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The thioethers 2-pyridylmethyl p-tolyl sulfide (a) and p-chlo-
rophenyl 2-pyridylmethyl sulfide (b) react with the precur-
sors cis-[RuCl,(N,N-diimine),] [diimine = di-2-pyridyl sulfide
(dps), 1; 2,2'-bis(4-methylpyridyl) sulfide (4mdps), 2; 2,2'-
bis(5-methylpyridyl) sulfide (5mdps), 3; di-2-pyrimidyl sul-
fide (dprs), 4; and 2,2'-bis(5-ethylpyrimidyl) sulfide (5edprs),
5] in the presence of NH,PFg to give the complexes [Ru(N,N-
diimine),(N,S-a)][PF¢], and [Ru(N,N-diimine),(N,S-b)][PFs],,
respectively. As a consequence of the N,S chelation all the
complexes contain a five-membered RuSCCN(Ru—N) ring,
the sulfur and ruthenium atoms of which are stereogenic cen-
tres, with (R) and (S) and A and A configurations, respec-
tively. Furthermore, the coordinated thioethers contain aniso-
chronous methylene protons and phenyl protons which are
sensor nuclei for pyramidal sulfur inversion and rotation of
the pendant phenyl ring, respectively. In the low-tempera-
ture 'H NMR spectra of the complexes a single AB system
for the methylene protons, in agreement with a fast sulfur
inversion, is observed. Well-separated signals of the two or-
tho- as well as the meta-phenyl protons, indicating restricted
phenyl rotation, are also observed. At higher temperatures

the fast exchange of the two halves of the phenyl ring leads
to averaged signals for the phenyl protons. The rates and
activation energies of this fluxional process were measured
by one-dimensional band-shape analysis. Certain trends
were immediately apparent. The rotation barrier values
(AG*,95) of the dps, 4mdps and 5mdps complexes were ca.
4.0 kJ-mol~! lower than those of the dprs and 5edprs comple-
xes. On the contrary, substitution of H* or H° dps protons
with methyl groups and H® dprs protons with ethyl groups,
as well as substitution of a with b, leaves the rotation-barrier
values practically unchanged. This effect can be correlated
to the steric hindrance produced by the two ligands cis to
the rotating group. The crystal structure of the enantiomeric
couple AS/AR of [Ru(dps).(2-pyridymethyl 2-pyridyl sul-
fide)]|[PFs], (1c¢), in which the 2-pyrimidylmethyl 2-pyridyl
sulfide (c) ligand acts in an N,S-bidentate mode forming a
five-membered RuSCCN(Ru—N) chelate ring, is also re-
ported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The chemistry of di-2-pyridyl sulfide (dps) is of interest
in that the ligand, which usually adopts an N,N-bidentate
coordination,!' "3 can exhibit a variety of bonding modes
to metal atoms, for example monodentate,'° 121 and
bridging.''! =14 Consequently, dps complexes can exhibit in-
terconversion between different coordination species or
fluxional processes.' 12l The N,N chelation!!>~2% of dps,
and similar thioether compounds containing heterocycles,
to the ruthenium(i) ion, and a cis arrangement(!3—17-19.20]
around the metal atom, are usually observed, although
complexes with a trans configuration!!®! or which contain a
four-membered RuSCN(Ru—N)!*! ring have also been
obtained. As a consequence of the N,S coordination, the
thioether ligand contains a stereogenic sulfur centre [(R)
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and (S) configurations] and a pendant ring. The 'H and
13C NMR spectra of the complexes containing cis-Ru(N,N-
dprs), or cis-Ru(N,N-dps), fragments (dprs = di-2-pyrimi-
dyl sulfide) and the N,S-chelated thioether ligand phpys
(phenyl pyridyl sulfide) below 240 K are temperature-de-
pendent due to the restricted rotation of the pendant ring.

The NMR investigation of [Ru(N,N-diimine),(N,S-thio-
ether)][PF¢l, P9 (diimine = dps or dprs; thioether =
pySCH;R or prSCH,R, where py = pyridyl, pr = pyrimidyl
and R = phenyl derivative) shows the presence of two in-
vertomers as pairs of enantiomers (AR, AS and AS, AR)
due to the A and A configurations of the ruthenium atom
and the (R) and (S) configurations of the sulfur atom. The
sulfur inversion produces the exchange [(R) Z (S)] whereas
the racemization process (A Z A) was absent and the ro-
tation of the pendant ring fast.

In order to study the effect of the steric hindrance of the
Ru(diimine), fragment on the phenyl rotation and the effect
of the ring size on the sulfur inversion we have selected a
series of [RuCl,(diimine),] precursors and thioethers suit-
able for N,S chelation. We report on the dynamic behaviour
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of the compounds obtained from 2-pyridylmethyl p-tolyl
sulfide (a) and p-chlorophenyl 2-pyridylmethyl sulfide (b)
with cis-[RuCl,(N,N-diimine),] compounds [diimine = dps,
1; 2,2'-bis(4-methylpyridyl) sulfide (4mdps), 2; 2,2'-bis(5-
methylpyridyl) sulfide (Smdps), 3; dprs, 4 and 2,2'-bis(5-
ethylpyrimidyl) sulfide (Sedprs) 5]. The crystal structure of
the couple AS/AR of [Ru(dps),(2-pyridymethyl 2-pyridyl
sulfide)][PF¢], (1¢) is also reported.

Results

Synthesis of the Compounds Containing an N,S-Chelate
Ligand

The air-stable compounds 1a, 3a—5a, 1b—5b and 1¢ were
obtained by the reactions depicted in Scheme 1. The new
precursors [RuCly(N,N-4mdps),] (2), [RuCl,(N,N-5Smdps),]
(3) and [RuCl,(N,N-5edprs),] (5) were prepared from
RuCl;-3H,O and 4mdps,>!1 5Smdps®! or the new ligand
Sedprs; see Exp. Sect.).

N X
S

/Ru(diimine)z

Ru(N,N-diimine),Cl, __Sligand) E;Li KN g | PR,

NH,PF, =

Ru(N,N-diimine),Cl, N,S ligand Complex

1 Ru(dps),Cl, a(X=CH,R=Me) 1a

3 Ru(5mdps),Cl, a 3a

4 Ru(dprs),Clp a 4a

5 Ru(5edprs),Cl, a 3a

1 Ru(dps),Cl, b (X=CH, R =Cl) 1b

2 Ru(4mdps),Cl, b 2b

3 Ru(Smdps),Cl, b 3b

4 Ru(Sedprs),Cl, b 4b

5 Ru(dps),ClL ¢(X=N,R=H) Ic

Scheme 1

The complexes are yellow or orange solids that are sol-
uble in acetone or acetonitrile and slightly soluble in meth-
anol, ethanol and water. They were characterised by el-
emental analysis, conductivity measurements in acetonitrile
solution with values characteristic of 1:2 electrolytes
(330—300 S-cm?mol ™), IR spectroscopy, which shows the
bands of PF4~ (ca. 842 and 558 cm™') and those character-
istic of thioether ligands in the range 1630—1540 cm™ L.
This indicates that the ligands dps, 4mdps, Smdps, dprs and
Sedprs act as bidentate N, N-chelate ligands,® 2" whereas a,
b and ¢ are N,S-chelate ligands.'>?”! These findings were
confirmed by subsequent 'H and '3C NMR spectroscopic
studies.

Low-Temperature '"H NMR Spectra
At low temperatures the NMR spectra of these com-
plexes show well-separated signals of the two ortho- (as well
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as the meta-) phenyl protons. The spectrum of 4b at 218 K
in the 0 = 8.2—3.7 ppm range is shown in Figure I; the
data are listed in Table 1. Because of the slow phenyl ro-
tation two doublets of doublets are observed in the phenyl
region for the ortho-protons at 6 = 8.09 (partially over-
lapped with the signal of the H> pyrimidine proton) and
5.38 ppm, labelled M and N, respectively. Furthermore, two
doublets of doublets for the meta-protons are observed at
0 = 7.60 and 6.75 ppm, labelled O and P, respectively. The
coupling constants between M and O and N and P are
8.6 Hz and between M and N and O and P 2.3 Hz. In the
methylene region two doublets appear at 6 = 4.65 and 3.87
ppm (*Jyu = 17.4 Hz).

LJl
8.0 75 68 6556 53 45 40
5

Figure 1. '"H NMR spectrum of [Ru(N,N-dprs),(N,S-b)][PF], (4b)
at 218 K in (CD3),CO (range 6 = 8.2—3.7 ppm)

The full assignment of the signals and the solution struc-
ture was based on 2D COSY, phase-sensitive 2D NOESY,
decoupling experiments and one-dimensional 'H NMR
spectra at variable temperatures. In this way the twelve sig-
nals, as doublets of doublets due to the protons of the four
pyrimidine rings with the coupling constants Js5 = 4.6,
Jag = 2.1, Js = 6.0 Hz and the ten signals due to the
protons of the pyridine, the phenyl and methylene groups
of the b ligand, were assigned.

