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Mixed (P=S/P=0)-Stabilized Geminal Dianion: Facile Diastereoselective
Intramolecular C—H Activations by a Related Ruthenium-Carbene Complex

Hadrien Heuclin,' Xavier F. Le Goff,™ and Nicolas Mézailles*® "!

Abstract: A new unsymmetrical gemi-
nal dianion that contained both a phos-
phine oxide moiety and a phosphine
sulfide moiety has been synthesized. Its
reactivity towards Ru" was explored,

In memory of Pascal Le Floch

the phosphine oxide moiety. This inser-
tion was found to be thermally reversi-
ble and a second C—H insertion occur-
red at a phenyl group of the phosphine
sulfide moiety to form the thermody-

namic orthometalated Ru” complex in
a diastereospecific manner. DFT calcu-
lations fully rationalized the experi-
mental findings in terms of the relative
energies of the kinetic and thermody-

which led to the formation of a highly
reactive carbene complex that evolved
at room temperature to yield a kinetic
orthometalated Ru" complex through
C—H activation of the phenyl group of

Introduction

The use of phosphorus-stabilized geminal dianions!"! as pre-
cursors of carbene complexes has emerged as a powerful
synthetic tool over the past decade. Part of the interest in
using such species lays in their potential donation of the
four electrons in the metal-carbon interactions. As a conse-
quence, carbene complexes of not only transition metals”
and main-group elements,””! but also of rare-earth metals’!
and actinides,® have been synthesized with ligands 1;;,—
3, These latter cases have been studied in great details
because the understanding of the electronic nature of the
M=C bond, as well as its reactivity, is of fundamental inter-
est. An alternative approach to these complexes relies on
the double deprotonation of the coordinated neutral ligand,
although it requires the synthesis of a precursor complex
that features two strongly basic ligands. Theoretical calcula-
tions on two dianionic species, 1;;, and 3;;, (Scheme 1), have
shown that the stabilization of the two lone pairs on the
same carbon atom depends, to the greatest extent, on the
different substituents on the phosphorus atom, through the
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namic products and allowed the mech-
anism of this process to be fully under-
stood.

coordination
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Scheme 1. Coordination patterns of the geminal dianions to metal cen-
ters.

accepting antibonding P—X orbitals."! Not surprisingly then,
the stabilization by the PPh,=S moiety appeared to be
weaker than that by the P(OR),=O moiety. In turn, the
overall donation toward the metal center will be in competi-
tion with the stabilization by the substituent at the carbon
center; that is, the stronger the stabilization is, the weaker
the donation will be. Thus, it is of interest to have access to
a wide range of dianions to be able to finely tune these pa-
rameters. These dianions possess the important additional
feature of being tridentate ligands. Thus, we envisaged that
the chemistry at the metal could also be tuned by the
strength of the X—M bond. This new property relies on
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access to a geminal dianion of mixed P=S/Y ligands, for
which only two examples have been reported so far (4ay;:
Y =PPh,NSiMe;,! 4b,;,: Y =SO,Ph).lN

Herein, in the first part, we report the synthesis of the
monoanion and geminal dianion of a mixed P=S/P=0O
ligand. The coordination behavior of the dianion with a Ru"
precursor is then reported. An unprecedented room-temper-
ature C—H activation on a phenyl ring of the PPh=0O
moiety, in a diastereospecific fashion, was observed. This C—
H activation was thermally reversible and a second C—H ac-
tivation occurred on a phenyl ring of the PPh,=S moiety,
also in diastereospecific manner. A comprehensive DFT
study was performed to rationalize these experimental find-
ings and the results are also presented herein.

Results and Discussion

As mentioned above, the dianions of compounds 1 and 3
have already been reported. No information is yet available
for a dianion that is derived from the bis(oxide) of dppm
(1,1-bis(diphenylphosphino)methane), but the monoanion
has been synthesized. Therefore, we reasoned that the
double deprotonation of compound 6 should be possible.
The synthesis of the neutral ligand was achieved in two
steps: Diphenylphosphino(methyl)diphenylphosphinesulfide
5 was synthesized according to a literature procedure® and
was further oxidized in situ to yield compound 6 in an over-
all yield of 70% (Scheme 2). In the *P NMR spectrum,

1) MeLi
2) Ph,PCI H,0
PPhy ) Pha PhoP” “PPhy | 22, thP/\ﬁth
’ I THF 1
u THF 4
5

Scheme 2. Synthesis of compound 6.

compound 6 exhibits an AB system at 6 =33.6 and 21.0 ppm
(3J(P,P) =15 Hz). The central protons are found as a doublet
of doublet (3/(PH)=12 Hz, *J(P,C)=15 Hz) at 6 =3.75 ppm
in the '"H NMR spectrum and at 6 =37.1 ppm (dd, 'J(P,C) =
45 Hz, 'J(P,C) =60 Hz) in the corresponding “C NMR spec-
trum. To investigate the structural parameters of compound
6, single crystals were grown by the slow evaporation of a
concentrated solution of compound 6 in CH,Cl, (for details
of the structure of compound 6, see the Supporting Informa-
tion).”) The bond lengths and angles in compound 6 are all
standard.

Next, the single deprotonation of compound 6 was at-
tempted (Scheme 3). The reaction of compound 6 with one
equivalent of an alkyl lithium reagent (MeLi, BuLi, tBuLi)
in toluene, THF, or Et,O led to a color change from color-
less to yellow, concomitant with an evolution of gas.

After 15 min (1 h in toluene), a pale-yellow solid precipi-
tated from the crude mixture. This new compound was iso-
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Scheme 3. Synthesis of compounds 6;; and 6y;,.

lated and showed poor solubility in common solvents. How-
ever, it was highly soluble in pyridine, which allowed its
characterization by multinuclear NMR spectroscopy. In its
3P NMR spectrum, an AB system at 6=35.3 and 33.8 ppm
(3J(PP)=24 Hz) was observed. Furthermore, in the
'H NMR spectrum, a broad doublet (3/(P,H)=4 Hz, 1H) at
0=2.33 ppm, which corresponded to a signal at 6=
223ppm (dd, 'J(P,C)=105Hz, J(P,C)=135Hz) in the
BCNMR spectrum, was identified as the central proton.
Confirmation of the successful monodeprotonation of com-
pound 6 was provided by X-ray diffraction analysis. Single
crystals of compound 6;; were grown by the diffusion of
pentane into a concentrated solution of 6;; in pyridine
(Figure 1). Compound 6y; crystallized as a dimer in the solid
state with two pyridine molecules acting as solvent for the
Lit cations.

Compared to neutral derivative 6, compound 6y; features
elongated PO and PS bond lengths (1.524(2) A and

Figure 1. ORTEP plot of compound 6y;; ellipsoids are set at 50 % proba-
bility. Hydrogen atoms (except for H1 and H26) and the phenyl rings
(except for the ipso carbon atoms) on the P atoms have been omitted for
clarity. Selected bond lengths [A]: C1-P1 1.721(3), C1-P2 1.703(3), P1—
S1 1.994(1), P2—0O1 1.524(2), O1-Lil 1.951(5), O1—-Li2 1.922(5), C26—P3
1.721(3), C26—P4 1.702(3), P3—S2 1.992(1), P4-02 1.523(2), O2-Lil
1.910(5), O2—Li2 1.922(5).
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1.994(1) A in compound 6,; versus 1.495(1) A and
1.949(1) A in compound 6 for the PO and PS bonds, respec-
tively). On the contrary, the two PC bond lengths are signifi-
cantly shorter (1.721(3) A and 1.703(3) A in compound 6,;
versus 1.819(2) A and 1.818(2) A in compound 6). Following
this result, we tried to synthesize dianion 6,; (Scheme 3) but
the synthesis was not successful when following literature
procedures.!l After optimization of the reaction conditions,
two equivalents of n-butyllithium, together with two equiva-
lents of TMEDA (tetramethylethylenediamine), were used
in Et,0."" Compound 6;;, precipitated from the reaction
mixture and was easily isolated in a very good 75% yield.
Compound 6,;, showed very poor solubility in toluene, 1,2-
dimethoxyethane (DME), and Et,0 and decomposed in
THF and pyridine, thus rendering its NMR characterization
difficult. Interestingly, despite its very low solubility, com-
pound 6y;, could be recrystallized from a saturated solution
in benzene and was characterized by X-ray diffraction
(Figure 2).

