Chemistry for Sustainable Development 10 (2002) 133-140 133
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Abstract

It is demonstrated with many examples that conducting mechanochemical reactions at increased pressure
of the gas medium allows one to synthesize new compounds, to conduct catalytic reactions in solid, to find
new more efficient routes for reactions, both in inorganic and in fine organic synthesis. At hydrogen pressure
of 2—10 MPa, the hydrides of magnesium and intermetallic compounds are synthesized, including previously
unknown hydride of the magnesium-copper intermetallide. At increased oxygen pressure, lower oxides of
manganese are transformed into active manganese dioxide, which is efficient oxidizer for the processes of fine
organic synthesis. Catalytic reactions are conducted under the conditions of mechanical activation at increased
pressure of hydrogen, oxygen, and ammonia. Solid-phase hydrogenation of a series of organic compounds
allows one to selectively reduce functional groups and unsaturated bonds. Hydro-dechlorination of toxic chlo-
rinated aromatic compounds has been performed, including complete destruction of 1,2,3,4-tetrachlorodiben-
zo-p-dioxin. At increased oxygen pressure, oxidative transformations of ursolic acid are performed. At in-
creased ammonia pressure, the amide of ursolic acid is obtained. At increased temperature and increased
hydrogen pressure, hydroalumination of heptene-1 and dihydromyrcene is performed, leading to the forma-
tion of the corresponding alumino derivatives R;AlL

INTRODUCTION in the systems Zr — Ni [6] and Mg — Ni [7]. In
all the cited works, gas pressure did not ex-

Extremal kinds of action on substances al-  ¢eed 1.0 MPa.

low obtaining interesting results in the synthe-
sis of various materials. Even more is expected
when a combination of several kinds of extre-
mal action is applied. An area being newly ap-

EXPERIMENTAL

pearing and not investigated yet is the per-
formance of mechanochemical reactions at high
pressure of gas-phase reagents. We are aware
of a limited number of works in which reac-
tions of this type are described. For example,
mechanical activation (MA) of metal titanium
in the atmosphere of nitrogen at a pressure
of 0.3—-1.0 Pa leads to the formation of titani-
um nitride [1]. The formation of magnesium,
zirconium and titanium hydrides MgH,, ZrH, 4,
and TiH, 4 occur under MA of these metals at
increased pressure [2—5]. The formation of the
hydrides of intermetallides was also observed

Mechanical activation was carried out in
AGO-2 planetary mill with steel balls 5—10 mm
in diameter at the drum rotation frequency of
10-17 s7! and drum volume 150 cm? The at-
mosphere in drums was created by a set-up
allowing to achieve gas pressure up to 10 MPa.

The analysis of inorganic products of reac-
tions was carried out by means of X-ray phase
analysis. X-ray diffraction patterns of the samp-
les were obtained with HZG-4C diffractometer
using CuK, radiation with graphite monochro-
mator at the reflected beam. The analysis of
organic products of reactions was carried out
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by means of thin layer and gas-liquid chro-
matography, NMR spectroscopy and chromato-
mass spectroscopy. NMR spectrometers Bruker
MSL-400 and Bruker DPX-250, and chromato-
mass spectrometer GC/MS were used.

RESULTS AND DISCUSSION

Synthesis of the hydrides
of intermetallic compounds

Activation of magnesium-nickel alloy at the
drum rotation frequency of 10 s~ for 30 min
leads to the absorption of hydrogen in amount
sufficient for the formation of magnesium hy-
dride or the hydride of intermetallide Mg,NiH,.
However, according to the data of X-ray dif-
fraction, such a treatment causes amorphiza-
tion of sample. Halos are observed in the re-
gions where diffraction maxima of metal nickel
should appear (Fig. 1). These data allow us to
assume that activation at low drum rotation
frequency leads to the formation of X-ray
amorphous magnesium hydride and of metal
nickel. An increase of the time of mechanical
activation does not result in changes of phase
composition. Similar results are obtained at the
drum rotation frequency of 17 s™! and activa-
tion time of 5—10 min. Further treatment for
20—30 min leads to the formation of the hy-
dride Mg,NiH,. It was assumed at first that the
hydride was formed according to the reaction

2 MgH, + Ni ® Mg,NiH,

A similar mechanism was proposed for the for-
mation of hydride in the interaction of me-
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Fig. 1. X-ray diffraction patterns of mechanically acti-
vated samples of the 2Mg — Ni system. Rotation fre-
quency, s71: 10 (1), 17 (2); MA time, min: 30 (1), 20 (2);
hydrogen pressure: 50 atm.

chanical alloy with hydrogen at increased tem-
perature and pressure [8].

