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Abstract: Three Hoveyda-Grubbs complexes supported by N-(9-
alkylfluorenyl)imidazol-2-ylidene ligands (alkyl = methyl, ethyl or
benzyl) have been synthesized. With the aim to generate chelating,
cyclometalated (C,Cnic) ruthenium complexes for Z-selective olefin
metathesis, the C(sp®-H activation of the dangling alkyl group has
been studied. While the methyl derivative leads to the expected
cyclometalated complex, a C(sp?)-H activation of the fluorenyl moiety
and no evolution/transformation are observed for the ethyl and benzyl
derivatives, respectively. Although highly fragile under catalytic
conditions, the cyclometalated complex leads to Z/E stereoselectivity
up to 94/6. An unprecedented insertion of the alkylidene moiety into
the Ru-Cyuc bond leading to ruthenium N-heterocyclic olefin
complexes is also observed and supported by calculations of the
corresponding reaction pathway.

Introduction

Olefin metathesis offers a unique, atom-efficient catalytic route
towards carbon-carbon double bonds and has imposed over the
years as a prominent synthetic methodology in contexts ranging
from natural products and pharmaceuticals synthesis to materials
science.! Besides molybdenum-, tungsten-, and vanadium-
based catalysts,” a plethora of well-defined ruthenium olefin
metathesis catalysts has been developed since the 1990’s thanks
to their broad functional group tolerance and good stability against
air and moisture.®! Whereas the efficiency, substrate scope or
chemoselectivity of the catalysts could be optimized in many
cases, the stereoselectivity control remains a great challenge and
E/Z mixtures of alkene products are typically generated. As olefin
metathesis is by nature under thermodynamic control, the E/Z
distribution indeed reflects the relative stabilities of the two
isomers, which is usually in favor of the more stable E isomers.

The development of efficient Z-selective olefin metathesis
catalysts, which kinetically enable selective synthesis of Z-(cis)

isomers, has only been achieved in the last decade and still
remains a big challenge (Figure 1).#! In 2011, Schrock and
Hoveyda reported the first successful example based on the bulky
monoaryloxide pyrrolide Mo complex A.Bl Soon after, Grubbs
disclosed the family of ruthenium complexes B, whose key
features are a (C,C)-cyclometalated N-adamantyl-NHC and a
chelating LX-type ligand such as pivalate or nitrate.! A second
family of Z-selective Ru-based metathesis catalysts C supported
by a highly hindered monothiolate ligands was discovered by
Jensen and Occhipinti two years later.[”! Eventually, the dithiolate
ruthenium complexes D constitute the main family of
stereoretentive  olefin  metathesis catalysts, i.e. the
stereochemistry of the alkene substrate is transferred to the
alkene product.f]

Grubbs-type complexes B were shown to be the most efficient
and general in Z-selective metathesis catalysis and were the
subject of structure/stability/activity relationship studies. [ &¢. & 6l
5-membered metallacycles are preferentially generated
compared to 4 and 6-membered ones and the steric hindrance
around the chelating alkyl ligand plays a crucial role for the
stability and activity of the catalysts, with the N-(adamant-1-yl)
substituent constituting the best compromise.

Due to its high steric hindrance and rigidity, the N-(fluoren-9-yl)
substituent imposes a specific conformation to the NHC ligand in
complexes E, in which the hydrogen atom in the fluorenyl- 9
position is pointing towards the metal center.['% 1 This specific
feature was leveraged to create extremely bulky “hummingbird”
N,N*-(9-alkylfluorenyl)NHC complexes F, in which the two alkyl
chains embrace the metal center.*?) Based on these structural
considerations, we thus devised to develop Hoveyda-type
complexes G supported by a N-(9-alkylfluorenyl)NHC ligand and
study the possibilty to generate the corresponding
cyclometalated complexes of type H. We report herein the
synthesis, characterization and catalytic activities of a series of
three complexes G by varying the alkyl chain from the methyl
(R1=H) to ethyl (R1 = Me) and benzyl (R1 = Ph) groups, as well as
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the outcome of their cyclometalation, which greatly depends on
the nature of the alkyl chain. In addition, an original and clean
migration reaction of the NHC ligand induced by the addition of

silver salt is reported.
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Figure 1. Examples of Z-selective (A-C) and stereoretentive (D) Ru olefin
metathesis catalysts. Previously reported N-(fluorenyl)NHC complexes E and F
and target complexes G and H in this study.

Results and Discussion

Synthesis  of the
complexes

Three N-(9-alkylfluorenyl)imidazolium tetrafluoroborate salts 2a-
c-HBF4 were synthesized, where the alkyl R group is a methyl (a),
an ethyl (b) or a benzyl (c) group. They were obtained by selective
alkylation of the fluorenyl position starting from the parent
unsubstituted N-fluorenyl-N’-mesitylimidazolium bromide 1-HBr
according to a procedure previously reported by some of us
(Scheme 1).1'% 1.HBr was selectively mono-deprotonated using
potassium bis(trimethylsilyl)amide (KHMDS) as a strong base
resulting in the formation of the bright yellow mesoionic N-ylide 1,
whose fluorenyl position could be alkylated by adding methyl
iodide, ethyl bromide or benzyl bromide to generate 2a-c-HX,
respectively. After anion metathesis, the N-(9-
alkylfluorenyl)imidazolium tetrafluoroborate salts 2a-c-HBF, were
isolated in 81, 77 and 76% vyields, respectively. Although efficient,
this synthesis required to be performed in dry solvents and under
an inert gas atmosphere because of the sensitivity of zwitterion 1
towards air and moisture. We thus developed the new alkylating
route b, in which the starting imidazolium 1-HBr was reacted in
situ with potassium carbonate as a mild and selective base and
the alkylating reagent, in acetonitrile, followed by an anion
metathesis step. This procedure allowed the practical and
efficient synthesis of 2b-c-HBF, akin to the previous one.
However, no alkylation was observed when methyl iodide was

Hoveyda-type second-generation

used as the alkylating agent following this route, probably due to
competitive methylation of the carbonate anion with methyl iodide.
Deprotonation of the imidazolium salts 2a-c-HBF4 with potassium
tert-amylate (t-AmOK) in hexane followed by the addition of
Hoveyda-Grubbs 1%t generation complex RuCl,(PCy3)[=CH(o-
iPrO-Ph)] (Hov-I) yielded the corresponding Hoveyda-Grubbs 2"
generation complexes 3a-c in 65-76% yields through
displacement of PCy; by the NHCs 2a-c generated in situ. The
use of hexane is critical in this complexation, as only low yields of
the complexes (~25%) were observed when the reaction was
carried out in toluene. Indeed, the complexes 3a-c being not
soluble in hexane, they precipitated during the course of the
reaction shifting the equilibrium towards products and as solids,
they were less prone to decompose.
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Scheme 1. (a) Synthesis of the N-(9-alkylfluorenyl)imidazolium salts 2a-
c-HBF4. (b) Synthesis of the corresponding Hoveyda-type complexes 3a-b
supported by N-(9-alkylfluorenyl)NHC ligands 2a-c. Mes = 2,4,6-
trimethylphenyl. Hov-1 = RuClz(PCysz)[=CH(o-iPrO-Ph)].

