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Abstract

The formation of thiyl radicals from [Cp*Ru™{x’SSS’-tpdt}] (1A) and [Cp*Ru™{x’SSN-apdt}] (1B) {Cp*=n’-CsMes;
tpdt = S(CH,CH,S"),; apdt = HN(CH,CH,S ), } has been initiated by thiolate alkylation or oxidation with iodine. Subsequent electron
transfer processes yielded disulfide-bridged dinuclear complexes. The mechanistic pathways of these processes will be discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The increase of interest in thiyl radicals, whether organic
('SR) or metal-bound [M("SR)] is related to their role in
biological systems [1]. The last two decades have witnessed
a growing emergence of metal-thiyl radical complexes [2].
Among the early works, Sullivan and coworkers invoked
the intermediacy of coordinated thiyl radicals in the con-
version of a Co(III) coordinated thiolate to a Co(II) coor-
dinated disulfide by 1-equiv. oxidants [3a]; and Treichel’s
group found products’ evidence for the role of thiyl radi-
cals in the oxidation of phenylthiolate-containing CpFe
complexes [3b]. Stabilised thiyl complexes include RS[Cr-
(CO)s], investigated by Darensbourg [4], a dimolybdenum
species by Noble [5], a nickel species by Liaw [6], and a ser-
ies of phenylthiyl-radical and related complexes of several
first-row transition metals by Wieghardt [7]. Among the
heavier transition metals, Ru is the only element reported
to form thiyl radical species. Thus, coordinated thiyl radi-
cal intermediates were implicated in the formation of disul-
fide bridged Ru(Il) complexes from the oxidation of
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complexes of Ru(Il) by Treichel [8a] and of Ru(Ill) by
Wieghardt [8b]. Recently, Grapperhaus obtained spectro-
scopic, electrochemical and product evidence for Ru-coor-
dinated thiyl radical intermediates in the oxidation
reactions of [tris(phosphino)thiaphenolato)Ru(II)] mono-
anion [2d,9].

This paper reviews our previous results on Ru-thiyl
radical formation, initiated by S-alkylation of the dithio-
lato-thioether ligand, S(CH,CH,S™),, coordinated to
Cp*Ru(IIl) [10], and compares the results with those
obtained for the analogous HN(CH,CH,S ™), system.

2. Results and discussion

Similar to its k’SSS’-tpdt analogue 1A [11] {tpdt=
3-thiapentane-1,5-dithiolate, S(CH,CH,S ),}, complex 1B
containing k>SSN-apdt {3-azapentane-1,5-dithiolate, HN-
(CH,CH,S7),} was obtained in high yield (81%) from the
reaction of (Cp*RuCl,), with the sodium salt of the dithio-
late, as shown in Scheme 1.

Methylation of 1A/1B (notation adopted in this article
for 1A and 1B, and other pairs of analogues) gave the disul-
fides 2A/2B as the major product together with the dime-
thylated species 3A/3B (Scheme 2).

The formation of these products could be rationa-
lized based on an initial electrophilic attack of Me™ on a
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Scheme 1. Synthesis of 1B.

thiolate sulfur of 1A/1B, thus generating racemic Ru(III)
intermediates (R)-11A'/11B’ and (S)-11A'/11B’. An inter-
nal electron transfer (IET) in the R or S intermediates then
leads to the respective cationic Ru(II) sulfur-centered rad-
icals (R)-11A/11B and (.S)-11A/11B; coupling of these thiyl
radicals would give two pairs of S-S bonded dinuclear dia-
stereomers, viz. the RS, SR pair and the RR, SS pair
(Scheme 3), detectable in the variable temperature proton
NMR spectrum of 2A. However, only the RS and SR enan-
tiomeric pair had been crystallized out and hence charac-
terized crystallographically. Such metal thiyl radicals,
formed via oxidation of metal thiolates, had been invoked
as intermediates in the formation of coordinated disulfides
by Sullivan [3a], of a tris-disulfide bridged diruthenium
complex by Wieghardt [8b], and in carbon—sulfur bond for-
mation with methyl ketones by Grapperhaus [9].

e
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The radical nature of this reaction was established via
reactions of 1A with methylating reagents in the presence
of acrylonitrile (AN), a strongly electrophilic alkene known
to react readily with thiyl and other non-carbon radicals
[12]. It was found that in the presence of a 10-fold excess
of AN, a Ru(Il) AN adduct 4, containing a «>SS’S"-
cyano-substituted 9S3 ligand, was an additional product
in substantial proportion, while the relative yield of the
disulfide 2A varied with solvent and the nature of the alkyl-
ating agent, on account of its subsequent facile reaction
with 1A (discussed below).

