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Ruthenium(i)  pentamethylcyclopentadienyl  complexes
[Ru(n®-CsMes)CL(L-L)] [L-L = 1,2-bis(diphenylphosphanyl)-
ethane, dppe (1), bis(diphenylphosphanyl)methane, dppm,
cis-1,2-bis(diphenylphosphanyl)ethylene, dppet, and (1-di-
phenylarsanyl-2-diphenylphosphanyl)ethane, dpadppe]
treated with a stoichiometric amount of P,X; (X = S, Se) in
THF have yielded the compounds [Ru(n®-CsMes)(L-L)-
(P4X3)]BPhy (X =S, Se). In the P,Se; derivatives the hepta-
tomic cage is bound to the metal through a basal phosphorus
atom. The P,S; derivatives have been obtained as pairs of
coordination isomers, with the cage linked either through the
apical or through one of the basal P atoms, the latter form

predominating (95% abundance), irrespective of the L-L li-
gand. The monometal complex [Ru(n®-CsMes)(dppe)(n'-
Ppasai-P4Se3)|BPh, reacts with 1 to afford the dimetal com-
pound [{Ru(ns'C5MeS)(dppe)}Z(uvn1:1'Pbasal'Papical'P4seS)]'
(BPhy),, where the cage exhibits both modes of bonding. The
compounds have been characterized by NMR spectra (*H,
13C and 3'P) and elemental analyses. A theoretical analysis
of the bonding properties of the two coordination isomer
types is also presented.

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

Introduction

The mixed cage molecules E;X5 (E = P, As; X = S, Se)
(Scheme 1, I) possess a unique structure exhibiting a
pseudo-tetrahedral array of pnicogen atoms, where a homo-
cyclic E; unit is connected via three bridging chalcogen
atoms to a single pnicogen in the apical position.[!l Their

behaviour towards transition metal fragments has been
widely studied and various compounds containing E, X,
units, which originate from the disruptive fragmentation of
the heptatomic cages, particularly P,S; and As,S;, have
been described.>~6 Although such units, stabilized by the
metal moieties, are considered to form through stepwise dis-
ruption and/or formation of E—E bonds following the in-
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itial interaction of the intact E4X5 cage with the metal frag-
ment, primary complexation of the cages has been ac-
complished only in few instances, e.g. with Lewis acidic me-
tal fragments which, upon coordination, yield electronically
saturated compounds having either octahedral, e.g.
[M(CO)s_(n'-P4S3);4+,] [Scheme 1: M = Mo, W; x = 0
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(I1;T'M = Cr, Mo, W; x = 1, (II);®1 M = Cr, Mo; x = 2
(IV)E®], or tetrahedral geometry in the presence of sterically
protecting groups on the coligand, e.g. [[NP3)M(n'-P,X3)],
V [NP; = tris(diphenylphosphanylethyl)amine; M = Ni,”!
Pd;t X = S, Se].

All of the above compounds, characterized by either X-
ray diffraction analysis or 3'P NMR spectroscopy, contain
the cage bound to the metal through the apical phosphorus
atom, which, accordingly, has been considered a better do-
nor than a basal phosphorus atom. Recently the 16e
[(triphos)Re(CO),]" fragment!'!! [triphos = 1,1,1-tris(di-
phenylphosphanylmethyl)ethane] has yielded, in the pres-
ence of P,X5 (X = S, Se), a mixture of Re-n'-P,ic, and
Re-n'-Py,s complexes, the latter being predominant (ca.
87%). Both, apical and basal P,X5; complexes with the
Lewis acids BBrs;, BI; and NbCls have been reported.!'?
Conversely, P4X5 weak complexes with the silver ion have
been reported in which the intact cage interacts with the
metal through one sulfur and both the apical and one basal
P atoms.[!¥

We report here on the synthesis and characterization of
the family of novel m!-tetraphosphorus trichalcogenide
complexes [Ru(n’>-CsMes)(L—L)(n'-P4X5)]BPh, [L—L =
1,2-bis(diphenylphosphanyl)ethane, dppe, bis(diphenyl-
phosphanyl)methane, dppm, cis-1,2-bis(diphenylphosphan-
yl)ethylene, dppet, and (1-diphenylarsanyl-2-diphenylphos-
phanyl)ethane, dpadppe; X = S, Se]. In the P4Se; deriva-
tives the intact cage is bound to the metal fragment through
a basal P atom. The P4S; compounds present a mixture
of Ru-n'-P,picai and Ru-n'-Py,q, coordination isomers. All
compounds have been characterized by NMR measure-
ments. L—L ligands with different electronic and geometric
requirements do not affect the binding properties of the me-
tal fragments, which are highly specific for a basal phos-
phorus atom of the cage. The monometal complex [Ru(n?-
CsMes)(dppe)(n!-Ppasa-PsSes)|BPhy yields, in the presence
of [Ru(n’-CsMes)Cl(dppe)], the dinuclear compound
[{Ru(n>-CsMes)(dppe)}»(P4Ses)](BPh,), which combines
the Ru-n'-P,ica; and Ru-n'-Py,q, coordination modes. Re-
peated attempts to obtain the compounds in crystalline
form, suitable for X-ray investigations, failed. Their struc-
tures and bonding were then investigated by compu-
tational methods.

