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Inert and Labile [Ru(L)(‘pyS4’)] Complexes with Rigid [RuNS,] Cores and
trans-Thiolate Donors [L = PPh;, PEt;, DMSO, CO, NO*, N,H,; ‘pyS,”
2,6-Bis(2-mercaptophenylthio)dimethylpyridine(2-)]
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In a quest for ruthenium complexes having [RuNS,] cores, a
non-fluxional configuration, trans-thiolate donors, and ex-
changeable coligands L, [Ru(L)('pyS,')] complexes have been
synthesized ['pyS4'?~ = 2,6-bis(2-mercaptophenylthio)dime-
thylpyridine(2-)]. Treatment of [RuCl,(PPhjs);] with ‘pyS,'?-
gave [Ru(PPh3)('pyS,')] (1). Alkylation of 1 with excess Mel
yielded [Ru(PPh;)(‘pySs'-Mey)]L, (2). [Ru(DMSO)('pySy')] (3)
was obtained from [RuCl,(DMSO),] and ‘pyS,'?~. The PPh,
or DMSO coligands in 1, 2, and 3 proved to be very inert to
substitution. Only the DMSO could be displaced by CO un-
der drastic conditions yielding [Ru(CO)(‘pyS;’)] (4). Treat-
ment of [RuCl,(CH3;CN),] with ‘pyS,'?” yielded [Ru('pyS4')]a

(5); in the presence of PEt; or N,H, mononuclear [Ru(PEt3)-
(‘pyS4')] (6) and [Ru(N,Hy)(‘pySys')] (7) were formed. Template
alkylation of NBuy[Ru(NO)(S,CeHy),] with 2,6-bis(tosyloxy-
methyl)pyridine gave [Ru(NO)('‘pyS,')]Tos (8). Complex 8
proved to be the best suited precursor for L exchange reac-
tions. Under reducing conditions, 8 releases its NO ligand
and the resulting [Ru(‘pyS,')] fragments can combine either
with each other to give 5, or with PEt; and N,H, to yield 6
and 7, respectively. All complexes have been characterized
by spectroscopic methods and elemental analysis; 1, 2, 3, and
4 have also been submitted to X-ray structure analysis.

Introduction

Transition metals in sulfur-dominated coordination
spheres form the active centers of numerous oxidoreduct-
ases, e.g. of nitrogenases, hydrogenases, and CO dehydro-
genases.l!! Efforts to elucidate the molecular mechanisms of
the enzyme reactions and to find competitive catalysts with
enzyme-like activity are a major impetus in the search for
low molecular weight complexes that combine structure
and reactivity features of the enzyme metal-sulfur [MS]
centers.”l An important aspect of this search is the design
of new ligands that meet specific requirements with regard
to donor atom sets, configurations, stability, and reactivity
of the resulting complexes.!

In this respect, the ‘NS> [= 2,2-bis(2-mercaptophen-
ylthio)diethylamine(2-)] ligand has proved particularly ver-
satile.] It has yielded a large number of [Fe(L)(‘NgS4)]
complexes with L comprising the nitrogenase-relevant mo-
lecules CO, NO, N,H,, N,H,4, and NHj;, although not N,.
This prompted us to investigate the coordination behaviour
of ‘NS> towards ruthenium as well; it was anticipated
that with the kinetically more inert ruthenium, species that
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are labile with iron would become isolable. However, prac-
tically all our experiments in this area proved unsuccessful.
Besides the problem of finding [Ru(L)(‘NgS4’)] complexes
with exchangeable coligands L, the diastereoisomerism of
the [M(‘NyS4)] fragments led to the formation of insepar-
able mixtures of diastereomeric [Ru(L)(‘NySy4’)] species. In
[M(L)(‘NyS47)] complexes, the [M(‘NyS,’)] fragments can
exist in two diastereomeric forms, indicated by formulae 1
and II (Scheme 1).
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Scheme 1. Configurations of [MNS,] complexes

While in the case of iron these diastereomers isomerize
via five-coordinate intermediates to yield, depending on the
coligand L, either I or IL,* the ruthenium analogues do
not isomerize, due to the inert nature of the ruthenium
donor bonds. In order to eliminate this problem, we re-
placed the flexible N(C,Hy), bridge of the ‘NyS,> ligand
by the rigid 2,6-bis(methylene)pyridine bridge and synthe-
sized the ligand ‘pyS,%> [= 2,6-bis(2-mercaptophenylthio)-
dimethylpyridine(2-)].18 This ‘pyS4™>~ ligand indeed yielded
iron complexes consistently containing the fragment II1.1%7)
It is also noteworthy that the hydrazine complex
[Fe(N,H,)(‘pyS4)] contains a low-spin Fel center,!”) in con-
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trast to the [Fe(N,Hy)(‘NyS4")] complex, which has the core
structure I and a high-spin Fe'! center.

In this paper we report our efforts to synthesize [Ru(L)-
(‘pyS4’)] complexes and to find species in which the L co-
ligands may be displaced by nitrogenase-relevant small mo-
lecules. The exchange of L proved to be the major problem.