After filtration of the reaction mixture and purification by column
chromatography, complexes 3a-c were isolated as green
microcrystalline solids. The new complexes were fully
characterized by spectroscopic and analytical methods,
supplemented by single-crystal X-ray diffraction analyses (Figure
2). The NMR spectroscopic data of complexes 3a-c agreed with
the proposed structures. The characteristic signals of the
benzylidene Ru=CH protons were observed at § = 17.05, 17.08,
and 17.08 ppm, while the benzylidene carbon atoms Ru=CH
resonate at & = 307.6, 307.2, and 307.8 ppm for 3a, 3b and 3c,
respectively. Most importantly, the complexation reaction exerted
a significant effect on the fluorenyl methyl protons in 3a and of the
methylene CH, protons in 3b-c, whose signals are particularly
low-field shifted with respect to the corresponding ones in the



starting imidazolium salts 2a-c-HBF4 [A3 = 1.84 ppm (3a), 2.33
ppm (3b), 2.47 ppm (3c)]. This behavior, previously observed to
a lower extent upon complexation in complexes of type F,[2a 12
strongly indicated binding interactions between the methylic-(3a)
or methylenic-H atoms (3b-c) and the ruthenium center.

This was corroborated by the analysis of the molecular structures
of 3a-c in the solid state (Figure 2 and Table 1).113

Figure 2. Molecular structures of complexes 3a (left), 3b (center), and 3c (right) (ellipsoids drawn at 30% probability level). Solvent and
hydrogen atoms, except on the benzylidene moiety and on the fluorenyl methyl (3a), ethyl (3b), and methylene group (3b), have been

omitted for clarity.

Table 1. Selected bond lengths (A) and angles (deg) for complexes 3a-c.

3a 3b! 3c
Rul-C1 1.989(2) Rul-C1 1.9952(13) Rul-C1 1.9978(17)
Rul-C5 1.835(2) Rul-C5 1.8362(13) Rul-C5 1.8410(18)
Rul-01 2.2942(16) Rul-02 2.2710(9) Rul-01 2.2961(12)
Rul-C47 2.847 Rul-C47 2.953 Rul-C4 2.842
C1-Rul-01 177.95(8) C1-Rul-02 175.27(4) C1-Ru1-01 177.20(6)
C1-Rul-C5 100.89(10) C1-Rul-C5 100.95(5) C1-Rul-C5 101.14(7)
CI1-Rul-CI2 164.175(19) Cl1-Rul-CI2 162.155(12) CI1-Rul-CI2 164.220(15)
All three complexes exhibit a pentacoordinate ruthenium center  Grubbs  second-generation catalyst Hov-Il  [Hov-Il =

within a distorted square pyramidal geometry characterized by a
geometry index ts = 0.23 (3a), 0.22 (3b) and 0.22 (3c), the
benzylidene ligand occupying the apex of the pyramid. In all three
complexes, the N-fluorenyl arm is located on the opposite side to
the benzylidene moiety placing its alkyl substituent in the open
space of the coordination sphere and in close proximity to the
ruthenium center. The distances between the ruthenium center
and the first carbon atom of the alkyl chain [Rul-C47: 2.847 A for
3a, Ru1-C47: 2.953 A for 3b, Rul-C4: 2.842 A for 3c] are rather
similar to the one recorded in Hoveyda-Il complexes bearing N-
adamantyl NHC ligands [2.804-2.886 A],1° d precursors for
cyclometalated complexes B. As a consequence of this specific
spatial arrangement, a steric repulsion is observed with the two
trans-disposed chloride ligands and the ClI1-Rul-CI2 angles in 3a-
c [162.155° — 164.220°] are greater of about 8 degrees than the
Cl-Ru-Cl angles in the majority of reported Hoveyda-type
ruthenium complexes bearing unsymmetrical NHC ligands. [0 151
Other structural parameters are otherwise classical for Hoveyda-
type second generation complexes.

Thermal stability and olefin metathesis catalytic activity
studies of complexes 3a-c

The thermal stabilities of complexes 3a-c were evaluated using a
standardized procedure. The commercially available Hoveyda-

RuCl;(SIMes)(=CH(o-OiPr)Ph)] was added to this test as
reference, since it is a general-purpose catalyst bearing the
symmetrical SIMes ligand (SIMes = 1,3-dimesitylimidazolidin-2-
ylidene). Hence, samples of the corresponding catalysts and
1,3,5-trimethoxybenzene (used as an internal standard) were
carefully weighed in a glove box, dissolved in toluene-ds (0.7 mL)
and placed in Young-tap NMR tubes, which were heated at 50°C
for several days. The 'H NMR spectra were recorded and the
degree of degradation of the catalyst was determined based on
the integration of the benzylidene signal of the complexes (peaks
in the range of 16-17 ppm) and methoxy groups (6.15 ppm) of the
internal standard (Figure 3). While the Hov-II catalyst remained
intact after 6 days at 50°C, a net decomposition of complexes 3a-
¢ was observed during the same period and only 77, 69, and 78%
of 3a-c, respectively, were still present after 6 days.
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Figure 3. Stability tests of Hoveyda-type complexes 3a-c and Hov-Il in toluene-
ds at 50 °C under argon. Monitored by *H NMR spectroscopy using 1,3,5-
trimethoxybenzene as internal standard. Lines placed as visual aids.

