Polyhedron Vol. 16, No. 19, pp. 3293-3304, 1997
© 1997 Elsevier Science Ltd

All rights reserved. Printed in Great Britain
0277-5387/97 $17.00+0.00

@ Pergamon

PI1: S0277-5387(97)00079-X

-

An NMR and single-crlystal X-ray diffraction
structural study of Ru" [12]aneS, polypyridyl
complexes

Brian J. Goodfellow,** Sara M. D. Pacheco,? Julio Pedrosa de Jesus,?
Vitor Félix*** and Michael G. B. Drew®*

* Departamento de Quimica, Universidade de Aveiro, 3800 Aveiro, Portugal
" Department of Chemistry, The University, Whiteknights, Reading RG6 6AD, U.K.

¢ Departamento de Quimica e Centro de Quimica Fina e Biotecnologia, Faculdade de Ciéncias e
Tecnologia, Universidade Nova de Lisboa, 2825 Monte de Caparica, Portugal

4Instituto de Tecnologia Quimica e Biologica, Rua da Quinta Grande 6, 2780 Oeiras, Portugal
(Received 18 December 1996 ; accepted 13 February 1997)

Abstract—The synthesis of a series of Ru" complexes with the thioether ligand [12]aneS, (1,4,7,10-tetra-
thiocyclododecane) and various polypyridyl ligands was carried out using [Ru(DMSO0),Cl,] (DMSO-
= dimethylsulphoxide) as a starting material. The first synthetic step involved the introduction of the thioether
ligand and the isolation of the compound [Ru([12]aneS,)Cl,]. The polypyridyl ligands were then exchanged to
give a series of complexes [Ru([12]JaneS,)(X)]** [X = 1,10 phenanthroline (phen), 2,2-bipyridyl (bpy) and 4,7'-
diphenyl-1,10-phenanthroline (dip)]. Crystal structures of the metal complexes [Ru([12]aneS,)(bpy)]Cl, - 4H,0,
[Ru([12]aneS,)(phen)]Cl, - 4.25H,0 and {Ru(f12]aneS,)(dip)]Cl, - 2H,0 ali show the Ru centre in a distorted
cis-octahedral environment, in which the equatorial coordination plane is formed by two S-donor atoms of
the macrocyclic ligand [12]aneS, and two N-donor atoms of a polypyridyl ligand : bpy, phen or dip. The hexa
coordination is completed vig the remaining sulfur atoms of the macrocycle. The distortion of the octahedral
geometry is associated with the small cavity size of macrocyclic ligand and small bite angle of the bidentate
polypyridyl ligands [77.9(3)° bpy, 79.6(3) phen and 77.4(4)° dip]. The small cavity size of [12]aneS, precludes
the sulfur atoms of the macrocycle achieving axial positions of an ideal octahedron leading to angles, S,,~—
Ru—S,,, of 162.5(2), 161.9(1) and 162.0(1)° for the bpy, phen and dip complexes respectively. A 'H and "*C
NMR study of the complexes [Ru([12]aneS,)(phen)]**, [Ru([12]aneS,)(bpy)]** and [Ru([12]aneS,)(dip)}**
was carried out. The 'H spectra exhibit broad lines for the H-2 and H-9 protons of the polypyridyl ligand and
the CH, protons of the {12]aneS, ligand. A variable temperature study indicated that exchange processes were
taking place in solution, most probably involving cleavage of the Ru—N bond as a result of the strain on the
octahedral environment of the small cavity size of the [12]aneS, macrocycle. © 1997 Elsevier Science Ltd

Keywords: 1,4,7,10-tetrathiacyclodecane ruthenium complexes ; single-crystal X-ray diffraction; NMR spec-
troscopy.

Since the early 1980s when Barton et al. [1] studied
the interaction of the two isomers of [Ru(1,10-phen-
anthroline),Cl,] with B-DNA the area of transition
metal-DNA interactions has seen much work. DNA
has been found to interact with transition metal com-
plexes in a variety of ways including intercalation,

* Authors to whom correspondence should be addressed.

whereby a polypyridy! ligand of the transition metal
complex is inserted (fully or partially) between the
stacked bases of the DNA double helix, surface bind-
ing, within one of the DNA grooves, and covalent
binding where ligands in the Ru complex are replaced
by heteroatoms of the DNA bases (normally the nitro-
gen of guanine) [1-12].