Results

The HCI adduct (‘pyS4—H,) CHCI served as the starting
material for preparing the ligand. It was routinely depro-
tonated with three equivalents of LiOMe to give Li, pyS,’.
The subsequent reactions of Li,pyS,” with suitable Ru pre-
cursor complexes are summarized in Scheme 2.
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Scheme 2. Syntheses and reactions of [Ru(‘pyS,’)] complexes; (a) +
[RuCl,(PPh3)3)/MeOH/15 h/room temp.; (b) + exc. CH3I/THF/2 d/
room temp.; (¢) + [RuCl,(DMSO)4)/MeOH/15 h/room temp.; (d)
+ CO, 120 bar/THF/110 °C/3 d; (e) + [RuCly(CH;CN),J/MeOH/
4 h reflux; (f) + [RuCly(CH3;CN)yl/exc. L (L = PEt;, NyHy)/
MeOH/4 h reflux; (g) + ‘pyTos’/THF/4 h reflux; (h) + 2.5 LiB-
Et;H/THF/2.5 d room temp.; (i) + exc. L (L = PEts;, N,Hy)/THF/
room temp.

The PPh; complex [Ru(PPhs)(‘pyS4’)] (1) was found to
be readily soluble in CH,Cl, or THF. Although PPh; is a
relatively bulky ligand, it proved practically inert to substi-
tution. As yet, we have not been able to exchange it by
N,H, or even CO, neither under standard conditions nor
at elevated temperatures. Attempts to labilize the Ru-PPh;
bond of 1 by alkylation of the thiolate donors using excess
CH;lI gave [Ru(PPhs)(‘pyS4—Me»)]1 (2), which contains the
‘pyS,—Me, ligand. Complex 2 was formed in diastereomer-
ically pure form. The PPhj; ligand in 2 has proved to be as
substitution inert as that in 1. Our next target complex was
[Ru(DMSO)(‘pyS4)] (3) as we anticipated that the DMSO
ligand would be as labile as that in the related
[Ru(DMSO)(PR3)(‘S4’)] complexes with R = Cy, iPr;
‘S,> = 1,2-bis(2-mercaptophenylthio)ethane(2-).18 How-
ever, the DMSO ligand in 3 also proved very inert and
could not be exchanged for CO at room temperature at
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pressures ranging from 1-100 bar. Only under very drastic
conditions in an autoclave (120 bar CO, 110 °C, THF) did
a slow reaction (3 d) take place to give [Ru(CO)(‘pySy’)] (4).
Another  potentially labile target complex was
[Ru(CH;CN)(‘pySy’)]. Its synthesis was attempted starting
from [RuCl,(CH5;CN)4] and Li,‘pyS,’. However, heating in
MeOH proved necessary in order to observe a reaction, and
the resulting product was found not to contain CH;CN. A
red-brown solid precipitated, which was found to be prac-
tically insoluble in all common solvents. Its IR spectrum,
elemental analysis, and mass spectrum, which featured an
ion peak at m/z = 973, were compatible with the dinuclear
[Ru(‘pyS4)]> (5). Complex 5 was found not to react with
boiling DMSO, pyridine, or with CO in these solvents. The
reaction of [RuCl,(CH3;CN),] with Li,‘pyS,’ took a differ-
ent course when potential ligands such as PEt; or N,Hy
were present. In these cases, the mononuclear complexes
[Ru(PEt)(‘pyS4")] (6) and [Ru(N>H,)('pySs)] (7) were
formed. This might be indicative of the formation of a labile
[Ru(CH;CN)(‘pySy’)] intermediate, which loses CH5CN in
boiling MeOH and either dimerizes to give 5 or adds PEt;
and N,H, to yield 6 and 7, respectively. Complex 6 proved
as inert to substitution as the PPh; complex 1. Complex 7
demonstrates that the [Ru(‘pyS,’)] fragment can bind
“hard” & coligands. The purification of complexes 6 and 7
synthesized by this method proved troublesome. They were
more easily obtained from reactions of the nitrosyl complex
[Ru(NO)(‘pyS4’)]Tos (8). Complex 8 was obtained by tem-
plate alkylation of NBuy[Ru(NO)(S,CsHy),] with 2,6-bis-
(tosyloxymethyl)pyridine (‘pyTos’) in boiling THF. Pure 8
was precipitated from the reaction solution in good yield.
It was found to be soluble in MeOH, DMF, and DMSO,
but insoluble in THF, CH,Cl,, Et,O, and n-hexane. The
relatively high frequency of the v(NO) absorption of 8
(1892 cm™') suggested that nucleophiles could be added to
the NO ligand.”] Indeed, rapid reactions occurred upon
treatment of 8 with equimolar amounts of NH; or LiOMe
in MeOH. Green-brown solids were immediately precipit-
ated, which exhibited strong bands in their IR spectra at
around 1800 cm™, consistent with the formation of ligands
derived from NO. However, these products were so insol-
uble in all common solvents that they could not be ad-
equately characterized.

In order to probe the reducibility of 8, a cyclic voltammo-
gram was recorded (Figure 1). The quasi-reversible (275
mV) and irreversible (—1200 mV) redox waves in the cath-
odic region could tentatively be assigned to the formation
of neutral [Ru(NO)(‘pyS4)]° and anionic [Ru(NO)(‘pySs)]”
complexes, which formally represent 19 and 20 valence elec-
tron [VE] species.