Dynamic NMR Studies

The dynamic behaviour of the complexes was prelimin-
arily examined by phase-sensitive 2D NOESY spectroscopy,
which shows the interchanges (positive cross-peaks) and the
interactions (negative cross-peaks) between the protons.
The phase-sensitive 2D NOESY spectra of the dprs and
Sedprs complexes were recorded almost at the same tem-
perature (245—250 K) whereas those of the dps, 4mdps and
Smdps complexes were recorded at lower temperatures as
the dynamic process is faster than for the dprs and Sedprs
complexes (vide infra).

The spectrum for 4b, at 248 K, is shown in Figure 2. At
this temperature the ortho-phenyl signals as well as the meta
signals are split as the fluxional process that exchanges the
two halves of the phenyl ring is slow. Positive cross-peaks,
due to chemical exchange of magnetization, are detected
between the phenyl protons M and N (at 6 = 8.09 and 5.38
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Table 1. Low-temperature '"H NMR spectroscopic data

Complex!®! N,S-ligand positions N,N-ligand positions

T [K] 2 3 4 5 6 CH, ring 3 4 5 6
la 7.60M01 7.84M°! 7.58M! 9.401v! 4.38M° C 7.62 8.14 7.63 9.35
218 7.801] 7.29€ 2,12 6.38! 5.07 3.60 D 8.19 8.03 7.17 7.60
Josy=Jsg =11 Jog=Jss= 17 J=167 E 8.16 8.23 7.36 8.03
F 7.62 8.11 7.64 9.16
3a 7.5601 8.03M! 7.63M! 9.491b] 4.281° C 7.38 7.76 2.350¢ 9.24
213 7.76] 7.28(¢ 2,11 6.40[ 5.04[ 3.481Y D 7.88 7.84 1.89¢ 7.84
J2,3 = J5,6 =8.2 J2,6 = J3’5 =138 J =169 E 8.09 8.01 2.03[6] 7.92
F 7.67 8.01 2.350 8.99
4a 7.6801 8.12M01 7.750 9.401b! 4.521% C 8.54 7.60 9.42
223 7.901] 7.348 148 6.491 5.10 3.791b1 D 8.97 7.45 8.79
J2’3 = J5,6 =8.2 J2,6 = J3’5 =21 J=175 E 9.13 7.65 9.04
F 8.93 7.74 9.63
5a 7.65M01 8.10M! 7.730 9.511b 447 C 1.07 8.52 2.6610 9.36
228 7.87t 7.33[l 2,141 6.48! 4.97 3.77 D 0.85[! 8.95 2.3410 8.74
stg = J5,6 = 8.0 J2,6 = J3’5 =22 J=172 E 0.92[e] 9.07 241[ﬂ 8.92
F 1.148 8.91 2.6910 9.62
1b 7.61M01 8.08[0! 7.6501 9.38[% 4.501%! C 7.57 7.89 7.59 9.43
208 7.98(] 7.58¢ 6.73 5.26[ 3.67% D 8.26 8.04 7.18 7.60
J2,3 = J5,6 =8.5 J2,6 = J3,5 =138 J =169 E 8.16 8.22 7.37 8.07
F 7.60 8.03 7.58 9.18
2b 7.62M 8.00 7.58[0 9.291b! 4.491° C 7.46 2.28 7.36 9.15
207 7.951¢l 7.561¢1 6.791 5.18 3.66[% D 8.05 2.390 7.02 7.46
J2,3 = J5,6 = 8.6 J2,6 = J3‘5 =24 J =170 E 8.12 2.47[8] 7.22 8.05
F 7.90 2.43fl 7.49 8.96
3b 7.57M) 8.02M0 7.6400) 9.48M] 4.401 C 7.48 7.84 2.33[l 9.25
217 7.94[ 7.541l 6.711 5.25M 3.55M] D 8.04 7.93 1.890! 7.48
Josy=Jsg =85 Jog = Jys = 2.1 J=169 E 8.09 8.04 2016 7.89
F 7.88 8.04 2310 8.99
4b 7.6310] 8.13M®! 7.75M0] 9.411] 4.65M C 8.61 7.67 9.46
218 .09 7.60L! 6.7511 5.380 3.8711 D 8.98 7.47 8.81
J2‘3 = .]5’(, = 8.6 ‘]2,6 = J3_5 =23 J=174 E 9.14 7.67 9.05
F 8.94 7.75 9.66
5b 7.631°] 8.08®! 7710 9.491°] 4.571] C 1.07 8.60 2.68M 9.35
218 8.04lc] 7.58¢ 6.73( 5.25M 3.810 D 0.91[ 8.92 2.311 8.72
J2~3 = ']5,6 = 8.6 qué = ‘]3~5 =25 J=174 E 084[6] 9.07 240[[] 8.91
F 1.37% 8.90 2.68M1 9.61
1c 7.401°! 7.72M 7.430®] 9.25M! 4.55!° C 7.50 7.90 7.49 9.15
223 7.93kl 7.828el 7.19t 7.480 3.69! D 8.17 8.02 7.17 7.58
J =169 E 8.23 8.16 7.34 8.03
F 8.00 8.09 7.62 9.17

[al At 300.13 MHz, in [DgJacetone; § in ppm with respect to TMS, J in Hz. [®! Picolyl fragment. [! Phenyl fragment. [4) Methyl of a. [¢]
Methyl of the N,N ligand. [ Methylene of Sedprs. [&l Pyridyl fragment.

ppm, respectively) and O and P (at 6 = 7.60 and 6.75 ppm,
respectively) while the strong NOEs (negative cross peaks)
include interactions between the methylene protons, intra-
ring interactions in the phenyl ring (M/O and N/P) and
in the pyrimidine ring (H%/H?) and, most significantly, the
following interactions: methylene proton at 6 = 4.65 ppm/
H? pyridine proton at 6 = 7.63 ppm, methylene proton at
6 = 3.87 ppm/H® pyrimidine proton at 6 = 9.66 ppm, H®
pyrimidine proton at 6 = 9.46 ppm/H® pyridine proton at
6 = 9.41 ppm, H® pyrimidine proton at § = 9.46 ppm and
that at § = 9.05 ppm, H® pyrimidine proton at § = 9.66
ppm and that at 6 = 8.81 ppm. If we assume that the sulfur
inversion is fast at low temperatures and that the phenyl
rotation is slow, the ortho-phenyl protons (M and N) are
anisochronous as are the meta-protons (O and P), and the
phenyl rotation exchanges protons M and N and O and
P. Furthermore the negative cross-peaks found in the 2D

3360 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

NOESY spectrum suggest that in the invertomer depicted
(Figure 3) the pyrimidine ring labelled C is cis to the phenyl
ring B and the ring F is cis to the pyridine ring A, while
ring E is trans to the sulfur atom. In the other invertomer
(not shown) the phenyl ring should be cis to the ring F.

Similar structures for the other complexes at low tem-
perature can be deduced from the data listed in Table 1. The
ring and the position of the protons were assigned by the
one- and two-dimensional experiments mentioned pre-
viously and by comparison of the spectra. In particular, the
solution structure depicted in Figure 4 is proposed for an
invertomer of la.

Upon warming the solutions, the spectral lines of the
phenyl protons broaden and coalesce in the range
255-295 K. At 330 K, the highest temperature reached, av-
eraged signals are observed for the ortho- as well the meta-
phenyl protons of all the complexes (Table 2). For instance,

www.eurjic.org Eur. J. Inorg. Chem. 2004, 3358—3369
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Figure 2. Phase-sensitive 2D NOESY spectrum of 4b at 248 K in
(CD3),CO (range 0 = 9.8—3.4 ppm)
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Figure 3. Proposed solution structure of 4b; the rings are labelled
A—F; the following signal assignments, based on 2D NOESY spec-
tra at low temperatures, show vicinal protons at 6 = 8.09—7.60,
6.75—5.38, 7.63—4.65, 9.66—3.87, 9.46—9.41, 9.46—9.05,
9.66—8.81 ppm

the meta- and the ortho-phenyl proton signals of 1a are ob-
served at 0 = 6.83 and 6.50 ppm, respectively, near the stat-
istical average of & = 6.84 and 6.44 ppm, respectively, as
expected for a single dynamic process. Furthermore, the
meta- and the ortho-phenyl proton signals of 4b are ob-
served at 6 = 7.12 and 6.67 ppm, respectively. The last sig-
nal in this complex, as well as in other dprs and Sedprs

Eur. J. Inorg. Chem. 2004, 3358—3369 www.eurjic.org
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Figure 4. Proposed solution structure of 1a; the rings are labelled
A—F; the following signal assignments, based on 2D NOESY spec-
tra at low temperatures, show vicinal protons at 6 = 7.80—7.29,
6.38—5.07, 7.60—4.38, 9.16—3.60, 9.40—9.35, 6.38-2.12,
7.29-2.12, 9.40—8.03 ppm

complexes, is rather broad due to the great chemical-shift
differences of the exchanging protons (ca. 2.7 ppm) and the
energy-barrier values (AG*#,93 =~ 54.3 kJ-mol ™!, vide infra
and Table 3). Although the dynamic behaviour of the com-
plexes in CD3;CN parallels that observed in acetone, de-
composition above 340 K is observed. Furthermore solu-
bility problems in other solvents prevent detailed NMR
studies at higher temperatures. It is worth noting that this
process has a negligible effect on the methylene protons
which appear, at all the temperatures, as a single AB system.

