an expression for x u can be derived straightforwardly (vide infra).
For H-Η

X

an expression for x u

M
X

can be calculated from:

U -D-Ε
2 2 2
x Н5х

g ß

2,3

^2 / -¡ •

Тл

' U2 - ™* Τ « "
Н

х

2 22
g β Г
U

' 3
And, similarly, for H-H , χ
У

U -D+E

ІНЕ

follows from:
У
2 22
g β IT

и «D _ E + У У
2,
и 2 ( з - ¥ і У ( ^ ) 2 + 8 Ун
У
У

2

D-Ε

2 2 2
U * --У
У3
D-E

ζ

2Ε^
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The susceptibility of the powdered sample will then be:
X

M

+ X

X

M

M

+ X

JL

M

This results in:
2

£('—<-Sty &('--*-

kT

>)

8

(Ng2)/3
. _,_
- D+EN ^
. D-E.
1 + exp(- ^ - ) + exp(- — )
For a given system, the g-values and the D and E parameters
are constants, so this formula describes the molar magnetic
susceptibility as a function of the temperature.
When the temperature is so high that kT>D+E:
. D-E
- D+E
-z /^exP(— )4 - exp(— )4J\

I*-«

Хм

- 2Nß2(g2 + gj + g^x-^—)

and when it is low and k T O - E :
Χ

Μ

2N0
3

g
'•D+E

g
D-E ;

That is: at high temperatures the magnetic susceptibility is
expected to follow the Curie-Weiss law and at low temperatures
the susceptibility will be temperature independent.
Some different — üs Τ plots are shown in figure 14.
The paramagnetism of all spin triplet (biuretato)cobaltate—
(III) complexes has been measured from room temperature down
to 120 K. It always obeys the Curie-Weiss law in this tempera
ture range with Weiss temperatures -20 <Θ<0 (see table 1).
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Сипе-Weiss behavior with

Curie-Weiss behavior with

triplet-singlet cross-over

large zero field splitting

at lower temperatures

Figure 14
The plots of 1/χ Ve Τ in different cases.
The magnetic susceptibility of one of these complexes,
KCo(3-prbi)„.2H„0, has been measured down to 6 K. The plot of
the reciprocal susceptibility ve the temperature after correc
tion for diamagnetism is shown in figure 15. It is evident
that this is the plot for a spin triplet with large zero field
splitting and no singlet-triplet cross-over. The shape of the
plot is the same as the one predicted in figure 14d. Now it
is possible to get an idea about the magnitude of the zero
field splitting in this complex from the constant low tempera
ture susceptibility. At very low temperatures —

M

cgsu. Putting this value in:

X

and taking for g

χ

M

and g

3
y

equals 29.3

N

''D+E

D-E'*

the value of 2, setting E (which is

an order of magnitude smaller than D) equal to zero, and in-
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23
serting for N and 0 6.02 χ 10

-20
and 0.93 IO

pectively, the value of 81.4 χ 10

erg/gauss res

erg - 41 cm

is obtained

for D. This large value is of the order of magnitude found for
square planar spin triplet iron(II)phthalocyanine (69.9 cm
that also has d

)

electron configuration (Dale et al., 1968).
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Figure 15
The plot of the reciprocal susceptibility va the absolute tem
perature of KCo(3-prbi)..2H.0 (corrected for diamagnetism).
The energies of the levels available for a spin triplet in
and out of an external magnetic field are described by the
expressions given by Ballhausen (1962). They were cited in
section 2.3.5. These energy levels in a magnetic field are
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shown in figure 16.
U

1

0

H=HZ

U

0

1

H = HI

U

0

H=Hy

Figure 16
The energy levels of an S-l system in a magnetic field
(DX); E>0).
In zero magnetic field and in magnetic fields normally used in
3
ESR spectroscopy (up to 13 χ 10 gauss) the energy gaps be
tween the available levels are so large that is not to be ex
pected that ESR transitions are observable using normal ESR
frequencies. The normal Q band frequency is about 1.25 cm ,
and even the smallest energy difference between two levels
(for H-Η between the upper two levels : 2E minus a small
У
-1
amount in a magnetic field) is possibly larger than 1.25 cm

.

Indeed no signals were observed from a powder of KCo(3-prbi) 7 .
2H 2 0.
2.3.6 INFRA RED SPECTRA IN THE 20-100 CM~l REGION
As pointed out in the previous section the frequencies used
in ESR spectroscopy are too small for detection of the Am -+1
transitions in the spin triplet (biuretato)cobaltate(III) com
plexes. It should, however, in principle be possible to detect
these transitions in the very far infra red region, where hv
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equals D+E ( s o , a t about 40 cm

) . Zero f i e l d s p l i t t i n g ab

sorptions in far infra red spectra of F e ( I I I ) and Mn(III)
compounds have been detected (Bracket e t a l . ,
1

The 20-100 cm"

1971).

spectra of KCo(3-prbi) 2 .2H 2 0 and KCobi2

are shown in figure 17.
·/. TRANSMISSION (ARBITRARY SCALE
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Figure 17
-I
The 20-100 cm" spectra of KCobi 2 (a), KCo(3-prbi) 2 .2H 2 0 (b)
and KCubi. (c), measured with pellets of the pure compound.
There are rather strong absorptions in this region. However,
the spectra of KCo(3-prbi)„.2H20 in and out of an external
magnetic field of 19.1 χ 10 gauss appear to be identical,
whereas there should be shifts of several cm

due to Zeeman

splitting of the energy levels (see expressions in section
2.3.5). Moreover, the shape of the spectrum of the diamagnetic
complex KCu(III)bi., in which no magnetic transitions can
occur, is qualitatively the same (figure 17). Although the
absorptions are found at higher frequencies in KCubi., the
resemblance of the spectra of the copper and cobalt complexes
suggests that the strong bands at 29.8 and 34.3 cm

in the

spectrum of KCo(3-prbi)..2H.O and at about 50 and 80 cm

in

KCobi. are not caused by magnetic effects but, for instance,
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by some vibration of the complex ion.
2.3.7 NMR SPECTRA OF S-l COBALT COMPLEXES
It is possible to obtain good NMR spectra of the paramag
netic (biuretato)cobaltate(III) complexes in DMSO solution.
Obviously the electron spin relaxation time is so short that
the nuclei under study feel only a net magnetic field of the
unpaired electrons. The local field at such a nucleus is the
sum of the applied field and the field of the unpaired elec
trons.
There are a number of different mechanisms by which nuclei
can interact with unpaired electrons:
1) Contact shifts
This shift is caused by spin density at the nucleus.
If there is an unpaired electron in a ιτ-electron system,
spin density can be transferred onto the aromatic protons
by spin polarization and, on the protons of alkyl subetituents bound with the aromatic system, by hyperconjugation.
The spin densities on the aromatic protons and the alkyl
protons will be opposite in sign and if this is the only
mechanism for interaction of nuclei with the unpaired elec
trons, an upfield shift is observed for the aromatic pro
tons and a downfield shift for the alkyl protons.
If there is an unpaired electron in a sigma molecular
orbital, spin density is present on all nuclei in this
molecular orbital.
2) Pseudo-contact shifts
This shift can be caused by a direct dipole-dipole inter
action between the nuclei and the unpaired electrons.
If an unpaired electron is delocalized, contributions
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of spin densities on all atoms in this molecular orbital
should be taken into account. As the temperature dependence of contact and pseudo-contact shifts can be the same,
it is not possible to measure them separately.
According to extended HÜckel calculations for the bis(biuretato)cobaltate(III) ion, the unpaired electrons are present
2 2
in molecular orbitale of xz(ir) and χ -y (σ) symmetry. As the
g-value is probably anisotropic, all above mentioned mecha
nisms will contribute to the shifts of the proton signals.
Moreover, the observed shifts can be caused by rather small
charges on ligand atoms. Extended Huckel calculations are
surely too inaccurate to predict confidently these charges.
For these reasons, it is better not to try to calculate a spin
density map from the observed shifts, or to predict shifts
from charges calculated with extended Huckel calculations.
That is why the spectra of a number of (biuretato)cobaltate(III) complexes are given without further comment (table 13).
The opposite sign of the shifts of the protons in the alkyl groups and the aromatic protons suggests spin polarization
and hyperconjugation but those will surely not be the only
possibilities.
The terminal N-H protons of the biuret ligands in these
complexes could not be observed in the spectra. Maybe these
signals are too broad or fall outside the range of the appa
ratus.
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Table 13
The proton NMR spectra of (biuretato)cobaltate(III) complexes.
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3.1 INTRODUCTION
The red copper(II) and the yellow nickel(II) complexes of
biuret, formed in alkaline solutions, have been extensively
studied. The structure of the copper(II) complex of deprotonated biuret, K ? Cubi ? .AH„0 has been determined by X-ray analy
sis (Freeman et al., 1959, 1961). The complex Cubi ?

ion ap

peared to be planar. From an ESR study it is unambiguously
dear that the biuret ligands are coordinated to copper with
their terminal nitrogen atoms. There is a hyperfine structure
of nine lines on the S-J copper spectrum, originating from
four equivalent nitrogen atoms, each with a nuclear spin of 1
(Wiersema and Windle, 1964). The IR spectra and magnetic pro
perties of the nickel(II) and copper(II) complexes have been
published (McLellan and Melson, 1967; Kedzia et al., 1968).
2- .
.
The Cubi«
ion is paramagnetic with one unpaired electron and
2- .
the Nibi.
ion is diamagnetic. Because of this diamagnetism
and because of the resemblance of the IR spectra of the
copper(II) and nickel(II) complexes, the nickel(II) complex is
also assumed to be planar and isostructural with the copper
complex.
When the pH of the red alkaline solution of К Cubi, is lo
wered but nevertheless kept >7 the colour of the solution
changes from red to purple. McLellan and Melson assumed a binuclear copper(II) complex to be present in this solution
(McLellan and Melson, 1967) to account for the temperature de
pendence of the magnetic susceptibility of the compound, iso
lated from such a solution (Melson, 1967). From analytical da
ta they formulated this purple complex as K j biCu(OH)„Cubi] .4H„0.
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The structure and properties of this compound will be discuss
ed in this chapter.
There is a third kind of N-coordinated copper-biuret com
plex, thus far not reported in the literature. It is formed in
alcoholic solution containing biuret and an excess of amine
according to the reaction:
Cu + biH

