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ABSTRACT: We describe herein the synthesis of a germylene-p-sulfoxide ligand 1 and its abilities in coordination chemistry.
Treatment of 1 with metal complexes [W(cod)(CO),], [Mo(nbd)(CO),] and [Ni(cod),] afforded the corresponding (1)-chelated
metal complexes (1)-W(CO), 2a, (1)-Mo(CO), 2b, and (1)-Ni(cod) 4a clearly showing a bidentate ligation of the metal by the
Ge(ll) and the sulfur centers. Coordination with [Ru(PPh;);Cl,] afforded an unprecedented bridged bis-ruthenium complex 3b. In
the case of (1)-Ni(cod) complex 4a, the hemilability of bidentate ligand 1 was demonstrated by the sulfoxide substitution by a CO

ligand.

INTRODUCTION

Since the first description of hemilabile ligands by Jeffrey,"
those heteroditopic structures featuring a combination of
strong and weak donor groups have become essential tools in
transition-metal catalysis.” On the other hand, the investigation
of transition-metal germylene complexes has attracted consid-
erable interest over the past few decades.® Thus, it has been
demonstrated that germylene ligands exhibit relatively high
binding energies to transition metals and are very strong do-
nors.*" Particularly, amidinategermylenes are currently very
well-known germanium(ll) species and their use as ligands in
transition-metals complexes has already been extensively
studied.>™" However, the use of transition-metal germylenes
complexes in catalysis remains sporadic, with only a few
recent reports in reduction, hydrocyanation of ketones, or
Sonogashira cross-coupling reaction (Figure 1).*
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Figure 1. Examples of transition-metal germylenes used in

catalysis.

In this context, we have recently reported the synthesis of
germylene-a-sulfoxide as potential hemilabile ligands and the
characterization of the corresponding W(0)-, Mo(0)- and
Ru(I1)-complexes (Figure 2).°
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Figure 2. Mo(0)-, W(0)- and Ru(ll)-complexes incorporat-
ing germylene-a-sulfoxide ligands

From these preliminary results, we envisioned to modulate
their coordination properties by the skeleton design. Herein,
we report the synthesis of a germylene-B-sulfoxide ligand 1,
and its bridging capability as bidentate ligand towards transi-
tion metal complexes. Furthermore, the hemilabile nature of
this bidentate ligand will be explored in the case of the corre-
sponding Ni(0)-complex.

RESULTS AND DISCUSSION

Germylene-B-sulfoxide ligand 1 was prepared by reaction of
[iPrNC(tBu)NiPr]GeCl with sulfinyl carbanion. The choice of
sulfoxide moiety was focused on the use of tert-butyl-p-tolyl-
sulfoxide, allowing a directed ortho-metalation. The
B—Sulfinyl carbanion, prepared by deprotonation of tert-butyl-
p-tolyl-sulfoxide with n-BuLi at -80 °C in toluene solution,
was added to one equivalent of [iPrNC(tBu)NiPr]GeCl, lead-
ing to B-Sulfinyl germylene 1 as an air-sensitive oil in 82%
yield (Scheme 1).
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Scheme 1. Synthesis of B-sulfinyl germylene 1.

In the solid state, at -24 °C and under inert conditions, 1 is
perfectly stable, but all attempts to grow single crystals failed.
Ligand 1 has been fully characterized by NMR spectroscopy,
and the "H NMR spectrum exhibits a characteristic singlet at
7.65 ppm corresponding to the hydrogen in ortho-position
relative to germylene moiety. Moreover, due to the presence
of stereogenic sulfoxide center, CH; substituents of iPr groups
appear as four doublets at 0.66, 0.92, 1.09 and 1.23 ppm, (3Juy
= 6.3 Hz) and two different septuplets at 3.97 and 4.10 ppm
(3Jun = 6.3 Hz) were observed for both CH-protons. The **C
NMR spectrum exhibits a characteristic signal at 138.8 ppm
for the quaternary aromatic carbon atom bonded to Ge(ll)
center. Again, the chiral sulfoxide fragment induces the loss of
symmetry of iPr groups showing two different signals at 47.3
and 47.4 ppm for the CH and four singlets for the CH; (24.2,
24.4,27.5 and 27.7 ppm).

The coordination ability of this new B-sulfinyl germylene
ligand 1 towards transition metals was investigated with
[W(cod)(CO),4] (cod = 1,5-cyclooctadiene) and
[Mo(nbd)(CO),] (nbd = 2,5-norbornadiene) (Scheme 2).
Cyclooctadiene (cod) or norbornadiene (nbd) were easily
displaced by germanium(l1) species 1 in THF solution at room
temperature, and complexes 2a and 2b were isolated as pale
yellow powders in 89% and 78% yields, respectively.
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Scheme 2. Synthesis of complexes 2a and 2b.