Complex 4 was the sole product from the reaction of 1A
with I, in the presence of AN. In the absence of AN, the
instantaneous reaction of 1A with I, led to the isolation
of complex 5, in high yield (Scheme 4). Based on electro-
chemical evidence, the transformations are envisaged to
go via a Ru(IV) species IIA, which underwent intramolec-
ular electron rearrangement to generate a Ru(IIlI) S-cen-
tered radical IIB. In the presence of AN, the S-centered
radical IIB was effectively trapped to form the AN adduct
4. We note that Grapperhaus lately reported a similar
carbon-sulfur bond formation between a Ru(III) thiyl rad-
ical and the enol tautomer of acetone [9]. In the absence of
AN, IIB dimerizes to form IIIA. A repeat intramolecular
electron arrangement then gives the Ru(II)-Ru(II) di-radical

—I +
X . TP =X
Ru”' Xi/\ + I'I~2uII
\Ru" kt\—/ Me
K/S S \ S—
Me
Me
X=S (1A) X =S (2A) X=S (3A)
X=NH (1B) X =NH (2B) X=NH (3B)
Scheme 2. Methylation reactions.
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Scheme 3. Mechanistic pathway for the formation of 2A and 2B.
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_‘2+ ITIB, which undergoes a second S-S coupling to give species
/Me _‘+ 5, containing a centrosymmetric Ru,S, core with the two Ru
\Ruu75 centers in a trans configuration. Alternatively, twice cou-
x/ X /7 \ 5 Ru! pling of the S radical of IIB with a lone pair on the thiolate
\ /S_S\\ /X = x \_>S\ S of a second unit of the same moiety would generate simul-
S/qu” K/ .M taneously two 2¢/3e S-S bonds forming species IIIC. Such
/ ) (6)%(c™)" odd-electron bonds are a common type of bond
Me X=8 (11A); NH (11B) in heteroatom-centered radicals and radical ions [13]. The
higher-energy electron in the 6™ orbital of this bond would
X =§ (2A); NH (2B) readily be transferred to the Ru centers giving the Ru(1I)-
Scheme 5. Reversible dissociation of 2A and 2B in solution. Ru(II) species 5.
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Scheme 6. Reactions of 11A.
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Scheme 7. Reaction of 11B with 1A and 1B.

The interaction of 2A with 1A arises from the facile
reversible dissociation of 2A into the mononuclear cation
radical 11A (Scheme 5). This dissociation is supported by
evidence from a combination of electrochemical, EPR,
UV-Vis and NMR experiments. Various aspects of the
reactivity features of 11A have been reported previously
[10] and are summarized in Scheme 6. Thus, it reacted
as a radical initiator with "Bus;SnH, abstracting the radi-
cal "Bu3Sn’ to form the RuSSnBus-containing complex 6
(route (a)). In the reaction with sodium naphthalide
(route (b)), an electron reduces 11A, generating complex
7, which was isolated and readily alkylated to give 3A.
The interaction of 11A with 1A (route (c)) had led to iso-
lation of the dinuclear species 8. It was proposed that the
formation of 8 involves the formation of an intermediate
IV via coupling of the S-centered radical in 11A and the
S lone pair of 1A to give a S1.".S4 (2¢/3e) disulfide bond.
As in IIIC (Scheme 4), the transfer of the ¢” electron in
this bond to Ru(III) resulted in a Ru(Il) center and the
S1-S4 bond formation. Finally, complex 8 would result
from a concomitant or subsequent intramolecular nucleo-
philic attack of thiolate S6 on the other Ru(Il) center,
leading to displacement of the ligated S3Me moiety, thus
generating the (CH,),S3Me pendant chain at S2 (route
(c1)). Simultaneously, the weak S1..S4 bond in IV could
undergo reversible cleavage to the S4-centered radical 1IB
and species 7 containing a lone pair electron at S1 (route
(c2)); in essence this constitutes an inner-sphere transfer
of an electron from 1A to 11A. The interaction of IIB
and 7 with AN and Mel, respectively, then gave the iso-
lated species 4 and 3A. In the presence of Mel alone, it is
highly likely that IIB would be converted via a radical
pathway to species 11A, which on dimerization would
regenerate 2A.