The activity of complexes 3a-c in model olefin metathesis
reactions was then investigated. As an initial evaluation on
relatively undemanding substrates, the RCM reaction of the most
commonly used model diene,*® diethyl diallyimalonate (4) was
examined using 1 mol% of catalyst (Figure 4). Initially the reaction
was carried out at 50°C, at which Hov-Il achieved full conversion
into 5 after only 3 minutes. All three catalysts 3a-c were much less
efficient and conversions did not exceed 40% threshold even after
90 min. The reaction still proceeded even after 90 min reaction
time, as there is no visible plateau, but at a very low rate. To
investigate the influence of the temperature, the latter was
increased to 80°C after 70 min during the reaction carried out in
the presence of 3a. A small leap in conversion was observed,
which prompted us to perform the reaction at 80°C. Unfortunately,
while the initial rates were found to be approximately 9 times
higher than at 50°C, a rapid decomposition of the catalysts 3a-c
was apparent and after 15 min, a plateau was reached at 31%
conversion for 3b, and 22% conversion for both 3a and 3c.
Additionally, the catalysts 3a-c were shown to be almost inactive
at room temperature.
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Figure 4. Time/conversion curves for the RCM reaction of DEDAM with 1 mol%
of Ru complexes at 50°C and 80°C (monitored by *H NMR). Lines are visual
aids only. Hov-II = RuClz(SIMes)[=CH(o-iPrO-Ph)].

Synthesis of the cyclometalated ruthenium complexes

Complex 3a was used as the model substrate for the development
and optimization of the cyclometallation conditions. The
experiments were carried out in Young-tap NMR tubes to directly
follow the course of the reaction. Grubbs’ original conditions,
namely 2 equivalents of silver pivalate (AgOPiv) in THF-dg,a
were first screened. Unfortunately, monitoring of the reaction at
room temperature by *H NMR revealed no additional benzylidene
signal and led to a rather rapid decomposition of complex 3a into
an intractable mixture. We therefore turned our attention to a
milder method, employing sodium pivalate (NaOPiv) instead of
AgOPiv, and which had already been reported to provide access
to a range of cyclometalated metathesis catalysts.®1When mixing
complex 3a with a large excess of NaOPiv in MeOH-d,, we were
pleased to observe the appearance of an additional benzylidene
signal in the low-field region in *H NMR. The reaction was
completed within 7 hours at 50°C. Encouraged by this result, we
performed the reaction on a synthetic scale (~0.3 mmol) using 15
equivalents of NaOPiv in a THF/MeOH solvent mixture (Scheme
2). After treatment and crystallization, the target cyclometalated
complex 6a was isolated in 42% yield as purple crystals, along
with the side-product 6a’ isolated in 8% yield as a yeIIow powder.
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Scheme 2. Synthesis of the cyclometalated complex 6a and by-product 6a’,
and the postulated mechanism of decomposition of complex 6a.

Complex 6a is highly sensitive to air and moisture even in the solid
state and should be kept in a glove box. It was characterized by
multinuclear, multidimensional NMR experiments, HRMS and its
molecular structure was firmly established by an X-Ray diffraction
experiment on a single crystal. While complex 3a had a Cs-
symmetry, *H and *C NMR spectra of 6a were consistent with a
Ci:-symmetry. As expected, the benzylidene signal was upfield-
shifted compared to the corresponding signal in 3a and was
observed at & = 15.74 ppm. The cyclometalation was confirmed
by the presence of two doublets at § = 4.01 and 3.21 ppm (?Jun =
11.7 Hz) corresponding to the diastereotopic CH, protons of the
(fluoren-9-yl)methyl ligand in the *H NMR spectrum and by the



downfield-shifted resonance of the CH, carbon atom at § = 42.5
ppm in the 3C NMR spectrum.

Complex 6a crystallized as a racemate in the centrosymmetric
C.c space group (Figure 5). Its molecular structure was found to
be rather similar to the previously reported structures of type B, 52
6d j.e. an 18e-complex with a distorted octahedral geometry, in
which the alkyl, benzylidene and chelating pivalate ligands are in
the same coordination plane. The coordination sphere is
completed by the NHC and the ether ligands, which are in trans
position. The Ru1-C1 bond length of 1.948(3) A is slightly shorter
than the corresponding Ru1-C1 in 3a [1.989(2) A] and this could
be ascribed to the formation of the 5-membered ruthenacycle, that
induced greater structure strain. Although the chelating N-(9-
methylfluorenyl) arm in 6a is of different nature compared to the
N-(adamantyl) arm in complexes B, the Rul-C26 bond length of
2.072(3) A'is similar to the Ru-Cag-) in B [2.053(4)-2.065(3) A].

Figure 5. Molecular structure of 6a. Ellipsoids drawn at the 30% probability level.

Hydrogen atoms and solvent molecules were omitted for clarity. Selected bond
distances (A) and angles (deg): Ru1-C1 1.948(3), Ru1-C26 2.072(3), Ru1-C32
1.858(3), C1-Rul-C26 80.60(11), C1-Rul-C32 92.37(12), C26-Rul-C32
95.38(12).

Although no single crystals of the side-product 6a’ could be grown
for an X-Ray diffraction experiment, its molecular structure could
be established by multidimensional NMR spectroscopy and
HRMS experiments. Noteworthy is the presence of a coordinated
alkene moiety, characterized by a set of two doublets in *H NMR
at 6 = 4.05 and 3.31 ppm with a coupling constant of 7.5 Hz and
by the corresponding *3C resonances at § = 75.5 and 64.6 ppm in
the 3C NMR spectrum, but the E/Z configuration could not be
firmly established with these data.*’ From the 2D NMR
correlation experiments, we could also established that the alkene
moiety connects the fluorenyl part of the NHC ligand with the o-
(isopropoxy)phenyl group. More importantly, the characteristic
singlet at §= - 9.94 ppm in *H NMR spectrum indicated a
ruthenium hydride moiety. Eventually, a pivalate molecule
completed the coordination sphere of complex 6a’, which could
be formulated as the saturated, 18e octahedral complex depicted
in Scheme 2. According to Houk and Grubbs,[8l the Ru-H
complex 6a’ might arise here from the decomposition of the
cyclometalated complex 6a by insertion of the alkylidene moiety
into the ruthenium-alkyl bond followed by a B-H elimination
(Scheme 2).

Encouraged by the obtention of the cyclometalated complex 6a,
the intramolecular cyclometallation of the ethyl- and benzyl-
derivatives 3b and 3c was attempted by using the same reaction
conditions. In the case of 3c, despite longer reaction time and
higher temperature, no additional benzylidene signal appeared in
the *H NMR spectrum of the crude reaction mixture, suggesting
that 3c is reluctant to cyclometallation, most probably due to steric
constraints. Conversely, the benzylidene signal of 3b
disappeared during the reaction, which was accompanied by the
appearance of a broad signal and of a small additional signal in
the downfield region. After 8 hours, the reaction was worked up
as before and crystallization of the crude product resulted in green
crystals and a tiny amount of a purple solid. While the exact nature
of the purple solid could not be firmly established, an X-Ray
diffraction analysis of the green crystals indicated that they
correspond to the complex 7b, which was isolated in 48%

(Scheme 3).
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Scheme 3. Synthesis of the cyclometalated complex 7b.