Figure 2. ORTEP plot of compound 6,;,; ellipsoids are set at 50 % proba-
bility. Hydrogen atoms and solvent molecules have been omitted for
clarity. Selected bond lengths [A]: C1-P1 1.671(2), C1-P2 1.681(2), P1—
O1 1.535(1), P2—S1 2.0418(6), C1-Lil 2.189(3), C1-Lil’' 2.425(3), O1—
Lil’ 1.928(3), S2—Lil 2.599(3).

In the solid state, compound
6y, crystallizes as a dimer; two
molecules of TMEDA com-

1.535(1) A, respectively). This result is in line with previous
findings and has been rationalized by DFT calculations."! A
trapping experiment with D,O was carried out to confirm
the double deprotonation. The reaction of compound 6y;,
with an excess of D,O in Et,O yielded the doubly deuterat-
ed compound 2,, after work up and purification. The
'"H NMR spectrum of compound 2y, showed the absence of
any signals at 0=3.75 ppm in CH,Cl,, which was indicative
of quantitative deuteration. The difference in bond length
(0.5 A) between the PS and the PO bonds is particularly in-
teresting. Indeed, in carbene complexes of transition metals
that incorporate geminal dianions as ligands, the M—C dis-
tance is, on average, 2393 A (CCDC search on 57 struc-
tures). Therefore, 4-membered metallacycles that contain
the PO moiety should be much more strained than their PS
counterparts and, hence, confer specific reactivity on their
corresponding complexes. To verify our hypothesis, we stud-
ied the coordination of compound 6;; with a Ru" center.
The reaction of compound 6y;, with [RuCl,(PPhs),] in tol-
uene was carried out and followed by *'P NMR spectroscopy
(Scheme 4). After 15 min, the spectrum showed the pres-
ence of free triphenylphosphine, as well as numerous unre-
solved peaks. After several hours, four well-defined peaks
were observed, each of which integrated to one phosphorus
atom (0=73.7, 64.1, 46.7, and 14.0 ppm) and the signal for
free triphenylphosphine integrated to two phosphorus
atoms. After purification, a new complex (7) was isolated
and characterized by multinuclear NMR spectroscopy.
Unlike what was observed with the symmetrical
[(PPh,S),CLi,] dianion, complex 7 was not the expected
ruthenium carbene.' Indeed, its '"H NMR spectrum showed
a multiplet at 6 =1.41 ppm, which corresponded to a proton
on the P—C—P bridge.

Moreover, four separate signals at 6 =6.92, 6.65, 6.28, and
6.06 ppm were observed for the four aromatic protons that
were located on the same phenyl ring (determined by
COSY) at high field for aromatic protons. These patterns
are reminiscent of a Ru' complex that was synthesized in
our group that resulted from the C—H activation of a phenyl
ring on the ligand.? X-ray diffraction analysis confirmed
this hypothesis. Single crystals of compound 7 were grown
by the slow diffusion of pentane into a concentrated solution
in CH,Cl, (Figure 3).

\ _PPhy
plete the coordination sphere PTIIDW—‘OBU&PPM
of the external lithium atoms ® RT
and three benzene molecules 2L /
. [S)S] [RUCly(PPh3)a] Ph,R—=8 110°C
(not shown). The geometrical N i y, PPhy 7
‘ Ph,P” “PPhy, ———  — Ru’
changes that were observed in AR -2 PPh, phP=0 PPhs %‘ PRR=0,  pop
compound 6;; are more pro- 6Li -2 Licl Hin»—Ru 3
nounced in compound 6;,. The 2 php=s | PP
PC bonds are even shorter
(1.671(2) A and 1.681(2) A)
8

and the PS and PO bonds are

longer  (2.0418(6) A and
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Scheme 4. Synthesis of complexes 7 and 8.
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Figure 3. ORTEP plot of complex 7; ellipsoids are set at 50 % probability.
Hydrogen atoms (except for H1) and the phenyl rings of the PPh; sub-
stituents (except for the ipso carbon atoms) have been omitted for clarity.
Selected bond lengths [A] and angles [°]: C1-P1 1.762(5), C1-P2
1.816(5), P1-S1 2.000(2), P2—O1 1.526(4), Rul—C1 2.267(5), Rul—S1
2.580(1), Rul—O1 2.319(3), Rul—C21 2.067(5), P2—C20 1.769(5), C20—
C21 1.407(7), Rul—P3 2.330(1), Rul—P4 2.271(1); P1-C1-P2 116.6(3),
C1—Rul—P4 160.5(1), S1-Rul—C21 162.8(1), P4A—Rul—01 162.5(1).

Indeed, complex 7 resulted from a C—H activation of the
ligand, which constitutes a formal C—H addition to the Ru=
C bond. Such behavior has already been reported with simi-
lar ligands by the group of Cavell and by ourselves.’*¢1%
The Rul—C21 distance (2.067(5) A) is much shorter than
the Rul—C1 distance (2.267(5) A) and falls within the range
of other reported orthometalated ruthenium(II) com-
plexes.”¥! The C20—C21 distance (1.407(7) A) is longer than
the other C—C bonds in the orthometalated phenyl ring. The
ruthenium atom adopts a distorted octahedral geometry.
One phenyl ring on the PPh,O moiety is now orthometalat-
ed and the aromatic proton is now located on the central
carbon atom. Two triphenylphosphine ligands remain on the
metal center. Interestingly, only one pair of diastereoisomers
is observed by *'P NMR spectroscopy (SR/RS couple). In an
attempt to explore the reactivity of complex 7, a solution of
compound 7 was heated at 110°C in toluene. The reaction
mixture turned progressively from dark green to orange.
After heating for 12 h, the *'P NMR spectrum showed the
complete conversion of compound 3 into a new complex
that was characterized by an NMR pattern that was very
similar to that of complex 7 (note that no free triphenyl-
phosphine was observed during the process). Indeed, four
distinct signals, each of which integrated to one phosphorus
atom, were observed at 0 =53.4, 47.0, 45.4, and —12.8 ppm,
respectively. After evaporation of the solvent, complex 8
was isolated. Its '"H NMR spectrum also showed the pres-
ence of a central proton on the P—C—P bridge (6=
1.51 ppm), as well as four high-field signals that were attrib-
uted to an orthometalated phenyl ring. The exact structure
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of complex 8 was ascertained by X-ray diffraction analysis
(Figure 4)." Tts structure resembles that of complex 7,
except that the C—H activation took place on a phenyl ring
of the PPh,S moiety. All of the bond lengths and angles in

Figure 4. ORTEP plot of complex 8; ellipsoids are set at 50 % probability.
Hydrogen atoms (except for H1) and the phenyl rings of the PPh; sub-
stituents (except for the ipso carbon atoms) have been omitted for clarity.
Selected bond lengths [A] and angles [°]: C1-P1 1.80(1), C1-P2 1.80(2),
P1-S1 2.002(4), P2-0O1 1.513(7), Rul—C1 2.28(1), Rul—S1 2.499(2),
Rul—O1 2.428(7), Rul—C9 2.04(1), P1-C8 1.75(2), C8-C9 1.43(1); P1—
C1-P2 122.0(6), P3—Rul—C1 160.5(3), C9—Rul—0O1 158.8(3), P4—Rul—
S1 168.4(1).

complex 8 are comparable to those in compound 7. Com-
pound 8 features disordered phenyl rings on the triphenyl-
phosphine substituents. Here, again, one pair of diastereo-
isomers is observed (RR/SS). Interestingly, the diastereo-
selectivity is opposite to that observed for complex 7.

DFT calculations were carried out to rationalize the dia-
stereoselectivity and reversibility of this process. For this
purpose, we used the full model of compounds 7 and 8
(named VII and VIII, respectively). The calculations were
performed by using the Gaussian 03 set of programs!" with
the b3pw91 functional™ in combination with the 6-31G*
basis set for the metal-bound atoms (P, S, C, O), 6-31G for
the other atoms (C, H) in the orthometalated phenyl ring, 6-
3114 + G** for the migrating H atom, and STO-3G for all
other atoms (C, H).'"" The LANL2DZ basis set was used
for the Ru atoms, with an additional f-polarization function
(for full details on the theoretical calculations, see the Sup-
porting Information)."!”) Because of our experimental ob-
servations, four C—H activation pathways were computed.
Thus, our proposed mechanism for the transformation is:
1) Decoordination of the X atom (X=0O, S) by rotation of
the P=X arm; 2) insertion of ruthenium into the aromatic
C—H bond; 3) hydrogen transfer from the ruthenium center
to the central carbon atom; 4) recoordination of the X atom

— 16139
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to the ruthenium center. The key step in determining the se-
lectivity of the process is the formation of the ruthenium-
hydride intermediate. Indeed, insertion of the ruthenium
atom into the C—H bond can occur in two ways: In the first
case, both the heteroatom (O, S) and the hydride are in the
same plane (defined by the Ru—C—P—Y atoms), whereas, in
the second case, they are in opposite planes.