The use of transition metal complexes as anti-
tumour agents, following the work of Rosenberg et
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al. [13]in 1969 with cis-platin, has expanded to include
the whole of the platinum group metals. In the last
few years, Alessio et al. [14] found that rrans-
[Ru(DMSO0),Cl,] showed promising anti-tumour
activity with adjacent guanines being the preferred
interaction site on DNA, while Keppler er al. [15]
carried out an extensive study of various Ru
complexes, finding that [Ru(Im),Cl] (ImH) and
[Ru(Ind),Cl,] (IndH), where Im = imidazole and
Ind = indazole, show anti-tumour activity.

These in vitro studies of Ru complexes have shown
that the number and type of polypyridyl, and ancil-
lary, ligands have a profound effect on the manner
and type of interaction with biomolecules. Factors
such as the ability of the ligands to form hydrogen
bonds or favourable VDW interactions with the func-
tional groups of the DNA bases have been found to
play a determining role in binding. A first step in the
design of Ru complexes with selective DNA binding
characteristics is the choice of a suitable ligand fol-
lowed by the structural characterization of the
complex.

The use of macrocyclic polyamines and poly-
thioethers in transition-metal chemistry has been con-
siderable as these ligands are thermodynamically and
kinetically inert and also have the ability to stabilize
unusual oxidation states (e.g. Rh'") [16]. For
ruthenium, macrocycle ligands such as [9]aneS; and
[12]aneS, bind strongly and are not easily substituted
allowing facile substitution of the remaining ligands.
They also stabilize the Ru" oxidation state which is
diamagnetic allowing high-resolution NMR exper-
iments to be performed. Krotz et al. [17] synthesized
a series of Rh™ complexes with cyclic polyamines or
[12]aneS, and a 9,10-diaminophenanthrene ligand in
order to probe specific binding interactions to DNA.

A systematic variation of thioether—polypyridyl
ligands complexed to Ru" allows conclusions to be
drawn as to the structural characteristics of these com-
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pounds and the role these play in DNA binding, the
goal being the design of a complex with specific DNA
binding characteristics. The first step in this process
is, therefore, the synthesis and characterization of the
Ru'-based complexes followed by the determination
of their three-dimensional structure.

In this paper the synthesis (from [Ru(DMSO),Cl,])
of a number of [Ru([12]aneS,)(X)] complexes
[X = 1,10 phenanthroline (phen), 2,2’-bipyridyl
(bpy), 4,4’-diphenyl-2,2"-bipyridyl (dbp) and 4,7'-
diphenyl-1,10-phenanthroline (dip)] is reported along
with their spectroscopic characterization. The struc-
tures of [Ru([12]aneS,)(phen)]**, [Ru([12]aneS,)
(bpy)I** and [Ru([12]aneS,)(dip)]** are compared in
solution by NMR and in the solid state by X-ray
crystallography.

EXPERIMENTAL

The ligands [12]aneS,, phen, bpy and dip were pur-
chased from the Aldrich Chemical Company and used
without further purification.

Syntheses

[Ru(DMSO),Cl;]. The synthesis of [Ru(DMSO),
Cl,] was carried out according to the method of Evans
et al. [18].

[Ru([12]aneS,)CL,]. [Ru(DMSO0),CL] (0.5 g, 1.03
mmol) was added to 0.186 g of [12]aneS, (0.78 mmol)
in ethanol (ca 30 cm®). The resulting suspension was
refluxed for 90 min at 80°C. A colour change from
pale to bright yellow indicated reaction. The solution
was concentrated and a bright yellow solid obtained.
The product was washed with ethanol and dried (0.39
2,92%).NMR:'HD,0;3.95m,3.45m, 3.20m, 2.71
m 16 H, [12]aneS,; °C 46.6, 45.0, 41.4, 40.5, 33.6 and
33.1 (all ppm).

