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A new strategy for the convergent synthesis of metallosupramolecular oligomers has been elaborated. 
The key step is the formation of the ligand-complexes [Ru(X-terpy) (dpqtpy)] [PF,], (X-terpy = terpy, 
eoterpy, cterpy or msterpy) from the reaction of [Ru(X-terpy)CI,] with 6',6"-di(2-pyridyl) - 
2,2': 4',4": 2",2"'-quaterpyridine (dpqtpy) in ethane-I ,2-diol. These complexes have one non-co- 
ordinated terpyridine (terpy) domain, and reacted instantaneously with iron(ii) salts to give the 
heterotrinuclear complexes [ (X-terpy) R u  (dpqtpy) Fe(dpqtpy) R u  (X-terpy)] [ PF,],. Similar reactions 
with cobalt(ii) acetate gave the paramagnetic d7 cobalt(l1) complexes [ (X-terpy) R u -  
(dpqtpy)Co(dpqtpy) Ru(X-terpy)] [ PF,], which may be oxidised to the kinetically inert diamagnetic 
d6 cobalt(li1) complexes [(X-terpy)Ru(dpqtpy)Co(dpqtpy)Ru(X-terpy)][PF,],. The reaction of [Ru(X-  
terpy) (dpqtpy)] [ PF,], with 'RuCI,-nH,O' yielded the homotrinuclear complex [ (terpy) Ru(dpqtpy) R u -  
(dpqtpy)Ru(terpy)] [PF,],. The ruthenium-osmium heterodinuclear complex [(terpy) Ru(dpqtpy) - 
Os(terpy)] [PF,], was readily obtained from the reaction of [Ru(terpy) (dpqtpy)] [PF,], with 
[Os(terpy)CI,]. Some representative mixed-ligand homodinuclear complexes [ (X-terpy) Ru(dpqtpy) - 
Ru(Y-terpy)] [PF,], containing both electron-releasing and electron-withdrawing terminator ligands 
were prepared from the reaction of [Ru(X-terpy) (dpqtpy)] [PF,], with an equimolar quantity of [ R u -  
(Y-terpy)CI,]. The specific examples with mixed terminator ligands were [(terpy) Ru(dpqtpy) R u -  

[ PF,],. All of the compounds were fully characterised, and detailed spectroscopic, spectrometric 
and electrochemical studies are described. 

(dmterpy)l [pF6],r  [(terpy) Ru(dpqtpy) Ru(msterpy)l [PF6i4 and [(dmterpy) R' (dpqtpy) Ru(msterpy)l - 

Metallosupramolecular oligomers and polymers result from the 
interaction of metal ions with appropriate multidentate 
ligands designed for multinuclear binding, and there is 
considerable interest in the design of species containing known 
numbers of metal ions in defined spatial arrangements4 The 
electronic and photophysical properties of oligopyridine 
complexes of d6 transition-metal ions make their incorporation 
particularly attractive and the possibility of intermetallic 
electron or energy transfers offers the potential for the design of 
molecular devices which will channel light energy or electrons in 
a defined manner.5 

We have discussed elsewhere the reasons which have led us 
and others to adopt the 2,2': 6',2"-terpyridine (terpy) metal- 
binding domain and have developed a strategy for the stepwise 
self-assembly of metallosupramolecules utilising multidentate 
ligands which contain two or more spatially separated terpy 
metal-binding domains. The preparation and properties of 
some iron@) and ruthenium(@ '7' complexes have been 
reported, as have studies on related heteronuclear ruthenium- 
osmium complexes. '' However, the preparation of high- 
nucleari ty complexes using a divergent complexes-as-metals 
approach is problematic. It becomes increasingly difficult 
specifically to address only one of the metal-binding domains in 

Ligand abbreviations: dpqtpy = 6',6"-di(2-pyridyl)-2,2':4',4":2", 
2"'-quaterpyridine; bteb = 1,4-bis(2,2':6',2"-terpyridin-4'-yl)be.mene; 
terpy = 2,2':6',2"-terpyridine; eoterpy = 4'-ethoxy, moterpy = 4'- 
methoxy, dmterpy = 4'-dimethylamino, cterpy = 4'-chloro, msterpy 
= 4'-methylsulfonyl, mtterpy = 4'-methylsulfanyl, pterpy = 4'- 
phenyl, hterpy = 4'-hydroxy, pyterpy = 4'-(4-pyridyl), mpyterpy .= 
4'-(4methylpyridinio) and fterpy = 4'-(ferrocenyl)-2,2':6',2"-terpyrid- 
ine; tppz = 2,3,5,6-tetra(2-pyridyl)pyrazine. 

a multidomain ligand. An organic protection4eprotection 
methodology has recently been introduced to overcome this 
problem, but this involves a multistep reaction sequence. In 
this paper we describe a method for the convergent synthesis 
of asymmetric dinuclear complexes and an alternative 
inorganic methodology for the stepwise assembly of co- 
ordination oligomers making use of the different rates of 
reactions of kinetically labile and non-labile metal centres. 
Some of these results have appeared in part as communica- 
tions elsewhere. l 2  

Experimental 
Proton NMR spectra were recorded on Bruker WM-250, AC- 
250 or Varian Gemini 300 spectrometers, electronic spectra on 
Uvikon 8 1OP or Perkin-Elmer Lambda 19 spectrophotometers. 
Fast atom bombardment (FAB), fast ion bombardment (FIB) 
and laser desorption time-of-flight (LD) mass spectra were 
recorded on Kratos MS-890 (FAB), MS-50 (FIB), Kompact 
Maldi (LD) or Vestec benchtop (LD) spectrometers respec- 
tively; for FAB and FIB spectra the sample was loaded using 
acetonitrile as solvent, and 3-nitrobenzyl alcohol as supporting 
matrix; for LD spectra, the sample was dissolved in acetone 
or acetonitrile, and run using sinapinic acid, gentisic acid or 
a-cyano-4-hydroxycinnamic acid as supporting matrix. Cyclic 
voltammetry experiments were performed in acetonitrile 
solution as described previously. 7-9 All potentials are quoted 
against an internal ferrocene-ferrocenium reference. 

Ruthenium trichloride was used as supplied by Johnson 
Matthey. The compounds dpqtpy,* terpy,13 eoterpy,14 
dmterpy,14 ~terpy, '* '~ and msterpy l5 were prepared by the 
literature methods; the complexes [Ru(X-terpy)Cl,] (X- 
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terpy = terpy, eoterpy, dmterpy, cterpy or m ~ t e r p y ) ' ~ . ' ~  were 
prepared as previously reported. 

Preparations.-General method for [Ru"(X-terpy)(dpqt- 
py)][PF,], (X-terpy = terpy, eoterpy, cterpy or msterpy). A 
suspension of dpqtpy (0.10 mmol) and [Ru(X-terpy)Cl,] (0.09 
mmol) was heated at reflux in ethane-1,2-diol (10 cm3) for 20 
min. The resulting deep red solution was allowed to cool, and 
then water (10 cm3) and an excess of methanolic pH4][PF,] 
were added to give a red precipitate. This was collected on 
a bed of Celite by filtration, and then redissolved in the 
minimum volume of MeCN and chromatographed over silica 
MeCN-saturated aqueous KN0,-water (7 : 1 : 0.5 v/v) as 
eluent]. The main orange fraction was collected and treated 
with water (25 cm3) and an excess of methanolic CNH4]PF,]. 

This mixture was then reduced in volume in vacuo to 
precipitate the desired complex as the hexafluorophosphate 
salt. Recrystallisation from acetone-methanol or acetonitrile- 
water gave the complexes as analytically pure red powders in 
2040% yields. 

[Ru(dmterpy)(dpqtpy)][PF,],. The complex [Ru(cterpy)- 
(dpqtpy)]PF,], (0.100 g, 0.089 mmol) was stirred in anhy- 
drous dimethylamine (20 cm3) at 0°C for 3 h. The excess 
of dimethylamine was then removed in vacuo. The residue was 
recrystallised from acetone-methanol to give [Ru(dmterpy)- 
(dpqtpy)][PF6], as a red powder (0.094 g, 93%). 