Formation of complex 7: The calculated mechanism and the
energy diagram for the formation of compound 7 are pre-
sented in Scheme 5 and Scheme 6, respectively.

The overall transformation is exergonic with a total AG=
—21.2 kcalmol ™. The first step (decoordination of the phos-
phine oxide moiety) is the rate-determining step, with a cal-
culated barrier of 15.3 kcalmol™. This barrier, which is
much smaller than the related decoordination of PS (see
above), as expected from the ring strain, is consistent with a

o] £
7 P-«,
L, O=PPh, @‘T""Ph H "Ph
‘Ru=C — L:..,,R -c — S
R4 \S'—\Pth i |u_| L,RU:C
S=PPh, S=PPh,
Vil Vila Vilb
Ph 0
P S/
Z Ppn
Ln R’OC‘: H L ’
v RU=Com g (3o
L~ LI L,F\’lu CH
S=PPh; S=PPh,
Vild Viic

Scheme 5. Proposed mechanism for the formation of complex 7.

transformation that occurs at room temperature. From the
unsaturated complex (VIIa), the C—H insertion is very
facile, with a TS that is a mere 1.5 kcalmol™' higher in
energy, thus leading to Ru—carbene-hydride complex VIIb,
in which the H and O atoms are in opposite planes. The for-
mation of the ruthenium-alkyl species (VIIc) is then the
most favorable step (AG=—-23.1kcalmol™), again with a
very low activation energy (AG?=1.3 kcalmol™"). It has
been shown that hydride—carbene complexes and alkyl com-
plexes could be found in equilibrium through an a-H-trans-
fer reaction.” Here, the formation of alkyl complex VIIe¢ is
highly favorable, thereby resulting in the sole formation of
the alkyl complex. Finally, recoordination of the O atom
takes place to yield the final ruthenium(II) product. The al-
ternative C—H insertion was also calculated; the correspond-
ing intermediate, complex VIIb’, in which the hydrogen
atom is located in the same plane as the oxygen atom, is
3.3 kcalmol™ higher in energy than complex VIIb. More-
over, the final product (VIId’), which results from complex
VIIb', was calculated to be about 15 kcalmol™' higher in
energy than complex VIId. Because those two complexes
are higher in energy than complexes VIIb and VIId, even if
the path were energetically accessible, only the formation of
the most stable complex (VIIb) would be possible. These
first calculations clearly explain why the starting carbene
complex is not observed in solution at room temperature,
because it rapidly evolves into complex 7. Moreover, the
calculations show that the energy that is required for this
process to be reversible is 36.5 kcalmol~'. Thus, they corrob-
orate the observation that transformation of complex 7 only
proceeds upon prolonged heating at reflux in toluene.

Formation of complex 8: The same method was applied to
model compound VI The
calculated mechanism is given
in Scheme 7 and the corre-

P, : . o
AG (AH) 1 H | "Ph sponding energies are given in
keal mol s %_;RG:C Scheme 8. Here, also, the rate-
i I . .
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The overall process is exo-

Scheme 6. Computed energies of the intermediates in the formation of complex 7.
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thermic (AG=—-25.8 kcal
mol ™). In this case, the rever-
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Scheme 7. Proposed mechanism for the formation of complex 8.

sibility is unachievable because the reverse process would
require an activation energy of 55.2 kcalmol™'. Complex
VIIId is about 4 kcalmol™' lower in energy than complex
VIId, which rationalizes the fact that only one product is ob-
tained in each case (at low or high temperature). These cal-
culations confirm our initial hypothesis of the higher reactiv-
ity of the phosphine oxide moiety compared to the thiophos-
phinoyl moiety (decoordination energy of 15.3 kcalmol™
for PO versus 29.4 kcalmol™ for PS). This higher reactivity
was further confirmed by reacting compounds 7 and 8 with
carbon monoxide. The reactions were performed in an
NMR tube that was plugged with a CO balloon. The reac-
tion of compound 7 with CO was not clean and the

AG(AH) — *29.4
kcal mol~! (+27.2)
TS, |
+16.0
(+13.3) TSy,
i+105 /T8, " 82
1(+9.3) L 477 (+88)
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00 | Viiib
(+0.0) | S
— <> fen S
L—Ry= Poph
VIl L/F(a])u C H ] 20
=PPh, L—pi_ } 9.3 (-10.4)
~PPh 2 Ru=C :
L‘Ru’ic' 2 e }(-12.0) F——
RS O=PPh, — TSy}
2 Vilic
S
Z
P-uph
L~ Ry-Con
L/R|u (ID H
O=PPh,

-’
vig b Ru-C-H
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*'P NMR spectrum showed the formation of several uniden-
tified products, as well as some unreacted starting material.
The reaction with complex 8 was much more clear cut and
complete conversion of the starting complex into a single
new product (complex 9, Scheme9), as characterized by

Ph2P_'Ohu.PPh3 PhaR (FU,PPhe,
/.'| PPhy —CO__ /.«'| PPhg
PhP\S<j X Phpij
8 9

Scheme 9. Synthesis of complex 9.

four signals in the *P NMR spectrum (6=>52.2, 47.5, 30.5,
7.3 ppm), was observed within 30 min. "C NMR analysis
confirmed the coordination of CO to the metal center: a
highly coupled signal was observed at 6 =206.8 ppm (which
was seen as a singlet in the “C{*'P} NMR spectrum). The
exact structure of compound 9 was determined by X-ray dif-
fraction analysis. Single crystals of compound 9 were grown
by the slow diffusion of pentane into a concentrated solution
in CH,Cl, (Figure 5).

As expected, the phosphine oxide moiety has been re-
placed by one molecule of CO in the coordination sphere of
the metal, trans to the orthometalated carbon atom. The
metal center still adopts a distorted octahedral geometry.
The Rul—Cl distance is shortened by the coordination of

the CO molecule (2.260(2) A
in compound 9  versus
2.28(1) A in compound 8).

Conclusion

In conclusion, we have devel-
oped an easy and efficient syn-
thesis of a new type of unsym-
metrical geminal dianion that
contains both a phosphine

Ph oxide moiety and a thiophos-

(:g:g) S/,P phinoyl moiety. Coordination

e II_;RIG_?....H to a Ru" center showed that
O=PPh, the expected carbene complex

was not formed. Rather, the

weaker coordination of the P=

O arm, because of ring strain,

resulted in a hemilabile behav-

258 Ph ior at room temperature. Fol-
(2_89) s/’P lowing the decoordination of

the P=0O arm, a facile C—H ac-
tivation on a phenyl ring of

L

O=PPh,

Scheme 8. Computed energies of the intermediates in the formation of complex 8.
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the ligand occurred in a dia-
stereospecific fashion. The re-
versibility of this process could
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Figure 5. ORTEP plot of complex 9; ellipsoids are set at 50 % probability.
Hydrogen atoms (except for H1) have been omitted for clarity. Selected
bond lengths [A] and angles [°]: C1-P1 1.766(2), C1-P2 1.789(2), P1-S1
2.0063(7), P2—01 1.487(1), Rul—C1 2.260(2), Rul—C9 2.172(2), Rul—C62
1.900(2), Rul—S1 2.5149(5), Rul—P3 2.3524(5), Rul—P4 2.3842(5), P1-C8
1.784(2), C62—02 1.149(2), C8—C9 1.412(2); P1-C1-P2 125.9(1), Cl—
Rul—-P4 162.38(5), C9—Rul—C62 175.85(7), Rul-C62—02 176.6(2), S1—
Rul-P3 164.88(2).

be thermally promoted with this kinetic complex. A second
diastereospecific C—H activation was then observed, thereby
leading to the thermodynamic complex. These experimental
findings were fully rationalized by DFT calculations. An in-
vestigation of the reactivities of both the kinetic and the
thermodynamic complexes is currently underway in our lab-
oratory.