Analytically pure crystals of 2a and 2b were obtained from
THF solutions. The ®*C NMR spectra exhibit four characteris-
tic signals (2a: 202.1, 206.7, 208.3 and 210.2 ppm; 2b: 209.3,
214.0, 216.9 and 220.8 ppm) corresponding to the carbonyl
ligands, in agreement with a bidentate ligation of the metal by
1. Moreover, the coordination of the sulfinyl group to the
transition metal was confirmed by IR spectroscopy with char-
acteristic S=O absorptions at 1067 cm™ for 2a and 1089 cm™
for 2b.° In both cases, X-ray diffraction analysis clearly indi-
cate the bidentate coordination of the tungsten and the molyb-
denum atoms by the germylene and the sulfur of the sulfinyl
group (Figure 3).

Figure 3. Molecular structures of 2a (M1 = W) and 2b (M1
= Mo). Thermal ellipsoids are set at 50% probability. Hydro-
gen atoms and solvent molecule have been omitted for clarity.
Selected bond distances [A] and bond angles [deg] for 2a:
Gel-N1 1.952(3); Gel-N2 1.951(3); Gel—C6 1.970(4);
C1-N1 1.341(5); C1-N2 1.330(5); Gel-W1 2.566 (1); S1-
W1 250 1(1); S1-O1 1.482(3); N1-Gel-N2 66.40(12);
N2-Gel-C6 105.38(14);  N1-Gel—C6 102.09(14);
N2—-Gel-WI1 137.31(9); N1-Gel-W1 131.23(9); C6-Gel-
W1 106.61(10). Selected bond distances [A] and bond angles
[deg] for 2b: Gel-N1 1.955(3); Gel-N2 1.969(2); Gel—C6
1.975(2); C1-N1 1.343(3); C1-N2 1.340(3); Gel-Mol 2.56
3(1); S1-Mol 2521 (1); S1-O1 1.490(2); N1-Gel-N2
66.33(8); N2—-Gel—-C6 103.06(9); N1-Gel—-C6 101.60(9);
N2-Gel—Mol 139.83(6); N1-Gel-Mol 130.67(6);
C6—Gel-Mol 106.75(7).

The asymmetric unit for 2a and 2b each contains two inde-
pendent molecules with similar metrical data and the discus-
sion is restricted to one of them. In both molecular structures
the germanium atom adopts a distorted tetrahedral geometry,
and the transition metals (W or Mo) are octahedrally coordi-
nated with a classical W—Ge bond distance of 2.566(1) A,7**
and a slightly elongated Mo—Ge of 2.563(1) A.”* ™ Ge1-N1
and Gel-N2 bond lengths [2a:1.951(3) and 1.952(3) A,
2b:1.955(2) and 1.969(2) A] are equal and shorter than in the
starting chloro-germylene (1.98 A). It is important to note that
2a and 2b are, to the best of our knowledge, the first examples
of crystallized W(0) and Mo(0) complexes coordinated by the
sulfur atom of a sulfoxide function.

In the continuity of our study we have investigated the reac-
tivity of ligand 1 with a Ru(ll)-complex. Therefore, a THF
solution of an equimolar amount of [Ru(PPh;);Cl,] and 1 was
stirred overnight at room temperature (Scheme 3).

tBu

Cl \//O sz~
Ru(PPhs);Cl, | S crystallization 2, Cl ’
1 wRu pEA——— ~ |
\ PhP™ | ~ __Ru—©cCl

Ge
j-Pr: Ge
PPh. cl /N - P~
St ML e,
THF, rt r )/ Ni-Pr
tBu 3a +-Bu 3b

+ unidentified product

Scheme 3. Synthesis of complex 3a and 3b.

The reaction can be easily monitored by *'P NMR spectros-
copy which shows the clean formation of a new complex
whose structure is potentially compatible with 3a, with a sin-



glet at 38 ppm, and a signal at -5 ppm corresponding to the
free PhsP. Moreover, the sulfur-coordination was assumed by
IR spectroscopy with a characteristic band at 1095 cm™. Alt-
hough 3a was identified by HRMS analysis, all crystallization
attempts afforded systematically the bis-ruthenium complex
3b. Multi nuclear NMR of 3b in CD,Cl, showed the presence
of three isomers in solution (see SI). Considering modelisation
using DFT (slightly simplified by using an ethylenic group
instead of the aryl linker between the sulfur and germanium
atoms) we found three ligand position isomers exist on this
surface. They correspond to different positions of the chlorine
atoms and phosphine moiety (see SI). However, these isomers
are very similar in energy (between 4 and 7 kcal/mol) and
probably coexist in solution.

