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In the search for ruthenium complexes with sulfur-dominated
coordination spheres that bind, activate, or stabilize nitro-
genase relevant molecules, complexes containing the new
and robust tetradentate ligand ‘tpS,'-H, were synthesized.
Treatment of [RuCly(PPhs)s] with  ‘tpS,/>~  gives
[Ru(PPhj),('tpS4")] (1), which contains two labile PPhj li-
gands. The reaction of 1 with PEt; or DMSO led to substitu-
tion of both PPhj ligands, yielding [Ru(PEt3),('tpS,')] (2) and
[Ru(DMSO),('tpS4')] (3), respectively. When treated with ni-
trogenous ligands, complex 1 lost only one PPhj; ligand to
yield [Ru(L)(PPhs)(‘tpS4")] complexes where L = py (7), NH;
(8), N,H, (9), NH,NHMe (10), and CH3CN (12), all of which
are labile. The labile acetonitrile complex
[Ru(CH3CN)(PPhj3)(‘'tpSs')] (12) proved to be particularly
suited as a precursor for the syntheses of other
[Ru(L)(PPhs)(‘'tpS4')] complexes. The 18 and 19 valence elec-
tron NO complexes [Ru(NO)(PPh;)(‘tpS,')|BF, (13) and [Ru-

(NO)(PPh3)('tpS4)]  (14), (NEty)[Ru(N;)(PPhy)('tpS4)] (15),
[Ru()(PPhy)('tpSy')] (16), and [Ru(N3)(PPhy)(tpSy')] (17) were
obtained starting from complex 12. The labile mononuclear
hydrazine complex [Ru(N,H,)(PPh3)('tpS,')] (9) gave the di-
nuclear complex [p-NoH4{Ru(PPhs)(‘tpS,')}2] (18) by dissoci-
ation of hydrazine. The dinuclear diazene complex [p-
NLH,{Ru(PPhj3)(‘tpS4')}2] (19) was obtained by oxidation of 9
and more readily from [Ru(CH3;CN)(PPhs)(‘tpS,')] (12) and
N,H,, which was generated in situ from K,N,(CO,), and
acetic acid. The molecular structures of 7, 13, 16, 18, and 19
were determined by X-ray structure analyses. The com-
plexes 18 and 19 represent the first complexes containing the
hydrazine/diazene couple, which enables us to compare both
the bonding features and the formation of N-HI[IB bridges
when hydrazine and diazene bind to transition metal sulfur
sites.

Introduction

The stabilization, or coordination and activation of small
molecules such as CO, N,, H,, NO, N3, N,H,, N,H,, and
NH; by transition metal sulfur complexes is of pivotal in-
terest for understanding the molecular mechanisms of ni-
trogenases.l! It can be assumed that these molecules inter-
act with the FeMo, FeV, or FeFe cofactors that are the act-
ive sites of nitrogenases. The FeMo cofactors of FeMo ni-
trogenase in the resting state have been shown by X-ray
crystallography to contain [Fe;MoSs] clusters.”] Similar
structures are assumed for the FeV or FeFe cofactors of
the alternative FeV and FeFe nitrogenases.’] However, the
functioning of these clusters has remained unexplained, not
least because a compound that models basic structural and
functional principles of the cofactors has yet to be found.
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In particular, these principles are metal sulfur sites and the
mild catalytic reduction of N, with biologically compatible
redox potentials.[*!

In our search for such compounds we have found that
both the [Ru(‘S,’)] fragments and their tertiary butyl deriv-
atives [Ru(‘*"S,")] coordinate the complete series of above
mentioned molecules, with the exception of N,
(Scheme 1).0
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Scheme 1. [Ru(‘RS,’)] and [Ru(‘tpS,’)]

Another shortcoming of the [Ru(‘RS,")] complexes are li-
gand C-S cleavage reactions. In most cases, the [Ru(‘RS,)]
fragments prove to be robust and the ‘RS,? ligands stay
intact, behaving as spectator ligands. However, under
strongly reducing or photolytic conditions, in reactions with
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electron-rich metal complexes, and in reactions involving 19
valence electron complexes, C(alkyl)-S cleavage reactions
take place yielding, among other products, 1,2-benzenedi-
thiolate, or vinylthio(2-mercapto)benzene(1-) ligands and
ethylene.[%) Since aromatic C—S bonds are more stable to-
wards cleavage than C(alkyl)-S bonds, we synthesized the
new dithioether—dithiolate ligand ‘tpS,>~ = 1,2-bis(2-mer-
captophenylthio)phenylene(2-), which contains exclusively
aromatic C—S bonds. In a previous paper we described the
syntheses of ‘tpS,>~ and a few Ru, Os, and Ni complexes
containing [M(‘tpS,’)] fragments, demonstrating that the
‘tpS4’> ligand coordinates metals in the same helical man-
ner as the ‘RS,? ligands and is indeed stable toward C-S
cleavage.l’l Preliminary tests also indicated that analogous
[Ru(‘RS,")] and [Ru(‘tpS,’)] complexes can have quite differ-
ent substitution reactivity. This prompted us to systematic-
ally investigate the synthesis and reactivity of [Ru(‘tpS,’)]
complexes, focusing on hydrazine, nitrosyl, and azido deriv-
atives as potential N, complex precursors,®! because subtle
differences in the [Ru(‘RS,’)] and [Ru(‘tpS,’)] fragments may

be decisive in the binding or nonbinding of N,.]

Results

Syntheses of [Ru(‘tpS,’)] Complexes with DMSO,
Phosphanes, and Nitrogenous Coligands

In the search for labile [Ru(L)(L)(‘tpS4’)] complexes we
probed the exchange of PPhs in the readily accessible
[Ru(PPh3),(‘tpS4”)] (1) (Scheme 2).1"!
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Scheme 2. Phosphane and DMSO exchange reactions of
[Ru(PPh;3),(‘tpS4’)]: @) + [RuCly(PPhjs);], THF, 4 h, room temper-
ature (room temp.); b) + exc. PEt;, THE, 3 min, reflux; c) DMSO,
5 min, reflux; d) + [RuCl,(DMSO),], THEF, 2.5 d, room temp.; e)
+ CHsl, 2 h, room temp.; f) + exc. PMes;, THF, 3 h, room temp.;
g) + CO (1bar), THF, 4 d, room temp.; h) + [RuCly(PMe3),],
MeOH, 4 h, reflux

When 1 was treated with PEt;, [Ru(PEts3),(‘tpSs’)] (2)
formed. Formation of the mixed phosphane complex [Ru-
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(PEt3)(PPh3)(‘tpS47)] was not observed. Brief heating of 1
in DMSO yielded [Ru(DMSO),(‘tpS,’)] (3) which could be
readily obtained directly from [RuCl,(DMSO),] and
‘tpS4’>". With regard to the PEt; and DMSO reactions, the
reactivity of 1 is in contrast to that of the parent complex
[Ru(PPhs),(‘S4’)] which exchanges only one or none of its
PPh; ligands under comparable conditions. An analogous
behavior of 1 and the parent complex [Ru(PPhs),(‘S;’)] was
found in the reactions with Mel and PMes. Treatment of 1
in CH,Cl, with excess Mel afforded the doubly methylated
derivative [Ru(I)(PPh;)(‘tpS;—Me,’)]I (4) in isomerically
pure form. PMe; was able to substitute only one PPh; li-
gand in 1 to give [Ru(PMes)(PPh3)(‘tpSs’)] (5), even when
an excess of PMe; was applied and the temperature was
raised. The bis(PMes) complex [Ru(PMes),(‘tpSs’)] (6)
formed from [RuCl,(PMes),] and Li,—‘tpS,” in boiling
MeOH.

In order to probe the lability of PMe; versus that of PPh;
in [Ru(PMe;)(PPh3)(‘tpS4’)] (5), complex 5 was treated with
CO under standard conditions. Monitoring the reaction by
IR and NMR spectroscopy as well as mass spectrometry
showed the formation of [Ru(CO)(PMes)(‘tpS,’)], indicat-
ing that in 5 the large PPh; is more labile than the small
PMe; ligand.

The complexes 2—-6 proved to be less labile than the PPh;
complex 1 and were not suited for exchange reactions with
nitrogenous ligands. Attempts to exchange directly one
PPh; in 1 for such ligands succeeded with pyridine, hydra-
zine(s), ammonia, and even diazomalonic ethyl ester, but
failed for NO, NO*, or N3. In order to achieve their coor-
dination it was necessary to proceed via the acetonitrile
complex [Ru(MeCN)(PPhs)(‘tpS4’)] (12). Scheme 3 sum-
marizes these reactions and complexes.

Brief heating of 1 in pyridine gave [Ru(py)(PPhs)(‘tpS,’)]
(7). Treatment of 1 in THF with an excess of NHj; gas,
N>H4, or N,H;Me likewise afforded [Ru(NHj;)(PPhjs)-
(tpS4)]  (8), [Ru(N,H4)(PPhy)(‘tpS4)] (9), and [Ru-
(N,H;Me)(PPhs)(‘tpS4’)] (10). In order to drive the reac-
tions to completion, the solutions were usually heated to
boiling for a short time. The conversion of 9 into a dinuc-
lear hydrazine complex is described below.

