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Section 1

Investigations Concerning the Reaction of
Small Molecules With a Series of Pentacoordinate

Manganese(II) Complexes



Introduction

Since the pioneering work on metal complexes by the founder of
coordination chemistry, Alfred Werner, in the early 1900's the under-
standing and application of the chemistry of metal complexes has grown
at an accelerated rate.l The employment of the principles set forth by
Werner has led to many diverse areas within the area termed today as
coordination chemistry. This area of chemistry is recognized today
as the most active research field in the broad frame of inorganic
chemistry.

A coordination chemist's work normally concerns the study of the
reactions of a transition metal ion within a coordination complex. Thé
reactions of these coordinated metal ions have found an enormous appli-
cation in the industrial community. One example is the development of
low pressure polymerization of polyethylene using a hydrocarbon solutlon
of Ticlu in the presence of triethylaluminum.2 In addition the impor-
tance of transition metal ions also is realized when the chemistry of
blological systems is examined. One is forced to conclude that
coordinated transition metal ions support life on the molecular 1evel.3
Two examples that illustrate this point are the manganese involvment in
photosynthesis in green plants and the iron involvement in carrying
dioxygen to red blood cells from the lungs in mammals. Both manganese
and iron exist as coordinated lons when these functions are performed.

All transition metal ions contain partially filled orbitals and
in all cases a variety of neutral molecules or lons become attached to

the metal ion. It might be said at this point that the understanding



of the interaction between these molecules or ions and the metal
orbitals leads to an understanding of transition metal reactivity in
blological systems.

These molecules or ions are termed ligands and are said to be
coordinated to the central ion. In some cases a ligand can attach
itself to the same metal ion through more than one of its atoms, 1if
this occurs then the group is termed a chelate or multidentate 1igand.u
Biomolecules contain for the most part multidentate ligands. Many of
the model multidentate ligands are imine compounds known as Schiff
bases discovered by Hugo Schiff in 1901.5 These organic compounds are
capable of coordinating to a metal ion in a manner similar to that
in vivo multidentate systems.

At present a complete understanding of the interaction of a metal
ion with small molecules, e.g., dioxygen, carbon monoxide, nitrogen and
nitric oxide in biological systems is fragmentary. In recent years,
however, research employing model complexes has helped to fill the
void. The use of model complexes minimizes the masking capacity of
macromolecules which tend to occlude the subtleties of metal-small
molecule interactlons,

The intent of this research was to first synthesize and charac-
terize a series of manganese(II) and manganese(III) complexes derived
from a linear pentadentate Schiff base ligand. After this the lintent
was to examine the reactivity of these coﬁplexes with small molecules
such as 02, CO and NO, In an attempt to obtain a wide spectrum of

reactivity and determine which factors were necessary for coordinatlon



of the small molecules numerous complexes were prepared only two of
which had been previously reported,
It is hoped that the results of this study will lend some under-

standing to the complex world of metal-small molecule interaction.



Historical

Pentadentate Ligands

Although not specifically realized as such many polydentate
chelates perform vital roles in the qualitative and quantitative
aspects of analytical chemistry.6 In addition multidentate chelates
assist in medical treatment for such problems as mercury and lead
poisoning.

Of the higher polydentate ligands, those containing five donor
atoms are the least investigated, This is probably due to the fact
that there are few chelates which possess five donor atoms in such a
stereochemical arrangement as would lend themselves for coordination
to a single metal atom. The known five coordinate complexes have been
found to adopt either distorted square pyramidal or trigonal bipyra-
midal configurations (Figure 1). The pentadentate ligands usually
used to obtain these structures are of the types shown in Figure 2,
(a) linear open chains’ and (b) "basket like" macrocyclic 11gands.8
The most common is type (a) and the following discussion will cover the
literature as it relates to the linear open chain ligands derived from
Schiff base condensatlons.

A wide variety of donor atoms have been employed in the synthesis
of pentacoordinate complexes. While the number of pentacoordinate
complexes continues to grow, the utilization of the five donor sites
of a pentadentate ligand to achieve the desired structure has not been
extensively applied.7

As mentioned before, Schiff bases have found tremendous by wide

application in transition metal complex syntheses, A Schiff base may



Figure 1. Possible geometries of 5-coordinate complexes.



(a)

(b)

Figure 2. Structural types of pentadentate ligands.



be considered to be the condensation product of a primary amine and
an aldehyde or ketone.