Results and Discussion

The pseudo-octahedral complexes [Ru(n’-CsMes)-
CI(L—L)] [L—L = ddpe (1), dppm (2), dppet (3), dpadppe
(4)], which easily dissociate the chloride in solution,!'4~!€]
react in THF with one equivalent of P4;X5 (X = S, Se) to
form a brick-red solution. Upon addition of NaBPh, and
after workup the compounds [Ru(n’-CsMes)(L—L)(n!-
P,X3)|BPh, are isolated as microcrystalline solids in fairly
good yield. The solids are soluble in CH,Cl,, THF and
(CH3),CO; they are stable under an inert atmosphere and
may be handled in air for a limited time. Elemental analysis
of the products confirms the formation of 1:1 adducts be-
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tween the [Ru(n’-CsMes)(L—L)]* synthon and the P,X;
molecule. The formation of the P,X5 derivatives is sketched
in Scheme 2.
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The compounds have been characterized by 'H, 3C{'H}
and 3'P{'H} NMR measurements. The intensity ratios of
the 3'P{'H} signals accord with the proposed formulae; the
NMR spectroscopic data of the uncoordinated and the co-
ordinated P4X5 cages, and the labelling scheme used for the
different phosphorus nuclei, are shown in Table 1.

Characterization of the P,Se; Coordination Compounds

The P4Se; derivatives [Ru(n’-CsMes)(L—L)(P4Se;)]BPh,
[L—L = dppe (5), dppm (6) and dppet (7)] exhibit in their
SIP{'H} NMR spectra an A,FM,Q spin system which is
consistent with the P4Se; cage molecule being bound to the
metal through one basal phosphorus atom. The diphos-
phane ligand P atoms (P,) of each compound yield a doub-
let due to coupling with the Py atom of the cage bound to
the metal; both the chemical shifts and coupling constants
have values expected for ruthenium(i) half-sandwich com-
pounds.l!®1417] The heptatomic cage yields the FM,Q part
of the spin system (Table 1). The two equivalent uncoordi-
nated basal Py; atoms yield a doublet of doublets in the
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Table 1. 3'P{'H} NMR spectroscopic data of the free and coordinated P,Se; and P,S; ligands
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Compound Chemical shift, §(ppm)e! Coupling constant, J(Hz)
Pg Pu/Pp ! Pq 2J(Pr—Py) 2J(PF—PQ) 1J(PM-PQ)/ 1J(PMr-PQ)[b] LJ(Ppg-Ppg )P

P.Ses 30.7(q)  —114.1(d) 72.0

5lc] 68.4 (dt) —1254 (dd)  41.2(dt)  59.5 51.0 244.0

61! 67.7(dt) —131.2(dd)  41.1(dtt)y  60.5 52.0 243.8

7l 503 (dt) —125.3(dd) 409 (dtt)  64.1 49.8 244.1

8ldllel 65.8 (dt) —149.8 (dddd) 34.7 (dddd) 59.2 53.3 249.4 103.7
—133.7 (ddd) 238.7

9l 1257 (dtt) —116.8 (dd)  20.6 (dtt)  46.1 19.4 211.4

P.S; 65.1(q) —127.3(d) 70.0

10 major isomerl®! 93.9 (dt) —141.9 (dd) 35.5 (dtt) 60.2 44.9 2432

10 minor isomer 150.6 (m) —120.5 (d) 22.8

11 major isomer!®l 913 (dt) —148.8 (dd)  29.7 (dtt)  60.7 46.0 243.3

11 minor isomer 142.7 (m) —114.9 (d) 15.0

12 major isomer!®! 90.0 (dt) —143.6 (dd) 31.9 (dtt) 64.1 44.8 242.3

12 minor isomer 155.5 (m) —119.4 (d) 20.4

13 major isomerl €1 90.4 (dt) —149.8 (dddd) 34.7 (dddd) 61.5 47.0 244.8 101.8
—143.4 (ddd) 236.4

13 minor isomer 147.2 (m) —121.9 (d) 24.4

[l NMR spectra were recorded at room temperature with a Varian Gemini g300bb spectrometer. Key: d = doublet, t = triplet, q =
quadruplet, m = multiplet. ! Py; atoms of compounds with the phosphars ligands 8 and 13 (major isomer) are diastereotopic. [

Spectrum recorded in CD,Cl,. 91 Spectrum recorded in (CD3),CO. [

spectra of 5, 6 and 7, characterized by a small coupling
with Pr and a large one to Pq (ca. 240 Hz). The dpadppe
compound 8 exhibits an AFMM'Q spin system in which
the two basal uncoordinated phosphorus atoms of the cage
are diastereotopic for L—L ligands of different donors (one
P and one As) which make the ruthenium atom chiral. The
resonance of Py; atoms is moderately shielded with respect
to the three equivalent basal P atoms of the free cage
(Table 1), whereas the Pg resonance is shifted notably
downfield. The uncoordinated Pg apical atom of the cage
in 5—8 yields a doublet of triplets which is slightly down-
field shifted with respect to the free ligand. The spectra of
compounds 5, 6 and 7 do not change from —60 to +50 °C
(3P NMR experiment in a sealed tube). Due to the limited
solubility of the compounds 77Se NMR spectra were not re-
corded.

