
Ž .Journal of Organometallic Chemistry 552 1998 205–211

Ruthenium bipyridine complexes: synthesis and characterisation of
ž / ž / ž / ž / w ž / ž / xRu tmbpy CO Cl , Ru dmbpy CO Cl and Ru dmbpy CO Cl2 2 2 2 2 2

Pertti Homanen a, Matti Haukka a, Markku Ahlgren a, Tapani A. Pakkanen a,),´
Paul N.W. Baxter b, Robert E. Benfield b, Joseph A. Connor b

a Department of Chemistry, UniÕersity of Joensuu, P.O. Box 111, FIN-80101 Joensuu, Finland
b Department of Chemistry, UniÕersity of Kent, Canterbury CT2 7NH, UK

Received 3 July 1997; received in revised form 26 August 1997

Abstract

X w Ž . xRuthenium carbonyl complexes with methyl substituted 2,2 -bipyridine ligands have been synthesised. Ru CO Cl reacts with3 2 2
X X X Ž . X X Ž .4,4 ,5,5 -tetramethyl 2,2 -bipyridine tmbpy and 4,4 -dimethyl 2,2 -bipyridine dmbpy in THF to form mononuclear cis-CO, cis-Cl

w Ž .Ž . xcomplexes, whereas in ethylene glycolroctanol solution the product with dmbpy is dimeric. The dimeric complex Ru bpy CO Cl has2 2

been re-measured and refined in space group P2rc. The complexes have been characterised by spectroscopic studies and X-ray
˚ ˚Ž .Ž . Ž . Ž . Ž . Ž .diffraction measurements: Ru tmbpy CO Cl 1 , orthorhombic, space group P2 2 2 , as9.372 2 A, bs12.779 1 A, cs2 2 1 1 1

˚ ˚ ˚ ˚Ž . Ž .Ž . Ž . Ž . Ž . Ž . Ž .15.320 3 A, Zs4; Ru dmbpy CO Cl 2 , monoclinic, space group P2 rc, as11.754 4 A, bs12.920 3 A, cs14.245 3 A,2 2 1
˚ ˚ ˚Ž . w Ž .Ž . x Ž . Ž . Ž . Ž .bs111.74 2 8 Zs4; Ru dmbpy CO Cl 3 , monoclinic, space group C2rc, as21.485 7 A, bs11.900 4 A, cs14.924 3 A,2 2

Ž .bs130.30 3 8, Zs4. q 1998 Elsevier Science S.A.
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1. Introduction

Ž .Over the past few years, Ru II polypyridine com-
plexes have been widely studied because of their activ-

w xity in various catalytic processes 1–6 . Recently, there
Ž .has been a growing interest in synthesising new Ru II

complexes in order to determine the reactivity of these
compounds in ligand substitution reactions and in the

w xcharacterisation of the resulting products 7–9 . Some of
these complexes can be seen as possible intermediates
in different catalytic cycles thus giving new information

w xabout the mechanisms of these processes 9 . Substi-
tuted bipyridine ligands have been used to change the

welectronic and steric properties of Ru-complexes 10–
x13 , which can be seen to affect the coordination of

other ligands to the metal centre. From the catalysis
point of view the monomeric ruthenium bipyridines
have proved to be effective precursors for highly active
water gas shift and CO reduction catalysts. A poly-2

) Corresponding author. Tel.: q358-13-2513345; fax: q358-13-
2513344; e-mail: tap@joyl.joensuu.fi.

meric structure with direct Ru–Ru bonds has been
proposed for the active species. However, the detailed
structural characterization of the polymer has not been
successful so far. The synthesis and characterisation of
monomeric and dimeric precursors is the prerequisite
for the understanding of the activity of the catalyst.

In this work, we report the synthesis and spectro-
scopic properties of the new methyl substituted bipyri-

Ž .Ž . Ž .dine–ruthenium complexes Ru tmbpy CO Cl 1 ,2 2
Ž X X X .tmbpy s 4,4 ,5,5 -tetramethyl 2,2 -bipyridine ,

Ž .Ž . Ž . w Ž .Ž . x Ž .Ru dmbpy CO Cl 2 , and Ru dmbpy CO Cl 32 2 2 2
Ž X X .dmbpys4,4 -dimethyl 2,2 -bipyridine and report the
structural characterisation of these Ru–polypyridine
complexes. Furthermore, we have measured and re-re-

w Ž .Ž . x Ž .fined the dimeric complex Ru bpy CO Cl 4 in2 2
space group P2rc.

2. Experimental

2.1. Materials

w Ž . xRu CO Cl was purchased from Johnson &3 2 2
Matthey and 4,4X-dimethyl bipyridine from Aldrich

0022-328Xr98r$19.00 q 1998 Elsevier Science S.A. All rights reserved.
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w Ž .Ž . x Ž .Fig. 1. The structure of Ru dmbpy CO Cl 3 .2

Chemicals. The preparation of 4,4X,5,5X-tetramethyl
bipyridine followed the method described by Sasse and

w xWhittle 14–17 . The product, a colourless crystalline
solid, mp 257–257.58C, was characterised by micro-
analysis, 1H and 13C NMR, and mass spectrometry
w x14–17 . All solvents used were analytical grade and
they were used as received. The syntheses of

Ž .Ž . Ž .Ž .Ru tmbpy CO Cl , Ru dmbpy CO Cl , and2 2 2 2
w Ž .Ž . xRu dmbpy CO Cl were performed air-sensitively2 2
with traditional vacuum-line techniques. All manipula-
tions of the products were performed in air.

