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The synthesis of a number of new 2,2'-bipyridine ligands, functionalized with bulky ester side groups, is reported
(L2-L8). Their reaction with [Ru(DMSO)4Cl;] gives rise to tris-chelate ruthenium(ll) metal complexes which show
an unusually high proportion of the fac-isomer, as judged by *H NMR following conversion to the ruthenium(ll)
complex of 2,2'-hipyridine-5-carboxylic acid methyl ester (L1). The initial reaction appears to have thermodynamic
control with the steric bulk of the ligands causing the third ligand to be labile under the reaction conditions used,
giving rise to disappointing yields and allowing rearrangement to the more stable facial form. DFT studies indicate
that this does not appear to be as a consequence of a metal centered electronic effect. The two isomers of
[Ru(L1)3](PFs), were separated into the two individual forms using silica preparative plate chromatographic procedures,
and the photophysical characteristics of the two forms compared. The results appear to indicate that there is no
significant difference in both their room temperature electronic absorption and emission spectra or their excited
state lifetimes at 77 K.

Introduction ligands and the metal centers relative to each another. Recent

Over the past decade, assemblies containing polypyridineStudies have indicated that the interaction of DNA is very
complexes of ruthenium(ll), osmium(ll), and rhodium(ill) dependent on the ligand orientation within dinuclear spe-
have attracted considerable intere$his can be attributed ~ ¢1€s”*® Similarly, it has been shown that the distance
to their unique combination of complex stability, redox Petween, and the orientation of, individual groups within
activity, and photophysical behavidr* In particular, they ~ !arger assemblies can have small but significant effects on
have been considered as probes in the structural elucidatiorf"® redox potentials and excited-state lifetinie$.Conse-
of DNA® and received much attention for their potential role 9uently, the isolation and study of single isomeric forms is
in photoactivated energy and electron transfer sysfefns. Important in the preparation of new functional materials.

In order to bring these individual units together within a  Significant progress has been made in the control of metal
larger assembly designed for a specific task, it is essential centered chirality in such species, using enantiopure building

to be able to control the spatial arrangement of both the PIocks such asA- or A-cis[Ru(bpy)(py)]*" ** among
others!*16 but the consideration of geometrical isomerism
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there differences in the photophysical propertiesef-/ fac-
isomers of simple monomeric species of [Ru@]a) (where

L1 is 2,2-bipyridine-5-carboxylic methyl ester)? Such a unit
could potentially be the building block of larger supra-
molecular assemblies since the three bipyridine chelates bear
suitable groups to allow further substituti&hln order to
assess its suitability for the preparation of polynuclear
structures, it is important to understand the properties of the

_ fac-isomer mer-isomer individual components.
Figure 1. Schematic illustration of thdac- and mertris(bipyridine) . L .
complexes of ruthenium(l). Using a similar methodology to that described by Keene

et al.’® we have recently demonstrated that cation-exchange
appears to have been the subject of only one detailedchromatography can be used in the separation ofribe
study!”18Qver the past few years, we have turned our focus andfacisomers of a range of 5-substituted-‘Zhipyridines®®
on the isolation of isomerically pure tris-chelate complexes However, deesterification and chiral resolution on the ion-
containing monofunctionalized 2;Bipyridine ligands. These ~ exchange resin hampered the isolation of significant quanti-
can adopt both the meridionahér) and facial fac-) isomers ties of isomerically pure [Ru(L3)?*. In an alternative
(Figure 1). In a typical synthesis, using three identical ligands, strategy, thefac-isomer has been isolated by forming a
a statistical distribution of three parts of threerisomer will tripodal podand ligand, and subsequent disconnection of the
be produced to one of tHacisomer. This ratio arises from three arms to give the freflacisomer in a method similar
the potential orientation of the ligands in a stepwise addition to that described by Weizmann et?algiving the complex
to the metal center. However, due to the steric requirementsfac-[Ru(L1)s]?*. The isolation of thenerisomer proved to
of the ligand, preceding results indicate that the ratio can be be more problematic. Following our previous observation
further tipped in favor of thenerform.1® that large bulky groups favor the formation of theer-
Despite the vast wealth of literature examining the poly- isomer;®we discuss here the possibility of using this effect
pyridine complexes of ruthenium(ll), there are remarkably in the preparation ofmer{Ru(L1);]** and examine the
few studies that have addressed the implications of the Photophysical properties of both tmeer- andfacisomers.
stereochemistry upon the photophysical properties of these
compounds. A number of di- and trinuclear complexes have
been explored giving differing results. The studies performed  Instrumentation. *H and3C NMR spectra were recorded on a
by Vos and co-workers indicate that there are no differencesBruker DPX 300 and DRX500 using the solvent as an internal
in the properties of thenese and rac-forms of dinuclear reference, electronic spectra were recorded on a Perkin-Elmer
species bridged by either 3,5-bis(pyridin-2-yl)-1,2,4-tria%ble Lambda 800 spectrophotometer, and emission spectra were recorded
or 1,I-benzimidazolé! However, the studies by Keene on a Perkin-EImer_ LSS_S_ spectrofluprimeter having adjusted the
indicate small but significant differences in the electrochemi- sample concentration giving the Uis at’)sorpnon of the MLCT
. . band to 0.1. Emission quantum yieldbd,'s) were calculated by
cal and absorption properties of threese andrac-forms of using [Ru(bipy}](PFe)s as a standard in acetonitrile (0.082§°
dinuclear complexes bridged by azobis(2-pyriditfedhe N

. = - ! Microanalyses and El mass spectroscopy were performed by ASEP,
excited-state lifetimes of a range of diastereoisomers of the the school of Chemistry, The Queen’s University of Belfast. The

trinuclear species bridged by 1,4,5,8,9,12-hexaazatri- | 5|-MS (FAB) and electron impact mass spectroscopy was
phenylené&? and the intervalence charge transfer frequency performed by the EPSRC mass spectroscopy service, The University
in complexes bridged by 2,3-bis(2-pyridyl)-1,4-benzo- of Wales, Swansea, U.K. Lifetime measurements were recorded
quinoxaline?* Further, there is good evidence that the by Dr. W. R. Browne at The School of Chemistry, The Queen’s
orientation of a donor/acceptor pair around a [Ru(kijy) University of Belfast, using previously described experimental
chromophore appears to affect the lifetime of the resulting methods?

charge separated staf-However, the question remains: Are Materials. All starting materials were used as received from the
supplier. Laboratory grade solvents were used unless otherwise

Experimental Section
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thenium(I1¥t and 2,2-bipyridine-5-carboxylic acitf were prepared
via literature procedures.