General method for the iron(rr)diruthenium(Ir) complexes [(X- 

terpy, eoterpy, dmterpy, cterpy or msterpy). A solution of 
[Fe(H,O),][BF,], (0.010 g, 0.030 mmol) in water (10 cm3) was 
added to a solution of [Ru(x-terpy)(dpqtpy)][PF,], (0.040 
mmol) in MeCN (20 cm3) and the resulting mixture stirred at 
ambient temperature for 15 min. An excess of methanolic 
[NH4][PF6] was then added, and precipitation was induced by 
reduction in volume in uacuo. Recrystallisation from acetone- 
methanol afforded the pure salts [(X-terpy)Ru(dpqtpy)Fe- 
(dpqtpy)Ru(x-terpy)][PF,], as dark red-brown powders in 
70-90% yield. 

tion of Co(O2CMe),.4H,O (0.018 g, 0.072 mmol) in water (20 
cm3) was added to a solution of [Ru(terpy)(dpqtpy)][PF,], 
(0.040 g, 0.037 mmol) in MeCN ( 5  cm3), and the resulting 
mixture was stirred at ambient temperature for 30 min. An 
excess of methanolic wH,][PF,] was added, and precipitation 
was induced by reduction in volume in vacuo. Recrystallisation 
from acetone-methanol afforded pure [(terpy)Ru(dpqtpy)Co- 
(dpqtpy)RU(terpy)][PF6]6 as a brown powder (0.039 g, 
84%). Mass spectrum (FIB, '02Ru): m/z 943 [Ru(terpy)- 

terpy)Ru(dpqtpy)Fe(dpqtPY)Ru(X-terPY)l[PF616 (X-terpy = 

[(terpy)Ru(dpqtpy)Co(dpqtPY)Ru(terpy)l[PF616. A solu- 

(dpqtpy)(PF6)] and 798 [Ru(terpy)(dpqtpy)]* 
[(terpy)Ru(dpq tpy)Co(dpq tpy)Ru(terpy)l CPF6i 7. A 

tion of Co(O2Ch/re),=4H2O (0.018 g, 0.072 mmol) in water (20 
cm3) was added to a solution of [Ru(terpy)(dpqtpy)][PF,], 
(0.040 g, 0.037 mmol) in MeCN ( 5  cm3), and the resulting 
mixture was stirred at ambient temperature for 15 min, while 
chlorine gas was gently bubbled through it. An excess of 
methanolic [NH,] [PF,] was added, and precipitation was 
induced by reduction in volume in uacuo. Recrystallisation from 
acetone-methanol afforded [(terpy)Ru(dpqtpy)Co(dpqtpy)- 
RU(terpy)][PF6], as a pink-brown powder (0.047 g, 95%). 
Mass spectrum (FIB, "'Ru): m/z 944 [Ru(terpy)(dpqtpy)- 
(PF,)I and 798 C R ~ ( ~ ~ ~ P Y ) ( ~ P ~ ~ P Y ) I .  

[(te~y)Ru(dpqtpy)Ru(dpq tpy)Ru(terpy)l CPF6i 6 -  Two 
equivalents of [Ru(terpy)(dpqtpy)][PF,], (0.040 g, 0.037 
mmol) were heated at reflux with RuC13-3H,0 (0.005 g, 0.019 
mmol) in ethane-1,Zdiol (10 cm3) for 1.5 h. The reaction 
mixture was allowed to cool, and acetone (25 cm3) and diethyl 
ether (25 cm3) were added. The resulting precipitate was 
collected on Celite, and washed off with methanol (25 cm3). The 
complex was reprecipitated from the methanol solution as the 
hexafluorophosphate salt by dropwise addition of mH4][PF6]. 
Recrystallisation from acetonitrile-water afforded [(terpy)- 
Ru(dpqtpy)Ru(dpqtpy)Ru(terpy)][pF,], as a dark brown 
powder (0.020 g, 42%). Mass spectrum (FIB, lo2Ru): m/z  
2427 [(terpy)Ru(dpqtpy)Ru(dpqtPY)Ru(terPY)(PF6)~l 228 
C(te~y)Ru(dpqtpy)Ru(dpqtPY)Ru(terPY)(PF6)~l and 35 
[(terpy)Ru(dpqtpy)Ru(dpq tpy)Ru(terpy)(PF6) 31. 

[Os(terpy)CI,]. A solution of Na,[OsCI,] (0.100 g, 0.22 
mmol) and 2,2': 6',2"-terpyridine (0.052 g, 0.22 mmol) in 
methanol (20 cm3) was heated to reflux for 20 h. The resulting 
precipitate was filtered off, washed well with methanol and 
diethyl ether, and dried in uacuo to yield [Os(terpy)Cl,] as a 
black powder (0.085 g, 72%). 
[(terpy)Ru(dpqtpy)os(terpy)][PF,],. A suspension of 

[Ru(terpy)(dpqtpy)][PF,], (0.041 g, 0.038 mmol) and 
[Os(terpy)Cl,] (0.020 g, 0.038 mmol) in ethane-l,2-diol (10 
cm3) was heated at reflux for 2 h. The resulting purple-brown 
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solution was allowed to cool. An equal volume of water was 
added, along with an excess of methanolic pH,][PF6], to 
precipitate the complex mixture. This was collected on Celite by 
filtration, and redissolved in the minimum volume of MeCN for 
thin-layer chromatography [silica plates, MeCN-saturated 
aqueous KN0,-water (7: 1 :0.5 v/v) as eluent]. The main 
purple product was collected, and the complex was extracted 
from the silica by washing alternately with the eluent mixture 
and aqueous acetonitrile (1 : 1 v/v) acidified slightly with HPF,. 
These extracts were combined and an excess of methanolic 
[NH,][PF,] was added. The mixture was reduced in volume in 
vacua to precipitate the complex as the hexafluorophosphate 
salt. Recrystallisation from acetonitrile-water gave [(terpy)Ru- 
(dpqtpy)oS(terpy)]lPF6], as a dark brown powder (0.020 g, 
29%). Mass spectrum (FIB, '920s): m/z 1656 [(terpy)Ru- 
(d~tpy)os(terpy)(PF6)31, C(terpy)Ru(dpqtpy)os(terpy)- 
(PF6)21 and 367 C(terpy)Ru(dpqtpy)os(terpy)(PF6)1. 

[(terpy)Os(dpqtpy)Os(terpy)] [PF6],. A suspension of dpq- 
tpy (0.020 g, 0.043 mmol) and [Os(terpy)Cl,] (0.050 g, 0.095 
mmol) in ethane- 1,2-diol(10 cm3) was heated at reflux for 2 h. 
The resulting purple-brown solution was allowed to cool. An 
identical work-up and purification process to that for 
[( terpy)Ru(dpqtpy)Os(terpy)] [PF6], was used. After recrys- 
tallisation from acetonitrile-water, [(terpy)Os(dpqtpy): 
Os(terpy)][PF,], was obtained as a dark purple powder 
(0.013 g, 16%). Mass spectrum (FIB, 19'Os): m/z 1746 [(terpy)- 
os(dpqtpy)Os(terpy)(pF6)31, 1601 ~(terpy)os(dpqtpy)os(ter- 
py)(PF6)21 and 457 ~ ( t e ~ ~ ) o s ( d ~ ~ t ~ ~ ) o s ( t e ~ ~ ) ( p F 6 ~ ~ ~  

[O~(terpy)~][PF,]~. A suspension of [Os(terpy)Cl,] (0.040 g, 
0.076 mmol) and 2,2' : 6',2"-terpyridine (0.01 8 g, 0.076 mmol) 
in ethane-1,2-diol (10 cm3) was heated at reflux for 20 h. The 
resulting purple-brown solution was allowed to cool. An equal 
volume of water was added, along with an excess of methanolic 
[NH,][PF,], to precipitate the complex mixture. This was 
collected on Celite by filtration, and redissolved in the 
minimum volume of MeCN for column chromatography 
[silica, MeCN-saturated aqueous KN0,-water (7 : 1 : 0.5 v/v) 
as eluent]. The main brown product fraction was collected, 
and water (25 cm3) and an excess of methanolic mH,][PF,] 
were added. The mixture was reduced in volume in vacuo 
to precipitate the complex as the hexafluorophosphate salt. 
Recrystallisation from acetonitrile-water gave [Os(terpy),]- 
[PF6I2 as a dark powder (0.050 g, 70%). Mass spectrum 
(FAB, ' 920s): m/z 803 [Os(terpy),(PF,)] and 658 [Os(terpy),]. 