2.2. Spectroscopic studies

Infrared spectra were measured with a Nicolet Magna
750 FTIR spectrometer from CH Cl solutions or from2 2
KBr discs. 1H and 13C NMR spectra were recorded by
using Bruker AMX 400 spectrometer and CDCl as a3
solvent.

( )( ) ( )2.3. Synthesis of Ru tmbpy CO Cl 1 , tmbpys2 2

4,4X ,5,5X-tetramethyl 2,2X-bipyridine

w Ž . x Ž . ŽRu CO Cl 292 mg, 0.57 mmol and tmbpy 2423 2 2
.mg, 1.14 mmol were separately dissolved in 20 ml

w Ž . xportions of THF under nitrogen. Ru CO Cl and3 2 2
tmbpy solutions were combined and the mixture was
refluxed continuously under nitrogen for 30 min. Dur-
ing this time, a colour change in the mixture from light

Table 1
Ž .Ž . Ž . Ž . Ž .Ž . Ž . w Ž .Ž . x Ž . w Ž .Ž . x Ž .Crystallographic data for Ru tmbpy CO Cl 1 , Ru dmbpy CO Cl PCDCl 2 , Ru dmbpy CO Cl 3 , and Ru bpy CO Cl 42 2 2 2 3 2 2 2 2

Ž X X X X X .tmbpys4,4 ,5,5 -tetramethyl 2,2 -bipyridine, dmbpys4.4 -dimethyl 2,2 -bipyridine

1 2 3 4

Fw 440.28 531.59 753.55 697.45
Crystal system orthorhombic monoclinic monoclinic monoclinic
Space group P2 2 2 P2 rc C2rc P2rc1 1 1 1

˚ Ž . Ž . Ž . Ž .a, A 9.372 2 11.754 4 21.485 7 10.572 2
˚ Ž . Ž . Ž . Ž .b, A 12.779 1 12.920 3 11.900 4 10.117 2
˚ Ž . Ž . Ž . Ž .c, A 15.320 3 14.245 3 14.924 3 12.619 2

a , deg. 90 90 90 90
Ž . Ž . Ž .b , deg. 90 111.74 2 130.30 3 114.02 2

g , deg. 90 90 90 90
3˚ Ž . Ž . Ž . Ž .V, A 1834.8 6 2009.4 9 2910 2 1232.8 4

Z 4 4 4 2
3D , grcm 1.594 1.757 1.720 1.879calc

Crystal source acetonermethanol CDCl glycolr1-octanol glycol3
Crystal size, mm 0.3=0.5=0.8 0.1=0.2=0.2 0.1=0.1=0.2 0.1=0.1=0.2
Color yellow yellow red red
Radiation MoK a MoK a MoK a MoK a

y1m, mm 1.15 1.46 1.26 1.48
2u limits, deg. 5–60 5–50 5–50 5–55
h range 0–13 0–13 0–25 0–13
k range 0–17 0–15 0–14 0–13
l range 0–21 y16 to 15 y17 to 13 y16 to 14
No. of unique reflections 2985 3526 2544 2838

aNo. of observed data 2564 1497 990 1532
No. of params 209 229 181 163

Ž .R1 F 0.0500 0.0467 0.0483 0.0560o
2 bŽ .wR2 F 0.1214 0.0948 0.1193 0.1546o

x 0.0530 0.0286 0.0464 0.0883
y 2.50 0.00 0.00 0.00
Goodness of fit 1.100 0.729 0.732 0.841

a Ž .IG2s I .
b w 2Ž 2 . Ž .2 x Ž 2 2 .ws1 s F q xP qyP , Ps F q2 F r3.o o c
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Table 2
˚Ž . Ž .Ž . Ž . Ž .Selected bond lengths A for Ru tmbpy CO Cl 1 ,2 2

Ž .Ž . Ž . w Ž .Ž . x Ž .Ru dmbpy CO Cl PCDCl 2 , Ru dmbpy CO Cl 3 , and2 2 3 2 2
w Ž .Ž . x Ž . Ž X X XRu bpy CO Cl 4 in P2rc tmbpy s4,4 ,5,5 -tetramethyl 2,2 -2 2

X X .bipyridine, dmbpy s4.4 -dimethyl 2,2 -bipyridine

1 2 3 4

Ž . Ž . Ž . Ž . Ž . Ž .Ru 1 –Cl 1 2.422 2 2.426 2 2.509 3 2.497 2
Ž . Ž . Ž . Ž .Ru 1 –Cl 2 2.393 2 2.393 2
Ž . Ž . Ž . Ž . Ž . Ž .Ru 1 –N 1 2.107 5 2.095 6 2.129 7 2.126 7
Ž . Ž . Ž . Ž . Ž . Ž .Ru 1 –N 2 2.070 5 2.049 6 2.112 7 2.122 6
Ž . Ž . Ž . Ž . Ž . Ž .Ru 1 –C 11 1.883 7 1.899 8 1.837 10 1.826 8

aŽ . Ž . Ž . Ž . Ž . Ž .Ru 1 –C 13 1.889 8 1.852 9 1.847 12 1.862 9
Ž . Ž . Ž . Ž . Ž . Ž .C 11 –O 11 1.133 8 1.108 8 1.140 10 1.169 10

aŽ . Ž . Ž . Ž . Ž . Ž .C 13 –O 13 1.101 9 1.127 8 1.155 11 1.163 10
Ž . Ž . Ž .C 2 –C 51 1.524 10
Ž . Ž . Ž . Ž . Ž .C 3 –C 41 1.505 11 1.479 9 1.507 11
Ž . Ž . Ž . Ž . Ž .C 8 –C 42 1.516 11 1.510 9 1.522 12
Ž . Ž . Ž .C 9 –C 52 1.495 9

