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Two p-cymene-ruthenium complexes 1 and 2 were isolated
in high yields by treating the [RuCl,(p-cymene)], dimer with
new hybrid phosphane- or NHC-linked diene ligands. Both
complexes were fully characterized by NMR spectroscopy,
and the molecular structure of the ruthenium-p-cymene
complex 1, containing the phosphane-diene ligand system,

was determined by X-ray diffraction analysis. The catalytic
activities of both compounds were probed in atom-transfer
radical addition (ATRA) and polymerization (ATRP), in the
cyclopropanation of olefins, in the ring-opening metathesis
polymerization (ROMP) of norbornene, and in the synthesis
of enol esters from hex-1-yne and 4-acetoxybenzoic acid.

Introduction

Arene-ruthenium complexes associated with phosphane
or N-heterocyclic carbene (NHC) ligands have been found
to be particularly efficient precatalysts for a wide range of
organic transformations.['?l Interestingly, these versatile
complexes are believed to release the arene ligand in situ in
some cases, thus leading to highly reactive coordinatively
unsaturated catalytic species.?*?¢!1 Aware of the low sta-
bility of these “naked species”, some of us and others have
developed the synthesis of arene-ruthenium complexes con-
taining phosphane systems bearing pendant arene groups
and of the resulting chelating complexes [i.e., the tethered
(kP:m®-phosphanoarene)ruthenium complexes].>4 We have
notably shown that these complexes gain robustness from
the chelate effect and can thus be used in catalysis at high
temperatures, over prolonged reaction times, at low load-
ings.l”) Nevertheless, one drawback of this strategy is that
the formation of over-stabilized complexes is accompanied
by lower activity under standard conditions. In view of
these results, we set out to replace the pendant arene groups
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with a potentially more labile function and thus designed
ligands that incorporate either phosphane or NHC systems
linked to diene groups through propylene spacers.[®#! The
alkyl spacers should allow the dienes to interact with the
ruthenium centers once the arenes are released. Owing to
the variety of possible binding modes of a linked diene,!
we would expect it to be coordinatively flexible for Ru inter-
mediates and able to stabilize highly reactive catalytic spe-
cies while preserving sufficient catalytic activity. Here we
describe the synthesis of these arene-ruthenium complexes
incorporating new hybrid phosphane- or NHC-linked diene
ligands. Preliminary assessment of the catalytic perform-
ances of these complexes in atom-transfer radical addition
(ATRA) and polymerization (ATRP), olefin cyclopropan-
ation, ring-opening metathesis polymerization (ROMP),
and enol ester synthesis is reported.

Results and Discussion

The synthesis of the arene-ruthenium phosphane-diene
complex 1 starts with isoprene, which is deprotonated with
potassium diisopropylamide by Brandsma’s procedure and
added to ethylene oxide to generate 4-methylenehex-5-enol
(Scheme 1).1'% Formation of the mesylate and addition of
lithium diphenylphosphide give the phosphane-diene li-
gand. This can open the chloride bridges of the dimer [(p-
cymene)RuCl,], in benzene to afford the target complex 1
in good yield.
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Scheme 1. Synthesis of the arene-ruthenium phosphane—diene com-
plex 1: (a) KDA, ethylene oxide, —80 °C— room temp., 3 h;
(b) MsCl, NEt;, CH,Cl,, room temp., 1 h; (c) PPh,Li, THF, 0 °C,
2 h; (d) 1/2 [(p-cymene)RuCl,],, benzene, room temp., 4 h.

The 3'P NMR chemical shift of 1 at § = 23.2 ppm corre-
sponds to a downfield shift of 26 ppm relative to the free
ligand. In the 'H NMR spectrum of 1, the signals of the
dienyl system show the same pattern as observed for the
phosphane—diene. These results are indicative of the kP-co-
ordination of the phosphane-diene. Single crystals of 1,
suitable for X-ray diffraction, were obtained by the layering
technique. An ORTEP view of compound 1 is shown in
Figure 1. The arene-ruthenium moiety has a three-legged
piano stool structure with structural parameters in the
range of those observed for related complexes.l*! In the solid
state, the propylene spacer is roughly aligned with the Ru—
P bond, keeping the dienyl system away from the Ru center.

O

(¢]

Figure 1. ORTEP view of complex 1. Selected bonds (A) and angles
(°): Ru—Ctl 1.705(10), Ru—Cl1 2.4124(7), Ru-CI2 2.4203(6), Ru-P
2.3373(6), Ctl1-Ru—Cl1 126.08(4), Ct1-Ru—CI2 127.68(4), Ctl-Ru-—
P 130.04(4), Cl1-Ru-CI2 86.15(2), Cl1-Ru-P 88.23(2), CI2-Ru-P
84.04(2).

The NHC-ruthenium complex 2 was synthesized from
isoprene in a similar fashion. Addition of sodium imid-
azolate to the mesylate of 4-methylenehex-5-enol gives the
imidazole—diene, which is next converted into the methyl-
imidazolium salt by addition of CHsI (Scheme 2). The tar-
get ruthenium complex 2 was next obtained in good yield
by the commonly used silver carbene route.l''! The 'H and
13C NMR spectra of 2 show the expected signals with a
singlet carbene at & = 173.5 ppm.
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over 4 steps over 2 steps

Scheme 2. Synthesis of the arene-ruthenium NHC-diene complex
2: (a) KDA, ethylene oxide, —-80 °C— room temp., 3 h; (b) MsCl,
NEt;, CH,Cl,, room temp., 1 h; (c) imidazole, NaH, THF, room
temp., 24 h; (d) CHsl, AcOEt, 3 h, 65 °C; (e) Ag,O, CH,Cl,, reflux,
24 h; (f) 1/2 [(p-cymene)RuCl,],, CH,Cl,, room temp., 2 h.

With the aim of providing further insight into the influ-
ence of the diene moieties linked to the hybrid ligands on
the catalytic properties of 1 and 2, before starting the cata-
Iytic tests we tried to remove the p-cymene ligand from
complexes 1 and 2 by heating at reflux in chlorobenzene.
Despite our efforts, all attempts resulted in only partial de-
composition of 1 and 2. Nevertheless, molecular modelling
performed on the basis of the crystal structure of 1 gives
credit to the ability of the conjugated diene to bind the Ru
center in the case of p-cymene being released, as shown in
Figure 2. The geometry of the resulting 16-electron ruth-
enium complex is that of a distorted square-based pyramid
with the P atom located in the apical position. The basal
positions are occupied by the dienyl part of the hybrid li-
gand and the two chlorine atoms.

Figure 2. DFT-B3LYP-optimized geometry of [n*-(4-methyl-
enehex-5-enyl)diphenylphosphane-k PJRuCl,.

In the following discussion we compare the catalytic re-
sults obtained for 1 and 2 with those obtained for [RuCl,(p-
cymene)(PPhj3)] (3) and [RuCl,(p-cymene){(4-methylhexyl)-
diphenylphosphane}] (4). Compound 4, a phosphane-alkyl
complex analogue of 1, was synthesized by a similar pro-
cedure including an extra intermediate step of hydrogen-
ation of 4-methylenehex-5-enol to 4-methylhexanol (see the
Supporting Information for spectroscopic and X-ray struc-
ture characterization of 4).