In order to achieve chemical reductions, 8 was treated
with LiBEt;H and N,H,. On addition of LiBEt;H to a red-
brown suspension of 8 in THF, gas was evolved and a deep-
red solution was produced, from which red [Ru(‘pyS4’)]» (5)
precipitated. The IR spectrum of the deep-red solution did
not feature any bands attributable to an NO ligand. When
a red-brown THF suspension of 8 was treated with an ex-
cess of N,H,, gas was again evolved and a deep-red solu-
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Figure 1. Cyclic voltammogram of [Ru(NO)( pyS4)|Tos (8) in
DMF (103 M 8, 101 M NBuyPFg, v = 0.02 Vs1)

tion was produced. Red microcrystals of the hydrazine com-
plex 7 were precipitated upon addition of MeOH and Et,O.
In another experiment, a THF suspension of 8 was treated
with excess PEt;. A red-orange solid formed, which was
characterized as the pure PEt; complex 6. Phosphanes fre-
quently act as reductants!!'®) and hence these results suggest
that reduction of 8 gives a substitution labile species that
releases NO to yield [Ru(‘pySs’)] fragments. In the absence
of suitable ligands, these fragments dimerize to give [Ru-
(‘pyS4)]> (5), while in the presence of such ligands the cor-
responding [Ru(L)(‘pySy4’)] derivatives are formed.

Characterization and General Properties of the Complexes

As far as possible, all the complexes have been character-
ized by standard spectroscopic methods and by elemental
analysis. The molecular structures of 1, 2, 3, and 4 have
been determined by X-ray diffraction analysis. All com-
plexes are colored yellow-red to deep-red. The neutral com-
plexes 1, 3, 4, 6, and 7 show moderate to good solubility in
CH,Cl, and THF, while the ionic complexes 2 and 8 are
soluble in DMSO and DMF. The dinuclear species [Ru-
(‘pyS4)]> (5) was found to be insoluble in all common solv-
ents. Consequently, no NMR spectra of 5 could be re-
corded, and this complex could only be characterized by its
IR and mass spectra and elemental analysis.

In the FD mass spectra, either the respective molecular
ions or the [Ru(‘pyS,’)]7 ion arising from dissociation of
the coligand L and dimerization of the resulting [Ru-
(‘pyS4’)] fragments could be observed. The FD mass spec-
trum of [Ru(PPhs)(‘pyS4s—Me,)]l, (2) exhibited only frag-
ment ions resulting from  demethylation, e.g.
[Ru(PPh;3)(‘pyS4’—Me)]* and [Ru(PPh;)(‘pyS4’)]". The IR
spectra in KBr featured the typical bands attributable to
the [Ru(‘pySy’)] fragment besides the characteristic bands
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of the coligands. For example, the v(SO) band at 1015
cm! indicates S-coordination of the DMSO ligand in
[Ru(DMSO)(‘pyS4’)] (3). Characteristic strong v(CO) and
v(NO) bands are seen for 4 (1954 cm™!) and 8 (1892 cm™),
respectively, while v(NH) bands at 3335, 3207, and 3042

cm™! give evidence of the coordination of N,H, in

[Ru(N>H4)("pyS4)] (7).

) d)

Figure 2. Molecular structures of [Ru(PPhs)(‘pySy)] (1),
[Ru(PPh;)(‘pySs’-Me»)]I, [2 CH,Cl, (2 [2 CH,Cl,), [Ru(DMSO)-
(‘pyS4s)] IMeOH (3 [MeOH), and [Ru(CO)(‘pySs’)] (MeOH
(4 (MeOH) (50% probability ellipsoids; H atoms and solvent mole-
cules omitted for clarity)

e 3C{'H}-NMR spectra proved particularly helpful
in establishing the diastereomeric purity of the complexes
and the twofold symmetry of the [Ru(‘pyS,’)] fragments.
The seventeen aromatic and two aliphatic C atoms of the
[Ru(‘pySy4’)] fragments give rise to only ten '3C signals. This
is compatible with C, or Cg symmetry of the fragments.
Steric considerations and the X-ray structure analyses show
that in all cases the C,-symmetric [Ru(‘pyS,’)] configuration
with trans-thiolate donors is adopted. The singlet '3C-
NMR signal due to the two SCH; groups in
[Ru(PPh;3)(‘pySs—Me»)]l, (2) proves that the thiolate al-
kylation of 1 yields only one diastereomer of 2.

The AB splitting of the diastereotopic CH, protons, giv-
ing rise to two pseudo doublets is a characteristic feature
of the [Ru(‘pyS,’)] pattern in the 'H-NMR spectra. In some
cases, a triplet due to the pyridine H, proton can also be
observed. Usually, this triplet is superimposed by the sig-
nals of either the pyridine Hg, benzenedithiolate, or PPhs
protons. Two DMSO methyl group singlets are seen for the
DMSO complex 3, while two N,Hj, singlets are seen in the
spectrum of the hydrazine complex 7.
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Table 1.