Experimental Section

All reactions were performed under an inert atmosphere of argon or ni-
trogen by using Schlenk and glovebox techniques and dry deoxygenated
solvents. Dry Et,0, CH,Cl,, toluene, petroleum ether, and THF were ob-
tained by using a MBRAUN SPS-800 purifying system. NMR spectra
were recorded on a Bruker AC-300 SY spectrometer operating at
300.0 MHz for 'H, 75.5 MHz for "*C, and 121.5 MHz for *'P nuclei. Sol-
vent peaks were used as an internal reference relative to SiMe, for 'H
and "C chemical shifts; >'P chemical shifts are reported relative to an ex-
ternal reference (85% H;PO,). Coupling constants are given in Hz. The
following abbreviations are used: s: singlet, d: doublet, dd: doublet of
doublet, br d: broad doublet, t: triplet, dt: doublet of triplets, m: multip-
let, br: broad signal. [RuCl,(PPh;),] was prepared according to a litera-
ture procedure.”!! TMEDA was heated at reflux for 2 h over KOH and
distilled. Triphenylphosphine sulfide was obtained by the sulfuration of
triphenyl phosphine with elemental sulfur in THF. All other reagents and
chemicals were obtained commercially and used as received.

CCDC-893613 (6), CCDC-893614 (6,), CCDC-893615 (6,;;), CCDC-
893616 (7), CCDC-893617 (8), and CCDC-893618 (9) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of compound 6: To a solution of triphenylphosphinesulfide
(423 g, 144 mmol) in THF (20mL) was added methyllithium (1.6Mm,

www.chemeurj.org
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9mL, 14.4 mmol) at —78°C. The reaction mixture was left to warm to
RT and stirred overnight. The resulting dark-red solution was transferred
with a cannular into a solution of Ph,PCl (2.65 mL, 14.4 mmol) in THF
(10 mL) at 0°C. The reaction was left to stir for 4 h and H,O, (35 wt. %
in H,O, 1.4 mL, 14.4 mmol) was added at 0°C. Stirring for 3 h prompted
the precipitation of compound 6 as a white solid that was extracted by fil-
tration, washed with THF (2x10mL) and Et,0 (3x15mL), and dried
under vacuum (4 g, 9.25 mmol, 64%). 'HNMR (300.0 MHz, CD,Cl,):
0=7.96-7.88 (m, 4H; H,, Ph,PS), 7.77-7.63 (m, 4H; H,, Ph,PO),
7.54-7.37 (m, 12H; Hon), 3.75ppm (dd, */(PH)=12.4 Hz, 2J(PH)=
14.5 Hz, 2H; PCH,P); CNMR (75.5 MHz, CD,Cl,): 6=133.7 (dd, J-
(P,C)=2.6 Hz, J(P.C)=104 Hz; C,,), 133.1 (dd, J(P,C)=1.5 Hz, J(P,C)=
84 Hz; Cy,,), 132.0 (m, 8C; CH,y), 131.1 (m, 4C; CH,,,,), 128.7 (m,
8C; CH,qm), 37.1 ppm (dd, J(P,C)=45Hz, 'J(P,C)=59 Hz; PCH,P);
PNMR (121.5MHz, CD,CL): 6=33.6 (d, %/(PP)=14.5Hz; PS),
21.0 ppm (d, %/(P,P) = 14.5 Hz; PO).

Synthesis of compound 6,;: To a suspension of compound 6 (139.3 mg,
0.32mmol) in Et,0 (S5mL) was added n-butyllithium (1.6M, 0.2 mL,
0.32 mmol) at —78°C. The solution turned yellow and was left to warm
to RT and stirred for 1 h. A yellow solid precipitated that was extracted,
washed with Et,0 (2x3mL), and dried (120 mg, 85%). 'HNMR
(300.0 MHz, C(DsN): 6=8.24-8.17 (m, 10H; H,,,), 8.13-8.07 (m, 5H;
H,om), 8.03-7.96 (m, 5SH; H,,,), 233 ppm (brd, J(PH)=4Hz, 1H;
PC(H)P); "C NMR (75.5 MHz, CsDsN): 6=144.0 (dd, */(P,C)=4 Hz, 'J-
(P.C)=80Hz; C,,), 142.8 (dd, J(P.C)=6 Hz, 'J(P.C)=100 Hz; Ci,,),
132.5 (d, J(P,C)=10 Hz; CH,,,), 131.8 (d, J(P,C)=10 Hz; CH,,p,), 130.0
(d, J(P,C)=3 Hz; CH,,.), 129.7 (d, J(P.C)=3 Hz; CH,,,), 128.3 (d, J-
(PC)=10Hz; CH,,,n), 128.2 (d, J(P,C)=10 Hz; CH,,,,), 23.5 ppm (dd,
J(P,C)=105Hz, 'J(P.C)=135Hz; PCHP); *PNMR (121.5 MHz,
C¢DsN): 6=35.3 (d, %J(PP)=24 Hz; PS), 33.8 ppm (d, /(P,P)=24 Hz;
PO); elemental analysis calcd (%) for C;,H,,LiNOP,S:(CsH;sN),: C 71.09,
H 5.37, N 6.22; found: C 69.80, H 5.23, N 6.45.

Synthesis of compound 6;;,: To a suspension of compound 6 (1.0g,
2.32mmol) in Et,0 (10 mL) was added TMEDA (0.4 mL, 2.66 mmol).
At —78°C, n-butyllithium (1.6 ™, 3 mL, 4.8 mmol) was added and the sol-
ution turned dark orange. After 1h, compound 6; precipitated as a
bright-yellow solid and the reaction was stirred for a further 2 h. Com-
pound 6,;, was isolated by centrifugation, washed with Et,0 (2x5 mL)
and pentane (2x8 mL), and dried (960 mg, 1.74 mmol, 75 %). Elemental
analysis caled (%) for C,,H;,Li,N,O,P,S,: C 66.43, H 6.47, N 5.00; found:
C66.31, H6.51, N 4.87.

Synthesis of compound 6,,,: To a suspension of compound 6,;, (100 mg,
0.18 mmol) in Et,0 (4 mL) was added D,O (40 puL, 2 mmol). An instant
color change from yellow to white was observed and the reaction was left
to stir for 2 h. The addition of CH,Cl,, filtration, drying over MgSO,, and
evaporation of the solvents afforded compound 6, as a white solid
(77 mg, 98%). 'HNMR (300.0 MHz, [Dg]THF): 6=7.93-7.85 (m, 4H;
H.om), 7.68-7.61 (m, 4H; H,.n), 7.48-7.35ppm (m, 12H; H,m);
3C NMR (75.5 MHz, [D4]THF): 6 =133.6 (dd, *J(P,C)=2.7 Hz, 'J(P.C)=
104 Hz; Cy,,), 133.1 (dd, *J(P,C)=1.5 Hz, 'J(P,C) =84 Hz; Cy,,), 132.1 (d,
J(P.C)=3Hz; CH,,,), 131.9 (d, J(P.C)=11Hz; CH,,,,), 131.8 (d, J-
(P,C)=3 Hz; CH,,.), 131.1 (d, J(P.C)=11 Hz; CH,m), 128.7 (pseudo-t,
SJ(PC)=24 Hz; 2xCHgen), 36.6ppm (m; PCD,P); ¥PNMR
(121.5 MHz, [Dg]THF): 6=33.6 (d, 2J(PP)=14.5 Hz; PS), 21.0 ppm (d,
%J(P,P) =14.5 Hz; PO).

