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The chemistry of mixed-valence coordination compounds has
been investigated extensively during the last 10 years.? Starting
with the preparation of the Creutz—Taube ion,? much attention
has been paid to binuclear complexes containing ruthenium in the
formal oxidation states II and II1.1? Electron transfer from Ru(II)
to Ru(III) can occur thermally or optically by light absorption
into intervalence-transfer (IT) bands. However, this photoredox
process is apparently not associated with any permanent chemical
change. A rapid back electron transfer seems to restore the
starting complexes.* On the contrary, photoredox reactions
following inner- and outer-sphere IT excitation from Fe(II) and
Ru(II) to Co(III) are well known.* We report here our ob-
servation of a photochemical reaction induced by an optical Ru(II)
to Ru(III) IT transition.

Upon mixture of aqueous [Rul(NH;)sCl]Cl, (slightly yellow”)
and K,[Rull(CN),] (colorless®) the solution turned reddish im-
mediately. This red color is caused by a new absorption band with
a maximum at 510 nm (Figure 1). At fairly high equimolar
concentration of both ions (>2.5 X 107 M) this band follows the
Lambert-Beer law with ¢ = 20 at the 510-nm maximum. It is
assumed that ion pairing was complete. The new absorption band
is assigned to an outer-sphere Ru(II) to Ru(III) IT transition
within the ion pair [Ru(NH,)sC1]**/[Ru(CN)¢]*. The deviation
from the Lambert—Beer law at much lower concentrations (<1.5
X 107 M) was used to estimate the ion-pairing constant (x;p =
216).

Upon irradiation of the IT band (A, > 490 nm) the solution
turned blue due to the formation of the complex [(INH;)sRulll-
(NC)Ru(IT)(CN)4] 1! (Figure 1). The blue color is caused by
an IT absorption of this binuclear ion at Ay, = 680 nm!? (e =
2800). The ion pair [Ru(NH,)sCl]**/[Ru(CN)¢]* underwent
photoconversion to the binuclear complex with the quantum yield
¢ = 0.002 (Ay, = 546 nm).

The IT assignment of the visible absorption band of the ion pair
[Ru(NH;)sCl]?*/[Ru(CN)4]* is based on the following consid-
erations. The half-width of the 510-nm band (A = 6582 cm™)
is in excellent agreement with that calculated according to Hush'*
(At = 6730 cm™). The energy of this IT band is higher than
that of any other Ru(II)/Ru(III) system.!? This is certainly due
to the relatively large stability of [Ru(NH,)sCl]?* toward re-
duction (E; = —0.04 V)!* and [Ru(CN)4]* toward oxidation (E,
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Figure 1. Electronic absorption spectra of aqueous solutions of equimolar
(1.25 X 102 M) [Ru(NH;)sC1]Cl; and K [Ru(CN),] (—) and 1.77 X
107 M Na[(NH;)sRu(NC)Ru(CN);]-3H,0 (---) (298 K, l-cm cell).

= +0.86 V).!* Within the ion pair the activation energy of
thermal electron transfer, E, = 22 kcal/mol, was calculated ac-
cording to the equation E, = 0.25E1? (E;r — AE)™,12 where Ep
= 19609 cm™! is the energy of the IT band maximum and AE
is the energy difference between [Ru"'(NH,);Cl]?*/[Rull(CN)¢]*
and [Ru''(NH;)sCl]*/[RI(CN)]* in vibrationally equilibrated
states. AE = 0.90 V was obtained from the standard potentials
of these redox couples (see above).

It is suggested that photochemical product formation, following
IT excitation of the ion pair, can be described by the reaction
scheme given by eq 1-5. The starting ion pair is substutitionally

[Rull(NH,)sCIJ**/[Rul{(CN)g] —
[Rull(NH,)sCIJ*/[Ru"(CN)¢]* (1)

[Ru''(NH,)sCI]*/ [Ru™(CN)¢]*" —
[Ru'(NH;)sCl]* + [Ru™(CN)e]* (2)

[RUH(NH3)5C1]+ + Hzo — [RUII(NH3)5H20]2+ + ClI” (3)

[Ruf(NH;)sH,0]** + [Ru'(CN)¢]* —
[(NH;)sRu'(NC)Ru"(CN)s]> (4)

