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Summary: The synthesis and X-ray crystal structure of
a new (S,C,S)-based carbene ruthenium complex (2) are
presented. The thermally promoted rearrangement of this
new complex to complex 3 involves a reverse o-hydride
migration, which has been investigated by DFT calcula-
tions.

Introduction

The chemistry of metallocarbenes has undergone an
impressive revival over the past few years due to the
discovery of stable and isolable carbene ligands.! Al-
though different methods for generating free carbenes
are now available, the development of new synthetic
approaches leading to new and inexpensive precursors
for the synthesis of carbene complexes having well-
tailored and adjustable electronic properties is still
desirable. We recently reported on the quantitative
synthesis of dianion 1, which was obtained by double
deprotonation of bis(diphenylthiophosphinoyl)methane.
During this study, we also showed that this dianion
could serve as an efficient source of a nucleophilic
Pd(I) carbene complex (Scheme 1) which involves a new
bonding mode of the carbene ligand (coordination through
the 2p, orbital at carbon).? This new type of complex
can be regarded as the sulfur analogue of Cavell’s
complexes.? In this article we report on the synthesis
and reactivity of a Ru(Il) complex of this dianion.

Results and Discussion

Reaction of 1 with 1 equiv of [RuCle(PPhgs)4] at room
temperature immediately yielded a dark brown solution
and a dark brown precipitate (Scheme 2). The 31P NMR
spectrum recorded from the crude mixture showed the
presence of free triphenylphosphine and the formation
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of a single symmetrical complex featuring four phos-
phorus atoms as assessed by a new AyXs spin system
(6(A) = 48.8 ppm, 6(X) = 57.6 ppm, 3J(P,P) = 11.8 Hz,
CD.Cly, 298 K).

After usual workup aimed at eliminating LiCl and
free PPhs, complex 2, which proved to be stable toward
air and water, was fully characterized by NMR spec-
troscopy (H, 13C) and elemental analyses. 'H and 12C
spectra both confirm the absence of a methylenic proton
and, as expected, the carbenic carbon is characterized
by a triplet of triplets at 130.8 ppm (1J(C,P) = 33.2 Hz,
2J(C,P) = 1.9 Hz, CDCls, 298 K). This chemical shift is
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Notes

Figure 1. View of one molecule of 2 (thermal ellipsoids
set at 50% probability). The hydrogen atoms are omitted
for clarity. Selected bond lengths [A] and angles [degl:
Ru(1)—C(1) 2.053(2), C(1)—P(1) 1.675(2), C(1)—P(2) 1.676-
(2), Ru(1)—S(1) 2.4739(5), Ru(1)—S(2) 2.4843(5), Ru(1)—P(3)
2.2656(5), Ru(1)—P(4) 2.2641(5), P(1)—S(1) 2.0269(7),
P(2)—S(2) 2.0206(6), P(1)—C(1)—P(2) 156.5(1), P(1)—C(1)—
Ru(1) 100.7(1), P(2)—C(1)—Ru(1) 102.26(8), S(1)—Ru(1)—
S(2) 155.18(2), P(3)—Ru(1)—P(4) 95.75(2).

considerably upfield relative to other ruthenium carbene
complexes (220—320 ppm),* suggesting that a significant
negative charge remains on the carbon atom.

X-ray quality crystals of 2 were obtained by diffusing
diethyl ether in a solution of the complex in methylene
chloride (Figure 1).5

The observed structure is consistent with the spec-
troscopic data and validates the presence of a central
carbenic carbon. The ruthenium center lies in a dis-
torted trigonal bipyramid (as expected for MLs5-d8
center). Interestingly, the overall geometry around the
carbene moiety is planar (sum of angles: 359.5°). The
situation is completely different from the one observed
in the previously reported palladium complex in which
the metal is located in a plane quasi-perpendicular to
the carbene fragment. Although the geometry in 2
seems, at a first glance, quite common for a carbene
complex, the ruthenium—carbon bond is relatively long
(2.053(2) A) compared to other Ru—C double bonds (1.92

A).8In fact, it is only marginally shorter than Ru—C(sp?)
single bonds (2.11 A) or in N-heterocyclic carbene
ruthenium complexes (2.08 A)6 and falls in the range
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of Ru—C(sp?) single bonds (2.06 A).” This bond length
suggests a weak s-bonding between the carbon and the
metal center in 2. A striking feature is the very short
P—C(1) bonds of 1.675(2) and 1.676(2) A, which are
similar to bond lengths found in carbodiphosphoranes
and their complexes.® These short bonds very likely
result from negative hyperconjugation from carbon to
phosphorus o* orbitals.