Selected distances (pm) and angles (°) in [Ru(PPhs)(‘pySs)] (1), [Ru(PPh;)( pySs—Me,)]l, [2 CH,Cl, (2[2 CH,Cly),

[Ru(DMSO)(‘pyS,)] CMeOH (3 C(MeOH), and [Ru(CO)(‘pySy")] CMeOH (4 CMeOH

Complex (L) 1 (PPhs) 2 [2 CH,Cl, (PPh;) 3 [MeOH (DMSO) 4 [IMeOH (CO)
Rul-N1 211.1(4) 211.8(4) 208.8(3) 212.0(4)
Rul-SI 238.8(1) 238.5(1) 239.1(1) 240.1(1)
Rul-S2 231.0(1) 232.4(1) 230.3(1) 231.7(1)
Rul-S3 239.8(1) 234.7(1) 239.3(1) 237.5(1)
Rul-S4 231.4(1) 234.1(1) 231.7(1) 232.0(1)
Rul L 231.0(1) 234.9(1) 225.6(1) 185.3(5)
S1-Rul-S2 87.46(4) 86.08(5) 87.18(4) 87.58(5)
S1-Rul-S4 88.33(4) 99.43(5) 94.77(4) 94.10(5)
S3-Rul -S4 86.85(4) 86.72(5) 87.08(4) 87.94(5)
S2-Rul-S3 95.69(4) 88.37(5) 90.25(4) 89.06(5)
NI1-Rul-SI 86.57(10) 90.31(12) 85.62(9) 87.08(11)
NI-Rul-S2 83.41(10) 84.19(12) 84.17(9) 83.43(12)
N1 Rul-L 174.37(10) 178.18(11) 177.05(9) 178.6(2)

X-ray Structure Analysis

X-ray structure analyses of 1, 2, 3, and 4 corroborated
the spectroscopic conclusions with regard to the structures.
Figure 2 depicts the molecular structures of
[Ru(PPh3)(‘pyS4’)] (1), [Ru(PPh3)(‘pySs—Me,)]l, [2 CH,Cl,
(2 2 CH,Cl,), [Ru(DMSO)(‘pyS4)] [MeOH (3 (McOH),
and [Ru(CO)(‘pyS,’)] (MeOH (4 [(MeOH). Table 1 lists se-
lected distances and angles.

In all the complexes, the ruthenium centers exhibit
pseudo-octahedral coordination. The [Ru(‘pySs’)] frag-
ments are pseudo-C, symmetrical. The thiolate donors oc-
cupy positions trans to one another, and the coligands L
occupy the positions zrans to the pyridine N donor. Dis-
tances and angles show no anomalies.® The Ru-S(thiolate)
distances are usually slightly longer than the Ru-S(thio-
ether) distances. The Ru—N(pyridine) distances in all four
complexes are almost identical. The molecular structure of
3 proves the S-coordination of the DMSO ligand, as had
been concluded from the IR spectrum.

The results further indicate that the [Ru(‘pyS4’)] core is
structurally very robust. This is also evidenced by a direct
comparison of 1 and 2. The Ru-N distances and the aver-
age Ru-S distances in 1 (235.3 pm) and the twofold methyl-
ated derivative 2 (234.9 pm) are practically identical. This
demonstrates that the [RuNS,] cores remain unaffected
even when the electronic situation changes, as must occur
upon alkylation of the thiolate donors. These results sup-
port the structure—function relationship of metal-sulfur
complexes described in several previous papers.[>!!

Discussion and Conclusion

The results reported herein demonstrate that the ‘pyS,>
ligand forms ruthenium complexes possessing [Ru(‘pyS4’)]
cores that (i) exhibit the desired configuration, having trans-
thiolate donors, and (ii) are structurally robust. The new
complexes were obtained either by direct reaction of
‘pyS,’% with suitable Ru precursor complexes or by tem-
plate alkylation of [Ru(NO)(S,C¢Hy)-]™ yielding [Ru(NO)-
(‘pyS4’)]Tos (8). In comparison with analogous [Fe(L)-
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(‘pyS4’)] complexes, which are usually synthesized at room
temperature, the synthesis of the corresponding [Ru(L)-
(‘pyS4’)] complexes has in many cases been found to require
heating or very drastic conditions as, for example, in the
case of the CO complex 4. This reflects the more inert na-
ture of Ru complexes as compared to their Fe counterparts.
It also accounts for the fact that it is difficult to find com-
plexes with labile L ligands that can serve as precursors for
other [Ru(L)(‘pyS,’)] complexes. For example, the PPh; li-
gand in 1 is inert and could not be labilized by thiolate
methylation, which can be expected to withdraw electron
density from the Ru center and to weaken the Ru-PPh;
bond.'! Even the DMSO complex 3 proved virtually inert;
only under very drastic conditions could a DMSO/CO ex-
change be achieved. Attempts to obtain labile
[Ru(CH;CN)(‘pyS4’)] complexes were unsuccessful, yielding
only insoluble [Ru(‘pyS4’)]> (5) or, in the presence of PEts
or N,H,, the corresponding [Ru(L)(‘pyS,’)] complexes with
L = PEt; (6) and N,H, (7). Complexes 6 and 7 obtained
by this method proved difficult to purify, probably due to
the formation of side-products as a result of the drastic re-
action conditions.