The molecular structure of 3b exhibits two slightly distorted
octahedral geometries around ruthenium atoms with chlorine
and sulfoxide bridges (Figure 4). The Ge-Ru bond distance of
2.367(1) A is in the range of already reported complexes
(2.28-2.50 A)."*® Due to the bridge structure, the bond angles
involving axial chlorine atoms are quite distorted:
Cl1-Ru1-CI2 of 170.41(3)° and Cl4—Ru2—CI2 of 159.53(3)°.
Gel-Rul-S1 and Gel-Rul-P1 bond angles of the 5-member
ring are 84.34(3)° and 96.50(3)° respectively. The Ru—0O dis-
tance [2.196(2) A] is in the range of reported complexes bear-
ing a phosphine in trans position (2.15-2.24 A),° but it is
slightly longer than in the u—SO bridge of complexes already
reported (2.06-2.16 A).° Finally, the Ru—S bond length of
2.337 (1) A is in the top range of bridge u—SO complexes
already described (2.19-2.34 A),°° probably due to the trans-
influence of phosphine ligand. It is important to note that even
though p—SO bridged binuclear transition metal complexes
were already observed in the literature with ruthenium and
rhodium,® all the complexes characterized were obtained with
DMSO and 3b is therefore the first example of p—SO bridged
ruthenium complex with an asymmetric sulfoxide. Further-
more, to the best of our knowledge, 3b is the first
crystallographically characterized complex featuring two
bridge chlorine atoms, and a trans-phosphine-sulfoxide ar-
rangement.

Figure 4. Molecular structure of 3b. Thermal ellipsoids are
set at 50% probability. Hydrogen atoms and solvent molecule
have been omitted for clarity. Selected bond distances [A] and
bond angles [deg]: Gel-N1 1.966(3); Gel-N2 1.969(3);
Gel-C12 1.978(4); Gel-Rul 2.367(1); S1-O1 1.514(2);
Rul-P1 2.367(1); Ru2-P2 2.274(1); Ru2-P3 2.307(2);
Rul-CIl 2.402(1); Rul—-CI2 2.456(1); Rul—Cl3 2.449(1);
Ru2-Cl4 2.378(1); Ru2—CI2 2.485(1); Ru2—-CI3 2.472(1),

S1-Rul 2.337(1); Ru2-01 2.196(2); N1-Gel-N2 66.25(12);
N1-Gel-C12  101.20(14); N2-Gel-CI2  97.48(14);
N1-Gel-Rul  141.67(9); N2-Gel-Rul  133.90(9);
Gel-Rul-P1 96.50(3); Gel-Rul-S1 84.34(3); P2-Ru2-P3
97.15(4); O1-Ru2-P2 175.85(7); O1-Ru2-P3 86.99(7).

[Ni(cod),] also readily reacts with an equimolar amount of 1
in toluene solution at room temperature, to give Ni(0)-
complex 4a as a very unstable yellow solid (Scheme 4). Com-
plex 4a has been characterized by ‘*H NMR spectroscopy, and
yellow crystals, suitable for an X-ray diffraction analysis, were
obtained from a -24°C toluene cold solution.
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Scheme 4. Synthesis of Ni(0)-complexes 4a and 4b.

The molecular structure of 4a (Figure 5) exhibits a distorted
tetrahedral geometry around germanium center with a
Gel-Nil bond length of 2.263(1) A in the range of already
reported for Ge(I1) —Ni(0)-complexes (2.09-2.30 A).*“"%' The
Ni1-S1 bond distance [2.159(1) A] is slightly longer in com-
parison of the results already published (2.10-2.13 A).*? With-
in the five membered ring the Gel—-Nil-S1 bond angle is
90.03(2)°, and it is important to note that Gel—-N1 and
Gel-N2 bond lengths [1.991(2) and 1.989(2) A] are in the
same range than the free chloro-germylene (1.98 A). Indeed,
upon coordination of an amidinato-germylene to a transition
metal, usually the Ge-N bond lengths decrease due to a
stronger p-donation of nitrogen to germanium. In the case of
complex 4a, this interaction is probably attenuated due to the
presence of an electron rich Ni(0)-center and therefore an
important n—back donation to the germylene center.

Figure 5. Molecular structure of 4a and 4b. Thermal ellip-
soids are set at 50% probability. Hydrogen atoms have been
omitted for clarity. Selected bond distances [A] and bond
angles [deg] for 4a: Gel-N1 1.991(2); Gel-N2 1.989(2);
Gel—C2 1.986(2); Gel—-Nil 2.263(1); S1-O1 1.498(2); S1-
Nil 2.159(1); Nil—=C30 2.077(2); Nil-C26 2.096(2);
Nil—C23 2.112(2); Nil—C27 2.134(2); N1-Gel-N2 65.41(5);

N1-Gel—-C2
NI-Gel-Nil

104.11(6);
134.13(4);

N2-Gel-C2
N2-Gel—Nil

101.28(6);
139.97(4);



Gel-Nil—S1 90.03(2). Selected bond distances [A] and bond
angles [deg] for 4b: Gel-N1 1.970(2); Gel-N2 1.961(2);
Gel—C15 2.007(2); Gel—-Nil 2.320(1); S1-04 1.495(2);
N1-Gel—-N2 66.03(7); N1-Gel—C15 97.82(8); N2—Gel—C15
100.22(8); N1-Gel—-Nil 116.01(6); N2—Gel—Nil 116.40(5).