While the reaction of 11A with 1A yielded 8, the analo-
gous reaction of 11B with 1A/1B gave 9 and 10 (Scheme 7),
respectively, following a similar pathway described in
Scheme 6 (route ¢ and cl).

2.1. Electrochemical studies
Cyclic voltammograms of 1B and 2B in CH,Cl, at 293

and 233 K are shown in Fig. 1. 1B was observed to undergo
an oxidation process at relatively negative potentials

(—=0.75V vs. Fc/Fc™). The anodic (£7") to cathodic (E;fd)
peak-to-peak separation (AE,, =78 mV) was similar to
that observed for ferrocene under identical conditions sug-
gesting that the process occurs via one-electron. The anodic
(i;¥) to cathodic (i;fd) peak current ratio remained equal to
unity at 293 and 233 K indicating that the process involved
a chemically reversible oxidation with the oxidised com-
pound (1B") stable for at least a few seconds.

2B displayed one oxidation process at +0.235 V and one
reduction process at —0.935 V vs. Fc/Fc™, although close
examination of the voltammetric behaviour indicated that
the redox chemistry was complex. The peak currents mea-
sured during the oxidation and reduction of 2B were
approximately twice that measured for the oxidation of

il pA

-1.0 0.0
E/V vs. Fe/Fc"

293 K

-1.0 0.0
E/V vs. Fe/F¢'

Fig. 1. Cyclic voltammograms of 1.0 mM analytes recorded at a scan rate
of 100 mV s~! in CH,CL, solutions containing 0.25 M BuyNPFg at 1 mm
diameter planar electrodes. (a) (—) 1B, (---) 1A. (b) (—) 2B (dissociates
into 2 mol of 11B), (- - -) 11A. Voltammograms recorded at 233 K are offset
by —5pA. 1B and 11B were measured on Pt, while 1A and 11A were
measured on GC with the data taken from Ref. [10].
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Table 1
Cyclic voltammetric data obtained for 1 mM analytes in CH,Cl, solutions at a scan rate of 100 mV s~! at 1 mm diameter Pt or GC electrodes at 293 K or
233 K with 0.25 M BuyNPFy as the supporting electrolyte

Compound Voltammetric processes”

Reduction Oxidation

Ex/Ve EQ*/V° E},/V¢ AE/mV® EQ*/V® Ex/ve E},/V¢ AE/mV®
1B ND ND ND ND -0.713 —0.791 —0.750 78
1A —1.596 —1.528 —1.560 68 —0.512 —0.586 —0.550 74
2B/11B —0.973 —0.899 —0.935 74 +0.273 +0.193 +0.235 80
2A/11A —0.806 —0.726 —0.765 80 +0.488 ND ND ND

ND, not determined. 1B and 2B/11B were measured with a Pt electrode at 293 K, while 1A and 2A/11A were measured with a GC electrode at 233 K with
the data taken from Ref. [10].

# All potentials are relative to the ferrocene/ferrocenium redox couple.

o EJ* = oxidative peak potential.

¢ E{fd = reductive peak potential.

d Elp= (B + E;fd)/Z (measured to nearest 5mV).

¢ AE = |ES — EFY).

equivalent concentrations of 1B (compare Fig. la and b).
Considering that 2B is dimeric, the difference in peak cur-
rent peak between 1B and 2B can be rationalised by 2B
undergoing a two-electron oxidation and two-electron
reduction. In order for this to occur, it is necessary for
the two redox centres in 2B to be non-communicating, so
that one-electron is added/removed to/from each half of
the molecule simultaneously (two electrons overall).

An alternative mechanism to account for the electro-
chemistry of 2B is available based on the results of a previ-
ous study on compounds 1A, 2A and 7 [10]. It was
established that in solution, the closely related compound
2A undergoes a monomerization reaction to form 2 mols
of 11A (Scheme 5), so that cyclic voltammograms per-
formed on solid samples of 2A dissolved in CH,Cl,, show
only the presence of 11A [10]. The dashed lines in Fig. 1
show voltammograms of 1A and 11A performed under
the same conditions as 1B and 2B, which appear very sim-
ilar except that they are shifted to more positive potentials
by ~0.2 V (due to the presence of the amine linkage in 1B
and 11B). Therefore, it is likely that the solution phase

Fig. 2. ORTEP plot for 1B (50% probability thermal ellipsoids, hydrogen
atoms omitted).

behaviour of 2B is the same as that of 2A, with the voltam-
metry shown in Fig. 1b attributable to the monomeric com-
pound 11B.

