Communications to

4821

the Editor

Nitro Complexes of Ruthenium(IIl) as Oxidation
Catalysts. Chemically Catalyzed, Net Electrochemical
Oxidation of Triphenylphosphine
Sir:

cis-[Rull(bpy)2(NO,)CI] (bpy = 2,2-bipyridine) and re-
lated complexes can be oxidized to Ru(I11), but as Ru(III) are
only kinetic transients. Their stability is limited by a facile

intermolecular disproportionation reaction (reactions 1 and
2), which gives both nitrosyl and nitrato complexes as prod-

2[Ru'l (bpy),(NO,)Cl]"
0O O

— [(bpy), CIRulll-N:..0O...NRuCl(bpy), ]*
(0]

— [(bpy), CIRull-NO]" + [(NO,)RuCl(bpy),]* (1)

[Rull (bpy),(NO)CI]* ==

+e

[Rull (bpy),(NO)A]* (2)

ucts.! In the disproportionation reaction, a two-electron oxi-
dation occurs at a nitro group on one ruthenium and the cor-
responding reduction at both metal (Ru!!' — Ru'") and nitrosyl
(Ru-t*NO — Ru-NO) sites. Nitrosyl complexes like
[Ru(bpy)2(*NO)CI]?* are known to undergo reversible
electron transfer localized largely at the NO group (reaction
2).2 In reaction 1, [Ru!'!(bpy)2(NO,)CI]* acts as an oxide
donor, two-electron acceptor oxidant. Its formal reduction
potential (eq 3) has been determined to be 0.31 V (0.72 V at
pH 7) in 1.0 M aqueous NaCl at 25.0 °C vs. NHE and that for
the related pyridine complex, [Ru!'l(bpy)»(NO,)py]?*, has
been estimated to be =0.26 V (=0.67 V at pH 7).!

[Ru'll{bpy)>(NO,)CI]* + H,0 + 2e
— [Ru'l(bpy)»(NO)CI]t + 20H~ (3)

Even though disproportionation (reaction 1) is a competing
pathway, in the presence of a sufficiently reactive substrate,
it should be possible to capture the nitroruthenium(III) in-
termediates and so to exploit their properties as oxidants.
Electrochemical oxidation of an acetonitrile solution (0.1 M
[N(C4Ho)s](PFs)) containing [Ru(bpy)>2(NO2)py]* (1 X
1073 M) and triphenylphosphine {3 X 1073 M) at 1.15 V vs.
the saturated sodium chloride calomel electrode (n = 2.0/Ru
by coulometry)3 gave as products [Ru(bpy)2(NO)py]3* (by
cyclic voltammetry; Figure 1) and triphenylphosphine oxide
(by IR, »(P=0) 1194 cm~!). Oxidation of the Ru(Il) complex
occurs at £, = 1.06 V. The results of the experiment show
that although oxidation of PPh; and disproportionation may
be competing processes, disproportionation is unimportant
under the conditions of the experiment,* and the net reaction
is

[Ru!l(bpy)2(NO,)py]t + PPh;
_2 -
> [Ru''(bpy)>(*NO)py]** + OPPh; (4)
Electrochemical oxidation of [Ru(bpy)2(NO,)CI] in the

presence of PPhj also gave OPPh; and it was possible to study
the reaction in detail. The [Ru'''(bpy),(NO;)CI]*-
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Figure 1. Cyclic voltammogram following electrolysis at 1.15 V (n =
2.0/Ru by coulometry) of a solution containing initially [Ru-
(bpy)2(NO2)py]* (1 X 1073 M) and PPh; (3 X 1073 M) in 0.1 M
[N(Cﬂ‘lg).a]PFg-CH}CN vs. the SSCE

(vs ssce)

[Ru'!(bpy)2(NO,)CI] couple is reversible on the cyclic vol-
tammetry time scale (200 mV/s; Ey;2 = 0.58 V in acetoni-
trile).? Electrochemical oxidation (at 0.80 V) of '80-enriched
[Ru(bpy)2(NO>)CI]? (5 X 10~* M) in dichloromethane in the
presence of a threefold excess of PPhs gave n = 2.0 and as
products [Ru(bpy)»(NO)Cl]2* and Ph3P==0. The extent of
130 labeling in the OPPh; product was identical with that in
the initial nitro complex as shown by »(N'80)/»(N'°0) and
»(P'80)/v(P'0) ratios in the IR.” The initial step in the
electrochemical experiment is oxidation of Ru(II) to Ru(III)
which is followed by oxidation of PPh3 to OPPhj;. The rate of
the reaction between [Ru'l!(bpy)2(NO;)CI]* and PPh; was
studied by chronoamperometry. The reaction is first order in
both [Ru'll(bpy)>(NO,)CI]* and PPhs, and in propylene
carbonate as solvent, k(25.0 °C, 7 =0.2) =200+ 10 M~ 571,
The reaction is considerably more rapid than the rate of dis-
proportionation of [Ru(bpy),(NO;)CI]* (reaction 1) under
the same conditions (k = 3.0 M~! s=1),! which explains why
Ru(111)-NO; once formed is captured by PPhj; rather than by
disproportionation. The rate of oxidation of PPh; by
[Ru''l(bpy),(NO>)py]?t must be even more rapid. At a
PPh;/Ru ratio of 3:1, electrochemically generated
[Ru'l(bpy)»(NO2)py]?* is completely captured by PPhy
(Figure 1) and yet the rate of disproportionation of the
Ru(111)-nitro complex exceeds 107 M~!s=1 !

