72-15,971

COOPER, John Charles, 19u5-
ELECTRONIC STRUCTURES AND BONDING IN 1,3,-
DITHIONATES OF NICKEL(II) AND RELATED COMPOUNDS.

The University of Nebraska, Ph.D., 1971
Chemistry, inorganic

University Microfilms, A XEROX Company, Ann Arbor, Michigan

Lr THIS DISSERTATION HAS BEEN -MICROFILMED EXACTLY AS RECEIVED

I'?eproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ELECTRONIC STRUCTURES AND BONDING IN
1,3-DITHIONATES OF NICKEL(II) AND RELATED COMPOUNDS

by

John Charles Cooper

A DISSERTATION
Presented to the Faculty of
The Graduate College in the University of Nebraska
In Partial Fulfillment of Requirements
For the Degree of Doctor of Philosophy
Department of Chemistry

Under the Supervision of Professor Henry F. Holtzclaw, Jr.

Lincoln, Nebraska

August, 1971

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TITLE

ELECTRONIC STRUCTURES AND BONDING TN

1, 3-DITHIONATES OF NICKEL(IT) AND RELATED COMPOUNDS

BY

John Charles Cooper.

APPROVED DATE
Henry F. Holtzclaw, Jr. August 31, 1971
James H. Looker August 31, 1971
John J. Scholz August 31,1971
George D. Sturgeon August 31, 1971
Walter E. Mientka Sept. 3, 1971

SUPERVISORY COMMITTEE

GRADUATE COLLEGE UNIVERSITY OF NEBRASKA

GRAD B20032 300 B.-00(T)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PLEASE NOTE:

Some pages have indistinct
print. Filmed as received.

University Microfilms, A Xerox Education Company

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

The author would like to express his appreciation for the help and
supervision given by his research director, Professor Henry F. Holtzclaw,
Jr. Helpful discussions with other members of the faculty and graduate
students are gratefully acknowledged. Discussions with Mr. John L.
Dietrich were especially helpful.

Financial support from the following sources was greatly appreciated:
The National Science Foundation, the National Defense Education Act, and

the Eastman Kodak Company.
To the many others whose help contributed to this work, the author's

sincere appreciation is expressed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

Page
INTRODUCTION « « « « o o + = « - e e e e 1
EXPERIMENTAL « « « o o o o 0 o o o e e o e u s e . 17
RESULTS AND DISCUSSION « « + o v v v o o o o e v v v v o . 39

I. Deconvoluted Electronic Spectra . . . . . . . . . 39

II. Inrrared Spectra . . . . . . . . S 1

III. Nuclear Magnetic Resonance Studies. . . . . . . . 94

IV. Mass Spectral Studies . . . . « « « . o o« . . 107

V. Reactions and Mechanisms . . . ... ... ... 109
SUMMARY AND CONCLUDING REMARKS . . . + « v v v v v o o o« o« 117
REFERENCES + « « o o o o o o o o s o o o o o o o o oo . 124
APPENDIX I - Nomenclature. . « « « ¢ « o o o o ¢ s o o o o 130

APPENDIX II - Gaussian Deconvolution Programs . . . . . . . 135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INTRODUCTION

In recent years, metal complexes containing ligands with sulfur-
donor groups have received much attention. Compared to oxygen donor
ligands, the sulfur analogs usually result in complexes that are unusual
and often quite different from the corresponding oxygen-containing com-
plexes. The differences in stability and bonding are due presumably to
the availability of d-orbitals in the outer electron shell of sulfur
which can participate in m-bonding. The wide range of compiexes formed
by B-diketones has led to numerous attempts to prepare the sulfur-substi-
tuted analogs.

Although metal complexes of B-diketones have been known for more than
seventy years,1 the first sulfur analog was not reported until 1966, when

Martin and S1:ewar1:2

reported the synthesis of the dithioacetylacetonates
of cobalt(II), nickel(II), palladium(II) and platinum(II). The dithio-
acetylacetonate ligand has never been isolated either as the anion or as
the protonated ligand. It was only by performing the sulfur substitution
in the presence of a transition metal ion that Martin and Stewart were
able to isolate the complex.