Two interesting facts should be noted. They
were discovered in obtaining hydrides by means
of MA under high hydrogen pressure. When
hydrogen is absorbed during MA, its pressure
does not drop below 1.3 MPa; in case if initial
hydrogen pressure is below this limit, no hyd-
ride of the intermetallide is formed. Using the
dependence of the equilibrium hydrogen pres-
sure on temperature obtained in [8]

In P=14711 — 7737T!

one can estimate the mobility of metal atoms
conditioned by mechanical action. Calculation
according to the above equation shows that
the mobility of atoms corresponds to a tem-
perature of 360 °C.

Another feature of the reaction under these
conditions is the formation of high-tempera-
ture from of Mg,NiH, which is stable at room
temperature. This is quite unusual because,
according to literature data, the hydride of
this composition exhibits a reversible phase
transition at a temperature of 230 °C [9]. Measu-
rement of the intensity of signal from the
hydride protons in NMR spectra showed that
the amount of hydrogen corresponded to the
formula Mg,NiH; (sodium borohydride was used
as a reference). Hydrogen content was deter-
mined by two more methods: by measuring
the amount of hydrogen evolved during heat-
ing and during dissolution in hydrochloric acid.
Both methods gave results confirming the NMR
data. So, a likely reason of the stabilization of
high-temperature modification of magnesium-
nickel intermetallide is the formation of Mg,NiHj
but not Mg,NiH,. It should be noted that the
hydrides Mg,FeHy; and Mg,CoH; have crystal
structure which is isomorphous to the high-
temperature modification of Mg,NiH,.

Besides magnesium-nickel alloy, we also
investigated hydrogenation of other alloys
under MA. For the Mg — Fe system, we did
not succeed in obtaining the corresponding hy-
dride; for the LaNi; alloy, a known hydride
of the composition LaNisH, was obtained. An
interesting result was obtained in hydrogena-
tion of the mechanical Mg — Cu alloy. After
MA at the initial hydrogen pressure of 80 atm,
we detected a phase whose diffraction maxima
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Fig. 2. X-ray diffraction patterns of the sample of 2Mg —
Cu system after MA. Hydrogen pressure: 80 atm; rota-
tion frequency: 17 s !; MA time: 30 min.

could not be attributed to known compounds
in this system (Fig. 2). Taking into account the
fact that MA is accompanied by hydrogen ab-
sorption, one can assume that a hydride of
magnesium-copper intermetallide has been
formed which has not yet been described in
literature. It should be noted that attempts to
synthesize such a hydride by traditional me-
thods were unsuccessful, including the method
involving the stage of mechanical alloying [10].
One can see in Fig. 2 that the system is multi-
phase; besides the unknown phase, the sample
contains magnesium hydride, magnesium ox-
ide, and metal copper. Because of this, it is
rather difficult to evaluate chemical composi-
tion of the resulting hydride. Very approxi-
mate estimations of the content of different
phases in the sample allow us assuming that
the chemical composition of the new hydride
is described by the formula MgCuH,.

The MnO, — O, system

Mechanical treatment of manganese oxides
with oxidation degree £ 4 at increased hydro-
gen pressure leads to the formation of b-MnO,.
This is confirmed by XPA (Fig. 3). The crystal
structure of this modification is somewhat dis-
torted since we observe redistribution of the
intensities of maxima, in comparison with those
available from the PC-PDF database (card 24-
735). For example, the intensity of a maxi-
mum corresponding to the 110 planes, which
should have relative intensity 100 %, is sub-
stantially decreased (see Fig. 3).
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Fig. 3. X-ray diffraction patterns of manganese dioxide:
initial sample (I), and sample after MA at O, pressure
of 60 atm (2). Rotation frequency: 10 s™!, MA time:
40 min.

