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The structural characterization of both Ru(II) and Ru(III) compounds containing Ru(NH3)52+/3+ with pyridine or
benzonitrile as the sixth ligand (L) is described. Crystal data for L) pyridine, [(NH3)5Ru(NC5H5)](SO3CF3)2
(1): orthorhombic space groupPbcn, Z ) 4, a ) 13.096(2) Å,b ) 11.541(2) Å,c ) 13.179(2) Å. For [(NH3)5-
Ru(NC5H5)]Cl3‚1.4H2O (2): orthorhombic space groupPnma, Z ) 4, a ) 22.667(12) Å,b ) 7.095(2) Å,c )
10.097(8) Å. For L) benzonitrile, [(NH3)5Ru(NCC6H5)](SO3CF3)2 (3): monoclinic space groupP21/n, Z ) 4,
a ) 9.561(1) Å,b ) 18.424(4) Å,c ) 12.181(1) Å,â ) 95.73(1)°. For [(NH3)5Ru(NCC6H5)](S2O6)3/2‚2H2O
(4): triclinic space groupP1h, Z ) 2, a ) 7.8947(6) Å,b ) 11.517(2) Å,c ) 11.630(1) Å,R ) 99.61(1)°, â )
97.275(8)°, γ ) 102.25(1)°. The RuII-N(L) and RuIII-N(L) distances are respectively 2.058(8) and 2.077(10)
Å for L ) pyridine and 1.945(5) and 2.025(4) Å for L) benzonitrile. The new data yield a comprehensive set
of structural parameters for modeling and interpreting electron transfer barriers and for investigating the dependence
of metal-ligand coupling ondM-N, for which the results of INDO calculations are also reported here.

Mononuclear ruthenium pentaammine L complexes have
served as valuable tools in many outer-sphere electron transfer
studies, and binuclear, mixed-valence ligand-bridged penta-
ammineruthenium complexes have contributed much to the
understanding of electron transfer barriers and electronic
coupling elements through their rich spectroscopy. The two
most common “lead-in” functions in both series are pyridyl and
nitrile groups. Despite the centrality of these structural features,
few structural data have been available. Structural data are
important in understanding electron transfer barriers and donor/
acceptor electronic coupling. Bond distance and angle differ-
ences between the oxidized and reduced forms of a complex
determine the inner-shell reorganizational barrier, while metal-
ligand distances reflect/influence the degree of metal-ligand
coupling and, hence, metal-metal coupling in the case of the
mixed-valence complexes. In previous work, structural data
as a function of metal oxidation state have been reported for
Ru(NH3)5L (L ) NH3,1 pz,2 and pz(CH3+)3) and Ru(NH3)4L2
(L ) py-4-(CONH2)4). In the present study, the Ru(NH3)5L
pairs with L ) py and NCC6H5 are reported. The new data
yield a comprehensive set of structural parameters for modeling
and interpreting electron transfer barriers and for investigating
the dependence of metal-ligand coupling ondM-N, for which
the results of INDO calculations are also reported here.

Experimental Section

The Ru(NH3)5L complexes (L) py5 and NCC6H5
6) were prepared

and characterized by published methods.

Pyridine Complexes. Crystals of the Ru(II) complex [(NH3)5Ru-
(py)](SO3CF3)2 (1) were prepared by dissolving 50 mg of1 in 2 mL of
water and layering this solution on top of a saturated solution of LiSO3-
CF3 in a vial. The vial was placed in a desiccator containing Drierite
and stored in a refrigerator. After several days, orange prisms suitable
for X-ray analysis were formed. Crystals of the Ru(III) complex
[(NH3)5Ru(py)]Cl3‚1.4H2O (2) were prepared by dissolving 30 mg of
2 in 1 mL of water containing 2 drops of 1 M HCl. This solution was
layered on top of 2 mL of 2.5 M NaCl. The vial was placed in a
desiccator containing Drierite and stored in a refrigerator. After several
days, a few light yellow prisms suitable for X-ray analysis were formed.
Benzonitrile Complexes. Crystals of the Ru(II) complex [(NH3)5-

Ru(NCC6H5)](SO3CF3)2 (3) were prepared by dissolving 10 mg of3
in 2 mL of 1 M LiSO3CF3. The vial was placed in a desiccator
containing Drierite and stored in a refrigerator. After several days,
yellow crystals suitable for X-ray analysis were formed. Crystals of
the Ru(III) complex [(NH3)5Ru(NCC6H5)](S2O6)3/2‚2H2O (4) were
prepared by dissolving 33.4 mg of3 in 2 mL of water and adding 7.68
mg of K2S2O8, followed by 0.5 mL of 0.1 M sulfuric acid. The vial
was placed in a desiccator containing Drierite and stored in a
refrigerator. Yellow crystals suitable for X-ray analysis were formed
after several days.
Collection and Reduction of X-ray Data. Crystals of1 were

orange prisms. A crystal 0.40 mm× 0.30 mm× 0.25 mm was coated
with petroleum jelly and mounted in a glass capillary tube. The
diffraction data indicated the crystal to be orthorhombic with systematic
absences 0kl, l ) 2n + 1, h0l, h ) 2n + 1, andhk0, h + k ) 2n + 1,
consistent with space groupPcan, a nonstandard setting ofPbcn.7 The
data were collected using space groupPcanbut were then reindexed
to conform to space groupPbcn; the structure was solved, refined,
and reported usingPbcn.
Crystals of2 were light yellow prisms. A crystal 0.14 mm× 0.18

mm × 0.40 mm was coated with petroleum jelly and placed in a
capillary tube. The diffraction data indicated orthorhombic symmetry
with sytematic absences 0kl, l ) 2n + 1, andhk0, h + k ) 2n + 1,
consistent with space groupsPc21n andPcmn. The data were collected
and the structure solved using these space groups, and the data were
then reindexed to be consistent with the standard centrosymetric space
groupPnma.8

Crystals of3 suitable for X-ray analysis were yellow prisms. A
crystal 0.28 mm× 0.30 mm× 0.40 mm was used for data collection.

