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Oxidation of triphenylphosphine to triphenylphosphine oxide by [(tpy)(bpy)Ru(O)]2 + (tpy is 2,2': 6\2r~terpyridine and 
bpy is 2,2f-bipyridine) in CH3CN has been studied. Experiments with the 18O-labeled oxo complex show that transfer 
of oxygen from L(tpy)(bpy)RuIV=O]2+ to triphenylphosphine is quantitative within experimental error. The reaction 
is first order in each reactant with k (25.3 t)=1.25X106 The inital product, L(tpy)(bpy)Run-OPPh3]2+, is
formed as an observable intermediate and undergoes slow k (25 tt)=6.7X10-5 s~l solvolysis. Activation parameters 
for the oxidation step are AH* = 3.5 kcal/mol and AS* =—23 eu. The geometry at ruthenium in the complex cation, 
[(tpy)(bpy)Run(OH2)]2 +, i오 approximately octahedral with the ligating atoms being the three N atoms of the tpy ligand, 
the two N atoms of the bpy ligand, and the oxygen atom of the aqua ligand. The Ru-0 bond length is 2.136(5) 
A.

Introduction

Metal-oxo reagents such as KMnO4 or K2Cr2O7 are useful 
oxidants but difficult to control in terms of product distribU' 
tion. The mechanisms of these reactions are hard to unravel 
because of the multiple oxidation states involved.1

A series of polypyridyl Ru and Os mono-oxo complexes 
are known, which have proved to be versatile stoichiometric 
and/or catalytic oxidants toward a variety of organic and 
inorganic substrates based on RuIV/ni and RuII,/n couples.2 The 

cleavage of DNA has also been reported.3 The results of 
mechanistic studies based on [(bpy)2(py)RuIV=O]2 + (bpy is 
2,2,-bipyridine and py is pyridine) as oxidant with a variety 
of substrates have demonstrated many reaction pathways.4 
There is far less mechanistic information available for E(tpy) 
(bpy)RuIV=O]2+ as oxidant even though it is of value in 
catalytic reactions.5 Reduction potentials relating its three 
oxidation states at pH=7 (ns SSCE at 22±2 t) are shown 
in the Latimer diagram in equation 1.
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V 0 4Q v
(tpy)(bpy)Ru* IV=O2+ ------ (tpy)(bpy)Runi-OH2+  ------------------------------- *

1 min intervals in the region 1300-1050 cm x. After 1 day, 
infrared analysis for OPPh3 based on v(P=O) at 1194 cm^1 
showed that free O=PPh3 was formed quantitatively, [(tpy) 
(bpy)RuIV(180)](C104)2f containing an estimated 60% 18O, was 
allowed to react with PPh3 by the same procedure. As ex
pected for 0-atom transfer, both vP^160 (1194 cm-1) and vP=180 
(1161 cm-1) were observed and in the expected ratio as 
shown by comparing the integrated intensities. Labeled pro
duct was shifted approximately 30 cm 1 to lower energy than 
the previously established standards.

Kinetic measurements. The oxidation of PPh3 by Ru
(IV) initially affords an intermediate with a 入”心 at 485 nm. 
The rate of the reduction of Ru(IV) to this intermediate was 
followed by the absorbance changes against time at 468 nm. 
This wavelength is an isosbestic point for the intermediate 
and the final solvolysis product, [(tpy)(bpy)Run-NCCH3]2^ 
(入心 = 456 nm). Stop가ed・flow measurements of the rate of 
formation of the intermediate were carried out on the Hi
Tech Scientific SF-51 stopped-flow apparatus under pseudo- 
first-order conditions with PPh3 in excess. Reported values 
of the rate constants are averages of five or more experi- 
mei赤 based on the same stock solutions.

X-ray crystallography. Brown black crystals were ob
tained from a saturated NaClO4 solution containing [(tpy) 
(bpy)Ru-OH2]2+ by using slow evaporation. Cell constants, 
obtained at 293 K from least-squares refinement of 25 reflec
tions on an Enraf-Nonius CAD 4 diffractometer equipped

I 0.56 V . (1)

In this manuscript we report on the kinetics and mecha
nisms of oxygenation of triphenylphosphine by E(tpyXbpy) 
RuIV(0)]2+ and the X-ray crystal structure of 나le parent co
mplex E(tpy)(bpy)Run(OH2)]2+.