If water is added to the system, the so-
called active magnesium dioxide is formed,
which is efficient oxidizer for fine organic syn-
thesis. A traditional method to obtain active
manganese dioxide is precipitation with alka-
lis, for example KOH, from a mixed solution
of a salt of divalent manganese and potassi-
um permanganate. This method results in large
amount of waste water. The reagent obtained
by precipitation should be used immediately
after it is obtained, because it loses its activity
during storage. One more shortcoming of the
described method is the use of rather expen-
sive potassium permanganate. The method in-
volving MA is waste-free; manganese oxides
cheaper than potassium permanganate are used.
The reagent itself possesses a series of advan-
tages over that obtained by precipitation: its
activity in the oxidation of alcohols into alde-
hydes is several times higher (Table 1); it con-
serves its activity for a long time; mechanical
treatment of the worked-out reagent, under
the same conditions as those during obtaining
it, allows recovering its activity.

Catalytic hydrogenation of organic compounds

These reactions have indisputable advan-
tages over traditional methods. First of all, it
does without the necessity to use organic sol-
vents to perform hydrogenation, which as a
rule is accompanied by the formation of by-
products. Reactions go on at room tempera-
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TABLE 1

Obtaining conditions and activity of manganese
dioxide samples

MA time, Pressure of O,, H,O content, Conversion
min MPa mass % of benzyl
alcohol, %
0* 70
10 50 4 72
1 50 10 12
30 50 10 75
60 50 10 70
30 50 20 72
30 100 10 75
30 2 10 55

*A sample of active MnO, obtianed by precipitation.

ture, which also allows one to limit the forma-
tion of by-products. High intensity of mixing
allows eliminating the effect of mass transfer
processes which manifest themselves during
hydrogenation in solution and in melt.
Experiments show that both unsaturated
bonds and functional groups can be hydrogen-
ated by this method. The most illustrative ex-
ample is hydrogenation of caryophyllene-a-
oxide. The analysis of products was carried
out by means of thin layer chromatography
and NMR spectroscopy. Activation of caryo-
phyllene-a-oxide (I) for 10 min at the drum
rotation frequency of 10 s™' in the presence
of the hydride Mg,NiH, at hydrogen pressure
of 5 atm leads to the hydrogenation of the
double bond and to the quantitative transfor-
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Scheme 1.

mation into dihydrocaryophyllene-a-oxide (II)
(Scheme I). An increase of MA time to 90 min
under the same conditions leads to the reduc-
tion of epoxy group to form hydroxyl group
at a selectivity of 90 %; 14 isomers of alcohols
(IIT) are formed. Finally, at drum rotation fre-
quency of 17 s}, complete removal of hyd-
roxyl groups occurs within 20 min resulting in
the formation of dihydrocaryophyllene (IV).

The use of other traditional hydrogenation
catalysts, supported palladium and nickel, does
not lead to any transformations; the same oc-
curs with sodium borohydride used as a reduc-
ing agent. The Mg,NiH, hydride and caryo-
phyllene-a-oxide were taken in amounts of
1.8 and 2.29 mmol, respectively. It is evident
that the amount of hydrogen contained in hy-
dride is insufficient for the above-described
transformations. According to the data of X-
ray phase analysis, no changes in the composi-
tion of hydride occur; hence, we may suppose
that catalytic hydrogenation of caryophyllene-
a-oxide occurs.

The MA of 2-methyl naphthalene for 30
min at hydrogen pressure of 20 atm (drum
rotation frequency being 17 s7!) in the pres-
ence of the same hydride Mg,NiH, results in
hydrogenation of one of benzene rings with
the formation of a mixture of tetralines, as
the data obtained by NMR on !3C nuclei sug-
gest (Scheme 2).