+ 2RNH

+ ІО ·*· Cubi(RNH ) + H-O

(see experimental part). This reaction resembles the reaction
of copper with thiuramdisulfide. In the latter case no oxygen
is needed, as thiuramdisulfide itself is an oxidizing agent,
producing dithiocarbamate when reduced. Even when copper turn
ings, biuret and KOH are mixed in alcohol. Cubi 2- is formed
according to:
Cu + 2biH 2 + І0 2 + 20H~ -»• Cubi 2 ~ + 3H 0
Synthesis of complexes of deprotonated biuret with the cen
tral metal atom in a formally tervalent oxidation state is not
restricted to cobalt. Also, the complexes of copper(II) and
nickel(II) can be oxidized to stable diamagnetic copper(III)
complexes and paramagnetic (S-J; 2.5 BM) nickel(III) complexes
(Bour et al., 1971). Like КСоЪі 2 , copper(III) and nickel(III)
complexes with unsubstituted biuret and potassium as cation
(KMbi», M-Cu,Ni) are insoluble in all solvents, except acids
in which they are decomposed. When they are decomposed with
hydrochloric acid, CI

is oxidized by the metal(III) complex

and CI. gas can be detected with KI-starch paper.
The synthesized copper(III) complexes generally have the
same compositions as the cobalt complexes discussed in section
2.3.1. Complexes of composition KCubi , KCu(3-Rbi) 2 (l-RbiH 2 ) 2 ,
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KCu(3-Rbi)2.2H20, with R-propyl or toluyl, and
bu,NCu(o-phenbi„).CHCl- were prepared. Moreover a complex of
composition KCu(oxam). could be prepared. This diamagnetic complex is totally insoluble and light-sensitive. Probably this
is also a N,-coordinated copper(III) complex analogous with
KCubi„. It was not possible to synthesize complexes of composition KCo(oxam)„ and KNi(oxam)„.

3.2 SYNTHETIC PROCEDURES
The copper(III) complexes were prepared by electrolytic oxidation of the corresponding copper(II) complexes, whereas
KCubi„ and bu,NCu(o-phenbi2).CHCl- could also be prepared by
chemical oxidation (see experimental part).
The oxidation of the copper(II) complex of 3-phenylbiuret,
reported before to be impossible (Bour et al., 1971), appeared
to be successful under certain conditions. In section 2.3.1
the special role of I-substituted biuret in the solid compounds was discussed. If I-substituted biuret is present, insoluble compounds of composition KCu(3-Rbi)2(l-RbiH2)„ precipitate from the solution upon oxidation of the copper(II) complex.
In case the copper(III) complexes do not precipitate, they are
destroyed in aqueous solution. As only 3-phenylbiuret is formed
in the reaction of phenylurea with PCI , the formation of an
insoluble complex of composition KCu(3-phenbi).(l-phenbiH )
was not possible. When, however, 1-propylbiuret was added to
a solution of K.Cu(3-phenbi)_ in water, small amounts of
KCu(3-phenbi)7(l-prbitL·). could be prepared electrolytically
and identified by its IR spectrum.
The synthesis of nickel(III) complexes appeared to be much
more difficult. The oxidation potential of the nickel(II) complexes is considerably higher than those of the copper and
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cobalt complexes (see section 4.2). Oxidation of a nickel(II)
to a nickel(III) biuretato complex is on the verge of what can
be achieved in aqueous solutions. Oxidation with potassium
peroxodisulfate is only successful for the very insoluble complex KNibi.. A small amount of KNi(3-prbi).(]-prbiH.). could
be prepared electrolytically from aqueous solutions; it precipitates as a blue compound at the surface of the solutions
on the platinum electrode. It could be identified by its IR
spectrum. A complex of composition KNi(3-tolbi)9(l-tolbiH„)could be synthesized from a solution of K.Ni(3-tolbi) 2 and
1-tolbiH. in methanol by oxidation with iodine.

3.3 NMR SPECTRA OF COPPER(III) COMPLEXES

The copper(III) complexes being diamagnetic, it is possible to record normal NMR spectra of them. The results are
shown in table 14. The most interesting one is the spectrum
of KCu(3-prbi) 2 (l-prbiH 2 ) 2 . It can be seen from table 14 that
in a solution of this complex the 1-propylbiuret molecules
are practically unchanged compared with those in a solution
of pure 1-propylbiuret. The terminal NH. groups of the 3-propylbiuret molecules are deprotonated. Comparison of the NMR
spectrum of KCu(3-prbi).(l-prbiH )

7

with that of

KCu(3-prbi)..2H»0 shows that the presence of H_0 in the compound has a negligible effect on the NMR spectrum of the complex ion.
From the NMR spectral data of bu,NCu(o-phenbi»), it is clear
that a straightforward interpretation of an NMR spectrum can
be very misleading. Only after addition of D.O an unambiguous
identification of NH and aromatic protons is possible, and it
appears to be different from the most obvious interpretation
of the spectrum before addition of D.O.
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3.A THE ESR SPECTRUM OF KNibi
The ESR powder spectrum of KNibi«, diluted in KCubi ,
(0.1Z) shows an almost isotropic g. The average g value is
about 2.03 (figure 18). The linewidth is rather large. The
powder was prepared by oxidation of a mixture of the metal(II)
complexes in aqueous solution with Κ.8 7 0„. The measured spec
trum is certainly not of traces of K.Cubi-, as no copper hy
per f ine splitting is observed and as the average g value does
not agree with 2.09 for К Cubi» (Wiersema and Windle, 1964).
50 GAUSS

Figure 18
The ESR-spectrum of KNibi«
3.5 THE CRYSTAL STRUCTURE OF DIPOTASSIUM DI-u-HYDROXOBIS(BIURETATO)DICUPRATE(II).TETRAHYDRATE
Crystal data: From single crystal diffractometer data
(ΜοΚα, λ-0.71069 8 ) : а-З.784(1) Я, b-14.505(2) X, ç-15.053(2) Χ,
Β«Ι01.80(1) 0 , and V-808.7 Χ . Space group P2 /с from syste3
3
matiс absences. D -2.081 g/cm , D -2.108 g/cm for Z-2; F.W.m
с
513.45.
Intensity data of 1940 reflections up to sin θ/λ-0.64, were
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measured on a Nonius CAD3 automatic diffractometer. 1346 Re
flections with Ι>3σ(Ι) (calculated from counting statistics)
were used for the structure determination. Lorentz and pola
rization corrections were performed in the usual way. No ab
sorption corrections were made (p(MoKo)"32.95 cm

). The struc

ture was solved by three-dimentional Patterson and Fourier
syntheses (Birker and Beurskens, 1974 III). The positional and
anisotropic-thermal parameters of all atoms except hydrogen we
re refined by full-matrix least-squares methods. The function
о
that was minimized was Z W ( | F |-|F |) , with
9

9 —1

w { o (F ) + ( 0 . 0 5 | F I) }
0
.

(a(F ) calculated from counting
0
+
2+

statistics). Atomic scattering factors for К , Cu

, С, N and

0 were taken from the International Tables (1962). The final
conventional R-value was 0.043.
The structure is shown in figure 19. Positional parameters,
bond lengths and angles are given in table 15.
The planar centrosymmetric complex ions are situated around
the inversion centers at 0,0,0 and 0,J,J. Deviations from the
least-squares-plane through all atoms of the complex ion except
hydrogen are as follows (in A ) :
Cu

-0.005

N(3)

0.01

0(1)

0.06

N(l)

-0.05

C(l)

-0.01

0(2)

0.04

N(2)

-0.05

C(2)

-0.00

0(3)

0.03

The intramolecular copper-copper distance is 3.020(1) A. The
copper atoms are stacked in infinite chains in the a-direction
with interatomic distances of a»3.784(1) A.
Potassium ions are in slightly-distorted trigonal-prismatic
coordination with six oxygen atoms: four of biuret ligands and
two of water molecules. Three of them are shown in the figure;
the other three are symmetry-related by translation along the
a axis. Intermolecular interactions are formed by K-0 bonds
and by the hydrogen bonds given in the table 15.
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.-"β*

Figure 19
K J biCu(OH)5Cubi] .4H-0.

Projection along a. The molecule at

the origin, is also situated at the other corners of the unit
cell.
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Table 15
AComic coordinates, selected interatomic distances (A) and angles
(degrees), (with e.s.d.) in KJ biCu(OH) Cubi].4H20. Numbering and
primes as in the figure; + for atoms that are symmetry related by
translation along the a axis.

0.2821( 4)

y: 0.1015(1)

z: 0.3786(1)

Cu(l)

-0.1716( 2)

0.4505(1)

0.4137(1)

N(l)

-0.4727(13)

0.4879(3)

0.3017(3)

N(2)

-0.1844(13)

0.3238(3)

0.3779(3)

N(3)

-0.5256(12)

0.3431(3)

0.2309(3)

C(l)

-0.5979(14)

0.4369(4)

0.2289(4)

C(2)

-0.3289(14)

0.2871(4)

0.3000(4)

0(1)

-0.7767(11)

0.4683(3)

0.1547(3)

0(2)

-0.3083(11)

0.2025(3)

0.2795(3)

0(3)

0.1364(11)

0.4265(3)

0.5330(3)

0(4)

-0.1144(12)

0.1391(3)

0.5141(3)

0(5)

-0.2665(12)

0.3027(3)

0.5983(3)

K(l)

x:

Complex ion:
Cu-Cu'

3.020(1) Cu-0(3)-Cu'

Cu-0(3)
,

Cu -0(3)
Cu-N(l)
Cu-N(2)

Potassium:
101.1(2) K-0(2)

2.828(4)

1.961(4) N(l)-Cu-N(2)

92.7(2) K-0(4)

2.821(4)

1.949(4) Ntn-Cu-OO)'

94.7(2) K-O(l)"

2.805(4)

93.7(2) K-0(2)

+

2.778(4)

128.2(4) K-0(4)

+

2.787(5)

1.911(4) N(2)-Cu-0(3)
1.913(5) Cu-N(l)-C(l)

N(l)-C(l) 1.326(7) N(l)-C(l)-N(3) 119.6(5) ^-0(1)"

2.693(4)