The best suited precursor complex for exchange reactions
was ultimately found to be [Ru(NO)(‘pyS4’)|Tos (8). Cyclic
voltammetry demonstrated the reducibility of 8. The re-
sulting 19 or even 20 valence electron species can be ex-
pected to be labile as antibonding orbitals must be popu-
lated.™ Indeed, reduction of 8 with LiBEt;H leads to loss
of the NO ligand with the formation of [Ru(‘pyS;’)], (5).
Reduction of 8 with excess N,H, likewise releases NO, but
the excess N,H, adds as a ligand and the hydrazine complex
7 can be isolated in high yield in analytically pure form.

The potential of this method for the synthesis of [Ru(L)-
(‘pyS4’)] complexes with nitrogenase-relevant L ligands is
currently being investigated.

Experimental Section

General Methods: Unless noted otherwise, all reactions and opera-
tions were carried out at room temperature under nitrogen using
standard Schlenk techniques. Solvents were dried and distilled
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prior to use. As far as possible, reactions were monitored by IR
or NMR spectroscopy. Spectra were recorded with the following
instruments: IR (KBr discs or CaF, cuvettes; solvent bands were
compensated): Perkin—-Elmer 983, 1620 FT-IR, and 16PC FT-IR. —
NMR: Jeol FT-JNM-GX 270, EX 270, and Lambda LA 400; spec-
tra were referenced to residual protio-solvent signals; chemical
shifts are quoted on the 6 scale (downfield shifts are positive) with
respect to tetramethylsilane ("H, '*C{'H} NMR) or 85% H3PO,
('"P{'H} NMR); spectra were recorded at 25 °C. — Mass spectra:
Jeol MSTATION 700 spectrometer. — Elemental analysis: Carlo
Erba EA 1106 or 1108 analyzer. — Cyclic voltammetry was per-
formed with a PAR 264A potentiostat using a three-electrode cell
with a glassy carbon ROTEL A working electrode and Pt reference
and counterelectrodes. Solutions were 107 M in the substance un-
der investigation; TBA[PF4] (10" M) was used as the supporting
electrolyte. Potentials were referenced to the normal hydrogen elec-
trode (NHE) using Fc/Fc™ as an internal standard (Egyper = +0.4
V vs. NHE).lIZ

[RuCly(PPh3);,l'¥  [RuCl(DMSO),L 4 [RuCly(CH5CN),L!S!
NBuy[Ru(NO)(S,CsH,)-J,['! ‘pyTos’ = 2,6-bis(tosyloxymethyl)pyr-
idine),l'”! and ‘pyS,-H,HCI®! were prepared as described in the
literature; LiOMe was purchased from Aldrich.

[Ru(PPh3)(‘pyS4)] (1): Solid [RuCly(PPhs)s] (959 mg, 1.0 mmol)
was added to a stirred MeOH solution (20 mL) of ‘pyS,—H, [HCI
(424 mg, 1.0 mmol) and LiOMe (3.0 mL of a 1 M solution in
MeOH, 3.0 mmol). In the course of 15 h, a red-brown suspension
was produced. The red-brown solid was separated, washed with
MeOH (20 mL) and Et,O (40 mL), dried, and dissolved in hot pyr-
idine (40 mL). The resulting solution was cooled to room temper-
ature and layered with MeOH (100 mL). Orange crystals precipit-
ated, which were separated after 1 d, washed with MeOH (20 mL)
and Et,O (30 mL), and dried in vacuo. Yield: 615 mg of 1 (82%). —
Cs37H30NPRuS, (748.94): caled. C 59.34, H 4.04, N 1.87, S 17.12;
found C 59.25, H 4.08, N 1.94, S 17.16. — MS (FD, CH,Cl,, '2Ru);
mlz = 749 [Ru(PPhs)(‘pyS4)] . — '"H NMR (269.6 MHz, CD,Cl,):
d = 7.46-7.01 [m, 22 H, C4H4, P(C¢Hs) and pyridine], 6.87-6.76
(m, 4 H, C¢Hy), 4.94 (d, 2 H, CH>), 4.46 (d, 2 H, CH,). — 3C{'H}
NMR (67.8 MHz, CD,Cl,): § = 157.69, 157.45, 137.42, 136.81,
134.59 (arom. C), 133.85 [d, P(CeHs)], 132.40, 131.60, 130.87
(arom. C), 129.10 [d, P(C4Hs)], 128.06 (arom. C), 127.71 [d,
P(CeHs)], 121.31 [d, P(C¢Hs)], 58.68 (d, CH,). — 3'P{'H} NMR
(109.38 MHz, CD,Cl,): 8 = 49.0 (s).