Experimental Section

Materials. Triphenylphosphine was recrystallized twice 
from ethanol and checked by FT-IR to confirm the absence 
of the phosphine oxide (vp=o) at 1194 cm-1 in a nujol mull.6 
Acetonitrile was purified by distillation from P2O5 under an 
Ar atmosphere. Water was purified by using a Nanopure™ 
(Barnstead) water system. 18O-labeled water (isotope purity> 
97.1%) was purchased from Isotec and used as received.

Preparations. [(tpy)(bpy)Run-0H2](C104)2> [(tpy)(bpy) 
Run-18OH2](C1O4)2, [(tpy)(bpy)RuIV=O](C1O4)2, and L(tpy) 
(bpyJRu17=18O](C1O4)2 were prepared by previously describ
ed procedures.50

Instrumentation. Routine UV-visible spectra and slow 
kinetic nm오 were recorded on Hewlett-Packard 8452A diode 
array or Cary-14 spectrophotometers. FT-IR spectra were 
obtained on a Nicolet Mode 20DX FT-IR spectrophotometer 
as either nujol mull or in solution by using NaCl plates. 
Electrochemical measurements were conducted with a PAR 
Model 173 potentiostat/galvanostat connected to a PAR Mo
del 175 universal programmer as a sweep generator for vol
tammetry experiments. The cyclic voltametric measurements 
utilized a Teflon-sheathed glassy-carbon disk (1.5 mm radius) 
as a working electrode, a platinum wire as the auxiliary elec
trode, and a saturated sodium chloride calomel reference 
electrode (SSCE) in a one-compartment cell. Fast kinetic 
measurements were carried out by using a Hi-Tech Scientific 
SF-51 stopped-flow apparatus with fiber-optic coupling to ei
ther Beckman DU or Harrick rapid scan monochromators. 
The system was interfaced to a Zenith 158 computer system 
employing On Line Instrument System (OLIS) data acquisi
tion hardware and software Qefferson, GA). All of the lH 
and 31P NMR data were obtained with an IBM AC 200 
spectrophometer or a Varian Gemini 200 MHz spectrometer 
by using CD3CN as solvent. The chemical shift parameters 
were presented in parts per million (8) downfield from tetra
methylsilane (TMS) as an internal reference while the 31P 
chemical shifts were referenced to external 85% H3PO4.

UV-visible measurements. The complex E(tpy)(bpy) 
Run-NCCH3]2" was prepared in situ by diss이ving [(tpy)(bpy) 
Run-OH2]2+ in CH3CN.7 Spectral changes with time showed 
that 나le half-life (Zi/2) of solvation was 15 min, /?=1.1X1O^3 
s^1.8 The stoichiometry of the reaction between E(tpy)(bpy) 
RuIV=O]2+ and PPha in CH3CN was determined in a spec- 
trophometric titration where the Ru(IV): PPh3 mole ratio was 
varied beween 0 and 2 by adding different volumes of a 
stock solution of PPh3 to equal volumes of a Ru(IV) stock 
solution and diluting each by 10 mL. No precautions were 
taken to exclude air.

Infrared measurements. 5 mg of freshly recrystallized 
PPlh in 10 mL of CH3CN (1.9 mM) was added to 14 mg 
of solid [(tpy)(bpy)RuIV(0)](C104)2 (2.0 mM), and infrared 
spectra in a 1 mm pathlength NaCl cell were recorded at

Table 1. Crystal Data for [(tpy)(bpy)Ru(OH2)] (C1O4)2

formula R11C25N5O9CI2H21
f(s), amu 707.5
System, Space group Orthorhombic, Pbca
a, A 10.854(12)
b, A 32.738⑺
c, A 15.349(4)
v, A 5454
z 8
t, t 20
density (calcd), g/cm3 1.723
crystal shape, mm 0.14X0.05X1.27
radiation Mo Ka (人=0.7107)

Zr-filtered
scan mode 20 —co
scan speed, deg/min 2
20 limits, deg 0<29<50
data collected +h+k+l
P facter 0.02
No. of reflection measured 4017
No. of reflection used 2454
No. of variables 379
Collection Lorentz-Polarization

Extraction
R 0.079
Rw 0.057
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Figure 1. An ORTEP drawing of the [(tpy)(bpy)Ru(OH2)]2 + ca
tion with the hydrogen atoms omitted for the sake of clarity.