N(2)-C(2) 1.302(7) N(l)-C(l)-0(1) 124.4(5) Hydrogen bonds:
C(l)-N(3) 1.387(7) N(3)-C(2)-N(2) 119.4(5) 0(3)-0(5)
C(2)-N(3) 1.407(7) N(2)-C(2)-0(2) 125.3(5) 0(3)-0(5)+
C(l)-0(1) 1.267(6) C(l)-N(3)-C(2) 130.9(5) 0(4)-0(5)
C(2)-0(2) 1.272(6) C(2)-N(2)-Cu

2.670(6)
2.896(6)
2.805(6)

128.9(4) O d ^ - O ^ ) " 2.726(6)
0(2)-0(5),,

2.766(6)
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4

INFRA RED SPECTRA, POLAROGRAPHIC DATA, ESCA SPECTRA AND
REACTIVITY OF BIURETATO COMPLEXES

A.I INFRA RED SPECTRA

The infra red spectra of metal(II) biuret complexes have
been the subject of a number of studies. The spectra of the
0,-coordinated copper(II), nickel(II), manganese(II) and co
balt (II) and of the 0.-coordinated cadmium(II) and mercury
(II) complex have been reported (McLellan and Melson, 1967;
Nuttall and Melson, 1969; Saito et al., 1970; Kedzia et al.,
1968). The infra red spectra of the N,-coordinated metal(II)
bis(biuretato) complexes have also been published (McLellan
and Melson, 1967) and a normal coordinate analysis has been
carried out for the copper(II) complex, К Cubi .2H„0 and its
deuterio analogue (Kedzia et al., 1968). One of the most stri
king features of these spectra is a considerable shift of the
C-0 stretching frequencies to lower values compared with tho
se in free biuret-monohydrate (table 16). This shift to lower
frequencies in N,-coordinated biuretato complexes can be ex
plained by the resonance structures shown in figure 20. When
biuret

is deprotonated, the negative charge on the terminal

nitrogen atom will delocalize into the ligand to some extent,
and there will be a larger contribution of structure B. When,
however, the complex is oxidized, the negative charge on the
oxygen atoms will flow in the direction of the more positive
metal center. Consequently, structure A will be more important
in the metal(III) complexes. This is in good agreement with
ш

the observed shifts of the С 0 stretching frequencies to
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Table 16
The C-0 stretching frequencies in metal biuret complexes
v

1
c-o (cm" )

biuret.H.O

1745

1718

(a)

cu(biH2)2ci2

1675

1655

(b)

K 2 Cubi 2 .2H 2 0

1630

1565

(b)

KCubi2

1685

1600

(c)

Ni(biH2)2Cl2

1690

1680

(b)

K 2 Nibi 2 .2H 2 0

1635

1570

(b)

KNibi 2

1670

1620

(c)

co(biH2)2ci2

1690

K 2 Cobi 2 .2H 2 0

1625

1585

(b)

KCobi2

1680

1590

(c)

(d)

(a) Uno et al., 1969
(b) Kedzia et al., 1968
(c) Measured on Perkin Elmer IR 257 (this work)
(d) McLellan and Melson, 1967
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higher values upon oxidation from a metal(II) to a metal(III)
complex (table 16). The bands in the infra red spectra of me
tal (III) complexes in table 16 are very sharp in comparison
with those in the metal(II) complexes, probably because of
the absence of water in the metal(III) compounds. The spec
trum of free 1-RbiH,- can be found almost unchanged in the spec
tra of the KM(3-Rbi) (l-RbiH 2 ) 2 complexes. In particular the
C-0 stretching frequencies of l-RbiH_ are unshifted.
4.2 POIAROGRAPHY
The Polarographie technique has proved to be a useful tool
for the study of oxidation and reduction processes. The poten
tial value at which a Polarographie current-voltage wave is
observed is a measure of the ease with which the compound in
study is oxidized or reduced. This value is usually indicated
by the potential value at half the height of the wave (E.).
From the shape of the current-voltage curve, the number of
electrons (n) involved in a redox process can be calculated.
For a reversible redox process the value of Ε,-Ε. (the poten
tial values at } and 1 of the height of the Polarographie wave)
RT
о
is equal to —

In 9. At 25 С Ε,-Ε, equals 56 mV for a reversi

ble one electron process. The Ε,-Ε, values of the M(II)/M(III)
processes of the biuretato complexes, shown in table 17, are
all close to this value.
The reversibility of a process is most clearly demonstrated
if the E· values of the oxidation wave of a metal(II) compound
and the reduction wave of a metal(III) compound are identical.
2This was shown to be true for Cu(3-prbi) 7 and Cu(3-prbi).
The reversibility of these reactions is another indication
for the structural similarity of the M(II) and M(III) com
plexes.
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Table 17
Polarographie data of biuretato complexes. The measurements
were carried out in DMSO with 0.IM bu.NCIO, as supporting
electrolyte. The potentials were measured with a dropping mercury electrode (a) or a rotating platinum electrode (b) va a
saturated calomel electrode.
Ej (V)

KCu(3-propbi) 2 .2H 2 0

- 0 . 3 6 (a)

KCu(3-propbi) 2 (l-propbiH 2 ) 2

-0.35

(a)

K 2 Cu(3-propbi) 2

-0.33

E E

Electrode

(mV)

Process

f l

(a)

61
60
54

oxidation

bu 4 NCu(o-phenbi 2 ).CHCl

+0.04 (b)

75

reduction

KNi(3-propbi) ( l - p r o p b i H 2 ) 2

- 0 . 0 2 (b)

reduction

KNi(3-tolbi)2(l-tolbiH2)2

+0.06 (b)

58
56

KCo(3-propbi)2.2H20

-0.71 (a)

reduction

KCo(3-phenbi)2.2DMSO

-0.64 (a)

bu 4 NCo(enbi 2 )

-0.63 (a)

bu 4 NCobi 2

-0.65 (a)

KCo(o-phenbi )

-0.47 (a)

bu,NCo(o-phenbi2).CHCl3

-0.47 (b)

bu,NCo(4-Cl-o-phenbi2).CHCl

-0.38 (b)

60
58
60
64
60
60
55

bu,NCo(4-CH -o-phenbi.)

-0.44 (b)

60

reduction
reduction

reduction

reduction
reduction
reduction
reduction
reduction
reduction
reduction

From the molecular orbital calculations it is clear that
the redox orbital has almost pure metal d-character. That is
why it is reasonable to assume a correlation between E. values
and charge density on the central metal atom.
A substituent on the middle nitrogen atom in the ligand has
a small effect on the E, value. An electron-releasing substi-
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tuent euch as a propyl group makes the central metal atom less
positive. As a result, the reduction of the complex is more
difficult, and the E, value for reduction of the propyl-substituted metal(III) complex is lower than that of the unsubstituted biuretato complex. The phenyl-substituent in the
bis(3-phenylbiuretato)cobaltate(III) complex is not fixed in
a position coplanar with the rest of the complex ion (see
section 2.3.1.2). In the solid state there is an angle of 77
between the two planes, and in solution the phenyl group is
probably rotating. Such a rotating phenyl-substituent has
little electron-withdrawing effect and the E. values of
_
_
S
Co(3-phenbi)-

and Cobi,

are about the same. An electron

withdrawing substituent on a terminal nitrogen atom of biuret
has a much more pronounced effect: cf. M(3-prbi)_
M(o-phenbi7)

and

with M-Cu,Co. A substituent on the phenyl ring

of o-phenylenebisbiuretato complexes has a small effect on
the E, value: cf. Co(o-phenbi2) , Co(4-Cl-o-phenbi2)

and

Co(4-CH_-o-phenbi2) . Surprisingly there is little difference
between the E. values of bu.NCobi» and bu,NCo(enbi.).
In any case, all E, values for the M(II)/M(III) couple are
very low compared with those of most other copper(II), nickel
(II) and cobalt(II) compounds. Obviously the ligand system has
such good electron donating properties, that a high electronic
charge is induced on the central metal atom, making oxidation
of metal(II) complexes very easy. The same conclusion is drawn
at the end of section 2.3.3 to account for the stabilization
of cobalt(III) complexes with lower than octahedral syrametry
and in section 4.4 to account for the small affinity for ligand s on the 5th and the 6th coordination position.
For comparison, the E, values and other properties of planar spin triplet cobalt(III) complexes are collected in
table 18.
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Table 18
The E. values of planar spin triplet cobalti III) complexes
and the affinity for axial coordination. E, values are measured in DMSO with RPE vs SCE.
Compound

Ej (V)

reaction with
diamagnetic
amines triphenyl- in solid
phosphine
no(l)

bu,NCo(abt) 2

-1.27

no(12)

bu 4 NCo(CH 3 C 6 H A S 2 ) 2

-0.83(1) no(2,3) no(12)

no(l)
no¡monomer(A)

KCo(3-prbi) 2 (l-prbiH 2 ) 2 -0.71(5) yes(5)

no(12)

no¡monomer(6)

bu 4 NCo(mp) 2

yes(7)

no (7)

-0.62(7) yes(7)

bu,NCo(o-phenbi2).CHC1- -0.47(5) yes(12) yes(ll)

no(5)

bu 4 NCo(Cl 4 C 6 S 2 ) 2

yes(10)

yes;dimer(8)

yes(9)

yes(2)

yes(8)

bu 4 NCo((CN) 2 C 2 S 2 ) 2

-0.05(8) yes(2)

(1) Birker et al., 1973 (III)

(7) Balch, 1969

(2) Williams et al., 1966

(8) Baker-Hawkes et al., 1968

(3) Baker-Hawkes et al., 1966

(9) Langford et al., 1964

(4) Eisenberg et al., 1968

(10) Baker-Hawkes, 1967

(5) Birker et al., 1973

(11) See section 4.4

(6) Bour et al., 1972

(12) Own observation

Obviously, a low E. value, a low affinity for electron donors
and the tendency to be paramagnetic and monomeriс in the solid
state go together.
It is remarkable that the E, value for reduction of the
S.N -coordinated Co(abt).

ion is about the mean of those of

the corresponding S,- and N,-coordinated complexes: (measured
under the same conditions)
Co(C6H4(NH)2)2

-1.83 V (Balch and Holm, 1966)

mean:

Co(o-CH 3 -C 6 H 3 S 2 ) 2 "

-0.83 V (table 18)

