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Treatment of [Ru(n®-CgMeg)Cl,], with AgOTf (OTf™ = triflato)
followed by K[N(R,PQ);] gave the 16-electron complexes
[Ru(n®-Ce¢Meg){n2-N(R,PQ),}][OTE] [Q = S, R = Ph (1) or iPr
(2); Q = Se, R = Ph (3) or iPr (4)] which were isolated as air-
stable blue or dark green crystals. For complex 1, when the
crude product was recrystallised from CH,Cl,/hexane in air,
orange crystals of [Ru(n®-CgMeg){n3-N(Ph,PS),}][OTf] (1a)
were isolated as a minor product. The reaction of compound
1 with ammonia, hydrazine hydrate and 4,4'-bipyridyl
(4,4'-bpy) gave the 18-electron adducts [Ru(n®-CsMeg){n?-

N(Ph,PS),}L][OTf] [L = NHj3 (5), N,H, (6)] and dinuclear
[{Ru(n®-CoMeg)[n>-N(PhyPS), ]} (11-4,4'-bpy)|[OTH], (7), respec-
tively. Treatment of compound 2 with Li|[BEt;H] and NaBH,
afforded the ethyl [Ru(n®-Ce¢Meg){N(iPr,PS),}Et] (8) and
hydride [Ru(n®-CgMeg){n%-N(iPr,PS),JH] (9) compounds,
respectively. Formal potentials for Ru[N(R,PQ),] complexes
have been determined. The structures for complexes 1, 1a,
5,6, 8 and 9 have been established by X-ray crystallography.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Coordinatively unsaturated half-sandwich transition
metal complexes have attracted much attention due to their
interesting reactivity toward small molecules and their ap-
plications in organic transformations.!!?! The most exten-
sively studied 16-electron half-sandwich ruthenium com-
plexes are those of the types [RuCp(L)X] (Cp = n>-CsHs,
X = monoanionic ligand, L = electron-donating ligands
such as phosphanes and N-heterocyclic carbenes) and
[RuCp(L~L)] (LAL = bidentate phosphane or nitrogen li-
gand).[l It has been found that the unsaturation of the
CpRu'" core can be stabilised by m donation of co-
ligands.[34 While 16-electron half-sandwich Ru'' complexes
with P- 1561 NI4781 and  O-donor®!9 ligands are well
known, analogous complexes with S-donor ligands have re-
ceived relatively less attention.!'!] Recently, we have isolated
the 16-electron [RuCp* {N(iPr,PS),}] (Cp* = n°-CsMes),!?]
demonstrating the ability of dithioimidodiphosphinato li-
gands!'? to stabilise the unsaturated Ru'' centre. To further
explore the chemistry of unsaturated Ru-S complexes, we
sought to synthesise Ru m-arene complexes containing di-
thioimidodiphosphinato ligands.

Unsaturated Ru m-arene complexes with sulfur ligands
are more common than their cyclopentadienyl analogues.
Examples include those containing thiolato, 1,2-benzenedi-
thiolato,!'*l 1,2-dichalcogenolato-o-carborane,!'>1% and ma-
leonitriledithiolato!!” ligands. In particular, Ru(arene) com-
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plexes with 1,2-dichalcogenolato-o-carborane ligands!!>-1¢]
have been studied extensively due to their use as building
blocks for multinuclear assemblies. The chemistry of Ru 7-
arene complexes with dithioimidodiphosphinato ligands
has not been well developed.['8] Previously, Oro and co-
workers reported the synthesis of [Ru(n®C¢Meg)in>-
N(Ph,PQ),}pyl[BF4] (Q = 8 or Se) from [Ru(n®-CsMey)-
(solvent);]* and HN(Ph,PQ), and pyridine (py), presum-
ably through [Ru(n®C¢Meg){n>-N(Ph,PQ),}]* intermedi-
ates that have not been isolated.['®] In this paper, we report
the synthesis and structures of the 16-electron [Ru(n®-
CeMeg){n2-N(R,PS),} ]JOTT] species and their reactivity to-
ward am(m)ines and boron hydrides.

Results and Discussion

Synthesis of [Ru(C¢Meg){N(R,PQ),}[OTH] (Q = S, Se)