† To whom questions regarding the X-ray crystallography should be
directed. Permanent address: Department of Natural Science, Baruch
College, Manhattan, NY 10010.
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The crystal was coated with petroleum jelly and mounted in a glass
capillary tube. A monoclinic unit cell was obtained with systematic
absences 0k0, k ) 2n + 1, andh0l, h + l ) 2n + 1, consistent with
space groupP21/n, a nonstandard setting ofP21/c.9

Crystals of4 were pale yellow prisms, and a crystal 0.04 mm×
0.23 mm× 0.57 mm was coated with petroleum jelly and sealed in a
glass capillary. The diffraction data indicated triclinic symmetry, and
space groupP1h10 was assumed for the solution and refinement of the
structure.
Crystal data and information on data collection using an Enraf Nonius

CAD4 diffractometer for all four structures are given in Table 1 and,
in detail, in Table S1 of the Supporting Information.
Determination and Refinement of Structure. The structures were

solved by standard Patterson heavy-atom methods.11 In the full-matrix
least-squares refinement, neutral-atom scattering factors12 and correc-
tions for anomalous dispersion13 were used, and the quantity∑w(|Fo|
- |Fc|)2 was minimized. For all four structures, anisotropic temperature
parameters were used for all the non-hydrogen atoms (except for atoms
with occupancy factors less than 0.5). For1 and2 during the final
cycles of refinement, the hydrogen atoms on the pyridine ligand were
introduced in their calculated positions (C-H ) 0.95 Å) and allowed
to “ride” 11 on the C atom to which they were bound. In1, the hydrogen
atoms on the coordinated ammines were located on a difference Fourier
map and included at these fixed positions. The hydrogen atoms on
the ammines in2 were not included in the refinement. A common
isotropic thermal parameter was refined for all of the pyridine hydrogen
atoms in1 and2. In 1, a second common thermal parameter was used
for the ammine hydrogen atoms. The hydrogen atoms in3 and4were
found on difference Fourier maps, and their positional (except for H(5)
in 3, which was included at a calculated position) and isotropic thermal
parameters were refined (a common isotropic thermal parameter in3
and individual isotropic thermal parameters in4). The atomic
coordinates for the non-hydrogen atoms are listed in Tables S2-S5
(Supporting Information).
Energy Calculations. Reorganization and electronic energy cal-

culations were carried out using ZINDO-95. Both the spectroscopic
and the ground-state geometry optimization INDO models of Zerner
and co-workers were employed.14 For the spectroscopic INDO
calculations, the Mataga-Nishimotoγ values and the interaction factors

1.0, 1.267, 0.585, 1.0, 1.0, and 1.0 were used for sσ, pσ, pπ, dσ, dπ, and
dδ, respectively. Theoreticalγ values and interaction factors of 1.0
were employed for the ground-state surfaces and the geometry
optimizations. Default resonance integral parameters were used, except
in the following cases: oxygen,â(2s) ) â(2p) ) -54.0 eV, and
ruthenium, â(5s) ) â(5p) ) -1.00 eV, â(4d) ) -26.29 eV.
Reorganization energies were also calculated using the molecular
mechanics15aapplication of the CAChe programs.15b CAChe molecular
mechanics augments the MM2 force field designated developed by
Allinger16 by providing rules for estimating parameters for cases not
addressed by MM2. The augmented force field uses a stretching force
constant of 4.4× 105 dyn cm-1 for the Ru-N bonds anddo values of
2.28 and 2.006 Å for the Ru-NH3 and Ru-N(L) bond lengths,
respectively.

Results and Discussion

Structures. A view of (NH3)5Ru(py)2+ in 1, along with the
numbering scheme used for1 and2, is presented in Figure 1.
The ruthenium is coordinated to five ammonias, with the
pyridine ligand completing the octahedral coordination sphere.
The ruthenium, N(2), N(1), and C(4) lie on a crystallographic
twofold axis. The (NH3)5Ru(py)3+ in 2 is essentially the same
as in1, except that the crystallographic mirror plane contains
the ruthenium, N(2), and all the atoms in the pyridine ligand.
Table 2 lists the metal-ligand bond distances and angles for1
and 2. In (NH3)5Ru(py)2+, the Ru-N(py) bond distance is
2.058(8) Å, and the average Ru-NH3 bond distance is 2.145-
(8) Å. A small trans effect is also observed. In (NH3)5Ru-
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1993.
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Table 1. Crystallographic Data, Experimental Conditions, and Refinements for Complexes1-4

1 2 3 4

formula C7S2F6H20N6O6Ru C5Cl3H22.8N6O1.4Ru C9S2F6H20N6O6Ru C7S3H24N6O11Ru
fw 563.45 396.90 563.45 541.36
space group Pbcn(No. 60) Pnma(No. 62) P21/n (No. 14) P1h (No. 2)
a (Å) 13.096(2) 22.667(12) 9.561(1) 7.8947(6)
b (Å) 11.541(2) 7.095(2) 18.424(4) 11.517(2)
c (Å) 13.179(2) 10.097(8) 12.181(1) 11.630(1)
R (deg) 99.61(1)
â (deg) 95.73(1) 97.275(8)
γ (deg) 102.25(1)
V (Å3) 1991.9(6) 1623 (2) 2135.0(6) 1004.3(2)
Z 4 4 4 2
Fcalcd (g cm-3) 1.879 1.624 1.753 1.790
radiation;λ (Å) 0.71069 (Mo KR) 0.71069 (Mo KR) 0.71069 (Mo KR) 0.71069 (Mo KR)
µ (cm-1) 10.6 14.4 9.89 11.9
transm coeff 0.7360-0.7904 0.6596-0.8318 0.6831-0.8047 0.7870-0.9604
Ra 0.053 0.071 0.051 0.043
Rwb 0.069 0.075 0.061 0.040
∆/σ (max) e0.2 e0.01 e0.02 e0.02
T (K) 295 294 295 295

a R ) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) {∑[w(|Fo| - |Fc|)2]/∑[w|Fo|2]}1/2.