[( terpy)R u(dpq tp y)Ru(dmterpy)] [PF6],. A suspension of 
[Ru(terpy)(dpqtpy)][PF,], (0.040 g, 0.037 mmol) and [Ru- 
(dmterpy)Cl,] (0.018 g, 0.037 mmol) in ethane-192-diol (10 
cm3) was heated at reflux for 15 min. The resulting crimson 
solution was allowed to cool. An equal volume of water was 
added, along with an excess of methanolic mH,]pF6], to 
precipitate the complex mixture. This was collected on Celite by 
filtration, and redissolved in the minimum volume of MeCN 
and chromatographed over silica [MeCN-saturated aqueous 
KN0,-water (7: 1 :0.5 v/v) as eluent]. The main pink fraction 
was collected, and water (25 cm3) and an excess of methanolic 
mH,]pF6] were added. The mixture was reduced in volume 
in O ~ C U O  to precipitate the complex as the hexafluorophos- 
phate salt. Recrystallisation from acetonitrile-water gave 
[(terpy)Ru(dpqtpy)Ru(dmterpy)]~F,], as a pure red-brown 
powder (0.023 g, 35%). Mass spectrum (FIB, "'Ru): m/z 1613 
C(terpy)Ru(d~tpy)Ru(dmte~Y)(pF6)31, 467 [(terpy)Ru(d- 
PqtPY)Ru(dmterpYWPF,),1, and 1322 C(terpy)Ru(dpqtpy)- 
Ru(dmteqy)(PF6)1* 

[(terpy)Ru(dpqtpy)Ru(msterpy)]~F6],. The complex [Ru- 

Cl,] (0.019 g, 0.037 mmol) and N-ethylmorpholine (three 
drops) were heated at reflux in methanol (10 cm3) for 2 h. 
The resulting red solution was cooled, and then purified by 
column chromatography over silica [MeCN-saturated aqueous 
KN0,-water (7: 1 :0.5 v/v) as eluent]. The main pink product 
was collected, and water (25 cm3) and an excess of methanolic 

(te~y)(d~tpy)l[PF612 (Oeo4O g, o*037 mmO1), [Ru(msteYy)- 

pH4][PF6] were added. The mixture was reduced in volume 
in vacuo to precipitate the complex as the hexafluorophos- 
phate salt. Recrystallisation from acetonitrile-water gave 
[(terpy)Ru(dpqtpy)Ru(rnsterpy)][PF,], as a pure red-brown 
powder (0.022 g, 35%). Mass spectrum (FIB, '"Ru): m/z 

Ru(dpqtpy)Ru(rnsterpy)(PF,)],] and 1356 [(terpy)Ru(dpqt- 

[(msterpy)R~(dpqtpy)Ru(dmterpy)][PF,]~. The complexes 
[Ru(msterpy)(dpqtpy)][PF,], (0.040 g, 0.034 mmol), [Ru- 
(dmterpy)Cl,] (0.01 7 g, 0.034 mmol) and N-ethylmorpholine 
(two drops) were heated at reflux in methanol (10 cm3) for I .5 h. 
The resulting red solution was purified by the same procedure 
as that for [(terpy)Ru(dpqtpy)Ru(msterpy)][PF,],. Recrys- 
tallisation from acetonitrile-water gave [(msterpy)Ru(dpqt- 
py)Ru(drnterpy)][PF,], as a red-brown powder (0.01 3 g, 
21%). Mass spectrum (FAB, '"Ru): m/z 1691 [(msterpy)Ru- 

(dmterpy)(PF,),]and 140 1 [(msterpy)Ru(dpqtpy)Ru(dmterpy)- 

647 C(terpy)Ru(dpqtpy)Ru(msterpy)(pF6)3], 1 502 [(terpy)- 

PY)Ru(msterpy)(PF6)1. 

(dpqtpy)Ru(dmterpy)(PF,),I, 547 [(msterpy)Ru(dpqtpy)Ru- 

(PF,)I. 

Results and Discussion 
We recently described the dinuclear species [( X-terpy)- 
RuLRu(X-terpy)][PF,], (L = dpqtpy or bteb; X-terpy = 
terpy, pterpy, hterpy, eoterpy, dmterpy, cterpy, mtterpy or 
m ~ t e r p y ) . ~ , ~  There is a degree of intermetallic interaction; 
for instance, dinuclear [(terpy)Ru(dpqtpy)Ru(terpy)14 + 

exhibits A,,, 514 nm, 39 nm lower than for the parent 
[Ru(terpy)J2+ species (A,,, 475 nm), although only a single 
two-electron Ru"-Ru"' process is observed at + 0.96 V. 
This is in contrast to the ruthenium centres in [(terpy)- 
Ru(tppz)Ru(terpy)14 + which are oxidised at different po- 
tentials. l, Complexes containing dpqtpy behave similarly, 
and [(terpy)Ru(dpqtpy)Ru(terpy)14 + shows a single Ru"-Ru"' 
process and A,,, 492 nm. The latter absorption spectrum 
closely resembles that of the related [Ru(pterpy),]' + com- 
plex (A,,, 488 nrn).', Recently, it has been shown that 
ligands containing conjugated, but spatially distant, terpy 
domains permit electronic communication over significant 
 distance^."^'^ In an attempt to impose an asymmetry and a 
redox gradient with ligands such as dpqtpy and bteb, we have 
adopted a convergent approach to asymmetric homonuclear 
complexes containing terminator groups ranging from the 
strongly electron-releasing dmterpy to strongly electron- 
withdrawing msterpy. 

The key requirement was the ligand-complexes, [Ru(X- 
terpy)(dpqtpy)]' + , each of which possesses a non-co-ordinated 
terpy domain. The terminator complexes, [Ru(X-terpy)Cl,], 
are readily prepared as brown solids by the direct reaction of 
'RuCl,*nH,O' with X-terpy in methanol, but the reaction 
of these complexes with dpqtpy in methanol yielded only the 
dinuclear species [(X-terpy)Ru(dpqtpy)Ru(X-terpy)14 + . These 
were the sole isolable products, irrespective of the ratio of 
[Ru(X-terpy)Cl,] to dpqtpy being varied between 0.8 and 
2.0: 1. However, when the reaction was performed in ethane- 
1,Zdiol with an approximately 1 : 1 ratio of [Ru(X-terpy)Cl,] 
to dpqtpy reasonable yields of mononuclear [Ru(X-terpy)- 
(dpqtpy)] ' -+ complexes were obtained after short periods 
(Scheme 1). 

The use of ethane-1,2-diol as solvent for the reaction has a 
number of effects on its outcome, not the least being the 
formation of the desired [Ru(X-terpy)(dpqtpy)]' + complexes. 
We believe that this is a consequence of the solubilities of the 
reactants and products in the solvents. Neither dpqtpy nor 
the complexes [Ru(X-terpy)Cl,] are particularly soluble in 
methanol. The initially formed [Ru(X-terpy)(dpqtpy)]' + salts 
are methanol soluble, and we believe that as a consequence of 
their higher activity they react with [Ru(X-terpy)Cl,] in prefer- 
ence to dpqtpy. The result is the formation of only [(X-terpy)- 
Ru(dpqtpy)Ru(X-terpy)I4+ in methanol. Both [Ru(X-terpy) 

http://dx.doi.org/10.1039/DT9950001615


1618 

Scheme 1 

X 1 
J .  CHEM. SOC. DALTON T 

W 

'RANS. 

2+ I 
1995 

Cl,] and dpqtpy are soluble in hot ethane-1,2-diol, although 
we have no direct information concerning the nature of the 
purple solution species formed when [Ru(X-terpy)Cl,] dis- 
solves. The reaction in homogeneous solution gives products 
which better reflect the stoichiometry of the reactants. We have 
noted that prolonged reaction times in ethane-l,2-diol result in 
redistribution reactions giving [(X-terpy)Ru(dpqtpy)Ru(X- 
terpy)14+ and [Ru(X-terpy),12 + complexes as the significant 
products. A second advantage of the use of ethane-1,2-diol is 
that it reduces the initially formed ruthenium(m) complexes to 
ruthenium(u), and there is no need to add a reducing agent 
such as N-ethylmorpholine. In ethane-l,2-diol there is little 
overreduction to ruthenium metal, which is partially 
responsible for the reduced yields which are sometimes 
associated with use of N-ethylmorpholine. 

A ratio of [Ru(X-terpy)Cl,] to dpqtpy of 0.9 : 1 and reaction 
times of 20-30 min were found to optimise the yield of the mono- 
nuclear [Ru(X-terpy)(dpqtpy)]'+ complexes. Precipitation 
of a crude mixture of hexafluorophosphate salts followed by 
column chromatography over silica using a polar mobile phase 
(MeCN, water, aqueous KNO,) gave [Ru(X-terpy)(dpqtpy)]' + 

salts as the first major orange fraction. Dinuclear [(X- 
terpy)Ru(dpqtpy)Ru(X-terpy)I4 + complexes are then collected 
as a major crimson fraction followed by minor orange and 
crimson bands identified as [Ru(X-terpy)J2 + and [(X- 
terpy)Ru(dpqtpy)Ru(dpqtpy)14+ complexes respectively, al- 
though neither of the last two species was obtained in significant 
quantities. This method of preparation and purification proved 
to be successful for the isolation of the salts [Ru(X- 

msterpy), but chromatographic methods were not suitable for 
the purification of [Ru(dmterpy)(dpqtpy)] [PF,] , . Accordingly, 
we used our previously developed methodology involving a 
metal-directed reaction of a co-ordinated 4-chloropyridine for 
the in situ generation of the dmterpy ligand. 14,' The reaction of 
[R~(cterpy)(dpqtpy)][PF,]~ with a solution of dimethylamine 
in methanol (33% w/w) at ambient temperature resulted in 
the formation of mixtures of [Ru(dmterpy)(dpqtpy)]' + and 
[Ru(rnoterpy)(dpqtpy)]' + salts, and it was necessary to use 
anhydrous dimethylamine at 0 "C to achieve a clean conversion 
into [ Ru( dmterpy)( dpqtp y)] ' + (Scheme 2). 