Ž . Ž .Ru–Ru 2.854 2 2.848 1

a Ž . Ž . Ž . Ž .C 13 sC 12 for 3 and 4, O 13 sO 12 for 3.

yellow to nearly orange was observed. After 30 min of
refluxing a light yellow precipitate was formed, which
was separated by filtration and air-dried after the cool-
ing of the reaction mixture. The recrystallisation of the

Ž .precipitate 0.325 g, 65% from an acetone–methanol
solution yielded light yellow crystals suitable for X-ray

Ždiffraction measurement. Found: C, 43.6; N, 6.4; H,
3.65. C H Cl N O Ru requires: C, 43.65; N, 6.4; H,16 16 2 2 2

. y1 Ž . Ž . Ž . Ž .3.7 . n rcm CO 2065 vs , 2000 vs CH Cl .max 2 2
13 �1 4 Ž .C H NMR for aromatic rings in tmbpy CDCl : ten3

Ž . Ž .peaks d 155.5–123.8; for CO: d 195.9 s , 191.4 s ,
Ž . Ž . 1for Me: d 20.4 s , 17.5 s . H NMR for aromatic

Ž . Ž .protons in tmbpy: d 9.4 s , 8.5 s .

Table 3
Ž . Ž .Ž . Ž . Ž .Selected bond angles deg. for Ru tmbpy CO Cl 1 ,2 2

Ž .Ž . Ž . w Ž .Ž . x Ž .Ru dmbpy CO Cl PCDCl 2 , Ru dmbpy CO Cl 3 , and2 2 3 2 2
w Ž .Ž . x Ž . Ž X X XRu bpy CO Cl 4 in P2rc tmbpy s4,4 ,5,5 -tetramethyl 2,2 -2 2

X X .bipyridine, dmbpy s4.4 -dimethyl 2,2 -bipyridine

1 2 3 4
aŽ . Ž . Ž . Ž . Ž . Ž . Ž .Cl 1 –Ru 1 –C 13 178.7 2 178.0 3 176.8 1 175.8 1

Ž . Ž . Ž . Ž . Ž . Ž . Ž .Cl 1 –Ru 1 –N 1 86.9 2 86.1 2 85.3 2 85.0 2
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Cl 1 –Ru 1 –N 2 87.2 2 86.6 2 85.6 2 83.8 2
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Cl 1 –Ru 1 –C 11 89.6 2 89.5 2 97.8 3 94.7 3

bŽ . Ž . Ž . Ž . Ž . Ž . Ž .Cl 1 –Ru 1 –Cl 2 89.2 1 90.6 1 93.2 4 97.3 3
Ž . Ž . Ž . Ž . Ž . Ž . Ž .N 1 –Ru 1 –N 2 78.2 2 78.2 2 76.8 3 76.3 3

bŽ . Ž . Ž . Ž . Ž . Ž . Ž .N 1 –Ru 1 –Cl 2 93.8 2 95.0 2 98.6 4 98.3 4
Ž . Ž . Ž . Ž . Ž . Ž . Ž .N 2 –Ru 1 –C 11 99.1 3 98.3 3 98.0 4 100.5 3

bŽ . Ž . Ž . Ž . Ž . Ž . Ž .C 11 –Ru 1 –Cl 2 88.8 2 88.3 2 86.7 4 84.9 4
Ž . Ž . Ž . Ž . Ž . Ž . Ž .N 1 –Ru 1 –C 11 175.6 3 174.6 3 173.8 4 176.8 3

bŽ . Ž . Ž . Ž . Ž . Ž . Ž .N 2 –Ru 1 –Cl 2 171.3 2 172.8 2 175.3 4 174.4 3
Ž . Ž . Ž . Ž .C 1 –C 2 –C 51 120.0 8
Ž . Ž . Ž . Ž . Ž . Ž .C 2 –C 3 –C 41 121.8 8 123.9 8 122.5 9
Ž . Ž . Ž . Ž . Ž . Ž .C 7 –C 8 –C 42 119.9 8 121.4 8 120.7 9
Ž . Ž . Ž . Ž .C 8 –C 9 –C 52 122.6 7

a Ž .C 13 sRu for 3 and 4.
b Ž . Ž .Cl 2 sC 12 for 3 and 4.