In order to assess the catalytic efficiencies of complexes
1 and 2, we first investigated atom-transfer radical addition,
commonly named the Kharasch reaction.l'?! Various types
of ruthenium complexes,!'?! including ruthenium-arene
complexes,!*!%] are known to catalyze the addition of poly-
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halogenated compounds to alkenes, thereby affording the
corresponding 1:1 adducts in high yields and with excellent
selectivities.

The addition of carbon tetrachloride to four representa-
tive olefins (methyl methacrylate, n-butyl acrylate, styrene,
and dec-1-ene) was chosen as model set of reactions for
these investigations (Scheme 3). Experimental protocols
that had proved successful for evaluating the catalytic ac-
tivities of [RuCl,(p-cymene)(PR3)] and [RuCl,(p-cymene)-
(NHC)] complexes in earlier studies were employed
again. !4

CCly Cl
[RUCl,(p-cymene)(L)] R)\/ CCls
(0.5 mol-%)

X

Scheme 3. Kharasch addition of carbon tetrachloride across ole-
fins.

In a first series of experiments, we performed a rapid
catalytic screening of both complexes at our disposal by use
of pressure vials and a monomode microwave reactor.['®l
As we had demonstrated in 2007, such a device was very
convenient for quickly heating the reaction mixtures to tem-
peratures well above the boiling points of the reaction part-
ners and speeding up the Kharasch addition.'®! As a matter
of fact, the microwave-assisted addition of CCl, to the four
olefins under investigation afforded high levels of conver-
sion after 10 min at 160 °C in the presence of the ruthenium
phosphane-diene complex 1 (Table 1). Under the same con-
ditions, however, the related ruthenium NHC-diene com-
plex 2 was much less active, with three substrates remaining
below the 50% threshold. In terms of yield, there was a
marked dichotomy between dec-1-ene and readily poly-
merizable substrates such as methyl methacrylate, n-butyl
acrylate, and styrene. These last three indeed furnished sig-
nificant amounts of oligomers/polymers beside the desired
1:1 adducts (see Figures S1 and S2 in the Supporting Infor-
mation), except for the reaction of styrene in the presence
of the ruthenium phosphane complex 1. With dec-1-ene,
a substrate not inclined towards polymerization, the yields
generally squared quite well with the levels of conversion
(Table 1).

To gauge better the influence of phosphane-diene and
NHC-diene ligands on the outcomes of the reactions, we
performed a second series of more thorough catalytic tests
based on the addition of CCl, to styrene and dec-1-ene.
These experiments were carried out on a larger scale in
Schlenk tubes placed in an oil bath at 60 or 85 °C. With
this revised setup, the Kharasch addition was slowed down
and it was possible to monitor the reaction course more
carefully and more conveniently than in the microwave re-
actor. The times needed to reach completion were consider-
ably longer, and the differences between the two catalysts
were more pronounced. Under these conditions, the ruth-
enium phosphane-diene complex 1 again proved to be more
active than its NHC-diene counterpart 2 (Table 2 and Fig-
ure 3). Indeed, at 85 °C complex 1 afforded complete con-
version of styrene together with an 80% yield of the Khar-
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Table 1. Microwave-assisted Kharasch addition of carbon tetra-
chloride across representative olefins.[]

Substrate Complex  Substrate conv./Kharasch add. [%]®
135°C, 30 min 160 °C, 10 min
Methyl methacrylate 1 16/4 67/45
2 14/1 19/3
3 99/92 100/80
4 100/100 100/100
n-Butyl acrylate 1 72/21 94/47
2 76/6 85/18
3 100/58 100/51
4 100/62 100/77
Styrene 1 26/16 95/88
2 14/4 32/17
3 100/92 99/85
4 93/48 94/49
Dec-1-ene 1 38/36 79177
2 20/14 42/36
3 88/87 92/91
4 98/96 99/98

2673

[a] [Olefin]o/[CCly]o/[catalyst], = 200:800:1. [b] Determined by GC
with dodecane as internal standard.

asch adduct within 100 h, whereas complex 2 gave 61%
conversion and a 19% yield in the same period of time. As
expected, dec-1-ene is a more sluggish substrate than styr-
ene. Thus, with complex 1, it took ca. 360 h at 85 °C to
reach a quantitative yield, whereas 2 afforded a 68% yield
in the same period of time. Interestingly, comparison be-
tween the phosphane-diene complex 1 and [RuCl,(p-
cymene)(PPh3)] (3) or [RuCly(p-cymene){(4-methylhexyl)-
diphenylphosphane}] (4) indicates the superiority of the last
two compounds with use of a microwave heating mode,!!
but a better result for 1 with styrene as substrate after a
prolonged reaction time at 60 °C in an oil bath.[!4®]

Table 2. Conventional Kharasch addition of carbon tetrachloride
across styrene and dec-1-ene.[4]

Substrate  Complex, temp.  Substrate conv./Kharasch add. [%]®!
50 h 100 h 250 h
Styrene 1, 60 °C 19/6 40/19 98/77
1,85°C 73/55 99/80
2, 60 °C 17/1 33/6 76/31
2,85°C 41/8 61/19 95/43
4, 60 °C 18/0 41/2 72/13
4,85°C 100/55 - -
Dec-1-ene 1, 60 °C 23/23 42/42 66/66
1,85°C 52/51 73173 95195
2, 60 °C 19/19 34/34 52/52
2,85°C 39/39 49/49 64/63
4, 60 °C 22/21 48/47 82/81
4,85°C 86/84 96/94 99/97

[a] [Olefin]o/[CCl,]o/[catalyst], = 200:800:1. [b] Determined by GC
with dodecane as internal standard.

Next, we focused our attention on the atom-transfer rad-
ical polymerization (ATRP)!'7! of methyl methacrylate
(MMA) initiated by carbon tetrachloride or ethyl 2-bromo-
2-methylpropanoate (EiBr, Scheme 4). The initial mono-
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Figure 3. Influence of the temperature on the conventional Khar-
asch addition of carbon tetrachloride across styrene (top) and dec-
1-ene (bottom) catalyzed by complexes 1 (CJ, B) and 2 (O,®). Tem-
perature: 60 °C ([J,0) and 85 °C (M,®). See Table 2 for reaction
conditions.

mer/initiator/ruthenium molar proportions were 800:2:1
and the polymerizations were performed in an oil bath at
85 °C under standard conditions.'®!

EtO,C

EtOszBr Y 2 Br
+n >
[RuCl,(p-cymene)(L)]

Me0,C (0.25 mol-%) MeO,C In
Ph Br, n \ - Ph Br
T Ph [RuCl,(p-cymene)(L)]
(0.25 mol-%) Phi,

Scheme 4. Atom-transfer radical polymerization of methyl meth-
acrylate and styrene.