The ligand-complexes [Ru(X-terpy)(dpqtpy)][PF,], (X- 
terpy = terpy, eoterpy, cterpy, msterpy or dmterpy) have been 
characterised by partial elemental analysis (Table 1 ), mass 
spectrometry and H NMR spectroscopy, and their electro- 
chemical and electronic spectroscopic properties investigated. 
In each case, the FAB mass spectrum (Table 2) contains 
isotopomeric clusters of peaks corresponding to { [(X- 

some cases, a peak at m/z 565 assigned to {Ru(dp&py)} + is also 
observed. The 'H NMR spectra of CD,CN solutions of each 
complex exhibit resonances which may be assigned to three 
different terpy groups (Fig. 1); one set results from the X-terpy 
ligand, and one set due to each of the co-ordinated and non- 
co-ordinated domains of the dpqtpy (Table 3). Assignments 
have been made from correlation spectroscopy (COSY) experi- 
ments, and by comparison with the spectra of symmetric 
[(R~(X-terpy)~]' + and [(X-terpy)Ru(dpqtpy)Ru(X-terpy)14 * 

terpy)(dpqtpy)][PF6] 2 (X-terpy = terpy, eoterpy, cterpy or 

terpy)Ru(dpqtpy)l[PF61} + and ([(X-terpy)Ru(d qtPY)I) + *  In 

complexes. We have previously reported the NMR data for 
these complexes in CD,COCD, solution 8 * 9 p 1 4  and now include 
in Table 3 chemical shift data in CD,CN solution, to allow 
direct comparison. We have discussed in earlier papers the 
co-ordination shifts of these ligands upon co-ordination to 
ruthenium(I1) and also the conservancy of chemical shift values 
for a given ligand in an (Ru(terpy),) environment, and these 
trends are generally applicable to these new complexes. ' q 9 , 1 4  

A number of trends are apparent for the X-terpy terminator 
ligands. The increase in charge upon going from [Ru(X- 
terpy)'I2 + to [(X-terpy)Ru(dpqtpy)Ru(X-terpy)14 + results in 
a small downfield shift; the average shift is 6 +0.07 with the 
greatest variation being observed for H6. The effect of the 
charge may be probed by considering the resonances of the X- 
terpy groups in the complexes [Ru(X-terpy)(dpqtpy)]' + ; once 
again there is a small downfield shift upon going from [Ru(X- 
terpy),]' + to [Ru(X-terpy)(dpqtpy)]' +. Table 2 reveals that 
the effect of increasing the charge from 2 + to 4+ is actually 
minimal, with at least half of the difference in chemical shift 
between [Ru(X-terpy)J2+ to [(X-terpy)Ru(dpqtpy)Ru(X- 
terpy)14+ resulting from the introduction of the dpqtpy ligand. 
In general, the chemical shifts of the X-terpy ligands in [Ru(X- 
terpy)(dpqtpy)I2 + lie half-way between those in [Ru(X- 
terpy),]' + and [(X-terpy)Ru(dpqtpy)R~(X-terpy)]~+. The 
same charge effects are observed in the co-ordinated domains 
of the dpqtpy ligands. The resonances assigned to the dpqtpy 
ligand in [(X-terpy)Ru(dpqtpy)Ru(X-terpy)14+ lie downfield 
of those assigned to the co-ordinated domain of the dpqtpy in 
[Ru(X-terpy)(dpqtpy)I2 + . Perhaps most significantly, the 
resonances assigned to the non-co-ordinated terpy domains in 
[Ru(X-terpy)(dpqtpy)]' + exhibit similar chemical shifts to 
those of free terpy in acetonitrile solution, but with a downfield 
shift of 6 0.1-0.25 attributed to the charge on the complex. 

Acetonitrile solutions of the [Ru(X-terpy)(dpqtpy)I2 + 

complexes are electrochemically active and exhibit a Ru"-Ru"' 
process, and two quasi-reversible ligand-centred reductions 
(Table 4). The Ru"-Ru"' oxidation potentials vary from 0.60 V 
for the strongly electron-releasing dmterpy ligand to 1.06 V for 
electron-withdrawing msterpy. These potentials are essentially 
identical to those for the corresponding dinuclear complexes 
[(X-terpy)Ru(dpqtpy)R~(X-terpy)]~+.~?~ This is further evi- 
dence that the oxidation potential of the ruthenium centres in 
[(X-terpy)Ru(dpqtpy)Ru(X-terpy)14+ is solely a function of 
the nature of the two ligands (X-terpy and dpqtpy) and that 
there are minimal intermetallic effects. The complexes exhibit 
intense ( E  24 000 dm3 mol-' cm-') metal-to-ligand charge- 
transfer (m.1.c.t.) transitions in their electronic spectra, with 
A,,, in the range 482499 nm (Table 5). These A,,, values are 
8-38 nm higher in energy than for the corresponding [(X- 
terpy)Ru(dpqtpy)Ru(X-terpy)I4+ complexes, which suggests 
that, in the dinuclear complexes, the two metal centres interact 
to stabilise the lowest excited m.1.c.t. level. This explains the 
subjective observations that acetonitrile solutions of [Ru(X- 
terpy)(dpqtpy) J' + complexes are orange whilst those of [(X- 
terpy)Ru(dpqtpy)Ru(X-terpy)14+ salts are pink. The h,,, 
values of the [Ru(X-terpy)(dpqtpy)]' + complexes are in fact 
identical to those for the corresponding [Ru(X-terpy)- 
(pterpy)12+ species.I4 This is to be expected as dpqtpy co- 
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Table I Partial elemental analysis data for complexes 
Analysis (%) 

Found Calc. 

Complex Mr 
1088.8 
1 132.9 
1131.9 
1 123.3 
1 166.9 
2522.4 
261 1.5 
2609.5 
2592.3 
2679.5 
2526.5 
267 1.4 
2568.6 
1802.2 
1891.3 
946.7 
1756.1 
1791.2 
1834.2 

C H N 
48.50 3.15 11.05 
48.30 3.00 10.75 
48.65 3.00 12.00 
47.15 2.85 11.05 
45.90 3.00 10.20 
42.00 2.75 9.25 
42.50 3.20 8.55 
43.10 2.90 10.40 
41.15 3.00 8.55 
41.00 2.90 8.65 
42.35 2.70 9.70 
40.35 2.45 9.15 
40.30 2.75 8.75 
39.75 2.60 9.25 
37.15 2.45 8.10 
38.25 2.25 8.90 
40.40 2.45 9.75 
40.10 2.50 9.25 
39.25 2.70 9.20 

C H N 
49.65 2.85 11.60 
49.80 3.10 11.15 
49.85 3.20 12.40 
48.10 2.65 11.20 
47.35 2.85 10.80 
42.80 2.45 10.00 
43.20 2.70 9.65 
43.25 2.75 10.75 
41.70 2.30 9.75 
41.20 2.45 9.40 
42.75 2.45 10.00 
40.45 2.30 9.45 
42.05 2.40 9.80 
40.00 2.35 9.35 
38.10 2.20 8.90 
38.05 2.35 8.90 
42.40 2.70 10.35 
40.90 2.45 9.40 
41.25 2.65 9.95 

Table 2 Mass spectrometric data for [R~(X-terpy)(dpqtpy)]FF~]~ and [(x-terpy)Ru(dpqtpy)Fe(dpqtpy)Ru(X-terpy)][PF,], complexes, for 
major isotopomer (calculated values in parentheses) 

m/z 

FAB 
FAB 
FAB 
FAB 
FAB 

FIB 
FIB 
FIB 
FIB 
FIB 

~~ ~~ ~~ 

kf+ - PF6 M +  - 2PF6 
944 (944) 799 (799) 
989 (988) 844 (843) 
988 (987) 842 (842) 
979 (978) 833 (833) 
1023 (1022) 877 (877) 

{C(X-terpy)Ru(dpqtpy)lCPF61} + 

943 (944) 
987 (988) 
986 (987) 

1022 (1022) 
- 

Others 
- 
[Ru(dpqtpy)] + 565 (566) 
[Ru(dpqtpy)]+ 566 (566) 

[Ru(dpqtpy)] + 564 (566) 
CRu(dpqtpy)l+ 564 (566) 

C(X-terpY)Ru(dpqtpY)l+ 
798 (799) 
842 (843) * 
841 (842) 
833 (833) 
877 (877) 

ordinated in a mononuclear fashion is effectively a terpy 
bearing a conjugated substituent group in the 4’ position. 
The absorption coefficients for the [Ru(X-terpy)(dpqtpy)]’ + 

species are typically 3000 dm3 mol-’ cm-’ greater than those for 
[Ru(X-terpy)(pterpy)]’ +, as expected given the higher degree 
of conjugation in dpqtpy. 

