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a b s t r a c t

Trichlorostannyl complexes [Ru(SnCl3) (Cp')L] (2a-c) were prepared by treatment of optically active half-
sandwich chlorocomplexes [RuCl(Cp')L] (1a-c) with an excess of SnCl2.2H2O in ethanol. Treatment of
trichlorostannyl complexes 2a-c with NaBH4 afforded trihydridostannyl derivatives [Ru(SnH3) (Cp')L]
(3a-c) in moderated yields. Treatment of 2a-c with MgBrMe gave the trimethylstannyl complexes
Ru(SnMe3) (Cp')L (4a-c). Alkynylstannyl derivatives [Ru{Sn(C≡CPh)3}(Cp')L] (5a-c) were prepared by
treatment of trichlorostannyl compounds 2a-c with an excess of LiC≡CPh in thf. All the complexes
present optical activity. The complexes were characterized spectroscopically and by X-ray crystal
structure determination of [RuCl(h5-C5Me5)L] (1b), [Ru(SnCl3) (h5-C5Me5)L] (2b), and [Ru(SnCl3) (h5-
C9H7)L] (2c). The influence of different ligands on the RueP interaction in several complexes 1a-c, 2a-c
and 3a-c was evaluated by DFT calculations. These calculations indicate that [SnCl3]

- has a stronger
stabilization effect than [Cl]- and the same occurs between eC9H7 and eC5Me5. These relative stabilities
combined with the distortion energies of the fragments produce a stabilizing effect in the RueP bonds of
complex 2c that is twice as strong as in the 1b complex.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Although transition-metal complexes containing stannyl li-
gands have been known for a long time [1], a renewed interest has
been growing in the recent decades [2] even extending to the ac-
tinides [3]. It is known that the introduction of a stannyl ligandmay
improve the catalytic properties of metal complexes [4]. Com-
pounds containing trihalogen (SnX3) offer the possibility of
substituting the halogen (X) by H, OH, alkyl, …thus allowing us to
obtain new ligands that can further modify the properties of the
complexes. When the transition metal complexes display optical
activity, their potential use in enantioselective catalysis poses an
added value to the study of these compounds. Here we report the
results of the studies on the synthesis, characterization and reac-
tivity of chiral chloro-, and trichlorostannyl complexes of ruthe-
nium stabilized by the half-sandwich fragments h5-C5H5, h5-
C5Me5, and h5-C9H7. In addition, the reactivity of the
).
trichlorostannyl compounds with NaBH4, methylmagnesium bro-
mide and lithium phenylacetylide is also reported. The chiral
environment was achieved using the auxiliary chiral diphosphinite
ligand 1,2-[bis(diphenyl)phosphanyloxy]-1,2-diphenylethane (L) to
complete the coordination sphere around the ruthenium atom.
Metal complexes bearing chiral diphosphinite ligands have proved
to be active in asymmetric catalysis [5]. Vicinal diphosphinites
deserve special attention because of the similarities of their coor-
dination to a metal center with the efficient DIOP ligand [6]We also
report computational studies of the [RuX (Cp')L] X¼Cl, SnCl3, SnH3;
Cp'¼ h5-C5H5, h5-C5Me5, h5-C9H7.
2. Results and discussion

The reaction diphenylchlorophosphine with enantiomerically
pure diol (R,R)-(þ)-hydrobenzoine in the presence of nBuLi,
following procedure reported in the literature [7], led to formation
of the optically active chelating ligand (R,R)-(þ)-1,2-[bis(diphenyl)
phosphanyloxy]-1,2-diphenylethane (L) as a white solid. The
compound can be stored under Ar at room temperature for four
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Scheme 1. Synthesis of the complexes [RuCl(Cp')L] (1) and [Ru(SnCl3) (Cp')L] (2).
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weeks. After that its 31P NMR spectrum shows small signals at
dz 20e40 ppm corresponding to oxidation products.

The 1H NMR spectrum in CDCl3 shows multiplets at
6.85e7.80 ppm, corresponding to the phenyl groups and a multi-
plet at 5.08 ppm corresponding to the methylenic protons. The 31P
{1H} NMR spectrum shows a singlet at 109.7 ppm, indicating the
magnetic equivalence of the two phosphorus nuclei of diphos-
phinite ligand.

Synthesis and characterization of the half-sandwich chloro- and
trichlorostannylcomplexes [RuCl(Cp')L] (1) and [Ru(SnCl3) (Cp')L]
(2) Cp'¼ h5-C5H5 (a), h5-C5Me5 (b), h5-C9H7 (c).

Optically active half-sandwich chlorocomplexes [RuCl(Cp')L]
Cp'¼ h5-C5H5 (1a), h5-C5Me5 (1b), h5-C9H7 (1c), were prepared by
thermal displacement of PPh3 from [(RuCl(Cp’) (PPh3)2] complex by
L in refluxing toluene, as shown in Scheme 1.

The new compounds are yellow 1a-b or red-orange 1c solids
that are air-stable at room temperature and soluble in common
organic solvents. Analytical and NMR spectroscopic data of com-
pounds 1a-c support the proposed formulation. Thus, the phos-
phorus nuclei of the bidentate ligand L are inequivalent and hence a
two-doublet pattern corresponding to an AB spin system is
observed in the 31P{1H} NMR spectra. The 1H NMR spectra display,
in addition to the characteristic signals of the carbocyclic ligands, a
collapsed doublet of doublets and a doublets of doublets corre-
sponding to the diastereotopic methylene protons of L (see
Experimental).

Insertion of SnCl2 into the RueCl bond of complexes 1a-c gave
the trichlorostannyl complexes [Ru(SnCl3) (Cp')L] (2a-c) in
Table 1
31P{1H} and119Sn{1H} NMR data for compounds 1 and 2.

31P{1H} NMR

Comp (d/ppm; J/Hz)
1a dA 158.5, dB 153.1, 2JAB¼ 77.1
1b dA 160.4, dB 156.6, 2JAB¼ 73.8
1c dA 160.5, dB 157.5, 2JAB¼ 72.0
2a dA 159.7

2J31Pe119
Snz 468, 2J31Pe117

Snz 448
dB 158.7
2J31Pe119

Snz 444, 2J31Pe117
Snz 423

2JAB¼ 54.5
2b 170.5 d

2J31Pe119
Snz 427, 2J31Pe117

Snz 406
156.5 d
2J31Pe119

Snz 422, 2J31Pe117
Snz 403

2JPP¼ 55.1
2c 163.6 d

2J31Pe119
Sn¼ 428.0, 2J31Pe117

Sn¼ 416.3
159.1 d
2J31Pe119

Sn¼ 363.1, 2J31Pe117
Sn¼ 349.1

2JPP¼ 50.8

In CD2Cl2 at 25 �C. a collapsed doublet of doublets.
moderate yields (50e58%) (Scheme 1). The new stannyl complexes
were isolated as air and moisture stable crystalline yellow (2a,b) or
orange (2c) solids. Analytical and NMR spectroscopy data support
this formulation. Therefore, the 31P NMR spectra of 2a-c derivatives
show two doublets (an AB system signal in the case of compound
2a) with the characteristic satellites, due to coupling with the 119Sn
and 117Sn nuclei of SnCl3 ligand (Table 1). The 119Sn NMR spectra
also display a doublet of doublets (at �36.7 ppm for 2c) or broad
triplets (arising from the collapsed doublet of doublets with very
similar coupling constants) at �7.4 ppm for 2a and at �20.3 ppm
for 2b. The comparison of the 31P NMR data of compounds 1 and 2
shows that the insertion of SnCl2 has little or no influence on one of
the P nuclei but produces a low field displacement on the other.
This dissimilar behavior has already been reported for other com-
plexes. So, in the case of [Ru(C5H5)Cl (dippe)] and [Ru(C5Me5)Cl
(dippe)] the insertion of SnCl2 does not affect the 31P chemical shift
[8c]; however for [Ru(C5H5)Cl (prophos)] [8f] and for [Ru(C5H5)
Cl(PPh3)2] [8g] high and low field displacements were respectively
observed. As expected, compounds 2a-c present optical activity
(see Experimental).