Attempts were made as early as 19063

to prepare dithioacetylacetone
or other B-dithiones. Although the compound exists briefly in solution,
the formation of the extremely stable dimer (I) is rapid and irrevcrsible,
and precludes isolation of the monomeric ligand either as a simple salt
or in the protonated form. The structure of this product has been estab-

lished by nuclear magnetic resonance spectroscopy and mass spect:mmetry.2
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(1)

Because there has been no attempt to date to name the thio-deriva-
tives systematically and because the dithio-B-diketones themselves cammot
be isolated, the nomenclature of these compounds deserves specific atten-
tion. These problems are discussed and a systematic approach is described
in Appendix I.

The first thio-substituted B-diketone complexes synthesized were of
mono-thio-substituted ligands with nickel(II) by Chaston and Li\ringstone4
in 1964. Their method involved the isolation of the mono-thio-substituted
B-diketone, then reaction with nickel acetate to form the complex, in a
manner similar to the methods generally used to synthesize the B-diketone
complexes.5 Since 1964, Livingstone and co-workers have synthesized a

6-16 _.i+h various substituents in the

large number of similar complexes,
1, 2 and 3 positions of the parent B-diketone. Other workers]‘-,’18 have
prepared mono-thio derivatives by a slightly different method--a method
similar to that used to prepare most of the dithio-substituted complexes.
he parent B-diketone and a salt of the metal ion, usually the chloride,
are dissolved in an alcohol, and hydrogen sulfide and hydrogen chloride

are bubbled into the solution. Depending on the temperature, the rate of

bubbling and the solvent used, sulfur is substituted in various degrees
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into the final complex. This method has worked only for mono-thio
derivatives of nickel(II). The mono-thio derivatives of other trans-
ition metals have generally been prepared by the first method, by
first isolating the ligand.

All the mono-thio-substituted nickel(II) derivatives have been
found to be diamagnetic. Because it is generally accepted that diamag-
netic nickel(II) complexes have a square-planar geometry, these com-
pounds have been assumed to be square-planar. This is consistent with
the electronic spectra, and most interpretations of their infrared spectra
have provided reasonably good correlations with expected electronic and
physical properties, assuming a square-planar geometry.

The alternative is a tetrahedral structure similar to the structure
of the bis(2,4-pentanedionato)nickel(II) complex in solution and would
necessitate a paramagnetic species, based on the following argument.
Figure 1 shows the d-orbital splitting expected for tetrahedral and
square-planar coordination for complexes with mono-dentate ligands. It
should be noted that in general, with the exception of the -d-xz-yz being

the highest energy and the _c_l_xz and , having the same energy, the order

gy
of the orbitals in the square-planar case depends greatly on the partic-
ular metal ion and set of ligands involved; Figure 1 (b) is merely a
representative case. In any event, since nickel(II) is a _cls ion, in the
tetrahedral case, maximm spin multiplicity in degenerate orbitals re-
quires two unpaired electrdns because the three highest orbitals are de-

generate. However, in the case of the équare-planar complex, if the

separation of the gxz y? orbital from the others is sufficiently great
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Figure 1. Expected d-orbital splitting in (a) a
tetrahedrally coordinated and (b) a
square-planar coordinated metal ion.
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(that is, greater than the spin-pairing energy), then spin-pairing will
occur, leaving the gxz_yz orbital vacant and a diamagnetic complex will
result.

In the case of square-planar metal chelates (with D2h symmetry,
rather than Dyy, @S in the case of mono-dentate ligands), the decrease
in symmetry and the increased possibility of overlap with ligand orbitals
results in changes in the order of the energy states and possible further

5

splitting of degenerate orbitals.” The gxy and d 2 2 orbitals are re-

versed and there may be splitting of the degenerate ;acz and gyz orbitals
if they do not participate equally in 7 bonding.

In addition to the magnetic moment, the number and positions of the
d + d transitions in the electronic spectrum can be used to determine the
structure of the complex. Generally, in the case of the mono-thio deriv-
atives of nickel(II), several d - d transitions are observed, consistent
with a square-planar geometry. In the case of a tetrahedral complex, of
course, the d + d transitions are degenerate and the energy of the trans-
ition is equal to 10dq (or A), the total ligand-field splitting of the d-
orbitals.

