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Abstract-Preparation, characterization and photoanation studies of ruthenium(I1) com- 
plexes with bipyrimidine are reported. Fluorescence and electrochemical studies have also 
been conducted. The quantum yield has been calculated for photoanation studies of the 
complex [Ru(bipym),](PF,),. 

The photochemistry and photophysics of the 
Ru(bpy):+ cation have been intensely investigated’ 
during the past decade with a view to develop suit- 
able solar energy conversion catalysts. The study 
of this species in the excited state has contributed 
greatly to the understanding of other related 
photocatalytic molecules2V3 such as Ru(bpz):+ 
(bpz = bipyrazyl) cation. The Ru(bipym):+ (1) 
(bipym = bipyrimidine) cation, which is analogous 
to Ru(bpy):+, is also an excellent photocatalyst 
and has an added advantage over Ru(bpy):+ and 
Ru(bpz):+ as there is no quenching3 of its emission 
by molecular oxygen. As in the case of Ru(bpz):+ 
the emission of Ru(bipym):+ is quenched by pro- 
tons at pH < 1, indicating a slightly enhanced 
basicity of its excited state compared to the ground 
state. There is, however, no change4 in the emission 
of 1 at pH 4.5-8 ; the formal reduction potential of 

Ru(bipym)3 2+. The presence of the bipyrimidine 
ligand thus shifts the redox potential to a more 
positive value compared to the corresponding 
bipyridine and bipyrazine complexes. 

Protonation studies of bipyridine, bipyrazine and 
their ruthenium(I1) complexes have been reported. 3 
Recently, protonation of 1, lo-phenanthroline in 
aqueous dioxane was conducted by Ishiguro ef al.’ 
Protonation of 2-pyrimidyl and the 2-pyra- 
zylpalladium(II) complex was reported by Crociani 
et al. 6 

The complexes of bipyrimidine, therefore, have 

*Author to whom correspondence should be addressed. 

the inherent potential to be better oxidizing pho- 
tocatalysts than the analogous complexes of bipyri- 
dine and bipyrazine. Besides, protonation of bipy- 
rimidine is expected to yield species with even more 
positive oxidizing potentials than the neutral 
species, providing a handle to change its redox 
behaviour in suitable photoreactions. 

In this paper we report the synthesis, char- 
acterization, fluorescence and electrochemical stud- 
ies and photoanation (quantum yield) studies of 
ruthenium(II)-bipyrimidine complexes. 

RESULTS AND DISCUSSION 

The elemental analysis and conductivity of the 
complexes are given in Table 1. The conductivity of 
the acetonitrile complexes shows that complexes 
1 and 2 are 1: 2 electrolytes, complex 5 is a 1: 1 

electrolyte and complexes 3, 4 and 6 are non- 
electrolytes. 

The IR spectra of the complexes show a weak 
peak at 480-495 cm-’ assigned to the (Ru-N) 
stretching frequency. The absence of a peak at 310 
cm-’ in complexes 1 and 2 suggests that the chlor- 
ides are in the outer coordination sphere of the 
metal ion. The peaks at 320 and 310 cn- ’ in com- 
plex 3 can be assigned to the (Ru-Cl) stretching 
of c&chlorides. The peak at 510 cm-’ in 3 can be 
assigned to the (Ru-P) stretching. The 31P NMR 
of 3 gives a singlet at 21.49 ppm suggesting a trans 
disposition of the coordinated triphenylphosphine. 
Complex 4 exhibits a single peak at 3 15 cm- ’ cor- 
responding to the (Ru-Cl) stretching of trans- 
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Table 1. Analytical data for ruthenium-bipyrimidine complexes. Experimental values are given in parentheses 

Complex Colour 
Melting 

point (“C) 

Molar 
conductivity 
(acetonitrile) 

% c %H %N (1 x 1O-4 M) 

NOhw-&lCL (1) Reddish 180-185 40.6 
(41.0) 

PWbipymhl(PFd~ (2) Orange 33.3 
(33.6) 

]Ru(hiPym)(PPh&W (3) Brownish red Decomposes 61.8 
at 110 (61.3) 

]Ru(bipym)zCl~ (4) Black 21&215 36.3 
(35.7) 

[Ru(bipym)z(CH,CN)(Cl)]+pFJW (5) Dark red 33.8 
(33.6) 

]Ru(bipym)~(NQJJ *O.~HZQ (6) Red - 37.7 
(37.3) 

23.7 105 
(23.8) 
19.2 115 

(18.9) 
(Z) 000 

21.4 005 
(20.9) 
19.7 098 

(19.6) 
27.5 000 

(25.1) 

chlorides. Complex 5 exhibits (Ru-Cl) at 315 
cm- ‘. The IR spectral data are given in Table 2. 