Fig. 3. ORTEP plot for 2B dication (50% probability thermal ellipsoids,
hydrogen atoms omitted).

Fig. 4. ORTEP plot for 9 monocation (50% probability thermal ellipsoids,
hydrogen atoms omitted).
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Fig. 5. ORTEP plot for 10 monocation (50% probability thermal
ellipsoids, hydrogen atoms omitted).

The conclusion that the voltammetry in Fig. 1 is from
solutions of 11B (rather than 2B) is supported by the low
temperature experiments (233 K) that show a large
decrease in peak currents compared to the higher tempera-
ture (293 K) experiments. While there is expected to be a
decrease in peak current at low temperatures due to
decreasing diffusion coefficients, the relative decrease in
current is much larger than that observed for 1B when
going from 293 to 233 K. EPR experiments previously
demonstrated that the equilibrium between 2A and 11A
shifts towards the dimer (2A) at low temperatures, there-
fore, the reason for the larger than expected decrease in
current as the temperature is lowered in Fig. 1b, is likely

to be caused by a decrease in concentration of 11B to form
2B (in addition to a diminishing diffusion coefficient value)
(see Table 1).

2.2. Structural analyses

The ORTEP diagrams of the monomeric, neutral com-
plex [Cp*Ru(k*SSN-C4HoS,N)] (1B), and of the disulfide
diruthenium complexes 2B, 9, and 10 are shown in Figs.
2-5, respectively. Selected bond distances and angles for
the complexes are listed in Table 2. In complex 1B the
ruthenium atom is surrounded in the usual piano-stool
arrangement by the planar n’-Cp* ring together with two
thiolate sulfur atoms and one amine nitrogen atom of the
‘apdt’ dianion. In comparison to 1A [11], it is noted that
the replacement of a S atom by a (smaller) N atom in the
ligand has resulted in larger S-Ru-S angles (108.83(5)° in
1B vs. 92.18(4)° in 1A), and shorter Ru—S(thiolate) bond
lengths (2.3150(12) A, av in 1B vs. 2.3829(12) A (av.) in
1A).

(Cp*Ru); (u-S>) complexes. The molecular structure of
the disulfide diruthenium complex 2B possesses a center of
inversion at the mid-point of the S-S bond, which bridges
two Cp*Ru units in a frans n'-n' configuration. As in the
2A analogue, the structure belongs to the RS or SR diaste-
reomer. The disulfide bond in 2B (2.2304(15) A) is slightly
longer than that in 2A (2.194(3) A).

The molecular structures of the analogues 9 and 10 are
very similar (Figs. 3 and 4). Each contains two Cp*Ru
moieties linked by a cis p-n'-n' S(1)-S(3) bridge and a
p-thiolate moiety (S(4)), and an “‘alkylated”” pendant CH>-
CH,S(2)Me side arm which was generated by an intramo-
lecular nucleophilic attack of thiolate S4 onto the Ru(1)
atom, displacing the S2 donor atom. The S-S distances
of 2B, 9, and 10 (range 2.2304(15)-2.342(4) A) are close
to values reported by Wieghardt for the tris cis nl—n]—oSZ
bridged Ru(IT)SSRu(Il) complex (2.198(1)-2.2152(7) A)
[8b]; these distances are longer than the normal single bond