The monometal compound [Ru(n’-CsMes)(dppe)(Ps4-
Se3)|BPhy (5) dissolved in THF reacts with the chloride lab-
ile 1 to form, after workup, the dimetal species [{Ru(n>-
CsMes)(dppe)}»(P4Ses)|(BPhy), (9). The 3'P NMR spec-
trum of the compound (Table 1) yields an A,A’>FM-Q spin
system, consistent with double metallation of the P4Ses
molecule, which holds the two non-equivalent [{Ru(n>-
CsMes)(dppe)] metal units together and is responsible for
the FM,Q part of the spin system. The coupling constants
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¢l Only one P, atom present.

of the two resolved multiplets due to the cage phosphorus
atoms (the apical and a basal one) bound to the metal frag-
ments are particularly useful to assign the signals of the
dppe ligands in the two ruthenium fragments, occurring in
a narrow region (71.1 and 72.0 ppm). The apical phos-
phorus atom of P4Se; bound to the metal undergoes a sig-
nificant downfield shift upon coordination; the same trend,
although less pronounced, occurs for the
[(triphos)Re(CO),(P4Ses)] T cation.['!] Although polymetal-
lic cluster compounds containing twol'®! or threel'”! bridg-
ing P4S; units, formed through activation of a P—P bond,
and tetrametallic compounds containing the P4Ses unit, re-
sulting from the cleavage of P—P and P—Se bonds,®! have
been described, the present dimetal species exhibits the in-
tact P4Se; molecule in a bridging position between two
transition metal fragments, in analogy with the very re-
cently reported P,S; silver adducts.['3]

Characterization of the P,S; Coordination Compounds

The 3'P{'"H} NMR spectra of the [Ru(n’-CsMes)(L-
L)(P4S5)]BPh, compounds [L—L = dppe (10), dppm (11),
dppet (12) and dpadppe (13)] indicate a pair of coordi-
nation isomers, present in a ratio of ca. 19:1, that differ in
the bonding mode of the P4,S; molecule to the metal frag-
ment: either through the apical P or through one of the
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Figure 1. 3'P{'H} NMR spectrum of [Ru(n*-CsMes)(dppe)(P4S;)]BPh4 in CD,Cl,. The multiplet due to Pg of the minor isomer, a weak,

broad signal at 6 = 150.6 ppm, is not reported.

basal P atoms (Scheme 2). This is supported by the 3'P,3'P-
2D COSY NMR spectra of 10 and 11, which show two
sets of correlated peaks. The 3'P{'H} spectrum of [Ru(n°’-
CsMes)(dppe)(P4S;)|BPhy (10) is shown in Figure 1.

The major isomers of 10, 11 and 12 exhibit an A,FM,Q
spin system (Table 1), indicative of coordination by the cage
through a basal P atom. The spectral features parallel those
of the P4Se; derivatives, with the cage accounting for the
FM,Q part of the spin system. The Py, signal is split, with
unequal Py;—Pg and Py —Pg coupling constants, as found
for 5-7 and the related rhenium compound
[(triphos)Re(CO)4(P4S;)] *.['1 The downfield shift of the Pg,
signal is larger than that of the rhenium analog.l''! As dis-
cussed above for 8, the major isomer of the dpadppe deriva-
tive 13 exhibits an AFMM'Q spin system due to the chiral-
ity of the metal atom. The chemical shifts and coupling
constants are similar to those of the major isomers of
10—12.

The minor isomers of 10, 11 and 12 exhibit an A,FM;
spin system (Table 1), consistent with coordination of the
intact cage to the metal via the apical Pg atom. The L—L
ligand P, atoms yield a doublet at the expected field. The
FM; part of the splitting pattern, due to the cage, exhibits
chemical shifts and coupling constants in agreement with
those of the corresponding coordination isomer of the rhe-
nium compound previously described.!'!l The signals of the
P,4S; phosphorus atoms do not significantly depend on the
ancillary L—L ligand (Table 1). Notably, the ruthenium-
bonded Py atom resonance occurs at low field
(142—155 ppm) as a complex multiplet due to coupling
with P, and Py;; the Pr—Py coupling constant is smaller
than for the free cage (Table 1) and approaches that with
the phosphane P4. In keeping with the proposed structure,

296 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the three basal Py; atoms afford a doublet due to coupling
with Pr. The minor isomer of the dpadppe derivative, 13,
yields an AFM; spin system, as expected, due to the pres-
ence of only one magnetically active P atom in the dpadppe
ligand. The 3'P{'H} NMR spectra of 10, 11 and 13, ob-
tained in the temperatures range —60 to +50 °C (experi-
ment in a sealed tube), do not show any dynamic process
and the relative amounts of the two isomers do not change.
This rules out an equilibrium between the two species
which, therefore, should form through independent interac-
tions of the basal and the apical phosphorus atoms of the
cage.