Treatment of [Ru(n®-C¢Meg)Cl,], with Ag(OTf) (OTf =
triflate) followed by K[N(R,PQ),] afforded the 16-electron
cationic complexes [Ru(n®CgMeg){n2-N(Ph,PQ),}]* [Q =
S, R = Ph (1) or iPr (2); Q = Se, R = Ph (3) or iPr (4)]
which were isolated as air-stable blue or dark green crystals.
The blue or dark green colouration is characteristic for 16-
electron [RuCp(L)(X)]-type complexes and has been attrib-
uted to the LMCT pn(X)-dn(Ru) transitions.'! Consistent
with this spectroscopic assignment, the LMCT pn(S)-
dn(Ru) band centred at 651 nm for complex 2 is red-shifted
to 663 nm (for 4) when the ligand donor atom is changed
from sulfur to selenium. For comparison, the LMCT pmr(S)-
dn(Ru) band for neutral [Ru(n®-C¢Meg)(bdt)] (bdt*> = 1,2-
benzenedithiolato) was observed at higher energy
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(563 nm).['4 Interestingly, when crude 1 was recrystallised
from CH,Cly/hexane in air, a small amount of orange crys-
tals identified as the 18-electron complex [Ru(n®-
CeMeg){n3-N(R,PS),} J[OTT] (1a) were isolated (Scheme 1)
in addition to blue crystals of 1. No 1a was obtained when
the recrystallisation was carried out strictly under nitrogen.
The mechanism for the formation of la (whether it was
formed from the reaction of [Ru(n®-C¢Mes)Cl,],/Ag(OTH)
with K[N(Ph,PS),] or during the crystallisation of the crude
product) is not clear. Although complex 1a is stable in the
solid-state, it is not stable in solution. When orange crystals
of 1a were dissolved in CDCl;, a blue solution was formed
immediately. The 'H, 3'P{'"H} NMR and UV/Vis spectra
of the orange solution were identical with those of complex
1, indicating complex 1a was converted to complex 1 instan-
taneously and irreversibly in solution. The driving force for
the conversion of complex 1a to 1 is presumably the ring
strain of the ruthenacycle in the former, in which the
[N(Ph,PS),]” binds to Ru in an unusual n? mode (see later
section). It is unlikely that the two complexes are in equilib-
rium in solution. We were not able to study the kinetics for
the conversion of complex 1a to 1 because the reaction was
too rapid to be followed by NMR or UV/Vis spectroscopy.
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Scheme 1. Formation of complexes 1 and 1a.

Both complexes 1 and 1a have been characterised by X-
ray diffraction studies. Selected bond lengths and angles are
listed in Table 1. Figure 1 shows the structure of the cation
[Ru(n’-C¢Meg){n>-N(Ph,PS),}]" in 1 which features an ap-
proximately perpendicular arrangement between the arene
ring and the plane defined by the Ru and two sulfur atoms.
The pyramidalisation angle,/! which is defined as the angle
of Cg¢Meg(centroid)-Ru-RuS, centroid for 1, was deter-
mined to be 177.6°. A similar pyramidalisation angle
(177.4°) was found for the cyclopentadienyl analogue
[RuCp*{n>-N(Ph,PS),!].l'2l The observed large pyrami-
dalisation angle and relatively short Ru-S distances in 1 [av.
2.3415 A cf. 2.407(2)-2.4513(8) A for analogous 18-electron
complexes 5 and 6, see later section] are indicative of Ru-S
7 interactions. The Ru—C¢Meg(centroid) distance is similar
to that in [Ru(n-C¢Meg)(bdt)] (1.684 A). Figure 2 shows
the structure of the cation [Ru(n®-CgMeg){n3-N(Ph,-
PS),}]" in 1a in which the dithioimidodiphosphinato ligand
binds to Ru in a tridentate S,N,S’ fashion. While such a
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tridentate binding mode has been observed in early metal
complexes such as [Sm(SePh){n3-N(Ph,PSe),},]'! and
[Y {n3-N(Ph,PQ),}5] (Q =S, Se),?”! complex 1a is, to the
best of our knowledge, the first example of a late transition
metal complex with an n?-[N(R,PS),] ligand. The Ru—
Ce¢Meg (centroid) and Ru-S distances in la are clearly
longer than those in 1. Coordination of the nitrogen in the
N2 [N(Ph,PS),] ligand in 1 to Ru leads to severe distortions
of the Ru—S-P-N-P'-S’ metallacycle. The S-Ru-S’, Ru-S-
P and S-P-N angles in 1a are all smaller than those in 1
but no significant difference in the P-N-P’ angle was found

Table 1. Selected bond lengths [A] and angles [°] for [Ru(n’-
CsMeg) {n>-N(Ph,PS),}JJOTf] (1) and [Ru(n®-C¢Meg){n’-N(Ph,-
PS),}[OTH] (1a).

1 la
Ru-S 2.3375(9), 2.3455(09) 2.4574(15), 2.4640(14)
Ru-N - 2.0378(13)
Ru-C¢Meg (centroid) 1.665 1.714
P-S 2.0378(13), 2.0404(12)  2.004(2), 2.005(2)
N-P 1.585(3), 1.594(3) 1.636(4), 1.645(4)
S-Ru-§’ 100.90(3) 86.41(5)
Ru-S-P 110.26(4), 106.30(4) 79.22(6), 78.45(6)
S-P-N 117.42(12), 116.49(11)  106.29(17), 106.77(16)
P-N-P’ 124.10(18) 125.6(3)

Figure 1. Molecular structure of the cation [Ru(n®-CsMeg){n>-
N(Ph,PS),}1* in 1. Hydrogen atoms are omitted for clarity. Ellip-
soids are drawn at the 30% probability level. The Flack parameter
is —0.03(2).