Table 2
Selected bond lengths (A) and angles (°) of the ‘apdt’ complexes
1B 2B* 9 10
Ru(1)-S(1) 2.3153(12) Ru(1)-S(1)® 2.2756(8) Ru(1)-S(1)® 2.244(4) Ru(1)-S(1)° 2.238(3)
Ru(1)-S(2) 2.3146(12) Ru(1)-S(2) 2.3438(9) Ru(1)-S(4) 2.464(4) Ru(1)-S(4) 2.432(3)
Ru(1)-N(1) 2.140(4) Ru(1)-N(1) 2.165(3) Ru(1)-N(1) 2.191(12) Ru(1)-N(1) 2.213(11)
S(1)-S(1A) 2.2304(15) Ru(2)-S(3)° 2.241(4) Ru(2)-S(3)° 2.236(3)
Ru(2)-S(4) 2.412(4) Ru(2)-S(4) 2.396(3)
Ru(2)-S(5) 2.296(4) Ru(2)-N(2) 2.166(10)
(1)-S(3) 2.312(6) S(1)-S(3) 2.342(4)
S(1)-Ru(1)-S(2) 108.83(5) S(1)-Ru(1)-S(2) 108.69(3) S(1)-Ru(1)-S(4) 94.26(14) S(1)-Ru(1)-S(4) 97.07(11)
S(1)-Ru(1)-N(1) 81.24(11) S(1)-Ru(1)-N(1) 82.84(8) S(1)-Ru(1)-N(1) 83.6(3) S(1)-Ru(1)-N(1) 83.9(3)
S(2)-Ru(1)-N(1) 82.45(11) S(2)-Ru(1)-N(1) 82.92(8) S(4)-Ru(1)-N(1) 83.1(3) S(4)-Ru(1)-N(1) 83.9(3)
Ru(1)-S(1)-S(1A) 123.71(5) S(3)-Ru(2)-S(4) 95.07(14) S(3)-Ru(2)-S(4) 98.12(11)
S(3)-Ru(2)-S(5) 87.98(16) S(3)-Ru(2)-N(2) 83.0(3)
S(4)-Ru(2)-S(5) 86.41(15) S(4)-Ru(2)-N(2) 83.5(3)
Ru(1)-S(4)-Ru(2) 118.92(15) 1)-S(4)-Ru(2) 117.06(12)

% The molecule possesses a center of inversion.
® Pertaining to the RuSSRu moiety.
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(cf. S-S single bond = 2.04-2.10 A in Sg[14] and 2.038 A in
dimethyl disulfanes [15]). Specifically they are longer than
those found in the ‘inorganic’ (u-S,) cores of Ru(I1LIII)
complexes found in the literature (range 1.962(4)-2.014

(1) A) [16-18], as well as in the (u-SR») cores of Matsum-
oto’s Ru,(IILIII) complexes (range 2.093(5)-2.164(5) A)
[19]. The elongation of the S-S bond in these Ru, cores
are in agreement with the n-MO description of the RuS-
SRu core, in which the two unpaired electrons of the two
Ru(IIl) atoms occupy a distinct antibonding n-MO as an
electron pair, resulting in a decrease of bond order
[18,20,21].

3. Conclusion

The methylation of a cis-dithiolate ligand at Ru(III) has
resulted in mono-sulfur alkylation and initiated an electron
transfer process, which produced a Ru-thiyl radical with
subsequent coupling to a disulfide bridged species. The fac-
ile homolytic dissociation of this disulfide bond generated a
rich radical-based S-centered reactivity. lodine oxidation of
the Cp"Ru(IIl) dithiolate under investigation also pro-
duced thiyl radicals which resulted in a double-disulfide
bridged dinuclear species. In context, we note that a similar
oxidation of [Ru(II)L], where L is a k> N-1,4,7-triazacyclo-
nonane species, had produced a tris-disulfide bridged Ru,
compound [8b]. The alkylation-initiated thiyl radical for-
mation found in this study appears to be a unique feature
of the Cp*Ru(I11) moiety, observed here with two dithio-
lato ligands, viz. k’SSS’-tpdt and «’SSN-apdt. Indeed,
there is no evidence of any such occurrence in a related
(hexamethylbenzene)Ru(Il) complexes [22], nor has it been
observed before in alkylation of cis-dithiolate ligands at
Ni(II) [23], Mo(0) [24] or Co(II) and Rh(III) [25]. It is con-
ceivable that the internal electron transfers postulated in
the observed transformations of these Ru(Ill) complexes
are facilitated by the relatively higher stability of d®-Ru(II)
vs. Ru(III) or Ru(IV) oxidation states.

4. Experimental
4.1. General procedures

All general procedures were as previously described [11].
[Cp*RuCl,], was synthesised from RuCl; - nH,O (Oxkem)
as described in the literature [26]. HN(CH,CH,SH), was
prepared as previously reported [27]. Voltammetric experi-
ments were conducted with a computer controlled Eco
Chemie pAutolab IIT potentiostat with 1 mm diameter pla-
nar Pt or GC working electrodes, an Ag wire reference elec-
trode separated from the test solution with a salt bride
containing 0.5 M BuyPF¢ in CH3CN, and a Pt wire auxil-
iary electrode. Potentials were referenced to the ferro-
cene/ferrocenium (Fc/Fc ') redox couple, which was used
as an external standard. The electrochemical cell was
thermostated at 233 and 293 K using an Eyela PSL-1000
variable temperature cooling bath.