The electronic structure of complex 2 was investigated
by DFT calculations using a model complex (2-[H],
B3LYP/[6-31+G*(H,C,P,S),LANL2DZ+f(Ru)] level of
theory).? The optimized structure is in very good agree-
ment with the experimental structure, and a long Ru—C
bond was obtained (2.034 A). In line W1th both structural
and spectroscopic data, the Wiberg index calculated for
the ruthenium carbon bond (equal to 0.67) reveals a very
weak double-bond character in 2-[H]. The frontier
orbitals (HOMO and LUMO) for complex 2-[H] are
shown in Figure 2.

The HOMO is an antibonding 7* orbital between the
ruthenium center and the sulfur lone pairs. Interest-
ingly, the LUMO (Figure 2) corresponds to an antibond-
ing 7 interaction between the carbene’s n, orbital and
the metal centered d., orbital, as opposed to the situa-
tion in the palladium complex, in which this 7* orbital
is doubly occupied and constitutes its HOMO.2 Complex
2 then formally results from the double oxidation of its
palladium analogue (see d® vs d1°) and presents a planar
geometry commonly observed for carbene complexes.

As far as reactivity is concerned, complex 2 was found
to be very resistant and can be stored for days in the
air at room temperature without any degradation. This
complex does not react with methanol or with water.
The two triphenylphosphine ligands were not displaced
by chelating diphosphines, such as bis(diphenylphos-
phino)ethane (dppe), or by bulky phosphines, such as
PCys. The reactivity of 2 was further assessed by
reactions with various electrophiles and nucleophiles.
In particular, complex 2 did not react with methyl-
lithium or methyliodide and so exhibits no pronounced
electrophilic or nucleophilic character. Without addition
of any substrate, heating a solution of complex 2
(toluene, 120 °C, 15 h) affords a single complex, 3, which
results from metalation of one phenyl group and formal
protonation at the carbene center (Scheme 3). Complex
3 was fully characterized by NMR spectroscopy (*H, 13C,
and 31P) and elemental analyses. Crystals suitable for
X-ray diffraction analysis were grown by diffusing
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2-[H]

Figure 2. View of the optimized structure of complex 2-[H] and its frontier orbitals, obtained by DFT calculations.
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2-propanol in a solution of 3 in dichloroethane.® Its
molecular structure reveals the reaction to be diaste-
reoselective (the RR/SS racemic mixture was obtained
(see ESI))!0 and shows a significant lengthening of the
ruthenium carbon bond (2.053(2) A in 2 vs 2.262(4) A
in 3).

This unusual transformation of complex 2 into 3 was
investigated by DFT calculations. A model complex (2'),
in which the innocent phenyl rings were replaced by H,
was used, and calculations were carried out at the
B3LYP/[6-31+G*(H,C,P,S),LANL2DZ+f(Ru)] level of
theory.? The calculated mechanism is presented in
Scheme 4.

As can be seen, the rate-limiting step turns out to be
the first one. It consists in the decoordination of one
thiophosphinoyl ligand and results in the formation of
the unsaturated d8-ruthenium(0) complex 4'. A signifi-
cant shortening of the Ru—C bond is observed (from 2.03
A in 2 to 1.97 A in 4'), which indicates a more
pronounced multiple-bond character in 4' and therefore
a greater electronic donation from the carbon atom to
the metal. Complex 4' is thus better described as a d8-
ruthenium(0) carbene complex. This step is a prereq-
uisite for the following oxidative addition of a C—H bond
to yield 5’ (note that in this case no additional reduction
is required to form the ruthenium(0) intermediate).!!
Then the hydride complex 5' rearranges through a
reverse o-hydride migration (to 6') to finally afford the
saturated d8-ruthenium(II) complex 3’ upon recoordi-
nation of the sulfur ligand. This pathway is consistent
not only with the required temperature (about 100 °C)
but also with the observed complete diastereoselectivity
which stems from the cis 1,2-H shift (5’ to 6').

