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on the synthesis and the reactivity of simple and complex
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ABSTRACT

Potassium permanganate is one of the most
widely used chemicals in chemistry and chemical
industry, however, the available information about
the chemistry of other permanganate compounds
has not been reviewed. In this paper synthetic
methods and reactivity of simple and complex
permanganates other than the potassium salt are
critically reviewed. Generalized synthetic methods
are proposed for various types of high purity
permanganates. Properties and the reactivities of
these compounds are discussed.

KEYWORDS: permanganates, permanganic acid,
manganese heptaoxide, organic permanganates,
complexes
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1. INTRODUCTION

Permanganates are the salts of permanganic acid
(HMnOy,) containing the manganese in +7 oxidation
state (d°). The only commercially available
permanganate salt is the potassium permanganate,
however, numerous other salts such as inorganic
complexes or salts with organic cations have
been prepared [1-5]. Tetraalkylammonium- or
phosphonium type salts like the purple benzene
(BusNMnO,) are soluble in organic solvents and
can be used in homogeneous organic oxidation
reactions [6]. Heterogeneous organic oxidation
reactions of transition metal permanganates
such as zinc permanganate, hydrated copper
permanganate or pyridine and bipyridine
complexes of silver and copper have been
studied intensively [7-26]. Permanganates of
ion-exchange resins [27-36], MnOy-intercalated
sodalite [37] or permanganate bound in a
two-dimensional infinite lattice such as
[Cu(OH)3MnO,] [38] are also known.

Properties of permanganates strongly depend on
the nature of the cation. All of the permanganate
compounds are purple solids which have general
oxidation ability. Their oxidation potential
strongly depends on the counter-ion as well as
the form of state and the reaction conditions
such as temperature, solvent, or in case of
aqueous solutions, the pH. The permanganates
are sensitive to light and heat. Their thermal
decomposition generally leads to MnO, or MnzO,.
This provides a special feature of permanganate
chemistry, namely the autocatalysis of the primary
decomposition products on the parent process.
There are some other interesting features of
permanganate chemistry, e.g. the presence or
absence of auto-oxidation processes between the
cation and the anion. For example, existence of
Ag"Mnv'0, and Ag'Mn""'0, [39-40] compound
pair, the Guyard reaction when a Mn(ll)
compounds reacts with a permanganate ion with
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the formation of MnO, and O, instead of
Mn(MnQO,), formation [41-42]. At the same time,
the analogous Mn(ReQ,), is a stable and well-
characterized compound [43]. Depending on the
conditions, some compounds which are stable at
room temperature can be decomposed by self-
oxidation, e.g. the ignition of [tetraammine-
copper(Il)] permanganate [44] or the auto-
oxidation  phenomenon of  cetyltrimethyl-
ammonium permanganate [45].

2. A general overview of the general synthetic
methods of permanganate chemistry

The first permanganate compound was prepared
by J. R. Glauber, an alchemist, in 1659 when a
mixture of potash (K,CO3) and pyrolusite (MnO,)
was heated and the formed mass was leached with
water [46]. Solid potassium permanganate was
prepared by Chevillot and Edwards [47-48] from
a mixture called “mineral chameleon” by Scheele
[49-52] and formed during heating MnO,, KOH
and KNOs. Starting from potassium permanganate,
in a direct exchange reaction or via intermediates
such as permanganic acid, silver-, aluminium- or
barium permanganate, manganese heptaoxide or
barium manganate numerous simple and complex
permanganate salts can be prepared [1-2].

Since  permanganates  contain  heptavalent
manganese, there are two basic methods for their
preparations. One of them is the oxidation of
metallic manganese or lower valence manganese
compounds with chemicals (PbO,, bismuthates,
persulphates etc.) or by an electrochemical route.
This is the most widely used preparation method
of potassium permanganate. Unfortunately, only
permanganic acid and alkaline or alkaline earth
permanganates can be directly prepared this way.
The other one is the transformation of a
heptavalent manganese compound, e.g permanganic
acid, manganese heptoxide or other permanganate
compounds into the required permanganate salt
[1-2]. These compounds are the precursors of
other derivatives; therefore our efforts have been
focused on these types of processes.

Several permanganate compounds can directly be
synthesized in a metathesis reaction of potassium
permanganate. Sometimes the KMnQ, has to be
previously transformed into another precursor,
e.g. to barium permanganate. Barium permanganate

is a thermally stable compound (Tg.= 170 °C)
[53] and it has excellent solubility in water
(75 g/100 g water at 18 °C) [54]. Its reaction with
metal sulfates gives insoluble barium sulphate,
therefore the barium permanganate is an ideal
starting material to produce many types of
permanganate compounds [55]:

Ba(MnO4)2 + MXSO4 = 2Mx/2MnO4 + BaSO4 (1)

In other words, the key step in the synthesis
of permanganate salts is synthesizing barium
permanganate from potassium permanganate.

2.1. Preparation and properties of manganese
heptaoxide and permanganic acid

Permanganic acid (as a strong acid) and its
anhydride the manganese heptaoxide directly
reacts with basic metal compounds. The acid
can be prepared by anodic dissolution of
silicomanganese in phosphoric acid solution [56],
or combining this method with the diaphragma
technique originally developed to prepare
potassium permanganate [57, 58]. Permanganic
acid is stable in pure state and in dilute solutions.
Presence of contaminants or increasing acid
concentration leads to its rapid decomposition
with the formation of oxygen and manganese
dioxide. It is not stable in solutions more
concentrated than 20%, but its dilute solutions
(<0.5%) is stable even on heating [59, 60]. Low
temperature vacuum evaporation — depending on
the conditions — leads to the formation of
solid HMnQO,4, HMnO,4.2H,0 or so-called pseudo-
permanganic acid, (H30),[Mn(MnO,)¢].11H,0
[61-63]. Permanganic acid is well soluble in
water, it is slightly soluble in fluorinated
hydrocarbons and does not dissolve in CHCI; or
CCl, [61]. Depending on the type of method and
the electrolyte solution used, pK values were
found to be between -4.5 and -2.25 in sulphuric
and perchloric acid medium, respectively [64-67].
A pure 0.1 M solution of permanganic acid was
prepared by the reaction of barium permanganate
with sulphuric acid, and the pH measurement
gave a pK value of -2.09 [68]. It indicates that the
permanganic acid almost completely dissociated
in this solution. Hence basic oxides, hydroxides,
carbonates, hydrogen carbonates and other non-
oxidisable salts of metals can be used to prepare
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permanganate salts [69, 70] by reacting them with
permanganic acid.

M(OH),, + nHMnO, = M(MnOQOy,), + nH,O ()

As an oxidising agent and strong acid,
permanganic acid can dissolve most of the metals.
However, this type of synthesis is not
recommended. Since most of the metals are
oxidised by the permanganic acid, the lower
valence manganese compounds formed as bye-
product, cause contamination. Further, the librated
hydrogen can also react with the permanganic
acid and the permanganate salt formed [71-72].

Reaction of potassium permanganate with
sulphuric acid seems to be the simplest way to
prepare permanganic acid, followed by its
extraction with tributyl phosphate or tert-butanol
[73-74]. The distribution of potassium permanganate
between the water and the organic phase depends
on the sulphuric acid concentration. The method,
however, does not have high preparative
value because of solubility of the potassium
permanganate in tributyl phosphate [75].

If the sulphuric acid concentration is increased
(depending on the KMnO4:H,SO4:H,O molar
ratio), a different kind of reactions can be
observed. Concentrated sulphuric acid (98%) gave
almost pure permanganyl sulphate solution:

KMnO, + 3H,S0, = KHSO, + O;MnOSO;H
+[Hs0]HSO,  (3)

The reaction was confirmed by conductivity,
cryoscopic and UV spectrophotometric studies
[67, 76-77]. The amount of water and the ratio of
the reactants are key parameters in the product
distribution. With 96% H,SO,, manganese
heptaoxide is the main product, but permanganyl
sulphate is also formed. The formed manganese
heptaoxide is not miscible with the sulphuric
acid and settles as a dark liquid (Mp = 5.9 °C,
d = 2.396 g/mL) [78]. Dimanganese heptaoxide is
thermodynamically unstable (Pgiss = 50 MPa at
25 °C) and its decomposition temperature is
low (Tge. = 55 °C) [79]. The reaction due to its
strongly exothermic nature has to be performed
under intensive cooling. Adding concentrated
sulphuric acid to solid KMnQO, results in the
formation of vapours, which can be condensed to
ice and permanganic acid [42, 43]. But this is a

very hazardous process. Zhang et al. developed a
non-hazardous method to prepare manganese
heptaoxide, in which concentrated sulphuric acid
and solid KMnQO, are reacted in the presence of
CCly. The Mn,O; formed is extracted immediately
into the organic phase. This organic phase is
stable for hours, non-explosive and can be treated
with Cd(OH), and rare-earth metal oxides to
obtain the appropriate permanganate salts [69,
70]. An improved Zhang’s method avoids
contamination due to permanganyl sulphate [80].
The organic phase containing Mn,O; and the
permanganyl sulphate is reacted with barium
carbonate wetted with a catalytic amount of water:

Mn207[CCI4] + H20(|) = ZHMnO4(aq) + CC|4 (4a)

2HMnO4(aq) + BaC03(s) = Ba(MnO4)2(S) + H20(|)
+ COg(g) (4b)

BaCO3(S) + Mn207(|) = Ba(MnO4)2(5) + COz(g) 4

Since only a catalytic amount of water is present,
the hydration heat of the manganese heptaoxide
(0.05 kJ/mol [81-84] (egn. 4a) is neutralized by
the endothermic reaction of the solid barium
carbonate and permanganic acid (1.90 kJ/mol)
(calculated by us [68] from the heat of formation
values obtained for liquid Mn,0O-, solid barium
permanganate and gaseous carbon dioxide [78,
85, 86]) (egn. 4b), thus local overheating is
avoided. Water liberated in (4b) continues the
reaction cycle. Permanganyl sulphate is a water
sensitive compound and easily hydrolyses:

OgMnOSO;gH + H20 = HMnO4 + HZSO4 (5)

The H,SO, formed is changed into insoluble
barium sulphate and does not contaminate
the product, barium permanganate. Barium
permanganate is extracted from the organic phase
with water. The yield of barium permanganate
was found to be 39% [80].

The method has been modified to directly prepare
some high-valent metal permanganates. Instead of
the concentrated sulphuric acid, sulphuric acid
monohydrate was reacted with solid potassium
permanganate in the presence of CCls. The
sulphuric acid monohydrate (86% aq. H,SO,)
reacts instantaneously with the permanganyl
sulphate:

OgMﬂOSOgH + H2$O4.H20 = HMnO4 + 2H2804 (6)
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When the permanganic acid formed reacts with
the appropriate metal oxides, hydroxides or
carbonates, catalytic amount of water is generated
and the appropriate permanganates are formed in
higher yield than in case of concentrated sulphuric
acid. In the case of barium permanganate under
analogous conditions the vyield was 58.7%.
Similar reaction with calcium carbonate is
exothermic. Since there is no heat absorption, the
yield of calcium permanganate is only 33.8%.
Using this procedure, aqueous solutions of Mg,
Pb, Ni, Zn, Cu, Al, Gd, Fe(lll), Y, Ce, Sm, Pr
and Cd permanganates have been prepared
[80] with moderate yields. It should be noted that
the powder X-ray diffractograms of the copper
and rare earth permanganates formed in this
reaction are different from the powder X-ray
diffractograms of the previously prepared
CU(MnO4)2.2Hzo [87] and RE(MnO4)3*nH20
[69] compounds. It indicates that other hydrates or
other modification of the compounds are formed.
The copper salt showed an altered powder X-ray
diffractogram after 2 hours in open air while its
solubility in water and the purple color remain
unaltered. The powder X-ray diffractogram of the
newly formed purple compound does not fit with
the powder X-ray diffractogram of the dihydrate
[87] either.

The retention of purple color and the water
solubility indicate that there has been no
permanganate decomposition but a hydration or
dehydration reaction has taken place. In case of
lead compound, a large amount of brown
precipitate was also formed, which is probably
lead dioxide or basic lead permanganate [88-90].
The solution contained lead and permanganate
ions in 1:2 ratio, which indicates the presence of
dissolved lead(ll) permanganate (not isolated;
yield is 18.7%).

Using pyridine as an alkaline compound to
prepare pyridinium permanganate was unsuccessful
[80] due to the sensitivity of the pyridinium ring
towards permanganic acid oxidation. This result
is unexpected because of the existence of
poly(vinylpyridinium permanganate), as a solid
phase oxidant [28].

2.2. Direct metathesis reactions of potassium
permanganate

Metathesis reaction of KMnQO, with MX, type
(X=leaving group such as halogenides, nitrate,

sulphate, perchlorate, etc.) compounds, means a
precipitation reaction or a polytherm fractional
crystallization from the K,M//X,MnO4-H,0
system. This method can be used directly when
the solubility of the formed M(MnQ,), compound
as low as in the case of silver permanganate [91]
or if a hardly soluble KX compound is formed
[92-94]. Since the potassium compounds are
generally well soluble in water, this method is
limited to the preparation of some complex salt,
organic permanganates and the three most
important precursors, viz. silver, barium and
aluminium permanganates.

AgMnO, + MCI = AgCl + MMnO, )
Ba(MnO4)2 + M’SOA, = BaSO4 + M1(Mn04)2 (8)
AI(MnO,)s + 3MOH = AI(OH); + 3MMnO,  (9)

Silver permanganate can be obtained in a direct
reaction of aqueous KMnO, and AgNOs solutions
at room temperature, when it is precipitated
immediately as a purple solid which can be
recrystallized from hot water. The main limiting
factor of further use of AgMnO, is its low
solubility in water (9 g/l at 25 °C) [91]. Barium
permanganate as a stable and soluble compound is
an important starting material, but its direct
preparation from KMnO, is not a simple task.
There are only two simple KX compounds the
solubility of which is low enough, these are
the KCIO, and K,SiFgs. The solubility of the
potassium perchlorate is 0.73 and 1.96 g/100 ml
water at 0 and 25 °C, respectively [95], therefore,
in theory by cooling of a warm saturated solution
of the KMnO, and Ba(ClQ,),, the KCIO, should
be precipitated.

Ba(CIO4)2+ ZKMnO4: Ba(MnO4)2+ 2KCIO4 (10)

In practice, however, instead of the KCIO,, a
purple coloured solid solution of KCIO,/KMnO,
is formed due to isomorphous structure of
the KMnO, and the KCIO,. According to the
studies of Muthmann and Kuntze, from the
K//IMnQ,,CIO, system it is not possible to
crystallize out either pure KMnQO,4 or KCIO,, only
the above mentioned solid solution is obtained
[96]. Thus, the preparation of pure Ba(MnQy), is
not possible this way. By using stoichiometric
amount of KMnQ,, the conversion is 80% [68].
The barium permanganate solutions formed
cannot be purified (from KMnQO,, KCIO, and
Ba(ClQ,),) by fractional crystallization.
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By the addition of H,SiFg to a KMnO, solution,
HMnO, is obtained which can be neutralized
immediately with barium hydroxide [92-93] or
barium carbonate [94].

2KMnO, + H,SiFg + Ba(OH)z = Ba(MnO4)2 (11)

Since the commercial H,SiFs is always
contaminated with chloride, a part of the formed
barium permanganate has to be reacted with
H,SO, to form BaSO, precipitate and free
HMnO,. By heating the solution the HMnO,
oxidises the chloride ions to chlorine. In this way,
the 90% of the chloride contamination can be
removed. This reaction is a formal reaction
of barium hexafluorosilicate with KMnO,.
Substituting the “barium hexafluorosilicate” with
zinc hexafluoro-silicate the zinc permanganate
can directly be prepared [97-98]:

Zn[S”:G] + 2KMnO, = K,SiFg + Zn(MnO4)2 (12)

The solubility of alkali metal alums in water is
strongly temperature-dependent, thus, by mixing
saturated solutions of aluminium sulphate and
potassium permanganate at 80 °C, then cooling
the mixture, aluminium permanganate solution
is formed and potassium alum separates out
[8, 99-101]:

GKMnO4 + 4A|2(SO4)3= 6KA|(SO4)2 + 2A|(Mn04)3
(13)

The aluminium permanganate, however, is
contaminated with potassium and sulphate ions
because of the residual solubility of the potassium
alum. The use of large excess of aluminium
sulphate decreases the solubility of the potassium
alum. Further, the aluminium permanganate
formed and the aluminium sulphate solution can
be treated with barium hydroxide at room
temperature [102-103]:

2AI(MnO,); + 3Ba(OH), = 2AI(OH); + 3Ba(MnOy),
(14)

Al,(SO,); + 3Ba(OH), = 2AI(OH); + 3BaSO; (15)

The only water soluble compound formed is
the barium permanganate. Since the KMnO, is
isomorphous with the BaSQ,, the large amount of
BaSQO, intercalates the small amount of KMnO,
present in the solution [104, 105]. The BaSO,
formed has a light purple color which could not be

removed with boiling with oxalic acid. This
indicates the complete intercalation of the KMnO,
into the insoluble barium sulphate. The method
results a highly pure Ba(MnQ,),, which can be
used for the preparation of other permanganate
salts in a state of high purity [102].

2.3. Preparation of barium permanganate via
manganate(V1) intermediates

Manganate(VI1) salts are stable only in strong
alkaline medium and H,MnO, disproportionates
immediately after its formation. Thus acidification
of alkaline solutions of manganate(VI1) compounds
can be an easy way to prepare permanganates
[106-110]:

3M,;Mn0O, + 6H,0 = 6MOH + 3H,MnO,  (16a)
3H,MnO, = MnO, + 2HMnO, + 2H,0 (16b)
3M;MnQ, + 4H,0 = 2MMnO, + 4MOH (16)

Metal permanganates and hydroxides (or salts
formed during their neutralization) are generally
soluble in water, therefore the method has
limited application. Using water-insoluble barium
manganate(V1) (L=2.46*10"° [106]) as a starting
material, however, the barium hydroxide formed
may be neutralized with acids which forms
insoluble barium salts, e.g. carbonate or sulphate.
These can be separated from the soluble barium
permanganate. By using sulphuric acid, depending
on the molar ratio, both barium permanganate and
permanganic acid can be prepared [55]:

3BaMnO, + 2H,S0, = 2BaS0O, + Ba(MnO4)2
+2H,0  (17)

3BaMnO, + 3H,S0, = 3BaSO, + 2HMnO,
+2H,0 (18)

Barium manganate can be prepared from
potassium permanganate with reducing agents,
such as cyanides [111], iodides [112], hydrazine
[113] or various organic compounds [114-115], in
the presence of barium ion which precipitates
the manganate(VI) intermediates formed during
the reduction reactions [116-117]. The barium
manganate(\VI) formed, however, is always
contaminated mainly with manganese dioxide,
therefore it is not easy to calculate the 2/3 amount
of sulphuric acid. Excess acid causes HMnO,
formation and decreases the yield of barium
permanganate [55].
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Using carbonic acid instead of sulphuric acid
seems to be a suitable solution. Permanganic acid
is a stronger acid than the carbonic acid [118]
and no reaction takes place between barium
permanganate formed and the excess CO,. The
reaction of barium manganate with CO, is known
[119-130], but it proceeds under very inconvenient
conditions (heating with supersaturated steam and
continuous CO, bubbling for 10-12 h) [130].

3BaMnO, + 2H,CO; = 2BaCO; + Ba(MnO,), (19)

Results of thermodynamical calculations indicates
that free energy changes of the reaction is slightly
positive (AG = +1.7 kJ/mol) [80], thus the
reaction should not proceed directly. In order to
find a reason for the contrary result, behaviour of
aqueous suspension of barium manganate (saturation
concentration is 0.017 mM), was studied in the
absence and the presence of CO, [80].

Under CO, free conditions the freshly prepared
suspension of BaMnQy, is colorless and the pH of
the solution is 8.8. After 10 min, however, the
solution becomes purple and the pH increases to
9.2. The pH increases to 9.3 within 24 h, then no
further changes can be observed. These results
are the consequence of consecutive hydrolysis
and disproportionation reactions of the barium
manganate and the manganic acid, respectively
[80]:

BaMnO, + 2H,0 = [Ba(OH)z + HgMnO4]
= Ba®" + 20H + [2H" + MnO,*] (20)

3H,MnQO,4 = 2HMnO,4 + MnO, + 2H,0 (21)

The disproportionation equilibrium is  pH-
dependent, therefore the accumulating hydroxide
ion and the permanganate ions formed are in
equilibrium with the constant manganate(V1)
concentration derived from the solubility of the
solid BaMnOy according to the following equation
[106].

K = [MnO, T [OH1"[MnO,*]? (22)

Based on the experimentally determined pH,
the permanganate concentrations, and the Lgamnos
values [106], only 0.76% of the starting barium
manganate decomposed [80] in the aqueous
suspension of solid barium manganate. Presuming
that the carbon dioxide decreases the pH by
reacting with the hydroxide ions formed, resulting

in the formation of hydrogen carbonates, the
presence of CO, shifts the equilibrium towards
permanganate formation. This experiment has
been repeated in the presence of carbon dioxide.
On the addition of barium hydroxide to the purple
solution a white precipitate of BaCO; is formed
[106]. This confirms the presence of the presumed
barium hydrogen carbonate.

3Ba(MnO4)2 + 4H,0 + 4CO, = ZBa(HC03)2
+ Ba(MnO4)2 + MnO, (23)

Thermodynamic  calculations  (taking into
consideration the barium hydrogen carbonate
formation (AH = 166.8 kJ/mol, AG = -16.8 kJ/mol)
suggest an endothermic reaction with negative
Gibbs energy. It means that heating is essential
to perform this reaction. The relative thermal
stability of the barium hydrogen carbonate
solution [131-134] explains the required high
temperature and long reaction time [130]. Taking
into consideration that barium hydrogen carbonate
is more stable and well soluble at higher CO,
pressures (s = 0.727 M (188.3 g/L) at a
CO, pressure of 22 atm [133]), a hydrothermal
synthetic procedure has been developed [80]. At a
BaMnO,4:H,0:CO, = 1:40:20 molar ratio, by using
solid reagents such as ice and dry ice, in a Teflon-
lined stainless steel autoclave at 75% filling ratio,
the reaction was performed at 100 °C for 1.5 h.
The yield of the barium permanganate was found
to be 93.8%. Due to a concurrent reaction
of disproportionation, namely the decomposition
of the H,MnO, to MnO, and O,, increasing
temperature leads to decreasing yield. Increasing
pressure acts against the decomposition reaction
and increase the solubility and stability of the
barium hydrogen carbonate. Depressurizing of the
hot solution leads to immediate decomposition of
the Ba(HCOs), into BaCO3, CO, and H,O. When
the pH is adjusted to 8 with Ba(OH),, the residual
amount of Ba(HCOz3), can be decomposed [80,
133]. One can conclude that this method is a
simple and fast way to prepare barium permanganate
via the KMnO,-BaMnO4-Ba(MnQ,), reaction route.

3. Structure, properties and reactivity of
permanganate compounds with inorganic and
complex cations

Structure, spectroscopic properties and thermal
decomposition  reactions of  permanganate
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compounds other than potassium salts are
reviewed in this section. Special attention is paid
to the compounds which have oxidisable cationic
part, e.g. ammonium salt, organic and complex
compounds.

3.1. Alkali metal permanganates

Most alkali metal permanganates exist in
anhydrous form. Only the lithium and sodium
salts have hydrated forms, namely trihydrates and
monohydrates. Alkali metal permanganates can
be prepared as purple solids by the reaction
of the appropriate metal sulfate and barium
permanganate. The thermal stability increases
from the lithium salt (100 °C) up to the cesium
salt (260 °C). Their decomposition process takes
place with oxygen evolution, and has an
autocatalytic character. The decomposition products
and mechanism strongly depend on the nature of
the cation [54]. Calculated crystal lattice energy
[135], the heat of formation [136] and the lattice
entropy [137] of the crystalline alkali metal
permanganates (including the ammonium salt) are
presented in Table 1.

With the increase of the atomic weight of the
cations some of the properties change mono-
tonically, e.g. the solubility in water, thermal
stability, etc. Besides the thermal annealing, the
other key factor in the recoil of **Mn in neutron
irradiated alkali permanganates is the compactness
of the crystalline lattice [138].

3.1.1. Lithium permanganate

Lithium permanganate trihydrate can be prepared
from AgMnQ, and LiCl in aqueous solution [139-
140], or from barium permanganate and lithium

sulfate [54, 141-143]. The isotope substituted
"LiMnO,*3D,0 was prepared in a similar way
from AgMnO, and 'LiCl in D,O [144]. Lithium
permanganate could also be prepared directly
(i) by anodic dissolution of ferromanganese in
lithium sulphate solutions (the highest current
yield was 26.8-32% at 1.5 V and at 15-25 A/dm?
current density and at 50 g/L lithium sulphate
concentration [145]), or (ii) from lithium per-
chlorate and potassium permanganate [146].
Lithium permanganate trihydrate crystals are
stable in air [91], soluble in water (71.43 g salt in
100 g of water at 16 °C [119-121]) with bluish-
violet color [144] and completely dissociates in
its dilute aqueous solution [147]. The LiMnO,
can be extracted at the alkaline pH range with
tributyl phosphate and tert-butanol. Increasing
lithium hydroxide concentration results increased
extractability, however, at very high pH the
formation of lithium manganate(V1) decreases the
extraction efficiency [73] (Figure 1).

Dark violet needles of lithium permanganate
trihydrate (d = 2.06 g/cm®) [146] are hexagonal
crystals (P6smc, a = 779.41 pm, ¢ = 542.7 pm,
Z =2, d = 2.1 g/cm®) which are isostructural with
LiClO4.3H,0 and contains Li(H,0)e-chains with
octahedral environment around the lithium. The
regular tetrahedrons of the permanganate ions
bound to the cation-chains via hydrogen bonds.
The Mn-O distances are 160.7 and 161.8, and the
Li-O distances are 209 and 218 pm [140]. The
trinydrate can be dehydrated thermally at 363 K
for 2 h to produce LiMnO4H,O [141], but
decomposes at 373 K with oxygen evolution in
an autocatalytic process [54]. The anhydrous salt
could be obtained as a violet powder by thermal

Table 1. Calculated crystal lattice energy (kJ/mol), the heat of formation
(kJ/mol) and the lattice entropy (J/mol.K) of the crystalline alkali metal

permanganates.

M U[135]  AH%«[135] AH»[136]  Szes[137]
Li 587.1 -692.2 -831,3 -

Na 555.5 -731.1 -821,4 160.1

Rb 520.0 -811.3 -832,6 183.1

Cs 522.5 -836.4 -840,6 190.6
NH, 522.5 -680.9 - -




Beliefs and facts in permanganate chemistry 33

@)

(b)

Figure 1. Crystal structure of lithium permanganate (a) and its trihydrate (b).
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dehydration at 60 °C above P,O4, in vacuum. The
crystal structure of the anhydrous salt has been
determined by neutron diffraction (orthorombic,
space group Cmcm, a = 551.402 pm, b = 839.754 pm,
c = 635.911 pm, Z = 4, CrVO,-type structure),
and it were found to have octahedral and tetrahedral
environments for lithium and manganese,
respectively. The Mn-O and Li-O distances are
between 160.5-164.0 and 211.5-214.0, respectively.
The Madelung part of the lattice energy is
8720 kcal/mol [144]. It is sensitive to moisture
and decomposes above 60 °C or even at room
temperature during long storage time (months).

IR characteristics of both the hydrated and the
anhydrous form have already been discussed
[148]. The permanganate ion site symmetry is Ca,
in the trihydrate salt. IR spectra of LiMnO,.3H,0
and its deuterated analogue (LiMnO,.3HDO)
confirm the presence of a medium strong
hydrogen bond interaction [149]. The symmetry
relationships of the water molecules in these
compounds have also been determined [150].
Based on the shifting and splitting of the vs(F»,)
bands of the lithium permanganate trihydrate and
its deuteroanaloge, the presence of relatively
strong hydrogen-bonds have also been proposed
[151].

Polarized absorption spectrum of LiMnO,.3H,0
in LiClO,.3H,0 matrix at 42 K and 77 K
has been discussed in detail [152]. There are
two-two different excitations, and the higher
energy absorption spectra are quite broad and
unstructured. The polarization data are vitiated by
light scattering effects, but the lower energy
absorption region at A>6000 A is structured and
appears to contain more than one electronic
absorption associable with T4 parent symmetry.
The only electronic excitation of the MnO,” ion is
T, - 'A,;, and the T, state exhibits a 548 cm™
splitting producing two states *A,(parallel) and
'E(perpendicular). The stark effect of the 'T, state
at 726 nm was detected in the lithium perchlorate
trihydrate matrix [153]. The modulated spectrum
indicates 2" order electrical field effects. The 0-0
band shifts to lower energy and increases in
integrated optical intensity.

The X-ray absorption K edge spectra of
LiMnO,.3H,0 and its aqueous solution have been
compared and stated that in the solution the

lithium ion has no significant effect on the fine
structure of the permanganate ion spectrum [154].
The AIK, XPS of the LiMnO, has also been
studied and the electron structure and assignations
of bands have been provided [155].

Increasing the concentration of **Mn in D,0O
solutions of LiMnQO, shifted the NMR signal
linearly to lower frequencies [156].

Lithium permanganate was irradiated with
thermal neutrons from “’Cf fission for the
>*Mn(n,y)>®Mn reaction, and the initial retention
(7%), the distribution of the active °°Mn-
containing species among the various valence
states and the activation energies of the annealing
process have been determined [138, 157]. The
process is pH dependent. Besides Li**MnO, and
*Mn?* some amount of MnO, is also formed
[139]. The amount of the MnO, is the smallest in
neutral solution [139-140].

Although the *®Mn distribution among the Mn™,
Mn®* and Mn** states are the same in the mono
and trihydrate (7:93:0), the activation energies
have been found to be 12.3 and 28.7 kJ/mol,
respectively. Annealing of the mono-hydrate
occurs only to a very small extent, while the
trinydrate salt anneals to a considerable extent and
the time required to reach its saturation is longer.
Lower recovery found in the monohydrate may be
the consequence of a less tightly packed crystal
structure which allows the recoil fragments to
move farther away from the parent site, so that the
recombination reactions become less probable
even on heat treatment. The role played by the
water of crystallization in aiding the recovery of
the lithium salt is unique. No such recovery over
the dehydration temperature range is noted in the
case of NaMnO,.3H,O and hydrated alkaline
earth or transition metal permanganates [159].

Irradiation of dilute solutions of LiMnO,.3H,0
sorbed on Al,O; resulted in **MnO, and **Mn**;
%MnO, could not be detected. The effect of
the pH, concentration and the type of adsorbent
(Al,03 or MnO,) have also been studied.
Around pH = 13 a complex is formed from the
permanganate and the hydroxide which does not
adsorb on MnO, and completely dissociates
with a first order kinetics with lowering the pH
below 7. This complex has no influence on the
distribution of the species when Al,O; was used
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as adsorbent [158]. By using MnO, adsorbent, the
*®Mn activity was distributed in 7:87:6 ratio
between permanganate, MnO, and Mn?* [159].

The thermal decomposition process has three
steps. Two endothermic peaks at 390 and 432 K
for the trihydrate refer to the loss of two water
molecules. The exothermic peak at 450 K shows a
phase transition during the removal of the third
water molecule. This step is immediately followed
by the decomposition at 570 K, the mass loss is in
accordance with the following equation:

2LiMnO, = Li,MnO4+ MnO,+ O, (24)

Heat treatment of LiMnO, in air leads to a
mixture of oxides which can be used as cathode
active material [160]. Subsequent acidic treatment
enables the heat treated lithium permanganate to
absorb lithium ions [161].

Lithium permanganate reacts with alkali
peroxides, e.g. the solid phase reaction of RbOg g
in an Ag-tube at 660 °C for 56 d leads to the dark
green compound of Rb,MnQ, [162]. Peroxides of
lighter alkalies give manganate(\VV) compounds,
namely K,O, and Na,O, reacts with the formation
of (KNa)K[MnQ,] (580 °C for 66 d) and pure
Na,O, (Na:Mn = 2.8:1) produces Nayo[Li;[MnOy4]4]
even within 30 h in an Ag bomb at the same
temperature [163-164]. The similar reaction of
pure K,0, gave Ki1[Li[MNnQO4]4] [165].

Solution phase reactions are similar to the
reactions of potassium permanganate, but the
lithium content of the reaction products can affect
the properties of the reaction products. For
example, lithium permanganate can be reduced in
aqueous solution with H,O, with the formation of
MnO, containing lithium and manganese(2+)
ions. This precipitate can absorb lithium
radionuclides [166]. Its reaction with lithium
hydroxide leads to lithium manganate, Li,MnQO,
[119-121]. Deoxidation of the alkaline solutions
of lithium permanganate has also been studied by
Maximoff, A. A. [142-143].

Lithium permanganate reacts with manganese(ll)
in sulfuric acid solution, especially with the
formation of the H'-form of hollandite type
manganese oxides under hydrothermal conditions
[167-168]. When the reaction is performed under
acidic but normal conditions, a-manganese dioxide
containing proton and manganese as principal

cations is formed. This means that the
a-manganese dioxide formed does not contain
cations which adversely affect the performance of
a cell. Potassium and ammonium ions and the
proton of the a-manganese dioxide can be ion-
exchanged for lithium, to prepare lithium doped
o-manganese dioxide [169-170].

Lithium permanganate is used as a source of
lithium for intercalated manganese oxides used in
thermal batteries [171] and cathode materials for
electrochemical generators [513]. Its reduction is
carried out with carboxylic acid containing
4 carbon atoms so as to obtain a manganese oxide
gel in which the degree of oxidation of the
manganese is 4. The manganese oxide gel
obtained is then dried and calcined in order to
obtain a compound with the formula of LiyMnO,
where y is a number between 0.5 and 1.

Oxidation of manganese (ll) compounds with
lithium permanganate in acidic aqueous solution
at a temperature of 60-150 °C can be performed to
produce manganese dioxide for the hydration
reaction of cyanohydrins [173].

Lithium permanganate can be used for the surface
treatment of various materials, e.g. aluminium and
aluminium alloys [174]. Immersing pre-treated
aluminium into lithium permanganate solution
results a manganese oxide coated corrosion
resistant surface [175]. A mixture of lithium
permanganate and aluminium nitrate forms an
especially resistant coating on aluminium or
aluminium alloys (pH 2.5 to 4.0). The protecting
of the aluminium and the aluminium alloys is
effective for more than 168 hours in salt fog
[175]. Not only metallic but non-metallic
materials can be surface treated, e.g. surface
modification of carbon powder results battery
electrodes with superb battery characteristics
[177]. Ceramics coating with high hardness and
high adhesion for alloy plating, plasma etching
treatment and dry coating [178] can also be
performed by using lithium permanganate, and it
increases the mechanical strength of porcelain
manufacture products [179].

Lithium permanganate can be applied as a reagent
to decrease the COD in water [180] and in the
preparation of rhodium manganese catalysts used
for the selective transformation of CO into acetic
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acid [181]. It can be used as an additive in tobacco
filters [182], in photosensitive electrostatic
photography [183] and to modify various kinds
of cationic polymers [184]. Its oxidant ability is
used in low-pressure drop filters to purify central
forced air systems in residential and commercial
constructions  containing different kind of
adsorbers [185]. Oxidation of harmful components
such as H,S or SO, in fluid streams proceeds with
an inert fiber matrix or porous substrates bound
lithium permanganate or sodium hydrogen
carbonate [186-187]. Mixing with a hygroscopic
salt ensures capturing water needed for the
oxidation of ethylene. The mixture of the
permanganate and the hygroscopic salt placed
onto the surface of an inert carrier [188] can be
used as an ethylene reactive agent in packaging,
for example to modify the atmosphere for fresh
fruits, vegetables and flowers [189]. Lithium
permanganate can be used as a fixation reagent to
analyze biogenic monoamines in histochemical
samples for electron microscopy. With 6 and 9%
LiMnOy,, small granular vesicles could be seen in
slices from the caudate nucleus after incubation
with a-methyldopamine [190].

3.1.2. Sodium permanganate

Deliquescent crystals of sodium permanganate
trihydrate was prepared first by Chevillot and
Edwards via the dissolution of sodium manganate
in water [47-48]. The sodium hydroxide formed
was separated by magnesium sulphate [108-110]:

3Na,MnO, + 2MgS0O, + 2H,0 = 2Mg(OH),
+ MnO, + 2Na,SO,4 + 2NaMnQ, (25)

The amount of the water in the salt has been
determined by Raoult, F. M. [191]. The density is
2.47 g/lem® [192]. Sodium permanganate can be
prepared when sodium chloride and silver
permanganate or sodium sulphate and barium
permanganate are reacted in aqueous solutions
[119-121, 146]. It decomposes at 155 °C with
oxygen evolution in an autocatalytic process [54].
Sodium permanganate monohydrate is strongly
hygroscopic. The dark purple crystals of the
anhydrous sodium permanganate and its mono-
hydrate are moderately soluble in water. In its
dilute aqueous solution completely dissociates,
but in the 1 M solution the dissociation degree is
only 0.60 [147]. Sodium permanganate can be

extracted from its alkaline aqueous solutions with
tributyl phosphate and tert-butanol. With increasing
NaOH concentration, however, the extractability
is increased only to a point which refers to the
formation of sodium manganate(VI) which is not
extractable. Therefore a further increase in the
pH decreases the amount of the extractable
permanganate [73]. Sodium permanganate is
freely soluble in liquid ammonia [193-197].

Sodium permanganate decomposes at 120-180 °C
with oxygen evolution expressed by the following
equation [198]:

2NaMnO, = Na,MnO4 + MnO, + O, (26)

Formation of Na,MnQ, and other lower valence
sodium manganese oxides are discussed and
compared with the thermal behaviour of NaMnOy
and Na,MnO, compounds [199]. The isotherm
decomposition process at 140 °C has 101 min
induction period [200]. Pre-irradiation with
y-rays reduces the length of the induction period
and increase the rate of the subsequent salt
breakdown. The irradiation increases the number
of active nuclei in the salt breakdown in direct
proportion with the dose [201].