-1.33 V

Co(C 6 H 4 S(NH)) 2 "

-1.27 V (table 18)
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4.3 ESCA SPECTRA

4.3.1 INTRODUCTION

ESCA spectroscopy (Siegbahn, 1967) is a useful tool for
the study of those systems where the formal oxidation number
is expected to be a bad description for the real atomic char
ge. Throughout the discussions in this thesis, experimental
phenomena have been explained on the hypothesis that ligand
systems have very powerful electron donating properties and
thus induce a high electronic charge on the central metal
atom. This means that in a biuretato complex the positive
charge on the central metal atom is less than that in other
complexes of the same metal in the same formal oxidation sta
te. ESCA spectra could provide support for this hypothesis.
In ESCA spectroscopy a sample is irradiated with monochro
matic light. When this light is absorbed the energy hv can be
transferred to an electron. If the energy hv is larger than
the binding energy (BE) of that electron it is removed from
its orbital in an atom and the remainder of the energy
(hv-BE) is found as kinetic energy (T) of that electron. So:
hv-BE+T. If the frequency of the radiation is known and the
kinetic energy of the electrons is measured in a beta-spectro
meter, the binding energy of all electrons in an atom can be
determined if hv is large enough. This BE of an electron in
an atom is dependent on the charge on that atom. The simplest
model for this phenomenon is the Coulomb attraction between
an electron and the atom from which it is removed. The more
positive the atom, the greater the potential energy of an
electron removed from that atom, so more energy is required
for ionization: the BE is greater, and the kinetic energy Τ
found for an electron after irradiation will be smaller.
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As Che sample can be statically charged during the experiment
it is best to use as a reference the position of a peak of an
electron whose binding energy is known. For instance, the BE
of aliphatic carbon Is electrons of the hydrocarbon overlayer
can be used, if it is measured for each sample separately. In
such cases a spectrum is measured and the whole spectrum is
shifted along the BE axis until the C-ls peak corresponds to
285.0 eV (Biloen and Pott., 1973).

4.3.2 RESULTS AND DISCUSSION

The ESCA spectra of a number of biuretato complexes have
been recorded. The results are given in table 19, together
with the binding energies measured for some unsuspected com
pounds of the same formal oxidation state in which the direct
environment of the central metal atom is sufficiently similar,
that differences in Madelung potentials will be minimal.

Table 19
The photoelectron spectral data of biuretato complexes. The
aliphatic carbon Is binding energy of 285.0 eV is used as re
ference. A difference in binding energy of 0.3 eV is assumed
to be significant.
Compound

binding energy,eV formal oxida
metal
ligand
tion state of
2рз/2 N-ls 0-1 s metal

K 2 Nibi 2 .2H 2 0

854.5 398.3 531.0

KNibi 2

855.5 398.6 531.0

Nif(C 2 H 5 ) 2 N-CH 2 -CH 2 -NH 2 ] 2 (N0 3 ) 2 855.2 399.7
Ni(H 2 N-CH 2 -CH 2 -NH 2 ) 3 C1 2 .2H 2 0

855.2 400.0

KCo(3-prbi) 2 .2H 2 0

781.2

bu,NCo(o-phenbi2).CHCl

779.8

Co(NH ) CI

782.1

II
III
II
II
III
III
III
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It is clear that the binding energy of the metal 2p.,electrons of the nickel(Il)biuretato complex is indeed
smaller

than those in normal nickel(II) compounds (the sub

script 3/2 is the j value after emission of an electron). In
the cobalt(III) compounds KCo(3-prbi)2.2H 0 and
bu,NCo(o-phenbi2).CHC1. the binding energies of the electrons
are smaller than in Co(NH,),Cl-, as is to be expected if the
JO

J

hypothesis of electron donation is true. KCo(3-prbi)?.2H„0
and bu,NCo(o-phenbi2).CHC1

contain positive ions of a very

different size. This makes comparison of these two complexes
difficult. Moreover, Weissenberg photographs showed
bu,NCo(o-phenbi.).CHCl

to be unstable in X-rays (CuKa and

MoKa). So the values measured for this complex are question
able.
The most interesting series is К Nibi_.2H 0, KNibi.,
Ni{(C 2 H 5 ) 2 N-CH 2 -CH 2 -NH 2 } 2 ( N 0 3 ) 2 and Ni(en) 3 Cl 2 .2H 2 0. The
latter two are unsuspected nickel(II) complexes both N-coordinated, diamagnetic and paramagnetic respectively. The bin
ding energies of the metal 2 р . » electrons are the same for
these two complexes. In the complex K.Nibi„.2H?0 however, the
binding energy of the Ni-2p. ,_ electrons is smaller than in
the two normal nickel(II) complexes mentioned above, indica
ting that the nickel atom is less positive. This can be the
result of electron donation by the ligand. In the complex
KNibi., however, the Ni-2p_,_ electrons are more strongly
bound than in К Nibi„.2H 7 0, whereas the binding energy is al
most as great as in Ni{(C Η ) 2 N-CH 2 -CH 2 -NH 2 } 2 (N0 3 ) 2 . This
again is in good agreement with the hypothesis that predicts
that metal(Ill)biuretato complexes should resemble metal(II)
complexes. Moreover, the N-ls electrons in biuretato complexes
are more weakly bound than in the ethylenediamine complexes.
This must be so as the NH. groups of the biuretato ligands
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are deprotonated and thus negatively charged. There is little
delocalization into the ligand as can be seen from the identical 0-1 s binding energies and the almost identical N-ls binding
energies in K^Nibi.^H.O and KNibi.. These results support the
hypothesis that in biuretato complexes the ligands are good
electron donors and that upon oxidation of a metal(II) complex
one electron is removed, which was predominantly localized on
the central metal atom. In contrast with these results, the
BE of Ni-2p_ ,- electrons in some dithiolato complexes (Grim
et al., 1972) was shown to be independent of the formal oxidation state of nickel.
The charge distribution in the rest of the biuretato ligands seems to be almost unaffected by the oxidation process.
This is not contradictory to what has been said in section 4.1
to explain the shift of the C-0 stretching frequency upon
oxidation of the metal(II) complexes, as it is known that a
large shift in the infra red spectrum corresponds to a very
small difference in binding energy and with a very small shift
in charge distributions. It is certainly possible that this
charge shift is too small to be detected with the ESCA technique.

4.4 REACTIVITY

The planar biuretato complexes react with acids due to
protonation of the ligand. This offers a way for the isolation of pure 3-alkylsubstituted biuret. After isolation of a
complex of composition KM(3-Rbi)„( 1-RbilO- with M»Co or Cu,
as discussed in section 2.3.1, a complex of composition
KM(3-Rbi)7.2H20 is prepared from this compound. Subsequently
this complex is decomposed with HCl in water, the solvent is
evaporated and then pure 3-RbiH

can be extracted from the
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residue with chloroform. A small amount of pure 3-prbiH_ was
prepared in this way for an NMR spectrum.
The planar copper(II), copper(III), nickel(II) and
nickel(III) biuretato complexes do not show any affinity for
further ligands. The planar cobalt(III) complexes, however,
show some affinity for further ligands depending on the elec
tron donating capacity of the ligand. The tris(biuretato)cobaltate(III) complex has been described in section 2.3.4. In
solutions containing primary or cyclic amines such as pyridine
all bis(biuretato)cobaltate(III) complexes, Co(3-Rbi)„ , are
in equilibrium with six-coordinated bis(amino)bis(biuretato)
complexes. The UVV spectra of these adducts can be interpreted
as for low spin cobalt(III) in an octahedral environment
(table 20) (Steggerda and Bour, 1970; Birker et al., 1973).

Table 20
UW

spectral data of bis(amino)bis(biuretato)cobaltate(III)

complexes (v., v, and lODq in kK, В in К ) .

Compound

V

V

l

lODq

2

Co(3-prbi)2(NH3)2"

20.4

(70)

27.4

(sh)

Co(3-prbi)2(C3H7NH2)2

18.5

(45)

27.8

(sh)

Co(3-prbi)2(pyrrolidine)2

17.4

(42)

Co(3-prbi)2(pyridine)2

18.2

(47)

В

500
19.0 730

21.4

In DMSO the equilibrium is quite unfavorable for the formation
of the amine-adducts, but from ethanolic solutions, containing
a large excess of amine, the six-coordinated adducts can be
precipitated by adding ether. These adducts are thermally un
stable in the solid state. From a thermogravimetric determi
nation at 80 C, it was concluded that they lose two amine mole
cules and that the original bis(biuretato) complex is left.
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Figure 21
The spectra of bu,NCo(o-phenbi2).CHCl. with varying amounts
of triphenylphosphin

in ethanol at 25 C.

I: pure bu,NCo(o-phenbi2).CHCl3; II and III: complex :
P ( C 6 H 5 ) 3 > I; IV: complex : P i ^ H ^ < I.

EXTINCTION-

OS

PfCsMj Co

Figure 22
The spectrofotometric titration of bu,NCo(o-phenbi?).CHCl,
with P ( C 6 H 5 ) 3 .

v»19 kK. Solvent: ethanol. P(C,H5)3/cobalt

ratio at intersection points: 1.1 (A), 0.9 (B). A: uncorrected;
B: corrected for absorption by the adduct, assuming that the
equilibrium is very favourable for the adduct formation.
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The lability of these adducts is in accordance with the idea
of a very high electronic charge on the central metal atom,
making it only slightly electrophilic.
These Co(3-Rbi)_

complexes do not show any affinity for

weaker ligands such as DMSO or even triphenylphosphine. However, in the cobalt(III) complex of o-phenylenebisbiuret,
Co(o-phenbi_) , the ligand system is less electron donating
due to the presence of a phenyl-substituent on a terminal
nitrogen atom of biuret. This results in a reduction potential about 0.3V higher than that of the Co(3-Rbi) 9

complexes

(see section 4.2), and this complex easily reacts with triphenylphosphine in alcoholic solution. Moreover there is a
small interaction with solvent molecules as can be seen from
the different U W

spectra in DMSO and ethanol (table 1). The

blue triphenylphosphine adduct of Co(o-phenbi.)

could not

be isolated in pure form. The spectra of Co(o-phenbi9)

with

different amounts of triphenylphosphine show good isosbestic
points (figure 21). This indicates that only one adduct is
present in the solution.