Quantum-Mechanical Calculations

In the absence of crystallographic structural data on the
compounds quantum-mechanical calculations were under-
taken to gain information on the geometries, the relative
energies of isomers and to possibly rationalize structural
preferences. As described in the Exp. Sect., building on re-
sults from preliminary calculations performed on models at
various levels of accuracy, the geometry of the lowest-en-
ergy conformer found for each of the coordination modes
of the cage molecule in the [Ru(n’-CsMes)(dppe)(P4S3)]*
cation (i.e.,, coordination through the apical phosphorus
atom, P, hereafter, or through a basal one, Py,s), was opti-
mized at the B3LYP/6—31G(d) level, with metal atom ECP
functions.?’! These two models will be referred to as 10apc
and 10bas, respectively. After Se for S substitution in the
former models and subsequent optimizations, models Sapc
and 5bas for the [Ru(n>-CsMes)(dppe)(P4Se;)] " cation were
obtained. Representations of the 10apc and 10bas isomers
are shown in Figure 2; those of the Sapc and Sbas models
are similar and are given, with more details, with the Sup-
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Figure 2. Optimized geometries for the [Ru(n’-CsMes)(dppe)(P4S;)]* cation with the cage molecule coordinated (a) through a basal
phosphorus atom, model 10bas, and (b) through the apical phosphorus atom, model 10apc.

Table 2. Relative energies (kJ'mol~!) and selected bond lengths (A)
for the 10bas and 10apc models of [Ru(n>-CsMes)(dppe)(P4S3)]"

isomers and for the Sbas and Sapc models of [Ru(n’-
CsMes)(dppe)(P4Ses3)] " isomers
10basl®! 10apcla] Sbasll Sapcl

AE 0 9.11 0 13.39
Ru—P(5) 2.404 2.413 2.398 2.406
Ru—P(6) 2.425 2.448 2.428 2.445
Ru—C(1) 2.318 2.317 2.316 2.316
Ru—C(2) 2.342 2.345 2.339 2.343
Ru—C(3) 2.316 2.328 2.315 2.330
Ru—C(4) 2.324 2.358 2.329 2.367
Ru—C(5) 2.320 2.323 2.323 2.329
Ru—P(n)! 2.346 2.339 2.360 2.364
P(1)—S(1)t! 2.129 2.173 2.266 2.323
P(1)—S(2) 2.165 2.175 2.305 2.326
P(1)—S(3) 2.164 2.163 2.303 2.309
S(1)—P(2) 2.151 2.122 2.300 2.262
S(2)—P(3) 2.126 2.118 2.266 2.257
S(3)—P4) 2.124 2.120 2.264 2.260
P(2)—P(3) 2.285 2.287 2.282 2.280
P(2)—P(4) 2.284 2.289 2.278 2.281
P(3)—P(4) 2.293 2.289 2.283 2.280

[J Atomic labels as in Figure 2. [ n = 1: 10apc and Sapc, n = 2:
10bas and 5bas. [ Bond lengths (A) within the free cage molecules
(possessing threefold symmetry), from calculations at the B3LYP/
6—31G(d) level, are [averages of experimental values from ref.[>!]
(P4S3) and refs.[1%19221 (P,Se;) in parentheses]: P4Ss, Pype—S =
2150 (2.06), Ppy—S = 2.139 (2.09), Ppo—Ppue = 2.276 (2.23):
PSes, Py—Se = 2276 (225). Pp,—Se = 2264 (2.23),
Poo— Py = 2.270 (2.24).

porting Information (S.I.). Relative energy values within
isomer pairs and essential data on geometries are presented
in Table 2.

For both pairs of isomers the calculations yielded the
species with the cage bound through the base as being

Eur. J. Inorg. Chem. 2004, 293—300 www.eurjic.org

slightly more stable than the “apical” isomer, with increas-
ing energy separation between the isomers on going from
the models of the P,S; derivative to those of P,Se;. Al-
though this trend qualitatively agrees with the NMR spec-
troscopic data, it is difficult to rationalize in terms of a re-
stricted number of factors, due to the complexity of the
systems and to the fine balance in energies. However, the
following considerations may shed some light on the prefer-
ences for the two coordination modes of these cage mol-
ecules with respect to the Ru(n’-CsMes)(dppe)
metal—ligand system.

From calculations at the consistent B3LYP/6—31G(d) le-
vel on the isolated P,S; and P4Se; molecules, the (twofold
degenerate) HOMO for both systems has important contri-
butions from the Py, atoms. An MO with dominant P,
contribution lies 69.0 kJ-mol~! (P,S;) and 89.9 kJ-mol !
(P4Ses) below the HOMO; the situation is not substantially
altered if calculations on the cages are performed at a better
level, such as the B3LYP/6—31++G(2d). This suggests
that, based only on these energy differences, a Py, atom
should be a better donor than P,,., particularly for the
P,Ses cage, towards empty metal orbitals. Conversely, ac-
cording to the localized orbital picture of the NBO ap-
proach, the lone pair (Ip) of a Py, atom lies at lower energy
than the P,,. Ip; however, the gap between the two de-
creases (from 66.9 to 26.3 kJ'-mol™') on going from P,S;
to P4Ses.