Interestingly, under pressure of carbon monoxide (1.0 bars),
4a undergoes a fast ligand exchange reaction at room tempera-
ture in toluene solution, leading to the stable tricarbonyl Ni(0)-
complex 4b (Scheme 4). The substitution of the weak oc—donor
sulfinyl moiety by a CO ligand clearly demonstrates the
hemilabile character of the new B—sulfinyl germylene ligand
1. Complex 4b has been fully characterized by NMR (particu-
larly, only one signal was observed at 199 ppm for the three
CO-ligands in the **C NMR spectrum), and by IR spectrosco-
py with a band at 1027 cm™ confirming the absence of any
interaction between sulfoxide and nickel. Finally, single crys-
tals of 4b were obtained from a saturated toluene solution at -
24 °C, and its structure was confirmed by an X-ray diffraction
analysis (Figure 4). The molecular structure of 4b exhibits a
tetrahedral geometry at the nickel center with a slightly longer
Gel-Nil bond length of 2.320(1) A, but still in the range of
already reported germylene-nickel complexes (2.09-2.30
A).11 Gel-N1 and Gel-N2 bond lengths of 1.970(2) and
1.961(2) A are equal and shorter than in the free AmGecCl
(1.98 A), suggesting that Ni—Ge n-backbonding decreases in
4b than in 4a. The IR spectrum of 2a shows a v¢o (Al)
stretching frequency at 2058 cm™ which is shifted to lower
wavenumbers in comparison to the related Me;P-Ni’(CO);
complex (2066 cm™), and to higher values compare to NHC-
Ni°(CO); (IMes, 2052 cm™)."® Therefore, the electron-
donating character of germylene ligand in 4a stands between
the o—donation strength of trialkylphosphines and N-
heterocyclic carbenes (NHCs).

CONCLUSION

In conclusion, we have described the synthesis of a new B-
sulfinyl germylene ligand 1 and its application in coordination
chemistry. Of particular interest, its bidentate nature, involving
Ge(ll) and sulfoxide moieties, has been clearly established by
the bidentate coordination of tungsten and molybdenum atoms
in the case of complexes 2a-b. These results highlight the
importance of the linker between germylene and sulfoxide
entities, since the related germylene-p-sulfoxide derivatives
hardly behave as bidentate ligands. The reaction of ligand 1
with [Ru(PPh;);Cl,] afforded a 16-electron complex 3a, which
readily evolves during crystallization to an unprecedented bis-
ruthenium complex 3b. As expected, with [Ni(cod),] the cor-
responding Ni(0)-complex 4a with a bidentate ligation of the
metal by 1 was obtained. In this case, the hemilabile character
of 1 was clearly established by reaction with carbon monoxide
affording a stable tricarbonyl Ni(0)-complex 4b. Application
of this new germylene-B-sulfoxide ligand in enantioselective
catalysis is under investigation.

EXPERIMENTAL SECTION

General Remarks. All manipulations with air-
sensitive materials were performed in a dry and oxygen-free
atmosphere of argon by using standard Schlenk-line and

glovebox techniques. Solvents were purified with the MBraun
SBS-800 purification system. NMR spectra were recorded
with the following spectrometers: *H, Bruker Avance Il 300
(300.18 MHz) and Avance 1ll HD 500 MHz; “C, Bruker
Avance |1 300 (75.48 MHz) and Avance 111 HD 500 MHz; *'P,
Bruker Avance Il 300 (75.48 MHz) and Avance IIl HD 500
MHz at 298 K. Mass spectra were measured on a direct chem-
ical ionization (DCI-CH4) methods, and recorded on a GCT
Premier Waters mass spectrometer

Melting points were measured with a capillary
electrothermal apparatus. IR spectra were measured on a Vari-
an 640-IR FT-IR spectrometer. [iPrNC(tBu)NiPr]GeCl was
prepared according to literature procedures.*' All reagents
were obtained from commercial suppliers unless otherwise
statement.

Single-crystal X-ray data were collected at low temper-
ature (193(2)K) on a Bruker-AXS APEX Il Quazar
diffractometer equipped with a 30W air-cooled microfocus
source (3b and 4b) or on a Bruker-AXS PHOTON100 D8
VENTURE diffractometer (2a, 2b and 4a), using MoK, radia-
tion (\= 0.71037 A). The structures were solved by intrinsic
phasing method (SHELXT)" and refined by full-matrix least-
squares method on F2."* All non-H atoms were refined with
anisotropic displacement parameters.