Figure 2. Molecular structure of the cation [Ru(n®-C¢Meg)in’-
N(Ph,PS),}]* in 1a. Hydrogen atoms are omitted for clarity. Ellip-
soids are drawn at the 30% probability level.
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between the two complexes. The strain in the Ru—-S-P-N-
P’-S’ metallacycle in 1a probably leads to the rapid conver-
sion of 1a to 1 in solution.

Am(m)ine Adducts of 1

Complex 1 is air-stable in both the solid state and solu-
tion. No oxidative addition was found when complex 1 was
treated with Mel, H, or silanes. As previously reported,
complex 1 reacts readily with nitrogen ligands to give 18-
electron adducts (Scheme 2). For example, treatment of 1
with gaseous NH; and hydrazine hydrate afforded the am-
mine [Ru(n’-C¢Meg){n*N(Ph,PQ),}(NH3)][OTf] (5) and
hydrazine [Ru(m®-CsMeg) {n>-N(Ph,PQ),}(n'-N,Hy)][OTf]
(6) complexes, respectively. The '"H NMR spectrum for 6
displayed two broad peaks at 6 = 2.99 and 4.62 ppm due to
the NH protons, consistent with the terminal n! binding
mode of the hydrazine ligand. Contrary to the 1,2-benzene-
dithiolato analogue that reacted with N,H, to give dinu-
clear [Ru(n®-C¢Meg)(bdt)]»(p-n',n'-N,H,),['4 only the mo-
nonuclear hydrazine adduct was formed for 1 presumably
because of steric effects. Using longer bidentate ligands, it
is possible to isolate such dinuclear complexes. For example,
treatment of 5 with 4,4'-bipyridyl (4,4'-bpy) led to forma-
tion of dinuclear [{Ru(n°®-C¢Meg){n>-N(Ph,PS),} },(u-4,4'-
bpy)][OTf], (7). The '"H NMR spectrum of 7 showed a sing-
let at 0 = 8.86 ppm due to the pyridyl protons, indicating
that the 4,4’-bpy ligand binds to the two Ru atoms symmet-

rically.
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Scheme 2. Reactivity of [Ru(n®-CsMeg){n>-N(R,PS),} [OTI].

Figure 3 and Figure 4 show the structures of the cations
[Ru(n’-C¢Meg) {n*N(Ph,PS),}(L)]" (L = NHs, N,H,) and
selected bond lengths and angles are listed in Table 2. The
Ru-C¢Meg (centroid) and Ru-S distances in both 6 and 7
are longer than those in 1, indicating that the binding of
nitrogen ligands to Ru in 1 results in a weakening of the
Ru-C and Ru-S bonds. The Ru-N distance in 6 of
2.1336(18) A is shorter than that in frans-[Ru{N(Ph,PS),},-
794
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(H,O)(NH;3)] [2.142(6) A2 The Ru-N distance
[2.151(4) A] and Ru-N-N’ angle [114.4(3)°] in 7 are similar
to those in [Ru(n®-CeHg)(Sxyl)»(n'-N-Hy)] [xyl = 2,6-di-
methylphenyl, 2.143(7) A and 117.9(6)° respectively].l'¥] It
is noteworthy that the N—N distance in the hydrazine ligand
in 7 [1.444(5) A] is closer to that in dinuclear [Ru(n’-
CeMeg)(bdt)]»(1-N,H,) [1.454(8) A] than that in mononu-
clear [Ru(n®C¢Hg)(Sxyl)»(n'-N,H,)] [1.378(10) AL.l') The
short N-N distance in [Ru(n®C¢Hg)(Sxyl)»(n'-N>Hy)] has
been attributed to the fact that the o donation of the nitro-
gen lone pair of the hydrazine ligand is enforced by further
o donating interactions of the lone pair of the neighbouring
nitrogen.'”l However, such an N-N ¢ donating interaction
was not found in complex 7.

Figure 3. Molecular structure of the cation [Ru(n®-CsMeg){n>-
N(Ph,PS),}(NH3)]* in 5. Hydrogen atoms are omitted for clarity.
Ellipsoids are drawn at 30% probability level.

Figure 4. Molecular structure of the cation [Ru(n®-CsMeg)in>-
N(Ph,PS),}(N,H4)]* in 6. Hydrogen atoms are omitted for clarity.
Ellipsoids are drawn at 30% probability level.

It is of interest to compare the bonding and structures
of the ruthenacycles in unsaturated 1 and the saturated ana-
logues 5 and 6. Resonance form A (Scheme 3) featuring a
delocalised S—P-N-P’'-S’ framework is normally used to
describe bidentate [N(R,PS),] ligands (as they are repre-
sented in Scheme 1 and Scheme 2). As suggested by one
referee, the structures of the ruthenacycles in the Ru-
[N(R,PS),] complexes of this work can be described by two
resonance forms A and B (Scheme 3). While extreme A is a
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Table 2. Selected bond lengths [A] and angles [°] for [Ru(n®-

CeMee) {N(Ph,PS),} (L)][OTf] [L = NH; (5), NoHy (6)].