4.2. Synthesis of 1B

Bis(2-mercaptoethyl)amine (0.195 mL, 1.56 mmol) was
injected into a suspension of sodium methoxide (freshly gen-
erated from sodium (66.5 mg, 2.89 mmol) in MeOH) in
THF (15 mL), and the mixture allowed to stir overnight at
ambient temperature. [(Cp*RuCl,),] (0.277 g, 0.451 mmol)
was then added as a solid to the viscous suspension, which
turned purple instantaneously. After stirring for 3 h at ambi-
ent temperature, the mixture was filtered through a disc of
alumina (3 x 1 cm?) to remove the fine white solids of NaCl.
The purple filtrate was evacuated to dryness and the residue
recrystallised in acetonitrile—ether. Dark purple crystals of
[Cp"Ru(C4HoS,N)] (1B) (0.203 g, 0.546 mmol, 60% yield)
were collected after 14 h at —30 °C, followed by subsequent
crops (total 0.069 g, 0.186 mmol, 21% yield). Diffraction-
quality crystals were selected from the crops of crystals
obtained above. No signals were observed in the 'H NMR
spectrum in CD;CN at room temperature. FAB* MS: m/z
372 [M]". IR (v em™', KBr): 3104 m (N-H), 2969 wsh,
2949 m, 2905 m, 2846 m, 2800 wsh, 1483 wsh, 1440 m,
1373 m, 1360 w, 1344 w, 1287 w, 1263 w, 1231 w, 1217,
1188 w, 1154 vw, 1131 wsh, 1086 m, 1071 m, 1017 m, 997
m, 967 m, 917 w, 845 w, 799 m, 670 w, 608 vw, 586 vw,
536 vw. Anal. Calc. (Found) for 1B (C;4H>3sNS,Ru): C,
45.3 (45.4); H, 6.5 (6.5); N, 3.8 (4.4); S, 17.3 (16.2)%.

4.3. Reaction of 1B with Mel — synthesis of 2B

To a dark purple solution of 1B (35 mg, 0.09 mmol) in
MeOH (15 mL) was added Mel (35 pL, 0.56 mmol) with
stirring. A color change to dark red was observed immedi-
ately. After stirring for 4 h, the reaction mixture was evac-
uated to dryness to remove the excess Mel. The red
residue was redissolved in MeOH (8 mL) and NH4PF
(60 mg, 0.37 mmol) added with stirring. The precipitated
dark red solids were filtered and the solids extracted with
CH;CN (2 x 5 mL) giving a dark red solution, which upon
concentration and addition of ether gave fine red microcrys-
tals of [{Cp'Ru},{S(CH,),NH(CH,),SMe},](PF¢), (2B)
(37 mg, 74% isolated yield) after 24 h at —30 °C. The mass
spectrum of the mother liquor shows the presence of 3B
at m/z 402. Diffraction-quality crystals of 2B were obtained
by diffusion of ether into an acetonitrile solution for 2 weeks
at —30 °C. No signals were observed in the "H NMR spec-
trum in CD3CN at room temperature. FAB™ MS: m/z 919
[M — PF]", 387 [M—2PF¢*". FAB™ MS: m/z 145 [PFq] .
IR (v em ™', KBr): 3292 m (N-H), 2957 wsh, 2919 m, 2867
wsh, 1451 m, 1411 m, 1383 m, 1068 m, 1025 m, 959 m,
919 w, 840 vs (PFg), 788 m, 740 w, 557 s (PF¢). Anal. Calc.
(Found) for 2B (C3oHs4F12N>P>Ru,Sy): C, 33.9 (34.1); H,
5.1 (4.8); N, 2.6 (2.8); S, 12.1 (12.1)%.

