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The salts [NEt,][Ru(CN)(CO),L(0-0,C4Cl,)] {L = PPh; or P(OPh),}, which undergo one-electron
oxidation at the catecholate ligand to give neutral semiquinone complexes [Ru(CN)(CO),L(o-
0,C,Cl,)], react with the dimers [{Ru(CO),L(u-0-0,C¢Cl,)},] {L = PPh; or P(OPh);} to give
[NEt,][(0-O,C(Cl,)L(OC),Ru(u-CN)Ru(CO),L'(0-0,C,Cl,)] {L or L' = PPh; or P(OPh);}. The
cyanide-bridged binuclear anions are, in turn, reversibly oxidised to isolable neutral and cationic
complexes [(0-O,C,Cl,)L(OC),Ru(u-CN)Ru(CO),L'(0-0,C,Cl,)] and [(0-O,C;Cl,)L(OC),Ru(u-
CN)Ru(CO),L'(0-0,CCl,)]* which contain one and two semiquinone ligands respectively. Structural
studies on the redox pair [(0-O,C,CL,)(Ph;P)(OC),Ru(u-CN)Ru(CO),(PPh;)(0-O,CCl,)]” and
[(0-O,CCl,)(Ph;P)(OC),Ru(u-CN)Ru(CO),(PPh;)(0-0,C,Cl,)] confirm that the C-bound
Ru(CO),(0-0,C(Cl,) fragment is oxidised first. Uniquely, [(0-O,CCl,){(PhO);P}(OC),Ru(u-
CN)Ru(CO),(PPh;)(0-0,C,Cl,)]" is oxidised first at the N-bound fragment, indicating that it is
possible to control the site of electron transfer by tuning the co-ligands. Crystallisation of
[(0-O,C,Cl,)(Ph;P)(OC),Ru(p-CN)Ru(CO),{P(OPh); } (0-O,C(Cl,)] resulted in the formation of an
isomer in which the P(OPh); ligand is cis to the cyanide bridge, contrasting with the trans arrangement
of the X—Ru-L fragment in all other complexes of the type RuX(CO),L(0-O,C,Cl,).

Introduction

Our extensive studies of cyanide-bridged complexes containing
low valent metal-based redox centres' have most recently involved
the synthesis of paramagnetic species such as [(H;N);Ru" (u-NC)-
Mn'(CO)(dppm),-trans][PF]; in which intramolecular metal—
metal charge transfer leads to strong solvatochromism.? In
this paper we describe new monomeric cyanide complexes,
[Ru(CN)(CO),L(0-0,C,Cl,)]", which act as N-donor ligands in
the formation of cyanide-bridged species with two ligand-based
redox centres, namely [(0-O,C(Cl,)L(OC),Ru(u-XY)Ru(CO),-
L'(0-0,C,ClL)]” {XY = CN or NC, L or L' = PPh; or P(OPh),}
(Scheme 1). The two Ru(i)-bound catecholate ligands are
sequentially oxidised to semiquinones with the linkage isomers [(o-
0,C,ClL)(Ph;P)(OC),Ru(u-CN)Ru(CO),{P(OPh); }(0-0,C(Cly)]-
and  [(0-O,C¢Cl,)(Ph;P)(OC),Ru(u-NC)Ru(CO),{P(OPh); }(o-
0,C,Cl,)] first oxidised at the C-bound and N-bound Ru(CO),-
(PPh;)(0-0,C,Cl,) group respectively.

Results and discussion

The synthesis and characterisation of
[{Ru(CO),L(p-0-0,C,ClL)}:]

In order to synthesise the new anionic cyanide complexes
[Ru(CN)(CO),L(0-0,C,Cl,)]” described below, the dimeric pre-
cursors [{Ru(CO),L(u-0-0,C4ClL,)},] {L = PPh; or P(OPh), } were
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first prepared, the former by the published method involving
the reaction of tetrachlorobenzene-o-quinone (o-chloranil) with
[Ru(CO),(PPh;)(n-C,H,Me,)]* and the latter by a modification
thereof.

Thus, heating a mixture of [Ru;(CO),,] and 2,3-dimethylbuta-
1,3-diene in n-heptane under reflux for 23 h, adding P(OPh);,
heating the mixture for a further 6 d and then purifying the
product by column chromatography gave [Ru(CO),{P(OPh), }(n-
C,H,Me,)] as a white solid in moderate yield. Subsequent reaction
of [Ru(CO),{P(OPh);}(n-C,H;Me,)] with o-chloranil at room
temperature in CH,Cl, rapidly gave an orange solution from which
[{Ru(CO),{P(OPh); }(n-0-0,C,Cl,)},] was isolated in high yield
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The complex [{Ru(CO),{P(OPh); } (u-0-0,C,ClL,)},] shows four
IR carbonyl bands, consistent with the dimeric structure proposed
The dimer is composed of two edge-sharing six-coordinate
ruthenium centres. Each ruthenium atom has an equatorial

as an orange solid, characterised by elemental analysis and IR
earlier* for [{Ru(CO),(PPh;)(u-0-0,C4Cly)},], in which the o-

spectroscopy (Table 1).
by the X-ray structure shown in Fig. 1 (with selected bond lengths

and angles given in Table 2).
of the structure has been expanded, and the phenyl rings of the P(OPh);

ligands omitted, to show more clearly the bridging of the catecholate

ligands and the atom labeling.
coordination set comprised of the two carbonyl groups and the

bidentate O,C,Cl, ligand, with the triphenylphosphite ligand
occupying an axial position. The dimer is then formed by bringing
two of these subunits together such that the second axial site at
each ruthenium is filled by one of the oxygen atoms of the O,C,Cl,
ligand that chelates the other metal atom. The resulting Ru,(u-O),
core is asymmetric, with the axial Ru—-O bonds longer than the
equatorial {e.g. Ru(1)-O(2) = 2.110(1), Ru(1)-0O(2) = 2.218(1)
A}, and with a fold angle of 15.7°. The Ru-O distances within

(a), with hydrogen and chlorine atoms omitted for clarity. In (b) the core

0,CCl, ligand acts as a bridging O-donor, and now confirmed
Fig.1 The molecular structure of [{Ru(CO),{P(OPh); }(n-0-O,C,Cly)},]
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Table 2 Selected bond lengths (A) and angles (°) for [{Ru(CO),-
{P(OPh); }(1-0-0,C(Cly) ]

Ru(1)-P(1) 2.246(1)  Ru(1)-P(1") 2.248(1)
Ru(1)-0(1) 2.0502) Ru(1)-O(1’) 2.047(2)
Ru(1)-0(2) 2.110(1)  Ru(1)-0(2) 2.103(1)
Ru(1)-0(2) 2.221(1)  Ru(1)-0(2) 2.218(1)
Ru(1)-C(26) 1.898(2)  Ru(1')-C(26) 1.910(2)
Ru(1)-C(27) 1.893(2)  Ru(1')-C(27) 1.884(2)
C(26)-0(3) 1.135(2)  C(26)-0(3) 1.136(2)
C(27)-0(4) 1.1332) CQ7)-0(4) 1.133(3)
C(19)-0(1) 1.322(2)  C(19)-O(1") 1.330(2)
C(24)-0(2) 1.366(2)  C(24)-0(2) 1.373(2)
C(19)-C(20) 1.399(3)  C(19')-C(20") 1.397(3)
C(20)-C(21) 1.3953)  C(20)-C(21") 1.401(3)
C(21)-C(22) 1.3933) C(21)-C(22) 1.387(3)
C(22)-C(23) 1.394(3)  C(22)-C(23) 1.403(3)
C(23)-C(24) 1.385(3)  C(23)-C(24) 1.383(3)
C(24)-C(19) 1.4073)  C(24')-C(19) 1.404(3)
OQ)Ru(l)-P(1)  174.44(4)  O@)-Ru(I)-P(l)  168.31(4)
0(2)-Ru(1)-P(1) 95.18(4)  OQ)-Ru(I)-P(I')  88.74(4)
O(1)-Ru(1)-0(2) 79.56(6)  O(I)-Ru(1)-O(2)  80.41(6)
O(1)-Ru(1)-0(2)  88.22(6)  O(I')-Ru(1)-O(2) 87.50(6)
Ru(1)-0Q2)-Ru(l)  99.18(6)  Ru(1)-O(2’)-Ru(l’)  99.31(6)
0(3)-C(26)-Ru(l)  176.02(18) O(3)-C(26)-Ru(l’) 172.11(18)
0(4)-CQ7)-Ru(l) 177.54(18) O®4)-C(27)-Ru(l)  178.4(2)

each ruthenium-—catecholate ring also reflect the fact that one of
the oxygen atoms is involved in an extra interaction {e.g. Ru(1)-
O(1) = 2.050(2), Ru(1)-0(2) = 2.110(1) A}.

