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a b s t r a c t

An oxophosphoryl-substituted methanide ligand system for transition metal complexes has been syn-
thesized and isolated as the sodium salt Na[Ph2P(O)eC(H)eSO2Ph]. This ligand features structural
components known to enable the isolation of nucleophilic late transition metal carbene complexes. The
corresponding ruthenium(cymene) chlorido complex was readily available by simple salt metathesis
reaction. However, in contrast to previously reported thio- and iminophosphoryl-tethered ligand sys-
tems, dehydrohalogenation of the chlorido complex led to the formation of a cyclometallated ruthenium
complex instead of the carbene complex. All compounds have been characterized in solution and solid
state. Additional density functional theory (DFT) studies have been performed to elucidate the mecha-
nism of the observed cyclometallation and to shed light on the effects of different P(V) groups in the
ligand system on the stability and reactivity of the corresponding carbene complexes. The calculations
show that the weaker coordination of the P]O compared to the P]S or P]N moiety is responsible for
the more facile CeH activation.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Methandiide-derived carbene complexes have received intense
research interest over the past two decades. Since the pioneering
work by Cavell and coworkers [1] these systems were found to be
versatile ligands for the preparation of nucleophilic carbene com-
plexes with metals covering the whole periodic table, including
nucleophilic actinide and late transition metal carbenes [2,3]. The
latter showed promising properties for applications in bond acti-
vation reactions via metal ligand cooperation (MLC) [4] involving
the M ¼ C linkage and hence in catalytic transformations. For
example, the thiophosphoryl-tethered ruthenium carbene complex
2which is readily available from dilithium methandiide 1 is able to
activate a series of element hydrogen bonds of different polarity
(OeH, PeH, HeH, SieH, BeH; Scheme 1) also in a reversible fashion
[5,6].

In order to optimize the ligand design in such carbene species
for MLC our group has focused on the variation of the substitution
pattern at the carbene carbon atom to tune the electronics of the
sner).
M ¼ C interaction and thus the thermodynamics of the bond acti-
vation processes [7]. To date, almost all methandiide-derived car-
bene complexes feature P(V) moieties for stabilization, most of
which are imino or thiophosphoryl side-arms [3,8]. These side-
arms are necessary to increase the complex stability, but also in-
fluence the electronics of the metal and thus the metal carbon
linkage [9]. For example, strong donor groups render the metal
more electron-rich and thus hamper sufficient electron transfer
from the methandiide ligand to the metal. This typically results in a
highly polar, ylidic M � C interaction with a highly nucleophilic
carbon atom. In contrast, electron-accepting co-ligands make the
metal more acidic and thus result in a more covalent M ¼ C double
bond. Hence, the propensity of the M ¼ C bond to undergo 1,2
addition reactions can be influenced by variation of the donor
groups. For example, we recently demonstrated that the exchange
of the thiophosphoryl group in 1 by an iminophosphoryl moiety
P¼NTMS changes the selectivities in BeH bond activation reactions
[5f] and also influences the polarity and thus reactivity of the cor-
responding carbene complexes [7e].

Since weaker electron-donating groups lead to less polarized
M ¼ C double bonds they in general facilitate reversible activation
processes and should thus be beneficial for realizing catalytic
processes. In this context, we aimed for the synthesis of an oxo-
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Scheme 1. Synthesis of methandiide-derived carbene complex 2 and its application in
bond activations.

Scheme 2. Synthesis of 3-Na and ruthenium complex 4.
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phosphoryl substituted ruthenium carbene complex in order to
further examine the influence of the donor strength of stabilizing
groups on the behavior and reactivity of the carbene complexes.
2. Results and discussion

The synthesis of phosphine oxide 3 was accomplished by a
similar procedure as reported by Imamoto et al. involving the
lithiation of methyl phenyl sulfone followed by the addition of tri-
iso-butylaluminum to form the corresponding alanate [10]. Reac-
tion with chlorodiphenylphosphine and subsequent oxidation
delivered the phosphine oxide in 61% yield as colorless solid (for
crystal structure see the SI and Table 1). Transmetallation from
lithium to aluminumwas necessary to reduce the formation of the
diphosphorylated compound. While double metalation of 3 turned
out to be difficult, the monodeprotonation can easily be accom-
plished with sodium hydride in THF at room temperature (Scheme
2). Treatment of the ligand with 1 equiv. of base selectively resulted
in the formation of sodium methanide 3-Na, which was isolated as
colorless solid in an excellent yield of 93%. 3-Na is characterized by
a signal at 19.7 ppm in the 31P{1H} NMR spectrum (20.4 ppm [7a]
for 3). The 1H NMR spectrum shows broadened signals indicating
the formation of oligo- or polymeric structures in solution as it has
been observed for other phosphoryl-stabilized methanides. The
presence of 0.75 equivalents of THF in the NMR spectra even after
prolonged drying of the solid in vacuum suggests the coordination
of THF to the oligomeric species [11]. The hydrogen atom at the
methanide carbon atom gives rise to a broadened multiplet at
2.58e2.64 ppm. The methanide carbon atom appears at 47.9 ppm
Table 1
Comparison of important bond lengths and angles in 3, 3-Na, 4 and 5.