Ligand Synthesis.All ligands were prepared by a similar route.
2,2-Bipyridine-5-carboxylic Acid Phenyl Ester (L2). 2,2-
Bipyridine-5-carboxylic acid (0.421 g, 2.01 mmol) was refluxed
in thionyl chloride (30 mL) for 1 h. The thionyl chloride was

Armstrong et al.

8.75 (1H, d,J = 4.8 Hz, bipyH®), 9.49 (1H, s, biplb). °C: o
164.2 (COO0), 160.2 (Q), 155.5 (Q), 151.1 (CH), 149.5 (CH), 148.3
(naQ), 138.6 (CH), 137.1 (CH), 133.9 (naQ), 131.7 (naQ), 129.6
(naH), 127.9 (naH), 127.8 (naH), 126.7 (naH), 125.9 (naH), 125.3
(Q), 124.7 (CH), 122.1 (CH), 121.0 (naH), 120.7 (CH), 118.7 (naH).
2,2-Bipyridine-5-carboxylic Acid (Undec-2-yl) Ester (L6). The

removed under reduced pressure, and the pale yellow solid wascrude product was purified by Soxhlet extraction into hexane,

dried in vacuo for 2.5 h. The resulting solid was dissolved in dry
toluene (or THF) (50 mL) and triethylamine (2 mL) to which was
added phenol (0.297 g, 3.16 mmol). This mixture was refluxed for

followed by column chromatography eluting with DCM/2% MeOH,
isolating the major fraction by evaporation of the solvent. Yield
12.5%. Found: C, 74.54; H, 8.59; N, 8.45%,,830N,0, re-

4 h and stirred for a further 16 h at room temperature. The organic quires: C, 74.57; H, 8.47; N, 7.984 NMR (300 MHz, CDC}):

solution was then washed with water (80 mL) and dried over

5 0.89 (6H, m, Gis), 1.33 (12H, m, i), 1.67 (4H, m, Giy),

anhydrous magnesium sulfate. The solvent was then removed in5.19 (1H, m, CH), 7.36 (1H, dd] = 4.7 and 7.5 Hz, bipyl5),
vacuo, and the resulting pale beige solid was dried in vacuo for an 7.85 (1H, dd,J = 8.0 and 7.5 Hz bipi4), 8.42 (1H, d,J = 8.3

hour. The crude product was recrystallized from acetone/water.

Yield 0.154 g, 27%. Found: C, 71.11; H, 4.46; N, 8.95%.
C17H12N202‘0.5(|'b0) requires C,71.57;H, 459; N, 9.8 NMR
(300 MHz, CDC}): 6 7.26 (2H, d,J = 7.5 Hz, Pi?), 7.30 (1H,
d,J= 7.5 Hz, Pi*), 7.39 (1H, ddJ = 4.8 and 7.6 Hz, bipy®),
7.46 (2H, dd,J = 7.5 and 7.5 Hz, PHq), 7.88 (1H, ddJ = 8.0
and 7.6 Hz, bipi*), 8.53 (1H, dJ = 8.0 Hz, bipyH?), 8.58 (2H,
m, bipyH? and bipyH#), 8.74 (1H, d,J = 4.8 Hz, bipyH°), 9.44
(1H, s, bipyH®). 13C: 6 164.0 (COO0O), 160.1 (Q), 155.1 (Q), 151.0
(CH), 150.7 (PhQ), 149.5 (CH), 138.5 (CH), 137.1 (CH), 129.6
(2PhH), 126.2 (PhH), 125.3 (Q), 124.7 (CH), 122.1 (CH), 121.6
(2PhH), 120.7 (CH). E.I-MSWz 277 [M]*.

2,2-Bipyridine-5-carboxylic Acid (3,4-Dimethyl-phenyl) Ester
(L3). The crude product was recrystallized from methanol. Yield
34%. Found: C, 72.92; H, 5.23; N, 8.68%:816N,0,-0.5(H:0)
requires: C, 72.83; H, 5.47; N, 8.944 NMR (300 MHz, CDC}):
0 2.36 (3H, s, Me), 2.38 (3H, s, Me), 6.98 (1H, 3= 8.1 Hz,
PHHS), 7.03 (1H, s, PH?), 7.19 (1H, d,J = 8.1 Hz, Pi%), 7.38
(1H, dd,J = 4.8 and 7.4 Hz, bipy®), 7.87 (1H, ddJ = 7.9 and
7.4 Hz, bipH*), 8.52 (1H, d,J = 7.9 Hz, bipyH?), 8.56 (2H, m,
bipyH3 and bipyH4), 8.73 (1H, d,J = 4.8 Hz, bipyH?), 9.42 (1H,
s, bipyH®). 13C: § 164.6 (COO0), 160.3 (Q), 155.4 (Q), 151.4 (CH),
149.8 (CH), 148.9 (PhQ), 138.9 (CH), 138.5 (PhQ), 137.5 (CH),
134.9 (PhQ), 130.9 (PhH), 125.7 (Q), 125.0 (PhH), 122.9 (PhH),
122.4 (CH), 121.0 (CH), 119.0 (CH), 20.3 (Me), 19.7 (Me). ES-
MS m/z 304 [M]*.