( )( ) ( ) X2.4. Synthesis of Ru dmbpy CO Cl 2 , dmbpys4,4 -2 2

dimethyl 2,2X-bipyridine

Ž .Ž .Ru dmbpy CO Cl was synthesised from2 2
w Ž . x X XRu CO Cl and 4,4 -dimethyl 2,2 -bipyridine by re-3 2 2
fluxing in THF in the same manner as in case 1, except

Žw Ž . xthat the molar ratio Ru: dmbpy was 1:2 Ru CO Cl3 2 2
.weighted 0.250 g, 0.5 mmol . The light yellow precipi-

tate formed during the refluxing was collected after
cooling the reaction mixture and dried in air. The

Ž .resulting complex 0.288 g, 72% was characterised by
spectroscopic methods, elemental analysis, and X-ray

Ždiffraction analysis crystals obtained from CHCl as3
Ž .Ž . . Žsolvated Ru dmbpy CO Cl CHCl . Found: C, 40.9;2 2 3

N, 6.6; H, 2.9. C H Cl N O Ru requires C, 40.8; N,14 12 2 2 2
. y1 Ž . Ž . Ž .6.8; H, 2.9 . n rcm CO 2063 vs , 1999 vsmax

Ž . 13 �1 4CH Cl . C H NMR for aromatic rings in dmbpy2 2
Ž . Ž .CDCl : ten peaks d 155.4–124.1; for CO:d 195.5 s ,3

Ž . Ž . Ž . 1190.9 s ; for Me: d 22.4 s , 22.2 s . H NMR for Me:
Ž . Ž . Ž .d 2.61 s , 2.57 s . The mono bipyridine complex 2

was the only product detected despite the excess of the
bipyridine ligand.

[ ( )( ) ] ( )2.5. Synthesis of Ru dmbpy CO Cl 3 , dmbpys2 2

4,4X-dimethyl 2,2X-bipyridine

w Ž . x Ž .Ru CO Cl 1.0 g, 2.0 mmol was introduced into3 2 2
5 ml of ethylene glycol and the mixture gently heated
under nitrogen. The resulting yellow solution was added

Table 4
w 4 xAtomic coordinates =10 and equivalent isotropic displacement

˚2 3w x Ž .Ž . Ž . Ž .parameters A =10 for Ru tmbpy CO Cl 12 2

Atom x y z Ueq

Ž . Ž . Ž . Ž . Ž .Ru 1 9618 1 861 1 9893 1 38 1
Ž . Ž . Ž . Ž . Ž .Cl 1 7143 2 911 2 9440 1 56 1
Ž . Ž . Ž . Ž . Ž .Cl 2 10161 2 y163 2 8628 1 60 1
Ž . Ž . Ž . Ž . Ž .C 11 9973 8 2077 6 9234 5 48 2
Ž . Ž . Ž . Ž . Ž .O 11 10168 7 2807 5 8831 4 72 2
Ž . Ž . Ž . Ž . Ž .C 13 11542 8 791 6 10258 5 51 2
Ž . Ž . Ž . Ž . Ž .O 13 12681 7 732 6 10425 5 89 2
Ž . Ž . Ž . Ž . Ž .N 1 9069 7 y451 4 10656 3 42 1
Ž . Ž . Ž . Ž . Ž .N 2 8966 6 1554 4 11047 3 38 1
Ž . Ž . Ž . Ž . Ž .C 1 9259 10 y1460 5 10452 5 53 2
Ž . Ž . Ž . Ž . Ž .C 2 8856 11 y2275 6 10975 5 56 2
Ž . Ž . Ž . Ž . Ž .C 3 8184 10 y2054 5 11771 5 55 2
Ž . Ž . Ž . Ž . Ž .C 4 7954 10 y1010 5 11984 5 51 2
Ž . Ž . Ž . Ž . Ž .C 5 8420 8 y219 5 11426 4 41 1
Ž . Ž . Ž . Ž . Ž .C 6 8364 7 906 5 11642 4 40 1
Ž . Ž . Ž . Ž . Ž .C 7 7793 9 1302 6 12412 5 50 2
Ž . Ž . Ž . Ž . Ž .C 8 7819 9 2365 6 12582 5 51 2
Ž . Ž . Ž . Ž . Ž .C 9 8486 8 3026 5 11983 5 44 2
Ž . Ž . Ž . Ž . Ž .C 10 9018 8 2580 5 11231 4 43 1
Ž . Ž . Ž . Ž . Ž .C 41 7757 14 y2908 7 12395 6 76 3
Ž . Ž . Ž . Ž . Ž .C 42 7141 12 2786 7 13409 6 76 3
Ž . Ž . Ž . Ž . Ž .C 51 9138 14 y3398 6 10689 6 80 3
Ž . Ž . Ž . Ž . Ž .C 52 8614 9 4180 5 12122 5 55 2

U is defined as one third of the trace of the orthogonalized Ueq ij
tensor.
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Table 5
w 4 xAtomic coordinates =10 and equivalent isotropic displacement