Bond [Å]a

Angle [�]
3 3-Na 4 5

P1eC1 1.824(2) 1.724(3) 1.7842(19) 1.782(3)
S1eC1 1.782(2) 1.674(3) 1.7495(18) 1.741(3)
P1eO3 1.4858(16) 1.499(2) 1.5230(14) 1.523(2)
S1eO[a] 1.4373(24) 1.450(4) 1.4456(21) 1.451(4)
Ru1eC1 e e 2.2163(18) 2.149(3)
P1eC1eS1 118.80(13) 119.50(16) 121.14(11) 120.08(19)

a Average values.
with a large coupling constant of 1JPC ¼ 129.8 Hz in the 13C{1H}
NMR spectrum.

Single crystals of 3-Nawere obtained by addition of 15-crown-5
and diffusion of n-pentane into a saturated THF solution. 3-Na∙(15-
crown-5) crystallizes as monomer in the monoclinic space group
P21 (Fig. 1). The asymmetric unit contains two molecules of the
complex, which show similar bond length and angles. Therefore,
only bond lengths and angles for the molecule shown in Fig. 1 will
be discussed. In the structure, the sodium ion is coordinated by the
crown ether as well as the phosphoryl and sulfonyl group. No
contact to the methanide carbon atom is observed, which has often
been reported for analogous phosphoryl and sulfonyl functional-
ized monoanions [11,12]. The central carbon atom is slightly pyr-
amidalized with a sum of angles of 355.5(20)�, which still accounts
for a lone pair at carbon with mainly p-character (in the second
molecule in the asymmetric unit, the sum of angles amounts to
Fig. 1. Molecular structure of 3-Na∙(15-crown-5). Only one molecule of the asym-
metric unit is shown. Ellipsoids drawn at the 50% probability level. Hydrogen atoms
(except for the methylene bridge) omitted for clarity. Selected bond lengths [Å] and
angles [�]: C1eP1 1.724(3), C1eS1 1.674(3), P1eO3 1.499(2), P1eC2 1.820(3), P1eC8
1.822(3), S1eO11.458(2), S1eO2 1.441(2), S1eC14 1.789(3), O1eNa1 2.412(2), O3eNa1
2.280(2), Na1eO4 2.546(2), Na1eO5 2.494(2), Na1eO6 2.536(2), Na1eO7 2.438(2),
Na1eO8 2.450(2), P1eC1eS1 119.53(18).
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360.1(30)). The S1eC1 distance of 1.674(3) Å and the P1eC1 dis-
tance of 1.724(3) Å in the central structural motive are considerable
shorter than in the protonated precursor (1.782(2) and 1.824(2) Å in
3), thus reflecting the increasing charge at the central carbon atom
and the resulting electrostatic interactions within the PCS linkage.
Because of the stabilization of the carbon lone pair by negative
hyperconjugation, the PeO and SeO distances are slightly elon-
gated in 3-Na compared to 3.

In order to synthesize the ruthenium carbene complex analo-
gous to 2 a step-wise approach from 3-Na via salt metathesis by
treatment with [(p-cymene)RuCl2]2 and subsequent dehy-
drohalogenation was chosen. A direct approach via the corre-
sponding methandiide ligand was not possible, since in contrast to
1 dilithiation of 3 was found to be difficult [13]. Formation of the
chlorido complex 4 turned out to be straight-forward. After work-
up 4 was isolated as orange solid in 65% yield (Scheme 2).
Compared to 3-Na the phosphorus signal in 4 experiences a
remarkable down-field shift, resonating at 68.3 ppm in the 31P{1H}
NMR spectrum. The methanide proton appears in the 1H NMR
spectrum as a doublet at 3.81 ppm with a coupling constant of
2JHP ¼ 2.40 Hz, while the carbon atom gives rise to a doublet at
43.3 ppm with a coupling constant of 1JPC ¼ 54.4 Hz in the 13C{1H}
NMR spectrum. The decreased coupling constant in 4 compared to
3-Na clearly reflects the higher p-character in the PeC bond which
is well in line with the formation of a CeRu bond. Single-crystals of
4 were obtained by diffusion of n-hexane into a saturated solution
of 4 in toluene. The ruthenium complex crystallizes in the triclinic
space group P-1. The asymmetric unit contains two molecules of 4
as well as a pentane molecule on the symmetry centre (Fig. 2).
Discussion will be conducted on only one moiety of 4 since both
molecules in the asymmetric unit show similar bond lengths and
angles. The structure confirms the formation of the expected
chlorido complex, in which the methanide acts as a C,O-ligand
coordinating via the phosphoryl moiety. The RueC bond length of
2.2163(18) Å is well in line with a RueC single bond [5b]. Due to the
formation of the RueC bond and the reduced negative charge at the
methanide carbon atom compared to 3-Na, the PeC and CeS dis-
tances are longer than in the sodium compound, but are still
slightly shorter than in the ligand itself (see Table 1).