[Ru([12]aneS,)(2,2"-bipyridyl)]Cl, (1). A 2% excess
of 2,2’-bipyridyl (0.097 g, 0.621 mmol) was added to
0.250 g of [Ru([12]aneS,)Cl,] (0.25 g, 0.606 mmol) in
ethanol. The yellow solution was refluxed for 2.5 h
at 80°C and an orange/red solution obtained. The
solution was concentrated to dryness and redissolved
in EtOH/H,0. On standing large orange/red crystals
were obtained (0.23 g, 67%). Found: C, 32.6;; H, 5.5;
N, 3.9. Calec. for [Ru([12]aneS,)(bpy)ICl,-4H,0; C,
337, H, 49; N, 44%. NMR: 'H CD,0D (298 K);
{9.460 br 2H, 8.743 d 2H, 8.264 dd 2H, 7.776 dd 2H}
bpy; {3.839 br, 3.620 br, 3.026 br 16H} [12]aneS,;
*C {158.4, 151.7 br, 139.9, 127.7, 125.7} (bpy), {44.9
br, 35.4 br} [12]aneS,.

[Ru([12]aneS,)(1,10-phenanthroline)}Cl, (2). 1,10-
Phenanthroline (0.108 g, 0.546 mmol, 5% excess) was
added to a solution of [Ru([12]aneS,)Cl,] (0.236 g,
0.981 mmol) in ethanol. The yellow solution was
refluxed for 2 h at 80°C until an orange precipitate
appeared. The solution was concentrated until a solid
was obtained. On standing, small orange crystals
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developed. These were washed with water and dried
(0.5 g, 94%). Found: C, 34.3; H, 5.0; N, 3.9. Calc.
for [Ru([12)aneS,)(phen)]Cl,-4.25H,0: C, 359; H,
49;: N, 4.1%. NMR: 'H CD,0D (298 K); {9.821 s
br 2H, (8.861, 8.857, 8.834, 8.829) dd 2H, 8.309 s 2H,
(8.133, 8.114, 8.105, 8.087) dd 2H} phen, {3.876 br,
3.690 br,3.178 br 16H} [12]aneS,. *C {152.4 br, 148.7,
139.3, 132.8, 129.1, 126.2} (phen), {45.0 br, 35.9 br}
[12]aneS,.

[Ru([12]aneS,)(4,7" - diphenyl - 1,10 - phenanthro-
line)]Cl, (3). To the complex [Ru([l2]aneS,)Cl,]
(0.132 g, 0.320 mmol) in ethanol was added to 0.108
g (0.325 mmol) of 4,7’-diphenyl-1,10-phenanthroline.
After refluxing for 2.5 h at 80°C a red/orange solution
was obtained. Concentration of the solution yielded a
red solid (0.12 g, 50%). Found: C, 51.6; H, 4.8; N,
3.7. Calc. for [Ru([12]aneS,)(dip)]Cl, - 2H,0:C,49.2;
H, 4.6; N, 3.7%. NMR: 'H CD,0D (298 K); {9.910
br 2H, 8.213 s 2H, 8.080 d 2H, 7.711-7.651 m 10H}
dip, {3.906 br, 3.751 br, 3.217 br 16H} [12]aneS,. *C
{152.1 br, 151.9, 149.6, 137.3, 131.2, 130.7, 130.6,
127.1, 126.8 br} (dip), {45.4 and 36.3} ([12]aneS,).

Single-crystal structure determination

The crystal data and structure refinement details
are given in Table 1. Data for all three complexes were
collected with a MARresearch image plate system
using graphite-monochromated Mo-K, radiation
(& = 0.71073 A). The crystals were positioned 75 mm
from the image plate. An exposure time of 2 min was
used per 2 frames collected. Data analysis was carried
out with the XDS program [19]. Intensities were not
corrected for absorption effects.