5 6
Ru-S 24351(5), 24308(5)  2.4391(12), 2.4043(12)
Ru-CgMe; (centroid) 1.695 1.690

Ru-N 2.1336(18) 2.151(4)

N-N 1.444(5)

P-S 2.0191(7), 20237(7)  2.0236(16), 2.0193(16)
N-P 1.5903(18), 1.5853(19)  1.596(4), 1.594(4)

S Ru-§' 98.104(18) 98.54(4)

SRu-N 81.42(5), 86.99(5) 81.47(10)

Ru-N-N’ - 114.4(3)

S-P-N 11845(7), 117.33(7)  117.09(15), 117.33(16)
P-N-P 129.11(12) 125.8(2)

suitable description for saturated complexes 5 and 6, the
ruthenacycle in the unsaturated complex is better repre-
sented by extreme B which allows facile © donation from
the lone pair on the S atoms to the unsaturated Ru'! centre.
Consistent with this proposal, the S-P-N-P’-S’ chelate in
unsaturated 1 is less planar (average deviation of atoms
from the mean NP,S, plane = 0.358 A, average torsion an-
gle between the S—P and N-P units = 33.1°). In compari-
son, more planar arrangements were found for the S—-P-N—
P'—S’ chelate in saturated complexes 5 (0.2974 A and 26.6°,
respectively) and 6 (0.2916 A and 25.9°, respectively). Also,
the average P-S distance in complex 1 (2.0391 A) is longer
than those in complexes 5 and 6 (2.0214 and 2.0215 A,
respectively). In addition, the observation of a relative
downfield 3'P chemical shift for unsaturated 1 (6 =
47.49 ppm cf. 31.97-32.11 ppm for saturated complexes 5-
7) is consistent with the structure of extreme B which con-
tains a partial positive charge on the phosphorus atom.

+ +
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N AN S,
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B

Scheme 3. Structures of two resonance forms, A and B, for the
ruthenacycles in Ru-[N(R,PS),] complexes.

Reaction of 2 with Boron Hydrides

In attempts to synthesise Ru hydride species, reactions of
2 with boron hydrides were studied (Scheme 2). Treatment
of 2 with Li[BEt;H] led to isolation of the ethyl complex
[Ru(n®-C¢Meg){n>-N(iPr,PS),}(Et)] (8). Thus, transmetal-
lation of the ethyl group instead of the hydride in [BEt;H]~
occurred. The '"H NMR spectrum of 8 displayed a triplet
and a quartet at 6 = 2.08 and 2.71 ppm which can be as-
signed to the methylene and methyl protons of the ethyl
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group, respectively. In order to prepare a Ru hydride spe-
cies, NaBH, was used as the hydride source. Treatment of
2 with NaBH, led to formation of the hydride compound
[Ru(n®-CeMeg) in>-N(iPr,PS),} (H)] (9). The '"H NMR spec-
trum displayed an upfield resonance at 6 = —7.12 ppm due
to the hydride ligand. It was unexpected that reaction of
complex 2 with superhydride gave an ethyl compound
whereas that with a less reactive hydride source, BH,, af-
forded a hydride compound. No reaction was found be-
tween complex 9 and BEt; in tetrahydrofuran, suggesting
that the ethyl complex 8 was not generated from a hydride
intermediate. The reason why [BEt;H] underwent ethyl in-
stead of hydride transfer with Ru is not clear. Both com-
plexes 8 and 9 are air-sensitive in solution. No reactions
were observed when complex 9 was treated with alkenes
such as C,H, or phenylacetylene.

Complexes 8 and 9 have been characterised by X-ray
crystallography. Figure 5 and Figure 6 show the molecular
structures of 8 and 9, respectively. Selected bond lengths
and angles are listed in Table 3. Unlike 8, the Ru-S-P-N-
P'-S’ ring in 9 is found to flip toward the normal of the
Ce¢Meg ring with the CgMeg(centroid)-Ru—-N angle of
178.6°. Such an orientation of the [N(iPr,PS),] chelate is
apparently a consequence of the small steric demand of the
hydride ligand and results in relatively short Ru-S (av.

Figure 5. Molecular structure of [Ru(n®-CgMeg){n>-N(iPr,PS),}-
(Et)] (8). Hydrogen atoms are omitted for clarity. Ellipsoids are
drawn at 30% probability level.

Figure 6. Molecular structure of [Ru(n®-CsMeg){n>-N(iPr,PS),}-
(H)] (9). Hydrogen atoms are omitted for clarity. Ellipsoids are
drawn at 30% probability level.
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2.410 A) and Ru-CgMeg(centroid) (1.708 A) distances and
a small S-Ru-S’ angle [89.88(7)°] in 9 [cf. av. 2.4428 and
1.729 A and 98.07(3)°, respectively, in 8].

Table 3. Selected bond lengths [A] and angles [°] for [Ru(n®-
CeMeg) {(n*-N(iPr,PS),} X] [X = Et (8), H (9)].