From a spectrophotometric titration,

it is clear that the ratio of Co(o-phenbi2) :triphenylphosphin is 1:1 in the adduct (figure 22). When acetone or DMSO
is added to such a blue ethanolic solution, the adduct is
decomposed and pure bu,NCo(o-phenbi7).CHCl_ can be isolated
again from the solution.

4.5 SOME CONCLUDING REMARKS

The biuretato complexes form a unique class of compounds.
They show some resemblance with transition metal dithiolatocomplexes: exceptionally high oxidation states of copper and
nickel are stabilized and for bis(biuretato)cobaltate(III) a
spin triplet ground state is found. However, the chemistry of
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transition metal biuretato complexes is confined to a more
limited number of metals. Only copper, nickel and cobalt com
plexes are known and the only other metal that is found to
form a N,-coordinated biuretato complex is palladium:
K.Pd(enbi 2 ) (see experimental part). It was possible to record
a one-electron Polarographie oxidation wave at -«-0.51 V under
the conditions described in the experimental part

(Ε.,,-Ε..-

60 mV). However, it appeared not to be possible to isolate the
palladium(III) complex.
The four metals mentioned (Cu, Ni, Co and Pd) are also the
only metals that form N-coordinated peptide complexes. They
are related to biuretato complexes as coordination takes
place in these complexes with the nitrogen atom of a deprotonated -CO-NH- group. The redox behaviour of copper peptide com
plexes has been investigated (Levitzki and Anbar, 1967). Accor
ding to these investigations, the copper(II) peptide complexes
are supposed to be oxidized to Cu(III) when treated with
2IrCl, ; but immediately thereafter, the peptide ligand is
о
oxidized by an intramolecular electron transfer and the pepti
de chain is broken between the С and the N atoms of the third
amino acid counted from the terminal -KH. group of the peptide.
The cobalt(III) peptide complexes are diamagnetic and
octahedral. Obviously an in-plane ligand system of three deprotonated amide groups and a normal terminal NH„-group is not
enough electron donating to prevent coordination of axial
ligands. On steric grounds coordination of four equatorial
amide nitrogens to the central cobalt atom is impossible.
Another class of important N,-coordinated cobalt complexes
are vitamin B. ? and its model compounds (e.g. Bonnet, 1963;
Costa et al., 1969). In general the ligands in these compounds
are able to stabilize low oxidation states of the central
cobalt atom (Co(II), Co(I)). Stable cobalt alkyl compounds
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can be synthesized with these complexes by the reaction of
metal(I) compounds with alkyl halides or metal(III) com
pounds with Grignard reagents. Thus these ligand systems do
not show much resemblance with the biuretato ligands which
stabilize higher oxidation states of the metal atom. As,
however, (biuretato)cobaltate(II) complexes should resemble
cobalt(I), the preparation of (biuretato)cobaltate-alkyl com2pounds from Co(o-phenbi.)
and an alkyl halide(benzylbromide,
2methyliodide,ethylbromide) was tried. Co(o-phenbi )
can be
prepared in DMSO solution under nitrogen by adding bu.NOH to
a solution of СоСЦ.бН^О and o-phenbi.H,. After addition of
the alkyl halide, this yellow solution immediately turned
purple-red and Co(o-phenbi.)

was formed. This reaction did

not occur with chlorobenzene. Possibly an intermediate cobalt
alkyl compound was formed that rapidly dissociated:
CoL 2 ~ + RX -»• CoLR~ + X~

CoLR

-•· CoL

+ R' etc.

Thus there are important differences between the biuretato
complexes and the N-coordinated compounds to which they are
structurally related:
cobalt(III) amine complexes are in general diamagnetic and
octahedral, as are the cobalt (III) peptide complexes;
cobalt(II) complexes can be prepared; obviously, the central
metal atom is so electrophilic that it is always six-coor
dinated.
vitamin В . and its model compounds, for instance
Co(DMG) L * and Co(SALEN)L2 , can be obtained with the cen
tral metal atom in the formal oxidation states I, II and
III; the system has more flexible redox properties; stable
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cobalt-alkyl compounds can be synthesized, in which the
cobalt atom can be six- or five-coordinated, indicating that
the central metal atom is less electrophilic.
in the (biuretato)cobaltate(III) complexes the central metal
atom has no strong electrophilic properties, resembling some
dithiolato complexes (for instance Co(tdt)_ ) ; these fourcoordinated complexes have spin triplet ground states.
All this suggests an increasing electron donation by the ligand
system in the series Co(NH.).Cl. and related compounds < vita
min В _ and its model compounds < biuretato and dithiolato
complexes.
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C H A P T E R

5

EXPERIMENTAL PART
5.1 PHYSICAL MEASUREMENTS
Infra red spectra were obtained using the KBr disk technique on
Perkin-Elmer 257 and 157 spectrometers. UVV spectra were measured on
a Unicam SP 700 С spectrometer in solution and on a Gary model 14 in
solid KBr. NMR spectra of copper(III) complexes were measured on a
Varían HA 100 NMR with external reference HMDS and of paramagnetic
cobalt(III) complexes on a Varían XL 100 NMR apparatus with internal
reference TMS. All NMR spectra were measured in DMS0-d.. Magnetic
о
measurements were carried out on a Gouy type equipment down to li
quid nitrogen temperatures and on a vibrating sample magnetometer
of Princeton Applied Research in Т.Н. Delft at the department of
physical chemistry down to liquid helium temperatures. Polarographic
data were obtained with a Metrohm Polarecord E261 using a Metrohm
iR Kompensator EA46 with three electrode geometry in DMSO with 0.IN
bu.NCIO, as supporting electrolyte. The potentials were measured V8
a saturated calomel electrode. Metal analyses were carried out using
atomic absorption techniques (Techtron AA100 or Unicam SP 90).
Computer calculations were done on an IBM 370-155. The computer
program for extended HÜckel calculations was provided by
Dr. C.P. Keijzers. ESCA spectra were measured by Dr. P. Biloen on a
Varían IEE-15-X-ray photoelectron spectrometer using 1256 eV Mg-Ka
radiation at the Shell laboratory in Amsterdam. Far infra red spectra in the 10-75 cm

region were measured by Dr. J. Stoelinga at

the laboratory of solid state physics in Nijmegen on a spectrometer
of his own design. X-ray intensities were measured on a Nonius CAD3
automatic diffractometer.
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5.2 SYNTHESES

LIGANDS (see also under COBALT COMPLEXES)

o-phenylenebiebiuret

and ethylenebisbiuret.

These ligande were ob-

tained in a way analogous to the method used for the preparation of
1-alkylsubstituted biuret (Davis and Blanchard, 1929) starting with
a 2:1 mixture of nitrobiuret and o-phenylenediamine or ethylenediamine respectively.
In an analogous way, 4-Cl-o-phenbi5H, and 4-CH.-o-phenbi7H, were
prepared.

pure

Z-propylbiuret.

See section 4.4.

COBALT COMPLEXES

KCobi..

Cobalt acetate (25 g) was dissolved in 25 ml of water.

Biuret (30 g) and KOH (36 g, dissolved in 50 ml of water) were added
to this solution and the resulting blue slurry was oxidized with air
for 24 hours. The insoluble material was then removed by filtration,
and upon careful neutralization of the red solution with 6N HCl to
pH-7 KCobi. precipitated as a yellow compound. It was filtered off,
washed with water and dried in a vacuum desiccator. The compound is
insoluble in any solvent.
Anal.

Caled for KCobi,: K: 13.03; Co: 19.65; C: 16.00; H: 2.00;

N: 28.00. Found: K: 13.4; Co: 19.3; C: 15.7; H: 2.2; N: 27.2.

KCo(3-phenbi)„.2DMS0.

3-Phenylbiuret was prepared according to

Weith (Weith, 1877). CoCl2.6H20 (2.4 g) and 3-phenylbiuret (5.1 g)
were dissolved in 100 ml of water. KOH (3.6 g dissolved in 5 ml of
water) was added to this solution. The resulting blue slurry was oxidized with air for 24 hours. Then the insoluble material was removed
by filtration. To the red filtrate about the same volume of alcohol
was added, and then so much ether was added to this solution that a
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red and a

colourless liquid layer were obtained. The upper colour

less layer was removed, again alcohol and ether were added, and the
same procedure was repeated several times until finally a red preci
pitate was obtained. This precipitate was dissolved in DMSO. Within
a few minutes the colour of the solution turned from red to yellow.
The solution was filtered and the yellow complex was precipitated by
adding chloroform and ether. It was filtered off in dry air and wash
ed with chloroform and ether. It is soluble in acetone, alcohol and
DMSO.
Anal.

Caled for KCo(3-phenbi)2.2DMSO: Co: 9.68; C: 39.46; H: 4.30;

N: 13.81. Found: Co: 9.3; C: 39.4; H: 4.3; N: 13.5.
buJiCofS-phenbi)..

СоСЦ.бН.О (0.8 g) and 3-phenylbiuret (1.7 g)

were dissolved in 100 ml of water. 40 ml of a 40Z bu.NOH solution in
4
water were added, and the resulting mixture was oxidized with air
during 24 hours. Then the insoluble material was filtered off, and
the red filtrate was concentrated as described above with alcohol
and ether, finally yielding a red precipitate that was dissolved in
DMSO. Aqueous IN HCl was added dropwise to this red solution until
the colour had turned to orange yellow. The complex was then preci
pitated by adding a little alcohol and much ether. The precipitate
was filtered off. It was dissolved in chloroform, the solution was
filtered, and the complex was again precipitated by adding ether.
Anal.

Caled for bu NCo(3-phenbi) : C: 58.61; H: 7.69; N: 14.95.

Found: C: 58.2; H: 7.7; N: 14.9.
buJICobi-.H.O.

CoCl .бН-О (5 g) was dissolved in 200 ml of water.

Biuret (6 g) and 75 ml of a 40Z bu.NOH solution in water were added.
The resulting mixture was oxidized with air for 4 hours. The insolu
ble material was filtered off, and the red filtrate was concentrated
with alcohol and ether as described above until a volume of about 20
ml of the red solution was left. To this solution, 50 ml of DMSO was
added and IN HCl was added dropwise to the solution until the colour
of the solution was orange yellow. The complex was precipitated by
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adding alcohol and ether and filtered off. For purification, it was
dissolved in DMSO, the solution was filtered, and the complex was
again precipitated with chloroform and ether, filtered off and washed
with chloroform.
Anal.