The 1,2[H] migration process is commonly employed
in the syntheses of carbene complexes from alkyl
complexes. If reverse hydrogen shift (migration from the
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metal to the carbon, step 3) is less common in carbene
complexes, it has been often observed in the case of
hydrido-carbyne complexes.!2 Both experimental and
theoretical investigations on a-H migrations (from a
transition metal center to a carbene ligand) have been
recently carried out.1314 These studies have pointed out
that hydrido-carbene complexes and alkyl complexes
could be engaged in an equilibrium.* Stabilization of
the carbene center by either the metal center or the
carbenic substituents was shown to be the key factor to
the shift of this equilibrium toward the hydrido-carbene
complex.!* On the other hand, in our case, the thermo-

(12) Caulton, K. G. J. Organomet. Chem. 2001, 617, 56—64.
(13) Lebozec, H.; Fillaut, J. L.; Dixneuf, P. H. J. Chem. Soc., Chem.
Commun. 1986, 1182—1185.
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dynamic balance definitely validates the completeness
of the reaction (AH°(2'—3') = —19.9 kcal/mol). The
overall transformation involves the cleavage of one o
C—H and the formal Ru=C & bond and the formation
of one ¢ C—H and one o Ru—C. Thus, the very large
exothermicity of the reaction clearly indicates that a
weak Ru=C x bond at best is involved in 2. Conse-
quently, the stabilization of the carbene center in
complex 2 is provided by the two P=S arms. Upon
decoordination of one thiophosphinoyl unit, stabilization
by the ruthenium center is not sufficient to ensure the
carbene stability, and the thermal isomerization pro-
ceeds toward its alkyl form (3).

Conclusion

In conclusion, the (S,C,S) scaffold has been shown to
stabilize a new type of ruthenium carbene complexes.
Structural and spectroscopic studies have shown that
a weak Ru=C =z bond was involved in carbene complex
2. In terms of reactivity, its thermal conversion to the
orthometalated complex 3 has been studied. A mecha-
nism of this transformation has been proposed and
validated by DFT calculations. It nicely accounts for the
experimental observations (in terms of diastereoselec-
tivity, temperature, and thermodynamic balance) and
confirms the almost negligible 7 Ru=C character in 2.
Further studies are now focusing on the full under-
standing of the electronic structure of this complex as
well as on the reactivity of dianion 1 toward other
transition metal centers.

Experimental Section

General Procedures. All reactions were routinely per-
formed under an inert atmosphere of argon or nitrogen by
using Schlenk and glovebox techniques and dry deoxygenated
solvents. Dry THF, ether, and hexanes were obtained by
distillation from Na/benzophenone. Dry dichloromethane was
distilled on P2O5; and dry toluene on Na. Nuclear magnetic
resonance spectra were recorded on a Bruker AC-300 SY
spectrometer operating at 300.0 MHz for 'H, 75.5 MHz for 13C,
and 121.5 MHz for 3'P. Solvent peaks are used as internal
reference relative to Me,Si for 'H and ¥C chemical shifts
(ppm); 3'P chemical shifts are relative to a 85% H3PO, external
reference. Coupling constants are given in hertz. The following

(14) Huang, D. J.; Koren, P. R.; Folting, K.; Davidson, E. R.; Caulton,
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Huffman, J. C.; Werner-Zwanziger, U.; Caulton, K. G.; Davidson, E.
R.; Gerard, H.; Clot, E.; Eisenstein, O. New JJ. Chem. 2000, 24, 9—26.
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E. R.; Eisenstein, O. Organometallics 2000, 19, 2291—2298. Ferrando-
Miguel, G.; Coalter, J. N.; Gerard, H.; Huffman, J. C.; Eisenstein, O.;
Caulton, K. G. New J. Chem. 2002, 26, 687—700. Clot, E.; Chen, J. Y.;
Lee, D. H.; Sung, S. Y.; Appelhans, L. N.; Faller, J. W.; Crabtree, R.
H.; Eisenstein, O. J. Am. Chem. Soc. 2004, 126, 8795—8804. Hirsekorn,
K. F.; Veige, A. S.; Marshak, M. P.; Koldobskaya, Y.; Wolczanski, P.
T.; Cundari, T. R.; Lobkovsky, E. B. J. Am. Chem. Soc. 2005, 127,
4809—-4830.
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abbreviations are used: s, singlet; d, doublet; t, triplet; m,
multiplet; v, virtual. Elemental analyses were performed by
the “Service d’analyse du CNRS”, at Gif sur Yvette, France.
[RuCla(PPhs)s] and bis(diphenylthiophosphinoyl)methane were
prepared according to literature procedures. All other reagents
and chemicals were obtained commercially and used as
received.