The NBO analysis generally describes, at second-order
perturbation theory level, the interaction between the cage
and the metal as mostly consisting of donation from the
Ppas (or Pype) Ip into a lobe of an antibonding orbital of the
metal —ligand moiety. The Sbas model, however, is peculiar
since (a) the Py, Ip is involved in more than one fractional
interaction of the above type, (b) Ru empty orbitals, rather
than Ru-based antibonding acceptor MOs, are involved in
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such interactions and (c) no significant repulsive interac-
tions of the Py, Ip with bonding (filled) orbitals of the me-
tal moiety are detected, contrary to the other three models.
These features, pointing to a comparatively higher strength
of the Py,s—Ru interaction in the 5bas system, result from
several small changes in MO compositions and energies,
and are difficult to analyse in deeper detail. Overall, the
cage molecules transfer electron density to the metal moi-
ety, with apparently negligible back-donation, according to
the NBO perturbation treatment (but see below: changes in
antibonding orbital populations). The amount of trans-
ferred charge (¢, a.u.) increases from apical to basal coordi-
nation and, for a given coordination mode, increases on go-
ing from P,S; to P4Ses. The, perhaps slightly overestimated,
lg| are: 0.196 10apc, 0.214 10bas, 0.199 Sapc and 0.228
Sbas.

The cage molecules undergo only small changes in ge-
ometry upon coordination, although some trends are evi-
dent. The most significant of these may be rationalized by
considering the variations in the populations of the bonding
and (to a greater extent) antibonding localized orbitals, ac-
cording to the NBO picture. In particular, the 0.02 A (P4S;)
or 0.04 A (P4Se;) elongation of the P,,.—S/Se bonds upon
coordination in the apical mode (Table 2, including foot-
note ¢ for the free cage molecules) can be accounted for by
the modest decrease (1%) in the P,,.—S/Se bonding popu-
lations and considerable increase in the antibonding ones
(e.g., from 0.137 to an average 0.205 a.u. for 10apc) for both
cages. Similarly, for basal coordination by P,S; (10bas;
trends are strictly similar for the Se analog 5Sbas) where the
P(2)—S(1) bond elongates by 0.012 A and the S(1)—P(1)
bond shortens by 0.021 A with respect to the computed free
cage values, the corresponding antibonding orbital NBO
populations increase (from 0.080 to 0.153 a.u.) and, respec-
tively, decrease (from 0.137 to 0.103 a.u.). Such trends, pre-
dominantly indicative of back donation, may be reconciled
with the overall flow of negative charge towards the metal
moiety considering that complex charge redistributions are
allowed by the topology of the cage molecules.

As noted for the P4S; molecule in a related study,!'! cal-
culated bond lengths for both cage molecules here, whether
coordinated or uncoordinated (Table 2), are slightly larger
than the experimental values;!'%2! =23 this could be due in
part to effects of thermal motion causing an apparent
shortening of the bonds in the diffraction experiments on
the free cage molecules. The calculated Ru-P(dppe) dis-
tances (Table 2) are longer than generally found for dppe
ruthenium complexes with a similar environment, although
the experimental values span a large range, e.g., from 2.28
241t 2.41 A.25] Also, the calculated Ru—C are longer than
the experimental ranges for n°-CsMes (2.20—2.26 ALl
2.25—-2.34 AP%), These results may reflect the limitations
of the present approach (nature of the particular DFT
potential®’ =21 and of the metal ECP% used), but may
be caused by overcrowding around the metal atom in the
present systems. A theoretical study on the adducts of the
present cage molecules with BX; (X = Br, I) and NbCls
Lewis acids!'? has reached quite similar conclusions for the

298 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

energetics, although more detailed comparisons are pre-
vented by differences between the systems.

Conclusions

[Ru(n’-CsMes)(L-L)]* metal fragments are rather
specific for basal coordination by the P,X; cage molecules,
independently of moderate changes in the L—L ligand.
Combined with previous results for [(triphos)Re(CO),-
(P4X3)]CF5SO; compounds,'!l the present ones suggest
that the coordination mode of the P,X5 molecules through
one of the basal phosphorus atoms is competitive with the
apical mode and the balance between the two coordination
isomers may be set by subtle properties of the metal frag-
ments and by minor features of their interactions with the
cage molecules.

Experimental Section

All reactions and manipulations were performed under an atmos-
phere of dry oxygen-free argon. THF was freshly distilled from
sodium; dichloromethane, n-hexane, methanol and ethanol were
degassed and flushed with argon prior to use. The 'H, 3'P{'H} and
13C{'H} NMR spectra were measured on a Varian Gemini g300bb
spectrometer, equipped with a variable-temperature unit, operating
at 300 MHz ('H), 121.46 MHz (*'P) and 75.46 MHz ('3C). Chemi-
cal shifts are relative to tetramethylsilane and to H;PO, 85% as
external standards at 6 = 0.00 ppm; coupling constants are given
in Hertz. Analytical data for carbon, hydrogen and sulfur were ob-
tained from the Microanalytical Laboratory of the Department of
Chemistry of the University of Firenze. The ligands 1,2-bis(diphen-
ylphosphanyl)ethane (Aldrich), dppe, bis(diphenylphosphanyl)me-
thane (Aldrich), dppm, cis-1,2-bis(diphenylphosphanyl)ethylene
(Aldrich), dppet, and (1-diphenylarsanyl-2-diphenylphosphanyl)e-
thane (Pressure Chemical Company), dpadppe, were used as pur-
chased. P,4S; was purchased from Fluka AG. and recrystallized
from toluene before use. P4Se; was synthesized from red phos-
phorus and grey selenium as described previously.?” The com-
plexes [Ru(n’-CsMes)CI(L-L)] [L—L = dppe (1) and dppm (2)]
were synthesized according to the literature method.!'¥ The com-
plexes [Ru(n’-CsMes)CI(L—L)] [L—L = dppet (3) and dpadppe
(4)] are new and were synthesized by the same procedure reported
for 1 and 2.I'Y The 'H, and "*C{'H} NMR spectroscopic data of
the compounds, together with the 3'P{'H} NMR data of the phos-
phane ligands are reported here. For the minor isomers of 10—13
the weak 'H resonances of the L—L ligand aliphatic protons and
the '3C signals were not observed. The uninformative 'H and
I3C{'H} signals of phenyl groups of the L—L ligands and of the
tetraphenylborate anion, occurring in the expected regions of
6.8—7.5 and 133.5—130.0 ppm, respectively, are not reported.