2,2-Bipyridine-5-carboxylic Acid (2,6-Dimethyl-phenyl) Ester
(L4). The crude product was recrystallized from methanol. Yield
30%. Found: C, 70.84; H, 5.46; N, 8.27%,98,6N,O, requires:
C, 70.79; H, 5.63; N, 8.69H NMR (300 MHz, CDC}): ¢ 2.27
(6H, s, Me), 7.16 (3H, m, R#*5), 7.42 (1H, ddJ= 4.7 and 7.4
Hz, bipy H%), 7.91 (1H, dd,J = 7.9 and 7.4 Hz, bipy*), 8.61
(1H, d,J = 7.9 Hz, bipyH?), 8.64 (2H, m, bipy® and bipyH*),
8.78 (1H, d,J = 4.6 Hz, bipyH®), 9.53 (1H, s, bip#®). 13C: o
162.9 (COO0), 159.8 (Q), 154.6 (Q), 150.7 (CH), 149.2 (CH), 147.8
(PhQ), 138.3 (CH), 136.9 (CH), 129.9 (PhQ), 128.5 (PhH), 125.9
(PhH), 124.6 (Q), 124.4 (CH), 121.8 (CH), 120.5 (CH), 16.1 (Me).
ES-MSm/z 304 [M]*.

2,2-Bipyridine-5-carboxylic Acid (Naphthalen-2-yl) Ester
(L5). The crude product was recrystallized from dichloromethane/
acetone. Yield 36%. Found: C, 77.02; H, 4.77; N, 8.45%.
C,1H14NLO; requires: C, 77.30; H, 4.32; N, 8.58. ES-M%z 327
[MH] *. *H NMR (300 MHz, CDC}): 6 7.38 (1H, ddJ= 4.8 and
7.6 Hz, bipyH®), 7.40 (1H, ddJ = 2.2 and 9.0 Hz, ndd), 7.56—
7.50 (2H, m, n&l®, naH"), 7.75 (1H, dJ = 2.2 Hz, n&Y), 7.91—
7.77 (3H, m, n&l®, naH?8, bipyH*), 7.94 (1H, dJ = 9.0 Hz, n&l%),
8.55 (1H, d,J= 7.9 Hz, bipyH?®), 8.61 (2H, m, bipyi® and bipyH4),

(31) Evans, . P.; Spencer, A.; Wilkinson, &.Chem. Soc., Dalton Trans.
1973 204-209.
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Hz, bipyH4), 8.46 (1H, d,J = 8.3 Hz, bipyH?), 8.50 (1H, dJ =
8.2 Hz, bipyH?3), 8.71 (1H, d,J = 4.8 Hz, bipyH?), 9.27 (1H, s,
bipyH®). 13C: 6 164.0 (COO0), 158.2 (Q), 154.1 (Q), 149.4 (CH),
148.3 (CH), 136.9 (CH), 136.0 (CH), 125.2 (Q), 123.4 (CH), 120.8
(CH), 119.4 (CH), 74.8 (CH), 33.0 (G} 30.7 (CH), 23.9 (CH),
21.5 (CH), 12.9 (CH). ES-MSm/z 355 [M]*.
2,2-Bipyridine-5-carboxylic Acid (Adamantan-1-yl-methyl)
Ester (L7). The crude product was purified by recrystallization
from hexane. Yield 22%. Found: C, 74.46; H, 6.77; N, 7.94%.
C2:H24N2O, requires: C, 75.83; H, 6.94; N, 8.044 NMR (300
MHz, CDCk): 6 1.63-1.88 (12H, m, i), 2.04 (3H, m, &),
3.98 (2H, s, OCH), 7.37 (1H, ddJ = 4.8 and 7.3 Hz, bipy®%),
7.86 (1H, ddJ = 7.6 and 7.9 Hz, bipyl*), 8.42 (1H, ddJ = 8.3
Hz, bipyH4), 8.48 (1H, d,J = 7.9 Hz, bip\H?), 8.52 (1H, dJ =
8.3 Hz, bipyH?3), 8.72 (1H, d,J = 4.7 Hz, bipyH?), 9.31 (1H, s,
bipyHS). 13C: ¢ 165.8 (COO0), 159.7 (Q), 154.3 (Q), 150.8 (CH),
149.8 (CH), 138.4 (CH), 137.5 (CH), 126.5 (Q), 124.9 (CH), 122.2
(CH), 120.9 (CH), 75.21 (OC}), 39.4 (3ACH), 37.2 (3ACH), 33.6
(Q), 28.1 (3CH). ES-MSn/z 349 [M]".

2,2-Bipyridine-5-carboxylic Acid (Adamantan-2-yl) Ester
(L8). The crude product was purified by recrystallization from
methanol. Yield 24%. Found: C, 73.51; H, 6.80; N, 8.41%.
C21H2:N>0,:0.5(H,0) requires: C, 73.46; H, 6.58; N, 8.38
NMR (300MHz, CDC}): 1.61-1.92 (10H, m, &), 2.08 (2H, m,
CH), 3.49 (2H, m, CH), 5.25 (1H, m, OCH), 7.37 (1H, dds= 4.7
and 7.6 Hz, bipi®), 7.85 (1H, ddJ = 7.6 and= 8.0 Hz, bipyH*),
8.44 (1H, dd,J = 8.3 Hz, bipyH%), 8.48 (1H, d,J = 8.0 Hz,
bipyH?), 8.52 (1H, d,J = 8.3 Hz, bip\H?), 8.72 (1H, ddJ = 4.7
Hz, bipyH®), 9.34 (1H, s, bip#®). 13C: ¢ 163.6 (COO), 158.2
(Q), 154.1 (Q), 149.5 (CH), 148.4 (CH), 136.9 (CH), 136.0 (CH),
125.6 (Q), 123.4 (CH), 120.8 (CH), 119.5 (CH), 77.1 (O%137.7
(CHy), 36.7 (2CH) 33.9 (CH), 32.4 (2Ch), 27.7 (CH), 27.4 (CH),
27.3 (CH). ES-MSwWz 334 [M]*.

Complex SynthesisAll complexes were prepared by a similar
route.