Boiling the alkaline solution of the sodium
permanganate forms Na,MnO, and oxygen
[119-121, 142-143]. However, at 80-140 °C under
hydrothermal conditions, hollandite type or
tunnel-like manganese oxides are formed. Lower
or higher temperature leads to the formation of
nsutite (y-MnO,) (<30 °C) or pyrolusite (B-MnO,)
(>160 °C) [202-203]. Hollandite type of manganese
oxides are formed in the reaction of sodium
permanganate and manganese(ll) sulphate in
sulfuric acid solution under hydrothermal conditions
[101].

Na,MnO, type compounds, where y is a number
between 0.5 and 1 and which are applied for
manufacturing cathode materials for electrochemical
generators [513], can be prepared from NaMnO,
via reduction with carboxylic acid containing
4 carbon atoms to obtain a manganese oxide gel in
which the degree of oxidation of the manganese
is 4. The manganese oxide gel obtained is dried at
room temperature, then it is subjected to heating
between 300 °C and 1000 °C. By using an
inorganic salt of manganese(ll) as a reducing
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agent in acidic environment leads to a proton
containing o-manganese dioxide. The proton can
be exchanged to lithium to produce lithium doped
a-manganese dioxide containing no cation such as
potassium ion or ammonium ion having a bad
influence on cell performances [170].

Its reaction with oxalate is a 1% order reaction
where the Kinetic depends on the nature of the
cation [204].

Solid sodium permanganate monohydrate can be
used as an efficient and selective oxidant for the
oxidation of secondary alcohols into ketones, and
primary alcohols or aldehydes into carboxylic
acids. 1-tridecene as terminal alkene is oxidised
into lauric acid in refluxing hexane, n-butyl sulphide
and t-butylamine are transformed into n-butyl
sulfone and 2-methyl-2-nitropropane, respectively.
Water has an essential role, the dried compounds
gave very low vyields. Adding a few drops of
water restores the activity [205, 432].

NaMnO, reacts with S and O-containing
orthocyclophanes, e.g. decahidro-benzotrioxa-
dithiocikloheptadecin or dioxa-dithia-azabiciklo-
oktadekatrién when chloroform-benzene soluble
sodium permanganate derivatives are formed.
Formation of some of these derivatives is
selective in the case of sodium permanganate,
other metal permanganates, e.g. potassium, silver,
rubidium or cesium salts do not form such
complexes [206].

IR spectroscopic characteristics of anhydrous
sodium permanganate and its hydrates are
different [148]. Thermal neutron irradiation of
NaMnO, has been studied and the thermal
annealing kinetics were determined. The initial
retention (16%), the distribution of the active
species among the various valence states and the
activation energies of the annealing process have
been measured [157].

During irradiation of dilute solutions of
NaMnO,.3H,0 retained by Al,O3; sorbent, only
*Mn0O, and **Mn(ll) species are formed, no
%MnO, could be detected. There is an influence
of pH, concentration and temperature on the
distribution of the species when Al,O3 is used as
adsorbent. Around pH = 13 a complex is formed
from the permanganate and hydroxide ion. The
complex is not adsorbed on MnO, and completely

dissociates with a first order Kkinetics with

lowering the pH below 7 [158].

Sodium permanganate can be used as an oxidant
in the compositions used for corrosion inhibition
of metals towards acidic gases such as H,S, CO,
or COS [207]. A mixture of sodium permanganate
and copper hydroxide can also be brought into
contact with waste gas containing harmful
components to provide a detoxification method
[208]. It can remove NO from smoke and the
volatile components of tobacco [209]. A fiber
filter used for the removal of hydrogen sulfide and
sulfur dioxide in fluid streams comprises an inert
fiber matrix, water, sodium permanganate and
sodium hydrogen carbonate bound to the fiber
matrix [186]. Improved efficiency of the removal
of hydrogen sulfide is achieved by sodium
permanganate and sodium bicarbonate loaded
onto porous substrates [187].

Sodium permanganate functionalization of metal-
substituted (Ca, Ni, Zn) and pure hydrotalcites
forms layered permanganates which can absorb
ethylene [210]. Numerous other application fields
of sodium permanganate are known, e.g. for
surface treatment of aluminium, aluminium alloys
[174] and chromium metal [211], is used as a
combustion improver in civil liquid fuels [212]
and as an oxidant in the hydroxylation treatment
of acrylate esters to prepare glycerol monoesters
[213]. Sodium permanganate can also be used as
an additive to prevent adhesion of polymers to the
polymerization vessels during the polymerization
of various monomers containing an ethylenic
double bond [214], or in the fixation to analyze
biogenic monoamines in histochemical samples
for electron microscopy [190].

3.1.3. Rubidium permanganate

Rhombic bipyramidal crystals of rubidium
permanganate was first prepared in a classical
way by the interaction of aqueous solutions of
barium permanganate and rubidium sulphate [54,
130, 215]. The density of the crystals formed
was found to be 3.2348 g/cm® [130]. Since its
solubility in water is low (0.46 and 4.68 g/100 g
of water at 0 and 60 °C, respectively) [216], it can
be prepared from potassium permanganate and
various rubidium salts such as rubidium sulphate
[217], rubidium chloride [87, 218], or rubidium
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nitrate [146]. By using a temperature gradient of
60/25 and 60/0 °C, the crystals formed from
rubidium chloride [218] or rubidium nitrate [146]
decompose at 243-254 [219] and 295 °C [146],
respectively, with oxygen evolution [139,146].
The autocatalytic decomposition process, however,
could be observed even at 240 °C [54].

Rubidium permanganate can be extracted from its
aqueous RbOH solutions with tributyl phosphate
and tert-butanol. Increasing RbOH concentration
increases the extractability up to the rubidium
manganate formation which is not extractable (the
extraction curve has a maximum and any further
increase in the pH decreases the extractability
[73]). Rubidium permanganate is isomorphic with
the potassium salt, the average Mn-O distance is
1.63 A, the permanganate tetrahedron is slightly
distorted with C; site symmetry [148]. The
calculated lattice energy is 583.5 kJ/mol [85]
and the Madelung part of the lattice energy is
36299 kJ/mol [144]. Rubidium permanganate
contains some amount of MnOsOH" -ion as crystal
defect (detected by NMR), which has a role in
the decomposition temperature and in the
decomposition mechanism [219].

UV-VIS spectrum of the single crystalline
RbMnO, has been studied both at room
temperature and at liquid N, temperature. Most of
the bands measured in solid state are shifted to
blue, toward the band positions observed in
solution, because of the compression of the
permanganate ion in the solid crystalline lattice
[220].

Since the ion-exchange interactions between the
rubidium permanganate and the KBr matrix is not
extended as in the case of other permanganate
salts [87], the IR spectrum of the rubidium
permanganate only slightly depends on the
conditions of the measurement (nujol or KBr
matrix). The singlet v¢ Mn-O band and the triplets
of v, and o, bands have been observed in nujol
suspension [215]. Resonance Raman spectrum of
RbMnO, has been measured and the fundamental
and combination bands have been assigned. The
progression of v; could be observed up to v = 5,
and the value of the w; harmonic frequency
and the Xj;; anharmonicity constant have also
been determined. The v;+v; combination band has

also appeared [221]. The intensities of the
permanganate lines have been calculated by using
a quantum chemical method [222].

Thermal neutron irradiation of the rubidium
permanganate has been studied and the thermal
annealing kinetics have also been determined. The
initial retention (26%), the distribution of the
active species among the various valence states
and the activation energies of the annealing
processes have been determined [157]. The
thermal annealing affects the process, and the
other key factor is the compactness of the
crystalline lattice [138]. Recovery of the parent
form has been found to be 48% at 180 °C for 2 h
annealing [223]. The activation process is pH
dependent. Besides the Rb®*MnO, and **Mn?*
some amount of MnO, is also formed both in
neutral and alkaline solutions. This is due to the
oxidation of Mn?* by the permanganate. No
**MnO, has formed in acidic environment [139].

During irradiation of dilute solutions of RbMnO,
on AlLO; sorbent, only **MnO, and **Mn(I1)
species are formed, and no **MnO, could be
detected. The effect of the pH, concentration and
the type of adsorbent (Al,O;3 or MnO,) have
also been studied. Around pH = 13 the complex
formed from the permanganate and the hydroxide
is not adsorbed on the MnO, and completely
dissociates with a first order Kkinetics with
lowering the pH below 7. This complex has no
influence on the distribution of the species when
Al,O3 is used as an adsorbent [158].

Comparing the neutron and deuterium activation
(*°*Mn(n,y)**Mn and >°Mn(d,p)*°*Mn) processes,
the *°Mn activity was higher in the case of neutron
irradiated samples [224].

¥Rb and **Mn solid phase NMR studies in the
temperature range of 100-440 K showed the
presence of two crystallographically non-
equivalent Cs-position in the lattice in the ratio
of 1:1. The quadruple bond constants, chemical
shifts and the symmetric tensor parameters of the
gradient electric field have also been determined
[156]. The second order quadrupole interactions,
the asymmetry parameters and the local gradient
of the electric field at the nucleus of each position
have also been determined from the room
temperature >>Mn and ®Rb NMR spectra of
polycrystalline rubidium permanganate [225].
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The thermal decomposition of rubidium
permanganate starts at 230 °C with a 103 min
induction period without irradiation [200].
Keeping RbMnQO, at 230 °C for 20 min then
cooling to 50 °C (repeating the experiment twice),
the product consists of Rbs;Mn;0,¢ and Rb,MnQO,
detected by XRD [226-227]. The presence of
MnO, has also been mentioned [228]. Others
exclude the formation of B-MnO, and detected
the presence of Rb,MngO; type cryptomelane
compounds [198]. The temperature dependence of
the number of the acoustic impulses, electric
conductivity and magnetic susceptibility show
that RoMnO, decomposes in an uniform reaction
at 513 K [219]. Pre-irradiation with y-rays reduces
the length of the induction period and increase the
rate of the subsequent salt breakdown because of
the number of active nuclei in the salt breakdown
is in direct proportion with the dose [201]. The
decomposition temperature was found to be
243-254 °C for the non-irradiated and 233 °C for
the y-irradiated samples (*°Co). A combined TG,
DTA and DTG study showed that 275 °C is
the decomposition peak temperature [228]. The
decomposition has an autocatalytic nature [54]
and it is an exothermic process.

The rate of the decomposition depends on the age
of the sample and the crystalline size. The
irradiation does not change the rate of the starting
phase but increases the maximal rate to 3-4 times
at 243 °C. At lower temperature (233 °C) the
starting rate decreases to half, but the rate of the
maximal reaction does not change. It shows that
the irradiation is the cause of accumulation of
products effecting the thermal decomposition. The
activation energy is 30.54 kcal/mol [230]. The
decomposition in air at 315 °C can be illustrated
by the following equation [229].

10RbMnO, = 3.48Rb,MnO,
+ (1.52Rb,0,6.50MnO; g5) + 5.980, (27)

Replacing nitrogen with oxygen in the
decomposition at 290-330 °C, results in an
increase in the decomposition temperature by ca.
40 °C [231]. Isothermal kinetic measurement of
the evolved oxygen showed a sigmoid type curve
of the conversion and time relationship. The
decomposition has an unusually extended
acceleratory period. The decomposition is rapid

and there is a short deceleration period. The rate
equations are not satisfactorily expressed by a
solid-solid phase decomposition. A temporary
melting of particles is supposed. Some fusion of
the products could be detected as a textural change
by SEM [218]. The thermal decomposition curve in
high vacuum showed a sigmoid pressure-time
function at 110 °C. On the basis of this, it is
assumed that at the commencement of the
acceleratory period strains exist in the crystal at
the interface between the product formed before
the acceleration and the undecomposed material.
This strain produces micro cracks in the reactant
surface and the reaction progresses inwards by a
mechanism of branching planes of reaction [232].

Rubidium permanganate transforms into rubidium
manganate in RbOH solution [227]. Heating in
the presence of a large excess of 1 N RbOH leads
to the formation of Rby(MnQy), [227]. Rubidium
permanganate reacts with oxalic acid and
hydrazine hydrate at 80 °C with the formation of
rubidium carbonate and manganese dioxide [233].
The formation of carbon dioxide from the oxalic
acid and easily sedimentable manganese dioxide
provide a possibility for preparing pure rubidium
carbonate [233].

Mixture of rubidium permanganate and elemental
antimony can be used in pyrotechnical
compositions [234] and as a manganese source for
the preparation of rhodium manganese catalysts
for selective transformation of CO into acetic acid
[181].

3.1.4. Cesium permanganate

Dark violet rhombic crystals (d = 3.5974 g/cm®)
[130] have been obtained by the reaction of silver
permanganate and cesium chloride [87, 139, 235],
or from barium permanganate and cesium
sulphate [215]. Due to its low solubility in cold
water (0.097 ¢/100 g of water at 0 °C) [216],
CsMnO, can be precipitated from saturated
aqueous solutions of potassium permanganate and
cesium salts such as cesium nitrate [146, 236],
cesium bromide [237], or cesium sulphate [217].
Because of its low solubility, CsMnO, is an
important intermediate for the removal of the
cesium-content of the acid-treated pollucite ores
[238-239] or from cesium aluminium hydroxide,
Cs[AI(OH);], containing supernatants in the alkaline
digestion of cesium ores [240]. CsMnQO, was also
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used to separate cesium and rubidium-salts with
crystallization in the CsMnO4,-RbMnO4-H,0
system [241].

Cesium permanganate can be extracted from its
aqueous CsOH solutions with tributyl phosphate
and tert-butanol. Increasing CsOH concentration
increases the extractability up to the point of
cesium manganate formation, which is not
extractable, therefore the extraction curve has a
maximum. Further increase in the pH decreases
the extractability [73]. This low solubility value
ensures the use of cesium permanganate as a co-
precipitant for ammonium-ion containing solutions
[242]. Flame photometric method has been
developed to measure the alkaline and calcium
contaminations of the cesium permanganate
samples [243].

Crystals of CsMnO, are orthorombic with
a = 10.0692, b = 5.8080 and ¢ = 7.9470 A,
Z = 4 and d = 3.597 g/cm®. The space group is
Pnma [236]. Similar lattice constants (a = 10.143,
b = 5.803, ¢ = 7.941 A) have been determined
by Erenburg et al. [227] by powder X-ray
diffraction. The calculated lattice energy is
563.0 kJ/mol [85] and the Madelung part of the
lattice energy is 36274 kJ/mol [144].

UV-VIS spectrum of single crystalline CsMnO,
has been studied at room temperature and at liquid
N, temperature. Because of the compression of
the permanganate ion in the solid crystalline
lattice, the position of the bands is blue shifted
toward the band positions observed in solution
[220].

Permanganate ion in the CsMnQO, has C site
symmetry [148], the singlet vs and triplets of vy
and 3, Mn-O bands have assigned [215] in nujol
suspension. The IR spectrum of cesium
permanganate depends only slightly on the
conditions of the measurement (nujol or KBr
matrix) because of the lack of the ion-exchange
interactions between the cesium permanganate
and the KBr matrix [87]. Raman spectrum of
CsMnQO, has been recorded with He/Ne laser
excitation because of the intensive visible color.
Some amount of MnO, has formed on the surface,
therefore the spectrum has always been
contaminated with the signals of MnO, [244].
Resonance Raman spectrum of CsMnQ, has been

measured and the fundamentals and combination
bands have been assigned. The progression of v;
was observed up to v = 5, and the value of w,
harmonic frequency, and Xi;, anharmonicity
constant, have also been determined. The vi+v;
combination has also appeared [221].

XPS parameters of cesium permanganate have
been measured [245]. The ***Cs and **Mn solid
phase NMR studies have been performed in the
100-440 K temperature range. The NMR results
showed the presence of two crystallo-graphically
non-equivalent Cs-positon in the lattice ca. in 1:1
ratio. The quadruple bond constants, chemical
shifts and the asymmetric tensor parameters of the
gradient electric field have also been determined
[246]. The parameters of the second order
quadruple interactions, the asymmetry parameters
and the local gradient of the electric field at the
nucleus of each positions have also been
determined [225].

Thermal neutron irradiation of CsMnQO, has been
studied and the thermal annealing kinetics have
been determined. The initial retention (32%), the
distribution of the active species among the
various valence states and the activation energies
of the annealing process have been determined as
well [157]. The thermal annealing affect on the
process is one and the compactness is the other
key factor of the crystalline lattice [138]. The
recovery of the parent form was found to be 31%
at annealing at 180 °C for 2 h [223]. The
activation process is pH dependent. Besides the
expected Cs*®*MnO, and **Mn?", some amount of
MnO, has also been formed due to the oxidation
of Mn%** by the permanganate [139]. No **MnO,
has formed because of nuclear recoil. The amount
of the MnQO, is zero around pH = 1.5 and high at
alkaline conditions. Neutron and deuterium
activation of CsMnQ, have been studied and the
**Mn activity was found to be higher in the case of
neuron irradiated salts [224].

During irradiation of dilute solutions of CsMnQO,
adsorbed by Al,O; only *®MnO4 and **Mn(lI)
species have formed and no **MnO, could be
detected. The effect of the pH, concentration and
the type of adsorbent (Al,O; or MnQO,) have also
been studied. Around pH = 13, a complex formed
from the permanganate and the hydroxide ion
dissociates completely with a first order kinetics
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meanwhile the pH decreases below 7. This
complex does not adsorb on MnO, and has no
influence on the distribution of the species when
Al,O5 is used as adsorbent [158].

CsMnO, decomposes with oxygen evolution. The
process has been studied with TG, DTA and DTG
methods, and the temperature of the autocatalytic
and the exothermic decomposition have been
reported to be 295 °C [215] and 320 °C. [54, 231].
Isothermal heating at 240 °C leads to a
decomposition with a 167-min induction period
[200]. Pre-irradiation with y-rays reduces the
length of the induction period and increases the
rate of the subsequent salt breakdown. The
irradiation increased number of nuclei active in
the salt breakdown is directly proportional to the
dose [201].

The decomposition carried out at 310-350 °C
leads to the formation of cesium manganate and a
cesium manganese oxide phase with unknown
structure. The decomposition temperature is
increased by ca. 40 °C when the nitrogen was
replaced with oxygen [231]. DTA studies in air
showed the formation of MnO, [228]. Formation
of B-MnO, was excluded, however, the formation
of Cs,MngO; type cryptomelane compounds could
be observed [198]. Erenburg confirmed Cs,MnO,
formation with XRD [227].

In high vacuum, the thermal decomposition has a
sigmoidal pressure vs. time function (110 °C).
Based on this, it is suggested that at the
commencement of the acceleratory period a strain
exists in the crystal at the interface between the
product formed before the acceleration and the
undecomposed material. This strain produces
micro cracks in the reactant surface, and the
reaction progresses inwards by a mechanism of
branching planes of reaction [232]. Melting
during the first phase of the decomposition
provides a possibility for the decomposition
within the local intracrystalline molten phase
resulted from the fusion of CsMnQO,:Cs,MnQ,
eutectic with a

2MnO, = MnO,* + MnO, + O, (28)

type process. The decomposition is completed
at 502 K without comprehensive melting or
extensive disintegration. There was neither
extensive nor strongly aligned crack propagation

within the reactant crystals. The intracrystalline
product structures were irregular with the
appearance of rounded and granular textures
where the aggregates are often appeared to be
composed of smaller particles fused or sintered
together. Kinetic investigations, performed between
490 and 560 °C, showed an unexpected effect of
crushing. Though there are indications that the
initial reaction rate is increased with crushing, at
moderate conversions there are no differences in
spite of the surface area increased. The thin
superficial “egg-shell” like layer of unreactive or
already reacted material maintained at the surface
by large sized crystals explains the differences
between the amount of O, evolved in the case
of whole crystals or powders. Decomposition
products added to a new sample have increased
the decomposition rate markedly. No effect of the
water vapour or of the potassium permanganate
could be observed [237].

The presence of a small amount of MnO3;OH"™ -ion
as crystal defect in cesium permanganate was
detected by NMR. This defect has a role in
the decomposition temperature and in the
decomposition mechanism. The temperature
dependence of the number of acoustic impulses,
of the electric conductivity and of the magnetic
susceptibility shows unambiguously that CsMnQ,
decomposes around 553 K. The curve of the
specific magnetic susceptibility is unusual
compared to other univalent permanganate
compounds, which confirm the presence of an
elongated molten phase decomposition with the
presence of more than one decomposition
intermediate having unpaired electron [219].

Cesium permanganate can be transformed into
Cs,Mn0O,4 [227] in CsOH solutions, and can be
easily reduced in its aqueous solutions with H,O,
with the formation of MnO, containing Cs* and
Mn®" ions. This precipitate can absorb cesium
radionuclides [166]. The lithium intercalated
manganese oxides can be used in thermal batteries
[171]. Under hydrothermal conditions in sulfuric
acid solutions, the cesium permanganate can be
reduced with manganese(ll) sulphate to hollandite
type manganese oxides [167]. In a similar reaction
some metal substituted (Pd, La, Co) octahedral
manganese oxides could also be prepared [247].
The hollandite type manganese oxides have been
formed between 80 and 140 °C, but below 30 °C
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nsuite (y-MnQO,) and above 160 °C pyrolusite
(B-MnO,) have been formed [202-203].

Cesium permanganate activated silver impregnated
supports can be used effectively to prepare
epoxides of alkenes, mainly ethylene oxide [248].
This kind of catalyst is especially useful in the
epoxidation of carbon-dioxide containing ethylene
[249]. Mn-Rh catalyst for selective transformation
of CO into acetic acid can also be prepared from
CsMnQ, [181].

Using reducing agents [239] or methanol [238]
CsMnO, can be converted into various kinds of
cesium compounds, e.g. into cesium carbonate or
cesium manganese oxide Cs,Mn,Og. [238].

3.1.5. Francium permanganate

Although francium permanganate has not been
isolated yet, but some of its thermodynamical
characteristics have been calculated. The lattice
energy is 498.2 kJ/mol, the heat of formation is
AH#%® = -828.4 kJ/mol [250]. The calculated
lattice entropy is 198.6 J/mol.K [137].

3.2. Ammonium permanganate

Ammonium permanganate was prepared first by
Mitserlich by means of the reaction of ammonium
sulphate and barium permanganate [91]. Because
of isomorphism a light purple solid solution of
(NH,,Ba)(MnQ,4,S0O,) is precipitated during the
synthesis. The crystal habit strongly depends on
the crystallization conditions; most frequently it
crystallized out in needle shape from aqueous
solutions. The NH4MnOQ, is orthorhombic (space
group is Pnma (No. 62), Z=4) and isomorphous
with the potassium permanganate and ammonium
perchlorate. Its heat of formation is -684 kJ/mol
[251-252], picnometric density is 2.231 g/cm® at
25 °C [253]. During storage slowly decomposes.
Explosive-decomposition occurs at 55-60 °C,
depending on the heating rate and the
presence/absence of metal oxides catalyzing the
decomposition [254]. Its solubility is 7.936 and
8.576 /100 ml water at 15 and 25 °C,
respectively, but it is insoluble in acetone [119-
121]. It is completely dissociated in dilute
aqueous solution [147], and by illumination with
sunlight slowly decomposes with the formation of
N, and MnO, [79]. Its thermal decomposition
products are likely candidates as noble-metal free
catalyst for fuel cells [255].

The typical method for its preparation is the
interaction of potassium permanganate and
ammonium chloride [254].

NH,Cl + KMnO4 = NH;MnO, + KCI (29)

Moles and Crespi [146] modified the original
Christensen’s method [254] and used double
recrystallizations to remove the excess NH,CI.
The purity of the NH;MnO, prepared by this
method was checked by redox-titration, however,
the permanganometric titrations have some errors
due to self-oxidation of the ammonium ion
by the permanganate. This leads to erroneous
conclusions about the purity of the salt. Since all
of the authors [256] accepted this method for the
preparation of pure ammonium permanganate,
nobody checked the purity of the product.
Thermal studies of the NH,;MnQ, prepared in this
way, however, showed the formation of a residue
which had the same lattice constant as the
potassium manganese oxide residue formed in the
thermal decomposition of KMnQO, [257]. This
residue was assigned un-ambiguously as
cryptomelane, KMngO44. Since Christensen [254]
mentioned the presence of some unidentified
amount of residual potassium in the formed
NH;MnQO,4, we studied this synthesis in detail. By
reproducing the Moles and Crespi method [146],
excess of ammonium chloride and ice-cooling
was used to prepare NH;MnO,; with double
recrystallizations. The XRD of the products can
be seen in Figure 2.

The product believed to be pure ammonium
permanganate was found to be a solid solution
of (K,NH4)MnO, containing 40% KMnQO,. The
potassium content does not change even after two
recrystallizations. It explains the formation of the
phase obtained during the thermal decomposition
of “NH,MnQO,”. Since the NH,MnQ, is better
soluble in water than the potassium salt, the
composition of the solid solution strongly depends
on the KMnO4/NH,CI molar ratio used in the
synthesis. Although there is no available literature
data about the polytherm solubility of the
KMnO4,-NH;MnO4-H,O system, data of the
analogous KMnO4,-RbMnQO4-H,O system might
be taken into consideration. The reason for this is
that the size of the NHjs-ion lies between the
potassium-ion and rubidium-ion sizes, and the
KMnQ,4, RbMnO, and NH4;MnO, are isomorphous
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Figure 2. XRD of ammonium permanganate and (K,NH;)MnO, solid solutions

prepared in the KMnO4-NH,CI reaction.

compounds. Since it is not possible to crystallize
pure RbMnO, or KMnO, from the RbMnOQO,-
KMnQO4-H,O system [96], this situation is
probably valid for the KMnO4-NH;MnO4-H,O
system as well. By the addition of NH4CI to the
solutions made from the solid Ky(NH;):.«MnQOy,,
the solubility of the NH,MnQ, can be suppressed
easily. By means of triple recrystallizations with
1-1 equivalent of ammonium chloride which is
then followed by a recrystallization to remove the
residual NH,ClI led to pure NH;MnO,. As it can
be seen in Figure 2, the first recrystallization in
the presence of 1 equivalent NH,ClI at a 75/25 °C
temperature gradient removes half of the
potassium content, and a solid solution with a
composition of Ky ,9(NH,)o8MnQ, is obtained.

Pure NH;MnO, can also be prepared from
NH4H,PQO, solutions by electrolysis at pH = 2-4
with using a Ni-Mn alloy anode [258].

Ammonium permanganate contains tetrahedral
ammonium and permanganate ions, therefore the
same four normal vibrations (vs, vas, 85 and g )
appear for both ions both in the IR and the Raman
spectra. This can be attributed to the C; site
symmetry (space group is Pnma (No. 61), Z = 4)
and to the distortion of the tetrahedral environment
causing the activation of two forbidden IR
stretchings (vs and &;). There are several
combination bands in both the N-H and the Mn-O

region [259], and the curve analysis showed that
the matrix has important effect on the spectra in
the N-H region. Baran and Aymonino compared
the IR spectra of the pure NH;MnO, in KBr
matrix and the (NH4;Ba)(Mn0,4,S0O,) solid
solution (NH;MnQ, in BaSO,4 matrix), and found
only one or four band of J,, respectively. High
resolution IR measurements showed the presence
of three bands in KBr and four bands in BaSO,
matrixes [253]. The 8, band has two symmetric in
plane and three antisymmetric in plane components
(2By,, 2B3, and By). In diffuse reflection
measurement mode complete degeneration and
decomposition into three bands in KBr and into
four bands in BaSO, occurred. This phenomenon
can be explained by the effect of the N-H....X
(X = bromide or sulphate) interactions in the
matrixes on the v,s and 3,5 frequencies of the N-H
stretchings [260-263]. The analysis of the N-H
vibrations of the NH,"-salt in NaCl type matrixes
(as KBr) [264-266] showed the presence of
N-H...Br hydrogen bond, and there are N-H...O-SO3;
type strong hydrogen bonds in the ammonium
sulphate crystals [267-268].

The anion stretchings also depends on the matrix.
The v and v, bands at 840 and 898 cm™ appear
as singlet and triplett in KBr [215], but Baran and
Aymonino observed only a doublet for v, in KBr
and a doublet with shoulder for the v, in BaSO,.
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The two bands at 848 and 828 cm™ were believed
to be By, and By, components of the v (Mn-O)
[253], but no similar splitting of the permanganate
ion in the KCIO, matrix even at 100 K could be
observed [269-270]. The vstv,s and 26, bands as
combinations are very typical both in the KMnO,
and in the NH;MnO, spectra [259].

There are only a few permanganate compounds
which have Raman spectra due to the intensive
color and heat sensitivity [271-274]. Detailed
Raman study has been performed on some
alkaline-, alkaline earth metal- and lanthanum-
permanganates. Using sample rotating and far-IR
excitation, the Raman spectrum of NH;MnO, has
also been measured [259] and the complete factor
group analysis has been performed. The splitting
of the bands depends on the temperature, but no
crystal structure changes have been detected as it
was confirmed by DSC between 153 and 323 K
and neutron diffraction experiment done at 2 K
[68].

Theoretical interpretation of the reincorporation of
the parent form in permanganates based on the
retention of the recoil of **Mn in NH,MnO, in the
light of extreme back-diffusion and billiard ball
collision as well as hot zone models have
been investigated [275]. Ra-Be neutron source
activation of ammonium permanganate led to
about 4% >*Mn initial retention. Reduction of the
recoil fragments by the ammonium ion has been
observed during thermal annealing. Pre-heat
treatment has effected the fate of the °°Mn.
Annealing phenomenon consists of two apparent
first order processes both for the heat-treated and
the untreated permanganates. It is the reason for
the competitive participation of the oxidising/
reducing inherent crystal defects [276].

The crystal structure of the ammonium
permanganate shows the presence of hydrogen
bond interactions (N-H..O-Mn type, with
2.27-2.80 H..O distances) at 298 K [259]. It is
interesting to note, that Chang et al. [277]
obtained low temperature single crystal diffraction
spectra of the ammonium permanganate, but they
could not determine the hydrogen positions. The
reason for this is that the NH,MnO, studied had
been prepared from NH,Cl and KMnOQy,, therefore,
their measurements were done on the solid
solution of KMnO, and NH,MnO, and not on the

pure NH;MnO,. Since there are no hydrogens
around the potassium cations, the refinement with
a model of the NH,MnO, did not enable them to
determine the exact hydrogen positions even from
the Fourier difference maps. Preparation of
ammonium permanganate single crystals in pure
form from tetraamminecopper(ll) permanganate,
provided the possibility to determine the hydrogen
positions. Low temperature neutron diffraction
experiments showed no polymorphism up to 2 K
but there is a strong orientation effect due to
hindered rotation of the ammonium ions in the
lattice [68] as it was observed in the neutron
diffraction experiments of the ammonium
perchlorate [278]. The crystal structure of the
ammonium permanganate is shown at Figure 3.

The presence of hydrogen bond between the
ammonium cation and the permanganate anion
determines stability and thermal behaviour. The
situation is complex, because the thermal
decomposition results the evolution of ammonia, a
gas-phase reducing agent, which can react with
the unreacted ammonium permanganate and the
solid or the gaseous decomposition products
[279]. The inner ignition of the ammonium
compounds is a well-known phenomenon and
may take place if the reaction heat of the
decomposition (with N, or H,O formation) is
exothermic. Since the reaction heat of the process
is AH = -309 kJ/mol, thus this type of process may
also play a role in the thermal decomposition of
the ammonium permanganate.

NH;MnO, = 0.5N, + 2H,0 + MnO, (30)
The  decomposition of the ammonium
permanganate may be divided into the

decomposition of the anionic part with the
formation of manganese oxides and oxygen, and
of the decomposition of the cationic part with the
formation of ammonia or its oxidation products.
The redox reaction occurs in solid phase but one
cannot exclude gas/solid phase catalytic (manganese
oxides) or non-catalytic oxidation reactions. The
kinetics of the decomposition, the composition of
the solid residue and the effect of the conditions
and the additives have been studied in detail
[256-257, 280-284]. The ammonium permanganate
slowly decomposes even at room temperature
because of its sensitivity to light. The bright
surface of the crystals turns grey and 4% of
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Figure 3. Crystal structure of ammonium permanganate.

the salt decomposes at room temperature in
3 months. After six months, the surface of the
crystals is covered with a manganese oxide
layer. Nitrogen oxides, ammonium nitrite and
ammonium nitrate have also been detected as
products [256, 284]. Sonication increases the
decomposition rate very much. The rate is
inversely proportional to the square of the
intensity of the irradiation. If the decomposition is
performed in an inert oil [256], the reaction
becomes explosion-like after a several minute of
induction period. The explosion might be the
consequence of the reaction between the
ammonium permanganate and the gas bubbles
accumulated under the surface of the oil film.
Normally, the decomposition process starts at
100 °C with explosion and flame [280-281]. The
conditions (temperature, vacuum, UV irradiation
and the additives) have an effect on the induction
period and the decomposition rate. The complete
mechanism is not clear. A radical decomposition
reaction induced by the electrons from the cation
conduction bands has been proposed. Surface
defects also play an important role in the process
[282]. The radicals formed in this process can
accelerate the decomposition of ammonium
perchlorate when NH,CIO, containing 2%

NH;MnQ, is heated [285]. If the reaction heat is
dissipiated and the number of the contacting
crystalline surfaces is decreased, the decomposition
can take place without explosion. Among the
gaseous product formed, the ammonia and the
water decrease, and the oxygen increases the rate
of the decomposition.

The composition of the solid phase formed during
the ammonium permanganate decomposition at
100-120 °C in an inert atmosphere was found to
be a 1:1 mixture of MnO and MnO, [280-281].
XRD and IR studies, however, showed the
presence of a-Mn,0O3; as a main product with a
small amount of MnO, [257]. In air, the amount
of MnO, is increased with increasing temperature.
At higher temperatures MnO, starts to decompose
with  Mn,O; formation. The presence of
ammonium nitrite [254] and ammonium nitrate
[254, 256-257, 280-281, 284] were also confirmed.
Among the gaseous decomposition products, H,0,
N,, NO, NO, and N,O were detected with TG-MS
at different temperature ranges [280-283, 286]. In
case of ammonium dichromate, hexavanadate and
tungstate the same gases were formed. In case of
molybdate N,O could not be detected. The lack
of N,O in the latter case is the consequence
of the surface chemistry of the N,O at various
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metal oxides. Decomposition of ammonium
permanganate, at 1 °C/min heating rate and under
inert atmosphere starts at 70 °C and the maximum
was observed at 85 °C. In the first decomposition
step, oxygen, nitrogen and water were formed.
Ammonia gets partly adsorbed on the solid
manganese oxides formed. The presence of N,
and H,O in the gas phase, and the NH;NO; and
NH4NO, in the solid phase indicates solid phase
redox reaction. The classical permanganate
decomposition and the redox reactions are
concurrent processes:

2NH,MnO, = 2NH; + 2MnO, + H,0 + 1.50, (31)
2NH;Mn0O, = NH;NO3 + Mn,O3 + 2H,0 (32)
2NH4MnO,4 = NH4NO, + 2MnO, + 2H,0 (33)

The main sources of the N,O and the N, are the
ammonium nitrate and the ammonium nitrite,
respectively. However, small amount of nitrogen
and nitrogen oxides can be formed in the reaction
of the solid manganese oxides and the adsorbed
ammonia.

NH,NOs = N,O + 2H,0 (34)
NH4NOZ = Nz + 2H20 (35)

The ammonium nitrite decomposes at around
70 °C [256], but some amount of N, appears as a
fragmentation product of the N,O [286]. Redox
reaction between the adsorbed ammonia and the
manganese oxides can be confirmed by the N, and
NO signals increased simultaneously with the
decrease of the NHzsignals.

Burning of NH4MnO, [287-288] and the
parameters of the ignition have been determined
at 1-700 bar O, pressure. The ignition starts
at 130 °C. The reaction heat found was
2299 kJ/mole and the ignition temperature
measured was 1400 °C [289].

The cation has important effect on the oxidation
ability of the various permanganate salts and the
ammonium ion can act as an amination agent
towards the starting/intermediate or the oxidation
products, therefore the ammonium permanganate
is a potential ammoxidation reagent. Oxidation of
alcohols and aldehydes in the presence of
ammonia lead to nitriles [290-294].

Benzyl alcohol could easily be oxidized
with various permanganate compounds into

benzaldehyde or benzoic acid. The selectivity
depends on the solvent, counter-ion, temperature,
sonication, etc. [7, 19, 45, 295-303]. Solid
ammonium permanganate oxidizes benzyl alcohol
into benzaldehyde even at room temperature, but
the conversion is not completed even after 48 h.
Increasing temperature, however, leads to
complete conversion at 50 °C in 48 h.

3Ph-CH,0OH + 2NH4;Mn0O, = 3Ph-CHO + 2NHj;
+2MnO, + 4H,0 (36)

If the reaction mixture is heated up to 60 °C, the
reaction rate is increased but traces of benzonitrile
could also be detected. At 80 °C the benzonitril/
benzaldehyde molar ratio were 2:1 in 48 h,
but traces of benzyl benzoate was also formed.
By changing the benzyl alcohol/ammonium
permanganate molar ratio between 0.4 and 4, the
benzonitril/benzaldehyde ratio and amount did not
change [304].

Ph-CHO + NH; + ‘O’ =Ph-CN+2H,0  (37)

It shows, that the source of the ammonium ion is
the NH; derived from the first oxidation step (only
2/3 of ammonia is liberated compared to the
amount of benzaldehyde), therefore, the conversion
into benzonitrile cannot be higher than 67%. The
oxidant in the benzaldimine oxidation step might
be the colloidal manganese dioxide which might
be partly regenerated with air [304].

Depending on the experimental conditions,
various kinds of manganese oxide catalyst can
be prepared by using NHs;MnQ,. For example,
Mn-nitrate and Mn(OH), can be reacted
with NH4;MnO, to prepare alumina supported
Mn-oxide catalysts [305]. The effect of the
K-contamination on the surface texture of the
Mn-oxide prepared from K-containing NH;MnO,
has also been studied [306].

Ammonium permanganate is used widely in
various kind of industrial process, e.g. in surface
treatment of aluminium and aluminium alloys
[174], in water sterilization [307], as an oxidant in
hair-dyeing composition [308], or as an additive
to prevent adhesion of a polymer to the
polymerization vessel [214]. If fibrous multi-
filamentary acrylic material is contacted with
hydroxylamine solution and subsequently with
ammonium permanganate solution and the
resulting fibrous material is heated in an
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oxygen-containing atmosphere, a thermally
stabilized acrylic fibrous material is formed which
is capable of undergoing carbonization and is non-
burning when subjected to an ordinary match
flame [309].