Complex 7b crystallized in the orthorhombic Pbca space group
(Figure 6). It consists of a cyclometalated complex with a distorted
octahedral geometry around the Ru center. Surprisingly, the
cyclometallation did not occur at the C(sp®)-H bond of the
dandling ethyl substituent but at a C(sp?)-H position of the
fluorenyl moiety, leading to a 6-membered metallacycle. Contrary
to previous cyclometalated alkylidene complexes, the ether
function of the o-(isopropoxy)benzylidene ligand is not in trans
position but in cis position relative to the NHC ligand, as is the
case with the benzylidene. One of the oxygen atoms of the
chelating pivalate ligand is placed in trans position relative to the
NHC. More surprising is the rather long Rul-C1 of 2.0767(18) A
compared to the Ru1-C1 in 3b [1.9952(13) A] and even compared
to the Rul1-C1 in cyclometalated 6a [1.948(3) A]. This lengthening
may be a consequence of a steric clash between the NHC ligand
and more specifically of the mesityl group of the latter with the
bulky o-(isopropoxy)benzylidene ligand located just below it.



Figure 6. Molecular structure of 7b. Ellipsoids drawn at the 30% probability level.

Hydrogen atoms and solvent molecules were omitted for clarity. Selected bond
distances (A) and angles (deg): Ru1-C1 2.0767(18), Ru1-C32 1.8482(18), Rul-
C17 2.0003(17), Ru1-01 2.3528(12), Ru1-02 2.1437(12), Ru1-0O3 2.3820(13),
C1-Ru1-C32 96.14(7), C1-Ru1-C17 85.99(7), C17-Rul1-C32 92.07(8).

The room temperature *H NMR spectrum of complex 7b
displayed many broad signals, which suggested a fluxional
process in solution. A variable-temperature NMR experiment was
therefore carried out. When the temperature was lowered to -
50°C, all signals became sharper (Figure S9), indicating that the
dynamic process was frozen at that temperature. The VT NMR
behavior of complex 7b is illustrated in Figure 7 on the
benzylidene protons. While two very broad signals could be
identified at 8 = 17.36 and 16.11 ppm at 25°C indicating that two
complexes are in rapid equilibrium, the exchange was stopped at
— 50°C and two sharp singlets at = 17.32 and 16.10 ppm were
observed in a 3:1 ratio. We tentatively assigned the major isomer
as the “cis” complex observed in solid state and the minor isomer
as the “trans” complex, in which the ether function of the o-
(isopropoxy)benzylidene ligand is in trans position relative to the
NHC.

25°C

-10°C |

30°C \

-50°C .

185 18.0 17.5 17.0 16.5 16.0 15.5 15.0
f1 (ppm)

Figure 7. Variable temperature *H NMR spectra of complex 7b in the region
19.0-15.0 ppm (THF-ds, 600 MHz).

Catalytic activity of cyclometalated catalyst 6a

Our investigation on the catalytic activity of complex 6a started by
the ring closing metathesis (RCM) of diethyl diallylmalonate and
of N,N-diallyl tosylamide using 1 mol% of 6a in CH,Cl, at room
temperature. Unfortunately, no conversion could be detected
under these conditions, neither by changing the solvent for THF
and performing the reaction at 60°C. This lack of activity in RCM
is in line with previous works reporting that the Z-selective
carboxylate cyclometalated catalysts are not good catalysts in
RCM.[6a

We then turned our attention to the cross metathesis (CM) of
allylbenzene (8a) with cis-1,2-diacetoxy-2-butene (9) using 2
mol% of 6a in THF at 35°C (Scheme 4).[%°:19 Due to the sensitivity
of complex 6a to oxygen, all manipulations were performed in a
glove box. Furthermore, since ethylene can have a destructive
effect on both reaction yield and selectivity,?? the experiments
were carried out in a vial open to the argon atmosphere inside the
glove box. Gratifyingly, the conversion for the CM reaction of 8a
with 9 reached 58% after 1 h (c = 1M), and more importantly the
alkene product 10a was obtained in a high Z/E ratio (93/7). No
homocoupling product 11a was detected. However, neither the
conversion nor the selectivity changed with a longer reaction time,
suggesting that catalyst 6a is rapidly deactivated during catalysis.
The CM reaction was then performed at a higher concentration of
2 M and led to a conversion of 70% after 1 hour and to about the
same Z/E selectivity (94/6) as in the previous experiment. Here
again, no further evolution was detected after 1 h. The effect of
reduced electron density of the alkene substrate was then
examined by using 1-allyl-4-fluorobenzene (8b). While the
conversion was noticeably reduced to 60%, the selectivity was not

affected and remained at high levels.
a) =

R
8a (R=H)
8b (R=F) 6a (2 mol%
+
ACO\/E THF, 35°C, 1h
10a: 58% conv, Z:E 93:7 (c = 1M)  11a: not observed

10a: 70% conv, Z:E 94:6 (c = 2M)

10b: 60% conv, Z:E 94:6 (c = 2M)

b)
=
6a (2 mol% ©\/>

11b: traces

THF, 35° C 4h

8a 1a
96% conv. not detected
E/Z 10:1

Scheme 4. a) Cross-metathesis of allylarenes 8a-b with cis-1,4-diacetoxy-2-
butene 9 catalyzed by 6a. b) Isomerization of allylbenzene 8a upon treatment
with 6a. Conversions were determined by GC analysis against a calibrated
internal standard (tetradecane).

Eventually, we decided to study the homodimerization of
allylbenzene, under the same reaction conditions. Unfortunately,
the only product observed was 1-phenylpropene 12, which
resulted from isomerization of the double bond. These results
were in agreement with the decomposition of complex 6a into the
Ru-H complex 6a’, which is able to isomerize double bonds.?%



The reaction of complex 6a with an atmosphere of ethylene was
also carried out to study the fate of complex under catalytic
conditions. In an NMR tube, ethylene gas was bubbled into a
solution of complex 6a in benzene at room temperature, which
induced a rapid color change of the solution from deep blue to
yellow. (Scheme 5). The complex 13a was generated in
quantitative yield after 5 min at room temperature and its
molecular structure was inferred from *H and ¥C NMR
spectroscopy supplemented by 2D NMR experiments. Complex
13a exhibited the same coordinated alkene moiety as complex
6a’, which was characterized by a set of two doublets in *H NMR
at 8 = 4.71 and 4.51 ppm with a coupling constant of 8.1 Hz and
by the corresponding *3C resonances at & = 64.6 and 40.7 ppm.[7]
More importantly, the Ru-Et moiety could also be assessed by the
two signals of the diastereotopic CH; protons at 6 = 3.38 ppm (qd,
J =6.9, 4.6 Hz) and 2.82 ppm (qd, J = 6.9, 4.6 Hz) associated
with the triplet signal of the terminal CH3 protons at  =- 0.27 ppm
(J = 6.9 Hz). The formation of complex 13a could be explained by
the formation in situ of complex 6a’, followed by insertion of

ethylene into the Ru-H bond of 6a’.
; tBu
\7/

ethylene
R (1 atm)
u=
//O\// CeDs
= RT, 5 min
tBu 2(0 )/
6a 13a (quant.)