Syntheses

[Ru(n3-CsMes)Cl(dppet)] (3): Yellowish orange microcrystals, yield
85%. C36H37CIP,Ru (668.2): caled. C 64.7, H 5.6; found C 64.5, H
5.8. '"H NMR (CDCl;, 298 K): & = 2.01 [s, 15 H, br, Cs(CHs3)s]
and 7.85 (s, 2 H, br, PCH). 3*C{'H} NMR (CDCl;, 298 K): & =
6.2 [br. s, C5(CHsz)s], 94.5 [br. s, C5(CH3)s] and 137.5 (br. s, PCH).
3SIP{'H} NMR (CDCl;, 298 K): & = 94.5 (s).

[Ru(n3-CsMes)Cl(dpadppe)] (4): Yellowish orange microcrystals,
yield 82%. C36H39AsCIPRu (714.1): caled. C 60.6, H 5.5; found C
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60.4, H 5.6. '"H NMR (CeDs, 298 K): & = 1.67 [s, 15 H, br,
Cs(CHs)s], 2.40 (s, 2 H, br, AsCH,) and 2.76 (s, 2 H, br, PCH,).
BC{TH} NMR (C¢Dg, 298 K): 8 = 10.1 [br. s, Cs(CH3)s], 24.1 (br.
s, AsCH,), 28.7 (br. s, PCH,) and 87.6 [br. s, Cs(CH;)s]. 3'P{'H}
NMR (C¢Dg, 298 K): 5 = 76.4 (s).

[Ru(n3-CsMes)(dppe)(PsSes)|BPh, (5): P,Se; (175 mg, 0.5 mmol)
dissolved in THF (30 mL) at 40 °C was added to a THF solution
(15mL) of (1) (335mg, 0.5mmol); neat NaBPh,; (250 mg,
0.7 mmol) was then added. The resulting solution was stirred at
room temperature for 2 h. An ethanol/light petroleum (1:1) solu-
tion (15 mL) was then slowly added, and orange microcrystals were
obtained by slowly evaporating the resulting solution. Yield 60%.
CgoHsoBP¢RuSe; (1314.7): caled. C 54.8, H 4.5; found C 54.5, H
4.7. '"H NMR (CD,Cl, 298 K): 8 = 1.56 [dt, 15 H, *J(H-Pg) =
3.0, *J(H=P,) = 1.8 Hz, C5(CH3)s], 2.38, 2.82 (m, 4 H, PCH,).
BC{'H} NMR (CD,Cl,, 298 K): 5 = 10.8 [s, Cs(CH3)s], 27.3 [t,
1J(C—P4) = 22.6 Hz, PCH,], 98.5 [s, C5(CH3)s]. 3'P{'H} NMR
(CD,yCly, 298 K): 8 = 72.2 2 P, d, 2J(PA—Pg) = 27.5 Hz].

The compounds [Ru(n’-CsMes)(L-L)(P,4Se;)]|BPh, [L—L = dppm
(6), dppet (7) and dpadppe (8)] were prepared by the same pro-
cedure as for 5.

[Ru(n3-CsMes)(dppm)(P+Ses)|BPh, (6): Yield 62%.
CsoHs7BP¢RuSe; (1300.7): caled. C 54.5, H 4.4; found C 54.8, H
4.3. "TH NMR [(CD3),CO, 298 K]: § = 1.79 [dt, 15 H, *J(H—Pq) =
3.0, #J(H—P,) = 2.1 Hz, C5(CHs)s], 3.91, 4.72 (1 H each, m, PCH).
BC{'H} NMR (CDCl,, 298 K): 3 = 11.7 [s, Cs(CH3)s], 46.1 [t,
1J(C—P4) = 24.0 Hz, PCH,], 98.6 [s, C5s(CH3)s]. 3'P{'"H} NMR
(CD,Cl,, 298 K): § = 2.4 [2P, d, 2J(P,—Pg) = 29.7 Hz].

[Ru(n3-CsMes)(dppet)(P,Se;)|BPh, ): Yield 60%.
CeoHs7BPsRuSe; (1312.7): caled. C 58.9, H 4.4; found C 58.6, H
4.4. "TH NMR (CD,Cl,, 298 K): & = 1.59 [dt, 15 H, “J(H-Pq) =
2.7, “*J(H—P,) = 1.8 Hz, C5(CHs;)s]; the 'H and '3C signals of the
ligand CH group were masked by the aromatic resonances.
13C{'H} NMR [(CD3),CO, 298 K]: § = 11.6 [s, C5(CH3)s], 98.6 [s,
C5(CH;)s], 130.9 [vt, 'J(C—P,) = 5.8 Hz, PCH)]. *'P{'H} NMR
[(CD3),CO, 298 K]: § = 76.7 [2P, d, 2J(PA—Pg) = 31.9 Hz].