Under these conditions, complex 1 bearing the phos-
phane-diene ligand afforded controlled polymerization. In-
deed, the plots of In((MMA]y/[MMA],) versus time and of
M, versus monomer conversion were linear (Figure 4).
Furthermore, complex 1 displayed high initiation efficiency
and gave PMMA with molecular weights matching those
expected for a well-behaved system (40 kgmol'). However,
at M, /M, = 1.6-1.95 (Table 3), the polydispersity index de-
noted that control was not optimal. In contrast, complex
2, with the NHC-diene ligand, displayed different behavior
(Scheme S7 in the Supporting Information).

An induction period of 4-5 h was observed, after which
the polymerization was controlled in terms of monomer
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Figure 4. Polymerization of methyl methacrylate catalyzed by com-
plex 1 and initiated by EiBr (@) and CCl; (O). See Table 3 for
reaction conditions.

Table 3. Atom-transfer radical polymerization of methyl meth-
acrylate and styrene.

Substrate  Complex Inititiator ~ Polymer yield M, M /M A
[%0] [kgmol ']l
MMAL! 1 EiBr 17 9 1.6
CCl, 27 13 1.95
2 EiBr 99 70 43
CCl, 98 195 49
3 EiBr 20 25 1.6
4 EiBr 19 21 1.6
CCly 33 26 1.85
Styrenel! 1 PEBr 61 23 1.95
CCly 63 22 1.9
2 PEBr 77 40 1.9
ccl, 77 25 1.85
3 PEBr 39 26 1.8
4 PEBr 46 29 1.8
CCly 43 27 1.9

[a] Determined by size-exclusion chromatography (SEC) in THF
with PMMA or polystyrene calibration. [b] Initiator: ethyl 2-
bromo-2-methylpropanoate (EiBr) or carbon tetrachloride;
[MMA]y/[initiator]y/[complex], = 800:2:1; 16 h at 85 °C. [c] Initia-
tor: (1-bromoethyl)benzene (PEBr) or carbon tetrachloride; [styr-
enely/[initiator]y/[complex], = 750:2:1; 16 h at 110 °C.
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consumption. M, also increased linearly with conversion,
but the molecular weights were much higher than expected,
thereby revealing a low initiation efficiency (Table S3 in the
Supporting Information). Furthermore, the polydispersity
was also very broad (M,,/M, = 4-5, Table 3).

We then investigated the ATRP of styrene initiated by
(1-bromoethyl)benzene (PEBr) or carbon tetrachloride as
initiators, with an initial monomer/initiator/catalyst molar
ratio of 750:2:1. The temperature was raised to 110 °C, a
usual value for this monomer (Table 3). Under these condi-
tions, none of the polymerizations was controlled. Indeed,
the levels of conversion of styrene did not exceed 75-90%,
even after a prolonged reaction time, thus resulting in a
deviation in the plot of In([styrene]y/[styrene],) versus time
(Figures S8 and S9 in the Supporting Information). The
molecular weights of the polymers remained fairly constant
throughout the whole runs and the polydispersity indices
were around 2. For purposes of comparison, it is worth
noting that [RuCly(p-cymene)(PPh;)] (3) and [RuCly(p-
cymene){(4-methylhexyl)diphenylphosphane}] (4) were as
active as phosphane-diene complex 1 for the polymeriza-
tion of MMA but less active for the polymerization of styr-
ene.22182] On the other hand, it has been shown in a similar
investigation that with non-chelated ruthenium-p-cymene
complexes 5 (Scheme 5) as catalyst precursors, ATRP pro-
ceeded efficiently, whereas the chelated analogues 6 were
inefficient (<10% yield) under the same conditions./8?!

=< R
[
[
R ,R“;'"C| Ruff
Cy, PN
Y2 Cy,
R
5a (R = H), 5b (R = Me) 6a (R = H), 6b (R = Me)
R
R
=< "R
R RUeugy
u..
ANGTe! N Cl
R Ny Yci Me” k
Me'. \ tBu
tBu

7a (R=H), 7b (R = Me) 8a (R = H), 8b (R = Me)

Scheme 5. Structures of non-chelated (5 and 7) and chelated (5 and
8) phosphane-arene-ruthenium complexes.

Over the past few decades, olefin cyclopropanation has
grown tremendously in synthetic utility. Furthermore, carb-
ene moieties generated from diazo compounds provide at-
tractive atom-efficient and environmentally friendly proto-
cols, because nitrogen is the only byproduct. Ruthenium
complexes,'”! including ruthenium-arene complexes,*"]
have recently emerged as powerful catalysts in olefin cyclo-
propanation. To evaluate the catalytic activities of com-
plexes 1 and 2 further, the cyclopropanation of various ole-
fins with ethyl diazoacetate was explored by use of a well-
established protocol (Scheme 6).2!1 Thus, dropwise addition
of the diazo compound to a solution of styrene and 1 or 2
at 60 °C resulted in instantaneous gas evolution (Figure S10
in the Supporting Information). In terms of decomposition
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rate of the diazo compound, complex 1, [RuCl,(p-cymene)-
(PPh3)] (3), and [RuCly(p-cymene){(4-methylhexyl)di-
phenylphosphane}] (4) were equivalent, slightly more active
than the non-chelated complexes 5 but significantly more
active than the chelated complex 6.°1 With complexes 1
and 2, cyclopropanes were formed in 67-72% yields along
with significant amounts (ca. 25%) of dimerization of the
diazo reagent to form diethyl maleate and diethyl fumarate
(9, Scheme 7). Homologation products 11 and 12 (ca. 5%)
resulting from the formal insertion of the carbene moiety
into the olefinic C-H bonds of styrene, were also formed,
as well as trans-stilbene, the metathesis product of styrene
(ca. 5% based on styrene). It is worth noting that cyclo-
propanes were formed with comparable yields and selectivi-
ties when complex 4 was used (76% yield, cis/trans ratio =
0.44). Performing the reaction at room temperature resulted
in a significant lowering of the rate of decomposition of the
diazo compound, with a concomitant decrease in yields of
cyclopropanes (30—43%, Table 4), stilbene, and homologa-
tion products, and a corresponding increase in dimerization
of the diazo reagent. The sum of the yields for cyclopropan-
ation, dimerization, and homologation corresponded to
complete conversion of ethyl diazoacetate. With regard to
the mechanism of the reaction, competitive formation of
cyclopropanes, homologation compounds, and stilbene
might be explained by the involvement of a metallacyclo-
butane intermediate in the catalytic cycle.l%-210-22]

N,CHCO,Et H
=

c.
[RuCly(p-cymene)(L)] R/Y/ CO,Et
(0.25 mol-%)

Scheme 6. Cyclopropanation of olefins with ethyl diazoacetate.

EtO,C  H R

H  COEt R
9 10

RNCHzCOzEt R&*‘CO2Et
11 12

Scheme 7. Byproducts of the cyclopropanation of olefins with ethyl
diazoacetate.