Scheme 5. Reaction of complex 6a with ethylene gas.

Silver-mediated insertion of the benzylidene moiety into the
Ru-NHC bond

As the benzyl-derivative 3c did not react with NaOPiv most
probably due to steric congestion, we devised to generate a
cationic benzylidene complex by abstracting a chloride ligand,
which would be more prone to react with NaOPiv in a subsequent
cyclometallation reaction. Several cationic catalysts, in which the
ruthenium center is positively charged, have been reported.??
The abstraction of a chloride ligand in Ru-based alkylidene
complexes is usually achieved by the use of a silver salt according
to the first example described by Buchmeiser for the replacement
of chloride ligand by another anionic ligand.?® Hence, complexes
3a-c were reacted with one equivalent of AgSbFs in CH,Cl, at
room temperature (Scheme 6). The reaction color turned rapidly
from dark green to brick red and was accompanied by the
disappearance of NMR benzylidene signal. After AgCI filtration
and purification by precipitation, complexes 14a-c were isolated
in pure form in 46%, 43%, and 49% yield, respectively. They were
characterized by 'H and *¥C NMR spectroscopy, HRMS, and
supplemented by single-crystal X-Ray diffraction on both
complexes 14b (Figure 8) and 14c (Figure 9). Unexpectedly, they
appeared to be 18e, piano-stool, Ru(ll) complexes, supported by
a new tridentate ansa-fluorenyl/N-heterocyclic olefin (NHO)/ether
ligand, which originated from an unprecedented insertion of the
benzylidene moiety into the Ru-NHC bond. The NHO ligand is a
carbon-based donor composed of an alkylidene moiety appended
to an NHC frame of general formula NHC=CR,. Because of the
highly polarized nature of the alkylidene in NHO, the zwitterionic
imidazolium ylide form (NHC)*-CR,  is predominant in

coordination chemistry, where the NHO ligand acts as globally
neutral 2c-electron donor.?4 However, examples of well-defined
metal-NHO complexes remain rather rare in literature,® and
complexes l1l4a-c thus constitute the first examples of NHO
complexes, where the NHO ligand is generated in the
coordination sphere by direct insertion of the alkylidene ligand into
the Ru-NHC bond. The NHO ligands are characterized in *H NMR
spectra by a singlet at 5 = 4.60, 4.64, and 4.63 ppm in 1l4a-c,
respectively, accounting for the Ru-CH proton and by signals at &
= 34.8, 35.2, and 35.2 ppm in **C NMR spectra of 1l4a-c
corresponding to the ligated carbon atom.

SbFee

R ~
N U
Ru= CH2CI2
CI/ RT, 1h
\<O
3a-c 14a (46%)
14b (46%)
14c (49%)

Scheme 6. Synthesis of the ansa-fluorenyl-NHO complexes 14a-c.

Figure 8. Molecular structure of 14b. Ellipsoids drawn at the 30% probability
level. Hydrogen atoms and solvent molecules were omitted for clarity. Selected
bond distances (A) and angles (deg): Ru1-C28 2.132(3), Rul-CI1 2.3954(9),
Ru1-01 2.240(3), C1-C28 1.462(5), C1-C28-Rul 115.5(2).



Figure 9. Molecular structure of 14c. Ellipsoids drawn at the 30% probability
level. Hydrogen atoms and solvent molecules were omitted for clarity. Selected
bond distances (A) and angles (deg): Ru1-C19 2.1341(9), Ru1-Cl1 2.4047(3),
Ru1-011 2.2133(7), C7-C19 1.4778(12), C7-C19-Rul 116.48(6).

In order to gain more insight into this unusual migration reaction,
DFT calculations were carried out on the transformation of the
benzyl-derived complex 3c into 14c (Figure 10). First, the DFT
calculations confirmed the conformation observed in neutral
complex 3c, in which the dangling benzyl group points towards
the coordination sphere. Indeed, the other conformation 3c”,
obtained by a 180° rotation around the N-Coreny bond is 9.6
kcal/mol higher in energy than the conformation 3c, so
experimentally the only observable conformation is the latter one.
The abstraction of one chloride from 3c led to the cationic
complex 15c, whose energy was set at 0 kcal/mol and all other
Gibbs free energies were calculated relative to this one. In the
optimized structure of 15c, the Ru-alkylidene bond is in cis
position to the NHC but is almost orthogonal to the carbenic
heterocycle and there is an additional agostic C-H---Ru
interaction stabilizing complex 15c. Nevertheless, complex 15c
interconverts through rotation around the N-Cayorenyi bond into the
much more stable conformer 15¢” in an almost barrierless
reaction (AG™ = 3.2 kcal/mol). In complex 15¢”, a n?-coordination
of one C=C bond of the fluorenyl with the Ru center was identified.
The insertion of the alkylidene occurs from this intermediate 15¢”
with a barrier at 7.5 kcal/mol (24.1 kcal/mol with respect to 15¢”),
consistent with experimental data showing a relatively fast
formation of 14c at room temperature. In TSisc-14c, One aryl ring of
the fluorenyl already coordinates the Ru center through a n°
coordination mode. The Gibbs free energy of the final product 14c
is — 30.5 kcal/mol, in agreement with an irreversible reaction.

Conclusion

In order to design efficient Z-selective olefin metathesis catalysts
based on the Grubbs’ approach of cyclometalated chelating alkyl-
NHC ligand, we developed the ligand family based on the N-(9-
alkylfluoren-9-yl)imidazol-2-ylidene core and its coordination to

Hoveyda-type ruthenium complexes. The cyclometalation
reaction appeared to be highly dependent on the nature of the
alkyl dangling group on the fluorenyl moiety, as only the methyl
derivative 3a gave the expected cyclometalated complex 6a,
while the ethyl derivative 3b underwent a C(sp?)-H activation of
the fluorenyl part and the benzyl derivative was not reactive.