8 9
Ru-S 2.4342(9), 2.4513(8) 2.412(2), 2.407(2)
Ru-C¢Meg (centroid) 1.729 1.708
Ru-C 2.133(3) -
P-S 2.0150(12), 2.0101(12)  2.020(3), 2.014(3)
NP 1.580(3), 1.575(3) 1.589(6), 1.586(6)
S-Ru-S' 98.07(3) 89.88(7)
S-Ru-C 89.00(10), 82.70(9) -
P-N_P’ 137.33(19) 130.9(4)
Ru S P 117.26(4), 117.05(4) 105.5(1), 105.67(10)
S-P-N 117.72(11), 120.12(11) ~ 118.1(2), 118.2(2)
Electrochemistry

Formal potentials of half-sandwich Ru dithioimidodi-
phosphinato complexes have been determined by cyclic vol-
tammetry (Table 4). Complex 1 was found to decompose to
an unknown yellow species in a supporting electrolyte
(0.1 M [nBuyN][PF¢] in CH,Cl,) and therefore its reduction
potential could not be determined. The cyclic voltammog-
ram (CV) of the reported chloride compound [Ru(n®-
CeMeg){n2-N(Ph,PS),} ClJ?? exhibited a reversible couple
at 0.26 V which was assigned as the Ru™-Ru'! couple. For
comparison, the Ru™Ru!! couple for the pentamethylcy-
clopentadienyl analogue [RuCp*{n2-N(Ph,PS),}Cl] was
found at —0.48 V.['?l The Ru"'-Ru'' potential for [Ru(n®-
CeMeg){n2-N(Ph,PSe),} Cl] (0.18 V) is slightly more cath-
odic than that for [Ru(n®C¢Meg){n>-N(Ph,PS),}Cl], sug-
gesting that the diselenido ligand is a better donor that the
sulfido analogue. The CV for the 4,4'-bpy-bridged dinu-
clear compound 7 exhibited a single oxidation couple at
0.74 V (tentatively assigned as the Ru™M_Ru'™! couple)
which is similar to that of the ammine complex 5. This re-
sult suggests the absence of electronic communication be-
tween the two Ru centres in 7. Unlike the ethyl compound
8, for which the oxidation is irreversible, the hydride com-
pound 9 exhibited a reversible oxidation couple at —0.46 'V,
tentatively assigned to the Ru™-Ru' couple. The observa-

Table 4. Formal potentials (E,,,) for [Ru(n®-CsMeg){N(R,PQ),}X]
complexes. [

Complex ggzlie\*l’ovs.
[Ru(n-CeMeg) {2-N(Ph,PS), 1 CI[®! 0.26
[Ru(m®-CMeg){n2-N(Ph,PSe), Cl] 0.18
[Ru(n®-CeMeg) {n*-N(PhyPS),}(NH)J[OTH] (5) 0.71
[{Ru(n®-CsMeg)n*N(PhyPS),]} »(j1-4.4'-bpy)[OTH], (7) 0.74
[Ru(m®-C¢Meg)in>N(iPr,PS),} (Et)] (8) —0.19l¢
[Ru(®-CeMeg) {n*N(Pr,PS),} (H)] (9) -0.46

[a] Potentials measured at a glassy carbon electrode in CH,Cl, solu-
tions with 0.1 M [nBuyN][PF¢] as a supporting electrolyte; scan rate
100 mVs~'. [b] Ref.?2. [c] Irreversible, E,, value.
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tion of a low oxidation potential led us to study the chemi-
cal oxidation of 9. Treatment of 9 in CH,Cl, with 1 equiv.
of [Cp,Fe][PF¢] at 0 °C resulted in formation of a purple
solution from which [Ru(n®-C¢Meg){n>-N(iPr,PS),}][PF]
was isolated in good yield. It seems likely that oxidation of
9 initially gave a transient cationic Ru' hydride species
which underwent bimolecular reductive elimination of H,
to give the 16-electron [Ru(n®-CgMeg){n>-N(iPr,PS),}]*
(Scheme 4).

o w
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] |
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I‘PI’—P(/ 4 H /Pr—P\/,/ S/ H
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/Ru\
iPr\FL.\“‘I,lL//Pr
P N7 ONiPr

Scheme 4. Oxidation of complex 9 with [Cp,Fe][PFg].

Conclusions

The syntheses of 16-electron half-sandwich Ru™ t-arene
complexes containing dithioimidodiphosphinato ligands
are described. These unsaturated Ru'' complexes react with
am(m)ine ligands to give 18-electron adducts but do not
undergo oxidative addition with hydrogen, methyl iodide or
silanes. Reaction of 2 with [BEt;H] and [BH,4] leads to the
formation of Ru'' ethyl and hydride compounds, respec-
tively. The study of the reactivity of unsaturated Ru di-
thioimidodiphosphinato compounds is underway.