A reaction was also observed between 1 and diethyl di-
azomalonate [N,C(CO,Et),)] in boiling THF. Monitoring
the reaction by '"H NMR spectroscopy showed that the
primary product is presumably [Ru{N,C(CO,Et),}(PPhjs)-
(‘tpS4’)], which rapidly transforms into the carbene complex
[Ru{C(CO,E1),} (PPh3)(*tpS4)] (11).

These results indicate that nitrogenous ligands are able to
selectively substitute one PPh; in [Ru(PPh;),(‘tpS,’)] (1). In
the quest for labile solvent complex derivatives of 1, which
had so far remained inaccessible, we now tried to obtain
the acetonitrile complex [Ru(MeCN)(PPh;)(‘tpSs’)] (12).
The yellow complex 12 formed from boiling acetonitrile so-
lutions of 1, could be isolated in solid state, completely
characterized, and proved an excellent starting material for
further complexes.

The reaction of 12 with CO at ambient conditions estab-
lished the lability of the MeCN ligand. The CO complex
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Scheme 3.  Coordination of nitrogenous ligands to the
[Ru(PPh;3)(‘tpSy4’)] fragment: a) pyridine, 10 min, reflux; b) + NHj;
(gaseous), THF, 5 min, reflux; ¢) + exc. N,Hy, THF, 10 min, reflux;
d) + exc. NH>,NHMe, THF, 45 min, reflux; e) +exc. N,C(CO,Et),,
THE, 4 h, reflux; f) MeCN, 3 h, reflux; g) + NOBF,, CH,Cl,, 3 h,
room temp.; h) + LiBEt; H, THF, 30 min, room temp.; i) NO (gas-
eous), CH,Cl,, 20 h, room temp.; j) + NEt4N3, acetone, 3 h, room
temp.; k) + 0.5 I, THF 12 h, room temp.; 1) + exc. NEt4Nj3, acet-
one, 3 d, room temp.

[Ru(CO)(PPh3)(‘tpS4")] [V(CO) = 1964 cm™!] formed nearly
instantly. [Ru(CO)(PPhs)(‘tpS4’)] also formed directly from
1 and CO. However, this reaction needed ca. 12 h to go
to completion.[”]

Treatment of 12 with one equivalent of NOBF, yielded
[Ru(NO)(PPh3)(‘tpS4’)]BF4 (13). Complex 13 is the first 18
valence electron nitrosyl complex with an [RuPS,] core
characterized by X-ray structure determination. It was of
particular interest as a test complex for probing the stability
of the ‘tpS,’> ligand towards reduction.

-0.38
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Figure 1. Cyclic voltammogram of [RU(NO)(PPh'g)( tpS4)]BF, (13)
in CH,Cl, (103 M, 10" M NBuyPFg4, v = 0.05Vs ')

The cyclic voltammogram (CV) of 13 in CH,Cl, (Fig-
ure 1) exhibited two redox waves in the cathodic region. The
redox wave at Ej;», = —0.42 V could be assigned to the re-
versible  reduction  [Ru(NO)(PPhs)(‘tpS4’)]"/[Ru(NO)-
(PPh3)(‘tpS4)]° and indicated the viability of the neutral 19
valence electron nitrosyl complex [Ru(NO)(PPhs)(‘tpS,’)]
(14).

Eur. J. Inorg. Chem. 2000, 1079—1089

This result was corroborated by chemical reduction of 13
and the reaction of the acetonitrile complex 12 with NO
gas. Monitoring the reaction of 13 with LiBEt;H in THF
by IR spectroscopy showed that the v(NO) band of 13 at
1850 cm™! was replaced by a new band at 1602 cm™'. No
gas was evolved, and the intensity and frequency of the
1602 cm™' band was found to be compatible with the
formation of 14.['%1 Treating 12 with NO gas in CH,Cl, led
to a strong v(NO) band appearing in the same region at
1605 cm™!. Complex 14 could be precipitated from this so-
lution as red-brown solid by the addition of n-hexane. Com-
plex 14 is highly reactive and almost instantly oxidized by
traces of air to give the [Ru(NO)(PPhs)(‘tpS4’)]" cation, as
indicated by the v(NO) band at 1842 cm™! (KBr). Complex
14 is paramagnetic and was only characterized by elemental
analyses, IR spectroscopy, and mass spectrometry, which
confirmed that the ‘tpS,™>~ ligand remained intact.

Attempts to convert the nitrosyl ligands of either cationic
13 or neutral 14 into dinitrogen ligands by reactions with
azide or ammonia have so far been unsuccessful. For the
alternate route, in which the ligating azide is converted into
N, by attack with NO™, azido complexes were needed.
Treatment of 12 in acetone with one equivalent of NEt4;N3
yielded the azido complex (NEty)[Ru(N3)(PPhs)(‘tpSs’)]
(15) whose formation could be established by IR and 'H
NMR spectroscopy. However, 15 proved to be too labile to
obtain '3C and 3*'P NMR spectra and rapidly decomposed,
even in the solid state, to give a brown mixture of intract-
able products. Repeated attempts to purify 15 by recrystal-
lization were unsuccessful. For these reasons, we tried to
obtain a potentially more stable Ru'" azide complex via the
Ru' iodide complex [Ru(I)(PPh;)(‘tpS4)] (16). Complex 16
formed from the reaction of the acetonitrile complex 12
with half an equivalent of iodine, and could be character-
ized by X-ray crystallography. The subsequent reaction of
16 with NEt4Nj3 yielded [Ru(N53)(PPhs)(‘tpS4’)] (17) which
was isolated in pure state and characterized by IR spectro-
scopy and mass spectrometry. As expected, and confirmed
from the 'H NMR spectra showing broad and unresolved
peaks, 16 and 17 are both paramagnetic. Complex 17 was
further characterized by its cyclic voltammogram (Fig-
ure 2).
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Figure 2. Cyclic voltammogram of [Ru(N;)(PPhg)( tpS4")|BF4 (17)
in CH,Cl, (103 M, 10" M NBuyPFg, v = 0.02V

In the cathodic region, 17 showed a reversible redox wave
at Ey;, = —0.26 V. It is compatible with the reversible reduc-
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tion of 17 to give the anion of the Ru' complex 15. At-
tempts to convert 17 photolytically, thermally, or by treat-
ment with HBF, in CH,Cl, into a dinitrogen complex re-
mained unsuccessful.

Dinuclear Hydrazine and Diazene Complexes with
[Ru(PPh;)(‘tpS,’)] Fragments

The unsuccessful attempts to obtain a [Ru(PPhs)(‘tpS4’)]
dinitrogen complex via nitrosyl or azide precursors
prompted us to return to the hydrazine complex [Ru-
(N,H4)(PPh3)(‘tpS47)] (9). As mentioned above, the N,Hy
ligand is labile. In this respect 9 resembles the other
[Ru(L)(PPhs)(‘tpS4’)] complexes in which L is a o-N
donor ligand.

The complex [Ru(N,H,)(PPhs)(‘tpS4’)] (9) did not yield
a dinitrogen complex either. However, further investigation
led to the characterization of [u-N>H4{Ru(PPhs)(‘tpS4’)}-]
(18) and [pu-N,oH,{Ru(PPh3)(‘tpS4’)}>] (19) which represent
the first hydrazine and diazene couple characterized by X-
ray structure determination (Scheme 4).
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Scheme 4. Formation of dinuclear hydrazine and diazene com-
plexes with [Ru(PPhs)(‘tpS,)] fragments: a) CH,Cl,, 7 d, room
temp.; b) + O,, CH,Cl,, 36 h, room temp.; ¢) + exc. K,N5(CO»),,
+ exc. CH3CO, H, THF, 3 h, room temp.

Attempts to recrystallize 9 from CH,Cl,/MeOH mixtures
afforded yellow microcrystals that proved so sparingly sol-
uble that no NMR spectra could be recorded. The ele-
mental analyses and IR spectra indicated that two molec-
ules of mononuclear 9 had formed the dinuclear hydrazine
complex 18 by dissociation of hydrazine. Carrying out the
same experiment in THF/Et,0O mixtures afforded single
crystals of 18@THF, which could be structurally character-
ized. When the CH,Cl, solutions of the hydrazine complex
9 were treated with atmospheric oxygen, their color turned
from yellow to dark green and green crystals precipitated.
They were also sparingly soluble, but we were able to record
a 'H NMR spectrum which exhibited a signal at § = 14.59,
indicative of an N,H, ligand in a centrosymmetric dinuclear
diazene  complex of the type  [u-N,H,{Ru-
(PPh3)(‘tpS4’)}»] (19). Intense absorptions at 307 and
463 nm in the UV/Vis spectrum also suggested the forma-
tion of 19, which was finally and unambiguously character-
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ized by an X-ray crystal structure determination of
19(4CH,ClL.

