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Abstract: The monomeric pentaammineruthenium(II) complexes (NH3)5RuL2+, with L = pyridine, pyrazine, 
4-phenylpyridine, 4,4'-bipyridine, l,2-bis(4-pyridyl)ethylene, and the dimeric complexes [(NH3)5Ru]2L' 4+, with 
L' = pyrazine, 4,4'-bipyridine, and l,2-bis(4-pyridyl)ethylene, have been synthesized and characterized. The visible 
absorption spectra of the complexes were studied to determine the relationship of the charge-transfer energies to 
electronic properties of the ligand and a reasonable molecular orbital scheme for the complexes was developed. 
The basicities of the pyrazine, 4,4'-bipyridine, and 1,2-bis(4-pyridyl)ethylene complexes were determined at 25° and 
an ionic strength of 0.05. The ligand plCs are: for 4,4'-bipyridine, pKi = 3.2 and pK2 = 4.9; for l,2-bis(4-
pyridyl)ethylene, pKi = 4.4 and pK2 = 5.9. The ruthenium complexes (NH3)SRuL2+ had pK's of 2.6 for pyrazine, 
4.4 for 4,4'-bipyridine, and 5.0 for l,2-bis(4-pyridyMethylene. Nuclear magnetic resonance spectra of the series 
of complexes are reported, showing a net positive charge on the ligands due to complexation. This study points 
to an interpretation of the increased ligand basicity for complexed pyrazine as the Ru(II) allowing for easier de-
localization of the protonated species as compared to the alternative explanation based on an increase in electron 
density of the free nitrogen via d7r-p7r back bonding. 

This paper is the first of two papers discussing the 
chemistry of pentaammineruthenium complexes. 

The ruthenium ion provides a system with a varied 
chemistry that we have investigated and herein report. 

The preparation of the pentaammineruthenium(II) 
complexes of 4,4'-bipyridine and l,2-bis(4-pyridyl)-
ethylene apparently represent the first preparation of 
monomeric complexes of these ligands with transition 
metal ions. Both 4,4'-bipyridine3-6 and l,2-bis(4-
pyridyl)ethylene7-10 characteristically form polymeric 
species. The aquopentaammineruthenium(II) ion has 
only one labile position, however, and forms monomeric 
complexes when an excess of the ligand is used. The 
dimeric complexes with a pentaammineruthenium(II) 
group bonded to each of the nitrogen atoms can be 
prepared by using a 2:1 mole ratio of the aquopenta-
ammineruthenium(II) ion to the ligand. 

The visible absorption spectra of the monomeric 
complexes were obtained and the energies of the 
various bands (ligand-ligand and charge-transfer) were 
correlated with the ligand properties of observed polaro-
graphic half-wave potentials and calculated molecular 
orbital energies. These data are summarized by a 
reasonable molecular orbital scheme for this ruthenium 
system. 

The nuclear magnetic resonance spectra of this 
series of complexes were determined and the results 
interpreted. A careful consideration of the change in 
chemical shifts of the ligands on complexation demon
strates that the ligands obtain a net positive charge on 
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complexation and that the so-called "back bonding" 
into the ligand system does not appear to increase the 
electron density of the unprotonated complexes. These 
results also are employed to aid in the interpretation of 
ligand basicity studies and visible absorption spectra 
studies. 

The basicities of the pentaammineruthenium(II) 
heterocyclic complexes, (NH3)SRuL2

+, where L is 
pyrazine, 4,4'-bi pyridine, 1,2-bis(4-pyridyl)ethylene, were 
determined by spectrophotometric titrations. The basic
ities of the latter two ligands were determined via po-
tentiometric titration. All the measurements were 
carried out at 25° and an ionic strength of 0.05. The 
ligand pK's are for 4,4'-bipyridine, pKx = 3.2 and pKi = 
4.9; and for l,2-bis(4-pyridyl)ethylene, pKi = 4.4 and 
P-K2 = 5.9. The ruthenium complexes (NH3)5RuL2+ 

had pK's of 2.6 for pyrazine, 4.4 for 4,4'-bipyridine, and 
5.0 for l,2-bis(4-pyridyl)ethylene. The large increase 
in the ligand basicity of pyrazine on complexation, as 
previously noted by Taube and coworkers, is not 
obtained in the case of the ligands 4,4'-bipyridine and 
l,2-bis(4-pyridyl)ethylene. This study points toward 
an interpretation of the increased ligand basicity for 
complexed pyrazine as the Ru(II) ion allowing for a 
easier delocalization of the protonated species as com
pared to the alternative interpretation of an increase in 
electron density of the free nitrogen via d7T-p7r back 
bonding. 

Experimental Section 
Purification of Reagents. 4,4'-Bipyridine-2HCl (Aldrich) was 

dissolved in distilled water (about 10 ml/g of compound) and filtered 
by suction through a medium porosity fritted glass Buchner funnel. 
An equal volume of 4 M NaOH was then added, immediately pre
cipitating the free base. The 4,4'-bipyridine was then recrystal-
lized from hot (80°) distilled water (about 20 ml/g) until the crystals 
were very white. Generally, four or five recrystallizations were 
necessary to obtain the fine needle-shaped crystals (mp 69.8-71.3°). 
If the anhydrous compound was required, the recrystallized 4,4'-
bipyridine was sublimed under reduced pressure using a 100° oil 
bath and a standard cold finger sublimation apparatus (mp 109.7-
110.1°). The colorless, well-developed crystals which formed at 
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the surface of the melt had a melting point of 149.5-150.2°. 
These crystals were of the space group PlijC with two molecules 
per unit cell, showing that the molecules are planar in this crystal 
form. 

1,2-Bis(4-pyridyl)ethylene (Aldrich) was purified by recrystal-
lization from hot (80°) distilled water (about 25 ml/g) until very 
white needle-shaped crystals were obtained (mp 149.9-151.0°). 
Again, this required four or five recrystallizations. The sublimed 
compound had a melting point of 150.5-151.3°. 

4-Phenylpyridine formed an orange oil when mixed with hot 
water. The boiling hot water was decanted from the oil and al
lowed to cool, giving white glossy platelet-shaped crystals (mp 
73.0-73.6°), after several recrystallizations. This product was 
then sublimed as above but at a temperature of about 65° to give a 
compound with a melting point of 73.2-73.7°. 

Argon, nitrogen, and helium were purified by passing the gas 
through a series of Drechsel bottles in which the first contained 
a solution of 1 M Cr(ClOO2 in 1 M HClO4 over amalgamated zinc, 
the second contained concentrated sulfuric acid, and the third 
served as a trap. 

Preparation of Reagents. [(NH3)SRu111Cl]Cl2-V3H2O was pre
pared by two methods. The simpler method, which provided the 
better opportunity to obtain the product without the dichlorotetra-
ammine complexes (both the cis and trans forms are orange) as 
impurities, was that of Vogt, et al.n (NH3)6RumCl3 (Matthey-
Bishop) (10 g) was dissolved in 250 ml of 6 M HCl and refiuxed 
overnight producing a bright yellow precipitate. The product was 
recrystallized from hot 2 M HCl twice, washed with methanol, and 
dried, giving a yield of 75%. 

In the less expensive method, after Allen, et a/.,12 2.5 g of RuCl3_4 • 
1-3H2O (Alfa Inorganics) was dissolved in 30 ml of H2O to which 
29.6 ml of hydrazine hydrate (85%, Aldrich) was then carefully 
added, with stirring, through a reflux condenser. The brown mix
ture was refiuxed overnight, producing a purple solution. After 
filtering 40 ml of 9 M HCl was added to the reaction mixture. 
Bright yellow crystals developed after 2 hr of refiuxing. The 
product was purified by dissolving it in 1 M HCl and filtering into 
concentrated HCl to produce a bright yellow precipitate, washing 
with methanol, and drying in a vacuum dessicator. After two re
crystallizations, the yield was 55 %. Anal. Calcd for [Run(NH3)5-
Cl]Cl2-VsH2O: H, 5.38; N, 23.10; Cl, 34.65. Found: H, 
5.24; N, 22.47; Cl, 34.84. 

Amalgamated zinc was prepared by cleaning mossy zinc with 
1 M HClO4, mixing the zinc with a 2 M HClO4 solution containing 
2% as much mercuric chloride as zinc, and washing with 1 M 
HClO4. The amalgamated zinc was stored under 1 M HClO4. 

Preparation of the Complexes. The complexes were synthesized 
by the general method of combining aquopentaammineruthenium-
(II) with the ligand in aqueous solution, in analogy to the method of 
Taube, et a/.,13'14 with modifications according to the properties of 
the particular ligand. 

4,4'-Bipyridine, l,2-bis(4-pyridyl)ethylene, and 4-phenylpyridine 
are nearly insoluble in cold water but dissolve quite readily in hot 
water. Hence, the complexes of these ligands were prepared by 
heating the solution containing the ligand and adding the aquo-
pentaammineruthenium(II) ion solution slowly to prevent pre
cipitation of the ligand. The 4,4'-bipyridine and 4-phenylpyridine 
complexes could be synthesized by suspending the ligand and 
[(NH3)SRu11Cl]Cl2 over amalgamated zinc in H2O which was con
tinually flushed with purified argon or helium.16 The l,2-bis(4-
pyridyl)ethylene complex, however, could not be prepared by allow
ing the ligand to be in contact with the amalgamated zinc. In this 
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case, the ethylenic double bond was reduced, producing the 1,2-
bis(4-pyridyl)ethane complex. In order to prevent formation of 
the dipentaammineruthenium(II) complexes of ligands with two 
available nitrogen atoms and to increase the rate of complex forma
tion, an excess of ligand was used in all cases. In a typical prep
aration, 0.303 g (1 mM) of [(NH3)SRU111CI]CI2-VSH2O was sus
pended in 20 ml of deaerated, argon-saturated H2O and was added 
to 10 g of amalgamated zinc which was covered by 15 ml of de-
aerated H2O. In another section of the apparatus, 4 mM of the 
ligand was suspended in 20 ml of deaerated H2O and heated to 80° 
with a hot H2O bath. After about 15 min, the suspension of 
[(NH3)SRu111Cl]Cl2 • VsH2O turned into a clear yellow solution, indi
cating the formation of [(NH3)6RuII(H20)]2+. This solution was 
filtered through a medium porosity frit into the solution of the 
ligand, causing an immediate coloration (orange for the 4,4'-bi-
pyridine and 4-phenylpyridine complexes and rose for the 1,2-
bis(4-pyridyl)ethylene complex). The color increased in intensity 
for about 10 min, after which no further change was visually per
ceptible. The reaction was allowed to proceed for 30 min with 
continuous argon flushing. The reaction was tested for comple
tion by comparing the visible absorption spectra several times dur
ing the course of the reaction. 

The solution was then evaporated on a Rotavap equipped with a 
nitrogen inlet. The dried product was then handled in a nitrogen 
filled glovebox. It was first dissolved in 300 ml of hot, deaerated 
nitrogen saturated absolute ethanol, cooled to room temperature, 
and precipitated with 1 1. of deaerated anhydrous ethyl ether. A 
noticeable bathochromic shift occurs in ethereal solution for the 
4,4'-bipyridine and the l,2-bis(4-pyridyl)ethylene complex, making 
the suspensions bluish. The 4-phenylpyridine complex does not 
show such a pronounced color change. The product was col
lected by suction filtration and dried in a vacuum dessicator over 
Drierite. 

The pyrazine complex was prepared by the same method as the 
4,4'-bipyridine complex, but at room temperature. 

The pyridine complex was prepared by combining 0.5 mM of 
[(NH3)SRU111CI]CI2-VSH2O and 0.5 mM of the ligand over 2 g of 
amalgamated zinc in 4 ml of deaerated D2O and flushing with argon 
for 30 min. The solution was identified by its visible and ultra
violet absorption spectrum.13 

The dipentaammineruthenium(II) complexes of pyrazine, 4,4'-
bipyridine, and l,2-bis(4-pyridyl)ethylene were prepared by adding 
0.5 mM of aquopentaammineruthenium(II) in about 25 ml of 
H2O or D2O, which had been prepared from [(NH3)5RulnCl]Cl2 
over amalgamated zinc, to a solution of 1.0 m M of the ligand in 
about 20 ml of H2O or D2O. In the cases of 4,4'-bipyridine and 
l,2-bis(4-pyridyl)ethylene, the reaction solutions were maintained 
at 75° in order to dissolve the ligands. The progress of the reac
tion was followed spectrophotometrically, requiring about 8 hr 
for completion. The complexes were used in solution. 

