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Abstract: The bridging ligand bis(4- 
(2.2’:6‘,2”-terpyridinyl))ether (1) can be 
prepared in 6 9 %  yield from the reaction 
of 4-chloro-2,2‘: 6’,2”-terpyridine (3) with 
2,2’: 6‘,2”-terpyridin-4‘( 1 ‘H)-one (2) in 
Me,NCHO in the presence of KOH. 
More conveniently, complexes of 1 can be 
prepared in situ by the reaction of 2 with 
a ruthenium(i1) complex of 3 in the pres- 
ence of K,CO,. This methodology has 

been developed for the synthesis of a 
range of mono-, di-, tri- and hexanuclear 
complexes with a variety of Xtpy 
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Introduction 

There is considerable interest in the design of metallo- 
supramolecular oligomers containing known numbers of metal 
ions in defined spatial arrangements.[’* 21 The electronic and 
photophysical properties of oligopyridine complexes of d6 tran- 
sition metal ions make these particularly attractive motifs for 
incorporation into such multinuclear In particular, 
the possibility of intermetallic electron or energy transfer offers 
the potential for the design of molecular devices that will chan- 
nel light energy or electrons in a defined manner. Ultimately, 
this might allow the design and synthesis of nano-scaled 
supramolecular devices for light harvesting and photoconver- 
sion. 

Such molecular devices may be constructed by using multi- 
domain ligands possessing two or more metal-binding domains 
addressable by two or more metal ions. The total number of 
metal-binding domains and the number of donor atoms within 
each metal-binding domain will control the topography and 
the growth pattern (divergent or linear) of the metallo- 
supramolecule. The combination of correctly designed ligands 
with kinetically inert d6 metal centres allows a stepwise, diver- 
gent synthesis of the metallosupramolecules that is motivation- 
ally and conceptually different from strictly self-assembling sys- 
tems involving labile metal ions.[2.41 The primary strategy which 
has emerged is that described by Denti and Balzani as the “com- 
plexes-as-metal, complexes-as-ligands” approach.[51 This strate- 
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(Xtpy = 4‘-substituted 2.2’:6‘,2”-ter- 
pyridine) terminator ligands. The molecu- 
lar structure of 1 (a  = 9.623(2), b = 

11.241(1), c =11.828(1) A; space group 
P i ;  tl = 93.064(9), p = i07.072(14). y = 

99.088(14)”; Z = 2, R = 0.0450, R, = 

0.0577) has been determined. The general- 
ity of the methodology may ultimately be 
limited by the sensitivity of the ether-link- 
age in 1 to attack by nucleophiles. 

gy has been used widely for the synthesis of polynuclear com- 
plexes containing 2,3- and 2,5-bis(2-pyridyl)pyrazine and relat- 
ed ligands.15- In these cases, the metal-binding domains are 
didentate, and termination involves a didentate ligand such as 
2.2’-bipyridine or 1 .lo-phenanthroline. We and others have dis- 
cussed previously the disadvantages inherent in the assembly of 
supramolecules based upon six-coordinate metals bonded to 
three didentate domains. and have developed a suite of ligands 
based upon tridentate 2,2’ : 6,2”-terpyridine (tpy) metal-binding 
domains.[8- “1  Ligands containing two or three tpy metal-bind- 
ing domains are readily obtained in reasonable yield, and a wide 
variety of substituted tpy ligands is available for use as termina- 
tors; an appropriate choice of substituent in an Xtpy terminator 
(Xtpy = 4-substituted 2,2’:6,2”-terpyridine) allows a subtle 
control over the electrochemical and photophysical properties 
of the metal cornplex.[”l 

As progressively higher nuclearities are reached, the divergent 
complexes-as-metals approach has a number of disadvantages. 
Firstly, it becomes increasingly difficult to specifically address 
only one of the metal-binding domains in a multi-domain lig- 
and, and a protection-deprotection methodology has recently 
been introduced to overcome this problem.[’] Nevertheless, this 
is a multistep procedure with inherent disadvantages. The sec- 
ond problem concerns the coordination of the multidomain lig- 
ands in the higher nuclearity complexes. In our hands, the rate 
of coordination is competitive with that of decomplexation of 
the earlier generation sites. The outcome is a partial scrambling 
of ligands. In view of these two problems, we have developed 
two parallel strategies-convergent synthesis with multinuclear 
building blocks and in situ ligand assembly. In this paper we 
describe the latter approach. 

Previous studies of metallosupramolecular oligomers have al- 
ways relied upon the prior preparation of the metal-free multi- 
domain ligand. even if this was obtained in a metal-directed 
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synthesis. Coordination of 4-halopyridines to transition metals 
activates the 4-position towards attack by nucle~philes,[~. 1 3 .  14] 

and it occurred to us that if both the electrophile and the nucleo- 
phile contained metal-binding domains, that this could be devel- 
oped into an in situ synthesis of multidomain ligands. Specifical- 
ly. the reaction of coordinated electrophiles with a nucleophile 
would give a complex with a vacant metal-binding domain. In 
this paper we describe a new type of ligand with two tpy metal- 
binding domains connected through an ether linkage. This new 
ligand may be obtained metal-free or as a complex from an in 
situ synthesis. The introduction of the ether linkage results in a 
noncoplanar and nonlinear arrangement of the metal-binding 
domains. 

H51 nzui 
H 2 1  

H221 

H271  H121 

Fig. 1 The crystal structure of I showing the numbering scheme adopted. Selected 
bond lengths (A): O(l)-C(I) l.383(1). O(l)-C(16) 1.386(1). N(l)-C(3) 1.338(2). 
N( I )  ~ C(9) 1.344(2). N(2) - C(4) 1.334(2). N(2) - C(5) I .343(?). N(3)- C( 10) 
1.339(2). N ( 3 ) - C ( l l )  1.334(2). N(4)-C(18) 1.340(2), N(4)-C(24) 1.34.W). N(5)- 
C(19) 1.334(2). N(5)-C(20) 1.344(2). N(6)-C(?5) 1.333(2). N(6)-C(?6) 1.333(2). 

