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The oxidation of organic sulfides RSR’ by hydrogen
peroxide to form sulfoxides and, in a consecutive slower step,
sulfones is a well established procedure.l! The rate of such
oxidations can be enhanced by the use of organic peroxides or
peroxy acids instead of H,0O, and, catalytically, by the
activation of H,O, through coordination to metal centers.[!]
The reaction of H,0O, with nitrous acid at low pH leads to
peroxynitrous acid ONOOH,? an isomer of nitric acid which
is a much more powerful oxidant than H,O,.P! The use of
ONOOH for the oxidation of organic substrates is limited by
the fact, however, that this peroxy acid is an unstable species
that isomerizes at ambient temperature with a half-life of
about 1 s to form nitric acid. Since ONOOH is also generated
by the reaction of superoxide with NO, its role in biological
systems is currently of great interest.[ !

The peroxynitrite anion ONOO~™ is considerably more
stable than the acid ONOOH. As a result, most of the studies
with the oxidant peroxynitrous acid have been carried out in
such a way that, after the fast generation of ONOOH from
H,0, and HNO, at low pH,? the decay of ONOOH was
blocked by the addition of alkali. The cooled, stable alkaline
peroxynitrite solutions thus prepared were taken as stock
material.’! The approach presented here is basically different
in that the short-lived oxidant ONOOH is generated in situ as
a very reactive intermediate according to Equation (1). This

HNO,+HOOH “ ONOOH +H,0 1)
ONOOH * HNO; @)
A+ONOOH “ A=0+HNO, 3)

reaction is a fast process. After its generation, ONOOH is
used for the fast second-order oxidation of suitable organic
substrates A [Eq. (3)]. The oxidation competes with the decay
of ONOOH [Eq. (2)]. As a consequence, this approach is
applicable only when the rate of reaction (3) is higher than
that of (2), that is when k,[A] is much greater than ky. One
should note that reactions (1) and (3) form a catalytic cycle, in
which the catalyst HNO, converts H,O, into the more
powerful oxidant ONOOH. The number of cycles is con-
trolled by the competition between reactions (2) (decay
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of ONOOH) and (3) (oxidation of the substrate by
ONOOH).

For solubility reasons, organic substrates require organic
media. To our knowledge, the generation of ONOOH
according to Equation (1) in organic media has not yet been
investigated. The time dependence of the absorbance at
260 nm for the reaction of H,0, with HNO, in acetonitrile [!
at 293K is shown in Figure 1. The fast formation of
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Figure 1. Time dependence of the absorbance at 260 nm for the reaction of
H,0, with nitrous acid in acetonitrile at 293 K ([H,O,] =5mwM, [NaNO,] =
0.5mm, [HCIO,]=0.1m, I=0.6Mm (NaClO,), [H,O] =5m). The rate con-
stants k=12s"! and k,=0.61s"' for the formation and decay of
peroxynitrous acid were obtained from the sum of two exponentials!’)
(solid line).

ONOOH with an experimental pseudo-first-order rate con-
stant k;=1.2+0.2 s7! is followed by its first-order decay to
HNO; with k;=0.61 £ 0.05 s~!. Under comparable conditions,
the rate constant k; for the reaction in water is 1.07 +
0.05 s71.P This means that acetonitrile (with an admixture of
5M H,0) is suitable for the generation of ONOOH according
to Equation (1), and that the rate of decay of ONOOH in
acetonitrile is close to that in water.

We have tested the practical applicability of in situ
generated peroxynitrous acid as an oxygen-transfer agent in
acetonitrile for several classes of organic substrates under
standardized conditions.'”) These conditions were such that
there was a 2.5-fold excess of organic substrate relative to
H,0,, and the reaction was monitored cerimetrically by the
loss of H,O,. Houk et al.l'!l reported recently the results of
calculations suggesting that oxygen transfer from ONOOH to
ethylene is energetically feasible. This led us to study the
epoxidation of several olefins according to reaction sequence
(1)-(3) at [HNO,]:[H,0,] = 1:4.4. The result was negative in
the sense that the consumption of H,0O, for substrate
oxidation was zero for cyclohexene and allyl alcohol, and
very minor for 2-methoxypropene, ethylvinyl ether, and 2,3-
dimethyl-2-butene. Under the given conditions, the reaction
of these olefins with ONOOH is apparently too slow to
compete with the isomerization of ONOOH to HNO;
[Eq. (2)]. It was not surprising to find that N-oxidation of
amines such as pyridine and substituted pyridines was not to
be observed. In the given acidic medium, protonation reduces
the concentration of free amine to a minimum.
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Organic sulfides RSR’ turned out to be very suitable
substrates for the fast sulfoxidation with in situ generated
ONOOH [Eq. (4)]. As shown in Figure 2 for the system

RSR’+ ONOOH — RSOR’+HNO, 4)

PhSMe/H,0,/NaNQO,, the sulfoxidation of PhSMe in the
absence of nitrite is a rather slow process.'”l The addition of
15mu of nitrite triggers an instantaneous, partial oxidation of
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Figure 2. Time dependence of the concentration of H,O, for the reaction
of PhSMe with H,0O, in acidified acetonitrile at variable concentrations of
HNO, under standard conditions!'”! ([H,0,] = constant=0.2M;
[NaNO,] =0wm (a), 0.015m (b), 0.020M (c), 0.030M (d)).

PhSMe, as monitored by a sharp drop in the H,O, concen-
tration. The size of this instantaneous drop increases with the
concentration of nitrite. For [NaNO,] =30mwm (which corre-
sponds to [H,0,]: [NaNO,] = 6.7:1), all of the H,O, oxidant is
consumed within one minute. This means that, in terms of
catalysis, one molecule of HNO, passes almost seven cycles
according to reactions (1) and (3), thus “activating” seven
molecules of H,0O, by the formation of ONOOH. Owing to
the greater reactivity of ONOOH relative to that of H,0,, the
sulfoxidation of PhSMe is drastically accelerated.