Analysis 

Analysis of elemental composition was performed 
by Micro-Tech Laboratories of Skokie, 111., and Chema-
lytics of Tempe, Ariz. The complexes were found to 
have reasonable carbon to nitrogen ratios, but low 
determinations for carbon, nitrogen, and hydrogen. 
Chloride determinations and neutron activation analysis 
results showed that ZnCl2 was present in the samples. 
The presence of a small amount of ZnCl2 should not 
interfere with the measurements made on the com
plexes and, hence, was grudgingly tolerated. Other 
methods, such as precipitation with a large counter ion, 
such as perchlorate, gave much worse results and were 
discarded. 

Typical analysis results were: calculated for RuCi2N7-
H25Cl2 (1,2-bis(4-py ridyl)ethylenepentaammineruthe-
nium(II)) C/N = 1.47, found 1.51; calculated for Ru-
Ci0N7H23Cl2 (4,4 '-bipyridinepentaammineruthenium-
(II)) C/N = 1.23, found 1.25. The percentage of 
ZnCl2 • ̂ H2O ranged from less than 1 % to nearly 4 %. 

Acid Dissociation Constants of l,2-Bis(4-pyridyl)-
ethylene. A 5 X 10~3 M solution of 1,2-bis(4-pyr-
idyl)ethylene was prepared by suspending 0.0140 g of 
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the purified ligand in 400 ml of H,0 in a 500-ml volu
metric flask, warming gently until the ligand had dis
solved, cooling slowly to 25°, filling the flask to 500 ml, 
and mixing gently but thoroughly. No precipitation 
was evident during the titration. The HCl solution 
used for the titration was standardized by titration 
against a standardized NaOH solution. The ionic 
strength of all solutions was adjusted with KCl (Mallin-
krodt, analytical reagent grade). The pH measure
ments were made with a Beckman expandomatic pH 
meter equipped with a combination glass calomel 
electrode. All measurements were made at 25°. 

Acid Dissociation Constants of the Complexes. The 
measurements for the complexes were made on aliquots 
of a solution whose concentration was determined 
from the extinction of the solution at the wavelength of 
maximum absorbance of the unprotonated complex. 
Each aliquot was acidified by the addition of 0.050 M 
HCl or made alkaline by the addition of 0.050 M 
NaOH. The absorbances at the wavelength of maxi
mum absorbance of the unprotonated complex and the 
protonated complex were then quickly measured using 
a thermostated compartment (at 25°) and the pH was 
then measured. Previous to the recording of the visible 
absorbances, the solutions were handled in a nitrogen 
filled glovebox and were sealed before removal. The 
ionic strength of the solutions of the complexes were 
maintained at 0.050 M with KCl. 

Solution Preparation for Nmr Spectra. Solutions of 
the pentaammineruthenium(Il) complexes of 4,4'-
bipyridine, 4-phenylpyridine, and l,2-bis(4-pyridyl)-
ethylene were prepared by dissolving dried samples of 
the chloride salt of each complex in deaerated, helium 
saturated D2O (Stohler Chemical Co., 99.8% D) and 
filtered through glass wool into an nmr tube. The 
resulting solutions were about 0.01 M in complex 
and required the use of a computer averaging unit for 
proper resolution of the nuclear magnetic resonance 
spectrum. The solutions were handled in a nitrogen 
atmosphere glovebox and were sealed before removal. 
3-(Trimethylsilyl)propanesulfonic acid (DSS) (sodium 
salt, "Uvasol," E. Merck and Co.) was used as an 
internal standard. 

Solutions of the pentaammineruthenium(II) com
plexes of pyridine and pyridine-2-c?18 were prepared by 
synthesizing the complexes in D2O, placing the reaction 
apparatus in the glovebox, filtering into an nmr tube, 
and sealing the tube. These solutions were about 0.25 
M in complex and could be employed without the use 
of the computer averaging unit. 

Pyridine-2-c? was synthesized by the method of R. A. 
Abramovitch, D. J. Kroeger, and D. Staskin from 2-
pyridyllithium and D2O. The 2-pyridyllithium was 
synthesized from freshly prepared n-butyllithium17 and 
freshly vacuum distilled 2-bromopyridine (Reilly Tar 
Co.). 

Nuclear Magnetic Resonance Spectra. The nuclear 
magnetic resonance spectra were recorded on a Varian 
A-60A or a Varian HA-100 nmr spectrometer equipped 
with a C-1024 time averaging computer. The frequency 
differences between the lock signal and the end points 
of the frequency field swept by the C-1024 time averaging 

(16) R. A. Abramovitch, D. J. Kroeger, and B. Staskin, Can. J. 
Chem., 40, 2030(1962). 

(17) H. Gilman, J. A. Beel, C. G. Brannen, M. W. Bullock, G. E. 
Dunn, and L. S. Miller, J. Amer. Chem. Soc, 71, 1499 (1949). 

unit were calibrated by averaging values obtained from 
a Hewlett-Packard V-4315 frequency counter for ten 
successive 100-sec sweeps (about 2-3 cps for the field 
widths used). The accuracy of the field width is about 
1 cps and those of the individual peaks are on the 
order of 0.1 cps. The number of sweeps for each 
spectrum is noted with the spectrum. 

The probe temperatures of the nmr spectrometers 
were 37 ± 1 ° for the HA-100 and 40 ± 1 ° for the A-60A. 

Spectra of the ligands were taken in D2O in order to 
minimize solvent effect differences between the ligands 
and the complexes. Supersaturated solutions of about 
0.1 M were used to obtain the spectra of 4,4'-bipyridine, 
4-phenylpyridine, and l,2-bis(4-pyridyl)ethylene. 

Correlation of Charge-Transfer Energies to Ligand 
Orbital Energies. A characteristic feature of the visi
ble absorption spectra of the pentaammineruthenium-
(II) complexes of aromatic nitrogen heterocycles and 
the cyanopyridines is an intense absorption band with an 
extinction coefficient of approximately 104 Af-1 cm - 1 

which follows the expected trend in energy shift with 
the nature of the substituent pyridine ligands corre
sponding to a metal-to-ligand charge transfer.13 The 
more easily the ligand is reduced, as indicated by the 
magnitude of the Hammett p value for the substituent, 
the lower is the energy of the charge-transfer absorp
tion. In these complexes, the situation is favorable 
for metal-to-ligand charge transfer due to facile oxida
tion of the Ru11 ion when it is not stabilized by several •w 
electron-withdrawing groups (e.g., for the couple 
[Run(NH3)6]2+/[Ruin(NH3)6]3+, the standard reduction 
potential is 0.103 V18 and for the couple [Run(NH3)5-
(H2)]

2+/[Ruin(NH3)o(H20)]3+, the reduction potential = 
0.16 V,18 but for the couple [Run(2,2'-bipyridine)3]2+/ 
[Rum(2,2'-bipyridine)3]3+ the reduction potential = 
1.347 V19) and to the relatively low reduction potentials 
of the nitrogen heterocycles used as ligands.20 The 
absorption of these complexes in the ultraviolet region 
is generally very close in energy to the transitions of the 
free ligand and would seem, therefore, to arise from 
transitions between molecular orbitals which are es
sentially localized on the ligand. 

Both the charge transfer and the ultraviolet spectra 
of pentaammineruthenium(II) complexes of aromatic 
nitrogen heterocycles which have a second nitrogen 
atom available for bonding undergo significant batho-
chromic shifts in acidic solution. This property was 
investigated to determine the dependence of the charge-
transfer energy on the energy of the lowest unoccupied rr 
antibonding molecular orbital. This property is com
patible with the assignment of the transition in the 
visible absorption spectrum as a metal-to-ligand charge 
transfer since the association of the positively charged 
species should make the reduction of the ligand easier 
and, therefore, lower the charge-transfer energy. The 
protonation of the ligand would not be expected to 
affect the energy of the 4d orbitals of the ruthenium ion 
to nearly as large a degree. 

The energy of the metal-to-ligand charge transfer 
should depend directly on the difference in energy of 
the "essentially ruthenium" molecular orbital from the 
unoccupied "essentially ligand" w antibonding molecu-

(18) T. J. Meyer and H. Taube, Inorg. Chem., 7, 2369 (1968). 
(19) P. George, G. I. H. Hanania, and D. H. Irvine, / . Chem. Soc, 

2548 (1939). 
(20) B. J. Tabner and J. R. Yandler, ibid., A, 381 (1968). 
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Figure 1. A plot of the polarographic half-wave potentials of some 
aromatic nitrogen heterocycles vs. the charge-transfer energy of the 
corresponding pentaammineruthenium(II) complex. See Table II 
for numbering scheme. 

lar orbital to which it is promoted. If the energy of the 
ruthenium 4d orbitals is affected to very nearly the same 
degree by a interaction with each of the ligands, the 
charge-transfer energy difference for complexes of differ
ent ligands will depend on the difference in energy of the 
•w antibonding orbitals to which the electron is promoted 
and the difference is the amount of interaction of the it 
antibonding orbitals of the ligands and the ruthenium 
4d t2g orbitals which are of the proper symmetry to 
interact with them. If this is the case, the correlation 
expected between the charge-transfer energy and the 
molecular orbital energy might be shown by com
paring the charge-transfer energy with the molecular 
orbitals energies determined by polarographic half-wave 
potentials, molecular orbital calculations, and ultra
violet absorption spectra. 

Table I. Visible and Ultraviolet Absorption Spectra of 
Pentaammineruthenium(II) Complexes 

Complex —Xmax, nm (log i M , h 

(NH3)6Ru2+0 400(1.48) 275(2.80) 
(NH3)5Ru(pyridine)2+ <> 407(3.89) 244(3.66) 
(NH3)5Ru(pyrazine)2+ b 472(4.03) 253(3.65) 
(NHs)5Ru(4-phenylpyridine)2+ 446(4.01) 289(4.27) 
(NH3);Ru(4,4'-bipyridine)2+ 478(4.10) 348(4.23) 
(NH3);Ru( 1,2-bis(4-pyridyl)- 508 (4.09) 382 (4.48) 

ethylene)2+ 
((NH 3) oR u)2(py razine)*+c 547(4.47) 255(4.08) 
((NH3)5Ru)2(4,4 '-bipyridine)4+ 542(4.50) 250(4.41) 
((NH3)5Ru)2( 1,2-bis(4-pyridyl)- 536 (4.54) 300 (4.48) 

ethylene)4+ 

"T. Meyer, Ph.D. Dissertation, Stanford University, 1966, p 30. 
b P. Ford, De. F. P. Rudd, R. Gaunder, and H. Taube, / . Amer. 
Chem. Soc, 90, 1187 (1968). ' C. Creutz and H. Taube, ibid., 91, 
3988 (1969). 

The visible and ultraviolet absorption spectra of the 
pentaammineruthenium(II) complexes of 4,4'-bipyri
dine, l,2-bis(4-pyridyl)ethylene, 4-phenylpyridine, and 
the dipentaammineruthenium(Il) complexes of 4,4'-
bipyridine show an intense absorption in the visible 
region analogous to those of pentaammineruthenium-
(II) complexes of other aromatic nitrogen heterocycles 
which Taube, et ah, assigned to a metal-to-ligand charge 
transfer13 and another intense absorption in the ultra
violet region which is very close in energy to the transi

tions of the ligands themselves. From the data which 
are summarized in Table I, it is evident that the charge-
transfer energy varies significantly from one ligand to 
another. It was suggested by Taube, et ah, that a cor
relation exists between the polarographic half-wave 
potentials of the free ligands and the visible absorption 
band frequency of the pentaammineruthenium(II) azine 
complexes.13 Such a dependence is indeed evident 
from the linear plot of the band frequency vs. the 
polarographic half-wave potentials shown in Figure 1 
and the data in Table II. 

Table II. Correlation between Charge-Transfer Energies of 
(NHs)5Ru11L2+ and the Polarographic Ey, of the Free Ligand 

Ligand 

Pyridine 
Pyrimidine 
Pyridazine 
Pyrazine 
sym-Triazine 
4-Phenylpyridine 
4,4'-Bipyridine 
1,2-Bis(4-pyridyl)ethylene 

Xmax, nm 

4076 

445* 
467" 
4726 

471" 
446 
478 
508 

v, eV 

3.04 
2.79 
2.65 
2.63 
2.64 
2.79 
2.59 
2.44 

Ei/,, V" 

2.76 
2.35 
2.22 
2.17 
2.10 
2.24 
1.91 
1.69 

« B. J. Tabner and J. R. Jandler, J. Chem. Soc. A, 381 (1968). 
6 P. Ford, De. F. P. Rudd, R. Gaunder, and H. Taube, / . Amer. 
Chem. Soc, 90, 1187(1966). 