Results and Discussion 

The ligand bis{4'-(2,2': 6,2"-terpyridiny1)Jether (1) could be pre- 
pared directly (Scheme 1) by the nucleophilic attack of the anion 
derived from 2,2':6.2"-terpyridin-4'(1'H)-one (2) upon 4 -  that the tpy domains are not coplanar, but are skewed with 
chloro-2.2':6,2"-terpyridine (3). This reaction was. however, respect to each other (Fig. 2). This is a natural consequence of 

the introduction of the approximately sp3-hy- 
bridised (KC(l)-O(l)-C(l6) = 120.0(1)") ether 
spacer, and is in contrast to  other structurally 
characterised bis(2,2' : 6',2"-terpyridine) ligands 
in which the tpy domains are constrained to a 
linear relationship.['- "1 The skewing is de- 
fined by the dihedral angles ~C(30)-C(16)-  
O( 1)-C( 1) and 3: C( 16)-O( 1)-C(1)-C( 15) of ap- 
proximately 37". The bond lengths C(16)-O(1) 

\ / and C(1)-O(1) of 1.386(1) and 1.383(1) A, re- 

> o + c {  \ /  -N + %{ N' - \ spectively, solid state, are the typical lattice is of constructed diary1 ethers. such In that the 
\ /  N- 

x-stacking interactions with interplanar dis- 
tances of approximately 4 A between the tpy 
domains of adjacent molecules are observed 

The new bridging ligand 1 may be used for 
the assembly of metallosupramolecules in a 
similar manner to other ligands containing tpy 

relatively slow, and for good conversions required an excess of metal-binding domains that we have I 6 - ' O 1  For 
2 and potassium hydroxide at  reflux in D M F  for a number of example. the reaction of a slight excess of [Ru(4)C13] with 1 in 
days. After this period, the reaction mixture was cooled and boiling ethane-1 ,2-diol gave, after chromatographic workup, 
quenched with water; 1 precipitated as a white solid, while 2 and the dinuclear complex [(4)Ru(l)Ru(4)][PF6], as a n  orange solid 
its anion remained in solution. Typically, yields of the order of in around 25 % yield. The same 
70 % were obtained. Recrystallisation from CH,CI,/MeOH af- product could be obtained by 
forded analytically pure 1 as a colourless microcrystalline solid. performing the reaction in 
The dinucleating ligand can be readily distinguished from 3; in methanol containing a little N- 
the ' H N M R  spectrum of a CDCI, solution, the H3' singlet ethylmorpholine as reducing 
occurs at 6 = 8.22 for 1 as compared to  6 = 8.48 for 3. The agent, but lowered yields were 
simplicity of the remainder of the ' H N M R  spectrum of 1 is obtained as  a result of some 
consistent with the two tpy environments being equivalent on over-reduction to ruthenium 
the N M R  timescale. The electron impact mass spectrum ex- metal. The ' H N M R  spectrum 
hibits a molecular ion peak at  m/z = 480. of this dinuclear complex is 

Colourless crystals of 1 suitable for crystallographic study characteristic (Table 1) and ex- 
were grown by the slow evaporation of a chloroform/methanol hibits a total of eleven reso- 
solution, and the molecular structure from the X-ray determina- nances corresponding to  the six 
tion is presented in Figure 1 .  A number of features are immedi- environments of the terminal 
ately apparent. Firstly. each of the tpy domains is approximate- ligands 4 and the live of the 
ly planar and exhibits a transoid conformation about the symmetric ligand 1. 
interannular C-C bonds, as observed in all other tpy ligands in The low yields observed in 
the solid state.18-10* Is] The tpy domains are not precisely pla- the preparation of [(4)Ru(l)- 
nar, but have N-C-C-N dihedral angles in the usual range 4.0- Ru(4)I4+ complexes direct Fig, 2. An view of , 
6.0".['- lo-  I s ]  All bond lengths and angles within the ligand are from 1, combined with the showing the skewing of [he ]igand 
typical. The second feature revealed by the structural analysis is lengthy reaction times involved and the stacking in the solid state. 
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2 3 1 (Fig. 2). 
Scheme 1 .  The synthesis of the free ligand I .  
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Tiible 1. ‘H NMR spectroscopic data (300 MHz. CD,CN. 25°C) for the complexes reported. 

(XtPY) Ru(tpy-O-tpy) 
H’d H‘dd H‘dd H 6 d  H” H4’ H’d H 4 d d  H’dd H b d  H ” s  

(4)Ru( 1 )I[PFJ, 8.49 7.94 7.23 7.50 8.73 d 8.39 t 8.40 7.84 7.13 7.33 8.55/8.51 
[ (~)RU(l ) I [PF~I~ 8.41 7.87 7.21 7.50 m 8.55p.51 
I(~)Ru(~)Ru(~)IIPF,I,  8 53 7.97 7.27 7.60 8.77 d 8.43 t 8.57 7.94 7.21 7.41 8.81 
[(4)Ru(l)Ru(S)][PF6]., 4 end 8.53 7.95 m 7.27 7.60 8.78 d 8.44 t 8.57 7.95 rn 7.21 rn 7.41 m 8.82 

5 end 8.72 8.03 7.36 7.68 9.16 s Me 3.52 s 8.57 7.95 m 7.21 m 7.41 m 8.82 
[ ( ~ ) R u ( ~ ) R u ( ~ ) ] [ P F , ] ~  4 end 8.53 7.97 m 7.29 m 7.64 m 8.78 d 8.43 t 8.58 7.97 m 7.21 m 7.43 m 8.83 

3 end 8.53 7.97 m 7.29 m 7.64 m 8.88 s - 8.58 7.97 m 7.21 m 7.43 m 8.83 

(tPtPY) (tPlPY)Ru(XtPY) 
H J d H 4 d d  H 5 d d  H 6 d  H ” s  H*’s H’d H 4 d d  H’dd H 6 d  H” 
9.04 7.99 m 7.23 7.55 9.65 9.26 8.54 1.99 m 7.23 1.43 8.79 d 
8.89 8.00 m 7.26 m 7.58 9.48 9.23 8.54 8.00 m 7.26 m 7.48 8.90 s 

[((4)Ru(l)Ru),(7)][PF6J,, 7 end 8.95 8.08 7.36 7.71 9.54 s Ar 9.29 s 8.63 7.99 m 7.32 7.67 8.84/8.86 
4 end 8.54 7.99 m 7.29 7.62 8.78 d H“ 8.44 t 8.59 7.99 m 7.22 7.43 8.8618.84 

[{(3)Ru(l)Ru),(7)][PF6],, 7 end 8.95 8.08 7.34 m 7.71 9.53 s Ar 9.29 s 8.63 7.99 m 7.34 m 7.67 8.84/8.86 
3 end 8.53 7.99 m 7.34 m 7.65 8.89 s - 8.59 7.99 rn 7.23 7.46 8.86/8.84 