Table 4. Cyclopropanation of olefins with ethyl diazoacetate.[*]
Olefin Yield [%] (cis/trans ratio)®
1 2

Styrene (20 °C) 30 (0.59) 43 (0.60)
Styrene 67 (0.54) 72 (0.58)
4-Methoxystyrene 71 (0.47) 78 (0.49)
4-Methylstyrene 73 (0.45) 78 (0.43)
4-tert-Butylstyrene 69 (0.48) 75 (0.49)
4-Chlorostyrene 65 (0.52) 70 (0.54)
a-Methylstyrene 82 (0.89) 88 (0.64)
Cyclooctene 13 (0.53) 49 (1.0)

[a] Reaction conditions: catalyst (0.005 mmol), olefin (20 mmol),
ethyl diazoacetate (1 mmol) diluted by the olefin to 1 mL; addition
time 4 h; temperature 60 °C. [b] Determined by GC.
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This method was cleanly extended to p-substituted styr-
enes, affording the corresponding cyclopropanes in 65-78%
yields. a-Methylstyrene, a substrate that is more electron-
rich than styrene, was accordingly more reactive, with 82—
88% yields. In contrast, cyclooctene, an internal non-acti-
vated olefin, required longer reaction times than styrene
(Figure S10 in the Supporting Information). Yields for this
substrate were lower (13-49%) and dimerization became
dominant. Polymers generated by the ring-opening metath-
esis polymerization of cyclooctene also formed in minute
amounts.

Examination of Table 4 also reveals that complex 2, con-
taining the NHC—diene ligand, was always slightly more ef-
ficient in the cyclopropanation than its phosphane-diene
analogue 1. In terms of selectivity, both complexes behaved
similarly with styrene and its p-substituted derivatives, fav-
oring the trans cyclopropanes with cis/trans ratios from 0.43
to 0.60. In contrast, with a-methylstyrene, complex 2 was
more trans-selective than 1, whereas the reverse was ob-
served with cyclooctene (Table 4). Furthermore, in all cases,
diethyl maleate predominated over diethyl fumarate
(cis/trans ratio: 5-6).

In accordance with earlier observations,?'221%! with Ru-
arene complexes, norbornene did not undergo cyclopropan-
ation with ethyl diazoacetate. Instead, ring-opening metath-
esis polymerization (ROMP) occurred readily.[>>24:2324 [n
order to assess the catalytic efficiency of ruthenium-p-
cymene complexes 1 and 2, ROMP of norbornene was at-
tempted in chlorobenzene at 60 °C for 2 h with a monomer-

to-catalyst ratio of 250 (Scheme 8).
o1

iy
\}/\/\/\/t

')

Scheme 8. ROMP of norbornene and cyclooctene.

[RuCly(p-cymene)(L)]
(0.4 mol-%)

PhCI, 60 °C, 2 h

[RuCly(p-cymene)(L)]
(0.4 mol-%)

PhCI, 60 °C, 2 h

Under these conditions, complexes 1 and 2 were com-
pletely inefficient. In contrast, when trimethylsilyldiazo-
methane (TMSD) was added to generate metathetically
active ruthenium-carbene speciesi?*®  from [RuCl,(p-
cymene)(L)] precursors 1 and 2, ROMP occurred with 91%

and 67% yields, respectively (Table 5). Interestingly, similar
trends were found with [(p-cymene)RuCl,(PPh;)] (3) and
[RuCl,(p-cymene){(4-methylhexyl)diphenylphosphane}] (4)
(Table 5),12%°1 and chelated ruthenium complexes 5 were
poorly active.>>?! With complexes 1 and 2, the molecular
weights of the polymers were rather low (63 and
16 kgmol ™!, respectively) in comparison with those ob-
tained with related ruthenium—arene complexes,[>32-23b-24m]
and the polydispersities were quite broad (M/M,, = 4.5-5).
Furthermore, the double bonds of the polymers were
mostly trans.

Cyclooctene is significantly more difficult to ring-open
than norbornene. Hence, formation of polyoctenamer at a
reasonable rate occurs only with highly active catalytic sys-
tems. With this monomer, complexes 1 and 2 did not afford
any reaction after 2 h at 60 °C, even in the presence of
TMSD or under visible light irradiation (Table S5 in the
Supporting Information), thereby underlining the limita-
tions of these catalysts in olefin metathesis. Both [(p-
cymene)RuCl,(PPhz)] (3) and chelated ruthenium com-
plexes 5 were inactive with cyclooctene.[>3]

To gauge the potentials of complexes 1 and 2 in homo-
geneous catalysis further, we probed their activity in the
synthesis of enol esters. Various types of ruthenium-arene
complexes are known to catalyze the addition of carboxylic
acids to terminal alkynes, thereby affording vinyl esters in
high yields and with excellent selectivities.[>>2% The hydro-
oxycarbonylation of hex-1-yne with 4-acetoxybenzoic acid
was chosen as a model reaction for these investigations
(Scheme 9).

Experimental protocols that proved successful in earlier
studies®?71 were employed again. Thus, dry toluene was
used as a solvent and sodium carbonate was added as an
activator. Separation and quantification of the three pos-
sible products — hex-1-en-2-yl 4-acetoxybenzoate (Markov-
nikov addition product, M) and the E and Z isomers of
hex-1-en-1-yl 4-acetoxybenzoate (anti-Markovnikov ad-
dition products, aME and aMZ) — were achieved by gas
chromatography in the presence of n-dodecane as an in-
ternal standard. Because hex-1-yne was introduced in excess
relative to the carboxylic acid (1.5equiv.), dimerization
products of this terminal alkyne were also detected in the
reaction media (Scheme 10). In all cases, however, they rep-
resented less than 3% of the total conversion.

Table 5. Ring-opening metathesis polymerization of norbornene catalyzed by complexes 1, 2, and 3.1

Complex Additive Monomer conv. [%]®  Polymer yield [%)] M, [kgmol '] M /M c M
1 - <5 traces - - -
1 TMSD 95 91 63 4.6 0.37
2 - <5 traces — - -
2 TMSD 74 67 16 4.7 0.38
3 - <5 traces — - —
3 TMSD 70 65 - - 0.35
4 - <5 traces — - —
4 TMSD 99 97 65 4.5 0.40

[a] Norbornene (7.5 mmol), catalyst (0.03 mmol), TMSD (0.1 mmol), chlorobenzene; 2 h at 60 °C, under argon. [b] Determined by GC
with norbornane as an internal standard. [¢] Determined by SEC in THF with polystyrene calibration. [d] Fraction of c¢is double bonds

in the polymer, determined by 'H and '*C NMR spectroscopy.
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[RuCly(p-cymene)(L)]

/©/C02H (0.8 mol-%)
—Cy4H
AcO * 4o

M + aMZ + AME

anti-Markovnikov products

Scheme 9. Synthesis of enol esters from 4-acetoxybenzoic acid and
hex-1-yne.

HgC4 HgC4 HgCA
A\ A A\
_ C4Hg 4 _ +
C4Hg HoCy
13 14 15

Scheme 10. Dimerization products of hex-1-yne.