R'
i l
R-C-R' + NHZ-R" —3 R-C=NR"

This reaction provides a convenient method of linking various
compounds to form multidentate ligands. A popular pentadentate ligand
that has been employed in recent years has been that derived from the
reaction of salicylaldehyde (SAL) and bis(3-aminopropyl)amine (pPT)
commonly termed SALDFT,

mnploying SALDPT and SALMeDPT (Figure 3) Sacconi and Bertini’
reported the synthesis of the Mn(II), Co(II), Ni(II), Cu(II), and
Zn(II) complexes with these ligands. All of the complexes were shown
to be of high spin electron configuration with five coordinate struc-
tures intermediate between square pyramidal and trigonal bipyramidal.
The structure for Ni(SALMeDPT) has been determined using X-ray techni-

ques and the Ni atom was shown to be in a distorted trigonal bipyramidal

configuration.9

The manganese complexes of these ligands were not extensively
investigated. The general comment made concerning them was that they
were extremely sensitive to air and consequently could not be charact-
erized to the fullest extent.7

In succeeding years Sacconi also reported on the synthesis and
characterization of the Co(II) and Ni(II) complexes of TIBDFT and
TIBMeDPT (Figure 3c and 3d).lo The complexes were stated to be five

coordinate and paramagnetic.



N-(CH —X-(CHZ) 3-N=

2)3

3a) SALDPT, X = NH, Y = OH
3b) SALMeDPT, X = NCH,, Y = OH
3c¢) TIBDPT, X = NH, Y = SH
3d) TIBMeDFT, X = NCH, Y = SH
3e) SALDAPE, X = 0, Y = OH
3f) SALDAPS, X =S, Y = OH

3g) SALDAPP, X = P, Y = OH

F,C
3 0 3
\ 4
H H f H
p s
/ A
~(CHp) 37=(CHy) 5y
CHy H 3
3h) TFACDPT
OH HO
N-(CHZ)Z-X—(CHZ)Z—Nsc

31) SALDIEN, X = NH

33j) SALDAES, X = S

Flgure 3. Potential pentadentate llgands.
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Another type of potential pentadentate ligand was prepared by the
condensation of a fluorinated B-diketone and bis(3—am1nopropylamine)11
(Figure 3h). Complexes of Cu(II) and Ni(II) were synthesized, Data
supported a square pyramidal structure for Cu(II) whereas the high
spin Ni(II) structure was similar to that of the SALDPT series, trigonal
bipyramidal.

Complexes of yet another set of potential pentadentate ligands
have been reported in the literature.’?™!> These polydentate ligands
Wwere prepared from the reaction of substituted salicylaldehydes and
bis(z-amhoetwl)amine (SALDIEN) or bis(2-aminoethyl)thioether
(SALDAES) (Figure 31 and 3j). The cobalt complexes of these ligands
were found to be of high spin tetrahedral without coordination from
the secondary nitrogen or sulfur. Dloxygen was found to react with
Co(SALDIEN) btut not Co(SALDAES). The nickel complexes ylelded ambiguous
data which is still unsettled. Ni(SALDIEN) was four coordinate and
square planar whereas Ni(SALDAES) was stated to be five coordinate.

A recent X-ray determination of the structure of Cu(SALDIEN) has shown
it to be a dimer.16 The complex contained two Cu(II) ions in which
each copper was five coordinate (distorted trigonal blpyramidal) using
three donors from one ligand and two from the other, The salicylal-
diminato moieties from the different ligands are bidentate to each
copper and the fifth ligand is the secondary nitrogen.

Pentadentate ligands have been synthesized through the reaction
of pyridine-2-aldehyde (PY) and bis(3-aminopropyl)amine (DPI‘).17 In

the N1(II) case the Ni was found to be octahedral in nature with one of
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the two anions occupying one position and the other five being occupled
by the pentadentate ligand. The Ni(II) was of high spin.

In the Co(II) case the complexes were stated to be octahedral
when the anion was strong field in nature (N03~, SCN~) and five coor-
dinate in the weak field cases (I, PF6-). The anomalous magnetic
properties were interpreted in terms of a spin state equilibrium. In
a study of a very similar ligand system derived from the condensation
of 2-acetylpyridine with bis(3-aminopropyl)amine, Mn(II), Co(II), Ni(II),
cu(II), Zn(II), and C4(II) complexes were prepared. The complexes were
octahedral in nature, The Co(II) complexes were of low spin whereas
the Ni(II) complexes were of high spin electron configu:rat:lon.18

The Co(II) complexes of SALDFT, SALDAPE, SALDAPS, SALDAPP have
been studted. 8720 Tetrahedral high-spin complexes were produced in
the SALDAPE and SALDAPS cases with electron donating substituents on the
SAL moiety. Whereas high-spin, five coordinate complexes were produced
in the SALDAPE and SALDAPS cases when electron withdrawing groups were
on the SAL moiety. The SALDPT and SALDAPP complexes were shown to be
five coordinate complexes and of high spin electron conflguration.