[((S)Ru(l)Ru),(7)][PF,1,L 7 end 8.96 8.08 7.35 m 7.69 m 9.54 s Ar 9.29 s 8.63 8.00 m 7.35 m 7.69 m 8.85/8.87 
Send 8.73 8.00 m 7.35 m 7.69 m 9.17 s Me 3.53 s 8.60 8.00 m 7.21 7.41 8.87/8.85 

Ru(tpy-O-tpy) 
H’d H‘dd H’dd H 6 d  H ” s  
8.80 8.04 7.50 8.73 8.51/8.55 
8.80 8.04 7.50 rn 8.72 8.51/8.55 

Ru(tpy-O-tpy) 
H’d H 4 d d  H’dd H 6 d  H’’s 
8.61 8.00 7.33 7.69 8.84 
8.61 7.98 m 7.32 m 7.68 8.811833 
8.62 8.00 7.33 7.69 83418.86 

HJ’ 
8.46 t 
- 

Ru(tpy-O-tpy) 
H’d H 4 d d  H’dd H b d  H ” s  
8.81 8.05 7.52 8.74 8.58 

in the synthesis of 1, prompted us to  investigate alternative 
synthetic approaches to such polynuclear species. We have pre- 
viously shown that metal complexes of 4-halopyridines are acti- 
vated towards nucleophilic displacement of the halogen by a 

2 X=OH 

3 X = C I  

4 X = H  

5 x=so,Ma 

6 X = N M e l  

variety of n u ~ l e o p h i l e s , ~ ~ ~  3. 14] and we have used the reaction of 
[Fe(3),]’+ with dimethylamine for the preparation of [Fe(6)J2+ 
salts.‘’* l4] It is worthy of note that 3 itself reacts only extremely 
sluggishly with dimethylamine. The intermediate in these metal- 
assisted substitution reactions is thought to  be stabilised by 
charge delocalisation to the metal centre (Scheme 2). 

M M -  M 

Scheme 2. The proposed mechanism of metal-assisted nucleophilic substitution re- 
actions of 4-halopyridines. 

Accordingly, we attempted to generate ligand 1 in situ by the 
reaction of 2 or  its anion with complexes of ruthenium(i1) with 
3. Initial attempts to react [(4)Ru(3)I2’ salts directly with 
[(4)Ru(2)I2+ salts with the intention of obtaining the dinuclear 
species [ (4)Ru( 1)Ru(4)I4+ directly were unsuccessful. The reac- 
tion was attempted without success in DMSO at  60°C in the 
presence of potassium hydroxide ( 5  e q ~ i v ) ~ ’ ~ ]  and in dry aceto- 
nitrile with excess potassium carbonate. The reactions were fol- 
lowed by thin layer chromatography (silica, H,O/MeCN/ 
KNO,(aq) as mobile phase), but no dinuclear complex was 
produced, even after prolonged reaction times of several days. It 
was, however, observed that the [(4)Ru(3)I2 + salts were con- 
verted slowly to [(4)Ru(2)I2’ salts if the solvent used was slight- 
ly damp. We therefore concluded that though [(4)Ru(3)I2 + may 
be more activated to  attack by nucleophiles than free 3, coordi- 
nated 2 is deactivated as a nucleophile by coordination to an 
electropositive metal centre. The logical progression was there- 
fore to react coordinared 3 with deprotonated anion from 2. 

The heteroleptic mononuclear complex [ (4)Ru(3)][PF6], 19’ re- 
acted cleanly with an excess of 2 in boiling acetonitrile in the 
presence of potassium carbonate to give the red mononucleating 
ligand complex [(4)Ru(l)][PF6], in near-quantitative yield 
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Scheme 3. The generation of complexes of 1 in situ by the route starting with the 
heteroleptic complex [(4)Ru(3)][PF6], . 

Similarly, the potentially dinucleating ligand complex 
[(I)Ru(l)][PF,], is a useful starting material for the synthesis of 
symmetrical trimers (Scheme 4) ,  and reaction with two equiva- 
lents of [Ru(3)Cl3], [Ru(4)C13] or  [Ru(S)Cl,] gave the trinuclear 
complexes [(Xtpy)Ru(l)Ru( l)Ru(Xtpy)][PF,], (Xtpy = 3, 4 or  
5) in 34-38 % yield. Mass spectra of these complexes were fully 
in accord with their proposed formulations. 

Attempts to obtain higher nuclearity complexes by this 
methodology. by reaction of [ (4)Ru( 1)Ru(3)][PF6], or 
[(3)Ru(l)Ru(l)Ru(3)]IpF,1, with further 2 under the usual con- 
ditions. failed to give the expected ligand complexes 
[ (4)Ru( l)Ru(l)][PF,], and [ ( I)Ru(1)Ru(l)Ru(l)][PF6],. In each 
case, the mononuclear ligand complex [( I)Ru(l)][PF,], was 
identified by 'H N M R  spectroscopy as a major product of the 
reaction. At first sight this observation appears to be at  odds 
with the facile preparation of the dinuclear and trinuclear com- 
plexes discussed above, but this is not so. The methodology 
relies upon the displacement of a leaving group (chloride) by the 
incoming nucleophile. Cleavage of a C-0 bond in ligand 1 gives 
an alternative leaving group, and this process appears to be 
competitive with attack at  the C-CI bond (Scheme 5). 

(Scheme 3). The reaction proceeded to completion within a few 
hours, and could readily be followed by TLC. The homoleptic 
complex [(3)Ru(3)][PF6], reacted similarly with an excess o f 2  in 
the presence of base to give the dinucleating ligand species 
[(l)Ru(l)][PF,], (Scheme 4), although a longer reaction time 
was needed. The FAB mass spectra were in accord with the 
proposed formulations; peaks corresponding to the loss of one 
and two PF, counter ions from the molecular species were 
observed, along with some fragmentation ions. For example. 
[(4)Ru(l)][PF,], exhibits peaks a t  m/z = 960 and 814, assigned 
to [M-PF,]' and [M-2PF6]', respectively. 

The mononuclear ligand complex [ (4)Ru(l)][PF6], is a useful 
starting point for the assembly of asymmetric oligomers 
(Scheme 3). The reaction of [(4)Ru(l)][PF6], with [Ru(3)C13] or  
[Ru(S)CI,] gave, after chromatographic purification, the red- 
orange dinuclear complexes [(4)Ru(l)Ru(3)][PF6], in 41 % yield 
and [(4)Ru(l)Ru(5)]lpF6], in 53 % yield, respectively. 