COSY and NOESY experiments were also performed at
high temperatures allowing the complete assignment of the
proton signals. In particular the signals of 4b at 6 = 9.20,
7.71, 8.06 and 7.64 ppm were assigned to the pyridine pro-
tons H®, H3, H* and H3, respectively, of the N,S-coordi-
nated ligand (Table 2).

The rates of the process were deduced by band-shape
analysis of the phenyl signals. Some experimental and com-
puter-simulated spectra are shown in Figure 5. Activation
energy data were calculated from fifteen independent fit-
tings in the temperature range 210—330 K. The activation
energy data for the other complexes were obtained by a
similar method and are collected in Table 3.

The '3C NMR spectra of the complexes were interpreted
easily, at least for the carbon signals of the N,S-chelate li-
gand, by comparison of the spectra of the present com-
plexes with those of the free ligands and other complexes
containing N,S-chelate ligands,'>2% with the help of the
jmod pulse sequence. The variable-temperature '*C NMR
spectra of 4b in the range 6 = 142—124 ppm are shown in

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3361
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Table 2. 'TH NMR spectroscopic data

Complex!®! N,S-ligand positions N,N-ligand positions
3 4 5 6 CH, ring 3 4 5 6
a 7.371°1 7.67°1 7.191®] 8.461°1 4.240b]
7.08l 7.250dl 2.26l¢
b 7.36[b] 7.68[01 7.20®] 8.451°1 43101
7.06l¢1 7.411d
c 7.491b] 7.67°1 7.191®] 8.48[b] 460!
7.2811 7.5911 7.071 8.4411
1alel 7.641°] 7.98[01 7.60] 9.23°] 4.34°] C 7.97 8.08 7.56 9.10
6.50[l 6.83d 2.17% 3.591®! D 8.09 7.99 7.15 7.39
J =169 E 8.16 8.17 7.34 7.85
F 7.49 7.83 7.56 9.30
3alel 7.550] 7.95[®] 7.650] 9.30°] 42911 C 7.34 7.66 2.36M 9.12
6.50[l 6.83d 2.17% 3.600! D 7.95 7.82 1.90( 7.03
J =169 E 8.04 7.96 2.03kl 7.65
F 7.85 7.92 235kl 8.88
4alel 7.67M] 8.091®! 7.741®] 9.23I°] 4.46M1 C 8.51 7.51 9.28
6.50(! 6.931d 2,19kl 3.70! D 8.92 7.37 8.63
J=174 E 9.05 7.54 8.91
F 8.87 7.65 9.40
5alel 7.63°] 8.08[®! 7.77M] 9.32°] 4.401] C 1.16 8.45 2.741h] 9.11
6.48[l 6.92dl 2.200 3.630! D 1.03f 8.96 2.49Mh] 8.75
J=173 E 0.96L! 8.85 2.43Mh] 8.45
F 1.23fl 8.80 2.78Mh 9.23
1blel 7.641°] 7.98[®] 7.610] 9.23I°] 4.421] C 7.58 7.87 7.58 9.31
6.65l¢1 7.06M] 3.6401 D 8.09 7.99 7.15 7.38
J =170 E 8.17 8.15 7.34 7.84
F 7.97 8.08 7.58 9.09
2blel 7.60M°] 7.971°] 7.58[b] 9.15M01 439001 C 7.39 2.34[¢] 7.40 9.04
6.63[c1 7.0711 3.63M0] D 7.93 2.41ll 6.98 7.12
J=17.0 E 7.99 2.50(¢ 7.16 7.60
F 7.80 2.47l 7.42 8.85
3plel 7.561°1 7.971°1 7.65MP] 9.31M0] 4,371 C 7.45 7.71 2.38l¢l 9.15
6.66[¢1 7.06M] 3.64[0] D 7.97 7.83 1.90(¢! 7.03
J =169 E 8.05 7.97 2.02l 7.67
F 7.85 7.92 235l 8.87
4blel 7.641°] 8.06[°] 7.71101 9.201°1 4.520b] C 8.53 7.51 9.26
6.67l 7.12Md1 3.71M01 D 8.89 7.34 8.60
J=175 E 9.02 7.51 8.87
F 8.84 7.61 9.36
Sblel 7.641°] 8.08[°] 7.76/01 9.34[b] 449001 C 1.15M 8.52 2.73Mh 9.15
6.65M 7.14H] 3.68[0] D 1.028 8.98 2.49Mh 8.78
J=174 E 0.94L 8.87 2.43Mh 8.50
F 1.21M 8.80 2.76lh 9.26
1clel 7.48°] 7.89101 7.52/b1 9.05M°1 4.4701 C 7.40 7.75 7.42 9.18
7.901 7.80M1 7.16M1 7.401 3.66/°1 D 8.10 8.00 7.18 7.59
J=16.7 E 8.10 8.16 7.33 7.83
F 7.90 8.08 7.57 9.09

[al At 300.13 MHz, in [DgJacetone, at 298 K unless stated otherwise; § in ppm with respect to TMS, J in Hz. [®! Picolyl fragment. ! ortho-
Phenyl proton. 4 meta-Phenyl proton. [} Methyl proton. ! Pyridyl fragment. &l At 330 K. "l Methylene of Sedprs.

Figure 6. In the '3C NMR spectrum at 208 K the signals of
the more deshielded carbon atoms appear at 6 = 169.5,
169.2, 168.9 and 168.3 ppm (quaternary pyrimidine carbon
atoms), while two overlapped signals for the C® pyrimidine
carbon atoms appear at 6 = 164.6 ppm, the others being
well separated (0 = 164.5 and 163.0 ppm). The signal of the
more deshielded carbon atom of b is observed at 6 = 162.40
ppm (quaternary pyridine carbon atoms) while the C® pyri-
dine carbon atom (0 = 155.5 ppm) is shielded with respect
to the C* pyrimidine carbon atoms (J = 158.6, 158.2, 158.1
and 156.8 ppm). Figure 6 shows the C* pyridine signal (6 =

3362 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

138.6 ppm), the ortho-phenyl carbon signals (6 = 135.6 and
128.5 ppm), the meta-phenyl carbon signals (6 = 129.4 and
129.3 ppm), the CS signal (6 = 135.5 ppm), the CCl signal
(6 = 128.5 ppm) and the signals of the C* and C° pyridine
carbon atoms of b at 6 = 124.3 and 124.1 ppm. The signals
of the C° pyrimidine carbon atoms (not shown in Figure 6)
are observed at 6 = 122.2, 121.6 ppm, with two overlapping
signals at 6 = 121.3 ppm.

Upon warming the solutions, the signals of the ortho-
and meta-phenyl carbon atoms broadened and then co-
alesced. The coalescence temperature (7,) for the meta-phe-

www.eurjic.org Eur. J. Inorg. Chem. 2004, 3358—3369
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Table 3. Activation energy data

AG#zgg AH# AS#
[kJ-mol~1] [kJ-mol~!] [J-K Tmol™ 1]
la 50.0 = 0.2 439 = 1.2 —20.6 = 49
1b 49.7 = 0.1 50.5 = 0.7 +2.8 = 2.7
2b 50.1 = 0.2 554 + 1.8 +17.6 = 6.6
3a 49.1 = 0.1 50.7 = 1.1 +54 = 4.0
3b 49.7 = 0.1 55.1 = 1.0 +18.0 = 3.5
4a 53.5+0.2 49.6 = 2.0 —-13.0 = 7.5
4b 543 = 0.1 60.5 = 1.1 +20.8 = 4.2
Sa 554 *+ 0.6 73.6 = 2.8 +61.1 = 9.6
Sb 552 = 0.1 61.6 = 0.7 +214 + 25
TK K"
M-N M-N 120000
330
313 m
288 4000
M-N
. M-N
N
253 300
|
238 o 50
hl MO P N
P N o .
208 M !
/ ; P
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Figure 5. Selected variable-temperature 'H NMR spectra of
[Ru(N,N-dps)>(N,S-b)|[PFg], (1b) in (CD5),CO (range 6 = 8.4—4.8
ppm); simulated spectra on the right

nyl carbon atoms is 255 K. Their chemical-shift difference
at 208 K is 12.09 Hz. The value of AG*,55 (55.2 kJ-mol™ ),
calculated from AG*7 = 19.14 T, 107 (9.97 + logT /Av),
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T/K
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C ph-o

-

283

253

Figure 6. Selected variable-temperature '3C NMR spectra of 4b in
(CD;),CO (range 6 = 141—124 ppm)

is in good agreement with the activation-energy barriers
(AH#* = 60.5 kJ'mol ™! and AS*# = 20.8 J-K~"mol!) listed
in Table 3.