2.1. X-ray structures of 1 b, 2 b and 2c

The structure of compounds 1b, 2b and 2cwas determined by X-
ray diffraction studies. ORTEP drawings of these structures
(Figs. 1e3) and selected bond lengths and angles (Table 2) are
shown. The ruthenium atom is in a formally six-coordinate envi-
ronment coordinated by the corresponding carbocyclic ligand, two
119Sn{1H} NMR

(d/ppm; J/Hz)

�7.4 cdda,
2J119Sne31

Pz 458

�20.3 cdda,
2J119Sne31

Pz 421

,
�36.7 dd,
2J119Sne31

P¼ 430.8, 2J119Sne31
P¼ 365.2



Fig. 1. ORTEP view (50% probability level) of compound 1b. Hydrogen atoms and the
phenyl groups are omitted for clarity.

Fig. 3. ORTEP view (50% probability level) of compounds 2c. Hydrogen atoms and the
phenyl groups are omitted for clarity.
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phosphorous atoms from the bidentate ligand and a chloro (1b), or
a trichlorostannyl (2b, 2c) groups. All molecules have a “three-
legged piano stool” geometry with values near 90� for P (1)eRueP
(2), P (1)eRueSn and P (2)eRueSn bond angles for compounds 2b
and 2c and for P (1)eRueP (2), P (1)eRueCl and P (2)eRueCl for
1b. The centroids of the carbocyclic ligands are situated at 1.884 (4)
(1b) 1.905 (4) (2b) and 1.921 (2) Å (2c) from the ruthenium atom
and the RueC, RueP, RueCl and RueSn bond lengths are similar to
those observed for analog complexes [8]. It is worth mentioning
that, in the case of compounds 1b and 2b both distances RueP (1)
(2.242Å (1b), 2.299Å (2b)) and RueP (2) (2.255Å (1b), 2.283Å
(2b)) are almost identical, but for compound 2c they are signifi-
cantly different (RueP (1) 2.283Å, RueP (2) 2.237Å), probably due
to steric effects attributed to the asymmetry of the indenyl ligand.
In fact the non-bonding distance between the center of the six-
member ring of the indenyl group and P (1) (4.243Å) is signifi-
cantly shorter than for P (2) (5.302Å) implying a stronger steric
interaction of this group with the phenyl groups attached to the P
(1) than with those attached to the P (2). The geometry around the
center of Sn (II) is pyramidal trigonal with an average value for
SneCl bond distance of 2.3963Å (2b) and 2.4045Å (2c) and an
average CleSneCl angle of 92.61� (2b) and 95.38� (2c). These values
are similar to those found in the analogous compounds in the
literature [ 2 b,8 g].
Fig. 2. ORTEP view (50% probability level) of compounds 2b. Hydrogen atoms and the
phenyl groups are omitted for clarity.
2.2. Reactivity of trichlorostannylcomplexes 2a-c

Treatment of compounds [Ru(SnCl3) (Cp')L] 2a-c with NaBH4 in
ethanol at room temperature permits substitution of the three
chlorides in the SnCl3 group with H�, affording the trihy-
dridostannyl derivatives [Ru(SnH3) (Cp')L] [Cp'¼ h5-C5H5 (3a), h5-
C5Me5 (3b), h5-C9H7 (3c)] in moderate yields (52e66%). It is worthy
to mention that these compounds, together with those published
by the Albertin group, are the only transition metal trihy-
dridostannyl complexes published to date [2 b,c,e,f]. The com-
pounds are yellow, stable in air for a few days and unstable in
solutions of halogenated solvents. The IR spectra show a medium
intensity band at about 1700 cm�1 attributed to the nSn-H of the
trihydridostannyl ligand [2d]. The 1H NMR spectra confirm the
presence of the SnH3 ligand, showing a singlet at 4.28 ppm (3a),
4.45 ppm (3b), and 4.09 ppm (3c), with the characteristic satellites
due to coupling with 119Sn and 117Sn nuclei. The values of these
coupling constants are similar to those observed for similar com-
plexes [2b,d]. The 31P NMR spectra of compounds 3a-c display
signals corresponding to an AB spin system with the satellites due
to couplingwith the 119Sn and 117Sn nuclei of SnH3 ligand. It was not
possible to record the 119Sn NMR spectra of compounds 3a-c
because of the aforementioned unstability of their solutions. Op-
tical activity of these compounds is also observed.

Compounds [Ru(SnCl3) (Cp')L] 2a-c react with nucleophiles like
methylmagnesium bromide and lithium phenylacetylide to give
new chiral triorganostannyl derivatives (Scheme 2). The reactions
proceeded with the substitution of all the chlorides in SnCl3. Thus,
reaction of 2a-cwith an excess of MeMgBr in diethyl ether at room
temperature gave the trimethylstannyl compounds [Ru(SnMe3)
(Cp')L], [Cp'¼ h5-C5H5 (4a), h5-C5Me5 (4b), h5-C9H7 (4c)] in mod-
erate yields (52e65%). On the other hand, treatment of compounds
2a-c with an excess of LiC≡CPh gave the tris(phenylacetylenide)
stannyl compounds [Ru{Sn(C≡CPh)3}(Cp')L], [Cp'¼ h5-C5H5 (5a),
h5-C5Me5 (5b), h5-C9H7 (5c)] in moderate yields (60e70%). Com-
pounds 4a-c and 5a-cwere obtained as air-stable yellow solids and
their formulationwas supported by analytical and spectroscopic (IR
and NMR) data. The 1H NMR spectra of compounds 4a-c display, in
addition to the expected signals for the diphosphinite and carbo-
cyclic ligands, a singlet at 0.63 ppm (4a), 0.30 ppm (4b),
and �0.09 ppm (4c), with the characteristic 119Sn and 117Sn satel-
lites, integrating by nine protons, which can be attributed to the
methyl groups bonded to Sn atom. The 13C{1H} NMR spectra show a
singlet at �1.4 ppm (J13Ce119

Sn¼ 80.6 Hz) (4a), 1.4 ppm
(J13Ce119

Sn¼ 37.2 Hz) (4b), and�2.0 ppm (J13Ce119
Sn¼ 91.1 Hz) (4c),



Table 2
Selected bond lengths (Å) and angles (�) for 1b, 2b and 2c.