˚2 3w x Ž .Ž . Ž . Ž .parameters A =10 for Ru dmbpy CO Cl PCDCl 22 2 3

Atom x y z Ueq

Ž . Ž . Ž . Ž .Ru 3283 1 1851 1 5642 1 44 1
Ž . Ž . Ž . Ž . Ž .Cl 1 1422 2 2560 2 5746 2 60 1
Ž . Ž . Ž . Ž . Ž .Cl 2 3438 2 3293 2 4642 2 64 1
Ž . Ž . Ž . Ž . Ž .C 11 4218 7 2616 6 6812 6 48 2
Ž . Ž . Ž . Ž . Ž .O 11 4738 6 3019 5 7530 5 93 2
Ž . Ž . Ž . Ž . Ž .C 31 4685 8 1324 7 5516 6 56 2
Ž . Ž . Ž . Ž . Ž .O 31 5563 6 1062 5 5443 5 88 2
Ž . Ž . Ž . Ž . Ž .N 1 2129 5 987 5 4414 4 41 2
Ž . Ž . Ž . Ž . Ž .N 2 2959 5 564 4 6346 5 42 2
Ž . Ž . Ž . Ž . Ž .C 1 1741 7 1240 6 3437 6 48 2
Ž . Ž . Ž . Ž . Ž .C 2 889 8 663 7 2702 6 54 2
Ž . Ž . Ž . Ž . Ž .C 3 404 7 y215 7 2914 6 48 2
Ž . Ž . Ž . Ž . Ž .C 4 823 7 y497 6 3935 6 48 2
Ž . Ž . Ž . Ž . Ž .C 5 1688 6 100 6 4666 5 38 2
Ž . Ž . Ž . Ž . Ž .C 6 2164 6 y147 6 5764 5 37 2
Ž . Ž . Ž . Ž . Ž .C 7 1817 7 y1003 6 6138 6 45 2
Ž . Ž . Ž . Ž . Ž .C 8 2321 8 y1197 6 7176 6 50 2
Ž . Ž . Ž . Ž . Ž .C 9 3153 8 y483 7 7767 6 60 2
Ž . Ž . Ž . Ž . Ž .C 10 3454 7 365 6 7347 6 51 2
Ž . Ž . Ž . Ž . Ž .C 41 y515 7 y858 7 2142 6 66 3
Ž . Ž . Ž . Ž . Ž .C 42 1944 8 y2129 5 7632 6 74 3
Ž . Ž . Ž . Ž . Ž .Cl 3 3771 2 8788 2 472 2 103 1
Ž . Ž . Ž . Ž . Ž .Cl 4 1251 2 8960 2 266 2 94 1
Ž . Ž . Ž . Ž . Ž .Cl 5 3203 2 9669 2 2073 2 89 1
Ž . Ž . Ž . Ž . Ž .C 51 2688 9 9522 7 738 7 68 3

U is defined as one third of the trace of the orthogonalized Ueq ij
tensor.

Ž .to a mixture of dmbpy 1.1 g, 9.4 mmol , ethylene
Ž . Ž .glycol 10 ml and 1-octanol 10 ml by syringe. The

reaction mixture was first heated at 758C for 7 h,

Table 6
w 4 xAtomic coordinates =10 and equivalent isotropic displacement

˚2 3w x w Ž .Ž . x Ž .parameters A =10 for Ru dmbpy CO Cl 32 2

Atom x y z Ueq

Ž . Ž . Ž . Ž .Ru 4659 1 2212 1 3062 1 45 1
Ž . Ž . Ž . Ž . Ž .Cl 1 4087 1 2323 2 4087 2 55 1
Ž . Ž . Ž . Ž . Ž .N 1 5684 4 3077 6 4557 6 43 2
Ž . Ž . Ž . Ž . Ž .N 2 4321 4 3919 6 2637 6 37 2
Ž . Ž . Ž . Ž . Ž .C 11 3761 6 1595 8 1677 9 49 3
Ž . Ž . Ž . Ž . Ž .O 11 3203 4 1196 6 832 6 72 2
Ž . Ž . Ž . Ž . Ž .C 12 5026 6 757 10 3558 9 65 3
Ž . Ž . Ž . Ž . Ž .O 12 5263 5 y149 6 3878 7 92 3
Ž . Ž . Ž . Ž . Ž .C 1 6354 5 2615 8 5525 7 46 2
Ž . Ž . Ž . Ž . Ž .C 2 6992 5 3222 8 6464 8 56 3
Ž . Ž . Ž . Ž . Ž .C 3 6950 5 4369 8 6460 8 45 2
Ž . Ž . Ž . Ž . Ž .C 4 6240 5 4852 7 5491 7 42 2
Ž . Ž . Ž . Ž . Ž .C 5 5604 6 4220 8 4530 8 42 3
Ž . Ž . Ž . Ž . Ž .C 6 4861 5 4690 8 3481 8 38 2
Ž . Ž . Ž . Ž . Ž .C 7 4678 6 5832 7 3303 7 44 3
Ž . Ž . Ž . Ž . Ž .C 8 3979 6 6223 8 2270 8 52 3
Ž . Ž . Ž . Ž . Ž .C 9 3432 6 5445 8 1452 8 53 3
Ž . Ž . Ž . Ž . Ž .C 10 3605 5 4310 8 1637 7 45 3
Ž . Ž . Ž . Ž . Ž .C 41 7637 5 5082 8 7457 8 58 3
Ž . Ž . Ž . Ž . Ž .C 42 3816 6 7479 7 2052 10 83 4

U is defined as one third of the trace of the orthogonalized Ueq ij
tensor.