One small problem that can arise in the interpretation of the elec-
tronic spectra, generally, of complexes containing sulfur-donor ligands
is the possibility of mixing of the T molecular orbitals on the ligand
with orbitals on the metal which are capable of m bonding (p,, d,,, and
gyz in the case of a square-planar complex.) In such a case, ligand field
theory in its usual simple form may not be adequate and a more sophisticat-

ed moleuclar orbital treatment may be necessary. This problem will be
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discussed later in connection with the electronic spectra of the square-
planar dithio-substituted complexes. '

The reason that the thio-substituted B-diketone complexes are square-
planar and diamagnetic, unlike the corresponding B-diketonates, is probab-
1y due to the m-bonding abiltiy of the sulfur atoms. Stabilization of the
middle (up to the highest) molecular orbitals on the nickel by m-backbond -
ing onto the sulfurs of the chelate rings should certainly favor the low
spin configuration and thus the square-planar complex.

One very interesting aspect of the series of nickel(II) complexes
with varying degrees of sulfur substitution is the possibility of polymer
formation in the solid state and in solution by sulfur-to-metal or oxygen-
to-metal bond formation. It has been demonstrated19 that bis(2,4-pentane-
dionato)nickel(II) has the structure shown in Figure 2, in the absence of
water molecules to occupy the axial positions of the metal. A similar

structure has been found for the cobalt(II) complex,20

although it is act-
ually a tetramer (rather than a trimer, as in the nickel(II) case). No
such structures have been found for the dithio-substituted complex, in
spite of the greater ability of sulfur to form such multiple bonds. The
reason is probably the extreme stability of the monamer, However, the
possibility of such polymer formation in solution has not been investigat-
ed. In addition, the mono-thio-substituted acetylacetonate of nickel(II),
intermediate in this series, has never been thoroughly investigated except
in very dilute solutions (electronic spectra) or in the solid state (in-

frared spectra and magnetic susceptibilities). An attempt to determine

the extent of such possible polymer formation in solution was deemed worth-
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Figure 2. Structure of the nickel acetylacetonate
trimer.
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while. The nickel(II) complexes offer a particular advantage for such
studies in that their diamagnetic character makes nmr a very valuable
technique. One difficulty in studying the B-diketonates generally has
been their paramagnetism in most cases, making nmr investigations diffi-
cult.

The first attempts to synthesize dithio-substituted complexes were
of the acetylacetone derivatives and resulted in two types of compounds.
The first was the type originally synthesized by Martin and S1:ewart.2
The crystal structure was eventually determined for the cobalt(II)21
derivative and was found to be a square-planar monomer in the solid, very
much as expected from other physical properties.

The second type of compound, however, was the iron(II) "complex"zz’zs,
which was found to contain four chlorines per metal atom. The structure
of this compound has been variously formulated. Most of the proposed
structures seemed to have little basis in experimental data or reason and
involved bonding of chlorines to the chelate ring in the 1 and 3 positions
and/or bonding of the chlorines to the metal. All the early structures
involved coordination of the ligand to the iron in a more or less tradi-
tional manner. Knauer and co-workers, in their original article22 report-
ing the synthesis, suggested the correct structure but discarded it believ-
ing the intense color of the complex to be due to iron-sulfur bonding.

24

The correct structure was revealed by Mason, et al.””, who determined from

the crystal structure that the compound was really bis(1,3-dimethyl-1,3-

2

dithiolium) tetrachloroferrate(II) and by Heath, et al. 5, who reached the

same conclusion based on electronic, infrared and Moessbauer spectra to-
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gether with the temperature dependence of the magnetism of a series of
such compounds.

The 1,3-dithiolium cation systems are very interesting from a syn-
thetic standpoint, inasmuch as g-dithione complexes have recently been
prepared from them by reduction in the presence of a suitable transition-

29 have written amn exceilent

metal ion.26’27’28 Campaigne and Hamilton
review article on the 1,3-dithiolium cation and related systems.