1b 2b 2c

RueP (1) 2.242 (3) RueP (1) 2.2990 (11) RueP (1) 2.2830 (7)
RueP (2) 2.255 (3) RueP (2) 2.2835 (10) RueP (2) 2.2378 (7)
RueC (1) 2.219 (4) RueC (1) 2.271 (4) RueC (1) 2.240 (3)
RueC (2) 2.277 (4) RueC (2) 2.269 (4) RueC (2) 2.215 (3)
RueC (3) 2.266 (4) RueC (3) 2.255 (4) RueC (3) 2.206 (3)
RueC (4) 2.235 (4) RueC (4) 2.265 (4) RueC (4) 2.349 (3)
RueC (5) 2.239 (4) RueC (5) 2.254 (4) RueC (9) 2.350 (3)
Ru-CT 1.884 (4) Ru-CT 1.905 (4) Ru-CT 1.921 (2)
RueCl 2.433 (3) RueSn 2.5655 (4) RueSn 2.5871 (3)

SneCl (1) 2.3991 (11) SneCl (1) 2.4041 (7)
SneCl (2) 2.3936 (11) SneCl (2) 2.4003 (7)
SneCl (3) 2.3963 (12) SneCl (3) 2.4091 (7)

CT-RueP (1) 129.68 (6) CT-RueP (1) 128.4 (2) CT0eRueP (1) 127.22 (2)
CT-RueP (2) 128.95 (6) CT-RueP (2) 125.57 (15) CT0eRueP (2) 123.65 (2)
P (1)eRueP (2) 88.75 (7) P (1)eRueP (2) 90.04 (4) P (1)eRueP (2) 90.93 (2)
CT-RueCl 116.87 (14) CT-RueSn 119.22 (10) CT0eRueSn 114.818 (10)
P (1)eRueCl 92.67 (7) P (1)eRueSn 92.84 (3) P (1)eRueSn 100.73 (2)
P (2)eRueCl 88.24 (5) P (2)eRueSn 90.49 (3) P (2)eRueSn 91.83 (2)

Cl (3)eSneCl (1) 95.08 (5) Cl (3)eSneCl (1) 97.57 (3)
Cl (3)eSneCl (2) 93.32 (4) Cl (3)eSneCl (2) 92.50 (3)
Cl (2)eSneCl (1) 89.44 (4) Cl (2)eSneCl (1) 96.07 (3)

CT: centroid at Cp*; CT’: centroid at the five-member ring of C9H7.

Scheme 2. Synthesis of the complexes [Ru(SnH3) (Cp')L] (3); [Ru(SnMe3) (Cp')L] (4); [Ru{Sn(C≡CPh)3}(Cp')L] (5).
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correlating, in a HSQC experiment, with the corresponding, above-
mentioned, proton singlet. The proton-coupled 119Sn NMR spec-
trum of compound 4c shows a triplet of multiplets arising from the
coupling with the two P nuclei of the bidentate ligand and the nine
protons of the three methyl groups.

The IR spectra of compounds 5 present a medium-intensity
broad band at 2124 cm�1 (5a) 2127 cm�1 (5b) and 2125 cm�1 (5c)
that can be attributed to the nC≡C of the Sn(C≡CPh)3 group [8].
Besides, the presence of the acetylide group bonded to the tin atom
can be confirmed by the 13C{1H} and 119Sn{1H} NMR spectra. Thus,
the 13C{1H} NMR spectra display, in addition to the characteristic
signals of the supporting ligands, two singlets [d¼ 107.5 and
d¼ 100.7 ppm (5a), d¼ 107.2 and d¼ 103.3 ppm (5b), and d¼ 107.2
and d¼ 99.6 (5c)], attributed to Cb and Ca, respectively, of the
Sn(Ca≡CbPh)3 group. The 119Sn{1H} NMR spectra shows a collapsed
doublet of doublets at d¼�248.5 ppm (5a) and a doublet of
doublets at d¼�233.2 ppm (5b) and at d¼�267.0 ppm (5c), due to
the coupling of the tin nucleus with the two non-equivalent P
atoms of the chiral ligand.

31P NMR data for compounds 3e5 are very similar suggesting
that the modification of the groups attached to the Sn atom has
little influence on the P atoms of the diphosphinite ligand.

Bimetallic compounds Ru-SnR3 (R¼H, Me, C≡CPh) 3e5 are the
first to contain a chiral phosphinite bidentate ligand.

2.3. Computational studies

Full optimizations at B3LYP/cc-pVDZ (ePP) [9] level of theory
were performed in ground state for complexes 1a-c, 2a-c and 3a-c,
for the phosphinite ligand (L) and for the moieties resulting from
removing the phosphinite from the different complexes. Frequency
and force constants were obtained at the same level of theory and



Table 4
B3LYP/cc-pVDZ (ePP) distortion (DEdist), BSSE, interaction (DEint) and total (DEtot)
energies (kcal/mol) computed for compounds 1e3.

DEint BSSE DEdist (L) DEdist [Ru(X) (Cp�)]* DEdist (total) DEtot

1a �90.21 6.36 12.38 23.13 35.51 �54.70
1b �83.50 7.40 12.86 28.71 41.57 �41.93
1c �98.20 6.83 13.08 27.19 40.27 �57.93
2a �105.81 7.80 11.88 9.69 21.57 �84.23
2b �94.35 8.82 13.82 17.04 30.86 �63.49
2c �109.10 8.26 12.80 12.52 25.32 �83.78
3a �99.61 5.78 10.95 10.21 21.16 �78.45
3b �92.79 6.95 13.35 16.62 29.97 �62.81
3c �103.95 6.11 11.39 12.22 23.61 �80.34

[Ru(X) (Cp')]*X ¼ Cl; SnCl3; SnH3.
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the minimum nature of each geometry was established. Next, a
natural bond orbital (NBO) analysis [10] was done together with
obtaining the Wiberg bond indices (WBI) [11] and performing a
natural population analysis (NPA) [12]. The most relevant distances
of the studied compounds are listed in Table 3 along with the NPA
charges, Wiberg bond indices, NBO populations and NBO energies.

The distances in Table 3 show that the h5-C9H7 moiety breaks to
a certain extent the equivalence of the two RueP bonds in com-
plexes 1c, 2c and 3c. This is confirmed by the Wiberg bond indices
and the values of the NPA charges. In complexes with the h5-C5Me5
or the h5-C5H5moiety the differences between the two phosphorus
atoms are very small, suggesting a similar strength and nature of
the two RueP interactions of each compound. The obtained value of
theWiberg bond indices for the RueP bonds goes from 0.79 to 0.90,
which points to a covalent nature of these bonds in all cases. The
calculated NPA charges reveal that the RueP bonds are highly
polarized for all complexes, with charges from 1.53 a. u. to 1.64 a. u.
on the phosphorus atoms and from �0.73 a. u to �1.30 a. u on the
ruthenium atom. The substitution of chloride by the SnCl3 or the
SnH3 moieties increases the charge on the ruthenium atom in
about �0.4 a. u, which leads to a further polarization of the RueP
bonds. NBO isosurfaces displayed in the Supporting Information do
not show significant differences in size or shape between the
complexes. As can be seen in Table 3, the occupancy of all com-
pounds is rather alike, but the combined effect of the chloride or of
the SnH3 and h5-C9H7 ligands breaks the equivalence of RueP
bonds in complexes 1c and 3c. These compounds have, in general,
the bigger differences between RueP bonds for all studied prop-
erties, i. e WBI, NPA charges, NBO populations and NBO energies. It
is not clear if the asymmetry plays any role in it, but complex 1c has
also the most stable RueP bonds according to the NBO energies.

By analyzing the distortion and the interaction energies in the
complexes, we can perform an estimation of how the ligands
modify the RueP interactions. In order to carry out this analysis a
fragment-based approach is used in which a decomposition of the
total energy of the complex (DEtot) is performed. This energy is
divided in two terms, i.e. the interaction energy between two
fragments (DEint) and the energy associated with distorting these
fragments from their initial equilibrium structures (DEdist). Thus,
DEtot¼DEint þ DEdist. The calculated results are given in Table 4
together with the Basis Set Superposition Error (BSSE) [13]. The
fragments selected for our study were, on the one hand, the
phosphinite ligand (L) and on the other, the remaining [RuCl(Cp')],
[Ru(SnCl3) (Cp')] and [Ru(SnH3) (Cp')] for the complexes 1a-c, 2a-c
and 3a-c, respectively. A further explanation of how those energies
have been obtained is given in the Supporting Information.