Ammonium permanganate containing corrosion
inhibitors are widely used in aqueous gas-liquid
contacting processes for recovering carbon
dioxide (CO,) from industrial gases and oil
combustion flue gases [310]. In order to reduce
the corrosion during the removal of CO, from
industrial combustion gases containing O, as well,
the gas is contacted with an aqueous solution of
alkanolamine and NH;MnO, [311]. Ammonium
permanganate is also used in the preparation of
microcapsules comprising polymerizing urea and
formaldehyde with forming a wall membrane of a
urea/formaldehyde resin around the droplets of a
hydrophobic oily liquid [312] or in the preparation
of high quality priming devices by treating
suitable pieces of cellulose with NH;MnO, [313].

Calcination products of the NH;MnO, catalyses
the decomposition of H,O, [314]. Ammonium
permanganate is used for the preparation of
manganese oxides via its reduction with
carboxylic acid containing 4 carbon atoms. The
reaction is carried out to obtain a manganese
oxide gel in which the degree of oxidation of the
manganese is 4. The manganese oxide gel
obtained is dried at room temperature then it is
subjected to a temperature of 300 °C - 1000 °C in
order to obtain Mn,O3, which is used as a cathode
material in electrochemical generators [513].

3.3. Permanganates of alkaline earth metals

Alkaline earth metal permanganates have been
prepared from AI(MnQ,); and the appropriate
alkaline earth metal hydroxides (Ca, Sr and Ba).
The calcium-salt could be crystallized out from
75-80% solution as tetrahydrate [100]. Calculated
heat of formation (kJ/mole) and the lattice entropy
(J/mol.K) of the crystalline alkaline earth metal
permanganates are presented in Table 2.

3.3.1. Beryllium permanganate

Beryllium permanganate has been first prepared
by Moles and Crespi from the aqueous solution
of beryllium chloride and a calculated amount
of silver permanganate. Crystallization led to

Table 2. Calculated heat of formation (kJ/mol) and
the lattice entropy (J/mol.K) of the crystalline
alkaline earth metal permanganates.

M AH{%505 [136] S298 [137]

Be -1533.6 -

Mg -1629.3 259.6

Ca -1708.5 272.1

Sr -1717.3 286.7

Ba -1688.4 296.4

Ra -1694.4 305.1

pentahydrate [315]. Anodic dissolution of

ferromanganese in a 100 g/l beryllium sulphate
solution at 1.7 V potential and 10 A/dm? current
density led to the same compound with 23.9%
current yield [145]. The salt begins to decompose
at 60 °C [315], and the decomposition has
autocatalytic character [54]. Karapetyants and Lin
gave the lattice energy as 606 kcal/mol [316].

3.3.2. Magnesium permanganate

Magnesium permanganate hexahydrate has been
prepared by E. Mitserlich [91] and H. Aschoff
[54, 87, 119-121] by means of the reaction of
AgMnO, with magnesium chloride or Ba(MnQ,),
with magnesium sulphate. Its density was found
to be 2.18 [192]. It decomposes at 130 °C with
oxygen evolution in an autocatalytic decomposition
process [54]. Starting from AgMnO, and MgCl, a
slow crystallization and drying has led to the
tetrahydrate [315]. The density was found to be
the same as it has been found for the hexahydrate,
and the salt decomposes with oxygen evolution at
150 °C. The deliquescent crystals are insoluble
in CHCI;, CCl,, benzene, toluene, nitrobenzene
ether, ligroin and CS,, but they are soluble in
MeOH, acetone, pyridine and glacial acetic acid.
It dissolves in water and completely dissociates in
dilute solutions [147]. The acetic acid solution has
stronger oxidation activity than the pyridine
solution [317]. The anhydrous salt can be prepared
by thermal dehydration of the hexahydrate [148].

Magnesium permanganate has also been prepared
by anodic dissolution of ferromanganese in
magnesium sulphate solution (the highest current
yield was 26.8% at 1.5 V and 1050 A/dm? current
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density). By the addition of MgO as neutralization
agent (20 or 40 g/L amount), a double salt,
MgSO,*Mg(Mn0O,),*6H,0 has formed. The
chemical nature of this salt has not been
elucidated yet [145].

IR spectra of the hydrated and the anhydrous salts
showed that the permanganate ion has C; site
symmetry in both compounds [148]. The IR
spectrum of the magnesium permanganate
hexahydrate due to the ion-exchange interactions
of the hydrated permanganates and the KBr
matrix strongly depends on the measuring (nujol
or KBr matrix) conditions [87].

Neutron irradiation and the studies on the
distribution of the **Mn-species among the MnO;,
MnO, and Mn?* species, respectively, showed
anomaly in solution in reference to the solid state.
It is attributed to the change of the retention
depending on the concentration influenced by
colloidal MnO, formation and the adsorption of
Mn®* on this colloid [318]. During irradiation of
dilute solutions of Mg(MnQ,),.6H,O on Al,O3;
sorbent, only **MnO, and **Mn?* species have
formed and no *®*MnO, could detected. The effect
of pH, concentration and the type of the adsorbent
(Al,O3 or MnO,) have also been studied. Around
pH = 13 a complex is formed, which does not
adsorb on the MnO,. The complex is formed from
the permanganate and the hydroxide ion and
completely dissociates with a first order kinetics
on lowering the pH below 7. In the case of Al,O;
this complex has no influence on the distribution
of the species [158].

Magnesium permanganate reacts with
manganese(ll) chloride under hydrothermal
conditions, but the distribution of the products
strongly depends on the pH and the temperature.
Under markedly alkaline conditions, 3x3 type
manganese oxide octahedral molecular sieves of
todorokite type [319] are obtained, while in
sulfuric acid solution hollandite type manganese
oxides [167] are formed. Between 80 and 140 °C,
these hollandite type or tunnel-like manganese
oxides are produced, but below 30 °C nsutite
(yv-MnO,) and above 160 °C pyrolusite (3-MnO,)
can be obtained [202-203]. Octahedral molecular
sieves in which a portion of the framework
manganese is substituted by a transition metal can

also be prepared in this way [320]. The
manganese dioxide formation wunder acidic
conditions can be performed to prepare proton
substituted o-manganese dioxide. The proton of
the a-manganese dioxide can be ion exchanged
with lithium and thus producing lithium doped
o-manganese dioxide containing no cell-damaging
cations such as potassium or ammonium ions
[170].

In organic solvents such as ethanol a new class of
manganese oxide octahedral molecular sieves
possessing a (4x4) tunnel structure could be
prepared. The molecular sieves formed in
this way are useful as oxidation catalysts in
hydrocarbon conversion and in the preparation of
electrochemical sensors [599]. Not only the
manganese salts but the manganese(ll) hydroxide
can also be oxidized with magnesium permanganate
to obtain manganese oxides with about 6.9 A
tunnel size [172].

Magnesium permanganate oxidises a series of
organic compounds [25]. It instantly reacts (in
some cases with fire) with common solvents, such
as THF, ethanol, methanol, t-butanol, acetone and
acetic acid. Diphenylacetylene is oxidized into
benzyl with 67% vyield.

Magnesium permanganate is used in various
branches of the industry and technology, e.g. as
wood impregnating and colouring agents [321], as
an additive in tobacco filters [182], as a catalyst in
the aerial oxidation of toluene to benzoic acid
without the formation of coloured by-products
[322], for transesterification reactions of
dicarboxylic acid esters and glycol to prepare high
molecular weight polyesters [323] and as an
ignition compound for insecticidal fumigants
[324], especially to produce domestic fumigants
of polyhydric alcohols as heat generating agents
[325].

Successive treatment of multifilamentary acrylic
fibrous material with a solution of hydroxylamine
and magnesium permanganate results a fibrous
material which possesses a chemically altered
structure which can be carbonized in an oxygen-
containing atmosphere into a stabilized acrylic
fibrous material which is non-burning when
subjected to an ordinary match flame [309].

A fiber filter or porous substance comprising of
an inert fiber or porous matrix, water, magnesium
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permanganate and NaHCO; is capable of
oxidizing or neutralizing hydrogen sulfide and
sulfur dioxide from fluid streams [186-187, 323].
Magnesium hydroxide particulates with a given
crystalline structure and a thickness of 30 to
200 A, and a median particle size of up to about
1 micron are prepared by a process in which an
alkaline material is reacted with concentrated
aqueous solution of the magnesium permanganate
[326].

Magnesium permanganate can be used as an
additive in flexible polymeric films useful in the
modified atmosphere packaging of fresh fruits,
vegetables and flowers and acts as an ethylene
reactive agent [189]. Its mixture with hygroscopic
salts that captures the water needed for the
oxidation of the ethylene by the permanganate
absorbed on the surface of an inert carrier can
also be used [188]. Residential and commercial
constructions containing magnesium permanganate
are issued in low-pressure drop filters to purify
the central forced air systems [185]. Mixing a
blend of magnesium permanganate and iron
powder in a specific ratio with a given amount
of silicon (ferrosilicon) powder leads to a
safe composition for heating foods and drinks
[327].

3.3.3. Calcium permanganate

Calcium permanganate exists as pentahydrate,
tetrahydrate and anhydrous salt. The pentahydrate
is obtained under normal conditions by the
reaction of calcium sulphate and barium
permanganate, or from calcium chloride and silver
permanganate [54, 315]. It decomposes at 140 °C
with oxygen evolution in an autocatalytic
decomposition process [54]. The hydrated forms
may thermally be dehydrated [148] in two stages
between 50 and 100 °C [328]. The first two
molecules of water can be removed swiftly, the
third only during a longer dehydration time.
The anhydrous salt decomposes at 130-150 °C
in air. The sigmoidal isothermal fractional
decomposition vs. time curves are reproducible.
The decomposition starts with a slow induction
period followed by an acceleratory and a decay
period. The induction period and the decay period
can be shortened with ®°Co y-irradiation [328].
The calculated lattice energy and the heat
of formation are 1935 and -1434 kJ/mol,

respectively [85]. The IR spectra of the
pentahydrate and the anhydrous salt have been
discussed previously [148].

During irradiation of dilute solutions of
Ca(MnQy),.5H,0 adsorbed on Al,O; only
*®*MnO, and *°*Mn?*  species are formed and
*®Mn0O, is not detected. The effect of pH,
concentration and the type of the adsorbent (Al,O3
or MnO,) have also been studied. A complex is
formed from the permanganate and the hydroxide
ion around pH = 13 which does not adsorb on the
MnO.,. It completely dissociates with a first order
kinetics at a pH below 7. This complex has no
influence on the distribution of the species when
Al,O3 is used as adsorbent [158].

Calcium permanganate reacts with manganese(11)
in sulfuric acid solution under hydrothermal
conditions with the formation of hollandite type
manganese oxides [167]. These tunnel-like
manganese oxides have been formed between 80
and 140 °C. Below 30 °C nsutite (y-MnQO,) and
above 160 °C pyrolusite (B-MnO,) have been
formed [202-203]. Metal substituted (Pd, La, Co)
octahedral manganese oxides could also be
prepared from manganese sulphate and calcium
permanganate under similar conditions [247].

Calcium permanganate is widely used as an
oxidant in compositions used for corrosion
inhibition of metals induced by acidic gases such
as H,S, CO, or COS [207, 329-330], for the
removal of NO from smoke [209], in the removal
of arsenic from shale oil [331], as a combustion
improver [212] or as an additive in lubricating oil
for motors [332]. Asphalt fibers are treated with
calcium permanganate before carbonization [333],
and fumes can be generated with calcium
permanganate from hydrazine absorbed in an inert
porous support material [334]. It can be used as an
ignition compound for insecticidal fumigants
[324-325]. Calcium permanganate can be used as
an oxidant in low-pressure drop filters to purify
central forced air systems in residential and
commercial constructions containing different
kind of adsorbers and chemicals [185]. It can be
used in the preparation of lithographic supports
[335], and in the impregnation of zeolites to
obtain a sorbent for formaldehyde and other toxic
gases emitted from furniture [336].
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It can also be used as a catalyst in the preparation
of arylalkyl hydroperoxides by oxidizing
hydrocarbons with air [337], for the aerial
oxidation of toluene to benzoic acid without the
formation of colourful by-products [322], in the
preparation of polyethylene terephthalate from
dimethyl terephtalate and glycol [338], in the
transesterification reactions of dicarboxylic acid
esters and glycol to prepare high molecular weight
polyesters [323], and as a fixation reagent to
analyze biogenic monoamines in histochemical
samples for electron microscopy. Tissue fixed
with calcium permanganate revealed very distinct
membranes [190]. It can be used as an additive in
chitosan based calcium agent to enhance the
absorbability of calcium into living plant [339], as
an ascuring agent in polysulfide type polymers
[340], as an additive in tobacco filters [182] or in
the surface treatment of aluminium and
aluminium alloys [174, 341].

Calcium permanganate additive in polymeric
films acts as an ethylene reactive agent and can be
used as an additive in flexible polymeric films
useful in the modified atmosphere packaging
of fresh fruits, vegetables and flowers [189].
Its mixtures with hygroscopic salts that captures
the water needed for the oxidation of the
ethylene in an inert carrier [188]. Impregnation of
porous substrates is also known [187]. During
impregnation, an inert fiber matrix bound reagent
is formed which is capable of oxidizing or
neutralizing contaminants such as hydrogen
sulfide and sulfur dioxide from fluid streams
[186].

Fibrous multifilamentary acrylic materials can be
modified by treating fibers with a solution of
hydroxylamine and subsequently with a solution
of calcium permanganate. The resulting fibrous
material which possesses a chemically altered
structure is heated in an oxygen-containing
atmosphere until a thermally stabilized acrylic
fibrous material is formed capable of undergoing
carbonization and it does not burn when subjected
to an ordinary match flame [309]. It can be used
as a permanganate constituent of the composite
conductive crystals containing graphite or other
carbonaceous material for the use of cathodic
material in a galvanic cell [342].

3.3.4. Strontium permanganate

Hygroscopic dark violet crystals of strontium
permanganate trihydrate has been prepared from
AgMnO, and SrCl, [91, 119-121, 315, 343]
as quadratic columns and cubes. Reaction of
aluminium permanganate and strontium hydroxide,
strontium oxide or strontium carbonate led to
strontium permanganate solution [100, 102].
Barium permanganate and strontium sulphate has
also been reacted due to the two order of
magnitude difference between the solubility
product of the strontium and the barium sulphate
[55, 102]:

Ba(MnOy,), + SrSO4(s) = Sr(MnQy),(aq)
+ BaSOy(s) (38)

Electrolysis of Mn-containing anodes in
concentrated strontium hydroxide solutions also
produced strontium permanganate [344]. Its
decomposition temperature depends on the
heating conditions. The values of 155 and 175 °C
have been provided by Elovich and Moles and
Crespi, respectively [54, 315]. The decomposition
has an autocatalytic character [54]. Its density
has been found determined to be 2.88, 2.95,
2.81 glem® by Saslawsky [192], Moles and Crespi
[315], and Ferarri [345], respectively. Calculated
density of the trihydrate is 2.84 g/cm® and of the
tetrahydrate is 2.97 g/cm®, which confirm the
existence of the trihydrate [345]. Its solubility in
H,O is 2700 times higher than the solubility of
the CsMnO, [216]. Equivalent conductivity in
0.0005-0.005 M solutions has been determined by
Franke and Falkenhagen [346, 347], calculated
contraction has been obtained by Saslawsky
[192], heat of formation was calculated
to be -1492 kJ/mol [85]. The lattice energy
is -1852 kJ/mol and the lattice entropy is
478.7 J/mol.K [85] (Figure 4).

Sr(MnQ,),.3H,0 has a cubic lattice (space group:
P2,3,Z=4,a=9.611, dcyc = 2.84, Ueyp=2.78 glem®),
the average Mn-O distance is 1.605 A. Each
strontium cation is surrounded with ten oxygen
atoms (seven oxygen atoms from permanganate
anions and thee from the water molecules), the
three average Sr-O distance is 2.68 A. No well
defined hydrogen bonds could be observed. The
site symmetry of the permanganate ion in the
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Figure 4. Crystal structure of strontium permanganate trihydrate.

trihydrate is Cz. The IR spectrum is not completely
consistent with this, because three strong bands at
945, 930 and 920 cm™ have been observed in the
Vas region, whereas only two components, A and E
are allowed in C;. The weak band at 845 cm™
could be assigned as vy (A) [148]. Resonance
Raman spectrum of the Sr(MnQ,),«3H,0 has been
measured and the assignation of the fundamentals
and the combination bands have been performed
as well. The progression of v; was observed up to
v = 3, and the values of w; harmonic frequency
and Xy; anharmonicity constant have also been
determined [221].

Radiochemistry ~ (n,y) of the  strontium
permanganate trinydrate and its aqueous solution
has been studied in detail. In dilute solutions of
Sr(Mn0,),.3H,0 on Al,05 sorbent, only *MnO,
and **Mn*" species are formed and **MnO, could
not been detected. The effect of pH, concentration
and the type of the adsorbent (Al,O; or MnO,)
have also been determined [158]. The pH has an
influence on the retention only at low (1-2) and

high (9.5-12.5) pH values [348]. At higher pH a
complex is formed from the permanganate and the
hydroxide ion, which does not adsorb on MnO,
and completely dissociates with a first order
kinetics at a pH below 7. This complex has no
influence on the distribution of the species when
Al,O3; was used as adsorbent. In solid state, the
retention has been found to be higher at higher
temperatures, however, preactivation heating gave
lower retention values, comparing with the post-
activation heating of the targets, due to the
presence of crystal defects and to the transition
reactions of the lattice stable precursors in the
parent reformation [349].

The anhydrous salt has been prepared by
dehydration of the trihydrate at room temperature
in vacuum desiccator in several days or by heating
up to 100 °C [148]. The dehydration process has
two stages between 50 and 100 °C. This includes
a single step nucleation process followed by a
growing process without nuclei overlap. Two and
one water can be removed in each step. The
anhydrous salt can be decomposed at 120-145 °C
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in air. The sigmoidal isothermal fractional
decomposition vs. time curves are reproducible.
The decomposition starts with a slow induction
period, which is then followed by an acceleratory
and a decay period. The induction period can be
shortened with ®°Co y-irradiation [328].

Its violet aqueous solution becomes pale green
when treated with excess strontium hydroxide
[123-125]. This is the consequence of the
formation of colloidal strontium manganate [68].

Sr(MnQy), + Sr(OH), = 2SrMn0O, + H,0 + 1/20,
(39)

Strontium permanganate catalyses the
transesterification reactions of dicarboxylic acid
esters and glycol to obtain high molecular weight
polyesters [323], or the preparation of arylalkyl
hydroperoxides from hydrocarbons and air [330,
337]. It can be used in surface treatment of
aluminium and aluminium alloys [174] and as an
oxidant in compositions used for corrosion
inhibiton of metals toward acidic gases such as
H,S, CO, or COS [207, 329].

3.3.5. Barium permanganate

Barium permanganate has only anhydrous form
under normal conditions. Barium permanganate is
an essential compound in the preparation of other
permanganate salts, therefore, numerous efforts
have been done to find simple and easy methods
for its preparation [55, 80, 102]. Highly pure
barium permanganate can be prepared from
KMnQO, and Aly(SO,)s via using excess Al-salt,
and reacting the excess Al-salt and the formed
aluminium permanganate with stoichiometric
amount of Ba(OH), to obtain Ba(MnQ,),, BaSO,
and Al(OH); with 68% yield [102, 350]. Because
of the formation of barium manganate the yield is
less than the expected. In boiling solution, only
barium manganate is formed:

2AI(MnO,); + 3Ba(OH), = 2AI(OH); + 3BaMnO,
+ 3MnO, + 30, (40)

Silicomanganese and phosphor-doped silico-
manganese anodes can electrochemically be
dissolved in Ba(OH), solution. Silicon is a
necessary component, however, more than 10-20%
Si content impairs the process. The presence of Fe

in the alloy has a negative effect on the current
efficiency [351]. Instead of barium hydroxide,
barium carbonate can be used as a neutralization
agent to bind the permanganic acid formed.
Depending on the pH, between 0.5 and 14 the
primary product is permanganic acid or barium
permanganate. Some anodic sludge is formed in
the alkaline pH range which is a decomposition
product of the formed permanganate ion. The
optimal pH range is from 3.5 to 10.5. The
isolation of barium in the solution formed
performed by ion-exchange with nitrate ions on
AV-17 anion exchanger, and the barium nitrate
solution is analyzed with a complexometric
method [352]. Besides this, a gravimetric method
has also been developed [353]. Pure metallic
manganese can also be dissolved electro-
chemically in barium hydroxide solution with the
formation of barium manganate and permanganate.
Increasing temperature (up to 70 °C) decreases
the overall yield, but increases permanganate:
manganate ratio. The optimal conditions are:
saturated barium hydroxide solution, 15-30 °C,
3.5-7.5 A/dm? current density and 0.5-1.0 V
potential [354]. Barium permanganate can also be
prepared from AgMnO, and BaCl, [139]. It is
very soluble in water and dissociates completely
in dilute aqueous solution. In 1 M solution the
degree of dissociation is only 0.50 [147].

Barium permanganate has orthorhombic structure
(Fddd, a = 14,749, b = 11,896 A, ¢ = 7,414,
Z =8),d =23.78 g/ml, the average O-Mn distances
are 1.74 and 1.61 A [355], the calculated lattice
energy and the heat of formation are 1776.5 and
1559.1 kJ/mol, respectively [85].

The IR spectrum of barium permanganate has
been studied in detail, and the permanganate ion
site symmetry has given as C, [148]. In KBr four
IR bands of v, were observed, while only three
bands were observed by Guerchais [356]. In nujol
suspension two singlets of vs and &g, Mn-O band,
a quartet and a triplet of v, and g, bands,
respectively, were observed [215]. Neither ion
exchange nor redox reactions could be observed
in the KBr under the IR measurement conditions
[87]. The factor group analysis and assignation of
its Raman bands measured with NIR excitation at
100 and 300 K have been discussed [221].
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The barium permanganate trihydrate exists only
as a mixed crystal component in Ba(ClO,),.3H,0
matrix. Its polarized electronic absorption
spectrum bands have been assigned and evaluated
in detail. The transitions and the effects of the
environment on these band shifts have been
discussed [357]. XPS [245] and NMR parameters
[156] have also been given. With increasing
concentration in D,O solutions the **Mn NMR
signal shifts linearly to lower frequencies [156].

Preparation of *Mn isotope  containing
compounds by neutron irradiation is pH
dependent. Besides the expected Ba(**Mn0,), and
*Mn?* some amount of MnO, also forms in
neutral solution, because of the oxidation of Mn**
by the permanganate [139, 158, 358]. Due to the
nuclear recoil no **MnO, forms, on the other
hand, there is no MnO, formation in acidic
solution. The effect of the pH, concentration and
the type of the adsorbent (Al,O3; or MnO,) have
also been studied. Around pH = 13, a complex is
formed from the permanganate and the hydroxide
ion. It does not adsorb on MnO, and completely
dissociates with a first order kinetics at pH
below 7. This complex has no influence on the
distribution of the species when Al,O5 is used as
an adsorbent [158].

Pre-heat treatment slightly increases the initial
Mn retention and decreases the extent of
the subsequent thermal annealing. Annealing
phenomenon consists of two apparent first order
processes for both heat-treated and untreated
permanganates. It is the reason for the competitive
participation of the oxidising/reducing inherent
crystal defects [276].

Barium permanganate is stable thermally up to
180 °C, and decomposes in two stages between
180-350 and 500-700 °C. The decomposition is
fast at 200-220 °C, exothermic and the activation
energy is 113 kJ/mol. The decomposition can be
described as it follows:

Ba(l\/an4)2 = BaMnO; + MnO, + 1.50, (41)
2BaMnO; = 2Ba0 + Mn,0; + 0.50, (42)
2Mn02 = Mn203 + 0502 (43)

A small amount of MnO;OH™ -ion was detected by
NMR in the barium permanganate as crystal defect.

This defect has a role in the decomposition
temperature and in the decomposition mechanism.
The temperature dependence of the number of
acoustic impulses, electric conductivity and
magnetic susceptibility shows unambiguously that
Ba(MnQ,), decomposes in an uniform reaction
[219]. DTA studies in air showed the formation of
MnO, [228]. Endothermic peak of the DTA curve
at 575 °C is assigned to the decomposition of
MnO, into Mn,0s, and the exothermic peak at
630 °C refers to the decomposition of BaMnOs.
Normally, BaMnO; can be prepared from BaMnO,
at 900 °C [359], therefore its formation at lower
temperature might be the effect of the catalytic
power of the formed Mn,0O;[360]. Because of the
formation of catalytically active intermediates due
to radiolysis, X-ray irradiation at the moment
of the thermal decomposition increases the
decomposition rate of the barium permanganate
[360-361]. TG, gas-evolution, dielectric and XRD
measurements have also been studied and
provided the kinetics of the decomposition which
has an activation energy of 34 kcal/mol [53].

The thermal decomposition curve in high vacuum
shows a sigmoid pressure-time function (110 °C).
Based on this, it is assumed that at the
commencement of the acceleratory period, strains
exist in the crystal at the interface between the
product formed before the acceleration and the
undecomposed material. This strain produces
micro cracks in the reactant surface and the
reaction progresses inwards by a mechanism of
branching planes of reaction [232].

Barium permanganate reacts with manganese(ll)
in sulfuric acid and hollandite type or tunnel-like
manganese oxides are formed at 80-140 °C under
hydrothermal conditions [167]. Nsutite (y-MnQO,)
or pyrolusite (B-MnO,) are formed below 30 and
above 160 °C, respectively [202]. The same
method can be used to prepare metal substituted
(Pd, La, Co) octahedral manganese oxides [247].
Barium permanganate reacts with sulfur dioxide
in its aqueous solution. This oxidation process
partly leads to sulphate but dithionate also
forms:

4Ba(Mn0O,), + 21H,S0; = 4BaS0O, + 8MnSQO,
+ H,S,0¢ + 7TH,SO,4 + 13H,0 (44)
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Thiosulphate, higher thionates or sulfites could
not be detected [362].

Barium permanganate as a solid reagent can
oxidize various organic compounds, e.g. sulfides
to sulfoxides [23], and regenerates aldoximes and
ketoximes to the corresponding carbonyl
compounds [18]. Thioles are oxidized into
disulfides, and vicinal aromatic hydroxyketones
are oxidized into diketones [8] under reflux in
MeCN.

Barium permanganate  selectively  oxidizes
secondary benzylic C-H bonds. In toluene
solution, e.g. ethylbenzene and diphenylmethane
are converted into acetophenone and benzo-
phenone respectively [302], without oxidizing the
toluene. Diphenylacetylene, benzoin and 1,2-
diphenylethane are oxidized to benzil with good
yield. Condensed aromatic hydrocarbons such as
naphthalene, phenanthrene are oxidized to
the appropriate quinones. Unsaturated alcohols
transform into unsaturated aldehydes, but styrene
is oxidized to benzaldehyde. Benzylic alcohols are
transformed into carboxylic acids, but primary
alcohols such as 3-phenylpropanol or 1-octanol
are converted only to aldehydes [302]. Secondary
alcohols are oxidized to the appropriate ketones,
while the double bond functionalities are retained.
Benzylic acid, however, is cleavaged to benzo-
phenone [8]:
(0]

- 2

o O

Benzyl halides are transformed to a mixture of
aldehydes and carboxylic acids; aldehydes are
transformed into the corresponding carboxylic
acids [302]. Arylamines are transformed into the
corresponding azo-compounds, except o-nitro-
aniline which does not react [302]. Barium
permanganate is selective in oxidative cleavage of
benzylic type C-N bonds, e.g. 2,4-dinitrophenyl-
hydrozones and semicarbazones are oxidized to
the corresponding carbonyl compounds, however,
benzaldehyde or cyclohexanone derivatives remain
unchanged in this reaction.

Barium permanganate acts as corrosion inhibitor
of aluminium [174] and chromium [211]. It is

added to epoxy resin encapsulants for various
microcircuits with Al conductors to improve their
reliability [363].

Barium permanganate can be used for the
preparation of lithographic supports [335], for the
generation of gases in compositions used as
disintegration assistants in casting molds [364], as
a polymerization catalyst in the polyphenylene-
oxide polymers preparation [365], as an oxidant in
hardening SH-functional polymers like polymeric
ditihiocarbamates [366] and in the transformation
of 2-t-butyldimethylsilyl-3-methylfuranol to the
corresponding furaldehyde [367].

Barium permanganate can be used itself or in a
mixture containing a hygroscopic salt that
captures water needed for the oxidation of
ethylene in flexible polymeric films useful in the
modified atmosphere packaging of fresh fruits,
vegetables and flowers and acts as an ethylene
reactive agent. [188-189]. It catalyses the
transesterification reactions of dicarboxylic acid
esters and glycol to prepare high molecular weight
polyesters [323]. In the preparation of arylalkyl
hydroperoxides it can catalyze hydrocarbons
oxidation with air [337], and in the presence of
barium permanganate the aerial oxidation of
toluene to benzoic acid can be performed without
the formation of colourful by-products [322].

Barium permanganate impregnated porous
substrates are effective hydrogen sulfide removing
agents [187]. Fiber filters, comprising barium
permanganate bound to the fiber matrix, are
capable of oxidizing or neutralizing contaminants
like hydrogen sulfide and sulfur dioxide in fluid
streams [186].

It can be used as a permanganate constituent of
composite conductive crystals containing graphite
or other carbonaceous material used as cathodic
material in a galvanic cell [342]. It can be used to
purify central forced air systems in residential and
commercial constructions [185].

3.4. Permangnates of p-elements

Only lead and aluminium permanganates have
been synthesized so far. The properties of the pure
salts have not been studied in detail.
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3.4.1. Aluminium permanganate

Aqueous solution of aluminium permanganate has
been prepared by the reaction of hot aqueous
solutions of potassium permanganate and
aluminium sulphate, followed by the removal of
potassium alum after cooling the solution [99-
102]. It dissociates completely in its dilute
aqueous solutions [147]. The pure aluminium
permanganate is a deep purple crystalline mass
which contains crystallization water. Its composition
and properties are under study [68].

3.4.2. Lead(ll) permanganate

Lead permanganate has been prepared by the
reaction of the dilute aqueous solutions of PbCl,
and AgMnO,. The 1.07*10° M solution formed
was treated with alkali, when a brownish
precipitate was formed in which the Pb:Mn
ratio has proved to be 2. The compound has
been defined as basic lead(ll) permanganate,
3PbO*Pb(Mn0O,),. Its solubility product has
been found to be 1.35*10™° [89-90, 368]. Lead
permanganate can be used for the removal of
interfering redox-active substances from liquid
samples e.g. for the treatment of blood, serum,
plasma or other bodily fluids [369].

3.5. Transition metal permanganates

Numerous transition metal permanganates have
been prepared, and their inorganic and organic
reactions have also been studied. These compounds
are purple water-soluble compounds, which with
the exception of the silver salt have various
crystalline water content.

3.5.1. Silver permanganate

AgMnO, prepared from KMnO4and AgNO; is a
dark purple, nearly black, stable and non-
hygroscopic crystalline material [139, 215].
Application of excess AgNO; at 0 °C prevents co-
precipitation of the KMnO, with the AgMnO,
[39]. Silver permanganate has also been prepared
by the reaction of silver sulphate with barium
permanganate [54, 215]. It can be stored (in dark)
at room temperature for 5 months without
decomposition, and pre-irradiation with visible
flash light has no influence on its magnetic
and optical data [39]. Solubility in water is

0.966x10° M and 1.420x10° M at 15 and 35 °C,
respectively. The temperature dependence of the
solubility product between 15 and 35 °C has been
described as it follows [370]:

log L =-37.3958 + 0.053788T + 3419.9/T  (46)

The values of the thermodynamical properties
at room temperature have been found to be
AG%g5 = -407,6 kJ/mol, AS%qs = 42,66 J/mol.K
[371]. Its solubility product has been determined
in the temperature range of 25-35 °C both in
aqueous [370] and DMF solutions [234].

The crystal structure of AgMnQO, has been re-
determined by Boonstra [372]. The average Mn-O
bond length was found to be 1.60 A. The needle-
shaped crystals belongs to monoclinic system,
P2,/n, with a=5.64, b = 8.33 and ¢ = 7.12 A with
B = 92.25°. The thermal motion of the permanganate
is isotropic while the silver ion has anisotropic
motion. On the contrary to Sasvari’s results [373],
the structure cannot be regarded as a slightly
deformed barite structure. Although there is a
formal correspondence in the heavy atom positions,
the orientation of the oxygen tetrahedron is quite
different [372]. Single crystal X-ray diffraction
studies have been performed on needle shaped
single crystals grown from water. The average
Mn-O distance has been found to be 1.633 A,
d = 4.500 g/cm?®, Z = 4 at 298 K. Only one oxygen
is bound to the silver, thus resulting a significant
deviation from the regular tetrahedral geometry of
the permanganate anion [374] (Figure 5).

The silver permanganate, AgMnO, can be
formulated as Ag'MnY"O,, however, thermo-
dynamic calculations [40] show very small
difference in the heats of formation of the
Ag'Mn¥"0, and the Ag"Mn"'0,. The UV-Vis
spectrum of the AgMnO, is typical for the
permanganate ion, however, in frozen solution or
in powdered state the UV spectra differs from
the spectrum obtained in solution [375]. The
electronic spectra measured in H,O, AgNO;
solutions and in solid KBr, K,SO,, Li,CO; and
Ag,SO, pellets indicate the role of the Ag'-ion
exchange in the solid matrixes [376]. Although
permanganate cannot oxidize the silver(l) in
aqueous solutions, but in solid state an electron
transfer promoted by the increased lattice energy
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Figure 5. Crystal structure of silver permanganate.

is possible. The broad diffuse electronic spectrum
of the AgMnO, is consistent with a general
multicenter interaction in which the electron
delocalization would cause cooperative effects
between the MnQy sites, thus the integrity of the
individual ions is lost. Since an electron can enter
into the permanganate ion at the 2e level, which is
antibonding with respect to the Mn-O bond, this
reduces the magnitude of the Mn-O stretching
force constant. Comparing the force constant for
the ideal tetrahedral MnO," (n=1-3) ions, the f;
force constant found for the AgMnO, has an
intermediate value between the force constant
determined for the +6 and for the +7 oxidation
state of the manganese in the MnQ, ions. The
formal oxidation state can be estimated to be 6.2
for the MnOy-ion in the AgMnO,. This indicates
that substantial electron redistribution occurs in
the formation of the solid AgMnQ, [375]. On the
bases of magnetic measurements, however, the

Ag*‘MnO, = Ag®*MnO,* (47)

equilibrium in the solid state produces
Ag"Mnv'0, form only in very small amount,
because the paramagnetic contribution of the
unpaired electrons of MnO,* and Ag®* should be
at least two orders of magnitude larger than the
observed value [39].

Photoelectron ~ spectrum  of the  silver
permanganate was analyzed [377] in detail. The
silver 3ds, binding energy (XPS) is 368.9 eV
[378], the Mn2ps;, binding energy is 642.3 eV and
the surface composition was found to be
AQ123Mn0O,4;. The charge of the manganese is
small compared to the formal oxidation states, and
this indicates that the formal charge on the oxygen
is much smaller than -2, approx. -0.5 [376].

IR spectrum of the silver permanganate strongly
depends on the measuring conditions (nujol or
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KBr matrix). This can be attributed to the
ion-exchange interactions between the silver
permanganates and the KBr matrix [87]. In nujol
suspension the permanganate ion (in the silver
permanganate) has C; site symmetry with a v;
Mn-O band at 800 cm™ and a triplet of v, [215]
around 900 cm™ [87].

Resonance Raman spectrum of AgMnO, has been
measured and the assignation of the fundamental
and the combination bands have been performed
[221, 379]. Progression of v; could be observed
up to v= 3, and the values of the w; harmonic
frequency and the X;; anharmonicity constants
have also been determined. This electron
redistribution generates some cooperative effects
between the various permanganate sites in the
crystal lattice and therefore causes a change in the
vibrational characteristics of the individual ions.
Although the v, frequency is sensitive to the
nature of the cation, but its strong shift from the
840-850 cm™ range, and the splitting of the v,
bands components (799.0 amd 808.4 cm™) may be
the consequences of this electron redistribution.
These results show that the compound has
important covalent character, and there is an
electron redistribution in the solid lattice [379].
Due to the intensive visible color of the
permanganate ion He/Ne laser excitation has been
applied. A small amount of MnO, always forms
on the surface, therefore these spectra are
contaminated by the signals of the MnO, [244].

*Mn NMR spectra of polycrystalline silver
permanganate has been recorded at room
temperature. The parameters of the second order
quadruple interactions, the asymmetry parameters
and the local gradient of the electric field at each
positions of the nucleus have also been
determined [225]. As crystal defect detected
by the NMR, silver permanganate contains a
small amount of MnO;OH" -ion which has
a role in the decomposition mechanism (including
decomposition temperature) [219].

The effect of the silver 1* ionization potential on
capturing thermal neutrons by the Mn in silver
permanganate has been determined, and the
distribution of the radioactive Mn between the
species formed were found to be similar to the

other permanganate salts examined. Its neutron
irradiation to prepare **Mn isotope containing
compounds is pH dependent. Besides Ag**MnO,
and **Mn?" some amount of MnO, has also been
formed both in neutral and acidic solutions. This
is attributed to the oxidation of Mn®* by the
permanganate [139]. Because of nuclear recoil no
**MnO, has been formed.

Silver permanganate decomposes at 100 °C in an
autocatalytic decomposition process with oxygen
evolution [54]. Because of the highly active
catalytic properties of its solid decomposition
products, the thermal decomposition process of
the silver permanganate has been studied in detail
[380]. Prout and Tompkins [381]:

2AgMnO, = Ag,0 +2Mn0O, + 1.50, (48)

described a classical permanganate decomposition
process which has 124 kJ/mol activation energy
[379]. Since the oxygen balance is higher than the
expected, Grant and Katz supposed the presence
of metallic silver as well [382]. Later, the detailed
studies showed the formation of a mixture with
the AgMnO,40.76 formula [232], and DTA
studies in air showed the formation of MnO,
[228].