The aerial oxidation of 9 afforded 19 in yields of 25%. A
potential reason for the low yield is that the dinuclear hy-
drazine complex 18 must form before subsequent oxidation
occurs to give 19. Therefore we sought a better synthesis of
19 and found that much higher yields (> 80%) were ob-
tained from the reaction of the labile acetonitrile complex
12 with N,H,, which was generated in situ by acidolysis of
K5N,(CO,), with dilute acetic acid in THF. This trapping
of the unstable diazene in solution is possible with particu-
lar metal sulfur complex fragments and was first discovered
with the synthesis of [u-N>H,{Fe(PPr;)(‘Ss")},].l1!

General Properties and Spectroscopic Characterization of
[Ru(L)(LY)(‘tpS4’)] Complexes

As far as possible, all [Ru(L)(L)(‘tpS4’)] complexes have
been characterized by the common spectroscopic methods
and elemental analyses. The molecular structures of 7, 13,
16, 18, and 19 have been determined by X-ray structure
analysis. All Ru'' complexes are diamagnetic, while the two
Ru'" complexes are paramagnetic as indicated by their "H
NMR spectra. The colors of the complexes range from yel-
low or orange (1-12), to green (17, 19) and brown (13, 14,
16). All complexes, except the dinuclear species 18 and 19,
show moderate to good solubilities in CH,Cl,. The IR spec-
tra of all complexes in KBr exhibit the typical absorptions
of the [Ru(‘tpS,’)] fragment. A strong v(CO) absorption at
1968 cm! and a strong §(PCH) at 953 cm™! characterize
[Ru(CO)(PMe;)(‘tpS4)]. A v(SO) band at 1015 cm™! indi-
cates sulfur coordination of DMSO in [Ru(DMSO),(‘tpS4’)]
(3). Weak v(NH) (3334, 3292, 3245, 3164 cm™!) and v(CN)
(2271 cm™) bands readily identify [Ru(N,H,)(PPh3)(‘tpS,’)]
(9) and [Ru(MeCN)(PPh3)(‘tpS4’)] (12) respectively. Strong
v(NO) bands at 1852 and 1598 cm™! characterize the nitro-
syl complexes 13 and 14. The azide complexes 15 and 17
show characteristic v(N3) absorptions at 2029 and 2036 cm .
The 'H NMR spectra of C,-symmetric [Ru(L),(‘tpS4’)]
complexes exhibit a typical set of six multiplets for the aro-
matic ‘tpS,” protons. This multiplet changes when the sym-
metry is lowered to Cj in [Ru(L)(L°)(‘tpS4’)] complexes. In
all [Ru(L)(PPh3)(‘tpS,4’)] complexes, the ‘tpS,” multiplets are
superimposed on the PPh; multiplets. Thus, the
[Ru(L)(PPh3)(‘tpS4’)] complexes usually are more readily
identified by their '*C and 3'P NMR spectra.

However, the "H NMR spectrum of [Ru(I)(PPh;)(‘tpS,—
Me,")]I (4) showed two singlets for the methyl groups, estab-
lishing that only one of several possible isomers had
formed. The '"H NMR spectra of 8 and 12 exhibited charac-
teristic singlets at 6 = 1.70 and 1.75, indicating the coor-
dination of ammonia and acetonitrile. The hydrazine com-
plex 9 gave rise to two multiplets at 6 = 4.2 and 4.1 which
are attributed to the Ru-bound NH, group, and a broad
singlet at 6 = 3.4 which is assigned to the terminal NH,
group. The N,H, singlet at 6 = 14.59 is characteristic of
the diazene complex [p-N,H,{Ru(PPhs)(‘tpS;)},] (19).
Complex 19 was further characterized by its UV/Vis spec-
trum, showing a strong absorption at 463 nm (¢ = 8162 L

Eur. J. Inorg. Chem. 2000, 1079—1089
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mol™! em™!) which is characteristic of the 4¢-6 ¢ © bond
system of [M=NH:=NH:=:M] fragments (Figure 3).[!%]
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Figure 3. UV/Vis spectrum of [pu—N,H,{Ru(PPhs)(‘tpSs’)},] in
CH,Cl,

X-ray Structure Analysis
The molecular structures of [Ru(py)(PPhs)(‘tpS4)] (7),

[Ru(NO)(PPh;)(‘tpS4")|BF4[CH,Cl, (13CH,Cl,), [Ru(l)-
(PPh3)(‘tpS4)][CH,Cl,  (16[CH,Cly),  [u-N,H4{Ru(PPhs)-
(‘tpSs)}L]BTHF ~ (183THF), and  [u-N,H,{Ru-

(PPh3)(‘tpS4’)},]@CH,Cl, (19dCH,Cl,) were determined
by X-ray crystallography and are shown in Figure 4. Table 1
lists selected distances and angles.

a)

d)

In all cases the crystal lattices contain discrete molecules
or ions. All compounds exhibit six-coordinate Ru centers,
helical coordination of the ‘tpS,> ligands with trans-thiol-
ate and cis-thioether S donors, and cis coordination of the
ligands PPh; and L = py, NO, I, N,H,, N>H,.

Distances and angles lie in the range observed for related
[Ru(‘Sy’)] complexes. For example, in both the [Ru(‘tpS;’)]
and [Ru(‘Sy’)] complexes, the average Ru-S distances are
found to be in the narrow range of 233-238 pm. This is
worthy of note, in light of the different properties of the
coligands which coordinate to the [RuS,] cores, such as the
o-7 ligands CO, NO* or N,H,, or the o ligands N,H, and
pyridine. Even in the Ru'l! complex
[Ru(T)(PPh3)(‘tpS4)][CH,Cl, (16[CH,Cl,), the average Ru—
S distance (234 pm) does not significantly differ from that
of Ru! complexes. This invariance of averaged M-S dis-
tances in low-spin complexes having no electrons in anti-
bonding orbitals has been previously discussed and can be
traced back to the bonding properties of sulfur ligands,
which can function as 6-donor, o-donor-n-acceptor, and c-
donor—n-donor ligands.l'3-13]

The diazene and hydrazine complexes 1914CH,Cl, and
184THF deserve special consideration. They represent the
first structurally characterized complexes containing the
N,H,/N,H, couple, and enable comparison of both the dif-
fering bonding situations and the formation of N-HI[IB
bridges when hydrazine or diazene bind to transition metal

e)

Figure 4. Molecular structures of a) [Ru(py)(PPh3)(‘tpS4’)] (7), b) [Ru(NO)(PPhs)(‘tpS4’)|BF4[CH,Cl, (13[CH,Cl,), ¢) [Ru(l)(PPh;)-

(‘tpS4)]CH,Cl, (16[CH,Cl,), d)

[-N>H, {Ru(PPh;)(‘tpS4’)},]BTHF  (18@THF),

and e) [u-NoH{Ru(PPhs)("tpS4’)}-]4CH,Cl,

(193CH,Cl,) (50% probability ellipsoids; C-bonded H atoms, solvent molecules, and BF, anions omitted)

Eur. J. Inorg. Chem. 2000, 1079—1089
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Table 1. Selected distances [pm] and angles [°] of [Ru(py)(PPhs)(‘tpSy’)] (7), [Ru(NO)(PPh;3)(‘tpS,’)]BF,4[CH,Cl, (13[CH,Cl,),
[Ru(I)(PPhs)(‘tpS4)][CH,Cl, (16[CH,Cl,), [u-N>H4{Ru(PPhs)(‘tpS4’)},J4THF (18@4THF), and [p-N,H,{Ru(PPhs)(‘tpS,’)},]4CH,Cl,

(193CH,Cl,)
Complex (L) 7 (py) 13[CH,CL, (NO*) 16[CH,CL, (I) 18@THF (N,H,) 19@CH,Cl, (N,H,)
Rul-SI 238.5(1) 242.1(1) 236.0(2) 239.1(4) 239.8(2)
Rul-S2 227.7(1) 239.1(1) 233.1(1) 227.5(4) 232.9(2)
Rul-S3 234.1(1) 238.4(1) 234.2(1) 234.5(4) 234.5(2)
Rul S4 240.3(1) 236.2(1) 231.3(2) 239.4(4) 239.4(2)
Rul Pl 234.5(1) 242.4(1) 237.7(2) 232.1(4) 235.8(2)
Rul L 215.5(3) 175.6(3) 271.18(6) 214.4(9) 203.0(7)
NI-NIA - - - 149(2) 129(1)
NI1-H1 - - - 102 88
S4-H1 - - - 298 289
SIA-HI - - - 258 258
S3A-H2 - - - 288 -
S1-Rul-S4 176.00(4) 165.45(4) 170.13(6) 171.9(1) 172.25(9)
S2-Rul-S3 88.21(4) 86.49(3) 88.49(5) 88.6(1) 87.50(8)
S3-Rul-Pl 177.93(4) 174.88(3) 175.13(5) 179.8(2) 178.12(9)
S2-Rul-Pl 93.56(4) 91.91(3) 96.15(5) 91.6(1) 92.49(8)
S2 Rul L 172.42(10) 172.88(10) 169.19(4) 175.8(3) 175.8(2)
Rul-NI-N1A - - - 117.109) 127.4(7)
Rul N1-HI - - - 1123 121.7
NI-NIA-HI - - - 97.2 110.9

sulfur sites. Both complexes possess a crystallographically
imposed inversion symmetry. The N,H, and N,H, ligands
bridge two enantiomeric [Ru(PPh;)(‘tpS,’)] fragments, and
the centers of the N-N bonds represent the inversion cen-
ters. The average Ru-S distances in the hydrazine complex
184THF (235.1 pm) and the diazene complex 194CH,Cl,
(236.6 pm) are also similar. The difference of 1.5 pm is a
result of different Ru-S2 distances frans to the N,H, and
N,H, ligands, which are 227.5(4) pm (18[4THF) vs. 232.9(2)
pm (194CH,Cl,). All other Ru-S distances are identical
within the 3o criterion in both 18@THF and 194CH,Cl,.