The values of the interaction energy are very stabilizing, with
energies of one RueP interaction from about �40 kcal/mol up to
approximately �55 kcal/mol, considering that both RueP bonds of
the same complex have roughly the same energy. Like in the NBO
Table 3
Selected bond lengths (Angstroms), Wiberg bond indices, NPA atomic charges (atomic u

1a 1 b 1c 2a

rRu-P1 2.300 2.323 2.269 2.326
rRu-P2 2.309 2.341 2.314 2.329
WBIRueP1 0.86 0.82 0.89 0.84
WBIRueP2 0.85 0.81 0.82 0.84
qRu �0.84 �0.73 �0.74 �1.30
qP1 1.60 1.55 1.64 1.59
qP2 1.61 1.56 1.56 1.60
ERu-P1 �12.72 �12.06 �13.52 �13.05
ERu-P2 �12.36 �12.40 �13.00 �12.86
PopRu-P1 1.92 1.89 1.93 1.92
PopRu-P2 1.92 1.92 1.84 1.92
analysis, the compound [RuCl(h5-C5Me5)L] (1b) has the less stable
interactions. Yet, in contrast with NBO results the complex with the
most stable interactions is the [Ru(SnCl3) (h5-C9H7)L] (2c). Differ-
ences in the BSSE values are not enough to produce any significant
change in the relative stabilities between complexes. The values of
DEdist are large, which reduces notably the stabilization of the
complexes with respect to the interaction energies. The energy
required for the geometrical distortion of L is rather similar for all
complexes but large differences are found when the distortion
energy of the [RuCl(Cp')] or [Ru(SnCl3) (Cp')] fragment is consid-
ered. Thus, this energy for [RuCl(h5-C5Me5)L] (1b) and [RuCl(h5-
C9H7)L] (1c) is almost three times as big as that for [Ru(SnCl3) (h5-
C5H5)L] (2a), which produces a much larger destabilization of the
two former complexes. In [RuCl(h5-C5Me5)L] (1b), the large
distortion energy of the [RuCl(h5-C5Me5)] moiety is mainly due to
the distortion of the RueCl bond. In the equilibrium geometry of
the fragment, this bond is collinear with the axis defined by the
apothem of the h5-C5Me5 and the ruthenium atom, but in the
complex 1b it is placed forming an angle of around 61� with this
axis. This effect, combined with a rotation of the RueCl bond
around the symmetry axis, is responsible for the large distortion
energy in [RuCl(h5-C9H7)L] (1c).

When a comparison of the total energies is performed, we can
establish the following correlation of ligands regarding the stability
of the RueP interactions, from less stable RueP bonds to more
stable bonds: h5-C5Me5< h5-C5H5z h5-C9H7 and [Cl]- «
[SnH3]-< [SnCl3]-. Thus, the relatively low stabilization of the RueP
interactions in the complex [RuCl(h5-C5Me5)L] (1b) is the combi-
nation of several effects: a1) the lower stabilization effect of the h5-
C5Me5 with respect to h5-C9H7 and h5-C5H5; a2) the lower stabi-
lization effect of the chloride ligand with respect to the stannyl li-
gands; b1) the lower distortion energy of h5-C9H7 and h5-C5H5
regarding h5-C5Me5; b2) the lower distortion energy of the stannyl
ligands regarding the chloride ligand. The energy results suggest
that less polarized RueP bonds together with large distortions will
nits) and NBO energies (eV) and populations (atomic units) for compounds 1e3.

2 b 2c 3a 3 b 3c

2.363 2.299 2.286 2.310 2.267
2.372 2.343 2.288 2.313 2.300
0.79 0.86 0.89 0.85 0.90
0.79 0.80 0.88 0.85 0.84
�1.16 �1.15 �1.27 �1.14 �1.11
1.54 1.62 1.60 1.55 1.62
1.53 1.55 1.60 1.55 1.56
�12.70 �12.21 �12.13 �12.78 �12.00
�12.77 �12.33 �12.92 �12.55 �13.03
1.92 1.90 1.85 1.92 1.90
1.92 1.88 1.82 1.92 1.84
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produce lower stabilizations. As has also been pointed out above,
the inclusion of the BSSE in the total energies will not change the
outcome of the discussion.

3. Conclusions

In this work, we reported that cyclopentadienyl, pentam-
ethylcyclopentadienyl and indenyl ligands in fragment [RuCp'L]
(L¼ phosphinite) can stabilize trichlorostannyl ([Ru]eSnCl3), tri-
hydridostannyl ([Ru]eSnH3) and organostannyl derivatives ([Ru]-
SnMe3) and ([Ru]-Sn(C≡CPh)3).

The calculated NPA charges reveal highly polarized RueP bonds.
The substitution of the chlorine by a [SnCl3]- or a [SnH3]- moiety
increases the negative charge on the ruthenium atom. The influ-
ence of the ligands on the RueP interactions was further evaluated
bymeans of a distortion/interaction analysis. The DEint values show
that the stabilization trends are h5-C5Me5< h5-C5H5z h5-C9H7
and [Cl]- « [SnH3]-< [SnCl3]-.

4. Experimental section

4.1. General considerations

All experiments were carried out under an atmosphere of argon
by Schlenk techniques. Solvents were dried by the usual procedures
[14] and, prior use, distilled under argon. The starting materials
[RuCl(h5-C5H5) (PPh3)2] [15], [RuCl(h5-C5Me5) (PPh3)2] [16] and
[RuCl(h5-C9H7) (PPh3)3] [17] were prepared as described in the
literature. All reagents were obtained from commercial sources.
NMR spectra were recorded at room temperature on Bruker ARX-
400, Bruker DPX-600 instrument, with resonating frequencies
400MHz (1H), 161MHz (31P{1H}), 100MHz (13C{1H}), and 223MHz
(119Sn and 119Sn{1H}) using the solvents as the internal lock. 1H and
13C{1H} signals are referred to internal TMS, those of 31P{1H} to 85%
H3PO4 and 119Sn shifts with respect to Sn(CH3)4; downfield shifts
(expressed in ppm) are considered positive. 1H and 13C{1H} NMR
signal assignments were confirmed by {1H, 1H} COSY, {1H, 13C}
HSQC and DEPTexperiments. Coupling constants are given in hertz.
Infrared spectra were run on a Jasco FT/IR (ATR) spectrometer. C, H
analyses were carried out with a Carlo Erba 1108 analyzer. Optical
rotation values were recorded on a Jasco P-2000 polarimeter.

4.2. Preparation of Ph2POCHPhCHPhOPPh2 (L).7

A round-bottom flask was charged with a mixture of (R,R)-
(þ)-hydrobenzoin (1.00 g, 4.71 mmol) and 10 mL of THF. The so-
lution was cooled to 0 �C and 3.8 mL of nBuLi (9.42mmol, 2.5M
solution in hexane) were added dropwise. Then, 1.8mL of Ph2PCl
(9.42mmol) were slowly added. The reaction mixture was allowed
to reach room temperature, filtered with a cannula, and the filtrate
was concentrated under reduced pressure to produce a white oil.
The oil obtained was stirred with ethanol (20mL) resulting in a
white solid which was filtered, washed with ethanol (10mL) and
dried under reduced pressure.

Yield: 56%. Anal. Calc for C38H32O2P2 (582.62): C, 78.34; H, 5.54.
Found: C, 78.68; H, 5.23.1H NMR (CHCl3-d1, 25 �C) d: 7.80e6.85 (m,
30H, Ph), 5.08 (m, 2H, CH L) ppm. 31P{1H} NMR (CHCl3-d1, 25 �C) d:
109.7 (s) ppm. [a]D27: 25.7 (c 0.06, CHCl3).