Under these conditions, complex 1 afforded a quantita-
tive reaction within 55 h (Figure 5), whereas complex 2 led
to a 58% yield within the same period of time. For the
sake of comparison, it is worth emphasizing that [RuCl,(p-
cymene)(PPhs)] (3), a representative catalyst in this field, as
well as [RuCl,(p-cymene){(4-methylhexyl)diphenyl-
phosphane}] (4), were more efficient than 1 (Figure 5),1272
and that chelated phosphane-arene-ruthenium complexes 7
were equivalent to complex 2.1 Altogether, the duration
needed to reach completion followed the sequence 4
(30h) >3 (40h) > 1 (55h) > 7 (120-150 h) > 2 (150 h).
The ruthenium—phosphane complexes 1, 3, and 4 were also
highly selective catalyst precursors and strongly favored the

formation of the Markovnikov adduct (94-99% selectivity
against 83% with complex 2).

00— g v
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=}
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o g P
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© .
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Figure 5. Addition of hex-1-yne to 4-acetoxybenzoic acid catalyzed
by [RuCly(p-cymene)(PPhs)] (3, [), [RuCly(p-cymene){(4-meth-
ylhexyl)diphenylphosphane}] (4, O), and complexes 1 (H) and 2
(@), temperature: 60 °C, see Table 6 for reaction conditions.

In the next series of experiments, we investigated the ef-
fect of the temperature on the hydrooxycarbonylation of
hex-1-yne with 4-acetoxybenzoic acid (Scheme 9). Owing to
the low boiling point of hex-1-yne (71-72 °C), we made re-
course to a monomodal microwave reactor. As expected,
the reaction rate significantly increased with the tempera-
ture (Figure S12 in the Supporting Information), and after
only 30 min at 160 °C, 84% and 67% yields were obtained
with catalyst precursors 1 and 2, respectively. Furthermore,
the reactivity order [4 = 3 (100%) > 1 (84%) > 2 (67%),
Table 6] was similar to that previously observed at 60 °C.
Raising the temperature to 160 °C also resulted in a lower
proportion of hex-1-en-2-yl 4-acetoxybenzoate (M), this
trend being more pronounced with complex 2 than with 1.
These data confirm the crucial importance of choosing a
phosphane ligand rather than an NHC to achieve high cata-
lytic efficiencies in the synthesis of enol esters.

Table 6. Synthesis of enol esters from 4-acetoxybenzoic acid and hex-1-yne.

Complex Enol esters Enynes
Yield [%o]! Selectivities [%o]®! Yield [%]@ Selectivities [%o]®!

0.5h 25h 50h 100 h 150 h M/aMZ/aME 13:14:15
Conventional heating at 60 °Cl!
1 46 96 100 94:4:2 2 44:21:35
2 20 51 92 100 83:13:4 3 26:46:28
3 85 100 94:5:1 3 50:17:33
4 96 100 99:1fl
Microwave heating at 160 °CId]
1 84 82:14:4 2 45:21:34
2 67 65:26:9 traces -
3 100 87:11:2 2 51:18:31
4 100 87:10.5:2.5 traces -

[a] Based on 4-acetoxybenzoic acid and determined by GC with dodecane as an internal standard. [b] Based on hex-1-yne and determined
by GC with dodecane as an internal standard. [c] [Hex-1-yne]y/[4-acetoxybenzoic acid]y/[catalyst]y/[Na,COs], = 150:100:0.8:1.6. [d] [Hex-
1-yne]y/[4-acetoxybenzoic acid]y/[catalyst], = 150:100:0.8. No base. [e] aMZ + aME = 1%.
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Conclusions

By treating the [RuCl,(p-cymene)], dimer with 2 equiv.
of phosphane-diene or NHC-diene ligands, we were able
to synthesize the two new ruthenium-arene complexes 1
and 2, respectively. These compounds were isolated in high
yields and fully characterized by various analytical tech-
niques. Complexes 1 and 2 remained stable in the solid state
for more than five years in the open air. In chlorobenzene
at reflux, however, they partially decomposed and the de-
sired 16-electron complexes with the conjugated diene coor-
dinated to the ruthenium center could not be obtained.

In several reactions catalyzed by saturated 18-electron
[RuCl,(arene)(PR3)] or [RuCly(arene)(NHC)] precursors,
the mechanism is believed to begin with arene dissociation
to provide a highly coordinatively unsaturated 12-electron
species,?*2¢ 11 which might be stabilized by the solvent and/
or the reaction partners. In the particular case of complexes
1 and 2, a further stabilization of the 12-electron species
was expected as a result of the ligation of the pendant diene
moiety of the phosphane or the NHC, generating thereby a
16-electron complex, with an open site for activation of a
carbon-halogen bond in atom-transfer radical processes,
initial coordination of the diazo compound and subsequent
carbene complex formation in olefin cyclopropanation and
olefin metathesis, or activation of a terminal alkyne. Al-
though the formation of a chelated ruthenium—phosphane-
(or NHC)-diene complex could not be substantiated by the
isolation of a well-defined structure, its intermediacy in a
catalytic process might be quite plausible, as determined by
molecular modeling (Figure 2). The catalytic activities of
the two complexes were probed in the atom-transfer radical
addition of carbon tetrachloride to olefins, in the atom-
transfer radical polymerization of methyl methacrylate and
styrene, in olefin cyclopropanation, in the ring-opening me-
tathesis polymerization of norbornene and cyclooctene, and
in the synthesis of enol esters from hex-1-yne and 4-acet-
oxybenzoic acid. Except in the case of the cyclopropanation
reaction, complex 1 surpassed complex 2. It gave results
comparable with those obtained with its phosphane-alkyl
complex analogue 4 in cyclopropanation, ATRP, and
ROMP reactions. Catalytic results for 1 and 2 in these three
reaction classes are also similar to those obtained with
[RuCl,(p-cymene)(PPhs)] (3) or the previously described
non-chelated phosphane-arene-ruthenium complexes S and
7. These data strongly suggest that the in situ formation of
the chelated phosphane- or NHC-diene-ruthenium com-
plexes starting from 1 or 2 either does not operate or is
marginal under our catalytic conditions. On the contrary,
complexes 1/2 and 4 showed different catalytic behavior for
the Kharasch addition and enol ester synthesis. These dif-
ferences indicate possible coordination of the dienyl frag-
ment to the ruthenium center, which would slow down the
catalytic reaction, as described previously with chelated ar-
ene-ruthenium complexes. Another hypothesis that cannot
be excluded at this stage is that the butadienyl moiety could
react with the substrates to give a new phosphane ligand
with a pendant function that would alter the catalytic per-
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formances of the complex. Further efforts to design new
phosphane- and NHC-diene ligands able to give stable
chelated ruthenium complexes are in progress.