The positions of the ruthenium atoms were
obtained from three-dimensional Patterson maps and
the remaining non-hydrogen atoms positions by suc-
cessive difference-Fourier synthesis. After the ani-
sotropic refinement of [Ru([l12]aneS,)(phen)]Cl,"
4.25H,0, a Fourier-difference map showed an isolated
peak with an electronic density of 1.50 e A~*, which
was assigned to an oxygen of a water of crystallization
with an occupation factor of 0.25. The earlier differ-
ence-Fourier maps obtained for [Ru([12]aneS,)
(bpy)1ClL, - 4H,0 showed the Cl~ anions disordered
over two positions in the crystal structure. Conse-
quently, the coordinates of a Cl~ ion (the asymmetric
unit comprises half a cation, one CI~ and two water
molecules) were included in the refinement, occupying
two alternative positions with refined occupancies of
51 and 49%, respectively.

The methylenic and aromatic hydrogens were
included in the refinement in geometric positions. The
hydrogen atoms of water molecules in all three coor-
dination compounds were not found in the final Four-
ier maps and, therefore, were not included in the
corresponding refinements. The structures were
refined by least-squares methods until convergence
was achieved. The final refinements were made on F?
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using a weighting scheme with the form, w=1;
[6*(F))+ (aP)*+bP], P = [max(F3)+2F3}/3. The
values of parameters a and b are given in Table 1. All
calculations required to solve and refine the structures
were carried out with SHELXS86 [20] and SHELX93
[21]. The molecular diagrams were drawn with
ORTEPII [22]. Additional material is available from
the Cambridge Crystallographic Data Centre and
comprises atomic coordinates, thermal parameters
and the remaining bond lengths and angles.

NMR spectroscopy

All spectra were recorded on a Bruker AMX spec-
trometer operating at 300 MHz. The 'H spectra were
obtained using 16 K data points and a sweep width of
14.04 ppm. Deuterated methanol was used as a solvent
with chemical shifts being referenced to CD,HOD
(3.35 ppm). "*C spectra were recorded using a sweep
width of 250 ppm with 32 K data points. Full proton
decoupling was used. The deuterated solvent was used
as a chemical shift reference (49.0 ppm).

RESULTS AND DISCUSSION

The [Ru[12]aneS,(X)]** complexes (X = bpy, phen
and dip) were prepared via a straightforward process
involving only two steps. The first step, the synthesis
of the complexes from [Ru(DMSO0),Cl,], invoived the
exchange of the DMSO ligands with the [12]aneS,.
Due to the stabilizing effect of the macrocycle ligand
this was carried out under mild conditions (reflux at
80°C in EtOH under air) with high yield. The second
step was also an exchange reaction, the polypyridyl
ligands substituting the chlorides. Again a high yield
was obtained using similar conditions.

The single-crystal X-ray diffraction studies of com-
plexes [Ru([12]aneS,)(bpy)]Cl,-4H,0 (1), [Ru(]12]
aneS,)(phen)|Cl,-4.25H,0 (2), and [Ru([12]aneS,)
(dip)]Cl, - 2H,0 (3) show hexa-coordination for the
Ru centres. Molecular diagrams with their cor-
responding atomic labeling schemes are shown in
Figs 1(a), (b) and (c) for the complex cations
[Ru([12]aneS,) (bpy)]**, [Ru([12]aneS,)(phen)]** and
[Ru([12]aneS,)(dip)]**, respectively. Selected bond
lengths and angles are listed in Table 2. The cation
[Ru([12]aneS,)(bpy)]** lies on a two-fold crys-
tallographic axis, making an angle of 29.1(1)° with
the plane N(1), N(17), S(1), S(1"). The structural par-
ameters associated with the Ru coordination sphere
indicate a distorted octahedral geometry. The equa-
torial planes are formed by two suifur donor atoms
from the macrocyclic ligand and two nitrogen atoms
from the polypyridyl ligands (bpy, phen or dip). Hexa-
coordination is accomplished via the remaining two
sulfur macrocyclic atoms. In each complex, to achieve
this geometry, the macrocycle has a considerable fold
along the line defined by the axial sulfur donor atoms
leading to dihedral angles between the planes S(4),
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Fig. 1. (a) Molecular structure of the [Ru([12]aneS,)(bpy)]** complex cation showing the atomic labelling scheme (thermal
ellipsoids 50%). (b) Molecular structure of the [Ru([12)aneS,)(phen)]** complex cation showing the atomic labelling scheme
(thermal ellipsoids 50%). (c) Molecular structure of the [Ru({12]aneS,)(dip))** (thermal ellipsoids 50%).
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Table 2. Selected bond lengths (A) and angles (°) for Ru coordination sphere of complexes 1, 2 and 3