4.3. Synthesis of complexes

4.3.1. [RuCl(Cp')L] [Cp'¼ h5-C5H5 (1a), h5-C5Me5 (1b), h5-C9H7

(1c)]
An excess of Ph2POCHPhCHPhOPPh2 (L) (0.70mmol) was added

to a solution of [(RuCl(Cp’) (PPh3)2] (0.64mmol) in toluene
(30e40mL). The reaction mixture was refluxed for 3 h and allowed
to cool to room temperature. The solvent was removed under
vacuum, and the residue was treated with ethanol (3mL), affording
products that yellow (1a, 1b) or red-orange (1c) that were filtered
and crystallized from CH2Cl2 and ethanol (2:5).

(1a) Yield: 79%. Anal. Calc. for C43H37ClO2P2Ru (784.24): C,
65.86; H, 4.76. Found: C, 65.92; H, 4.65.1H NMR (CH2Cl2-d2 (25 �C) d:
7.70e6.70 (m, 30H, Ph), 6.03 (dd, 3JH-H¼ 7.6 Hz, 3JH-P¼ 14.2 Hz, 1H,
CH L), 5.16 (cdd, 3JH-H¼ 7.6 Hz, 1H, CH L), 4.51 (s, 5H, C5H5) ppm. 31P
{1H} NMR (CH2Cl2-d2, 25 �C) d: AB system, dA 158.5, dB 153.1
(2JAB¼ 77.1 Hz) ppm. [a]D23: 120.2 (c 0.20, C6H6).

(1b) Yield: 70%. Anal. Calc. for C48H47ClO2P2Ru (854.17): C, 67.43;
H, 5.55. Found: C, 67.76; H, 5.42.1H NMR (CH2Cl2-d2, 25 �C) d:
7.75e6.45 (m, 30H, Ph), 5.78 (dd, 3JH-P¼ 13.4 Hz, 3JH-H¼ 7.9 Hz, 1H,
CH L), 4.98 (dd, 3JH-H¼ 7.9 Hz, 3JH-P¼ 2.8 Hz, 1H, CH L), 1.23 (s, 15H,
C5Me5) ppm. 31P{1H} NMR (CH2Cl2-d2, 25 �C) d: AB system, dA 160.4,
dB 156.6 (2JAB¼ 73.8 Hz) ppm. [a]D27: �40.3 (c 0.19, CHCl3).

(1c) Yield: 78% Anal. Calc. for C47H39ClO2P2Ru (834.30): C, 67.66;
H, 4.71. Found: C, 67.32; H, 4.80.1H NMR (400MHz, CH2Cl2-d2,
25 �C): d 7.86e6.47 (m, 30H, Ph, C9H7), 5.91 (dd, 3JH-P¼ 13.1 Hz, 3JH-
H¼ 8.2 Hz, CH L), 5.15 (m, 1H, CH L), 4.68 (m, 1H, H2, C9H7), 4.21 (s,
1H, H1,3, C9H7), 4.10 (s, 1H, H1,3, C9H7). 31P{1H} NMR (161MHz,
CH2Cl2-d2, 25 �C) d: AB system, dA 160.5, dB 157.5 (2JAB¼ 72Hz). 13C
{1H} NMR (CH2Cl2-d2, 25 �C) d: 146.9e127.4 (m, Ph þ C5-8 C9H7),
117.5 (d, 2JC-P¼ 5.1 Hz, C4,9 C9H7), 109.2 (d, 2JC-P¼ 7.3 Hz, C4,9 C9H7),
89.3 (s, C2 C9H7), 85.2 (dd, 2JC-P¼ 8.7 Hz, 3JC-P¼ 1.8 Hz, CH L), 80.8
(d, 2JC-P¼ 2.4 Hz, C1,3 C9H7), 70.4 (d, 2JC-P¼ 14.2 Hz, CH L), 64.8 (s,
C1,3 C9H7) ppm. [a]D27: �141.1 (c 0.08, CHCl3).

4.3.2. Preparation of [Ru(SnCl3) (Cp')L] [Cp'¼ h5-C5H5 (2a), h5-
C5Me5 (2b), h5-C9H7 (2c)]

A Schlenk tube was charged with 0.25mmol of [RuCl(Cp')L] (1a-
c) and SnCl2.2H2O (0.95mmol) in 20mL of ethanol. The reaction
mixture was refluxed for 2 h and then the solvent was removed
under reduce pressure to give a residue was treated with hexane
(2mL), affording products that yellow (2a, 2b) or orange (2c) that
were filtered and washed with hexane and dried under vacuum.

(2a) Yield: 58%. Anal. Calc. for C43H37Cl3O2P2RuSn (973.83): C,
53.04; H, 3.83. Found: C, 52.89; H, 3.92.1H NMR (CH2Cl2-d2, 25 �C):
d 7.78e6.85 (m, 30H, Ph), 5.93 (dd, 3JH-H¼ 8.0 Hz, 3JH-P¼ 11.6 Hz,
1H, CH L), 5.02 (cdd, 3JH-H¼ 3JH-P¼ 8.0 Hz, 1H, CH L), 4.87 (s, 5H,
C5H5) ppm. 31P{1H} NMR (CH2Cl2-d2, 25 �C): d AB, dA 159.7
(2JP-119Snz 468Hz, 2JP-117Snz 448 Hz), dB 158.7 (2JP-119Snz 444Hz,
2JP-117Snz 423 Hz) (2JAB¼ 54.5 Hz) ppm. 119Sn{1H} NMR (CH2Cl2-d2,
25 �C): d �7.4 (cdd, 2JSn-Pz 458 Hz). [a]D27: 125.6 (c 0.20, CH2Cl2).

(2b) Yield: 56%. Anal. Calc. for C48H47Cl3O2P2RuSn (1044.01): C,
55.17; H, 4.54. Found: C, 55.10; H, 4.55%. 1H NMR (CH2Cl2-d2, 25 �C):
d 7.82e6.70 (m, 30H, Ph), 5.94 (dd, 3JH-P¼ 11.8 Hz, 3JH-H¼ 7.8 Hz,1H,
CH L), 4.77 (dd, 3JH-P¼ 9.5 Hz, 3JH-H¼ 7.8 Hz, 1H, CH L), 1.41 (s, 15H,
C5Me5) ppm. 31P{1H} NMR (CH2Cl2-d2, 25 �C): d 170.5 (d,
2JPP¼ 55.1 Hz, 2JP-119Snz 427 Hz, 2JP-117Snz 406 Hz), 156.5 (d,
2JPP¼ 55.1 Hz, 2JP-119Snz 422Hz, 2JP-117Snz 403Hz) ppm. 13C{1H}
NMR (CH2Cl2-d2, 25 �C): d 144.3e127.3(Ph), 94.8 (s, C5Me5), 85.9 (d,
2JC-P¼ 8.7 Hz, CH L), 83.2 (d, 2JC-P¼ 6.6 Hz, CH L), 10.1 (s, C5Me5)
ppm. 119Sn{1H} NMR (CH2Cl2-d2, 25 �C): d �20.3 (cdd, 2JSn-
Pz 421 Hz) ppm. [a]D27: 27.3 (c 0.20, CHCl3).