Most of the g-dithione complexes prepared have been with cobalt(II)
or nickel(II). Although some complexes have been prepared with trivalent
cations of iron, ruthenium and osmium,30 and with cobalt, rhodium and
iridium,:”1 these octahedral complexes are far less stable than the corre-
sponding square-planar ones of the divalent cations. The stability in-
creases with atomic number in a given family, however, and probably reflects
some steric crowding of the six sulfur atoms about the small trivalent
cations of the first transition series. Preparation of the complexes of
trivalent cations varies, but usually involves the normal route in those
cases where auto-oxidation does not occur. In the case of the unstable
iron(III) complex of 2,4-pentanedithione, the synthesis is accomplished
by reducing the bis(dithiolium) tetrachloroferrate(II) salt with a suit-
able reducing agent such as sodium borohydride or sodium dithionite.

The work discussed in this paper deals almost entirely with thio-
substituted p-diketonates of cobalt(II) and nickel(II). These are the
most stable, and little synthetic work or studies of physical properties

32

has been done. Although Ouchi and co-workers™“ have reported syntheses

of several 1,3-substituted B-dithione complexes of this type, little in
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10

the way of analysis of substituent effects or characterization of the
products obtained is reported.

A large number of studies of the "pseudo-aromaticity'" of metal
keto-enolate rings has been done. In general, these compounds undergo
many reactions characteristic of aromatic rings, and substituent effects
are similar to those of aromatic systems. Unfortunately, determination
of aromatic character from the chemical shifts of chelate-ring protons by
nmr techniques is usually restricted to the keto-enol forms of the B-dike-
tones themselves, because most of ‘the metal complexes are paramagnetic.

In addition to provi’ding diamagnetic complexes for study by nmr
techniques, the nickel(II) B-dithionates provide the additional possibil-
ity of extension of the m system of the chelate ring through the metal ion
to form a truly aromatic system. If m-delocalization does extend through
the metal ion, it should be evident in the infrared spectra through sub-
stituent effects on the metal-sulfur bond and in the electronic spectra in
the form of' mixing of the d orbitals capable of m-bonding with the 7 molec-
ular orbitals of the ligand. In addition, the proton nmr of both ring and
substituent protons should be similar to that of aromatic systems.

In connection with the aromaticity of the chelate ring there is another
problem which has not yet been satisfactorily solved. Lint:vedts’:”3 con-
cluded, based on proton nmr of B-diketones with phenyl, 2-thienyl, and 2-
furyl substituents in the 1 and 3 positions, that aromatic groups in these
positions were coplanar with the enolic ring. This is consistent with the
results of Rao and Mathur34; based on thermochemical studies which showed
an increase in free energy and enthalpy of ionization when a phenyl group was

substituted for a methyl group, they concluded that the phenyl ring was
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coplanar with the enolic ring, acting as an electron-donor through reson-
ance. Similarly, Singh and Sahai found a éhift to lower energy in all
the ™ + ™ electronic absorption bands for the metal g-diketonates when
the methyl groups were replaced by phen&ls; this shift was interpreted
as a dominance of the resonance effect over the weak indﬁction effect of
the phenyl. Although x-ray crystal structures of the y-phenyl-substitut-
ed complex of copper(II) shows the phenyl ring and chelate ring to be near-
1y perpendicular (70°), this is most likely due to steric hinderance be-
tween the phenyl and the two methyls. The odd angle supports this reason
inasmuch as there should be no electronic preference for this position.
In any event, the other physical evidence available for the 3-phenyl-acetyl-
acetone complexes support this structure in solution also. Finally, most
infrared and polarographic data5 support a coplanar arrangement (both solu-
tion and solid state) for the copper chelates of 1,3-aromatic-substituted
g8-diketones and a non-coplanar structure for those substituted in the Y
position.

There are, however, very convincing arguments to contradict this

theory. Burdett and Roger537

have presented fairly convincing arguments
that the stabilization of the enol forms of a phenyl-substituted (1 and 3
positions only) B-diketone is due to inductive electron withdrawal rather
than electron delocalization. Sardella, et al. ,38 have presented the re-
sults of a very careful study of the proton mmr's of a series of para-sub-
stituted benzoylacetones. Their results indicate a fairly significant con-
tribution to enol-stabilization from the trans-enol conformer, based on an

analysis of the long-range couplings and the hydroxyl and substituent chem-

jcal shifts. Their findings, that the more electron-releasing groups on
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the phenyl ring tend to stabilize the adjacent carbonyl group, leads to
the conclusion that the enoi stabilization of the phenyl ring is due to
inductive effects of the phenyl ring. This would mean that the phenyl
ring would probably not be coplanar with the enolic ring.