Quantitative transformations of p-nitro-
diphenyl into p-aminodiphenyl and of benz-
amide into benzamine were also observed on

O
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the Mg,NiH, hydride after MA for 30 min at
drum rotation frequency of 17 s™ and hydro-
gen pressure of 15 atm (Scheme 3).

In all the listed examples, confirmations of
catalytic hydrogenation similar to that described
for caryophyllene-a-oxide were obtained.

Under the conditions described above, one
cannot succeed in hydrogenating liquid organ-
ic compounds, which was demonstrated for a-
pinene, pinenoxime, and geraniol. Unsuccess-
ful were attempts to hydrogenate a series of
solid organic compounds: no hydrogenation of
the benzene ring was observed in p-nitrodiphe-
nyl, p-aminodiphenyl, benzamide, benzamine,
double bonds in crown ether DB18K6 and d-
cadinol (Scheme 4).

Consideration of the structural formulas of
above-listed compounds shows that unsaturat-
ed bonds are within cycles and are likely to be
sterically unavailable for the hydrogen of hyd-
ride catalyst. This is the reason of the absence
of hydrogenation products. The described me-
thod can be applied in cases when it is neces-
sary to perform selective hydrogenation of the
end unsaturated bonds and functional groups
without touching unsaturated bonds of the ben-
zene ring and bonds lying inside cycles. Partial
hydrogenation of 2-methylnaphthaline is exp-
lained by special properties of polyaromatic
compounds, namely, by their acceptor proper-
ties towards hydrogen.

OH
Cr, 0
O i
\/Q)
DB18K6 d-cadinol

Scheme 4.

Catalytic hydrodechlorination
of chlorinated aromatic compounds

Working in this area we made an assump-
tion that perchlorinated aromatic compounds,
being most difficultly utilized toxic wastes, could
be processed into less toxic, useful products by
means of catalytic reactions under mechanical
activation.

Catalysts based on hydrides of magnesium
intermetallides, metal nickel and supported
palladium were tested. Hydrides of magnesi-
um intermetallides exhibit catalytic activity in
hydrodechlorination ofhexachlorobenzene; ho-
wever, they are irreversibly deactivated by
interacting with hydrogen sulphide which is
reaction product. Bulk metal nickel does not
exhibit activity, possibly because of low spe-
cific surface. The use of supported nickel cata-
lysts is hindered by difficulties of procedure
because nickel is usually present in them in its
oxidized state and cannot be reduced under
mechanical activation. Supported palladium
catalysts (among them, IKT 3-30 and 7746 were
tested) exhibited activity towards hexachlo-
robenzene under mechanical activation. The data
obtained are shown in Table 2.

During the work, conditions were optimized
for the catalytic hydrodechlorination of hex-
achlorobenzene during mechanical activation.
Hydrides of magnesium intermetallides and
supported palladium catalysts proved to be the
most efficient ones in this process. The AGO-2
mill drum rotation frequency optimal for the
process was 17 s7!, activation time was not

TABLE 2

Activity of different catalysts in hydrodechlorination
reaction

Catalyst Fraction of removed chloride
ions per one hexachloroben-
zene molecule

Mg,FeH; 0.74

Mg,NiH, 0.65

IKT 3-30(Pd/Al,0,) 0.4

7746(Pd—-S/Al,0,) 0.17

Ni 0.06

GM-3(Ni/SiO,) 0.1
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more than 30 min, and sufficient oxygen pres-
sure was 10—15 atm.

It was revealed that under mechanical acti-
vation without the use of solvents, only part
of chlorine atoms could be removed from hexa-
chlorobenzene. This allows one to hope for the
directed selective synthesis of chlorine-con-
taining compounds of the required structure
starting from perchlorinated organic com-
pounds, for example obtaining pentachloroph-
enol by hydroxylation of the formed pentachlo-
robenzene.

Results of experiments on catalytic dechlo-
rination allowed assuming that chlorine atoms
can be removed from dioxin molecules by a
similar procedure. This could provide a substan-
tial decrease of the toxicity of dioxins, since
it is sufficient to remove only one chlorine atom
from dioxin molecule to make it not so dan-
gerous.