[(NH;)sRu"(NC)Ru'(CN)s]*” + [Ru™(CN)4]* —
[(NH;)sRu™(NC)Ru(CN)s]" + [Ru(CN)¢]* (5)

inert. [Ru(CN)4]* is kinetically stable and also [Ru(NH,)Cl]**
is known to undergo only a very slow aquation of Cl” with a
half-life greater than 10° s.!” The ion pair, generated by IT
excitation (eq 1), may diffuse apart (eq 2). [Rul'(NH,);Cl]*
aquates rapidly (eq 3) with k = 5 s71.1¥ Substitutionally labile
[Rull(NH;)sH,0]2* 9 reacts with [Ru'l(CN)]*" (eq 4), which
is present in large excess. The formation of the binuclear complex
is certainly facilitated by the high opposite charges of the reacting
ions. Finally, electron transfer (eq 5) restores ruthenium to its
stable oxidation states, yielding the blue product. The low
quantum yield of the overall reaction ($ = 0.002) is most likely
determined by the extremely rapid thermal reversal* of reaction
1, which competes with the diffusion apart from the primary
electron-transfer products (eq 2). We tried to detect [Ru(CN)¢]*"
by flash photolysis using its absorption maximum at 455 nm (e
= 875)%° to monitor its decay. A transient absorption of [Ru-
(CN)4]* was not observed. According to the time resolution of
our equipment in this experiment, the thermal reversal of reaction
1 should proceed with k > 10° s71.
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Migratory CO insertion, which generates a metal acyl system
via formal CO insertion into the metal-alkyl bond, serves as a
fundamental reaction of organometallic chemistry! and functions
as a key step in several homogeneous catalytic transformations.?
Lewis acids moreover promote CO insertion>* to produce metal
acyl-Lewis acid adducts. We now report that cationic coordi-
natively unsaturated Cp metal carbonyl complexes (Cp = 5-CsH;)
also induce methyl-CO insertion on a second metal center® and
form an acetyl ligand bridging two metal centers. Although several
bimetallic complexes bearing u-acyl ligands are known,S their
syntheses entailed neither starting with a mononuclear acyl
complex nor Lewis acid facilitation of the CO insertion step. We
accordingly found it expeditious to first demonstrate that bimetallic
u-[n'-C,0O]-acetyl compounds can be obtained from mononuclear
acetyl complexes.
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Hoffmann, R. Ibid. 1978, 100, 7224. (c) Collman, J. P.; Finke, R.; Cawse,
J. N.; Brauman, J. L. Ibid. 1978, 100, 4766. (d) Nitay, M.; Priester, W.;
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Neutral acetyl complexes 1a,b and 2 coordinate the appropriate
Cp metal carbonyl Lewis acid 3-5 (eq | and 2) by generating the

/ + +
Cp/Fe—C + Cpfl-'e or Cpl\lA —
L €O \CHs (€Ol (CO)5
la,L=CO -
b L=PPh,  ° fviho
O—MCp
v i
CoFe=C  (CO), (1)
o\
£ O TH;
6a, L=CO;M=Tle(n=2)
b, L= PPh,
7a,L=CO;M=Mo (n=3)
b, L = PPh,
8,L=CO;M=W(n=3)
»O—WCp
. B/
CpW——C\ + Cle\/ — CpW=C (€O 2)
(o), CHy (COly (Coy CHs
2 5 9

bimetallic u-acetyl adducts 6-9. Labile isobutylene™ or tetra-
hydrofuran™ complexes of CpFe(CO),*PF,™ (3) metalated 1a,b
in refluxing CH,Cl, (1-6 h), whereas CpM(CO),FPFs, a source
of CpM(CO);* [4, M = Mo; 5, M = W].® consumed 1a,b and
2 at ~-20°C (0.5 h) in CH,Cl,. All reactions afforded air-stable
red powders 6-9 (50-85% yields) after reprecipitating from
CH,Cl,—ether.® Although 6-9 remained intact in CH,Cl, or
CH;NO, solution, acetone degraded these u-acetyl adducts to
starting acetyl complexes and acetone solvates of 3-5. A similar
degradative procedure serves as a convenient assay procedure for
all u-[n'-C,0]-acetyl complexes reported herein: 1 equiv of (»-
Bu),N*I" in CH,Cl, immediately and quantitatively (via IR and
NMR monitoring) reverts them to the starting acetyl complex
and CpM(CO),L.

Bimetallic u-acetyl compounds 6-9, formulated as carboxonium
salts, entail 4! metal-O bonding that resembles CpFe(CO),*
complexation of organic ketones.!® The carboxonium formulation
derives from the substantial delocalization of positive charge from
the activating metal M to the Fe in 6-8. IR [»(C=0), CH,Cl,]
and 'H NMR (Cp in ppm, acetone-dg) data of CpFe(CO)PPh,
in 1b (1910 cm™, 4.43), 6b (1941 cm™!, 4.65), and CpFe(CO)-
PPh,[C(OCH,)CH,]*PF¢™ (1990 em™, 5.13) accordingly are
consonant with an electronic environment of the Fe in 6b that is
intermediate to the starting acetyl complex 1b and the meth-
oxyethylidene salt. NMR spectra of 6b and 7b additionally
support the #! bonding of the acety] complex to an activating metal
3 0514, since diastereomeric mixtures were not detected for 6b or
7b.

(7) (a) Giering, W. P.; Rosenblum, M. Chem. Commun. 1971, 441. (b)
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[OMo(CO),Cp]CH(CH,;),}* PF,~; whereas »? coordination of the isobutyryl
complex would render the gem-methyl groups diastereotopic.!%
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