[Ru(PPh3)(‘pyS4—Mey)ll; (2): 2 mL (32.13 mmol) of CHsI was ad-
ded to a stirred orange THF suspension (30 mL) of
[Ru(PPh3)(‘pyS4)] (1) (350 mg, 0.47 mmol). A beige solid formed,
which was separated after 2 d, washed with THF (80 mL) and Et,O
(40 mL), and dried in vacuo. Recrystallization from CH,Cl,/Et,O
yielded yellow crystals, which were separated, washed with Et,O
(20 mL), and dried in vacuo. Yield: 395 mg of 2 [2 CH,Cl, (70%). —
C41Hy4oCLLILNPRuUS, (1202.68): caled. C 40.95, H 3.35, N 1.16, S
10.66; found C 41.07, H 3.17, N 1.20, S 10.78. — MS (FD, CH,Cl,,
12Ru); m/z = 749 [Ru(PPh3)(‘pySs)]". — 'H NMR (269.6 MHz,
[Dg]DMSO): & = 8.00 (d, 2 H, C¢Hy), 7.92 (t, 1 H, H,, pyridine),
7.83 (d, 2 H, C¢Hy), 7.64-7.52 [m, 6 H, C¢Hy, P(C¢Hs)], 7.30-7.17
[m, 15 H, C¢H,, P(C¢Hs), Hg, pyridine], 5.80 (d, 2 H, CH,), 5.23
(d, 2 H, CH,), 2.12 (s, 6 H, CH3). — *C{'H} NMR (67.8 MHz,
[Dg]DMSO): 6 = 158.67, 138.06, 135.78, 133.78, 133.12 (arom. C),
132.76 [d, P(C¢Hs)], 131.99 [t, P(C¢Hs)], 130.96, 130.57, 130.27
(arom. C), 128.37 [d, P(C¢Hs)], 123.23, (arom. C), 55.54 (CH,),
24.36 (CHs). — 3'P{'"H} NMR (109.38 MHz, [D¢]DMSO): § =
36.0 (s).
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[Ru(DMSO)(‘pyS4)]  (3):  Solid [RuCl,(DMSO),] (485 mg,
1.0 mmol) was added to a stirred MeOH solution (20 mL) of
‘pyS4—H, [HCI (424 mg, 1.0 mmol) and LiOMe (3.0 mL of a 1
M solution in MeOH, 3.0 mmol). In the course of 15h, a yellow
suspension resulted. The yellow solid was separated, washed with
MeOH (20 mL), dried, and dissolved in hot DMSO (20 mL). The
resulting solution was cooled to room temperature and layered with
MeOH (60 mL). Yellow crystals precipitated, which were separated
after 2 d, washed with MeOH (20 mL) and Et,O (30 mL), and
dried in vacuo. Yield: 325mg of 3[MeOH (54%). -
Cy,H,5sNO,RuSs (596.82): caled. C 44.28, H 4.22, N 2.35, S 26.86;
found C 44.16, H 4.40, N 2.37, S 26.86. — IR (KBr): v = 1015
cn! v(SO). - MS (FD, CH,Cl,, '©Ru); m/z = 565
[Ru(DMSO)(‘pySs)]*. — 'H NMR (269.6 MHz, [D¢]DMSO): § =
7.70 (d, 2 H, C¢Hy), 7.45 (t, 1 H, H,, pyridine), 7.35 (d, 2 H, C¢H,),
7.25 (d, 2 H, Hg, pyridine), 6.95-6.85 (m, 4 H, C¢H,), 4.7 (s, 4 H,
CH,), 3.05 [s, 3 H, CH3S(O)CH3], 2.8 [s, 3 H, CH5S(O)CH;]. —
3C{'H} NMR (67.8 MHz, [Dg]DMSO): § = 157.40, 155.60,
135.30, 132.60, 130.60, 130.10, 128.00, 121.50, 121.30, (arom. C),
55.70 (CH,), 46.80, 46.30 (CHs).

[Ru(CO)(‘pyS4)] (4): In an autoclave, a yellow suspension of
[Ru(DMSO)(‘pyS4’)] (IMeOH (3) (330 mg, 0.55 mmol) in 30 mL of
THF was exposed to CO gas (120 bar) for 3d at 110 °C. The
resulting yellow solution was then concentrated to dryness, the yel-
low residue was digested with MeOH (60 mL) and Et,O (20 mL),
and the product was dried in vacuo. Yield: 170 mg of 4 [(MeOH
(57%). — C51H19NO,RuS, (546.70): caled. C 46.14, H 3.50, N 2.56,
S 23.46; found C 45.92, H 3.72, N 2.59, S 23.60. — IR (KBr): ¥ =
1954 cm™ v(CO). — MS (FD, CH,Cl,, '2Ru); m/z = 515
[Ru(CO)(‘pyS)]T. — '"H NMR (269.6 MHz, CD,Cl,): § = 7.63—
7.60 (m, 2 H, C¢Hy), 7.46-7.43 (m, 3 H, CsH,4, H,, pyridine), 7.19
(d, 2 H, Hg, pyridine), 7.02-6.91 (m, 4 H, C¢H,), 5.07 (d, 2 H,
CH,), 4.59 (d, 2 H, CH,). - *C{'H} NMR (100.40 MHz, CD,CL,):
§ = 201.62 (CO), 156.23, 155.91, 136.76, 132.48, 131.02, 129.12,
122.60, 121.99 (arom. C), 58.11 (CH,).