The Ru-S2 distance of 194CH,Cl, [232.9(2) pm] indic-
ates the rrans bond lengthening influence of the o-n ligand
N,H,, since the corresponding Ru-S2 distances of the o
ligand N,H,; and pyridine complexes 18@THF [227.5(4)
pm] and 7 [227.7(1) pm] are shorter. The Ru-S distances
trans to NoH, in the closely related complexes [u-
NoH>{Ru(PPh3)('S4)j>]  [228.2(2)  pm] and  [p-
N,H,{Ru(PPh3)(‘*“S,)},] [230.7(3) pm]'?! are slightly
shorter than in 1914CH,Cl,. Nonetheless, as in 194CH,Cl,,
the Ru-S bonds trans to the N,H, ligand always represent
the shortest Ru-S bonds in [pu-N>H»{RuS,;},] complexes so
far characterized.

The different bonding properties of N,H, and N,H, are
also illustrated by the Ru—N distances of 184THF [214.4(9)
pm] and 19[4CH,Cl, [203.0(7) pm], indicating Ru—N single
and partial Ru-N double bonds. The Ru-N distance in
18[@THF is comparable with that of the pyridine complex
7 [215.5(3) pm], while the Ru-N distance in 194CH,Cl, is
rationalized by the [M=NH:=NH=M] 4c-6e © bonding
system, which is characteristic of this type of [u-N>H>{M},]
complex.'?l The N-N distances in 18@THF [149(2) pm]
and in 194CH,Cl, [129(1) pm] correspond with N-N single
and slightly elongated N-N double bonds.

In both 18@THF and 19dCH,Cl,, the Ru centers and
the thiolate donors form approximated planes. When least-
squares planes are calculated through the six atoms Rul,
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S1, S4, RulA, S1A, and S4A, the largest deviations from
these planes are observed for the Ru centers, being 11.0(2)
pm (18@4THF) and 10.8(1) pm (19@CH,Cl,), respectively.
In the diazene complex 194CH,Cl,, the diazene N atoms
are also coplanar, deviating by only 5.5(6) pm. In the hydra-
zine complex 18[4THF, the hydrazine N atoms show a large
deviation of 25.9(9) pm from the respective plane. This devi-
ation gives rise to a step-like arrangement of the two enanti-
omeric [Ru(NH,)(PPh;)(‘tpS,’)] halves of 184THF. The
step height, calculated as distance between the two least-
squares planes [Rul, S1, S2, S4, N1] and [RulA, S1A, S2A,
S4A, N1A], is 52.8 pm. The step-like arrangement of the
two [RuNPS,] cores in 18[4THF is also reflected by the [S4—
Rul-N1-N1A] torsion angle of —151.9(1)°. [In the diazene
complex, in which the Ru, the thiolate S and diazene N
atoms form a nearly perfect plane, the corresponding angle
is 173.9(9)°, close to the ideal of 180°.]

The arrangement of Ru, thiolate S, diazene N, or hydra-
zine N atoms enables the formation of stabilizing N-H[IB
hydrogen bonds in both 18@THF and 194CH,Cl,. The N-
HIOB bonds are indicated by both the N-HIIB vectors and
the distances, which are shorter than the sum of the corres-
ponding van der Waals radii (ry = 120 pm, rs = 185 pm)

(Figure 5).
In the diazene complex 1914CH,Cl,, two bifurcated and
nearly planar N-HMB, (thiolate) bridges exist

[d(H1TB1A) = 258 pm, d(H1[84) = 289 pm)]. In the hydra-
zine complex 184THF, two similar but nonplanar bifurc-
ated hydrogen bonds are indicated by the HIMBIA (258
pm) and H1B4 (298 pm) distances. It is significant that in
the hydrazine complex the H2[MB3A and the corresponding
H2AMB3 distances of 288 pm indicate two additional hy-
drogen bonds between the thioether S atoms S3 and S3A
and the NH, group atoms H2, and H2A. (Assuming sp?
hybridization of the thioether S donors, the lone pairs at S3
and S3A indeed point directly at the positions of H2 and
H2A respectively.)
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P1A

b) S3A

Figure 5. The [p-N,H {RuPS,},] cores of a) 1I84THF (x = 4) and
b) 194CH,Cl, (x = 2) illustrating the [pu-N>H {RuS,(thiolate)},]
planes and NHIIB bridges

Due to the inversion center, the two NH, groups in
18@THF assume a staggered conformation, in contrast to
the conformation in free hydrazine which exhibits a dihed-
ral angle of about 95°.[°]

Discussion and Conclusion

The [Ru(‘tpSy’)] fragment exhibits a similarly versatile co-
ordination chemistry as the [Ru(‘RS,")] fragments and binds
a large number of coligands ranging from CO, NO, CR,,
PR3 to N3, N,H», N,H,, and NHj;. In addition, [Ru(‘tpS,4’)]
complexes undergo reactions and yield species not yet ob-
served with [Ru(‘RS,’)] fragments. For example,
[Ru(PPhs),(‘tpS4’)] (1) exchanges both of its PPh; ligands
with DMSO or PEt;. When the [Ru(NO)(PPhs)(‘tpS,)]"
(13) cation is reduced to give the neutral 19 valence electron
species [Ru(NO)(PPhs)(‘tpS,’)] (14), the ‘tpS,’> ligand stays
intact, in contrast to the ‘®S,’>" ligands, which undergo C—
S cleavage reactions.[®

In the search for labile [Ru(‘tpS,’)] precursor complexes,
[Ru(PPhs),(‘tpS4’)] (1) was found to exclusively exchange
one PPh; for nitrogenous ligands. This enabled the syn-
thesis of N,H, and NH; complexes and, in particular, of
the acetonitrile complex [Ru(MeCN)(PPh;)(‘tpSy’)] (12).
Complex 12 made feasible the synthesis of the azido, iodo,
and nitrosyl complexes. All attempts to obtain dinitrogen
complexes have so far remained unsuccessful also with the
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[Ru(‘tpSs’)] fragment. However, structurally characterized
transition metal sulfur complexes containing the hydrazine
and diazene couple could be obtained for the first time. The
complexes [pu-NoH4{Ru(PPh;)(‘tpS4’)},] (18) and [p-
NLH,{Ru(PPh3)(‘tpS4’)},] (19) permitted a detailed analysis
of the structural and bonding properties of hydrazine versus
diazene complexes. The structural parameters indicate bi-
furcated N-HIIB,(thiolate) hydrogen bonds in both 18 and
19 and additional N-H[B(thioether) bridges in the hydra-
zine complex 18. The increased number of N-HIIS hydro-
gen bonds formed when going from the diazene to hydra-
zine complexes is significant with regard to the “open-side”
model of the FeMoco function in nitrogenases.[*4, [13a] Ac-
cording to this model, N, is activated through binding to
two low-spin Fe!! centers in [S, N, O] coordination spheres.
Over the course of three subsequent [2 H*, 2 7] reduction
steps yielding NH; via N,H, and N,H, intermediates, an
increased number of N-HIB(O) hydrogen bonds is instru-
mental in keeping the redox potential in the range —280 mV
to ca. =500 mV, which are the both the thermodynamic lim-
iting and biologically compatible values of enzymatic N, re-
duction.

Experimental Section

General Methods: Unless otherwise noted, all reactions and opera-
tions were carried out at room temperature under nitrogen using
standard Schlenk techniques. Solvents were dried and distilled be-
fore use. As far as possible, reactions were monitored by IR or
NMR spectroscopy. — Spectra were recorded with the following
instruments: IR (KBr disks or CaF, cuvettes, solvent bands were
compensated): Perkin—Elmer 983, 1620 FT IR, and 16PC FT-IR. —
NMR: Jeol FT-INM-GX 270, EX 270, and Lambda LA 400 with
the protio solvent signals used as a reference. Chemical shifts are
quoted on the o scale (downfield shifts are positive) relative to
tetramethylsilane (' H, '*C{'H} NMR) or 85% H;PO, (*'P{'H}
NMR). Spectra were recorded at 25 °C. — Mass spectra: Jeol
MSTATION 700 spectrometer. — UV/Vis: Shimadzu UV-3101 —
Elemental analysis: Carlo Erba EA 1106 or 1108 analyzer. — Cyclic
voltammetry was performed with a PAR 264A potentiostat using
a three-electrode cell with glassy carbon ROTEL A working, Pt
reference and Pt counter electrodes. Solutions were 107 M in com-
plex. TBA[PF¢] (10" M) was used as conducting electrolyte. Poten-
tials were referenced to the normal hydrogen electrode via Fc/Fc™
as internal standard (Eryp.t = +0.4 V versus normal hydrogen
electrode).l'”] NLC(CO5E,),, 181 KLCoNL0,MT [RuCls-
(DMSO),L.2%  [RuCly(PMe;),].21  NEtN3,22  [Ru(PPh;),-
(‘tpS4)] (1), and ‘tpS,—H,,!”! were prepared as described in the
literature, LiOMe, Mel, NOBF,, LiBEt; H, NH,NHMe, and N,H,
were purchased from Aldrich.