Next, the dehydrohalogenation of 4 was attempted with tert-
butoxide bases. Monitoring of the reaction process by 31P{1H} NMR
Fig. 2. Molecular structure of 4. Only one molecule of the asymmetric unit shown.
Ellipsoids drawn at the 50% probability level. Hydrogen atoms (except for the meth-
ylene bridge) omitted for clarity. Selected bond lengths [Å] and angles [�]: C1eS1
1.7495(18), C1eP1 1.7842(19), C1eRu1 2.2163(18), S1eO1 1.4460(15), S1eO2
1.4452(14), S1eC14 1.7822(19), P1eO3 1.5230(14), P1eC2 1.7931(19), P1eC8 1.801(2),
O3eRu1 2.1654(13), Ru1eCl1 2.4090(4), S1eC1eP1 121.14(11).
spectroscopy revealed the slow formation of two new products
with signals at approximately dP¼ 75.6 ppm and 60.9 ppm (Scheme
3). During the course of the reaction, the signal at dP ¼ 75.6 ppm
completely vanished, thus exclusively giving way to a compound
with a phosphorus shift of dP ¼ 60.9 ppm. Isolation revealed the
product to be the cyclometallated complex 5 instead of the desired
carbene complex 6. After 2 h of reaction time approximately 60% of
the starting material was consumed. Full conversion was only
achieved after five days. We assume, that the interim observed
peak at 75.6 ppm corresponds to the desired carbene complex 6.
Due to the slow deprotonation an isolation or trapping of the car-
bene species was not possible. It is also possible, that the observed
intermediate is a compound with a cyclometallated phosphorus
bound phenyl ring which then further converts to the isolated
product 5 (see compounds 8′ and 9′ in the SI 4.1.6, Scheme S2). 5
was isolated as orange solid in 55% yield and characterized by
multi-nuclear NMR spectroscopy, elemental and XRD analysis.
Although such a cyclometallation was not observed for the
thiophosphoryl-tethered carbene complex 2, analogous reactions
have been reported for other nucleophilic carbene complexes [14].

The crystal structure of 5 unambiguously confirms the cyclo-
metallation of the sulfur bound phenyl group (see Fig. 3). The
ruthenium centre adopts a piano-stool geometry with an “open-
book”-shaped structure of the methanide ligand. The bond lengths
in the methanide ligand in 5 are similar to those found in the
starting complex 4. The most significant difference concerns the
RueC bond (2.149(3) Å), which is e probably due to the rigid C,C,O-
coordination mode of the ligand e slightly shorter in the cyclo-
metallated complex.

The facile cyclometallation to 5 is in contrast to the related thio-
or iminophosphoryl systems, which could both be isolated as stable
solids at room temperature [5b,7e]. The instability of the P]O
substituted carbene complex is presumably the result of the weak
coordination of the phosphoryl moiety to ruthenium and/or the
polarity of the RueC double bond in carbene complex 6. In order to
better understand the reason for the low stability of carbene
complex 6, we performed computational studies at the PBE0/
def2tzvp level of theory. A model systemwith p-xylene instead of a
p-cymene ligand was used to prevent calculations of multiple
possible conformers.

At first, natural bond orbital (NBO) analyses [15] of carbene
complex 6′ in comparison to complex 2′ were carried out on the
PBE0/def2tzvp (ECP MWB28 for Ru) level of theory to probe the
impact of the oxophosphoryl-tether on the electronics of the M ¼ C
bond (Fig. 4). These calculations revealed, that the exchange of the
thiophosphoryl moiety by an oxophosphoryl group only leads to a
minor change of the polarity of the Ru]C double bond. In fact, the
double bond is slightly less polar in complex 6′ which should lead
to an overall more stable carbene complex. Likewise, the Wiberg
bond index of the Ru]C bond is slightly higher in 6′ than in 2’.
Therefore, the low stability of complex 6′ compared to 2′ cannot be
explained by a higher reactivity of the Ru]C double bond due to an
increased polarity [16].