MeCN 

I 

Ag' X = CI. K m .  MeCN I t  

X = H. U. MeOS 

Scheme 4. The generation of complexes of I in situ by the route starting with the 
homoleptic complex [(3)Ru(3)][PF6], . 

Scheme 5 .  The competing reactions that prevent the build-up of higher nuclearity 
complexes. 

A combination of this methodology with our existing multi- 
domain tpy ligands allows a variety of two- and three-dimen- 
sional metallosupra- 
molecular arrays to be 
assembled. For exam- 
ple, 1,3,5-tris(4'-(2.2' : 
6,"'-terpyridinyl)}ben- 
zene (71-i~ a trinuileat- 
ing ligand containing 
three ;py domains,[l8] 
which can be used for 
the assembly of higher 
nuclearity complexes; AJ ZN 
the absence of ether 

core eliminates any 
possibilities of C-0 
bond cleavage upon re- 
action with the 2. 7 

bridges in the central N' 

\ \ 
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Scheme 6. The generation of complexes of I in situ by the route starting with the trinuclear complex [((3)Ru),(7)][PF6], 

The trinuclear complex [((3)Ru),(7)][PF6], reacted cleanly 
with an excess of 2 in dry acetonitrile in the presence of potassi- 
um carbonate to give the trinucleating ligand complex 
[((I)Ru},(7)][PF6], in 97% yield (Scheme 6). The ' H  NMR 
spectrum of a CD3CN solution of this complex is quite simple, 
as all three ruthenium centres are identical and only sixteen 
resonances result from the two different coordinated tpy do- 
mains (ten resonances), the noncoordinated tpy domain (five 
resonances) and the central 1.3,S-trisubstituted benzene (one 
resonance) (Table 1) .  

The trinucleating ligand complex [{(  1)Ru) 3(7)][PF,]6 could 
then be further treated with three equivalents of [Ru(Xtpy)- 
(Me,CO),]"' (Xtpy = 3, 4 or 5). which was generated by the 
reaction of [Ru(Xtpy)CI,] with AgBF, in acetone, to give the 
hexanuclear complexes [{(Xtpy)Ru(l)Ru) ,(7)][PF,],, in 27- 
32 %O isolated yield. These three hexanuclear complexes all ex- 
hibit similar 'H NMR spectra (Table l ) ,  which contain four sets 
of five or six resonances, assigned to the four tpy functionali- 
ties-the terminal Xtpy, the central 7 and the two nonequivalent 
ends of the 1 bridges. I t  is worthy of note that the solubility of 
these hexanuclear complexes in acetonitrile is comparable to 
that of the linear di- and trinuclear complexes discussed above. 
We have been unable to observe parent ions in the time-of-flight 
or FAB mass spectra of these higher nuclearity complexes. 

As discussed above, attempts to further increase the nuclearity 
by treating the hexanuclear complex [((~)RU(~)RU},(~)][PF~]~~ 
with 2 and K,CO, in acetonitrile to give the trinucleating ligand 
species [ ( ( l ) R ~ ( l ) R u ' , ~ ( 7 ) ] ~ F ~ ] , ,  failed, and the hexanuclear 
complex fragmented. The main fragment observed in the 
' H N M R  spectrum of the crude product mixture was 
[(1)Ru(1)l[PF612. 

'HNMR spectroscopic studies: We have made extensive use of 
'H NMR spectroscopy in the characterisation of these com- 
pounds. Relevant data are collected in Table 1, and a brief discus- 
sion of the pertinent features now follows. 

The ' H  NMR spectrum of il {Ru(tpy),', moiety formed from 
4'-substituted 22': 6',2"-terpyridines exhibits a characteristic pat- 
tern of resonances with 6(H3)>6(H4)>h(H6)>6(H5) ,  which 
may be readily established by COSY experiments. The position of 
the H3' resonance depends upon the nature of the X substituent 
in the Xtpy ligand, but is also a characteristic value. In free. tpy 
ligands a second characteristic pattern of resonances is observed 
with 6(H3)=6(H6)>6(H4)>6(Hs) .  This latter pattern also 
holds true for noncoordinated tpy domains when they are present 
in hypodentate metal 

The ' H  NMR spectrum of [(l)Ru(1)][PF6], (Table 1, Fig. 3) 
exhibits a total often resonances, which a COSY spectrum readily 

SA 

50 

6A 

( I I I I I / , , I I J / I I I I , I I / I I  
3 8 7 

Fig. 3. The 'H NMR spectrum (300 MHz)  of a solution of [(l)Ru(l)][PFJ2 in 
CD,CN showing the characteristic sequences of the resonances of the coordinated 
and noncoordinated tpy domains. 

establishes as corresponding to two 2-pyridyl rings and two H3' 
protons. The sequence of resonances within each set allows un- 
ambiguous assignment of the coordinated and noncoordinated 
domains, and only the assignment of the two H3' protons is 
uncertain (Table 1 ) .  A COSY experiment was also used to as- 
sign the sixteen resonances in the ' H N M R  spectrum of 
[ (4)Ru( l)][PF6I2 to the three tpy moieties, which were then un- 
ambiguously identified by comparison with the data for 
[(l)Ru(l)][PF,],. The resonances for the terminal 4 ligand are at 
similar 6 values to  those in [ R U ( ~ ) ~ ] [ P F , ] ~  .['*I 

The asymmetric dinuclear complexes [ (4)Ru( l)Ru(3)][PF6], 
and [ (~)Ru(I )Ru(~)] [PF, ]~  each exhibit four sets of five coupled 
resonances in their 'H NMR spectra (Fable 1). arising from 
the four different tpy moieties present. The complex 
[(4)Ru(I)Ru(5)][PF6], also exhibits a singlet resonance at 6 = 
3.52 assigned to the methyl group of the Me0,S substituent. The 
symmetrical trinuclear complexes [(Xtpy)Ru( l)Ru(l)Ru(Xtpy)]- 
IpF,], each exhibit only three sets of tpy resonances. One set is 
due to the terminator ligand Xtpy (Xtpy = 3, 4 or  5 ) ,  and the 
other two to the different tpy environments in the bridging 1 
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ligands. The ' H  NMR spectrum of [ (4)Ru(l)Ru(l)Ru(4)][PF,1, 
was fully assigned with the aid of a COSY experiment, and by 
comparison with those of the dinuclear complexes. The 
'H N M R  spectra of the mixed-terminator ligand trinuclear 
complexes [ (3)Ru( l)Ru(l)Ru(3)][PF6], and [(5)Ru( 1)Ru( 1)- 
Ru(S)][PF,], were fully assigned by comparison with the spectra 
of [(4)Ru(1)Ru(3)1[pF614, I(4)Ru(l)Ru(5)l[PF,I4 and [ ( 4 ) W l ) -  
R'(1)Ru(4)1[PF616. 