In the fast-exchange regime (330 K) averaged signals of
the ortho-phenyl (6 = 134.1 ppm) and meta-phenyl carbon
atoms (6 = 131.0 ppm) are observed. Selected '*C NMR
spectroscopic data at low and high temperatures are listed
in Table 4.

Molecular Structure of [Ru(dps),(2-pyridyl 2-pyridylmethyl
sulfide)][PF],(CH;),CO (1¢-C3HO)

The complex cation of Ru?" crystallizes in a 1:2 ratio
with the hexafluorophosphate anions (both affected by a
noticeable rotational disorder) for charge balance and in a
1:1 ratio with a disordered acetone molecule of the solvent.
The crystal packing is stabilized by several hydrogen-bond
interactions involving the fluorine atoms of the PFg¢~

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3363



FULL PAPER

L. Baradello, S. Lo Schiavo, F. Nicolo, S. Lanza, G. Alibrandi, G. Tresoldi

Table 4. Selected '3C NMR spectroscopic datal®!

Complex T [K] N,S ligand
Pyridyl ring Other signals
C-CH, C ct c ce Cortho Cmeta CH, C-S C-CH; CH;
la 228 163.2 124.2 139.2 124.1 156.1 132.1 130.0  46.7 140.8 127.6 20.0
158.4[01 157.501  157.501 157,200 127.4 129.6
318 164.5 125.6 140.6 125.3 157.3  132.1 131.0 483 142.4 129.0 21.2
159.0[°1 158.71  158.5°1  158.4[b]
3a 218 162.8 123.5 137.7 123.4 1548 1314 129.8 462 140.1 127.6 19.7
1571101 156.91 156201 156,10 127.5 128.8  16.5 16.31 16.0[ 16.01
328 163.0 123.7 137.8 123.7 1548 1304 1292 492 140.5 20.0
156.4101 156.2°1 15561 154,90 16.511 16.31 16.16 16.0F
4a 228 163.5 125.1 139.3 124.9 156.3  134.1 130.0  46.7 141.5 126.8 20.2
165.4101 165.4°1 165301 163.4[0 132.0 129.2
318 164.6 126.4 140.4 125.9 157.5  132.8 1314 482 142.9 127.8 21.1
166.3M°1 166.2°1  166.201 1645
5a 228 163.9 124.3 138.7 124.0 156.0 1339 130.3 4619 1409 126.5 19.7
167.6"1 167.01  166.91  166.00 127.2 129.2  15.5H 15.561 15,10 15.01
329 165.0 126.6 140.8 126.3 1583 1325 131.8  48.8[ 143.4 21.5
165.201 165.2°1  165.001 164,90 16.31 16.11 15,60 15.51
1b 228 162.6 124.1 138.2 124.0 1554 1354 129.7  46.2 135.6 127.81
157.8101 157.21 156,91 156.0M] 128.9 129.3
328 164.1 125.8 139.8 125.5 157.6 1339 131.0 482 138.2 128.611
159.0[01 158.71  158.6°1  158.3M
2b 228 162.6 127.3 138.0 127.3 154.5 135.4 130.0  46.1 135.5 127.410
157.711 156.501 15581 15480 128.1 128.9 19.4( 19.31 192 18.91!
330 164.4 128.6 139.8 128.4 156.6  134.2 130.6  48.5 138.0 128.611
158.9101 157.901  157.901  157.4[b] 21.16€ 21,0 2091 20.6l¢!
3b 228 162.8 124.0 138.2 124.0 1554 1354 129.8 464 135.6 128.017
157.4101 157.301  156.51  156.3M1 128.6 129.6  16.8[! 16.7€1  16.4[ 16.3
328 164.5 125.8 139.9 125.5 157.5 134.1 130.7  48.6 138.1 128.511
158.91®] 158.861  158.4°1  158.3[] 18.2 1816 180 17.9
4b 208 162.4 124.3 138.6 124.1 155.5 135.6 129.4 454 135.5 128.511
164.6M°] 164.61  164.5®1  163.0 128.5 129.3
330 164.1 126.6 140.6 126.1 157.6  134.1 131.0  48.1 138.2 130.311
166.3°] 16621 166.20°1 164,711
5b 223 162.8 124.4 138.8 124.3 156.1 135.9 129.9 45090 136.0 129.211
163.91] 163.901  163.71  162.01 128.7 129.3  15.5M 1521 15,10 15.01
328 164.4 126.5 140.7 126.2 1589  134.0 131.0  48.3M 1383 130.71
165.110] 165.001 16471 163.30] 16.01 16.0l1 1560 15.51

[al At 75.56 MHz, in [Dglacetone; 6 in ppm with respect to TMS. [Pl C® carbon atoms of the N,N ligand. ! Methyl signals of the N,N
ligand. [41 CH, signals of the ethyl group at 6 = 21.9, 21.9, 21.6 and 21.4 ppm. ¢! CH, signals of the ethyl group at § = 23.8, 23.7, 23.6
and 23.5 ppm. [T CCl signal. [&] CH, signals of the ethyl group at § = 21.0, 21.9, 21.7 and 21.5 ppm. [ CH, signals of the ethyl group

at 0 = 23.6, 23.5, 23.4 and 23.2 ppm.

anions and the oxygen atom of the acetone with the hydro-
gen atoms of the dps ligands [at a distance of 2.443(5) A].
The geometry about the ruthenium() ion is distorted octa-
hedral (Figure 7), with the coordination polyhedron defined
by five nitrogen atoms and one sulfur atom: two N,N-che-
late dps ligands are cis to each other while the molecule of
2-pyridyl 2-pyridylmethyl sulfide is bidentate through S(3)
and N(5). The distortion of the geometry is mainly caused
by the sulfur atom, with a significantly longer Ru—S(3) dis-
tance [2.370(1) A] than the five similar Ru—N bonds [mean
2.104(5) A, with a slightly shorter bond to N(2) due to the
sulfur trans effect]. Despite the different size of the chelating
rings (6 atoms for dps and 5 for the 2-pyridylmethyl sulf-
ide), the bite angles of the three bidentate ligands are al-
most equal and N(5)—Ru—S(3) is only slightly narrower
than the other two equal chelating angles corresponding to
dps molecules [81.39(9)° vs. 89.3(1)°]. The same Ru' coor-
dination has already been observed in our previous work!!"!

3364 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for the [Ru(N,N’-dps)»(N,S-dps)]>" cation, where the dis-
tortion is more important due to the significantly shorter
N---S bite of one dps, which closes the corresponding chelat-
ing angle up to 67.8(2)°. The larger steric hindrance for the
bigger bite and bulk of 2-pyridyl 2-pyridylmethyl sulfide
with respect to the N,S-dps chelating ligand might be re-
lated to the significant elongation of the Ru—N bonds in
the corresponding complex [mean value 2.104(5) vs.
2.078(5) A, respectively]. Moreover, the elongation of the
distance to the N atom in the frans position causes a con-
traction the Ru—S(3) bond [2.370(1) vs. 2.424(2) A, respec-
tively]. However, the Ru—N bonds are still significantly
longer than the analogous distances in the known Ru(bipy)
complexes due to the reduction in back bonding when dps
replaces bipy ligands, as evidenced in the previous work.
The dps ligand adopts a twisted N, N-inside “butterfly-like”
arrangement and the resulting six-membered chelate rings
show the usual boat conformation, as evidenced by the
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puckering analysisi>?! on the Ru/N1/C1/S1/C6/N2 [Ru/N3/
C16/S2/C11/N4] ring: 6 = 90.8(2)° [92.4(2)]°, ¢ = 0.7(7)°
[4.6(2)]°, OT = 0.847(5) [0.920(2)] A and Ag(Ru) = 0.008(2)
[0.045(2)]. The C and N atoms lie on a plane from which
the Ru and S atoms deviate by 0.7516(3) [0.8584(3)] A and
0.718(1) [0.741(1)] A on the same side, respectively. The two
chiral atoms [Ru and S(3)] in the cation might generate two
possible couples of enantiomers of the complex and, due to
the presence of a crystallographic centre of symmetry, the
crystal packing is a racemic mixture corresponding to the
couple AS/AR (one arbitrary enantiomer of which is rep-
resented in Figure 7).