Next, we turned our attention towards the mechanism of the
Scheme 3. Synthesis of complex 5 from 4.



Fig. 3. Molecular structure of 5. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms (except for the methylene bridge) omitted for clarity. Selected bond
lengths [Å] and angles [�]: C1eS1 1.741(3), C1eP1 1.782(3), C1eRu1 2.149(3), P1eO3
1.523(2), P1eC8 1.797(3), P1eC2 1.801(3), S1eO1 1.446(3), S1eO2 1.455(2), S1eC14
1.758(3), C19eRu1 2.070(3), Ru1eO3 2.232(2), S1eC1eP1 120.08(19).
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orthometallation of the P]O- in comparison to the P]S-
substituted carbene complex 2. Due to the analogy of both ligands
we assumed that also the oxophosphoryl ligand first allows the
formation of the carbene complex, from which onwards cyclo-
metallation occurs. Different reaction pathways, particularly for the
start of the reaction were calculated. Only the energetically most
favorable pathway is shown in Scheme 4 and discussed here (see
the experimental section for details). The reaction starts with the
additional coordination of the sulfonyl moiety via an oxygen atom
to the ruthenium centre. This coordination is accompanied by a
change from a Ru]C double to a RueC single bond and a pyr-
amidalization of the former carbene carbon atom. A similar flexible
behavior of the metal carbon bond which enabled the activation of
small molecules via oxidative addition due to the opened coordi-
nation site has been observed in a methandiide-derived iridium
carbene complex [7d]. The calculated bond lengths for the metal
carbon bond in 2’ (1.927 Å), 6’ (1.908 Å) and Int1 (X ¼ S: 2.192 Å;
Fig. 4. Natural atomic charges (red, blue), Wiberg bond indices of the Ru]C and RueS/
O bonds (green) and NBO analysis of 6′ and 2’ (PBE0/def2tzvp þ ECP MWB28 for Ru).
X ¼ O: 2.205 Å) are well in line with reported ruthenium carbon
double and single bonds [5b]. Starting from Int1, decoordination of
the P ¼ X moiety and reformation of the Ru]C double bond leads
to the intermediates Int2(S) and Int2(O), respectively. Both in-
termediates are energetically disfavored (DGǂ ¼ 52.5 kJ/mol and
11.4 kJ/mol respectively) albeit this is more pronounced for the
thiophosphoryl-substituted system as expected due to the stronger
donor ability of the P]S-moiety. The transition state TS-2 in this
reaction step is the crucial part of the mechanism since the relative
free energy amounts to DGǂ ¼ 130.6 kJ/mol for the thiophosphoryl-
substituted system and to 93.0 kJ/mol for the oxophosphoryl-
substituted compound. This explains why the orthometallation
takes place at room temperature only for the oxophosphoryl-
functionalized carbene complex. After rotation around the CeS
bond leading to 18 valence electrons intermediate Int3 with an
agostic ruthenium CeH-interaction, the oxidative addition/CeH
activation takes place resulting in intermediate Int4. These two
steps are energetically considerably disfavored and represent the
steps with the highest activation barrier in the whole reaction
sequence. However, subsequent proton transfer is facile and
recoordination of the phosphoryl moiety gives the energetically
favoured orthometallated compounds 5’ (DG ¼ �70.9 kJ/mol) and
6′ (DG ¼ �57.9 kJ/mol) respectively. It is important to note, that the
highest barrier in the whole cyclometallation mechanism is
considerably higher for the thiophosphoryl compound (TS-4(S),
DGǂ¼ 154.8 kJ/mol) than for the oxophosphoryl complex. The latter
features a maximum barrier of 106.0 kJ/mol, which is still low
enough for the reaction to proceed at room temperature, while
complex 2 is stable towards cyclometallation due to the highly
disfavored decoordination of the P]S group from the ruthenium
centre. This is in line with observations by M�ezailles and co-
workers with a PS/PO methanide ligand [14b]. Overall the calcu-
lations confirm the experimental results and show, that the weaker
donor ability of the oxophosphoryl moiety compared to the thio-
phosphoryl moiety enables the decoordination of the phospho-
nium group and thus allows for a more facile oxidative addition of
an ortho-standing CeH bond at the ruthenium centre. We would
like to point out that the weaker coordination ability of the oxo-
phosphoryl group is also reflected in the WBIs depicted in Fig. 4,
which is clearly lower for the RueO than for the RueS bond (0.45
versus 0.72).