Caled for bu-NCobi.-H-O: C: A6.06; H: 8.50; N: 18.79. Found:

C: 45.6; H: 7.9; N: 18.8.
КСо(З-ргЫ)2(1~ргЪгН2)2.

When the method of Weith (Weith, 1877)

for the preparation of 3-phenylbiuret is used for the preparation of
alkylbiurets, a mixture of 1-alkylbiuret and 3-alkylbiuret is always
obtained. Thus when a mixture of 0.1 mole very dry propylurea and 0.1
mole of PCI. is refluxed for four hours, an acid solution containing
l-propylbiuret and 3-propylbiuret is obtained after hydrolysis of the
reaction mixture with ice. In such a solution excess C0CI..6H.O was
dissolved. KOH was added until a blue slurry was formed, which was
oxidized with air for 24 hours. The precipitate was filtered off, and
upon careful neutralization of the red solution with 6N HCl to pH-7,
the yellow complex precipitated. It was filtered off and washed with
water. The complex is soluble in DMSO, alcohol and acetone.
Anal.

Caled for KCo(3-prbi)2(l-prbiH.),: Co: 8.73; C: 35.31; H:

5.98; N: 24.92. Found: Co: 8.5; C: 35.2; H: 6.1; N: 25.0.
In an analogous way other compounds of composition KCo(3-alkylbi) 9
(1-alkylbiH.)«
КСо(г-ртЪг)2.2HJ3.

could be prepared.
From a solution of KCo(3-prbi)2(l-prbiH ) in

moist DMSO the compound KCo(3-prbi) 2 .2H ? 0 precipitated upon addition
of chloroform and ether. It was filtered off and washed with chloro
form.
Anal.

Caled for КСо(З-ргЬі) .2H 0: Co: 14.02; C: 28.57; H: 5.28; N:

19.99. Found: Co: 13.9; C: 28.6; H: 4.9; N: 18.8.
КСо(З-ргН)2.2DMSO.

In dry DMSO KCo(3-prbi)2( 1-prbiH ) was

dissolved. After a few hours, KCo(3-prbi)2.2DMS0 could be precipitated
by adding dry chloroform. The precipitate was filtered off and washed
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with chloroform in dry air as it is sensitive to humidity.
Anal.

Caled for KCo(3-prbi)2.2DMSO: C: 31.11; H: 5.59. Found: C:

30.9; H: 5.9.

K.Co(enbiJ.

Ethylenebisbiuret (1.2 g) and cobalt acetate (1.2 g)

were dissolved in 40 ml of DMSO. To this solution, 1.2 g of KOH dissolved in 4 ml of water was added. This mixture was oxidized with air
for 3 hours. The precipitate of the red complex was then filtered off
and washed with alcohol. It was dissolved in a lot of warm DMSO. The
insoluble material was removed by filtration, and, after cooling, the
compound could be precipitated by adding a large amount of chloroform.
The precipitate was filtered off and washed with chloroform.
Anal,

caled for KCo(enbi,): C: 22.01; H: 2.46; N: 25.7. Found: C:

22.0; H: 2.7; N: 25.0.

KCoio-phenbiJ.

CoCl .6H 0 (0.75 g) and o-phenylenebisbiuret (0.85

g) were dissolved in 60 ml of DMSO. KOH (1 g dissolved in 6 ml of water) was added. This mixture was oxidized with air for 2 hours. The
solution was filtered and the purple complex was precipitated from
the filtrate by adding alcohol. The compound was filtered off and dissolved in DMSO. The solution was filtered, and the complex was again
precipitated with alcohol and ether, filtered off and washed with alcohol.
Anal.

Caled for KCoCo-phenbi.): C: 32.09; H: 2.15; N: 22.46. Found:

C: 31.6; H: 2.3; N: 22.1.

buJiCo(enbip).

Cobalt acetate (1.2 g) was dissolved in a mixture of

20 ml of water and 10 ml of DMSO. Ethylenebisbiuret (1.2 g) and 12.5
ml of a 40% bu.NOH solution in water were added and the resulting blue
slurry was oxidized with air for 12 hours. The precipitate of the crude red complex was then filtered off. It was dissolved in DMSO, the
solution was filtered and the complex was precipitated by adding chloroform and ether.
Anal.

Caled for bu,NCo(enbi,): C: 49.90; H: 8.38; N: 18.51. Found:
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С: 48.1; H: 8.3; К: 18.8.
bu4NCo(o-phenbi2).CHCt3.

In 15 ml of DMSO, CoCl 2 .6H 2 0 (0.5 g) and

o-phenylenebisbiuret (0.56 g) were dissolved and 5 ml of a 40%
bu.NOH solution in water were added. Then, with stirring, water (15
ml) was added to the mixture and the resulting slurry was oxidized
with air for half an hour. The purple precipitate of the crude com
plex was filtered off. It was dissolved in DMSO, the solution was fil
tered, and small purple needles of the pure complex were obtained
when chloroform was added to this solution.
Anal.

Caled for bu,NCo(o-phenbi ).CHC1 : C: 46.52; H: 6.51; N:

14.07. Found: C: 46.3; H: 6.3; N: 14.1.
The presence of chloroform was confirmed by the mass spectrum of the
compound at 120 С.
In an analogous way compounds of composition bu,NCo(4-Cl-o-phenbi.).
CHC1, and bu,NCo(4-CH--o-phenbi?) could be prepared.

bu4NCo(4-Cl-o-phenbi2).CHCl3.
Anal.

Caled: С: 44.34; H: 6.06; Ν: 13.41; Со: 8.1. Found: С: 44.4;

Η: 6.0; Ν: 13.4; Со: 8.0.

bilico (4-CH3-o-phenbi2).
Anal.

Caled: С: 54.73; Η: 7.94; Ν: 16.55. Found: С: 54.6; Η: 8.0;

Ν: 16.5.
К„СоЬг-.6.3BRJ).

Alcohol was added to the red solution, from which

KCobij was isolated (see preparation of KCobi.), until a precipitate
began to form. After a few days red crystals were obtained.
buJlCo(abt)„.

In 25 ml of absolute ethanol 1.20 g of potassium metal

(0.03 mole) was dissolved. Under nitrogen 1.84 g of o-aminothiophenol
(0.014 mole) were added and after 5 minutes a solution of 1.60 g of
C0CI..6H.O (0.007 mole) dissolved in 10 ml of absolute ethanol, immedi
ately followed by a solution of 2.40 g (0.0074 mole) of (n-C,H9),NBr in
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20 ml of absolute ethanol. Then the reaction mixture was stirred for
a few seconds in air. The suspension was cooled down to -10 C. The
precipitate was filtered off and washed with 100 ml of cold absolute
ethanol and dry ether until the filtrate was colourless. The precipi
tate was then dissolved in 100 ml of dry, warm dichloromethane. This
blue solution was filtered and concentrated to a volume of about 20
ml under vacuum. The pure complex was then precipitated by adding
dry ether, filtered off and washed with ether.
Anal.

Caled for bu^NCoiabt)^ C: 61.40; H: 8.47; N: 7.67; Co: 10.8.

Found: C: 61.5; H: 8.7; N: 7.7; Co: 10.7.
By the same procedure (C.H ).NCo(abt). could be prepared using
1.36 g of (C H ) NBr instead of 2.40 g of (η-C H ) NBr.
COPPER COMPLEXES
KCubip.

a) A solution of К Cubi

was prepared by dissolving 2.2 g

of biuret, 2.5 g of CuSO .5H,0, and 3 g of К0Н in 25 ml of water.
When an excess of K7S.0fl was added to this solution, the compound
KCu(bi)2 precipitated immediately. The compound was filtered off,
washed with hot water (70 ), and dried in a vacuum desiccator.
b) When the above-mentioned K.Cubi. solution was electrolyzed between Pt electrodes, КСubi. was precipitated on the anode.
The anode potential, measured with an auxiliary saturated calomel
electrode, was 0.50 V. The compound was collected, washed with water,
and dried.
c) KCubi- was formed when air with some hydrogen chloride
was bubbled through a suspension of R.Cubi. in benzene.
Anal.

Caled for KCubip Cu: 20.85; К: 12.84; С: 15.76; H: 1.97;

Ν: 27.58. Found: Cu: 21.0; К: 12.7; С: 15.6; Η: 2.0; Ν: 27.3.
(for a sample prepared according to method a ) , the other methods give
analogous results).

KCu(3-prbi)„(l-prbiN-)¡,.

The preparation of the ligand mixture is

described above for the preparation of the analogous cobalt complex.
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When CuCl7.2H.O was dissolved in the acid ligand mixture, a red solu2- .
tion containing Cu(3-prbi)7
ions was obtained after adding an ex
cess of КOH. When this solution was electrolytically oxidized between
platinum electrodes (anode potential 0.50 V vs SCE) the pure complex
KCu(3-prbi)2(1-prbiH2)2 precipitated on the anode.
Anal.

Caled for KCu(3-prbi)2(]-prbiH2)2: Cu: 9.35; К: 5.76; С:

35.36; H: 5.94. Found: Cu: 9.3; К: 5.9; С: 34.5; H: 6.4.
КСи(3-ргЫ)2.2Н

О.

If a DMS0 solution of KCu(3-prbi) (1-prbiH )

was exposed to moist air for 24 hours, KCu(3-prbi) .2H_0 could be pre
cipitated by adding chloroform and ether.
Anal.

Caled for KCu(3-prbi)2.2H20: Cu: 14.95; К: 9.20; С: 28.26;

H: 5.22. Found: Cu: 14.90; К: 9.10; С: 28.15; H: 5.23.
KCu(3-tolbi)„(l-tolbiHj,.

A mixture of l-tolbiH2 and S-tolbiíL

was prepared in the same way as the mixture of I- and 3-propylbiuret.
The preparation of the copper(III) complex was analogous.
Anal.

Caled for KCu(3-tolbi) (l-tolbiH,)^ С: 49.62; H: 4.63; Ν:

19.29. Found: С: 49.5; Η: 4.6; Ν: 19.2.

buJiCuío-phenbiJ.CHCl,.

