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The Preparation and Structure of the Linear
Tripalladium Cations (CH3;NC)gPd;2+ and
(CH3NC)6l(CsHs)3 P}, Pd32*
Sir:

Reactions between metal ions in different formal oxidation
states can be used to form metal-metal bonds. Two examples

using reaction partners with d® and d electronic configurations
are shown in reactions 1! and 2.2

Rh(CNCeH )4t
+ RhI;(CNCgHi1)s* = Rhol,(CNCeHy)g?+ (1)

17Pt(CN)42~ + 3PtC1,(CN) 2~ + 40K+
+ 60H,0 —> 2K0Pt1o(CN)4oCly - 30H20  (2)

In the first case a dimeric, formally Rh(II) species, is formed
while in the latter case the solid, known as Krogmann’s salt,
has a more complex but still well-defined stoichiometry and
contains parallel, linear columns of platinum atoms which
ideally extend for the full length of a crystal. Equations 3-5

(t-C4H9NC)2Pd12
+ ([-C4H9NC)2Pd - ([-C4H9NC)4Pd212 (3)

(CH3NC)4Pd2* + (CH3NC), Pd
- (CH3NC)6Pd22+ (4)

(CH3NC),Pt2+ + (CH;NC), Pd
— (CH;NC)gPdP2*+  (5)

give examples of reactions between complexes with d® and d10
electronic configurations that also produce metal-metal
bonds.3-> We now report a new aspect of this chemistry which
has led to the preparation and structure of a linear tripalladium
complex.

In contrast to reactions 1 and 2 where a single, unique
product forms regardless of the reactant stoichiometry, vari-
ation of the reaction stoichiometry in the case of reaction 4
alters the product. Addition of 2 mol of (CH3;NC),Pdé to
(CH3NC)4Pd2* or addition of 1 mol of (CH3NC),Pd to
(CH3NC)¢Pd,?* in acetone solution produces (CHj;-
NC)gPd;2*, 1 which has been isolated as the crystalline hex-
afluorophosphate salt. The infrared spectrum of this solid in-
dicates that only terminal isocyanide ligands are present (vcn
2221, 2213,2202 cm™!). The '"H NMR spectrum of this ion
in acetonitrile-d; consists of a single resonance at 7 6.59.7
Addition of triphenylphosphine to 1 produces the disubstitution
product [(CH3NC)6{(C6H5)3P}2Pd3] (PF¢),, 2. Like 1, 2
contains only terminal isocyanide ligands (vcn 2216, 2186
cm™!). Its 'H NMR spectrum consists of a single methyl res-
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Figure 1, An ORTEP drawing of (CH3NC)¢{(CsHs)3P}Pd;2* showing
the 50% thermal ellipsoids.

onance at 7 6.77 and a phenyl resonance at 2.45, with a 3:5
intensity ratio.’

In order to obtain an accurate and detailed description of
the structure of this unprecedented species, an x-ray structural
investigation was undertaken. We choose to work with 2 be-
cause of its greater stability. Air-stable, red-yellow dichroic
crystals of 2 were obtained by slow diffusion in a nitrogen at-
mosphere of diethyl ether into an acetone solution of the
complex containing excess methyl isocyanide and triphenyl-
phosphine. Crystal data (85 K): space group P1; reduced cell
a=12.094(2),b=12.127 (2),c = 10.660 (2) A; o« = 102.70
(2),8=112.92(2),y =75.49 (2)°; ¥ = 1380.9 A3; po,pu 2
= 1.60, pealca® K = 1.66 g/cm? for Z = 1; umoka = 11.7cm™1,
Intensity data were collected at 85 K on a Picker automated
four-circle diffractometer. Using Mo K« radiation, a total of
3568 reflections were collected by a 20-s w scan of the most
intense part of the peak at a scan speed of 0.25° min~! in the
range 3.5° < 26 < 45°, A background curve was measured as
a function of 26. The structure was solved and refined by
Patterson, Fourier, and least-squares methods to a final R
index?® of 0.063 using 3339 reflections having Ine > 26({net).
The positions of the phenyl hydrogens were easily located from
a final difference Fourier while the methyl hydrogens were less
well-resolved.

The structure of the cation is illustrated in Figure 1. The
three palladium atoms are collinear with the two phosphorus
atoms of triphenylphosphine groups, forming a five atom chain
(since the point group for the molecule is 1, the Pd-Pd-Pd
angle is constrained to 180°, the Pd(1)-Pd(2)-P angle is 173.7
(0.1)°). Each palladium atom is coordinated to two methyl
isocyanides and exhibits approximate square planar geometry.
The square planes are twisted away from each other such that
the angle between the two five-atom least-squares planes is
74.5°. The most striking aspects of the structure are the short
Pd-Pd bond at 2.5921 (5) A and the displacement of the
equatorial isocyanide towards the center of the molecule. The
palladium-palladium bond in (CH3;NC)¢Pd,2+, which is the
shortest reported palladium-palladium bond, is just slightly
shorter at 2.5310 (9) A.°

The displacement of the equatorial isocyanides towards the
center was also observed in (CH3NC)¢Pd,2* (av Pd-Pd-C
angle = 85.0 (9)°) but occurs to a greater extent in 2 (av
Pd-Pd-C = 80.0 (2)°). Although the steric bulk of the axial
triphenylphosphine groups could contribute to this large dis-
placement in 2, it is probably not the sole cause, since normal
nonbonded distances between the isocyanides and the phenyl
groups are found. The acute Pd-Pd-C angle brings the triply
bonded carbon atom of the equatorial isocyanide to within van
der Waals distance of the adjacent palladium atom.!® For
example, the Pd(1)- -C(2) distance is 2.921 A. By contrast,
the bonded Pd(2)-C(2) distance is 1.989 (8) A. We therefore
feel it likely that the inward bend of the equatorial isocyanides
is in part an electronic effect arising from interaction between
filled d orbitals on palladium with empty =* orbitals on the
isocyanide ligands of the adjacent metal. An analogous effect
for carbonyl ligands has been termed “semibridging”.!1 In the
electron-precise metal carbonyl dimers the M-M-C angles
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range from 86.2 to 88.8°,!2 and the possibility of such an effect
has been noted!? previously. Considerably smaller angles are
found in the 16-electron (CH3;NC)¢Pd»2* and in 2 as well as
K4[Niz(CN)e] 14 and [i-PraN]7[Pt,Cls(CO),] 15 which have
angles of 76° and 82.7°, respectively. From these values we
conclude that semibridging is more important in unsaturated
metal-metal bonded species than in their electron-precise
counterparts.