Electrochemical studies: All of the ruthenium complexes dis- 
cussed above are electrochemically active, and acetonitrile solu- 
tions were studied by cyclic voltammetry; redox potential data 
(vs. Fc/FcC) are presented in Table 2, along with data for a 

Table 2. Cyclic voltammetry data for the complexes in acetonitrile solution. with 
0.1 M [nBu,N][BF4] as supporting electrolyte (E,,, V vs. Fc/Fct) [a]. 

Ru(it/iii) Fc/Fc' Reductions 

0.87 (70) (70) 
0.84 (60) (80) 
0.90 (90) (70) 
0.91 (120) [d] (70) 
0.89 (40). ((LO) 
1.01 (50) 
0.91 (120) [d] (80) 
0.92 (90) [d] (70) 
0.89 (70). (70) 
1.01 (70) [el 
0.88 (50) (70) 

-1.61 (50). -1.84(100) 
- 1.61 (60). - 1.79 (80) 
-1.62(130)[b]. - 1 . 8 2 [ ~ ]  
-1.59(100). -1.78 [c] 
- 1.40 (50), - 1.60 (70). 
- 1.72 [c] 

-1.57(80). -1.66[c] 
-1.39(70). -1.56(70). 
-1.71 (135) [d] 
- 1.59 (60). 
- 1.74 ( 1 Z I ) [d] 

-1.61 (130)[d]. - 1 . 7 2 [ ~ ]  

If1 
[fl 
- 1.57 (60) [ f l  

- 1.67. - 1.92 
-1.73. -1.85 
- 1.76, - 1.97 
- 1.63 [c] 
- 1.65 [c] 

~ ~ ~~ ~~ ~~~ ~~ 

[a] Peak separations (E.nd,c-Ec,,hod,c. mV) are given in parentheses; all processes 
are reversible unless otherwise stated. [b] Two overlapping processes (shoulders 
observed. but not resolvable). [c] Semi-reversible process with absorption spike. 
[d] Broad process owing lo the ruthenium centres in dimerent environments being 
oxidisedireduced at similar potentials. [el Two-electron process. [fl  Multiple non- 
resolvable reductive processes. [g] Reference 191. [h] Reference [lS]. 

number of mono- and trinuclear reference compounds. Mono- 
nuclear [(4)Ru(1)I2' and [(l)Ru(l)]" each exhibit a reversible 
ruthenium(n)/(nr) process and two fully reversible ligand-cen- 
tred reductive processes. A comparison with redox data for 
model complexes suggests that the oxygen in 1 is slightly less 
electron-releasing than that in EtOtpy, probably as a result of 
the electron-releasing effect of the oxygen being divided between 
two tpy moieties in the case of 1. We have discussed substituent 
effects on electrode potentials in such systems in detail else- 
where.['* 12.211 Both of the metal centres in the symmetrical 
dinuclear [ (4)Ru( 1)Ru(4)][PF6], complex undergo simultaneous 
and independent reversible ruthenium(II)/(rn) processes, indica- 
tive of little ground-state interaction. Two overlapping and re- 
versible ligand-centred reduction processes are observed, fol- 
lowed by an absorption spike. The asymmetric dinucle- 
a r  complex [(4)Ru(l)Ru(5)][PF6], exhibits two reversible ruthe- 
nium(n)/(iIr) processes, as the strongly electron-withdrawing 
methylsulfonyl substituent stabilises one ruthenium(]]) centre. 
The weakly electron-withdrawing chloro substituent on one of 
the terminator ligands in [(4)Ru( 1)Ru(3)][PF6], shifts the poten- 
tial associated with the ruthenium(ii)/(ni) process at the directly 
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coordinated metal centre only marginally, and the processes for 
the two metal centres are not fully resolvable, but appear as a 
single process with a large peak-to-peak separation (Eanodic - 
Esacbodic = 120 mV). For these and most of the other multinucle- 
a r  complexes, the ligand-centred reductive processes are compli- 
cated, owing to the large number of possible ligand-centred 
reductive processes of similar energies. The reductive sections of 
the cyclic voltammograms also tend to be complicated by strong 
absorption spikes. 

The symmetric trinuclear complexes [ (4)Ru( l)Ru(l)Ru(4)]- 
[PF,], and [(3)Ru(l)Ru(l)Ru(3)][PF6], exhibit single broad 
ruthenium(rr)/(m) processes, whilst [(S)Ru(l)Ru( l)Ru(S)][PF,], 
exhibits a two-electron process assigned to  the two terminal 
ruthenium centres bearing the strongly electron-withdrawing 
ligand 5, and a one-electron process assigned to the central 
ruthenium centre. The three chemically identical centres in 
the trinuclear complex [{(l)R~}~(7)]pF,], exhibit a single ruthe- 
nium(ll)/@r) process. The hexanuclear complex [((5)Ru( 1)- 
Ru},(7)]~F6],, has two different ruthenium environments. The 
three terminal ruthenium centres coordinated to the electron- 
withdrawing ligand 5 show a single ruthenium(n)/(nl) process 
at + 1.02 V, while the three central ruthenium centres show an- 
other single reversible ruthenium(rI)/(rn) process a t  + 0.87 V, ef- 
fectively the same potential as observed for the trinuclear com- 
plex [((1)Ru),(7)][PF6],. Multiple ligand-centred reductive 
processes are observed, although only one at  - 1.57 V is fully 
resolved. The hexanuclear complexes [((4)Ru(l)Ru} ,(7)][PF,], , 
and [((3)Ru(l)Ru},(7)][PF,I,, both exhibit single broad ruthe- 
nium(rr)/(al) processes at + 0.90 V. All three of the hexanuclear 
complexes decompose on successive reductive cycles. 