Synthesis of complex 7: To a suspension of compound 6, (100 mg,
0.18 mmol) in toluene (6 mL) was added [RuCl,(PPh;),] (220 mg,
0.18 mmol). The solution was left to stir at RT for 3 h and turned dark
green. Centrifugation allowed the elimination of LiCl and the remaining
supernatant was dried under vacuum. Washing with petroleum ether (3 x
SmL) and drying under vacuum allowed the isolation of complex 7 as a
green powder (160 mg, 84%). "H NMR (300.0 MHz, CD,Cl,): 6=7.57-
7.50 (m, 6H; H of phenyl), 7.42-7.11 (m, 28H; H of phenyl), 7.06-8.97
(m, 7H; H of phenyl), 6.92 (1H; H,), 6.83-6.77 (m, 5H; H of phenyl),
6.65 (m, 1H; Hy), 6.28 (m, 1H; H,), 6.06 (m, 1H; Hy), 1.41 ppm (m, 1H;
PC(H)P); CNMR (75.5 MHz, CD,CL): §=145.0 (dd, J(P,C)=2 Hz, J-
(PC)=15Hz; Cy), 137.6 (d, J(P,C)=43 Hz; C of phenyl), 136.9 (d, J-
(P,C)=34Hz; C of phenyl), 135.7 (d, J(P,C)=10Hz; CH of phenyl),
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134.8 (m, CH of phenyl), 134.5 (br d, J(P,C)=15 Hz; C,), 134.0 (brs; CH
of phenyl), 132.2 (brs; CH of phenyl), 131.5 (d, J(P,C)=2Hz; CH of
phenyl), 130.8 (d, J(P,C)=10Hz; CH of phenyl), 130.7 (d, J(P.C)=
10 Hz; CH of phenyl), 130.5 (d, J(P,C)=10 Hz; CH of phenyl), 130.4 (d,
J(P,C)=11 Hz; CH of phenyl), 128.9 (brs; CH of phenyl), 128.8 (brs;
CH of phenyl), 128.6 (brs; CH of phenyl), 128.0 (brs; CH of phenyl),
127.9 (d, J(P,C)=11 Hz; CH of phenyl), 127.7 (d, J(P,C)=3 Hz; CH of
phenyl), 127.7 (d, J(PC)=11Hz; CH of phenyl), 127.5 (d, J(P,C)=
11 Hz; CH of phenyl), 1252 (d, J(P,C)=3 Hz; C,), 119.5 (d, J(PC)=
15 Hz; G,), 7.7 ppm (m; PC(H)P); *'P NMR (121.5 MHz, CD,ClL,): 6=
73.7 (d, J(P,P)=27 Hz; 1P), 64.1 (d, J(PP)=6 Hz; 1P), 46.7 ppm (m;
1P), 14 (m; 1P); elemental analysis caled (%) for Cg4HsOP,RuS:
C 69.36, H 4.77; found: C 69.42, H 5.01.

Synthesis of complex 8: To a suspension of compound 6;; (100 mg,
0.18 mmol) in toluene was added [RuCl,(PPh;),] (220 mg, 0.18 mmol).
The solution was left to stir at 110°C overnight, during which time it
turned orange. Centrifugation allowed the elimination of LiCl and the re-
maining supernatant was dried under vacuum. Washing with petroleum
ether (3x5mL) and further drying under vacuum allowed the isolation
of complex 8 as a yellow powder (170 mg, 89%). 'H NMR (300.0 MHz,
CD,ClLy): 6=7.73 (m, 5H; H of phenyl), 7.43-6.78 (m, 41H; H of
phenyl), 6.37 (ddd, J(H,H)=1.5Hz, J(H,H)=7.3 Hz, J(PH)=12.5 Hz;
H,), 6.25 (m; Hy), 5.63 (m; H,), 4.81 (m; Hy), 1.51 ppm (m; PC(H)P);
BCNMR (75.5 MHz, CD,CL,): 6=175.9 (m; RuC), 153.0 (brd, J(P.C)=
108 Hz; Ph2P(S)C), 144.6 (dd, J(P,C)=2.4 Hz, J(P,C)=15 Hz; C,), 139.7
(d, J(P,C)=35Hz; C of phenyl), 139.2 (brs; C of phenyl), 139.1 (brs; C
of phenyl), 136.9 (dd, J(P,C)=10 Hz, J(P,C)=95 Hz; C of phenyl), 136.9
(dd, J(P,C)=4 Hz, J(P,C)=40 Hz; C of phenyl), 134.8 (d, J(P,C)=5 Hz;
CH of phenyl), 134.4 (d, J(P,C)=10Hz; CH of phenyl), 131.3 (d, J-
(PC)=3Hz; CH of phenyl), 131.1 (d, J(P,C)=3 Hz; CH of phenyl),
130.9 (d, J(P,C)=11 Hz; CH of phenyl), 130.6 (d, J(P,C)=11 Hz; CH of
phenyl), 129.9 (d, J(P,C)=3 Hz; CH of phenyl), 129.3 (d, J(P.C)=11 Hz;
CH of phenyl), 128.7-128.2 (m; CH of phenyl), 127.7 (d, J(P,C)=10 Hz;
CH of phenyl), 1274 (d, J(P,C)=10Hz; CH of phenyl), 127.3 (d, J-
(P.C)=11Hz; CH of phenyl), 126.0 (d, J(P,C)=16 Hz; C,), 123.9 (d, J-
(PC)=4Hz; C), 118.1 (d, J(P,C)=15Hz; C), 15.0 ppm (m; PC(H)P);
'PNMR (121.5 MHz, CD,CL): 6=53.4 (dd, J(PP)=6.6 Hz, J(PP)=
24 Hz; PPh;), 47.0 (dt, J(PP)=10 Hz, J(PP)=24 Hz; PPPh;), 454 (m;
P(0)), —12.8 ppm (m; P(S)).

Synthesis of complex 9: To a solution of complex 8 (50 mg) in CD,Cl,
(0.6 mL) was added CO (balloon). The solution turned from orange to
yellow. Complete conversion was determined by *'P NMR spectroscopy
and the mixture was evaporated to dryness (50 mg, 98%). '"H NMR
(300.0 MHz, CD,Cl,): 6=7.78-6.95 (m, H; H of phenyl+H,), 6.64 (m,
1H; H,), 5.96 (m, 1H; H,), 5.8 (m, 1H; Hy), 2.05 ppm (m, 1H; PC(H)P);
BC NMR (75.5 MHz, CD,Cl,): 6 =206.8 (m; CO), 183.5 (m; RuC), 148.0
(m; C of phenyl), 144.0 (m; CH,), {138.4, 137.8, 136.4} (C of phenyl),
132.5 (d, J(P,C)=10 Hz; CH of phenyl), 131.9 (d, J(P,C)=10 Hz; CH of
phenyl), 131.8 (d, J(P,C)=3 Hz; CH of phenyl), 131.2 (d, J(P.C)=3 Hz;
CH of phenyl), 130.6 (brs; CH of phenyl), 129.9 (brs; CH of phenyl),
129.8 (brs; CH of phenyl), 128.8 (d, J(P,C)=10 Hz; CH of phenyl), 128.7
(d, J(P,C)=10 Hz; CH of phenyl), 128.1 (br s; CH of phenyl), 128.0 (d, J-
(P,C)=2Hz; CH of phenyl), 127.8 (d, J(P,C)=2Hz; CH of phenyl),
127.4 (br d, J(PP)=8 Hz; CH of phenyl), 127.2 (d, J(P,C) =11 Hz; CH of
phenyl), 126.4 (d, J(P,C)=20Hz; CH,), 125.0 (d, J(P,C)=3 Hz; CH,),
1214 (d, J(PC)=13Hz; CH,), 24.6ppm (m; PC(H)P); *P NMR
(121.5 MHz, CD,Cl,): 6=52.2 (dd, J(P,P)=8 Hz, J(P,P)=21 Hz; PPh;),
47.5 (dt, J(PP)=6 Hz, J(PP)=21 Hz; PPh;), 30.5 (d, J(P,P)=6 Hz; PO),
7.6 ppm (t, J(PP)=8Hz; PS); elemental analysis caled (%) for
Cy,H;,0,P,RuS: C 68.68, H 4.65; found: C 68.40, H 4.61.

Acknowledgements
The authors thank the CNRS (Centre National pour la Recherche Scien-

tifique) and the Ecole Polytechnique for financial support. H.H. is thank-
ful to the Ecole Polytechnique for a graduate fellowship.

Chem. Eur. J. 2012, 18, 16136-16144

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

[1] a) A. Kasani, R. P. K. Babu, R. McDonald, R. G. Cavell, Angew.
Chem. 1999, 111, 1580-1582; Angew. Chem. Int. Ed. 1999, 38, 1483 -
1484; b) C. M. Ong, D. W. Stephan, J. Am. Chem. Soc. 1999, 121,
2939-2940; ¢) T. Cantat, N. Mézailles, L. Ricard, Y. Jean, P. Le
Floch, Angew. Chem. 2004, 116, 6542—-6545; Angew. Chem. Int. Ed.
2004, 43, 6382-6385; d) M. Demange, L. Boubekeur, A. Auffrant,
N. Mézailles, L. Ricard, X. Le Goff, P. Le Floch, New J. Chem. 2006,
30, 1745-1754; ¢) K. L. Hull, B. C. Noll, K. W. Henderson, Organo-
metallics 2006, 25, 4072-4074; f) T. Cantat, L. Ricard, P. Le Floch,
N. Mezailles, Organometallics 2006, 25, 4965-4976; g) K. L. Hull, L
Carmichael, B. C. Noll, K. W. Henderson, Chem. Eur. J. 2008, 14,
3939-3953; h) L. Orzechowski, G. Jansen, S. Harder, Angew. Chem.
2009, 121, 3883-3887;, Angew. Chem. Int. Ed. 2009, 48, 3825-3829;
i) J-H. Chen, J. Guo, Y. Li, C.-W. So, Organometallics 2009, 28,
4617-4620; j) O.J. Cooper, A.J. Wooles, J. McMaster, W. Lewis,
A.J. Blake, S.T. Liddle, Angew. Chem. 2010, 122, 5702-5705;
Angew. Chem. Int. Ed. 2010, 49, 5570-5573; k) P. Schroter, V. Gess-
ner, Chem. Eur. J. 2012, 18, 11223-11227.