Further investigations of these compounds are in progress.
Attempts to make longer metal center chains by reactions re-
lated to eq 3-5 are in progress. Complexes 1 and 2 are coor-
dinatively unsaturated and preliminary investigations indicate
that they are more reactive than the surprisingly robust#.16
(CH3NC)6Pd,2*. For example, recrystallization of 1 and 2 can
only be accomplished in the presence of excess ligands.
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S

Bimolecular Electron Transfer Processes of
Electronically Excited Tris(2,2’-bipyridine)chromium(III)

Sir:

Recent reports on the facile electron transfer reactions of
the lowest excited state of tris(2,2’-bipyridine)ruthenium(II),
(3)CT)Ru(bpy)s;>*,!-10 have focused attention on the general

problem of the redox properties of excited states of transition
metal complexes.

Tris(2,2’-bipyridine)chromium(111), Cr(bpy);3*, appears
to be an ideal candidate for investigations on bimolecular ex-
cited-state processes. The lowest excited state of this complex,
i.e., the metal-centered doublet state, (2MC)Cr(bpy)33™, is
remarkably long lived in fluid solutions (r = 53 us in aqueous
deaerated solution at 25 °C) and can be conveniently moni-
tored by means of the moderately efficient emission centered
at 727 nm.'! The complex is appreciably photostable in acidic
solutions.!2 A recent communication by Bolletta et al.!? has
shown that the doublet state of Cr(pby)33* can be efficiently
quenched by Ru(bpy);2*. Since the energies of (*MC)
Cr(bpy)3** and (?*CT)Ru(bpy)s2* are 13 800 and 17 100
cm™!, respectively, energy transfer is forbidden in this system.
Thus, the assumption was made that the quenching takes place
via the thermodynamically allowed electron transfer from the
quencher to the excited state of Cr(bpy)s3*.!3 Here we present
the results of some flash photolysis experiments which provide
direct evidence for the occurrence of electron transfer in the
quenching of the Cr(bpy)33* doublet state.

Flash photolysis!'* of aqueous pH 3 solutions of Cr(bpy)3;3*
gives rise to a transient absorption with maxima at 390 and 445
nm, The absorption decays by first-order kinetics with a life-
time of 47 us, a value which compares well with the lifetime
of the phosphorescent emission. The transient absorption can
be assigned to a transition from the (*MC)Cr(bpy);>* state
to upper doublet states.!?

The Fe(H;0)¢2* ion is an efficient quencher of the
Cr(bpy)3** phosphorescence (kq = 4.1 X 10" M~!s~latu =
1). When pH 3 solutions containing 5 X 1075 M Cr(bpy);3*
and 2 X 1073 M FeSQ, are flashed, the expected quenching
of the doublet absorption is observed and a new transient ab-
sorption is formed with maxima at 470 and 560 nm. The
spectrum of the new transient absorption matches closely the
reported spectrum of Cr(bpy);2*.1° The formation of the re-
duced complex upon quenching of the doublet state is a clear
proof of the occurrence of a mechanism involving electron
transfer from the quencher to the excited complex (reaction

1).

(*MC)Cr(bpy)s3* + Fe(H,0)6?+
— Cr(bpy)s>* + Fe(H,0)¢** (1)

The Cr(bpy);2+ absorption disappears after the flash by fast
second-order!6 kinetics (k, = 7.3 X 108 M~!s7lat u = 0.2)
due to the thermal back-electron-transfer reaction (reaction
2), which involves a free energy change of —23.5 kcal/mol.

Cr(bpy)s** + Fe(H,0)¢**
— Cr(bpy)s’* + Fe(H,0)6>*  (2)

A similar approach has been used with Ru(bpy);?* as a
quencher of the Cr(bpy);3* doublet state. When solutions
containing 1 X 10=4 M Cr(bpy);** and 3.3 X 107> M
Ru(bpy)s2* (pH 3, u = 0.2) are flashed, the characteristic
transient absorption of Cr(bpy);2* is again observed. In order
to interpret this result, however, the peculiar quenching be-
havior of the system is to be taken into account. Bolletta et al.
have shown!? that Ru(bpy);2* is a good quencher of the
Cr(bpy)33* 2MC excited state (kq = 4.0 X 18 M~1s™1at u
= (.2), but that at the same time Cr(bpy);>* is an efficient
quencher of the 3CT excited state of Ru(bpy)s2* (kq = 3.3 X
109 M~1 s~ 1 at 4 = 0.2). The solutions used in the flash ex-
periment are such that both components absorb a significant
fraction of the exciting light and each of the complexes sig-
nificantly quenches the excited state of the other one. Thus,
the observed Cr(bpy);2* formation could arise by several
pathways, namely, reaction 3 followed by reaction 5, reaction
4 followed by reaction 6, or reaction 4 followed by reaction 7
and reaction 5.

Journal of the American Chemical Society | 98:23 /| November 10, 1976