The application of the described procedure
to dispose dioxins turned out unexpectedly to
be efficient. We assumed that a part of chlo-
rine atoms would be removed from molecule.
However, the treatment resulted in complete
destruction of 1,2,3,4-tetrachlorodibenzo-p-dio-
xin. No dioxin was detected in reaction pro-
ducts at an accuracy of 0.0001 %. It was demon-
strated that the use of the hydride of magne-
sium and nickel intermetallide as a catalyst
causes complete destruction of dioxin mole-
cule with the formation of tetrachloro- and
pentachlorobenzene. These results give us
grounds to think that this the most efficient
and cheap method among the methods of di-
oxin disposal.

Catalytic transformations of ursolic acid

Ursolic acid (Scheme b) is a triterpenic com-
pound of a-amyrin row. It is among most
widespread triterpenic acids. Its structure al-
lows synthesizing biologically active substances.
Practically all the known derivatives of urso-
lic acid exhibit physiological activity. Possible
syntheses are hindered because of the low re-
activity of ursolic acid. Besides, it is practical-
ly insoluble in all the known solvents. Develop-
ment of methods to involve ursolic acid into
chemical processes will open way to new large-

CHB CH:&

Scheme 5.

scale sources of raw materials for chemical in-
dustry because this acid is present in a series
of plants in large amounts.

At the initial stage, the behaviour of ursol-
ic acid is investigated under MA in the absence
of reagents and catalysts. MA was carried out
in a planetary centrifugal mill AGO-2 with steel
balls 5 mm in diameter at drum rotation fre-
quency of 10—17 s™*; mass of balls was 0.2 kg,
mass of sample to be activated was 0.5-5 g.
Only initial ursolic acid was detected in the
reaction mixture within the whole range of
drum rotation frequencies at activation time
till 30 min.

Investigation of the catalytic oxidation of
ursolic acid was carried out under mechano-
chemical activation, increased oxygen pressure
and the use of transition metal oxides as cata-
lysts (MnO,, Fe,O;, WO;). In was discovered
that the organic phase often got attached to
the catalyst surface, which brought complica-
tions to isolation and identification of products.
This fact made us develop criteria for the se-
lection of catalysts to carry out transforma-
tions of insoluble and difficultly soluble or-
ganic compounds under MA. These criteria were
used to develop methods of processing reac-
tion mixture and isolating reaction products.

Using the developed methods we investi-
gated catalytic oxidation of ursolic acid at in-
creased oxygen pressure. For the reaction in-
volving WO, as catalyst, conditions were se-
lected so that a single oxidation product was
obtained, while the oxidation of ursolic acid
by traditional methods gives a multicompo-
nent mixture [11].

Under mechanochemical activation, the sys-
tems studied as oxidizers fro ursolic acid in-
cluded oxygen — MnO,, and hydrogen pero-
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xide in acetic acid. Reaction products were iso-
lated and identified. Expected primary oxida-
tion products (epoxides) were not detected since
they underwent further transformations. Four
compounds (1)—(4) are the major oxidation pro-
ducts. Fragments of the structural formula of
ursolic acid that undergo transformations dur-
ing oxidation are shown in Scheme 6.

The structure of products was stated by the
researchers from the Novosibirsk Institute of
Organic Chemistry (NIOCh), SB RAS, by means
of the detailed analysis of IR spectra, nu-
merical processing of the 'H and !3C NMR
spectra using X-ray structural analysis.

Catalytic amination of ursolic acid was in-
vestigated under mechanochemical activation
without solvents and in the presence of me-
tals. Reaction products were isolated and iden-
tified. Copper salts were used as catalysts. For
the process performed without solvents under
MA in planetary mill under increased ammo-
nia pressure, amide yield could not be ob-
tained higher than 8—10 %. Amination at am-
monia pressure of 15 atm and drum rotation
frequency of 17 s~} with methanol as solvent
allowed obtaining amide of ursolic acid at a
yield of 65 %. By-products are practically ab-
sent. On the basis of these investigations, a
laboratory procedure was developed for ob-
taining amide of ursolic acid. The structure of
products was also investigated at the NIOCh,
SB RAS, by means of detailed analysis of IR
spectra, and numerical processing of the 'H
and !3C NMR spectra using X-ray structural
analysis.