Supporting the inductive-effect theory are studies of the substitu-
ent effect on the acid dissociation constant, the infrared bands of
v(C==0) and V(C-H), and the UV band frequencies.z'9 Although a linear re-
lationship with Taft substituent J* constants was found, resulting in
the conclusion that the inductive effect was most important, failure to
take into account the combination nature of the v(C==0) and v(C-H) infrared
bands and failure to deconvolute the electronic bands to obtain accurate
band positions make these results uncertain. (The temm ""deconvolution' as
used here and as generally applied to electronic spectra, refers to the
process of determining the exact positions, intensities, and widths of all
the overlapping bands which contribute to the observed spectrum. The ob-
served spectrum, at a given point, is the sum of the contributions from
each band in the overlapping envelope. The process of deconvolution is
simple and can be done without the use of conputers if only two bands are
involved. If several bands overlap, computer methods are essential. The
details of the approach used in this work are discussed in Appendix II.)

However, Noskova and Zolot:ov40

did a normal-coordinate analysis on
some metal chelates of the 1,3-substituted g-diketones and, based on the
C-H stretching bands, concluded that there was no m-electron delocaliza-
tion, in the metal chelates, onto the metal ion. This, of course, serious-

ly inhibits the resonance interpretation. The metal complexes would be ex-

pected to be more likely to exhibit m-electron delocalization onto the sub-
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stituents than the parent B-diketones because of the greater availability
of orbitals on the metal capable of T bonding than on the proton.

Finally, Noskova and Kazamova41

performed a molecular orbital calcu-
lation (using the L. C. A. O. method) for a \}ariety of tris(B-diketone)
complexes and bis(B-diketonato)zirc{II} complexes. Their results are in
fair agreement with the experimental data. They found that the 1,3-sub-
stituents had little effect on the T bonding order of the chelates, but
did affect the charge distribution. Their comparison was, however, based
on published electronic spectra which were not deconvoluted, and used the
L. C. A, 0. method for calculating the molecular orbitals, which may be
too simple an approach for these complexes.

One approach to solving this problem is to examine nmr data of the

thio-substituted B-diketonates. The diamagnetism of the nickel(II) che-
lates makes them uniquely suited to this problem. In addition, having the
chelate ring frozen in a planar position prevents the problems resulting
from the presence of multiple species érising from keto-enol tautomeriza-
tion, and should make the nmr spectra of the phenyl substituents easier
to decipher.

One problem that must be considered in studying the nmr spectra of
either metal B-diketonates or dithio-B-diketonates is the possibility of
hydrogen-bonding of the deuterochloroform to the complex and the effect
this might have on the nmr resonances and on the electronic spectra. De-
convolution of the electronic spectra, analysis of the ~infrared spectra
in various solvents to determine the mode of interaction (if any) of

chloroform with these compounds, and studies of the nmr spectra in sol-

vents other than deuterochloroform should be considered a necessary part
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of this work in view of the very substancial evidence in the litera-
ture42’43 for such solvent interactions for the B-diketonates.

One final problem involved in the study reported here ic the mechanism
involved in the synthesis of the dithio-B-diketonates. Mechanistic studies
of the formation of these complexes would be}very difficult to do in any
quantitative way without very elaborate equipment and a large investment of
time. The principal difficulty is the highly toxic nature of the hydrogen
sulfide necessary for all present methods of synthesis. The necessity
of using gases for reactants makes the situation even more complex.

Based entirely on experimental conditions needed, however, a fair
idea of the mechanism involved can probably be obtained. It was expected,
therefore, that this work would shed some light on the reaction path involv-
ed. The present published theories consist entirely of an acid-catalyzed
substitution scheme, the most complete of which was suggested by Barraclough
gg_gl.ls The basic features of their proposed reaction scheme is shown in
Figure 3. The scheme lacks detail because no quantitative attempts were
made to establish this scheme. It is mostly well-founded speculation, and,
as pointed out in their paper, the actual mechanism may be different for
different metal ions, and, presumably, also may be different for parent
B-diketones other than acetylacetone.