The bridging behaviour of one catcholate oxygen atom also
leads to a longer C-O distance within the chelate ring {e.g. C(19)-
O(1) = 1.322(2) vs. C(24)-0O(2) = 1.366(2) A}. However, these C-O
distances (and the C-C distances in the C, rings of the 0-O,C,Cl,
ligands) are similar to those in [{MoO(0-O,C,H,Bu',),},].*
[{M(py),(0-0,CsH,Bu',), }].° [(0-O,C,ClL,)(Ph;P)(OC),Ru(p-
NC)Mn(CO),(PEt;)(dppe)-cis],®  [(0-0,C¢Cly)(Ph;P)(OC),Ru(u-
NC)Re(CO);(0-phen)]” and [Pd(PPh;),(0-0,C.Cl,)]* and are
consistent with the 0-O,C,Cl, ligand acting as a dianionic
catecholate.

The bridging arrangement, and asymmetric catecholate bond-
ing, in [{Ru(CO),{P(OPh);}(u-0-0,C,Cl,)},] is also found
in [{MoO(0-0,CsH,Bu',), },]* and [{M(py);(0-0,CsH,Bu',), 1]
(M = Mn or Fe)® but with one significant difference. Thus, in
these cases the two catecholate rings are coplanar, ie. mutu-
ally trans with respect to the M,(u-O), core whereas those in
[{Ru(CO),{P(OPh); }(n-0-0,C,Cl,)},] are mutually cis.

The synthesis and characterisation of
INEt,][Ru(CN)(CO),L(0-0,C,Cl,)] {L = PPh; or P(OPh);}

The complexes [NEt,]J[Ru(CN)(CO),L(0-O,C,Cl,)] {L = PPh,
[NEt,]*1~ or P(OPh); [NEt,]*2"} were prepared by adding two
equivalents of [NEt,]JCN to [{Ru(CO),L(u-0-0,C¢Cl,)},] {L =
PPh; or P(OPh);} in CH,Cl, and then adding n-hexane to
precipitate the yellow solids. The salts, soluble in solvents such
as MeCN, thf and CH,Cl, but not in less polar solvents such
as toluene, n-hexane and diethyl ether, were characterised by
elemental analysis and IR (Table 1) and NMR spectroscopy.

The IR spectra of 1~ and 2~ show one weak v(CN) band, at ca.
2130cm~', and two (CO) bands, at 2047 and 1983, and at 2065 and
2003 cm™', respectively. The "H NMR spectra are unremarkable,
showing the expected signals for the [NEt,]" counterion and the
phenyl protons of the P-donor ligands. However, the *'P NMR

spectra, showing singlets at 0 19.7 and 113.5 for the PPh; and
P(OPh), ligands of 1 and 2~ respectively, are useful in aiding
the assignment of the spectra of the binuclear species described
below.

The X-ray structure of the anion of [NEt,]*1" is shown in Fig. 2
with selected bond lengths and angles in Table 3. (There are two
essentially identical anions in the asymmetric unit.) The ruthenium
atom is bonded to a cyanide ligand frans to PPh;, two cis carbonyls
and an 0-O,CCl, chelate, in a slightly distorted octahedral geom-
etry {e.g. the angles O(1)-Ru(1)-O(2) and C(26)-Ru(1)-O(1) are
80.96(8) and 173.60(12)° respectively }. The C-O bond distances in
the Ru-chelate ring, averaging 1.32 A, are again consistent with the
0-0,C,Cl, ligand acting as a catecholate (as are the C—-C distances
within the Cg ring). Similar structures have been determined
for [Ru(CO),(PPh;),(0-0,C,Cl,)]* and [Ru(CO),(PPh;),L] (H,L =
7,8-dihydroxy-6-methylcoumarin).'

Fig.2 The structure of the anion [Ru(CN)(CO),(PPh;)(0-0,C,Cly)]” 1.
Hydrogen atoms have been omitted for clarity. The six-membered ring of
the catecholate ligand ring is numbered from C(19) to C(24).

Each of the CVs of [NEt,J*1~ and [NEt,]*2", at a Pt disc
electrode in CH,Cl,, shows two oxidation waves, at 0.44 and 1.52 V
and at 0.51 and 1.67 V, respectively (Table 1). In each case, the
first wave is fully reversible, corresponding to the formation of
the neutral complex [Ru(CN)(CO),L(0-0,C,CL,)] {L = PPh; 1 or
P(OPh), 2}; the second wave is irreversible (the peak potential is
given at a scan rate of 200 mV s™') as a result of the instability
of the monocation [Ru(CN)(CO),L(0-O,C,Cl,)]* {L = PPh; 1* or
P(OPh), 2*}. The potential for the first oxidation of 1~ is similar
to those of the analogous halide anions [RuX(CO),(PPh;)(o-
0,CCL) X =Cl, 043V, X =Br, 042V, X =1,038YV)
but somewhat more negative (by 100-200 mV) than those of
the neutral complexes [Ru(CO),(PPh;)L(0-O,C,Cl,)] {L = PPh,,
0.59 V; L = P(OPh),, 0.68 V}.}

Like the complexes [RuX(CO),(PPh;)(0-0,C,Cl,)]” (X = Cl, Br
or I) and [Ru(CO),(PPh;)L(0-0,CsCl,)] {L = PPh; or P(OPh),},
the cyanide derivatives [NEt,]*1~ and [NEt,]*2" in CH,Cl, react
with a one-electron oxidant, [Fe(n-CsH,COMe)(n-CsH;)][BF,] in
these cases, to give give deep purple solutions of the neutral
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Table 3 Selected bond lengths (A) and angles (°) for [Ru(CN)(CO),-
(PPh;)(0-0,C(CLy)]~ 1~

Ru(1)-0(2) 207720 C(26)-Ru(1)-C(27) 92.69(15)
Ru(1')-O(2) 2.080(2)  C(26') Ru(1')-C(27) 91.70(16)
Ru(1)-O(1) 2.088(2)  C(25)-Ru(1)-P(1) 175.58(10)
Ru(1)-O(1") 2091(2)  C(25)-Ru(l')-P(1") 176.66(11)
Ru(1)-P(1) 2431(1)  O(1)Ru(1)-0(2) 80.96(8)

Ru(1')-P(1") 2417(1)  O(I')-Ru(1)-0(2) 80.24(8)

Ru(1)-C(25) 2.065(4)  C(27)-Ru(1)-O(2) 174.18(13)
Ru(1')C(25)  2.068(4)  C(27)Ru(1)-0OQ) 175.65(13)
Ru(1)-C(27) 1.855(4)  C(26)-Ru(1)-O(1) 173.60(12)
Ru(I)C(27)  1.8704)  C(26)Ru(1)-O(1") 172.19(12)
Ru(1)-C(26) 1.8744)  C(25)-Ru(1)-C(27) 92.74(14)
Ru(1)-C(26)  1.860(4)  C(25)-Ru(1)-C(27) 90.00(14)
C(25)-N(1) L151(4)  C(25)Ru(1)-C(26) 89.39(14)
C(25)-N(1") 1.154(4)  C(25)-Ru(1)-C(26) 90.02(15)
C(19)-0(1) 1.3304)  C(27)-Ru(1)-P(1) 90.06(11)
C(19)-0(1") 1.336(4)  C(Q27) Ru(l')-P(1") 89.48(10)
C(24)-0(2) 1.314(4)  C(26)-Ru(1)-P(1) 93.90(10)
C(24)-0(2) 1.318(4)  C(26)-Ru(l')-P(1") 93.30(11)
C(19)-C(20) 1.388(4)  O(1)-Ru(1)-C(27) 93.60(13)
C(19)-C20)  1.3834)  O(1)-Ru(1')-C(27) 96.11(12)
C(20)-C(21) 1.409(4)  O(2)-Ru(1)-C(26) 92.71(12)
CR0)CQ21)  1.4104)  OQ2) Ru(l)-C(26) 91.95(13)

C(21)-C(22) 1.384(5)
C2I')C(22)  1.386(5)
C(22)-C(23) 1.393(4)
C(22)-C(23)  1.395(4)
C(23)-C(24) 1.392(4)
C23)-C24)  1.391(4)
C(24)-C(19) 1.434(4)
C4)-C(19)  1.422(4)

“ There are two independent molecules in the asymmetric unit. Equivalent
atoms for the second are distinguished from the first by primes.

compounds [Ru(CN)(CO),L(0-0,C,Cl,)] {L = PPh; 1 or P(OPh),
2}. Although these species could not be isolated (unlike their halide
analogues®), they were characterised in solution as semiquinone
derivatives of ruthenium(1r) by IR spectroscopy. Thus, weak v(CN)
bands (at 2138 and 2142 cm™") are accompanied by strong v(CO)
bands, at 2077 and 2023 cm™' and at 2093 and 2043 cm™',
respectively. The relatively small shift in v(CO) [Av(CO)] of ca.
30 cm™', as also observed on oxidation of [RuCl(CO),(PPh;)(o-
0,C(Cly)]" and [Ru(CO),(PPh;),(0-0,C,ClL,)]* for example, is
consistent with catecholate- rather than metal-based oxidation
{cf. the one-electron oxidation of trans-[Mn(CN)(CO)(dppm),]"
to trans-[Mn(CN)(CO)(dppm),]* ¢ for which Av(CO) =74 cm™'}.