Synthesis of Carbene Complex 2. One equivalent of
[RuCly(PPhs)4] (490 mg, 0.40 mmol) was added to a solution
of dianion 1 in toluene (3 mL, 0.13 mol/L, 0.40 mmol) at room
temperature. The resulting mixture immediately turned dark
brown, and 3P NMR spectroscopy showed the reaction to be
complete. LiCl salt was eliminated via centrifugation after
addition of 10 mL of methylene chloride. Evaporation of the
solvent afforded a dark brown solid, which was washed three
times with hexanes (5 mL). Pure complex 2 was finally isolated
in 91% yield (390 mg, 0.36 mmol). Selected data: 'H NMR (300
MHz, CDyClg, 25 °C): 0 6.87—7.42 ppm (m, 50H; H of phenyl).
3IP{'H} NMR (121.5 MHz, CDyCl,, 25 °C, 85% H3;PO, as
external standard): ¢ 48.8 (t, %Jpp = 11.8 Hz), 57.6 ppm (t,
3Jpp = 11.8 Hz). BC{'H} NMR (75.465 MHz, CDsCl,, 25 °C,
CDyCly: 0 53.73 ppm as internal reference): ¢ 127.3—139.6
(m; C of phenyl), 138.0 ppm (tt, Jcp = 33.2 Hz, 2Jcp = 1.9 Hz;
carbenic carbon). Anal. Caled for Cs1H50PsRuSs: C, 68.34; H,
4.70. Found: C, 68.39; H, 4.71.

Synthesis of Complex 3. A solution of complex 2 (250 mg,
0.23 mmol) in toluene (20 mL) was heated in a sealed tube at
120 °C for 15 h. Evaporation of the solvent afforded a yellow
solid, which was washed with methanol (10 mL). Complex 3
was thus obtained in a pure form in 95% yield (237 mg, 0.22
mmol). Selected data: 'H NMR (300 MHz, CDsCly, 25 °C): ¢
1.42 (dt, 2Jup = 5.7 Hz, 3Jup = 4.3 Hz, 1H; PCHP), 5.26 (dd,
3Jun="7.6 Hz, *Jup = 2.5 Hz, 1H; H of ortho-phenyl), 5.88 (vtt,
3JHH =175 HZ, 3JHH =176 HZ, 4JHH =1.3 HZ, 5JHp =13 HZ,
1H; H of ortho-phenyl), 6.51 (vq, %Jug = 7.3 Hz, 3Jug = 7.5
Hz, “Jup = 7.3 Hz, 1H; H of ortho-phenyl), 6.71 (ddd, *Jun =
1.3 Hz, %Jun = 7.3 Hz, 3Jup = 11.6 Hz, 1H; H of ortho-phenyl),
6.83—7.60 ppm (m, 45H; H of phenyl). 3'P{'H} NMR (121.5
MHz, CDyCls, 25 °C, 85% H3PO, as external standard): 6 —9.0
(t, 3Jpp = 7.3 Hz; ortho-Ph-PhP(S)), 48.9 (m, SJpp = 45.3 Hz;
PPhsy), 50.8 (dd, 2Jpp = 23.8 Hz, 3Jpp = 7.3 Hz; PPhj), 62.5
ppm (d, 3Jpp = 12.1 Hz; PPhy(S)). *C{'H} NMR (75.465 MHz,
CD4Clg, 25 °C, CD3Clgz 6 53.73 ppm as internal reference): o
1.0 (s; PC(H)P), 118.8 (d, 3Jcp = 15.2 Hz; C of ortho-phenyl),
123.4 (d, *Jcp = 3.5 Hz; C of ortho-phenyl), 126.6 (d, 2Jcp=18.7
Hz; C of ortho-phenyl), 126.9—138.5 (m; C of phenyl), 145.0
(m, YJcp = 19.5 Hz; C of ortho-phenyl), 149.8 (dt, 1Jcp = 107.6
Hz, 3Jcp = 2.4 Hz; CP of ortho-phenyl), 183.2 ppm (m, YJcp =
41.3 Hz; CRu of ortho-phenyl). Anal. Caled for C¢1Hs0PsRuSs:
C, 68.34; H, 4.70. Found: C, 68.14; H, 4.75.
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