Experimental Section

General: All reactions were carried out under purified argon with
use of vacuum line techniques. Solvents were dried and distilled
under argon before use. 3-Methylenehex-5-enol was prepared by
the literature method.'” All other reagents were commercially
available and used as received. All the analyses were performed at
the “Plateforme d’Analyses Chimiques et de Synthése Moléculaire
de I’'Université de Bourgogne”. Elemental analyses were performed
with an EA 1112 CHNS-O FISONS instrument. 'H (300.13,
500.13 MHz), 13C (75.5, 125.8 MHz), and 3'P (121.5, 202.5 MHz)
NMR spectra were recorded with Bruker 300 and 500 Avance spec-
trometers. Chemical shifts are quoted in ppm (J) relative to TMS
("H), with the residual protonated solvent as internal standard, or
with external 85% H;PO, (*'P). Coupling constants are reported
in Hertz. Gas chromatography was carried out with a Varian 3900
instrument equipped with a flame ionization detector and a WCOT
fused silica column (stationary phase CP-Sil SCB, column length
15 m, inside diameter 0.25 mm, outside diameter 0.39 mm, film
thickness 0.25 pm).

Synthetic Procedures

4-Methylenehex-5-enyl Methanesulfonate: Triethylamine (4.35 mL,
32 mmol) and methanesulfonyl chloride (2.48 mL, 32 mmol) were
added successively, dropwise, at 0 °C to a stirred solution of 4-
methylenehex-5-enol (3 g, 26.7 mmol) in dichloromethane (80 mL).
After having been stirred for 1 h at room temperature, the reaction
mixture was treated with a saturated solution of NaHCO; (30 mL)
and extracted with dichloromethane (50 mL). The combined or-
ganics were washed with H,O, dried, and concentrated. The re-
sulting residue was purified by chromatography on silica gel with
pentane/diethyl ether 2:1 to recover the mesylate (4.16 g, 82%). 'H
NMR (CDCl3, 300.13 MHz, 298 K): § = 2.18 (pseudo quint, 3Jy
= 6.5Hz, 2 H, CH,CH,CH,), 2.57 (t, 3Jun = 7.8Hz, 2 H,
MsOCH,CH,CH>), 3.22 (s, 3 H, OSO,CHs), 447 (t, Jun =
6.4 Hz, 2 H, CH,OMs), 5.24 [pseudo s, 1 H, H,C(CH)CCH,], 5.30
[pseudo s, 1 H, H,C(CH)CCH>], 5.31 [d, *Jgpn = 9.0Hz, 1 H,
H>C(CH)], 5.44 [d, 3Jyu = 17.6Hz, 1 H, H,C(CH)], 6.58 [dd,
3Jana = 9.0, 17.6 Hz, 1 H, H,C(CH)] ppm. '*C NMR (CDCl;,
75.47MHz, 298 K): o = 273 (CH,CH,OMs), 27.7
(CH,CH,CH,OMs), 37.6 (OSO,CHj;), 69.6 (CH,OMs), 113.9
[H,CC(CH)CH,], 117.0 [H,C(CH)], 138.5 [H,C(CH)], 144.6
[H>,C(CH)CCH,] ppm. CgH405S (190.26): calcd. C 50.50, H 7.42;
found C 50.68, H 7.67.

(4-Methylenehex-5-enyl)diphenylphosphane: A solution of PPh,Li
(4.95 mmol) in THF (20 mL) was added dropwise under argon at
0 °C to a stirred solution of 4-methylenehex-5-enyl methanesulfon-
ate (0.94 g, 4.95 mmol) in THF (30 mL). The solution was then
stirred at room temperature for 2 h and filtered through a Celite®
pad. The filtrate was concentrated in vacuo and purified on silica
gel with diethyl ether/pentane 5:1 as eluent (0.97 g, 70%). '"H NMR
(C¢Dg, 300.13 MHz, 298 K): 6 = 1.79 (pseudo quint, Jy y = 7.7 Hz,
2 H, CH,CH,CH,), 2.06 (m, 2 H, CH,P), 2.34 (t, 3Jyy g = 7.4 Hz, 2
H, Ph,PCH,CH,CH,), 4.97 [pseudo s, 1 H, H,C(CH)CCH,], 5.02
[pseudo s, 1 H, H,C(CH)CCH,], 5.03 [d, 3Jyu = 9.0Hz, 1 H,
H,C(CH)], 5.23 [d, 3Jyu = 17.8 Hz, 1 H, H,C(CH)CCH,], 6.39
[dd, 3Jyu = 9.0, 17.8 Hz, 1 H, H,C(CH)], 7.14-7.23 (m, 6 H, Ph),
7.50-7.58 (m, 4 H, Ph) ppm. '*C NMR (C¢Dg, 75.47 MHz, 298
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K): 6 =248 (d, 'Jep = 17.2 Hz, CH,P), 28.2 (d, 2Jcp = 13.1 Hz,
CH,CH,P), 329 (d, 3Jcp = 12.5Hz, CH,CH,CH,P), 113.4 [,
H,C(CH)CCH,], 116.3 [s, H,C(CH)CCH,], 128.6 (s, C,,0ra), 128.7
(S, Cpura)s 133.1 (d, 2Jcp = 18.0Hz, C,,0), 139.1 [s, H,C(CH)],
139.8 (d, 'Jep = 14.5Hz, Cyy,), 146.0 [s, H,C(CH)CCH,] ppm.
SIP{'H} NMR (C¢Dg, 12149 MHz, 298 K): 6 = -3.4 (s,
PPh,) ppm. C;oH,P (280.34): calcd. C 81.40, H 7.55; found C
81.17, H 7.93.

[(4-Methylenehex-5-enyl)diphenylphosphane-k P][n®-(p-cymene)]-
RuCl, (1): A 25 mL Schlenk flask was charged under argon with
(4-methylenehex-5-enyl)diphenylphosphane (0.34 g, 1.21 mmol),
[(p-cymene)RuCl,], (0.37 g, 0.6 mmol), and degassed benzene
(5 mL). The mixture was stirred at room temperature for 4 h, dur-
ing which time a brick-red precipitate slowly formed. The solvent
was removed by filtration and the red residue was dried under vac-
uum (0.61 g, 87%). '"H NMR (CDCls, 500.13 MHz, 298 K): =
0.82 [d, 3Jyy = 6.9 Hz, 6 H, CH(CHs),], 1.25 (m, 2 H, CH>), 1.90
(s, 3 H, CH;), 2.06 (t, 3Jun = 7.5Hz, 2 H, CH,CH,CH,P), 2.55
[hept, 3Jyu = 7.0 Hz, 1 H, CH(CH,),], 2.61 (pseudo q, 3Jyy =
2Jup = 8.0 Hz, 2 H, CH,P), 4.73 [pseudo s, 1 H, H,C(CH)CCH,],
4.86 [pseudo s, 1 H, H,C(CH)CCH,], 4.89 [d, 3Jyu = 11.0Hz, 1
H, H,C(CH)], 4.95 [d, 3Jyu = 17.5Hz, 1 H, H,C(CH)], 5.10 (d,
3Janu = 6.0 Hz, 2 H, p-cymene), 5.26 (d, 3Juyu = 6.0 Hz, 2 H, p-
cymene), 6.11 [dd, 3Jyy = 11.0, 17.5Hz, 1 H, H,C(CH)], 7.46-
7.50 (m, 6 H, Ph), 7.87-7.90 (m, 4 H, Ph) ppm. '3C NMR (CDCl;,
125.75 MHz, 298 K): ¢ = 17.3 (s, CH3), 21.3 [s, CH(CH3),], 21.7
(d, 2Jep = 7.0 Hz, CH,P), 22.7 (d, 'Jep = 29.3 Hz, CH,CH,P),
30.0 [s, CH(CHs),], 32.4 (d, 3Jcp = 12.1 Hz, CH,CH,CH,P), 85.6
(d, 2Jcp = 6.0 Hz, CH p-cymene), 90.5 (d, 2Jcp = 5.5 Hz, CH p-
cymene), 93.5 (s, p-cymene), 108.0 (s, p-
cymene), 113.2 [s, H,C(CH)], 115.9 [s, H,C(CH)CCH,], 128.3 (d,
3Jcp = 9.2Hz, Ph C,..), 130.5 (s, Ph C,0), 132.7 (d, "Jep =
41.4 Hz, Ph C,,,), 1332 (d, 2Jcp = 9.0Hz, Ph C,,4,), 138.5 [s,
H,C(CH)], 145.4 [s, H,C(CH)CCH,] ppm. *'P{'H} NMR (CDCl;,
202.45 MHz, 298 K): 0 = 23.6 (s, PPh,) ppm. C,9H35CI,PRu
(586.54): caled. C 59.38, H 6.01; found C 59.15, H 6.13.