Simulation of the well-resolved isotropic ESR spectra
of [Ru(CN)(CO),(PPh;)(0-0,C,Cly)] 1 and [Ru(CN)(CO),-
{P(OPh);}(0-0,C,Cl,)] 2 (Fig. 3) shows not only hyperfine
coupling to the phosphorus atoms {A(*'P) = ca. 20 and 25 G
respectively} but also to two Cl atoms of the semiquinone ligand
(Table 4). Satellites due to ca. 3 G coupling to “Ru and '"'Ru
(I = 5/2) are also observed. The g,, values are close to that of
the uncomplexed semiquinone anion radical (0-O,CsCl,)™ (g;, =
2.0053)."2

The synthesis and characterisation of
INEt,][(0-O,C,CL)L(OC),Ru(p-CN)Ru(CO), L’ (0-0,C,Cl,)]

The bridge-cleavage reactions of the dimers [{Ru(CO),L(u-o-
0,C(Cl,)},] {L = PPh; or P(OPh);} with two equivalents of
the cyanide complexes [NEt,][Ru(CN)(CO),L(0-0,CCL)] {L =
PPh; or P(OPh);} in CH,Cl, gave yellow solutions to which
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4.5 G also simulated.

: 1 doublets unless otherwise stated. ¢ Coupling to two chlorine atoms. ¢ See text for description of multiplicity. 4(**N) = 2.5 G also

weak. 1
simulated. ¢ Coupling to **¥Cl not resolved. /1 : 2 : 1 triplet. ¢ Doublet of doublets. * See Table 8. * See text for description of multiplicity. A('*N)

“ Strong absorptions in CH,Cl, unless otherwise stated; w
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Fig. 3 The ESR spectrum of [Ru(CN)(CO),{P(OPh);}(0-0,CsCL,)] 2
generated by reacting [NEt,]2~ with [Fe(-CsH,COMe)(n-CsH;)][BF,] in
CH,Cl, at 294 K.

n-hexane was added to precipitate the yellow solids [NEt,][(o-
0,C(Cl,)L(OC),Ru(u-CN)Ru(CO),L'(0-0,C,ClL,)] {L = L' =
PPh;, [NEt,]*8"; L = PPh;, L' = P(OPh);, [NEt,]'9; L =L =
P(OPh),, [NEt,]*10-; L = P(OPh);, L' = PPh,, [NEt,]*11"}. The
salts, which include the linkage isomers [NEt,]*9~ and [NEt,]*11",
were characterised by elemental analysis and IR and *'P NMR
spectroscopy (Table 5).

The v(CN) bands of 8 —11~ occur at higher energy than those
of [NEt,J[Ru(CN)(CO),L(0-0,C,Cl,)] {L = PPh; [NEt,]'1" or
P(OPh); [NEt,]*2"}, as expected from the kinematic effect’® of
restricting the CN motion by N-coordination to the second
metal fragment. The two dicarbonyl groups of 10~ give rise,
coincidentally, to only two broad »(CO) bands, at 2075 and
2016 cm™'; the remaining three anions, 8, 9~ and 11~ each
show four bands. For 9~ the bands at 2074 and 2014 cm™'
can be unambiguously assigned to the Ru(CO),{P(OPh);} group
and those at 2055 and 1995 cm™' to the Ru(CO),(PPh;) group.
(A similar assignment can be made for 117.) The IR carbonyl
spectrum of 8 is less easily assigned. However, the bands at
2050 and 1986 cm™' are assigned to the C-bound Ru(CO),
group by comparison with those of [NEt,][Ru(CN)(CO),(PPh;)(o-
0,C(Cl,)] [NEt,]*1~ (2047 and 1983 cm™'), and the bands at 2058
and 1995 cm™' are assigned to the N-bound Ru(CO), group by
comparison with those of [Ru(CO),(NCMe)(PPh;)(0-O,C,Cl,)]
(2056 and 1992 cm™'). Notably there is very little difference
between the carbonyl spectra of the linkage isomers 9~ and 11-.

Each of the *'P NMR spectra of 811~ shows two doublets (J
ca. 10-20 Hz) due to phosphorus—phosphorus coupling through
the P-Ru-CN-Ru-P skeleton. For 8 the signal at J 20.4 is
assigned to the PPh; ligand of the C-bound ruthenium fragment
{¢f. [NEt,JJRu(CN)(CO),(PPh;)(0-0,C,Cl,)] [NEt,J1-, 6 19.7}
while that at § 36.9 is assigned to PPh; of the N-bound ruthenium
group. The spectrum of [NEt,]*10~ shows one signal at 6 110.5
assigned to the P(OPh);-bound NC-Ru group and another at ¢
114.3 assigned to P(OPh); of the N-bound ruthenium fragment.
Replacing the PPh; of the N-bound ruthenium fragment of
[NEt,]*8 with P(OPh),, to give [NEt,]*9", results in signals at
0 20.4 and 114.6, the latter due to the phosphite ligand. The
linkage isomer [NEt,]*11~ is therefore readily distinguished from
[NEt,]*9~ by *'P NMR spectroscopy (but not by the IR carbonyl
spectrum, as noted above) since it shows signals at ¢ 37.1 and
110.9.

Table 5 Analytical and IR and *'P NMR spectroscopic data for [NEt,][(0-O,C,Cl,)L(OC),Ru(u-CN)Ru(CO), L' (0-0,C,Cl,)]
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Table 6 Selected bond lengths (A) and angles (°) for [(0-O,C,Cl,)(Ph;P)(OC),Ru(u-CN)Ru(CO),(PPh;)(0-O,C¢Cl,)] 8 and [(0-O,C.Cly)-

(Ph,P)(OC),Ru(-CN)Ru(CO), (PPh,)(0-0,C;CL)]" 8

8 8 8 8
C(25)-N(1) 1.127(7) 1.132(4) C(26)-Ru(1)-P(1) 94.67(18) 95.61(10)
C(25)Ru(l) 2.087(8) 2.114(3) C(7)-Ru(1)-P(1) 87.41(19) 88.74(10)
P(1)-Ru(1) 2.385(2) 2.365(1) C(25)-Ru(1)-P(1) 173.53(15) 175.57(8)
C(26)-Ru(1) 1.878(7) 1.886(4) O(1)-Ru(1)-0O(2) 80.24(16) 81.12(8)
C(27)Ru(l) 1.867(7) 1.889(3) C(26)-Ru(1)-0(1) 174.3(2) 172.15(12)
O(1)-Ru(1) 2.073(4) 2.071(2) C(27)-Ru(1)-0(2) 176.8(2) 177.76(11)
0(2)-Ru(1) 2.078(4) 2.070(2) C(26)-Ru(1)-0(2) 94.7(2) 91.15(12)
P(1')-Ru(1") 2.393(2) 2.361(8) C7)-Ru(1)-0(1) 96.5(2) 97.95(12)
C(26))-Ru(1’) 1.888(7) 1.887(3) P(1)-Ru(1)-O(1) 88.21(12) 86.25(6)
C(27)-Ru(l’) 1.893(7) 1.884(3) P(1)-Ru(1)-O(2) 92.65(12) 93.22(6)
O(1")Ru(1") 2.072(4) 2.074(2) C(26)Ru(1)-C(27) 88.5(3) 89.73(14)
0(2)-Ru(l) 2.088(4) 2.067(2) C(26))-Ru(1'-P(1") 93.59(19) 90.90(10)
N()-Ru(1") 2.083(8) 2.129(3) C(27)-Ru(1)-P(1") 91.93(19) 93.80(10)
C(19)-0(1) 1.334(7) 1.326(4) N(1)-Ru(1')-P(1") 171.05(16) 177.64(8)
C(24)-0(2) 1.311(7) 1.325(4) O(I')-Ru(1)-0(2) 79.24(15) 80.61(8)
C(19)-0(1") 1.293(7) 1.324(4) C(26')-Ru(1")-0(1") 174.9(2) 174.35(11)
C(24)-0(2) 1.296(7) 1.328(4) C(27)-Ru(1)-0(2)) 173.6(2) 174.02(11)
C(19)-C(20) 1.397(8) 1.395(4) C(26)-Ru(1')-0(2)) 95.7(2) 94.61(11)
C(20)-C(21) 1.372(9) 1.401(4) C(27)-Ru(l')-O(1") 95.4(2) 93.45(11)
C(21)-C(22) 1.392(9) 1.387(5) P(1')-Ru(1")-O(1") 85.91(12) 91.85(6)
C(22)-C(23) 1.391(8) 1.392(5) P(1')-Ru(I')-O(2) 91.16(12) 87.09(6)
C(23)-C(24) 1.416(8) 1.392(4) C(26)-Ru(1’)-CQ27) 89.7(3) 91.29(14)
C(19)-C(24) 1.428(8) 1.419(5) Ru(1)-C(25)-N(1) 172.0(5) 164.1(3)
C(19)-C(20) 1.406(8) 1.389(4) C(25)-N()-Ru(1") 169.6(5) 156.3(3)
C(20)-C(21") 1.366(9) 1.402(4)

C(21)-C(22) 1.439(9) 1.385(5)

C(22)-C(23) 1.361(8) 1.397(4)

C(23)-C(24) 1.404(8) 1.390(4)

C(19)-C(24) 1.455(8) 1.426(4)

The X-ray structure of the anion of [NEt,][(0-O,C,Cl,)-
(Ph;P)(OC),Ru(u-CN)Ru(CO),(PPh;)(0-0,C,Cl,)] [NEt,]*'8 is
shown in Fig. 4(a) and selected bond lengths and angles are
given in Table 6. Crystallographic refinement revealed that the
bridging cyanide unit is disordered equally over the two possible
orientations.