To relate the band frequency to the energy of the it 
antibonding orbital to which the electron is promoted, 
it is necessary to relate the half-wave potential to the 
energy of this orbital. Maccoll21 suggested that the 
polarographic reduction half-wave potential is directly 
related to the electron affinity of the molecule. The 
relationship may be expressed as 

Ei/, = EA + F80Iv — K 

where Ey1 is the polarographic half-wave potential, EA 
is the electron affinity of the neutral molecule, FsoW is the 
difference in free energy of solvation of the neutral 
and the mononegative ion, and K is a constant.22 

This result is based on the assumption that the process 
being observed in the polarographic reduction is a re
versible, one-electron transfer to form a mononegative 
ion. The prediction of a linear relationship between 
electron affinities and half-wave potentials for a series 
of compounds assumes that entropy changes among the 
species being compared may be neglected. 

If the half-wave potential is proportional to the 
energy of the lowest unoccupied molecular orbital, it is 
assumed that (1) the electron which is transferred to the 
neutral molecule in the polarographic reduction occu
pies the lowest unoccupied molecular orbital, (2) the 
change in the reduction potential is equal to the change 
in heat content, and (3) the change in heat content is 
equal to the energy required to place an electron from 
outside the molecule into the lowest available molecular 
orbital. The relationship between changes in electron 
affinity and the energy of the lowest unoccupied molecu
lar orbital is predicted by simple Hiickel molecular 
orbital theory and has been found empirically to 
b e 20, 2 2-27 

(21) A. Maccoll, Nature (London), 163, 178 (1949). 
(22) L. E. Lyons, 16W., 166, 194 (1950). 
(23) F. A. Matsen, J. Chem. Phys., 24, 602 (1956). 
(24) A. Pullman, B. Pullman, and H. Berthier, Bull. Soc. CMm. Fr., 

591 (1950). 
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AEA = 0.5A(a + 6/3) 

where a is the coulomb integral, /3 is the resonance 
integral, and b is a constant. This value for the cor
relation between the polarographic half-wave potential 
and the energy of the lowest unoccupied IT antibonding 
molecular orbital calculated by Huckel LCAO molecu
lar orbital methods was obtained for several series of 
conjugated hydrocarbons22-27 and for nitrogen hetero-
cycles.20 The compounds in each series were expected 
to have similar solvation properties in the solvent used 
for the polarographic measurements. 

When molecular orbital overlap is taken into con
sideration, the empirical value for the proportionality 
constant becomes 0.54-0.56.23 Values in this range 
were obtained for hydrocarbons using an SCF-MO 
formulation for the calculations28 and for azines29 using 
the CNDO/2 calculations developed by Pople, Santry, 
and Segal. (These calculations were performed for 
this study without the knowledge that they were also 
being performed by Wiberg and Lewis. All results 
tabulated herein are the results obtained in this labora
tory.) 

In order to compare the charge-transfer energies of 
the pentaammineruthenium(II) complexes with the 
lowest unoccupied w antibonding molecular orbital 
of the ligand, CNDO/2 calculations were employed.30 

The correlation results in a least-squares slope of 0.56 
(see Table III). 

Table III. Correlation of Polarographic £ y 2 and CNDO/2 
Lowest 7T* Energies of Aromatic Nitrogen Heterocycles 

1. 
2. 
3. 
4. 
5. 
6. 

Pyridine 
Pyrimidine 
Pyrazine 
4-Phenylpyridine 
4,4'-Bipyridine 
1,2-Bis(4-pyridyl)ethylene 

£>A> V « 

2.76 
2.35 
2.17 
2.24 
1.91 
1.69 

CNDO/2 
lowest ir*, 

eV 

3.54 
3.22 
3.02 
2.49 
2.18 
1.28 

" B. J. Tabner and J. R. Yandler, J. Chem Soc. A, 381 (1968). 

The correlation of E^1 vs. the charge-transfer energies 
of the pentaammineruthenium(II) complexes of the 
ligands studied (Figure 1) results in a significantly dif
ferent slope (2.0) from that of Ei/, vs. CNDO/2 orbital 
energies (0.56). The energy of the charge-transfer 
band decreases much more slowly than would be pre
dicted from the decrease in the energy of the unoccu
pied T antibonding molecular orbital of the ligand. 
This difference between the expected trend of the 
charge-transfer energies and those observed is due to the 
fact that the lowest unoccupied r ligand orbital becomes 
lower in energy as it approaches the ruthenium orbitals; 
as this energy difference becomes smaller there is a 

(25) A. T. Watsen and F. A. Matsen, J. Chem. Phys., 18, 1305 (1950). 
(26) G. J. Hoijtink and J. Van Schooten, Reel. Trav. CMm. Pays-Bas, 

71, 1089 (1952); 72, 691, 903 (1953). 
(27) I. Bergman, Trans. Faraday Soc, 50, 829 (1954). 
(28) M. J. S. Dewar, J. A. Hashmall, and N. Trinajastic, J. Amer. 

Chem. Soc, 92, 5555 (1970). 
(29) K. B. Wiberg and T. P. Lewis, ibid., 92, 7154 (1971). 
(30) The CNDO/2 program of George Segal was supplied by the 

Quantum Chemistry Program Exchange at Indiana University. It 
employes the procedure outlined in (a) J. A. Pople, D. P. Santry, and 
G. A. Segal, J. Chem. Phys., 43, S129 (1965); (b) J. A. Pople and G. A. 
Segal, ibid., 43, S1376 (1965); (c) ibid., 44, 3289 (1966). 

Table IV. Comparison of Charge-Transfer Energies Calculated 
from Changes in r* Energies and Experimental Values" 

£0T AET*6 £cT(»alcd)c A£cT 

Pyridine 
Pyrimidine 
Pyridazine 
Pyrazine 
yym-Triazine 
4-Phenylpyridine 
4,4'-Bipyridine 
l,2-Bis(4-pyridyl)-

3.04 
2.79 
2.65 
2.63 
2.64 
2.79 
2.59 
2.44 

0.73 
0.96 
1.05 
1.17 
0.93 
1.52 
1.91 

2.89" 
2.31 
2.08 
1.99 
1.87 
2.11 
1.52 
1.13 

0.15" 
0.48 
0.57 
0.64 
0.77 
0.68 
1.07 
1.31 

" All values in electron volts. b Difference in energy of the lowest 
7T* MO from that of pyridine calculated by A£y2 = 0.56 A£V*. 
c Assuming that energy differences of the Ru 1 W 1 , , d2

X!, and d2
yl 

orbitals arise only from d-x* interaction. d Estimated graphically. 

stronger interaction between the ligand IT* orbitals and 
the ruthenium dx orbitals. This interaction will in
crease the charge-transfer energy from what it would 
be if the orbitals were noninteracting. Table IV shows 
a comparison of the charge-transfer energies calculated 
on the basis of the differences in the energy of the 
lowest unoccupied molecular orbital of the ligands, 
assuming that the <r bonding of each of the ligands 
affects the ruthenium t2g 4d orbitals in the same manner. 

A molecular orbital scheme which is compatible with 
these results is shown in Figure 2. Only those molecular 
orbitals of low enough energy to interact significantly 
with the ruthenium 4dzj,, 4dIZ, and A6.yz orbitals are 
shown. The interaction of the A^d^-^) with the 
A2(7r*) or A"(TT*) orbital is not shown to simplify the 
figure. Splitting is assumed to result in symmetric 
displacement about the average energy of the interacting 
molecular orbitals. The differences in energy among 
the dxtl, d„, and dyz orbitals without x interaction should 
be very small. For the &xi-yi and dzi orbitals, the dif
ference in energy without w interaction is approximately 
V3So- where 8<r is the difference in the bonding energy 
between the ligand which perturbs the octahedral sym
metry (the aromatic nitrogen heterocycle) and the 
ligand (NH3) which occupies the other five coordinate 
positions in the distorted octahedral complex under 
consideration.31 The difference in a bonding be
tween NH3 and the aromatic nitrogen heterocycles is 
probably not very great and differences in the value for 
the various heterocycles should be very small. Of the 
six possible transitions between the perturbed ruthenium 
dxy, dzz, and d„2 orbitals and the two lowest TT anti-
bonding orbitals, only one, the B2(^*) •«- B^d12) 
transition in the pyridine complex and the Bi(7r*) •«-
B2(d!/j) transition in the pyrazine, 4-phenylpyridine, and 
4,4'-bipyridine complexes, is symmetry forbidden. In 
the l,2-bis(4-pyridyl)ethylene complex, all four transi
tions are symmetry allowed. Transfer to the A2(7r*) 
orbital of the ligands is unlikely since this orbital has a 
node in the para position and the charge-transfer band 
of substituted pyridines has been shown to be very 
sensitive to the nature of the substituent in the para 
position. The similarity of the widths of the charge-
transfer absorptions at half-height (pyridine = 4300 
cm - 1 , pyrazine = 3200 cm -1 , 4-phenylpyridine = 4450 
cm-1, 4,4'-bipyridine = 3850 cm"1, and l,2-bis(4-
pyridyl)ethylene = 4150 cm -1) when compared to the 

(31) D. S. McClure, "Advances in the Chemistry of Coordination 
Compounds," Macmillan, New York, N. Y., 1961, p 498. 
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UGANO 

(C2,) (C1) 

LIGAND 

(D21) 

(NH5I6Ru (1,2-bis (4-pyridyl!ethylene) (NH3I5 Ru(4,4'bipyridine)2 + 

(C2 ,) 

NOTT 

(C2,) 

(NHj)5Ru (pyridine)' 

Figure 2. A molecular orbital scheme for the pentaammineruthenium(II) complexes of pyridine, 4,4'-bipyridine, and l,2-bis(4-pyridyl)-
ethylene. The similar schemes for the pyrazine and 4-phenylpyridine complexes follow the linear energy relationship (vide infra) and are 
omitted for clarity. 

large difference in the energies of the lowest two 
unoccupied molecular orbitals of the ligands also indi
cates that transitions only occur to the lower unoccu
pied orbital, as suggested by Taube, et al.1S 

Protonation of those complexes which have a second 
nitrogen atom available for bonding results in a lowering 
of the energy of both the visible and ultraviolet absorp
tion bands (Table V). CNDO/2 calculations of mono-

if the occupied orbitals of the ligand and the ruthenium 
ion are not lowered to as great an extent as the unoccu
pied T antibonding orbitals, as indicated by the results 
of the CNDO/2 calculations. 

Changes of Ligand Basicity on Complexation 

One of the interesting properties of pentaammine-
ruthenium(II) complexes of aromatic nitrogen hetero-

Table V. Visible and Ultraviolet Absorption Changes of (NHa)5Ru11L2 + Complexes Due to Protonation 

Ligand 

Pyrazine 
Pyrazine (H+) 

4,4'-Bipyridine 
4,4'-Bipyridine (H+) 

1,2-Bis(4-pyridyl)ethylene 
l,2-Bis(4-pyridy Methylene (H+) 

A max* nm (log em»x) E, eV 

472(3.99) 
529(4.08) 

478(4.10) 
563(4.14) 

508(4.09) 
578(4.14) 

2.63 
2.34 

2.59 
2.20 

2.44 
2.14 

AE, eV 

-0 .29 

-0 .29 

-0 .30 

Xmas, n m (log «max) 

253(3.65) 
270(3.70) 

248(4.23) 
260(4.27) 

283(4.48) 
310(4.53) 

;t absorption— 
E, eV 

4.90 
4.59 

5.00 
4.77 

4.35 
4.00 

AE, eV 

-0 .31 

-0 .23 

-0 .35 

protonated pyrazine and 4,4'-bipyridine indicate that 
the difference in energy between the highest occupied ir 
molecular orbital and the lowest unoccupied T anti-
bonding orbital is indeed less for the protonated species 
than for the free ligand. The ultraviolet absorption in 
the complex, of course, measures the transition between 
essentially ligand molecular orbitals which have inter
acted with the ruthenium d orbitals. 