The cyclometalated complex 6a was found to be highly sensitive
towards air and moisture and also to slowly decompose by
insertion of alkylidene into the Ru-alkyl bond. Although the
catalytic activity of 6a in the cross metathesis reaction is relatively
low, the high Z/E ratio of 94/6 of the alkene product confirmed that
this strategy of chelating cyclometalated (C,Cnuc) ligand is
efficient in terms of stereoselectivity.

Finally, we reported an original, silver-induced, alkylidene
insertion into the Ru-Cyuc bond to generate ansa-fluorenyl/N-
heterocyclic olefins ligands.

Experimental Section
General Comments

All manipulations were carried out in dry glassware under nitrogen or argon
atmosphere using standard vacuum line and Schlenk techniques, or in a
glovebox under an argon atmosphere. N-mesitylimidazole, 2] 1-mesityl-3-
(fluoren-9-yl) bromide,* and 1-mesityl-3-(fluorenid-9-yl) imidazolium/*®
were synthesized according to literature procedures. All other reagents
were commercially-available and used without further purification unless
otherwise noted. Dry and oxygen-free organic solvents (THF, Et2O, CH2Clz,
toluene) were obtained using LabSolv (Innovative Technology) or
mBraun’s SPS solvent purification systems. Hexane, pentane, and MeCN
were used freshly distilled over calcium hydride under an atmosphere of
argon. 'H, 13C, and 3P NMR spectra were recorded on Agilent Mercury
400 MHz, Bruker Avance 400 MHz, Avance Ill HD 400 MHz, or Avance
300 MHz spectrometers. Chemical shifts (d) are given in ppm and referred
to residual solvent signals.??”l Coupling constants (J) are reported in hertz
(Hz). Deuterated solvents as: CD3OD, THF-ds, CD2Cl. and CeDs were
degassed by bubbling argon or freeze-pump-thaw method and dried over
3A molecular sieves. Mass spectra (ESI mode) were obtained using a
Xevo G2 QTof (Waters) spectrometer and were performed by the mass
spectrometry service of the “Institut de chimie de Toulouse”. High-
resolution electrospray mass spectra (ESI-HRMS) were recorded on a
Quattro LC triple quadrupole mass spectrometer. IR spectra were
recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer. The
obtained data were processed with the software Omnic32. Wavenumbers
are given in cm™. Elemental analyses were carried out by the elemental
analysis service of the LCC (Toulouse, France) using a Perkin Elmer 2400
series |l analyzer or in the Institute of Organic Chemistry Polish Academy
of Sciences.

General procedure for the imidazolium

tetrafluoroborates using KHMDS

preparation  of

1<HBr (1 equiv.) was dried in a Schlenk flask at 60 °C under high vacuum
for 0.5 hour. After cooling down to room temperature, THF was added, and
the suspension was cooled to —50 °C followed by dropwise addition of
KHMDS (0.5 M in toluene, 1.02 equiv.). The bright yellow suspension was
stirred at =50 °C for 1 h and allowed to warm to room temperature. All
volatiles were removed under high vacuum and DMF was added. The
solution of zwitterion 1 in DMF was cooled down to O °C followed by
addition of the appropriate alkylating agent (RX, 2 equiv.). The reaction
mixture was allowed to warm to room temperature and stirred overnight.
Next, DMF was evaporated under high vacuum and the resulting solid was
dissolved in CH2Cl. and filtered through Celite to remove inorganic salts.
The solution was concentrated to about 2 mL and 2 mL of H20 were added
immediately after adding NaBF4 (2 equiv.).
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Figure 10. The free energy profile of a) the flip of the fluorenyl group in the neutral complexes 3c-3¢” and b) the transformation of the

cationic complex 15c¢ into complex 14c.

The mixture was stirred vigorously for 1 h for complete counterion
metathesis. Phases were separated and the water layer was extracted with
CH2Cl2. The organic phases were combined, dried over sodium sulfate,
filtered and the solvent was then removed in vacuo. The crude product
was purified using column chromatography (CombiFlash, silica gel,
CH2Cl2/MeOH), precipitated from CH2Cl2/Et20, filtered, and washed with
diethyl ether.

1-Mesityl-3-(9-methylfluoren-9-yl)imidazolium tetrafluoroborate

(2a°HBF.)

Following the general procedure, zwitterion 1 was obtained starting from
1+HBr (1.39 mmol, 600 mg) and KHDMS (0.5 M in toluene, 1.42 mmol,
2.84 mL) in THF (15 mL). Next, iodomethane (2.78 mmol, 173 pL) and
DMF (6 mL) were used for the alkylation step. Counterion exchange was
achieved using NaBF4 (2.78 mmol, 305 mg) in CH2Cl2/H20. Purification
steps yielded 2a+*HBF4 as a white solid (510 mg, 81%). *H NMR (400 MHz,
CDCl3) 8 9.11 (t,J=1.7 Hz, 1H, N2CH), 7.77 (dt, J = 7.6, 0.9 Hz, 2H, CHrw),
7.57 (dt, J = 7.6, 0.9 Hz, 2H, CHru), 7.50 (td, J = 7.5, 1.1 Hz, 2H, CHrw),
7.39 (td, J = 7.5, 1.1 Hz, 2H, CHrw), 7.14 (t, J = 1.8 Hz, 1H, CHim), 7.05 (t,
J=1.9Hz, 1H, CHm), 6.95 (d, J = 1.2 Hz, 2H, CHuwes), 2.32 (s, 3H, CHz ),
2.28 (s, 3H, CHawmes), 2.02 (s, 6H, CHazmes). 3C{*H} NMR (101 MHz, CDCls)
5 145.0 (Cru), 141.3 (Cwmes), 139.2 (Cru), 135.7 (N2CH), 134.4 (Cwes ),
130.84 (CHFIU), 130.81 (CMes), 129.9 (CHMes), 129.6 (CHFIU), 1245 (CHIm),
123.8 (CHrw), 121.6 (CHim), 121.1 (CHrw), 71.1 (Criu9), 23.5(CHs), 21.2
(CHs para), 17.3 (CHs ortho). Elemental analysis calcd (%) for C2sH2sBFsN2
(Mw = 452.30): C 69.04, H 5.57, N 6.19; found: C 68.77, H 5.51, N 6.13.

1-Mesityl-3-(9-ethylfluoren-9-yl)imidazolium tetrafluoroborate

(2b*HBF.)