[2] a) R. G. Cavell, R.P.K. Babu, A. Kasani, R. McDonald, J. Am.

Chem. Soc. 1999, 121, 5805-5806; b) A. Kasani, R. McDonald,

R. G. Cavell, Chem. Commun. 1999, 1993-1994; c) N. D. Jones, G.

Lin, R. A. Gossage, R. McDonald, R. G. Cavell, Organometallics

2003, 22, 2832-2841; d) T. Cantat, M. Demange, N. Mézailles, L.

Ricard, Y. Jean, P. Le Floch, Organometallics 2005, 24, 4838-4841;

e) T. Cantat, L. Ricard, N. Mézailles, P. Le Floch, Organometallics

2006, 25, 6030-6038; f) T. Cantat, X. Jacques, L. Ricard, X.F.

Le Goff, N. Mézailles, P. Le Floch, Angew. Chem. 2007, 119, 6051—

6054; Angew. Chem. Int. Ed. 2007, 46, 5947-5950; g) H. Heuclin, D.

Griinstein, X.-F. Le Goff, P. Le Floch, N. Mézailles, Dalton Trans.

2010, 39, 492-499; h) H. Heuclin, T. Cantat, X. F. Le Goff, P. Le

Floch, N. Mézailles, Eur. J. Inorg. Chem. 2011, 2540—2546.

a) C. Foo, K.-C. Lau, Y.-F. Yanga, C.-W. So, Chem. Commun. 2009,

6816-6818; b) G. Ma, M.J. Ferguson, R.G. Cavell, Chem.

Commun. 2010, 46, 5370-5372; c) R. Thirumoorthi, T. Chivers, I.

Vargas-Baca, Dalton Trans. 2011, 40, 8086—8088.

a) T. Cantat, F. Jaroschik, F. Nief, L. Ricard, N. Mézailles, P. Le

Floch, Chem. Commun. 2005, 5178-5180; b) T. Cantat, F. Jaroschik,

L. Ricard, P. Le Floch, F. Nief, N. Mézailles, Organometallics 2006,

25,1329-1332.

[5] M. Fustier, X. F. Le Goff, P. Le Floch, N. Mézailles, J. Am. Chem.
Soc. 2010, 132, 13108-13110.

[6] a) T. Cantat, T. Arliguie, A. Noél, P. Thuéry, M. Ephritikhine, P. Le

Floch, N. Mézailles, J. Am. Chem. Soc. 2009, 131, 963—-972; b) O.J.

Cooper, J. McMaster, W. Lewis, A.J. Blake, S. T. Liddle, Dalton

Trans. 2010, 39, 5074-5076; c)J.-C. Tourneux, J.-C. Berthet, P.

Thuéry, N. Mézailles, P. Le Floch, M. Ephritikhine, Dalton Trans.

2010, 39, 2494-2496; d) O.J. Cooper, D. P. Mills, J. McMaster, F.

Moro, E.S. Davies, W. Lewis, A.J. Blake, S. T. Liddle, Angew.

Chem. 2011, 123, 2431-2434; Angew. Chem. Int. Ed. 2011, 50, 2383 —

2386; €) G. Ma, M. J. Ferguson, R. McDonald, R. G. Cavell, Inorg.

Chem. 2011, 50, 6500-6508; f) D. P. Mills, F. Moro, J. McMaster, J.

van Slageren, W. Lewis, A. J. Blake, S. T. Liddle, Nat. Chem. 2011, 3,

454-460; g) W. Ren, X. Deng, G. Zi, D.-C. Fang, Dalton Trans.

2011, 40, 9662—-9664; h) J.-C. Tourneux, J.-C. Berthet, T. Cantat, P.

Thuéry, N. Mézailles, P. Le Floch, M. Ephritikhine, Organometallics

2011, 30, 2957-2971; i) J.-C. Tourneux, J.-C. Berthet, T. Cantat, P.

Thuéry, N. Mézailles, M. Ephritikhine, J. Am. Chem. Soc. 2011, 133,

6162-6165; j) D.P. Mills, O.J. Cooper, F. Tuna, E.J. L. Mclnnes,

E.S. Davies, J. McMaster, F. Moro, W. Lewis, A.J. Blake, S.T.

Liddle, J. Am. Chem. Soc. 2012, 134, 10047-10054.

a) R. G. Cavell, R.P.K. Babu, A. Kasani, J. Organomet. Chem.

2001, 617-618, 158—159; b) N. D. Jones, R. G. Cavell, J. Organomet.

Chem. 2005, 690, 5485-5496; c) T. Cantat, N. Mézailles, A. Auffrant,

P. Le Floch, Dalton Trans. 2008, 1957-1972; d) H. Heuclin, M. Fust-

ier, A. Auffrant, N. Mézailles, Lett. Org. Chem. 2010, 7, 596-611;

e) S. T. Liddle, D. P. Mills, A.J. Wooles, Chem. Soc. Rev. 2011, 40,

2164-2176.