The rate of isothermal decomposition at 115 °C
strongly depends on the atmosphere, the rate is
decreased in the O,, N, and CO, order. Since the
donor acceptor properties are not correlated with
it, the presence of an ionic-radical process is the
probable reason [383]. The rate of the thermal
decomposition at this temperature is increased by
ZnO or ThO, additives, does not affected by
Co030, and NiO, and strongly decreased by TiO,.
Since the reaction product is mainly metallic
silver, the decomposition of the permanganate ion
can be described as

MnO4; = MnO4 + € (49a)
MnO, + O, (49b)

The liberated free electron has an important role
in the process. Its interaction with the additives,
however, does not explain completely the
observed decomposition characteristics, since the
formed Ag,O and B-MnO, have reaction rate
depressing action [384]. Irradiation with X-rays
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also increase the rate of decomposition because of
the formation of auto-catalysing intermediates
[361].

The thermal decomposition curve in high vacuum
gives a sigmoid pressure-time function at 110 °C.
Based on this, it is assumed that at the
commencement of the acceleratory period strain
exists in the crystal at the interface between the
product formed before the acceleration and the
material not yet decomposed. This strain produces
micro cracks in the reactant surface and the
reaction progresses inwards by a mechanism of
branching planes reaction. Silver permanganate
does not disintegrate during the decomposition.
Asterism is not exceptionally pronounced
immediately prior to the acceleration but there is a
marked increase in the lattice distortion after this,
detected by XRD. It is seen that the amount of
strain is extremely high at the end of the induction
period [232]. Thermal decomposition of AgMnQO,
single crystal has been studied after irradiation
with UV light at 110 °C [385]. It was stated,
that there is some increase in the acceleratory
and a decrease in the decay region, however,
the difference between the rate constants of
UV irradiated and non-irradiated samples
were insufficiently large to suggest that the UV
light had any effect on the reaction Kinetics.
Furthermore, based on thermal studies of AgMnQO,
and KMnQ,, some correlation was found between
the longest wavelength O-Mn CT band and
the activation energy of the decomposition. This
relationship, however, is valid only if the rate
determining step is an electron transfer [376].

Saturated aqueous solution of silver permanganate
can be reduced with metallic silver in 10 h
with the formation of Ag,MnQO, (silver(l)
manganate(V1)) [600].

AgMnO, + Ag = Ag,MnO, (50)

Solid AgMnO, reacts with Ag,O at 1:1 molar
ratio with the formation of a hollandite type
mixed silver manganese oxide of Ag;gMngOq
and a small amount of Mn,O5 at 970 °C and under
5 kbar O, pressure in an autoclave for 7d [386].

Silver permanganate reacts with sulphur dioxide
with the formation of sulphate and dithionate
which precipitate as insoluble silver salts:

8AgMnO, + 21H,S03; = 3Ag,SO, + 8MnSO,
+A928206 + 8H,S0, + 13H,0 (51)

Any thiosulphate, sulfite or higher thionate could
not be detected [362]. Thermal decomposition
products of silver permanganate, however, give
only manganese(ll) and silver sulphates [387]. Its
reaction with oxalate is a 1% order reaction and the
kinetic features strongly differs from the values
given for K, Na and NH, salts [204].

Silver permanganate can be used as a starting
material to prepare AgCF;, Ag(CF3), or
AQ[Ag(CF3)4] by the reaction of AgMnO, and
Cd(CF3), at -30 °C [388].

Silver ~ permanganate and its  thermal
decomposition products (Koérbl catalysts) are
widely used catalyst in the determination of
elemental composition of various kinds of organic
compounds [389-396], especially in the presence
of sulfur, halogens, phosphorus, arsenic and mercury
[397-401]. These decomposition products were
tested for almost all kind of organic compounds,
e.g. for volatiles [402] such as benzene or
n-heptane [403], ethylene [404], organometallic
compounds, [405-406], plastics [407] and hardly
ignitable halogen-containing compounds such as
organofluoro compounds [408], polyhalogenated
organic compounds [409] or chlorine substituted
maleinimides [410]. It can be effectively used
in the oxidation of carbon monoxide [392, 403,
411], but the catalytic activity strongly depends
on the surface area of the support used [412].
Phosphorus removal from the combustion train
during elemental analysis [413], and promotion of
the MnO, catalyst in the oxidation of acetylene
[414] are well known application fields. Some
other application fields are also known, including
the determination of tritium and **C isotopes in
labelled compounds [415] or the oxidation of
harmful constituents in tobacco filters [416-417].

It can also be used as permanganate constituent
of composite conductive crystals containing
permanganate oxidants and graphite or other
carbonaceous material for use as a cathodic
material in a galvanic cell [342], and as a catalyst
in fuel cells [418], batteries and likes [419]. Itis a
reagent to modify the atmosphere for preservation
of fruits and vegetables [420]. Silver permanganate
is widely used as aqueous primers for plastics in
electroless plating [421] and for pretreatment or
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activation of plastics surface before metallization
[422-423]. It is a starting material in semi-
conductor type ceramic preparation [424].

3.5.2. Copper permanganate

Copper permanganate is a deliquescent purple
crystalline material, dissolves in water, and in its
dilute agueous solution completely dissociates
[147]. Easily decomposes even at 80 °C with
oxygen evolution in an autocatalytic process [54].
It can be prepared by the reaction of barium
permanganate with copper(ll) sulphate at
stoichiometric ratio in water [54, 87, 148, 318,
425-426]. Depending on the synthesis and the
isolation conditions the molar water content of the
product varies (2, 3, 6, 7 and 8). Reaction of silver
permanganate with copper(ll) choride is also an
easy way to prepare the title compound [427].

The IR spectra of the hydrated copper(ll)
permanganates  (dihydrate  [87, 318] or
hexahydrate [148]) strongly depends on the
conditions of the measurement (nujol or KBr
matrix). This phenomenon can be attributed to the
ion-exchange interactions of the hydrated
permanganates and the KBr matrix [87]. Its X-ray
powder diffractogram is complicated [318]. Our
experiments indicated, that the XRD of the
hydrated copper(ll) permanganate changes during
the measurement [68]. The powder X-ray
diffractogramms of the starting or the de/re-
hydrated species do not fit in the XRD results of
the copper(ll) permanganate dehydrate [148]. The
formed compound dissolves completely in water
with purple color without the formation of
insolubles, consequently it can be presumed that
only the number of water molecules in the
hydrated salt has changed during the XRD
experiment.

The water content of the salt formed is determined
by the conditions of the synthesis. When
the solution has been partially evaporated at
290-330 K and the crystals have been filtered off,
the amount of the water (after a vacuum
dehydration) varied between 1.7 and 4.1. The first
step of the decomposition led to a mixed phase
with a composition of CuMn,Os 45 [425]. Kinetic
study has been performed in the range of 335 and
370 K. During the median region of the
decomposition the dominant feature has been

a constant reaction rate. Acceleratory or
deceleratory behaviour was not prominent and
the induction period was found to be very short.
Water vapour had no influence on the
decomposition rate. Anion breakdown occurred at
the interface between the crystalline reactant and
an ill-crystallized disorganized mixture of the
residual products.

By increasing the temperature up to 695 K, only
one phase, CuMn,Os could be detected. In the
range of 695-1175 K two other phases, CuMn,0,
and Mn,O3; have formed. Magnetic susceptibility
measurements showed unambiguously, that above
725 K the copper transforms into Cu(l) valence
state. The magnetic moment values of the
amorphous CuMn,0Os showed that it is not a
simple mixture of CuO+2MnO, or CuO+Mn,0s.
This result provides an evidence of a more
complicated interactions between the constituent
cations of this poorly crystallized material. The
presence of copper(2+) can be concluded from the
XPS results indicating that Cu is on the two-
valent state in this amorphous material [426].

The Cu'Mn""Mn"vO, formula for the CuMn,O,
formed in this reaction corresponds to the XPS
and magnetic susceptibility measurements. The
existence of Cu"Mn,"'O, normal spinel in this
system is not possible. It is a simple reduction of
Cu" and oxidation of the Mn"" into Mn'" at this
temperature. Permanganate breakdown is believed
to follow an electron transfer to a copper(Il) with
the formation of copper(l) which can be
subsequently re-oxidized. The decomposition
products are potential catalysts of heterogeneous
reactions [425].

The initial retentions following >*Mn(n,y)**Mn
recoil in Cu-permanganate was 6% [428]. The
distribution of the 56Mn-species between MnO,,
MnO, and Mn?* is anomalous in solution
(referring to solid state (dihydrate)). It can be
attributed to colloidal MnO, formation and to the
adsorption of Mn?" on this colloid [318].

Hydrated copper(ll) permanganate (octahydrate)
seems to be a very versatile oxidant in organic
chemistry, oxidizes cyclohexanols into cyclo-
hexanones [303], secondary saturated and
unsaturated alcohols into the appropriate ketones
with extremely short periods of time in methylene
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chloride even at room temperature [296].
Saturated primary alcohols like benzyl alcohol or
decanol are oxidized into benzoic acid or decanoic
acid [296]. Alkyl and aryl sulfides or selenides are
readily converted into the appropriate sulfones
or selenones [429]. It is supposed that alkenes
inhibits the oxidation of sulfides and the
competition between the sulfides and the alkenes
to adsorb on the active sites of the oxidant surface
[429]. The reaction is initiated by the formation of
a coordinative covalent bond between the sulfur
and the manganese. The sulfur would thereby
acquire a partial positive charge and therefore it is
attracted to an oppositely charged oxygen ligand,
leading to the formation of a new bond. The
rearrangement is similar to the rearrangement of
the coordinated C=C double bond in the oxidation
of alkenes [429, 582]. An interesting feature of
the oxidation reactions of the hydrated copper(ll)
permanganate is the oxidation of unsaturated
alcohols into unsaturated ketones without the
oxidation of alkene part, since the C=C double
bond instantly reacts with the permanganate anion
in solutions. Addition of alkenes, e.g. cyclohexene
or 5-decene inhibits the oxidation reaction of
alcohols [24]. It indicates that certain reactive
sites on the surface of the oxidant can bind rather
firmly carbon-carbon double bonds and thus
prevent binding and subsequent oxidation of the
alcohols. Neither cyclohexene nor 5-decene are
oxidized with solid copper(ll) permanganate,
however, a substituted alkene, e.g. 2,3-dimethyl-
2-butene slowly oxidizes under the same
conditions [24]. Saturated secondary alcohols are
oxidized easily with solid hydrated copper(ll)
permanganate, while allyl alcohols are oxidized
slower. In the mixture of saturated and allylic
alcohols, the allylic alcohol oxidation is the
preferred reaction. It indicates, that the double
bond of allylic alcohols is attached first to the
oxidant by a m-bond and oxidized subsequently.
Non-allylic unsaturated alcohols, however, are not
oxidized under the conditions that lead to good
yields of ketones from secondary allylic alcohols.
This indicates unambiguously that, if the hydroxyl
group of the alcohol is not close to the point at
which the n-bond forms, it does not interact with
the oxidant, possibly because it cannot come into
the coordination shell of the manganese(VII). A

possible reaction mechanism has already been
published [24].
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The reason for this unusual behaviour has been
pointed out as the coordination of the double bond
to the manganese [24]. This mechanism, however,
is inconsistent. First of all, the coordination of the
double bond to the permanganate manganese with
closed d-shell seems to be very unusual. The
mechanism of the permanganate oxidation of
alkenes has been studied by means of high-level
guantum chemical calculations and the probability
of [3+2] and [2+2] (with C-O bond formation)
addition compounds have been found to be
possible intermediates. The five-membered
0,Mn(O-CHR-CHR-O)(-) compounds proved to
be the energetically favoured ones. No evidence
of manganese-double bond coordination could be
established at all [430].

Second times, not only the hydrated copper(ll)
permanganate but the mixture of the solid
copper(ll) sulphate pentahydrate and KMnQ, also
oxidises the wunsaturated allyl-type alcohols
without oxidation of the double bond [431, 555].
Pure KMnO, does not give this reaction which
shows that the copper blocks the alkene part
oxidation.

Since solid copper(ll) compounds react with
alkenes [433-435] easily, the coordination of
the double bonds at another coordination site,
namely on the copper center can be assumed.
Surprisingly, the coordination ability of the solid
copper(ll) compounds is strong enough. Solid
CuCl, or CuSO, reacts with 2-chloro-2-butene
meanwhile producing CuCl,.L and CuSQ,.L type
adducts which can be isolated as stable solids.
These adducts are coordinatively unsaturated
and can absorb H,O, NH; or pyridine to form
CuSO,.L. A type adducts (A = H,O, NH; or
pyridine), which decompose on heating by loosing
the H,O, NH; or pyridine and regenerating the
starting alkene complex. It indicates that the
binding of an alkene via the m-system can be
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much stronger than the binding of a classical
Lewis-base donor ligand as H,O, NHj; or pyridine.
Furthermore, the reversible bonding of the H,O
and other donor ligands shows a possible catalytic
role of the solid copper salts in H,O (NHs,
pyridine) - alkene ligand exchange reactions. In
the light of the abovementioned facts, the
following mechanism can be presumed:

(1) The alkene part is coordinated to the copper(ll)
coordination sphere, e.g. by substituting a weakly
bound coordinated H,O. The binding of H,0 is
not strong in copper(ll) permanganate. The water
content depending on the drying conditions and
varies between 2 and 8. The easy exchangeability
of the water in the coordination sphere fixes the
unsaturated ligand in a given position, thus the
distance between the allyl-position of the ligand
and the oxygen atom of the Cu-Mn=0 linkage is
optimal to oxidize the oxidable group located at
the allyl-position. The vinyl type or &-positons are
to far from the oxidant group immobilized in the
solid reagent.

(2) Considering the temperature dependence of
the water content of the hydrated copper(ll)
permanganate, the supposed mechanism explains
the role of the temperature in the oxidation of
1-phenyl-1-buten-3-ol with hydrated copper(ll)
permanganate [24]. If the oxidation of the alcohol
is carried out at low temperature, cleavage
of the double bond is the predominant reaction,
however, as the temperature is increased, the
relative amount of non-cleavaged products
increases dramatically and eventually predo-
minates at reflux temperature. On the bases of our
assumption, with increasing the temperature, the
substitution of the water in the coordination
sphere with the alkene part of the substrate is
completed or becomes predominant because the
bound of the water to the copper center is weaker
than the alkenes. The possible mechanism is
showed at Figure 6.

Presuming the reliability of this mechanism and
the alkene-exchangeability of other ligands than
water, ammonia or pyridine, e.g. optically active
O- or N-coordinating ligands (alcohols, amines
and likes), this type of alkene coordination could
regulate the coordination of the re or si-side
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Figure 6. Supposed mechanism of the hydrated
copper-permanganate oxidation of allyl alcohols.

because of the steric hindrance of the optically
active ligands remain in he coordination sphere.
It seems to be a perspective research area to
perform optical resolution  during oxidation
reactions. This supposed mechanism induced our
efforts to study the preparation of anhydrous
copper(Il) permanganate and amin-type copper(l)
permanganate complexes [68]. As it was declared
[24] previously the role of the water in these type
of reactions is an interesting question. The dried
copper permanganate does not give the reactions
of the hydrated ones. The drying leads not only to
complete dewatering, but sometimes to the
complete decomposition of the permanganate
anion. Because of the lack of the permanganate
ion the oxidation power of the dried “copper
permanganate” [68] misses.

3.5.3. Basic copper(ll) permanganate

Basic copper(ll) permanganate, Cu,(OH);MnO,
can be prepared by an anion exchange reaction
between the layered Cu,(OH);OAc basic acetate
and 1 M KMnQO, in one day [38]. The ion
exchange keeps the layered structure of the
acetate compound (the basal spacing is 7.22 A).
The thermal decomposition of the compound
formed proceeds in the following way:

Cu,(OH)sMn0O, = 0.5CuMn,0,4 + 1.5Cu0
+15H,0+ 0, (54)

The formed mixed copper manganese phase
catalyzes the oxidation of CO even at 30 °C. The
amorphous spinel crystallizes at 440 °C and
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decomposes at 940 °C into CuMnO,. If heated
above 500 °C, the activity of the CuMn,0Oy, is lost
but it can be reactivated in oxygen at 400 °C. This
is the consequence of various Cu(l)-Mn(IV) and
Cu(I1D-Mn(I11) redox reactions [38].

3.5.4. Zinc permanganate

Purple crystals of zinc(ll) permanganate
hexahydrate have been prepared by the reaction of
barium permanganate and zinc(ll) suphate at a
stoichiometric ratio in water [87, 318]. It easily
dissolves in water and in its dilute aqueous
solution completely dissociates [147]. Zinc-
permanganate hexahydrate starts to dehydrate
at 40 °C and decomposes with oxygen evolution
at 100 °C. The amorphous product formed
(ZNMny0459*0.7H,0) decomposes further at
300 °C with the formation of ZnMn,0,*0.7H,0
which crystallizes at 420 °C (with water loosing),
and turns into pure ZnMn,O, at 750 °C. Hydro-
thermal decomposition of zinc(ll) permanganate
hexahydrate leads to ZnMn,0,.2.5H,0 at 300 °C
[116]. The decomposition proceeds with oxygen
evolution in an autocatalytic process [54]. Due to
the ion-exchange interactions of the hydrated
permanganates and the KBr matrix the IR
spectrum of the zinc permanganate hexahydrate
strongly depends on the conditions of the
measurement (nujol or KBr matrix) [87]. In this
compound, the permanganate site symmetry is
C, [148].

Neutron irradiation and the studies on the
**Mn-species among the MnO,, MnO, and Mn?*
showed an anomalous distribution in solution,
because of the colloidal MnO, formation and the
adsorption of Mn®" on this colloid [318]. The
initial retention following the **Mn(n,y)**Mn
recoil in Zn-permanganate was found to be 8%,
but only 2% could be observed after an isochronal
heating for 30 min in the temperature range of
25-120 °C (with the characteristics distribution of
activity among the Mn*, Mn*" and Mn"" states).
In the decomposition region, both Mn?*and Mn"*
diminished to give Mn** [428] .

Zinc permanganate can be used as an useful
oxidant in organic chemistry [25]. It reacts
instantly, in some cases with fire, with common
solvents, such as THF, ethanol, methanol,

t-butanol, acetone and acetic acid. Diphenyl-
acetylene is oxidized into benzyl with a yield of
67%, lactones form from THF and tetrahydro-
pyrane, and the appropriate ketones can be
regenerated from 1,3-dioxolanes [25]. Cyclo-
hexanone produces adipic acid, Boc-susbtituted
amines gives the appropriate amides, N-phenyl-
sulfonyl pyrrolidine gives the 2-pyrrolidone
derivative, 3-ftalimidocyclohexene transforms into
the appropriate hydroxyketone:

Q%j@ . Q;jg (55)

Synthesis of N-acyl-N-alkylcarboxylates can be
performed by means of Zn(MnQO,), oxidation
of substituted amides formed from carboxylic
acid esters and an N-alkyl-N-alkanolamine [436].
Zinc(l) permanganate catalyses the trans-
esterification reactions of dicarboxylic acid esters
and glycol to prepare high molecular weight
polyesters [323]. It can also be used as a catalyst
in tobacco smoke filters, [182] or in curable
polysulfide compositions [340]. Its strong
oxidation ability can be utilized in various fields
and compositions, respectively, e.g. in corrosion
inhibition of metals towards acidic gases such as
H,S, CO, or COS [207, 329-330], in surface
modifying during annealing of non-porous
insulators  [438], in electrochemical reactor
components for transporting oxygen in partial
oxidation of methane to produce unsaturated
compounds or synthesis gas, in partial oxidation
of ethane, in substitution reactions of aromatic
compounds, extraction oxygen from oxygen-
containing gases including oxidized gases,
ammoxidation of methane and likes [439]. It can
also be used for the preparation of pharmaceutical
compositions containing zinc compound of
cyclodextrin to treat gastric disorders and
Helicobacter pylori in the stomach or duodenum
[440]. Zinc-manganite and its cobalt-substituted
solid  solutions  prepared from  zinc(ll)
permanganate are active catalysts for CO
oxidation [441]. Zinc(Il) permanganate was tested
as a histochemical fixation agent, but destroyed
the tissues [190].
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3.5.5. Cadmium permanganate

Cadmium permanganate hexahydrate,
Cd(Mn0O,),.6H,0, has been prepared by the
reaction of barium permanganate and cadmium(l1)
sulphate at a stoichiometric ratio in water [54, 87,
325, 442], or by the reaction of Cd(OH), with the
CCl, solution of freshly prepared Mn,O; [70].
Purple rhombohedral crystalline  substance,
isomorphous with the appropriate Mg- and Ni-
permanganate hexahydrates [442], (C7,, (Pmn2,)
a=2804,b=1391¢c=534 A, d=249 g/ml,
Z = 2) [442]. It is soluble in water and completely
dissociates in its dilute aqueous solutions [147].
The IR spectrum of the cadmium permanganate
hexahydrate strongly depends on the measurement
conditions (nujol or KBr matrix). It can be
attributed to the ion-exchange interactions of the
hydrated permanganates and the KBr matrix [87].
The four IR stretching of the permanganate ion
are active [87, 442]. Cadmium permanganate was
also defined as heptahydrate and its IR spectrum
was also discussed [148].

Neutron irradiation and the studies on the
%Mn-species among MnO,, MnO, and Mn?*
showed anomalous distribution in solution.
Depending on the concentration, the retention is
changed due to the colloidal MnO, formation
and to the adsorption of Mn®* on this colloid
[325]. The initial retention following the
>*Mn(n,y)>®®Mn recoil in Cd-permanganate was
found to be 7%, but only 2% could be observed
after an isochronal heating for 30 min in the
temperature range of 25-120 °C. No reaction of
the Mn®* was observed, the Mn*" was obtained
only from Mn’* [428].

Decomposition temperature strongly depends
on the conditions and the heating rate. The
dehydration proceeds in two steps, and the
anhydrous salt decomposes around 100 °C
with oxygen evolution in an autocatalytic
decomposition process [54]. The dehydration
temperatures have found to be 30 and 60 [328],
61 and 82 [70] and 75 and 147 °C [442]. Both
dehydration steps are based on a single step
nucleation process followed by a growing process
with nuclei overlap [328]. Based on DSC studies,
the two endothermic dehydration steps is followed

with an exothermic peak which belongs to
the decomposition step of the anhydrous salt
(108 °C). The decomposition product proved to be
a mixture of MnO, and CdMnOs.

Cd(MnO,), = CdMnO; + MnO, + 1.50, (56)

The kinetics of the decomposition has also been
determined [70]. The temperature of the exo-
thermic decomposition is 164 °C [442]. This
value is much higher than the values obtained by
others [54, 70, 328]. The decomposition of the
anhydrous salt in air was studied in the
temperature range of 80-110 °C. The sigmoidal
isothermal fractional decomposition vs. time
curves are reproducible. Dehydration starts
without induction period, but the thermal
decomposition has induction, acceleratory and
decay period. The acceleratory and the decay
periods can be shortened with ®°Co y-irradiation
[328].

Cadmium permanganate catalyses the
transesterification reactions of dicarboxylic acid
esters and glycol (to prepare high molecular
weight polyesters) [323].

3.5.6. Nickel permanganate

Ni(MnO,),.6H,O has been prepared by the
reaction of barium permanganate and nickel(ll)
sulphate at a stoichiometric ratio in water [54, 87,
116, 318, 443]. It is a dark purple crystalline
substance, soluble in water, and in its
dilute aqueous solution completely dissociates
[147].

IR spectrum of the nickel permanganate
hexahydrate strongly depends on the measurement
conditions (nujol or KBr matrix). It is due to
the ion-exchange interactions of the hydrated
permanganates and the KBr matrix [87]. The
permanganate ion site symmetry is C, [148].

The initial retention following the **Mn(n,y)**Mn
recoil in Ni-permanganate was found to be 16%
[428]. Neutron irradiation and the studies on the
**Mn-species among MnO,, MnO, and Mn?
showed an anomalous distribution in solution. The
retention is changed because of the colloidal
MnO, formation and the adsorption of Mn?* on
this colloid [318].
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It decomposes with oxygen evolution in an
autocatalytic process [54]. The hexahydrate
readily losts a part of its water and
Ni(MnO,),*4.5H,0 is formed. Heating the salt in
vacuum above 360 K releases all water and a bit
more than 1.5 O,:

Ni(MnO4),;*4.5H,0 = NiMn,0s + 1.50, + 4.5H,0
(7)

Isothermal decomposition Kinetics was studied
between 361 and 393 K. An initial deceleratory
process (up to 3.5% conversion) preceeds the
induction period followed by an acceleratory
process. The value of the activation energy is
close to the values of similar permanganates and
can be identified as the activation energy of the

2MnO, = MnO,* + MnO, (58a)
MnO, = MnO, + O, (58b)

process. Under dry conditions this process is
relatively rapid compared to the reaction
performed in the presence of small amount of
water vapour. Due to the same activation energies
both reactions seem to be rate-controlling step.
The overall rate of the salt decomposition
is controlled by the amount of electronic
imperfections. It is surprising that a solid phase
reaction is faster than the analogous homogeneous
solution phase decomposition. The forces of the
crystal coherence cannot stabilize the anion in this
particular reaction. The mechanism of the effect
of the water vapour is not clear. If the reaction
proceeds in the solid state exclusively, adsorption
of water may influence the reactivity of the
potential nucleation sites. Presuming local and
temporary melting, the involvement of the surface
water may similarly influence the concentration of
the electronic imperfections in the surface zone
[443]. Dehydration starts at 60 °C and the
decomposition starts at 100 °C [116, 426]. The
first intermediate product of the decomposition is
Ni,Mn,Os [426]. At 300 °C an amorphous
compound Ni(HMnNO, 495),*0.6H,0O forms which
transforms to NiMnO; and a-Mn,O; at around
400 °C. The latter process is accompanied with
oxygen evolution [116, 426]. Above 1075 K
NiMn,0O, is formed which has an inverse spinel
structure Mn"Ni""Mn'VO, [426]. This reaction can

be used to prepare NiMn,O, type sintered
ceramics for thermistors [444].

In solution (0.01 M) the decomposition is much
slower than in solid state, and the reaction rate
almost the same as in the case of the potassium
salt. It means, that the hydrated nickel ion has no
promoting effect in the breakdown of the
permanganate in its aqueous solution [443]. The
amorphous Ni(HMnOs).4H,O could be isolated
as a decomposition product obtained by the
evaporation of aqueous Ni(MnOy), solution over
H,SO, [116].

3.5.7. Mercury(ll) permanganate

Mercury (1) permanganate is used as a cathode
material in electrochemical cells [559].

3.6. Permanganates of f-elements

Only a few papers dealt with the permanganate
salts of rare earth elements. Re(MnQ,)s.4H,0
(where Re = La, Pr, Nd, Sm and Y),
Re(Mn0,)3.5H,0 (where Re = Gd and Dy),
Er(MnQg4)3.7H,O and Yb(MnQO,4)3.9H,O were
prepared in the reaction of CCl; solution of
Mn,0O; and Re,Os type rare earth oxides. These
compounds are formed as purple crystalline
solids. All of the compounds showed the same v,
and vs stretchings (843 and 899 cm™) [69] which
indicates that these compounds probably ion-
exchanged with the KBr in the pellet [xx,
notpubl]. All of the compounds dehydrates at
80-90 °C and decomposes at 137-140 °C. Their
decomposition products are rare earth oxides
and MnO,. The XRD results of the compounds
prepared by us (Re = La, Sm, Gd, Y, Pr) [80] do
not agree with the XRDs measured previously
[69].

3.6.1. Lanthanum permanganate

Resonance Raman spectrum of La(MnOy,)s-3H,0
was measured and the assignation of the
fundamentals and the combination bands
were accomplished. The progression of v, was
observed up to v= 3, and the value of the w,
harmonic frequency and the X;; anharmonicity
constants were also determined [221] and
compared with the analogous X;; values
of the monovalent and the divalent metal
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permanganates. The Xj; value strongly depends
on the polarizing action (charge) of the cation
[273].

Radiochemistry  (n,y) of the lanthanum
permanganate and its aqueous solution were
studied in detail. The pH has an influence on the
retention of the **Mn-containing species only at
low (1-2) and high (9.5-12.5) values [348]. In
solid state the retention was found to be high
at higher temperatures, however pre-activation
heating gave lower retention comparing with post-
activation heating of the targets. This is the
consequence of the crystal defects and the
transition reactions of the lattice stable precursors
in the parent reformation [349].

The standard Gibbs free energy of the aqueous
solutions of lanthanum, actinium and all of the
rare earth and actinide elements permanganates
(Ln(MnOy)3) have been calculated [445]. These
values are significantly lower than the analogous
values of other LnXj; type compounds, where
X = ClO,, ClO; or ClO4, NO,, NO3z and BrOs.

3.7. Complex permanganates

Although a few complexes containing coordinated
perrhenate and perchlorate anions are known
[446-448], but the [Cu(bipy),(MnO,)]MnQ,),
which was believed to be the first coordinated
permanganate ion containing compound [9-12],
proved to be [Cu(bipy)CI]MnO,; without
a coordinated permanganate anion [68].
Consequently, “permanganate complexes” discussed
here are essentially permanganate salts with
complex cations.

3.7.1. Ammonia complexes

The first complex permanganate salts, namely
ammine complexes of Ag, Cu, Ni, Cd, Zn, and Co
were prepared by adding agueous ammonia
to a mixture of potassium permanganate and
the appropriate metal salts at 8-10 °C and
subsequently cooling the mixture to 2 °C [446-
447]. The low temperature and a large excess of
ammonia (pH is shifted to alkaline region) are
essential to avoid oxidation of the ammonia by
the permanganate ion. Reaction of the metal
permanganates with ammonia [449-450], or the

reaction of the appropriate amminemetal sulphate
or nitrate complexes with KMnO, leads to the
same products [44, 451-454].

Three silver complexes, namely
[Ag(NHg)g]MnO4, Ag(NHg)ZMnO4HQO [68, 456]
and [Ag(NHs);]MnO, have been described [449-
450]. [Ag(NH3),]MnO, is a violet powder
consisting of microscopic rhombic plates,
sparingly soluble in cold water, its solubility is
3.6 9/100 ml of H,O at 20 °C. The salt explodes
by percussion, and gradually decomposes in air by
loosing ammonia [449-450]. Bruni and Levi have
described the compound as [Ag(NHs);]MnO,
[455]. Reproducing their experiments, the product
has been found to be [Ag(NH5),]Mn0O,4.H,0 [68].
The silver and permanganate contents of this
compound almost the same as of the
[Ag(NH3)3]MnO, [455]. This purple complex
contains non-coordinated water and chain-like
Ag(NHs), units with close Ag-Ag contacts [68].
Exothermic decomposition of the complex can be
observed at 85 °C with the liberation of one mol
of ammonia, then a second decomposition step
occurs at 204 °C. Water also forms in both the
steps. The formal decomposition can be written as
it follows:

2[Ag(NH3)2]MnO4H20 = 2[AgMn02] + 3H20
+ NH,NO; + 2NH, (59)

The decomposition temperature of the pure
NH4;NO; is 260 °C, therefore the lower
temperature of the second decomposition step
may be attributed to the catalytic effect of the
silver-manganese oxide. Based on the weight loss,
the most probable amorphous decomposition
product is AgMnO, which is a known and stable
compound of silver-manganese-oxygen system.

Three [tetraamminemetal(l1)] permanganate have
been prepared. The [tetraammincopper(ll)]-
permanganate [44, 449-451, 456-457], the
isomorphous [tetraamminezinc(l1)]-[451, 458] and
[tetraamminecadmium(ll)] permanganates [68,
451]. The [tetraamminecopper(l1)] permanganate
was obtained in pure form by means of the
reaction of [tetraamminecopper(ll)] sulphate and
potassium permanganate at a 5/2 °C temperature
gradient [451, 457]. When ammoniacal copper(ll)
sulphate solution (excess of ammonia) or pure
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[Cu(NH5),4]SO, and KMnO, were used at room
temperature  (with consequent cooling) the
reaction always led to contaminated product. The
contaminant has proved to be NH;MnO, [457],
the formation of which is the consequence of the
temperature dependent hydrolysis of the complex
cation [459-460]. The pH of the saturated aqueous
solution of the [Cu(NH3)4](MnQy,), is 9.60, which
indicates that the [tetraamminecopper(ll)] cation
dissociates into Cu®*, NH; and [Cu(NHs).]*,
n = 1-3, and the ammonia formed is protonated by
the water (with NH," and OH" ions formation).
Since the vapour pressure of the ammonia is
higher than that of the water, the concentrations of
these species strongly depend on the temperature
and change with the time on contact with air.
Ammonia is lost from the solution continuously
on standing, heating or keeping under vacuum
[457]. Due to these processes, the accumulating
copper and hydroxide ions precipitate as copper
(I1) hydroxide, and the remaining ammonium and
permanganate ions can crystallized out as
ammonium permanganate:

[CU(NH3)4](MnO4)2 +2H,0 = CU(OH)Z + 2NH;
+ 2NH,MnO, (60)

Elimination of the ammonia (by heating or in
vacuum) is favourable for the formation of
Cu(OH), and ammonium permanganate. Due to
the temperature-dependent complex equilibrium
situations including the solubility relationships of
the complex cation and the formed species, the
starting compound may crystallize out (solubility
product of [Cu(NH3),J(MnO,), is L = 7.81*107
[457, 459-460],) or the sparingly soluble Cu(OH),
may precipitate, depending on the conditions.
Below 5 °C only the expected [Cu(NHz)4]
(MnQy), [456-457] crystallizes out, but above
8 °C only Cu(OH), is formed together with the
ammonium permanganate solution. This reaction
can be generalized for ammonia (and some other)
complexes of metal permanganates with basic
ligand (or complexes with other metal salts e.g.
perchlorates) and provides a method for the
preparation of pure ammonium permanganate or
other onium type permanganates [459-460].

The [tetraamminecopper(ll)] permanganate is a
violet crystalline substance, soluble in H,O, DMF

and Ac,0, insoluble in hydrocarbons and
chlorinated solvents. In dry state it is stable for
several weeks, but over a longer period of time
decomposes with the formation of MnO,. Its wet
crystals decompose above 10 °C. Sunlight increases
the decomposition rate. It also decomposes in its
solutions, the decomposition product is NH;MnO,4
in H,O, MnO, in DMF and an unidentified green
compound in Ac,O [457]. In DMF it dissociates
completely, the permanganate ion v, band at
900 cm™ appears as a very sharp band which
indicates the symmetrically and completely
solvated free permanganate anion. The Cu-N band
region contains a wide band system, showing the
solvation of the complex cation and the formation
of wvarious Cu-N bound species. The DMF
solution loses its purple color within half an hour.

The  [tetraamminecopper(ll)]  permanganate
crystallizes in monoclinic symmetry, with lattice
parameters a = 5.413, b = 9.9093, ¢ = 10.749 A
and b = 96.18° at 293 K (Z = 2, P2,/m) [456]. The
central Cu-atom lies in a near-regular tetragonal
place of an octahedron, and the two axial
permanganate ions are crystallographically non-
equivalent [456-457] (Figure 7).

The ESR g-factors (9., = 2.273, gxx = 9yy = 2.090)
are typical of the O-ligation with a square-planar
Cu-environment. The ESR spectrum has sharp
parallel and perpendicular bands. The sharpness
of the lines and the lack of the copper hyperfine-
structure show that the exchange interactions
between the magnetically equivalent Cu-centers
are much stronger than the dipole couplings [457].

Due to the two crystallographically non-
equivalent permanganate ions two singlets (vs,
A,), two doublets (3, E), and twice two triplets
(vas(F2) and dgs (F2)) should appear both in the IR
and the Raman spectra. The splitting of the bands
in the IR spectra depends on the measuring
conditions (KBr, nujol, temperature) [451, 457].
By means of the results of the factor group
analysis and the quantum chemical calculations
performed on the permanganate anion and the
[Cu(NH;),]** cation, as well as taking into
consideration the IR and Raman results of the
isomorphous [tetraamminecopper(ll)] perchlorate
and -perrhenate and their isotope substituted
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Figure 7. Crystal structure of [tetraamminecopper(l1)] permanganate.

derivatives [447, 451, 461-462], all of the bands
observed in the IR and Raman spectra were
assigned. Since the [Cu(NHj3)4](MnO,), contains
dark blue cation and dark violet anion, and very
sensitive to heat, its Raman spectrum could be
measured by means of near-IR excitation and
continuous and fast rotation of the sample in a
ring like holder. The Raman spectra of the
[Cu(NH3)4](MnQ,), can be seen in Figure 8 [457].

The position of v,s N-H stretching bands
is usually used for the evaluation of the
H-bonding ability of the N-H-bond, but it
cannot unambiguously prove the presence of the
N-H...O hydrogen bonds. The shift of the
pr(NH) band in the ammine-complexes, however,
is very sensitive to the presence of H-bond
[602]. The position of this splitted band
in the [tetraamminecopper(ll)] permanganate
unambiguously indicates the presence of a weak
hydrogen bond along the N-H...O-Mn linkage.
The presence of this hydrogen bond is the cause
of the unusual thermal behaviour of this complex,
when an N-H...O-Mn centered redox reaction

occurs instead of the expected ammonia releasing
process [286].

The  [tetraamminecopper(ll)]  permanganate
explodes during fast heating or on mechanical
impact, and ignites above 8 atm oxygen pressure
in an explosion-like reaction with dark red flame
and 1500 K combustion temperature [44].

[Cu(NH3)s](MnOy), = Cu(l) + 0.66Mn304(1)
+5.34H,0(g) + 0.44NH; + 1.78N,  (61)

The reaction heat and the ignition rate at 100 atm
oxygen pressure were found to be AH,= 638,4 kJ/mol
and v=16 g/cm’s [183]. On fast heating, the
explosion like decomposition has occurred at
65 °C. The gas phase decomposition products
were found to be NH3, H,O, O,, N,, NO and NO,.
The presence of N,O could not be detected. The
solid residue contained manganese (MnO and
Mn30,) and copper (Cu and Cu,O) species. The heat
of reaction is high, AH,= 308.6 kJ/mol [44].