4.4. Reaction of 14 with 2B — synthesis of 9

To a stirred dark red solution of 2B (15 mg, 0.01 mmol)
in CH3;CN (10 mL) was added solid 1A (11 mg,
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0.03 mmol). The color changed from purple to brown after
20 min, but the mixture was left stirring for 5 h. It was then
evacuated to dryness. The blackish oily residue was tritu-
rated with toluene (3 x 3 mL) to extract the slight excess
of 1A used. The residual solids were then recrystallized in
CH,Cl,/ether to give dark red orthorhombic crystals of
[{Cp*"Ru},{MeS(CH,),NH(CH,),SS(CH,),S(CH,),S}]
PFs, 9 (22 mg, 54% yield) after 1 day at —30 °C. '"H NMR
(300 MHz, 6, CDsCN): 3.52-3.46 (8-line m, 1H, SCH,),
2.92-2.81 (6-line m, 4H, SCH;), 2.71-2.62 (m, 2H,
SCH,), 2.57-2.47 (8-line m, 3H, SCH,), 2.41-2.28 (10-line
m, 2H, SCH,), 2.09 (s, 3H, SMe), 1.73 (s, 15H, CsMes),
1.67 (s, 15H, CsMes), 1.54-1.43 (6-line m, 1H, SCH,),
0.39-0.29 (6-line m, 1H, SCH>), 0.21-0.02 (13-line m, 2H,
SCH,). '*C NMR (300 MHz, 5, CD;CN): 93.7, 88.4
(CsMes), 54.2, 46.3, 43.4, 36.7, 36.2, 35.5, 35.1, 324
(SCH,), 15.8 (SMe), 10.5, 10.3 (CsMes). FAB™ MS: m/z
776 [M—PF¢]". FAB~ MS: m/z 145 [PF¢]". IR (v ecm ™',
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KBr): 3283 w (N-H), 2964 wsh, 2907 m, 1455 m, 1410 m,
1381 m, 1261 w, 1154 w, 1066 w, 1026 m, 964 w, 917 w,
843 vs (PFg), 737 w, 558 s (PFg). Anal. Calc. (found) for
9 (Cy9Hs50FsNPRu,Ss - 1/2CH,Cl,): C, 36.8 (36.9); H, 5.3
(5.1); N, 1.5 (1.5); S, 16.7 (17.4)%.

4.5. Reaction of 1B with 2B — synthesis of 10

To a stirred dark red solution of 2B (18 mg, 0.02 mmol)
in CH3;CN (10mL) was added solid 1B (13 mg,
0.03 mmol). The color gradually changed from reddish to
dark brown. After stirring for 3 h, the solution was filtered
from some blackish solids and the filtrate evacuated to dry-
ness. The dark brown residue was recrystallized in CH,Cl,/
ether to give black crystals of [{Cp*Ru},{MeS(CH,),-
NH(CH,),SS(CH,),NH(CH,),S}PFs, 10 (22 mg, 70%
yield) after 1 day at —30°C. 'H NMR (400 MHz, §,
CD;CN): 3.57 (br s, 2H, NH), 3.31-3.27 (4-line m, 1H,

Table 3
Data collection and processing parameters
Complexes 1B 2B 9 10
Formula C14H24NRUSZ C34H60F12N4P2R11254 C31H54C14F6NPRUZS5 C29H5|F6N2PRUZS4
M, 371.53 1145.18 1089.96 903.07
Temperature (K) 223(2) 223(2) 223(2) 223(2)
Crystal color and habit Dark purple, needle Dark red, orthorhombic Dark brown, orthorhombic  Black, orthorhombic
Crystal size (mm) 0.30x0.10 x 0.04 0.04x0.12%x0.20 0.24x0.20 x 0.04 0.16 X 0.08 x 0.06
Crystal system Orthorhombic Triclinic Triclinic Monoclinic
Space group Pbca P1 P1 P2(1)/c
a(A) 9.9108(6) 10.2936(5) 11.692(7) 12.1648(9)
b (A) 16.7046(10) 11.5407(6) 13.434(8) 18.7979(15)
c(A) 18.7762(11) 12.1641(6) 15.894(9) 15.6434(11)
o (°) 90 63.234(1) 75.722(8) 90
p(°) 90 65.700(1) 73.322(7) 93.202(2)
7 (°) 90 67.340(1) 66.120(7) 90
V(A% 3108.5(3) 1138.75(10) 2162(2) 3571.6(5)
V4 8 1 2 4
Density (gcm™) 1.588 1.670 1.674 1.679
Absorption coefficient 1.261 0.997 1.275 1.179
(mm™")
F(000) 1528 582 1104 1840
0 Range for data collection  2.17-27.49 1.96-27.50 1.68-22.50 1.68-25.00
Index ranges —12<h<12, —13<h<13, —12<h<12, —14<h<7,
—14<k<2],-24<1<24 —14<k<14, —15<I<1S —14<k<14, —-17<I<17T  -22<k<22,
—18< /<18
Number of reflections 20,632 14,978 14,890 20,494
collected
Independent reflections 3569 5222 5660 6292