bpy (1)
[x,y=1;z=27

Ru—N(l) 2.162(6)
Ru—N(2)
Ru—S(1) 2.309(2)
Ru—S(3)
Ru—S(2) 2.420(2)
Ru—S(4)
N(1)—Ru—N(x) 77.9(3)
N(1)—Ru—S(1) 166.7(2)
N(2)—Ru—S(3)
N(1)—Ru—S(y) 88.8(2)
N(2)—Ru—S(1)
S(1)—Ru—S(y) 104.5(1)
$(2)—Ru—S(z) 162.5(2)
S(3)—Ru—S(4)
N(2)—Ru—S(4)
N(I)—Ru—S(z) 97.4(2)
N(1)—Ru—S(2) 96.2(2)
N@2)—Ru—S(2)
S(1)—Ru—S(2) 84.9(1)
S(3)—Ru—S(2)
S(1)—Ru—S(z) 84.4(1)

phen (2) dip (3)
[x=2;y=3;z=4] [x=2;y=3;,2z=4]
2.162(7) 2.134(10)
2.156(6) 2.138(9)
2.319(2) 2.318(3)
2.313(2) 2.323(3)
2.397(2) 2.385(3)
2.384(2) 2.408(3)
79.6(3) 77.4(4)
166.6(2) 166.6(3)
167.5(2) 166.5(2)
88.0(2) 89.2(3)
87.3(2) 89.3(2)
105.1(1) 104.1(1)
161.9(1) 162.0(1)
84.9(1) 83.8(1)
95.1(2) 98.0(3)
93.9(2) 93.8(2)
99.9(2) 95.9(3)
98.8(2) 98.0(3)
84.6(1) 84.3(1)
83.9(1) 85.0(1)
84.6(1) 84.8(1)

S(2), S(3) and S(4), S(2), S(1) of 58.6(1)° and 59.8(1)°
in complexes 2 and 3, respectively. The dihedral angle
between the planes S(1), S(2), S(2") and S(1'), S(2),
S(2’) is 59.4(8)° in complex 1.

In all three complexes, the angle between axial sul-
fur donor atoms and Ru centre (S,,—Ru—S,,) is
much smaller than the expected 180° for an ideal octa-
hedral [S(2)—Ru—S(4) 161.9(1)° phen, 162.0(1)° dip
and S(2)—Ru—S(2") 162.5(2)° bpy]. This contrasts
with the situation observed for octahedral complexes
containing nine-, 14- or 18-membered polythia-
macrocyclic ligands. In the complexes [Ru([12]aneS,)
ClL,] ([14]aneS, = 1,4,8,11- tetrathiacyclotetradecane)
[23] and [Ru([12]aneS,)CI(PPh;)]* [24] the angles
S.,,—Ru—S,, are 174.9 and 175.8°, respectively, while
in the complexes [Ru([18]aneSy)]*" ([18]aneS; =
1,4,7,10,13,16-hexathiacyclooctadecane)] and {Ru([9]
aneS;),]** with two [9]aneS; ([9]aneS; = 1,4,7-tri-
thiacyclononane) units the Ru centre has a crys-
tallographic inversion centre and the angle
S.x—Ru—S,, is exactly 180° [25]. This structural fea-
ture reflects the small cavity size of the [12]aneS,
ligand when accommodating the Ru centre in a cis-
octahedral environment. In metal complexes of nine-,
14- and 18-membered macrocyles there is a good size
match between the Ru centre and the available cavity
of these macrocyclic ligands.