Figure 7. View of the cation 1¢:C3H¢O showing the labelling
scheme; anions and co-crystallized acetone moieties have been
omitted for clarity; thermal ellipsoids are drawn at 50% probability
while the size of the hydrogen atoms is arbitrary

Discussion

Our previous studies!'” on the dynamic behaviour of
[Ru(N,N-dprs),(N,S-phpys)|[PFe], and [Ru(N,N-dps),(N,S-
phpys)I[PFg]» (phpys = phenyl pyridyl sulfide), containing
a four-membered RuSCN(Ru— N) ring, showed that, in the
range 180—240 K, a restricted rotation of the pendant phe-
nyl ring was operative, affecting only the phenyl proton sig-
nals. Above 240 K extensive internal arrangements were in-
voked to explain the changes in the aromatic region of the
'"H NMR spectra at higher temperature.

The 'H NMR spectra of the complexes containing a
four-membered RuSCN(Ru—N) ring — [Ru(N,N-di-
imine)(N,S-pySCHLR)|[PF¢], or [Ru(N,N-diimine),(N,S-
prSCH,R)][PF¢], 2! — at the lowest temperature reached
(190 K) clearly show the presence of two slowly exchanging
invertomers, and restricted rotation is not observed. It is
likely that restricted rotation of the phenyl group occurs
below 190 K but experimental difficulties ruled out the pos-
sibility of confirming this proposal. Furthermore, for these
complexes, which contain a chiral ruthenium atom (con-

Eur. J. Inorg. Chem. 2004, 3358—3369 www.eurjic.org

figurations A and A) and a chiral sulfur atom [configura-
tions (S) and (R)] the possibility of racemisation (A = A)
was discarded and only the sulfur inversion [(R) Z (S)] oc-
curred.

In this work owing to the N,S chelation of the thioethers
a and b and the consequent formation of a five-membered
metallacycle, two invertomers, as the enantiomeric couples
AR/IAS and AS/AR, are expected and, consequently, two
AB systems for the methylene protons in the "H NMR spec-
tra. However, the spectra only show a single AB system.
This can indicate the presence of: (i) only one invertomer,
(i1) two invertomers that give superimposed signals, or (iii)
two rapidly exchanging invertomers at low temperatures.
The presence of only one invertomer or two invertomers
that give superimposed signals, should eliminate the pos-
sibility of a rotation process exchanging the ortho- as well as
the meta-phenyl protons, whereas the NOESY experiments
indicate the exchange of the phenyl protons.

It is important to note at this point that the splitting pat-
terns of the methylene protons (single AB system) and phe-
nyl protons (coupling constants between M and N as well
as O and P) rule out the possibility of a slow sulfur inver-
sion at low temperatures, while the splitting patterns of the
methylene protons at higher temperatures (single AB sys-
tem) also rule out the possibility of racemisation (A 2 A)
which should average the environments of the methylene
protons. In other words, due to the very fast sulfur inversion
even at low temperatures, averaged methylene proton sig-
nals as well as averaged phenyl proton signals of the two
invertomers were observed, whereas due to the restricted
phenyl rotation the two ortho- (and meta-) phenyl protons
are anisochronous. The fast rotation of the phenyl ring at
high temperatures makes the averaged environments of the
two ortho- (and meta-) protons equivalent, whereas the
methylene protons are practically unaffected.

On the other hand, from literature precedents it is un-
likely that the two invertomers have similar resonances. In
particular, the methylene proton signals are very sensitive
to the sulfur configurations and four doublets are observed
in the methylene region when two slowly exchanging in-
vertomers are present.[?%-23-24 Furthermore, the H? pyridine
proton of the N,S-chelate ligand and the other pyridine and
pyrimidine protons gave well-separated signals for the two
invertomers at low temperature,?”! whereas for the present
compounds only a single signal is present. Thus, two rapidly
exchanging invertomers are present. In order to firmly es-
tablish this point and other structural features we attempted
several crystallizations of the present compounds. None of
the complexes containing ligands a or b gave crystals suit-
able for X-ray crystallography; however, the reaction of 2-
pyridyl 2-pyridylmethyl sulfide (¢) and [RuCl,(dps),] in the
presence of NH4PF¢ gave [Ru(N,N-dps),(N,S-¢)][PFg], (1¢)
which easily formed crystals. The X-ray analysis revealed
the enantiomeric couple AS/AR. Moreover, the 'H NMR
spectra of this complex are compatible with the presence of
two rapidly exchanging invertomers: a single AB system is
observed for the methylene protons at low temperatures
(Table 1).
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For the complexes [cis-Ru(N, N-diimine)(N, S-
pySCH,R)][PF¢], and [cis-Ru(N, N-diimine),(N,S-
prSCH,R)J[PF¢], P9 the access to the transition state of
sulfur inversion is difficult due to the four-membered che-
late ring. However, the relatively high-energy ground state,
due to the simultaneous presence of the congested Ru(diim-
ine), fragment and the sterically demanding four-membered
N,S-chelate ring, explains the low energy-barrier of the pro-
cess. In the present complexes the steric demand of the Ru(-
diimine), fragments is similar, whereas the increase of the
chelate ring-size decreases the transition-state energy of the
inversion, which consequently is fast. Therefore, the only
fluxional process observed which exchanges the ortho- and
meta-protons (whereas other protons are practically un-
changed) is a phenyl rotation. The possible mechanisms
that need to be considered are: (i) a dissociative mechanism
with formation of five-coordinate species in which exchange
of the two halves of the phenyl ring is operative, (ii) an
associative mechanism involving solvent, anion or free li-
gand with formation of a seven-coordinate species in which
restricted rotation of phenyl ring occurs, or (iii) phenyl ro-
tation in the octahedral complexes without any bond rup-
ture. The dissociative mechanism can be discarded on the
basis of the following findings: (i) the NMR spectra are
temperature-reversible and concentration-independent, (ii)
the exchange rates are similar in acetone and acetonitrile,
(iii) the steric hindrance to phenyl rotation can be very
much diminished by dissociation of the Ru—S or Ru—N
bond; and (iv) in the presence of a Ru—S bond dissociation
the sulfur inversion and phenyl rotation would occur at the
same rate. On the contrary, at low temperatures, sulfur in-
version is fast whereas phenyl rotation is slow. An associat-
ive mechanism involving solvent, anion or free ligand is also
unlikely. In fact, when the free ligand is added, separate
signals are observed and the exchange rates are not affected.
Addition of chloride or hexafluorophosphate anion does
not affect the rate of the process. Therefore, the only mecha-
nism consistent with all the experimental results appears to
be the phenyl rotation in the octahedral complexes. This
phenyl rotation occurs at higher rates in the complexes con-
taining Ru(dprs), or Ru(5edprs), fragments than in those
containing Ru(dps),, Ru(4mdps), or Ru(5mdps), frag-
ments, the differences in the averaged AG#,94 values being
4 kJ-mol~! (Table 3); the substitution of dps with 4mdps or
Smdps leaves the magnitude of AG#,yg practically un-
changed. Similarly, substitution of dprs with Sedprs or a
with b does not affect the values of AG%,95. On this basis
we suggest that the contribution of electronic effects to the
restricted phenyl rotation is negligible while the parameters
observed are correlated to the hindrance produced by the
two ligands cis to the rotating group. Crystallographic
data of [Ru(NV,N-dps)>(N,S-¢)][PF¢], and similar com-
plexes!!>18:-19 indicate that N,N chelation is favoured by the
combination of the boat conformation for the six-mem-
bered metallacycle and a twisted N,N-inside conformation
of dps which corresponds to the best pyridine dihedral an-
gle for chelation to the metal atom. We have no crystallo-
graphic data of dprs complexes containing a or b or other

3366 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N, S ligands; however, it is very likely that the conformation
of the N,N chelate dprs is similar. Since the pyridine or
pyrimidine rings are inclined the hindrance to rotation is
mainly determined by the size of the N atom and, to a lesser
extent, by the CH® group. In other words, the inclined py-
rimidine ring of dprs is somewhat “bulkier” than the in-
clined pyridine ring of dps, producing enhanced hindrance
to the phenyl rotation.

Conclusion

The reactions of a series of thioethers bearing CH,Py
groups has allowed us to extend the chemistry of polypyrid-
ylruthenium(ir) compounds containing N,S-coordinated li-
gands with a five-membered chelate ring. The NMR experi-
ments clearly show that the phenyl rotation in the octa-
hedral complexes is the fluxional process that produces the
exchange of the ortho- and meta-phenyl protons. The steric
hindrance of the ruthenium substrates appears to play a
determinant role for the phenyl rotation which, in the com-
plexes containing dps ligands or methyl derivatives, occurs
at lower rates than in those containing dprs or Sedprs; the
difference in the averaged AG¥ values being 4 kJ'mol™~!. The
ring size of the N,S-coordinated thioether ligand plays a
determinant role for the sulfur inversion. When the in-
verting sulfur atom is present in a five-membered N,S-che-
lated ring, the process is fast even at low temperatures,
whereas in a four-membered ring?” it is much slower.
Further experiments are in progress with the aim of study-
ing the effect of the nature of congested Ru(N,N-diimine),
cores and sterically demanding thioethers on the energy
barrier of the dynamic processes.