Structural Data for Ru(NH3)5L (L ) py, NCC6H5) Inorganic Chemistry, Vol. 36, No. 14, 19973191



(py)3+, the Ru-N(py) bond distance is 2.077(10) Å, and the
average Ru-NH3 bond distance is 2.109(9) Å. In both
complexes, the plane of the pyridine lies between the two
ammines, with the dihedral angles between the plane of the
pyridine and the plane formed by Ru, N(1), N(2), and N(3) and
Ru, N(1), N(2), and N(4) being 42.6° and 48.9°, respectively,
in 1, while they are equal in2.
Figure 2 depicts (NH3)5Ru(NCC6H5)2+ in 3, along with the

numbering scheme used for3 and4. The structures of (NH3)5-
Ru(NCC6H5)2+ and (NH3)5Ru(NCC6H5)3+ (in 4) are similar to
those of (NH3)5Ru(py)2+ and (NH3)5Ru(py)3+. The RuII-
N(NCC6H5) bond length is 1.954(5) Å, and the average RuII-
NH3 bond length is 2.126(8) Å in3. The RuIII-N(NCC6H5)
bond length is 2.025(4) Å, and the average RuIII-NH3 bond
length is 2.091(6) Å in4. In 3, the dihedral angles between
the plane of the phenyl ring and the plane formed by Ru, N(1),
N(2), and N(5) and Ru, N(1), N(2), and N(6) are 24.3° and
65.9°, respectively, while they are 79.2° and 11.5°, respectively,
in 4.
Ruthenium-nitrogen bond lengths for Ru(II) and Ru(III)

ammine complexes are compared in Table 3. The Ru-N(L)
bond distances areshorter for the Ru(II) complexes and show
relatively larger variations with L (from 2.06 Å for L) py to
1.95 Å for L ) NCC6H5 and pz(CH3+)), consistent with the
importance of ligand-dependentπ back-bonding between the
(NH3)5Ru2+ center and L and less steric hindrance toward close
approach of NCC6H5. By contrast, the RuIII-N(L) bond
distances are about 2.08 Å for L) py, pz, and pz(CH3+), the
shorter bond distance of 2.025 Å for the benzonitrile complex
presumably again reflecting less steric hindrance. The role
which the other ligands play in controlling the extent of the
RuII-N(L) back-bonding can be seen by comparing (NH3)5-
Ru(py)2+ with [Ru(2,2′-bpy)(terpy)(4,4′-bpy)Ru(NH3)5]4+ 17

(bpy) bipyridine; terpy) 2,2′:6′,2′′-terpyridine). In the latter
complex, the [(NH3)5Ru]-N(4,4′-bpy) bond length is 2.052(7)
Å, close to that observed in (NH3)5Ru(py)2+, while the other
Ru-N(4,4′-bpy) bond length is 2.112(7) Å. This difference is
due to the greaterπ-basicity of Ru(NH3)52+. The bond length
of 2.077(10) Å observed in (NH3)5Ru(py)3+ is nearly identical
to that of 2.076(8) in (NH3)5Ru(pz)3+ 2 and is near the 2.115(1)
Å observed in the binuclear complex [(NH3)5Ru(pz)Ru-
(NH3)5]6+.18

Similarly, the Ru-N(NCC6H5) bond length of 1.954(5) Å in
(NH3)5Ru(NCC6H5)2+ can be compared to the 2.119(11) Å
observed in (CO)2(Cl)2Ru(NCC6H5)2,19 where the benzonitrile
is trans to a carbonyl, and the 1.996(3) Å found in [bis-
(benzonitrile-N)(5,5,10,15,15,20-hexaethylporphyrin)rutheni-
um].20 In [trans-bis(benzonitrile-N)tetrachlororuthenium]1- and

(17) Szalda, D. J.; Fagalde, F.; Katz, N. E.Acta Crystallogr.1996, C52,
3013-3016.

(18) Furholz, U.; Joss, S.; Burgi, H. B.; Ludi, A.Inorg. Chem.1985, 24,
943-948.

(19) Daran, J. C.; Jeannin, Y.; Rigault, C.Acta Crystallogr.1984, C40,
249-251.

Figure 1. ORTEP drawing of (NH3)5RuII(py)2+ in 1. The thermal
ellipsoids are at the 50% probability level, and the hydrogen atoms are
included. The atom labeling scheme is used for both1 and 2. The
ruthenium atom, N(2), N(1), and C(4) lie on a crystallographic twofold
axis which relates the labeled atoms to the unlabeled atoms.

Figure 2. ORTEP drawing of (NH3)5RuII(NCC6H5)2+ in 3. The thermal
ellipsoids are at the 50% probability level and the hydrogen atoms are
included. The atom labeling scheme is used for both3 and4.

Table 2. Comparison of Selected Bond Distances (Å) and Angles
(deg) for the Pyridine and Benzonitrile Complexesa

(NH3)5Ru(py)2+

(1)
(NH3)5Ru(py)3+

(2)

Ruthenium-Ligand Distances
Ru-N(1) 2.058(8) 2.077(10)
Ru-N(2) 2.158(8) 2.100(9)
Ru-N(3) 2.139(6)
Ru-N(4) 2.139(6) 2.123(6)
Ru-N(6) 2.105(6)

Ruthenium-Ligand Angles
N(1)-Ru-N(2) 179.8(1)
N(1)-Ru-N(3) 90.8(2)
N(1)-Ru-N(4) 89.8(2) 91.1(3)
N(1)-Ru-N(6) 90.8(3)
N(2)-Ru-N(3) 89.2(2)
N(2)-Ru-N(4) 90.2(2) 88.8(3)
N(2)-Ru-N(6) 89.3(3)
N(3)-Ru-N(4) 91.5(2) 92.0(3)
N(3)-Ru-N(6) 88.8(3)
N(4)-Ru-N(5) 178.4(2)
N(4)-Ru-N(6) 177.9(3)
N(5)-Ru-N(6) 90.4(3)

(NH3)5Ru(NCC6H5)2+

(3)
(NH3)5Ru(NCC6H5)3+

(4)