Following the general procedure, zwitterion 1 was obtained starting from
1+HBr (2.32 mmol, 1 g) and KHDMS (0.5 M in toluene, 2.36 mmol, 4.7 mL)
in THF (25 mL). Next, bromoethane (4.64 mmol, 345 mL) and DMF (12
mL) were used for the alkylation step. Counterion exchange was achieved
using NaBFs (4.64 mmol, 509 mg) in CH2Cl2/H20. Purification steps
yielded 2b+HBF4 as a white solid (835 mg, 77 %). *H NMR (300 MHz,
CDCls) 8 9.12 (s, 1H, N2CH), 7.78 (d, J = 7.6 Hz, 2H, CHFrw), 7.56-7.48 (m,
4H, CHrw), 7.42 (t, J = 7.5 Hz, 2H, CHrw), 7.19 (t, J = 1.8 Hz, 1H, CHim),
7.13 (t, J = 1.5 Hz, 1H, CHm), 7.00 (S, 2H, CHuwes), 2.98 (g, J = 7.2 Hz, 2H,
CH2CHz), 2.32 (s, 3H, CH3s wmes), 2.03 (s, 6H, CH3 mes), 0.53 (t, J = 7.2 Hz,
2H, CH2CHs). *3C{*H} NMR (101 MHz, CDCl3) & 143.1 (Cri), 141.5 (Cwes),
140.4 (Cru), 135.8 (N2CH), 134.3 (Cwmes), 130.9 (CHru), 130.8 (Cwes),,
130.0 (CHwmes ), 129.6 (CHru), 124.1 (CHim), 123.9 (CHru), 121.8 (CHim),
121.1 (CHruw), 75.3 (Criu-9), 29.2 (CH2CHa) , 21.3 (CHa para), 17.4 (CH3 ortho),
7.9 (CH2CHz). HRMS (ESI): m/z calcd. for [C27H27N2]* 379.2169, found

379.2174; & = 1.3 ppm. Elemental analysis calcd (%) for C27H27BFaN2 (Mw
= 466.33): C 69.54, H 5.84, N 6.01; found: C 69.32, H 5.68, N 5.97.

1-Mesityl-3-(9-benzylfluoren-9-yl)imidazolium tetrafluoroborate

(2c+HBF.)

Following the general procedure, zwitterion 1 was obtained starting from
1-HBr (1.39 mmol, 600 mg) and KHDMS (0.5 M in toluene, 1.42 mmol,
2.84 mL) in THF (15 mL). Next, benzyl bromide (2.78 mmol, 0.33 mL) and
DMF (6 mL) were used for the alkylation step. Counterion exchange was
achieved using NaBF4 (2.78 mmol, 305 mg) in CH2Cl2/H20. Purification
steps yielded 2c+HBF4 as a white solid (560 mg, 76%). *H NMR (400 MHz,
CDCls) 6 9.05 (t, J = 1.6 Hz, 1H, N2CH), 7.81 — 7.73 (m, 2H, CHru), 7.54
— 7.47 (m, 2H, CHrw), 7.46 (t, J = 1.8 Hz, 1H, CHim), 7.45 — 7.38 (m, 4H,
CHruw), 7.13 (t, J = 1.8 Hz, 1H, CHim), 6.94 (s, 2H, CHwes), 6.91 (t, J = 7.4
Hz, 1H, CHen), 6.80 (t, J = 7.6 Hz, 2H, CHen), 6.61 (d, J = 7.2 Hz, 2H, CHpn),
4.21 (s, 2H, CH2), 2.29 (s, 3H, CH3 para), 2.02 (S, 6H, CH3 ortho). **C{*H}
NMR (101 MHz, CDCls) & 142.6 (Cr), 141.4 (Cwes), 140.3 (Cru), 135.5
(N2CH), 134.4 (Cwmes), 132.4 (Car), 130.8 (Cwes), 130.74 (CHar), 130.73
(CHar), 129.9 (CHwes), 129.1 (CHrw), 127.5 (CHen), 126.9 (CHen), 125.0
(CHrw), 124.3 (CHim), 122.2 (CHim), 120.8 (CHru), 75.1 (Criu-9), 41.8 (CH2),
21.2 (CHs para), 17.4 (CHs ortho). HRMS (ESI): m/z calcd. for [Ca2H29N2]*
441.2325, found 441.2326; ¢ = 0.2 ppm. Elemental analysis calcd (%) for
Ca2H29BFsN2 (Mw = 528.40): C 72.74, H 5.53, N 5.30; found: C 72.62, H
5.56, N 5.26.

General procedure for the imidazolium

tetrafluoroborates using K,COg3

preparation  of

To a stirred solution of imidazolium bromide 1+HBr (1 equiv.) in dry CH3CN,
K2COs (2 equiv.) was added. The mixture was stirred for 30 minutes, in
which the solution turns yellow along the reaction course. The alkylating
agent (RX, 2 equiv.) was added and the reaction mixture was stirred
overnight. The progress of the reaction was monitored by *H NMR or by
TLC. Next, CH3sCN was evaporated under reduced pressure, CH2Cl> was
added, and the mixture was filtered to get rid of potassium carbonate.
Imidazolium salt was purified by column chromatography (CH2Cl2/MeOH).
After purification, to its solution in CH2Clz (2 mL) were added H20 (2 mL)
and NaBF4 (2 equiv.). The mixture was vigorously stirred for 1 h. Phases
were separated and the aqueous layer was extracted with CH2Cl.. Organic
phases were combined and dried over sodium sulfate. After filtration, the
imidazolium tetrafluoroborate salt was precipitated from CH2Cl2/Et.0,
filtered, and washed with diethyl ether.

1-Mesityl-3-(9-ethylfluoren-9-yl)imidazolium tetrafluoroborate

(2b*HBFJ)



Following the general procedure, to a solution of 1<HBr (1.16 mmol, 500
mg) and potassium carbonate (2.32 mmol, 324 mg) in dry acetonitrile (25
mL) bromoethane (2.32 mmol, 0.17 mL) was added. Counterion exchange
was achieved using NaBFs (2.32 mmol, 255 mg). Precipitation from
CH2ClI2/Et20 yielded 2b+HBF4 as a white solid (420 mg, 78%).

1-Mesityl-3-(9-benzylfluoren-9-yl)imidazolium tetrafluoroborate

(2c*HBFa)

Following the general procedure, to a solution of 1HBr (2.32 mmol, 1 g)
and potassium carbonate (4.64 mmol, 635 mg) in dry acetonitrile (50 mL)
benzyl bromide (4.64 mmol, 0.56 mL) was added. Counterion exchange
was achieved using NaBF4 (4.64 mmol, 509 mg). Crystallization from
CH2ClI2/Et20 yielded 2c*HBF4 as a white solid (874 mg, 71%).