Table 2. Principal Bond Distances (A) in [(tpy)(bpy)Ru(OH2)] 
(cio4y

bond distance bond distance

Ru-OW 2.136(5) C1-C2 1.38(1)
Ru-Nl 2.053(6) C1-C6 1.45(1)
Ru-N2 1.960(6) C2-C3 L41⑴
Ru-N3 2.062(7) C3-C4 1.35(1)
Ru-N4 2.068⑹ C4-C5 1.39(1)
Ru-N5 2.015 ⑹ C6-C7 L37⑴
Cll-Oll 1.361(8) C7-C8 1.39(1)
C11-O12 1.361(7) C8-C9 L37⑴
C11-O13 1.407(7) C9-C10 L40(l)‘
CU-014 1.400(7) C10-C11 1.44 ⑴
C11-O21 L35&9) C11-C12 1.30 ⑴
C12-O22 L33⑴ C12-C13 1.35(1)
C12-O23 L25⑴ C13-C14 1.38 ⑴
C12-O24 1.354(9) C14-C15 1.34 ⑴
Nl-Cl 1.376(9) C16-C17 L36⑴
N1-C5 L38⑴ C16-C21 1.45(1)
N1-C6 1.345(9) C17-C18 L34⑴
N3-C10 1.35(1) C18-C19 L37⑴
N3-C11 1.35(1) C19-C20 1.35(1)
N3-C15 1.32 ⑴ C21-C22 L40⑴
N4-C16 1.35(1) C22-C23 L36⑴
N4-C20 1.32(1) C23-C24 L35⑴
N5-C21 L34⑴ C24-C25 1.39 ⑴
N5-C25 1.35(1)

“The numbering scheme is taken from Figure 1.

with a Mo tube and a Zr filter, are given in Table 1. The 
data were collected and reduced by previously described 
procedure.9 The observed systematic absences of 力=2龙 + 1 
for hkO, k — 2n + l for hkO, and Z=2w +1 for kOl uniquely

Table 3. Bond Angles (deg) in L(tpy)(bpy)Ru(OH2)l(C1O4)28

bond angle bond an용 le

OW-Ru-Nl 88.5(2) C1-C2-C3 10.6(9)
0W-Ru-N2 86.9(2) C2-C3-C4 1172(9)
0W-Ru-N3 87.4(2) C3-C4-C5 122.1 ⑼
0W-Ru-N4 96.9(3) N1-C5-C4 121.2(9)
OW-Ru-N5 174.9(3) N2-C6-C1 114.3(7)
Nl-Ru-N2 79.8(2) C1-C6-C7 126.2(8)
Nl-Ru-N3 158.7(3) C6-C7-C8 118.3(9)
Nl-Ru-N4 993(2) C7-C8-C9 121.9(9)
Nl-Ru-N5 93,2(2) C8-C9-C10 118.4(8)
N2-Ru-N3 79.1(3) N2-C10-C9 118.2(9)
N2-Ru-N4 176.1(3) N2-C10-C11 112.7(9)
N2-Ru-N5 98.1 ⑶ C9-C10-C11 129.1(9)
N3-Ru-N4 102.0(3) N3-C11-C10 116.5(8)
N3-Ru-N5 92.7(2) N3-C11-C12 119.8(9)
N4-Ru-N5 78.1(3) C11-C12-C13 119(1)
O111-C11-O12 110.8(6) C12-C13-C14 120.3(9)
O11-C11-O13 113.2(6) C13-C14-C15 116.3(9)
O11-C11-O14 110.0(6) N3-C15-C14 125(1)
O12-C11-O13 109.1 ⑷ N4-C16-C17 121.0(9)
O12-C11-O14 108.1 ⑹ N4-C16-C21 114.3(8)
O13-C11-O14 105.4(5) C17-C18-C19 118(1)
O21-C12-O22 111.9(9) C18-C19-C20 119(1)
O21-C12-O23 104.2(8) N4-C20-C19 123(1)
O21-C12-O24 113.1(7) N2-C6-C7 119.5 ⑻
O22-C12-O23 109(1) C10-C11-C12 123(1)
O22-C12-O24 102.6(7) N5-C21-C16 114.9(9)
O23-C12-O24 115(1) C17-C16-C21 124⑴
C1-N1-C5 117.6(7) C16-C17-C18 120(1)
C6-N2-C10 123.6(8) N5-C21-C22 119.1 ⑼
C11-N3-C15 118.3(8) C21-C22-C23 121.5(9)
C16-N4-C20 117.8(8) C22-C23-C24 119.9(9)
C21-N5-C25 1184(8) C16-C21-C22 126.0(9)
N1-C1-C2 121.3(8> C23-C24-C25 117.1(9)
N1-C1-C6 114.6(7) N5-C25-C24 123.9(8)
C2-C1-C6 124.1(8)