The electronic spectra of complexes l-6 show 
low-energy bands in the visible region at 24,271 
cn- ’ assigned to ruthenium(I1) to bipyrimidine 
MLCT charge-transfer. The higher energy bands at 
30,120 and 40,650 cm- ’ are x-z* transitions within 
the bipyrimidine molecule. The band at 22,123 
cm-’ in the spectrum of complex 1 is a d r--71* 
MLCT transition. Similar bands were reported for 
analogous ruthenium(I1) bipyridyl complexes.’ The 
two major peaks in the UV spectra are essentially 

independent of the nature of the complex and are 
assigned to z--a* transitions within the bipyrimidine 
rings. The weaker absorption near 40,650 cn- ’ can 
be assigned to a higher energy MLCT. The major 
shoulder near 22,123 and 24,27 1 cm- ’ can be either 
a d-d band or a second MLCT transition. The 
results are tabulated in Table 2. 

Luminescence studies 

Luminescence spectra of the complexes were 
taken in aqueous solution and are uncorrected. The 

Table 2. IR spectra of the ruthenium complexes 

Complex 

v(Ru-X), 
(cm- ‘) 
x = Cl, v(Ru-P), v(Ru-N), Other characteristic 

PF,, NQz (cm- ‘) (cm- ‘) Peaks 

t~~(bipymhlC12 (1) 

FWbimN31(PF6h (2) 

]Ru(hiPym)(PPhWlZ (3) 

]Ru(hipym)+&l(4) 

tRu(hipym)z(CH,CN)(Cl)l+~FJ- (5) 

]Ru(biPym)0Q,)J *0.5H@ (6) 

- - 480(w) 3 100(s), 1550(s), 14OO(vs), 
1030(w), 750(m) 

- - 480(w) 3 100(s), 1570(m), 14OO(vs), 
850(s), 750(w) 

320(m) 510(s) 490(w) 3100(s), 1610(m), 1470(w), 
310(m) 139O(vs), 1090(m), 740 (m) 
3 15(m) 480(w) 3100(s), 1550(m), 14OO(vs), 

1030(w), 810(m) 
315(m) 490(w) 3 100(s), 1550(m), 14OO(vs), 

1090(m), 740(m) 
1250(s) - 495(w) 3100, 1615(m), 141O(vs), 

1020(w), 800(m) 

Key : s = strong ; vs = very strong ; w = weak and m = medium. 
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emission spectra of complex 1 shows a strong inten- 
sity peak at 611 nm which seems to be drr* in origin. 
The substitution of chloride by PFQ shows a blue 
shift of the 1, maximum which is observed at 602 
nm with slightly lower intensity. The emission inten- 
sity of complexes 1 and 2 does not change in the 
pH range 4.5-8. At lower pH the emission intensity 
rapidly decreased and no emission was observed 
below pH 1, indicating a slightly enhanced basicity 
of the excited state of Ru(bipym):+. Complex 3 
gave &,,,(max) at 546 nm which is due to replace- 
ment of two bip~~~ne molecules, responsible 
for fluorescence. The removal of one bipyrimidine 
molecule has shown a blue shift in complex 4, where 
&(max) is at 533 nm. The addition of CH,CN and 
Cl to the coordination sphere of the metal ion in 
complex 5 shows a red shift for the emission wave- 
length at 644 nm. Addition of NO* also exhibits a 
red shift at 750 nm. The red shift in the emission 
wavelength is very important because the energy 
utilized for the excitation wavelength is also less. 
This fact is helpful for the utilization of these com- 
plexes in the visible part of the solar spectrum (with 
less energy) to realize the harnessing of solar energy. 
The &= maximum of complexes l-4 is given in 
Table 3. 