Ruthenium-Ligand Distances
Ru-N(1) 1.954(5) 2.025(4)
Ru-N(2) 2.122(6) 2.080(6)
Ru-N(3) 2.122(6) 2.092(5)
Ru-N(4) 2.124(8) 2.106(4)
Ru-N(5) 2.126(7) 2.091(5)
Ru-N(6) 2.135(8) 2.084(5)

Ruthenium-Ligand Angles
N(1)-Ru-N(2) 179.1(3) 178.6(3)
N(1)-Ru-N(3) 90.7(2) 87.7(2)
N(1)-Ru-N(4) 90.5(3) 89.6(2)
N(1)-Ru-N(5) 91.2(3) 91.6(2)
N(1)-Ru-N(6) 90.9(3) 89.8(2)
N(2)-Ru-N(3) 88.6(3) 90.9(3)
N(2)-Ru-N(4) 88.9(3) 90.2(2)
N(2)-Ru-N(5) 89.5(3) 89.8(3)
N(2)-Ru-N(6) 89.7(3) 90.4(2)
N(3)-Ru-N(4) 90.3(3) 89.1(2)
N(3)-Ru-N(5) 178.0(3) 178.7(2)
N(3)-Ru-N(6) 89.7(3) 90.5(2)
N(4)-Ru-N(5) 89.1(3) 89.8(2)
N(4)-Ru-N(6) 178.5(3) 179.3(3)
N(5)-Ru-N(6) 90.7(3) 90.6(2)

a For 1, N(3) is related to N(5) and N(4) is related to N(6) by the
twofold axis. For2, N(3) is related to N(4) and N(5) is related to N(6)
by the mirror plane.
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mer-tris(benzonitrile-N)trichlororuthenium,21 the average Ru-
N(NCC6H5) bond lengths are 2.013(3) and 2.026(9) Å, respec-
tively, while it is 2.025(4) Å in (NH3)5Ru(NCC6H5)3+.
The extent of theπ back-bonding in Ru(NH3)52+ versus Ru-

(NH3)53+ complexes can also be observed in the difference
between the Ru-N(py) and Ru-NH3 bond lengths. For (NH3)5-
Ru(py)2+, the difference is 0.087(8) Å, while for (NH3)5Ru-
(py)3+, it is only 0.032(10) Å. This difference is 0.172(8) Å in
(NH3)5Ru(NCC6H5)2+ and 0.066(6) Å in (NH3)5Ru(NCC6H5)3+.
Inner-Shell Reorganization Energies. The inner-shell

reorganization barriers for the Ru(II)-Ru(III) self-exchanges
can be calculated from the structures of the oxidized and reduced
complexes and the appropriate force constants. Here we
consider only the Ru-N bond distance changes and estimate
the reorganization barriers from eq 1a, wherefi is the reduced

force constant for theith Ru-N vibration (fi ) 2f2i f3i/(f2i +
f3i), wheref2 andf3 are the force constants for the RuII-N and
RuIII-N stretching vibrations, respectively) and∆d0i is the
difference between the equilibrium RuII-N and RuIII-N bond
lengths (∆d0 ) d0(RuII-N) - d0(RuIII-N)).22
The frequency of the symmetrical Ru-N stretching vibration

in Ru(NH3)63+ is23 500 cm-1, corresponding to a RuIII-NH3

stretching force constant of 2.5× 105 dyn cm-1. Dividing this
value by 1.28, the ratio of the (RuIII-NH3)/(RuII-NH3) stretch-
ing force constants,24 yields 1.95× 105 dyn cm-1 for the RuII-
NH3 force constant and 2.2× 105 dyn cm-1 for the reduced
force constant for the Ru-NH3 stretching vibration. The ratio
of the (RuII-N(py))/(RuII-NH3) force constants calculated from
the Ru-N stretching frequencies using a rigid-ligand MX6

model (and neglecting interactions with the trans Ru-N bonds)
is 1.54.25 Assuming similar Ru-N stretching frequencies in
Ru(py)62+ and Ru(py)63+, an assumption consistent with the
results for analogous tris(bpy) complexes,26 the reduced force
constant for the Ru-N(py) stretching vibration is 3.0× 105

dyn cm-1. Assuming further that these force constants are
applicable to the (NH3)5RuIILn+/(NH3)5RuIIIL(n+1)+ couples
yields eq 1b, where the bond distance differences are in
angstroms and the reorganization energy is in kilocalories per
mole. Equation 1b yields∆G* in ) 0.52, 1.12, 1.42, and 2.40

kcal mol-1 (λin ) 2.1, 4.5, 5.7, and 9.6 kcal mol-1) for the
pyridine, benzonitrile, pyrazine, andN-methylpyrazinium self-
exchanges, respectively. The inner-shell reorganization energies
are not large, and the activation barriers for the electron
exchange reactions of these couples will be dominated by the
solvent reorganization, at least in polar solvents.27 Nevertheless,
the inner-shell barriers for the pyrazine andN-methylpyrazinium
couples are not insignificant, amounting to 1-2 orders of
magnitude in their self-exchange rates.
The λin values calculated above may be compared with the

inner-shell reorganization energies obtained by the molecular
mechanics calculations. The inner-shell reorganization energies
calculated by the CAChe MM program (Table 4) are some 60-
100% larger than the values calculated from eq 1b. Reorga-
nization energies were also calculated using ZINDO-95. Energy-
minimized structures of the (NH3)5RuIILn+ complexes were first
generated using the ZINDO geometry optimization routine.28

The energies of the complexes were then calculated as a function
of their Ru-N distances using the same interaction factors as
in the geometry optimization. The five Ru-NH3 bonds were
stretched in-phase, and the resulting energy curves were fitted

(20) Piarulli, U.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C.J. Chem. Soc.,
Chem. Commun.1994, 895-896.

(21) Duff, C. M.; Heath, G. A.; Willis, A. C.Acta Crystallogr.1990, C46,
2320-2324.

(22) Sutin, N.Prog. Inorg. Chem.1983, 30, 441-498.
(23) Griffith, W. P.J. Chem. Soc. A1966, 899-901.
(24) Deak, A.; Templeton, J. L.Inorg. Chem.1980, 19, 1075-1077.
(25) Templeton, J. L.J. Am. Chem. Soc.1979, 101, 4906-4917.
(26) Saito, Y.; Takemoto, J.; Hutchinson, B.; Nakamoto, K.Inorg. Chem.