3. Conclusions

In summary, a new P]O tethered methanide ligand system has
been synthesized to compare its ability to form nucleophilic car-
bene complexes with a previously reported thiophosphoryl system.
The metallated ligand was successfully isolated and used to syn-
thesize the ruthenium chlorido complex 4which was subsequently
subjected to a dehydrohalogenation to synthesize the carbene
complex 6. Surprisingly, NMR and XRD spectroscopy revealed the
product to be the cyclometallated complex 5 instead of the desired
carbene complex. This is in contrast to the corresponding
thiophosphoryl-substituted carbene complex 2which was found to
be stable at room temperature and showed no cyclometallation
reaction. DFT studies were performed to better understand the
overserved reactivity differences. The calculations revealed that the
Ru]C bond in both carbene complexes is similar, thus suggesting
that the cyclometallation is not the result of a higher nucleophilic
character of the carbene ligand in 6. Instead, the weaker coordi-
nation of the oxophosphoryl moiety compared to the thio-
phosphoryl moiety was found to enable the coordination of a CeH
bond in ortho position of the sulfonyl bound phenyl ring to the
metal centre and hence allowed the facile CeH activation at room
temperature. Due to the stronger donor ability of the



Scheme 4. Calculated pathway for the cyclometallation reactions of 2′ and 6’; free energies are given relative to 2′ and 6′ respectively in kJ/mol [PBE0/def2tzvp þ MWB28 for Ru].
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thiophosphoryl moiety, the reaction barriers and intermediates of
the cyclometallation process are too high in energy, thus making
carbene complex 2 inert towards CeH activation. These results give
valuable insights on the effects of different donor functionalities in
the ligand backbone on the stability and reactivity of the corre-
sponding carbene complexes and will be helpful for future modi-
fying and fine-tuning of methandiide-derived carbene complexes.
4. Experimental section

4.1. General methods

All experiments were carried out under a dry, oxygen-free argon
atmosphere using standard Schlenk techniques. Solvents were
dried using an MBraun SPS-800. 1H, 13C{1H}, and 31P{1H} NMR
spectra were recorded on Avance-IIIe400 spectrometers at 25 �C if
not stated otherwise. All values of the chemical shifts are in ppm
regarding the d-scale. All spin-spin coupling constants (J) are
printed in Hertz (Hz). To display multiplicities and signal forms
correctly the following abbreviations were used: s ¼ singlet,
d ¼ doublet, t ¼ triplet, q ¼ quartet, sep ¼ septet, m ¼ multiplet,
br ¼ broad signal. Signal assignment was supported by HSQC and
HMBC experiments. Elemental analyses were performed on an
Elementar vario MICRO-cube elemental analyzer. All reagents were
purchased from Sigma-Aldrich, ABCR, Rockwood Lithium, Acros
Organics or Alfa Aesar and used without further purification, unless
otherwise noted.

Synthesis of compound 3. The synthesis of 3was achieved with
an adapted procedure reported by Imamoto et al. [10] Methyl
phenyl sulfone (2.00 g, 12.8 mmol) was dissolved in 40 ml THF and
the solution cooled to 0 �C. nBuLi (5.74 ml, 12.8 mmol, 2.23 M in
hexane) was slowly added in the course of 30 min. The resulting
solution was stirred for 30 min. Al(iBu)3 (11.6 ml, 12.8 mmol, 1.1 M
in toluene) was added over 30 min. The reaction mixture was
stirred for additional 30 min and subsequently slowly added to a
solution of ClPPh2 (3.67 g, 16.64 mmol) in 40 ml THF at 0 �C. The
reaction mixture was stirred for 1 h at 0 �C and 1 h at room tem-
perature. 100 ml H2O were carefully added, the phases separated,
and the aqueous phase extracted two times with 50 ml CHCl3. The
organic phases were combined, dried over Na2SO4, filtrated and the
solvent evaporated. The residue was dissolved in 50 ml THF and an
excess H2O2 was added. The mixture was stirred overnight.
30 ml H2O were added, the phases separated, and the aqueous
phase extracted three times with DCM (50 ml). The organic phases
were combined, dried over Na2SO4, filtrated and the solvent
removed in vacuo. The resulting solid was recrystallized from hot
EtOH (85 ml) to afford 2.77 g (7.81 mmol, 61%) of 3 as colorless
needles. 1H NMR: (400.1 MHz, CDCl3): d ¼ 4.28 (d, 2JHP ¼ 10.0 Hz,
2H; SCH2P), 7.45e7.61 (m, 9H; CHSPh,meta,para þ CHPPh,meta,para),
7.73e7.78 (m, 4H; CHPPh,ortho), 7.87e7.89 (m, 2H; CHSPPh,ortho).31P
{1H}-NMR: (162.0MHz, CDCl3): d¼ 20.2. Further spectroscopic data
are in accordance with the literature [7a].