Having prepared the Zigand-complexes [Ru(X-terpy)- 
(dpqtpy)]’’ we then investigated the ability of the non- 
co-ordinated terpy domain to bind to a second metal centre 
(Scheme 3). Acetonitrile solutions of [Ru(X-terpy)(dpqtpy)]’ + 

(X-terpy = terpy, eoterpy, msterpy, cterpy or dmterpy) react 
instantly with aqueous [Fe(H,O),][BF,], to form [(X- 
terpy)R~(dpqtpy)Fe(dpqtpy)Ru(X-terpy)]~+ complexes. This 

is associated with a colour change from orange to purple as a 
result of the formation of the {Fe(terpy),) chromophore in 
the complex. The complexes were isolated as the dark red- 
brown diamagnetic salts [(X-terpy)Ru(dpqtpy)Fe(dpqtpy)Ru- 

show three sets of resonances (Table 3) assigned to three 
different terpy domains (Fig. 2): specifically to the X-terpy, and 
the two different terpy domains of dpqtpy, one of which is 
co-ordinated to a ruthenium centre and the other to the iron 
centre. It is relevant that the observation of three rather than 
six sets of terpy resonances confirms that, in solution, the 
molecule is symmetrical about the iron centre. The resonances 
are not paramagnetically shifted or broadened, so the iron also 

(X-terpy)]vF6],. The ‘H NMR spectra of CD3CN solutions 
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Table 3 Proton NMR data for the complexes. Ail coupling constants are typical for 2,2':6',2"-terpyridines [J(HsH6) x 6; J(H3H4) x 
J(H4H5) = 7 Hz] 

(X-terpy)Ru 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

t 

H3 
8.48 
8.46 
8.45 
8.47 
8.68 
8.57 
8.54 
8.54 
8.55 
8.74 

8.51 
8.49 
8.49 
8.50 
8.69 
8.57 
8.56 
8.56 
8.56 
8.76 
8.57 
8.56 

H4 
7.91 
7.88 
7.83 
7.94 
7.98 
8.00 
7.95 
7.91 
8.00 
8.04 

7.93 
7.91 
7.86 
7.96 
7.99 
8.00 
7.98 
7.94 
8.02 
8.09 
7.99 
7.99 

7.98 

7.98 
7.98 
8.04 

H5 
7.15 
7.13 
7.1 1 
7.19 
7.23 
7.21 
7.19 
7.12 
7.26 
7.32 

7.18 
7.14 
7.08 
7.20 
7.27 
7.26 
7.24 
7.16 
7.29 
7.36 
7.25 
7.25 

7.25 

7.23 
7.23 
7.33 

H6 
7.33 
7.37 
7.37 
7.49 
7.40 
7.47 
7.44 
7.35 
7.50 
7.58 

7.45 
7.47 
7.32 
7.48 
7.54 
7.53 
7.48 
7.39 
7.55 
7.62 
7.50 
7.51 

7.49 

7.48 
7.48 
7.58 

H " 
8.74 
8.27 
7.91 
8.84 
9.15 
8.82 
8.36 
7.99 
8.92 
9.20 

8.78 
8.32 
7.95 
8.87 
9.15 
8.83 
8.38 
8.01 
8.93 
9.22 
8.83 
8.83 

8.83 

8.81 
8.82 
9.20 

Others 
8.40 (H4') 
4.58 (CH,), 1.64 (Me) 
3.44 (Me) 

3.52 (Me) 
8.50 (H4') 
4.65(CH2), 1.68(Me) 
3.51 (Me) 

3.55 (Me) 

8.44 (H4') 
4.62(CH2), 1.66(Me) 
3.48 (Me) 

3.52 (Me) 
8.50 (H4') 
4.66 (CH,), 1.69 (Me) 
3.52 (Me) 

3.56 (Me) 
8.51 (H*') 
8.50 (H4') 

8.48 (H4') 

8.48 (H4') 
8.49 (H4') 
3.55 (Me) 

3'C 

3'8 

6C 

48 3c 
3'A 

2+ 

1 
5c 

6A 58 

68 5A I 

l ' l ' l ' l .  1 ' 1 . 1  - 1  - 1 .  * I ' I ' 1 . I ' I  

9.2 8.6 8.0 7.4 6.8 
6 

Fig. 1 Proton NMR spectrum (CD3CN, 250 MHz) of [Ru(terpy)(dpqtpy)][PF,], showing the integral 
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Table 3 (Continued) 

8.90 
8.86 
8.86 
8.85 
8.87 

8.73 
8.69 
8.69 
8.69 
8.69 
8.91 
8.89 
8.89 
8.89 
8.90 
8.85 
8.89 

8.88 

8.85 
8.88 
8.85 

8.10 
8.07 
8.07 
8.08 
8.07 

7.97 
7.95 
7.95 
7.96 
7.96 
8.09 
8.09 
8.09 
8.09 
8.09 
8.10 
8.08 

8.07 

8.07 
8.08 
8.07 

7.29 
7.30 
7.34 
7.28 
7.26 

7.20 
7.23 
7.25 
7.20 
7.17 
7.30 
7.34 
7.29 
7.29 
7.28 
7.31 
7.28 

7.28 

7.27 
7.28 
7.26 

7.48 
7.55 
7.61 
7.50 
7.45 

7.38 
7.41 
7.53 
7.41 
7.36 
7.50 
7.59 
7.65 
7.55 
7.49 
7.50 
7.48 

7.45 

7.46 
7.48 
7.46 

9.48 
9.44 
9.42 
9.44 
9.49 

9.23 
9.18 
9.14 
9.18 
9.20 
9.68 
9.67 
9.67 
9.67 
9.68 
9.72 
9.50 

9.43 

9.44 
9.47 
9.46 

8.87 
8.86 
8.86 
8.86 
8.86 
8.93 
8.93 

8.84 
8.86 

8.85 
8.88 
8.85 

8.09 
8.09 
8.09 
8.09 
8.09 
8.43 
8.13 

7.94 
7.93 

8.07 
8.08 
8.07 

8.66 7.95 
8.89 8.14 
8.85 8.08 
8.83 8.08 
8.85 8.08 
8.85 8.08 

7.26 7.39 9.58 
7.24 7.38 9.56 
7.26 7.39 9.54 
7.29 7.38 9.57 
7.28 7.38 9.60 
7.65 7.62 9.51 
7.36 7.63 9.53 

MW-terpy) 
7.22 7.31 9.43 8.52 7.83 
7.21 7.35 9.43 8.53 7.83 

8.45 7.76 
7.34 7.61 9.41 8.55 7.92 
7.26 7.48 9.49 8.75 8.04 
7.35 7.62 9.41 8.55 7.92 

7.42 8.69 8.54 8.02(H4') 
7.61 8.83 9.23 
7.55 8.82 9.18 
7.55 8.81 9.19 
7.55 8.82 9.18 
7.55 8.82 9.20 

7.15 7.33 8.81 8.03 (H4') 
7.16 7.35 8.83 8.02 (H4') 
7.07 7.20 8.74 7.92 (H4') 
7.13 7.35 7.99 3.51 (Me) 
7.33 7.59 9.20 3.55 (Me) 
7.13 7.35 7.99 3.51 (Me) 

Table 4 Electrochemical data (V) for the complexes (MeCN solvent, ~Bun4][BF4] supporting electrolyte, uersus internal ferrocene-ferrocenium) 

Oxidations Reductions 

R ~ I I - R  ulli Others 
0.98 - 1.56, - 1.89 
0.86 -1.56, -1.88 
0.60 - 1.62, - 2.02 
0.98 - 1.53, - 1.77 
1.06 - 1.40, - 1.75 

Fe"-Fe"' 

0.97 
0.86" 
0.61 
1.03 
1.04 
0.96 
0.94 
0.98 

0.80 -1.27, -1.35, -1.68, -1.81 
0.86" -1.25, -1.34, -1.65, -1.83 
0.84 -1.32, -1.40, -1.73, -2.00 
0.82 - 1.27, - 1.35, - 1.66, - 1.78 
0.79 - 1.31, - 1.45, - 1.75 

- 1.40, - 1.55, - I .85 

- 1.29, - 1.39d 
b 

os"-0s1" 
[( terpy)Ru(dpqtpy)os(te~Y)l~F6~4 0.95 0.59 - 1.36, - 1.65' 
C(terpy)os(dWtpy)os(te~y)lCPF614 0.62 - 1.38, - 1.63, - 1.86 
LOs( terpy)21 CPF6i 2 0.58 - 1.63, - 1.95 
C(terpy)Ru(dpqtpy)Ru(dmterpy)lCPF614 0.60,e 0.96l - 1.39, - 1.71 

C(dmterpy)Ru(d~tpy)Ru(msterpy)lCPF614 0.60,e 1.05 -1.34, -1.51, -1.82, -2.08 
C(terpy)Ru(dpq tpy)Ru(msterpy)lCPF614 0.97,l 1 .07g - 1.29, - 1.4fid 

The Fe"-Fe"' and Ru"-Ru"' processes are at very similar potentials and could not be resolved. Reductive processes are poorly resolved. All the 
Ru(terpy). Ru(msterpy). Ru"-Ru"' processes at similar potentials. ' Further processes obscured by an absorption spike. Ru(dmterpy). 