flThe numbering scheme is taken from Figure 1.

define the space group as Pbca (No. 61).
The location of the ruthenium atom was determined by 

examination of a Patterson function, and the positions of 
all other atoms were located from subsequent difference 
Fourier maps. The locations of 19 of 21 hydrogen atoms 
in the structure were calculated on the basis of the geome
tries at the carbon atoms (C-H=0.95 X). The two hydrogen 
atoms on the aqua ligand were found in a difference map, 
but attempts to refine these parameters were unsuccessful. 
Consequently, the final least-squares calculation included 
anisotropic refinement of the 42 atoms for a total of 379 
variables and 2454 reflections.

A final difference Fourier map was featureless with no 
peak in excess of 0.33 e A~3. The atomic positional parame
ters (Table SI), the hydrogen atom positional parameters 
(Table SII), listings of thermal parameters (Table Sill), and 
structural amplitudes (Table SIV) are available as supple-
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Figure 2. Succesive spectral changes taken at 1 min intervals 
after mixing PPha (3XW3 M) and [(tpy)(bpy)Ru(O)]2+ (3X10-5 
M) in CH3CN. The initial spectrum of E(tpy)(bpy)Ru(O)]2+ is 
shown as (A).

mental materials.

Results

Structure of [(tpy)(bpy)Ru(OH2)]2+. A perspective 
drawing of the complex with the numbering scheme of the 
atoms is shown in Figure 1.

The interatomic distances are presented in Table 2, and 
bond angles in Table 3. The ruthenium(II) center has approx
imately octahedral geometry. The three nitrogen atoms of 
terpyridine and one nitrogen atom (N4) of bipyridine are 
coordinated in the equatorial positions, while the other nitro
gen (N5) of bipyridine and the oxygen atom of water are 
in the axial position. The three pyridine rings of terpyridine 
are nearly coplanar with no deviations from the plane larger 
than 0.19 A The two pyridine rings of bipyridine are also 
coplanar (max. deviation—0.08 A). These two planes are al
most perpendicular, the interplanar angle being 87°. The 
only significant deviation from octahedral geometry at Ru 
is caused by the compression (to 158.7(3)°) of the trans N(l)- 
Ru-N(3) angle subtended by the nitrogen atoms of the ter
pyridine ligand.

There are two perchlorate anions in the asymmetrical unit 
The thermal motion associated with two of the perchlorate 
oxygen atoms, 0(22) and 0(23), is very large, which might 
suggest the presence of some disorder. However no signifi
cant peaks could be found in a final difference Fourier.

UV•어对ble Spectral changes. The UV-visible spectral 
changes during the reaction of E(tpy)(bpy)Ru(O)]2+ with PPh3 
in CH3CN at room temperature are shown in Figure 2.