(2c) Yield: 50%. Anal. Calc. for C47H39Cl3O2P2RuSn (1023.95): C,
55.08; H, 3.84. Found: C, 55.06; H, 3.90%. 1H NMR (CH2Cl2-d2,
25 �C): d 8.30e6.15 (34H, Ph þ H5-7 C9H7), 5.68 (dd, 3JH-P¼ 12.1 Hz,
3JH-H¼ 8.1 Hz,1H, CH L), 5.22 (br d, 3JH-H¼ 2.5 Hz,1H, H2 C9H7), 5.07
(br s,1H, H1,3 C9H7), 4.94 (dd, 3JH-P¼ 9.2 Hz, 3JH-H¼ 8.1 Hz,1H, CH L),
4.59 (br s, 1H, H1,3 C9H7) ppm. 13C{1H} NMR (CH2Cl2-d2, 25 �C):
d 146.2e124.1 (Ph þ C5-8 C9H7), 110.0 (d, 2JC-P¼ 2.7 Hz, C4,9 C9H7),
104.2 (d, 2JC-P¼ 3.7 Hz, C4,9 C9H7), 88.7 (br s, C2 C9H7), 86.7 (dd, 2JC-
P¼ 9.8 Hz, 3JC-P¼ 1.1 Hz, CH L), 82.7 (br d, 2JC-P¼ 5.7 Hz, CH L), 73.5
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(s, C1,3 C9H7), 69.2 (br d, 2JC-P¼ 6.5 Hz, C1,3 C9H7) ppm. 31P{1H} NMR
(CH2Cl2-d2, 25 �C) d: 163.6 (d, 2JPP¼ 50.8 Hz, 2JPe119Sn¼ 428.0 Hz,
2JPe117Sn¼ 416.3 Hz), 159.1 (d, 2JPP¼ 50.8, 2JPe119Sn¼ 363.1 Hz,
2JPe117Sn¼ 349.1 Hz) ppm. 119Sn{1H} NMR (CH2Cl2-d2, 25 �C): d �36.7
(dd, 2JSn-P¼ 430.8 Hz, 2JSn-P¼ 365.2 Hz) ppm. [a]D27: �170.6 (c 0.19,
CHCl3).

4.3.3. [Ru(SnH3) (Cp')L][Cp'¼ h5-C5H5 (3a), h5-C5Me5 (3b), h5-C9H7

(3c)]
An excess of NaBH4 (1.00mmol) in 20mL of ethanol was added

to a suspension of [Ru(SnCl3) (Cp’)L] (2a-c) (0.05mmol) in ethanol.
The reaction mixture was stirred at room temperature for 1 h and
then the solvent was removed under vacuum giving a yellow solid.
The complex was extracted from this solid with 15mL of toluene
using a celite® column for filtration. Extracts were evaporated to
dryness to give an orange oil that was treated with ethanol (3mL)
giving a yellow product that was filtered out and dried under
vacuum.

(3a) Yield: 52%. Anal. Calc. for C43H40O2P2RuSn (870.50): C,
59.33; H, 4.63. Found: C, 59.70; H, 5.01%. FT-IR (ATR): nSn-H 1730
(m) cm�1 1H NMR (C6H6-d6, 25 �C); d 8.00e6.70 (m, 30H, Ph), 6.24
(dd, 3JH-P¼ 11.6 Hz, 3JH-H¼ 8.4 Hz, 1H, CH L), 5.32 (cdd, 3JH-P¼ 3JH-
H¼ 8.4 Hz,1H, CH L), 4.60 (br s, 5H, C5H5), 4.28 (s, JH-119Sn¼ 1262.1 Hz,
JH-117Sn¼ 1206.1 Hz, 3H, SnH3) ppm. 31P{1H} NMR (C6H6-d6, 25 �C) d:
AB system, dA 163.7, (2JP-119Snz 289 Hz, 2JP-117Snz 277Hz), dB 160.1
(2JP-119Snz 297 Hz, 2JP-117Snz 285 Hz) (2JAB¼ 62.0 Hz) ppm. 119Sn
{1H} NMR (C6H6-d6, 25 �C) d: ABMX3 system dM¼�323.2 ppm
[a]D27: 144.8 (c 0.20, C6H6).

(3b) Yield: 57%. Anal. Calc. for C48H50O2P2RuSn (942.13): C,
61.14; H, 5.35. Found: C, 61.62; H, 5.60%. FT-IR (ATR): nSn-H 1698
(m) cm�1.1H NMR (C6H6-d6, 25 �C): d 8.12e6.45 (m, 30H, Ph), 6.08
(dd, 3JH-P¼ 12.4 Hz, 3JH-H¼ 7.9 Hz, 1H, CH L), 5.16 (dd, 3JH-H¼ 7.9 Hz,
3JH-P¼ 6.4 Hz, 1H, CH L), 4.45 (s, JH-119Sn¼ 1204.0 Hz,
JH-117Sn¼ 1152.1 Hz, 3H, SnH3), 1.43 (br s, 15H, C5Me5) ppm. 31P{1H}
NMR (C6H6-d6, 25 �C) d: AB system, dA 165.7, dB 163.8
(2JAB¼ 60.2 Hz) ppm. [a]D27: �58.5 (c 0.20, Toluene).

(3c) Yield: 66%. Anal. Calc. for C47H42O2P2RuSn (922.07): C,
61.17; H, 4.59. Found: C, 59.41; H, 4.45%. FT-IR (ATR): nSn-H 1738
(m) cm�1.1H NMR (C6H6-d6, 25 �C): d 8.20e6.25 (m, 34H, Ph þ H5-7
C9H7), 5.85 (dd, 3JH-P¼ 12.2 Hz, 3JH-H¼ 8.0 Hz, 1H, CH L), 5.21 (t, 3JH-
H¼ 2.6 Hz, 1H, H2 C9H7), 5.04 (cdd, 3JH-P¼ 3JH-H¼ 7.2 Hz, 1H, CH L),
4.70 (s, 1H, H1,3 C9H7), 4.60 (s, 1H, H1,3 C9H7), 4.09 (s,
JH-119Sn¼ 1316 Hz, JH-117Sn¼ 1256 Hz, 3H, SnH3) ppm. 31P{1H} NMR
(C6H6-d6, 25 �C) d: AB system, dA 165.3 (2JP-119Snz 266.0 Hz,
2JP-117Snz 256.0 Hz), dB 163.8 (2JP-119Snz 288.0 Hz, 2JP-117Snz 276.0 Hz)
(2JAB¼ 55.9 Hz) ppm. [a]D27: �123.3 (c 0.20, C6H6).

4.3.4. [Ru(SnMe3) (Cp')L][Cp'¼ h5-C5H5 (4a), h5-C5Me5 (4b), h5-
C9H7 (4c)]

An excess of MgBrMe (0.60mmol, 0.2mL of 3M solution in
diethyl ether) was added to a suspension of 0.10mmol of the cor-
responding trichlorostannyl complexes [Ru(SnCl3) (Cp’)L] (2a-c) in
20mL of diethyl ether cooled to �196 �C. The reaction mixture was
allowed to reach room temperature and stirred for 6 h. The solvent
was removed under vacuum, and the brown residue was dissolved
in toluene (10mL) and filtered through celite®. The solvent was
removed under vacuum, and the brown residue was treated with
ethanol (2mL), affording a yellow product that was filtered, washed
with ethanol (2� 3mL) and dried under reduced pressure.