Electrochemical studies 

Polarographic Elf2 data for ~theni~(II) bipy- 
ridimine complexes in aqueous solution with SCE 
as reference electrode in 0.1 M KN03 as supporting 
electrolyte are compared with those of their bipy- 
ridyl analogues. The E,,2 value of Ru(bipym):+ 
with bipy~~dine results in a shift of the reduction 
potentials to more positive values by about 0.5 V. 
Similar results were reported when bipyridyl was 
replaced by bipyrazyl ligand.’ The replacement of 
bipyrimidine in complex 4 by CH&N or NOZ 

shows a less positive (more negative) reduction 
potential because of good o-donor and poor K- 
acceptor behaviour of CH&N and NOZ compared 
to Cl-, PPh3 or bipyridine. The shift of the 
reduction potential to negative values by the 
replacement of a halogen with good o-donor groups 
was reported earlier by Crutchley and Lever.’ We 
did not notice the solvolysis of complex 4. 

The diffusion currents for complexes l-6 were 
calculated using differential pulse polarography and 
the results are tabulated in TabIe 4. As expected, 
higher diffusion currents were observed in com- 
plexes 5 and 6 by the replacement of halogen or 
bipyrimidine in the coordination sphere of the metal 
ion by the strong u-donor CH$N or NOz. groups. 
The more positive potentials of complexes 1-4 com- 
pared to 5 and 6 are due to the presence of less G- 
basic or n-acidic ligands like bipyrimidine, PPh3 
and Cl ligands. The n-acidities decrease in the order 
PPhs > bipyrimidine > Cl-. This is reflected in the 
increase of id for complexes 14 in the order 3 < 1 
e2<4. 

Photoanation studies 

Photoanation studies of {Ru(bipym)~]~PF~)~ (2) 
in acetonitrile shows the formation of [Ru(bipym)2 
(CH,CN)(Cl)]PF6 (5) which corresponds to a quan- 
tum yield of 0.14. The results can be compared 
with the reports of Jones and Cole-Hamilton’ for 
the photoanation of the ~the~~(II~t~s- 
(bipyridyl) dication, Ru(bipy):+, by chloride ion in 
acetonitrile. The only photoproduct reported’ was 
[Ru(bpy),(CH,CN)(Cl)]Cl with a maximum quan- 
tum yield of 0.01. In solvents of lower polarity such 
as acetone and CHzClz the photoproduct formed 
was Ru(bpy)2C12 with a slightly higher quantum 
yield of 0.02. “,” These facts are suggestive of an 
ion-paired mechanism for photoanation. The mech- 

Table 3. Electronic and emission spectra of the bipyrimidine complexes of ruthenium(I1) in aqueous solution 

[Rutbip~)~lCl2 (1) 

[Ru(bipym) JPF & (4 

~Ru(bipym~~Ph~)~Cl~ (3) 
IRu(bipyn&%l(4) 

[Ru(bipym),(CH,CN)(Cl)lf[PFd- (5) 

jRutbipym),CN0,),1.0.5H,O 02 

22,123(3.82), 
24,271(3.8), 
30,120(4.13) 
22,075(3.86), 
24,271(3.8), 
30,180(4.16) 
24,630(3.68) 
25,315(3.94), 
27,178(3.91) 
20,202(3.8), 
26,809(4.22) 
28,735(3.97), 
20,660(3.94) 

452,412 
332 

453,412 
331 

406 
395,368 

495,373 

484,348 

~,6Sq4.59) 246 611 

40,650(4.66) 246 602 

41,152.2(4.089) 243 546 
41,152(4.43) 243 533 
51,813(4.50) 193 

- - 644 

42,02q4.29) 238 750 
32,364(4.5) 309 
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Table 4. Electrochemical data of ruthenium-bipyrimidine complexes 

Complex 
Oxidation 
E,,, or) Reduction E,,, (V) 

D~e~ntial 
pulse id (IrA) 

NWpymMCL (1) 1.69 -0.80 -0.95 -1.2 7.0 
7.5 

~Rn(bip~)~l(pF~)~ (2) 1.67 -0.92 -1.06 - 1.09 5.5 
5.75 

[Ru(bipymWh ,) JJ21(31 - -0.76 - - 3.6 
IWbipymWlJ (4) - -0.75 -1.16 - 4.9 

7.25 
fRn(bi~ym)2(~H3CNHC1)I+ffF St- (51 - -1.37 - - 27.5 
[Ru(bipymMNW& 0.5HzQ (6) - -1.18 -1.45 - 7.9 