1972, 11, 2003-2011.

(27) Brown, G. M.; Sutin, N.J. Am. Chem. Soc.1979, 101, 883-892.
(28) Reorganization energies are defined as the energy difference between

the reactants in their equilibrium nuclear configuration and when they
are at the equilibrium nuclear configuration of the products. Neither
the MM2 force field nor ZINDO predicts an energy-minimized
structure of (NH3)5RuL2+ that has the observed bond lengths. To
calculate the reorganization energy, the geometry of the complex was
first optimized using MM or ZINDO, and the energy difference
between this minimized structure and the structure distorted by the
observed Ru-N bond distance differences between the Ru(III) and
Ru(II) complexes was then calculated. No attempt was made to
optimize the parameters in either MM2 or ZINDO to obtain the
observed structures.

Table 3. Ru-N Distances (Å) from X-ray Crystallographic Measurementsa

complex d(Ru-N(L)) d(Ru-NH3) ref

Ru(NH3)62+ 2.144(4) av 1
Ru(NH3)63+ 2.104(4) av 1
(NH3)5RuII(py)2+ 2.058(8) 2.139(4) eq; 2.158(8) ax b
(NH3)5RuIII (py)3+ 2.077(10) 2.114(4) eq; 2.100(9) ax b
(NH3)5RuII(NCC6H5)2+ 1.954(5) 2.128(4) eq; 2.122(6) ax b
(NH3)5RuIII (NCC6H5)3+ 2.025(4) 2.093(2) eq; 2.080(6) ax b
(NH3)5RuII(pz)2+ 2.006(6) 2.153(3) eq; 2.166(7) ax 2
(NH3)5RuIII (pz)3+ 2.076(8) 2.106(4) eq; 2.125(8) ax 2
(NH3)5RuII(pzCH3+)3+ 1.95(1) 2.129(6) eq; 2.17(1) ax 3
(NH3)5RuIII (pzCH3+)4+ 2.08(1) 2.112(5) eq; 2.10(1) ax 3
cis-(NH3)4RuII(py-4-C(O)NH2)22+ 2.058(6) av 2.155(11) av 4
cis-(NH3)4RuIII (py-4-C(O)NH2)23+ 2.099(4) av 2.125(7) av 4

a The values listed for the equatorial Ru-NH3 distances are averages.bDetermined in this study.

∆G* in ) λin/4) 1/2∑fi[(∆d
0
i)/2]

2 (1a)

Table 4. Inner-Shell Reorganization Energies (λin) for the
(NH3)5RuIILn+/(NH3)5RuIIIL(n+1)+ Self-Exchange Reactions

λin, kcal mol-1

L eq 1b MM2 ZINDOa ZINDOb

pyridine 2.1 3.9 4.2 4.2
benzonitrile 4.5 7.6 7.8 7.6
pyrazine 5.7 9.6 11.3 10.4
N-methylpyrazinium 9.6 15 14.6 11.8

aReorganization energy from eq 1a using harmonic force constants
calculated from the energy required to stretch the five Ru-NH3 bonds
in phase and to independently stretch the Ru-N(L) bond in the energy-
minimized structure.bReorganization energy equal to twice the dif-
ference in the energies of the distorted and undistorted (energy-
minimized) structures.

∆G* in ) 35.7[3.0(∆d0(Ru-N(L)))2 +

8.8(∆d0(Ru-Neq))
2 + 2.2(∆d0(Ru-Nax))

2] (1b)
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to quadratics. This procedure yielded RuII-N stretching force
constants of∼5× 105 dyn cm-1, significantly higher than those
estimated above from infrared and Raman data but close to the
value used in the CAChe molecular mechanics program (4.4×
105 dyn cm-1). The calculated energy surface for (NH3)5Ru-
(py)2+ is shown in Figure 3. Note that the minimum in the
ZINDO-generated surface does not coincide with the RuII-N
distances determined in the X-ray measurements, indicated by
× in the figure. λin values were calculated from eq 1a with the
assumption that the ZINDO stretching force constants are
independent of ruthenium oxidation state. Not surprisingly, in
view of the higher force constants used, the derivedλin values
(Table 4) are larger than those calculated from eq 1b. Also
included in Table 4 areλin values calculated from the difference
in the energies of the energy-minimized Ru(II) complex and
the complex distorted by∆d0 as a model for the coordinates of
the Ru(III) complex. This approach yields somewhat lower
reorganization energies than the harmonic ZINDO approxima-
tion for the complexes with the larger structural changes, perhaps
reflecting limitations in the harmonic approximation and/or the
approximation of treating the Ru-NH3 and Ru-N(L) bond
stretches independently. However, the differences are not large,
and overall the inner-shell reorganization energies calculated
by the semiempirical and molecular mechanics methods are in
good agreement. Moreover, in the worst case, the difference
in the reorganization energies calculated from eq 1b and by the
semiempirical methods amounts to only about an order of
magnitude in self-exchange rate.
Finally, comparisons can be made with the inner-shell

reorganization energies derived from the measured self-exchange
rates and also from the energies of the metal-to-metal charge
transfer (MMCT) transitions in appropriate binuclear systems.