The N1(II), Cu(II) and 2n(II) complexes of the pentadentate
ligands derived from the condensation of bds(B—aminopropyl)amine with
2-hydroxy-5-methylbenzophenone (mbp) and 5-chloro-2-hydroxybenzophenone
(cbp) have been investigated by magnetic, spectroscopic, and X-ray
crystallographic techniques and shown to be five-coordinate monomers.21
The metal environments were distorted trigonal bipyramidal, and the
conformation of the ligand was identical to that in the NiSALMeDPT

structure. The Ni(II) complex was shown to be of high spin electron
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configuration. The mbp molety is 1ike the SAL moiety except that the
proton of the aldehydic function has been replaced by a phenyl group.

A Ni(II) complex containing a potential pentadentate ligand deri-
ved from the Schiff base condensation of pyrrole-2-aldehyde and bis-
(3-am1nopropyl)amine has been reported.22 Physical measurements on the
Ni complex in the solid state suggested that the diamagnetic complex
was square planar and that the potential pentadentate 1ligand acted as

a tetradentate with a dangling pyrrole group.

Dioxygen and Nitric Oxide Complexes of Transition Metal Ions

Summary of Dioxygen-Metal Complexes

The utilization of dioxygen in blological systems 1s obviously of
the utmost importance. A feature shared by almost all blologlcal
dioxygen reactions, including transportation of dloxygen to the active
site, is the involvement of metal lons in the complexation and activa-
tion of dioxygen.z3 Some examples are cytochromes, superoxide dismutase,
hemoglobin, and myoglobin. The metals involved usually are iron, copper,
or manganese. Manganese has been implicated as a possible oxygen evo-

24

lution agent in photosynthesis.2"’?> Calvin®' postulated that a linkage

of MnTTT-0-0-MnTTT atoms could be possible prior to the final oxygen
evolution step.

The literature dealing with dioxygen complexes is vast and has
26-30

been reviewed several times, The reader i1s referred to these

reviews to gain a fundamental understanding of the interactions be-

tween transition metal complexes and dioxygen. These reviews for the
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most part center on the dioxygen complexes of Co, and Ir, but not Mn,
In later discussions in this work the topic will center on the dioxygen
conmplexes of Mn.

At this time it might be well to acquaint the reader with some
terminology normally employed when discussions center around diloxygen
complexes, The coordination of dioxygen is usually thought of in terms
of an oxidative addition, and essentially all known dioxygen complexes
can be divided into two types, superoxo and peroxo (Figure 4) with the
valance of the dioxygen being -1 and -2, respectively. These two ma jor
types can be further divided into smaller classes depending on the

monomeric or dimeric nature of the species.

Oxygzenation of Manganese Complexes

The literature concerning manganese dioxygen complexes or the
products of the interaction of manganese with dioxygen contalns rela-

tively few examples,

31

The first detailed study was published in 1933 by Pfelffer”™™ 1in

which he described the preparation of a complex formulated as
Mn(SALEN)OH. The complex was prepared by oxidation of Mn TSALEN in air
(Figure 5). This compound was reexamined and found to contain a high
spin manganese(III) ion with %/‘Léff = 4,9 B.M, %

Concurrently an independent set of investigations was being
conducted on the air oxidation of the same MnSALEN complex in a variety
of organic solvents.33 Very dark brown materials were isolated from
the reactions and both composition and magnetic properties of the dark

materials were shown to be dependent upon the solvent employed. With



L

Superoxo /"- Superoxo
peroxo A/AL-peroxo

Figure 4. Types of metal dioxygen complexes.
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benzene repeated preparations under the same conditions yielded
compounds with different magnetic moments, i.e., 2.8 to 3.2 B.M. It
was found that with pyridine the magnetic susceptabilities decreased
with a decrease in temperature and this was interpreted as being due
to an antiferromagnetic phenomenon. With these results the workers
postulated a dimer of the formulation, (MnSALEN)zo. in contrast to the
previously reported Mn(SALEN)OH.