The axial Ru—S bond lengths [Ru—S,, = 2.420(2)
bpy, 2.384(2) and 2.397(2) phen and 2.385(3) and
2.408(3) A dip] are significantly longer than the equa-
torial Ru—S distances [Ru—S,, = 2.309(2) bpy,
2.313(2) and 2.319 phen and 2.318(3) and 2.323(3) A

dip] in all three complexes. In contrast the com-
plexes [Ru([18]aneS)P** [Ru—S,, = 2.339(2) and
Ru—S. =2334(2) A] and [Ru([9]aneS,),)**
[Ru—S,, = 2.322(2) and Ru—S,, = 2.337(2) A] have
axial distances which are similar to the equatorial
distances. This comparison suggests that the small
cavity size [12]aneS, also plays an important role in
determining the Ru—S,, bond lengths.

The average Ru—S,, bond lengths [2.309(2) bpy,
2.316(2) phen and 2.320(3) A dip] are similar to those
observed for the complexes [Ru([9]aneS;)(phen)Cl)*
2.288(2) and [Ru([9]aneS,)(bpy)CHl* 2.318(2) A [26].

The angles in the equatorial plane involving the
nitrogen atoms and metal centre differ from ideal octa-
hedral values due to the small bite angles of poly-
pyridyl ligands [77.9(3) bpy, 79.6(3) phen, and
77.4(4)° dip]. These values are similar to those seen
for the octahedral complexes [Ru([9]aneS,)(phen)
Clj* 78.4(3), [Ru([9]aneS,)(bpy)Cl]* 77.8(2) [Ru
(bpy)(NO)CL;F], 79.4(2), [Ru(bpy)(CO).Br,] 77.2(3),
[Ru(bpy)(CO),l,]  76.3(5),  [Ruy(bpy),Brs(H,0)]
79.0(4) and 78.5(4)° [27].

The average Ru—N bond distances observed for
three complexes [2.162(6) bpy, 2.159(7) phen and
2.136(5) A dip] are longer than those found for related
complexes containing phen or bpy ligands:
[Ru([9]aneS,)(bpy)Cl]*  2.108(5), [Ru([9]aneS;)
(phen)CI]* 2.083(6), [Ru(bpy)(NO)CLF] 2.079(6),
[Ru(bpy)(CO),Br;]  2.117(9),  [Ru(bpy)(CO),L,}
2.116(12) A and binuclear complex [Ru,(bpy),
Brs(H,0)] 2.071(9) and 2.075(10) A.

The bpy ligand in complex 1 is not absolutely
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planar, leading to an angle between the pyridine rings
of 5.1(4)°, which is reduced to 2.8(5) and 3.2(6)° for
phen and dip complexes, respectively. The phen and
dip ligands are more resistant to deformation from
overall planar geometry than the bpy, as would be
expected.

A search of the Cambridge Database [28] revealed
only two other complexes containing the [12]aneS,
ligand in octahedral coordination environments:
[Rh([12]aneS,)(phi)]**  (phi = 9,10-phenanthrene-
quinonediamine) [17] and [Ni,([12]aneS,),Cl,], where
two [Ni([12]aneS,))** units are linked by two chlorine
bridges [29]. A comparison of the endocyclic
§$—C—C—S, C—C—S—C and C—S—C—C tor-
sion angles for these complexes and the Ru complexes
are shown in Table 3. This comparison indicates that
the macrocycle adopts two different conformations :
one for the three Ru complexes and another for the
Rh and Ni complexes. These conformations are illus-
trated in Fig. 2 for complexes [Ru([12]aneS,)
{phen)CI]** and [Rh([12]aneS,)(phi)]**. The macro-
cycle in the phen and dip complexes has a symmetric
conformation with the two S—CH,—CH,—S—
CH,—CH,—S moieties related by an approximate
twofold axis bisecting the N---Ru—N angle. The bpy
complex has C, symmetry imposed crystallo-
graphically. In the Ni and Rh complexes the two
S—CH,—CH,—S—CH,—CH,—S moieties are
related by a single mirror plane.