possesses the low-spin d6 electronic configuration in solution. sumably due to easy fragmentation at the comparatively 
Mass spectrometry has not been of significant use in the labile central iron(r1) centre (Table 2). Partial elemental analysis 
characterisation of these complexes, as FAB, FIB and laser- (Table 1 )  does, however, provide confirmation of the proposed 
desorption time-of-flight spectra all display ([X-terpy)- stoichiometry. 
Ru(dpqtpy)][PF,]}+ as the highest-mass peak. This is pre- All five [(X-terpy)Ru(dpq tpy)Fe(dpq tpy)Ru(X-terpy)] + 
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Table 5 Electronic spectroscopic data for the complexes (MeCN solution), h,,,/nm (lo-, z/dm3 mol-' cm-') 

X-terpy 

terpy eoterpy dmterpy cterpy msterpy 
482 489 499 484 487.5 
(23. I )  (23.4) (23.9) (24.4) (26.4) 

Ru m.1.c.t. 489 496 507 489 49 1 
(42.6) (43.6) (38.1) (44.0) (55.6) 

Fe m.1.c.t. 595 596 598 597 595.5 
(65.0) (66.4) (64.0) (59.4) (69.1) 

Ru m.1.c.t. 497.4 (49.1)(M = Co") 514(41.5)(M = Co"') 525(82.8)(M = Ru") 
527(52.9), 526(56.0) 
510(56.7), 51 l(54.8) 
527(56.9), 523(61.1) 
51 5(41 .O), 671 (5.8) 
519(43.8), 685(16.2) 
475( 15.4), 656(4.2) 

W 

a+ 

1 
I L 

( i i )  

-X 

L 
Scheme 3 (i) RuCl,, M = Ru; Fez+, M = Fe; Co2+, M = Co; (ii) M = Co, C1, 

7+ 

complexes are electrochemically active (Table 4), and exhibit 
two quasi-reversible metal-centred processes. The first of these 
is a one-electron process corresponding to the Fel'-Fe"' couple, 
and the second is a two-electron process involving the Ru"- 
Ru"' couple (Fig. 3). As expected from the behaviour of [(X- 
terpy)Ru(dpstpy)Ru(X-terpy)l4 + , only a single Ru"-Ru" 
process is observed. A variety of ligand-centred reductive 

processes is also observed. The potential of the Ru"-Ru'" 
couple is controlled by the X-terpy ligand, and varies in the 
range 0.61-1.04 V upon moving from the electron-releasing 
dmterpy ligand to electron-withdrawing msterpy. Once again, 
in each case this couple is at a similar potential to that observed 
in the appropriate [(X-terpy)Ru(dpqtpy)Ru(X-terpy)14+ com- 
plex. Significantly, the FeU-Fe"' process at 0.83 2 0.03 V is not 
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3'8 3'C 

I I  4c 

5c 
5A 

5E 
48 6A 6C 

-----1-R-?-7. I ' 3 . 1  ' 1 ' ! .  7 
iD.0 9.0 8.0 7.0 

6 
Fig. 2 Proton NMR spectrum (CD,CN, 250 MHz) of [(terpy)- 
RNdPCltPY )Fe(dPqtPY)Ru(terpY)ICPF,I, 

R u u - ~ ~ I I I  

+1.04V 

I I 

+0.5 +1 .o 
E N  

Fig. 3 Cyclic voltammogram (potentials us. internal ferrocene- 
ferrocenium) of an acetonitrile solution of [(msterpy)Ru- 
(dPqtPY)Fe(dPqtPY )Ru(msterPY)lCPF,I, 

affected by the variation of the X-terpy ligand on the remote 
ruthenium centres. 

These five heterotrinuclear complexes exhibit interesting 
electronic spectra. Two low-energy m.1.c.t. bands are observed 
(Table 5) ,  one associated with the iron(r1) centre and the other 
with the ruthenium(r1) centres. As noted above in our discussion 
of the electrochemical behaviour, the iron centre is not sensitive 
to the X-terpy ligands, and the iron(@ m.1.c.t. bands are not 
significantly shifted upon variation of the X-terpy ligand (h,,, 
596.5 k 1.5 nm for the five complexes investigated). This 
compares with A,,, 569 nm ( E  24 500 dm3 mol-' cm-') for 
[Fe(pyterpy),]'+ and with A,,, 595 nm ( E  25 700 dm3 mol-' 
cm-') for [Fe(mpyterpy),14+ ., In [Fe(pyte~-py)~]~+, pyterpy is 
a potentially dinucleating ligand which co-ordinates to iron(I1) 
through a terpy domain leaving a non-co-ordinated pyridine 
ring on each ligand which can be methylated or protonated. The 
shift of A,,, to lower energy upon methylation is comparable to 
the effect of metallation, and it is notable that the absorption 

maximum of [Fe(mpyterpy),14+ closely resembles that of the 
heterotrinuclear complexes. It is of interest that the absorption 
coefficients for the iron(I1) m.1.c.t. bands ( E  59 400-69 100 dm3 
mol-' cm-') are approximately 2.5 times those for mononuclear 
complexes. The ruthenium-centred m.1.c.t. transitions vary in 
the range A,,, 489-507 nm, and are at approximately 20 nm 
shorter wavelength than for the analogous dinuclear complexes 
[(X-terpy)Ru(dpqtpy)Ru(X-terpy)I4 + . The absorption coeffi- 
cients for the ruthenium(I1) transition are slightly lower than 
those for the dinuclear analogues. For example, in [(terpy)- 
Ru(dpqtpy)Fe(dpqtpy)Ru(terpy)I6+ the two ruthenium- 
centred m.1.c.t. transitions are found at A,,, 489 nm (E 42 600 
dm3 mol-' cm-') whilst for the dinuclear analogue [(terpy)- 
Ru(dpqtpy)Ru(terpy)]"' they are found at h,,, 514 nm ( E  
49 600 dm3 mol-' cm-'). We have discussed a possible origin 
for these effects in detail elsewhere. 10*20 

The analogous heterotrinuclear diruthenium(Ix)cobalt(Ir) 
complexes [(terpy)Ru(dpqtpy)C~"(dpqtpy)Ru(terpy)]~+ can 
also be prepared by mixing aqueous cobalt(r1) acetate with 
an acetonitrile solution of the ligand-complex [Ru(terpy)- 
(dpqtpy)12 ' . An immediate colour change from orange to pink 
results. Following the addition of an excess of methanolic 
[NH,][PF,] the brown hexafluorophosphate salt [(terpy)- 
Ru(dpqtpy)Co"(dpqtpy)Ru(terpy)][PF,], is obtained in 84% 
yield. The corresponding cobalt(1xr) species, [(terpy)Ru- 
(dpqtpy)Co"'(dpqtpy)Ru( terpy)] + , is prepared by oxidation 
of a crude solution of the cobalt(x1) complex solution with 
chlorine, and may be isolated as the pink-brown hexafluoro- 
phoshate salt [(terpy)Ru(dpqtpy)Co"'(dpqtpy)Ru(terpy)]- 
[PF,],. In these reactions we have utilised the labile d7 
cobalt(r1) centre to allow the rapid and near-quantitative 
formation of the heterotrinuclear complex, and then gen- 
erated the kinetically inert d6 cobalt(xI1) complex in situ. 

Although the complexes gave satisfactory partial elemental 
analyses, mass spectrometry was not of significant use in their 
further characterisation. In general they exhibit fragmentation 
peaks, with { [(terpy)Ru(dpqtpy)][PF,]} + as the highest-mass 
observed peak, even in the case of the complex containing 
kinetically inert cobalt(m). The 'H NMR spectra of the 
complexes are, however, characteristic and informative. The d7 
configuration of cobalt(I1) results in paramagnetic shifting and 
broadening of the peaks in the 'H NMR spectrum of 

have previously made extensive use of the shifted 'H NMR 
spectra of cobalt(@ complexes of related ligands to characterise 
the solution behaviour of the complexes.2' As expected, 16 
resonances are observed in the 'H NMR spectrum of 
[(terpy)Ru(dpqtpy)Co"(dpqtpy)Ru(tpy)] [PF,],. Five of these, 
at 6 95, 55, 42, 34 and 14.4, are significantly paramagnetically 
shifted and are assigned to the five proton resonances of the 
terpy domain which is co-ordinated to the cobalt(r~) centre. 
These are observed as broad resonances with no observable 
coupling. Although we have not been able unambiguously to 
assign these resonances, they correspond very closely to the 
shifted resonances observed in the 'H NMR spectrum of 
the model complex [C~ '~ (p te rpy )~]~+ . '~  The remaining 11 
resonances are only slightly shifted and may be assigned to the 
two terpy domains co-ordinated to the ruthenium(I1) centres. 
These resonances are observed at 6 10.1 (d, H3), 9.45 (br s, H3', 
dpqtpy), 9.01 (d, H3', terpy), 8.90 (d, H3), 8.63 (t, H4', terpy), 
8.61 (d, H6), 8.58 (dd, H4), 8.21 (dd, H4), 7.95 (d, H6), 7.71 (dd, 
H5) and 7.56 (dd, H5). Six of these resonances are due to the 
terminal terpy ligand, and five to the terpy domain of dpqtpy 
that is co-ordinated to the ruthenium@) centres. Paramagnetic 
broadening is slight, and the primary couplings within these 
spin systems are resolved. We have not been able, however, 
unambiguously to assign the two four-proton spin systems to 
the terpy domains of the dpqtpy or the terpy ligand. 