Preliminary thermal studies have been performed

on [tetraamminecopper(ll)] permanganate with
TG method [456]. In accordance with the
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Figure 8. Raman spectrum of [Cu(NH3)4](MnQ,), at room temperature. Reproduced
from [457] with permission from Helvetica Chimica Acta.

stepwise weight loss data and with the identity of
the solid decomposition product (CuMn,Qy), the
following decomposition mechanism has been
suggested:

[Cu(NH3)4]J(MnQy), = 2NH3 + Cu(NH3),](MnOy),

(62a)
[CU(NHg)z](MnO4)2 = 2NH3 + CU(MnO4)2 + 2NH3
(62b)
CU(MnO4)2 = CuMn,0O, + 20, (62C)

During the heating of the tetraammine complexes
of oxidising anions such as perchlorate or nitrate,
explosion-like decomposition have occurred
[461]. Only three ammonia could be liberated
even from the [tetraamminecopper(ll)] sulphate,
and a part of the fourth ammonia reacts with the
sulphate anion with the formation of SO, [463].
The [tetraamminecopper(ll)] sulphate loses its
three ammonia in an endothermic reaction,
however, DTA results show that the
decomposition of the [Cu(NH3)4](MnOy), is
exothermic [457]. Furthermore, IR studies of
the intermediates formed during the thermal
decomposition of the [Cu(NH3)4](MnQO,), did not
show the presence of the permanganate ion. The
IR spectra of the intermediate formed around
250 °C, however, contains a sharp peak appearing
around 2200 cm™ (Figure 9).

N.O

Ansuayu)

500 cm™

4000 cm™ Wave number

Figure 9. IR spectrum of the intermediate formed during
heating of [tetraamminecopper(I1)] permanganate.

The strong shift of the Mn-O bands to the lower
wave-number region unambiguously indicates
decreasing oxidation number of the manganese
[464]. This results points to the formation of
[Cu(NH3),](MnOy), and Cu(MnOy), intermediates.
Thus, anhydrous copper (1) permanganate could
not be prepared either by thermal dehydration or
by thermal deammoniation of the appropriate
aquo- or ammonia-complexes of the copper(ll)
permanganate [457, 459-460].

TG-MS and TG-gas titrimetry showed that two
well-defined steps occur during the decomposition
(Figure 10). The most unambiguous feature of
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Figures 10a and 10b. TG-MS curves of [tetraammine-
copper(I1)] permanganate. Reproduced from [457] with
permission from Helvetica Chimica Acta.

these decomposition steps is the lack of oxygen
formation. In the first step two mols of ammonia
are released, and ammonia is not evolved in
the second step. Water is released in each
decomposition step. The residue is amorphous
CuMn,0Q,, which does not dissolve in nitric acid at
all, therefore, the CuO+Mn,0; phase composition
can be discounted. Further heating leads to
crystallization, and at 500 °C crystalline cubic
CuMn,O, appears as the final decomposition
product.

The IR spectra of the decomposition intermediates
showed the presence of N-H and nitrate bands,
and the sharp band observed in the IR spectrum
was identified as N,O gas inclusion. In view of
the lack of the ammonia and the appearance of
N,O as decomposition product in the 2" stage, the

two-step process can be described as follows
[457]:

[CU(NH3)4](MnO4)2 = CUMn204 + 2NH3
+NHNO;+ H,0  (63)

NH,NO; = N,O + 2H,0 (64)

In the first step, the oxidation of one ammonia
ligand into nitrate and H,O overcomes the
endothermicity of the release of two ammonia
molecules, thus the overall reaction is exothermic.
The facts that the reaction starts at 65 °C, which is
lower than the deammoniation temperature of the
[tetraamminecopper(I1)] sulphate (75 °C) and the
decomposition temperature of the permanganate
anion (97 °C) [54], further N,O gas is present
among the decomposition products indicate that
the oxidation of the ammonia takes place in
the solid phase. The DSC studies showed the
presence of an intermediate decomposition step
which has been attributed to the decomposition of
the ammonium permanganate formed during the
storage of the wet sample [457].

Dark purple microcrystalline [M(NH5),](MnQg),
(M = Cd, Zn) complexes can be prepared by the
reaction of saturated aqueous [tetraammine-
metal(11)] sulfates and potassium permanganate
in the presence of excess ammonia, and
simultaneously cooling of the solution from +5 to
+2 °C [449-451, 458].

[M(NH3)4]SO4(aq) +2 KMnO4(aq) ->
M(NH3)sJ(MnOg)zs + K;SO4yq) (M = Cd,Zn)  (65)

Higher ammonia concentration or larger
temperature gradient decreases the purity of the
complexes formed. The zinc complex is slightly
soluble in water (0.91 ¢g/100 ml H,O at 19 °C) and
is stable in solid form under dry conditions. In wet
form, however, it quickly decomposes, especially
when exposed to light [458]. The cadmium
complex forms purplish black crystals, slightly
soluble in water and decomposes during drying
[68]. These complexes decompose in agueous
solution, partly with the formation of MnO, and
oxygen and partly by a temperature-dependent
hydrolysis [459-460] in which metal(ll) hydroxides
and ammonium permanganate are formed (similar
to the analogus copper-compound). Inspite of the
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existence of the [Zn(NHs),(ReOy4),] complex
[447], the analogous permanganate complex,
[diamminezinc(11)] bis(permanganate) ([Zn(NHs),
(MnQy),]) could not be prepared either in solid
phase or in solution phase by partial de-
ammoniation of [tetraammine-zinc(l1)] permanganate
[458].

Due to the decomposition of [tetraamminezinc(ll)]
and [tetraamminecadmium(ll)] permanganates
during crystallization, growing of single crystals
have not been successful. Therefore, their
structures have been solved by Rietveld refinement
of the XRD data [68, 458]. These complexes
crystallize in a closely packed cubic structure of
[M(NH;)]**-ions with MnO, anions occupying
all the octahedral interstices and half of the
tetrahedral interstices. The main feature of the
structure is a three-dimensional M-N-H....O-Mn
hydrogen-bonded network built from block like
structural motifs of 4-4 M(NHs),** and MnO,-
ions. The stoichiometry of this building element
indicates that only one of the two permanganates
(type 1) takes part in the 3D network. The other
permanganate (type 2) is captured in the cavities
enclosed by the connection of the tetramer
building blocks of the 3D-network (Figure 11). The
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Figure 11. Crystal structure of tetraammine-

cadmium(ll) permanganate.

N...O distances and the strength of the hydrogen
bond in the 3D-networks formed by the
permanganate type 1 in the compounds are not the
same as the strength of the hydrogen bonds
formed by the permanganate type 2. The
permanganate-ion located in the cavities (type 2)
are bound with ammonia hydrogens, and its free
rotation is hindered within the cavities, although
its freedom is higher than that of the
permanganate type 1 ion. The structures and
packings of the analogous zinc and cadmium
complexes in solid state can be seen in Figure 11.

Based on factor group analysis, in this cubic
lattice (a = 104.32 (Cd) and a = 103.35 nm (Zn)),
space group: F-43m Z = 4) all four vibrations of
the [M(NH,),]** and MnO, tetrahedral species are
Raman active, but only the two triply degenerated
vibrations are IR active [68, 458]. There are two
crystallographically different permanganate ions
in the cubic lattice, therefore the IR and the
Raman bands should appear twice for the two
(V|:2 and 8|:2) and all four (V5, SE’ Ve and 8|:2)
vibrational normal modes in the IR and the
Raman spectra, respectively. The degeneration of
the F, bands in this symmetric crystallographical
environment does not cease, thus splitting of the
Vas asymmetric stretching bands is an unusual
phenomenon. The appearance of the IR forbidden
vibrations (vsand og) as singlets and the splitting
of the triply degenerated v, bands into three
components in the Raman spectrum are
inconsistent with the factor group analysis results.
There are several possible reasons for the
appearance of the forbidden IR bands of the
tetrahedral oxo-anions [262]. One of them is a
dynamic lattice distortion as it was supposed in
the case of [tetraamminezinc(ll)] perchlorate
[465], or some orientational effect which has been
observed several times in the N-H hydrogen
bonded compounds, e.g. in ammoniumperchlorate
[278]. Both the dynamic lattice distortion and
the permanganate orientation depend on the
temperature, but with opposite sign. Decreasing
temperature can freeze one of the orientations, and
this should increase the intensity of the forbidden
band. In the case of a dynamic lattice distortion,
however, the decreasing temperature decreases
the extent of the distortion, because the
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anisotropic thermal motions are slowing down.
Increasing the ratio of the vy(Mn-O)/vs(Mn-O)
integrated intensity values by decreasing the
temperature (293/173 K) indicates the appearence
of the permanganate-ion orientation. Based on
this consideration, the forbidden vy and 8¢ IR
bands probably belong to the cavity-embedded
permanganate (type 2) [68, 458]. The [M(NHs)J**
complex cations (M = Cd and Zn) have 17 atoms
and there are 11 Raman active (3A+8E) and 21
(F,) IR and Raman active band that can be taken
into consideration among the 45 possible
vibrational modes. All vibrations belonging to the
coordinated ammonia are IR and Raman active.
The bands in the IR spectra of the zinc complex at
421, 388 and 381 cm™ may belong to any of the
Vvs(ZNNy), vas(ZnN,) and 8g(Mn0O,) modes [458].
Based on the IR data of the analogous
[tetraamminezinc(l1)] perchlorate and perrhenate
complexes and of an isotope substituted derivative
([Zn(*°*NH,),](ReO.),) [451, 465-467], the band
appearing at 421 cm™ belongs to the vy(ZnN,).
Since the 6g(ZnN4) and the &g (ZnNg) are
assigned at 232 cm™ and 179 cm™, respectively,
the bands at 388 and 381 cm™ do not belong to the
ZnN, vibrations but have to belong to the two
different permanganate ions and can be assigned
as a pair of the 8g,(MnQ,4) bands.

Thermal decomposition of the [tetraammine-
zinc(I)] permanganate and the [tetraammine-
cadmium(I1)] permanganate under inert atmosphere
occurs in 2+1 steps [458]. On the basis of the
weight loss data the amorphous product is
estimated to have a [MO+Mn,03] formula. In the
case of the zinc complex, the first decomposition
step occurrs at 107 °C, however, depending on the
heating rate, the decomposition-peak temperature
varies in the 100-130 °C range. This temperature
is lower than the deammoniation temperature of
the analogous perrhenate salt (150-195 °C, in
which range the intermediate [Zn(NH3),(ReOy),]
complex [466] was formed). Thermo-gas
titrimetric investigation indicates that 2 moles of
ammonia are released in the first decomposition
step, and no ammonia formation in the second or
third step can be observed. As it has been
observed in the case of copper(ll) complex [457],
water forms in both steps and no O, evolution

71
occurs in the whole thermal decomposition
process. Mainly N,O and its fragmentation

products could be detected in the second step.
Similar features were observed in the case of
[tetraamminecadmium(ll)] permanganate (with
100 and 224 °C decomposition temperatures)
[68]. The final decomposition products at 500 °C
are MMn,0O, (M = Cd, Zn) spinels. Summarizing
these results, the main decomposition processes
can be illustrated with the following equation:

[M(NH3)4](MnO4)2 = MMn,O, + NH;NO; + 2NH3
+H,0 (M=Cd, Zn) (66)

In case of Zn and Cd complexes, respectively, the
second decomposition step (Tpeak = 231 °C and
224 °C) indicates a catalytic action of the
MMn,Q, in the decomposition of the ammonium
nitrate. DSC studies showed that each
decomposition step is exothermic. The reaction
heats are AH = -169 kJ/mol and -318,29 kJ/mol
for the Zn- and Cd-compound, respectively. These
values indicate that exothermic solid phase quasi-
intramolecular redox reactions preceed the
deammoniation of the complex cations. Therefore,
the  [diamminemetal(I)]  bis(permanganate)
complexes cannot be prepared by the partial
deammoniation of [M(NH5)4](MnQ,), (M = Cd, Zn)
compounds.  Since the [diamminezinc(Il)]
perrhenate can be prepared in this way [466],
the higher redox activity of the permanganate may
be one of the reasons for these redox reactions
[68, 458].

In chloroform or in toluene as a heat convecting
media each of the three [tetraamminemetal(Il)]
permanganate (M = Cu, Zn or Cd) can be
decomposed between 80 and 100 °C to obtain
MMn,QO, type catalyst precursors. The ammonium
nitrate formed can be removed with water then the
precursors can be heat treated at 100-500 °C. The
amorphous metal-manganese oxides crystallize
into cubic CuMn,O,, tetragonal ZnMn,O,
and CdMn,0Q,, respectively [68, 457-458]. The
amorphous decomposition products formed at
80-100 °C contains some excess lattice oxygens,
MMn,O4y, (X = 0-0.35). These products
are potential catalyst, e.g. in the CO oxidation
(M = Cu).

Only the [tetraamminecopper(ll)] permanganate
has already been used in organic oxidation
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reactions, namely for the oxidative regeneration of
oximes and phenylhydrazones. The oxidative
deoximation of several aldo- and keto-oximes by
[tetraamminecopper(l1)] permanganate in aqueous
acetic acid exhibits a first order dependence both
on the oxime and the copper complex. The
oxidation of the ketoximes is slower than that of
the aldoximes. The rates of oxidation of the
aldoximes are well correlated in terms of the
Pavelich-Taft dual substituent-parameter equation.
The low positive value of the polar reaction
constant indicates a nucleophilic attack by a
permanganate-oxygen on the carbon. The reaction
is subject to steric hindrance by the alkyl groups
[468]. Similar kinetic features have been observed
in the regeneration of phenylhydrazines in
aqueous acetic acid. The rate-determining step is
the formation of the cyclic activated complex in
both processes [469].

Since the ammonium permanganate can
not assure a yield higher than 67% of benzonitrile
in the oxidation of benzyl alcohol (due to the
1:1 NH5:MnO, and 3:2 PhCH,OH:MnQO, stoichio-
metries), several experiments were performed
to measure the capability of the [tetraammine-
copper(I)] permanganate at the 2:1 NH;:MnO,
ratio [68]. The [tetraamminecopper(11)]
permanganate as a heterogeneous oxidant oxidizes
benzyl alcohol to benzaldehyde with 67% yield
after 3 h reflux in chloroform. Only a small
amount of nitrile (4%) forms. Increasing
temperature (reflux in CCl, for 3 h) increases the
nitrile yield only to 14%. This indicates that the
ammonia could not be liberated from the
coordination sphere to react with the aldehyde
formed. The addition of strongly coordinating
solvents to substitute ammonia in the primary
coordination sphere of the complex cation (DMF
or CH3;CN) suppresses the nitrile formation. It
might be the consequence of the formation of the
more stable outer-sphere solvated ammine
complexes [68].

Several [hexaamminemetal]  permanganate,
e.g. [Ni(NH3)](MnOy4)z,  [Co(NH3)](MNO,)s,
[Cr(NH3)¢](MnO,); have already been prepared
[449-450, 452-454]. Chloride and bromide
containing  [Co(NH3)g]X2(MnO,4)  compounds

(X = Br and CI) and a double salt with potassium
chloride, K,[Co(NH3)s]Cls(MnO,), also exist
[453]. XPS of [Co(1,2-ethylendiamine),Cl,]MnO,
has been published [245].

The nickel complex, [Ni(NH3)s](MnQO,), was
prepared first by adding of nickel(ll) nitrate to
an aqueous potassium permanganate solution
saturated with ammonia at 0 °C [449-450]. Klobb
defined the compound obtained as a dihydrate,
however, the real composition was found to be
[Ni(NH3)¢](MnO,4), as an anhydrous salt by
Wilke Dorfurt et al. [454]. The same anhydrous
compound was formed from [hexaammine-
nickel(1)] sulphate and potassium permanganate
[68]. The complex is a dark violet crystalline
mass, decomposes easily during storage, its
solubility is 3.5 g/100 ml H,O at 20 °C. At 78 °C,
it decomposes with the liberation of two mols
of ammonia. The decomposition process is
exothermic, and water is also formed in each step.
The rocking Ni-NH; stretching [452], which is a
structure sensitive mode of the amminemetal-
compounds, was observed as a doublet in KBr
matrix [68].

[Hexamminechromium(l11)]- and [hexa-
amminecobalt(l1l)] permanganates have been
obtained as purple precipitates from the reaction
of the appropriate sulphate complexes and
potassium permanganate [449-450, 452-454]. The
[hexa-amminecobalt(l11)] permanganate (luteo-
cobaltic permanganate) can also be prepared by
mixing the warm concentrated solution of [hexa-
amminocobalt(l11)] chloride with 12 equivalent
of potassium permanganate [449-450, 454]. It
precipitates as hexagonal plates. A second crop
can be recovered with cooling and recrystallizing
the precipitate from warm (60 °C) water.
Decreasing the excess of the KMnO, ensures
purer crystals [454]. It forms brilliant black
tetrahedral crystals, which are slightly soluble in
cold water, more soluble in hot water, but partly
decomposes. It detonates on heating, and also
explodes if it is struck. It has cubic lattice
with a = 11.39 A and Z = 4. It starts to decompose
at 108 °C and explodes at 116 °C. It reacts with
hydrochloric acid with the formation of manganous
chloride and [hexaamminocobalt(I11)] chloride.
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In warm aqueous solution it reacts with 8
equivalent of [hexaamminecobalt(l11)] chloride,
when [Co(NH,)¢Cl,]MnQ, precipitates during
cooling as a black lamellea with the form of
regular hexagons, which are red or brown in
transmitted light.

[Co(NH;3)](MNnQ4); + 6[Co(NH3)s]Cl3 =
9[C0(NH3)5]CI2MnO4 (67)

This compound is very unstable, decomposes by
water, but dissolves in [hexamminocobalt(11)]
chloride solutions. Detonates on heating but does
not explode on percussion. The analogous
bromide compound, [Co(NH3)sBr,]MnQ,, can be
prepared by mixing [hexaamminocobalt(l11)]
bromide with 3 equivalent of potassium
permanganate. The salt furnishes hexagonal
plates, which are more stable than the analogous
chloride compound, e.g. does not decompose in
its hot aqueous solution. Potassium [hexa-
amminocobalt(l11)] trichloro  dipermanganate,
K>[Co(NH3)6]Cl3(MnQy),, can be crystallized out
from cold saturated solutions, when [hexa-
amminocobalt(ll)] chloride is mixed with
3 equivalent of potassium permanganate [454]. It
furnishes violet hexagonal lamellae which
dissolve easily in H,0, but partly decomposes. On
heating it explodes immediately. It can also be
prepared if [hexaamminocobalt(l11)] permanganate
reacts with a large excess of potassium chloride.

The only representative of the platinum metal
permanganate complexes is the [tetraammine-
platinum(l)] permanganate, [Pt(NH;),]J(MnOy,),
[470]. The appropriate [tetraammineplatinum(I1)]
chloride complex has been reacted with potassium
permanganate in ice-cooled water. The triclinic
crystals (a = 51,76 nm, b = 75.861 nm, 77.217 nm,
a=69313 A b = 79656 A, ¢ = 76.883, space
group is P1, d = 2,50 g/cm®, Z = 1) contain
distorted square planar tetraammineplatinum
cations and distorted tetrahedral permanganate
anions linked by hydrogen bonds.

3.7.2. Pyridine complexes

Tetrakis(pyridine)metal(ll) permanganate complexes
were prepared by Klobb [471, 472] as purple
crystalline compounds ([Mpy,4](MnOy),;, M = Cu,
Ni, Cd, Zn). Two pyridine complexes of

silver(l) permanganate, namely [Agpy,]MnQO,
(decomposition point is 65 °C) and a compound
with  Ag,pys(MnQ,4), formula (decomposition
point is 103 °C) were also synthesized. All of
these compounds could be prepared in two ways:
1) by the reaction of the appropriate metal
permanganate salts with aqueous pyridine or 2) by
means of the interaction of the appropriate metal
sulphate, pyridine and potassium permanganate in
cooled solution [471-472]. The tetrakis(pyridine)
metal(Il) permanganates are isostructural with the
analogous tetrakis(pyridine)metal(Il) perchlorate,
fluorosulfonate and tetrafluoroborate complexes
[454]. The tetrakis(pyridine) complexes are
unstable, slightly soluble in water and decompose
at 65 °C [471-472].

There are some controversial information about
the pyridine complexes of silver permanganate
[19, 471-472]. The purple monoclinic crystals of
[Agpy2]MnO;, is prepared by the reaction of silver
sulphate with 0.1 M KMnQO, and 10% aqueous
pyridine solutions. Its decomposition temperature
strongly depends on the purity of the complex and
on the heating rate. By using 20% aq. pyridine
solution a compound with the formula of
Agpy,sMnO, is obtained. This decomposed
103 °C [471-472]. Reaction of silver nitrate
with pyridine and potassium permanganate led
to a compound defined as [Agpy,]MnO,
(decomposition temperature was 104-105 °C)
[19]. Elemental analysis of the compound
obtained by the Klobb’s method with 20%
pyridine [471-472] proved to be Agpy,sMnO,
[473]. Single crystal X-ray diffractometric
elucidation of the structure of this product,
however, showed that the real composition is
Agpy.4MnO, which is analogous with the
previously described Agpy,.ClO, [474]. This
means, that this compound retains its crystal
structure during the initial stage of the pyridine
loss (from 2.4 to 2.25). The structure consists of
an Agpy." and 3Agpy," unit with permanganate
counter ions (Figure 12).

XRD studies showed that the primary product
prepared from AgNO; and KMnO, and believed
to be [Agpy,]MnQ, is a mixture of [Agpy,]MnO,
and Agpy.4MnQO, [473]. Recrystallization of the
abovementioned mixture from benzene-acetone
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Figure 13.Crystal structure of Agpy,Mn0,.0.5py.

(1:1, v/v) mixture leads to a compound with the
[Agpy25]MnO, formula. This compound is the
hemipyridine solvate of the [Agpy,]MnQO,.
Formation of the [Agpy,]MnO,*0.5py solvate
from the Agpy,4sMnQO, in a pyridine free solvent
system is a special feature of the AgMnO,-py
system. The purple needle-like monoclinic
crystals are stable only in the presence of the
mother liquor and decompose at 78 °C. Its
structure can be seen in Figure 13 [68].

This  compound slowly transforms into
[Agpy.]MnO, even at room temperature [473],
thus the method described by Firouzabadi [19]
can be used to prepare this compound besides the
formation of two new compounds.

4AgNO; + 4KMnO, + 10py =
[AgpysJMnO,*3[Agpy.]MnO, (68)

[AgpysJMnO,*3[Agpy.]MnO, =
4[Agpy2]Mn0,.0.5py  (69)
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[Agpy2]MnO,*0.5py = [Agpy.]MnO,+ 0.5py (70)

The mechanism of the formation of the
[AgpyMn0O4+0.5py solvate from the mixture of
[Agpy.]JMnO, and [Agpy,JMnO,*3[Agpy.]MnO,
during the recrystallization from acetone-benzene
is an interesting question. The source of the
pyridine is the decomposition of the Agpy,-cation
(which is less stable than the Agpy,*-cation). The
other possibility is the hydrolysis of the complex
cations [459-460] with the liberation of free
pyridine and the formation of Ag,O precipitate.
The TG-MS of the [Agpy,]MnO,.0.5py shows
the presence of a small amount of benzene
substituting the solvate pyridine [475]. Preceding
the decomposition of the [Agpy,]* cation, benzene
is liberated disrupting the crystalline lattice. This
process in turn promotes the decomposition of the
complex before the decomposition temperature of
the pure [Agpy,]MnO, (103-104 °C) is reached.
The thermal decomposition products are metallic
silver, Mn3O, and MnO. The low valence
manganese compounds indicate reductive processes.
The silver manganese oxides (possible inter-
mediates of the decomposition) catalyze the

oxidation of the pyridine ring, which leads to
unusual features of the thermal decomposition
process. First of all, exothermic decomposition
takes place below the decomposition point of the
Agpy," cation (decomposition temperature of the
[Agpy2]CIO, is 147 °C). Besides pyridine, its
degradation products, e.g. CO, CO, and nitrogen
oxides are formed, and oxygen is not evolved in
the whole process. The proposed mechanism of
the redox reaction is as follows [475] (Figure 14).

The initiation of the redox reaction below the
decomposition temperature of the Agpy, unit
starts at the o-hydrogen of the pyridine ring.
The distance of the N=C-H...O=Mn linkage
corresponds to ca. 2 A O...H distance, (it is

shorter than the 2.7 A H...O distance of the B-CH

O...H distance) and the reactivity of the o-C-H is
higher than of the 3-C-H [68, 475].

The rearrangement of the TS; transition state
gives a 2-hydroxypyridine derivative (TS,). This
is supported by the known oxidation process of
the six-membered aromatic rings [476-477]. The
pyridine state is more stable than of the
hydroxypyridine, thus the formation of TS;
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Figure 14. Reaction mechanism of the thermal decomposition of [Agpy,]MnO,.
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intermediate and its transformation via a Dewar-
benzene type ring to HNCO and “C4H,” type
fragment is well known [478-481]. The
decomposition and oxidation products of the
HNCO are CO, CO,, H,O and NO,. The loss of
the other pyridine completes the reaction. This
reaction is an example of an aromatic C-H
hydrogen-bond  mediated molecular level
differentiation between the coordinated pyridines.
While one of the pyridine is completely destroyed
in the reaction the other is liberated without any
damage.

The [bis(pyridine)silver()] permanganate
([Agpy-]Mn0O,, BPSP), is a weak, chemo- and
regio-selective oxidizing agent of the organic
chemistry. It oxidizes alcohols and diols to
aldehydes and dialdehydes under mild conditions
[19]. The substituents, however, have major
influence on the product distribution. For example,
diarylthiophene-2,5-dimethanol is oxidized into
the appropriate dicarboxylic acid, although the
product distribution depends on the amount
of the oxidant used [482]. If the dimethanol
groups are located on a condensed aromatic ring,
the main products are aryl-substituted lactones
[483].

R1
(0]
(0]
R2

R4 (71)

RiR, and R3;R, are OCH,0, R;-R;=OMe,
R;R,=0CH,0, R; and R, are OMe, R; and
R,=0OMe and R;R,=0CH,0.

Most of the aromatic amines transform
into the appropriate azo-compounds, however,
steric and electronic factors have strong influence
on the reaction, e.g. m-nitroaniline and

1-amino-naphthalene do not react at all.
Benzylamine can be oxidized into benzaldehyde
[19]. BPSP easily oxidizes phenanthrene or
anthracene to the corresponding 9,10-quinone or
naphthalene to 1,4-naphtoquinone [484]:

(0]
(0]
L == CO

It can be used as an effective deoximation agent
for various kind of aldoximes and ketoximes with
high yield [485], and oxidizes diphenylacetylene
to benzil [484]. Oxidative coupling of hydro-
carbons is a convenient way for C-C and C-N
bond formation. Aromatic acetylene hydro-
carbons with C-H functions can be oxidized into
diacetylene derivatives [484]. Cinnoline can be
dimerized by BPSP via a regioselective C-C
coupling [26]:

N (73)

Depending on the number of condensed rings
in the structure, the aromatic cyclobutanes
(naphtalene or anthracene) are oxidized into
diaroyl-aromatic  hydrocarbons or to the
corresponding diaroyl-quinones [484].

@ ,
Qo = :
(0]

- e

(74)

A selective tandem oxidative substitution of
pyridazine ring at C-H sites, e.g. in 6,8-dimethyl-
pyrimido[4,5-c]pyridazine-5,7(6H,8H)-dione with
o,o-diamines is a new tool to prepare new
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heterocycles. Similar reaction was observed with
1,2-diaminocyclohexane [26]

Q o NX
~ N
)N\ | - H,N-X-NH N | \
_N e
o NF BPSP, X=(CH2)n O)\N N
(75)

A nucleophilic addition reaction can be observed
when 1,3-dimethyllumazine reacts with various
amines, e.g. ethylenediamine [26], ammonia, di-
tert-butylamine, piperidine or morpholine [486] in
the presence of BPSP with the formation of 7-
amino-1,3-dimethyllumazine or its N-substituted
deriva-tives. Similar C-H amination was observed
in the case of 1,3,5-triazines when the amination
or alkylamination were performed in a
nucleophilic-type oxidative amination without
opening the triazine ring [487].

N
. o [
~ N ~ N
M ] ethylenediamine N)jtt ]
0 lil N BPSP o)\rr SN
(76)

3.7.3. 2,2’-Bipyridine complexes

Reaction of [Cu(bipy),]Cl, and KMnQ, gives a
light purple compound which was believed to be
[bis(2,2’-bipyridine)copper(ll)]  dipermanganate
(BBCP), and used widely as a selective and
specific oxidant of organic compounds [7, 9-11,
13-14, 17, 488]. The starting complex, however, is
the [chlorobis(2,2’-bipyridine)copper(ll)] chloride
and contains only one ionic exchangeable chlorine
([Cu(bipy),CI]CI.6H,0) [489]. Furthermore, the
amount of the used KMnO, is only 0.25
equivalent [305] related to the chlorine content of
the starting copper complex. In the repeated
synthetic experiments (following the given
procedure [7]), the compound formed was found
to be [Cu(bipy),CI]MnO, (BBCCP) and not the
expected BBCP [Cu(bipy),MnO4JMnO,. This
explains the surprising results obtained by using
“BBCP” in oxidation reactions, namely, the
“BBCP” oxidized only with one permanganate

equivalent power [9-10]. Since the BBCCP
contains only one permanganate ion, this result is
explained. BBCCP belongs to the series of
pentacoordinated [Cu(bipy),X]MO, type complexes
(X =1, Br, Cl, M = CI [490-492] and Mn), and its
elemental analysis confirmed the presence of one
equivalent of chlorine [68]. The perchlorate
analog of the BBCP exists ([Cu(bipy),ClO,]CIO,
[493]), however, increasing amount of potassium
permanganate did not give pure BBCP. It
indicates that the coordinated chlorine cannot
be exchanged easily with weakly coordinating
permanganate anion, and the preparation of BBCP
requires an other synthetic procedure (probably
the reaction of Cu(MnQ,), with 2,2’-bipyridine).
The compound believed to be BBCP prepared
by the reaction of [Cu(bipy),]J(OAc), and 2
equivalent of KMnO, has a decomposition point
of 105-110 °C, the same as obtained for BBCCP
[484]. This compound and the BBCCP have
purple color, dissolve in dichloromethane and
acetone. TG-MS shows the formation of various
kind of carbon and nitrogen containing oxidation
products indicating a solid phase redox reaction.

The BBCCP easily oxidizes primary and
secondary alcohols to aldehydes [7, 13] and
ketones [7, 17] respectively. The first order
oxidation reactions have important deuterium
kinetic isotope effects and the reaction proceeds
with a non-radical mechanism [13, 17]. Similar
substantial deuterium isotope effect was observed
in the oxidation of various substituted benzyl
alcohols [12] and hydroxy acids [16] with
BBCCP. Aromatic ortho-dimethanols and non-
vicinal diols transform into the appropriate
hydroxy-aldehydes or hydroxyketones [7, 488].

W . W )
S ~ O BPSP s X O BBCCP s S Y6}
= o — o — o
W ° W
2,5-Diphenylthiophene-3,4-dimethanol are oxidized

to hydroxyaldehyde with BBCCP. With
[Agpy2]MnQ,4 (BPSP) [7, 488] the same compound

(77)
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transforms to the appropriate dicarboxylic acid.
BBCCP has several bond cleavage reaction, e.g.
1) in its reaction with vicinal glycols [488]
(deuterium Kinetic isotope effect could not be
observed), 2) in the oxidation of formic acid [494]
and 3) in cleavages both C-C and N-H bond of
the pentamminecobalt(I1l) coordinated amino
acids [495]. Monoethers of vicinal diols are
oxidized to the corresponding oxo-compounds
without bond cleavage [488], and no reaction
occurs with 1,4-dihydroxyanthraquinone, toluene,
diphenylmethane and alkenes like cyclohexene or
oxo-arylalkenes [7].

BBCCP oxidizes aromatic amines to azo-
compounds, except o-nitroaniline, but contrast
with the BPSP the BBCCP easily reacts with
1-naphthylamine and p-nitroaniline. BBCCP can
be used as an effective deoximation agent for
aldoximes and ketoximes [7], and oxidizes
phosphorus acid and phosphinic acids in aqueous
acetic acid to the appropriate pentavelent
phosphorus and phosphonic acids [10]. BBCCP
also oxidizes thiols and thioacids to the
corresponding disulfide dimers (via the formation
of a sulphenium cation which is the rate-
determining step) [7, 15].

The oxidation of diorganil sulfides [11] and
methionine [14] with BBCCP leads to the
formation of the appropriate sulfoxide. The
oxidation rate of the substituted phenyl methyl
sulfides strongly depends on the type and on the
site of the substituents. The oxidation of ortho and
para substituted compounds is more susceptible to
delocalization effect, in case of ortho groups with
an important steric inhibition. The oxidation of
the meta-substituted ones exhibits a greater
dependence of the field effect. The oxidation of
the alkyl phenyl sulfides is a subject to both polar
and steric effects of the alkyl groups. The polar
reaction constants are negative, which indicates an
electron-deficient sulphur center in the rate-
determining step [11]. Similar kinetic features
were observed in the oxidation of various aliphatic
aldehydes [496] and substituted benzaldehydes

[9].
Similarly to the BPSP, the BBCP also oxidizes
polycyclic arenes to the appropriate quinone or

ketone compounds or the C-H function of the
acetylene hydrocarbons to diacetylenes [484].
Diphenylacetylene is oxidized into benzil. In
analogy with the BPSP, the 1,2-diphenyl-
naphto[b]cyclobutadiene is converted to 2,3-
dibenzoylnaphthalene. The analogous anthracene
derivatives are oxidized not only at the
cyclobutane but at the anthracene ring as well
[448].

3.7.4. Triphenylphosphine-complexes

Triphenylphosphine is an oxidation sensitive
compound, but it can be stabilized via complex
formation in [tris(triphenylphoshinegold)oxonium]
permanganate, [(PhsPAuU);0]MnO,. This compound
has been isolated as a purple crystalline powder
with a 131-131.5 °C melting point (accompanied
by decomposition). The complex could be
obtained by the reaction of Ph;AuCl and KMnO,
in the presence of Ag,O (yield 70%) [497-499].
The same compound is formed in the reaction
of triphenylphosphine complexes of vinyl or
cyclohexylgold with KMnQOy, in acetone at -30 °C.
During storage it easily decomposes both in
solid state and in solution. The [tris(triphenyl-
phosphinegold)oxonium] permanganate is well
soluble in CH,Cl,, CHCI;, MeCN alcohols,
pyridine, ketones and organic nitro-compounds
and insoluble in ether, benzene and hexane. Its
structure elucidated with IR and UV spectroscopy
shows the presence of an ionic permanganate
anion [497-498]. Steric hindrance of the PhsPAu-
groups around the oxygen atom causes some
increase in the bond angles. The effect of the Au-
Au interactions could not be observed in the
Mdssbauer spectrum [500].

It reacts with nucleophiles, e.g. reaction with
NaCl results PhsAuCl in quantitative yield:

[(PthAU)go]MnO4+ 3NaCl + Hzo = 3Ph3PAUC|
+ NaMnO, + 2NaOH  (78)

The solubility of the complex in organic solvents
provides a possibility for oxidative auration
of acidic C-H groups, as the CH; groups at
neighbouring oxo-group, e.g. acetone, methyl-
ethylketone or acetophenone:

R'C(:O)-CH?, + [(PthU)gO]MnO4 =
R-C(=0)-CH,-AuPPh; (79)
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R=CH; (60%), R=Et
ferrocenyl (5%) [497-499].

(33), R=Ph (35%),

3.7.5. Other complexes

There is only one paper published on urotropine
containing complexes of Mg, Cu and
Ni-permanganates with the composition of
[MU,](Mn0O,),*8H,0 [501]. These compounds,
however, not urotropine but aqua-complexes [68].
On the basis of our XRD studies they are iso-
morphous with the [M(H,0)s](CIO,4),*2U*2H,0
complexes (M = Cd, Ni, Zn, Mn [502-504]).
These compounds have three-dimensional hydrogen
bound structure without coordinated urotropines.
The copper-compound is very explosive even in
wet state, and decomposes by the touch of a
pencil. The redox properties of the copper cation
might be responsible for this sensitivity. This
type of behaviour of other complex metal
permanganates (e.g. in the case of ammine
complexes) could also be observed.

Hexaantipyrine-complexes of calcium, aluminium
and chromium(ll1) were prepared by the reaction
of hexaantipyrinemetal chlorides and KMnQ, in
aqueous solution as purple needles (Ca), and dark
purple powders (Al or Cr(111)) which are stable in
air only for a short time (5 h and 24 h for the Al
and Cr(l1) salts, respectively) [505].

Hexacoordinated urea complexes of
chromium(l11) permanganate is isomorphous with
the analogous perchlorate, tetrafluoroborate and
fluorosulphonate [505]. It is a purple precipitate
formed by the reaction of [Cr(H,NCONH,)¢]Cls
and KMnO, [506]. Besides the [hexaurea-
chromium(l11)] permanganate, some mixed salts
were also prepared, e.g. [Cr(H,NCONH,)]
SO4(MNnO,)*3H,0 as purple needles from the
[hexaureachromium(l11)] chloride sulphate and
calculated amount of KMnQ,. The crystals are
dichroic (red and blue), instable in air and
decomposes within one hour. It contains three mol
of crystalline water. The analogous dichromate
permanganate could be prepared from the
saturated solution of [hexaureachromium(lIl)]
chloride by potassium permanganate and sodium
dichromate under strong cooling as dark violet
slightly dichroic crystals, decomposing during
isolation [507]. It is slightly soluble in water and

explodes on heating with the formation of
manganese dioxide.

Complexes of lithium, rubidium and cesium
permanganate with cis-trioxa-tris-c-homobenzene
and cis-triaza-tris-c-homobenzenes ([CsX3],MMnNQOy,,
X = 0O or NH, M = Li, Rb and Cs) have been
prepared but not characterized in detail [508].
Strontium and barium permanganates form
complexes with the [(CsX3),M](MNnQO,), M = Sr,
Ba, X =0, n=2o0r X =NH, n=4) formula
with different stoichiometry depending on the
heteroatom [508].

4. Permanganates of organic cations

4.1. Tetraorganylammonium permanganates

Quaternary ammonium permanganates (RsN=(C,g
alkyl)4N, MeBusN, Me(n-Okt);N, Bu(n-Pr)sN,
BzEt;N, Bz(n-Bu)sN, p-nitrobenzyl(n-Bu)zN, (p-
fluorobenzyl)Ets;N and p-fluorobenzyl(n-Bu)sN)
have been prepared by the reaction of the
appropriate halides with solid KMnO, in CH,CI,,
or by the agueous metathesis reaction of these
compounds. These compounds exist in their
solutions as either ion pairs or aggregates
promoted by high concentrations, low temperatures
and the low polarity of the solvent. The high
solubility, e.g. in case of Me(n-Oktyl);NMnQO,
permits the anion to penetrate the organic cation.
These compounds have low thermal stability,
but the benzyltriethylammonium and p-fluoro-
benzyltri(n-butyl)ammonium permanganates have
good shelf lives under cooling [6] (Table 3).