Maximum and minimum
transmission

Number of data/restraints/
parameters

Final R indices
(7> 20(D}"®

R indices (all data)

Goodness-of-fit on F*°

Large difference in peak
and hole (e A”})

0.9513 and 0.7035
3569/0/259

R, = 0.0556, wR, = 0.1049
Ry = 0.0701, wR, = 0.1101

1.217
0.979 and —1.636

0.9612 and 0.8255
5222/0/273

R, =0.0417, wR, = 0.0970
R, =0.0471, wR, = 0.0998

1.091
0.957 and —0.603

0.9508 and 0.7496
5660/64/478

R, =0.0931, wR, = 0.2083
R, =0.1483, wR, = 0.2309

1.063
1.550 and —1.082

0.9326 and 0.8337
6292/150/414

R; =0.0986, wR, = 0.1972
R; =0.1347, wR, = 0.2138

1.137
1.628 and —1.528

*R= (ZlFol - |F('|)Z|F0|-

® WRy = (S olFy| — [F) S wlFo 1.

° Goodness-of-fit = [( S| Fo| — [Fe)*/(Nobs —

Nparam)]l/z-
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SCH>), 2.94-2.89 (4-line m, 1H, SCH,), 2.81-2.56 (m, 3H,
SCH,), 2.51-2.35 (m, 4H, SCH,), 2.30-2.22 (m, 4H,
SCH>), 2.09 (s, 3H, SMe), 1.69 (s, 15H, CsMes), 1.68 (s,
15H, CsMes), 1.02-0.95 (6-line m, 1H, SCH,), 0.12-0.02
(9-line m, 1H, SCH,), —0.12-0.22 (10-line m, 1H, SCH,).
3C NMR (400 MHz, §, CD;CN): signal very weak
(CsMes), 60.8, 48.9, 42.4 (SCH,), 11.3 (SMe), signal very
weak (CsMes). FABT MS: m/z 759 [M—PF¢]". FAB™
MS: m/z 145 [PF¢]". IR (v em™', KBr): 3303 w (N-H),
2964 wsh, 2911 m, 2857 wsh, 1412 m, 1381 m, 1285 vw,
1260 w, 1192 vw, 1067 w, 1027 m, 953 w, 921 vw, 841 vs
(PF¢), 739 vw, 558 s (PFg). Anal. Calc. (found) for 10
(C29H51N2F6PRUZS4)Z C, 38.6 (384), H, 5.7 (58), N, 3.1
(3.5); S, 14.2 (14.2)%.

4.6. X-ray crystal structure determinations

The crystals were mounted on glass fibers. X-ray data
were collected on a Bruker AXS SMART APEX CCD dif-
fractometer, using Mo Ka radiation (1=0.71073 A) at
223 K. The program sMarT [28] was used for collecting
the intensity data, indexing, and determination of lattice
parameters, SAINT [29] was used for integration of the inten-
sity of reflections and scaling, sapass [30] was used for
absorption correction, and sHELXTL [31] was used for space
group and structure determination and least-squares refine-
ments against F°. Crystal and refinement data are summa-
rised in Table 3.

The structures were solved by direct methods to locate
the heavy atoms, followed by difference maps for the light,
non-hydrogen atoms. The hydrogens were placed in calcu-
lated positions. The data for complex 9 is poor, and refine-
ment was done at 26 (max) = 45°. The terminal SMe group
is disordered, splitting into two sets of positions 70:30
occupancy ratio. There are also solvent molecules present
as space-filling solvent in complexes; viz. 2B-2MeCN
and 9 - 2CH2C12
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Appendix A. Supplementary material

CCDC 633514, 633515, 633516 and 633517 contain the
supplementary crystallographic data for 1B, 2B, 9 and 10.
These data can be obtained free of charge via http://
www.ccde.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or
e-mail: deposit@ccdc.cam.ac.uk. Supplementary data asso-
ciated with this article can be found, in the online version,
at doi:10.1016/j.jorganchem.2007.03.018.
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