In contrast, the complex [(terpy)Ru(dpqtpy)Co"'(dpqtpy)- 
Ru(terpy)][PF,], is diamagnetic, and exhibits 16 resonances in 
its 'H NMR spectrum. These possess 'normal' chemical shifts 

C(terpy)Ru(dpqtpy)Co"(dpqtpy)Ru(terpy)l [PF6]6 (Fig- 4)* We 
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Fig. 4 Proton NMR spectrum (CD,CN, 250 MHz) of [(terpy)- 
R'(dpqtpy)Co(dpqtpy)Ru(terpy)l CPF6i6 

and have been unambiguously assigned (Table 3) by a two- 
dimensional COSY experiment. 

The heterotrinuclear complexes [(terpy)Ru(dpqtpy)Co"- 

(dpqtpy)Ru(terpy)][PF,], are both electrochemically active 
(Table 4), and exhibit single reversible one-electron Ru"-Ru"' 
processes at 0.96 and 0.94 V respectively. This compares very 
favourably with values of 0.96 V for [(terpy)Ru(dpqtpy)- 
Ru(terpy)][PF,], and 0.97 V for [(terpy)Ru(dpqtpy)Fe- 
(dpqtpy)Ru(terpy)][PF,],, indicating that the nature of the 
central metal has little influence upon the redox behaviour 
of the adjacent ruthenium atoms. Three reversible reductive 
processes are also observed for r(terpy)Ru(dpqtpy)Co"- 
(dpqtpy)Ru(terpy)][PF,],, although these are only very 
poorly resolved in the cobalt(rr1) case. Rather surprisingly, 
we have not been able to observe a Co"-Co"' process in the 
cyclic voltammetry of either [(terpy)Ru(dpqtpy)Co"(dpqtpy)- 

(terpy)][PF,],. This is slightly surprising for [(terpy)- 
Ru(dpqtpy)Co"(dpqtpy)Ru(terpy)][PF,],, given that [co- 
(terpy),][PF,], exhibits a reversible Co"-Cc process at 
-0.09 V.23 We merely note that the Co"-Co"' couple in a re- 
lated heterotrinuclear complex [Co(fterpy),][PF,] is observed 
as a poorly resolved process at - 0.18 V.24 

The trinuclear ruthenium complex [(terpy)Ru(dpqtpy)Ru- 
(dpqtpy)Ru(terpy)][PF,], is readily obtained by treating 
'RuCl,-nH,O' with 2 equivalents of the ligand-complex 
[Ru(terpy)(dpqtpy)][PF,], in hot ethane- 1,2-diol. The pure 
homotrinuclear complex was obtained as a dark brown powder 
in 42% yield after recrystallisation. There was no necessity for a 

(dpqtpy)Ru(terpy)lCPF616 and C(terpy)Ru(dWtpy)Co'"- 

Ru(terpy)l[PF616 Or C(te~y)Ru(d~tpy)Co"'(dpqtpy)Ru- 

66 
6A / /  3A 48 - 1  f- 

r .  I .  , - I . , . , - , - ,  I . I . I . a . , . , . , ~  

9.6 9.0 8.4 7.8 7.2 

Fig. 5 Proton NMR and COSY spectra (CD,CN, 250 MHz) of 
c( tevy)Ru(dpq tpy)R u(dpq tpy)Ru(tevy)l CPF6i 6 

chromatographic purification. The partial elemental analysis 
(Table 1) remained poor, even after repeated recrystallisation 
and thorough drying. We have geoerally observed low carbon 
and nitrogen results from combustion analysis of polynuclear 
ruthenium complexes, and believe that the formation of 
ruthenium carbido and nitrido species leads to incomplete 
combustion. The FIB mass spectrum of the complex exhibits 
peaks showing a successive loss of hexafluorophosphate 
counter ions at m/z 2427, [P - PF,] + ; 2281, [P - 2PF6] + ; 
and 2135, [ P  - 3PF6]+. The 'H NMR spectrum of a CD,CN 
solution of the complex exhibits only 16 signals (Table 3) as 
expected given the symmetry about the central ruthenium. 
Comparisons with chemical shift data for [(terpy)Ru(dpqt- 
py)RU(terpy)][PF,], and a two-dimensional COSY experiment 
were used to make the final assignments (Fig. 5). The chem- 
ical shifts are fully in accord with the patterns discussed 
earlier. The increase in charge upon passing from 

(dpqtpy)Ru(terpy)I6 + does not cause any further downfield 
shifting of resonances. A single quasi-reversible oxidation 
process is observed at 0.98 V in the cyclic voltammogram 

Presumably the two different {RUN,) environments are 
sufficiently similar that the two-electron Ru"-Ru"' process of 
the two terminal ruthenium centres is coincident with the one- 
electron Ru"-Ru"' couple of the central metal. Two ligand- 
centred reductive processes are resolved, with further ones 
being obscured by an absorption spike. 

The electronic spectrum of [(terpy)Ru(dpqtpy)Ru(dpqt- 
py)Ru(terpy)][PF,], exhibits a broad, intense, m.1.c.t transition 

C(terpY)Ru(dPqtPY)Ru(terPY)14 + to C(terpY)Ru(dPqtPY)Ru- 

of C(terpy)Ru(d~tpy)Ru(dpqtpy)Ru(te~y)l[PF616 4). 
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at A,,, 525 nm ( E  82 800 dm3 mol-' cm-'). This presumably 
corresponds to two separate superimposed m.1.c.t. transitions, 
from the two identical terminal ruthenium centres and from 
the other, central, ruthenium atom. It is of note that with 
increasing nuclearity the energy of the m.1.c.t. transition re- 
duces. Mononuclear [Ru(terpy)(dpqtpy)I2 + has h,,, 482 nm, 
dinuclear [(terpy)Ru(dpqtpy)Ru(terpy)I4+ has A,, 5 14 nm, 
whilst trinuclear [(terpy)Ru(dpqtpy)R~(dpqtpy)Ru(terpy)]~+ 
has A,,, 525 nm. The absorption coefficient of 82800 dm3 
mol-' cm-' is of the magnitude expected for a trinuclear 
complex. 

The availability of the ligund-complex allows the prep- 
aration of a range of other novel complexes. The mixed- 
metal ruthenium-osmium dinuclear species [(terpy)Ru- 
(dpqtpy)Os(terpy)14 + can be prepared by treating equimolar 
quantities of [Ru(terpy)(dpqtpy)][PF,], with [Os(terpy)Cl,] 
in hot ethane- 1,2-diol (Scheme 4). After chromatographic 
purification the purple salt [(terpy)Ru(dpqtpy)Os(terpy)]- 
VF,], may be isolated. For spectroscopic comparison, 
the complexes [(terpy)Os(dpqtpy)Os(terpy)] [PF,], and [Os- 
(terpy),][PF,], 2 5  were also prepared, the former by reac- 
tion of 2.2 equivalents of [Os(terpy)Cl,] with dpqtpy, and 
the latter by reaction of equimolar quantities of [Os(terpy)Cl,] 
and terpy, in both cases at reflux in ethane-1,2-diol. The 
complexes were isolated as hexafluorophosphate salts following 
chromatographic purification. In each case, elemental analysis 
and mass spectrometry (FAB or FIB) gave results consistent 
with these formulations. The 'H NMR spectrum of a CD3CN 
solution of [Os(terpy),][PF,], showed the expected six 
resonances (Table 3). The spectrum was assigned by inspection 
of the coupling patterns and comparison with the 'H NMR 
spectrum of [RU(terpy),][PF&. The dinuclear complex 
[(terpy)OS(dpqtpy)OS(terpy)][PF6]4 exhibits 1 1 resonances in 
its 'H NMR spectrum, corresponding to the two different terpy 
domains, and a full assignment was made by a two-dimensional 
COSY experiment, and by comparison with the spectrum of 
[Os( terpy),] [PF,] , . Finally, the heterodinuclear complex 
[(terpy)Ru(dpqtpy)os(terpy)]~F,], exhibits 22 peaks in its 
'H NMR spectrum, assigned to a total of four different terpy 
domains. Assignments were made by a two-dimensional COSY 
experiment, and by comparison with chemical shift data for 

Os(terpy)][PF,],. To summarise these data, we may say that 
the osmium complexes closely resemble their ruthenium 
counterparts. For example, upon passing from [O~(terpy)~]' + 

to [(terpy)O~(dpqtpy)Os(terpy)]~ + there is a downfield shift 
of approximately 6 0.8. The chemical shifts of the terpy 
domains bonded to the ruthenium in [(terpy)Ru(dpqtpy)- 
Os(terpy)][PF,], closely resemble those of [(terpy)Ru(dpqt- 
py)Ru(terpy)][PF,], whilst those co-ordinated to osmium 
resemble those in [(terpy)oS(dpqtpy)oS(terpy)]rPF6]4. 