The geometry at both ruthenium centres of 8 is approxi-
mately octahedral. Each metal is bonded to two cis CO lig-
ands trans to a chelating 0-O,C,Cl, ligand, to a PPh; lig-
and and to a bridging cyanide. The cyanide bridge is bent;
the two angles of the Ru—-C-N-Ru skeleton are 164.1(3) and
156.3(3)°, smaller than found in [(0-O,C,Cl,)(Ph;P)(OC),Ru(u-
NC)Mn(CO),(PEt;)(dppe)-cis] {Mn-C-N = 174.8(5) and Ru-N-
C = 171.4(4)°}.* The C-C distances in the 0-O,C,Cl, ligands
and the C-O distances (1.32-1.33 A) in the metal—chelate rings
are similar to those of [NEt,][Ru(CN)(CO),(PPh;)(0-0,C,Cl,)]
[NEt,]1, again consistent with the presence of catecholate ligands.
The bending at the bridging cyanide ligand is such that although
the two catecholate ligands lic on the same side of the molecule
they are bent away from each other (the angle between their mean
planes is 45°); the [NEt,]* cation {not shown in Fig. 4(a)} lies in
the space between them.

The CVs of 8 —11- (Table 7) show two reversible oxidation
waves (cf. the irreversibility of the second oxidation wave of
the mononuclear cyanide complexes 1~ and 27) in the ranges
0.42-0.52 and 0.60-0.70 V, corresponding to the sequential
formation of the neutral complexes [(0-O,C,Cl,)L(OC),Ru(u-
CN)Ru(CO),L'(0-0,CCl,)] {L = L' = PPh; 8; L = PPh;, L' =
P(OPh); 9; L = L' = P(OPh); 10; L = P(OPh);, L' = PPh;

Table 7 Electrochemical data for the oxidation of [NEt][(o-
0,C,Cl,)L(OC),Ru(u-CN)Ru(CO),L (0-0,CsCl,)[

E,/“/V
Complex L L z=—-1->0 z=0— +1
[NEt,]8~ PPh, PPh, 0.42 0.60
[NEt,]9~ PPh; P(OPh), 0.44 0.68
[NEt,]10- P(OPh), P(OPh), 0.52 0.70
[NEt,]11~ P(OPh), PPh; 0.44 0.68

“Potentials calibrated vs. the [Fe(n-CsMes),]*/[Fe(n-CsMes),] couple (at
—0.08 V).

11} and the cations [(0-O,CCl,)L(OC),Ru(n-CN)Ru(CO),L (o-
0,CClL)]"* {L = L' = PPh; 8 L = PPh;,, L' = P(OPh),
9*; L = L' = P(OPh); 10*; L = P(OPh),, L' = PPh; 11*}. The
small separation, ca. 200 mV, between the two oxidation waves
compares with the much larger separation of ca. 1.1 V for the
mononuclear anions [Ru(CN)(CO),(PPh;)(0-O,C4Cl,)]” 1~ and
[Ru(CN)(CO),{P(OPh); }(0-O,CsCL)]" 2~ and is therefore more
consistent with sequential oxidation of each of the two catecholate
ligands to semiquinones rather than formation of a quinone ligand
by overall two-electron oxidation at one Ru(CO),(0-O,C,ClL,)
centre.

The site of first oxidation of 811~ (i.e. at the N- or C-bound
end of the cyanide bridge) can be tentatively assigned on the
basis of the relative dependence of the two oxidation potentials
on L and L, coupled with the assignment of first oxidation at the
C-bound centre of 8 from the X-ray structural determination of
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Fig. 4 The structures of (a) the anion 8, and (b) the neutral molecule
8. Hydrogen atoms have been omitted for clarity. The structure of 8~ has
the CN bridge equally divided between the two orientations. The cyanide
bridge in 8 is shown in the major orientation (65%); the C and N atom
positions are reversed in the remaining 35%. In both cases the two ends
of the molecule are crystallographically independent; the carbon atoms of
the six-membered rings of the O,C,Cl, ligands are numbered from C(19)
to C(24) and from C(19') to C(24).

8 (see below). First, 10~, with L = L' = P(OPh);, is reasonably
assumed also to oxidise first at the C-bound centre as its two
oxidation waves (at 0.52 and 0.70 V) are both shifted to more
positive potentials, by ca. 100 mV, from those of [NEt,]*8"
(with L = L' = PPh;); a similar shift occurs when the PPh,
ligand of 1" is replaced by P(OPh); to give 27. Next, when L' =
PPh; is replaced in 8~ by P(OPh);, to give 97, the first oxidation
potential is virtually unchanged, again consistent with oxidation
at the C-bound centre. However, when L = PPh; is replaced in
8 by P(OPh);, to give 11-, the invariance of the first oxidation
potential suggests that the site of oxidation also changes; in this
case, uniquely among the four binuclear anions, oxidation occurs
first at the N-bound centre. {The same deduction results from a
consideration of the 80 mV negative shift in the first potential
when L' = P(OPh); in 10~ is replaced by PPh; to give 11°.}
Overall, however, the dependence of oxidation potential on L, L’
and the cyanide bridge orientation in [(0-O,C,Cl,)L(OC),Ru(u-
CN)Ru(CO),L'(0-0,C(Cl,)]” does not allow a distinction to be
made between the linkage isomers 9~ and 11, which have identical
first and second oxidation potentials.

The synthesis and characterisation of
[(0-0,C,ClL,)L(OC),Ru(p-CN)Ru(CO), L' (0-0,C,Cl,)] and
[(0-0,C¢CL)L(OC),Ru(p-CN)Ru(CO), L’ (0-0,C,Cl,)][BF,]

Unlike the mononuclear cyanide complexes [NEt,]JRu(CN)(CO),-
L(0-0,C¢Cl,)] {L = PPh; [NEt,]*1~ or P(OPh), [NEt,]*2" }, where
only the first oxidation occurs at chemically accessible potentials,
the electrochemical data for 8 —11~ suggested that both the neutral
complexes [(0-O,C¢Cl,)L(OC),Ru(u-CN)Ru(CO),L'(0-0,C,Cl,)]
and the monocations [(0-O,C,Cl,)L(OC),Ru(u-CN)Ru(CO), L/ (o-
0,C,Cl,)]* might be isolable.

Accordingly, the purple salts [(0-O,C(Cl,)L(OC),Ru(u-
CN)Ru(CO),L'(0-0,C,Cl)][BF,] {L = L' = PPh; 8[BF,] ; L =
PPh;, L' = P(OPh); 9*[BF,]"; L = L' = P(OPh); 10°[BF,]; L =
P(OPh);, L' = PPh; 11*[BF,]"} were prepared in good yields
by reacting [NEt][(0-O,CsCl,)L(OC),Ru(u-CN)Ru(CO),L (o-
0,C(Cl,)] {L = L' = PPh; or P(OPh);} with two equivalents of
[Fe(n-CsH,COMe)(n-CsH;)][BF,] in CH,Cl,.

The neutral complexes [(0-O,C(Cl,)L(OC),Ru(u-CN)Ru-
(CO),L'(0-0,C4Cly)] {L = L' = PPh; 8 or P(OPh); 10}
were similarly prepared, as red solids, by reacting [NEt,][(o-
0,CCl,)L(OC),Ru(u-CN)Ru(CO),L'(0-0,C,Cly)] {L = L' =
PPh; [NE,]*8"; L = L' = P(OPh), [NEt,]*10" } with one equiva-
lent of [Fe(n-CsH,COMe)(n-C;sH;)][BF,]. However, the analogous
complexes [(0-O,C,Cl,)L(OC),Ru(u-CN)Ru(CO),L'(0-0O,C,Cl,)]
{L = PPh;, L' = P(OPh); 9; L = P(OPh);, L' = PPh; 11} were
better prepared by the comproportionation reactions of [NEt,]*9~
or [NEt,]*11~ with 9*[BF,]~ or 11*[BF,]".

Complexes 8-11 (soluble in solvents such as CH,Cl,, diethyl
ether and toluene but not in n-hexane) and 8*[BF,]"-11*[BF,]~
were characterised by elemental analysis, IR spectroscopy
(Table 8), cyclic voltammetry (which showed two waves, one
oxidation and one reduction for the neutral species, and two
reductions for the cations, at potentials identical to those for the
corresponding anions), ESR spectroscopy and, for 8 and 9 (but
see below), by X-ray crystallography.