[Ru(PEt3),(‘tpS4)] (2): PEt; (0.5 mL, 3.4 mmol) was added to a
yellow-orange suspension of [Ru(PPhs),(‘tpSs’)] (1) (190 mg,
0.19 mmol) in THF (10 mL) and heated at reflux for 3 min. The
resultant yellow solution was cooled to room temperature, and con-
centrated to dryness. The yellow residue was dissolved in THF
(5 mL), the resulting solution was filtered, layered with n-hexane
(50 mL) and cooled to —-30 °C. Yellow microcrystals precipitated,
which were separated after 1 d, washed with n-hexane (40 mL) and
dried in vacuo. Yield: 70mg of 2[0.5THF (50%). -
C3,Hy60¢ sPoRuS, (210.5THF) (730.0): caled. C 52.65, H 6.35, S
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17.57; found C 52.90, H 6.56, S 17.21. - MS (FD, CH,Cl,, '?Ru);
miz: 694 [Ru(PEt;)»(‘tpSs)]*. — 'H NMR (CD,Cl,, 269.6 MHz):
§ = 7.95-7.85 (m, 2 H, C¢Hy), 7.75 (d, 2 H, CeHy), 7.35 (d, 2 H,
CeH,), 7.25-7.18 (m, 2 H, CgHy), 6.90-6.75 (m, 4 H, C4H,), 1.95-
1.75 (m, 12 H, P-CH,CHj), 1.10-0.97 (m, 15 H, P-CH,CH;). —
BC{IH} NMR (100.40 MHz, CD,CL,): & = 158.9, 138.6, 136.8,
132.0, 131.5, 130.2, 129.7, 128.8, 121.1 [C(aryl)], 19.2 (t, P-
CH,CH,), 8.5 (P-CH,CH;). — *P{'H} NMR (109.38 MHz,
CD,CL): § = 18.0 ().

[Ru(DMSO),(‘tpS4)] (3): A yellow-orange suspension of
[Ru(PPh;),(‘tpS47)] (1) (196 mg, 0.20 mmol) in DMSO (15 mL) was
heated at reflux for 5 min, yielding a yellow-green solution. The
solution was cooled to room temperature, combined with MeOH
(75 mL), and stirred for 12 h. A yellow solid precipitated, which
was separated, washed with MeOH (30 mL), Et,O (20 mL), and
dried in vacuo. Despite several recrystallizations from CH,Cl,/
MeOH, satisfactory elemental analyses could not be obtained.
However, the NMR spectra of the yellow solid showed the absence
of any PPhj; resulting from the precursor complex 1. Yield: 50 mg
of 3 (41%). — C5H»405RuS4 (3) (613.9): caled. C 43.05, H 3.94;
found C 44.42, H 4.13. — IR (KBr): v = 1015 cm ™, 5, v(SO). - MS
(FD, CH,Cl,, '°2Ru); m/z: 614 [Ru(DMSO),(‘tpS4)]*. — '"H NMR
(269.6 MHz, CD,Cl,): 6 = 7.85-7.80 (m, 2 H, C¢H,), 7.65 (d, 2 H,
CeH,), 7.50 (d, 2 H, CeH,), 7.33-7.28 (m, 2 H, C¢Hy), 7.00 (t, 2
H, C¢H,), 6.87 (t, 2 H, CsH,), 3.25 (s, 3 H, S-CH;), 3.05 (s, 3 H,
S-CH;). — C{'H} NMR (100.40 MHz, CD-Cl,): § = 153.9,
137.1, 136.9, 132.5, 131.8, 130.7, 130.6, 130.0, 122.8, (CcHy), 46.3,
44.9 (S-CHy).

[Ru(D)(PPh3)(‘tpSs;—Mey")|I (4): Mel (0.5 mL, 8.0 mmol) was added
while stirring to a yellow-orange solution of [Ru(PPhs),(‘tpS4’)] (1)
(140 mg, 0.14 mmol) in CH,Cl, (30 mL) which changed its color to
yellow over the course of 2 h. After addition of n-hexane (40 mL), a
yellow solid precipitated, which was separated, washed with MeOH
(10 mL), n-hexane (20 mL), and dried in vacuo. Recrystallization
from CH,Cl,/Et,O (20 mL/ 40 mL) yielded yellow crystals, which
were separated, washed with Et,O (20 mL), and dried in vacuo.
Yield: 100 mg of 4 (71%). — CsgH331,PRuS, (4) (1004): caled. C
45.47, H 3.31, S 12.78; found C 45.25, H 3.50, S 12.59. — 'TH NMR
(CD,Cl,, 269.6 MHz): & = 8.30 (t, 2 H, CcH,), 8.00 (d, 1 H, CcH,),
7.90-7.80 (m, 1 H, C¢H,), 7.75-7.60 [m, 8 H, CsH, and P(C¢Hs)s],
7.60-7.30 [m, 15 H, C¢H, and P(CgHs)s), 2.85 (s, 3 H, S-CHj;),
2.05 (s, 3 H, S-CH3). - 3'"P{'H} NMR (109.38 MHz, CD,Cl,): § =
23.5 (s).

[Ru(PMe3)(PPh3)(‘tpS4’)] (5): PMes (0.8 mL, 7.70 mmol) was ad-
ded to a yellow suspension of [Ru(PPhs)>(‘tpSy’)] (1) (400 mg,
0.41 mmol) in THF (15 mL). The suspension was stirred for 3 h,
during the course of which a yellow solution resulted, which was
filtered and concentrated to dryness to give a yellow residue. The
residue was digested with n-hexane (40 mL) for 1 h, separated,
washed with n-hexane (40 mL), and dried in vacuo. Yield 180 mg
of 5 (55%). — C39H;36P,RuS, (5) (796.0): caled. C 58.85, H 4.56, S
16.11; found C 59.10, H 4.57, S 15.52. — IR (KBr): vV = 953 cm/,
8(PCH). — MS (FD, CH,Cl,, ' Ru);, m/zz 796
[Ru(PMe;)(PPh;)(‘tpS4)]™. — 'TH NMR (269.6 MHz, CD,Cl,): § =
7.86-7.74 (m, 3 H, C¢H,), 7.59-7.46 [m, 7 H, C¢H, and P(C¢Hs)s],
7.26-7.23 [m, 11 H, C¢H, and P(C¢Hs)5], 7.09 (d, 1 H, CsHy), 6.96—
6.94 (m, 2 H, C¢H,), 6.85 (t, | H, C¢H,), 6.65 (t, 1 H, CsHy), 6.56
(t, 1 H, C¢Hy), 1.16 [d, J = 432 Hz, 9 H, P(CH3)]. — BC{'H}
NMR (67.8 MHz, CD,Cl,): § = 159.0 (d, Jpc = 5.96 Hz), 156.2
(d, Jpc = 7.95 Hz), 138.9, 138.7, 138.2, 138.0, 136.6, 136.1, 135.9,
135.3,134.6 (d, Jpc = 9.93 Hz), 132.2, 131.4, 130.5, 129.8 (d, Jpc =
3.48 Hz), 129.7, 129.5, 129.2, 128.5, 127.4 (d, Jpc = 8.94 Hz),
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121.2, 121.1 [ClaryD)], 18.3 [d, Jpc = 9.94 Hz, (P(CH;], 17.9 [d,
Jec = 9.94, (P(CH5)]. - *'P{'H} NMR (109.38 MHz, CD,Cl,):
8 = 6.5 (d, PMes), +37 (d, PPhs).