In a conformational analysis of the free [12]aneS,
ligand in the gas phase [30], the two conformations
observed in the Ru and Rh and Ni complexes were
found to differ in energy by only 5.1 kJ mol~}. This
result shows that either of these conformations can be
adopted by the [12]aneS, in cis-octahedral environ-
ment. The molecular modelling of these type of
[12]aneS, complexes is in progress.

All the 'H and "*C spectra for the three complexes
indicate that the stoichiometry is as expected. The
'H NMR spectrum of the aromatic regions of the
complexes [Ru([12]aneS,)(phen)}**, [Ru([12]aneS,)
(bpy)}** and [Ru([12)aneS,)(dip)]** are shown in Fig.
3. It can be seen that all the complexes display broad
lines for the H2/H9 protons of the phen and dip
ligands and for the H6/6” protons of the bpy ligand.
The broad peaks integrate to two protons as expected.
These broad lines suggest that chemical exchange is
taking place in solution. The *C spectra for all the
complexes also show broad lines for the C2/C9 car-
bons in phen and dip and for the C6/6” carbons in
bpy. The CH, carbons of the [12]aneS, ligand display
broad lines with the higher field peak broader than
the other. Both peaks integrate to the same area.

In order to confirm that exchange was occurring a
variable temperature study was carried out. 'H spectra
for all three complexes in CD,0D at 5, 10, 23, 30, 40
and 50°C were recorded and the regions containing
the phen and dip H2/H9 and bpy H6/6" peaks are
shown in Fig. 4. As the temperature is increased from
5 to 50°C the peaks can be seen to go from a doublet

Table 3. Two different folded conformations of [12]aneS, characterized by the torsion angies listed successively along the ring at the S—C—C—S angle

Ref.

Torsion angles (°)

Compound

—165.7(6) This work

—164.7(6)

—166.1(6)

—162.0(8)
—164.8
~163.2

52.08)
50.1(8)

50.5(12)

74.7(8)
78.6(7)
73.7(11)

—1245

—125.1

~76.4(8)
—74.6(7)
—~79.5(10)

~51.909)
—52.008)
—49.4(10)

165.7(6)
163.2(6)
166.6(8)

~159.9

—157.9

—164.7(6)
—166.5(6)
—160.5(8)

52.0(8)
50.1(9)
50.2(10)
_58.1
—60.7

74.7(8)
78.9(8)
75.2(10)
—74.1
—75.1

~76.4(8)
—74.7(8)
—79.2(10)

—51.9(9)
—51.7(8)
—50.6(10)

[Ru([12]aneS,) (bpy)}**

163.2(6) This work
166.9(8) This work

[Ru([12]aneS,) (phen)]?*
[Ru([12]aneS,)(dip)]**
[Rh([12]aneS,)(phi)]**
[Ni,([12]aneS,),Cl,]

(17]

[29]

163.4
163.2

54.5

78.0

55.3
o

161.8

123.4
125.1

—54.2
—59.0

59.0

75.1

0.7

157.9

3299
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[RB([12]aneS )(phi)[*

Fig. 2. A comparison of the two different [12]aneS, macrocycle conformations adopted in [Ru([12]aneS,)(phen)]** and
[Rh([12]aneS,)(phi)}**

through a broad singlet to a doublet again. At ambient
temperatures the observed broad peak is therefore a
result of exchange between two sites. The [12]aneS,
peaks exhibit similar although less pronounced chan-
ges. At 5 and 50°C the peaks exhibit some structure
while at room temperature the lines are broad and
featureless.

From the NMR data it is possible, in principle,
to obtain kinetic information about the rate of the
exchange process and also about the populations of
the two states [31]. If the low and high temperature
spectra can be assumed to be the two extremes, i.e.
fully “bound” and fully unbound or “free” then the
position of the NMR peak can be related to the popu-
lation of the two states and the width of the NMR
lines can be related to the rate of exchange between
the two states. However, the situation is not so simple
as factors such as the change of chemical shift of
the NMR lines and transverse relaxation rates with
temperature also have an effect on calculated rates
and populations. It must also be remembered that
although NMR can give information about the kin-
etics of the exchange between the two situations, no
mechanistic information can be directly obtained. The
variation of the chemical shift and linewidth en-
countered for these complexes suggests that the pop-
ulation and rate of exchange are both varying with
temperature.