[Ru(L2)3](PFg)2. To a refluxing ethanolic (60 mL) solution of
L2 (51 mg, 0.185 mmol) and silver nitrate (100 mg) was added
Ru(DMSO)CI; (25.5 mg, 0.0527 mmol) in small portions over an
hour. The reaction mixture refluxed for a further 3 h. Sodium
chloride (5 mg) was added, and the brown-orange mixture was
filtered. The solvent was removed in vacuo and the dark residues
dissolved in water (50 mL). Ammonium hexafluorophosphate (50
mg) was added giving the product as a dark red precipitate, which
was collected by filtration. (Further purification if required was
achieved by recrystallization from acetone/water and passage down
a Sephadex LH20 column eluting with acetone.) Yield 61.6 mg,
96%. Found: C, 45.73; H, 3.33; N, 6.96%s:83¢F1.2NsOsPRU-
0.5(NHPF)-4(H,0) requires: C, 45.80; H, 3.17; N, 6.82. LSI-
MS: [M — PR] 1075, [M — 2PR] 930.
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[Ru(L3)3](PFe)2. Yield 88%. Found: C, 50.76; H, 4.04; N, 6.02. Scheme 1. Synthesis of Ligands L-1L8

Cs7H4gF12N6OsP-RU-0.5(H0) requires: C, 50.75; H, 3.96; N, 6.23. = | N
LSI-MS: [M — PRj] 1159, [M — 2PF] 1015. <N i)soc, SON
[Ru(L4)3](PFe).. Yield 40%. Found: C, 52.24; H, 3.82; N,
5.98%. G/HagF12NsOsP:RU requires: C, 52.50; H, 3.71; N, 6.44. N"Y ”>L°E'tue“ReO°|;THFv N7 |
LSI-MS: [M — PR 1159, [M — 2PF;] 1015. X > X
[Ru(L5)3](PFg).. Yield 58%. Found: C, 52.39; H, 3.70; N,
6.26%. GaHaoF1:NsOsP.RU-0.5NHPF; requires: C, 52.13; H, 3.06; 3 © ‘F.i ©
N, 6.27. LSI-MS: [M-2Pk] 1079/1080.
[Ru(L6)3](PFg).. Yield 38%. Found: C, 51.12; H, 5.48; N,
6.35%. GegHgoF12NgOsPoRU-0.5NHPFs requires: C, 51.6; H, 5.99; O
N, 5.93. LSI-MS: [M+ Na]* 1478, [M— PR 1310, [M — 2PFj] R= —Me L L5
1165. CeHi,
[RU(L7)3](PFe). Yield 23%. Found: C, 55.41; H, 5.07; N, @ L2 — L6
5.85%. GeH72F12NeO6P2RU requires: C, 55.19; H, 5.05; N, 5.78. Me CsH14
LSI-MS: [M — PR 1291, [M — 2PF;] 1146.
[Ru(L8)3](PFe).. Yield 55%. Found: C, 54.50; H, 6.24; N, —@Me L3 L7
5.78%. G3HgeF1o2NsOsPoRU Z(Q,HGO)'(HQO) requires: C, 54.80;
H, 5.17; N, 6.06. LSI-MS mass spec: [MPRK] 1249, [M — 2PFK] Me
1104.
All Complexes Were Converted to [Ru(L1}](PFg). via the L4 4@> L8

Same Route For example, [Ru(L4](PFs)2 (20 mg, 15.3umol)

was stirred in methanol (10 mL) and triethylamine (1 mL) for 24
h. The solvent was removed and the complex passed down a . . .
Sephadex LH20 column eluting with methanol. Following removal valence basis Se.t I used for the 2s orbﬁa}. The energy cutoff f(.)r
of the solvent, the complex was isolated as a red-brown solid. Yield the rgal space grid is 150 Ry, and the Iocallzatlgn radii of the basis
10.4 mg, 66%. The complex was characterizedHWMR giving functions were deter_mlned from an energy shlft_ of 0.0_1 eVv. Thg
a mixture of the two isomers similar to those described previddsly. calculated energy dlfferenc.e between the .tWO isomeric forms is
Isomeric separation of [Ru(LJl{PFs). was achieved using prepara- extremely small (0.04 eV), in favor of thfacisomer.

tive thick layer plate silica chromatography, eluted with a 20% The_ single-point energy calculations on the tV‘,’O isomeri(? forms
aqueous DMF solution saturated with ammonium chlori@eof optimized from SIESTA were also performed using Gaussi&h03.
mekisomer 0.62R; of facisomer 0.43.) The hybrid B3LYP exchange-correlation functioi¥af® and the

i N : .
Alternative Reaction Conditions Used in the Preparation of 3-21+G* basis set were used. The calculated energy difference

. . between the two isomeric forms in the gas phase is very small (0.09

[RU(L1)3](PFe), via [Ru(L5)s)(PFe)o. Identical reagents to those eV), in favor of thefacisomer. The solution effects were estimated
used in the preparation of [Ru(L§PFc), were employed, using a according to the PCM methdd,as implemented in Gaussian03
variety of solvent mixtures and temperatures: (a) with 22% benzene h lculated solvati ' diff s 009 eV i ¢ ) d
in ethanol at reflux, (b) with 50% toluene in ethanol at reflux, (c) The ca culated solvation energy dirierence Is ©.99 evin water an
ethylene glycol at 70C, (d) ethylene glycol at 106C, and (€) ethanol, in favor of thenerisomer in both cases.
ethylene glycol at 130C. When prepared in ethylene glycol, the Results and Discussion
reaction mixture was passed through a cation-exchange SP Sepha-
dex C25 column eluted with 0.1 M aqueous sodium 4-toluene- ~ Synthetic Results.Following a standard procedure de-
sulfonate to remove the organic solvent. The crude product from scribed previously$ a range of ligands L2L8 was prepared
each reaction was isolated by the addition of ammonium hexa- from 2,2-bipyridine-5-carboxylic acid via the acid chloride
fluorophosphate and extracted into dichloromethane and convertedysing the appropriate alcohols (Scheme 1). The yields were
to the methyl ester [Ru(L3)PFs), without further purification in
(a) 20%, (b) 86%, (c) 30%, (d) 52%, and (e) 32% overall yield. (34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

Density Functional Calculations. The geometry optimization M. A.; Cheeseman, J. R.; Montgomery, J. J. A.; Vreven, T.; Kudin,

. : K. N.; Burant, J. C.; Millam, J. M,; lyengar, S. S.; Tomasi, J.; Barone,
and total energy calculations were performed on [Rufl2)using V.: Mennucci, B.: Cossi, M.: Scalr)r/1an§il, G.. Rega, N.; Petersson, G.