(4a) Yield: 52%. Anal. Calc. for C46H46O2P2RuSn (912.58): C,
60.54; H, 5.08. Found: C, 60.72; H, 5.19%. 1H NMR (C6H6-d6, 25 �C) d:
8.10e6.80 (m, 30H, Ph), 5.72 (dd, 3JH-P¼ 13.2 Hz, 3JH-H¼ 9.2 Hz, 1H,
CH L), 5.19 (cdd, 3JH-P¼ 3JH-H¼ 9.2 Hz, 1H, CH L), 4.70 (s, 5H, C5H5),
0.63 (s, 2JH-119Sn¼ 35.2 Hz, 9H, SnMe3) ppm. 31P{1H} NMR (C6H6-d6,
25 �C) d: AB system, dA 164.5, dB 163.7 (2JAB¼ 58.3 Hz) ppm.13C{1H}
NMR (C6H6-d6, 25 �C) d: 151.1e127.4 (Ph), 85.4 (br t, 2JC-P¼ 3.0 Hz,
CH L), 82.8 (s, CH L), 82.4 (s, C5H5), �1.4 (s, JSn-C¼ 80.6 Hz, SnMe3)
ppm. 119Sn{1H} NMR (C6H6-d6, 25 �C) d: 23.6 (cdd,
2J119SnePz 260 Hz) ppm. [a]D24: �60.1 (c 0.10, Toluene).

(4b) Yield: 65%. Anal. Calc. for C51H56O2P2RuSn (982.71): C,
62.33; H, 5.74. Found: C: 62.55; H: 5.80%. 1H NMR (C6H6-d6, 25 �C):
d 7.85e6.68 (m, 30H, Ph), 5.90 (dd, 3JH-P¼ 11.2 Hz, 3JH-H¼ 7.9 Hz,1H,
CH L), 4.98 (dd, 3JH-P¼ 9.7 Hz, 3JH-H¼ 7.9 Hz, 1H, CH L), 1.40 (s, 15H,
C5Me5), 0.30 (s, 2JH-119Snz 17 Hz, 9H, SnMe3) ppm. 31P{1H} NMR
(C6H6-d6, 25 �C) d: 172.2 (d, 2JPP¼ 59.7 Hz, 2JP-119Sn¼ 293.5 Hz,
2JP-117Sn¼ 277.2 Hz), 160.0 (d, 2JPP¼ 59.7 Hz, 2JP-119Sn¼ 293.8 Hz, 2JP-
117Sn¼ 282.5 Hz) ppm. 13C{1H} NMR (C6H6-d6, 25 �C): d 147.1e127.3
(Ph), 93.7 (s, C5Me5), 85.4 (d, 2JC-P¼ 10.1 Hz, CH L), 83.3 (d, 2JC-
P¼ 6.1 Hz, CH L),10.4 (s, C5Me5), 1.4 (s, JC-119Sn¼ 37.2 Hz, SnMe3) ppm.
119Sn NMR (C6H6-d6, 25 �C): d 304.5 (cdd, 2J119SnePz 292 Hz) ppm.
[a]D24: 163.8 (c 0.20, Toluene).

(4c) Yield: 55%. Anal. Calc. for: C50H48O2P2RuSn (962.64): C,
62.39; H, 5.03%. Found: C, 62.44; H, 5.20%. 1H NMR (CH2Cl2-d2,
25 �C) d: 7.70e6.20 (m, 34H, Ph þ H5-7 ind.), 5.71 (s, 1H, H2 C9H7),
5.05 (s, 1H, H1,3 C9H7), 5.01 (dd, 3JH-P¼ 10.7 Hz, 3JH-H¼ 7.8 Hz, 1H,
CH L), 4.64 (s, 1H, H1,3 C9H7), 4.40 (dd, 3JH-P¼ 10.5 Hz, 3JH-H¼ 7.8 Hz,
1H, CH L), �0.09 (s, 2JH-119Sn¼ 62.8 Hz, 2JH-117Sn¼ 19.04 Hz, 9H, CH3)
ppm. 31P{1H} NMR (CH2Cl2-d2, 25 �C) d: AB system, dA 168.0
(2JP-119Sn¼ 290.0 Hz, 2JP-117Sn¼ 276.1 Hz), dB 166.1 (2JP-119Sn¼ 207.0 Hz,
2JP-117Sn¼ 199.2 Hz) (2JAB¼ 56.5 Hz) ppm. 13C{1H} NMR (CH2Cl2-d2,
25 �C): d 149.8e120.5 (Ph þ C5-8 C9H7), 113.1 (br s, C4,9 C9H7), 106.4
(br s, C4,9 C9H7), 91.5 (d, 2JC-P¼ 4.3 Hz, C2 C9H7), 84.8 (d, 2JC-
P¼ 9.3 Hz, CH L), 83.1 (d, 2JC-P¼ 6.6 Hz, CH L), 70.7 (d, 2JC-P¼ 9.8 Hz,
C1,3 C9H7), 67.3 (d, 2JC-P¼ 10.6 Hz, C1,3 C9H7),�2.0 (s, JC-119Sn¼ 91.1 Hz,
CH3) ppm. 119Sn{1H} NMR (CH2Cl2-d2, 25 �C) d: ABM system
(M¼ 119Sn) 48.6 (2JMA¼ 290.0 Hz, 2JMB¼ 207.0 Hz) ppm. [a]D27:
646.9 (c 0.23, CHCl3).

4.3.5. [Ru{Sn(C≡CPh)3}(Cp')L][Cp'¼ h5-C5H5 (5a), h5-C5Me5 (5b),
h5-C9H7 (5c)]

An excess of lithium phenylacetylide (1.70mmol, 1.70mL of a
1M THF solution) was added to a suspension of 0.17mmol of the
corresponding trichlorostannyl complexes [Ru(SnCl3) (Cp’)L] (2a-c)
in 15mL diethyl ether cooled to �196 �C. The mixture was warmed
to room temperature and stirred for 3 h. The solvent was removed
under vacuum, and the yellow residue was dissolved in toluene
(20mL) and filtered through celite®. The solvent was removed
under vacuum affording an oil that was treatedwith ethanol (3mL).
The yellow solid obtained was filtered, washed with ethanol
(2� 3mL) and dried under vacuum.

(5a) Yield: 65%. Anal. Calc. for C67H52O2P2RuSn (1172.15): C,
68.59; H, 4.47. Found: C: 69.01; H: 4.52%. FT-IR (ATR): nC≡C 2124
(m) cm�1.1H NMR (CH2Cl2-d2, 25 �C): d 7.62e6.48 (m, 45H, Ph), 6.01
(dd, 3JH-P¼ 11.6 Hz, 3JH-H¼ 8.2 Hz, 1H, CH L), 4.93 (cdd, 3JH-P¼ 3JH-
H¼ 7.9 Hz, 1H, CH L), 4.82 (s, 5H, C5H5) ppm. 31P{1H} NMR (CH2Cl2-
d2, 25 �C): d AB, dA 162.7, dB 161.0, 2JAB¼ 59.0 Hz ppm 13C{1H} NMR
(CH2Cl2-d2, 25 �C): d 148.9e125.4 (Ph), 107.5 (s, Cb acetylide), 100.7
(s, Ca acetylide), 85.6 (d, 2JC-P¼ 9.1 Hz, CH L), 83.6 (s, C5H5), 82.9 (d,
2JC-P¼ 5.2 Hz, CH L) ppm. 119Sn{1H} NMR (CH2Cl2-d2, 25 �C):
d �248.5 (cdd, 2JSn-Pz 380 Hz) ppm. [a]D27: 245.4 (c 0.20, CHCl3).