The IR spectra of 8 and 10 each show four carbonyl bands,
two of which are shifted to higher energy (by ca. 20-30 cm™,
as found for the oxidation of [Ru(CN)(CO),L(0-O,C(ClL,)]" to
[Ru(CN)(CO),L(0-0,CCl,)]) by comparison with those of the
anions 8~ and 10~ while the other two are shifted to higher energy
by only ca. 5 cm™. Thus, one catecholate ligand is oxidised to
a semiquinone. Similar behaviour was observed on oxidation of
9~ and 11- although the shifts to higher energy result in the
observation of only two broad carbonyl bands for 9 and 11.
On further oxidation, similar shifts on formation of the second
Ru(CO),(semiquinone) fragment result in coincident bands for
each of 8 and 10* but a set of four resolved bands for 9* and 11*.
The IR spectral changes observed on stepwise oxidation of 8~ to
8 and 8" are shown in Fig. 5

On oxidation of 8~ and 10~ the cyanide band shifts to higher
energy by ca. 30 cm™' (¢f. 10 cm™! for the mononuclear anions)
but on formation of 8" and 10* this band shifts to lower energy,
by ca. 4 cm™'. Such shifts are consistent with sequential oxidation
at the C-bound and N-bound Ru(CO),(0-0,C,Cl,) fragments, as
deduced above for 8, 9- and 10~. (Unfortunately, the cyanide
bands of 9 and 11 were not detected so that first oxidation at the N-
bound Ru(CO),(0-0,CCl,) group of 11~ could not be confirmed.)
Similar shifts, of —15 and 31 cm™' respectively, are observed for
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Table 8 Analytical and IR spectroscopic data for [(0-O,CCl)L(OC),Ru(u-CN)Ru(CO),L'(0-0,CsCl,)] and [(0-O,C(Cl,)L(OC),Ru(u-

CN)RU(CO), L (0-0,CCl,)][BF,]

Analysis* (%) IR?/cm™!
Complex L L Colour  Yield (%) C H N W(CN) w(CO)
8 PPh, PPh; Red 51 45.7(459) 27(24) 1.0(1.00 2187w 2080, 2053, 2028, 1990
94 PPh, P(OPh); Red 72 46.1 (46.0) 2.5(2.6) 09(1.0)0 — 2082vs, 2028ms
10 P(OPh); P(OPh); Red 71 432(43.4) 2.1(2.1) 1.2(1.0) 2185w 2099, 2072, 2050, 2013
11 P(OPh);  PPh, Red 85 45.1(449) 21(22) 1.0(1.00 — 2082vs, 2029ms
8*[BF,] ¢ PPh, PPh, Purple 68 459(459) 24(2.3) 1.0(1.0) 2183w  2087,2035
9*[BF,]~ ¢ PPh, P(OPh); Purple 82 43.4(43.4) 29(2.5 1.5(0.9) 2184w 2104, 2085, 2054, 2034
10*[BF,]~ P(OPh); P(OPh); Purple 66 41.1(409) 2.1(2.0) 1.0(0.9) 2187w  2105,2055
117[BF,]"¢  P(OPh); PPh; Purple 62 43.6(43.4) 2.6(2.5 1.3(0.9) 2184w 2104, 2086, 2054, 2034

@ Calculated values in parentheses. * Strong (s) absorptions in CH,Cl, unless otherwise stated; w = weak, m = medium, vs = very strong. ¢ Calculated as
a1 :2 CH,CI, solvate. “ Calculated as a 2 : 1 n-hexane solvate. ¢ Calculated as a 2 : 1 CH,Cl, solvate.

@

(b)

©

2200 2150 2100 2050 2000 1950 1900

v/icm™

Fig.5 IR spectra of [(0-0,C,Cl,)(Ph,P)(OC),Ru(u-CN)Ru(CO),(PPh;)-
(0-0,CCL)f (a) z=—1,87;(b) z=0,8;(c) z =1, 8".

[(0-0,C4Cl,)L(OC),Ru(n-NC)Mn(CO),{P(OPh); } (dppm)- trans]
and [(0-O,C,ClL)L(OC),Ru(u-NC)Mn(CO)(dppm),] when oxi-
dised at the N-bound and C-bound redox centres.®

The ESR spectra of 8-11, in CH,Cl, at 294 K (Table 4), are
similar to those of 1 and 2 in showing hyperfine coupling to
the phosphorus atoms of PPh; or P(OPh); and satellites due to
coupling to *Ru and ""'Ru. (Coupling to the ring chlorine atoms
was not fully resolved though the line widths of the spectra of 9
and 11 were better simulated with the inclusion of small couplings
to two such atoms—as observed for 1 and 2). However, there
is a marked difference between the spectrum of 11 and those
of 8-10. First, AC'P) is much smaller (6.7 vs. ca. 14.0-17.0 G).
Second, simulation of the spectrum of 11 revealed, uniquely,
coupling to the nitrogen atom of the cyanide bridge {A("*N) =
4.5 G}. Thus, in agreement with the tentative assignment based
on CV studies, complex 11~ is oxidised first at the N-bound
Ru(CO),(0-0,C(Cl,) fragment. [It is noteworthy that the ESR
spectrum of [Ru(CO),(NCMe)(PPh;)(0-0,C,Cl,)]* (Table 4) also
shows coupling to nitrogen {A(*N) = 2.5 G} as well as a
much smaller value of 4('P), 5.0 G, compared with those of

[Ru(CO),L(PPh,)(0-0,C,CL)]* {L = PPh, or P(OPh),} (i.c. ca.
25.0G).]

The cations 8*—11%, containing two semiquinone ligands, show
only ill-defined ESR spectra.

The molecular structures of [(0-O,CsCl,)(Ph;P)(OC),Ru(p-
CN)Ru(CO),(PPh;)(0-0,C;Cl,)] 8 and [(0-O,C,CL,)(Ph;P)-
(OC),Ru(p-CN)Ru(CO),{P(OPh); }(0-0,C,CL)] 9A

In order to define unequivocally the site of first oxidation in
the binuclear anions [(0-O,C,Cl,)L(OC),Ru(u-CN)Ru(CO),L (o-
0,C(Cl,)]” attempts were made to grow crystals of 8 and 9.
The structure of 8 has been determined successfully but single
crystals obtained from 9 were found to be of an isomer, i.e. 9A,
with an unprecedented arrangement of the ligands in the (u-
CN)Ru(CO),{P(OPh);}(0-0,C,Cl,) unit.

The molecular structures of 8 and 9A are shown in Fig. 4(b) and
Fig. 6 respectively with selected bond lengths and angles given in
Tables 6 (for 8) and 9 (for 9A). In 8, as in 8-, each approximately
octahedral ruthenium centre is bonded to two cis CO ligands, a
chelating 0-O,CCl, ligand and a PPh; ligand frans to the cyanide
bridge. However, in contrast to 87, the bond lengths in the two
0-0,C,Cl, ligands of 8 are significantly different.

Fig.6 The molecular structure of 9A. Hydrogen atoms have been omitted
for clarity. The carbon atoms of the six-membered rings of the two O,C,Cl,
ligands are numbered from C(19) to C(24) and from C(28) to C(33).
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Table9 Selected bond lengths (A) and angles (°) for [(o-
0,C,CL,)(Ph;P)(OC),Ru(u-CN)Ru(CO),{P(OPh); }(0-O,C,Cl,)] 9A

C(25)N(1) 1.147(12)  C(25)-Ru(1)-P(1) 177.4(3)
C(25) Ru(l)  2.050(11)  C(27)-Ru(1)-P(1) 94.1(3)
P(1)-Ru(1) 2.430(3) C(26)-Ru(1)-P(1) 89.5(3)
P(2) Ru(2) 2.271(3) O(1)-Ru(1)-0(2) 78.4(3)
C(26) Ru(1) 1.901(11)  C(26)-Ru(1)-O(1) 174.0(4)
C(27)-Ru(1) 1.878(11)  C(27)-Ru(1)-0(2) 174.0(4)
O(1)-Ru(1) 2.091(7) C(26) Ru(1)-0(2) 95.9(4)
0(2)-Ru(1) 2.096(7) C(27)-Ru(1)-0(1) 95.6(4)
C(52)-Ru(2) 1.872(12)  P(1)-Ru(1)-O(1) 92.09(19)
C(53) Ru(2) 1.885(13)  P(1)-Ru(1)-O(2) 86.49(19)
0O(5)-Ru(2) 2.055(8) C(26)-Ru(1)-C(27) 90.1(5)
0(6)-Ru(2) 2.082(7) N(1)-Ru(2)-P(2) 89.6(2)
N(1)-Ru(2) 2.102(9) C(53) Ru(2) P(2) 90.1(4)
C(19)-0(1) 1.312(12)  C(52)-Ru(2)-P(2) 93.0(3)
C(24)-0(2) 1.296(12)  O(5)-Ru(2)-0(6) 81.6(3)
C(28)-0(5) 1.356(13)  C(52)-Ru(2)-O(5) 171.7(3)
C(33)-0(6) 1.323(13)  C(52)-Ru(2)-0(6) 90.2(4)
C(19)-C(20) 1.403(15)  C(53)-Ru(2)-0O(5) 90.1(4)
C(20)-C(21) 1.356(15)  C(53) Ru(2) O(6) 94.4(4)
C21)-C(22) 1.451(12)  P(2)-Ru(2)-O(5) 95.1(2)
C(22)-C(23) 1.370(15)  P(2)Ru(2)-O(6) 174.42)
C(23)-C(24) 1.421(14)  C(52)-Ru(2)-C(53) 91.9(5)
C(19)-C(24) 1.461(11)