Me

the SIESTA codé&? The standard DFT supercell approach with A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
GGA-PBE®functional is implemented, and the KohBham wave Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
function is expanded with localized basis sets. In the calculations, ~ H-: Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;

. . . . Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
Troullier—Martins norm-conserving pseudopotentials were used for 0.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
all the elements. In the Ru pseudopotential, the semicore states (4s,  Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
4p) are included. For all the atoms except the O, double- Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,

\arizati DZP lit val basi ti | d d th O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
polarization (DZP) split valence basis set is employed, and the B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;

semicore states of Ru are represented by sitglelarization (SZP). Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
For the O atoms, triplé&-polarization (TZP) split valence basis set Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y ;

: : ot : Nanayakkara, A.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
is used for the 2p orbital, and doublepolarization (DZP) split Gaussian03Gaussian, Inc.: Pittsburgh, PA, 2003,

(35) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.

(32) Soler, J. M.; Artacho, E.; Gale, J. D.; Garcia, A.; Junquera, J.; Ordejon, Phys. Chem1994 98, 11623-11627.
P.; Sanchez-Portal, Dl. Phys. Condens. Mattet002 14, 2745 (36) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.
2779. (37) Becke, A. D.J. Chem. Phys1992 96, 2155-2160.

(33) Perdew, J. P.; Burke, K.; Ernzerhof, ®hys. Re. Lett. 1996 77, (38) Becke, A. D.J. Chem. Physl993 98, 5648-5652.
3865-3868. (39) Peng, C. Y.; Schlegel, H. Bsr. J. Chem 1993 33, 449-454.
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observed to be significantly lower than expected. In par- methyl signals (3.653.70 ppm). The area enclosed by the
ticular, the bulky aliphatic ligands L-6L.8 proved extremely  signal pertaining to the most downfiefder proton was used
difficult to isolate and purify as the compounds appeared to to indicate the proportion of the adjacent overlying region
undergo rapid deesterification upon exposure to water andof the spectrum that arose from the protons offteisomer
decomposed in attempts to purify with silica chromatography. (Figure 2a,b). Due to the nature of the spectra, and the
Attempts were made to isolate additional compounds formed closeness of the peaks, the accuracy of the experiments
from a range of other secondary and tertiary alcohols (such(4+10%) was not ideal. However, a significant deviation from
as 2-methyl-2-propanol), but without success. While similar the expected behavior was observed.
species are known, substituted at the 4 ah#igyridine In previous studies, we have observed that transesterifi-
positions?®it appears that the preparation of bulky aliphatic cation to givefac-[Ru(L1)s](PFs), proceeded with complete
esters at the 5 position is more problematic and the productsretention of the metal centered stereochemi&tiowever,
are vulnerable to hydrolysis. in order to demonstrate this to be the case with the examples
Attempts were made to coordinate each of the ligands to under consideration in this study, the relative isomeric ratio
ruthenium(ll) by gently refluxing them in ethanol with  of both the complexes [Ru(L{PFs)2 and [Ru(L7}(PFs)2
[Ru(DMSO),Cl;] (where DMSO is dimethyl sulfoxide) in  was estimated to be 3:2.6 and 3:1.7, respectively, by inte-
the presence of silver nitrate. The crude reaction mixtures gration of the bipyridine Fl protons. Subsequent comparison
were filtered, giving a red-brown solution. Following removal with the resulting methyl ester complex [Ru(kJ(PFs)2
of the solvent, the product was precipitated from water with indicated that the ratios remained the same (Figure 2a,b and
ammonium hexafluorophosphate and the product passedrable 1).

down a Sephadex LH20 column, eluting with acetone and  The expected statistical ratio of the two isomers, assuming
recrystallizing from water/acetone several times. The yields 4 stepwise addition of ligands without them rearranging
were disappointingly low in each case (with the exception during the synthesis, should ber@rto 1 fac. The'H NMR

of the complex formed from L2). It appears that the bulky spectrum for the complex [Ru(LdjPFs). prepared directly
substituents hinder the reaction from going to completion. from the ligand L1 prove this to be the case (Tablé?l).
This was further confirmed by the presence of purple-brown Similarly, the isomeric mixture resulting from the phenyl
species, typical of complexes possessing only two of the gster |2 exhibited the same ratio. However, as the steric bulk
desired ligands surrounding the metal center. These byprod-of the ligands was increased by the inclusion of two methyl
ucts were removed during the purification. Second, the gypstituents on the phenolic group (L3 and L4), the quantity
compounds appear to be very susceptible to hydrolysis in of thefac-isomer present in the sample became significantly
the presence of water, leading to species bearing free aC|qarger than theory would suggest. Upon increasing the size
groups that could not be extracted from aqueous solution. of the ligand with a naphthyl group (L5), a 1:1 ratio of the
The identity of each new complex was confirmed by two jsomers was observed. A similar result was found for
elemental analysis. Unsurprisingly, the complexes were the pulky aliphatic substituents with ligands L6, L7, and L8
observed to retain water despite prolonged drying in vacuo. giving rise to a disproportionately high quantity of tfe-

The presence of the carbon rich ester groups was clearlyjgomer.

apparent in the CHN analyses. Similarly, LS| mass spec-  pjscyssion of the Synthetic ProceduresThe initial
trometry indicated the presence of each of the Complexesassumption had been that the use of the more sterically
by the appropriate ruthenium-bearing cluster less one hexa’demanding ester substituents would give rise to rties

fluorophosphate anion, [M- PF]™. isomer, as previously observed in alkyl substituted systéms.