Depending on the temperature, the concentration
and the solvent, different kind of aggregates have
been detected by NMR [6]. The C,g tetraalkyl-
ammonium, cetyltrimethylammonium, benzyl-
triethylammonium, p-fluorobenzyltrimethyl-
ammonium, n-butyltri-n-propylammonium, methyl-
tributylammonium, p-fluorobenzyltributyl-
ammonium, p-nitrobenzyltributylammonium, and
methyl-tri-n-octylammonium permanganates are
soluble in dichloromethane and chlorofom, but
the C,, tetralkylammonium salts decompose in
CHCI; and the solubility of benzyltriethyl-
ammonium permanganate is less (with two order
of magnitudes) than the others. The C,3 alkyl,
cetyltrimethylammonium, benzyltriethylammonium,
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Table 3. Synthesis conditions and decomposition temperatures of
quaternary ammonium permanganates [6].

RsN Solvent Yield, % Dec. temp., °C
EtuN ag. 17 113
n-Pr;N ag. 97 104
n-BusN ag. 89 98
n-Pent,N ag 97 92
n-Hex;N CH,CI, 93 -
n-HeptyN CH.Cl, 87 91
n-OctyN CHCl, 60 90
Me(n-Bu);N ag. 88 107
Me(n-Oct);N CH.Cl, 60 66
(n-Bu)(n-Pr)3N aq. 92 104
BzEt;N CH.Cl, 80 114
Bz(n-Bu);N ag. 97 101
(n-hexadecyl)MesN  aq. 78 98
p-NO,Bz(n-Bu)3;N CH,Cl, 90 -
p-FBz(n-Bu)sN CH,Cl, 74 96
p-FBzEt:;N ag. 68 109

p-fluorobenzyltriethylammonium and n-butyl-tri-
n-propylammonium  permanganates are not
soluble in toluene and CCl,. The Cgqg tetralkyl
salts are not soluble while others are slightly
soluble in water [6].

Several tetraalkylammonium salts (tetraalkyl =
tetrabutyl, tetra-n-octyl, methyl-tri-n-octyl,
methyltributyl) oxidize various substituted styrene
derivatives such as substituted (E)-methyl
cinnamates and alkyl, halo and alkoxy substituted
styrenes in different solvents. In polar organic
solvents such as in acetone the cation has no
effect on the reaction rate. In less polar solvents,
such as in methylene chloride or in toluene, the
reaction rates, however, depend on the identity of
the quaternary ammonium ion. Thus it appears as
if the reacting species in polar solvents may exist
as solvent separated ion pairs and in non-polar
solvents as intimate ion pairs. The reaction
rates are sensitive to substituent effects. The
mechanism can be visualized as the proceeding of
transition states that varies from electron rich to
electron poor depending on the capacity of the

substrate to accommodate either negative or
positive charges [509-510].

Tetraalkylammonium permanganates (R4NMnOQOy,
R=Me, Et, n-Pr, nBu) oxidize primary alcohols to
acids and secondary alcohols to ketones in a
partly autocatalytic reaction involving colloidal
manganese dioxide formation. The temperature
dependence of the reaction kinetics have been
determined for each oxidant and substrate, and the
activation energies have also been determined
[511].

Tetraalkylammonium permanganates (R4NMnQOy,,
R4=Cs, methyltri-n-butyl and methyl-tri-n-octyl)
oxidize methyl (E)-cinnamate to the appropriate
cis-dihydroxylated derivatives [510]. If one of the
alkyl groups is methyl the rate is higher as in the
case of longer chain-length tetraalkylammonium
cations. Comparing the oxidation rate, the methyl-
trialkyl (alkyl = n-butyl or n-octyl) permanganates
react with the same high rate which suggest that
these two cations can adopt similar orientation
with respect to the anions (in both ground and
transition states). Introduction of substituents into
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the phenyl ring causes marked changes in the
reaction rate, which indicates that the transition
state contains a greater concentration of the
negative charge near to the aromatic ring than
does the ground state. The reaction is initiated by
an electrophilic attack followed by a slower step
in which the organometallic complexes convert
into cyclic manganese(V) diester [510]. Inverse
secondary deuterium isotope effect has been
observed at the B-position.

The lower (Cs) tetralkylammonium
permanganates can be used as cathodes in alkaline
dry cells [512].

4.1.1. Tetramethylammonium permanganate

Tetramethylammonium permanganate can be used
for the preparation of manganese oxides by means
of its reduction with carboxylic acid containing 4
carbon atoms. The reaction is carried out to obtain
a manganese oxide gel in which the oxidation
state of the manganese is 4. The manganese oxide
gel is dried at room temperature and then it is
heated to 300 and 1000 °C to obtain Mn,O,
applied to manufacturing cathode materials for
electro-chemical generators [513]. Solid state
>*Mn NMR spectra of polycrystalline tetramethyl-
ammonium permanganate has been recorded at
room temperature and the parameters of the first
order quadruple interactions, the asymmetry
parameters and the local gradient of the electric
field at the nucleus of each positions have also
been determined [225].

4.1.2.Tetraethylammonium permanganate

Tetraethylammonium permanganate could be
prepared by the reaction of KMnO, and [Et;N]CI
[514] or tetraethylammonium hydroxide [515] in
aqueous solution. The dark violet precipitate
formed was dried at room temperature. It forms
also if MnCl, is reacted with KMnO, in aqueous
solution containing Et;NBr. It decomposes at
80-100 °C without explosion. Both the IR and
Raman spectra have been measured and evaluated
including the resonance and the pre-resonance
Raman effect in detail. Only the v, band is
splitted in the Raman spectrum and a lot of bands
belonging to the cationic part appeared in the
IR spectrum. The electronic spectrum has
complicated vibrational fine-structure, the t;+e*

bands have been assigned for T, (1), *T,(Il) and
5T,(111). The electronic origin for the states t,-e*
charge transfer was determined for 'T,(IV) and
T,(V). The vibrational coupling has been
observed only with the totally symmetric Mn-O
stretching vibration. The t;,t,-t,* charge transfer
bands have also been assigned [514]. The solid
state *>Mn NMR spectra of the polycrystalline
tetraethylammonium permanganate has been
recorded at room temperature, and the parameters
of the first order quadrupole interactions, the
asymmetry parameters and the local gradient of
the electric field at the nucleus of each positions
have also been determined [225]. Et;NMnO, has
monoclinic crystals, P2,/c, a = 7.512, b = 11.103,
c=14764 A, p=91.44,Z=4,D=1.34, T = 295.
The average Mn-O distance is 1.610 A.

EtyNMnO, reacts with MCI, type halides
(M = Mn, Cd) and 2,2’-bipyridine and forms
Mn3O4(bipy,4Cl,[MCl4] (M = Mn, Cd) cluster type
complexes in DMF solution [516].

This compound is active in the oxidative
hydroxylation of 1 or 3 and 4 bridgehead
positions of diadamantane and triadamantane,
respectively [515]. It oxidises cis and trans-
decalin to the appropriate cis and trans decalol, or
in the case of trans isomer into trans-1-decalone
and trans-2-decalone. Methylcyclohexane and
tetraline could hardly be oxidised, but cymene has
been transformed to 2-phenyl-2-propanol and
acetophenone [515].

4.1.3. Tetrabutylammonium permanganate

Tetrabutylammonium permanganate precipitates
as purple crystalline mass in the reaction of cold
aqueous solutions of excess tetrabutylammonium
hydroxide and KMnQ,. In solid state it can be
stored for a prolonged period at time without
decomposition, Mp.120-121 °C (dec.), in the case
of blocks it is 115 °C [517]. Because of its
intrinsically pyrophoric properties, self-ignition
has occurred in case of a one week old sample. It
has ignited violently when tipped onto glassine
paper or during weighting [518-519]. It dissolves
in pyridine and can be purified by crystallization
from CH,Cl,-benzene [517]. nBu;NMnQO, is
sparingly soluble in benzene, easily soluble in
polar solvents such as acetone, CH,Cl, and
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CHCIs, very soluble and stable in pyridine (1.4M)
[517]. In order to prepare an unexplosive reagent
containing tetrabutylammonium permanganate,
potassium permanganate and Bus;NCI have been
reacted in aqueous solution and the precipitate
formed has been dried at room temperature. This
compound is dissolved in dichloromethane and
adsorbed onto alumina [514]. Based on the studies
of the solid-liquid and the liquid-liquid system of
tetrabutylammonium permanganate and H,O, the
formation of clathrate hydrates has been proposed.
The reason of this behaviour, which is opposite to
the other monovalent cations like fluoride, nitrite
or bromate, is the large molar volume of the
permanganate anion [520].

The v Mn-O IR band appears at 900 cm™, the
UV-VIS spectrum in pyridine similar to the UV
spectrum of the KMnQO, in H,O [517]. Raman
measurement has been performed with rotating
sample in order to avoid decomposition due to
local overheating. The Raman spectrum measured
at liquid N, temperature contains 9 overtones of
the totally symmetrical A vibrational mode [522-
523]. The vibronic fine structure has been
determined using optically isotropic KBr pellets
[524]. In order to compare the spectra, a room
temperature and a low temperature (-196 °C)
measurement have been made and the room
temperature spectrum of the aqueous solution
has also been recorded. The Raman and the
resonance Raman spectra have been measured and
the complete assignation of the normal stretchings
and the combination bands have been made. The
X11 anharmonicity constant for the v Mn-O band
has also been determined [274].

Formation or reactions of tetrabutyl-ammonium
permanganate are valuable techniques in chemical
analysis. It can be used for the determination of
DDT in the presence of various polyhalogenated
compounds via converting them into 4,4’-
dichlorobenzylic acid [525]. Tetrabutylammonium
permanganate can be used for photometric
titration of unsaturated hydrocarbons in organic
medium such as chloro- or bromobenzene.
The by-product of the reaction is MnO, [526].
n-Buys;NMnQO, can be used for the determination of
permanganate ion by precipitating it with

n-BusNCI, and determining gravimetrically, or
dissolving (extracting) the precipitate in CH,Cl,
and using spectrophotometry at 525 or 545 nm
[527]. Extraction constant of n-Bu;NMnO, between
water and chlorobenzene has been determined as a
function of the temperature and of the acidity of
the solution [528]. lon-pair formation selectivity
has been measured towards hydroxide ion in
chlorobenzene-H,O system comparing it with
various anions [529].

The reactions of the tetrabutylammonium
permanganate in various solvents with lower
valence manganese compounds lead to various
dinuclear Mn(I11) and Mn(ll)-complexes [530].
Dinuclear Mn,O type complexes as catalase
models have been synthesized from manganese(ll)
choride, tetrabutyalammonium permanganate,
2,2’-bipyridine, benzoic acid and NaN3 in MeCN
[531]. Due to the thermodynamical instability of
the permanganate ion in alkaline aqueous
solutions, its reactions with biologically important
basic ligands like phenoxide or imidazolate is
not easy. Tetrabutylammonium permanganate is,
however, highly soluble in MeCN, EtOH, Me,CO
and DMF in which these reactions are easily
performed. In this way, discrete manganese(lll)
and manganese(lV) complexes have been
prepared by the reaction of Mn(OAc),.2H,0,
organic ligands (picolinic acid, salicylic acid and
pyridine) and tetrabutylammonium permanganate
[532]. Tetrabutylammonium permanganate reacts
with benzoic acid and manganese(ll) acetate
in pyridine, which is then followed by the
addition of sodium perchlorate to obtain
[Mn,4O,(benzoate),(bipy).]CIO,4 [533]. The acetate
analog with Brsy” counter ion has also been
prepared and a series of binuclear Mn,O(OR)X,
(bipy,), type complexes (X = CI, N; OAc)
(OR = acetate, propionate, benzoate) can also
be prepared from n-BusNMnO, [533]. Com-
proportionation of manganese benzoate with
n-Bus,NMnO, in 1:25 ratio in EtOH/MeCN
has yielded BusN[Mn,;O,(H,0)(OPh)g] in 90-95%
yield [534]. A decanuclear MnyOg(OAC)s
(picolinate)s cluster containing an Mn** core has
been prepared by the reaction of tetrabutyl-
ammonium permanganate with Mn;O(OAC)s(py)s*py
and picolinic acid in MeCN [535]. Substituted
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benzoic acid analogous of the starting trinuclear
complexes can be prepared as well from tetra-
butylammonium permanganate, Mn(OAc),.4H,0,
and the halo-substituted benzoic acids in EtOH-
pyridine and MeCN at room temperature. These
complexes have mixed valence character (Mn*,
Mn**, Mn?*") [536].

Tetrabutylammonium permanganate, depending
on the solvent and the reaction conditions,
oxidizes various kinds of organic compounds.
Toluene is oxidized to benzoic acid in toluene as
solvent together with the formation of colloidal
MnO, [537]. The rate constant has been
determined. Significant isotope effect has been
observed during the oxidation of deuterated
toluene. No induction period could be observed in
the reaction. The oxidation in neat toluene is
slower with 3 order of magnitude than in water. In
the aqueous medium the rate determining step is
the oxidation of the benzylic C-H bond. The
nature of this reaction, however, is different in
toluene because of the difficulties in generating
charged species [538]. Other arylalkanes are also
oxidized in toluene or dichlorobenzene by
dehydrogenation or oxidation. Xanthene is
converted to xanthone and dihydroanthracene to
anthracene. The reactions are first-order reactions
without induction periods. There are primary
isotope effects in the oxidation of dihydro-
anthracene. The reactions have radical mechanism,
the rate-limiting step is the H radical transfer from
the substrate to the permanganate group [537].
Both the alumina supported and the unsupported
forms are active in the oxidative hydroxylation of
1 or 3 and 4 bridgehead positions of diadamantane
and triadamantane, respectively. It transforms
trans-decaline into trans-9-decalol, trans-1-decalon
and trans-2-decalon [514]. Kinetics of the
oxidation of alkynes e.g. ethyl tetrolate or 2-
heptyne in CH,CIl, have been studied. The
reaction has been found to be first order with
respect both to the oxidant and the alkyne, and the
reaction rate was greatly accelerated by electron
withdrawing substituents [539]. Alkynes and
tetrabutylammonium permanganate reacts at
room temperature in dichloromethane with the
formation of a-diones in a second order reaction.
On the rates of the reactions the steric factors

seem to be not so important as the electronic
effects [540].

Substituted benzaldehydes and benzyl alcohols
are oxidized to acids in high yields, cis-stilbene
and p-nitrotoluene are oxidized into the
appropriate benzoic acid [517]. The 4- and 5-
nitro-2-methoxycarbonylthiophenes have been
prepared by the oxidation of the appropriate
nitrothiophene carbaldehydes in pyridine solution
[541]. Primary and secondary ferrocenyl alcohols
can be oxidized to the corresponding o0x0
compounds under mild conditions with 48-72%
yield [542]. Depending on the solvent (CH,Cl,,
CHCI; or pyridine) and the temperature, the extent
of the competitive ether forming reactions are
different [542]. Oxidation of saturated higher
primary and secondary alcohols into acids and
ketones have been performed under solvent free
conditions. Tetrabutylammonium permanganate
oxidizes bromomethyl substituted polyarylether-
ketones into the appropriate esters (CH,Br into
COOCHs,) [543]. The specificity of the tetra-
butylammonium permanganate in the oxidation of
lignin and carbohydrate model compounds has
been studied [544]. It catalyzes the oxidation of
isophorone into ketoisophorone with t-butyl-
hydroperoxide, but the mass balance is poor
[437].

Vinylferrocene can be oxidized even at 0 °C with
tetrabutylammonium permanganate in dichloro-
methane with the formation of FcCH(OH)-
CH,0OH as the main product together with some
amount of Fc-CH,OH and FcCH,OOCFc [545].
Reactivity of  the tetrabutylammonium
permanganate towards stannylene derivatives of
vicinal glycols depends on the structure of the
stannylene-compounds, and proved to be
ineffective in the cleavage of bicyclic stannylene
derivatives of vicinal glycols. However,
benzaldehyde is obtained from dibutylstannylene
derivative of benzil [546].

Tetrabutylammonium permanganate can be used
in various fields of chemistry as phase transfer
oxidant [521]. The reaction of the appropriate
bromide and KMnO, in aqueous benzene/toluene
two-phase system, with NaCl as catalyst, oxidizes
olefins (the formed benzene/toluene solutions are
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purple) [547]. This purple solution oxidizes poly-
ethylene and hydroxyl terminated polybutadiene
at room temperature with the formation of C=0
and C-O-C functions, mainly acids. lon pair
formations have been detected by NMR in CDCl;
and with UV in benzene/toluene [547]. Ethylene-
propylene-diene rubber is oxidized from room
temperature up to reflux temperature in toluene,
when the saturation of the diene type bonds and
changes in the plastic properties of the formed
polymers have been observed [548]. Oxidation of
polypropylene by using phase transfer conditions
leads to a change in the surface properties and the
adhesive strength [549]. Tetrabutylammonium
permanganate can be used as a two-phase oxidant
in the degradation of coal, in order to oxidize
aliphatic structures particularly benzylic, methylene
or methine groups carbon attached to hetero
atoms and functional groups [550]. Tetrabutyl-
ammonium permanganate have both catalytic and
non-catalytic characters. The colloid manganese
dioxide formed has some auotocatalytic effect in
the oxidation process [551].

4.1.4. Tetra-n-amylammonium permanganate

The reaction of the appropriate bromide and
KMnO, in aqueous-benzene/toluene system
containing NaCl as catalyst leads to tetra-n-
amylammonium permanganate which can oxidize
olefins. The benzene/toluene solutions formed are
purple [547]. These solutions oxidize polyethylene
and hydroxyl terminated polybutadiene at room
temperature with the formation of C=0 and C-O-C
functions, mainly acids. lon pair formations have
been detected by NMR in CDCl; solutions and
with UV-VIS in benzene/toluene solutions [547].

4.1.5. Tetra-n-heptylammonium permanganate

It has been prepared from tetra-n-
heptylammonium chloride (dissolved in 1,2-
dichloroethane) with aqueous KMnQ,. Its UV
spectra in 1,2-dichloromethane shows a band at
525 nm [552].

4.1.6. Benzyltrimethylammonium permanganate

Potassium permanganate and BzMe;NCI have
been reacted in aqueous solution and the
precipitate formed was dried at room temperature.

It decomposes violently at 80-90 °C. This
compound is active in the oxidative hydroxylation
of 1 or 3 and 4 bridgehead positions of
diadamantane and triadamantane, respectively
[515].

4.1.7. Benzyltriethylammonium permanganate

Potassium permanganate and BzEt;NCI have been
reacted in aqueous solution and the dark purple
precipitate formed was dried at room temperature
[515, 553]. It decomposes violently after 7 min at
100 °C, explodes after 25 min at 90 °C or after
90 min at 80 °C [554]. Its dichloromethane
solution can be adsorbed onto alumina, thus
provide a supported and unexplosive reagent
[515]. Recrystallization from a minimal amount of
hot CH,CI, by the addition of CCl, leads to a solid
with a melting point of 125-127.5 °C. NMR
shows multiplied signals. In the UV-VIS spectrum
four peaks have been observed between 500 and
575 nm in [533]. It can be dried in vacuum at
40 °C and at high vacuum at 20 °C in a time
period of 36 h. It can explode during pouring
into another flask with explosive ignition and
formation of a flame of about 1 m in length [555].
It also explodes at 80 °C during drying at 1 Torr.
It is not resistant to shock at all [556-557] and
sensitive to heavy blows (30 Nm) [558]. It is
readily soluble in CH,CI, and glacial acetic acid
(2.3-0.5 M), and is relatively stable in these
solutions [556].

Benzyltriethylammonium permanganate oxidises
numerous classes of organic compounds. Alkanes
can be oxidized in dichloromethane or glacial
acetic acid to alcohols, ketones or esters. Benzylic
methylene groups are oxidized to ketones,
cleavage to benzoic acid is suppressed. Tertiary
benzylic CH groups are smoothly transformed to
tertiary alcohols. Aliphatic methin groups require
higher temperatures and glacial acetic acid as
solvent. The formed alcohol partially decomposed/
dehydrated and the secondary methylene groups
are also oxidized. Hydroxylation of decalins
proceeds stereo-specifically with the retention of
the original configuration [556]. Both the supported
and unsupported forms are active in the oxidative
hydroxylation of 1 or 3 and 4 bridgehead
positions of diadamantane and triadamantane,
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respectively [515]. It transforms trans-decaline
into trans-9-decalol, trans-1-decalon and trans-2-
decalon [515]. Acetoxytoluenes and substituted
acetoxytoluenes are converted into acetoxy-
benzoic acids via oxidation of the benzylic CH,
group [557] in glacial acetic acid at 30 °C.
Strongly cytotoxic canthin-6-one alkaloids can be
prepared by regioselective oxidation of the parent
canthines prepared by the Diels-alder reactions of
indole and 1,2,4-triazine compounds without the
formation of canthin-4-ones with 58-67% yield in
CH,Cl,-acetic acid solution at 70 °C [558].

Primary alcohols can be oxidized mainly to
methylene diesters, which are formed by
nucleophilic attack of the carboxylates formed on
the solvent dichloromethane. Secondary alcohols
furnish high yields of ketones, accompanied by
carboxylic acids formed by o-cleavage [554].
Oxidation of aldehydes with benzyltriethyl-
ammonium permanganate leads to carboxylic
acids at room temperature [560]. Methoxymethyl
substituted polyaryletherketones are oxidized to
the appropriate esters (CH,OCHj; into COOCHs,)
[543]. Other ethers, e.g. dibutylether transforms to
butylbutyrate, benzyl methyl ether to benzyl
benzoate, butyl phenyl ether to phenyl butyrate
and dibenzyl ether to benzyl benzoate, but a small
amount (8%) of methylenedibenzoate is also
formed. The ester formation of unsymmetrical
ethers show the following reactivity order towards
BzEt;NMnO, [561]

benzyl>phenylalkyl>primaryalkyl>secondaryalkyl>
methyl>phenyl.

Linear sulfides can be oxidized with good yield to
the corresponding sulfones in CH,Cl,/acetic acid
mixture at -10 °C [562]. Thianthrene-5-oxide is
oxidised selectively to the corresponding sulfone,
thianthrene-5,5-dioxide in dichloromethane [553].

i 0+ .0
Co—Cco

Benzyltriethylamonium permanganate and oxalyl
chloride proved to be an effective agent in
the stereoselective dichlorination of olefins. The
reaction gives trans-dichloro isomers with high
selectivity [563].

4.1.8. Benzyltributylammonium permanganate

Benzyltributylammonium permanganate has been
prepared from the appropriate chloride by sodium
permanganate in o-dichlorobenzene in the
presence of NaOH. Its melting point is 107-110 °C
[564]. The compound can be used as an oxidant in
the preparation of toners for electrostatic image
development [565].

4.1.9. Cetylbenzyldimethylammonium
permanganate

Cetylbenzyldimethylammonium permanganate ion
associate is an electroactive material in the first
permanganate ion selective electrode prepared from
PVC membrane and dibutylphthalate plasticizer.
The response of the electrode is linear between
5E7 to 1E™ M permanganate concentration [566].

4.1.10. Trioctylmethylammonium permanganate

Extraction of trioctylmethylammonium
permanganate from aqueous solutions by organic
solvents has been studied, and ion pair formation
was observed via dipole-dipole aggregation [567].

4.1.11. Tetradecyltrimethylammonium
permanganate

It can be prepared from the CH,CI, solution
of tetradecyltrimethylammonium bromide by
aqueous potassium permanganate as a violet solid
with 80% vyield [568]. Stable at room temperature
for a few days, can be stored at 0 °C in a brown
bottle for months. It has a violet coloured solution
in methylene chloride at 0 °C, and this solution
can be used for the dibromination of olefins with
Me,SiBr,. This reaction can be used in the
preparation of pregnenolon and stigmasterol
derivatives [271]. Cyclohexene is trans-
dibrominated. The linear double bond bromination is
preferred to the ring double bond, or the chain-end
CH,=C part bromination is preferred to the
CO-CH=CH-type double bond [271].

4.1.12. Cetyltrimethylammonium permanganate

The title compound has been prepared by means
of the reaction of the aqueous solution of
cetyltrimethylammonium bromide with potassium
permanganate with a yield of 92%. The analogous
chloride compound can also be wused for
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starting material. It decomposes at 80-100 °C
without explosion [515]. Decomposition has
occurred even at 98 °C in a capillary and it
violently decomposes at 115 °C. The compound is
stable at room temperature if it is kept in dark. It
has a phase transition around 50 °C [6].

The UV spectra were monitored in various
solvents such as CHCI;, CCl,, benzene and
benzonitrile and a self-oxidation process could be
detected with the formation of pentadecanal. The
rate of the self-oxidation decreases in the
benzonitrile > benzene > chloroform > CCl,
order. The mechanism is a proton transfer from
the B-methylene group to the permanganate ion
through the formation of an olefinic intermediate
[45].

Cetyltrimethylammonium permanganate acts as a
1,3-dipole in the oxidation of cycloalkenes in
CH,CI, at room temperature [569]. The reaction
products are cis-hydroxylated compounds. The
oxidation of bicyclo[2.2.1]hept-2-ene leads to the
formation of exo-diol [569]. This compound is
active in the oxidative hydroxylation of 1 or 3 and
4 bridgehead positions of diadamantane and
triadamantane, respectively [515]. It can be used
as a selective cis-dihydroxylation agent of alkenes
[568]. When the olefin contains aryl-substituted
parts, e.g. 1,2-diphenylethylene or tetraphenyl-
ethylene, in dichloromethane the cetyltrimethyl-
ammonium permanganate cleavages the C=C
double bond to the appropriate oxo-compound at
room temperature. Nitro-group has similar effect,
e.g. Ph-CH=CH-NO, gives PhCHO. From alkyl
substituted aromatic alkenes, aldehydes are
obtained with 1 equivalent of cetyltrimethyl-
ammonium permanganate without the formation
of carboxylic acid [570]. Trans-stilbene, however,
leads to benzaldehyde. C — C bond cleavage has
been observed for Ph-CH(OH)-CH(OH)-Ph as
well [568]. Diphenylacetylene is converted to
benzil [568].

Cetyltrimethylammonium permanganate oxidizes
the lower primary and secondary alcohols to acids
and ketones in a reaction autocatalysed by
colloidal MnO; in the appropriate alcohol solvent
at 20-40 °C. The Kinetic parameters of these
processes have been determined [571]. Primary

and secondary benzylic alcohols provide the
appropriate aldehydes and ketones in dichloro-
methane at room temperature [298], but no
reaction occurrs with allylic alcohols [298].
Oxidation of Cg.g aliphatic alcohols with cetyltri-
methylammonium permanganate has led to the
corresponding ketones (secondary alcohols) or
carboxylic acids (primary alcohols) via the
formation of colloidal manganese dioxide [572].
Kinetics of the benzyl alcohol oxidation has been
determined [45]. The activation energy was found
to be almost the same (49 kJ/mol) as that of the
self-oxidation (51 kJ/mol) [45].

In dichloromethane solution primary, secondary
and tertiary y- and o-hydroxy-olefins can be
cyclised with 52-78% vyield to y- and &-lactones
containing one carbon less than the starting
alcohol. Vitamin D, can be oxidized to the
Windaus ketone in yields higher than with other
commonly used oxidants like ozone or 0sO,
[573].

Long chain alkyl allyl thioethers have been
hydroxylated in aqueous alkaline solutions with
cetyltrimethlammonium permanganate into rac-1-
S-alkylglycerols [574]. Cetyltrimethyl-ammonium
permanganate can be used as a facile reagent for
the preparation of 1(3)-acylglycerols through the
hydroxylation of allyl esters of fatty acids in
dichloromethane at room temperature [575]. It
also oxidizes nitroalkanes into the corresponding
oxo-compound with the same carbon number
[576]. N-alkyl substituted styrylpyridinium bromides
are oxidized in chloroform with cetyltrimethyl-
ammonium permanganate with the formation of
substituted benzaldehydes. The mechanism of the
reaction is the same as it is in the case of the acid
catalyzed KMnO, oxidation of these compounds
in aqueous medium. From the substituent effect a
transition state with low electron density at the
olefinic carbon has been proposed [577]:

(81)

R = Ca6 alkyl, X = Me, C4.46 alkyl, 0 and p-Cl,
OMe, Me,N.
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Dichloromethane solution of cetyltrimethyl-
ammonium permanganate can be used to the
oxidative opening of the D-ring of 16-
dehydroprogesterone which is then followed by
rearrangement even at room temperature [578].

Oxime and 2,4-dinitrophenylhydrazone protecting
groups can be removed in CH,Cl, with moderate-
high yield at room temperature without the
oxidation of the sensitive groups like imidazole
function, neighbouring methylenes, primary
alcohols, condensed aromatic CH-s, chain-end
alkene groups, etc. The 2,4-dinitrophenyl-
hydrazones react slower than the oximes and the
chain-end alkenes can be converted into diols.
[579]. The oxidative deoximination of several
aldo- or ketoximes in dichloromethane proceeds
through the formation of a cyclic intermediate as
the rate determining step [580].

4.1.13. Cetylpyridinium permanganate

Potassium permanganate and [CigH3sNCsHs]CI
were reacted in aqueous solution and the
precipitate formed was dried at room temperature
to yield the title compound. The title compound
decomposes violently at 80-90 °C. This compound
is active in the oxidative hydroxylation of 1 or 3
and 4 bridgehead positions of diadamantane and
triadamantane, respectively [515].

4.1.14. Methyltributylammonium permanganate

This salt is formed during the spectrophotometric
determination of the permanganate anion obtained
by extraction from aqueous solutions with the
chloroform solution of benzyltributylammonium
chloride [601]. It is precipitates in the reaction of
concentrated agueous solutions of MeBu;NBr and
KMnQy,, respectively [581].

Methyltributylammonium permanganate oxidizes
different kind of unsaturated alkene type
hydrocarbons  and  butylvinyl  ether in
dichloromethane. The colloidal manganese
dioxide formed absorbs the alkene and stabilizes
it, which decreases the solvent polarity at the
solvent interphase. The solubility of the colloid is
therefore a function of the concentration and the
identity of the alkene: when acidic compounds are
present, the manganese dioxide is reduced further
to manganese(l11) [580]. Similar autocatalysis has

also been detected in the oxidation of tetradecene
with methyltributylammonium permanganate in
methylene chloride. The colloidal manganese
dioxide formed adsorbs the permanganate and
catalyses the reaction. The activated species
formed react with the alkene or thermally
decompose [583]. The oxidation of 1-octene in
dichloromethane is a first order reaction catalyzed
by carboxylic acids. A correlation has been
observed between the pK, value of the acids and
the logarithm of the catalytic rate constants. The
probable pathway is the formation of permanganic
acid as an active oxidant [584].

Unsaturated carboxylic acids, for example excess
cinnamic acid reduces the methyltributyl-
ammonium permanganate to Mn(l11) in methylene
chloride. The reaction is first order for both the
cinnamic acid and the oxidant, electron donating
substituents in o-and p-positions increase the
activation enthalpy, while the electron withdrawing
substituents have the opposite effect. An
isokinetic temperature 587 K has been obtained.
Deuterium substitution at the o- and B-positions
had negligible effect on the activation parameters
[585]. Oxidation of lower carboxylic acids as
acetic acid in CH,CIl, shows anomalous behaviour,
the rate first decreases, remains stationary for a
long time and finally increases suddenly until the
permanganate is consumed [586]. The reaction
has an autocatalytic character inhibited by one
of the reactants whose concentration must be
decreased wunder a certain limit that the
autocatalysis should become evident [586]. The
oxidation of formic acid in methylene chloride is
strongly autocatalyzed by colloidal manganese
dioxide. The reaction is first order with respect to
the catalyst, and the adsorption of both the
oxidizing and reducing agents follow the
Langmuir isotherm. The reaction is dramatically
inhibited by water and exhibits a primary Kinetic
isotope effect for the oxidation of DCOOH [581].

4.2. Tetraorganylphosphonium permanganates

The quaternary [RPhsP]MnO, type phosphonium
permanganates, (R = C.; alkyl, Bz, CIsC, p-FBz,
1,2-ethylenebis-) and [(p-FCsH4)sBzPIMnO, or
[2,6-Cl,Bz(p-CIPh);P]MnO,4 have been prepared
in CH,CI, from the appropriate halides and solid
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KMnQ,, or in agueous metathesis reaction of
these compounds [6]. These compounds exist in
their solutions as either ion pairs or aggregates
promoted by high concentrations, low temperatures
and low solvent polarity. Thermally they are not
stable and their NMR characteristics have been
discussed [6]. Tetraorganylphosphonium salts
(R4 = MePhs, MeBus, Me(n-octyl);) oxidize
various substituted styrene derivatives such as
substituted (E)-methyl cinnamates, as well as
alkyl, halo and alkoxy substituted styrenes in
different solvents. In polar organic solvents such
as in acetone no cationic effect on the reaction
rates has been experienced. In less polar solvents,
such as in methylene chloride or toluene, the
reaction rates depend on the identity of the
quaternary phosphonium ion. It thus appears as if
the reacting species may exist as solvent separated
ion pairs in polar solvents, and as intimate ion
pairs in nonpolar solvents. The reaction rates are
sensitive to substituent effects. The mechanism
can be visualized as a proceeding continuum of
transition states that can vary from the electron
rich to the electron poor depending on the
capacity of the substrate structures to
accommodate either negative or positive charges
[6]. All of the phosphonium permanganates
dissolve in CH,CIl, and CHCI;, although the
BzPh; and 2,6-Cl,Bz(p-CIPh);P-salts are slightly
soluble. The compounds do not dissolve in CCly,
the 2,6-Cl,Bz(p-CIPh)3P-salt does not dissolve in

H,O and toluene. The BzPhsP and Cl;CPhsP salts
do not dissolve in toluene, the others are slightly
soluble in toluene and H,O [6] (Table 4).

4.2.1. Tetraphenylphosphonium permanganate

When tetraphenylphosphonium chloride and the
warm solution of KMnQO, are mixed tetraphenyl-
phosphonium permanganate forms as a slightly
soluble precipitate [587]. Raman and resonance
Raman spectra of Ph,PMnO, have been measured
and complete assignation of the normal
stretchings and the combination bands have been
performed. The X;; anharmonicity constant for
the vs Mn-O band has also been determined [274].

4.2.2. Triphenylmethylphosphonium

permanganate
Potassium  permanganate and  [PhzMeP]CI
was reacted in aqueous solution and the

precipitate formed was dried at room temperature.
The analogous bromide compounds gave 86%
yield in cold water. The compound can be stored
in cold and in dark for weeks. Decomposition
with explosion occurs over 70 °C [588]. It
decomposes violently at 80-90 °C. Triphenylmethyl-
phosphonium  permanganate is active in
the oxidative hydroxylation of 1 or 3 and
4 bridgehead positions of diadamantane and
triaadamantane, respectively [515]. It transforms
trans-decaline into  trans-9-decalol, trans-1-
decalon and trans-2-decalon [515]. Cholesten and

Table 4. Synthesis conditions and decomposition temperatures of
quaternary phosphonium permanganates [6].

Compound Method Yield, % Dec. temp., °C
MePhsP aq 91 102
EtPhsP aq 97 89
nPrPhP aq 98 94
nBuPh3P aqg 98 70
nPentPhsP aqg 92 68
nHexPh; aq 91 76
nHeptPhsP aq 69 66
BzPhsP aq 85 56
Cl3CPhsP CH,Cl, 83 86
2,6-Cl,Bz(p-CIPh);P CH,Cl, 87 64
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cholesterin acetate do not react, but cholesten-3-
on produces the appropriate cis-diol in 46% yield
[588]. Similarly, unsaturated ketones and olefins
can be cis-dihydroxylated in CH,ClI, even at -70 °C.
Cyclohexene provides diol instead of the expected
adipic acid obtained with KMnQO, under phase
transfer conditions [588]. This compound has two
crystalline modifications, the a-form is rhombic
(a=12.626, b = 14.320, ¢ = 19.806 A, Space group
is Pbc,a or Pbem, Z = 8, D, = 1.420), the B form is
monoclinic, P2;¢c, Z = 4, D, = 1.408, a = 10.637,
b=13.424,¢c=15.036 A, B = 119.44 [6].

4.2.3. Heptyltriphenylphosphonium
permanganate

It forms rhombic purple crystals (a = 13.122,
b = 10.801, ¢ = 17.154 A, P2,2;2,, Z = 4,
D, = 1.313), soluble in CH,Cl,, CHCI3, slightly
soluble in H,O and toluene, and insoluble in CCl,
[6]. The cation has propeller like geometry around
the P-atom. The cations are surrounded by four
anions. One of the permanganate ions is distinctly
closer to the phosphorus atom as compared to the
other three ones. This permanganate ion is
“nestled” under the n-heptyl chain. Some
penetration effect is responsible for the solubility
properties of this compound. It exists in solvents
as ion pairs or as ion quadruples and different
conformation of the ions are formed during
crystallization from different solvents [6]. When
the solution is rich in a non-polar solvent, e.g. in
CCly, the quadruple species is dominating, and the
o form will crystallize out. If the solvent mixture
is rich in polar solvent, e.g. in CH,Cl,, the single
ion pairs will be the dominant species and the 8
form will crystallize out [6] (Figure 15).

4.2.4. Triphenylbenzylphosphonium
permanganate

The reaction of the appropriate bromide and
KMnO, in a two-phase aqueous-benzene/toluene
system in the presence of NaCl as a catalyst, leads
to the purple benzene/toluene solution of the title
compound which can oxidise olefins. It also
oxidizes polyethylene and hydroxyl terminated
polybutadiene at room temperature with the
formation of C=0 and C-O-C functions, mainly
acids. lon pair formations have been detected by

Figure 15. Molecular structure of heptyltriphenyl-
phosphonium permanganate.

NMR in CDCl; and with UV spectroscopy in
benzene/toluene [589].

4.2.5. 1,2-bis(triphenylphosphonium)ethane
permanganate

To prepare the title compound potassium
permanganate and [PhsPCH,CH,PPh3]Cl, were
reacted in aqueous solution and the precipitate
formed was dried at room temperature. It
decomposes violently at 80-90 °C. This compound
is active in the oxidative hydroxylation of 1 or 3
and 4 bridgehead positions of diadamantane and
triadamantane, respectively [515], and can be
used for the spectrophotometric determination of
permanganate anion after its extraction from
aqueous solutions with the chloroform solution of
the free diphosphine [590].