The initally featureless spectrum of L(tpy)(bpy)Ru(O)]2+ 
(above 380 nm) changed rapidly to give a new species with 
入s=485 nm upon addition of PPh& The subsequent, far 
이ower, spectral changes in Figure 2 are consistent with sol
volysis of the initial intermediate by CH3CN to yield [(tpy) 
(bpy)RuK(NCCH3)]2+ with 堀=456 nm, equation 2.7,10

The spectrum of ihe intermediate is typical of other poly
pyridyl complexes of Ru(II) and consists of metal-t이igand・ 

사large transfer (MLCT) bands between Ru(II) and both tpy 
and bpy as acceptor ligands. For example, for L(tpy)(bpy)Run- 
OH2]2+ in H2O, A=456 nm5 and for [(bpy)2(py)Ru(OPPh3)]2+ 
in CH3CN, 4=479 nm.7

Product Analysis and Stoichiometry. The reaction 
between [(tpy)(bpy)RuIV(O)]2+ and PPh3 was investigated by 
spectrophotometric titration. With the addition of PPh3, the 
visible absorption maximum at 456 nm for E(tpy)(bpy) 
Run-NCCH3]2+ increases until a mole ratio (PPha/Ru) of 1:1 
was reached past which there were no further changes. The 
measurements at 456 nm were made after sovolysis of the 
triphenylphosphine oxide complex had occurred. A blank so
lution of Ru(IV) without added PPh3 in CH3CN was 아able 
over the timescale of the experiment. The free O=PPh3 ob
tained after precipitation of ruthenium complex was quanti
tative to PPh3.

L(tpy)(bpy)RuIV=O]2++PPh3("心 >

L(tpy)(bpy)Run-NCCH3]2+ +O=PPh3 (2)

The reaction was also followed by FT-IR. Shortly after 
mixing 5 mg of triphenylphosphine (19 mM) with 14 mg 
of [(tpy)(bpy)RuIV=O]2+ (20 mM) in 1 mL of CH3CN, v(P 
=0) appeared at 1161 cm-1.11 Over the period of slow solvo
lysis in Figure 2, the band at 1161 cm-1 decreased in inten
sity while the 1194 cm"1 peak of free OPPha increased. The 
decrease in v(P=0) for bound OPPh3 is consistent with O- 
bound triphenylphosphine oxide.11

The reaction was also followed by 31P and NMR in 
the bipyridine region. For a reaction mixture consisting of 
19 mM of E(tpy)(bpy)RuIV(O)]2+ and 20 mM of PPh3 in 1 
mL of CD3CN, changes in the 6' proton resonance of bipyri
dine from 9.2 to 10.0 ppm were Showed with time. Shortly 
after mixing, resonances at 9.75 ppm and 9.60 ppm were 
present. After 4 h, the resonance at 9.75 ppm decreased in 
intensity with concommitant increase in the resonance at 
9.60 ppm, which by independendent measurement, corre
sponds to E(tpy)(bpy)Run-NCCD3]2+. After 16 h, 0미y the re
sonance at 9.60 ppm was detected.

In a solution formed by mixing 7 mg of PPh3 (2.8 mM) 
and 14 mg of L(tpy)(bpy)Ru(O)]2+ (2.0 mM) in 10 mL of 
CH3CN, 31P resonances appeared at —4.5 ppm for PPh3 and 
a second at 49.5 ppm arising from the intermediate. After 
1 h, the resonance at 49.5 ppm had decreased with simulta
neous increase in the 27.4 ppm resonance for O=PPh3. 
When the reaction was complete, only the resonance at 27.4 
ppm was observed.

Kinetics. The rate of the form간ion of the intermediate 
in CH3CN was studied by monitoring absorbance-time traces 
at 468 nm by stopped-flow. Under pseudo-first-order condi
tions with PPh3 in excess, the kinetics of formation of L(tpy) 
(bpy)RuH-OPPh312+ were cleanly first order in [PPh3l The 
kinetics data are summarized in Table 4. At 25.3 °C, k — 1.25 
X106 was averaged over five concentrations of PPh3 
in pseudo-first-order excess. From rate constant measure
ments as a function of temperature and plots of ln(k/T) vs 
1/T according to reaction rate theory,12 노 =3.5土 0.5 
kcal/mol and AS*= -23± 3 eu. For solvolysis of [(tpy)(bpy) 
Run(OPPh3)]2+ in CH3CN at 25.3 t,凡2 = 250 min @ = 6.7X 
10~5 s-1) as an average of five kinetic runs.
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Table 4. Kinetic Data for the Initial Redox Reaction between 
Triphenylphosphine and [(tpy)(bpy)RuIV= 0]2+ IN CH3CN 