Within the past few years additional work has been done on MnSALEN
with respect to its reaction with dloxygen.>*'>” A varlety of proposals

was made for the products obtained, among them being MnIII-O-O-MnIII,

IV

(MnIv'—O)n and Mn~'=0. As yet no x-ray data have appeared in the

1iterature to resolve this controversy over Mn(SALEN). More recently

the reaction of dioxygen with Mn(SALEN) in DMSO has been studied.36

Based on ESR evidence, magnetic data, and oxygen uptake measurements

the geometry of the complex was described as polymeric with
(M:W“)n repeating units.

As the reader may infer at this point there ls some controversy as
to exactly what is occurring in the case of MnSALEN and its reaction
with dioxygen. The results are almost as uncertain in the case of
MnSALTM (Figure 5).

In 1967 it was reported that Mn(SABTM)-HZO reacts in a reversibly

with 02, N, and CO resulting in 1:1 gas adducts.37 Infrared measurements

2
and gas uptake experiments served as a basis for the conclusions reached

by the authors. Several years later Miller and Oliver reexamined the

interaction of MnSALTM*H, 0O with dioxygen in much greater detail.38 They

2
found that benzene solutions of MnSALTM when exposed to air yielded
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MnSALEN
MnSALTM
MnSALBTDA
MnSALPTDA
MnSALHXDA
MnSALHTDA

~NOOPWN D

Figure 5. nnnsu.m type complexes.
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complexes of the type Mn(SALTM)(O)(C()Hé)O. 5 and Mn(SALTM)(OZ)(HZO).

In addition, when experiments were conducted in pyridine, complexes of
the type Mn(SALTM)(0)(PY) were formulated. When x-ray analysis was
performed on the pyridine adduct, the complex was found to be dimeric
containing octahedral manganese atoms (Figure 6).39 The pyridine
molecules were solvents of crystallization and not coordinated to the
Mn ion.

Even though the x-ray data established the geometry of the complex,
the interpretation with regard to the oxidation state of the manganese
is still open to question. It is possible to interpret the data in
one of two ways, 1) twWo manganese(III) centers tridged by the hydroxy
groups or 2) two manganese(IV) centers tridges by two oxide ions since
X-ray scans do not establish proton positions.

Pyridine solutions of Mn(II) phthalocyanine were exposed to

40,41 They obtained purple crystals

dioxygen by Elvidge and Lever.
from the reaction and formulated the complex as containing a manganese
(IV)-oxide bond. Subsequent to this result in x-ray structural investi-
gation showed the complex to be an oxide bridging two Mn(III) cen’cers.l"’2
Other nitrogenous bases besides pyridine were shown to be effective as
well,

Recently Ebbs and Ta.ylo:x:-43

reported on a series of four coordinate
manganese(II) complexes and their reactions with dioxygen. The com-
plexes were of the form shown in Figure 5, where n-2,3,4,5,6,7. The
data supported the conclusion that the immediate ligand environment as
well as the overall complex geometry was important in the oxygenation of

the manganese, The rates of dloxygen uptake were a function of n.
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Figure 6, X-Ray structure of [MnSALTlﬂ 0.
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Within the past year publications have appeared in the literature
describing the reaction of manganese complexes with dioxygen. Sawyer
and Bodiniuu described a manganese(II) gluconate complex which in
basic media represented a system that underwent oxidation-reduction
chemistry much like that observed for the manganese complex in the
photosynthetic scheme of Calvin., No materials were isolated in this
study.

Basolous and coworkers examined the reaction between Mn(II) TPP
(TPP = tetraphenylporphyrin) and dioxygen. Their conclusions were
that the reaction led to a Mn(IV)(OZ)Z- species and that the reaction
was reversible at low temperature (79°K). No complexes were isolated,
however,

The main desire and thurst of research in manganese dioXygen
reactions is the achievement of nonstringent reversible reactlon
conditions for the interaction of manganese(II) and dioxygen. Rever-
sibility has been clearly established in a number of cobalt complexes
as well as in several iron cmnpl:sgxes.l“‘6 These complexes were, however,
not without their problems, especially the iron complexes for which
the tendency was to react with dioxygen in the following irreversible
manner:

II

III Fe o pelll o pelll

Fen+02-——-> ret 0 Fe

2

Three approaches in the iron case have been met with moderate success:
1) low temperature, 2) rigid surface attachement and 3) steric hinder-

ance,























































































































































































































































