4.2.6. 1,3-bis(triphenylphosphonium)propane
permanganate

This compound forms an ion-pair associate at
pH = 6 with naphthalene and can be extracted
to chloroform. The formed compound can be
analyzed spectrophotometrically at 548 nm [591].

4.3. Tetraorganylarsonium permanganates

4.3.1. Tetraphenylarsonium permanganate

When tetraphenylarsonium chloride and the warm
solution of KMnO, were mixed, tetraphenyl-
arsonium permanganate was formed as a slightly
soluble purple precipitate [587], which was then
dried at room temperature. The compound
decomposes violently at 120-130 °C. This
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compound is active in the oxidative hydroxylation
of 1 or 3 and 4 bridgehead positions of
diadamantane and triadamantane, respectively
[515]. Raman and resonance Raman spectra of
[PhsAs]MNnO, have been measured, and complete
assignation of the normal modes and the
combination bands have been performed. The Xy,
anharmonicity constant for the vs Mn-O band has
also been determined [587].

4.4, Iminium permanganates

4.4.1. Bis(triphenylphosphine)iminium
permanganate

The bis(triphenylphosphine)iminium permanganate
is non-hygroscopic and soluble in a number of
dipolar aprotic organic solvents, thus it seems to
be a real alternative of the tetraalkylammonium
permanganate salts [592]. Since the [PNP]CI
(PNP = bis(triphenylphosphine)iminium cation) is
well soluble in water (ca. 100 g/L at 80 °C and
7.1 g/L at 25 °C), its warm solution reacts with
KMnQO, with the formation of a hardly water-
soluble permanganate salt [592]. It melts at
155 °C with violent decomposition. It is very well
soluble in acetone, acetonitrile, DMSO, DMF,
benzyl cyanide, nitromethane, nitrobenzene,
CH,CI, and sym-tetrachloroethane.

4.5. Organic oxonium permanganates

4.5.1. Triphenylpyrilium permanganate

On reacting  triphenylpyrilium  chloride,
[PhsCsH,0]CI in 2% ag. HCI with 1% aqueous
solution of KMnOQ,, the appropriate permanganate
salt is precipitated [30].

4.6. Organic sulfonium permanganates

4.6.1. Triphenylsulfonium permanganate

Triphenylsulfonium permanganate is formed in
the extraction of permanganate ion with
triphenylsulfonium cation to chloroform. This
compound can be used for the determination of
manganese (after its oxidation to permanganate)
via spectrophotometry at 548 nm [176]. This
compound can also be prepared by flow-injection
extraction of Ph;SCI and KMnO, with CHCI; as
solvent. The [PhsS]MnO, is an ion-associate
[593].

4.7. Other permanganate-salts of organic
cations

1-Phenyl-2-(1-piperidinyl)ethyl-4-nitrobenzoate,
2-(1-piperidinyl)-1-(4-pyridyl)ethyl-4-nitrobenzoate-
N-oxid, and 2-diethylamino-1-(4-pyridyl)-ethyl-4-
nitrobenzoate-N-oxide easily form permanganate
precipitates. The solubility products of these
compounds have been determined. All of these
permanganates transform to manganese dioxide
during storage at room temperature [594]. The 3,7-
diamino-2,8-dimetyl-5-phenyl-phenazinium cation
(safranine) also forms permanganate, which can
be isolated and analyzed [595]. The complex has
two new absorption bands in its UV spectrum, at
241 and 540 nm [595]. Similar compound is
obtained from KMnO, and Neutral Red (3-amino-
6-dimethylamino-2-methylphenazine [596].

Poly(vinyl)Jammonium permanganate resins have
been prepared and used for the oxidation of
alcohols to carbonyl compounds in cyclohexane.
The crosslinking has an influence on the oxidation
reaction, 5% crosslinking (DVB) is the optimal.
Since the catalytic resin is insoluble in the
medium, thus it is a heterogeneous reagent. The
IR spectrum of the resin formed has an IR band at
900 cm™. Primary alcohols are transformed into
aldehydes, and it is an easy way to prepare
benzaldehyde, n-butanal or 1-pentanal [27].

The  permanganate-exchanged  forms  of
anionites with Me3sN*-group and chelate-forming
—(R)N(CH,COOH), groups have been prepared,
and their densities have been measured in swelled
and dried form [597]. Our measurements [68],
however, indicated that some of these oxidable
groups have reacted during the functionalization
of the ion-exchangers, and this reaction can
proceed during storage of the water-containing
swelled resins. The oxidation ability of these
polymers consists the sum of the oxidation ability
of the permanganate and the formed manganese-
dioxide in acidic environment. Thus, the results of
the density measurements are doubtful to estimate
the amount of the exchanged permanganate ion.
Since the pyridine ring is more stable to oxidation
as the Me-N functionalized organic groups, co-
polymers of vinyl-pyridine with divinylbenzene or
poly(vinyl alcohol) have been functionalized with
permanganate ion. The free-base polymer has
been mixed with sulphuric acid solution of the
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potassium permanganate. The formed poly(4-
vinylpyridinium)permanganate as a solid phase
heterogeneous oxidant has been used for the
oxidation of primary and secondary alcohols to
obtain aldehydes and ketones, respectively, in
80-100% yield. When the hydroxyl group is
attached directly to a ring, e.g. in the case of
menthol, cyclohexanol and cholesterol, the
oxidation could not be performed with the
crosslinked heterogeneous vinylpyridine type
permanganate resin. The advantage of the
polymer supported permanganate reactants are
that the oxidation stops at the oxo-compound
stage and there is no carboxylic acid formation.
The yield and the reactivity is solvent dependent,
the best solvent is the cyclohexane. The spent
resin can be regenerated with sulfuric acid
solution of ferrous ammonium sulphate [28].

Hydroxide forms of the trimethylammonium-
based styrene-divinyl-benzene ion exchangers can
be converted to permanganate form with KMnO,
at 40 °C with 1.5 g/60 ml KMnO, solution.
Drying at 100 °C leads to a ion-exchanger with
permanganate functionality which has been used
to detect hydrogen-peroxide [35]. The anion
exchange ability on the 4 and 8% divinylbenzene
containing  styrene resins with  trimethyl-
ammonium type functional groups have been
studied and the diffusion coefficient values for the
permanganate ions have also been determined.
The kinetics of the ion-exchange between OH and
permanganate ions have been determined [598].

ACKNOWLEDGEMENT

The authors wish to thank Mr. Imre Szilagyi and
Ms. Petra Bombicz for their help during our work.

5. REFERENCES

1. Gmelin's Handbuch der Anorganischen
Chemie. 1975, Sysem Nummer 56, C-2,
Mangan, Springer Verlag, Heidelberg.

2. Mellor, J. W. 1932, A Comprehensive
Treatise on Inorganic and Theoretical
Chemistry, Volume XII, Longmans, Green
and Co., London-New York-Toronto.

3. Lee, D. G. 1980, The oxidation of organic
compounds by permanganate ion and
hexavalent chromium, Open Court Publ.,
Regina.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Fatiadi, A. J. 1987, Synthesis, 85.

Singh, N., and Lee, D. G. 2001, Org.
Process Res. Dev., 5, 599.

Laraman, H., Barton, R. J., Robertson, B.
E., and Lee, D. G. 1984, J. Org. Chem.,
49, 45009.

Firouzabadi, H., Sardarian, A. R., Naderi,
M., and Vessal, B. 1984, Tetrahedron,
40, 5001.

Firouzabadi, H., Naderi, M., Sardarian, A.,
and Vessal, B. 1989, Synthesis, 378.
Mohnot, K., Sharma, P. K., and Banerji, K.
K. 1996, J. Org. Chem., 61, 1310.

Mohnot, K., Sharma, P. K., and Banerji, K.
K. 1997, J. Ind. Chem. Soc., 74, 12.

Bohra, A., Sharma, P. K., and Banerji, K.
K. 1997, J. Org. Chem., 62, 3562.

Vyas, V. K., Kothari, S., and Banerji, K.
K. 1997, Int. J. Chem. Kinetics, 29, 9.
Satsangani, B. K., Kothari, S., and Banerji,
K. K. 1994, J. Chem. Res. (S), 208.
Satsangani, B. K., Kothari, S., and Banerji,
K. K. 1995, Transit. Met. Chem., 20, 288.
Kothari, S. 1991, Proc. Ind. Acad. Sci.
(Chem. Sci.), 103, 747.

Satsangani, B. K., and Kothari, S. 1997, J.
Ind. Chem. Soc., 74, 16.

Grover, A., Varshney, S., and Banerji, K.
K. 1996, Ind. J. Chem., 35A, 206.
Firouzabadi, H., Mottaghineiad, E., and
Seddighi, M. 1989, Synth. Commun.,
19, 3469.

Firouzabadi, H., Vessal, B., and Naderi, M.
1982, Tetrahedron Lett., 23, 1847.
Shaabani, A., and Lee, D. G. 2001,
Tetrahedron Letters, 42, 5833.

Chrisman, W., Blankinship, M. J., Taylor,
B., and Harris, C. E. 2001, Tetrahedron
Letters, 42, 4775.

Meciarova, M., Toma, S., and Heribanova,
A. 2000, Tetrahedron, 56, 8561.
Firouzabadi, H., and Seddighi, M. 1991,
Synth. Commun., 21, 211.

Lee, D. G., and Noureldin, N. A. 1983, J.
Am. Chem. Soc., 105, 3188.

Wolfe, S., and Ingold, C. F. 1983, J. Am.
Chem. Soc., 105, 7755.

Besedin, D. V., Gulevskaya, A. V.,
and Pozharskii, A. F. 2000, Mendeleev
Commun., 150.



92

Laszl6 Kotai et al.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Prabhakaran, P. V., Venkatachalam, S.,
and Ninan, K. N. 1999, Eur. Polym. J.,
35, 1743.

John, K. J., and Pillai, V. N. R. 1989, J.
Polym. Chem. Sect. A. Polym. Chem.,
27, 2897.

Bogatyrev, V. L., Vulikh, A. I, and
Sokolova, S. I. 1966, Zh. Prikl. Khim.,
39, 1761.

Chadwick, T. C. 1973, Anal.
45, 985.

Nechai, N. A., Zvereva, M. N., and
Grekovich, T. M. 1964, Vestn. Leningrad.
Gas. Univ., Ser. Fiz. Khim., No. 4, 142.
Xie, K. H., Santasania, C. T., Krull, I. S.,
Neue, U., Bidlingmeyer, B., and Newhart,
A. 1983, J. Lig. Chromy., 6, 21009.

Kuzin, A. 1., Semushin, A. M., and
Proskuryanov, V. A. 1978, Deposited
Doc., VINITI No. 2647.

Kuzin, A. I, Semushin, A. M., and
Proskuryanov, V. A. 1979, Zh. Prikl.
Khim., 52, 469.

Wang, L-H., and Mei, P. 1988, Huaxue
Shiji, 10, 119.

Konishcheva, A. S., Morozova, N. M., and
Ol’'shanova, K. M. 1968, Sintez i Svoistvo
lonnoobmen. Mater., Chmutov, K. 1.
(Eds.), 115.

Srdanov, V. I., Harrison, W. T. A., Gier, T.
E., Stucky, G. D., Popitsch, A., Gatterer,
K., Markgraber, D., and Fritzer, H. P.
1994, J. Phys. Chem., 98, 4673.

Tanaka, H., Terada, S. 1993, J. Therm.
Anal., 39, 1011.

Sperka, G., and Fritzer, H. P. 1988, Solid
State Comm., 65, 1275.

Mehne, L. F., and Wayland, B. B. 1975, J.
Inorg. Nucl. Chem., 37, 1371.

Guyard, A. 1864, Bull. Soc. Chim. Fr., [2],
1, 81.

Guyard, A. 1866, Bull. Soc. Chim. Fr., [2],
6, 89.

Smith, W. T., and Maxwell, G. E. 1949, J.
Am. Chem. Soc., 71, 578.

Gorbunov, V. V., and Shmagin, L. F. 1972,
Fiz. Goreniya Vzriva, 8, 523.

Dash, S., and Mishra, B. K. 1995, Int. J.
Chem. Kinetics, 27, 627.

Chem.,

46.
47,

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Glauber, J. R. 1691, Prosperitas Germanice.
Chevillot, P. F., and és Edwards, W. F.
1817, Ann. Chim. Phys., [2], 4, 287.
Chevillot, P. F., and és Edwards, W. F.
1818, Ann. Chim. Phys., [2], 8, 337.
Scheele, C. W. 1774, Abhand. Akad.
Stockholm, 36, 95.

Scheele, C. W. 1774, Abhand. Akad.
Stockholm, 36, 183.
Scheele, C. W. 1774,
Handl., 35, 89.

Scheele, C. W. 1774,
Handl., 35, 177.

Hardy, A. 1961, Bull. Soc. Chim. Fr.,
1329.

Elovich, S. Yu., Roginskii, S. Z., and
Shmuk, E. I. 1950, Izv. AN SSSR. Otdel.
Khim. Nauk, 469.

Kotai, L., Keszler, A., Pato, J., Holly, S.,
and Banerji, K. K. 1999, Ind. J. Chem.,
38A, 966.

Gdzelishvili, M. Ya., Agladze, R. I., and
Avaliani, A. T. 1975, Elektrokhim.
Margantsa AN Gruz SSR, 5, 123.

Marse, H. N., and Olsen, S. C. 1900, Ann.
Chem., 23, 43.

Agladze, R. I., Gdzelishvili, M. Ya,
and Avaliani, A. T. 1975, Elektrokhim.
Margantsa AN Gruz SSR, 5, 142.

Loven, J. M. 1892, Ber., 25, 620.

Loven, J. M. 1895, Z. Phys. Chem.,
17, 376.

Frigerio, N. A. 1969, J. Am. Chem. Soc.,
91, 6200.

Krebs, B., Hasse,
Naturforsch., 28B, 218.
Krebs, B., and Hasse, K. D. 1974, Angew.
Chem., 86, 647.

Skotnikov, A. S., Teterin, E. G., and
Rozen, A. M. 1984, Dokl. AN SSSR,
29, 723.

Stewart. R., and Mocek, M. M. 1963,
Canad. J. Chem., 41, 1160.

Bailey, N., Carrington, A., Lott, K. A. K,
and Symons, M. C. R. 1960, J. Chem. Soc.,
290.

Allen, K. W. 1968, J. Inorg. Nucl. Chem.,
30, 2866.

Kotai, L., Sajo, I., Gacs, I., unpublished
results.

Svenska Akad.

Svenska Akad.

K. D. 1973, Z.



Beliefs and facts in permanganate chemistry

93

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Zhang, Z-S., Wu, J-Q., Deng, R-W., and
Xing, Y-C. 1988, Huaxue Xuebao,
46, 364.

Zhang, Z-S., Wu, J-Q., and Zhang, Y-N.
1991, Lanchou Ta Hsueh Pao, Tzu Jan Ko
Hsueh Pan, 27, 97.

Wilke, E., and Kuhn, H. 1924, Z. Phys.
Chem., 113, 313.

Jones, F. 1878, J. Chem. Soc., 33, 95.
Zakharov, A. N., lofa, B. Z., and
Nesmeyanov, A. N. 1981, Radiokhimiya,
23, 642.

Rozen, A. M., and Skotnikov, A. S. 1968,
Dokl. AN SSSR. Khim. 182, 1098.
Kovaleva, T. V., Legin, E. K., Khokhlov,
M. L., and Suglobov, D. N. 1987, Zh.
Neorg. Khim., 32, 2448.

Paul, R. C., Puri, J. K., Papila, V. P., and
Malhotra, K. C. 1971, Indian. J. Chem., 9,
1387.

Mishra, H. C., and Symons, M. C. R. 1962,
J. Chem. Soc., 4411.

Glemser, O., and Schroeder, H. 1953, Z.
Anorg. Allgem. Chem., 271, 293.

Grimm, H. C., Peters, C., and Wolff, H.
1938, Z. Anorg. Allgem. Chem., 236, 57.
Kotai, L., Sajo, I. E., Gacs, I., Sharma, P.
K., and Banerji, K. K. 2007, Z. Anorg.
Allgem. Chem., 633,1257.

Balareff, D. 1921, J. Prakt. Chem., [2],
102, 283.

Balareff, D. 1924, Z. Anorg.
Chem., 136, 216.

Balareff, D. 1927, Z. Anorg.
Chem., 167, 237.

Balareff, D. 1928, Z. Anorg.
Chem., 174, 295.

Yatsimirskii, K. B., 1956, Zh.
Khim., 26, 2376.

CRC Handbook of Chemistry and Physics,
1997, 78" Lide, D. R. (Ed.), CRC Press,
Boca Raton-New York.

Baran, E. J., and Aymonino, P. J. 1968,
Monatsch. Chem., 99, 1584,

Jirsa, J. F. 1935, Z. Anorg. Allgem. Chem.,
225, 302.

Allgem.
Allgem.
Allgem.

Obshch.

Charreton, B. 1953, Compt. Rend.,
236, 606.
Charreton, B. 1956, Bull. Soc. Chim. Fr.,
[5], 323.

Mitscherlich, E. 1832, Pogg. Ann., 25, 287.

92.

93.

94.

95.
96.

97.
98.
99

100,
101.
102,
103,
104,
105.
106.
107.
108,
109,
110.
111,
112,
113,
114,
115,
116.
117,
118,

119.
120.

Rousseau, G., and Bruneau, B. 1884, Bull.
Soc. Chim. Fr., 41, 246.

Rousseau, G., and Bruneau, B. 1884,
Compt. Rend., 98, 229.

Kushnir, M. M. 1963, Ukr. Khim. Zh.,
29, 109.

Muir, M. M. P. 1876, Chem. News, 83, 15.
Muthmann, W., and Kuntze, O. 1894, Z.
Krist., 23, 368.

Stolba, F. 1876, Sitzber. Boeh. Ges., 247.
Stolba, F. 1880, Chem. News, 41, 31.
Jaskowiak, T. 1945, US 2504129.
Jaskowiak, T. 1945, US 2504130.
Jaskowiak, T. 1945, US 2504131.

Kotai, L., and Banerji, K. K. 2001, Synth.
React. Inorg. Met.-Org. Chem., 31, 491.
Sebestyén, A., Kotai, L., and Papp, S.
1990, HU 208655.

Benrath, A., and Schackman, H. 1934, Z.
Anorg. Allgem. Chem., 218, 139.
Shishakov, N. A., and Dmitrieva, L. P.
1967, Dokl. AN SSSR, 173, 1386.
Schlesinger, H. 1., and Siems, H. B. 1924,
J. Am. Chem. Soc., 46, 1965.

Clark, R. J. H., Dines, T. J., and Doherty,
J. M. 1985, Inorg. Chem., 24, 2088.

Tessie du Motay, C. M. 1867, Bull. Soc.
Enc. Nat. Ind., [2], 14, 472.

Tessie du Motay, C. M. 1867, Dingler’s J.,
186, 231.

Tessie du Motay, C. M. 1868, L’Inst.,
36, 48.
Posselt,
37, 2763.
Nyholm, R. S., and Woolliams, P. R. 1968,
Inorg. Synth., 11, 56.

Brown, A., and Higginson, W. C. E. 1972,
J. Chem. Soc. Dalton, 166.

Freund, T. 1960, J. Inorg. Nucl. Chem.,
15, 371.

Stewart, R., Linden, and van der, R. 1960,
Can. J. Chem., 38, 2237

Feltz, A., and Lindner, F. 1991, Z. Anorg.
Allgem. Chem., 605, 117.

Firouzabadi, H., and Ghaderi, E. 1978,
Tetrahedron Lett., 839.

Nekrasov, B. V. 1970, Dokl AN SSSR,
193, 1076.

Aschoff, H. 1860, Pogg. Ann., 111, 217.
Aschoff, H., 1860, J. Prakt. Chem., [1],
81, 29.

H. S. 1972, J. Org. Chem.,



94 LaszI6 Kétai et al.
121. Aschoff, H. 1860, Sitzber. Akad. Wiss.  148. Doyle, W. P., and Kirkpatrick, 1. 1968,
Berlin., 474. Spectrochim. Acta, 24A, 1495.
122. Boettger, R. 1863, J. Prakt. Chem., [1], 149. Balicheva, T G., and Lavrov, B. B. 1971,
90, 145. Kolebatel’nye Spektry Neorg. Khim., 279,
123. Fromherz, C. 1834, Pogg. Ann., 31, 677. Kharitonov, Yu. Ya. (Ed.), Nauka,
124. Fromherz, C. 1824, Schweiger’s J., Moscow, USSR.
41, 257. 150. Balicheva, T. G. 1973, Mol. Fiz. Biofiz.
125. Fromherz, C. 1825, I_Dog_g.’ Ann., 44, 327. Vod. Sist. 1, 88.
126.  Woehler, F. 1853, L!eb!g’s Ann., 86, 373. 151. Shukarev, S. A., Balicheva, T. G., and
127. Woehler, F. 1861, L!eb!g s Ann., 119, 375. Levrov, B. B. 1971, Vestn. Leningr. Univ.,
128 woemer, E ggg ||;Ieblg:: Ann2.,7lgg,8256. No. 10.. 83.
129. oehler, F. , Pogg. Ann., 27, 628. ’
130. Muthmann, W. 1893, Berichte 26, 1016. 152 Johnson, L. W, and McGlynn, S. P. 1971,
; ) J. Chem. Phys., 55, 2985.
131. Keiser, E. H., and Leavitt, S. 1908, J. Am.
Chem. Soc.. 30 1711, 153. Johnson, L. W. 1983, J. Chem. Phys.,
: L 79, 1096.
132 ﬁﬁ:ﬁ%h;ﬁg’c’)ca.l?gol,\/llc;\fjl?ter’ L. 1908, J. 154. Cartier, C., and Verdaguer, M. 1989, J.
133. McCoy, H., and Smith, H. J. 1911, J. Am. Chim. Phys., 86, 1607. _
Chem. Soc., 33, 468. 155. Kondrashenko, A. V., Fomin, E. S,
134. Stumper, R. 1932, Z. Anorg. Allgem. Neiman, K. M., and Nasluzov, V. A. 1989,
Chem., 208, 46. Opt. Spektr., 66, 339.
135. Kaganyuk, D. S. 1978, Zh. Neorg_ Kh|m, 156. Lutz, O, and Stelnkllberg, W. 1969, Phys
23, 2003. Lett., 30A, 183.
136. Kasenov, B. K., Abishev, D. N., and 157. Dedgaonkar, V. G., Kulkarni, S. A., and
Bukharitsyn, V. O. 1986, Izv. An. Kazakh Mitra, S., 1981 (Publ. 1983), Proc. Nucl.
SSR., Khim., No. 5, 3. Chem. Radiochem. Symp., 198-201, Dep.
137. Yatsimirskii, K. B., and Krestov, G. A. At. Energy, Bombay, India.
1960, Zh. Fiz. Khim., 34, 2448. 158. Dedgaonkar, V. G., and Kulkarni, S. A.
138. Shiokawa, T., Yagi, M., and Sasaki, T. 1979, Radiochem. Radioanal. Lett., 41, 117.
1969, Radiochim. Acta, 12, 54. 159. Dedgaonkar V. G., Kulkarni, S. A., and
139. Cogneau, M. A., Ladrielle, T. G., Apers, Mitra, S. 1980 (Publ. 1981), Proc. Nucl.
D. J, and Capron, P. C. 1972, Chem. Radiochem. Symp., 195.
Radiochimica Acta, 18, 61. 160. Tari, 1., Shinkawa, H., and Hirai, T. 1981,
140. Fischer, D., and Hoppe, R. 1990, Z. Anorg. Denki Kagaku, 49, 334.
Allgem. Chem,, 590, 18. 161. Oi, K., Miyai, Y., and Kato, S. 1985,
141. Dedgaor_lkar, V. G. Mitra, S., and IP 61/278347.
2“';22‘"72'3 A. 1983, Ind. J. Chem. Sect. 165 Fischer, D., and Hoppe, R. 1995, Z. Anorg.
o oo ) Allgem. Chem., 621, 177.
142. Maximoff, A. A. 1926, J. Russ. Phys. 163. Fischer, D., and Hoppe, R. 1990, Angew.
Chem. Soc., 57, 347.
143, Maximoff, A. A. 1927, Z. Anorg. Chem, Chem. Int. Ed. Engl., 29, 800.
163, 49, ’ ’ ' 164, ZIISICher' gh and 5H900pp7e, R. 1990, Z. Anorg.
; gem. Chem., 7.
144. Ers]fgﬁ{ E SHOq%%:gRZST\ngr %.I,g:%(j. 165. Fischer, D., and Hoppe, R. 1990, Z. Anorg.
145. Gdzelishvili, M. Ya. 1967, Elektrokhim, ~ 166. Lyubimov, A. S. and Egorov, Yu. V.
Margantsa, Akad. Nauk. Gruz. SSR, 1974, Radiokhimiya, 16, 27.
3, 144, 167. O’Young, C. L., Shan, Y. F., Zerger, R. P.,
146. Moles, E., and Crespi, M. 1922, An. and Suib, S. L. 1993, US 5340562.
Espan. Anal. Fis. Quim., 20, 555. 168. Qi, F., Hirofumi, K., Yoshitaka, M., and
147. Pflueger, A. 1903, Ann. Phys., [4], 12, 430. Kenta, O. 1995, Chem. Mater., 7, 148.



Beliefs and facts in permanganate chemistry

95

169. Oi, K., Hiyou, K., Kano, H., Myai, Y.,
Nakanaga, T., and Tani, M. 1993,
JP 07/144918.

170. Oi, K., Hiyou, K., Kano, H., Myai, Y.,
Nakanaga, T., and Tani, M. 1996,
JP 08/239222.

171. Bolster, M. E., and Staniewicz, R. J. 1990,
Proc. Int. Power Sources Symp., 34", 136.

172.  Shen, Y. F., Suib, S. L., and O'Young, C.
L. 1994, J. Am. Chem. Soc., 116, 11020.

173. Ebata, S., Hirayama, H., Higuchi, H., and
Kida, K. 1989, EP 412310.

174. Nikaido, N., Shirai, S., and Umemoto, S.
1973, DE 2432364.

175. Bibber, J. W. 1994, US 5437740.

176. Burns, D. T., Harriott, M., and Barakat, S.
A. 1992, Fres. J. Anal. Chem., 343, 488.

177. Ooshita, R., Furukawa, S., Yoshimura, S.,
Nakane, I., Takahashi, M., and Watanabe,
H. 1991, JP 05/174810.

178. Isobe, H., lhara, H., and Yamada, M. 1991,
JP 60/81137.

179. Demchenko, N. S., Mironov, |I. M., and
Ivakhin, S. I. 1969, SU 306105.

180. Sheikh, M. 1985, DE 3620459.

181. Ishii, K., Yokoyama, T., Abe, S. 1982,
JP 58/177147.

182. Till, D. E., Levins, P. L., and Koch, D. H.
1966, US 3434479.

183. Hamada, E., Shin, A., and Ishiguro, T.
1987, JP 07004982.

184. Smith, S., and Hubin, A. J. 1966,
FR1500796.

185. Belding, W. A. 1991, US 5212131.

186. England, W. G. 1996, WO 96/22,825.

187. England, W. G. 1995, WO 95/16518.

188. Plaza, G. A. 1994, ES 2081261.

189. Christie, G. B., and Turney, T. W. 1992,
CA 2062677.

190. Hokfelt, T., and Jonsson, G. 1968,
Histochemie, 16(1), 45.

191. Raoult, F. M. 1886, Bull. Soc. Chim. Fr.,
[2], 46, 805.

192. Saslawsky, I. 1. 1925, Z. Anorg. Chem.,
146, 315.

193. Franklin, E. C., and Kraus, C. A. 1898,
Am. Chem. J., 20, 828.

194. Gore, G. 1865, Phil. Mag., [4], 29, 546.

195. Gore, G. 1865, Proc. Roy. Soc., 14, 204.

196.
197.
198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214,

215.

216.

217.

218.

Gore, G. 1873, Proc. Roy. Soc., 20, 140.
Gore, G. 1873, Proc. Roy. Soc., 21, 140.
Gontarz, B., and Pisarska, B. 1990, J.
Thermal Anal., 36, 2113.

Gontarz, Z., Grzybowska, R., and
Sabalinski, R. 1995, J. Therm. Anal.,
45, 1125.

Levy, P. W.,, and Herley, P. J. 1971, J.
Phys. Chem., 75, 191.

Galwey, A. K., Herley, P. J., and
Mohamed, M. A. A. 1988, J. Chem. Soc.,
Faraday Trans. 1., 84, 729.

O’Young, C. L. 1991, Prepr. - Am. Chem.
Soc. Div. Pet. Chem., 36, 348.

O’Young, C. L. 1992, Synth. Microporous
Mater., 333.

Horvath, E., and Gecseg, M. 1967, Acta
Univ. Szeged., Acta Phys. Chem., 13, 51.
Menger, F. M., and Lee, C. 1981,
Tetrahedron Lett., 22, 1655.

Voegtle, F., and Weber, E. 1974, Angew.
Chem., 86, 126.

Asperger, R. G., Krawczyk, L. S., Oakes,
B. D., Davidson, J. R., and Friedly, H. R.
1977, FR 2408662.

Sugimori, Y., Morita, A., and Kikuchi, H.
1994, JP 08/155259.

Rainer, N. B., and McClung, B. S. 1983,
US 4637408.

Turney, T. W., Christie, G. B. Y., Hardin,
S. G, and Corrigan, P. A. 1990,
WO 91/18835.

Fedrowitz, W., and Frieser, R. G. 1975,
US 3963528.

Chunsui, C., Chuyou, S., and Bing, C.
1991, CN 1062158.

Szymanowski, M., Schroetter, E., and
Schick, H. 1989, DD 290007.

Shimizu, T., Kaneko, I., and Watanabe, M.
1988, JP 1/178502.

Mueller, A., and Krebs, B. 1966, Z.
Naturforsch., 21B, 3.

Patterson, A. M. 1906, J. Am. Chem. Soc.,
28, 1734.

Komissarova, P. D., and Krestovnikova, S.
A. 1967, Metody Poluch. Khim. Reaktivov
Prep., No. 16, 72.

Galwey, A. K., Lyle, S. A., and Mansour, S.
A. A. 1994, Thermochim. Acta, 235, 239.



96 Laszl6 Katai et al.
219. Kabanov, A. A. 1994, Zh. Fiz. Khim., 243. Poleva, G. V., Kustas, V. L., and Shepeta,
68, 1541. N. G. 1971, Metody Anal. Khim. Reakt.

220. Itoh, Y. 1976, Bunko Kenkyu, 25, 83. Prep., No. 20, 43.

221. Engert, C., and Kiefer, W. 1991, J. Raman 244. Hendra, P. J. 1968, Spectrochimica Acta,
Spectr., 22, 715. 24A, 125.

222. Krestnikov, S. E., and Men, A. N. 1984,  245. Joergensen, C. K., and Berthou, H. 1972,
Kvant. Khimiya i Radiospektroskopiya Kgl. Dan. Vidensk. Selsk., Mat. Fys.
Tverd. Tela, Sverdlovsk, 12. Medd., 38, No. 15, 93.

223. Dedgaonkar, V. G., Kulkarni, S. A., and 246. Tarasov, V. P., Kirakosyan, G., Meladze,
Mitra, S. 1982, Radiochem. Radioanal. M. A., and German, K. E. 1993, Koord.
Lett., 51, 385. Khim., 19, 269.

224. Oblivantsev, A. N., and Kulikov, N. F. ~ 247. O’Young, C. L., Shan, Y. F., Zerger, R. P.,
1973, Radiokhimiya, 15, 136. and Suib, S. L. 1992, WO 92/081261.

225. Tarasov, V. P., Meladze, M. A., German,  248. Chou, P. Y., Bhasin, M. M., Soo, H., and
K. E., and Shvelashvili, A. E. 1989, Zh. Thorsteinson, E. M. 1990, US 5504053.
Neorg. Khlm, 34, 3102. 249. Bhasm, M. M., 1987, US 4908343 o

226. Herbstein, F. H., and Weissman, A. 1973, 290 Kaganyuk, D. S. 1983, Radiokhimiya,
J. Chem. Soc., Dalton. Trans., 1701. 25'_ 140. . )

227. Erenburg, B. G., Senchenko, L. N., 251. Shidlovskii, A. _A. 1960, Izv. Vysshik.

Ucheb. Zav., Khim. Khim. Tekhnol., 405.
Boldyrev, V. V., and Malysh, A. V. 1972, = ,
. 252. Korobeinichev, O. P., Bol’dyrev, V. V.,
Zh.Neorg. Khim., 17, 2154. K Ko Yu Y d Lvakh N, 7
228. Kabanov, A. A. 1967 (Pub. 1970), Tr. arpenko, Yu. Ya. and Lyaknov, N. Z.
. 1969, Izv. AN SSSR. Ser. Khim., 778.
Konf. Molodykh Uch.-Khim. Goroda X
st 253. Baran, E. J., and Aymonino, P. J. 1967, Z.
Tomska, 17, 98.
; . Anorg. Allgem. Chem., 354, 85.

229. Herbstein, F. H., Ron, G., and Weissman, .

254. Christensen, P. 1900, Z. Anorg. Allgem.
A. 1971, J. Chem. Soc. A., 1821. Chem.. 24 203

230. Protashchik, V. A._1974, Veszei, A. N., 255. Behret. H. Binder, H., and Robens, E.
Belarus, S. S. R., Khim. Navuk., No. 3, 42. .

231 Booth 1. S. Dolli D d Heal. G 1978, Thermochim. Acta, 24, 407.

' ooth, J. 5., Do |more, - an eal, &. 256. Bircumshaw, L. L., and Taylor, F. M.
R. 1980, Thermochim. Acta, 39, 281. 1950. J. Chem. Soc.. 3674.

232. Herley, P. J.,, and Prout, E. G. 1960, 257. Radwan, F. M., Abd El-Hameed, A. M.,
Nature, 198, 717. Mahmoud, M. R., and Fahim, R. B. 1987,

234. Beck, M. W, and Brown, M. E. 1983, 258  Agladze, R. I., Gdzelishvili, M. Ya., and
Thermochim. Acta, 65, 197. Avaliani, A. T. 1967, SU, 240, 265.

235. Meyer, R. J., and Best, H. 1899, Z. Anorg. 259 Kétai, L., Argay, Gy., Holly, S., Keszler,
Chem., 22, 187. _ _ A., Pukanszky, B., and Banerji, K. K.

236. Prout, E. G., and Nassimbeni, L. R. 1966, 2001, Z. Anorg. Allgem. Chem., 627, 114.
Nature, 211, 70. 260. Waddington, T. C. 1958, J. Chem. Soc.,

237. Galwey, A. K., and Mansour, S. A. A. 4340.

1993, Thermochim. Acta, 228, 379. 261. Hamann, S. D. 1978, Aust. J. Chem., 31, 11.

238. Mein, P. G. 1983, US 4447406. 262. Hezel, A., Ross, S. D. 1966, Spectrochim.

239. Mein, P. G. 1985, US 4597955. Acta, 22, 1949,

240. Mein, P. G. 1983, US 4466950. 263. Steiner, T. 2002, Angew. Chem., Int. Ed.,

241. Gulyaeva, G. M. 1964 (Publ. 1967), Redk. 41, 48.

Shchelochnye Elem., Sb. Dokl. Vses.  264. Wagner, E. L., and Hornig, D. F. 1950, J.
Soveshc., Novosibirsk, 2", 320. Chem. Phys., 18, 296.
242. Shipman, W. H., and Mueller, D. 1966,  265. Wagner, E. L., and Hornig, D. F. 1950, J.

Report AD460679, 16.pp.

Chem. Phys., 18, 305.