The electrochemical results, the 30 labeling experiment,
and the second-order rate law for oxidation all suggest that
oxidation of PPhj3 occurs as in reactions 5-7.

[Ru'!(bpy)2(NO)CI] — [Rul!l(bpy)2(NO)CI]* (5)

[Rulll (bpy),(NO,)Ct]™ + PPh,
0
I
—> [(bpy), CIRulll-N+..0-..PPh,]"
— [Rull (bpy),(NO)CI]* + OPPh,  (6)
[Ru'!(bpy)2(NO)CI]+ —> [Rul!(bpy)2(*NO)CI]2+  (7)
At the potentials used in the electrolyses, the reduced nitro-
syl complexes are known to be oxidized to [Ru(bpy),-
(*NO)L]"*.2
The Ru(lil)-nitro intermediates are weak to moderately

strong oxidants as shown by their reduction potential values.
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Scheme I (note Figure 2)
2BH* X [Rull (bpy),(NO,)py]”
H,0 + 2B [Rull (bpy),(NO)py]*"
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Figure 2. Infrared spectra following electrolysis of an acetonitrile solution
containing initially [Ru(bpy)2(NO,)py]* (1.2 X 1073 M), PPh; (7 X 1073
M), 1% 2,6-lutidine, and 1% water in 0.] M [N(C4Hg)4]PFs. »(PO) in
O=PPh; occurs at 1194 cm~'. The lower energy band arises from
[Ru(bpy)>(NO2)pyl*: (1) before electrolysis; (2) electrolysis to 25%
completion based on the initial amount of PPhj; (3) electrolysis to 50%
completion; (4) electrolysis to 60% completion; (3) electrolysis to 75%
completion.

Rather than thermodynamic driving force, the origin of the
relatively rapid rates of disproportionation and of PPhj; oxi-
dation may lie in the existence of two one-electron acceptor
sites (Ru(III) and Ru-*t*NO) in the oxidant rather than a
single two-electron site and in the ability of the oxidant to
donate an oxide ion. Kinetic barriers to electron transfer at
both Ru(I11)® and Ru(*NO)? sites are known to be low and
there are no profound changes in coordination environment
on reduction except for the loss of O2~.
[Ru(bpy)2(NOz)py]* and [Ru(bpy)2(NO)py]** are in-
terrelated by the acid-base equilibrium in eq 8 and in water,
the two ions are present in equimolar amounts at pH 3.8.1

[Ru(bpy)2(NO)py]3+ + 20H~
= [Ru(bpy)2(NO,)py]* + H,O (8)!

K(25.0°C; 1.0 M NaCl) = 1 X 10?20 M~2

In slightly basic solution the nitrosyl complex once formed (eq
6 and 7) is converted into the nitro complex. The nitro complex
reenters the oxidation sequence in reactions 5-7, which means
that the oxidation of PPh; can be made catalytic. Exhaustive
electrolysis (at 1.15 V) of an acetonitrile solution containing
[Ru(bpy)2(NO2)py]* (1 X 107 M), PPhs (1 X 1072 M),
H>0 (1%), and 2,6-lutidine {1%) gave n = 21.1 by coulometry.
The final ruthenium product was [Ru(bpy)2(NO3)py]** (by
cyclic voltammetry). The results are consistent with the cat-
alytic cycle in Scheme I (# = 20) followed by reaction 9 (n =
3) when the PPh; — O=PPh; conversion (Figure 2) is com-
plete.

[Ru''(bpy)>(NO2)py]* + 2B + H,0

5 [Rulll(bpy)>(NOy)py]>* + 2BH*  (9)!

2 s [Rulll (bpy),(NO,)py]** PPh,
< [Rull (bpy),(NO)py I** )C O=PPh,

The electrolytic chemistry observed here is the chemically
catalyzed, net electrochemical oxidation of PPhs to
O=PPh;.

PPh; + H,0 + 2B — O=PPh; + 2BH* + 2¢~ (10)

In an acetonitrile solution containing [Ru(bpy)(NO3;)Cl],
water, and triethylamine, the oxidation of PPhj is also cata-
lytic. Under these conditions cyclic voltammetry shows only
a distorted wave for the [Ru!''(bpy)2(NO,)CI] —
[Ru''(bpy)»(NO,)CI]* oxidation and no rereduction wave,
nor does a wave for [Ru(bpy)2(NO)CI]?* appear. The ex-
periment shows that the chemical steps in Scheme | are rapid
and that the rate determining step in the catalyzed oxidation
of PPhs is diffusion of [Ru(bpy):(NO2)CI] to the elec-
trode.

The Ru(III)-nitro intermediates appear to have an extensive
oxidase-like redox chemistry and their reactions with various
reagents are currently under investigation. They are promising
as oxidants, since in contrast to commonly used inorganic ox-
idants like Cr(VI) or MnO,™, their reactivity properties can
be varied systematically by controlled chemical synthesis, and
their reactions can be made catalytic.
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An Anionic Equivalent of the
Friedel-Crafts Cycloacylation
Sir.

Our interest in the potent anticancer agent daunomycin! (1)
has led us to consider possible synthetic routes? to this and
other anthracycline antibiotics.? The problem, as we see it, is
to develop methods for ring building as in eq 1 wherein the

alicyclic ring possesses the desired functionality. In this manner
one may reduce the regiospecificity problems? associated with
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