Table 7
w 4 xAtomic coordinates =10 and equivalent isotropic displacement

˚2 3w x w Ž .Ž . x Ž . Ž .parameters A =10 for Ru bpy CO Cl in P2rc 42 2

Atom x y z Ueq

Ž . Ž . Ž . Ž .Ru 3673 1 7582 1 1555 1 31 1
Ž . Ž . Ž . Ž . Ž .Cl 1 1292 2 7462 2 y22 2 45 1
Ž . Ž . Ž . Ž . Ž .N 1 2650 7 8060 7 2647 6 43 2
Ž . Ž . Ž . Ž . Ž .N 2 3161 7 5711 6 2031 6 43 2
Ž . Ž . Ž . Ž . Ž .C 11 4540 9 7075 9 630 7 47 2
Ž . Ž . Ž . Ž . Ž .O 11 5015 8 6686 8 0 6 75 2
Ž . Ž . Ž . Ž . Ž .C 12 4085 9 9294 9 1254 7 51 2
Ž . Ž . Ž . Ž . Ž .O 12 4342 8 10378 6 1106 6 77 2
Ž . Ž . Ž . Ž . Ž .C 1 2375 9 9316 8 2903 8 45 2
Ž . Ž . Ž . Ž . Ž .C 2 1703 11 9585 11 3573 9 70 3
Ž . Ž . Ž . Ž . Ž .C 3 1190 10 8524 11 4011 8 60 3
Ž . Ž . Ž . Ž . Ž .C 4 1418 8 7267 10 3746 7 52 2
Ž . Ž . Ž . Ž . Ž .C 5 2138 8 7079 8 3015 7 41 2
Ž . Ž . Ž . Ž . Ž .C 6 2434 9 5731 8 2700 7 40 2
Ž . Ž . Ž . Ž . Ž .C 7 1882 10 4595 8 2940 8 57 2
Ž . Ž . Ž . Ž . Ž .C 9 2856 12 3370 10 1830 9 71 3
Ž . Ž . Ž . Ž . Ž .C 8 2122 13 3405 11 2518 9 79 3
Ž . Ž . Ž . Ž . Ž .C 10 3426 10 4573 8 1612 8 59 3

U is defined as one third of the trace of the orthogonalized Ueq ij
tensor.

allowed to stand several days under nitrogen at 658C,
and then the reaction mixture was cooled to room

Žtemperature. The red microcrystalline precipitate 1.016
.g, 68% was filtered, washed with small amounts of

methanol and dried in air. A crystal suitable for X-ray
diffraction measurement was obtained from the precipi-

Žtate without recrystallisation. Found: C, 44.9; N, 7.5;
H, 3.3. C H Cl N O Ru requires C, 44.6; N, 7.4;28 24 2 4 4 2

. y1 Ž . Ž . Ž .H, 3.2 . n rcm CO 2020 br, vs , 1977 s , 1928max
Ž . Ž .br, vs KBr . Poor solubility of the dimeric complex

Ž .prevented NMR-studies Fig. 1 .

2.6. X-ray data collection and structure solutions

X-ray diffraction data were collected with a Nicolet
Ž . ŽR3m diffractometer complex 1 or a Syntex P21 com-

.plexes 2 and 3 using graphite monochromated MoK a
˚Ž .radiation ls0.71073 A . The crystals suitable for

X-ray diffraction studies were carefully chosen by mi-
croscopic examination and mounted on glass fibers.
Cell parameters were obtained from 25 automatically
centred reflections. Intensities were corrected for back-
ground, polarization and Lorentz factors. Data collec-
tion, data reduction and cell refinement were carried out

w xwith the P3rP4-diffractometer program V 4.27 18–20 .
The structures were solved by direct methods. The
structure solution was carried out with the SHELXS 86
program and structure refinement with the SHELXL 93

w xprogram 18–20 . All non-hydrogen atoms were refined
anisotropically. Aromatic hydrogens and methyl group

Žhydrogens were placed in idealised positions aromatic
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w Ž .Ž . x Ž . w Ž .Ž . x Ž .Fig. 2. Topside view of the dimeric complexes Ru bpy CO Cl 1 in C2rm, Ru bpy CO Cl 2 in both C2rm and P2rc, and2 2 2 2
w Ž .Ž . x Ž .Ru dmbpy CO Cl 3 .2 2

˚ ˚ .C–Hs0.93 A, methyl C–Hs0.96 A . Chloroform
hydrogen in 2 was located from the difference Fourier
map and refined isotropically with fixed isotropic dis-

˚2Ž .placement parameter Us0.05 A . No decomposition
of the complexes studied was observed during the data
collection with the X-ray diffractometer. The crystallo-
graphic data are collected in Table 1, the selected bond
lengths, bond angles, and refined atomic coordinates in
Tables 2–7.

w Ž .Ž . xThe unit cells of Ru bpy CO Cl were determined2 2
for twelve different crystals from several separate syn-
thesis. Two crystals belong unambiguously to space
group P2rc while 10 crystals belong to space group
C2rm. The structure solution in C2rm has been re-

w xported earlier 9 , including disordered mixture of two
Ž .rotamers: staggered and ‘anti eclipsed’ Fig. 2 . Struc-

ture solution in space group P2rc gave a staggered
rotamer without disorder. These results show that the
dimer crystallizes in two different space groups and the
ratio of two isomers varies from crystal to crystal. Since
the structural solution in C2rm is the same as the

w xsolution reported earlier 9 , it has been added here only
as a supplementary material. 1

3. Results and discussion

Different substituent groups attached to bipyridine
rings can be seen to be simple tools for modifying the
properties of Ru–bipyridine complexes. The substituent
groups, either electron withdrawing or electron pushing,
can alter the electronic properties of these complexes,
which can be detected, for example, by cyclic voltam-

w xmetry and by spectral studies 10,11,21 . Sterically hin-
dering groups attached to 2,2X-bipyridine rings may alter

1 w Ž .Ž . xSelected bond lengths for Ru bpy CO Cl in C2rm: Ru–Ru2 2
˚ ˚ ˚Ž . Ž . Ž . Ž .2.847 1 A, Ru–Cl 2.498 2 A, Ru–N 2.038 6 and 2.156 6 A,