Since all of the it antibonding molecular orbitals 
have lower energy due to protonation, the entire ultra
violet band is shifted significantly. The charge-transfer 
band of the protonated complexes is affected to nearly 
the same degree of the ultraviolet absorption, as ex
pected from the molecular orbital scheme invoked 
for the unprotonated complexes. A transition from 
A2Cd12) orbital which is essentially unperturbed by tr 
interaction to the lowered Bi(V*) orbital for pyrazine 
and 4,4'-bipyridine complexes and the analogous 
A"(ir*) -*- A(dyj) transition for the 1,2-bis(4-pyridyl)-
ethylene complex should be lower in energy than the 
charge-transfer bands in the unprotonated complexes 

cycles is the enhancement of the basicity of pyrazine 
by two orders of magnitude on complexation.13 This 
indicates that there is either an increase in the electron 
density of the nitrogen atom which becomes proton
ated caused by back bonding from the ruthenium ion to 
the ligand, or that the pentaammineruthenium(II)-N 
bond is more effective in delocalizing the positive charge 
of the protonated complex than the nitrogen atom of 
the free ligand. Either of these effects will make the 
dissociation of the protonated complex 

[ ( N H 3 ) S R U 1 1 N O W + ^ [(NHS)5RU1 1NQN]2 + + H+ 

less favorable than the analogous dissociation of the 
protonated ligand. 

The basicities of azines are not solely dependent on 
the electron density of the nitrogen atom, as shown by 
comparison of electron densities and pK values in 
Table VI. This comparison shows, for example, that 
pyridine is a stronger base than pyrimidine, even 
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Table VI. Comparison of Excess Electron Densities and 
Basicities of Nitrogen Heterocycles 

Pyridine 
Pyrimidine 
Pyridazine 
Pyrazine 
4-Phenylpyridine 
4,4'-Bipyridine 
1,2-Bis(4-pyridyl)ethylene 

Excess electron density on 

NQR 

1.00« 
1.10* 
0.36"» 
0.92" 

0.99« 

nitrogen" 
CNDO/2 

1.00 
1.15 
0.07 
0.73 
1.02 
0.99 
1.17/ 

PKJ 

5.23« 
1.30» 
2.33» 
0.6" 
5.55* 
4.82* 
5.7' 

° Relative to the electron density for pyridine. Both NQR and 
CNDO/2 results are better for relative values than absolute ones. 
NQR is more reliable than CNDO/2. b For compounds with two 
nitrogens available for protonation, the pK for the dissociation of 
the monoprotonated species is given. e E. A. C. Lucken, Trans. 
Faraday Soc, 57, 729 (1961). * E. Schampp and P. J. Bray, J. 
Chem. Phys., 46, 1186 (1967). « H. Negita, M. Hayashi, T. Hira-
kawa, and H. Kawata, Bull. Chem. Soc. Jap., 43, 2262 (1970). 
i David G. Whitten, private communication. « A. Albert and J. 
Phillips, J. Chem. Soc, 1294 (1956). * D. Feakin, S. N. Nagi, R. A. 
Shaw, and P. Watson, ibid., A, 10, (1968). i T. R. Mustrave and 
Matson, lnorg. Chem., 7, 1433 (1968). ' From Ki vs. yfp. extrapo
lated to M = 0 . 

though the pyrimidine nitrogen has a greater electron 
density than the pyridine nitrogen. Evidently, the 
azine basicity depends on other factors, such as the 
capacity of the ring to delocalize the positive charge 
introduced by the proton. The C-H group delocalizes 
positive charge better than the nitrogen atom, making 
pyridine a better base than pyrimidine. 

A study of the effect of the pentaammineruthenium-
(II) moiety on other aromatic nitrogen heterocycles 
with terminal nitrogen atoms available for protonation 
was undertaken to investigate the nature of the interac
tion which leads to the increased basicity of the pyra
zine complex. 

The p.rv's of the pentaammineruthenium(II) com
plexes of 4,4'-bipyridine and l,2-bis(4-pyridyl)ethylene 
were conveniently measured by plotting the absor
bance at the wavelength of maximum absorbance of 
the protonated complex divided by the absorbance at 
the wavelength of maximum absorbance of the free 
complex vs. pH. By using the change in the combined 
absorbances rather than the change in each quantity 
separately, errors in the measurements of the concentra
tion of the samples were avoided. 

The pAT's of 4,4'-bipyridine were previously deter
mined by P. Krumholz32 and were much improved by 
T. R. Musgrave and C. E. Mattson.3 Some im
provement in the determination of its PK1 value was 
made by avoiding an approximation made in their 
study. A rather simple computer calculation was 
used to calculate the least-squares plot used to deter
mine pK2 and to calculate the pKi value. The pKj. 
and P-K2 values of l,2-bis(4-pyridyl)ethylene were 
determined by potentiometric titration. 

The acid dissociation constants were defined as 

[H+][HB+] _ [H+][B] 
1 [H2B

2+] 2 [HB+] 

where B is the free 4,4'-bipyridine, HB+ is the mono
protonated species, and H2B2+ is the diprotonated 
species. The total concentration of all species of 4,4'-

(32) P. Krumholz, J. Amer. Chem. Soc, 74, 3847 (1951). 

bipyridine during the titration is given by 

CB = [B] + [HB+] + [H2B
2+] 

The total concentration of hydrogen ion added is given 
by 

CH = [H+] + [HB+] + 2[H2B
2+] 

By measuring the pH and volume of acid added and by 
knowing the amount of base in the solution and the 
concentration of the acid added, these quantities are 
easily determined. A fraction, a, representing the 
average number of hydrogen ions bound per 4,4'-
bipyridine was defined as 

a = 
CH - [H+] [HB+] + [2H2B

2+] 
CB [B] + [HB+] + [H2B

2+] 

It was assumed that when a = 0.5, the quantity H2B2+ 

was negligible and the expression for a could be sim
plified to 

a = IK(K2I[R+]) + 1 ) (1) 

leading to the equation 

a/(l - a) = (1/AT2)[H
+] 

Plotting aj(\ — a) vs. H + should give a straight line 
with a slope of (IjK2) and an intercept of zero. This 
approximation is shown to be reasonable by using 
Musgrave and Mattson's data to estimate the dif
ference between the "real" K2 and the approximated 
expression. For /j. = 0.05, K2 = 1.4 X 1O-6, K1 = 
6.5 X 10-4, and [H+] = 5 X 10-6 M 

[HB+]/[H2B
2+] = K1I[U+] = 130 

i.e., there is less than 1 % as much of the diprotonated 
species as the monoprotonated species when a = 0.5. 
By using the approximate value for K2, the difference 
between the real K2 and the approximate K2 can be 
approximated. Using the same values as above, for a 
real K2 value of 1.4 X 10~6, the approximate value is 

K2 = [H+] (W-
[H+] j 

[B] - [H2B
2+] 

= 1.38 X 10-1 [HB+] + 2[H2B
2+] 

The difference then is 1.4%. This difference is within 
experimental error. 

In order to calculate K1, Musgrave and Mattson 
stated that B was negligible when a > 1.0. In that 
case, a could be rearranged to give 

(a - l)/(2 -a) = (1/K)[H+] 

giving linear plots of the left side of the expression 
against H+ with a slope of 1/K1. To test the approxi
mation, the data above with H + = 5 X 10 -4 (to be in 
the range in which a = 1.0) gives the following for a 
real K1 of 6.5 X 10~4 

approximate K1 = [H+] ( —^—. J = 

[HB+] K1 

[B] = K, 

[H2B
2+] 

[HB+] 

[H+] 

1.3 

2[B] + [HB+] 
[H2B

2+] - [B] 

[H+] 

[H+] 

= 2.8 X 10-2[HB+] 
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Table VII. pKi and pAT2 Values of l,2-Bis(4-pyridyl)ethylene 

p& pKi ± s PAT1 pKi ± s 

0.0250 

0.0500 

0.1000 

5.86 ± 0.00 

5 .83 
5.93 
5. 
5 

.84 

.88 
5.91 
5.90 
5 
5 

.94 

± 
± 
± 
± 
± 
± 
± 

.92 ± 

0.00 
0.01 
0.01 
0.00 
0.01 
0.00 
0.01 
0.00 

5.84 ± 0.02 

5.89 ± 0.03 

5.92 ± 0.02 

4.39 ± 0.05 

4.50 ± 0.03 
4.45 ± 0.03 
4.45 ± 0.03 
4.45 ± 0.03 

4.55 ± 0.03 
4.49 ± 0.03 
4.44 ± 0.04 

4.45 ± 0.05 

4.45 ± 0.03 

4.49 ± 0.04 

i.e., [B] is about 3 % of the magnitude of the other 
species even where a = 1.65 

approximate Ki = 

[H+]rTT0.0560[HB+] + [HB+] 

'[HB+] 
1.3 

- 2.8 X 10-2[HB+] 

giving a 9.2% difference between the real value and the 
approximated value. This demonstrates that even 
though these plots are linear (see Figure 1 and 2) the 
resulting AT's can be improved by calculating Ki without 
using the approximation. 

From the definitions of CB and CH, we arrive at 

[HB+] = 2CB - 2[B] - CH + [H+] 

by substituting the expression for [B] from the definition 
of K2 

[HB+] = 2CB - 2 * 2 + ffB+] - C H + [H+] = 

(2CB - CH[H+])([H+]/(2*2 + [H+])) 

and 

[H2B
2+] = CB - [B] - [HB+] = 

K2 + [HB+] 
[H+] 

[HB+] = CB - [HB+] (' + ^ ) 
using the expression for [HB+] from above 

[H2B
2+] = CB - (2CB - CH + 

'[H+] + 
[H+])([H+]/(2A"2 + [H+])) 

/[H+] + KA 
V [H+] / 

CB - (2CB - CH + [H+]) 
(K2 + [H+] \ 
\2K2 + [H+]) 

Now 

Ki = 
[H+][HB+] 

[H2B
2+] 

[H+]2(2CB - CH + [H+]) 
\2K2 + [H+]) 

Ki = 

CB - (2CB - C H + [ H + ] ) ^ ! ^ ) 

[H+]{2CB-- C H + [H]} 

AT2CH + [H+]CH - [H+]CB - AT2[H+] - [H+]2 (2) 

A computer program was used to evaluate ATi using 
the least-squares value OfAT2 as obtained from eq I.33 

The results of the values of the pATi and pAT2 of 1,2-
bis(4-pyridyl)ethylene are provided in Table VII. 
The value of the pA"2, the negative of the logarithm of the 
equilibrium constants for the dissociation of the mono-
protonated ligand, is found to be close to that of pyri
dine (pA"a = 5.23)34 as expected from their structural 
similarity. The excess electron density at the nitrogen 
is possibly somewhat greater (by CNDO/2 calcula
tions)35 for the l,2-bis(4-pyridyl)ethylene than for 
pyridine and it would be expected to have greater 
charge delocalization ability due to its extended conju
gated system, both leading to an increase in its basicity 
and, hence, a higher pA" value. The pATi value for the 
l,2-bis(4-pyridyl)ethylene is expected to be lower than 
the pAT2 value both from a statistical consideration (the 
bound proton may leave from either equivalent nitrogen 
of the diprotonated species and has only one site avail
able for its return, while in the equilibrium of the 
dissociation of the monoprotonated species, the 
proton leaves from one site and may return to either of 
the two equivalent sites) and from the electrical con
siderations in the equilibrium of the diprotonated 
species, the proton leaves a dipositive species or ap
proaches a monopositive species, a much less favorable 
situation than in the equilibrium of the monoprotonated 
species in which the leaving proton dissociates from a 
monopositive species and the incoming proton ap
proaches a neutral free base. 

The plots of the absorbance at the wavelength of the 
maximum absorbance of the protonated complex 
divided by the absorbance at the wavelength of maxi
mum absorbance of the charge-transfer band of the 
free complex against pH for the pentaammineru-
thenium(II) complexes of 4,4'-bipyridine are shown 
in Figure 3. The horizontal line on Figure 3 repre
sents the point in the titration when the concentration 
of the protonated complex is equal to the concentration 
of the unprotonated complex, which is the point at 
which the pH = pATa.

36 The value will obviously 
depend upon the degree to which the charge-transfer 
bands of the protonated and unprotonated species 
overlap one another at the two wavelengths being 
compared in the ratio. In the determination of the 
pATa of the pyrazinepentaammineruthenium(II) com
plex, Taube, et ah, used the value of e(BH)xmaxBiW 

(33) For computer program and data see the thesis of David K. 
Lavallee, The University of Chicago, 1971. 