Experimental Section

General Remarks: Di-2-pyridyl sulfide,**! di-2-pyrimidyl sulfide,!'!
2-pyridylmethyl p-tolyl sulfide,*®! p-chlorophenyl 2-pyridylmethyl
sulfide,?®!  2-pyridyl 2-pyridylmethyl sulfide,*®) [RuCly(dps),]:
2H,031 and [RuCl,(dprs),]-2H,0*1 were prepared by published
methods. Other reagents and solvents were used as received. Con-
ductivity measurements were done with a Radiometer CDM 3 con-
ductivity meter. Infrared spectra were recorded with an FT-IR
1720X spectrophotometer with samples as Nujol mulls placed be-
tween KBr plates and the 'H and '3C NMR spectra with a Bruker
AMX 300 spectrometer. The following Bruker programs were used:
zg, homodecnew, zgpg, jmod, cosy, noesy.pt, invb. Simulations of
static and dynamic spectra were performed with the G NMR pro-
gram. Selected '"H NMR spectroscopic data for the complexes are
given in Tables 1 and 2, activation energy data are given in Table 3
and *C NMR spectroscopic data are given in Table 4.

2,2'-Bis(5-ethylpyrimidyl) Sulfide (Sedprs): 2-Chloro-5-ethylpyrim-
idine (4.85 g, 34.0 mmol) was dissolved in N,N-dimethylformamide
(30 mL), under N,. Na,S (1.37 g, 17.5 mmol) was added. The re-
sulting mixture was heated to reflux with stirring for 4 h. The initial
pale-yellow solution gradually turned green, then deep yellow. The
solvent was distilled off under reduced pressure and the residue
extracted with CH,Cl,. Evaporation of the solvent gave a pale-
yellow solid, which was crystallized from CH,Cl, (30 mL) by care-
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ful addition of heptane, washed with pentane and dried in vacuo.
Yield 1.26 g (30%). Selected IR data (KBr): v = 1607 ms, 1574 s,
1538 vs, 1267 s, 1230 vs, 1142 vs, 1068 s, 938 vs, 820 vs, 790 s, 767
vs, 653 vs, 646 vs 638 vs, 499 vs cm~!. '"H NMR ([DgJacetone,
298 K): 6 = 1.25 (t, 3Juu = 7.6 Hz, 6 H, CH3), 2.67 (q, 4 H, CH.,),
8.56 (s, 4 H, H? and H®) ppm. *C{'H} NMR ([D¢Jacetone, 298 K):
6 = 15.05 (CHs;), 23.45 (CH,), 158.25 (C? and C°®) ppm. C;,H4N,S
(246.33): caled. C 58.51, H 5.73, N 22.74, S 13.01; found C 58.40,
H 5.80, N 22.60, S 13.00.

2,2'-Bis(4-methylpyridyl) Sulfide (4mdps):>!! 2-Bromo-4-methyl-
pyridine (9.70 g, 56.4 mmol) was dissolved in N,N-dimethylforma-
mide (30 mL) under N,. Na,S (2.28 g, 29.2 mmol) was added. The
resulting mixture was heated to reflux with stirring for 6 h. The
initial pale-yellow solution gradually turned green, then yellow.
Distillation under reduced pressure gave the solvent at 30—50 °C
and the compound as a yellow oil at 150 °C. The oil was kept at
—24 °C until it solidified. Selected IR data (KBr): v = 1625 s, 1590
vs, 1556's, 1539 s, 1282 ms, 1233 s, 1221 s, 1119 vs, 1079 vs, 986 s,
869 ms, 849 vs, 823 vs, 700 vs, 539 s, 517 s cm~!. '"H NMR
([DgJacetone, 298 K): 6 = 2.30 (s, 6 H, CHj), 7.09 (dd, Jss =
5.0Hz, Js3 = 1.3Hz, 2 H, H3), 7.31 (d, 2 H, H%), 8.33 (d, 2 H,
H® ppm. BC{'H} NMR ([Dglacetone, 298 K): = 20.60 (CHj),
123.50 (C3), 126.70 (C3), 150.30 (C®) ppm.

2,2'-Bis(5-methylpyridyl) Sulfide (Smdps):?!! The compound was
obtained in the same way as above starting from 2-bromo-5-meth-
ylpyridine (9.70 g, 56.4 mmol) and Na,S (1.37 g, 17.5 mmol). Selec-
ted IR data (KBr): v = 1667 vs, 1586 vs, 1557 vs, 1504 s, 1221 vs,
1102 vs, 1084 s, 1025 vs, 828 vs, 724 s cm ™. '"H NMR ([Dg]Jacetone,
298 K): & = 2.30 (s, 6 H, CH3), 7.32 (d, J43 = 8.1 Hz, 2 H, H3),
7.54 (dd, Js4 = 2.2 Hz, 2 H, H*), 8.33 (d, 2 H, H®) ppm. *C{'H}
NMR ([DgJacetone, 298 K): 6 = 17.80 (CH3), 125.90 (C?), 138.40
(C%), 151.05 (C® ppm.

[RuCl,(V,N-4mdps),] (2): RuCl;-3H,O (1 g, 3.8 mmol), LiCl (1 g,
23.6 mmol) and 4mdps (1.65 g, 7.63 mmol) were refluxed in DMF
(30 mL) under N, for 4 h. After cooling to room temperature and
addition of acetone (30 mL), the mixture was allowed to stand at
4 °C overnight giving a dark-red solid which was filtered and
washed with acetone. The compound was dried over P4,Oy in va-
cuo. Yield 0.92 g (40%). Selected IR data (KBr): ¥ = 1650 br, 1599
vs, 1282's, 1140 s, 1082 s, 820 vs, 720 s cm~'. '"H NMR (CDCl;,
298 K): 0 = 2.23 (s, 6 H, CH3), 2.34 (s, 6 H, CH3), 6.62 (dd, Jg 5 =
6.0Hz, Js; = 1.9Hz, 2 H, HY), 7.13 (dd, Js5s = 6.0Hz, Js3 =
1.9 Hz, H%), 2 H, 7.14 (d, 2 H, H?),7.31 (d, 2 H, H3).,8.30 (d, 2 H,
H®), 10.04 (d, 2 H, H®) ppm. C,4H,4Cl,N4RuS, (604.58): caled. C
47.68, H 4.00, N 9.27, S 10.61; found C 47.80, H 4.00, N 9.35,
S 10.60.

[RuClLy(V,N-5mdps),] (3): RuCl;-3H,O (1 g, 3.8 mmol), LiCl (1 g,
23.6 mmol) and Smdps (1.65 g, 7.63 mmol) were refluxed in DMF
(20 mL) under N, for 5 h. The solution was cooled to room tem-
perature and 40 mL of acetone added. The mixture was allowed to
stand at —24 °C overnight. An orange-red solid had formed which
was filtered, washed with acetone/diethyl ether mixtures [2:1 (21
mL), 1:1 (30 mL) and 1:3 (40 mL)] and dried over P,O,, in vacuo.
Yield 1.03 g (45%). Selected IR data (KBr): v = 1630 br, 1589 s,
1284 s, 1234 s, 1136 vs, 1101 vs, 822 vs, 722's, 532 s cm™ 1. 'TH NMR
([Dglacetone, 298 K): 6 = 2.01 (s, 6 H, CH;), 2.41 (s, 6 H, CHs;),
7.33 (dd, J43 = 7.9 Hz, Js3 = 0.8 Hz, 2 H, H?), 7.38 (dd, J45 =
79Hz, Jo4 = 2.5Hz, 2 H, H%), 7.53 (dd, J43 = 79Hz, Js3 =
0.8 Hz, 2 H, H3), 7.62 (dd, J43 = 7.9 Hz, Js4 = 2.5 Hz, 2 H, H%),
8.30 (dd, 2 H, H°), 10.04 (dd, 2 H, H® ppm. CyH,4Cl,N4RuS,
(604.58): caled. C 47.68, H 4.00, N 9.27, S 10.61; found C 47.60,
H 4.10, N 9.30, S 10.70.
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[Ru(2V, N-Sedprs),Cl,] (4): This red compound was obtained in the
same way as above, starting from RuCl;:3H,O (1 g, 3.8 mmol),
LiCl (1 g, 23.6 mmol) and Setdprs (1.94 g, 7.63 mmol). Yield 0.88 g
(35%). Selected IR data (KBr): v = 1675 vs, 1540 vs, 1220 s, 1182
vs, 1136 vs, 1058 vs, 910 vs, 822 vs, 752vs, 740 vs 720's, 662 s cm 1.
'H NMR ([DgJacetone, 298 K): 6 = 1.02 (t, 3Jyy iy = 7.6 Hz, 6 H,
CHs), 1.34 (t, 3Jyn = 7.6 Hz, 6 H, CH53), 2.48 (q, 4 H, CH.,), 2.78
(q, 4 H, CH,), 8.34 (dd, J43 = 79 Hz, Jg4 = 2.6 Hz, 2 H, H?),
8.49 (dd, Js4 = 2.6 Hz, 2 H, H®), 8.59 (d, Js4 = 2.8 Hz, 2 H, H%),
10.01 (d, Js4 = 2.8 Hz, 2 H, H). C54H,3C1,NgRuS, (664.64): caled.
C 43.37, H 4.24, N 16.86, S 9.65; found C 43.50, H 4.30, N 17.00,
S 9.70.