Self-exchange rate constants and the energies of MMCT
transitions yield total reorganization energiesλ ) λin + λout.
The inner-shell reorganization energy of interest is then obtained
from λ - λout, i.e., as a small difference between two relatively
large numbers. In addition, a model forλout is required. For
the present systems, self-exchange data are available only for
the (NH3)5Ru(py)2+/3+ couple. From the measured self-
exchange rate, 1.1× 105 M-1 s-1 at 25 °C,27 and the
semiclassical electron-transfer model for spherical reactants
(two-sphere model, average reactant radius 4.03 Å29 and average
electronic transmission coefficient 0.3330), λ and λout are
calculated to be 30 and 23 kcal mol-1, respectively. Accord-
ingly, λin ≈ 7 kcal mol-1. A somewhat different model that
assumes the electron exchange proceeds by py-py contact
(metal-metal separation distance 13.6 Å and electronic trans-
mission coefficient 1.0) yieldsλin≈ 6 kcal mol-1. Alternatively,
λin can be estimated from the solvent dependence of the MMCT
transition in [(NH3)5RuII(4,4′-bpy)RuIII (NH3)5]5+. The intercept
of the plot of the energy of the MMCT transition vs (1/Dop -
1/Ds) yieldsλin ≈ 6 kcal mol-1 after correction for spin-orbit
coupling.29 The various “experimental” estimates ofλin are in
surprisingly good agreement. Moreover, they are in satisfactory
agreement with the values calculated by the MM and ZINDO
methods (Table 4).
Dependence of the Spectroscopic Parameters on Metal-

Ligand Distance. The (NH3)5RuIILn+ complexes considered
above exhibit intense metal-to-ligand charge transfer (MLCT)

(29) Brunschwig, B. S.; Ehrenson, S.; Sutin, N.J. Phys. Chem.1986, 90,
3657-3668.

(30) The electronic transmission coefficient of 0.33 is a weighted average
of κel ) 0.2 for Ru(NH3)-(NH3)Ru andκel ) 1.0 for Ru(py)-(py)-
Ru contact.22

Figure 3. Ground-state energy surface of (NH3)5Ru(py)2+ in vacuum. The minimum in the ground-state surface is located at the coordinates
calculated with the ZINDO geometry optimization routine. The Ru-N bond lengths of the energy-minimized structure are 1.992, 2.052, and 2.062
Å for the pyridine, the equatorial NH3’s, and the axial NH3, respectively. The latter distances were averaged to yield a mean Ru-NH3 bond length
of 2.054 Å. The stretching force constants for the Ru-py and Ru-NH3 bonds were calculated to be 5.9× 105 and 4.7× 105 dyn cm-1, respectively.
These force constants, with the five Ru-NH3 bonds stretching in phase, were used to construct the ground-state surface. The coordinates and
energy of the structure determined in the X-ray measurements are indicated by×. The MLCT transitions from the energy minimum and from the
distorted (NH3)5Ru(py)2+ configuration are also shown. The latter configuration was obtained by adding the difference between the metal-ligand
distances (obtained from the X-ray crystal structure determination) of the Ru(III) and Ru(II) complexes to those of the energy-minimized structure.
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transitions in the visible region of the spectrum. The depen-
dence of the energies and oscillator strengths of the MLCT
transitions in the pyridine complex on the Ru-N distances was
evaluated using the ZINDO CI option. The coordinate system
introduced earlier31 was used: theC2 axis defines thez axis,
and the pyridine plane defines theyzplane; dxz is the ruthenium
t2g orbital that interacts strongly with the pyridineπ system,
and dyzand dx2-y2, previously denoted by dπ′ and dδ, respectively,
are the other t2g orbitals. As shown recently,31 the dxzorbital is
the HOMO, and the dxz f Lπ4 charge transfer is the MLCT
transition with the greatest oscillator strength at the Ru-N
distances determined in the X-ray measurements.
The effects on the molecular orbital (MO) and MLCT

energies of changing the Ru-N distances from their energy-
minimized values by(0.04 Å are shown in Figures 4 and 5.
The solid lines show the effect of changing the equatorial Ru-
NH3 distances from 2.052 Å. The dxz orbital remains the
HOMO, its energy remains essentially unchanged (Figure 4),

and the energy of the dxz f Lπ4 transition is also unchanged
(Figure 5). The energies of the dyz and particularly the dx2-y2
orbitals and the energies of the dyz f Lπ4 and dx2-y2 f Lπ4
transitions are more sensitive to the equatorial bond lengths.
As is evident from Figure 5, mixing of the excited states formed
in the “pure” dxz f Lπ4 and dx2-y2 f Lπ4 transitions occurs
when the equatorial Ru-NH3 distances are increased to about
2.072 Å (∆(Ru-N) ) +0.020Å). The dx2-y2 f Lπ4 transition
becomes the dominant component of the higher energy transition
at longer equatorial Ru-NH3 distances. However, only the dxz
f Lπ4 transition has significant oscillator strength, and the dx2-y2

f Lπ4 transition has intensity only when the two excited states
mix.
The effect of changing the Ru-N(py) distance from its

energy-minimized value of 1.992 Å on the MO and MLCT
energies is shown by the long dashes in Figures 4 and 5. The
dxz orbital remains the HOMO throughout the Ru-N(py)
distance change: its energy decreases, while that of the dx2-y2

orbital increases, with increasing Ru-N(py) separation. The
energy of the mixed dxzf Lπ5, Lπ3 f Lπ4 transition (Figure 5)
is quite sensitive to the Ru-N(py) distance. Except for the
smaller dependence of the energy of the dxz f Lπ5, Lπ3 f Lπ4
transition on the axial Ru-NH3 distance, similar effects on the
MO and MLCT energies are observed upon changing the axial
Ru-NH3 distance (short dashes) from its energy-minimized
value of 2.062 Å.
For comparison, the effects on the MO and MLCT energies

of changing the Ru-N bond lengths from theirmeasuredValues
by (0.04 Å are shown in Figures 6 and 7. The MO scheme is
similar to that for the energy-minimized structure. The dxz

orbital remains the HOMO, but there is somewhat less separa-
tion between the dx2-y2 and dyz orbitals in the X-ray structure,
consistent with its longer Ru-N distances. All of the MLCT
transitions have moved tohigher energies at the measured
Ru-N distances compared with the energy-minimized structure.
As in the energy-minimized structure, the only MLCT transition
with significant oscillator strength is the dxz f Lπ4 transition.
The dx2-y2 f Lπ4 MLCT transition mixes with the d-d
transitions at longer equatorial Ru-NH3 distances. It should
be recalled that the RuII-NH3 bonds (solid lines and short
dashes) are longer and the RuII-N(py) bonds (long dashes) are
shorter than the corresponding bonds in the Ru(III) complexes.
There is mixing of the dxzf Lπ5, Lπ3 f Lπ4 with the dxzf Lπ4

(31) Shin, Y.-g. K.; Brunschwig, B. S.; Creutz, C.; Newton, M. D.; Sutin,
N. J. Phys. Chem.1996, 100, 1104-1110.