Alttempts were made to characterize each of the complexesryg qoes not appear to be the case in the systems described
by *H NMR spectroscopy. However, the resulting spectra pere and could give a possible insight into the mechanism

proved to be complex, particularly in the aromatic region. ¢, ihe bipyridine ligand substitution reaction.

-(I—Fk:eufe:ezsae)n\(;\?hi?é :r\]N égcfsoor?neer:s g;csh agg?;gms'?n%aeih CaS€ \with the inclusion of large hydrophobic groups, the initial
9 ' P TSy ry interpretation of the results was that the ligands are forming

i(xi:::lﬁgge_!giﬁzt?e'{\:& tﬁhee;?:'ﬁ El‘i”éﬁgu'\i/&fn%;?fg an a micellular aggregation in the ethanolic solution, encouraged
. Sy -ty 9 giving . by the possibility ofrz-stacking interactions in the case of
independent set of signals). Consequently, little information ligand L54 Thus, the ligands with their polar bipyridine units

could be obtained from the spectra. To overcome the ~. .= " ; .
. - : . : . pointing into the bulk solution would be prearranged in the
problems in determining the relativeerfac isomeric ratio, . . . .
correct orientation to form thé&c-isomer, leading to the

each of the complexes were converted to the methyl eSterdisproportional ratio observed. In order to confirm this

l_rilettr:y Iztrlrzrirg o_\rlﬁémg\tg a};g%);ictefrgfrirsatg;eﬂ:g n::it:]a?;y hypothesis, the reaction conditions were changed. To remove
[Ru(Lyl) 1o héve reviously been describ®d® and so tr?e possibler-stacking interactions in the bulk solution, and to
3 P y ' reduce the possibility of micelle formation, the reaction with

peaks pertaining to them can be identified and mtegrated"gand L5 was performed under virtually identical conditions,

leading to the relative ratio of the two products. This was : : . 0 0 .
achieved by examining the SH(7.50-7.65 ppm) and the but including either 22% benzene or 50% toluene in the

(40) Sapp, S. A.; Elliott, C. M.; Contado, C.; Caramori, S.; Bignozzi, C. (41) Hunter, C. A.; Sanders, J. K. M. Am. Chem. S0499Q 112 5525-
A. J. Am. Chem. So002 124, 11215-11222. 5534.
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Figure 2. H NMR spectra of (a) [Ru(L3)(PFe)2, (b) [Ru(L1)](PFe)2 (derived from [Ru(L3)](PFs)2), (c) mer[Ru(L1)s](PFs)2, and (d)fac-[Ru(L1)s](PFs)2
(500 MHz, 25°C, des-acetone).

ethanolic solution. In both cases, the yield was notably substituents in the 6 and énd to a lesser extent the 5 and
smaller than anticipated, with a large quantity of the brown/ 5' positions, however, are known to cause destabilization of
purple di-chelated complex removed upon purification. The the tris-chelate complexes due to imposed steric constrdints.
isomeric ratio (3:2.4+ 0.3) (Table 1) of the two products, In the ligands under investigation, the inclusion of bulky
identified following conversion to the complex [Ru(lsk) substituents appears to hinder the complexation of the final
(PFs)2, again showed a significantly enhanced quantity of ligand, giving rise to the low yields. In addition, complex
the facisomer. Consequently, it would be reasonable to [Ru(L5)s](PFs). was noted to decompose upon prolonged
assume that the ligands are not preorganizing themselvesstanding, implying that the tri-chelate complex is unstable
prior to the complexation reaction, but at a later stage. with respect to ligand dissociation. Since there appears to
Alternatively, the unusual preference for tfae-isomer be a kinetic lability, it is possible that one of the ligands
may be due to ligand rearrangement following initial complex could temporarily dissociate, and then recombine in a
formation. The bonding between the chelating-Bjpyridine thermodynamically more stable configuration. To investigate
chelate and the low spirfdround state ruthenium(ll) center : .
is considered to be extremely strong, strengthenedrbgck- 42 gg”géég_%"gg‘gag”a' S.; Balzani, V.; Gremaudirg. Chem1988
donation to thex* ligand orbitals??> The inclusion of (43) Fletcher, N. CJ. Chem. Soc., Perkin Trans.2D02 1831-1842.
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Table 1. The Effect on themerfac Isomeric Ratio of Using Bulky
Substituents in the Formation of the Complex [Ru@l®Fe)»

conditions/solvent used isomericmerto fac
in the synthesis of the ratio following
complex prior to conversion to
isolated conversion to [Ru(L1)3](PFe)2
complex [Ru(L1)s](PFe)22 (error£ 0.3)
[Ru(L1)s](PFs)2 at reflux in ethanol 3:1.0
[Ru(L2)s](PFe)2 at reflux in ethanol 3:1.0
[Ru(L3)s](PFs)2 at reflux in ethanol 3:2.0
[Ru(L4)3](PFe)2 at reflux in ethanol 3:3.0
[Ru(L5)s](PFe)2 at reflux in ethanol 3:3.0
[Ru(L5)3](PFe)2 in ethylene glycol 70C 3:0.9
{Eﬂgtgﬂggigz :2 E:ﬂ;:zgz gk’/gg: iggg ggg Figure 3. The DFT minimized structure of (aper{Ru(L1)3]>* and (b)

3 2 2. 2+ 46 : A ) .
[RU(L5)J(PFa),  at reflux in 22% benzene/ethanol 395 Iie;cn{l)?u(Ll)ﬂ A6 (Structures available as PDB files in Supporting Informa:
[Ru(L5)s](PFs)2  at reflux in 50% toluene/ethanol 321 '

Ru(L6)3](PFs at reflux in ethanol 3:1.3 - . .
{Rugugﬂgppﬁﬁ at reflux in ethanol 316 [Ru(L1)s)?" indicates that all six of the bond lengths are lying
[Ru(L8)s](PFs)2 at reflux in ethanol 319 in the range 2.0422.070 A with no systematic variation. If

a All complexes were converted to [Ru(Ls]0PFs)2 after initial isolation there is a difference, it appears to be within the experimental
by stirring in methanol at room temperature in the presence of triethylamine. error involved in the structural determination.