Experimental Section

General Remarks: All manipulations were performed under nitro-
gen by using standard Schlenk techniques. Solvents were purified,
distilled and degassed prior to use. NMR spectra were recorded on
a Varian Mercury 300 spectrometer operated at 300 ('H) and 121.5
(3'P) MHz. 'H and 3'P chemical shifts are reported in ppm relative
to SiMey (0 = 0 ppm) and H3PO,4 (6 = 0 ppm), respectively. Cyclic
voltammetry was performed with a Princeton Applied Research
model 273A potentiostat. The working and reference electrodes
were glassy carbon and Ag/AgNO; (0.1 M in MeCN) electrodes,
respectively. Potentials were reported with reference to ferrocen-
ium-ferrocene (Cp,Fe*”?) couple. Elemental analyses were per-
formed by Medac Ltd., Surrey, UK. The ligands K[N(R,PQ),] (R
= Ph or iPr, Q = S or Se)?¥ and [Ru(n°-C¢Meg)Cl,],** were pre-
pared according to literature methods.

Preparation of [Ru(n®-CsMeg){n>-N(R,PS),}][OTf] [R = Ph (1), iPr
(2)]: To a suspension of [Ru(n®-C¢Meg)Cl,], (67 mg, 0.10 mmol) in
CH,Cl, (8 mL) was added 4equiv. of silver triflate (103 mg,
0.40 mmol) and the reaction mixture was stirred for 1 h and fil-
tered. The solvent was pumped off and the residue was redissolved
in tetrahydrofuran (10 mL). To this solution was added 2 equiv. of
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K[N(R,PS),] [R = Ph (97 mg), iPr (70 mg)]. The orange solution
turned dark green (1) or blue (2) immediately. The reaction mixture
was stirred for a further 0.5h and the solvent was pumped off.
The residue was washed with hexane, Et,O and then extracted with
CH,Cl,. Recrystallisation from CH,Cl,/Et,O/hexane afforded blue
(1) or purple crystals (2). Interestingly, when recrystallisation of 1
was carried out in air, in addition to blue crystals of the major
product and depending upon crystallisation conditions, a small
amount of orange crystals identified as [Ru(n®-CgsMeg){n3-
N(Ph,PS),}JOTH] (1a) were also isolated. In CDCl; solution, com-
plex 1a was found to convert to 1 rapidly, as evidenced by 'H and
3SIP{'H} NMR spectroscopy.

1: Yield 146 mg, 85%. '"H NMR (300 MHz, CDCls, 298 K): § =
1.88 (s, 18 H, C4Mey), 7.40-7.72 (m, 20 H, Ph) ppm. 3'P{'H} NMR
(121.5 MHz, CDCls, 298 K): 6 = 47.49 (s) ppm. F{'H} NMR
(300 MHz,  CDCl;, 298K): o = -793 (s) ppm.
C3;H33F3NO3P,RuS; (860.91): caled. C 51.62, H 4.45, N 1.63;
found C 51.57, H 4.46, N 1.22.

2: Yield 108 mg, 73%. '"H NMR (300 MHz, CDCls, 298 K): 6 =
1.06 [m, 24 H, (CH3),C], 2.01 (m, 4 H, CH), 2.15 (s, 18 H,
C¢Meg) ppm. 3'P{'H} NMR (121.5 MHz, CDCls, 298 K): 6 =
56.41 (s) ppm. F{'H} NMR (300 MHz, CDCl3, 298 K): 6 = -79.3
(s) ppm. C,5sHysF3NO3;P,RuS; (725.11): caled. C 41.43, H 6.40, N
1.93; found C 41.77, H 6.42, N 2.12.

Preparation of [Ru(n°-CsMeg){n>-N(R,PSe),}][OTf] [R = Ph (3),
iPr (4)]: These complexes were prepared similarly to the sulfide
analogues 1 and 2 using K[N(R,PSe),] [R = Ph (116 mg), iPr
(89 mg)] in place of K[N(R,PS),].

3: Yield 148 mg, 77%. 'H NMR (300 MHz, CDCls, 298 K): 6 =
1.96 (s, 18 H, C¢Meg), 7.41-7.74 (m, 20 H, Ph) ppm. >'P{'H} NMR
(121.5 MHz, CDCl;, 298 K): & = 24.54 (s) ppm. 'F{'H} NMR
(300 MHz, CDCls, 298 K): 6 = ~79.8 (s) ppm. Cs;H35F3NO;P»-
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RuSSe, (956.94): calcd. C 46.55, H 4.01, N 1.47; found C 46.33, H
4.02, N 1.70.

4: Yield 111 mg, 68%. 'H NMR (300 MHz, CDCl;, 298 K): 6 =
1.14 [m, 24 H, (CHj3),C], 2.08 (m, 4 H, CH), 2.15 (s, 18 H,
CeMeg) ppm. 3'P{'H} NMR (121.5 MHz, CDCl;, 298 K): 6 =
49.19 (s) ppm. F{'H} NMR (300 MHz, CDCl;, 298 K): 6 = -79.3
(s) ppm. C,sHysF3NO3P,RuSSe, (821): caled. C 36.68, H 5.66, N
1.71; found C 36.51, H 5.63, N 1.41.