For 3b, some solvent molecules were highly disordered
and difficult to model correctly. Therefore, the SQUEEZE
function of PLATON'® was used to eliminate the contribution
of the electron density of those solvent molecules from the
intensity data.

DFT calculations have been carried out with the
B3LYP functional as implemented in Gaussian 09.” Ru atom
was described with the relativistic electron core potential SDD
and the associated basis set.'® They have been augmented by a
set of f polarization functions.'® The 6-31G** basis set was
employed for all other atoms. Full optimizations for all mini-
ma structures were performed. Frequency calculations were
undertaken at the same level of theory than optimization to
confirm the nature of the stationary points, yielding zero imag-
inary frequency.

Synthesis of 1: n-BuLi (0.72 mmol, 0.48 mL, C = 1.6
mol/L in hexane, 1.1 eq) was added dropwise to a solution of
t-butyl-p-tolylsulfoxide (141.1 mg, 0.72 mmol, 1.1 eq) in
toluene (3 mL) at -78 °C. The solution was stirred during 1
hour at the same temperature (-78 °C). Then the mixture was
added dropwise to a solution of AmGeCl (189 mg, 0.65 mmol,
1 eq) in toluene (3 mL) at -78 °C. The mixture was stirred
during 2 hours at -78 °C and then warmed up to room tem-
perature slowly. The solvent was evaporated under reduced
pressure, the crude was then extracted with toluene (2x 2mL)
and concentrated in order to afford a yellow oil (241 mg) in
82% vyield. The compound is stable and storable at -24 °C in
an inert atmosphere of argon. "H NMR (300.18 MHz, C¢Ds, 25
°C): 6 0.66 (d, *Ju = 6.3 Hz, 3H, CH(CH,),); 0.92 (d, *Jun =
6.3 Hz, 3H, CH(CHs),);1.09 (d, %)y = 6.3 Hz, 3H,
CH(CHa),); 1.14 (s, 9H, C(CHa)s); 1.23 (d, *Jun = 6.3 Hz, 3H,
CH(CHj3),); 1.29 (s, 9H, C(CHa)s); 2.20 (s, 3H, p-CHy); 3,97
(sept., 33y = 6.3 Hz, 1H, CH(CHs,),); 4.10 (sept., *Juy = 6.3
Hz, 1H, CH(CH),); 7.04 (d, 1H, *J4y = 8.2 Hz, CH,); 7.64 (s,



1H, CHy); 7.97 (d, 1H, *Jy = 8.2 Hz, CH,,). *C{'"H} NMR
(75.48 MHz, CgDgs, 25 °C): o 215 (p-CHj); 23.8
(CH(CHa),); 27.7  (CH(CHa)z); 293 (C(CHa)s); 40.2
(C(CH3)3); 47.3 (CH(CHg),); 47.4 (CH(CHg),); 56.5 (O=S-
C(CH3)s); 125.9 (Ca); 128.8 (Car); 132.6 (Car); 138.8 (Carg);
145.8 (Carg); 159.5 (Carg); 171.9 (N-C—N).

Synthesis of 2a: 1 (140 mg, 0.31 mmol, 1 eq) was dis-
solved in THF (3 mL) and added to tetracarbonyl(1,5-
cyclooctadiene) tungsten (0) (125 mg, 0.31 mmol, 1 eq) in
THF (1 mL). The mixture was stirred during 15 hours at room
temperature, then filtered and the solvent removed under re-
duced pressure. Finally, the solid was washed with pentane (2
x 3 mL) to obtain a pale yellow solid (206 mg) in 89% yield.
Crystallization from a solution of THF at 6 °C gave pale yel-
low crystals suitable for X-ray diffraction analysis. M.p. : 117
°C (decomposition); ‘H NMR (300.18 MHz, C¢Dg, 25 °C): &
0.54 (d, *Juy = 6.3 Hz, 3H, CH(CHj),); 0.81 (d, *J, = 6.3 Hz,
3H, CH(CHs,),); 1.06 (s, 9H, C(CHs)3); 1.20 (s, 9H, C(CHa)s);
1.23 (d, ®Juy = 6.3 Hz, 3H, CH(CHs,),); 1.29 (d, *J,4; = 6.3 Hz,
3H, CH(CH,),); 2.13 (s, 3H, p-CHs); 3.98 (sept., *Juy = 6.3
Hz, 1H, CH(CH,),); 4.08 (sept, *Juy = 6.3 Hz, 1H,
CH(CHs,),); 6.87 (d, 1H, )y = 8.2 Hz, CHy,); 7.34 (s, 1H,
CHp); 817 (d, 1H, *Juy = 8.2 Hz, CHu). *C{*H} NMR
(75.48 MHz, C¢Ds, 25 °C): & 20.9 (p-CH,); 22.9 (CH(CHa),);
24.0 (O=SC(CHy);); 24.8 (CH(CHy),); 25.6 (CH(CHsy),); 25.7
(CH(CHz),);  29.2  (C(CH3)s); 39.9 (C(CHg)s); 473
(CH(CHj3),); 48.1 (CH(CHa),); 65.8 (O=S-C(CHs);); 125.7
(CAr); 130.0 (CAr); 130.1 (CAr); 140.9 (cArlq); 149.4 (cArlq);
153.4 (Carg); 177.9 (N-C—N); 202.1 (CO); 206.7 (CO); 208.3
(CO); 210.2 (CO). IR (Nujol, cm™) : 2012 (s) (CO), 1901 (br)
(CO), 1067 (s) (SO). MS m/z (%): 704.1 ([M — (CO+CHy)T).
HRMS m/z (%): 747.1320 (M + 1] caled for
CpeH3sGeN,OsWS ([M + 117) 747.1311.