12.75 

anism of photoanation of Ru(bipym):+ by analogy 
to that of Ru(bpy):+ is believed to be dissociative, 
resulting in a five-coordinate inte~ediate with an 
end-bonded bipyrimidine ligand. Monodentate 
bipyridyl intermediates have been isolated and their 
electronic spectra recorded. I2913 However, these 
intermediates are unstable and it is probably that 
in the case of Ru(bipym~~+, the fo~ation of a 
monodentate bipyrimidine complex is not detected 
spectrophotometrically because of its rapid 
conversion of Ru(bipym):+ to [Ru(bipym)z 
(CH,CN)(Cl)]+. As soon as the five-coordinate 
intermediate is formed, anation results from the 
Cl- associated in the ion pair. The difference in 
the quantum yields of Ru(bipym){+ (d, = 0.14) and 
Ru(bpy)s+ (4 = 0.01) may be due to the conversion 
of the latter species to [Ru(bpy~2~solvent)(Cl)]’ in 
solution as observed by Van Houten and Watts. iZ 

Our interest in the bipyrimidine(I1) species is in 
the design of the highly photo-oxidizable pho- 
tocatalyst and it is pertinent that the redox couples 
associated with Ru(bpy):+ do shift to positive 
values in sulphuric acid by a significant amount. I4 
The excited state protonation studies using fluo- 
rescence spectroscopy are also of interest to us and 
are under investigation. The el~trochemical prop- 
erties of these complexes and the replacement of 
Cl- by ligands such as NCS, Br2, X2, oxalate etc. 
also falls under our future interest of work. 

EXPERIMENTAL 

Preparation of complexes 

(1) ~r~(b~yr~idine)~theni~~I) dic~ori~. The 
complex was prepared by refluxing Ru(Me2SO)4 
Cl, (0.4 g) and bipyrimidine (0.8 g) in water (50 

cm3) for 20 h. The reaction mixture was filtered 
and evaporated to dryness. The residue was washed 
with acetone and chloroform and again with 
acetone. The crude product (0.6 g) was dissolved in 
water (10 cm3) and filtered. To the boiling filtrate 
was added slowly a 1: 2 mixture of ethanol and 
propanol(20 cm3). On cooling the solution, reddish 
crystalline ~Ru~ip~)~]C12 precipitated out (0.55 
g) ; yield : 80%. 

(2) Tris(dipyrimidine)ruthenium(II) hexajluoro- 
phosphate. A solution of [Ru(bipym)3]Clz (0.4 g in 
water to cm3) was heated to boiling. To this was 
added an aqueous solution of 0.2 M (50 cm3) 
NH,PF& and an orange precipitate was im- 
mediately formed. The solution was allowed to 
cool to room temperature and then filtered. The 
crude product was washed with water and recry- 
stallized with acetone-ethanol solution to give the 
orange-coloured crystalline [Ru(bipym),](PF& ; 
yield : 76%. 

(3) ~ichlorob~(tr~henylpho~phi~)b~yrimidine- 
ruthenium~I}. A solution of RuCl~(PPh3)* (0.6 g) 
and bipyrimidine (0.36 g) in acetone (50 cm3) 
was refluxed for* 6 h to give a reddish-brown 
precipitate which was filtered and dissolved in 
chloroform (100 cm3). The solution was concen- 
trated to 20 cm3 and [Ru(bip~)(PPh~)2CI~] crys- 
tallized out on cooling. The complex was recry- 
stallized from chloroform ; yield : 42%. 

(4) Dichlorobis(b@yrimidine)ruthenium(II). The 
complex was prepared by refluxing RuC13 - xH20 
(0.25 g) and bipyrimidine (0.3 g) in DMF (20 cm3) 
for 2 h. The purple solution obtained was filtered 
and evaporated to dryness in a roto-evaporator. 
The dry mass was dissolved in 50 cm3 of acetonitrile 
and concentrated to 10 cm3, when black c~stalline 
[Ru(bipym)&l,] was obtained. The complex was 
recrystallized from water ; yield : 62%. 
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(5) Chlorobis(bipyrimidine)acetonitrileruthen- 
ium(I1) hexafluorophosphate. To a solution of [Ru 
(bipym),](PF& (0.3 g) in CH$N (100 cm3) was 
added slowly over 30 min, tetrabutyl ammon- 
ium chloride (TBA)CI (0.07 g). The solution was 
irradiated at 350 nm when the orange-coloured sol- 
ution started to turn deep red. After 3 h the 
excess of acetonitrile was removed over a roto-evap- 
orator and the crude product was digested in boiling 
propanol. The residue was dissolved in acetone (20 
cm3), and on cooling dark red crystalline [Ru(bi- 
pym),(CH,CN)(Cl)]PF, separated out. The com- 
plex was recrystallized from water ; yield : 37%. 