The values for vy (chemical shift of the “bound”
form) and vg (chemical shift of the “free” form) can
be estimated, however, using plots of chemical shift
versus temperature. From these plots v; for bpy, phen
and dip were estimated to be 2565, 2662 and 2690 Hz,

respectively. The v values were 2525, 2625 and 2650
Hz. By plotting (vex, — vg)/(vp — v) versus temperature
an estimation of the variation of population of the
“bound” and “free” states can be obtained. Figure 5
shows the variation of these states for all three com-
plexes. It can be seen that the phen and dip complexes
exhibit very similar behaviour, i.e. a bound-free cross-
ing point at ca. 303 K, while the bpy complex shows
a crossing point at ca. 293 K.

From X-ray studies in the solid state the complexes
display distorted octahedral geometry due to the small
bite angle of the polypyridyl ligands and the con-
straints of the macrocycle. In solution this strain may
be alleviated by either a Ru—N or Ru—S bond being
broken and the vacant site may be taken, temporarily,
by the solvent. Exchange may therefore be occurring
between a situation with all S and N atoms of the
polypyridyl and [12]aneS, ligands bound and a situ-
ation where one S of the macrocycle or one N of
the polypyridyl is unbound. If the exchange process
between the two forms of the complexes involves one
of the polypyridyl nitrogens becoming unbound then
we may expect a difference to be observed between
the phenanthroline type ligands and the bpy ligand as
the phen type ligands are planar while the bpy ligand
has freedom of rotation about its 2,2” bond. Therefore,
once unbound, the bpy ligand has more degrees of
freedom and may therefore explain the exchange mid-
point being at a lower temperature than the phen type
ligands. This suggests that a Ru—N bond is being
broken rather than a Ru—S bond.

By measuring the linewidth of the NMR peak at
the 50/50 situation it is possible to calculate [31] the
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Fig. 3. '"H NMR spectrum of the aromatic regions of (a) [Ru([12)aneS,)(dip)]**, (b) [Ru([12]aneS,)(phen)]** and (c)
[Ru([12]aneS,){(bpy)]** in CD,0D.

rate of exchange (at that temperature) using
Av,, = 1/2n(vg—vg)*k 7. The rate constant can then
be used to obtain AGY, the free energy of activation
of the process via k, = k(kT/h)exp(—AG}/RT) where
k, is the rate of exchange and x is an activation con-
stant usually taken as 1. For complexes 1, 2 and 3 the

values for Av,;, are 25.8, 19.8 and 21.2, respectively.
From these estimations assuming an error of 1 Hz for
Av,, and 2 Hz for vg—vr the AG] values for the
exchange processes are 66.1+04, 68.2+04 and
68.0+0.4 kJ mol~! for complexes 1, 2 and 3, respec-
tively. These results suggests the phen and dip com-
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10.05 10.00 9.95 9.90 9.85 9.80 9.75

(ppm)

Fig. 4. Variable-temperature 'H NMR spectra of the H2/H9 protons of (a) [Ru([12]aneS,)(dip)]**, (b) [Ru([12)ane-
S.)(phen)]** and (c) the H6/6’ protons of [Ru([12]aneS,)(bpy)]**. Spectra were recorded at 323, 313, 303, 298, 288, 283 and
278 K in CD;OD. All the resonances for the three complexes shift to low field with decreasing temperature.
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Fig. 5. A plot of the estimated variation of the populations of the “bound” and “free” states for [Ru([12]aneS,)(bpy)]**
(the open circles and closed circles represent the “free” and “bound” populations) [Ru([12]aneS,)(phen))** (open and closed
squares) and {Ru([12]aneS,)(dip)]** (open and closed triangles).

plexes have similar free energies of activation, while
the bpy complex has a slightly lower free energy. The
fact the values are similar suggests the same process
is occurring for the three complexes.
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