(34) A. Albert and J. Phillips, J. Chem. Soc, 1294 (1956). 
(35) Provided by David G. Whitten of the University of North 

Carolina, from a paper of George Segal supplied through the Quantum 
Chemistry Exchange Program at Indiana University. 

(36) R. E. Clarke and P. C. Ford, Inorg. Chem., 9, 495 (1970). 
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Table VIII. pK Values of Para Diazo Heterocycles and Corresponding Pentaammineruthenium(H) Complexes" 

pK2 of ligand pKi of ligand pK of complex pK* of complex6 

(NH)5Ru11NnN 

<NH3>sRu"N(2HSN 

(NHARuHN^f) -» 

0.6 ± 0.2« 

4.9 ± 0.1« 

5.9 ± 0.1 

- 5 . 8 ± 0.1<* 

3.2 ± 0.2/ 

4.4 ± 0.1 

2.6 ± 0.1 

4.4 ± 0.1 

5.0 ± 0.1 

7.4 ± 0.1 

11.1 ± 0.1 

10.1 ± 0.1 

» Values for an ionic strength of 0.050. 'Using pX* = pK(es) + 2.86(vi - v2)/23RT. ' A. Albert, R. Goldacre, and J. Phillips,/. 
Chem. Soc, 2240 (1948). * A. S. Chia and R. F. Trimble, Jr., J. Phys. Chem., 65, 863 (1961). « T. R. Musgrave and C. E. Mattson, 
Inorg. Chem., 7, 1433 (1968). / The recalculated value, using the data in ref e. 

Table IX. pK* Values of Some (NHS)6RU11L2 + Complexes" 

Complex pKa. of complex6 pA'a of ligand" ApXa 

( N H 3 ) S R U 1 1 N O N 2 + 

( N H J ) 5 R U 1 1 N ^ ) " 

( N H 3 ) S R U I I N O ) 2 + 
1^-N 

(NH3)3Ru«NC—<QN!J 

(NH3)sRu«NC—(Q})'+ 

< N H A R u " N C — ^ " 

2.5 ± 0.1<* 

0.03 ± 0.05^ 

0.00'' 

2.72 ± 0.12» 

1.75 ± 0.05» 

0.80 ± 0.10» 

0.65« 

2.33/ 

1.3/ 

1.90" 

1.36* 

-0.26* 

1.85 

-2 .03 

- 1 . 3 

0.82 

0.39 

1.06 

° At 25°, n unspecified. b pATa = —log [H+]i/2 where [H+Iy* = acid concentration at which B = BH+. c If there are two pKa's for a 
ligand, the value is for the dissociation of the monoprotonated species. d P. Ford, De. F. P. Rudd, R. Gaunder, and H. Taube, J. Amer. 
Chem. Soc, 90, 1187 (1968). • A. Chia and R. F. Trimble, Jr., J. Phys. Chem., 65, 863 (1961). / A. Albert and J. Phillips, J. Chem. Soc, 
1294 (1956). » R. E. Clarke and P. Ford, Inorg. Chem., 9, 495 (1970). * S. F. Mason, /. Chem. Soc, 1247 (1959). 

e(B)x max a rather than 

max B H + + «(B)x max B H + 

e(BH)X m a x B+ + €(B)X m a x B 

to determine the value of the pH at which the two 
species had the same concentration. This was incor
rect, but the value obtained is nearly the same as the 
properly determined one. The main reason for the 
redetermination of the p ^ a of the pyrazine complex in 
this study was to maintain the same ionic strength for 
all measurements. 

The results of the determination of the pKa's of the 
pyrazine, 4,4'-bipyridine, and l,2-bis(4-pyridyl)ethylene 
complexes of pentaammineruthenium(II) at an ionic 
strength of 0.050 M are shown in Table VIII. See 
Figure 4 for an example of the determination of pK 
by spectrophotometric titration. The pK* values of 
other azine pentaammineruthenium(II) complexes de
termined by other workers using this method are shown 
in Table IX. 

The results summarized in Table VIII indicate that 
the great enhancement in the basicity of pyrazine on 
complexation to form the pentaammineruthenium(II) 
complexes is not found for the other ligands. The pK 
values of the other complexes lie between the pK2 and 
pi^i values of the ligand, indicating that the major effect 
of the complexation of these ligands is the polarization 
of the electron density by the Ru(II) ion. The high 
pK* values of all the complex studies indicates large 
charge delocalization in the charge-transfer excited 
state, as expected. 

The differences in the ability of the complexes of 4,4'-
bipyridine and 1,2-bis(4-pyridyl)ethylene to delocalize 
the positive charge of the proton relative to the free 
ligands should be much less than the corresponding 
difference for the pyrazine complex, by the following 
reasoning. The pyridine group (in 4,4'-bipyridine) 

l-o 

OSO 
• /J- -- 0 0 2 5 0 0 

' fj. - 0 0 5 0 0 

• /J. =01000 

10 Il 12 
[H*]X IOT 

Figure 3. A plot of [a/(l - a)] vs. [H+] to give the value of K2 of 
1,2-bis(4-pyridyl)ethylene. 

and the vinylpyridine group [in l,2-bis(4-pyridyl)-
ethylene] are both very good for charge delocalization. 
The extra contribution to charge delocalization from 
the pentaammineruthenium(H) moiety is a relatively 
small perturbation. In the case of pyrazine, however, 
the group to which the pentaammineruthenium(II) 
moiety is bonded (a nitrogen atom) is a very poor 
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Figure 4. A plot of Amz am/Am » vs. log [H+] for the 4,4'-bipyr-
idinepentaammineruthenium(II) ion. 

delocalizing agent for positive charge. The contribu
tion of the pentaammineruthenium(II) group in in
creasing the stability of the protonated complex is very 
significant in this case. 

The information on the basicities of these penta-
ammineruthenium(II) complexes indicates that charge 
derealization capability afforded by the pentaammine-
ruthenium(II) moiety's dir-pir back bonding is re
sponsible for the increased basicity of the pyrazine-
pentaammineruthenium(II). This back bonding is a 
local effect induced by the added proton, not a remote 
increase in electron density in the unprotonated com
plex. 

The changes in the basicity of the ligands shown in 
Table IX on complexation are consistent with either 
the derealization of charge by dx-pir back bonding or 
by an increase in electron density at distant positions 
due to the back bonding. From the possible resonance 
forms, the significance of either of these effects is ex
pected to be greater at the ortho and para positions 
than at the meta position. The low value for the pA^ 
of the pyridazine complex is probably due to steric 
interference. 

The important conclusion of this study is that the 
increase in basicity observed in ' the ruthenium-pyra-
zine complex is the result of the derealization of 
charge in the protonated form more than the increase 
in the electron density of the nitrogen due to the 
ruthenium dx-pir back bonding in the unprotonated 
form. The para N on pyrazine is a very inefficient 
delocalizer of the charge upon protonation as seen by 
its very low basicity compared to pyridine (pATa = 0.6 
for pyrazine compared to pK& = 5.23 for pyridine). 
The other complexes studied have ligands in which the 
atom para to the protonated nitrogen is a carbon or 
stubstituted carbon atom. Since these systems al
ready have a good charge delocalizer, the perturbation 
of the ruthenium ion is very small and we do not 
observe the very large and anomalous effect seen in the 
pyrazine case. 

Chemical Shift and TT Electron Density Changes of 
Ligands upon Complexation 

Changes in the chemical shift of the ligand protons 
are used in this study to differentiate between the 
ability of the Ru(II) ion in pentaammineruthenium(II) 
complexes of aromatic nitrogen heterocycles to in

crease basicity of certain ligands by either charge de-
localization in the ground state leading to an increase 
in the electron density of the uncomplexed nitrogen 
atom or the derealization of the additional positive 
charge of the protonated form of the complex. 

Many studies of the relationship of ir electron 
density to proton chemical shifts have been carried out 
for hydrocarbon molecules and ions,37-41 substituted 
benzenes,42-48 and for nitrogen heterocycles.49-64 For 
simple aromatic systems,37-40 the proton chemical shifts 
have been shown to be linearly proportional to the 
excess T electron density on the carbon atom to which 
it is bonded. For substituted aromatic systems, 
however, several other effects must be considered, 
since changes in the nature of several types of current 
which are set up in a molecule due to an external mag
netic field (i.e., the magnetic field employed in the 
nmr experiment) affect the chemical shift of the nuclei 
and these currents in turn are affected by the electric 
and magnetic properties of the substituent. The 
significance of the three general types of current which 
are set up in a molecule due to an external field have 
been discussed in depth by Richards, et al.,37 Dailey, 
et al.,iS'i6 and Speisecke and Schneider.49 These 
three general types of current are (1) the current 
around atoms, (2) the current within bonds, and (3) the 
current induced to flow from atom to atom around an 
aromatic ring. In this discussion, the pentaammine-
ruthenium(II) moiety will be considered the sub
stituent on the aromatic nitrogen heterocycle. The 
various effects of the magnetic and electric properties 
of the substituent on the various types of current in
duced by the external magnetic field and the effect of 
these currents on the proton chemical shifts of the 
heterocycle will be investigated. Not all of these 
effects will turn out to be significant for this study, but 
since oversimplification has often been the rule rather 
than the exception in the application of chemical shift 
changes to electron density changes, each known effect 
should be eliminated only after its insignificance in a 
particular situation has been demonstrated. 

The effect of the current flowing around the hydrogen 
atom on the proton chemical shift will depend upon 
both the electron population of the hydrogen Is orbital 
and any distortion of the current flow due to a strong 
electric field5556 of a substituent in the neighborhood 

(37) G. Fraenkel, R. E. Carter, A. McLachland, and J. H. Richards, 
/ . Amer. Chem. Soc, 82, 5846 (1960). 

(38) H. Spiesecke and W. G. Schneider, Tetrahedron Lett., No. 14, 
468 (1961). 

(39) T. Schaefer and W. G. Schneider, Can. J. Chem., 41, 966 (1963). 
(40) W. G. Schneider in "Nuclear Magnetic Resonance in Chemis

try," Baigio Pesce, Ed., Academic Press, New York, N. Y., 1965, p 63. 
(41) T. J. Katz and J. L. Strauss, J. Chem. Phys., 32, 1873 (1960). 
(42) C. MacLean and E. L. Mackor, ibid., 34, 2208 (1961). 
(43) P. L. Corio and B. P. Dailey, J. Amer. Chem. Soc, 78, 3043 

(1956). 
(44) A. A. Botherny-By and R. E. Glick, ibid., 78, 1071 (1956). 
(45) T. K. Wu and B. P. Dailey, J. Chem. Phys., 41, 2796 (1964). 
(46) R. W. Taft, Jr., J. Amer. Chem. Soc, 79, 1045 (1957). 
(47) J. C. Schug and J. C. Deck, / . Chem. Phys., 37, 2618 (1962). 
(48) J. S. Martin and B. P. Dailey, ibid., 39, 1722 (1963). 
(49) H. Speisecke and W. G. Schneider, ibid., 35, 731 (1961). 
(50) I. C. Smith and W. G. Schneider, Can. J. Chem., 39, 1158(1961). 
(51) B. P. Dailey, A. Gawer, and W. C. Neikam, Discuss. Faraday 