Electronic spectra: The electronic spectra of these highly 
coloured complexes were recorded in MeCN solution. All com- 
plexes exhibited a lowest energy metal-to-ligand charge transfer 
(MLCT) transition with A,,, between 479 and 493 nm (Table 3); 
the higher nuclearity complexes exhibited maxima at  the lower 
energy end of this range. The narrowness of this range is indica- 
tive of the adjacent metal centres having little influence upon 
each other and contrasts with considerable bathochromic shifts 
between mono-, di- and trinuclear complexes of the di- 
rectly linked ligand 6,6"-bis(2-pyridyl)-2,2': 49" : 2",2"'-quater- 
pyridine." 5. "3 * ' I  The extinction coefficients for the dinuclear 
complexes ( E  = 35.3-37.5 x lo3 dm3mol- 'cm- ' )  and trinucle- 
ar complexes ( E  = 58.6-69.8 x lo3 dm3mol- 'cm- ' )  are re- 
spectively approximately two and three times the values ob- 
served for the mononuclear building blocks [ (4)Ru( l)][PF,], 
( B  =17.3 x lo3 dm3mol-'crn-') and [(l)Ru(l)][PF,], ( E  = 
19.7 x lo3 dm3mol-1cm-t ) .  The extinction coefficients for the 

Table 3. Electronic spectroscopic data for the complexes in acetonitrile solution 
E. 10'dm'mol- icm~i:  sh =shoulder). 

nm 

LC MLCT 

241 (55.1) 273 (66.1) 
241 (83.6) 276 (96.3) 
240 (63.4) 272 (77.9) 
239 (73.0) 274 (82.4) 
240 (61.1) 276 (83.1) 
241 (101) 278 (126) 
239 (115) 277 (136) 289 (135) 
240 (95.9) 277 (159) 286 (137) 
241 (176) sh 289 (264) 
240 (210) sh 291 (335) 

235 (208) sh 288 (339) 
239 (233) sh 290 (341) 

305 (72.4) 
302 (86.1) 
306 (118) 
305 (117) 
306 (107) 
305 (183) 
305 (1 78) 
305 (165) 
sh 
305 (374) 
305 (386) 
304 (352) 

479 (17.3) 
484 (19.71 
482 (35.3) 
484 (37.5) 
488 (37.31 
486 (58.6) 
488 (60.8) 
492 (69.8) 
492 (84.71 
491 (140) 
492 (154) 
493 (163) 
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hexanuclear complexes built up from 7 are larger ( E  = 140- 
163 x lo3 dm3 mol-' cm-') as a result of the conjugated central 
trinucleating 7 ligand. A number of higher energy ligand-cen- 
tred (LC) processes are also observed for all of the complexes, 
with the characteristically small variations in A,, from one 
complex to the next. 

Conclusions 

We have introduced the ligand 1 as a new bridging species for 
the preparation of metallosupramolecules. The free ligand is 
readily prepared by conventional methods, and complexes may 
be prepared from free 1 in a divergent manner. A powerful new 
methodology in which 1 ligands are prepared in situ by metal-di- 
rected reactions has been established. By this methodology, 
complexes with up to six metal centres have been prepared in a 
specific and convenient manner. Unfortunately, higher nuclear- 
ity species are not accessible directly from this methodology, as 
a result of competing metal-directed reactions. However, we are 
currently extending the methodology by combining the ether- 
forming reactions dicussed in this paper with other metal-direct- 
ed reactions of coordinated ligands (alkylation, imine forma- 
tion. etc.) to give a suite of in situ ligand extention processes that 
can be used sequentially. The ligand 1 is an effective "insulat- 
ing" ligand and allows little electronic communication between 
linked metal centres. 

Experimental Procedure 

Procedure: 'H and "C NMR spectra were recorded on a Varian Gemini 300 MHz 
spectrometer. Electron impact and positive-ion fast atom bombardment mass spec- 
tra were recorded on a VG 70-250 instrument. with 4-nitrobenzyl alcohol as matrix 
in the case of FAB spectra. Electrochemical measurements were performed with an 
Eco Chemie Autolab PGSTAT 20potentiostat. A conventional threeelectrode con- 
figuration was used. with platinum bead working and auxiliary electrodes and an 
Ag/AgCI reference. Acetonitrile. freshly distilled from P,O,,, was used as solvent in 
all cases. The base electrolyte was 0.1 M [nBu,N][BF,]. recrystallised twice from 
ethanollwater and thoroughly dried in vacuo over P,O,,. Potentials are quoted vs. 
the ferrocene/ferrocenium couple (Fc/Fc' = 0.0 V), and all potentials were refer- 
enced to internal ferrocene added at the end of each experiment. 
The ligands 2.?':6.2''-terpyridine (4) [22]. 2.2':6.2"-terpyridin-4(l'H)-one (2) 
[9.17], 4-chlorc-2.2': 6.2"-terpyridine (3) 19.1 71 and 4-methylsulfonyl-2.2': 6.2"-ter- 
pyridine (5) [23] were prepared by the literature methods. as were the complexes 
[Ru(4)Cl,] [9]. [Ru(3)C13] 191 and [Ru(S)CI,] 1201. The homoleptic complex 
[(3)Ru(3)][PF6], 191, the heteroleptic complex [(4)Ru(3)][PF6], (91 and the trinuclear 
complex [((3)Ru),(7)][PF6], [18] were prepared as we have previously reported; to 
remove any trace impurities. the latter two were chromatographed on silica (with 
acetonitrile, saturated aqueous KNO, and water (1412.1 v/v) as the eluent phase) 
prior to use. 

Bis(4'~2,2':6',2"-terpyridioyl))ether ( I ) :  3 (300 mg. 1.12 mmol). 2 (420 mg. 
1.69 mmol) and KOH (600 mg. excess) were heated at reflux for 4 d in N,N- 
dimethylformamide (DMF, 20 mL). The reaction mixture was then cooled. water 
(80 mL) added, and the resulting suspension allowed to stand for 10 min. The white 
precipitate was collected by filtration and washed with water. Concentration of a 
solution of the precipitate in CH,CI,/MeOH afforded 1 as a colourless microcrys- 
talline solid (370 mg. 69%). M.p. 238-240°C; 'H NMR (300 MHz, CDCI,, 25°C. 
TMS): 6 = 8.63 (8H. m; H', H6). 822(4H. s; H3'), 7.85 (4H. dd; Ha). 7.31 (4H. 
dd; H5); MS (EI): m / r :  402 [M'-C,H,N], 480 [M']: C,,H,,N,O: calcd C 75.0. 
H 4.2, N 17.5; found C 74.8. H 4.3, N 17.3. 