DFT Calculations. In order to explore if there is a
significant energy difference in the electronic configuration

. . of the two isomeric forms, density functional theory calcula-
tempted at three different temperatures in ethylene glycol ) '
P ! peratures | y 9¥C% tions using the SIESTA cod& were performed on the

(Table 1). At 70°C, the theoretical 8nerto 1facratio was complex cationsmer and fac[Ru(L1)J2". The resultin
detected (Table 1), and so presumably at this temperature P a 9

the ligand does not undergo significant ligand dissociation structures (Figure 3) were compared to the previously
. . : 26
As the same experiment is attempted at higher temperature reported X-ray crystallographic study of [Ru(kPFe)..

(10 and 130°C), the relative ratio of thefac-isomer srhe DFT calculation gave the average R bond to be
\ S L : : . 2.092 A compared to the experimental length of 2.056 A.
increases significantly indicating ligand reorientation has

; . ; . .~ The average NRu—N chelate angle also gave a good
occurred. It is surprising that carrying the reaction out in

. . . correlation between the calculated and experimental struc-
refluxing ethanol (78C) gave the unusually high proportion . .
of the facisomer, while the use of ethylene glycol at 70 tures (78.8 and 78.7, respectively). The calculated relative

gave the expected ratio. It would thus appear that solvent(e(;] g;g{;sl)ffei;e?ac\?otr)e;\;vfﬁergziesgvﬁelrs?g elzlrcefogrbr?s l;sei?]ma”
itself plays an important role in the reaction, either by ' ' 9 ' 9

L ) . ) , .~ consistent with the experimental observations. Similar DFT
stabilizing an intermediate or due to the difference in polarity. as-ohase calculations usina Gaussidholded similar
Considering the evidence, it would appear that fiae gas-p 9 ¥

isomers of [Ru(L3-L8)5J2" are thermodynamically more results in favor of thdac4isomer. In order to explore if the
stable than the corres;ondimgera‘orms )I;urely onysteric solvent plays a significant role in differential stability of the
grounds, CPK modeling studies indicate this not to be the two complexes, the effects of both ethanol and water were

case. In a recent paper, Tamayo et al. describe the isolationgsgmgfggogcc\;sm??h;?e:?:orzgr'wa ng]rzcé ;gqgfmznrf:r;n
and exploration of a number oher- andfacisomers of a ; bp

number of cyclometalated pyridy! tris-chelates of iridium and stable, the difference between the two was so small as to

clearly demonstrate the stability of tfe-form arising from have lile_effect on the overall_ St‘?‘b'l.'ty of the system
an electronic effect! In the present study, thiac-isomer involved. Consequently, the studies indicate that the size of

places the three carbonyl bearing pyridyl grogjssto each the relative energy difference between the two isomeric forms

other. Since the carbonyl groups are electron withdrawing, fnjgﬁner?{ ;; n;i”eérlirr]r?e:talls lig?ggi/]cf fsf%g:?éof;;:he
the three pyridyl groups bearing these functions would as obser)\l/edg P P

become better-acceptors than the unsubstituted pyridyl From the rﬁodelin studies, the only significant difference
groups. Theoretically, it could be argued that the most stable 9 ' y Sig : .
arrangement would place the three substituted ligarad between the two structures appears to be the size of the dipole
to the unfunctionalized heterocyclic ringsansinfluence)? ir:otrr?:ntzsof :lgiéwgnc dorgaljxgi;rgigir[-)f;?r; ﬂﬁssoemaerre

If this were the case, it might be expected that there would gas p i ' - '

be a significant difference in the-NRu bond lengths of the further enhanc_ed n the_wgter containing models to 13'.9 _and
two differing pyridyl groups. Examination of the data in the 5.5 D, respectively. This is also apparent from examining

previously published X-ray structural analyéisof fac the structure of complexes: tHac-isomer has the three
functional groups placed toward one face of the pseudo-

(44) Tamayo, A. B.; Alleyne, B. D.; Djurovich, P. I.; Lamansky, S.; Tsyba, OcCtahedral geometry, while thenerisomer places two

this possibility, the formation of [Ru(L3)PFs). was at-

|125H%3’;l7 N7.;3887au, R.; Thompson, M. El. Am. Chem. So@003 electron withdrawing carbonyl groups in opposition.
(45) Appleton, T. G.: Clark, H. C.: Manzer, L. Eoord. Chem. Re 1972 Isomeric Preference.With the bulky groups, the com-
10, 335. plexes appear to be thermally unstable, permitting the ligands
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Figure 4. UV —vis absorption and emission spectra off@{Ru(L1)s](PFe)2 and (b)mer{Ru(L1)s](PFs). recorded under a normal atmosphere, 298 K in
acetonitrile.

to rearrange to a more thermodynamically stable configu- arise from thefac-isomer possessing greater interactions
ration, in this case th&ac-isomer. Since this is the case, it between the counteranions than with therisomer. Such
is conceivable that the transesterification reaction used tobehavior has been observed between similar species and
convert [Ru(L}]?>" to [Ru(L1)]?" does not proceed with the  organic aniong? and it is known that anions will bind along
retention of the metal centered stereochemical integrity. the Cs-axis of structurally similar difunctionalized tris-chelate
However, it appears that this reaction proceeds rapidly, complexeg’4®
removing the offending bulky groups giving a stable product.  Isomeric Separation of [Ru(L1)](PFe).. Following the
Second, this derivatization occurs at room temperature, andisolation of [Ru(L1}](PFs). and an estimation of the relative
it appears that reaction conditions over Q0 are required isomeric ratios of the two components, it is evident that the
to cause the ligand rearrangement justifying the experimentaluse of bulky substituents will not give isomerically puner-
procedures used. isomer. To attempt a comparative study of the photophysical
The precise nature of the rearrangement and enhancedgroperties of the two forms, it was necessary to separate the
isolation of thefacdisomer remains ambiguous. In a polar mixtures of both isomers. In our previous studies, this had
solvent such as ethanol, it is conceivable that the appendedieen achieved through the repeated passage of the mixture
organic functionalities could form a hydrophobic pocket. To through an SP Sephadex C25 cation exchange column,
explore this phenomenon further, it would be necessary to eluting with aqueous sodium hexanoate solutfadowever,
attempt the reaction in a variety of solvents possessing a