Synthesis of compound 3-Na. 1.50 g (4.21 mmol) of compound
3 and 101mg (4.21mmol) of NaHwere suspended in 60ml THF and
the resulting reaction mixture stirred over night at room temper-
ature until no further gas evolution was observed. The solvent was
removed under reduced pressure giving 3-Na as a colorless solid
(1.77 g, 3.93 mmol, 93%). 1H NMR: (400.3 MHz, DMSO‑d6):
1.74e1.80 (m, 3H; OCH2CH2), 2.58e2.64 (m, 1H; SCHP), 3.58e3.62
(m, 3H; OCH2), 7.26e7.28 (m, 9H; CHPPh,meta þ CHSPh,meta),
7.67e7.71 (m, 4H; CHPPh,ortho), 7.72e7.81 (m, 2H; CHSPh,ortho). 13C
{1H} NMR: (100.7 MHz, DMSO‑d6): 25.1 (OCH2CH2), 47.8 (d,
1JCP ¼ 129.8 Hz; SCHP), 67.0 (OCH2), 124.9 (CHSPh,ortho), 127.3 (d,
3JCP ¼ 11.3 Hz; CHPPh,meta), 127.5 (CHSPh,meta), 128.2 (CHSPh,para),
129.0(CHPPh,para), 131.1 (d, 2JCP ¼ 9.02 Hz; CHPPh,ortho), 140.6 (d,
1JCP¼ 107.9 Hz; CPPh,ipso), 152.6 (CSPh,ipso). 31P{1H} NMR: (162.1MHz,
DMSO‑d6): 19.7. Anal. Calcd. for C19H16NaO3PSþ 0.75*THF: C, 61.11;
H, 5.13; S, 7.41. Found: C, 60.59; H, 4.92; S, 7.45.

Synthesis of 4.1.55 g (3.59 mmol) of methanide 3-Na and 1.10 g
(1.79 mmol) of [(p-cymene)RuCl2]2 were dissolved in 50 ml THF
and the resulting mixture stirred for 16 h. The solvent was removed
in vacuo and the orange residue dissolved in 30 ml DCM. The
mixture was filtrated, the solvent removed under reduced pressure
and the obtained residue recrystallized in hot toluene. Filtration
and drying gave 4 as orange needles in 65% (1.46 g) yield. 1H NMR
(400.3 MHz, d8-THF): 1.28 (d, 3JHH ¼ 6.89 Hz, 6H; CH(CH3)2), 2.21 (s,
3H, CCH3), 2.85 (sept, 3JHH ¼ 6.73 Hz, 1H; CH(CH3)2), 3.81 (d,
2JHP ¼ 2.41 Hz, 1H; SCHP), 5.75 (d, 3JHH ¼ 6.08 Hz, 1H; CHCym), 5.84
(d, 3JHH ¼ 5.53 Hz, 1H; CHCym), 5.88 (d, 3JHH ¼ 5.45 Hz, 1H; CHCym),
6.12 (d, 3JHH ¼ 5.59 Hz, 1H; CHCym), 7.06e7.22 (m, 6H;
CHPPh,ortho þ CHPPh,meta þ CHPPh,meta), 7.24e7.29 (m, 6H;
CHPPh,ortho þ CHSPh,ortho þ CHSPh,meta), 7.32e7.36 (m, 1H; CHPPh,para),
7.41e7.46 (m, 1H; CHSPh,para), 7.49e7.52 (m, 1H; CHPPh,para). 13C{1H}
NMR (100.7 MHz, d8-THF): 18.3 (CCH3), 21.8 (CH(CH3)2), 23.5
(CH(CH3)2), 31.6 (CH(CH3)2), 42.9 (d, 1JCP ¼ 54.6 Hz; SCHP), 80.0
(CHCym), 83.1 (CHCym), 83.8 (CHCym), 88.0 (CHCym, determined from
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HSQC), 94.1 (CCym), 96.4 (CCym), 127.5 (CHSPh,ortho/CHSPh,meta), 128.0
(d, 2JCP ¼ 12.7 Hz; CHPPh,ortho), 128.1 (d, 2JCP ¼ 12.0 Hz; CHPPh,ortho),
129.0 (CHSPPh,ortho/CHSPh,meta), 131.2 (d, 3JCH ¼ 10.2 Hz; CHPPh,meta),
131.8 (d, 4JCP ¼ 2.52 Hz; CHPPh,para), 132.2 (CHSPh,para), 123.7
(CHPPh,para), 133.5 (d, 3JCP ¼ 10.1 Hz; CHPPh,meta), 134.3 (d,
1JCP ¼ 101.0 Hz; CPPh,ipso), 145.7 (CSPh,ipso). 31P{1H} NMR (162.1 MHz,
d8-THF): 68.3. Anal. Calcd. for C29H30ClO3PRuS: C, 55.63; H, 4.83; S,
5.12. Found: C, 55.77; H, 4.73; S, 4.90.