3

—

[4

—_

[7

—

www.chemeurj.org

— 16143


http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1580::AID-ANGE1580%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1580::AID-ANGE1580%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1580::AID-ANGE1580%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1580::AID-ANGE1580%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1483::AID-ANIE1483%3E3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1483::AID-ANIE1483%3E3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1483::AID-ANIE1483%3E3.0.CO;2-D
http://dx.doi.org/10.1021/ja9839421
http://dx.doi.org/10.1021/ja9839421
http://dx.doi.org/10.1021/ja9839421
http://dx.doi.org/10.1021/ja9839421
http://dx.doi.org/10.1002/ange.200461392
http://dx.doi.org/10.1002/ange.200461392
http://dx.doi.org/10.1002/ange.200461392
http://dx.doi.org/10.1002/anie.200461392
http://dx.doi.org/10.1002/anie.200461392
http://dx.doi.org/10.1002/anie.200461392
http://dx.doi.org/10.1002/anie.200461392
http://dx.doi.org/10.1039/b610049j
http://dx.doi.org/10.1039/b610049j
http://dx.doi.org/10.1039/b610049j
http://dx.doi.org/10.1039/b610049j
http://dx.doi.org/10.1021/om0605635
http://dx.doi.org/10.1021/om0605635
http://dx.doi.org/10.1021/om0605635
http://dx.doi.org/10.1021/om0605635
http://dx.doi.org/10.1021/om060450l
http://dx.doi.org/10.1021/om060450l
http://dx.doi.org/10.1021/om060450l
http://dx.doi.org/10.1002/chem.200701976
http://dx.doi.org/10.1002/chem.200701976
http://dx.doi.org/10.1002/chem.200701976
http://dx.doi.org/10.1002/chem.200701976
http://dx.doi.org/10.1002/ange.200900830
http://dx.doi.org/10.1002/ange.200900830
http://dx.doi.org/10.1002/ange.200900830
http://dx.doi.org/10.1002/ange.200900830
http://dx.doi.org/10.1002/anie.200900830
http://dx.doi.org/10.1002/anie.200900830
http://dx.doi.org/10.1002/anie.200900830
http://dx.doi.org/10.1021/om900364j
http://dx.doi.org/10.1021/om900364j
http://dx.doi.org/10.1021/om900364j
http://dx.doi.org/10.1021/om900364j
http://dx.doi.org/10.1002/ange.201002483
http://dx.doi.org/10.1002/ange.201002483
http://dx.doi.org/10.1002/ange.201002483
http://dx.doi.org/10.1002/anie.201002483
http://dx.doi.org/10.1002/anie.201002483
http://dx.doi.org/10.1002/anie.201002483
http://dx.doi.org/10.1002/chem.201201369
http://dx.doi.org/10.1002/chem.201201369
http://dx.doi.org/10.1002/chem.201201369
http://dx.doi.org/10.1021/ja984087o
http://dx.doi.org/10.1021/ja984087o
http://dx.doi.org/10.1021/ja984087o
http://dx.doi.org/10.1021/ja984087o
http://dx.doi.org/10.1039/a905241k
http://dx.doi.org/10.1039/a905241k
http://dx.doi.org/10.1039/a905241k
http://dx.doi.org/10.1021/om030003v
http://dx.doi.org/10.1021/om030003v
http://dx.doi.org/10.1021/om030003v
http://dx.doi.org/10.1021/om030003v
http://dx.doi.org/10.1021/om0504194
http://dx.doi.org/10.1021/om0504194
http://dx.doi.org/10.1021/om0504194
http://dx.doi.org/10.1021/om060665v
http://dx.doi.org/10.1021/om060665v
http://dx.doi.org/10.1021/om060665v
http://dx.doi.org/10.1021/om060665v
http://dx.doi.org/10.1002/ange.200701588
http://dx.doi.org/10.1002/ange.200701588
http://dx.doi.org/10.1002/ange.200701588
http://dx.doi.org/10.1002/anie.200701588
http://dx.doi.org/10.1002/anie.200701588
http://dx.doi.org/10.1002/anie.200701588
http://dx.doi.org/10.1039/b915468j
http://dx.doi.org/10.1039/b915468j
http://dx.doi.org/10.1039/b915468j
http://dx.doi.org/10.1039/b915468j
http://dx.doi.org/10.1002/ejic.201100144
http://dx.doi.org/10.1002/ejic.201100144
http://dx.doi.org/10.1002/ejic.201100144
http://dx.doi.org/10.1039/b911384c
http://dx.doi.org/10.1039/b911384c
http://dx.doi.org/10.1039/b911384c
http://dx.doi.org/10.1039/b911384c
http://dx.doi.org/10.1039/c0cc01088j
http://dx.doi.org/10.1039/c0cc01088j
http://dx.doi.org/10.1039/c0cc01088j
http://dx.doi.org/10.1039/c0cc01088j
http://dx.doi.org/10.1039/c1dt11144b
http://dx.doi.org/10.1039/c1dt11144b
http://dx.doi.org/10.1039/c1dt11144b
http://dx.doi.org/10.1039/b510327d
http://dx.doi.org/10.1039/b510327d
http://dx.doi.org/10.1039/b510327d
http://dx.doi.org/10.1021/om050877c
http://dx.doi.org/10.1021/om050877c
http://dx.doi.org/10.1021/om050877c
http://dx.doi.org/10.1021/om050877c
http://dx.doi.org/10.1021/ja103220s
http://dx.doi.org/10.1021/ja103220s
http://dx.doi.org/10.1021/ja103220s
http://dx.doi.org/10.1021/ja103220s
http://dx.doi.org/10.1021/ja807282s
http://dx.doi.org/10.1021/ja807282s
http://dx.doi.org/10.1021/ja807282s
http://dx.doi.org/10.1039/c0dt00152j
http://dx.doi.org/10.1039/c0dt00152j
http://dx.doi.org/10.1039/c0dt00152j
http://dx.doi.org/10.1039/c0dt00152j
http://dx.doi.org/10.1039/b926718m
http://dx.doi.org/10.1039/b926718m
http://dx.doi.org/10.1039/b926718m
http://dx.doi.org/10.1039/b926718m
http://dx.doi.org/10.1021/ic102537q
http://dx.doi.org/10.1021/ic102537q
http://dx.doi.org/10.1021/ic102537q
http://dx.doi.org/10.1021/ic102537q
http://dx.doi.org/10.1039/c1dt11149c
http://dx.doi.org/10.1039/c1dt11149c
http://dx.doi.org/10.1039/c1dt11149c
http://dx.doi.org/10.1039/c1dt11149c
http://dx.doi.org/10.1021/om200006g
http://dx.doi.org/10.1021/om200006g
http://dx.doi.org/10.1021/om200006g
http://dx.doi.org/10.1021/om200006g
http://dx.doi.org/10.1021/ja201276h
http://dx.doi.org/10.1021/ja201276h
http://dx.doi.org/10.1021/ja201276h
http://dx.doi.org/10.1021/ja201276h
http://dx.doi.org/10.1021/ja301333f
http://dx.doi.org/10.1021/ja301333f
http://dx.doi.org/10.1021/ja301333f
http://dx.doi.org/10.1016/S0022-328X(00)00735-X
http://dx.doi.org/10.1016/S0022-328X(00)00735-X
http://dx.doi.org/10.1016/S0022-328X(00)00735-X
http://dx.doi.org/10.1016/S0022-328X(00)00735-X
http://dx.doi.org/10.1016/S0022-328X(00)00735-X
http://dx.doi.org/10.1016/S0022-328X(00)00735-X
http://dx.doi.org/10.1016/j.jorganchem.2005.09.024
http://dx.doi.org/10.1016/j.jorganchem.2005.09.024
http://dx.doi.org/10.1016/j.jorganchem.2005.09.024
http://dx.doi.org/10.1016/j.jorganchem.2005.09.024
http://dx.doi.org/10.1039/b717600g
http://dx.doi.org/10.1039/b717600g
http://dx.doi.org/10.1039/b717600g
http://dx.doi.org/10.1039/c0cs00135j
http://dx.doi.org/10.1039/c0cs00135j
http://dx.doi.org/10.1039/c0cs00135j
http://dx.doi.org/10.1039/c0cs00135j
www.chemeurj.org

CHEMISTRY

N. Mézailles et al.

A EUROPEAN JOURNAL

(8]
]

(10]

(1]

(12]

(13]

(14]

[15]

16144 ——

S. O. Grim, J. D. Mitchell, Synth. React. Inorg. Met.-Org. Chem.
1974, 4, 221-230.

Data collection for compound 6: C,sH,,0OP,S; M, =432.43; crystal
dimensions  0.24 mm x0.20 mm x0.10 mm; orthorhombic; space
group P2.2.2,; a=8.661(1), b=11.153(1), c¢=22.508(1) A; a=90.00,
$=90.00, y=90.00°; V=21742(4) A%, Z=4; pa=1257 gcm;
#=0361cm™; F(000)=904; T=150.0(1)K; 6,,=25.02° hkl
ranges: —9 to 10, —12 to 10, —26 to 15; 6071 reflections collected;
3430 unique reflections (R, =0.0234); 3323 reflections with 7>
20(I); 263 parameters refined; GOF=1.056; R1=0.0310 and wR2=
0.0694; difference peak/hole (e A~%) 0.264(0.040)/—0.221(0.040).

a) D. B. Collum, Acc. Chem. Res. 1992, 25, 448—454; b) N. D. R. Bar-
nett, E. R. Mulvey, J. Am. Chem. Soc. 1993, 115, 1573-1574; ¢) D.
Hoffmann, D. B. Collum, J. Am. Chem. Soc. 1998, 120, 5810-5811.
a) V. Cadierno, J. Diez, J. Garcia-Alvarez, J. Gimeno, M. J. Calhor-
da, L. F. Veiros, Organometallics 2004, 23, 2421-2433; b) V. Cadier-
no, J. Diez, J. Garcia-Alvarez, J. Gimeno, J. Organomet. Chem.
2005, 690, 2087-2096; c) V. Cadierno, J. Diez, J. Garcia-Alvarez, J.
Gimeno, Organometallics 2005, 24, 2801-2810; d) V. Cadierno, J.
Diez, J. Garcia-Alvarez, J. Gimeno, Organometallics 2008, 27, 1809—
1822; e) V. Cadierno, J. Diez, J. Garcia-Alvarez, J. Gimeno, Dalton
Trans. 2010, 39, 941-956.

M. Blug, H. Heuclin, T. Cantat, X.-F. Le Goff, N. Mézailles, P. Le
Floch, Organometallics 2009, 28, 1969-1972.

a) J.-P. Djukic, A. Berger, M. Duquenne, M. Pfeffer, A. de Cian, N.
Kyritsakas-Gruber, J. Vachon, J. Lacour, Organometallics 2004, 23,
5757-5767; b) W. Baratta, G. Chelucci, S. Gladiali, K. Siega, M. To-
niutti, M. Zanette, E. Zangrando, P. Rigo, Angew. Chem. 2005, 117,
6370-6375; Angew. Chem. Int. Ed. 2005, 44, 6214-6219; c) L.
Leyva, C. Sirlin, L. Rubio, C. Franco, R. Le Lagadec, J. Spencer, P.
Bischoff, C. Gaiddon, J.-P. Loeffler, M. Pfeffer, Eur. J. Inorg. Chem.
2007, 3055-3066; d) A. Hijazi, J.-P. Djukic, L. Allouche, A. de Cian,
M. Pfeffer, Organometallics 2007, 26, 4180-4196.