Synthesis of 2b: 1 (100 mg, 0.22 mmol, 1 eq) was dis-
solved in THF (3 mL) and added to tetracar-
bonyl(bicyclo[2.2.1]hepta-2,5-diene) molybdenum (0) (66 mg,
0.22 mmol, 1 eq) in THF (1 mL). The mixture was stirred
during 15 hours at room temperature, then filtered and the
solvent removed under reduced pressure. Finally, the solid was
washed with pentane (2 x 3 mL) to obtain a pale yellow solid
(113 mg) in 78% yield. Crystallization from a solution of THF
at 6 °C gave pale yellow crystals suitable for X-ray diffraction
analysis. M.p. : 98 °C (decomposition); '"H NMR (300.18
MHz, C¢Dg, 25 °C): & 054 (d, *J4y = 6.3 Hz, 3H,
CH(CHs),); 0.80 (d, *Jun = 6.3 Hz, 3H, CH(CH,),); 1.05 (s,
9H, C(CHg)s); 1.20 (s, 9H, C(CH,)s); 1.22 (d, *Jun = 6.3 Hz,
3H, CH(CHs,),); 1.29 (d, *Jun = 6.3 Hz, 3H, CH(CH,),); 2.11
(s, 3H, p-CHy); 3.91 (sept., *Juy = 6.3 Hz, 1H, CH(CH,),);
4.03 (sept., %3y = 6.3 Hz, 1H, CH(CH,),); 6.90 (d, 1H, ) =
8.2 Hz, CH,,); 7.32 (s, 1H, CHp); 8.14 (d, 1H, *J,y = 8.2 Hz,
CHay). BC{"H} NMR (75.48 MHz, C¢Ds, 25 °C): 6 21.0 (p-
CH;); 23.0 (CH(CHj),); 239 (O=SC(CHs)s); 24.8
(CH(CHj3),); 25.8 (CH(CH,),); 25.9 (CH(CHy),); 29.2
(C(CHa)3); 39.8 (C(CH3)s); 47.4  (CH(CH3)y); 482
(CH(CHj),); 64.1 (O=S-C(CHy)s); 126.1 (Cpy); 129.8 (Cay);
130.2 (Ca); 140.4 (Cang); 148.6 (Cang); 152.2 (Cang); 177.3
(N-C-N); 209.3 (CO); 213.9 (C0O); 216.9 (CO); 220.8 (CO).
IR (CH,Cl,, cm™) : 2005 (s) (CO), 1882 (br) (CO), 1089 (s)
(SO). MS m/z (%): 659.24 ([M").

Synthesis of 3a: 1 (100 mg, 0.22 mmol, 1 eq) was dis-
solved in THF (3 mL) and added to tris(triphenylphosphine)
ruthenium dichloride (211 mg, 0.22 mmol, 1 eq). The mixture
was stirred during 15 hours at room temperature, then filtered
and the solvent removed under reduced pressure. Finally, the
crude was dissolved in THF (2 mL) and pentane (8 mL) was
added slowly to precipitate 3a. After filtration and drying, a
red solid (135 mg) in 69% yield was obtained with 15% of
PPh, remaining. *P{"H} NMR (121.49 MHz, C¢Ds): & 38.0 (s,
Ru-PPhs). HRMS m/z (%): 850.1379 ([M + ACN - Cl - Pr]")
caled for CgoH,eClGeN;OPRUS (M + ACN — CI - 'Pr1H
850.1368, 809.1114 (M — CI — 'Pr]"), 809.1114 ([M — CI —
'Pr]") caled for C37H,,CIGeN,OPRuS ([M + ACN — CI - 'Pr]")
809.1102. IR (CH,Cl,, cm™) : 1095 (s) (SO).