Synthesis of compound 5. 150 mg (240 mmol) of 4 and 26.0 mg
(240 mmol) of KOtBu were dissolved in 10 ml THF and the mixture
was stirred for 120 h. The solvent was removed under reduced
pressure, and the residue dissolved in 20 ml toluene. The solution
was filtrated twice over a 4 Å Schlenk frit with a 2 cm bed of Celite.
The solvent was removed in vacuo and the residue washed once
with 10 ml pentane which gave compound 5 as a pale brown solid
(77.4 mg, 55%). 1H NMR (400.3, C6D6): 0.88 (d, 3JHH ¼ 6.88 Hz, 3H;
CH(CH3)2), 1.00 (d, 3JHH ¼ 6.92 Hz, 3H; CH(CH3)2), 1.63 (s, 3H;
CH(CH3)2), 2.42 (sept, 3JHH ¼ 6.93 Hz, 1H; CH(CH3)2), 4.67 (d,
3JHH ¼ 5.72 Hz, 1H; CHCym), 4.75 (d, 3JHH ¼ 5.72 Hz, 1H; CHCym), 4.83
(d, 2JHP ¼ 2.80 Hz, 1H; SCHP), 4.96 (d, 3JHH ¼ 5.77 Hz, 1H; CHCym),
5.07 (d, 3JHH ¼ 5.77 Hz, 1H; CHCym), 6.78e6.83 (m, 2H; CHPPh,meta),
6.84e6.89 (m, 2H; CHPPh,para þ RuCCHCH/SCCHCH), 7.05e7.13 (m,
5H; CHPPh,ortho þ CHPPh,meta þ CHPPh,para), 7.28e7.32 (m, 1H;
RuCCHCH/SCCHCH), 7.37 (d, 3JHH ¼ 7.66 Hz, 1H; RuCCH), 7.69e7.74
(m, 2H; CHPPh,ortho), 8.44 (d, 3JHH ¼ 7.40 Hz,1H; SCCH). 13C{1H} NMR
(100.7 MHz, C6D6): 18.2 (CCH3), 22.1 (CH(CH3)2), 23.3 (CH(CH3)2),
31.2 (CH(CH3)2), 37.5 (d, 1JCP ¼ 52.7 Hz; SCHP), 81.2 (CHCym), 83.5
(CHCym), 85.2 (CHCym), 86.5 (CHCym), 91.5 (CCym), 105.5 (CCym), 124.0
(SCCHCH/RuCCHCH), 124.8 (RuCCH), 127.5 (d, 3JCP ¼ 12.3 Hz;
CHPPh,meta), 128.8 (d, 3JCP ¼ 11.9 Hz; CHPPh,meta), 130.2 (d,
2JCP ¼ 10.1 Hz; CHPPh,ortho), 130.5 (SCCHCH/RuCCHCH), 131.5 (d,
4JCP ¼ 3.06 Hz; CHPPh,para), 131.7 (d, 2JCP ¼ 10.5 Hz; CHPPh,ortho), 132.1
(d, 1JCP ¼ 89.2 Hz; CPPh,ipso), 132.2 (d, 4JCP ¼ 2.77 Hz; CHPPh,para),
134.3 (d 1JCP¼ 93.6 Hz; CPPh,ipso), 142.4 (SCCH), 152.0 (SC/RuC), 167.3
(SC/RuC). 31P{1H} (162.1 MHz, C6D6): 61.8. Anal. Calcd. for
C29H29O3PRuS: C, 59.07; H, 4.96; S, 5.44. Found: C, 58.91; H, 4.89; S,
5.00.

X-ray crystallography. Data collection of the compounds was
conducted with an Oxford Synergy. The structures were solved
using direct methods, refined with the Shelx software package and
expanded using Fourier techniques. 17 The crystals of all com-
pounds were mounted in an inert oil (perfluoropolyalkylether).
Crystal structure determination were affected at 100 K. Crystallo-
graphic data (excluding structure factors) have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC 1979586-1979589. Copies of the data can be
obtained free of charge on application to Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; [fax:
(þ44) 1223-336-033; email: deposit@ccdc.cam.ac.uk].

Crystal data for compound 3. Single crystals suitable for X-ray
diffraction analysis were obtained by slowly diffusing pentane in a
saturated solution of 3 in THF. C19H17O3PS: Mr ¼ 356.35 g mol�1;
colourless needle; 0.13 � 0.04 � 0.03 mm3; monoclinic; space
group P21/c; a ¼ 8.34776(18), b ¼ 18.1226(4), c ¼ 11.2962(2) Å;
V ¼ 1664.33(6) Å3; Z ¼ 4; rcalcd ¼ 1.422 gcm�3; m ¼ 2.759 mm�1;
F(000) ¼ 744; T ¼ 100(2) K; R1 ¼ 0.0434 and wR2 ¼ 0.1112; 2981
unique reflections (q < 67.061) and 225 parameters.

