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Abstract: A solution of RuCl; in concentrated hy-
drochloric acid is capable of chlorinating aromatic
compounds catalytically, if O, is present as the oxi-
dizing agent (brominations can be achieved in hy-
drobromic acid). When olefins are chosen as sub-
strates, two Cl atoms are added to the double bond
in an anti fashion, while hydrochlorination prod-
ucts are formed simultaneously. According to the
products observed in both types of reactions for
various substrates in this 3-phase system, the halo-
genations proceed via electrophilic pathways.
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In 1966 Halpern et al. showed that ruthenium(III)
chloride dissolved in concentrated hydrochloric acid
catalyses homogeneously the isotopic exchange
between D, and H,0.'! This finding prompted us to
investigate, whether the same is possible when
employing CgDg instead of Dy as the substrate, i.e.,
whether ruthenium chloride is also capable of
activating C-H/C-D bonds. We found, that D/H ex-
change is negligible under the conditions employed
by Halpern. However, on raising the temperature to
145 °C in the presence of air an interesting observa-
tion was made: a small fraction of the benzene was
oxidized to give chlorobenzene. As selective transfor-
mations of C-H bonds into more reactive, functiona-
lized moieties are naturally of interest,®! this result
stimulated a more detailed exploration of this
system.’!

It is known that chlorobenzene can be obtained in
technical amounts by streaming benzene, HCIl, and
air over a copper contact (this so-called “oxychlorina-
tion“ process is in fact limited to the substrate ben-
zene). It is also known that aromatic hydrocarbons
can be oxidized in the presence of a Lewis acid by
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Cly or Bry to give the corresponding halogenated
compounds.*! However, it is obviously of interest to
use HCI (HBr) or halide salts as sources for the halo-
gen atoms in such reactions and to employ oxidizing
agents that are more easily prepared and handled
than Cl; and Br,. Some groups have therefore used
reactive metal halides as sources for halogen.!’!
Others employed stoichiometric amounts of nitrate,
nitrite, NO, and NO, as oxidizing equivalents in the
presence of HCl (HBr) and catalytic amounts of cer-
tain metal compounds to halogenate aromatic com-
pounds.!® The latter process can also be performed
in a way that makes the addition of a metal catalyst re-
dundant.!”! All these procedures have the disadvan-
tage of the aggressive gases NO and NO, being pre-
sent in the reaction vessel, however, as they are
either used as oxidants or liberated from nitrite or ni-
trate, and this in turn often leads to contaminations by
the corresponding nitro compounds. Thus, having
made the finding described above, naturally the ques-
tion arose, whether RuCl; can act as a precatalyst in
hydrochloric acid for the oxidation of benzene to
chlorobenzene, when O, is used as the oxidizing
agent.!®!

An experiment as outlined above was therefore
performed in an atmosphere of pure oxygen, i.e.,
RuCl; dissolved in concentrated hydrochloric acid
was placed into a high pressure tube, benzene was
added and the atmosphere above the two phases was
replaced by oxygen gas. After closing the tube and
heating it to 145 °C for 17 h an analysis of the organic
phase showed that 1.5 moles (Table 1) of benzene per
mole of ruthenium had been oxidized to give chloro-
benzene (Scheme 1)!'°! If the aqueous and organic
phases are separated, the aqueous phase can be re-
used to oxidize a fresh sample of benzene; there are
no signs of catalyst deactivation. Other aromatics can
be oxidized as well. Toluene, for instance, reacts even
faster than benzene (Table 1): applying the same pro-
cedure as for benzene 9 moles of toluene per mole of
Ru are chlorinated giving ortho- and para-chloroto-
luene in a ratio of 2.6:1 within 15 h (Scheme 1), i.e.,
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Table 1. Turnover numbers in moles per mole of Ru employed as observed for the halogenation of the given substrates under

the conditions specified in the experimental part.

Substrate/Acid/Time/Atmosphere Turnover Products

17.4 mmol benzene/HCl/17 h/air 0.3 chlorobenzene

17.4 mmol benzene/HC1/17 h/0, 1.5 chlorobenzene, dichlorobenzene!®! (ortho/para = 0.5) 32% conversion

47.4 mmol toluene/HCl/15 h/0, 9.0 chlorotoluene (ortho/para = 2.6) 70% conversion

17.4 mmol benzene/HBr/17 h/0, 9.4 bromobenzene,'® dibromobenzene (ortho/para = 0.4) quantitative conversion

[al Formed only in insignificant amounts (< 1% of the converted substrate).
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Scheme 1. Catalytic halogenations of aromatic compounds
with the system HX/H50/0,.

the turnover frequency is calculated to 0.6 h™'. The
radical-derived products benzyl chloride and phenyl-
tolylmethane are obtained in addition, but amount to
only 3 and 6%, respectively, of the converted toluene.
Although no problems were encountered during our
experiments, working in a pure Oy atmosphere natu-
rally bears certain risks, and it should be noted in this
context, that alternatively diluted O (e.g., in form of
air) can be used when the pressure is increased to
4 bar; the reaction then has to be performed in an
autoclave but comparable results are obtained.