In the X-ray crystal structure of complex 8, a disorder on one
phenyl substituent of the Ph;P(4) ligand is present, but has been
omitted in Figure 4 for reasons of clarity. See the Supporting Infor-
mation for details.

Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y,Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.

[106]
(17]

(18]
(19]

(20]

[21]

Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A.D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A.D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004.
A.D. Becke, J. Chem. Phys. 1993, 98, 5648 —-5652.
a) W.I. Hehre, R. F. Stewart, J. A. Pople, J. Chem. Phys. 1969, 51,
2657-2664; b) W.J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys.
1972, 56, 2257-2261; c) R. Krishnan, J. S. Binkley, R. Seeger, J. A.
Pople, J. Chem. Phys. 1980, 72, 650-654; d) M. M. Francl, W.J.
Pietro, W. J. Hehre, J. S. Binkley, M. S. Gordon, D. J. DeFrees, J. A.
Pople, J. Chem. Phys. 1982, 77, 3654-3665.
P.J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270-283.
A.W. Ehlers, M. Bohme, S. Dapprich, A. Gobbi, A. Hollwarth, V.
Jonas, K. F. Kohler, R. Stegmann, A. Veldkamp, G. Frenking, Chem.
Phys. Lett. 1993, 208, 111-114.
a) J. N. Coalter VII, G.J. Spivak, H. Gérard, E. Clot, E. R. David-
son, O. Eisenstein, K. G. Caulton, J. Am. Chem. Soc. 1998, 120,
9388-9389; b) D. Huang, P. R. Koren, K. Folting, E. R. Davidson,
K. G. Caulton, J. Am. Chem. Soc. 2000, 122, 8916-8931; c) H.
Gérard, E. Clot, C. Giessner-Prettre, K. G. Caulton, E. R. Davidson,
O. Eisenstein, Organometallics 2000, 19, 2291-2298; d) K. G. Caul-
ton, J. Organomet. Chem. 2001, 617-618, 56—64; ¢) E. Clot, J. Chen,
D.-H. Lee, S. Y. Sung, L. N. Appelhans, J. W. Faller, R. H. Crabtree,
O. Eisenstein, J. Am. Chem. Soc. 2004, 126, 8795-8804; f) K. F. Hir-
sekorn, A.S. Veige, M. P. Marshak, Y. Koldobskaya, P. T. Wolczan-
ski, T. R. Cundari, E. B. Lobkovsky, J. Am. Chem. Soc. 2005, 127,
4809-4830; g) W. Weng, S. Parkin, O. V. Ozerov, Organometallics
2006, 25, 5345-5354; h) M. T. Whited, R. H. Grubbs, Organometal-
lics 2008, 27, 5737-5740.
P.S. Hallman, T. A. Stephenson, G. Wilkinson, Inorg. Synth. 1970,
12, 237-240.
Received: July 26, 2012
Published online: November 7, 2012

www.chemeurj.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2012, 18, 16136 -16144


http://dx.doi.org/10.1080/00945717408069658
http://dx.doi.org/10.1080/00945717408069658
http://dx.doi.org/10.1080/00945717408069658
http://dx.doi.org/10.1080/00945717408069658
http://dx.doi.org/10.1021/ar00022a003
http://dx.doi.org/10.1021/ar00022a003
http://dx.doi.org/10.1021/ar00022a003
http://dx.doi.org/10.1021/ja00057a051
http://dx.doi.org/10.1021/ja00057a051
http://dx.doi.org/10.1021/ja00057a051
http://dx.doi.org/10.1021/ja971512p
http://dx.doi.org/10.1021/ja971512p
http://dx.doi.org/10.1021/ja971512p
http://dx.doi.org/10.1021/om030658w
http://dx.doi.org/10.1021/om030658w
http://dx.doi.org/10.1021/om030658w
http://dx.doi.org/10.1016/j.jorganchem.2004.12.034
http://dx.doi.org/10.1016/j.jorganchem.2004.12.034
http://dx.doi.org/10.1016/j.jorganchem.2004.12.034
http://dx.doi.org/10.1016/j.jorganchem.2004.12.034
http://dx.doi.org/10.1021/om050121d
http://dx.doi.org/10.1021/om050121d
http://dx.doi.org/10.1021/om050121d
http://dx.doi.org/10.1021/om701228a
http://dx.doi.org/10.1021/om701228a
http://dx.doi.org/10.1021/om701228a
http://dx.doi.org/10.1039/b916554a
http://dx.doi.org/10.1039/b916554a
http://dx.doi.org/10.1039/b916554a
http://dx.doi.org/10.1039/b916554a
http://dx.doi.org/10.1021/om801164p
http://dx.doi.org/10.1021/om801164p
http://dx.doi.org/10.1021/om801164p
http://dx.doi.org/10.1021/om0494667
http://dx.doi.org/10.1021/om0494667
http://dx.doi.org/10.1021/om0494667
http://dx.doi.org/10.1021/om0494667
http://dx.doi.org/10.1002/ange.200502118
http://dx.doi.org/10.1002/ange.200502118
http://dx.doi.org/10.1002/ange.200502118
http://dx.doi.org/10.1002/ange.200502118
http://dx.doi.org/10.1002/anie.200502118
http://dx.doi.org/10.1002/anie.200502118
http://dx.doi.org/10.1002/anie.200502118
http://dx.doi.org/10.1002/ejic.200601149
http://dx.doi.org/10.1002/ejic.200601149
http://dx.doi.org/10.1002/ejic.200601149
http://dx.doi.org/10.1002/ejic.200601149
http://dx.doi.org/10.1021/om070239p
http://dx.doi.org/10.1021/om070239p
http://dx.doi.org/10.1021/om070239p
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.1672392
http://dx.doi.org/10.1063/1.1672392
http://dx.doi.org/10.1063/1.1672392
http://dx.doi.org/10.1063/1.1672392
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.438955
http://dx.doi.org/10.1063/1.438955
http://dx.doi.org/10.1063/1.438955
http://dx.doi.org/10.1063/1.444267
http://dx.doi.org/10.1063/1.444267
http://dx.doi.org/10.1063/1.444267
http://dx.doi.org/10.1063/1.448799
http://dx.doi.org/10.1063/1.448799
http://dx.doi.org/10.1063/1.448799
http://dx.doi.org/10.1016/0009-2614(93)80086-5
http://dx.doi.org/10.1016/0009-2614(93)80086-5
http://dx.doi.org/10.1016/0009-2614(93)80086-5
http://dx.doi.org/10.1016/0009-2614(93)80086-5
http://dx.doi.org/10.1021/ja980518r
http://dx.doi.org/10.1021/ja980518r
http://dx.doi.org/10.1021/ja980518r
http://dx.doi.org/10.1021/ja980518r
http://dx.doi.org/10.1021/ja001646u
http://dx.doi.org/10.1021/ja001646u
http://dx.doi.org/10.1021/ja001646u
http://dx.doi.org/10.1016/S0022-328X(00)00706-3
http://dx.doi.org/10.1016/S0022-328X(00)00706-3
http://dx.doi.org/10.1016/S0022-328X(00)00706-3
http://dx.doi.org/10.1016/S0022-328X(00)00706-3
http://dx.doi.org/10.1016/S0022-328X(00)00706-3
http://dx.doi.org/10.1021/ja048473j
http://dx.doi.org/10.1021/ja048473j
http://dx.doi.org/10.1021/ja048473j
http://dx.doi.org/10.1021/ja046180k
http://dx.doi.org/10.1021/ja046180k
http://dx.doi.org/10.1021/ja046180k
http://dx.doi.org/10.1021/ja046180k
http://dx.doi.org/10.1021/om060464r
http://dx.doi.org/10.1021/om060464r
http://dx.doi.org/10.1021/om060464r
http://dx.doi.org/10.1021/om060464r
http://dx.doi.org/10.1021/om8009365
http://dx.doi.org/10.1021/om8009365
http://dx.doi.org/10.1021/om8009365
http://dx.doi.org/10.1021/om8009365
http://dx.doi.org/10.1002/9780470132432.ch40
http://dx.doi.org/10.1002/9780470132432.ch40
http://dx.doi.org/10.1002/9780470132432.ch40
http://dx.doi.org/10.1002/9780470132432.ch40
www.chemeurj.org