[Ru(V,V-dps)»(NV,S-a)[[PFgl, (1a): [RuCly(dps),]-2H,O (0.195 g,
0.33mmol) and 2-pyridylmethyl p-tolyl sulfide (0.286 g,
1.33 mmol) were refluxed in 50 mL of ethanol/water (3:2) under N,
for 4 h. After filtration of the solution into 80 mL of water contain-
ing NH4PF¢ (0.49 g, 3 mmol), a yellow precipitate was obtained,
filtered, washed with cold water (30 mL) and dried overnight. The
solid was then dissolved in acetone (15 mL), precipitated with di-
ethyl ether (100 mL), washed with diethyl ether (70 mL) and dried
over P,O;o under vacuum. Yield 0.165 g (50%). Selected IR data
(KBr): ¥ = 1589 vs, 1561 ms, 1284 s, 1165 s, 878 vs, 843 br, 770 vs,
741 ms, 727 s, 558 vs cm ™!, C33H,0F ,NsP,RuS; (982.81): caled. C
40.33, H 2.97, N 7.12; found C 40.15, H 3.05, N 7.10. Conductivity:
Ay (MeCN, 2 X 107* mol-dm ™3, 25 °C) = 316 S:cm*>mol .

[Ru(V, N-5mdps),(N,S-a)|[PF¢l, (3a): The compound was obtained
in the same way as la, starting from [RuCl,(5Smdps),] (0.201 g,
0.33mmol) and 2-pyridylmethyl p-tolyl sulfide (0.286 g,
1.33 mmol). Yield 0.220 g (64%). Selected IR data (KBr): vV = 1667
s, 1597 s, 1565 ms, 1494 vs, 1283 vs, 1240 vs, 1120 vs, 1106 s, 877
vs, 840 br, 775 vs, 740 s, 725 ms, 557 vs, 530 vs cm L
C3;H3,F ,NsP,RuS; (1038.9): caled. C 42.78, H 3.59, N 6.74;
found C 42.90, H 3.60, N 6.80. Conductivity: Ay (MeCN, 2 X
10~* mol-dm 3, 25 °C) = 328 S:cm?mol .

[Ru(V, N-dprs),(V,S-a)|[PF¢l, (4a): [RuCly(dprs),]-2H,O (0.196 g,
0.33 mmol) and 2-pyridylmethyl p-tolyl sulfide (0.286 g,
1.33 mmol) were heated to reflux in 50 mL of ethanol/water (3:2).
After 3 h, the solution was filtered and 50 mL of water containing
NH4PFg (0.65 g, 4 mmol) was added. The mixture was heated for
2 h. The solution obtained was allowed to stand until a brown pre-
cipitate was formed, which was filtered, washed with water, and
dried overnight. The solid was then dissolved in acetone (10 mL)
and added to the top of a chromatography column (diameter 2 cm)
packed with aluminium oxide (50 g; Aldrich, neutral, 150 mesh,
deactivated with water 0.15 g). Elution with CH,Cl,/acetone (3:2)
gave a yellow-orange band which was collected, concentrated (10
mL) and precipitated with diethyl ether (50 mL). The solid ob-
tained was washed with diethyl ether (50 mL) and dried over P,Oy
under vacuum. Yield 0.130 g (40%). Selected IR data (KBr): ¥V =
1604 ms, 1561 s, 1547 s, 1164 s, 1084 ms, 1014 ms, 876vs, 842 br,
762 vs, 751 ms, 722 ms, 649 ms, 597 ms, 558 vs cm ™.
CyoH,5F ,NoP,RuS; (986.76): caled. C 35.30, H 2.55, N 12.78;
found C 35.20, H 2.60, N 12.80. Conductivity: Ay (MeCN, 2 X
10~* mol-dm 3, 25 °C) = 305 S:cm?mol .

[Ru(V, N-5edprs),(V,S-a)|[PFgl, (5a): This compound was prepared
by refluxing a mixture of [RuCl,(5edprs),] (0.332 g, 0.50 mmol) and
2-pyridylmethyl p-tolyl sulfide (0.646 g, 3.0 mmol) in 50 mL of
ethanol/water (3:2) under N, for 5 h. After filtration of the solution
into 80 mL of water containing NH4PF¢ (0.49 g, 3 mmol) an or-
ange precipitate was obtained, which was filtered and dried over-
night. The crude product was dissolved in acetone (10 mL) and
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added to the top of a chromatography column (diameter 2 cm)
packed with aluminium oxide (50 g; Aldrich, neutral, 150 mesh,
deactivated with water 0.15 g). Elution with CH,Cl,/acetone (3:2)
gave a yellow-orange band which was collected, concentrated (10
mL) and the product precipitated with diethyl ether (50 mL). The
solid obtained was washed with diethyl ether (50 mL) and dried
over P,O1o under vacuum. Yield 0.220 g (40%). Selected IR data
(KBr): ¥ = 1667 s, 1581 s, 1544 vs, 1234 s, 1187s, 1142 s, 1060 s,
880 vs, 843 br, 755 vs, 740 vs, 727 s, 663 s, 557 cm ™.
C37H4F1oNgPoRuS; (1099.0): caled. C 40.44, H 3.76, N 11.47;
found C 44.50, H 3.80, N 11.40. Conductivity: Ay (MeCN, 2 X
10~* mol-dm—3, 25 °C) = 310 S:cm*mol .

[Ru(V, N-dps),(V,S-b)|[PF], (1b): This yellow compound was pre-
pared in the same way as la, starting from [RuCl,(dps),]-2H,O
(0.195 g, 0.33 mmol) and p-chlorophenyl 2-pyridylmethyl sulfide
(0.313 g, 1.33 mmol). Yield 0.160 g (48%). Selected IR data (KBr):
V = 1589 s, 1284 s, 1164 s, 1094 vs, 1011 s, 879 vs, 847 br, 770 vs,
744 ms, 726 ms, 558 vs, 508 ms cm~!. C3H,cCIF;,NsP,RuS;
(1003.2): caled. C 38.31, H 2.61, N 6.98; found C 38.10, H 2.65, N
7.00. Conductivity: Ay (MeCN, 2 X 107* mol-dm™3, 25 °C) =
307 S:cm*mol 1.

[Ru(V, N-4mdps),(N,S-b)|[PF¢l, (2b): This yellow compound was
prepared in a similar fashion to 1a, starting from [RuCl,(4mdps)-]
(0.201 g, 0.33 mmol) and p-chlorophenyl 2-pyridylmethyl sulfide
(0.313 g, 1.33 mmol). Yield 0.180 g (51%). Selected IR data (KBr):
vV = 1674 s, 1605 vs, 1288 s, 1093 vs, 1011 vs, 878 vs, 843 br, 776
vs, 740 vs, 720 s, 557 vs, 508 s, 499 s cm™!. C3,H,4CIF,,NsP,RuS;
(1059.3): caled. C 40.82, H 3.24, N 6.61; found C 40.90, H 3.30, N
6.60. Conductivity: Ay (MeCN, 2 X 107* mol-dm™3, 25 °C) =
318 S-cm?mol .

[Ru(N,N-5mdps),(N,S-b)|[PF¢l, (3b): This yellow compound was
prepared in the same way as la, starting from [RuCl,(Smdps),]
(0.201 g, 0.33 mmol) and p-chlorophenyl 2-pyridylmethyl sulfide
(0.313 g, 1.33 mmol). Yield 0.200 g (56%). Selected IR data (KBr):
vV = 1678 vs, 1605 s, 1598 s, 1568 s, 1283 s, 1241 s, 1119 vs, 1092
vs, 1009 vs, 876 vs, 836 br, 764 vs, 741 s, 725 ms, 558 vs, 530 s, 512
s cm~ 1. C34H34CIF,NsP>RuS; (1059.3): caled. C 40.82, H 3.24, N
6.61, S 9.08; found C 40.80, H 3.30, N 6.70, S 9.10. Conductivity:
Ay (MeCN, 2 X 107* mol-dm~3, 25 °C) = 307 S:cm*>mol .