Although crystallographic refinement indicated orientational
disorder of the cyanide bridge in a 65(7) : 35(7) ratio, the
structural parameters associated with the two Ru(CO),(PPh;)(o-
0,C(Cl,) fragments are well enough defined to allow a dis-
tinction between catecholate and semiquinone forms of the
chelating ligands. Thus, the C-O bond distances {C(19')—
0O(1) = 1.293(7) and C(24)-0O(2) = 1.296(7) A} of the o-
0,C(Cl, ligand at the (majority) C-bound end of the cyanide
bridge in 8 are consistent with a semiquinone {c¢/ the
similar values of [Ru(CO),(PPh;),(0-0,C¢Cl,)]*,* [Ru(CO),(o-
0,C(Cl,),],"* [RuCl,(PPh;),(0-0,CsH;C1)]"* and [Ru(CO)(trpy){ o-
0,C¢H,Bu', }]* (trpy = 2,2":6,2"-terpyridine)'¢ }. Furthermore, the
C(20)-C(21") and C(22)-C(23) bond lengths of 1.366(9) and
1.361(8) A are shorter than the other ring C-C bond lengths {all
greater than 1.40 A} and in the range expected for a semiquinone."”

By contrast, the C-O bond distances of the 0-O,C,Cl, ligand
of the (majority) N-bound Ru(CO),(PPh;)(0-0,C,Cl,) fragment
{C(19)-O(1) = 1.334(7) and C(24)-O(2) = 1.311(7) A} are similar
to the values found for catecholate complexes such as [NEt,]*1",
[NEt,]*87, [(0-O,CsCl,)(Ph;P)(OC),Ru(u-NC)Mn(CO),(PEt;)-
(dppe)-cisl® and [(0-O,C4CL,)(Ph;P)(OC),Ru(u-NC)Re(CO);(0-
phen)].” Thus, one can deduce that [NEt,]*8 is first oxidised at
the C-bound ruthenium fragment (assuming that the disposition
of the catecholate and semiquinone fragments reflects the
predominant component of the disordered cyanide bridge).

Unlike in the structure of 8-, the bend in the cyanide bridge
serves to move the two mutually cis O,C,Cl, ligands towards each
other; the distance between the C, ring centroids is 3.74 A, and the
angle between their mean planes is 12.6°. There also appears to
be a m-interaction between each O,C,Cl, ligand and a phenyl ring
from an adjacent triphenylphosphine ligand (centroid-centroid
ring distances 3.44 and 3.69 A, with the angles between the rings
11.8 and 23.1°). Moreover, the interaction seems to be stronger
between the semiquinone form of the O,C(Cl, ligand and its
adjacent phenyl ring; i.e. the centroid—centroid ring distance is
3.44 A and the two rings are more parallel.

The structure of 9A is similar to that of 8 in that each ruthenium
atom is bound, in a slightly distorted octahedral environment,
to two carbonyl ligands, two oxygen atoms of the 0-O,C,Cl,
ligand, the phosphorus atom of PPh; or P(OPh);, and the cyanide
bridge. As in 8, the bond lengths in the two 0-O,C,Cl, ligands
are different; the C-O bond distances of the 0-O,C,Cl, ligand at
the C-bound end of the cyanide bridge {C(19)-O(1) = 1.312(12),
C(24)-0(2) = 1.296(12) A} and at the N-bound end {C(28)-
0(5) = 1.356(13), C(33)-0(6) = 1.323(13) A} are consistent with
a semiquinone and a catecholate respectively (i.e. the oxidised o-
0,C,Cl, ligand is at the C-bound ruthenium fragment). However,
the structure of 9A is highly unusual in that the P(OPh); ligand at
the N-bound Ru(CO),{P(OPh),}(0-0,C(Cl,) fragment is cis to
the cyanide bridge, and therefore different from all other related
complexes in which the P-donor ligand is frans to the cyanide,
iie. as in [NEt][Ru(CN)(CO),(PPh;)(0-O,CCl,)] [NEt,]"1°,
[(0-0,C4CL)(Ph;P)(OC),Ru(n-NC)Mn(CO),(PEL; )(dppe)-cis],®
[(0-O,CCl,)(Ph;P)(OC),Ru(u-NC)Re(CO);(0-phen)],” [NEt,]*8~
and 8.

Interestingly, the same type of inter-ring interaction is observed
as described for 8 above. Thus, although there is no such stacking
possible between the catecholate ring and a phenyl group of the
P(OPh); ligand (because of the isomerisation noted above), the
semiquinone ligand and one phenyl ring of the PPh; ligand are
canted towards each other; the centroid—centroid ring distance,
d,is 3.34 A, and the angle, a, between the two rings is 5.6°. Such
interactions are also observed in [Ru(CO),(PPh;),(0-O,C,Cl,)]*,
where the axial P-Ru-P core is slightly bent so that one
phenyl ring of each of the two phosphines interacts with the
semiquinone (the P-Ru-P axis is bent in the opposite sense in the
neutral catecholate complex [Ru(CO),(PPh;),(0-O,CCl,)])’°
and in [Rh(0-O,C,CL)(PPh,)Tp1*{Tp’ = hydrotris(3,5-
dimethylpyrazolyl)borate; d = 3.26 A, a = 7.8°}; the neutral
complex [Rh(0-0,C,Cl,)(PPh;)Tp’] shows no such interaction.'
Moreover, similar interactions in the crystal structure of [Cr(o-
0,CCl,);]-0.5C4H,-CS, result in almost perfect stacking of the
benzene ring between two semiquinone rings of two different
[Cr(0-0,C,Cl,);] molecules (d = 3.50 A, a = 5.0°).”

Isomerisation involving movement of the P(OPh); ligand from a
position cis to both oxygen atoms of 0-O,C,Cl, (asin 97) to trans to
one of them could occur at any one of several steps in the formation
of 9A. In the dimer [{Ru(CO),{P(OPh); }(n-0-0,C(Cl,)},], the cis-
(CO), ligands are rrans to the oxygen atoms of the catecholate
ligand so bridge-cleavage with [NEt,]*1~ should give the product
with N-bound cyanide trans to P(OPh),. The *'P NMR spectrum
of [NEt,]"9~ (see above) shows that only one isomer is formed
and as the chemical shift for the phosphorus atom of the PPh,
ligand is the same for 8 and 97, as is Jyp, it seems likely that
the same isomer, i.e. with a trans-P-Ru-CN-Ru-P skeleton, is
formed. {One might expect the chemical shift of PPh;, and Jyp,
to differ in the skeleton trans-(OC)-Ru—CN-Ru-PPh; found in
9A.} Thus, isomerisation during the bridge-cleavage reaction with
[{Ru(CO),{P(OPh); }(n-0-0,C,Cl,)},] to form 9~ seems unlikely.

It is noteworthy that an IR spectro-electrochemical study of the
stepwise one-electron oxidation of 9~ to 9 and then subsequent
stepwise reduction, showed 9 and 9~ to be reversibly regenerated,
i.e. isomerisation does not occur on the timescale of electrolysis
(ca. 30 min). It therefore seems most likely that isomerisation
of 9 (with the same structure as 8) to 9A, the structurally
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characterised complex, occurred over the three weeks required
for crystallisation.