[Ru(PMe3),(‘tpS4’)] (6): Solid Li,—‘tpSy” (159 mg, 0.43 mmol) was
added to a stirred suspension of [RuCl,(PMes),] (205 mg,
0.43 mmol) in MeOH (10 mL), which was heated at reflux for 4 h,
yielding a yellow solution from which yellow microcrystals started
precipitating. Cooling to room temperature completed the precip-
itation. The resulting yellow microcrystals were separated, washed
with MeOH (15 mL) and n-hexane (20 mL), and dried in vacuo.
Yield: 120 mg of 6 (46%). — C,4H3oP,RuS, (6) (609.8): caled. C
47.27, H 4.96, S 21.03; found C 47.20, H 4.88, S 21.11. — IR (KBr,
cm!): ¥ = 958, 943 vs, 3(PCH). — MS (FD, CH,Cl,, '°>Ru); m/z:
610 [Ru(PMes),(‘tpS47)]*. — 'TH NMR ([Dg]THF, 399.65 MHz): § =
7.97-7.93 (m, 2 H, CgHy), 7.77 (d, 2 H, C¢H,), 7.29 (d, 2 H, CsH,),
7.20-7.16 (m, 2 H, CsHy), 6.80-6.76 (m, 2 H, CcH,), 6.72-6.68 (m,
2 H, C¢H,), 1.41 (d, J = 428 Hz, 18 H, P-CH3). — BC{'H} NMR
(100.40 MHz, [Dg]THF): 8 = 159.8 (1), 139.7 (1), 137.3, 132.7-132.5
(m), 132.5, 130.9, 130.0, 128.8, 121.0 [C(aryl)], 18.9-18.0 (m, P—
CH,). - 3'P{'H} NMR (161.70 MHz, [Dg]THF): & = 7.7 (s).

[Ru(py)(PPh3)(‘tpS4)]  (7): A yellow-orange suspension of
[Ru(PPh;),(‘tpS4)] (1) (235 mg, 0.24 mmol) in pyridine (7 mL) was
heated at reflux for 10 min to give an orange-red solution. The
solution was cooled to room temperature, combined with MeOH
(70 mL), and stirred for 1 h. A yellow solid precipitated, which was
separated, washed with MeOH (40 mL) and Et,O (40 mL), and
dried in vacuo. Yield 125 mg of 7 (65%). — C41H3,NPRuS, (7)
(799.0): caled. C 61.63, H 4.04, N 1.75, S 16.05; found C 61.41, H
3.89, N 1.99, S 16.15. — MS (FD,CH,Cl,, '2Ru); m/z: 799
[Ru(py)(PPh3)(‘tpS4)]*. — 'H NMR (269.6 MHz, CD,Cl,): § =
8.50 [d, 2 H, o-H(py)], 7.95 (d, 1 H, C4Hy), 7.70 (d, 1 H, CxHy),
7.65-7.60 (m, 1 H, C4Hy), 7.53-7.48 (m, 1 H, C¢H,), 7.40-7.30 [m,
6 H, C¢H,4 and P(C¢Hs)3], 7.25-7.10 [m, 12 H, C4H,, P(C4Hs)3 and
pyl, 7.05-6.90 (m, 3 H, C¢H,), 6.80-6.75 (m, 3 H, CsH,), 6.65 (t,
1 H, C¢H,), 6.55 (t, 1 H, C4H,). — 3'P{'H} NMR (109.38 MHz,
CD,Cl,): 8 = 41.50 (s).

[Ru(NH3)(PPh3)(‘tpS4’)] (8): NH; gas was bubbled through a re-
fluxing yellow-orange suspension of [Ru(PPhs),(‘tpSs)] (1)
(200 mg, 0.20 mmol) in THF (25 mL) for 5 min. A yellow-orange
solution resulted which was cooled to room temperature, combined
with n-hexane (100 mL), and stirred for 2 h. A yellow solid precipit-
ated, which was separated, washed with n-hexane (40 mL), and
dried in vacuo. Yield 100mg of 8THF (65%). -
C3sH34NO sPRuS, (80.5THF) (773.0): caled. C 59.04, H 4.43, N
1.81, S 16.59; found C 59.03, H 4.21, N 1.67, S 16.33. — IR (KBr,
cm!): ¥ = 3348, 3245, v(NH). - 'H NMR (399.65 MHz, CD,Cl,)
6 =1795(d, 1 H, C¢H,), 7.86 (d, 2 H, C¢H,), 7.69-7.64 [m, 6 H,
C¢H, and P(C4Hs)5), 7.46 (d, 1 H, C¢Hy), 7.36-7.26 [m, 12 H, C4H,
and P(C¢Hs)s), 6.97 (t, 1 H, CsHy), 6.90-6.86 (m, 2 H, C¢H,), 6.57—
6.52 (m, 2 H, C4H,), 1.70 (s, 3 H, NH;). — *'P{'H} NMR
(109.38 MHz, CD,Cl,): & = 47.5 (s).

[Ru(N,H )(PPh3)(‘tpS4’)] (9): N,H, (0.25 mL, 8.00 mmol) was ad-
ded to a stirred yellow-orange suspension of [Ru(PPh;),(‘tpS4’)] (1)
(250 mg, 0.25 mmol) in THF (20 mL), which was heated at reflux
for 10 min to give a yellow-orange solution. The solution was co-
oled to room temperature, filtered, combined with n-hexane
(80 mL), and stirred for 1 h. A yellow solid precipitated, which was
separated, washed with MeOH (10 mL) and n-hexane (40 mL), and
dried in vacuo. Yield: 100 mg of 9 (53%). — Cs36H3N,PRuS, (9)
(752.0): caled. C 57.50, H 4.16, N 3.73, S 17.06; found C 56.74, H
4.37,N 3.64, S 16.86. — IR (KBr, cm '): ¥ = 3334, 3292, 3245, 3164
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v(NH). — MS (FD, CH,Cl,, '©Ru); m/z: 749 [Ru(N,
H)(PPh;)(‘tpS,)]*. — "H NMR (269.6 MHz, CD,CL,): § = 7.95 (d,
1 H, C¢H,), 7.85-7.77 (m, 2 H, C¢Hy), 7.65-7.59 [m, 6 H, C4H,
and P(CgHs)s), 747 (d, 1 H, CgH,), 7.27-7.22 [m, 12 H, C¢H, and
P(CeHs)s], 7.98-6.82 (m, 3 H, CeHy), 6.53-6.50 (m, 2 H, C4H.),
420 (m, 1 H, NH,), 4.09 (m, 2 H, NH,), 3.36 (s, | H, NH,). —
3IP{IH} NMR (109.38 MHz, CD,Cl,): § = 44.0 (s).

[Ru(N,H;Me)(PPh;)(‘tpS4”)] (10): N,H;Me (0.52 mL, 10.0 mmol)
was added to a yellow-orange suspension of [Ru(PPhs),(‘tpS4’)] (1)
(200 mg, 0.20 mmol) in THF (10 mL). The suspension was heated
at reflux for 45 min, during the course of which a yellow-orange
solution resulted. The solution was cooled to room temperature,
filtered, and combined with n-hexane (80 mL). A yellow solid pre-
cipitated, which was separated, washed with MeOH (10 mL), n-
hexane (20 mL), and dried in vacuo. Yield: 105 mg of 10 (69%). —
C3;7H33N,PRuS, (10) (766.0): caled. C 58.02, H 4.34, N 3.66, S
16.74; found C 57.06, H 4.43, N 3.67, S 16.38. — 'H NMR
(269.6 MHz, CD,Cl,): 8 = 7.95(d, | H, C¢H,), 7.84 (d, 1 H, CcH,),
7.79-7.75 (m, 1 H, C¢Hy), 7.67-7.61 [m, 6 H, CcH, and P(CsHs)s],
7.45(d, 1 H, C¢Hy), 7.28-7.20 [m, 12 H, C¢H, and P(CsHs)s], 6.95—
6.80 (m, 3 H, C4H,), 6.54-6.48 (m, 2 H, C¢H,), 3.97 (t, J =
4.16 Hz, 1 H, NH,), 3.84-3.81 (m, 1 H, NH,), 3.38-3.29 (m, | H,
NH,), 2.09 (d, J = 6.88Hz, 3 H, CH;). — BC{'H} NMR
(67.8 MHz, CD,Cl,): & = 156.7 (d, Jpc = 6.22 Hz), 153.1, 142.3,
142.2, 139.0, 135.9, 135.8, 134.1 (d, Jpc = 9.84 Hz), 133.5, 132.9,
132.3, 131.7 (d, Jpc = 5.17 Hz), 131.2, 130.7, 130.2, 129.8, 129.6,
129.3, 128.4, 128.0 (d, Jpc = 9.32 Hz), 121.8, 120.9 [C(aryl)], 42.8
(CH;). — 3'P{"H} NMR (109.38 MHz, CD,Cl,): § = 47.0 (s).

[Ru{C(CO,Et),}(PPh3)(‘tpSs’)] (11):  N,C(CO,Et), (0.5mL,
3.10 mmol) was added to a yellow-orange suspension of
[Ru(PPh;),(‘tpS4’)] (1) (200 mg, 0.20 mmol) in THF (15 mL). The
suspension was heated at reflux for 4 h, over the course of which a
yellow-orange solution resulted. The solution was cooled to room
temperature, filtered, and combined with n-hexane (40 mL). A yel-
low solid precipitated, which was separated, washed with n-hexane
(20 mL), and dried in vacuo. Yield: 100 mg of 11 (57%). —
C43H3,0,PRuS, (11) (878.1): caled. C 58.82, H 4.25, N 0.00, S
14.61; found C 58.76, H 4.21, N 0.41, S 13.90. — IR (KBr, cm™):
vV = 1674, 1640 v(CO). — MS (FD, CH,Cl,, '“Ru); m/z: 878
[Ru{C(CO,Et),}(‘tpS4)]". — '"H NMR (269.6 MHz, CD,Cl,): § =
8.06-8.03 (m 1 H, C¢H,), 7.94 (d, 2 H, CsH,), 7.71-7.65 [m, 5 H,
CeH, and P(CgHs)s), 7.58 (d, 1 H, CsH,), 7.49 (t, 1 H, C¢H,), 7.33—
7.16 [m, 14 H, C¢H,4 and P(CgHs)s], 6.86 (d, 1 H, CsHy), 6.67 (t, 1
H, C¢H,), 6.40 (t, 1 H, CsH,), 4.30-4.14 (m, 1 H, COOCH,CH3),
4.03-3.83 (m, 2 H, COOCH,CH;), 3.76-3.64 (m, 1 H, CO-
OCH,CHj;), 1.16 (t, J = 3.58 Hz, 3 H, COOCH,CHs), 1.06 (t, J =
3.47Hz, 3 H, COOCH,CH;). — 3'P{'"H} NMR (109.38 MHz,
CD,Cl,): & = 31.0 ().