Crystal data for compound 3-Na. Single crystals suitable for X-
ray diffraction analysis were obtained by slowly diffusing pentane
in a saturated solution of 3-Naþ15-crown-5 in THF. C29H36NaO8PS:
Mr ¼ 598.60 g mol�1; colourless block; 0.08 � 0.15 � 0.38 mm3;
monoclinic; space group P21; a ¼ 15.4271(4), b ¼ 11.0281(2),
c ¼ 18.1724(4) Å; V ¼ 2980.94(12) Å3; Z ¼ 4; rcalcd ¼ 1.334 g cm�3;
m ¼ 2.020 mm�1; F(000) ¼ 1264; T ¼ 100(2) K; R1 ¼ 0.0284 and
wR2 ¼ 0.0742; 8638 unique reflections (q < 67.060) and 730
parameters.
Crystal data for compound 4. Single crystals suitable for X-ray

diffraction analysis were obtained by slowly diffusing pentane in a
saturated solution of 4 in toluene. C60.5H65.5Cl2O6P2Ru2S2:
Mr ¼ 1287.73 g mol�1; orange block; 0.16 � 0.10 � 0.05 mm3;
triclinic; space group P-1; a ¼ 12.4145(4), b ¼ 13.4350(4),
c ¼ 19.1037(5) Å; V ¼ 2829.89(17) Å3; Z ¼ 2; rcalcd ¼ 1.511 g cm�3;
m ¼ 6.819 mm�1; F(000) ¼ 1321; T ¼ 100(2) K; R1 ¼ 0.0224 and
wR2 ¼ 0.0550; 100086 unique reflections (q < 67.076) and 691
parameters.

Crystal data for compound 5. Single crystals suitable for X-ray
diffraction analysis were obtained by slowly diffusing hexane in a
saturated solution of 5 in toluene. C36H37O3PRuS:
Mr ¼ 681.75 g mol�1; orange block; 0.15 � 0.07 � 0.06 mm3;
triclinic; space group P-1; a ¼ 10.9314(4), b ¼ 12.7493(6),
c ¼ 12.8619(5) Å; V ¼ 1508.89(12) Å3; Z ¼ 2; rcalcd ¼ 1.501 g cm�3;
m ¼ 5.636 mm�1; F(000) ¼ 704; T ¼ 100(2) K; R1 ¼ 0.0369 and
wR2 ¼ 0.1038; 5378 unique reflections (q < 67.070) and 375
parameters.

Computational details. All calculations were performed
without symmetry restrictions. Starting coordinates for 2′, 5′, 6′
and 7′ were obtained from the crystal structure analyses, for the
other structures via GaussView 3.0 [18]. The geometry optimiza-
tion, NBO analyses and transition state searchwere carried out with
the Gaussian09 (Revision E.01) program package [19] using
Density-Functional Theory (DFT) [20] with the PBE0 functional [21]
and the def2svp basis set and the corresponding MWB28 ECP for
ruthenium and the def2svp basis set [22] for all other atoms with
Grimme’s D3 dispersion correction with Becke-Johnson damping
[23]. The metrical parameters of the energy-optimized geometry
compared well with those determined by X-ray diffraction. Har-
monic vibrational frequency analysis was performed on the same
levels of theory to determine the nature of the structures [24]. The
vibrational frequency analyses showed no imaginary frequencies for
the ground states and one imaginary frequency for the transition
states, corresponding to the expected translational motion of the
transition states. Single point energies were calculatedwith the PBE0
functional and the def2tzvp basis set and the correspondingMWB28
ECP for Ruthenium and the def2tzvp basis set for all other atoms
with Grimme’s D3 dispersion correction with Becke-Johnson
damping [12,17]. NBO analyses were performed on the same level
of theory.

We calculated several other possible mechanisms for the
cyclometallation process. For example, an alternative intermediate
Int1′which features a Ru]C double bond and an h4 coordination of
the arene ligand instead is energetically highly disfavored (see SI
4.1.2). Direct transition states from the carbene complexes 2′ and 6′
to the intermediates Int2 and Int3, respectively, or a direct CeH
activation step via addition across the RueC bond could not be
found. The first steps of an orthometallation at the sulfur bound
phenyl ring were also investigated (see SI 4.1.3). Although this
pathway features energies and barriers achievable at room tem-
perature for complex 6′ it results in a cyclometallated compound
which is significantly disfavored compared to compound 5′. All
energies, barriers and coordinates can be found in the supporting
information.
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