In a mixture of 20 ml of DMSO and 5 ml of

H 2 0 0.34 g of CuCl2.2H20, 0.56 g of o-phenbi H, and 0.35 g of I were
dissolved. To this solution 5 ml of a bu.NOH solution (40% in water)
were added. The precipitate was filtered off using Hyflo. Then this
precipitate was dissolved in DMSO, the solution was filtered, and
small green needles of the pure complex were obtained after adding
chloroform.
Anal.

Caled for bu,NCu(o-phenbi ).CHCl : C: 46.36; H: 6.20; N:

14.02. Found: C: 45.6; H: 6.5; N: 13.7.
The presence of chloroform was confirmed by the mass spectrum of the
compound at 120 C.
Си(Ъг)(еп).

Copper turnings (1.9 g) and biuret (3 g) were stirred

for 24 hours in alcohol (200 ml) containing 20 ml of ethylenediamine,
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while a email stream of air was passed through the suspension. The
crude precipitated complex was filtered off. Then it was dissolved in
water containing a bit of KOH. The solution was filtered and the pure
complex was precipitated by adding alcohol.
Anal.

Caled for Cu(bi)(en): C: 21.38; H: A.93; N: 3J.17. Found:

C: 21.6; H: A.9; N: 31.1.
Cu(bi)(CJlJ/Hz)2.

The same method was used as for Cu(bi)(en).

KpCubip.4HJD.

When copper turnings and biuret were stirred for a

week in alcohol containing excess of KOH, a pink precipitate was form
ed. This precipitate was filtered off. It was dissolved in water con
taining a little KOH and precipitated with alcohol. It was identified
by its IR spectrum.
KCu(oxam)„.

By electrolytic oxidation of a slurry of 3 g of oxamide

in a solution of 1 g of K2Cu(oxam), in 50 ml of 0.1N KOH (electrode
potential of 0.55 V relative to SCE), KCu(oxam)

precipitated as a

yellow product on the anode. The product could be purified from coprecipitated copper oxide by rinsing it fast with IN HCl, which dis
solved the copper oxide much faster than the KCu(oxam) . The complex
was decomposed when exposed to light for a day.
Anal.

Caled for KCu(oxam)2: Cu: 23.12; С: 17.A9; H: I.A9; Ν: 20.39.

Found: Cu: 23.1; С: 17.A; Η: 1.5; Ν: 21.0.
The preparation of the corresponding Ni complex appeared to be impos
sible.
NICKEL COMPLEXES

KNïbi-,

The procedures a) and b ) , as described for KCubi-, but now

starting with NiSO,, were possible. Method b) gave a very poor yield.
The electrode potential, measured relative to saturated calomel electrode was 0.50 V. Preparation according to procedure c) was impossible.
Anal.

Caled for KNibi : Ni: 19.57; К: 13.OA; С: 16.02; Η: 2.02; Ν:
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28.01. Found: Ni: 19.6; К: 13.1; С: 16.2; H: 2.1; Ν: 27.3.
KNi(3-Rbi.) JT-RbiH

)s.

The same procedure as for the corresponding

Cu complex could be used. The electrode potential was 0.65 V (rela
tive to SCE). Because the yield was very poor, the product could only
be identified by its IR spectrum being identical with that of the
analogous Cu complex.
Шг(г-ЬоІЪі)

Jl-tolbiH

) .

A mixture of 1-tolbiH

and 3-tolbiH

was prepared analogous to the preparation of 3-phenylbiuret (Weith,
1877). To a solution of 0.25 g of ИіСІ-.бН.О in 50 ml of ethanol ex
cess of the tolbiH

mixture was added, followed by 0.5 g of KOH dis

solved in a little alcohol. This mixture was stirred for a day. The
nickel hydroxide was filtered off and ether was added to the yellow
solution to precipitate the complex. Then it was dissolved in alcohol,
precipitated with ether, filtered off and washed with ether several
times. The yellow nickel(II) complex thus obtained was dissolved in
dry methanol, 0.4 g of pure 1-tolbiH. and 1.3 g of iodine, dissolved
in dry methanol, was added. A very fine blue precipitate was formed
immediately. This precipitate of the pure complex was filtered off
and washed with methanol, acetone and ether.
Anal.

Caled for KNi(3-tolbi) (1-tolbiH ) : С: A9.90; H: 4.65; N:

19.40; Ni: 6.77. Found: C: 49.4; H: 4.6; N: 19.1; Ni: 6.8.
PALLADIUM COMPLEX
KpPd(enbip).

To a suspension of 2.16 g of ethylenebisbiuret and

0.89 g of PdCl. in 50 ml of DMS0, 1 g of KOH dissolved in a bit of
water was added. It was stirred for three days. Then the yellow pre
cipitate was filtered off. It was washed with warm DMSO and acetone.
Then it was dissolved in water with a bit of KOH and precipitated
with alcohol and ether twice. The precipitate of the white complex
was filtered off, washed with alcohol and dried. The complex is diamagnetic.
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Anal.

Caled for К Pd(enbi ): С: 17.46; H: 1.95; Ν: 20.36. Found:

С: 16.5; Η: 1.9; Ν: 19.6.
LIST OF NEW COMPOUNDS
ethylenebisbiuret
o-phenylenebi sb iure t
4-Cl-o-phenylenebisbiuret
A-CH.-o-phenylenebisbiuret
KCubi
KCu(3-prbi)2(l-prbiH2)2
KCu(3-prbi)2.2H20
KCu(3-tolbi) (l-tolbiH2)2
KCu(3-phenbi)2(l-prbiH2)2
bu,NCu(o-phenbi ).CHC1
KCu(oxam).
KNibi
KNi(3-tolbi)2(l-tolbiH2)2
KNi(3-prbi)2(l-prbiH2)2
KCobi2
KCo(3-prbi)2(l-prbiH2)2
KCo(3-prbi)2.2DMSO
KCo(3-prbi)2.2H20
KCo(3-phenbi) .2DMS0
KCo(enbi )
bu4NCo(enbi2)
KCo(o-phenbi2)
bu4NCo(o-phenbi2).CHCl3
bu4NCo(4-Cl-phenbi2).CHC1
bu4NCo(4-CH -o-phenbi2)
bu,NCo(abt)2
Cu(bi)(en)
Cu(bi)(prNH2)2
K 2 Pd(enbi 2 )
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SUMMARY

In this thesis the redox behaviour and chemical and physical properties of transition metal complexes with biuret and
related ligands are described.
The veil known nitrogen-coordinated nickel(II) and
copper(II) complexes could be oxidized, yielding compounds,
in which the central metal atom is formally tervalent. The
crystal structure of the N.-coordinated complex potassium
b
tris(biuretato)cobaltate(III) was determined. Moreover, a number of N,-coordinated paramagnetic bis(biuretato)cobaltate(III)
complexes could be synthesized.
A number of substituted biurets were prepared: 3-alkyl- and
3-phenylbiuret, ethylenebisbiuret and orthophenylenebisbiuret
with or without substituents on the phenyl ring. With each of
these ligands N,-coordinated spin triplet cobalt(III) complexes
could be obtained.
The crystal structures of potassium bis(3-phenylbiuretato)cobaltate(III).2DMS0 and of potassium bis(3-propylbiuretato)cobaltate(III).2(l-propylbiuret)were solved. The cobalt atom in
these compounds appeared to be planar N,-coordinated. The DMSO
and 1-propylbiuret molecules are not bound with the cobalt atom
but they are incorporated in the crystal lattice by means of
hydrogen bonds and potassium-oxygen bonds. Similarity in chemical, magnetic and spectroscopic properties indicate that the
same is true for water molecules in potassium
bis(3-propylbiuretato)cobaltate(III).2H 0.
The N,-coordinated (biuretato)cobaltate(III) complexes have
spin triplet ground states. This is rather unique for
cobalt(III) complexes. In chapter 2

the paramagnetism of co-

balt (III) complexes is discussed. The spin triplet ground state
is in good agreement with the results of extended Huckel calcu-
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lations, the unpaired electrons being in MO's of mainly d
xz
and d 2_ 2 character. This again is in agreement with what can
χ

y

be expected from crystal field theory. Using crystal field
theory also the paramagnetism of other cobalt(III) complexes
is explained.
From magnetic susceptibility measurements down to 6 К for
potassium bis(3-propylbiuretato)cobaltate(III).2H70 it is
proved that the spin triplet ground state is not affected at
low temperatures and that the zero field splitting is very
large («40 cm ).
Synthesis and properties of N,-coordinated copper(III) and
nickel(III) biuretato complexes and further study of the binuclear copper(II) complex with biuret are the subjects of
chapter 3. The copper(III) and nickel(III) complexes have,
in general, the same compositions as the cobalt(III) complexes.
The preparation of nickel(III) complexes appeared to be very
difficult. Only those with unsubstituted biuret and with
(3-toluyl)biuret could be obtained in good yield. The copper(III) complexes are diamagnetic, the nickel(III) complexes
have one unpaired electron.
The structure of the binuclear copper(II) complex potassium
di-p-hydroxobis(biuretato)dicuprate(II).4H 0 was solved and
it was proved to be dimeric.
The remarkable redox behaviour of the biuretato complexes
(stable Ni(III) and Cu(III) compounds) and the chemical beha
viour of the cobalt(III) complexes (little affinity for further
ligands on the 5th and 6th coordination place) are explained
with the hypothesis, that the ligand system has strong electron
donating properties. A large electron density on the central
metal atom makes oxidation easy. Moreover the central metal
atom has so little positive charge that it has lost its electrophilic properties and shows hardly any affinity for further
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ligands.
Those subjects that make possible an interesting comparison
of the complexes of the three metals are collected in chapter
4:
Infra red spectra: the shift of the C-0 stretch vibration
to lower frequencies upon coordination with a metal(II) ion
and to higher frequencies upon oxidation are explained using
some resonance structures.
Polarography: reversibility of the M(II)/M(III) redox reactions and substituent effects were found.
For complexes with the same ligands it was found that:
E,(Co) < E,(Cu) < E.(Ni)
ESCA spectra: binding energies of nickel ZPo/n electrons
in (biuretato)nickelate complexes were measured. Comparison
with values found for other nickel complexes supports the
hypothesis, that deprotonated biuret ligands are strong
electron donors.
Reactivity: the affinity of N,-coordinated cobalt(III) complexes for amines and phosphines and the lability of the
adducts are discussed.
The experimental work is described in chapter 5.
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SAMENVATTING
In dit proefschrift worden het redox gedrag en chemische
en fysische eigenschappen van overgangsmetaalcomplexen van
biureet en verwante verbindingen beschreven.
De van ouds her bekende stikstofgecoordineerde nikkel(II)
en koper(II) biureetcomplexen bleken geoxideerd te kunnen worden tot verbindingen, waarin het centrale metaalatoom formeel
driewaardig is. De structuur van het N -gecoördineerde kaliumD