Synthesis of 3b: 3a (135 mg, 0.15 mmol, 1 eq) was
dissolved in THF (3 mL) in a vial and pentane was added in
another vial. After two days of slow diffusion of pentane into
THF, the crystals were filtered and washed with THF (2x
1mL) to obtain a pink solid (42 mg). M.p. : 144 °C (decompo-
sition); Isomer A : 'H NMR (500 MHz, CDCl3, 25 °C): 6 0.24
(d, 3Jyn = 6.6 Hz, 3H, CH(CHS,),); 0.45 (d, %)y = 6.6 Hz, 3H,
CH(CHs),); 0.51 (d, *Juy = 6.3 Hz, 3H, CH(CHs),); 0.81 (d,
%Jun = 6.3 Hz, 3H, CH(CH),); 1.52 (s, 9H, C(CHj),); 1.59 (s,
9H, C(CHy)3); 2.42 (s, 3H, p-CH3); 3.91 (sept., Juy = 6.3 Hz,
1H, CH(CHy),); 4.07 (sept., *Juy = 6.3 Hz, 1H, CH(CH,),);
6.18 (d, 1H, *Juy = 8.2 Hz, CH,,); 6.72-7.43 (M, 45H, CHy);
7.91-7.94 (m, 2H, CHp,). *C{*H} NMR (125 MHz, CDCl,, 25
°C): 0 21.5 (p-CHy); 24.4 (CH(CHy),); 24.8 (CH(CHy),); 25.6
(CH(CH,),); 26.1 (O=SC(CHa);); 27.6 (CH(CHs),); 30.4
(C(CH3)3);  40.0 (C(CH3)s); 46.3 (CH(CHg),); 48.1
(CH(CHy),); 71.8 (O=S-C(CH,);); 178.3 (N-C-N). *P{'H}
NMR (200 MHz, C4Dq): & 28.7 (s, Ru-PPh;), 44.8 (d, “Jpp =
42.0 Hz, Ru-PPh,), 53.6 (d, ZJPP = 42.0 Hz, Ru-PPhj). Isomer
B : 'H NMR (500 MHz, CDCls, 25 °C): 6 -0.24 (d, *Ju = 6.6
Hz, 3H, CH(CHs),); 0.06 (d, *Juy = 6.6 Hz, 3H, CH(CH,),);
0.23 (d, *Jun = 6.3 Hz, 3H, CH(CH,),); 0.69 (d, *J.4 = 6.3 Hz,
3H, CH(CH,),); 1.56 (s, 9H, C(CHy)3); 1.63 (s, 9H, C(CHy)s);
2.45 (s, 3H, p-CHj); 3.77 (sept, *Juy = 6.3 Hz, 1H,
CH(CHa),); 3.96 (sept., *Juy = 6.3 Hz, 1H, CH(CHs),); 6.72-
7.43 (m, 50H, CHy,). “*C{'H} NMR (125 MHz, CDCl;, 25
°C): 6 21.5 (p-CHj); 23.5 (CH(CHs)y); 23.8 (CH(CH,),); 25.0
(CH(CH3),); 26.1 (O=SC(CHs)s); 26.7 (CH(CH,),); 30.3
(C(CHg)5); 39.9 (C(CHj);); 47.0 (CH(CHs)y); 48.6
(CH(CH,),); 71.9 (O=S-C(CH,)s); 178.0 (N—C-N). *P{'H}
NMR (200 MHz, C¢Dg): & 39.9 (s, Ru-PPh;), 41.6 (d, 2Jpp =
37.3 Hz, Ru-PPhy), 44.1 (d, 2Jpp = 37.3 Hz, Ru-PPhj). Isomer
C : '"H NMR (500 MHz, CDCls, 25 °C): 6 0.00 (d, *Jyy = 6.6
Hz, 3H, CH(CHs,),); 0.16 (d, *Jun = 6.6 Hz, 3H, CH(CH,),);
0.39 (d, *Juy = 6.3 Hz, 3H, CH(CH,),); 0.98 (d, *J,4y = 6.3 Hz,
3H, CH(CH,),); 1.52 (s, 9H, C(CHy)3); 1.59 (s, 9H, C(CHy)s);
2.46 (s, 3H, p-CHj); 3.79 (sept, *Juy = 6.3 Hz, 1H,
CH(CHa),); 4.04 (sept., *Juy = 6.3 Hz, 1H, CH(CHs),); 6.72-
7.43 (M, 49H, CHy,); 8.44 (d, 1H, %)y = 8.2 Hz, CHp).
BC{'"H} NMR (125 MHz, CDCls, 25 °C): 6 21.7 (p-CHy);
23.2 (CH(CHy),); 24.3 (CH(CH,),); 24.5 (CH(CHa),; 26.1
(O=SC(CHy)s); 27.7 (CH(CHs),); 30.2 (C(CHs)s); 40.1
(C(CHs)3); 46.5 (CH(CHy),); 48.6 (CH(CH3),); 69.7 (O=S-
C(CHy)s); 178.4 (N-C—N). *P{*"H} NMR (200 MHz, C¢Ds): &
29.5 (s, Ru-PPhs), 47.6 (d, “Jep = 40.9 Hz, Ru-PPh;), 48.3 (d,
%Jop = 40.9 Hz, Ru-PPhy). IR (Nujol, cm™): 1120 (s) (SO).
HRMS m/z (%): 1547.1821 (M - CIJ") caled for
Cr6Hs4ClsGeN,OP3RU,S ([M — CI*) 1547.1829.