[Ru(n3-CsMes)(dpadppe)(P,Ses)|BPh, (8): Yield 63%.
CsoHsoAsBPsRuSe; (1358.7): caled. C 53.0, H 4.4; found C 53.1,
H 43. '"TH NMR [(CD;),CO, 298K]: 8 = 1.66 [dd, 15 H,
4JH-Pq) = 2.7, *J(H-P,) = 1.8 Hz, Cs(CH5)s], 2.38 (s, 2 H, br,
AsCH,), 2.78 (s, 2 H, br, PCH,). 3'P{'H} NMR [(CD;),CO,
298 K]: & = 74.4 [1P, dd, 2J(P,—Po)], 33.5 [*J(Po—Py) = 6.0 Hz].

[{Ru(n*-CsMes)(dppe)}(P,Se3)|(BPhy), : [Ru(n’
CsMes)Cl(dppe)] (1) (170 mg, 0.25 mmol) dissolved in THF
(15 mL) was added to 5 (263 mg, 0.20 mmol) in THF (20 mL). The
resulting solution was stirred at room temperature for 1 h; neat
NaBPh, (96 mg, 0.28 mmol) was then added. Orange microcrystals
were subsequently obtained by adding an ethanol/light petroleum
(1:1) mixture (15mL) and by concentrating the solution. Yield
50%. Ci59H;18B2PsRu»Ses (2268.7): caled. C 63.5, H 5.2; found C
63.3, H 5.2. 'TH NMR (CD-Cl,, 298 K): & = 1.48 [30 H, br,
Cs(CHs)s], 2.43, 2.86 (s, 8 H, br, PCH,). *C{'H} NMR (CD,Cl,,
298 K): & = 11.2, 11.5 [s, Cs(CH3)s], 28.5, 29.7 [d, 'J(C—Py) =
24.0 Hz, (PCH»)], 99.1, 101.1 [s, Cs(CH3)s]. 3'P{'H} NMR
(CD,CL, 298 K): 6 = 71.1 [2P, d, Pa, 2J(PA—Pq) = 30.4 Hz], 72.0
[2P, d, Pa., 2J(Py—Pg) = 25.5 Hz].

[Ru(n3-CsMes)(dppe)(P4S3)|BPh, (10): A THF solution (15 mL) of
1 (335 mg, 0.5 mmol) was added to P4S; (110 mg, 0.5 mmol) dis-
solved in THF (15 mL); neat NaBPh, (250 mg, 0.7 mmol) was then
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added. The resulting solution was stirred at room temperature for
2 h. An ethanol/light petroleum ether (1:1) solution (15 mL) was
then slowly added, and yellow microcrystals were obtained by
slowly evaporating the resulting solution. Yield 65%.
CooHsoBPsRuS; (1174.0): caled. C 61.4, H 5.1, S 8.2; found C 60.9,
H 5.2, S 8.0. Major isomer: 'H NMR (CD,Cl,, 298 K): § = 1.52
[dt, 15 H, “/(H-Pq) = 3.3, “/(H-P,) = 1.5 Hz, Cs(CHs)s], 2.40,
2.80 (m, 4 H, PCH,). *C{'H} NMR (CD,Cl,, 298 K): 5 = 10.8
[s, Cs(CH3)s], 27.4 [t, 'J(C—P,) = 22.4, PCH,)], 98.6 [s, Cs(CHj3)s].
SIP{'H} NMR (CD,Cl,, 298 K): 8 = 69.3 [2 P, d, 2J(PA—Pq) =
31.4]. Minor isomer: '"H NMR (CD,Cl,, 298 K): = 1.62 [dt, 15 H,
4J(H-Py) = 2.7, “J(H-P,) = 1.5 Hz, Cs(CH;)s]. >'P{'"H} NMR
(CD,Cl,, 298 K): & = 67.0 [2 P, d, 2J(Po—Pg) = 28.7 Hz].

The compounds [Ru(n’-CsMes)(L—L)(P,S;)|BPh, [L—L = dppm
(11), dppet (12) and dpadppe (13)] were prepared by the same pro-
cedure as for 10.

[Ru(n3-CsMes)(dppm)(P,S3)|BPh, (11): Yield 65%. CsoHs;BPsRuS;
(1160.0): caled. C 61.4, H 5.1; found C 60.9, H 5.2. Major isomer:
'H NMR (CD,Cl, 298 K): & = 1.76 [dt, 15 H, *J(H-Pg) = 3.3,
4J(H—P4) = 2.1 Hz, C5(CHs3)s], 3.98, 4.83 (1 H each, m, PCH,).
BC{'H} NMR (CD,Cl,, 298 K): § = 10.6 [s, C5(CH3)s], 45.4 [t,
1J(C—P,) = 26.1 Hz, PCH,], 97.9 [s, C5(CH3)s]. 3'P{'H} NMR
(CD,Cly, 298 K): & = 1.9 [2 P, d, 2J(PA—Pq) = 30.8 Hz]. Minor
isomer: 'H NMR (CD,Cl,, 298K): § = 1.70 [s, 15 H, br,
Cs(CH3)s]. 3'P{'H} NMR (CD,Cl,, 298 K): 8 = 1.31 [2 P, d,
2J(PA—Pg) = 31.1 Hz].