[Ru(MeCN)(PPh3)(‘tpS4”)] (12): A yellow-orange suspension of
[Ru(PPh;)»(‘tpS47)] (275 mg, 0.28 mmol) in acetonitrile (35 mL) was
heated at reflux for 3 h, yielding a yellow-orange solution. The so-
lution was cooled to room temperature, filtered, concentrated in
volume to 20 mL, combined with MeOH (50 mL), and stirred for
1 h. A yellow solid precipitated, which was separated, washed with
MeOH (20 mL), Et,O (40 mL), and dried in vacuo. Yield 150 mg
of 12 (70%). — C33H3oNPRuS, (12) (761.0): caled. C 59.98, H 3.97,
N 1.84, S 16.85; found C 59.87, H 4.09, N 2.01, S 16.69. — IR
(KBr, cm™): ¥ = 2271 v(CN). — MS (FD, CH,Cl,, 'Ru); m/z: 720
[Ru(PPh3)(‘tpS4)]". — 'TH NMR (CD,Cl,, 269.6 MHz): § = 7.95
(d, 1 H, C¢H,), 7.80 (d, 1 H, C¢Hy), 7.70-7.60 [m, 7 H, C¢H, and
P(CgHs)s], 7.45-7.40 (m, 1 H, C4H,), 7.30-7.20 [m, 10 H, CsH,
and P(C¢Hs)s], 7.15-7.05 (m, 2 H, C4Hy), 6.95-6.80 (m, 3 H,
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CeHy), 6.55-6.45(m, 2 H, CeHy), 1.75 (s, 3 H, CH,). — 3'P{'H}
NMR (109.38 MHz, CD,CL): § = 42.5 (s).

[Ru(NO)(PPh3)(‘tpS4)IBF, (13): Solid NOBF, (29 mg, 0.25 mmol)
was added to a stirred solution of [Ru(MeCN)(PPh3)(‘tpS,’)] (12)
(190 mg, 0.25 mmol) in CH,Cl, (15mL), whose color changed
from yellow to red over the course of 3 h. Undissolved material
was removed by filtration, and Et,O (80 mL) was added dropwise
to the filtrate. A red-brown solid precipitated, which was separated,
washed with Et,O (20 mL), and dried in vacuo. Yield: 85 mg
of 130.25CH,Cl, (40%). - Csg25H75BClysF4NOPRuS,
(13[0.25CH,Cl,) (858.0): caled. C 50.75, H 3.23, N 1.63, S 14.95;
found C 50.74, H 3.41, N 1.62, S 14.80. — IR (KBr, cm™!): v =
1852 v(NO). - MS (FD, CH,Cl,, 'Ru); m/z: 750
[Ru(NO)(PPh3)»(‘tpS4)]*. — 'H NMR (CD,Cl,, 269.6 MHz): § =
8.13(d, 1 H, C¢H,), 7.90 (d, 1 H, C¢H,), 7.67-7.47 [m, 18 H, C¢H,
and P(C¢Hs)s], 7.43-7.40 (m, 1 H, C4H,), 7.31-7.11 (m, 3 H,
C¢Hy), 7.00-6.96 (m, 2 H, CsH,), 6.88-6.81 (m, 1 H, CsHy). —
BC{'H} NMR (100.40 MHz, CD,Cl,): § = 151.3 (d), 150.2, 134.5,
134.3, 133.7, 133.3, 133.3, 133.2, 133.0, 132.9, 132.0, 131.7, 131.5,
131.2, 129.9, 129.6, 129.5, 129.2, 126.7, 126.3, 125.7, 125.5 [C(a-
ryD)]. - 3'P{'H} NMR (109.38 MHz, CD,Cl,): § = 25.0 (s).

[Ru(NO)(PPh3)(‘tpS4’)] (14): NO gas was bubbled through a yellow
solution of [Ru(MeCN)(PPhs)(‘tpS4’)] (12) (210 mg, 0.28 mmol) in
CH,Cl, (20 mL) for 1 min. A deep-red solution resulted, which was
stirred for 20 h. After addition of n-hexane (30 mL) a red-brown
solid precipated, which was separated, washed with n-hexane
(20 mL), and dried in vacuo. Yield 70 mg of 14 (34%). —
C36H,7NOPRuS, (14) (749.9): caled. C 57.66, H 3.63, N 1.87, S
17.10; found C 55.03, H 3.67, N 2.04, S 17.18. — IR (KBr, cm™):
v = 1598 v(NO). - MS (FD, CH,Cl,, '©Ru); m/z: 750
[Ru(NO)(PPhs3)-(‘tpS4)] ™.

(NEt )[Ru(N3)(PPh3)(‘tpS,’)] (15): NEt,N; (50 mg, 0.29 mmol) was
added to a yellow suspension of [Ru(MeCN)(PPhs)(‘tpS,’)] (12)
(220 mg, 0.29 mmol) in acetone (20 mL). Under exclusion of light,
the mixture was stirred for 3 h during which time an orange solu-
tion resulted. Addition of Et,O (80 mL) to the solution yielded
an orange solid, which was separated after 1 h, washed with Et,O
(40 mL) and dried in vacuo. Yield: 146 mg of 15 (56%). —
Cy4Hy7N4PRuS, (15) (892.2): caled. 59.24, H 5.31, N 6.28, S 14.37,
found C 58.07, H 5.47, N 5.81, S 15.10. — IR (KBr, cm™'): Vv =
2029 v(N3). — '"H NMR ([DgJacetone, 269.6 MHz): & = 8.87 (d, 1
H, C4H,), 8.73-8.68 (m, 1 H, C¢H,), 8.58-8.53 [m, 6 H, C¢H, and
P(CgHs)s], 843 (d, 1 H, C¢H,), 8.00-7.90 [m, 13 H, C4H,; and
P(C¢Hs)3], 7.79 (d, 1 H, CsH,), 7.68-7.58 (m, 2 H, C¢Hy,), 7.33-7.27
(m, 1 H, C¢4H,), 7.15-7.10 (m, 1 H, CsHy), 4.15(q, J = 3.71 Hz, 8
H, N-CH,), 2.10-2.05 (m, 12 H, N-CH,-CHs).

[Ru(I)(PPh3)(‘tpS4’)] (16): Elemental iodine (40 mg, 0.16 mmol)
was added to a stirred suspension of [Ru(MeCN)(PPhs)(‘tpS,’)]
(12) (240 mg, 0.31 mmol) in THF (15mL). Over the course of
S min a clear red solution resulted from which dark red microcrys-
tals crystallized. The crystals were separated after 12 h, washed
with THF (20 mL), Et,O (20 mL), and dried in vacuo. Yield:
200 mg of 16(THF (70%). — C4oH35IOPRuS, (16(THF) (918.9):
caled. C 52.28, H 3.84, S 13.96; found C 52.43, H 3.92, S 13.80. —
MS (FD, CH,Cl,, '92Ru); m/z: 847 [Ru(I)(PPh3)>(‘tpS4)] "

[Ru(N3)(PPh3)(‘tpSy4’)] (17): NEt4N; (67 mg, 0.39 mmol) was added
to a stirred suspension of [Ru(I)(PPhs)(‘tpS,)]I(THF (16) (165 mg,
0.18 mmol) in acetone (15 mL). Under exclusion of light, the sus-
pension was stirred for 2.5 d during which time its color changed
to yellow-green. The yellow-green solid was separated, washed with
MeOH (40 mL), acetone (40 mL) and Et,O (20 mL), and dried in
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Table 2. Selected crystallographic data of [Ru(py)(PPhs)(‘tpS,’)] (7), [Ru(NO)(PPhs)(‘tpS,)|BF4[CH,Cl, (13[CH,Cl,), [Ru(I)(PPhjs)-
(‘tpS4)]ICH,CI, (16[CH,Cl,), [u-N,H4{Ru(PPh;)(‘tpS4’)}»,]4THF (18@THF), and [u-N>H,{Ru(PPh;)(‘tpS,’)}-,]J4CH,Cl, (194CH,Cl,)