Figure 4. Effect of changing the Ru-N bond lengths from their
energy-minimized values on the molecular orbital energies of ground-
state (NH3)5Ru(py)2+ in vacuum. The Ru-N(py), Ru-(NH3)eq, and
Ru-(NH3)ax distances are indicated by long dashes, solid lines, and
short dashes, respectively.

Figure 5. Effect of changing the Ru-N bond lengths from their
energy-minimized values on the calculated MLCT transition energies
for (NH3)5Ru(py)2+ in vacuum. The Ru-N(py), Ru-(NH3)eq, and Ru-
(NH3)ax distances are indicated by long dashes, solid lines, and short
dashes, respectively.

Figure 6. Effect of changing the Ru-N bond lengths from their
measured values on the molecular orbital energies of ground-state
(NH3)5Ru(py)2+ in vacuum. The Ru-N(py), Ru-(NH3)eq, and Ru-
NH3)ax distances are indicated by long dashes, solid lines, and short
dashes, respectively.
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transitions at the measured RuII-N distances and with the dx2-y2
f Lπ4 transitions at shorter Ru-(NH3)eqdistances, but none of
these transitions has significant intensity. To summarize, the
dxz orbital remains the HOMO, and, except when mixed with
transitions that borrow intensity from it, the dxz f Lπ4 charge
transfer remains the most intense MLCT transition over the
entire range of Ru-N distances considered.
Metal-Ligand Coupling Elements. The metal-ligand

coupling element,HML, is another important quantity that
characterizes the strength of the metal-ligand interaction. The
coupling elements can be related to the energies and intensities
of the MLCT transitions and the charge transfer distance using
the Mulliken-Hush formalism.HML values determined in this
manner are typically 7000-10 500 cm-1 for (NH3)5RuIIL and
2000-3500 cm-1 for (NH3)5RuIIIL complexes (L) an aromatic
N-heterocycle or a cyanobenzene derivative).32

Coupling elements were calculated for the complexes without
solvating water molecules and with 15 water molecules located
along the N-H bond axes with the O atom of each water
molecule 2.8 Å from the N.31 The coupling elements were
obtained from eq 2, whereνmax is the MLCT absorption band

maximum,µge is the transition dipole moment,µb - µa is the
difference between the dipole moments of the localized (dia-
batic) states, andµe - µg is the corresponding difference for
the delocalized (adiabatic) states.32,33 The experimentalHML

values were obtained from the measured values ofνmax andµge
and values ofµe - µg determined in Stark measurements.32 The
experimental and calculated MLCT transition energies, oscillator
strengths, and coupling elements are presented in Table 5. As
found for other complexes of the family,31 the MLCT transition
energies are appreciably overestimated. While hydration of the
complexes decreases the calculated transition energies, they are
still substantially larger than the experimental values. With the

exception of that of the benzonitrile complex, the oscillator
strengths are also overestimated. The experimentalHML values
for the complexes are all similar and at the high end of the
HML range noted above.HML for the N-methylpyrazinium
complex is∼νmax/2, consistent with a delocalized ground state.
The calculatedHML values tend to be somewhat larger than the
experimental values, with the disagreement arising primarily
from the differences between the experimental and calculated
transition energies noted above. Not surprisingly, the agreement
tends to be somewhat better for the hydrated complexes.
Somewhat better agreement with the experimental MLCT
transition energies is found for the energy-minimized geometries,
with the agreement being best for the benzonitrile complex.
The metal-ligand coupling elements enter into superexchange

expressions for the metal-to-metal coupling,HMM, in weakly
coupled ligand-bridged binuclear systems (eq 3). The depen-

dence of the coupling elements on the nuclear configurations
of the complexes is, therefore, of considerable interest.34 Since
smaller bond distance changes are involved in distorting the
complexes to their transition-state configurations, optical metal-

(32) Shin, Y.-g. K.; Brunschwig, B. S.; Creutz, C.; Sutin, N.J. Phys. Chem.
1996, 100, 8157-8169.

(33) Cave, R. J.; Newton, M. D.Chem. Phys. Lett.1996, 249, 15-19.

Figure 7. Effect of changing the Ru-N bond lengths from their
measured values on the calculated MLCT transition energies for (NH3)5-
Ru(py)2+ in vacuum. The Ru-N(py), Ru-(NH3)eq, and Ru-(NH3)ax
distances are indicated by long dashes, solid lines, and short dashes,
respectively.

HML ) | νmaxµge

(µb - µa)
| (2a)

(µb - µa)
2 ) (µe - µg)

2 + 4(µge)
2 (2b)

Table 5. Experimental and Calculated Spectroscopic Parameters
and Metal-Ligand Coupling Elementsa

in vacuum

exptl,
77 K

Ru(II)
X-ray

Ru(II)
Eminb

Ru(II)′
reorgc

with 15H2O,
Ru(II)
X-ray

(NH3)5RuII(py)2+

νmax/kK 23.1 34.6 33.4 33.2 29.6
λmax/nm 433 289 300 301 338
fos 0.15 0.38 0.47 0.47 0.45
|µge|/D 3.8 4.8 5.5 5.5 5.7
|µe - µg|/D 3.4 10.2 9.1 9.5 11.0
|µb - µa|/D 8.3 14.0 14.2 14.5 15.8
HML/kK 10.5 11.9 12.9 12.6 10.7

(NH3)5RuII(NCC6H5)2+

νmax/kK 25.4 31.8 28.4 29.4 30.2
λmax/nm 394 315 353 340 331
fos 0.26 0.19 0.16 0.19 0.15
|µge|/D 4.6 3.6 3.5 3.7 3.2
|µe - µg|/D 8.7 5.2 5.1 5.4 8.0
|µb - µa|/D 12.7 8.9 8.7 9.2 10.2
HML/kK 9.2 12.9 11.5 11.9 9.4