[Ru(‘pyS4)]> (5): LiBEt;H (1.375mL of a 1 M solution in THF,
1.375 mmol) was added to a red-brown suspension of [Ru(NO)-
(‘pyS4)]Tos (8) (380 mg, 0.55 mmol) in 15 mL of THE Gas was
evolved and a deep-red solution was produced, from which a red-
brown solid precipitated in the course of 2.5 d. This solid was sep-
arated, washed with MeOH (10 mL), THF (10 mL), and Et,O
(10 mL), and dried in vacuo. Yield: 120 mg of 5 (OMeOH (43%). —
C39H34N,ORu,Sg (1005.33): caled. C 46.59, H 3.41, N 2.79, S
25.51; found C 46.20, H 3.20, N 2.89, S 25.42. - MS (FD, DMSO,
12Ru); m/z = 973 [Ru(‘pySs)]3 .

[Ru(PEt3)(‘pyS4)] (6): PEt; (0.5 mL, 3.40 mmol) was added to a
red-brown suspension of [Ru(NO)(‘pySy)]Tos (8) (300 mg,
0.44 mmol) in 12 mL of THE. In the course of 20 h, an orange
solid precipitated, which was separated, washed with MeOH
(20 mL) and n-hexane (25 mL), and dried in vacuo. Yield: 100 mg
of 6 (38%). — CysH3oNPRuS, (604.80): caled. C 49.65, H 5.00, N
2.32, S 21.20; found C 49.89, H 5.03, N 2.42, S 21.20. — MS (FD,
CH,Cl,, '2Ru); m/z = 605 [Ru(PEt;)(‘pySs)]". — 'H NMR
(399.65 MHz, CD,Cl,): § = 7.63-7.61 (m, 2 H, C¢Hy,), 7.42-7.40
(m, 2 H, C¢Hy), 7.27 (t, 1 H, H,, pyridine), 7.10 (d, 2 H, Hg, pyrid-
ine), 6.90-6.82 (m, 4 H, C¢H,), 4.78 (d, 2 H, CH,), 4.42 (d, 2 H,
CH,), 1.90-1.79 (m, 3H, P-CH,CH;), 1.57-1.46 (m, 3H, P-
CH,CH3), 0.97-0.89 (m, 9H, P-CH,CH;). — BC{'H} NMR
(67.8 MHz, CD,Cl,): & = 157.87, 156.39, 133.85, 132.34, 131.98,
130.69, 127.81, 120.90, 120.85 (arom. C), 59.26 (d, CH,), 18.34 (d,
P-CH,CHs;), 7.70 (d, P-CH,CHj;). - 3'P{'H} NMR (161.70 MHz,
CD,Cl,): & = 34.7 (s).
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Table 2.  Selected crystallographic data for

[Ru(PPhs)(‘pySy)]
[Ru(DMSO)(‘pyS,)] CMeOH (3 CMeOH), and [Ru(CO)(‘pySs’)] LMeOH (4 [MeO

(1), [Ru(PPh;)(‘pySs—Mey)]l, [2 CH,CL, (2 [2 CH,Cly),
H)

Compound 1 2 [2 CH,Cl, 3 [(MeOH 4 [(MeOH
Formula C37H30NPRU S4 C41 H40C1412NPRU S4 C22H24N02Ru85 C21 H 1 9N02Ru S4
M, [g/mol] 748.90 1202.62 595.79 546.68
Crystal size [mm)] 0.50 X 0.30 X 0.12 0.60 X 0.54 X 0.38 0.35 X 0.20 X 0.10 0.50 X 0.20 X 0.10
F(000) 1528 1180 606 552

Crystal system triclinic triclinic triclinic triclinic
Space group P1 Pl Pl Pl

a [pm] 1315.8(3) 1136.9(1) 921.3(2) 837.7(2)

b [pm] 1381.2(3) 1143.2(2) 1113.5(1) 1132.3(2)

¢ [pm] 1868.3(4) 1783.2(2) 1247.9(2) 1220.3(2)
a[°] 83.98(2) 94.13(1) 90.35(1) 68.05(1)
B 81.80(2) 96.38(1) 102.92(1) 84.18(2)

v [°] 78.42(2) 94.83(1) 106.64(1) 87.79(2)

V [nm?] 3.2821(12) 2.2873(5) 1.1921(3) 1.0680(4)
VA 4 2 2 2

degrea. [g/om?] 1.516 1.746 1.660 1.700

p [mm '] 0.809 2.174 1.116 1.143
Diffractometer Nicolet R3m/V Siemens P4 Siemens P4 Siemens P4
Radiation [pm] Mo-K, (A = 71.073)

Temperature [K] 293(2) 200(2) 200(2) 200(2)
Scan technique ® scan ® scan ® scan ® scan

20 range [°] 3.6-54.0 3.6-54.0 3.8-54.0 3.6-56.0
Scan speed [°/min] 10 8.0 4.0-40.0 5.0

Meas. reflections 15392 11544 6196 5949
Indep. reflections 14316 10003 5207 4958

Ripn [70] 9.46 19.24 3.70 5.69

Obsd. reflections 8063 7518 3925 3602

G criterion F, = 40(F) F, = 40(F) F, = 40(F) F, = 40(F)
R1; wR2 [%)] 4.24,9.06 4.86, 13.82 4.22,11.15 4.92,12.20
ref. parameters 973 607 352 319