Preparation of [Ru(n®-CsMeg){n>*N(Ph,PS),}(NH)][OTf] (5): NH;
gas was bubbled into a solution of 1 (30 mg, 0.035 mmol) in
CH,Cl, (10 mL) for 15s. The greenish brown solution turned to
yellow immediately. The solvent was removed and the yellow resi-
due was washed with hexane. Recrystallisation from CH,Cl,/Et,O/
hexane afforded orange crystals. Yield 27 mg, 87%. 'H NMR
(300 MHz, CDCl3, 298 K): 0 = 1.86 (s, 18 H, C¢Meg), 1.98 (br., 3
H, NH3), 7.43 (m, 12 H, Ph), 7.81 (m, 8 H, Ph) ppm. 3'P{'H}
NMR (121.5 MHz, CDCl;, 298 K): 6 = 31.97 (s) ppm. “F{'H}
NMR (300 MHz, CDCl;, 298K): o = -79.4 (s)ppm.
C3,H, F3N,O;3P5RuS; (877.94): caled. C 50.62, H 4.71, N 3.19;
found C 50.37, H 4.70, N 3.05.

Preparation of [Ru(n®-C¢Meg){n>-N(Ph,PS),}(n'-N,Hy)][OTf] (6):
To a solution of 1 (30 mg, 0.035 mmol) in tetrahydrofuran (10 mL)
was added excess hydrazine monohydrate at 0 °C. The greenish-
brown solution turned to orange immediately. The reaction mixture
was stirred at room temperature for 15 min. The solvent was
pumped off and the residue washed with hexane. Recrystallisation
from CH,Cl,/Et,O/hexane afforded orange crystals. Yield 21 mg,
79%. 'H NMR (300 MHz, CDCl;, 298 K): 6 = 1.89 (s, 18 H,
CgMeg), 2.99 (br. s, 2 H, NH»,), 4.62 (br. s, 2 H, NH,), 7.43 (m, 12
H, Ph), 7.78 (m, 8 H, Ph)ppm. 3'P{'H} NMR (121.5 MHz,
CDCls, 298 K): 6 = 32.11 (s) ppm. PF{!H} NMR (CDCls): 6 =
-79.3 (s) ppm. C;;H4F3N3;05P,RuS; (892.08): caled. C 49.77, H
4.74, N 4.70; found C 49.76, H 4.71, N 4.56.

Table 5. Crystallographic data and experimental details for [Ru(n®-C¢Meg){n>-N(Ph,PS),}][OTf]-:CH,Cl, (1-CH,Cl,), [Ru(n°-CsMes){n>-

N(Ph,PS),} [OTf]-0.25C¢H,s  (120.25C¢H4)

[Ru(n®-CsMeg){n>-N(Ph,PS),}(NH,)][OTf]  (5),

[Ru(n®-CsMeg){n*-N(Ph,PS),}(n'-

NoH)J[OTA] (6), [Ru(n®-CsMeg){n>-N(iProPS),}(E)] (8) and [Ru(m’-CsMeg) {N(iPr,PS),} (H)] (9).

1-CH,Cl, 1a:0.25C¢H 4 5 6 8 9
Empirical formula C3gHyoCLF3NOsP,RuS; CsgsHyp sF3NOsP,RuS; Cs7Hy F3N,O3P,RuS; CsyHyoF3N3O5P,RuS; CoHs NPRuS, CyyHy7NPoRUS,
Formula weight 945.80 885.95 87791 892.93 604.81 567.76
Crystal system orthorhombic triclinic triclinic monoclinic monoclinic monoclinic
Space group P2,2:2; Pi Pi P2i/n P2i/c P2i/c
al A 12.132(2) 10.6392(14) 12.6268(10) 15.8944(8) 10.9756(8) 10.0769(18)
bl A 15.396(3) 11.0952(3) 12.8350(10) 13.1362(7) 16.0161(12) 14.052(3)
clA 22.182(4) 16.966(3) 13.7451(11) 19.3898(11) 17.7244(13) 20.060(4)
al® 84.465(7) 72.938(1)
ple 89.238(3) 65.534(1) 102.099(1) 106.2119(10) 90.687(4)
yl° 82.054(2) 70.663(1)
viIA3 4143.2(12) 1974.3(5) 1929.1(3) 3958.5(4) 2991.8(4) 2840.4(9)
V4 4 2 2 4 4 4
Pealed. | gem™! 1.516 1.490 1.511 1.498 1.343 1.349
T/K 253(2) 173(2) 298(2) 100(2) 298(2) 298(2)
F(000) 1928 912 900 1832 1280 1216
u(Mo-K,) / mm™! 0.786 5.900 0.705 0.689 0.785 0.824
Total reflections 40356 13790 15554 19503 14693 10748
Independent reflections 9908 7131 6650 6905 5185 4731
Ring 0.0449 0.0588 0.0153 0.0325 0.0269 0.0817
GoFl 1.017 0.996 1.032 1.036 1.023 0.924
R™, wR, [I > 25(I)]  0.0406, 0.0822 0.0497, 0.0927 0.0267, 0.0721 0.0565, 0.1097 0.0369, 0.0830  0.0688, 0.1062
Ry, wR; (all data) 0.0525, 0.0871 0.0870, 0.0995 0.0305, 0.0741 0.0617, 0.1121 0.0475, 0.0867  0.1247, 0.1183
CCDC numbers 691206 691207 691208 691209 691210 691211
[a] GoF = [2W(|Fo| - |Fc|)2/(Nobs - Nparam)]llz- [b] Rl = [2(|F0| - |Fc|)]/Z|Fo| [C] WR2 = [Zw2(|Fol - |Fc|)2/2"V2F02]1/2~
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Preparation of [{Ru(n°®-CsMeg)[n*-N(Ph,PS),|}(n-4,4'-bpy)l[OTf],
(7): To a solution of 1 (36 mg, 0.050 mmol) in CH,Cl, (10 mL) was
added 0.5 equiv. of 4,4'-bipyridyl (4 mg, 0.025 mmol) in CH,Cl,
(3 mL) dropwise. The resultant orange mixture was stirred at room
temperature for 1h and the solvents evaporated in vacuo.
Recrystallisation from CH,Cl,/Et,O/hexane afforded orange crys-
tals. Yield 34 mg, 73%. '"H NMR (300 MHz, [DgJacetone, 298 K):
0 =2.04 (s, 36 H, C¢iMey), 7.36 (d, J = 6.6 Hz, 4 H, 4.4'-bpy), 7.46
(m, 24 H, Ph), 7.83 (m, 16 H, Ph), 8.86 (d, / = 6.6 Hz, 4 H, 4,4’'-
bpy) ppm. 3'P{'H} NMR (121.5 MHz, [Dg¢Jacetone, 298 K): § =
35.52 (s) ppm. CgqHggFsN4OgP4Ru,S (1880.02): caled. C 53.67, H
4.61, N 2.98; found C 53.66, H 4.49, N 2.74.