Beliefs and facts in permanganate chemistry 97
266. Vedder, W., and Hornig, D. F. 1961, J. 288. Fogel’zang, A. E., Sinditskii, V. P,
Chem. Phys., 35, 1560. Egorshev, V. Y., and Serushkin, V. V. 1996,
267. Schemper, E. O., and Hamilton, W. C. Mater. Res. Soc. Symp. Proc., 418, 151.
1966, J. Chem. Phys., 44, 4498. 289. Fogel’zang, A. E., Adzhemyan, V. Ya,
268. Schutte, C. J. H., and Heyns, A. M. 1970, and Svetlov, B. S. 1971, Dokl. AN SSSR.,
J. Chem. Phys., 52, 864. 199, 1296.
269. Hajek, B., Smrckova, O., and Zaruba, 290. Brackman, W., and Smit, P. J. 1963, Rec.
P. 1984, Coll. Czechn. Chem. Comm., Trav. Chim. Pays-Bas, 82, 757.
49, 1756. 291. Yamazaki, Sh., and Yamazaki, Y. 1990,
270. Pejov, L., and Petrusevski, V. M. 2002, Chem. Lett, 571.
Spectrochim_ Acta, Sect. A, 58A, 2991. 292. Oklmoto, M., and Chlba, T. 1988, J. Org
271. Kiefer, W., and Bernstein, H. J. 1972, Mol. 293 2hem., %3: f(l& d s L M. 1901
Phys.,23, 835. . rora, . ., an yare, . . )
272. Hendra, P. J., Le Barazer, P., and Crookell, Tetrahedron Lett., 32, 1007.
A. 1989, J. Raman Spectr., 20, 35. 294. XU, T., Zhang, \]., and Haw, J. F. 1995, J.
273. Jubert, A. H., Manca, S. G., Varetti, E. L., Am. Chem. Soc., 117, 3171.
and Baran, E. J. 1984, J. Mol. Struct., 295. Banerji, K. K., and Nath., P. 1969, Bull.
115, 15. Chem. S_oc. Jpn., 42, 2038.
274. Clark, R. J. H., and Dines, T. J. 1982, J. 296. Noureldin, N. A., and Lee, D. G. 1982, J.
Chem. Soc., Faraday Trans. Il, 78, 723. Org. Chem., 47, 2790. .
275. Mishra, S. P., and Singh, J. 1988, Indian J. 297 Iz_sla'sw_Sh" and Liu, L. K. 1989, Synthesis,
Chem., 27A, 192-197. '
276. Mishra, S. P., and Singh, J. 1992, Indian J. 298. Rathore, R, = Bhushan, V., and
Chandrakeshan, S. 1984, Chem. Lett., 2131.
Chem., 31A, 651. X
277. Chang, F-M., and Jansen, M. 1985, Acta 222 R¥00, E. S, Shin, D. H., and Han, B. H.
g ! ' ' 1987, Taehan Kwahakhoechi Chi, 31, 359.
Crystallogr. 41C, 1693. . . N
! . 300. McKillop, A., and Mills, L. S. 1987, Synth.
278. Choi, C. S., Prask, H. J., and Prince, E. Comm., 17, 647.
1974, J. Chem. Phys., 61, 3523. 301. Han, B. H., Shin, D. H., Jang, D. G., and
279. Johnstone, H. F., Houvouras, E. T., and Kim, S. N. 1990, Bull. Korean Chem. Soc.,
Schowalter, W. R. 1954, Ind. Eng. Chem., 11, 157.
46, 702. 302. Firouzabadi, H.  Seddighi, M.,
280. Bol dyre_v, V. V. 1959, Ucz. Zap. Tomsk. Mottaghienejad, E., and Bolourchian, B.
Gos. Univ,, No. 29, 24. ) 1990, Tetrahedron, 46, 6869.
281. Pavlyuchenko, M. M., Rafa|SkII, N. G., 303. Ansari, M. A., and Craig, J. C. 1996,
and_ Tsybulko, 1. A. 1961, Geterogen. Synth. Comm., 26, 1789.
Khim. Reakts., 99. _ 304. Koétai, L., Kazinczy, B., Keszler, A., Holly,
282. Dedgaonkar, V. G, anq Chaudhari, M. B. S., Gacs, 1., and Banerji, K. K. 2001, Z.
1981, J. Univ. Poona Sci. Technol., 54, 5. Naturforsch., 56B, 823.
283. Criffing, V., and Macek, A. 1954, Trans. 305, Nohman, A. K. H, Duprez, D.,
Farad. Soc., 50, 1331. Kappenstein, C., Mansour, S. A. A., and
284.  Simpson, J., Taylor, D., and Anderson, D. Zaki, M. I. 1991, Stud. Surf. Sci. Catal.,
M. W. 1958, J. Chem. Soc., 2378. 63 (Prep. Catal. 5), 617.
285. Yu,J-T.1992, J. Phys. Chem., 96, 5746. 306. Nohman, A. K. H. 1995, Powder Technol.,
286. Kotai, L., Szabd, P., and Keszler, A. 1999, 83, 35.
Thermochim. Acta, 338, 129. 307. Kotai, L., Papp, Gy. Sebestyén, A,
287. Fogel’zang, A. E., Adzhemyan, V. Ya, Harfouch, S., Fodor, L., Leipold, Cs., and
and Svetlov, B. S. 1971, (Publ. 1972), Tinkl, Zs. 1990, HU 69529.
Gorenie Vzryv, Mater. Vses. Simp., 3 308. Prota, G., Wolfram, L., and Wenke, G.

Stesik, L. N. (Ed.), 63-66.

1993, WO 93/05759.



98 Laszl6 Katai et al.

309. Kalnin, 1. L., Breckenridge, G. J, 334. Murfree, J., Sandlin, B., and Duncan, W.,
Diedwardo, A. H., and Rhodes, J. M. 1981, 1967, US 3757520.

US 4364916. 335. lwaki, A., Suzuki, N., Yamamoto, T., and

310. Pearce, R. L. 1981, US 4440731. Aoki, T. 1982, JP 59/011294.

311. Scholten-Kneefel, Y. 1984, NL 84/00971. 336. Ooshima, H. 1979, JP 56/67521.

312. Saeki, K., Matsukawa, H., and Satomura, 337. Matsuoka, H., Ishibashi, M., Iwasaki, H.,
M. 1977, US 4356109. and _Fujita, T. 1995,_JI_3 08/245571.

313. Oftedal, T. A., and Ramdahl, T. 1983, 338. Repina, L. P., Bunigina, N. S., Petrov, V.
NO 152339. P., and Aizenstein, E. M. 1975, SU 560893.

314. Radwan, F. M., and Abd El-Hameed, A. 339. Kato, H., Matsubara, Y., and Inoue, T.
M. 1990, Z. Phys. Chem., 271, 1169. 1992, EP 592964.

315. Moles, E., and Crespi, M. 1922, An. 340. Orecharova, L. S., Vassev, E. S,
Espan. Anal. Fis. Quim., 20, 693. Orecharov, R. L., and Orecharov, P. L.

316. Karapet’yants, M. Kh., and Lin, C. C. 19_i3_vdWO 94/280;_2-_ ibachi
1959, Ssu Ch’uan Ta Hsueh Pao-Tzu Jan 341 U' a O;[ N-é S I:JIaI,SS.,k'“ aKS "19'%1
K’0 Hsueh, 17, 625. memoto, ., an UZUKI, . ,

317. Michael, A., and Garner, W. W. 1906, Am. US 4105511,

Chem. J.. 35. 267. 342. Ruben, S. 1982, US 4613552.

318. Dedgaonkar, V. G., and Mitra, S. 1984, Int. 343 Eirirr?]”,lt/:lq 3%‘1482'?9'”" C. M. 1966, Gazz.
J. Appl. Radiat. Isotopes, 35, 215. P T '

344. Hochwald, F. 1938, GB 498793.

319 ilhersl,ui\t()' II;.,ﬁer&ecr,csr.dP.,LDeFCfotitz;]aB, T 345. Ferrari, A., Braibanti, A., Bigliardi, G., and
anlél O”Yolun.’ c Ly’ 19')’93 Séien.cé, Lanfredi, A. M. 1966, Acta Cryst., 21, 681.
e ! ' 346. Franke, E. 1895, Z. Physik Chem., 16, 463.

~ ' 347. Falkenhagen, H., Kelby, G., and

320. g Lou:r?d gwkl)_ Ssﬁeggg; 5\/0%%(}[2’;?;; ' Schmutzer, E. 1960, Landolt-Boernstein, 6.

T T ' ' Aufl. Bd. 2., Tl. 7., 68.
321. E%”iggm& and Kerekes, A. 1985 548 \ishra, S. P., and Vijaya. 2006, J. Colloid.
: . Interfac. Sci., 301, 560.

322. '”QWﬁ'SO”' R.W. Smith, W. F., and 349 \jishra, S. P., and Vijaya. 2002, Progr.
erg_ t,J. O. 1969, US 3478092' Crystal Growth Charact. Mater., 45, 51.

323. Eer}glllggQBU\S/BSO?E%%ml Y., and Plaster, 350 Kgtai, L., Sebestyén, A. and Papp, S.

s SI0Y : 1990, HU 208655.

324. Sasaki, Y. and Iwane, Y. 1985 351  Agladze, R. I., and Zadikashvili, L. Z.
JP 62/000001. 1966, Tr. Gruz. Politekhn. Inst., No. 2, 31.

325. Sasaki, Y. and Iwane, Y. 1985, 352  zadikashvili, L. Z., Dolaberidze, N. D.,
JP 62/000002. and Brouchek, F. I. 1972, Tr. Gruz.

326. Mertz, S. F. 1992, WO 92/12097. Politekhn. Inst., No. 1, 32.

327. Sgggkawgé/-(r)" Sgto, S., and Okamoto, T. 353, Zzadikashvili, L. Z. 1971, Soobs. AN Gruz.
1986, JP 63/051491. SSR, 58, 577.

328. Sakurai, K. R., Schaeffer, D. A., and 354. Agladze, R. I, and Berikashvili, I. G.
Herley, P. J. 1978, Thermochimica Acta, 1949, Soobs. AN Gruz SSR, 10, 457.

26, 311. 355. Hardy, A., and Fourre, B. 1971, Compt.

329. Dow Chemical Co. 1977, NL 77/12284. Rend., 273, 1508.

330. Asperger, R. G., Krawczyk, L. S., and  356. Guerchais, J. E., Leroy, M. J., and Rohmer,
Oakes, B. D. 1976, US 4143119. R. 1965, Compt. Rend., 261, 3628.

331. Delaney, D. D. 1986, US 4752379. 357. Johnson, L. W, and McGlynn, S. P. 1971,

332. Shell Int. 1965, NL 65/14975. J. Chem. Phys., 55, 2985.

333. Kimura, T., and Fukuda, H. 1969, 358. Lee, B. H., and Lee, J. D. 1980, J. Korean

JP 72/021905.

Nucl. Soc., 12, 99.



Beliefs and facts in permanganate chemistry

99

359. Chamberland, B. L., Sleight, A. W., and
Weiner, J. F. 1970, J. Solid State Chem.,
1, 506.

360. Udupa, M. R. 1981, Thermochimica Acta,
44, 245,

361. Skorik, A. 1., Boldyrev, V. V., and
Komarov, V. F. 1967, Kinet. Katal.,
8, 1258.

362. Lal, K., and Mehra, C. 1957, J. Ind. Chem.
Soc., 34, 131.

363. Ainger, F.W., Brettle, J., Dix, I., and
Goosey, M. T. 1983, Org. Coat. Appl.
Polym. Sci., , 48, 293.

364. Ohashi, K., and Takahashi, K. 1984,

EP 153714.

365. Seizo, N., and Isamu, N. 1967,
FR 1568257.

366. Romuald, P. J., and Kenneth, G. D. 1966,
DE 17192109.

367. Lee, G. C. M., Garst, M. E., and Sachs, G.
1992, WO 9219610.

368. Clever, H. L., and Johnson, F. J. 1980, J.
Phys. Chem. Ref. Data, 9, 751.

369. Johnston, J. B., Daubney, S. D., and
Palmer, J. L. 1990, WO 9012113.

370. Dash, U. N., and Mohanty, J. 1975,
Thermochim. Acta, 12, 189.

371. Zhuk, N. P. 1954, Zh. Fiz. Khim.,
28, 1690.

372. Boonstra, E. G. 1968, Acta Cryst,
B24, 1053.

373. Sasvari, K. 1938, Z. Kristallog., 99, 9.

374. Chang, F. M., and Jansen, M. 1984, Z.
Krist., 169, 295.

375. Mehne, L. F., and Wayland, B. B. 1975, J.
Inorg. Nucl. Chem., 37, 1371.

376. Cieslak-Golonska, M., Ingier-Stocka, M.,
and Bartecki, A. 1995, J. Therm. Anal.,
43, 157.

377. Schmalz, M., Scoellhorn, R., and Schoegl,
R. 1991, Angew. Chem., Int. Ed. Engl.,
30, 967.

378. Dickinson, T., Povey, A. F., and
Sherwood, P. M. A. 1975, J. Solid State
Chem., 13, 237.

379. Jubert, A. H., Varetti, E. L., and Baran, E.
J. 1984, J. Raman Spectr., 15, 139.

380. Schneller, J. W., and Diss. 1969, pp. 178,
Univ. Vermont, Avail. Univ. Microfilms,
Ann. Arbor. Mich. Order. No. 70-10, 732.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.
396.

397.

398.

399.

400.

401.
402.

403.

404.

Prout, E. G., and Tompkins, F. C. 1946,
Trans. Faraday Soc., 42, 468.

Grant, G. A., and Katz, M. 1954, Can. J.
Chem., 32, 1068.

Komarov, V. F., Boldyrev, V. V.,
Shipatov, V. T., Nakhalov, V. V., and
Akimova, R. . 1970, lzv. Tomsk.
Politekhn. Inst., 176, 143-146.

Komarov, V. F., Kabanov, A. A., and
Shipatov, V. T. 1967, Kinet. Katal., 8, 550.
Booth, J. S., Dollimore, D., and Heal, G.
R. 1980, Thermochim. Acta, 39, 293.
Chang, F. M., and Jansen, M. 1984,
Angew. Chem., Int. Ed. Engl., 23, 906.
Koerbl, J., and Pribil, R. 1956, Coll.
Czech. Chem. Commun., 21, 322.

Dukat, W., and Naumann, D. 1986, Rev.
Chim. Miner., 23, 589.

Satava, V., and Koerbl, J. 1957, Coll.
Czech. Chem. Commun., 22, 1380.

Koerbl, J. 1955, Coll. Czech. Chem.
Commun., 20, 1026.

Knizakova, E., and Koerbl, J. 1959, Coll.
Czech. Chem. Commun., 24, 2420.

Reisz, K., and Inczédy, J. 1979, J. Therm.
Anal., 16, 421.

Ramdasi, S. S., and Pansare, V. S. 1987,
Ind. J. Technol., 25, 86.

Kozlowski, E., and Namiesnik, J. 1978,
Mikrochim. Acta, I, 435.

Zak, F. 1976, CS184548.

Safarova, V. I., and Pilyugin, V. S. 1979,
Zh. Anal. Khim., 34(6), 1158.

Koerbl, J. 1955, Coll. Czech. Chem.
Commun., 20, 948.

Koerbl, J. 1955, Coll. Czech. Chem.
Commun., 20, 953.

Koerbl, J., and Blabolil, K. 1956, Coll.
Czech. Chem. Commun., 21, 318.

Koerbl, J., and Pribil, R. 1956, Coll.
Czech. Chem. Commun., 21, 955.

Koerbl, J. 1956, Mikrochimica Acta, 1705.
Kozlowski, E., and Namiesnik, J. 1978,
Mikrochim. Acta, I, 473.

Horacek, J., Pechanec, V., and Koerbl, J.
1962, Coll. Czech. Chem. Commun.,
27, 1254,

Kwon, J. T., and Gelbein, A. P. 1981,
US 4348537.



100

Laszl6 Kotai et al.

405.

406.

407.

408.

400.

410.

411.

412.

413.

414,

415.

416.
417.
418.
4109.
420.
421.
422.

423.

424,

425.

Wei, T., Huan, D. Q., Chen, Y. Z., Chen,
Y. T., and Kao, T. 1981, HSueh Hsiao Hua
HSueh Hsueh Pao, 2, 321.

Kiparenko, L. M., Gel’'man, N. E.,
Maslennikova, N. D., and Smirnova, V. I.
1980, Zh. Anal. Khim., 35, 328.

Nikitina, N. [., Malyshev, A. 1., and
Proshina, E. M. 1984, Plast. Massy, No.
10, 35.

De Pietrogrande, A., and Dalla Fini, G.
1976, Farmaco. Pract., 31, 322.

Safarova, V. I., and Pilyugin, V. S. 1979,
Zh. Anal. Khim., 34, 1213.

Simonov, V. D., Safarova, V. l., and
Pilyugin, V. S. 1980, Zh. Anal. Khim.,
35, 1989.

Gosei  Kagaku  Kenkyusho. 1980,
JP 82007258.
Tavares, Fernando A., and De Souza

Santos, P. 1976, Ceramica (Sao Paulo) 22,
No. 85, 28.
Kozlowski, E.,
Kobylinska-Mazurek, B.
Anal., 18, 341.

Turovskii, G. Ya., Svintsova, L. G., and
Sudak, A. F. 1967, Katal. Katal., Akad
Nauk Ukr. SSR., Respub. Mezhvedom.
Sb., No. 3, 88.

Koch, H., and Naeder, J. 1966, Proc. Conf.
Appl. Phys. Chem. Methods Chem. Anal.,
Budapest, 487.

Tolman, T. W. C. 1971, DE 2118769.
Bumbalek, A. 1971, DE 2133951.
Kroeger, H. H., and Klaus, D. 1966,
US 3369938.

Dey, A. N., and Holmes, R. W. 1972,
DE 2318534.

Johnes, S. 1995, W09531093.

Wolf, G. D., Gizycki, U., Cohnen, W.,

Biziuk, M., and
1973, Chem.

Reichert, G., and Jabs, G. 1991,
DE 4107644.
Reichert, G., and Kobelka, F. 1991,
DE 4142762.
Reichert, G., Lietz, H., Hasdenteufel, J.,
Sackmann,G., and Kobelka, F. 1993,
DE 4319759.

Hadzaman, Kovalsky, A. P., Mrooz, O.
Ya., and Shpotyuk, O. I. 1996, Mater.
Lett., 29, 195.
Galwey, A. K., Fakiha, S. A. A, and Abd
El-Salaam, K. M. 1994, Thermochim.
Acta, 239, 225.

426.

427.

428.

4209.

430.

431.

432.

433.

434,

435.

436.

437.

438.

439.

440.

441.

442.

443.

444,

445,

446.

447,

448.

Ball, M. C., Dowen, P., and Galwey, A. K.
1997, J. Mater. Chem., 7, 315.

Moles, E., and Crespi, M. 1923, An.
Espan. Anal. Fis. Quim., 21, 305.
Dedgaonkar, V. G., Mitra, S., and
Kulkarni, S. A. 1981, J. Univ. Poona Sci.
Technol., 54, 27.

Noureldin, N. A., McConnell, W. B., and
Lee, D. G. 1984, Can. J. Chem., 62, 2113.
Strassner, T., and Busold, M. 2001, J. Org.
Chem., 66, 672.

Noureldin, N. A., and Lee, D. G. 1981,
Tetrahedron Lett., 22, 4889.

Menger, F. M., and Lee, C. 1979, J. Org.
Chem., 44, 3446.

Avakyan, S. N., and Karapetyan, R. A.
1966, Arm. Khim. Zh., 19, 490.

Avakyan, S. N., and Karapetyan, R. A.
1966, Arm. Khim. Zh., 19, 351.

Avakyan, S. N., and Karapetyan, R. A.
1965, Dokl. AN Arm. SSR., 41, 294,
Letton, J. C., and Miller, L. E. 1997,
WO 97000852.

Orecharova, L. S., Vassev, E. S,
Orecharov, R. L., and Orecharov, P. L.
1994, W094028072.

Steger, J. F. 1975, US 3932201.

Mazanec, T. J., Cable, T.L., Frye, J. G,
and Kliewer, W. L. 1989, US 5306411.
Rainsford, K. D., Hunt, R. H., and Goldie,
V. J. 1995, WO 95025513.
Meenakshisundaram, A., Gunasekaran, N.,
and Srinivasan, V. 1985, Adv. Catal.,
[Proc. Natl. Symp. Catal.], 7", 723-732.
Baran, E. J., and Aymonino, P. J. 1968,
Monatsch. Chem., 99, 606.

Galwey, A. K., Fakiha, S. A. A., and Abd
El-Salaam, K. M. 1994, Thermochim.
Acta, 206, 297.

Feltz, A., Lindner, F., and Schirrmeister, F.
1990, DD 295940.

Krestov, G. A., and Krestov, A. G. 1990,
Zh. Neorg. Khim., 35, 2610.

Chakravorti, M. C., Sarkar, M. B., and
Bharadwaj, P. K. 1981, Transit. Met.
Chem., 6, 211.

Chakravorti, M. C., and Sarkar, M. B.
1983, J. Ind. Chem. Soc., 60, 628.
Rosenthal, M. R. 1973, J. Chem. Educ., 50,
331.



Beliefs and facts in permanganate chemistry

101

449. Klobb, T. 1886, Compt. Rend., 103, 384.

450. Klobb, T. 1890, Bull. Soc. Chim. Fr., [3],
3, 508.

451. Mueller, A., Boeschen, I., Baran, E. J., and
Aymonino, P. J. 1973, Monatsch. Chem.,
104, 836.

452. Mueller, A., Boeschen, I., Baran, E. J., and
Aymonino, P. J. 1973, Monatsch. Chem.,
104, 821.

453. Wilke-Dorfurt, E., and Balz, G. 1926, Z.
Anorg. Allgem. Chem., 159, 197.

454, Wilke-Dorfurt, E., Balz, G., and
Weinhardt, A. 1930, Z. Anorg. Allgem.
Chem., 185, 417.

455. Bruni, G., and Levi, G. 1916, Gazz. Chim.
Ital., 46, ii, 17.

456. Seferiadis, N., Dubler, E., and Oswald, H.
R. 1986, Acta Cryst. Sect. C., 42C, 942.

457. K@tai,L., Banerji, K. K., Sajd, I., Kristof,
J., Sreedhar, B., Holly, S., Keresztury, G.,
and Rockenbauer, A. 2002, Helv. Chim.
Acta, 85, 2316.

458. Sajo, |., Kétai, L., Keresztury, G., Gacs, .,
Pokol, Gy., Kristof, J., Soptrayanov, B.,
Petrusevski, V. M., Timpu, D., and
Sharma, P. K. 2008, Helv. Chim. Acta, 91,
1646.

459. Kotai, L., Horvath, T., Szentmihalyi, K.,
and Keszler, A. 2000, Transit. Met. Chem.,
25, 293.

460. K@tai, L., Gacs, 1., Kazinczy, B., and Sajo,
I. E. 2003, Transit. Met. Chem., 28, 292.

461. Patil, K. C., and Verneker, V. R. P. 1976,
Thermochim. Acta, 15, 257.

462. Guk, V. P., Savkina, S. V., Koroban, V. A,
and Svetlov, B. S. 1990, Khim. Fiz., 9, 1670.

463. Mathew, S. 1990, Nair, C. G. R., and Ninan,
K. N. 1989, Thermochim. Acta, 44, 33.

464. Jubert, A. H., and Varetti, E. L. 1982, J.
Mol. Struct., 79, 285.

465. Hillebrecht, H., Thiele, G., Koppenhoefer,
A., and Vahrenkamp, H. 1994, Z.
Naturforsch., 49B, 1163.

466. Chakravorti, M. C., and Sarkar, M. B.
1982, Transit. Met. Chem., 7, 19.

467. Tellez, C. 1988, Spectrosc. Lett., 21, 871.

468. Kumar, A., Mishra, P., Kotai, L., and
Banerji, K. K. 2003, Indian J. Chem.,
42, 72.

469.

470.

471.

472.
473.

474,

475.

476.

477.

478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

Shukla, R., Kotai, L., Sharma, P. K., and
Banerji, K. K. 2003, J. Chem. Res., 184.
Zadesenets, A. V., Khranenko, S. P,
Shubin, Yu. V., Baidina, I. A., and
Korenev, S. V. 2006, Russ. J. Koord.
Chem., 32, 389.

Klobb, T. 1890, Bull. Soc. Chim. Fr.,
11, 604.

Klobb, T. 1886, Compt. Rend., 118, 1271.
Kotai, L., Sajo, I., Fodor, J., Szabo, P.,
Jakab, E., Argay, Gy., Holly, S., Gacs, I.,
and Banerji, K. K. 2005, Transit. Met.
Chem., 30, 939.

Dyason, J. C., Healy, P. C., Engelhardt, L.
M., and White, A. H. 1985, Austr. J.
Chem., 38, 1325.

Kotai, L., Fodor, J., Jakab, E., Sajo, I.,
Szabo, P., Lényi, F., Valyon, J., Gacs, I.,
Argay, Gy., and Banerji, K. K. 2006,
Transit. Met. Chem., 31, 30.

Wang, H. 1998, Prepr. Symp. — Am.
Chem. Soc., Div. Fuel Chem., 43, 113.
Schoebel, A., Wiss. Ber. — Forschungzent.,
Karslruhe, FZKA 6498, i-vii, 1-143.
Barton, D., and Ollis, D. W. D. 1985,
Sammes, P. G. (Ed.), Comprehensive
Organic Chemistry, 3., Pergamon Press,
Oxford-New York-Toronto-Sydney-Paris-
Frankfzrt.

De Selms, L. C., and Schleigh, W. R.
1972, Tetrahedron Lett., 3563.

Furrer, H. 1972, Chem. Ber., 105, 2780.
Ager, E., Chivers, G. E., and Suschitzky,
H. 1973, J. Chem. Soc. Perkin Trans.,
1, 1125.

Chandra, R., and Sarkar, A. 1994, Proc.
Ind. Nat. Sci. Acad., 60A, 465.

Anjaneyuu, A. S. R., Umasundari,P., and
Sastry, Ch. V. M. 1986, Ind. J. Chem.,
B25, 955.

Firouzabadi, H., and Sardarian, A. R. 1986,
Synthesis, 946.

Firozabadi, H., and Sardarian, A. R. 1983,
Synth. Commun., 13, 863.

Gulevskaya, A. L., Pozharskii, A. F., and
Lomachenkova, L. V. 1990, Khim.
Geterotriskl. Soed., 1575.

Gulevskaya, A. V., Maes, B. U. W., and
Meyers, C. 2007, SYNLETT, 71.



102 LaszI6 Kétai et al.
488. Mohnot, K., Sharma, P. K., and Baneriji, K. 505. Wilke-Dorfurt, E., and Mureck, H. G.
K. 1996, Proc. Ind. Natl. Acad. Sci. 1929, Z. Anorg. Allgem. Chem., 184, 121.
(Chem. Sci.), 108, 421. 506. Werner, A., and Kalkmann, D. 1902, Lieb.
489. Stephens, F. S., and Tucker, P. A. 1973, J. Ann., 322, 296.
Chem. Soc., Dalton Trans., 2293. 507. Wilke-Dorfurt, E., and Niederer, K. 1929,
490. Harrison, W. D., Kennedy, D. M., Power, Z. Anorg. Allgem. Chem., 184, 145.
M., Sheahan, R., and Hathaway, B. J. 508. Schwesinger, R., Piontek, K., Littke, W.,
1981, J. Chem. Soc., Dalton Trans., 1556. Schweikert, O., and Prinzbach, H. 1982,
491. Valko, M., Mazur, M., Pelikan, P., Tetrahedron Lett., 23, 2427.
Kovacik, 1., Baran, P., and Valigura, D. 509. Lee, D.G., Brown, K. C., and Karaman, H.
1990, Coll. Czechn. Chem. Commun., 1986, Can. J. Chem., 64, 1054.
55, 1660. 510. Lee, D. G., and Brown, K. C. 1982, J. Am.
492. O’Sullivan, C., Murphy, G., Murphy, B., Chem. Soc., 104, 5076.
and Hathaway, B. 1999, J. Chem. Soc., 511. Sumichrast, R., and Holba, V. 1993, Coll.
Dalton Trans., 1835. Czechn. Chem. Commun., 58, 1777.
493. Yao, X. K., Wang, H. G., Liao, D. Z, 512. Epstein, J.,, and Liang, C. C. 1969,
Wang, S. M., and Wang, G. L. 1991, US 3620848.
Jiegou Huaxue, 10, 139. 513. Bach, S., Baffier, N., Henry, M., and
494, Satsangani, B. K., Kothari, S., and Baneriji, Livage, J. 1990, FR 2659075.
K. K. 1996, Proc. Indian Acad. Sci. Chem. 514. Homborg, H. 1983, Z. Anorg. Allgem.
Sci., 108, 13. Chem., 498, 25.
495. Kannan, P., and Sankaran, K. R. 2005,  515. Leddy, B. P., McKervey, M. A, and
React. Kinet. Catal. Lett., 85, 231. McSweeney, P. 1980, Tetrahedron Lett,,
496. Kothari, S., Sharma, V., Sharma, P. K., and 21, 2261.
Banerji, K. K. 1992, Proc. Indian Acad.  516. Auger, N., Girerd, J. J., Corbella, M.,
Sci. Chem. Sci., 104, 583. Gleizes, A., and Zimmermann, J. L. 1990,
497. Nesmeyanov, A. N., Grandberg, K. I., J. Am. Chem. Soc., 112, 448.
Dyadchenko, V. P., Lemenovskii, D. A., 517. Sala, T., and Sargent, M. V. 1978, J.
and Perevalova, E. G. 1974, lzv. AN Chem. Soc., Chem. Commun., 253.
SSSR. Ser. Khim., 740. 518. Morris, J. A., and Mills, D. C. 1978, Chem.
498. Nesmeyanov, A. N., Perevalova, E. G, Br., 14, 326.
Lemenovskii, D. A., Dyadchenko, V. P., 519. Morris, J. A., and Mills, D. C. 1978, Chem.
and Grandberg, K. 1. 1974, Izv. AN SSSR. Ind. (London), 446.
Ser. Khim., 1661. 520. Nakayama, H. 1983, Bull. Chem. Soc.
499. Nesmeyanov, A. N., Perevalova, E. G., Japan, 56, 877.
Struchkov, Yu. T., Antipin, M. Yu, 521. Bos, H. J. T. 1978, Chem. Weekblad.
Grandberg, K. 1., and Dyadchenko, V. P. Mag., 571.
1980, J. Organometal. Chem., 201, 343. 522. Homborg, H., and Preetz, W. 1976,
500. Uchida, Y., Katada, M., Sano, H., Sakai, Spectrochim. Acta, 32A, 709.
H., and Maeda, Y. 1985, J. Radioanal. 523. Homborg, H., and Preetz, W. 1976, Proc.
Nucl. Chem. Lett., 94, 215. Int. Conf. Raman Spectr., 5““, 780.
501. Scagliarini, G., and Marangoni, A. 1932,  524. Preetz, W., and Homborg, H. 1975, Z.
Atti Real. Acad. Lincei, 15, 505 Anorg. Allgem. Chem., 415, 8.
502. Singh, G., Baranwal, B. P., Kapoor, I. P. ~ 525. Gothe, R. 1974, Bull. Environ. Contam.
S., Kumar, D., and Frohlich, R. 2007, J. Toxicol., 11, 451.
Phys. Chem., 111A, 12972. 526. Wyganowski, C. 1977, Talanta, 24, 190.
503. Balicheva, T. G., and Pologikh, I. V. 1975,  527. Hernandez, M. J., Alonso, M. A., Martin,
Zh. Neorg. Khim., 20, 3202. M. E. J., Sanchey, M. A. 1984, Quim.
504. Banerjee, S., Choudhury, A. R., Row, T. Anal. (Barcelona), 3, 153.
N. G., Chaudhuri, S., and Ghosh, A. 2007, 528. Valdes, J., Solano, J. A., and Zuniga, P.

Polyhedron, 26, 24.

1987, Ing. Cienc. Quim., 11, 49.



Beliefs and facts in permanganate chemistry

103

529.

530.

531.

532.

533.

534.

535.

536.

537.

538.

539.

540.

541.

542.

543.

544,

545.

546.

547.

Zerda, J., and De La Sasson, Y. 1987, J.
Chem. Soc., Perkin Trans. Il., 1147.
Albela, B., Corbella, M., and Ribas, J.
1996, Polyhedron, 15, 91.

Vincent, J. B., Folting, K., Huffman, J. C.,
and Christou, G. 1988, Biochem. Soc.
Trans., 16, 822.

Vincent, J. B., Folting, C., Huffman, J. C.,
and Christou, G. 1986, Inorg. Chem.,
25, 996.

Vincent, J., Christmas, C., Hsiu, R. C,,
Qiao, Y. L., Boyd, P. D. W., Huffman, J.
C., Hendrickson, D. N., and Christou, G.
1989, J. Am. Chem. Soc., 111, 2086.
Wang, S., Huffman, J. C., Folting, K,
Streib, W. E., Lobkowsky, E. B., and
Christou, G. 1991, Angew. Chem., Int. Ed.
Engl., 30, 1672.

Eppley, H. J., Aubin, S. M. J., Streib, W.
E., Bollinger, J. C., Hendrickson, D. N.,
and Christou, G. 1997, Inorg. Chem.,
36, 109.

Ribas, J., Albela, B., Stoeckli-Evans, H.,
and Christou, G. 1997, Inorg. Chem.,
36, 2352.

Gardner, K. A., Kuehnert, L. L., and
Mayer, J. M. 1997, Inorg. Chem., 36,
2069.

Gardner, K. A., and Mayer, J. M. 1995,
Science, 269, 1849,

Lee, D. G,, and Leeg, E. J. 1985, Prepr.-Am.
Chem. Soc., Div. Pet. Chem., 30, 395.

Lee, D. G, Lee, E. J., and Chandler, W. D.
1985, J. Org. Chem., 50, 4306.

Cogolli, P., Maiolo, F., Testaferri, L.,
Tiecco, M., and Tingoli, M. 1980, J. Chem.
Soc., Perkin Trans. Il., 1331.

Holocek, J., and Handlir, K. 1983, Transit.
Met. Chem., 8, 252.

Roovers, J., Wang, F., and Guiver, M.
1993, US5288834.

Ljunggren, S., and Olsson,
Holzforschung, 38, 9.

Vicek, M., Handlir, K., Holecek, J., and
Kolb, I. 1983, Z. Chem., 23, 294.
David, S., and Thieffry, A.
Tetrahedron Lett., 22, 2885.
Konar, J., Ghosh, R., and Banthia, A. K.
1988, Polym. Commun., 29, 36.

A. 1984,

1981,

548.

549.

550.

551.

552.

553.

554,

555.

556.

557.

558.

559.
560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

570.

Konar, J., Samanta, G., Avasthi, B. N., and
Sen, A. K. 1994, Polym. Degrad. Stab.,
43, 209.

Konar, J., and Maity, P. 1994, Mater. Sci.
Lett., 13, 197.

Chakrabartty, S. K. 1981, Prep. Pap.-Am.
Chem. Soc. Div. Fuel. Chem., 26, 10.
Holba, V., and Sumichrast, R. 1995,
Monatsch. Chem., 126, 681.

Conte, D. R., and Markham, J. J. 1971, J.
Inorg. Nucl. Chem., 33, 2247.

May, B. L., Yee, H., and Lee, D. G. 1994,
Can. J. Chem., 72, 2249,

Schmidt, H. J., and Schaefer, H. J. 1981,
Angew. Chem., Int. Ed. Engl. 20, 104.
Graefe, J., and Rienacker, R. 1983, Angew.
Chem., Int. Ed. Engl. 22, 625.

Schmidt, H. J., and Schaefer, H. J. 1979,
Angew. Chem., Int. Ed. Engl. 18, 68.
Jaeger, H., Luetolf, J., and Meyer, M. W.

1979, Angew. Chem., Int. Ed. Engl.,
18, 786.
Li, J. H., and Snyder, J. K. 1994,

Tetrahedron Lett., 35, 1485.

Achoolcraft, R. 1980, US 4430399.
Scholz, D. 1979, Monatsch. Chem., 110,
1471.

Schmidt, H. J., and Schaefer, H. J. 1979,
Angew. Chem., Int. Ed. Engl., 18, 69.
Scholz, D. 1981, Monatsch. Chem., 112,
241.

Richardson, P. F., and Marko, I. E. 1991,
SYNLETT, 733.

Makosza, M., and Bialecka, E. 1976,
Synth. Commun., 6, 313.

Okuyama, T., Tsujita, K., Yamada, H.,
Yamane, K., and Akaiwa, K. 1987,
JP 01113762.

Sun, B. G., and Qi, Y. H. 1994, Fenxi
Huaxue, 22, 1138.

Miyake, Y., Okamoto, T., Ichikawa, K.,
and Teramoto, M. 1987, Proc. Symp.
Solvent. Ext. 179.

Bhushan, V., Rathore, R., and
Chandrasekaran, S. 1984, Synthesis, 431.
Freeman, F., and Kappos, J. C. 1989, J.
Org. Chem., 54, 2730.

Rathore, R., and Chandrasekaran, S. 1986,
J. Chem. Res., 458.



104 Laszl6 Katai et al.
571. Sumicharst, R., and Holba, V. 1992, React. 593. Burns, D. T., Barakat, S. A., El-Shahawi,
Kinet. Catal. Lett., 48, 93. M. S., and Harriott, M. 1992, Fres. J. Anal.
572. Sumicharst, R., Lath, D., and Holba, V. Chem., 344, 131.
1994, J. Chem. Res., 236. 594. Tzeng, W. L., Meloan, C. E., and Hua, D.
573. Mincione, E., Bovicelli, P., and Forcellese, 1986, Anal. Lett., 19, 553.
M. L. 1989, Synth. Comm., 19, 723. 595. Paunescu, L. 1983, Rev. Chim., 34, 460.
574. Rao, B. V. S. K., and Subbarao, R. 1991, J. 596. Fisel, S., and Paunescu, L. 1981, Bul. Inst.
Am. Oil. Chem. Soc., 68, 646. Politech. Din lasi, Sect. Il., 27, 23.
575. Gangadhar, A., Subbarao, R. and 597. Bogatyrev, V. L., Vulikh, A. I, and
Lakshminarayana, G. 1989, Synt. Commun., Sokolova, S. I. 1966, Zh. Prikl. Khim.,
19, 2505. 39, 1761.
576. Vankar, P. S, Rathore, R. and 598. Eliasek, J., and Talasek, V. 1968, Coll.
Chandrasekaran, S. 1987, Synth. Commun., Czechn. Chem. Comm., 33, 3866.
17, 195. 599. O’Young, C. L., and Suib, S. L. 1994,
577. Dash, S., and Mishra, B. K. 1994, Bull. EP 710622.
Chem. Soc. Jpn., 67, 3289. 600. Chang, F. M., and Jansen, M. 1983, Z.
578. Kym, P. R., Wilson, S. R., Gritton, W. H., Anorg. Allgem. Chem., 507, 59.
and Katzenellenbogen, J. A. 1994, 601 Burns, D. T., Barakat, S. A.., Harriott, M.,
Tetrahedron Lett,, 35, 2833. and El-Shahawi, M. S. 1992, Anal. Chim.
579. Vankar, P,  Rathore, R, and Acta, 270, 213.
Chandrasekaran, S. 1986, J. Org. Chem., g Novak, A. 1973, Structure and Bonding,
580. Sankhla, R., Kothari, S., Kétai, L., and
Banerji, K. K. 2001, J. Chem. Res., 127.
581. Lee, D. G., and Perez-Benito, J. F. 1988, J.
Org. Chem., 53, 5725.
582. Wiberg, K. B., and Geer, R. D. 1966, J.
Am. Chem. Soc., 88, 5827.
583. Lee, D. G., and Perez-Benito, J. 1985, Can.
J. Chem., 63, 1275.
584. Perez-benito, J., Arias, C., and Birillas, E.
1992, Gazz. Chim. Ital., 122, 181.
585. Perez-Benito, J. F. 1987, Chem. Scr.,
27, 433.
586. Perez-Benito, J. 1987, J. Chem. Soc.,
Chem. Comm., 831.
587. Jubert, A., Manca, S. G., Baran, E. J., and
Varetti, E. L. 1982, Z. Anorg. Allgem.
Chem., 492, 197.
588. Reischl, W., and Zbiral, E. 1979,
Tetrahedron, 39, 1109.
589. Konar, J., Ghosh, R., and Banthia, A. K
1988, Polym. Commun., 29, 36.
590. Burns, D. T., and Chimpalee, D. 1987,
Anal. Chim. Acta, 199, 241.
591. Burns, D. T., Chimpalee, D., and
Chimpalee, N. 1988, Fres. Z. Anal. Chem.,
332, 453.
592. Martinsen, A., and Songstad, J. 1977, Acta

Chem. Scand., 31A, 645.