(5b) Yield: 60%. Anal. Calc. for C72H62O2P2RuSn (1240.19): C,
69.69; H, 5.04. Found: C, 70.01; H, 5.01%. FT-IR (ATR): nC≡C 2127
(m) cm�1.1H NMR (CH2Cl2-d2, 25 �C): d 7.81e6.35 (m, 45H, Ph), 5.99
(dd, 3JH-P¼ 11.0 Hz, 3JH-H¼ 8.5 Hz, 1H, CH L), 4.72 (cdd, 3JH-P¼ 3JH-
H¼ 8.5 Hz, 1H, CH L), 1.54 (s, 15H, C5Me5) ppm. 31P{1H} NMR
(CH2Cl2-d2, 25 �C) d: AB, dA 172.8 (2JP-119Sn¼ 369.6 Hz,
2JP-117Sn¼ 351.1 Hz), dB 157.0 (2JP-119Sn¼ 395.7 Hz, 2JP-117Sn¼ 378.6 Hz),
2JAB¼ 58.4 Hz ppm 13C{1H} NMR (CH2Cl2-d2, 25 �C): d 146.4e125.7
(Ph), 107.2 (s, Cb acetylide), 103.3 (s, Ca acetylide), 93.1 (s, C5Me5),
85.0 (d, 2JC-P¼ 10.0 Hz, CH L), 83.2 (d, 2JC-P¼ 6.4 Hz, CH L), 9.92 (s,



Table 5
Crystal data and structure refinement details for the 1b, 2b and 2c compounds.

1 b 2 b$2CHCl3 2c$CHCl3

Empirical formula C48H47ClO2P2Ru C50H49Cl9O2P2RuSn C48H40Cl6O2P2RuSn
Formula weight 854.32 1282.64 1143.20
Temperature (K) 293 (2) 293 (2) 100 (2)
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Monoclinic Tetragonal Orthorhombic
Space group Unit cell dimensions P21 P41 P212121
a (Å) 17.28 (2) 15.3139 (5) 13.3511 (5)
b (Å) 11.666 (14) 15.3139 (5) 18.2904 (8)
c (Å) 20.74 (3) 23.1267 (10) 19.3411 (7)
b 102.21 (3)� 90� 90�

Volume (Å3) 4086 (9) 5423.6 (3) 4723.0 (3)
Z 4 4 4
Density (calculated) (Mg/m3) 1.389 1.571 1.608
Absorption coefficient (mm�1) 0.566 1.279 1.294
F (000) 1768 2568 2280
Crystal size (mm) 0.21� 0.09� 0.06 0.18� 0.11� 0.09 0.28� 0.07� 0.06
q range for data collection (�) 2.24e26.47 2.58e28.32 2.38e28.33
Index ranges �21� h� 19 �15� h� 19 �17� h� 17

�14� k� 14 �20� k� 13 �24� k� 23
�25� l� 25 �30� l� 30 �25� l� 25

Reflections collected 57446 43324 42456
Independent reflections 16732 [R (int)¼ 0.0446] 13359 [R (int)¼ 0.0400] 11711 [R (int)¼ 0.0347]
Data completeness 0.995 0.999 0.996
Abs. Correc. Semi-empirical from equivalents Semi-empirical from equivalents Semi-empirical from equivalents
Max. and min. transmission 0.7454 and 0.5166 0.7457 and 0.6182 0.9229 and 0.7093
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data/restraints/parameters 16732/1/960 13359/1/591 11711/0/541
Goodness-of-fit on F2 0.686 1.022 1.033
Final R indices [I> 2s(I)] R1¼ 0.0319 R1¼ 0.0399 R1¼ 0.0277

wR2¼ 0.0889 wR2¼ 0.0776 wR2¼ 0.0536
R indices (all data) R1¼ 0.0378 R1¼ 0.0520 R1¼ 0.0333

wR2¼ 0.0963 wR2¼ 0.0831 wR2¼ 0.0555
Absolute structure parameter 0.027 (15) �0.030 (16) �0.022 (13)
Largest diff. peak and hole, e.Å�3 0.588 and �0.965 1.105 and �1.142 0.630 and �0.590
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C5Me5) ppm. 119Sn{1H} NMR (CH2Cl2-d2, 25 �C): d �233.2 (dd,
2J119Sn-PA¼369.6 Hz, 2J119Sn-PB¼395.0 Hz) ppm. [a]D27: 134.5 (c 0.12,
CHCl3).

(5c) Yield: 70%. Anal. Calc. for C71H54O2P2RuSn (1220.92): C,
69.85; H, 4.46. Found: C, 70.32; H, 4.21%. FT-IR (ATR): nC≡C 2125
(m) cm�1.1H NMR (CH2Cl2-d2, 25 �C) d: 7.51e6.21 (m, 49H, PhþH5-7
C9H7), 5.86 (s, 1H, H2 C9H7), 5.72 (dd, 3JH-P¼ 11.4 Hz, 3JH-H¼ 8.0 Hz,
1H, CH L), 5.06 (s, 1H, H1,3 C9H7), 5.03 (s, 1H, H1,3 C9H7), 4.63 (cdd,
3JH-P¼ 3JH-H¼ 8.0 Hz, 1H, CH L) ppm. 31P{1H} NMR (CH2Cl2-d2,
25 �C): d AB, dA 166.6 (2JP-119Sn¼ 409.0 Hz, 2JP-117Sn¼ 392.0 Hz), dB 162.7
(2JP-119Sn¼ 343.0 Hz, 2JP-117Sn¼ 331.0 Hz) (2JAB¼ 52.8 Hz) ppm. 13C{1H}
NMR (CH2Cl2-d2, 25 �C): d 148.3e122.5 (Ph þ C5-8 C9H7), 109.0 (s,
C4,9 C9H7), 107.2 (s, Cb acetylide, JC-119Sn¼ 51.3 Hz),105.2 (s, C4,9 C9H7),
99.6 (s, Ca acetylide, JC-119Sn¼ 258.9 Hz), 92.7 (d, 2JC-P¼ 3.4 Hz, C2
C9H7), 85.4 (d, 2JC-P¼ 9.5 Hz, CH L), 83.0 (d, 2JC-P¼ 6.0 Hz, CH L), 71.2
(d, 2JC-P¼ 5.8 Hz, C1,3 C9H7), 69.7 (d, 2JC-P¼ 6.8 Hz, C1,3 C9H7) ppm.
119Sn{1H} NMR (CH2Cl2-d2, 25 �C): d �267.0 (dd, 2J119Sn-
PA¼ 409.0 Hz, 2J119Sn-PB¼ 343.0 Hz) ppm. [a]D27: 425.5 (c 0.19,
CHCl3).
4.3.6. Crystal structure determination of [RuCl(h5-C5Me5)L] (1b),
[Ru(SnCl3) (h

5-C5Me5)L] (2b), and [Ru(SnCl3) (h
5-C9H7)L] (2c)]

Crystallographic data were collected on Bruker D8 Venture
diffractometer at CACTI (Universidade de Vigo) with graphite
monochromated Mo Ka radiation (l¼ 0.71073Å) and were cor-
rected for Lorentz and polarization effects. APEX 3 software was
used for collecting data frames, indexing reflections, and deter-
mining lattice parameters, SAINT [18] for integration of intensity of
reflections and scaling, and SADABS [19] for empirical absorption
correction. The crystallographic treatment of the compounds 1b, 2b
and 2c was performed with the SHELXL97 program [20]. The
structures were solved by direct methods and refine by a full-
matrix-least-squares based of F2. Non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen
atoms were included in idealized positions and refined with
isotropic displacement parameters. Details of crystal data and
structural refinement are given in Table 5.

4.4. Computational details

DFT calculations were carried out with the Gaussian09 package
[21]. X-Ray geometries were taken as starting points to perform
DFToptimizations at the B3LYP/cc-pVDZ level. Heavy atoms, Ru and
Sn, were described using the cc-pVDZ-PP basis set, which includes
small-core relativistic pseudopotentials that account also for rela-
tivistic effects [9] Analytical vibrational frequency calculationswere
carried out to establish the minimum nature of each conformation.
Later, NBO analysis [10] and calculation of Wiberg bond indices [11]
were performed at the B3LYP6/cc-pVDZ (ePP) level.
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