Preparation of [Ru(n®-C¢Meg){n>N(iPr,PS),}(Et)] (8): To a solu-
tion of 2 (36 mg, 0.050 mmol) in THF (10 mL) was added excess
Li[BEt;H] (1 M solution in THE, 0.13 mmol) at —78 °C. The orange
mixture was slowly warmed to room temperature at which point it
was stirred for further 2 h. The solvent was removed and the resi-
due was extracted with hexane. Concentration and cooling at
~10°C afforded orange crystals, yield 31 mg, 82%. 'H NMR
(300 MHz, C4¢Dg, 298 K): 0 = 1.55 [m, 24 H, (CH;),C], 2.02 (s, 18
H, C4Mey), 2.08 (t, J = 7.5 Hz, 3 H, CH3), 2.32 (m, 4 H, CH), 2.71
(9, J=17.5Hz 2 H, CH,) ppm. 3'P{'"H} NMR (121.5 MHz, C¢Ds,
298 K): 0 = 56.56 (s) ppm. C,¢Hs;NP,RuS, (604.84): caled. C
51.63, H 8.50, N 2.31; found C 51.42, H 8.53, N 2.13.

Preparation of [Ru(n®-C¢Meg){n>N(iPr,PS),}(H)|] (9): This com-
pound was prepared in a similar way to 8 using NaBH, (3 mg,
0.08 mmol) in place of Li[BEt;H]. Yield 28 mg, 78%. 'H NMR
(300 MHz, C¢Dg, 298 K): 0 = —7.12 (s, | H, RuH), 1.55 [m, 24 H,
(CH3),C], 2.87 (m, 4 H, CH) ppm. *'P{'H} NMR (121.5 MHz,
CeDs, 298 K): 0 = 68.91 (s) ppm. CpyHy7NP,RuUS, (576.78): calcd.
C 49.98, H 8.22, N 2.43; found C 50.21, H 8.22, N 2.15.

Reaction of Complex 9 with [Cp,Fe][PF¢]: To a solution of complex
9 in Et,O (10 mL) at 0 °C was added 1 equiv. of [Cp,Fe][PFg]. The
mixture was stirred at 0 °C for 30 min and the solvents evaporated.
Recrystallisation from CH,Cly/hexane afforded a purple powder in
ca. 70% yield which was characterised as [Ru(n®-CsMeg){n>-
N(Ph,PS),}][PF¢] by NMR spectroscopy.

X-ray Crystallography: Crystallographic data and structure refine-
ment parameters for compounds 1, 1a, 5, 6, 8 and 9 are summa-
rised in Table 5. Intensity data were collected with a Bruker
SMART APEX 1000 CCD diffractometer using graphite-mono-
chromated Mo-K,, radiation (A = 0.71073 A). The data was cor-
rected for absorption by using the program SADABS.?’! The struc-
tures were solved by direct methods and refined by full-matrix le-
ast-squares on F? using the SHELXTL software package.? Se-
lected bond lengths and angles for complexes 1, 1a, 5, 6, 8 and 9
are listed in Tables 1-3.

The CCDC numbers given in Table 5 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge at 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; E-mail:
deposit@ccdc.cam.ac.uk].
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