[Ru(n3-CsMes)(dppet)(PS3)|BPh, (12): Yield 68%. CooHs;BP4RUS;
(1172.0): caled. C 61.5, H 4.9; found C 61.2, H 4.9. Major isomer:
IH NMR (CD,Cl,, 298 K): 8 = 1.56 [dt, 15 H, 4J(H—Pg) = 3.0,
4J(H—P4) = 1.8 Hz, C5(CHs)s]; the CH vinyl proton of the ligand
was masked by the aromatic resonances. *C{'H} NMR (CD,Cl,,
298K): & = 10.7 [s, Cs(CHy)s], 98.8 [s, Cs(CH3)s], 129.0 [vt,
1J(C—P,) = 5.4, PCH]. 3'P{'H} NMR (CD,Cl,, 298 K): § = 75.7
[2 P, d, 2J(PA—Pg) = 32.5 Hz]. Minor isomer '"H NMR (CD,Cl,,
298 K): 6 = 1.70 [s, 15 H, br, Cs(CH5)s]. *'P{'H} NMR (CD,ClL,
298 K): 6 = 73.2 [2 P, d, 2J(PA—Pg) = 31.6].

[Ru(n3-CsMes)(dpadppe)(P,S;)|BPh, (13): Yield 70%.
CeoHsoAsBPsRuS; (1218.0): caled. C 59.2, H 4.9; found C 59.1, H
4.8. Major isomer: '"H NMR (CD,Cl,, 298 K): § = 1.58 [dd, 15 H,
4J(H-Pq) = 3.3, *J(H-P,) = 1.8 Hz, C5(CH5)s], 2.44 (s, 2 H, br,
AsCH,), 2.78 (s, 2 H, br, PCH,). 3C{'H} NMR (CD-Cl,, 298 K):
& = 10.8 [s, C5s(CHsz)s], 20.9 [d, 2J(C—P,) = 11.0 Hz, AsCH,], 30.1
[dd, 'J(C-P) = 32.7, 3J(C—Pgy) = 54Hz, PCH,], 973 [s,
Cs(CH3)s). 3'P{'H} NMR (CD,Cl,, 298 K): 6 = 73.1 [1 P, dd,
2J(PA—Pq) = 36.0, 3J(PA—Py) = 7.0]. Minor isomer: 'H NMR
(CD,Cl,, 298K): & = 1.58 [dd, 15 H, *J(H-Pg) = 3.3,
4J(H—P4) = 1.8 Hz, C5(CH5)s]. *'P{'"H} NMR (CD,Cl,, 298 K):
8 = 76.1 [1 P, d, 2J(P,—Py) = 27.4 Hz].

Computational Procedures

Calculations were performed on models of the [Ru(n®-
CsMes)(dppe)(P4S3)]" and [Ru(n’-CsMes)(dppe)(P4Se;)]* cations
with the GAUSSIAN 98 suite of programs,!! using the hybrid HF-
DFT B3LYP method.?”21 Preliminary geometry optimizations
(not reported), were performed (a) on simplified models of the P,S;
derivative, where the methyl and phenyl groups were replaced by
hydrogen atoms, using the 6—31G(d,p) basis setl*? for the non-
metal atoms and the LANL2DZ valence functions and effective
core potential (ECP)?% for ruthenium and (b) on “complete”
models, with no simplifying replacements of methyl and phenyl
groups using, however, the lower quality 3—21G (C, H) and
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3—-21G* (P, S)I3334 basis sets for the non-metal atoms. In these
preliminary calculations coordination by the P4S; cage molecule
through the apical phosphorus atom, and through one of its basal
P atoms, was considered, no symmetry was imposed. Overall, these
calculations revealed a delicate energy balance between geometrical
isomers differing in the mode of coordination by the cage. More-
over, for each mode the calculations on the “complete” models
revealed the existence of several energy minima, characterized by
small differences in the corresponding geometries. This was prob-
ably due to the effects of numerous non-bonded interactions be-
tween the bulky groups surrounding the metal atom. Compu-
tationally demanding geometry optimizations on the “complete”
models at the better B3SLYP/6—31G(d) level (with LANL2DZ Ru
functions as above) were then performed, starting from the lowest-
energy arrangement detected in the preliminary search for each of
the P,S; coordination modes of the [Ru(n’-CsMes)(dppe)(P,S3)]"
system. The two corresponding models for the [Ru(n®-
CsMes)(dppe)(P4Ses)]™ cation were obtained by substitution of Se
for S in the former P,S; optimized models and underwent optimiz-
ation in turn. Frequency calculations were performed for the four
final models [a small negative (imaginary) frequency of —11 cm™!
for the system with apically bound P,Se;, at the verge of signifi-
cance for residual rotational motion of CHj groups, was confi-
dently ignored] and unscaled zero-point energy corrections were
applied. The interpretation of results was aided by natural bond
orbital (NBO) analyses.?>3¢l For graphics MOLDENE7 and
ORTEPP?31 were employed.
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