1-(4-Methylenehex-5-enyl)-1 H-imidazole: NaH (0.38 g, 9.5 mmol)
was added in small portions at 0 °C under argon to a solution of
imidazole (0.646 g, 9.5 mmol) in THF (20 mL). The solution was
then stirred at room temperature for 12 h, after which 4-methyl-
enehex-5-enyl methanesulfonate (1.9 g, 10 mmol) was added. After
24 h of stirring at room temperature, the solution was filtered
through a Celite® pad. The filtrate was concentrated in vacuo and
purified on silica gel with acetonitrile as eluent (1.26 g, 82%). 'H
NMR (CDCl;, 300.13 MHz, 298 K): 6 = 2.01 (pseudo quint, Ji
= 7.0 Hz, 2 H, CH,CH,CH,), 2.24 [t, 3Jy.u = 7.6 Hz, 2 H,
H,C(CH)CCH,), 3.97 (t, 3Jyu = 7.2 Hz, 2 H, CH,N), 5.00 [pseudo
s, 1 H, H,C(CH)CCH,), 5.09 [pseudo s, 1 H, H,C(CH)CCH,], 5.10
[d, 35 = 10.9 Hz, 1 H, H,C(CH)], 5.16 [d, 3Jy;y = 17.7 Hz, 1 H,
H,C(CH)], 6.38 [dd, 3Jy = 10.9, 17.7 Hz, 1 H, H,C(CH)], 6.94
(pseudo s, 1 H, Hjiq), 7.09 (pseudo s, 1 H, Hiiq), 7.54 (pseudo s,
1 H, NCHN) ppm. 3C NMR (CDCl;, 75.47 MHz, 298 K): 6 =
28.1 (CH,CH,N), 29.2 [CH,(CH,),N], 46.5 (CH,N), 113.7
[H,C(CH)CCH,], 116.6 [H,C(CH)], 118.7 (NCH=CHN), 129.5
(NCH=CHN), 137.1 (NCHN), 138.3 [H,C(CH)], 144.5 [H,C(CH)
CCH,] ppm. CoH 4N, (162.23): caled. C 74.03, H 8.70; found C
73.19, H 8.85.

3-Methyl-1-(4-methylenehex-5-enyl)-1 H-imidazolium lodide: CH;I
(0.57 mL, 9.24 mmol) was added to a solution of 1-(4-methyl-
enehex-5-enyl)-1 H-imidazole (1 g, 6.16 mmol) in ethyl acetate
(5 mL). The solution was then stirred at 65 °C for 3 h, during which
time an oily product not miscible with the solvent was formed.
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The supernatant solvent was removed by cannula filtration and the
residue was washed three times with ethyl acetate (5 mL portions).
The volatile material was removed from the resulting yellow oil
under reduced pressure (1.74 g, 93%). No satisfactory elemental
analysis could be obtained for this compound. '"H NMR (CDCls,
300.13 MHz, 298 K): 0 = 2.18 (pseudo quint, Ji; ;3 = 7.0 Hz, 2 H,
CH,CH,CH,), 2.38 [t, *Jy.y = 7.2 Hz, 2 H, H,C(CH)CCH,), 4.11
(s, 3 H, CH3), 4.51 (t, 3Jyu = 7.4 Hz, 2 H, CH,N), 5.07 [d, 3Jn
= 7.4Hz, 1 H, H,C(CH)], 5.08 [pseudo s, | H, H,C(CH)CCH,],
5.10 [pseudo s, 1 H, H,C(CH)CCH,), 5.33 [d, 3Juyu = 179 Hz, 1
H, H,C(CH)], 6.40 [dd, 3Jy = 7.4, 17.9 Hz, 1 H, H,C(CH)], 7.80
(pseudo t, *Jyypy = 1.5, 3 = 2.0 Hz, 1 H, Hjpia), 7.91 (pseudo
t, *Juu = 1.7, 3 gu =2.0Hz, 1 H, Hjpniq), 9.65 (m, 1 H,
NCHN) ppm. 3C NMR (CDCls, 75.47 MHz, 298 K): § = 28.5
(CH,CH,N), 29.9 [CH,(CH,),N], 36.9 (CH;), 50.1 (CH,N), 114.5
[H,C(CH)CCHj,], 117.0 [H,C(CH)], 123.4 (NCH=CHN), 124.7
(NCH=CHN), 138.0 (NCHN), 139.3 [H,C(CH)], 145.9 [H,C(CH)
CCH;] ppm.

[3-Methyl-1-(4-methylenehex-5-enyl)-1 H-imidazolidene][n%-(p-
cymene)|RuCl, (2): Ag,O (0.46 g, 1.94 mmol) was added to a solu-
tion of 3-methyl-1-(4-methylenehex-5-enyl)-1 H-imidazolium iodide
(1 g, 3.28 mmol) in dichloromethane (20 mL). The solution was
stirred at reflux under Ar for 12 h and filtered. [(p-cymene)RuCl,],
(0.50 g, 1.64 mmol) was next added to the filtrate, and the resulting
mixture was further stirred for 2 h during which time a white pre-
cipitate was formed. The solution was filtered through a Celite®
pad and concentrated in vacuo. The solid residue was washed three
times with diethyl ether (5 mL portions) to afford the product as
brick-red powder (1.15 g, 73%). 'H NMR (CDCls, 300.13 MHz,
298 K): 6 = 1.23 [d, 3Ju = 7.0 Hz, 6 H, CH(CHj3),], 2.03 (s, 3 H,
CHs3), 2.30-2.45 (m, 4 H, CH,), 2.91 [hept, 3Jyy = 6.9 Hz, 1 H,
CH(CHj;),), 3.96 (s, 3 H, NCH;), 4.45-4.70 (m, 2 H, CH,), 5.04
[pseudo s, 2 H, H,C(CH)CCH,), 5.08 (d, 3Jyu = 6.0 Hz, 2 H, p-
cymene), 5.09 [d, 3Jyp = 10.5Hz, 1 H, H,C(CH)], 5.32 [d, 3Jyn
=17.7Hz, 1 H, H,C(CH)], 5.37 (d, 3Jy i = 6.0 Hz, 2 H, p-cymene),
6.36 [dd, 3Jyu = 17.7, 3Jyu = 10.5Hz, 1 H, H,C(CH)], 6.98 (d,
3Junu = 2.0Hz, 1 H, NCH=CHN), 7.02 (d, 3Jyu = 2.0Hz, 1 H,
NCH=CHN) ppm. 3C NMR (CDCls, 75.47 MHz, 298 K): § =
18.7 [CH(CH3;),], 22.5 [CH(CHj;),], 28.5 (CH3), 30.3 (CH,CH,N),
30.8 [CH,(CH,),N], 39.5 (CH3N), 51.1 (CH,N), 82.7 (CH p-
cymene), 85.0 (CH p-cymene), 99.0 (p-cymene), 108.6 (p-cymene),
114.1 [H,C(CH)], 116.4 [H,CC(CH)CHj,], 121.5 (NCH=CHN),
124.0 (NCH=CHN), 138.4 [H,C(CH)], 145.3 [H,CC(CH)CH,],
173.5 (NCN) ppm. C5;H30CI,N,Ru (482.45): caled. C 52.28, H
6.27; found C 51.90, H 6.32.