˚Ž . Ž .Ru–C 1.816 7 and 1.953 9 A. Complete structural data are avail-
able as supporting information.

the coordination properties of the metal centre in Ru–
bpy complexes, depending on the position of the sub-

w xstituent groups in the bpy ligand 12,13 . In addition,
methyl substitution of 2,2X-bipyridine has been reported
to enhance the solubility of resulting complexes in

w xcommon organic solvents 12 .
For both the methyl substituted Ru-monomers syn-

thesised in this work, only a very slight low-frequency
shift of the CO stretching bands was observed in com-
parison to the unsubstitu ted R u-com plex

Ž .Ž . Ž Ž .Ru bpy CO Cl n CO in dichloromethane: 20652 2
y1 y1 Ž .Ž . Ž .cm and 2000 cm for Ru tmbpy CO Cl 1 ,2 2

y1 y1 Ž .Ž .2063 cm and 1999 cm for Ru dmbpy CO Cl2 2
Ž . y1 y1 Ž .Ž .2 vs. 2067 cm and 2003 cm for Ru bpy CO Cl2 2
w x.9 . It may be noted here that the changes in carbonyl
stretching frequencies with complexes concerned in this
paper require changes in the electron density of the
metal centre, due to differently substituted polypyridine
ligands, which in turn has been reported to be depen-

w xdent on the distortions of the bipyridine rings 22 . For
both monomeric complexes, slight distortions of the

Žmethyl substituted bipyridine rings was observed see
. Ž .below . No changes in the n CO bands could be

reliably detected for the methyl substituted Ru dimer
w Ž .Ž . xRu dmbpy CO Cl owing to the poor solubility of2 2
both this complex and the corresponding unsubstituted

w Ž .Ž . x w x Ždimer Ru bpy CO Cl 9 the IR spectra for these2 2
compounds were measured as KBr discs, which tend to

.broaden the stretching bands observed . A much more
significant high-frequency shift of the CO stretching
bands is observed when the Cl-ligands are replaced by

w x Ž Ž . Ž .SCN-groups 13 n CO in dichloromethane: 2071 s
y1 Ž .Ž . Ž . .and 2020 cm for Ru bpy CO SCN , which indi-2 2

cates a somewhat decreased electron density in the
metal centre of this complex.

w Ž . xThe reactions of Ru CO Cl with both tmbpy and3 2 2
dmbpy in THF are essentially similar; in both cases the
products are octahedral ruthenium bipyridine com-
plexes, as verified by single crystal X-ray crystallogra-
phy. Although the crystal structures of the free ligands
tmbpy and dmbpy have not been determined, the struc-
tural effects of the coordination of related substituted
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Ž .Ž . Ž . Ž .Fig. 3. The structure of Ru dmbpy CO Cl PCDCl 2 . The2 2 3
solvent molecule has been omitted for clarity.

bipyridine ligands to a metal tetracarbonyl centre have
w xpreviously been studied crystallographically 14–17,22 .

The structures for complexes 1 and 2 are given in Figs.
3 and 4. The substituent methyl groups in 4,4X,5,5X- or
4,4X positions in bpy rings do not interfere with the
coordination of these polypyridine ligands to the metal
centre, which is clearly shown in the nearly planar
arrangement of the bpy ring halves in these compounds.
The dihedral angle between the planes of the bipyridine

Ž .Ž .ring halves is about 1.68 for Ru dmbpy CO Cl and2 2
Ž .Ž .8.18 for Ru tmbpy CO Cl , with the aromatic ring2 2

normals being slightly bent away from the axial car-
bonyls. As a comparison, the corresponding value for
6,6X-dimethyl substituted Ru–dmbpy analogue is 168

w x13 , which indicates considerable strain in the bipyri-
dine ring system of this complex, mainly due to the
electronic repulsion of the methyl groups and the car-
bonyl ligands in the equatorial plane in this complex.

The bipyridine ring halves are not chemically equiva-
lent for either of the mononuclear Ru–bpy complexes
studied, as indicated by the 10-peak patterns in the
aromatic region of the 13C NMR spectra of complexes 1
and 2. Similarly, the two carbonyl resonances found for
both of these complexes indicated that different ligands
are positioned trans to the CO ligands, which confirms

Žthe cis-CO, cis-Cl structures for these complexes in
.CDCl . The Ru–N bond lengths trans to CO ligands3

are slightly longer than the corresponding values trans
to Cl ligands, which shows the trans effect of the

˚ ˚Ž Ž . Ž . Ž .carbonyl groups 2.107 5 A and 2.095 6 A vs. 2.070 5
˚ ˚Ž . .A and 2.049 6 A for complexes 1 and 2, respectively .
Otherwise the observed bond lengths and angles are

Ž X .rather typical of the Ru-mono 2,2 -bipyridine com-
w xplexes reported earlier 9,13 . The selected bond lengths

and angles for complexes studied in this work are given
in Tables 2 and 3.