Soc, 34, 18 (1962). 
(52) A. Veillard and B. Pullman, C. R. Acad. Sci., 253, 2277 (1961). 
(53) A. Veillard and B. Pullman, ibid., 2418 (1962). 
(54) P. Low-din,/. Chem. Phys., 19, 1323 (1951). 
(55) T. W. Marshall and J. A. Pople, MoI. Phys., 1, 199 (1958). 
(56) A. D. Buckingham, Can. J. Chem., 38, 300 (1960). 
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of the hydrogen atom or due to the magnetic anisotropy 
of the substituent.57-64 The chief effect of the electric 
field of a substituent on intramolecular current has been 
explained in terms of the polarization of the C-H 
bond,66 rather than the effect on the current around 
the hydrogen atom itself. This effect will be discussed 
later. The effect of the magnetic anisotropy can act 
directly on the proton's current distribution. The 
paramagnetic anisotropy of a transition metal ion 
possessing incompletely filled d levels with the elec
trons in a low spin configuration (e.g., low spin Ru(II) 
with six 4d electrons occupying the three t2g orbitals in 
the ground state) arises from the mixing of the elec
tronic ground state with low lying excited states in 
which there are unpaired electrons.65,66 The signifi
cance of the term "low lying" depends upon the ob
servation being made. As long as the matrix elements 
of the magnetic field operator between the ground 
state and the excited state(s) result in an observable 
effect, the excited state(s) is (are) said to be low lying. 
The effect of the paramagnetic anisotropy of a transi
tion metal ion on the proton chemical shift of protons 
on ligand molecules was shown to be observable for 
transition metal ions whose excitation energies are of 
the same order of magnitude as that of the excitation 
energy of Ru(II) in pentaammineruthniume(II) com
plexes of aromatic nitrogen heterocycles.58-64 Hence, 
it must be considered in the analysis of the effects 
which result in chemical shift changes for protons in 
these complexes compared to the proton chemical shifts 
in the free ligands. Recently, the effect of the magnetic 
susceptibility of Ni(II) and Pd(II) on nearby protons of 
alkenylaryl ligands has been shown to be the major 
contributor to proton chemical shift changes of these 
protons on complexation.36 

The dependence of the shielding of protons on the 
magnetic anisotropy of substituents has been analyzed 
by use of a point-dipole approximation67 in which the 
chemical shift is related to the anisotropy, Ax, by 

Ao- = (Ax/3i?3)(l - 3 cos2 0) 

where Ax = XJI — Xi» and R and 6 define the position 
of the proton under consideration relative to that of 
the magnetic point dipole. Although consistent as
signments have been difficult in the case of diamagnetic 
substituents such as halogen and cyano groups,48 the 
assignments for transition metal ions showing tem
perature independent paramagnetism have been demon
strated to be reasonable, at least on a qualitative basis.64 

Calculations based on the point-dipole approximation 

(57) N. F. Ramsey, Phys. Rev., 78, 699 (1950). 
(58) E. O. Bishop, J. L. Down, P. R. Emtage, R. E. Richards, and 

G. Wilkinson, / . Chem. Soc, 2484 (1959). 
(59) G. Wilkinson in "Advances in the Chemistry of Coordination 

Compounds," S. Kirschner, Ed., MacMillan, New York, N. Y., 1961, 
p 498. 

(60) B. N. Figgis, R. G. Kidd, and R. S. Nyholm, Proc. Roy. Soc, 
Ser. A, 269, 469 (1962). 

(61) R. Bramley, B. N. Figgis, and R. S. Nyholm, J. Chem. Soc. A, 
861 (1967). 

(62) A. D. Buckingham and P. J. Stephens, ibid., A, 2747 (1964). 
(63) A. D. Buckingham and P. J. Stephens, ibid., A, 4583 (1964). 
(64) R. G. Miller, R. D. Stauffer, D. R. Fahey, and D. R. Parnell, 

/ . Amer. Chem. Soc, 92, 1511 (1970). 
(65) J. H. Van Vleck, "The Theory of Electric and Magnetic Sus

ceptibility," Oxford University Press, London, 1932. 
(66) J. H. Van Vleck in "Physical Sciences," H. P. Kallman, S. A. 

Doroff, and S. G, Roth, Ed., New York, University Press, New York, 
N. Y., 1962, Chapter 11. 

(67) H. M. McConnell, J. Chem. Phys., 27, 226 (1957). 

cannot be reasonably employed for the case of the 
pentaammineruthenium(II) complexes studied when 
the size of the Ru(II) ion (about 2 A in diameter) and 
the proximity of the ion to the ortho protons of the 
aromatic nitrogen heterocycles used as ligands (about 
3.0 A) are taken into consideration. Hence, calcula
tions of the xM and Xi parameters for the ortho protons 
were not attempted. The effect on the more distant 
protons might be better investigated by the point-di
pole approximation. Since the dependence di
minishes as a function of 1/i?3, however, a very small 
effect would be expected at the meta position relative 
to the ortho position, and a still smaller relative effect at 
the para position. Indeed, the only paramagnetic (up-
field) shifts found for the pentaammineruthenium(II) 
complexes studied are those which are confidently as
signed to the protons ortho to the substituent, the penta-
ammineruthenium(II) moiety. 

The effect on the proton chemical shift of the cur
rent flowing about the carbon atom has been estimated 
by replacing the currents with point magnetic dipoles. 
The chemical shift of the proton is then found to be 
proportional to the diamagnetic anisotropy constants 
of the atoms.57,68 

Paramagnetic current5769 flows in the C-H bond 
as a result of the contribution of the excited state re
sulting from the promotion of an electron from the 
C-H a bonding orbital to a J antibonding orbital. 
This difference in the contribution of this effect to the 
proton chemical shift is probably very small both 
before and after complexation of the ligand and the 
magnitude of this effect probably differs very little 
from one carbon atom to another on the aromatic 
rings. The C-H bond current may also affect the 
proton chemical shift if it is distorted by a nearby 
electric field. The effect of an electric field on the 
proton shielding has been expressed by Buckingham56 

as 

AO-E = - 2 X 10-12£2 - 10-18£2 

where z is taken to be along the C-H bond. Ao-E has 
been approximated as the product of the substituent 
dipole moment and a geometric factor determined by 
the position of the proton with respect to the dipole,70 

but the results proved inconsistent with experimental 
data. Although accurate calculations are not possible 
at the present time for lack of sufficient information 
about the magnitudes and positions of the electric 
dipoles of substituents, the nature of the function for 
the dependence of proton chemical shift on an electric 
field as a through-space function, rapidly decreasing 
with distance, would suggest that protons ortho to the 
substituent (the pentaammineruthenium(II) group) 
would be affected by its electric field to a much greater 
extent than the other protons on the aromatic nitrogen 
heterocycle. 

The third type of current brought about by an ex
ternal magnetic field is the so-called "ring cur
rent."69,71_76 If the aromatic rings studied are of about 

(68) J. A. Pople, Proc. Roy. Soc, Ser. A, 239, 541 (1957). 
(69) J. A. Pople, MoI. Phys., 1, 175 (1958). 
(70) A. Zweig, J. E. Lehnsen, J. E. Lancaster, and A. T. Neglia, 

/ . Amer. Chem. Soc, 85, 3940 (1963). 
(71) J. A. Pople, / . Chem. Phys., 24, 1111 (1956). 
(72) H. London, J. Phys. Radium, 8, 397 (1937). 
(73) T. S. Waugh and R. W. Fessenden, / . Amer. Chem. Soc, 79, 846 

(1957). 
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Figure 5. The nuclear magnetic resonance absorpt ion spectrum of 
pyridine pentaammineruthenium(II) single sweep on an HA-100 
spectrometer. 
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Figure 6. The nuclear magnet ic resonance absorpt ion spectrum of 
pyridine-2-rf-pentaammineruthenium(II) single sweep on an HA-100 
spectrometer. 

the same size, the changes in ring current will be due 
principally to the magnitude of the "rotating current." 
If the total change in -K electron density is small, the 
contribution due to this effect will also be small (ap
proximately 1.2 ppm per electron69) and should be dis
tributed over the entire ring rather evenly. For six-
membered rings, the current-corrected chemical shift, 
<TU is found to be about 0.95 of the value of the ob
served proton chemical shift.75 Since the compensa
tion for the ring current effect is of such a small rela
tive magnitude, it will only change the conclusions 
about changes in the electron density at carbon atoms 
whose protons undergo small chemical shift changes 
relative to the proton chemical shifts of the other 
protons on the aromatic ring. 

An extremely important effect which results in 
changes in (1) the current flow about the hydrogen 
atom due to a change in the electron density of the Is 
orbital, (2) the C-H bond current flow due to an 
alteration in the diamagnetic anisotropy of the carbon 
atom, (3) the paramagnetic current of the C-H bond, 
and (4) in the ring current is the change in the electron 
density at the carbon atom. These changes should be 
approximately proportional to the change in the TT 
electron density of the carbon atoms. It has been 
shown47-80 that the shift of an aromatic hydrogen 
atom is related to the change in ir electron density at 
the carbon atom to which it is bonded by the expression 

8(a) = aq 

where 8(cr) is the change in the chemical shift, a is a 
constant for a particular aromatic ring, and q is change 
in the charge at the carbon atom due to the substituent. 
Therefore addition of positive charge at carbon atoms 
leads to a downfleld shift. The largest contribution to 
the constant, a, has been proposed47 to arise from the 

(74) C. E. Johnson, Jr., and F. A. Bauey, J. Chem. Phvs., 29, 1012 
(1958). 

(75) H. Johnathan, S. Gordon, and B. P. Dailey, ibid., 36,2443 (1962). 
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Figure 7. The numbering scheme for the a romat ic nitrogen 
heterocycles. 

increase in the electron density on a hydrogen atom 
caused by the polarization of the C-H bond by the 
change in the ir electron density at the carbon atom. 
The value of a is about 9.2 8(<r)/unit charge. Note 
that the effect of charge is about ten times greater than 
the ring current or other effects in causing chemical 
shifts. 

The proportionality of the change in the proton 
chemical shift to the change in electron density at the 
carbon atom to which it is bonded has been justified 
in a very straightforward manner by Fraenkel, et al.37 

Studies of the comparison of molecular orbital 
calculations and experimental chemical shifts87'48'49 

have shown that proton chemical shifts of para position 
protons correlate excellently with calculated ir electron 
densities, while shifts at the ortho and meta positions 
do not appear to be simply dependent on the v electron 
density changes. In the discussion of effects responsible 
for the proton chemical shift, changes of ligands on 
complexation to form pentaammineruthenium(II) com
plexes and changes in proton chemical shifts at the 
para position are assumed to be an accurate measure of 
ir electron density changes, while changes in the ortho 
and meta positions are discussed only qualitatively. 

In order to assign the chemical shifts of the ring pro
tons in pyridinepentaammineruthenium(II), the pyrr 
dine-2-J complex was also prepared and studied 
From the nmr spectra of the pyridinepentaammine 
ruthenium(II) complex (Figure 5) and pyridine-2-d-
pentaammineruthenium(II) (Figure 6), the chemical 
shift of S 8.45 is assigned as H2,s (see Figure 7 for the 
numbering scheme used for the ligands) because the 
relative intensity of the absorption at this position is 
twice as large for the pyridine complex, with two 
equivalent protons ortho to the pentaammineruthe-
nium(II) group, as compared to the pyridine-2-c? com
plex with only one proton in the ortho position. The 
relative integrated intensities of the nmr absorption 
spectra of the pentaammineruthenium(II) complexes 
of pyridine, pyridine-2-c/, 4,4'-bipyridine, and l,2-bis(4-
pyridyl)ethylene are compiled in Table X. The in
tensities were measured with a polar planimeter rather 
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Table X. Integrated Intensities for Nmr Spectra of 
[(NH3)SRu11L]2+ Complexes 

Ligand 
—Chemical shift position in S-

(rel intensity)" 

Pyridine 
Pyridine-2-rf 
Pyrazine 
4,4'-Bipyridine 
l,2-Bis(4-pyridyl)-

ethylene 

8.45(1.47) 
8.45(0.73) 
8.67(2.00) 
8.90(3.41) 
8.56(2.00) 

7.75(1.00) 
7.75(1.00) 
8.13(1.38) 
7.88(2.00) 
8.25(1.36) 

7 .3(2.03) 
7.3(1.99) 

7.69(1.98) 
7 .66,7 .57, 

7.51, and 
7.48(5.94)" 

° Based on the absorption at one position being made equivalent 
to the number of protons assigned to that absorption (see text) and 
of the other areas made relative to the area chosen as reference. 
6 The separation of these absorptions would be unreliable and would 
not affect the conclusions based on this table. 

than the nmr spectrometer itself because the integration 
of the averaged spectra stored in the C-1024 unit 
operated in the frequency sweep mode is not possible 
with the HA-100 nmr spectrometer which was used. 
The shifts of 5 7.75 and 7.3 are assigned to the H4 and 
H3]5 atoms, respectively, due to the approximately 
1:2 ratio of their relative intensities. The shift at 5 
7.75 also shows the perturbed triplet structure which is 
expected for a para position proton whose most 
significant coupling results from interaction with the 
two neighboring meta protons. 