[Ru(NoH ) (‘pySs)] (7): N,H, (1.0 mL, 31.86 mmol) was added to a
red-brown suspension of [Ru(NO)(‘pySy)]Tos (8) (200 mg,
0.29 mmol) in 20 mL of THF. Gas was evolved and a red solution
was produced, from which a red oil separated. It was redissolved
by the addition of MeOH (20 mL). Subsequent addition of Et,O
(40 mL) led to the precipitation of a microcrystalline red solid,
which was separated, washed with MeOH (20 mL), THF (15 mL),
and Et,O (20 mL), and dried in vacuo. Yield: 50 mg of 7 (33%). —
CioH 9N3RuS, (518.69): caled. C 44.00, H 3.69, N 8.10, S 24.72;
found C 43.97, H 3.70, N 7.56, S 24.53. — IR (KBr): v = 3335,
3208, 3105 cm™! v(NH). — MS (FD, DMF, °2Ru); m/z = 973 [Ru-
(‘pyS4)]3. — '"H NMR (269.6 MHz, [D;]DMF): § = 7.75-7.72 (m,
2 H, C¢Hy), 7.46-7.42 (m, 2 H, C4Hy), 7.12-7.07 (m, 3 H, pyridine),
6.92-6.81 (m, 4 H, C¢H,), 4.86 (s, 2 H, -NH,NH,), 4.73 (d, 2 H,
CH,), 4.52 (d, 2 H, CH,), 3.62 (s, 2 H, -NH,NH,). — BC{'H}
NMR (67.8 MHz, [D;]DMF): § = 159.60, 158.03, 133.09, 132.90,
131.85, 131.23, 127.86, 121.19, 120.77 (arom. C), 56.32 (CH,).

[Ru(NO)(‘pyS4)]Tos (8): A solution of ‘pyTos’ (2.27 g, 5.07 mmol)
in 60 mL of THF was added dropwise to a stirred green solution
of NBuy[Ru(NO)(S,C¢H,),] (3.32 g, 5.08 mmol) in 30 mL of THF
and the resulting mixture was heated under reflux for 4 h. After
cooling to room temperature, the precipitated red-brown solid was
separated, washed with THF (60 mL) and Et,O (30 mL), and dried
in vacuo. Yield 1.96 g of 8 (56%). — CysH>,N>O4RuSs (687.87):
caled. C 45.40, H 3.22, N 4.07, S 23.31; found C 45.45, H 3.38, N
4.04, S 22.98. — IR (KBr): v = 1892 cm™!' v(NO). — MS (FD,
DMSO, 2Ru); m/z = 517 [Ru(NO)(‘pyS4s)]*. — 'H NMR
(269.6 MHz, [Dg]DMSO): 6 = 8.01 (d, 2 H, C4Hy), 7.79 (t, 1 H,
H,, pyridine), 7.55 (d, 2 H, Hg, pyridine), 7.50-7.45 (m, 4 H,
C¢H,), 7.31-7.21 (m, 4 H, C¢Hy,), 7.08 (d, 2 H, C4Hy), 5.50 (d, 2 H
CH,), 5.29 (d, 2H, CH,), 2.25 (s, 3H, CH;). - BC{'H} NMR
(67.8 MHz, [D¢]DMSO): & = 157.90, 149.12, 145.67, 140.22,
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137.64, 132.95, 130.81, 129.58, 128.68, 128.07, 125.49, 125.24,
124.29 (arom. C), 55.22 (CH,), 20.80 (CHj;).

X-ray Structure Analyses of [Ru(PPh3)(‘pySs’)] (1), [Ru(PPhy)-
(‘pyS4-Meyll, [2 CH,Cl, (2 [2 CHyCly), [Ru(DMSO)(‘pySy) U
MeOH (3 (MeOH), and [Ru(CO)(‘pySs’)] (MeOH (4 (MeOH):
Orange platelets of [Ru(PPh;)(‘pyS4’)] (1) were grown by layering
a hot pyridine solution (§ mL) of 1 (110 mg, 0.15 mmol) with
MeOH. Yellow rhombs of 2 [2 CH,Cl, formed upon layering a
saturated CH,Cl, solution of 2 with Et,O. Yellow block-shaped
crystals of 3 [MeOH were deposited from a saturated DMSO/
MeOH solution at 30 °C. Yellow-orange needles of 4 [(MeOH
crystallized from a saturated CH,Cl, solution of 4 upon layering
with MeOH. Suitable single crystals were either sealed under N, in
glass capillaries (1) or coated with inert perfluoropolyalkyl ether
(2 OCH,Cl,, 3 [MeOH, and 4 [(MeOH). Data were corrected for
Lorentz and polarization effects. An absorption correction was ap-
plied for 2 OCH,Cl, using AF? methods (XABS2, T, = 0.0644,
Tomax = 0.1740),1'81 as well as for 3 (MeOH (T, = 0.5690, Tpax =
0.6561), and 4 (MeOH (T i, = 0.5707, Tyax = 0.7288) on the basis
of psi-scans.'”] The structures were solved by direct methods and
refined using full-matrix least-squares procedures on F?
(SHELXTL 5.03).2% All non-hydrogen atoms were refined aniso-
tropically. The positions of the hydrogen atoms were taken from
difference Fourier maps and their positional parameters were re-
fined. Complex 1 was found to contain two crystallographically
independent molecules in the asymmetric unit. Selected crystallo-
graphic data are summarized in Table .*!]
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