1(4)Ru(l)Ru(4)1[PF61r: [Ru(4)C13] (100 mg, 0.227 mmol) and I(48 mg, 0.100 mmol) 
were heated to reflux for 30 min in ethane-l,2diol(15 mL). The deep orange reac- 
tion mixture was cooled, and water and excess methanolic NH,PF, were added to 
precipitate the crude complex. This was collected on Celite, redissolved in MeCN. 
and the resulting solution was reduced in volume to ca. 3 mL and chromatographed 
on silica with a mixture of MeCN, saturated aqueous KNO, and water (14:2:1 v/v) 
as the eluent phase. The second main orange product band was collected as frac- 
tions. whose purities were checked by TLC. The combined product fractions were 
precipitated as the PF; salt by addition of excess methanolic NH,PF, and water 
(10 mL) followed by reduction in volume. Recrystallisation from aqueous acetoni- 

trile afforded [(4)Ru(l)Ru(4)]pF6L as a red-orange powder (44 mg, 25%), which 
was dried in vacuo. MS (FAB, "'Ru): m/r:  583 [(4)Ru(2)+], 1440 [M'-2PF6]. 
1585 [M+-PF,]; Ru,C,,H,,N,,OP,F,,: calcd C 41.7. H 2.5, N 9.7; found C 41.5. 
H 2.9. N. 9.5. 

I(4)Ru(1)J(PF6I,: The heteroleptic complex [(4)Ru(3)][PF6], (200 mg. 0.224 mmol). 
2 (73 mg, 0.293 mmol) and K,CO, (100 mg, excess) were heated at reflux for 3 h in 
acetonitrile (25mL). On cooling, water (50mL) was added along with a little 
methanolic NH,PF,, and the resulting red-orange precipitate was collected. Recrys- 
tallisation from aqueous acetonitrile afforded analytically pure [(J)Ru(I)][PF,], as 
a red powder in 96% yield (237 mg). MS (FAB, Io2Ru): m/r:  583 [(4)Ru(2)'], 814 
[M+-2PF6], 960 [M'-PF,]; RuC,,H,,N,OP,F,,: calcd C 48.9, H 2.8. N 11.4; 
found C 48.7, H 3.3, N, 10.9. 

[(l)Ru(l)l[PF,],: This complex was prepared similarly to [(4)Ru(l)][PF6], by heat- 
ing [(J)Ru(3)]pF& (93 mg, 0.100 mmol), 2 (75 mg, 0.301 mmol) and K$O, 
(50 mg, excess) for 16 h in acetonitrile (10 mL). [(l)Ru(I)][PF,], was obtained as an 
orange-brown powder in 88% yield (120mg). MS (FAB, "'Ru): m/z:  830 

53.3. H 3.1, N 12.4; found C 52.9. H 3.3. N, 12.2. 

1(4)Ru(l)Ru(5)llPFSJ,: [(4)Ru(I)][PF6], (120 mg. 0.109 mmol) and [Ru(S)CI,] 
(12Omg. 0.231 mmol) were heated at reflux for 1 h in ethane-I,2diol (10mL). 
Preparation and workup as for [(4)Ru(l)Ru(4)l[PF6L above. [(4)Ru(l)Ru(5)][PF6], 
was obtained as a red-brown powder (105 mg, 53%). MS (FAB. Io2Ru): m/z:  583 

Ru,C,,H,N,,O,SP,F,,: calcd C 40.5. H 2.5, N 9.3; found C 39.4, H 2.8. N, 8.9. 

I(4)Ru(l)Ru(3)11PF,l,: [Ru(3)CI,] (86 mg. 0.181 mmol) and AgBF, (106 mg, 
0.544 mmol) were heated to reflux for 2 h in acetone (40 mL). The resulting blue 
suspension was filtered through Celite and then reduced to dryness. The ligand 
complex [(4)Ru(l)][PF,], (190 mg, 0.172 mmol) dissolved in DMF (30 mL) was 
added. and the mixture heated at reflux for 30 min. The red-orange solution was 
then cooled, and water (6OmL) and excess methanolic NH,PF6 were added. 
The crude precipitate was collected. redissolved in MeCN. the solution reduced 
to minimum volume, and chromatographed over silica as above. Recrystallisa- 
tion from aqueous acetonitrile afforded the asymmetric binuclear complex 
[(4)Ru(l)Ru(3)][PF6L as a red-brown powder (125 mg. 41 %). which was dried in 
vacuo. MS (FAB, "'RU): m/z:  583 [(4)Ru(2)*], 617 [(3)Ru(2)+]. 1476 
[Mt-2PFJ. 1619 [M+-PF,]; Ru,C,,H,,N,,OCIP,F,,: calcd C 40.9, H 2.3. N 
9.5; found C40.2, H 2.5, N, 9.4. 

1(4)Ru(l)Ru(l)Ru(4)~~PF,~,: [Ru(Q)Cl,] (54 mg, 0.123 mmol) and AgBF, (72 mg. 
0.369 mmol) were heated to reflux for 2 h in acetone (40 mL). The resulting blue 
suspension was filtered through Celite and then reduced to dryness. The binucleat- 
ing ligand complex [(L)Ru(l)][PF,], (83 mg. 0.061 mmol) and DMF (20 mL) were 
added, and the mixture heated at reflux for 3 h. The red-orange solution was then 
cooled, and water (40 mL) and excess methanolic NH,PF, were added. The crude 
product was collected, redissolved in MeCN. reduced to minimum volume, and 
chromatographed over silica as above. Recrystallisation from aqueous acetonitrile 
gave the trinuclear complex [(4)Ru(l)Ru(l)Ru(4)]IpF,1, as an analytically pure 
red-brown powder (55 mg, 34%). Ru,C,,H,,NI8O,P,F,,: calcd C 41.6, H 2.4. N 
9.7; found C40.5, H 2.7, N, 9.4. 

I(S)Ru(I)Ru(l)Ru(S)lIPF.I,: As above from [Ru(S)CI,] (86 mg, 0.166 mmol). 
AgBF, (97 mg. 0.497 mmol) and [(I)Ru(l)][PF,], (80 mg. 0.059 mmol). Re- 
crystallisation from aqueous acetonitrile gave the trinuclear complex 
[(5)Ru(l)Ru(l)Ru(5)][PF6], as an analytically pure red-brown powder (61 mg. 
38%). Ru3C,,H,,N,.0,S,P6F,6.6H,0: calcd C 38.5, H 2.7. N 8.8; found C 38.5, 
H 2.8. N, 8.7. 