It should be noted that the intensity of the H2,6 
proton(s) in these two complexes is not an integral 
multiple of the intensities of the H4 and H3,6 protons 
but is significantly less: about 0.7 of the intensity ex
pected for one proton based on the intensity of the H4 

proton being equivalent to that of one proton. This 
feature of the nmr spectrum is proposed to be due to 
the spin-spin interaction of the ortho protons with 
the nuclei of the isotopes of Ru with a nuclear spin of 
6/2. From the natural abundance of the isotopes of 
ruthenium (Table XI), isotopes of Ru with / = 6/2 

Table XI. Natural Abundance of Ru Isotopes 

Isotope 

96Ru 
98Ru 
99Ru 
100Ru 
101Ru 
102Ru 
104Ru 

% abundance 

5.68 
2.22 

12.81 
12.70 
16.98 
31.34 
18.27 

/« 

0 
0 
•/• 
0 
6A 
0 
0 

° J. H. E. Griffiths, J. Owen, and I. M. Ward, Proc. Roy. Soc, 
Ser. A, 65, 951 (1952). 

constitute 29.8% of the element. Spin-spin interac
tion between H2,6 atoms and these isotopes should 
cause a sextuplet structure shifted symmetrically from 
the position of the absorption for molecules con
taining the / = 0 nuclei, leaving 70.2 % of the intensity 
at this position. The sextuplet would be expected to 
be broadened by quadrapole relaxation (since the spin 
of the Ru is greater than V2) and, hence, would not be 
observable. Spin-spin interactions between protons 
and other nuclei (e.g., 205Tl, / = V2;

76 199Hg, / = 
V2;

77 and 19F, / = V278,79) have been observed for 
(76) J. P. Maher and D. P. Evans, / . Chem. Soc, 637 (1965). 
(77) P. R. Wells, W. Kitching, and R. F. Henzell, Tetrahedron Lett., 

1029 (1964). 
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Figure 8. A proton chemical shift chart for pyridine-2-rf and pyr-
idine-2-rf-pentaarnrninerurthenium(II). The same chart applies 
for pyridine and pyridinepentaammineruthenium(II). 

several compounds. The spin-spin coupling constants 
generally attenuate rapidly as the distance between 
the interacting nuclei (i.e., the number of covalent 
bonds) increases.80 In the pentaammineruthenium-
(II) complexes studied, only the ortho protons, which 
are three covalent bonds removed from the ruthenium 
ion, appear to be significantly affected by proton-
ruthenium spin-spin coupling. 

When the resonance positions of the pyridine-2-c' 
complex are compared to the absorption positions of a 
dilute solution of pyridine-2-c? in D2O (compiled in 
Figure 8), it is evident that the proton chemical shift 
of the H2 proton is moved upfield on complexation, 
while the other shifts move downfield. The upfield, 
or paramagnetic, shift of the H2 chemical shift could be 
caused by (1) an increase in the ir electron density on 
C2, (2) the effect of the paramagnetic anisotropy of the 
Ru(II) ion on distortion of the H2 Is orbital spatial 
electron distribution, and/or (3) the effect of the electric 
field of the Ru(II) ion on the electron distribution. 
From the trend of the chemical shift changes of all the 
other ring protons on complexation, a downfield or 
diamagnetic shift, a T electron deficiency on the ring 
is indicated. On this basis, it does not seem plausible 
to propose that the paramagnetic shift change for H2 

arises from a ?r electron density increase for C2. The 
effect of the paramagnetic anisotropy of transition 
metal ions exhibiting temperature independent para
magnetism has been demonstrated in Ni11 and Pd11 

complexes for protons in close proximity to the metal 
ions64 and is a very plausible explanation of the para
magnetic shift for H2. The paramagnetic anisotropy 
of the transition metal ion may produce either a para
magnetic or diamagnetic shift, depending on the 
geometry of the possible orientations of the C-H bond 
to the spin direction of the metal ion while it is aligned 
to the field.64 Since the paramagnetic shift is not due 
to T electron charge increase on C2 and since the effect 
of the electric field of the Ru(II) ion is predicted to be 
deshielding or diamagnetic by Buckingham's equation, 
the paramagnetic effect attributable to the temperature 
independent paramagnetic anisotropy of the Ru(II) 

(78) H. S. Gutowsky, C. H. Holm, A. Saika, and G. A. Williams, 
J. Amer. Chem. Soc, 79, 4596 (1957). 

(79) H. S. Gutowsky, L. H. Meyer, and D. W. McCaIl, / . Chem. 
Phys., 23, 982 (1955). 

(80) See tables on pages 148 and 164 of B. I. Ionin and B. A. Ershov, 
"Nmr Spectroscopy in Organic Chemistry," Plenum Press, New York, 
N. Y., 1970, and on page 196 of J. A. Pople, W. G. Schneider, and H. J. 
Bernstein, "High-Resolution Nuclear Magnetic Resonance," McGraw-
Hill, New York, N. Y., 1959. 
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Figure 9. The nuclear magnetic resonance absorption spectrum of 
pyrazinepentaammineruthenium(II) 500 averaged spectra on an 
HA-100 spectrometer. 
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Figure 11. The nuclear magnetic resonance absorption spectrum of 
4,4'-bipyridinepentaammineruthenium(II) 300 averaged spectra on 
an HA-100 spectrometer. 
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Figure 10. A proton chemical shift chart for pyrazinepentaam-
mineruthenium(II) and <j-pyrazine-bis(pentaammineruthenium(II)). 

ion must be greater than these other effects to cause a 
net upfield change. 

The nmr spectrum of pyridinepentaammineruthe-
nium(II) shows the same chemical shifts as the pyridine-
2-a?-pentaammineruthenium(II) complex. The relative 
intensity of the absorption at 5 8.45 is doubled, as 
previously mentioned. 

The nmr spectrum of the pyrazinepentaammine-
ruthenium(II) complex (Figure 9) shows an absorption 
at 8 8.13 which arises from an upfield (paramagnetic) 
shift of 8 0.39 from the absorption of a dilute solution of 
pyrazine in D2O and an absorption at 5 8.67, a down-
field shift of 8 0.15 from the free ligand value. The 
intensity of the upfield peak in the nmr spectrum of the 
complex is about 0.7 of the intensity of the downfield 
peak, indicating that the upfield peak is the H2,« ab
sorption, less intense due to the ruthenium-proton 
coupling for the ruthenium isotopes of 5A nuclear 
spin. The spectrum of the complex 

[(NHs)5Ru11N O NRun(NH3)5]
4+ 

is a single peak at 8 8.20 shifted 0.32 upfield from 
pyrazine. The diamagnetic effect of charge deficiency 
is undoubtedly greater in the "dimeric" complex 
than in the "monomeric" complex, causing a less 
paramagnetic net effect on the chemical shift of the 
pyrazine protons which are ortho to the pentaammine-
ruthenium(II) "substituent." A chart comparing the 
absorptions of the pyrazinepentaammineruthenium(II) 
and ^-pyrazine-bis(pentaammineruthenium(II)) com

plexes with pyrazine in D2O is shown in Figure 10. 
The coupling constants in this chart and other similar 
charts in this study are given in cycles per second. 

The H2,6 nmr absorptions of 4-phenylpyridine are 
assigned to the absorptions which are farthest down-
field. This is consistent with studies of substituted 
pyridines8182 in which the nitrogen atom is shown to 
cause a diamagnetic shift of protons ortho to its posi
tion relative to similar compounds with carbon in 
place of nitrogen. The H3,6 peaks of the free ligand 
were identified by comparing the coupling patterns in 
the 60-Mc and 100-Mc nmr spectra. The peaks as
signed to the H3,5 atoms are those indicated on the 
figures by the coupling brackets. It was hoped that 
a well-resolved spectrum of the 4-phenylpyridinepenta-
ammineruthenium(II) complex would show the coupling 
pattern, allowing the identification of the H3,5 peaks. 
For both the free ligand and the complex, the H3,6 and 
H2,e peaks have the same coupling pattern with Z23 = 
/32 « 5 cps and J25 = Ja « 1.5 cps. The H3,6 peaks, 
however, were not identifiable in the nmr spectrum of 
the complex. The H2, > peaks were shifted upfield by 8 
0.10 on complexation. The resolution of the remaining 
peaks was poor, indicating a slight general diamagnetic 
shift. 

The nmr spectrum of a supersaturated solution of 
4,4'-bipyridine (about 0.1 M) consists of two doublets 
with coupling constants of about 4.6 cps which are 
further split into superimposed doublets with a coupling 
constant of 1.8 cps. The downfield (<5 8.55) set of 
"doubled doublets" are assigned as the absorptions of 
the H2,6 and H2',t> atoms and the upfield (5 7.60) ab
sorptions are assigned to the H3,5 and H3/,6> atoms. 
The coupling constants were accurately determined by 
reducing the frequency range swept in the spectrum to 
100 cps on the Varian A-60A spectrometer. 

The nmr spectrum of the 4,4'-bipyridinepentaam-
mineruthenium(II) complex (Figure 11) shows a com
plex absorption at 5 8.90 with an intensity corresponding 
to 3.4 protons relative to the peaks at 5 7.88 and 7.69 
for which the intensities are made equivalent to two 
protons. The peaks centered at 8 8.90 are assigned 

(81) W. G. Schneider, H. J. Bernstein, and J. A. Pople, Can. J. Chem., 
35, 1487 (1957). xr v 

(82) W. G. Schneider, H. J. Bernstein, and J. A. Pople, Ann. N. Y. 
Acad. Sd., 70, 806 (1958). 
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Figure 12. A proton chemical shift chart for 4,4'-bipyridinepenta-
ammineruthenium(II) and M-4,4'-bipyridine-bis(pentaammineru-
thenium(II)). 

to overlapping peaks due to H2,6 and H2',6', since the 
relative intensity of the H2,6 should be reduced to 1.4 
protons due to the spin-spin coupling of the protons 
to 99Ru and 101Ru and, as mentioned above, the 
protons which are ortho to a nitrogen atom generally 
absorb further downfield than the other ring protons. 
The peaks centered at 5 7.88 are assigned to H3,5 on 
the basis of the similarity in chemical shift change (5 
—0.28) on complexation to the change in chemical 
shift of H3,s in pyridine (S —0.30) and to a change of 8 
—0.28 in l,2-bis(4-pyridyl)ethylene on complexation. 
The only protons which are common to all three com
plexes are the H2,6, which are assigned by the spin-
spin coupling, and the H3,6. 

The nmr spectrum of the ,u-4,4'-bipyridine-bis(penta-
ammineruthenium(H)) complex consists of a doublet at 
5 8.63 which is assigned to H2,6 and H2-,6< and a doublet 
at d 7.77 which is assigned to H3,6 and H3 \5 ' (Figure 12). 

It should be noted that the 4,4'-bipyridine case is 
the only one studied in which all of the chemical shift 
changes on complexation with pentaammineruthenium-
(II) are diamagnetic (downfield). The reason for a 
diamagnetic change for the H2,6 atoms in this case but 
not for pyridine and l,2-bis(4-pyridyl)ethylene is not 
immediately evident. 

The l,2-bis(4-pyridyl)ethylene ligand has an nmr 
spectrum which consists of a "doubled doublet" at S 
8.35 and one at 5 7.30 and a single spike at 5 7.06. 
From the relative intensities (4:4:2) and the coupling 
patterns, the peaks which are furthest downfield are 
assigned as the H2,e and H2',6' absorptions, those at 
at S 7.30 are assigned as the H3,6 and H3',B' absorptions 
and the single peak is the H7 and H7' absorption. 
Again, the spectrum was taken of a supersaturated 
solution (about 0.1 M) and the sweep width was re
duced to provide accurate coupling constants. 

The nmr spectrum of the l,2-bis(4-pyridyl)ethylene 
complex contains a doublet with a relative intensity of 
3.3 protons assigned as the H2>6 absorption, again, 
with a lessened intensity due to proton-ruthenium spin-
spin coupling. This doublet is shifted S 0.10 upfield 
from the corresponding absorption in the free ligand. 
Another doublet occurs downfield at 5 8.56. It is 
assigned as the H2 ' ,v absorbance due to its downfield 
position, which is 5 0.19 from the corresponding reso
nance of the ligand. Doublets at 5 7.66 and 7.57 are 
assigned to H3',s- and H3 >5, respectively. This as-

^ ! 
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Figure 13. A proton chemical shift chart for l,2-bis(4-pyridyl)-
ethylenepentaamminerutheniurn(II) and ^-l,2-bis(4-pyridyl)ethyl-
ene-bis(pentaammineruthenium(II)). 

signment is based on the similarity of the 5 —0.27 
change to changes found for pyridine and 4,4'-bipyri-
dine on complexation. This assignment is weak and, 
fortunately, does not alter conclusions drawn in this 
study. The peaks at 7.51 and 7.48 are assigned to H7 

and H7' together, since there is no adequate means to 
specifically distinguish one from the other. 