105X[Ru(IV)l M 10似任사가】』, M 100杉, MFt T, t

,52
.52
.62
.62
.62
.68
.68
.68
.86

L
 
L
 
L
 
L
 
L
 
L
 
1
 
1
 
L

04
07
-07
-10
-14
-53
-04
-07
-53
-05

l

4

l

0.92± 0.01 15.7
0.97士 0.04 15.8
1.17± 0.03 25.1
1.25± 0.05 25.3
1.29± 0.08 25.4
1.44± 0.07 33.8
148士 0.06 33.8
1.52± 0.10 33.9
1.68士 0.02 39.7
1.67± 0.04 39.7

"Each rate constant is the average of four or more experimental 
results. Second- order rate constants were caculated from B 
[PPh3〕under pseudo-first-order condition in excess PPh3 where 
k曲$ is the pseudo-first-order rate constant.

Labeling Studies. The oxidant [(tpy)(bpy)Ru(O)]2+ 
containing 60 atom % of [Ru(18O)]2+ was allowed to react 
with PPha in CH3CN, and the product solution analyzed by 
FT-IR spectrophotometer. Quantitative analysis of 18OPPh3 
(1161 cm*1) and OPPh3 (1194 cm-1) showed essentially com
plete oxygen transfer from [(tpyJCbpyJRu17^ O]2+ to PPh3.8 
A test for trace water as the oxygen source was made by 
allowing unlabeled Ru"=(严 and PPh3 to react in CH3CN 
including 1 drop of 18OH2 (95% 18O). This showed th가 less 
than 5% of the OPPh3 formed had incorporated the label. 
The small degree of 18O incorporation probably comes from 
exchange between [(tpy)(bpy)RuIV=O]2 + and H2O.7

Electrochemical Measurements. Although reduction 
of [(tpy)(bpy)RuIV(O)]2+ to C(tpy)(bpy)Ruin(O)]+ is chemically 
irreversible, it can be estim간ed that E/ is less than 0.1 
V vs SSCE. For the PPh30/+ couple, oxidation of PPh3 is 
also chemically irreversible with £i/2>1.32 V 히s. SSCE under 
the same conditions.7

Discussion

From the spectroscopic observations, the mechanism of 
oxygenation of PPh3 by L(tpy)(bpy)RuIV(O)]2+ involves a fast 
2 electron transfer to give bound OPPh3 in C(tpy)(bpy)Ruri- 
OPPh3]2+ followed by a far slower solvolysis, 

[(tpy)(bpy)" = @ +pph 膺으冬理*k

E(tpy)(bpy)RuIl-OPPh3]2+
、L k(25 <2) = 6.7X10-5 s'1

L(tpy)(bpy)Run-NCCH3]2+ + OPPh3 (3)

This mechanism is consistent with the result of the 18O-iso- 
topic labeling study which shows that net oxygen atom trans
fer from Ruiv = O2+ to PPh3 occurs and with the mechanism 
established for the reaction between PPh3 and [(bpy)2(py) 
RuIV(0)]2+ in CH3CN.13

There are serveral mechanistic possibilities for the initial 
redox step which have been discussed elsewhere.13 Initial 
outer-sphere electron transfer is not feasible on energetic

Table 5. Comparison of Ru-0 Bond Distances (A) with Related 
Complexes

Complex Ru-0 length (A) ref

[Ru(tpy)(bpy)(0H2)](C104)2 Ru(II)-OH2 2.130 this work
[Ru(H2O)6](C7H7SO3)2 RuQI)-OH2 2.122 20
[Ru(H2O)6](C7H7SO3)3 • 3H2O Ru(III)-OH2 2.049 20
ERu(OH)Cl(py)4]+ Ru(III)-OH 1.957 21
[RuCl(O)(py)4〕+ Ru(IV)-0 1.862 22
[Ru(TMC)(O)(MeCN)]2+ Ru(IV)-0 1.765 13
(TMC = 14,8»ll-tetramethyl-l,4,8,ll-tetraazacyclotetradecane)

grounds. By combining the two Ey2 estimates for the E(tpy) 
(bpy)Ru(O)]2+/+ and PPh30/+ couples, initial one electron 
transfer may be nonspontaneous by more than 1.0 eV. Amo
ngst other mechanisms that have been mentioned is prior 
nucleophilic attack of PPh3 on Ru(IV) followed by migration 
of the coordinated phosphorous to the oxo group.15 Although 
seven-coordinate complexes of Ru(IV) are known,16 the for
mation of a seven-coordinate phosphine complex in this coo
rdination environment seems unlikely based on steric consi
derations as predicted both by molecular models and related 
coordination chemistry.17