1(3)Ru(l)R~l)Ru(3)1IPF,I*: The binucleating ligand complex [(I)Ru( I)][PF6JZ 
(280 mg, 0.207 mmol) and [Ru(3)CI,] (286 mg, 0.602 mmol) were heated to reflux 
for 1 h in ethane-l,2diol(40 mL). Workup and chromatographic purification were 
performed as for [(4)Ru(l)Ru(4)]IPF6]. above; the second main orange product 
band was collected (the first orange fraction was [Ru(3),][PF6],), and its purity 
checked by TLC (silica. eluent system as above). Anion metathesis with NH,PF,, 
followed by recrystallisation from aqueous acetonitrile gave the trinuclear complex 
[(3)Ru(l)Ru(l)Ru(3)][PFb], as an analytically pure red-brown powder (188 mg, 
34%). Ru,C,,H,,N,,O,CI,PbF,,: calcd C 40.5, H 2.3, N 9.4; found C 40.2. H 2.8, 
N. 8.9. 

I{(~)Ru),(~)IIPF~I,: The symmetrical trinuclear complex [((3)Ru),(7)][PF6], 
(125 mg. 0.046 mmol), 2 (300 mg, 1.20 mmol) and K,CO, (a00 mg, excess) were 
heated at reflux for 16 h in dry acetonitrile (25 mL). After this time. the reaction 
mixture was cooled and then precipitated by the addition of water (20 mL) and 
excess methanolic NH,PF6. Following recrystallisation from aqueous acetonitrile. 
[((I)Ru),('l)l[PF,], was obtained as a brown powder in 97% yield (149mg). 
Ru,C,,,H,,N,,O,P,F,,: calcdC 50.0, H 2.8. N 11.2; found C 49.5. H 3.1. N, 11.0. 

1{(4)Ru(l)Ru),(7)11PF,ll,: [Ru(4)C13] (17 mg. 0.039 mmol) and AgBF, (23 mg. 
0.118 mmol) were heated at reflux for 2 h in acetone (20 mL). The resulting blue 

[( l )R~(2)*] .  1062 [Mt-2PFJ, 1207 [ M t  -PFJ; R u C , ~ H , ~ N ~ ~ O , P , F ~ ~ :  c a l d  C 

[(4)R~(2)'], 661 [(5)R~(2)+].  1518 [Mi-2PF6], 1662 [Mt-PF6]; 
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suspension was filtered through Celite and then reduced to  dryness. The trinucleat- 
ing ligand complex [{(I)Ru},(7)][PF6], (40 mg. 0.012 mmol) and DMF (20 mL) 
were added, and the mixture heated to reflux for 2 h. The red-orange solution was 
then cooled, and water (40 mL) and excess methanolic NH,PF6 were added. The 
crude product was collected. redissolved in MeCN. the solution reduced to mini- 
mum volume and chromatographed over silica as above. Recrystallisation from 
aqueous acetonitrile gave the hexanuclear complex [{(4)Ru(l)Ru},(7)][PF6]lz as an 
analytically pure red-brown powder (19 mg. 31 %). Ru,C,,6H,z,N,60,P,,F,,: cal- 
cd C 42.5, H 2.4, N 9.6; found C 42.6. H 3.0. N, 9.1. 

H(3)Ru(l)Ru),(7)llPF.I,,: As above from [Ru(3)Cl,] (84 mg. 0.177 mmol), AgBF. 
(104 mg. 0.533 mmol) and [((I)Ru},(7)][PF6], (120mg. 0.036mmol). Recrys- 
tallisation from aqueous acetonitrile gave the hexanuclear complex 
[((3)Ru(l)Ru),(7)][PF,],, as an analytically pure brown powder (52 mg. 27%). 
Ru,C,,6H,,,N,,0,CI,P,,F,~~12HzO: calcd C 40.0. H 2.6. N 9.0; found C 39.8. H 
2.6. N, 9.0. 

~ { ( ~ ) R U ( I ) R U } ~ ( ~ ) ~ ~ P F . I , , :  As above from [Ru(S)CI,] (46 mg. 0.089 mmol). AgBF. 
(52 mg. 0.266 mmol) and [{(I)Ru},(7)][PF6], (60 mg. 0.018 mmol). Recrystallisa- 
tion from aqueous acetonitnle gave the hexanuclear complex [{(5)Ru(l)Ru},(7)]- 
[PF6Il2 as an analytically pure brown powder (31 mg. 32%). 
Ru6C,~~H,,2N,60,S,P,,F,~~12H,0: calcd C 39.7. H 2.7. N 8.8: found C 39.6, H 
2.7. N. 8.8. 

Crystal structure determination: Colourless crystals of I were obtained by the slow 
evaporation o f a  chloroform/methanol solution. C,,H,,N60. M = 480.53, triclinic. 
space group P i .  a = 9.623(2), b = 11.24q1). c = 11.828(1) A ;  rn = 93.065(9). 
p =107.071(14). y = 99.088(14)”; V =1200.99(38) A’, p = 6.373 cm-I. 2 = 2. 
D,,,,, = 1.329 gcm-’. F(000) = 500. The unit-cell parameters and reflection inten- 
sities were measured with the w/20 scan mode for a crystal of dimensions 
0.16 x 0.27 x 0.49 mm with graphite-monochromafed Cu,, radiation. A = 
1 .54178 A. Of 5176 unique reflections, 3736 were used in the structure solution. The 
non-hydrogen atoms of the molecule were located by direct methods (SIR92) [24]; 
all subsequent calculations were performed with CRYSTALS 1251. A Chebychev 
weighting scheme was applied [26]. All hydrogen atoms were included in idealised 
positions with C - H  distances. The non-hydrogen atoms were refined with an- 
isotropic displacement parameters. and the hydrogen atoms with group isotropic 
displacement parameters. At final convergence, R = 0.0451, R, = 0.0581 for 335 
parameters. Maximum and minimum residual electron densities in the final differ- 
ence map were + 0.18 and -0.18 e k ’ .  respectively. Further details of the crystal 
structure investigation may be obtained from the Director of the Cambridge Crys- 
tallographic Data Centre, 12 Union b a d .  GB-Cambridge CB2 1 EZ (UK). on quot- 
ing the full journal citation. 
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