The reaction as shown in Figure 3 has been generalized to include
other metal ions than nickel(II), because the inability to isolate incom-
pletely-substituted complexes in the case of cobalt(II) is probably not

sufficient reason to exclude it.
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In summary, the intent of this study includes several areas of

investigation:

1. The synthesis of new complexes, particularly 1,3-substituted fomms.
If possible, the qualitative determination of the mechanism of for-
mation.

2. A qualitative study of stabilities and bond strengths.

3. An analysis of the electronic characteristics of the chelate ring,
including the extent of aromaticity.

4. The effect of substituents on stability and strength of the metal-
sulfur bond.

5. A determination of the extent, if any, of intramolecular association
of these compounds in solution.

6. An evaluation, if necessary, of the extent to which chloroform forms
hydrogen bonds with, or otherwise forms adducts with, these compounds
in solution.

7. The determination of the relative orientation in solution of the

chelate ring and aromatic substituents.

Various physical methods are used in this study, inciuding infrared,
UV-visible, and nmr spectroscopy, and mass spectrometry. Most of the work
reported in this paper involves the square-planar complexes of nickel(II)

and cobalt(II) with dithio-g-diketones.
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EXPERIMENTAL

I. Preparation and Sources of B-Diketones

In the syntheses of the 1,3-dithionates, it is necessary to prepare
or purchase the parent B-diketones. Those that were prepared were prepared
by a Claisen-type condensation using sodium amide as the basic condensing
agent. This method has been adequately described elsewhere.s"m’d'5 A
slight modification to the general procedure was the use of aqueous hydro-
gen chloride rather than acetic acid to acidify the initial water layer
from the reaction mixture. This change eliminated problems of contamina-
tion of liquid products with acetic acid. The products were purified by
vacuum distillation. The 1,3-diketones prepared in this way were 1-(p-
metﬁylphenyl)-1,3-butanedione, 5-methyl-2,4-hexanedione, 3,5-heptanedione,
and 2,2,6,6-tetramethyl-3,5-heptanedione. Prepared by others46 in this
laboratory by different methods were 3-methyl-1,3-diphenyl-1,3-propanedione
and 3,4-diacetyl-2,5-hexanedione.

Several B-diketones were obtained from commercial sources. The Z,4-
hexanedione, 2,6-dimethyl-3,5-hexanedione, 1-phenyl-1,3-butanedione, 1,3-
diphenyl-1,3-propanedione and some of the 3,5-heptanedions and 2,2,6,6-
tetramethyl-3,5-heptanedione were obtained from Eastman Organic Chemicals.
The 1,1,1,5,5,5-hexafluoro-2,4-pentanedicne and the 1,1,1-trifluoro-2,4-
pentanedione were obtained from Columbia Organic Chemicals, and the 2,4-

pentanedione was from Fisher Scientific Company.

17
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All the g-diketones used in this study were characterized by their
mmr and infrared spectra, as well as melting points or boiling points,
before use. In addition, the copper(II) chelates of most were prepared,
and melting points and infrared spectra determined to confirm their

identities.

II. Preparation of the thio-substituted g-Diketone Complexes

A. General Considerations -- There are several points in common to

all the synthetic methods used in this study. With the exception of some
of the bis (monothioacetylacetonato)nickel(II), all the thio-substituted
complexes were prepared in situ by methods similar to those of Barraclough,
et al 18

For reasons discussed later, solvents and starting materials were
carefully dried before use. Methanol was reagent grade, from previously
unopened pint bottles and was used without further purification. Ethanol
was standard U.S.P. "100%" and was dried before use by distilling through
a three-foot colum of activated Linde 4 A molecular sieves and stored in
dry pint bottles before use.

Hydrogen sulfide and hydrogen chloride were Matheson reagent grade
and were dried by passing them through a two-foot by one inch gas-drying
tube filled with Drierite during use. Because of the foul and very toxic
nature of hydrogen sulfide and the excess amounts sometimes necessary in
these preparations, the excess hydrogen sulfide was trapped as lead sul-

fide by passing the gases leaving the reaction flask through a saturated

aqueous solution of lead acetate. A Drierite-filled drying tube was used
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