Conclusions

The complexes [NEt,][(0-O,C(Cl,)L(OC),Ru(u-CN)Ru(CO),-
L'(0-0,C,Cl,)] {L or L' = PPh; or P(OPh),} undergo two sequen-
tial one-electron oxidations at the catecholate ligands to give
the isolable neutral [(0-O,C,Cl,)L(OC),Ru(u-CN)Ru(CO),L'(o-
0,C,Cl,)] and cationic [(0-O,C¢Cl,)L(OC),Ru(u-CN)Ru(CO),-
L'(0-0,C,Cl,)]" complexes, containing one and two semiquinone
ligands respectively. The order of oxidation of the two centres
depends on L, L' and the orientation of the cyanide bridge
with the linkage isomers [(0-O,C,Cl,)(Ph;P)(OC),Ru(u-CN)-
Ru(CO), {P(OPh),}(0-0,C,CL)]" and [(0-0;C,Cl,){(PhO):P}-
(OC),Ru(u-CN)Ru(CO),(PPh;)(0-0,C¢Cl,)]” oxidised at the C-
and N-bonded Ru(CO),(PPh;)(0-O,C,Cl,) units respectively.
Structural studies on [(0-O,C,Cl,)(Ph;P)(OC),Ru(u-CN)-
Ru(CO),(PPh;)(0-0,C,Cl,)] confirm oxidation at the C-bound
Ru(CO),(0-0,CCl,) fragment whereas the ESR spectrum of [(o-
0,C,CL){(PhO);P}(OC),Ru(u-CN)Ru(CO),(PPh;)(0-0,C,CL,)]

is consistent with an N-bound Ru(CO),(0-0,C¢Cl,) semiquinone
fragment. A structural study of [(0-O,C,Cl,)(Ph;P)(OC),Ru(u-
CN)Ru(CO),{P(OPh); }(0-0,C4Cl,)], while showing oxidation
of C-bound Ru(CO),(0-0,C,Cl,), also revealed unprecedented
migration of P(OPh); to a position cis to the cyanide bridge
(contrasting with the normal frans P-donor arrangement in
[(0-0,CsCL)(Ph;P)(OC),Ru(p-CN)Ru(CO),(PPhs)(0-0,Cs Cly)]).

Experimental

The preparation, purification and reactions of the complexes
described were carried out under an atmosphere of dry nitro-
gen using deoxygenated solvents purified by using Anhydrous
Engineering double alumina or alumina-copper catalyst drying
columns. Reactions were monitored by IR spectroscopy. Unless
stated otherwise, complexes were (i) purified by dissolving the
impure solid in CH,Cl,, filtering the resulting solution, treating
the filtrate with n-hexane, and reducing the volume of the mixture
in vacuo to induce precipitation, and (ii) are air-stable solids which
dissolve in polar solvents such as CH,Cl, or thf to give moderately
air-stable solutions.

The compounds, [{Ru(CO),(PPh;)(u-0-0,C4CL)},]* and [Fe(n-
C;H,COMe)(n-CsH;)][BF,]** were prepared by published meth-
ods. The compounds [NEt]JCN and tetrachlorobenzene-o-
quinone (o-chloranil) were purchased from Aldrich and Lancaster
Chemicals respectively.

IR spectra were recorded on a Perkin Elmer Spectrum One
FT spectrometer fitted with a Perkin Elmer ZnSe universal ATR
sampling accessory; NMR spectra were recorded on a JEOL 300
spectrometer. X-Band ESR spectra were recorded on a Bruker
ESP300E spectrometer equipped with a Hewlett-Packard 5350B
microwave frequency counter. The field calibration was checked
by measuring the resonance of the diphenylpicrylhydrazyl (dpph)
radical before each series of spectra. Spectra were simulated using
the Bruker Simfonia programme.

Cyclic voltammetry was carried out using an EG & G Model
273 A potentiostat linked to a computer using EG & G Model 270
Research Electrochemistry software in conjunction with a three-

electrode cell. The auxiliary electrode was a platinum wire and
the working electrode a platinum disc (1.6 mm diameter). The
reference electrode was an aqueous saturated calomel electrode
separated from the test solution by a fine porosity frit and an
agar bridge saturated with KCI. Solutions, in CH,Cl,, were 1.0 x
107 mol dm™ in the compound and 0.1 mol dm in [NBu",][PF]
as the supporting electrolyte. Under these conditions, E, for
the one-electron oxidation of [Fe(n-CsH,COMe)(n-CsHs)], [Fe(n-
C;H;),] or [Fe(n-CsMes),], added to the test solutions as internal
calibrants, is 0.74, 0.47 and —0.08 V respectively.

Microanalyses were carried out by the staff of the Microanalyt-
ical Service of the School of Chemistry, University of Bristol.

Syntheses

[Ru(CO),{P(OPh);}(n-C,H;Me,)]. A mixture of [Ru;(CO),,]
(2.0 g, 3.13 mmol) and 2,3-dimethylbuta-1,3-diene (5 cm?,
9.5 mmol) in n-heptane (100 cm?®) was heated under reflux for
23 h. The colourless solution was cooled to room temperature,
P(OPh); (3.7 cm?, 7.63 mmol) was added and then the mixture was
heated under reflux for 6 d. The yellow solution was evaporated to
dryness in vacuo and the yellow residue dissolved in the minimum
volume of CH,Cl, (ca. 5 cm?) and placed on an alumina-n-hexane
chromatography column. Elution with n-hexane gave a small
amount of [Ru(CO);(n-C,H,Me,)]; elution with n-hexane—diethyl
ether (20 : 1) gave a colourless solution of [Ru(CO),{P(OPh); }(n-
C,H,Me,)] which was evaporated to dryness in vacuo. Purification
gave the product as a white solid, yield 1.63 g (32%). 'H NMR
(CD,CL,): 6 7.0-7.3 {m, 15H, P(OPh);}, 2.58 (m, 4H, C,H ,Me,),
1.54 (s, 6H, C,H,Me,).

[{Ru(CO),{P(OPh); }(n-0-0,C¢CL))},]. To a stirred solution
of [Ru(CO),{P(OPh);}(n-C,H,Me,)] (835 mg, 1.52 mmol) in
CH,CIl, (40 cm?®) was added o-chloranil (374 mg, 1.52 mmol).
After 15 min, the orange solution was filtered, n-hexane (50 cm?)
was added and the volume of the solvent was reduced in vacuo to
complete precipitation. Purification gave the product as an orange
solid, yield 880 mg (79%).

[NEt,J[Ru(CN)(CO),(PPh;)(0-0,C,CL)] [NEt]*1-. To a
stirred solution of [{Ru(CO),(PPh;)(n-0-0,C4Cly)},] (200 mg,
0.15 mmol) in CH,Cl, (30 cm?®) was added [NEt,JCN (47 mg,
0.30 mmol). After 10 min, the yellow solution was filtered,
n-hexane (40 cm?) was added, and the volume of the solvent was
reduced in vacuo to complete precipitation. Purification gave the
product as a yellow solid, yield 104 mg (68%).

The complex [NEt,][Ru(CN)(CO),{P(OPh);}(0-O,CsClL)]
[NEt,]*2~ was prepared similarly.

[Ru(CO),(NCMe)(PPh;)(0-0,C,CL)]. The dimer [{Ru(CO),-
(PPh;)(n-0-0,C4Cly) },] (35 mg, 0.02 mmol) was dissolved in
MeCN (20 cm?). After 10 min, the yellow solution was filtered
and the filtrate evaporated to dryness in vacuo. The yellow residue
was dissolved in CH,Cl, (10 cm?), n-hexane (30 cm?) was added
and the volume of the solvent was reduced in vacuo to complete
precipitation. Purification gave the product as a yellow solid, yield
20 mg (54%).

[Ru(CO),{P(OPh);},(0-0,C,ClL,)]. To a stirred solution of
[{Ru(CO),{P(OPh); }(u-0-0,C,Cl)},] (45 mg, 0.03 mmol) in
CH,CI, (20 cm®) was added P(OPh); (0.12 cm?®, 0.06 mmol). After
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10 min, the yellow solution was filtered, n-hexane (30 cm®) was
added and the volume of the solvent was reduced in vacuo to
complete precipitation. Purification gave the product as a yellow
solid, yield 30 mg (46%).

INEt,][(0-0,CsCL)(Ph; P)(OC),Ru(p-CN)Ru(CO),(PPh;)(o-
0,C,ClL)] [NEt,]*8". To a stirred solution of [{Ru(CO),(PPh;)-
(u-0-0,C4Cly)},] (102 mg, 0.07 mmol) in CH,Cl, (20 cm?)
was added [NEt][JRu(CN)(CO),(PPh;)(0-O,C(Cl,)] (126 mg,
0.16 mmol). After 10 min, the yellow solution was filtered, n-
hexane (20 cm®) was added and the volume of solvent reduced in
vacuo to complete precipitation. Purification gave the product as
a yellow solid, yield 157 mg (66%).

The complexes [NEt,][(0-O,C,ClL)(Ph;P)(OC),Ru(u-CN)-
Ru(CO),{P(OPh);}(0-0,C,Cl,)] [NEt,]*9~, [NEt][(0-O,C:Cl,)-
{(PhO);P}(OC ),Ru(p-CN)Ru(CO),{ P(OPh); }(0-0,C,CL)]
[NEt,]*10- and [NEt,][(0-O,C,Cl,){(PhO),P}(OC),Ru(u-CN)-
Ru(CO),(PPh;)(0-0,C¢Cl,)] [NEt,]*11~ were prepared similarly.

[(0-0,C,CL)(Ph; P)(OC), Ru(p-CN)Ru(CO),(PPh;)(0-0,C,CL)]
8. To a stirred solution of [NEt,][(0-O,C¢Cl,)(Ph;P)(OC),Ru(u-
CN)Ru(CO),(PPh;)(0-0,C,Cly)] (52 mg, 0.03 mmol) in CH,Cl,
(20 cm®) was added [Fe(n-CsH,COMe)(n-CsH;)][BF,] (11 mg,
0.03 mmol). After 15 min, the red solution was filtered and then
evaporated to dryness. The residue was washed with n-hexane
(2 x 10 cm®) and then purified to give a red solid, yield 20 mg
(51%).