tris(biuretato)kobaltaat(III) complex werd opgehelderd. Tevens
bleek, dat N,-gecoördineerde paramagnetische bis(biuretato)kobaltaat(III) verbindingen gesynthetiseerd kunnen worden.
Een aantal gesubstitueerde biureten werden bereid: 3-alkylen 3-fenylbiureet, ethyleenbisbiureet en orthofenyleenbisbiureet met of zonder substituenten op de fenylring. Met al deze
liganden werden N,-gecoördineerde spin triplet kobalt(III)
complexen gesynthetiseerd.
De kristalstructuren van kaliumbis(3-fenylbiuretato)kobaltaat(III).2DMS0 en van kaliumbis(3-propylbiuretato)kobaltaat(III).2(I-propylbiureet) werden opgelost. Het kobalt atoom in
deze verbindingen blijkt vlak N,-gecoördineerd te zijn. De
DMSO en 1-propylbiureet moleculen blijken niet gebonden te
zijn aan het kobalt atoom maar met waterstofbruggen en bindingen met kalium via zuurstofatomen in het kristalrooster te
zijn ingebouwd. Overeenkomsten in chemische, magnetische en
spectroscopische eigenschappen tonen aan, dat hetzelfde geldt
voor watermoleculen in kaliumbis(3-alkylbiuretato)kobaltaat(III).2H20.
De N,-gecoördineerde (biuretato)kobaltaat(III) complexen
hebben een spin triplet grondtoestand. Dit is tamelijk uniek
voor een kobalt(III) complex. In hoofdstuk 2 wordt het paramagnetisme van kobalt(III) complexen besproken. De spin triplet

ΙΟΙ

grondtoestand van het bis(biuretato)kobaltaat(III) ion is in
goede overeenstemming met de resultaten van extended HÜckel
berekeningen: de ongepaarde electronen bevinden zich in MO's
van dominant d
en d ? o karakter. Dit komt overeen met datxz
x^-y*
gene, wat op grond van kristalveldtheorie verwacht kan worden.
Met behulp van kristalveldtheorie wordt in hoofdstuk 2 ook het
paramagnetisme van andere kobalt(III) complexen verklaard.
Uit magnetische metingen tot 6 К aan kaliumbis(3-propylbiuretato)kobaltaat(III).2H 0 blijkt, dat de spin triplet
grondtoestand tot die temperatuur behouden blijft en dat de
nulveldsplitsing zeer groot is (*40 cm ).
Synthese en eigenschappen van N,-gecoördineerde koper(III)
en nikkel(III) biuretato complexen en de nadere bestudering
van het binucleaire kopercomplex met biureet vormen het onderwerp van hoofdstuk 3. In het algemeen hebben de koper(III) en
nikkel(III) complexen dezelfde samenstelling als de kobalt(III)
complexen. De bereiding van nikkel(III) complexen bleek erg
moeilijk te zijn en alleen die van ongesubstitueerd biureet en
3-toluylbiureet konden in goede opbrengst gemaakt worden. De
koper(III) complexen zijn diamagnetisch, de nikkel(III) complexen hebben een ongepaard electron. De structuur van het binucleaire koper(II) complex

kalium-di-y-hydroxobis(biuretato)-

dicupraat(II).4H_0 werd opgehelderd en het dimere karakter ervan aangetoond.
Het merkwaardige redox gedrag van de

biureet complexen

(stabiele Ni(III) en Cu(III) verbindingen) en het merkwaardige
chemische gedrag van de kobalt(III) complexen (geringe affiniteit voor liganden op de vijfde of zesde coordinatieplaats)
wordt verklaard met de hypothese, dat het ligandsysteem sterk
electronenstuwende eigenschappen heeft. Een grote electronendichtheid op het centrale metaalatoom is er enerzijds de oorzaak van, dat de metaal(II) complexen gemakkelijk geoxideerd
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kunnen worden, anderzijds is het centrale metaalatoom dan nog
zo weinig positief, dat het zijn electrofiele eigenschappen
goeddeels heeft verloren en slechts een geringe affiniteit
voor extra liganden vertoont.
De onderwerpen die juist daarom zo interessant zijn, omdat
ze een vergelijking tussen de complexen van de verschillende
metalen mogelijk maken, zijn verzameld in hoofdstuk A:
Infra rood spectra: de verschuiving van C-0 strekvibratie
naar lagere frequentie bij coördinatie aan een metaal(II)
ion en naar hogere frequentie bij oxidatie wordt besproken
en verklaard aan de hand van enkele resonantiestructuren.
Polarografie: reversibiliteit van M(II)/M(III) redox reacties en substituenteffecten werden aangetoond. Voor complexen van hetzelfde ligand geldt:
E.(Co) < E.(Cu) < E.(Ni)
ESCA spectra: bindingsenergieën van nikkel 2p_ ,. electronen
in nikkel-biureet complexen en vergelijking met die in andere nikkel complexen steunen de hypothese, dat de gedeprotoneerde biureet liganden sterke electronendonoren zijn.
Reactiviteit: de affiniteit van de N,-gecoördineerde kobalt
complexen voor amines en fosfines en de labiliteit van de
adducten wordt besproken.
In hoofdstuk 5 wordt het experimentele werk beschreven.
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CURRICULUM VITAE
De auteur van dit proefschrift werd geboren te Tilburg op
28 januari 1947. De lagere en de middelbare school werden door
lopen te Tilburg. Na het behalen van het diploma gymnassium β
in 1965 aan het St.Odulphuslyceum werd in datzelfde jaar een
aanvang gemaakt met de scheikunde studie aan de universiteit
van Nijmegen. Het kandidaatsexamen S. werd in 1968 afgelegd en
na het doctoraalexamen (1970) met bijvak organische chemie
(Prof.dr. R.J.F. Nivard) en hoofdvak anorganische chemie
(Prof.dr.ir. J.J. Steggerda) werd begonnen met de promotiestu
die op de afdeling anorganische chemie als SON medewerker op
1-1-1971.

STELLINGEN
I
Verpakte chemicaliën, zowel die voor huishoudelijke als die voor laboratorium-toepassingen, zouden verplicht voorzien moeten worden van voor de
gebruiker begrijpelijke informatieve etikettering betreffende eventuele gevaren
bij het gebruik ervan en de te nemen voorzorgsmaatregelen.
II
Gezien de wijze, waarop door Tamura, Sumoto, Fujii, Satoh en Ikeda bij de
dethioketalisering met behulp van O-mesitylenesulfonylhydroxylamine de carbonylverbmdingen worden geïsoleerd en gekarakteriseerd, moet de algemene
bruikbaarheid van deze methode voor de preparatieve organische chemie ernstig in twijfel worden getrokken.
Y. Tamura; K. Sumoto; S. Fujii; H. Satoh; M. Ikeda
Synthesis, 312 (1973)
III
De door Dukes e.a. als oorzaak voor de autocatalyse van de reactie tussen
(triglycinato)koper(II) en EDTA gepostuleerde verminderde sterische hindering in het vlak van het intermediaire bis(triglycmato)koper(II) complex is
twijfelachtig.
G.R. Dukes; G.K. Pagenkopf; D.W. Margerum
Inorganic Chemistry, 10, 2419 (1971)
IV
Een der door Narang en Aggarwal voorgestelde structuren voor dimere nikkel
en kobalt complexen van salicylaldehyde-salicyOiydrazon is onrealistisch.
K.K. Narang; A. Aggarwal
Inorganica Chimica Acta, 9,137 (1974)

ν
Het feit, dat de fosfor-hyperfijnkoppeling in koper(II) en oxovanadium(IV)
dithiofosfaat complexen isotroop is, bewijst niet, dat het ongepaard electron
op fosfor in een 3s orbitaal is gelocaliseerd.
N.D. Yordanov; D. Shopov
Journal of molecular structure, 19, 617 (1973)
VI
Er is weinig reden om aan te nemen, dat diethyldithiocarbaminezuur ge
coördineerd aan (diethyldithiocarbammato)oxovanadium(IV) voorkomt en
bovendien is het onderscheid, dat Kalinichenko e.a. maken tussen coördinatie
via de -SH en de C=S groep op grond van spectroscopische gegevens, willekeurig.
N.B. Kalinichenko; I.N. Marov; A.N. Ermakov
Russian Journal of Inorganic Chemistry, 18, 1520, (1973)
VII
Het reactieschema, gegeven door Norris voor de solvolyse van tetrakis(dimethylammo)etheen, verklaart niet het door hen waargenomen verschijnsel, dat
na een jaar reactietijd hydrolyse van voornoemde verbinding niet merkbaar is
opgetreden, terwijl na nog anderhalf jaar vrijwel volledige omzetting heeft
plaatsgevonden. Bovendien verklaren hun experimenten de contradicties in de
waarnemingen van Pruett enerzijds en Wiberg anderzijds niet.
W.P. Norris
Tetrahedron, 28, 1965 (1972)
R.L. Pruett; J.T. Barr; K.E. Rapp; CT. Bahner; J.D. Gibson; R.H. Lafferty jr.
Journal of the American Chemical Society, 72, 3646 (1950)
N. Wiberg
Angewandte Chemie (international edition), 7, 766 (1968)

Vili
De verkoop van voorverpakt vers vlees, groenten en fruit heeft een nadelige
invloed op de kritische houding van de consument ten aanzien van zijn eigen
behoeften, van de kwaliteit van het product en van het milieu.
IX
Als oplossing voor tot hart- en vaatziekten leidende bewegingsarmoede, ter
verlichting van het energieprobleem en ter bestrijding van voortschrijdende
luchtvervuiling, verdient de mens meer aandacht als alternatieve energiebron
voor de voortbeweging van sommige rij- en voertuigen.
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