The nmr spectrum of /u-l,2-bis(4-pyridyl)ethylene-
bis(pentaammineruthenium(II)) also contains a doublet 
due to the presence of some of the "monomeric" com
plex at 5 8.56. The peaks of the dipentaammineruthe-
nium(II) complex show little change from those of the 
monomeric complex after the deletion of the doublet 
due to H2',C in the spectrum of the monomer. A 
slight diamagnetic shift of the H2,6 resonance on com
plexation of both ends of the ligand relative to the com
plexation of one end of the ligand occurs (Figure 13). 

The chemical shift charts of these complexes will 
now be interpreted in terms of charge distributions in 
the comp)exed ligands. 

As discussed above, meta shifts may not be a reliable 
measure of 7r electron density due to complications 
from the electric field and paramagnetic anisotropy of 
the substituent, but para positions proton chemical 
shift changes have been shown to be a reliable measure 
of 7r electron density changes for various substituents. 
As a consequence, ir electron density changes on com
plexation have been computed only for the para position 
of pyridine and the para substituents of 4,4'-bipyridine 
and l,2-bis(4-pyridyl)ethylene (Figure 14). The values 
were calculated using a value of a = 9.55/per positive 
charge 

5(a) = aq 

which was found for the pyridinium ion.50 

The pattern of diamagnetic shifts for all para posi
tion protons (also true of the meta protons) and sub
stituents shows that the overall effect of coordination 
of the ligand to the pentaammineruthenium(II) moiety 
is a polarization of electron density toward the Ru(II) 
ion. If coordination of the pyrazine resulted in an 
excess of electron density in the ground state as a re
sult of d7i—p7r back bonding from the Ru(II), it would 
also be expected that the back bonding would cause 
an excess of electron density in the ground state for 
other complexes with low-energy charge-transfer transi
tions. This excess of electron density would be ex-
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Figure 14. ir electron density deficiencies from chemical shift 
changes of some aromatic nitrogen heterocycles. 
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Figure 15. CNDO/2 populations of the lowest unoccupied molec
ular orbital of some aromatic nitrogen heterocycles. 

pected to distribute itself about the molecule in pro
portion to the population probability of the molecular 
orbital to which it is promoted. CNDO/2 calcula
tions83 for the lowest unoccupied tr molecular orbital 
of the free ligands result in significant populations at 
all positions (Figure 15). Thus, for all positions for 
which the proton chemical shift is a reliable measure of 
x electron density changes, the shifts should move up-
field on complexation if there is a net electron transfer 
to the ligand by the Ru(II). On the other hand, polar
ization of electron density by protons results in a lower
ing of electron density at all positions for the pyri-
dinium ion (experimental60), pyrazine (CNDO/2), and 
4,4'-bipyridine (CNDO/2) as shown in Figure 16. 
Polarization of electron density by the metal ion, then, 
would cause shifts to move downfield, as observed. 
Note the calculated shifts of Figure 16 due to the H + 

are about 4 times those observed for the Ru(II). 
From the results of the study of chemical shift changes 

of pyridine, pyridine-2-J, pyrazine, 4-phenylpyridine, 
4,4'-bipyridine, and l,2-bis(4-pyridyl)ethylene on com
plexation with pentaammineruthenium(II), an explana
tion of the enhancement in the basicity of pyrazine on 
the basis of an increase in the electron density of the 
uncomplexed nitrogen due to dtr-pw back bonding from 
the Ru(II) ion to pyrazine is not reasonable. This con
clusion was suggested by the study of the basicity changes 
of 4,4'-bipyridine and l,2-bis(4-pyridyl)ethylene oncom-

(83) Using a CNDO/2 program of George Segal supplied through the 
Quantum Chemistry Program Institute at Indiana University. 
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Figure 16. w electron deficiencies due to protonation of pyridine 
(experimental), pyrazine (calculated, CNDO/2), and 4,4'-bipyridine 
(calculated, CNDO/2) (relative to the electron densities of the free 
ligand). 

plexation. Rather, the enhancement is likely due to 
the greater ability of the nitrogen atom bound to the 
pentaammineruthenium(II) moiety than that of the free 
ligand to delocalize the positive charge added by the 
protonation of the other nitrogen. 

Thus all the evidence in this study points to a polar
ization of electron density toward the ruthenium ion 
with a net positive charge of the ligand atoms when 
complexed to the ruthenium ion. Although the back 
bonding argument may be important in a localized 
way, i.e., to the nitrogen atom attached to the ruthenium 
ion, its use in explaining basicities, for instance, in these 
pentaammineruthenium(II) complexes by increasing 
electron density at atoms a large distance from the 
ruthenium ion, is incorrect. 

Conclusion 

All pentaammineruthenium(II) complexes of aro
matic nitrogen heterocycles studied to date exhibit an 
intense absorption in the visible region which has been 
demonstrated to be a metal-to-ligand charge transfer.13 

By comparing the energies of these charge-transfer 
absorptions with the energies of the lowest unoccupied 
IT antibonding molecular orbital, it was found that a 
linear relationship existed which could be explained 
on the basis of a reasonable molecular orbital scheme. 
The relationship revealed that the interacting molec
ular orbitals of the ruthenium ion and the ligand inter
act most strongly (i.e., causing a greater separation) as 
they approached each other in energy, as expected 
from basic quantum mechanics. Using the graphical 
relationship illustrated in Figure 1 it should be possible 
to predict the wavelength of maximum absorbance of 
the charge transfer of any pentaammineruthenium(II) 
complex of an aromatic nitrogen heterocycle knowing 
only the polarographic half-wave potential of the heter
ocycle. 

A study comparing the basicities of the pentaammine-
ruthenium(II) complexes of 4,4'-bipyridine and 1,2-
bis(4-pyridyl)ethylene with the ligands themselves re
vealed that the explanation of the increase in basicity 
of the cyanopyridines and pyrazine on complexation 
to form the pentaammineruthenium(II) complexes 
on the basis of an increase in the ground state electron 
density of noncomplexed nitrogen atoms in the hetero
cycles due to dw-pir back bonding from the ruthenium 
ion to the ligand did not satisfy the results for the 4,4'-
bipyridine and l,2-bis(4-pyridyl)ethylene complexes. 
Localized dir-p7r back bonding to the bound nitrogen 
could explain all the available data because this mech
anism would allow charge derealization of the positive 
charge introduced by the proton, making the cyanopy-
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ridine and pyrazine complexes better bases, but would 
be much less effective for the 4,4'-bipyridine and 1,2-
bis(4-pyridyl)ethylene complexes. 

The net effect of the pentaammineruthenium(II) 
moiety on the electronic charge of the ligand was deter
mined by a study of change in the chemical shifts of the 
protons of the ligands on complexation. It was found 
that the pentaammineruthenium(II) group polarized 
electron density toward itself, making the ligand slightly 
electron deficient. This was determined by the dia-
magnetic shifts found for all para protons and the 
protons on para substituents. The polarization was 

It has been reported3 that /u-pyrazine-bis(pentaam-
mineruthenium(II)) undergoes oxidation by silver 

ion to form 

[(NH31I5RU11N^ONRU11VNH3)S]5+ 

which has a broad, intense absorption in the near-
infrared. This absorption is attributed to the transi
tion [2, 3] -*• [3, 2]*, i.e., the Franck-Condon4 barrier 
to electron transfer required for a transition between 
two centers with the same chemical composition but 
differing in environment due to their different charges. 
By use of the Marcus-Hush theory,5-7 the rate of elec
tron transfer may be approximated from the energy of 
the near-infrared absorption. 

If this interpretation of the occurrence of the near-
infrared absorption of the above complex is correct, it 

(1) Parti: D. K. Lavallee and E. B. Fleischer, /. Amer. Chem. Soc, 
94, 2583 (1972). 

(2) Address correspondence to this author at the University of 
California, Irvine, Calif. 92664. 

(3) C. Creutz and H. Taube, J. Amer. Chem. Soc, 91,3988 (1969). 
(4) Attributed to J. Franck by W. F. Libby, Abstracts, 115th National 

Meeting of the American Chemical Society, San Francisco, Calif., 
March 27-April 1,1949, Physical and Inorganic Section. 

(5) P. George and J. S. Griffith, "The Enzymes," Vol. 1, P. D. Boyer, 
era/., Ed., Academic Press, New York, N. Y., 1959, p 347. 

(6) R. A. Marcus, Discuss. Faraday Soc,No. 29,21 (1960). 
(7) N. S. Hush, Progr. Inorg. Chem.. 8,391 (1967). 

less than that of a proton, which is to be ex
pected, since the polarization of charge is based on 
the charge to volume ratio of the polarizing agent. 
The charge to volume ratio is certainly much smaller 
for Ru(II) ion than for a proton. This result would 
predict that the basicities of the 4,4'-bipyridine and 
l,2-bis(4-pyridyl)ethylene complexes would be inter
mediate between the basicity of the free ligand and the 
monoprotonated ligand. This was found to be the 
case. 
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would be interesting to see how different bridging groups 
would affect the rate of electron transfer between the 
ruthenium centers. For this reason, the preparation 
of the "Ru(II)-Ru(III)" complexes of M-4,4-bipyri-
dinebis(pentaammineruthenium(II)) and M-l,2-bis(4-pyr-
idyl)ethylene-bis(pentaammineruthenium(II)) was at
tempted both by chemical and electrochemical means. 

Experimental Section 
Chemical Oxidation of the "Ru(TI)-Rii(II)" Complexes. Oxida

tion of the M-pyrazine-bis(pentaammineruthenium(II)) complex 
was accomplished in two well-defined steps by potentiometric 
titration with Ce(IV)3. Production of the Ru(II)-Ru(III) species 
was also achieved by oxidation with silver ion. Since only the 
Ru(II)-Ru(III) species was desired for the dipentaammineruthe-
nium(II) complexes of 4,4'-bipyridine and l,2-bis(4-pyridyl)ethylene, 
and since these complexes proved to be sensitive to the highly acidic 
conditions used in eerie oxidations, the oxidations were attempted 
with silver ion.1 

The addition of a stoichiometric amount of AgNO3 to solutions 
of the dipentaammineruthenium(II) complexes of 4,4'-bipyridine 
and l,2-bis(4-pyridyl)ethylene was performed in a nitrogen-atmo
sphere glovebox. D2O was used as the solvent so that near-infrared 
spectra could be taken. The solutions were filtered through glass 
wool to remove the black metallic silver formed during the oxida
tion. 

Near-Infrared Spectra. A Cary-14 recording spectrometer was 
used to record near-infrared spectra from 700 to 2500 nm. The 
solutions were placed in deaerated, matched quartz cells. The 
cell compartment was maintained at 25°. 

Charge Derealization in Pentaammineruthenium(II) Complexes. 
II. A Study of Dipentaammineruthenium(II) Complexes 
of Pyrazine, 4,4'-Bipyridine, and l,2-Bis(4-pyridyl) ethylene1 

Everly B. Fleischer*2 and David K. Lavallee 

Contribution from the Department of Chemistry, The University of Chicago, 
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Abstract: The dipentaammineruthenium complexes with pyrazine, (NHa)5Ru-NC4H4N-Ru(NH3)S4+, 4,4'-bi-
pyridine, (NH3)5Ru-(C6H4N)2-Ru(NH3)5

4+, and l,2-bis(4-pyridyl)ethylene, (NHs)5Ru-NC5H4C2H4C5H4N-Ru-
(NHs)5

4+, were subjected to both chemical and electrochemical oxidations in order to study the "II-III" species. 
The 4,4'-bipyridine and l,2-bis(4-pyridyl)ethylene analogs of the previously characterized II-III type of complex 
with pyrazine could not be produced by either chemical oxidation or electrochemical oxidation. The characteristic 
near-ir band of the pyrazine II-III dimer does not exist for the other two ligands, and the cyclic voltammetry study 
indicated one two-electron change in the oxidation. Thus the properties of these latter systems can be de
scribed as mixtures of the II-II and III—III complexes, with no special stability to the II-III complex. 
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