The sulfoxidation of dimethyl sulfide according to Equa-
tions (1) - (3) is accelerated by nitrite in an analogous manner.
The noncatalyzed oxidation in the absence of nitrite is faster
by a factor of 19 than that of PhSMe. Correspondingly, a
nitrite concentration of only 10mm ([H,O,]:[NaNO,] =20:1)
is sufficient to make the oxidation of Me,S complete within
one minute. These data mean that the catalyst HNO, cycles
twenty times. As outlined above, the condition for a maximum
number of cycles in the system Me,S/H,0O, is given by
kyie,s[Me,S] > k.14 The validity of this condition was tested
by a series of experiments with variable concentrations of
Me,S and constant concentrations of H,O, and NaNO,. As
shown in Figure 3, in the absence of Me,S there is an initial
loss of 10 % of H,O,. This loss corresponds to the conversion
of HNO, into ONOOH, which decays to HNO; with the rate
constant k4.1 At [Me,S]=5mwm the oxidation of Me,S by
ONOOH begins to compete with the decay of ONOOH,
an indication that the size of ky.,s[Me,S] is getting closer to
that of k4. This effect is more pronounced at [Me,S]=
10mM. Finally, at [Me,S]=50mm the peroxynitrous acid
formed reacts preferentially with Me,S; the condition
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Figure 3. Time dependence of the concentration of H,O, for the reaction
of Me,S with H,0, in acidified acetonitrile at various concentrations of
Me,S at 20°C ([H,0,]=0.005M, [NaNO,]=0.0005Mm, [H,SO,]=0.08Mm,
[H,O] =5M; [Me,S]=0M (a), 0.005M (b), 0.010M (c), 0.050m (d)).

Knge,sIMe,S] > ky is fulfilled and all of the H,O, is consumed
by substrate oxidation within one minute. These results allow
the estimatel!”l that ky, is greater than 10>m~'s~%. This means
that, compared to the second-order rate constant k for the
noncatalyzed Me,S oxidation by H,O, (Table 1), the reactivity

Table 1. Kinetic data for the sulfoxidation of organic sulfides by H,O, in
acidified acetonitrile in the absence and presence of nitrous acid.

Sulfide 10* kL2 ([HNO,]:[H,0,] )™ Catalytic
[M~ts7!] [mMm]:[mMm] cycles

PhSMe 31+3 30:200 6.7

(PhCH,),S 70+£6 20:200 10

Me,S 580 £ 50 10:200 20

[a] Second-order rate constant k for the sulfoxidation at 293 K in the
absence of the catalyst under standard conditions.'” [b] Limiting concen-
tration ratio at which (and above which) catalyzed sulfoxidation is
complete within one minute under standard conditions.!""]

of ONOOH is more than three orders of magnitude greater
than that of H,0,.

Product formation in the systems PhSMe/H,0,/NaNO, and
Me,S/H,0,/NaNO, was additionally controlled by GC anal-
ysis.'®l Under standard conditions ([substrate] > [H,0,]),['"]
the sulfoxides PhSOCH; and CH;SOCH; were the only
products. Further oxidation to the corresponding sulfones is
slower by several orders of magnitude than the sulfoxidation
[Eq. (4)],° and is only observed when the substrate concen-
tration is less than that of H,0O, and with long reaction times.

The sulfoxidation of dibenzyl sulfide was also studied in
detail. It follows from the data summarized in Table 1 that, at
[H,0,]:[NaNO,] =10:1, formation of dibenzyl sulfoxide is
complete within one minute. (PhCH,),S was chosen as a
model compound to test the synthetic potential of the method
for the fast preparation of sulfoxides at the gram level. An
aqueous solution of NaNO, was quickly added to an acidified,
well-stirred acetonitrile solution of (PhCH,),S containing an
excess of H,0,. After a reaction time of only five minutes at
ambient temperature, pure dibenzyl sulfoxide was isolated in
a yield of 91%.

In conclusion, the present approach provides an exper-
imentally simple and time-saving method for the fast and
convenient preparation of sulfoxides. The method is based on
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nonexpensive, commercial chemicals (H,0,, NaNO,, H,SO,,
and CH;CN) and can be classified as a sulfoxidation reaction
with “activated” H,0O,. The activation consists of the fast
reaction of H,0O, with HNO, in acidified CH;CN to form the
unstable, yet highly reactive, oxidant peroxynitrous acid
ONOOH as an intermediate species in situ. The experimental
conditions can be easily set in such a way that the reaction of
the electrophile ONOOH with the nucleophile RSR’ is fast
enough to compete successfully with the decay of ONOOH to
nitric acid. Under these optimized conditions, HNO, acts as a
catalyst, quickly carrying oxygen atoms from H,O, to the
sulfide in the form of ONOOH.
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Synthesis, Structure, and Reactivity of a
Palladium Hydrazonato Complex: A New Type
of Reductive Elimination Reaction To Form
C—N Bonds and Catalytic Arylation of
Benzophenone Hydrazone**

John F. Hartwig*

Reductive elimination reactions which form C—N bonds in
amines!' are important primary reactions in practical
catalytic cycles for the synthesis of arylamines from aryl
halides.[ %1 Reductive elimination reactions that result in N-
arylhydrazones would be an important new method for C—N
bond formation by means of reductive elimination. The
hydrazone products could be used in Fischer indole syntheses
or, after conversion into the N-arylhydrazine, in condensation
reactions to produce N-arylpyrazoles and N-arylpyrazolones.
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