Olefins can be chlorinated within this system, too:
Under our standard conditions, cyclododecene is
quantitatively converted to chlorocyclododecane
(the HCI addition product), 1,2-dichlorocyclodode-
cane (the formal Cl, addition product), and higher
chlorinated products (which are formed as main pro-
ducts, when this olefin is treated directly with free Cly
in the absence of RuCl5) in the ratio 2.4:3.8:1.3. trans-
5-Decene gives 5-chlorodecane as well as meso-5,6-
dichlorodecene in a ratio of 1:1.3. The stereochemis-
try of the dichlorination is thus identical with that of a
Cl; oxidation, which excludes a mechanism involving
radicals and argues for an electrophilic transfer of a
chloronium ion in the primary step.

Further experiments showed that (i) saturated hy-
drocarbons are not oxidized, (ii) the addition of CuClg
to the system is disadvantageous, and (iii) in contrast
to RuClj;, FeClj fails to catalyze the reaction effi-
ciently. On the other hand, RuClj; can also affect bro-
minations if hydrobromic acid is used as a solvent in-
stead of hydrochloric acid (Scheme 1, Table 1): Under
the standard conditions as outlined above (with ben-
zene as the substrate) 9.4 moles of bromine atoms are
incorporated per mole of Ru yielding bromobenzene
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and dibromobenzene (ortho/para = 0.4); if benzene
is employed only in a five-fold excess with respect to
RuCl; (as in the corresponding experiment specified
in Table 1) para-dibromobenzene becomes the main
product of the reaction, crystallizing in pure form at
the bottom of the reaction vessel after cooling to room
temperature. In the absence of RuCl; hardly any bro-
mination of the benzene is observed!

What is the mechanism of this catalysis like? In or-
der to investigate this question, experiments were
carried out in the ahsence of any organic substrate. If
RuClj; is brought into concentrated hydrochloric acid
it enters into a complex equilibrium, that contains
H;[RuClg] as the main species.''”! It turned out that
0, oxidizes the ruthenium centers of such solutions
to the oxidation state +IV in the primary step: after
performance of an experiment under standard condi-
tions, addition of KCI leads to the precipitation of
K;[RuClg]. However, the Ru(IV) species thus formed
(H[RuClg]?) cannot be used as a reagent for the
chlorination of any substrate: after treatment of a
RuCls/HCl/H,0 mixture with O, at 145 °C and subse-
quent degassing, the solution it is not capable of oxi-
dizing toluene or benzene stoichiometrically. This
means that the Ru(IV) species is further oxidized at
145 °C in the presence of O, Lo give an active species
(Scheme 1), which performs the reaction. This spe-
cies [possibly a Ru(V) or a Ru(VI) oxychloride or per-
oxychloride| probably has only a very short life time,
decomposing to give the Ru(IV) compound and an
oxidized species such as Cly in the absence of any
substrate. It proved difficult to detect free Cly during
the reactions, but in case of the brominations elemen-
tal Bry was clearly visible in the gas phase (it should
be noted that no Br, formation is observed when hy-
drobromic acid is heated in an O, atmosphere in the
absence of RuCl;). With regard to the products ob-
tained in the chlorination of toluene, the Cl transfer
must be electrophilic (and not radical-like), since
only insignificant amounts of benzyl chloride are de-
tected among the products.l''! The same conclusion
can be derived from the facts that the reaction rate is
increased on going from benzene to toluene and that
Cl, addition proceeds in the case of trans-5-decene
stereospecifically in an anti fashion.

In summary, it is thus likely, that the active species
either transfers CI* or liberates Cl, which is, in turn,
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activated by the Ru(IV) centers in solution to chlori-
nate the substrates. In the latter case, the RuCl; could
be regarded as a Friedel-Crafts-type catalyst, which,
however, is capable of simultaneously catalyzing the
Oq-oxidation of HCI to Cl; and which consequently
has great advantages from economical and practical
points of view (see above) in comparison to the Fe
salts usually employed in FC-halogenations.

Rather remarkably, the active species can appar-
ently not be formed in the presence of a cation other
than H*, so that, for instance, the potassium salt
K,[RuClg] is inactive as a catalyst!

Further research will concern the investigation of
the scope of the catalysis as well as its optimization:
currently, the system involves three phases (aqueous,
organic, and gaseous), and it can be envisaged that
the TON will further increase with an enlargement
of the interfaces. Moreover, interest focuses on the
identification of the active species being formed in
concentrated hydrochloric acid at 145 °C in an oxy-
gen atmosphere.

Experimental Section

Typical Procedure

RuCl;(Hz0)4 (1 g, ca. 3.7 mmol) was dissolved in 50 mL of
concentrated hydrochloric (or hydrobromic) acid. The solu-
tion was filled into a high pressure tube (350 mL volume, d =
4.5 cm) equipped with a greaseless stopcock and a magnetic
stirrer bar. The substrate was added (aromatics in the
amounts specified in Table 1; in case of the olefins,
17.4 mmol), the mixture frozen to —196 °C, and the vessel
evacuated. The tap of the tube was closed and, after anneal-
ing, O, gas was allowed to enter the tube until the overall
pressure amounted to ca. 1 bar. The tap was closed again
and the tube placed into an oil bath (so that the vigorously
stirred liquid phase was covered by the oil), which was
heated to 145 °C subsequently for 17 h. The mixture was
cooled to room temperature, and a part of the organic phase
was removed and investigated by means of GC/MS and NMR
spectroscopic measurements. To determine yields in the
cases of toluene and cyclododecene (or for the bromination
of benzene), the two-phase mixtures were extracted with
pentane, from which the products were isolated by distilla-
tion. The aqueous phase could then be reused for a new ex-
periment.
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