[Ru(V, N-dprs),(N,S-b)|[PF], (4b): This orange compound was ob-
tained in the same way as la, starting from [RuCl,(dprs),]-2H,O
(0.196 g, 0.33 mmol) and p-chlorophenyl 2-pyridylmethyl sulfide
(0.313 g, 1.33 mmol). Yield 0.151 g (45%). Selected IR data (KBr):
v = 1579 vs, 1575 vs, 1548 vs, 1167 vs, 1096 s, 1011 s, 874 vs, 846 br,
767 s, 753 vs, 742 ms, 558 vs, 509 ms cm~'. CogH,,CIF,NgP,RuS;
(1007.2): caled. C 33.37, H 2.20, N 12.52; found C 33.30, H 2.30,
N 12.50. Conductivity: Ay (MeCN, 2 X 10~% mol-dm 3, 25 °C) =
309 S-cm?mol .

[Ru(V, N-Sedprs)(V,S-b)|[PFg], (5b): This orange compound was
prepared and purified in the same way as 5a, starting from [Ru-
Cly(5edprs),] (0.332 g, 0.50 mmol) and p-chlorophenyl 2-pyridyl-
methyl sulfide (0.707 g, 3.0 mmol). Yield 0.252 g (45%). Selected
IR data (KBr): v = 1667 vs, 1580 s, 1548 vs, 1243 s, 1143 s, 1095
s, 1061 s, 1011 s, 880 vs, 846 br, 762 s, 757 s, 558 vs cm™ .
C3¢H;35CIF ,NgP,RuS; (1119.4): caled. C 38.63, H 3.42, N 11.26,
S 8.59; found C 38.60, H 3.55, N 11.20, S 8.60. Conductivity: Ay
(MeCN, 2 X 107* mol-dm 3, 25 °C) = 284 S:cm*>mol .

[Ru(V, N-dps),(V,S-¢)][PFgl, (1c): This yellow compound was ob-
tained in the same way as 4a, starting from [RuCl,(dps),]-2H-,O
(0.195g, 0.33mmol) and 2'-pyridyl 2-pyridylmethyl sulfide
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(0.178 g, 0.882 mmol) Yield 0.226 g (70%). Selected IR data (KBr):
vV = 1610 ms, 1588 s, 1571 s, 1561 ms, 1284 s, 1165 s, 1130 ms, 1089
ms, 878 s, 845 br, 769 vs, 741 s, 727 ms, 558 vs, 528 ms cm .
BC{'H} NMR ([DgJacetone, 298 K): 5 = 45.9 (CH,), 123.6 (C>,),
124.0, 125.4, 126.0, 126.7 (4 C4ps), 127.2 (C3,), 127.5 (C3,), 128.7,
128.8, 129.6, 130.2 (4 C3ypy), 130.4 (C), 138.4 (C*,), 138.6, 139.3,
139.7, 140.0 (4 C*,s), 140.4 (C*), 150.1 (C® ), 153.8 (C%), 156.6
(C2ps)s 157.1(CC,), 157.1 (COypy), 157.5 (CPyps), 157.9 (COypy), 158.1
(CPaps), 1584, 158.7 (2 CO4p), 1592 (C%ps), 165.0 (C2).
C3HF 1:NgP>RuS; (969.77): caled. C 38.40, H 2.70, N 8.67, S
9.92; found C 38.35, H 2.80, N 8.60, S 9.90. Conductivity: Ay
(MeCN, 2 X 10~* mol-dm~—3, 25 °C) = 327 S:cm®*mol~!.

Single-Crystal X-ray Diffraction Study of 1c: Suitable crystals of
complex 1c¢ were obtained by slow evaporation of solvent from a
diethyl ether/acetone (1:1) solution. Diffraction data were collected
with a Siemens P4 automatic four-circle diffractometer. Lattice par-
ameters were obtained from least-squares refinement of the setting
angles of 42 reflections within the 20 range 6—30°. A summary of
the crystallographic data and the structure refinement is reported
in Table 5. Monitoring of three standard reflection measurements
evidenced no crystal deterioration. The reflection intensities were
evaluated by a learnt-profile procedure?”? among 20 shells and then
corrected for Lorentz-polarization effects. Absorption correction
was applied by fitting a pseudo-ellipsoid to the azimuthal scan data
(0—360% range by a 10% step) of 15 high y reflections.?’! Data
collection and reduction were performed with the XSCANSP and
SHELXTLBY package. The structure was solved by a combination
of standard Direct MethodsP!l and Fourier synthesis, and refined
by minimising the function Xw(F,> — F,?)* with the full-matrix le-
ast-squares technique based on all independent F, using SHELXL-
97.8321 All non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were included in the model refinement with the “riding

Table 5. Crystallographic data for 1¢-C3HgO

Empirical formula
Formula mass

Crystal dimensions
Crystal colour and form
Crystal system

Space group

Unit cell dimensions

[C51Ha6N6S3Ru][PF¢]>*(CH;),CO
1027.85

0.37 X 0.27 X 0.20 mm

yellow, irregular

monoclinic

P2y/c (no. 14)

a = 11.760(1) A

b=13.792(1) A

¢ =25883(2) A

S = 90.051(8)°

V 4197.8(6) A3
zZ 4
F(000) 2064
Pcalcd. 1.626 g/Cm3
0.689 mm ™!
A (graphite-monochromated) 0.71073 A (Mo-K,)
26 range 4.3—-50°
Data collected (26-w) 8597

Data independent (refined)
Data observed

Variables

Completeness to 26 = 50°
R111 (observed/refined data)
wR2IP]

(observed/refined data)

7369 (Ripe = 0.0240)
5938 [1 = 26(1)]
532

0.995
0.0462/0.0617
0.1110/0.1210

GOF™ (observed/refined data) 1.040/1.040
Max. diff. peak and hole 0.588/—0.547 e:A3
Max. and mean shift/esd 0.002/0.001

IR = (Z||Fy| = |[FJVZIF,|. ™ Rw = {Z[w(F,> = F2)V[Ew(F,) ] 2.
1 GOF= {Z[W(Foz - FCZ)Z/(Nob& - szlr)]}l/z'
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model” method with the X—H bond geometry and isotropic dis-
placement parameter depending on the parent X atom. The co-
crystallized acetone molecules and hexafluorophosphate anions
show large atomic thermal ellipsoids due to the expected rotational
disorder of their spherical moieties. Any attempt to represent the
biggest ellipsoids as adjacent atomic partial occupancies was un-
successful. The final geometrical calculations and drawings were
carried out with the PARST program® and the XPW utility of
the Siemens package, respectively. Selected bond lengths and bond
angles are reported in Table 6 while Figure 7 represents the com-
plex cation with its atomic labelling scheme. CCDC-226905 con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: + 44-
1223-336033; E-mail: deposit@ccdc.cam.ac.uk].

Table 6. Selected bond lengths [A] and angles [°] for 1¢:C3HO

Ru—N(2) 2.096(3) Ru—N(1) 2.102(3)
Ru—N(4) 2.103(3) Ru—N(5) 2.108(3)
Ru—N(3) 2.112(3) Ru—S(3) 2.370(1)
N(1)-C(5) 1.352(6) N(1)—C(1) 1.354(6)
C(1)-S(1) 1.768(5)  S(1)—C(6) 1.772(5)
C(6)—N(2) 1.350(5)  C(10)—N(2) 1.352(5)
N(3)—C(20) 1.317(5)  N(3)—C(16) 1.362(5)
S(2)—C(16) 1.769(5)  C(11)-S(2) 1.771(5)
C(11)-N(4) 1.340(5)  C(15)—N(4) 1.355(6)
N(5)-C(21) 1.346(5)  N(5)—C(25) 1.358(5)
C(25)—C(26) 1.478(7)  C(26)—S(3) 1.829(5)
C(27)-S(3) 1.822(5)  C(27)—N(6) 1.404(7)
C(31)-N(6) 1.407(8)

N(2)—Ru—N(1) 89.3(1)  N(2)—Ru—N(4) 86.1(19
N(1)-Ru—N(4) 86.6(1)  N(2)—Ru—N(5) 92.9(1)
N(1)—Ru—N(5) 92.9(1)  N(2)-Ru—N(3) 93.1(1)
N(4)—Ru—N(3) 89.3(1)  N(5)—Ru—N(3) 91.2(1)
N(1)-Ru—S(3) 86.6(1)  N(4)—Ru—S(3) 99.6(1)
N(5)—Ru—S(3) 81.399)  N(3)—Ru—S(3) 91.4(1)
C()-S()-C(6)  103.52)  C(16)—-S(2)—C(11) 103.5(2)
C(25)—-C(26)-S(3) 111.73)  C(27)—S(3)-C(26)  97.6(2)
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