(NH3)5RuII(pz)2+ d

νmax/kK 20.1 32.8 32.6 32.1 29.7
λmax/nm 498 305 306 312 337
fos 0.20 0.49 0.54 0.46 0.52
|µge|/D 4.6 5.7 5.9 5.5 6.1
|µe - µg|/D 3.5 9.5 8.8 10.3 8.8
|µb - µa|/D 9.8 14.8 14.7 15.1 15.0
HML/kK 9.4 12.5 13.1 11.7 12.0

(NH3)5RuII(pzCH3+)3+ d

νmax/kK 18.7 28.3 27.3 24.9 28.0
λmax/nm 535 354 366 401 358
fos 0.27 0.94 0.86 0.66 1.13
|µge|/D 5.5 8.4 8.2 7.5 9.5
|µe - µg|/D 2.0 5.6 7.3 10.9 3.3
|µb - µa|/D 11.2 17.7 18.0 18.6 19.3
HML/kK 9.2 13.4 12.4 10.1 13.8

a νmax and λmax are the energy and wavelength of the MLCT
absorption maximum, respectively, andfos is the oscillator strength of
the MLCT transition.bCalculated for the (NH3)5RuIILn+ geometry
obtained by ZINDO energy minimization.cCalculated for the vibra-
tionally excited Ru(II) configuration obtained by distorting the geometry-
optimized (NH3)5RuIILn+ structure by the difference between the
equilibrium geometries of the Ru(II) and Ru(III) complexes.dHigh-
energy MLCT transition.

HMM )
HMLHM′L

2∆EML
(3)
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to-metal charge transfer (MMCT) will be considered. In optical
MMCT, HML is the metal-ligand coupling element for (NH3)5-
RuIILn+ at the RuII-N equilibrium configuration,HM′L is the
corresponding quantity for a (NH3)5RuIILn+ at the RuIII-N
geometry, and∆EML is the effective metal-ligand energy gap.35
The nuclear coordinates of the Ru(II) complexes distorted to

the corresponding Ru(III) configurations were obtained by
correcting the energy-minimized Ru(II) configurations by∆d0.
The spectroscopic parameters calculated at the Ru(III) configu-
rations are included in Table 5. The calculated MLCT transition
energies for the unhydrated pyridine, pyrazine, andN-meth-
ylpyrazinium complexes follow the expected trend: they are
lower for Ru(II) at the Ru(III) geometry than at its energy-
minimized geometry (Figure 3), and the transition energy
differences for the series follow theλin order in Table 4. Except
for the benzonitrile complex, theHM′L values calculated at the
Ru(III) geometry are somewhat smaller than theHML values
calculated at the energy-minimized geometry, with theHML

decreases paralleling the degree of distortion. The largest
decrease is only∼20%, consistent with the relatively small
structural changes involved. The anomalous result for the
benzonitrile complex derives from thehigher transition energy
calculated for the distorted structure. Consequently the transi-
tion energy,νmax′, for the distorted benzonitrile complex was
estimated fromνmax′, ) νmax- λin, whereνmax is the transition
energy for the undistorted complex (Figure 3), and substituted
into eq 2 to estimateHM′L for the distorted complex. This
procedure yields a∼2% decrease inHML upon distortion of
the Ru(II) benzonitrile complex to the Ru(III) configuration, in
line with the coupling element decreases for the other com-
plexes. As noted above, an even smaller change of the metal-

ligand coupling element is expected to be associated with the
reorganization involved in thermal MMCT. The results for the
(NH3)5RuIILn+ series thus justify neglect of the nuclear con-
figuration dependence ofHML in calculating Ru(II)-Ru(III)
coupling elements in weakly coupled [(NH3)5RuIILRuIII -
(NH3)5]n+ complexes.

Conclusions

With the determination of the structures of the pyridine and
benzonitrile complexes reported here, a comprehensive set of
structural parameters for modeling and interpreting electron
transfer barriers and for investigating the dependence of metal-
ligand coupling ondRu-N are available for L) pyridine,
benzonitrile, pyrazine, andN-methylpyrazinium. The inner-
shell reorganization energies (λin ) 2.1, 4.5, 5.7, and 9.6 kcal
mol-1, respectively) are not large, and as a consequence the
activation barrier for the electron exchange reactions of the
(NH3)5RuL2+/(NH3)5RuL3+ couples will be dominated by the
solvent reorganization, at least in polar solvents. Nevertheless,
the inner-shell barriers for the pyrazine andN-methylpyrazinium
couples are not insignificant, amounting to an order of magni-
tude in their self-exchange rates. INDO calculations for (NH3)5-
Ru(py)2+ show that the dxz orbital remains the HOMO and,
except when mixed with transitions that borrow intensity from
it, the dxzf Lπ4 charge transfer remains the most intense MLCT
transition for changes of(0.04 Å in both the X-ray-determined
and the energy-minimized Ru-N distances. Finally, the INDO
calculations for the (NH3)5RuIILn+ series justify neglect of the
dependence ofHML on nuclear configuration in calculating the
Ru(II)-Ru(III) interaction in weakly coupled [(NH3)5RuIILRuIII -
(NH3)5]n+ complexes.
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(34) Creutz, C.; Newton, M. D.; Sutin, N.J. Photochem. Photobiol. A:
Chem.1994, 82, 47-59.

(35) Strictly speaking, in applying eq 3 to optical MMCT in a symmetrical
ligand-bridged binuclear system, the metal-ligand coupling element
HML refers to the MLCT transition in the initial equilibrium state of
the binuclear complex, RuII II,equilLRuIII III,equil, in the absence of metal-
metal coupling. Similarly,HM′L refers to the MLCT transition in
RuIII II,equilLRuII III,equil, formed in the (vertical) MMCT transition from
the initial state, or, equivalently, in RuII III,equilLRuIII II,equil, formed by
vibrational excitation of the initial state. The same doublet MLCT
state, RuIII II,equilL-RuIII III,equil, is formed in all three transitions. (More
correctly, two excited doublet states, differing in the spin pairing of
the three singly occupied orbitals, need to be considered.34) In any
event, the Ru(III) may be regarded as part of ligand L, and its presence
is not expected to significantly affect the conclusion regarding the
nuclear configuration dependence ofHML.
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