Since these complexes withstand rather harsh condi-
tions, they can be seen as intriguing starting materials
for further modified compounds. Methyl groups in 4,4X-
dimethyl substituted bipyridine have been converted to
carboxylic acid or trichlorosilylethyl groups to anchor

ruthenium bipyridine compounds to TiO or SnO sur-2 2
w xfaces for photochemical applications 23–27 . Accord-

ing to our experience, the methyl groups in 2 may be
converted to carboxylic acid groups in oxidising acidic

w xsolution 28 .
As noted from the syntheses of the monomeric and

dimeric complexes, the solvent used determined the
reaction products. After filtration of the poorly soluble

Ž .dimeric complex 3 from the glycolroctanol solution, a
second precipitate was obtained from the brownish yel-
low alcoholic solution after prolonged standing. Simi-

w Ž .Ž . x w xlarly to the synthesis of Ru bpy CO Cl 9 , the2 2
precipitate consisted of two compounds, the ‘high-pair’
Ž .identified as complex 2 and the ‘low pair’ compound
Ž y1 Ž . .n rcm CO in CH Cl : 2033, 1963 , which maymax 2 2
b e id e n t if ie d a s m o n o m e r ic h y d r id e

Ž .Ž .Ru dmbpy CO ClH.2
w Ž .Ž . x Ž .The IR spectrum of Ru dmbpy CO Cl 3 is2 2

quite sim ilar to that reported earlier for
w Ž .Ž . x w xRu bpy CO Cl 9 , indicating the formation of Ru–2 2
bpy dimer in ethylene glycolroctanol solution. The
crystal structure of complex 3 was resolved by X-ray
diffraction measurement with a single crystal obtained
directly from the reaction mixture. The bond lengths

w Ž .Ž . xand angles observed for Ru dmbpy CO Cl closely2 2
resemble the corresponding values for the unsubstituted

Ž .Ru–bpy dimer resolved in space group P2rc 4 , the
Ž . Ž Ž .Ru–N bpy bonds are almost equally long 2.129 7 and

˚Ž . w Ž .Ž . x Ž .2.112 7 A for Ru dmbpy CO Cl vs. 2.126 7 and2 2
˚Ž . w Ž .Ž . x .2.122 6 A for Ru bpy CO Cl with almost identi-2 2

Ž . Ž . Ž Ž .cal bipyridine ‘bite angles’ N 1 –Ru–N 2 76.8 3 8 vs.
˚Ž . . Ž Ž .76.3 3 8 . The Ru–Ru bond distances 2.854 2 A for 3

Ž . .and 2.848 1 for 4 are comparable with the value
w Ž .Ž . x Ž Ž ..reported earlier for Ru bpy CO Cl 2.860 1 re-2 2

w xsolved in space group C2rm 9 . In both cases, the
axial Ru–Cl bonds are affected by the Ru–Ru-bond,
resulting in relatively long Ru–Cl bond distances

˚Ž Ž . Ž . .2.509 3 A for 3 and 2.497 2 for 4 .
w Ž .Ž . xRu dmbpy CO Cl forms uniquely a staggered2 2

rotamer, but unlike in the staggered rotamer of
w Ž .Ž . xRu bpy CO Cl , the Ru–dmbpy-units are partially2 2

Ž .Ž . Ž . Ž .Fig. 4. The structure of Ru tmbpy CO Cl 1 .2 2



( )P. Homanen et al.rJournal of Organometallic Chemistry 552 1998 205–211 211

Žoverlapping as viewed from the Ru–Ru bond direction
.in Fig. 4 . In this case, it is possible that the arrange-

ment of the bpy units is determined by the bulky methyl
groups attached to the bpy rings and the opposing
carbonyl ligands by steric and electronic factors.

Despite the excess of the dmbpy ligand used in
synthesising complexes 2 and 3, spectroscopic and crys-
tallographic studies only revealed the formation of

Ž X .mono 2,2 -bipyridine complexes.

4. Conclusions

Ž X .Monomeric Ru-mono 2,2 -bipyridine complexes are
known to be precursors for a highly active Ru–bpy
catalyst which reduces electrochemically CO and2
catalyses water gas shift reaction. The detailed charac-
terisation of this compound, which is believed to be
polymeric, has not been successful, possibly due to
different rotameric substructures in the polymeric Ru–
Ru chain. The importance of the structural study of this
material lies in the mapping of the different active sites
in the metallic backbone of the compound resulting
from different rotameric arrangements of both the car-
bonyl and bipyridine ligands.

In the present study, we have shown that the
monomeric precursor of the Ru–bpy polymer can be
structurally modified at the bipyridine rings. Ruthe-

Ž .nium-mono bipyridine derivatives, methylated at the
4,4X and at the 4,4X-5,5X sites, have been synthesised and
structurally characterised. It has been also demonstrated
that the choice of solvent can be used to direct the
complexation reaction to dimeric species. The structure
of the dimeric methyl substituted complex
w Ž .Ž . xRu dmbpy CO Cl shows how methyl groups in the2 2
bipyridine ligands may be used to guide the crystallo-
graphic packing in a corresponding dimeric Ru–bpy
complex. The bulky sidechains in the 4,4X positions of
the bipyridine ligand locks the rotation and gives an
ordered dimeric ruthenium complex. This result may
lead to the synthesis of an ordered Ru–bpy polymer and
to controlled modification of the catalytically active
sites.

4.1. Supporting information aÕailable

Tables of atomic positional and U parameters, bond
lengths and angles, anisotropic displacement coeffi-
cients, and H coordinates and U values for 1–4 and
tables of crystallographic data, atomic coordinates and
U values, bond lengths and angles, and anisotropic

w Ž .Ž . x Ždisplacement coefficients for Ru bpy CO Cl in2 2
.space group C2rm .
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