[(4-Methylhexyl)diphenylphosphane-« P][n°-(p-cymene)|RuCl, (4):
[(p-cymene)RuCl,], (245 mg, 0.400 mmol) and (4-methylhexyl)di-
phenylphosphane (250 mg, 0.879 mmol) in toluene (10 mL) were
stirred at room temperature for 4 h. The reacting mixture was
concentrated, and the residue was washed with pentane and dried
to afford a red powder (392mg, 83%). 'H NMR (CDCl;,
500.13 MHz, 298 K): 6 = 0.58 (d, 3Jyu = 6.3 Hz, 3 H, CHCH,),
0.69 (t, 3Jyu = 7.2 Hz, 3 H, CH,CH3), 0.80 [d, 3Jy; 1y = 7.1 Hz, 6
H, CH(CH3),], 0.86-1.01 (m, 1 H + 1 H + 1 H, CH,CH;,
PCH,CH,, PCH,CH,CH,), 1.02-1.18 (m, IH+ 1H+ 1 H + 1
H, CH,CH;, CHCH;, PCH,CH,, PCH,CH,CH,), 1.88 (s, 3 H,
CHj; p-cymene), 2.46-2.58 [m, 2 H + 1 H, PCH,, CH(CH3),], 5.07
(d, 3Jym = 6.0 Hz, 2 H, p-cymene), 5.26 (d, 3Ji i = 5.8 Hz, 2 H,
p-cymene), 7.43-7.51 (m, 6 H, Ph), 7.85-7.92 (m, 4 H, Ph), 7.43—
7.51 (m, 6 H, Ph), 7.85-7.92 (m, 4 H, Ph) ppm. 3C{'H} NMR
(CDCls, 125.75 MHz, 298 K): 6 = 11.3 (s, CH,CH3), 17.4 (s, CH;
p-cymene), 19.0 (s, CHCHjs), 20.6 (d, 2Jcp = 8.9 Hz, PCH,CH,),
21.40 [s, CH(CH3),], 21.41 [s, CH(CH3),], 22.9 (d, "Jep = 28.5 Hz,
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PCH,), 29.4 (s, CH,CHs;), 30.1 [s, CH(CH3),], 33.8 (s, CHCHj;),
37.8 (d, *Jcp = 11.7 Hz, PCH,CH,CH,), 85.7 (d, 2Jcp = 5.3 Hz,
CH p-cymene), 90.7 (d, 2Jcp = 3.4 Hz, CHC p-cymene), 93.6 (s, p-
cymene), 108.1 (s, p-cymene), 128.4 (d, 3Jcp = 9.9 Hz, Ph C,,...0),
130.6 (d, *Jcp = 1.9 Hz, C,u Ph), 133.0 (d, Jcp = 42.0 Hz, C,
Ph), 133.1 (d, Jcp = 42.1 Hz, C,,, Ph), 133.40 (d, 2Jcp = 8.3 Hz,
Corino Ph), 133.43 (d, 2Jcp = 8.5 Hz, C,,, Ph) ppm. 3'P{'H} NMR
(CDCl;, 202.45MHz, 298 K): 6 = 240 (s, PPh,) ppm.
C,9H39ClL,PRu (590.57): caled. C 59.5, H 6.99; found C 58.87, H
7.37.

X-ray Crystallography Analysis: Intensity data for compound 1
were collected with a Nonius Kappa CCD at 115 K. The structures
were solved by direct methods (SIR92)1?81 and refined with full-
matrix, least-squares methods based on F? (SHELXL-97)P1 with
the aid of the WINGX program.3% All non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms were
included in their calculated positions and refined with a riding
model. Crystallographic data are reported in Table 7.

Table 7. Crystal data and structure refinement for 1.

Formula C,oH;35ClL,PRu

M 586.51

Crystal system triclinic

Space group Pl

a[A] 7.59560(10)

b[A] 10.99070(10)

¢ [A] 16.7132(2)

a[°] 74.9330(6)

pI°] 83.1030(6)

7 [°] 86.0960(7)

v [AY 4374.25(9)

zZ 2

F(000) 604

Dcalcd [g Cm73] 1.457
Diffractometer Nonius Kappa CCD
Scan type ¢ rot. and ® scans
JTA] 0.71073

4 [mm!] 0.862

Crystal size [mm?] 0.3%x0.3X0.3
sin(0)/A max [A!] 0.65

T k 115

Index ranges h:-9; 9

k:—14; 13

I -21; 21
RC = reflections collected 11361
IRC = independent RC 6091 [R(int) = 0.0195]
IRCGT = IRC and [I>20(])] 5741
Refinement method full-matrix least squares on F?
data/restraints/param. 6091/0/299
R for IRCGT R, =0.035, wR,® = 0.092
R for IRC R, =0.038, wR,® = 0.093
Goodness-of-fitll 1.059
Ap (max./min.) [e A3 1.730/-0.093

[a] Ry = Z(|F| — |[F)/EIF|. [b] wR,y = [Ew(F, — FA)YZ[w(F)*"?
where w = 1/[c2(F,2 + (0.048P)> + 2.18P)]. [c] Goodness of fit:
[(Ew(Fo? — F)X(No — N2

CCDC-1023384 (for 1) and -1056295 (for 4) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Molecular Modeling: Geometry optimization was performed with
Jaguar v. 5.5 at the DFT B3LYP/6-31G** level and use of the
LANL2DZ effective core basis set for the metal. The equilibrium
geometry was checked by a frequencies calculation. All calculations
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were performed with the aid of HPC resources from DSI-CCUB
(Université de Bourgogne).

Supporting Information (see footnote on the first page of this arti-
cle): NMR spectra of compounds 1 and 2 and of the intermediates.
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