A broad range of biological activity was
revealed for ursolic acid itself. It exhibits anti-
microbal, hypocholesterolic and antiatheroscle-
rotic activity; it is assumed to be inhibitor of
caries. As a rule, introduction of oxygen or
nitrogen into such compounds gives biological-
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ly active systems. The proposed approach al-
lows one to involve insoluble and difficultly
soluble compounds of plant origin into oxida-
tion and amination reactions, which broadens
the basis for chemistry and technology of the
processing of renewable plant raw materials,
opens way to the synthesis of new biologically
active systems.

Hydroalumination reactions

We were the first to perform mechanochem-
ical reactions at increased pressure and tem-
perature. In order to carry out these reactions,
we modified the AGO-2 planetary mill. Instead
of water for cooling, silicon oil heated in a
thermostat was fed to the mill. Temperature
inside drums could be raised to 150 °C. Using
the equipment described above, hydroalumi-
nation of heptene-1 and dihydromyrcene was
carried out. Aluminium or its mechanical al-
loys, solutions of heptene-1 or dihydromyrcene
in heptane, and triisobutyl aluminium in some
cases, were loaded into drums with milling
bodies. A drum was tightly closed; using the
inlet system, hydrogen was pumped into the
drum till the required pressure. Drums were
heated to necessary temperature. Then mecha-
nical activation was carried out. Reaction pro-
gress was monitored both by measuring the
residual hydrogen pressure after MA and by
determining the yield of primary alcohols af-
ter oxidation and hydrolysis of the formed alu-
minium-contaiing derivatives. Hydroalumina-
tion reaction turned out to proceed even on
pure aluminium without adding other metals
and triisobutylaluminium; the yield of hepla-
nol-1 at the initial hydrogen pressure of
100 atm and temperature of 120 °C was 20 %.
The use of mechanical alloys of aluminium
with nickel, titanium or copper instead of pure
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aluminium allows substantial increase of the
efficiency of hydroalumination reaction. The
yield of citronellol at the initial hydrogen pres-
sure of 100 atm and 85 °C was 65 %, the yield
of heptanol-1 under the same conditions was
60 %.

So, new methods are developed for the syn-
thesis of organoaluminium compounds by hy-
droalumination reaction under mechanochem-
ical activation at increased temperature and
hydrogen pressure. It should be noted that
mechanochemical reactions are likely to be car-
ried out under these conditions for the first
time.

CONCLUSIONS

Mechanochemical reactions performed at
increased gas-phase pressure allows synthesiz-
ing new, earlier unknown compounds. One of
the examples can be the synthesis of hydrides
of magnesium-copper intermetallide and of
magnesium-nickel intermetallide Mg,NiH,. Re-
agents with increased reactivity and improved
performance characteristics can be synthesized.
Hydrides of intermetallic compounds find ap-
plication as efficient reducing agents; active
manganese dioxide obtained with the help of
MA has some advantages over that obtained
via traditional technology. It should be noted
that the possibilities of the synthesis of earli-
er unknown compounds and of rendering un-
usual properties to the known ones are condi-
tioned by obtaining conditions, namely, by com-
bination of two types of action, and often are
unique, i. e. they cannot be realized under any
other conditions.

The possibility to perform catalytic trans-
formations of organic compounds with high
selectivity under MA at increased gas pressure

is demonstrated. The proposed technology al-
lows one to perform reactions of compounds
with very low reactivity and solubility. A bright
example is amination and oxidation of ursolic
acid, as well as reductive destruction of di-
oxin. Procedures are developed to conduct
mechanochemical reactions at increased tem-
perature and pressure of the gas medium. The
listed examples are rather far from practical
application yet. However, in our opinion, the
development of the described direction will
allow us to find new efficient ways in inorgan-
ic and fine organic synthesis.
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