Each of these osmium complexes is electrochemically active. 
The complex [(terpy)oS(dpqtpy)oS(terpy)]CPF,], exhibits a 
reversible two-electron process at 0.62 V corresponding to 
the 0s1'-Os"' process, as well as three ligand-centred reduc- 
tions. The heterodinuclear complex [(terpy)Ru(dpqtpy)- 

C(terpy)Ru(dpqtpy)Ru(terPY)lCPF614 and [(terpy)os(drntpy)- 

Os(terpy)][PF,], shows two one-electron processes at 0.59 
and 0.95 V, corresponding to the Os"-Os"' and the Rul'-Rul'' 
couples respectively. These potentials are effectively identical to 
those observed for the homonuclear species [(terpy)Os(dpqtpy)- 

and it may be concluded that there is little interaction between 
the metal centres in the ground state. The heterodinuclear 
species also has two clearly resolved reductive processes, with 
further ones being obscured by an absorption spike. For 
comparison, the mononuclear complex [Os(terpy),][PF,], 
shows an 0s1'-Os"' complex at 0.58 V and also undergoes two 
ligand-centred reductive processes. 

Osmium terpy complexes generally exhibit similar electronic 
spectra to their ruthenium The most prominent 
feature of the absorption spectrum of [O~(terpy)~][PF,], in 
acetonitrile solution is an intense m.1.c.t. transition at A,,, 475 
nm E 15 400 dm3 mol-' cm-') {cf: A,,, 475 nm ( E  11 600 dm3 
mol-' m-') for [R~(terpy),][PF,],).~' An additional feature 
of the spectrum of the osmium complex is a second transition of 
lower intensity at lower energy, A,,, 656 nm ( E  4200 dm3 mol-' 
cm-'). This is responsible for the difference in colour of the 
ruthenium and osmium complexes. The dinuclear complex 
[( terpy)Os(dpq tp y)Os( terpy)] [PF,] exhi bits its main m. 1 .c. t . 
transition at A,,, 519 nm (E 43 800 dm3 mol-' cm-'), a shift of 44 
nm to lower energy compared to [Os(terpy),][PF,],. This shift 
is virtually identical to that which occurs for the ruthenium 

49 600 dm3 mol-' cm-I). The second, less-intense m.1.c.t. band is 
also shifted to lower energy (A,,, 685 nm, E 16 200 dm3 mol-' 
en-') for the diosmium(I1) complex. The heterodinuclear 
complex [(terpy)Ru(dpqtpy)Os(terpy)][PF,], exhibits two 
m.1.c.t. transitions at A,,, 515 (41 OOO) and h 671 nm ( E  5800 dm3 
mol-' cm-'). The former can be assigned to absorptions of both 
the ruthenium and the osmium centres, and the absorption 
coefficient is compatible with this expectation. The second 
absorption is purely from the osmium, and this is confirmed 
by the small absorption coefficient. 

We have, thus far, used our new ligund-complexes to prepare 
di- and tri-nuclear complexes. In ruthenium@) homo-dinuclear 
and -trinuclear complexes the electronic interactions were such 
that it was not possible to observe two or more separate Ru"- 
Run' processes; mixed-oxidation-state complexes did not seem 
to be particularly stabilised. We have also shown that in 
heteronuclear complexes an asymmetry may be introduced 
such that different metal centres (ruthenium-iron, -cobalt or 
-osmium) undergo redox processes at different potentials. In 
our final application of this methodology we will now 
demonstrate that it is possible to generate complexes which 
exhibit two or more Ru'l-Ru"' processes by the use of various 
X-terpy terminator ligands. Our general target was complexes 
of the type [(X-terpy)Ru(dpqtpy)Ru(Y-terpy)I4 + We illustrate 
here the preparation of complexes containing representative 
electron-releasing and -withdrawing substituents, and show 
that extremes of behaviour may be achieved by the use of both 
strongly electron-withdrawing and strongly electron-accepting 

os(terpy)l[PF614 and [(terpy)Ru(dpqtpy)Ru(terpY)l[PF614, 

analogue [(terpy)Ru(dp4tpy)Ru(terpy)][PF,], (Amax 514 nm, E 

_ _  
ligands-in the same dinuclear complex. 

r 

I 

4+ 

Scheme 4 
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E N  P 
Fig. 6 Cyclic voltammogram (potentials us. internal ferrocene- 
ferrocenium) of an acetonitrile solution of [(dmterpy)Ru(dpqtpy)- 
Ru(msterPY)lCPF,l, 

The figand-complex [Ru(terpy)(dpqtpy)][PF,] reacts 
smoothly with an equimolar quantity of [Ru(dmterpy)Cl,] 
in hot ethane- 1,2-diol to give [(terpy)Ru(dpqtpy)Ru(dm- 
terpy)14 + ; after chromatographic work-up [(terpy)Ru(dpqt- 
py)Ru(dmterpy)][PF,], was obtained as a red-brown solid 
(35% yield). Prolonged reaction times should be avoided as 
ligand scrambling can occur, to give the complexes [(dm- 
terpy)Ru(dpqtpy)Ru(dmterpy)I4+ and [(terpy)Ru(dpqtpy)- 
Ru(terpy)14+. In a similar reaction [Ru(terpy)(dpqtpy)][PF,], 
reacts smoothly with an equimolar quantity of [Ru(msterpy)- 
Cl,]. in methanol containing a few drops of N-ethylmorpholine 
to  give [(terpy)Ru(dpqtpy)Ru(rnsterpy)][PF,], as a red solid 
(35%). Finally, the complex [(msterpy)Ru(dpqtpy)Ru- 
(dmterpY)][PF6I4 was obtained as a red-brown solid (21%) 
from the reaction of [Ru(msterpy)(dpqtpy)] [PF,], with an 
equimolar quantity of [Ru(dmterpy)Cl,] in methanol contain- 
ing a few drops of N-ethylmorpholine. 

The complexes were obtained in acceptable yield and 
elemental analysis (Table 1) and mass spectrometry (FAB and 
FIB) are consistent with the proposed formulations. The 'H 
NMR spectrum a CD,CN solution of each complex exhibits 
20-22 peaks (Table 3), as a result of the four different types of 
terpy domain which are present. Assignments were made by 
two-dimensional COSY experiments, and by comparison with 
chemical shift data for the corresponding complexes [(X- 
terpy)Ru(dpqtpy)Ru(X-terpy)][PF,], and [(Y-terpy)Ru- 
(dpqtpy)Ru(Y-terpy)] [PF6I4. Chemical shifts are as expected, 
indicating that there is little transmission of electronic 
information from one terminator figand to  the other. 

com- 
plexes studied are electrochemically active, and each exhibits 
two quasi-reversible Ru"-Ru"' processes (Table 4). U p  to four 
reversible ligand-centred reductive processes are also observed, 
though in some cases these are partially obscured by an 
absorption spike. As expected from our discussion earlier, 
the two Ru"-Ru"' potentials for each complex [(X-terpy)- 
Ru(dpqtpy)Ru(Y-terpy)]vF,], are identical to those for 
the appropriate environments in [(X-terpy)Ru(dpqtpy)Ru(X- 

(Fig. 6) .  The electronic spectra of the three complexes (Table 5) 
are, however, more interesting. The low-energy m.1.c.t. 
transition of [(X-terpy)Ru(dpqtpy)Ru(Y-terpy)][PF,], ap- 
pears at a wavelength (Amax) which is very similar to the average 
wavelength of the two parent complexes [(X-terpy)Ru- 

All three [ (X- terpy)Ru(dpq tpy )Ru(Y- terpy )] [PF,] 

terpy)l CPF614 and [(Y-terpy)Ru(dpqtpy)Ru(Y-terPY)lCPF614 

(dPqtPY)Ru(X-terpY)lCPF,I, and C(y-terPY)Ruu(dPqtPY)- 
Ru(Y-terpy)l CPF6i 4. 

In conclusion, we have developed a new building block for 
the preparation of a range of novel metallosupramolecular 
oligomers. These reactions are summarised in the Schemes. 
A range of hetero- and homo-metallic di- and tri-nuclear 
complexes have been prepared. We are therefore currently 
investigating the photochemical and photophysical properties 
of mixed-ligand dinuclear complexes incorporating an electron- 
donating ligand at one end and an electron-acceptor ligand at 

the other, an arrangement which is ideally suited to electron or  
energy transfer. 
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