Synthesis of 4a: 1 (140 mg, 0.31 mmol, 1 eq) and
bis(1,5-cyclooctadiene) nickel (0) (125 mg, 0.31 mmol, 0.5
eq) were dissolved in toluene (3 mL). The mixture was stirred
during 15 minutes at room temperature, the solvent was then
removed under reduced pressure. Finally, the solid was
washed with pentane (2x3 mL) to obtain a yellow solid (206
mg) in 89% yield. Crystallization from a solution of toluene at
-24 °C gave pale yellow crystals suitable for X-ray diffraction
analysis. "H NMR (300.18 MHz, C¢Dg, 25 °C): 6 0.51 (d, *Ju
= 6.3 Hz, 3H, CH(CH,),); 0.85 (d, *Juy = 6.3 Hz, 3H,
CH(CHs)y); 1.10 (d, *Jyy = 6.3 Hz, 3H, CH(CH,),); 1.15 (s,
9H, C(CHs)s); 1.28 (d, *Juy = 6.3 Hz, 3H, CH(CH),); 1.41 (s,
9H, C(CHa)3); 1.98 (m, 1H, CH,-HC=CH); 2.18 (s, 3H, p-
CHs); 2.34 (m, 2H, CH,-HC=CH); 2.65 (m, 4H, CH,-
HC=CH); 3.22 (m, 1H, CH,-HC=CH); 3.98 (sept., *Js = 6.3
Hz, 2H, CH(CHa),); 4.54 (m, 1H, CH,-HC=CH); 4.85 (m, 1H,
CH,-HC=CH); 5.09 (m, 1H, CH,-HC=CH); 5.41 (m, 1H,
CH,-HC=CH); 6.99 (d, 1H, *J,y = 8.2 Hz, CH,)); 7.35 (s, 1H,
CHa,); 8.30 (d, 1H, *Jyy = 8.2 Hz, CH,p).

Synthesis of 4b: 4a (80 mg, 0.13 mmol, 1 eq) in pres-
sure tube was dissolved in C¢Dg (0.5 mL) and COg atmos-
phere was added at room temperature (1.5 bar). The orange
solution turn quickly bright yellow. Finally, the solvent was
removed under reduced pressure and the solid was washed
with pentane (3x4 mL) to obtain a yellow solid (75 mg) in
93% vyield. Crystallization from toluene at -24 °C gave pale
yellow crystals suitable for X-ray diffraction analysis. M.p. :
132 °C (decomposition); 'H NMR (300.18 MHz, C¢Ds, 25
°C): ¢ 0.62 (d, *Juy = 6.3 Hz, 3H, CH(CHs,),); 0.94 (d, *Jyy =
6.3 Hz, 3H, CH(CHy),); 1.06 (s, 9H, C(CHs)3); 1.16 (d, *Juyy =
6.3 Hz, 3H, CH(CHs),); 1.26 (s, 9H, C(CHs)s); 1.33 (d, *Juyy =
6.3 Hz, 3H, CH(CH,),); 2.12 (s, 3H, p-CH,); 3.88 (sept., *Jun
= 6.3 Hz, 2H, CH(CHj3),); 4.03 (m, 1H, CH,-HC=CH); 6.98
(d, 1H, ®Jyn = 8.2 Hz, CHp); 7.63 (s, 1H, CH,); 7.92 (d, 1H,
*dun = 8.2 Hz, CHp). C{’"H} NMR (75.48 MHz, C¢Ds, 25
°C): 6 21.4 (p-CHj); 23.5 (O=SC(CHy)3); 23.8 (CH(CHa)y);
24.4 (CH(CHs3),); 26.3 (CH(CHs),); 26.5 (CH(CHa),); 29.1
(C(CHaj)3); 39.6 (C(CH,)s); 48.0 (CH(CHaj),); 48.2
(CH(CHj),); 56.8 (O=S-C(CHy)s); 126.6 (Cay); 130.0 (Cay);
133.0 (Ca); 139.6 (Cang); 145.7 (Cawg); 151.2 (Caryg); 173.6
(N-C-N); 199.0 (CO). IR (cm™) : 2059 (CO), 1982 (CO),
1027 (SO). HRMS m/z (%): 567.1246 (M + 1 - COJ") calcd
for C,4H3GeN,O,NiS ([M + 1]%) 567.1241.
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