(46) Diagram prepared from a PDB file usir@hem. 3D version 5.0;

wide variation in polarities. However, the ligands' suscep- Cambridge Soft: Cambridge, MA, 1999.
tibilities to de-esterification and the poor solubility of the (47) ggplpazdér;e, L. H.; Drew, M. G. B.; Beer, P. Bhem. Commur2001,

complexes in organic solvents prevent such a detailed (48) WU, B.. Yang, X. J.; Janiak, C.; Lassahn, PGBem. Commur2003
analysis. As an alternative explanation, the observations could ~ 902-903.
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Table 2. Photophysical Properties in GEIN at 298 K

absorption LC absorption MLCT
103%¢ 10 3¢ emission
complex AmaxE 2 nm dmé mol~tcmt Amax £ 2 nm dm® mol~tcm?! AmaxE 2 nm Demt 5% T+ 5ng
fac-[Ru(L1)s](PFe)2 292 86.5 477 13.4 647 0.040 179
mer[Ru(L1)s](PFes)2 292 89.5 477 14.2 647 0.040 188

aRecorded in acetonitrile as a glass matrix at 77 K.

the separation had proved to be less than ideal, as thearound the metal centers in complexes of this type, as would
competing enantiomeric separation (induced by the chiral be anticipated by the DFT studies.

nature of the dextran support) had prevented complete

separation of the two geometrical components. However, asConclusions

an indication of the purity of the complex [Ru(Lsl(PFs)2,
silica TLC, eluting with a water/DMF mixture, demonstrated

two very distinct spots. As a consequence, preparative platebulky ester functions. However, it appears that, upon
_chromatpgraphy allowed _the |§olat|on of tm.I:' andmer- increasing the steric bulk, a disproportionately large ratio of
isomers in reasonable purity (Figure 2c,d). Since such agreatthe facisomer can be formed. The precise nature of this
difference inRs values for the two complexes was observed, . ) . '
o s . effect is ambiguous, but it appears to be as a consequence
it is a good indication that the two forms have very different . - i

. o . : of the increased lability of the ligands. To our knowledge,
dipole moments (as indicated by the DFT studies), with the . . S L . .,

this is the first time a possible “pseud@nsinfluence” has

merisomer travelling faster on the plate. been observed in the preparation of tris(bipyridine) com-

Photophysical Characterization.Following isolation of . . )
the mer-andfac{RU(L1)s](PFe)a it was possible to explore plexes of ruthenium(ll). Separation of the two isomers of
AT b P [Ru(L1)5)?" has been achieved using a simple and reproduc-

the photophysical properties of the two isomers. To the ible technique opening up the possibilities of isolating

authors’ knowledge, there has been no comparative study " . :
of the emissive properties of thmer andfac-geometrical reaso_nable qu_ant|t|_es of theer-lsom_er_. Since the _smaller_
substituents give this structural motif in the best yields, this

isomers of this type. The electronic absorption spectra for study shows that the best synthetic approach to isomerically

the FVYO ISOMETS (F|gurg 4 and_TabIe 2) did not show any puremer[Ru(L1)s]?" is probably through direct combination
significant difference, with the ligand centered absorptions . : :
of L1 with the ruthenium cation, and then removal of the

at 292 nm and the characteristic metal-to-ligand band at 447 . ) .
- : 25% fac-isomer using preparative plate chromatography.
nm both within the experimental errat-2 nm). Both these ) . S S
: . . Finally, a comparative photophysical investigation of both
absorptions are red shifted with respect to [Ru(bil§iPFs)2 . . .
: : a mer and facisomer of a ruthenium(ll) tris-chelated
as a consequence of the electron withdrawing nature of the - S .
complex indicates there to be no significance difference

_Carbonyl groups Similarly, the emission s_pectr:_a of the tWO. between the two structural forms. The consideration of the
isomers appeared to be remarkably similar with the maxi- - . oo
polypyridine complexes of ruthenium(ll) as individual

mum at 647 nm. The emission guantum yields are lower components in larger supramolecular architectures appears
than that for the parent complex [Ru(bigilPFs)., and the P nlarg P ; pp
: o L to be a continuing trend. Through this study, we have
excited state lifetimes at 298 K were not sufficiently long- L )
demonstrated that the individual isomers can be separated

lived to be recorded. However, at 77 K lifetimes for both of . . .
: : into pure compounds, suitable for the construction of larger
the isomers were obtained (188 ns foer[Ru(L1)s](PFs). . . .
species of known architecture easing the problems of

and 179 ns forfac-[Ru(L1)s](PFs).). These are short b - : .
comparison to that [of [E?u()g]iia )ﬂ?:)%)z and are in keepincj/ characterization and structural integrity.
with similar species possessing electron withdrawing car-  Acknowledgment. The authors are grateful to Prof. J. J.
bonyl functionalities. However, within the confinement of McGarvey and Dr. W. R. Browne (QUB) for the lifetime
the experimental error, there does not appear to be ameasurements. This research was supported by the EPSRC,
significant difference between the two isomers. and we thank the EPSRC Mass Spec. Service, Swansea, for

The results indicate that the ligand orientation around the the LS| and ES mass spectra, and Johnson Matthey Ltd. for
metal center does not significantly affect the general photo- the loan of RuGHxH,0.

physical properties of the complex. Despite the difference _ _ _ _

in d|p0|e moments for the two |Somersl th|s does not translate SUppOrt|ng Information Available: Molecular structures in

to the photophysical behavior. It can therefore be concluded PDB format. This material is available free of charge via the Internet
that the differences in the ground and excited state energy®! NttP:/pubs.acs.org.

levels are not significantly affected by the ligand orientation 1C0350281

The premise for this work was the isolation of theer
isomer of [Ru(L1}](PFs). by considering the inclusion of
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