The most likely mechanism is a concerted 0-atom transfer 
from RuIV=O2+ to PPh3. In thi옹 reaction the acceptor orbitals 
are the n antibonding orbitals of the Ru-oxo group which 
are largely dn(Ru) in character.1819 With electron flow to Ru, 
largely O-based electron density is made available for the 
O-P bonding interaction.

Quantitative comparison between the reactivities of the 
tpy-bpy and bis/bpy-py oxo complexes torward oxidation of 
PPha shows that the rate constant for the former is about 
7 times faster than the latter [Ru(bpy)2(py)(O)]2+, 1.75 X105 
MfT (26.5 t)； LRu(tpy)(bpy)(O)]2+, 1.25 X106 (25.3
t). The difference in rate constants occurs in AT/* ([RuIV 
(bpy)2(py)(O)]2+, 4.7 kcal/mol; ERuIV(tpy)(bpy)(O)]2+, 3.4 
kcal/mol). The AS* values are the same within experimental 
error ( — 19士 3 eu for [RuIV(bpy)2(py)(O)]2+ compared to -23 
+ 3 eu for [RuIV(tpy)(bpy)(O)]2+), consistent with a common 
mechanism. The higher rate constant for [(tpy)(bpy)Ru(O)]2+ 
reflects its higher driving force as an oxidant. The potential 
for the 2-electron RuIV=O2+/Run-OH22+ couples are 0.56 V 
(Equation 1) and 0.47 V vs SSCE at pH 7. The solvolysis 
rate constant for E(tpy)(bpy)Run-OPPh3]2+( k(25 t)=6.7X 
10~5 s-i is slower than for L(bpy)2(py)Run-OPPh3]2+, ^(25

1.5X 10-4 s-1. As in other complexes of this kind, sub
stitution rates tend to decrease as the RuIII/n potential inc
reases. Both respond to increasing stabilization of d electrons 
by ligand field effects.

In [(tpy)(bpy)Ru-OH2ZI2+, the Ru-0H2 bond distance of 
2.136(6) A, is consistent with the expected Ru-0 single bond. 
For comparison, Ru-0 bond distances for other complexes 
of Ru(II), Ru(III), and Ru(IV) are listed in Table 5.

Some of the spectroscopic results that were acquired pro
vide insight into various aspects of the coordination chemis
try. In complexes of the type [(tpy)(bpy)Run(L)]2+, the 6f- 
proton of the bipyridine ring that is near ligand L, Figure 
1, is shifted relatively further downfield compared to the 
remaining bipyridine protons.18 Based on the numbering 
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scheme in Figure 1, the 6*-proton, which is on C20, exists 
out of the ring current of the aromatic terpyridine ligand 
and towards the sixth non-pyridyl ligand. This resonance 
provides a characteristic marker for the sixth ligand. For 
the O-bound triphenylphosphine oxide complex, the doublet 
for the 6'-proton appears at 9.75 ppm and for the CD3CN 
complex at 9.60 ppm.

The 31P NMR resonance for [(tpy)(bpy)Ru-OPPh3了+ js 가 

49.5 ppm, for PPh3 at —4.5 ppm, and for O=PPh3 at 27.4 
ppm.23 The shift in the resonance between free and bound 
OPPhs reflects the depletion of electron density on the phos
phorous atom by coordination to ruthenium.

The v(P=O) band for free triphenylphosphine oxide at 
1194 cm-1 is shifted by ca, 42± 6 cm-1 to lower energy when 
coordinated to a metaL'" The shift in v(P=0) for L(tpy)(bpy) 
Run-OPPh3]2+ is 33 cm-1 suggesting a greater degree of 
P=O double bond character in the complex.
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