The complex [(0-O,C4Cl,){(PhO);P}(OC),Ru(u-CN)Ru(CO),-
{P(OPh), }(0-0,C,Cl,)] 10 was prepared similarly.

[(0-0,C,CL)(Ph; P)(OC), Ru(p-CN)Ru(CO),(PPh;)(0-0,C,CL)}-
[BF,] 8*[BF,]". To a stirred solution of [NEt,][(0-O,C.Cl,)-
(Ph;P)(OC),Ru(p-CN)Ru(CO),(PPh;)(0-0,CCL)] (50  mg,
0.03 mmol) in CH,Cl, (20 cm?) was added [Fe(n-CsH,COMe)(n-
C,Hy)|[BF,] (25 mg, 0.07 mmol). After 15 min, the red solution
was filtered and then evaporated to dryness. The residue was

washed with n-hexane (2 x 10 cm?®) and then purified to give a
purple solid, yield 30 mg (68%).

The complexes [(0-O,CCl,)(Ph;P)(OC),Ru(u-CN)Ru(CO),-
{P(OPh): }(0-0.C,CL)IIBE,] 9*[BE,]", [(0-0.,C,CL){(PhO)P}-
(OC),Ru(u-CN)Ru(CO), {P(OPh); }(0-O,C,CL)][BF,] 10*[BF.]-
and  [(0-O0,C(Cl,){(PhO);P}(OC),Ru(u-CN)Ru(CO),(PPh;)(o-
0,C,Cl,)|[BF,] 11*[BF,]” were prepared similarly.

[(0-0,CsCL)(Ph;P)(OC),Ru(p-CN)Ru(CO),{ P(OPh), }(o-
0,C,CL)] 9. To a stirred solution of [NEt][(0-O,C,Cly)-
(Ph;P)(OC),Ru(u-CN)Ru(CO),{P(OPh); }(0-O,CsCL)] (34 mg,
0.02 mmol) in CH,Cl, (20 cm’) was added [(0-O,C,Cl,)-
(Ph;P)(OC),Ru(u-CN)Ru(CO), {P(OPh); }(0-0,CCL)[BF.] (33 mg,
0.02 mmol). After 15 min, the red solution was evaporated to
dryness and then the residue was extracted with diethyl ether
(15 cm?). The extract was filtered through Celite and then the
volume of the filtrate was reduced to ca. 3 cm® before n-hexane
was added to precipitate the product as a red solid, yield 44 mg
(72%).

The complex [(0-O,C4Cl,){(PhO),P}(OC),Ru(u-CN)Ru(CO),-
(PPh;)(0-0,C,Cl,)] 11 was prepared similarly.

Crystal structure determinations of [{ Ru(CO),{P(OPh); }(n-o-
0,C,ClL)},], INEt,][Ru(CN)(CO)(PPh;)(0-0,C,Cl,)]-0.5CH,Cl,
[NEt,]*1-0.5CH,Cl, [NEt,][(0-0,C; CL)(Ph,P)(OC),Ru(u-CN)-
Ru(CO),(PPh,)(0-0,C,C1,)]-0.5CH,Cl, [NEt,]*$ -0.5CH,Cl,,
[(0-0,C,CL)(Ph;P)(OC),Ru(p-CN)Ru(CO),(PPh;)(0-0,C,CL)]-
CH,Cl, 8-CH,Cl, and [(0-0,C,Cl,)(PhyP)(OC),Ru(p-
CN)Ru(CO),{P(OPh), }(0-0,C,CL,)|-2CH,Cl, 9A-2CH,Cl,

Yellow crystals of [{Ru(CO),{P(OPh);}(u-0-0,CsCl,)},] and
of [NEt,][Ru(CN)(CO)(PPh;)(0-0,C(Cl,)]-0.5CH,Cl, [NEt,]"1"-
0.5CH,CIl, were grown by allowing n-hexane to diffuse into a
concentrated CH,Cl, solution of the complex at —10 °C. Yellow
crystals of [NEt][(0-O,CCl,)(Ph;P)(OC),Ru(u-CN)Ru(CO),-
(PPh;)(0-0,CCl,)]-0.5CH,Cl, [NEt,]*8-0.5CH,Cl,were grown

Table 10 Crystal and refinement data for [{Ru(CO),{P(OPh),}(1i-0-0,CsCL)},], [NEt,][Ru(CN)(CO)(PPh,)(0-0,CsCl,)]-0.5CH,CL, [NEt,]1--
0.5CH,CL, [NEt][(0-0,CcCly)(PhsP)(OC),Ru(i-CN)Ru(CO),(PPh,)(0-0,C,C1,)]-0.5CH,Cl, [NEt,]8 -0.5CH,Cl,, [(0-0,C,CL)(Ph,P)(OC),Ru(yi-
CN)Ru(CO),(PPh,)(0-0,C,CL,)]-CH,Cl, 8-CH,CL, and [(0-0,C,CL)(Ph,P)(OC),Ru(-CN)Ru(CO),{P(OPh), }(0-0,C,Cl,)]-2CH,CL, 9A-2CH,Cl,

[{Ru(CO), {P(OPh), } (-
Compound 0-0,C4Cly) }»] [NEt]1--0.5CH,Cl,  [NEt,]8 -0.5CH,Cl, 8-CH,Cl, 9A-2CH,Cl,
Formula C;,H;,CLO,P,Ru, C;55sHyN,O,RuPCly;  CgsHiCIoN,OgP,Ru, Cy,H;,Cl\NOgP,Ru, CssH;,Cl,,NO,, P,Ru,
M 1426.44 863.95 1640.37 1441.39 1574.31
Crystal system Triclinic Triclinic Monoclinic Monoclinic Triclinic
Space group (no.) P1(2) P1(2) C(2)/c(15) P2(1)/c (14) P12
a/A 10.627(2) 13.9435(6) 62.9641(11) 14.9280(9) 12.433(12)
b/A 13.614(3) 15.6637(7) 9.5138(2) 25.8112(16) 14.524(12)
c/A 19.419(4) 18.5668(8) 24.0104(4) 16.5709(10) 17.893(16)
al® 92.28(3) 95.542(1) 90 90 82.55(3)
p/° 90.11(3) 110.313(1) 93.624(1) 110.103(1) 72.74(3)
y/° 106.27(3) 94.399(1) 90 90 77.12(3)
T/K 173(2) 173(2) 173(2) 173(2) 100(2)
N 2694.6(9) 3758.7(3) 14354.1(5) 5995.9(6) 3001(5)
zZ 2 4 8 4 2
A 0.71073 0.71073 1.54178 0.71073 1.54178
u/mm-! 1.083 0.856 7.356 1.054 10.005
Reflections collected 31250 40476 53177 39116 22595
Independent reflections (R;,) 12331 (0.0210) 17132 (0.0557) 13265 (0.0691) 13750 (0.1170) 9530 (0.0975)

Final R indices [/>20(])]:
R1,wR2

0.0270, 0.0605 0.0438, 0.0820

0.0339, 0.0783

0.0622, 0.1161

0.0687, 0.1800
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by allowing diethyl ether to diffuse into a concentrated CH,Cl,
solution at —10 °C. Red crystals of [(0-O,C,Cl,)(Ph;P)(OC),Ru(u-
CN)Ru(CO),(PPh;)(0-0,C,Cl,)]-CH,Cl, 8-CH,Cl, and [(o-
0,C,CL)(Ph;P)(OC),Ru(p-CN)Ru(CO),{P(OPh); }(0-0,CCL)]:
2CH,Cl, 9A-2CH,Cl, were grown by allowing diethyl ether to
diffuse into a concentrated CH,Cl, solution, of 8 and 9 res-
pectively, at —10 °C.

Many of the details of the structure analyses of [{Ru(CO),-
{P(OPh), }(n-0-0,C,Cl,)},], [NEt]*17-0.5CH,Cl,, [NEt,]*8-
0.5CH,Cl,, 8-CH,Cl, and 9A-2CH,Cl, are listed in Table 10.
The orientation of the cyanide bridges in complexes 8 and 8~
was assigned on the basis of the best agreement for the thermal
parameters and occupancy factors for the C and N atoms, after
refinement in two alternative models in which the C and N atoms
were exchanged. This led to a 50 : 50 ratio of CN to NC in 8", and
a 65(7) : 35(7) ratio in 8. The structure of [NEt,]*1~-0.5CH,Cl,
contains two 1~ anions, two [NEt,]* cations (one of which is
disordered over two positions) and one disordered molecule of
CH,Cl, in the asymmetric unit. The CH,Cl, molecule in the
structure of [NEt,]*8 -0.5CH,Cl, is also disordered over two
positions.

CCDC reference numbers 633571-633575.

For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b700648a
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