(6) Bis(dinitrito)bis(bi@yrimidine)ruthenium(II). A 
solution of Ru(bipym),Cl, (0.2 g) and NaNO, (0.4 
g) in a 1 : 1 ethanol-water mixture (30 cm3) was 
refluxed for 8 h and the orange solution turned deep 
red. The deep red solution was concentrated and 
the complex precipitated by an excess of acetone, 
when red crystals of [Ru(bipym),(N02)2]*0.5 HZ0 
were obtained. The complex was recrystallized from 
a water-alcohol mixture ; yield : 78%. 

Acetonitrile was distilled over anhydrous A1C13 
and P205. Tetrabutylammonium chloride was used 
without purification. Bipyrimidine and tetra- 
butylammonium chloride was used as purchased 
from Lancaster Chemicals and Aldrich without fur- 
ther purification. RuC12(Me2S04) was prepared as 
reported earlier. ’ 5 Photoanation studies were con- 
ducted using a 450 W Xenon lamp from Applied 
photo physics in a quartz cell of 1 cm path length. 
All the solutions were made in double-distilled 
water or acetonitrile. Fresh stock solutions were 
prepared for spectroscopic studies. 

Electrochemical studies were conducted on a 
PAR Model 174 electrochemical analyser using 
DME. The solutions contained 9 x lop4 M 
ruthenium complex in 0.1 M KN03 as the sup- 
porting electrolyte. All measurements were per- 
formed at 26°C in degassed (NJ aqueous solution 
and all potentials are reported against a SCE. 

Electronic spectra of all the complexes were rec- 
orded with a Beckman DU-7 UV-vis spectrometer. 
IR spectra were recorded on a Nicolet 200 SX FT- 
IR spectrophotometer. Fluorescence emission spec- 
tra were recorded on a Hitachi Model 650 Fluo- 
rometer with microprocessor. Irradiation of a vac- 
uum degassed solution of [Ru(bipym),](PF,), 
(8.0 x lo-’ M) and (TBA)Cl(2 x 10m4 M) was car- 
ried out in a 1 cm quartz cell under N2. The light 
source was a 450 W xenon lamp with an interference 
filter of 436 nm for photoanation of 2. The light 
intensity was calculated using ferrioxalate acti- 
nometry. ’ 6 The photolysis was interrupted period- 
ically and the absorption spectra recorded. Quan- 
tum yields were calculated on the basis of the 

225 

0 
190 312 434 556 676 

Wavelength 

Fig. 1. Absorption spectrum of photoanation studies, 
Ru(bipym):+ (10e5 M) and (TBA)Cl (10e4 M) in aceto- 
nitrile : (a) without illumination ; (b) 5 min ; (c) 30 min ; 

(d) 45 min for illuminated. 

disappearance of the peak corresponding to 
Ru(bipym):+ at 30,120 cm-‘. 

For the photoanation studies a solution of the 
complex [Ru(bipym),](PF& (2) in acetonitrile is 
relatively stable when irradiated at A = 436 nm even 
in the presence of Cl-. However, on irradiation at 
350 nm in the presence of Cl-, photoanation takes 
place as shown in Fig. 1. Figure 1 shows the spec- 
trum of a typical photoanation experiment. The 
presence of two isobestic points at 356 and 456 nm 
suggests the formation of two intermediates but only 
one photoproduct could be isolated. Photolysed 
solutions of 2 in the presence of Cl- were extracted 
with hexane. The UV-vis spectrum before and after 
hexane extraction showed no change in the position 
of MLCT bands and a drop in intensity and 
a narrowing of the ligand x--71* bands. The hex- 
ane extract was evaporated and the melting point 
and UVvis spectrum of the residue confumed the 
product to be bipyrimidine. The elemental analysis 
of the photoproduct agrees with the formation 
[Ru(bipym)z(CH,CN)(C1)IPF,. 

The photolysis at 359 nm seems to give rise 
to an ion-paired five-coordinate intermediate 
[Ru(bipyn&bipy)]‘Cll (l), where one of the bipy- 
rimidines is monodentate. This intermediate then 
collapses to the product [Ru(bipym)2(CH$N) 
(Cl)]PF6 (5). Irradiation at 350 nm seems to be 
essential to obtain 1 since irradiation at 450 nm 
cannot give the photoanation product. 
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