Compound 7 13[CH,Cl, 16[CH,Cl, 184THF 194CH,Cl,
Empirical formula C41H32NPRUS4 C37H29BC12F4NOPRUS4 C37H29C121PRUS4 C88H90N204P2RUZS8 C76H64C18N2P2RU2S8
M, [g/mol] 799.0 921.6 931.7 1760 1809

Crystal size [mm] 0.44 X 0.30 X 0.16 0.42 X 0.35 X 0.12 0.30 X 0.30 X 0.20  0.30 X 0.30 X 0.10  0.20 X 0.15 X 0.01
F(000) 816 928 1844 910 916

Crystal system triclinic triclinic monoclinic triclinic triclinic

Space group P1 Pl P2,/c P1 Pl

a [pm] 984.0(2) 1037.6(1) 1094.0(1) 1034.8(4) 1102.96(4)

b [pm] 1007.9(1) 1205.9(1) 2452.8(3) 1451.7(4) 1334.71(5)

¢ [pm] 1794.4(3) 1676.2(2) 1369.0(1) 1479.3(6) 1545.90(5)

a[°] 88.76(1) 105.46(1) 90 115.90(2) 65.840(1)

B 82.48(2) 96.00(1) 96.48(1) 91.90(2) 82.152(1)

vI[° 77.12(1) 105.78(1) 90 93.68(3) 68.199(1)

V [nm?] 1.7199(5) 1.9095(3) 3.6501(6) 1.990(1) 1.9276(1)

Z 2 2 4 1 1

deqrea, [g/em?) 1.543 1.603 1.695 1.469 1.559

p [mm'] 0.778 0.863 1.721 0.683 0.972
Diffractometer Siemens P4 Siemens P4 Siemens P4 Siemens P4 CCD (Bruker AXS)
Radiation [pm] Mo-K, (A = 71.073) Mo-K, (. = 71.073) Mo-K, (L = 71.073) Mo-K, (A = 71.073) Mo-K, (A = 71.073)
Temperature [K]  200(2) 200(2) 200(2) 200(2) 210(2)

Scan technique ® scan ® scan ® scan ® scan ® scan

20 range [°] 4.0-54.0 3.6-54.0 3.7-54.0 4.8-50.0 3.5-54.5

Scan speed [°/min] 4.0-40.0 4.0-40.0 5.0-50.0 8.0 -

Meas. reflections 8884 9579 9649 7698 10881

Indep. reflections 7497 8178 7956 6526 6557

Ry [70] 3.98 5.42 4.30 9.46 7.50

Obsd. reflections 5550 6189 6163 2795 3697

o criterion F, = 40(F) F, = 40(F) F, = 40(F) F, = 40(F) F, = 40(F)

R1; wR2 [%)] 4.33; 10.35 4.72; 10.79 4.22; 11.68 8.61; 16.49 7.26; 21.07

Ref. parameters 561 605 506 478 461

vacuo. Yield: 85 mg of 17[0.5Me,CO. — C;;75H;30N30,sPRuS,
(17[0.5Me,CO) (791.0): caled. C 56.94, H 3.82, N 5.31, S 16.22;
found C 56.58, H 3.82, N 5.10, S 16.02. — IR (KBr, ecm™): ¥ =
2036 v (N3). — MS (FD, CH,Cl,, '°2Ru); m/z: 762 [Ru(Nj3)-
(PPhy),(‘tpSy)]*

[1-N;H,{Ru(PPhy)(pSy)}al  (18): [Ru(N,H,)(PPhy)(tpSy)] (9)
(120 mg, 0.16 mmol) was dissolved in CH,Cl, (7 mL) and the solu-
tion was stirred for 7 d. After addition of MeOH (10 mL), yellow
microcrystals precipitated, which were separated, washed with
MeOH (10 mL), Et,O (15 mL), and dried in vacuo. Yield: 20 mg
of 17[075CH2C12 (16%#) - C72'75H5945C11'5N2P2Ru258
(180.75CH,Cl,) (1536): caled. C 56.90, H 3.91, N 1.82, S 16.71;
found C 56.72, H 4.03, N 2.01, S 16.30

[n-N:Ho{Ru(PPh3)(‘tpSy’)}ol  (19). — a) From [Ru(N,Hy)-
(PPh3)(‘tpS4)] (9) and O [Ru(N>Ha)(PPhs)(‘tpSs)] (9) (145 meg,
0.19 mmol) was dissolved in CH,Cl, (20 mL) in a Schlenk tube that
was closed by a septum. Air (20 mL, 0.19 mmol O,) was injected
into the solution by means of a syringe. Over the course of 36 h,
the solution changed color from yellow to green, and green microc-
rystals precipitated. They were separated, washed with CH,Cl,
(5mL), MeOH (15mL), H,O (10 mL) and Et,O (20 mL), and
dried in vacuo. Yield: 35mg of 19[CH,Cl, (24%).

C;3Hs3CLN,P,Ru,Sg (191CH,Cly) (1555): caled. C 56.40, H 3.76,
N 1.80, S 16.50; found C 56.27, H 3.73, N 1.99, S 16.55. — UV/Vis
(CH,CL): Aay (nm) = 306.5 (¢ = 15159 L mol ™! cm™), 463 (¢ =
8162 L mol™!' cm™). — b) From [Ru(MeCN)(PPh3)(‘tpSy)] (12),
K;,N,(CO3), and HAc: 0.2 M acetic acid (3.45 mL, 0.69 mmol) was
added dropwise to a stirred suspension of [Ru(-
MeCN)(PPh3)(‘tpS4’)] (12) (175 mg, 0.23 mmol) and K,N,(CO,),
(134 mg, 0.69 mmol)in THF (25mL). A dark green solution re-
sulted with evolution of gas. Over the course of 5 min a green solid
precipitated, which was separated after 3 h, washed with H,O
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(15mL), THF (25 mL), Et,O (25 mL), and dried in vacuo. Yield:
153 mg of 193H,O (88%). — C;,HgN-O,P,Ru,Sg (192H,0)
(1506): caled. C 57.43, H 4.02, N 1.86, S 17.03; found C 57.26, H
3.95, N 1.77, S 16.67.

X-ray Structure Analyses of [Ru(py)(PPh;)(‘tpSs)] (7),
[Ru(NO)(PPh3)(‘tpS4)|BF4[CH,Cl, (13[CH,Cl;), [Ru(I)(PPhj;)-
(‘tpSOIICH,Cl, (16ICH,CLy), [p-N:H4{Ru(PPh3)(‘tpSy’)}-|dTHF
(184THF), and [u-N>H,{Ru(PPh;)(‘tpS,’)},]4CH,Cl,
(19@CH,Cl,): Orange crystals of 7 were grown by layering a hot
pyridine solution of 7 with MeOH. Dark-brown platelets of
13[CH,Cl, formed when a saturated CH,Cl, solution of 13 was
layered with n-hexane. Black rhombohedra of
[Ru(I)(PPhs3)(‘tpS4)]ICH,Cl, (16[CH,Cl,) were obtained when a
saturated CH,Cl, solution of 16 was layered with MeOH. Yellow
platelets of [u-N,H4{Ru(PPh;)(‘tpS4’)},]ATHF (18@THF) crystal-
lized from a THF solution of 18 layered with Et,O. Green platelets
of 1914CH,Cl, formed when air was injected into a yellow solution
of [Ru(N,H4)(PPh3)(‘tpS4’)] (9) in CH,Cl,. — Suitable single crystals
were mounted by using the oil-drop mounting technique.?*! For all
data sets Lorentz and polarization corrections were applied. For
18[4THF absorption effects have been neglected. A y-scan absorp-
tion correction has been applied for 7 (T, = 0.4357, Thax =
0.4699), 13[CH,Cl, (Tpnin, = 0.4254, Tppa = 0.4680), and 16[CH,Cl,
(Tin = 0.2677, Thax = 0.3412). An empirical correction was used
for 19@CH,Cl, (SADABS, Tyin = 0.8294, Th. = 0.9923).24 All
structures were solved by direct methods and were refined using
full-matrix least-squares procedures on F> (SHELXTL 5.03).23! —
All non-hydrogen atoms were refined anisotropically. The positions
of the hydrogen atoms were taken from a difference Fourier map
and were either refined isotropically (7), refined with a common
isotropic displacement parameter (13[CH,Cl, and 16[CH,Cl,) or
were kept fixed with a common isotropic displacement parameter
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(18@THF, 19@CH,Cl,). The BF, anion in the structure of
13[CH,Cl, is disordered around the B1-F11 vector, where two pos-
sible sites have been refined such that they are both equally occu-
pied (50%). Furthermore, the solvate CH,Cl, molecule is disor-
dered with two different sites having occupancies of 74(4)% and
26(4)% respectively. In 16[CH,Cl,, one Cl atom of the solvate mole-
cule is disordered. Two possible sites have been refined with occu-
pancies of 61(5)% and 39(5)%. In 19@CH,CI, two of the solvate
molecules are disordered with site occupancies of the two possible
sites being refined to 77(1)% and 29(1)%. The hydrogen atoms of
the solvate molecules in all structures are geometrically positioned.
Selected crystallographic data are summarized in Table 2.1
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