General procedure for the preparation of Hoveyda type pre-catalysts
3a-c

Imidazolium salt 2a-c*HBF4 (1.2 equiv.) was dried in a pre-heated Schlenk
flask for 1 h under high vacuum. Dry and degassed hexane was then
added under an inert gas atmosphere. To this vigorously stirred
suspension, potassium tert-pentoxide (1.7 M in toluene, 1.2 equiv.) was
added. During the course of the reaction, the solution became yellow. The
solution was stirred until becoming clear and Hoveyda—Grubbs |
generation complex (Hov-I, 1 equiv.) was added as a solid all at once. The
Schlenk flask was placed in a pre-heated (65°C) oil bath. The progress of
the reaction was monitored by TLC (hexane/ethyl acetate, 4:1). During the
progress of the reaction, precipitation of a green solid was observed. After
30 minutes, the reaction mixture was cooled down to RT. The precipitate
was filtrated and washed with pentane. Hoveyda-Grubbs type Il generation
complexes 3a-c were purified by column chromatography (silica gel, 15%
AcOEt/hexane) and precipitated from CH2Cl2/MeOH (1:3) using a rotary
evaporator. The products were obtained as a green microcrystalline solid.

[1-(2,4,6-trimethylphenyl)-3-(9-methylfluoren-9-yl)imidazol-2-
ylidene]dichloro(o-isopropoxyphenyl-methylene)ruthenium(ll) (3a)

Following the general procedure, 2a*HBF4 (0.77 mmol, 350 mg) in dry
hexane (16 mL) was treated with potassium tert-pentoxide (1.7 M in
toluene, 0.77 mmol, 0.45 mL) to generate the carbene. Next, Hov-I (0.645
mmol, 387 mg) was added. Product was obtained as a green solid (287
mg, 65%). *H NMR (400 MHz, CD2Cl2) & 17.05 (s, 1H, RuCH), 7.86 (dd, J
=15.1, 7.6 Hz, 4H, CHrw), 7.73-7.65 (m, 1H, CHay), 7.49 (td, J = 7.5, 1.2
Hz, 2H, CHrw), 7.38 (td, J = 7.5, 1.1 Hz, 2H, CHrw), 7.17 (S, 2H, CHuwmes),
7.09-7.03 (m, 3H, CHar), 6.71 (d, J = 2.2 Hz, 1H, CHm), 6.39 (d, J = 2.2 Hz,
1H, CHim), 5.14 (hept, J = 6.2 Hz, 1H, CH(CHs)2), 4.16 (s, 3H, CHs Fu-o),
2.54 (s, 3H, CHs para), 2.09 (s, 6H, CH3 ortho), 1.64 (d, J = 6.2 Hz, 6H,
CH(CHz)2). 13C{*H} NMR (101 MHz, CD2Cl2) & 307.6 (RuCH), 172.6 (N2C),
153.0 (Car), 150.0 (Cru), 145.9 (Car), 140.2 (Cwmes), 139.2 (Cru), 138.6,
137.9 (Cwmes), 130.7 (CHar), 129.7, 129.6 (CHru), 129.2 (CHwes), 125.7
(CHim), 125.3 (CHrw), 123.4 (CHar), 123.2 (CHar), 123.0 (CHm), 120.8
(CHrw), 113.7 (CHar), 75.1 (CH(CHs)2, 70.7 (Cruu-9) , 26.0 (CHs Fu-9), 22.5
(CH(CHea)z2), 21.4 (CH3 para), 18.1 (CHs3 ortho). MS-ESI (positive mode): m/z
(%) = 1391 (94) [2M + Na]*, 707 (100) [M + Na]*, 649 (12) [M - CIJ*, 365
(14) [imidazolium]*. IR: 421, 522, 534, 573, 598, 684, 737, 748, 770, 841,
856, 929, 942, 989, 1037, 1056, 1097, 1111, 1155, 1206, 1270, 1298,
1331, 1379, 1397, 1447, 1475, 1576, 1590, 2006, 2162, 2919, 2985, 3130
cm. Elemental analysis calcd (%) for CssHasCl2N20RuU (Mw = 684.67): C
63.15, H 5.30, CI 10.36, N 4.09; found C 62.87, H 5.25, Cl 10.31, N 4.07.

[1-(2,4,6-trimethylphenyl)-3-(9-ethylfluoren-9-yl)imidazol-2-
ylidene]dichloro(o-isopropoxyphenyl-methylene)ruthenium(ll) (3b)

Following general procedure 2b<HBF4 (0.92 mmol, 429 mg) in dry hexane
(20 mL) was treated with potassium tert-pentoxide (1.7 M in toluene, 0.92
mmol, 054 mL) to generate the carbene. Next, Hov-l (0.767 mmol, 460
mg) was added. Product was obtained as a green solid (408 mg, 76%). 'H
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NMR (400 MHz, CD2Cl2) 6 17.08 (s, 1H, RuCH), 7.82 (dd, J = 7.7, 3.6 Hz,
4H, CHeuw), 7.73-7.64 (m, 1H, CHar), 7.49 (td, J = 7.5, 1.1 Hz, 2H, CHruw),
7.38 (td, J=7.5, 1.1 Hz, 2H, CHrw), 7.16 (s, 2H, CHues), 7.09-6.99 (m, 3H,
CHar), 6.68 (d, J = 2.2 Hz, 1H, CHmm), 6.41 (d, J = 2.2 Hz, 1H, CHm), 5.31
(g, J = 7.0 Hz, 2H, CH2CHs), 5.15 (hept, J = 6.2 Hz, 1H, CH(CHs)2), 2.54
(s, 3H, CHsypara), 2.07 (s, 6H, CHsortho), 1.68 (d, J = 6.1 Hz, 6H, CH(CHa)2),
0.66 (t, J = 6.9 Hz, 3H, CH2CHs). 1*C{*H} NMR (101 MHz, CD2Cl2) 5 307.2
(RUCH), 172.3 (N2C), 152.9 (Car), 148.1 (Cru), 146.2 (Car), 140.8 (Cru),
140.3 (Cwes), 138.8 (Cwmes), 138.0 (Cwmes), 130.8 (CHar), 129.9 (CHerw), 129.7
(CHerw), 129.5 (CHwmes), 125.5 (CHm), 125.4 (CHrw), 123.6 (CHar), 123.5
(CHar), 123.2 (CHim), 120.7 (CHru), 113.9 (CHar), 75.5 (Cru-9), 75.2
(CH(CHz3)z2, 30.2 (CH2CHs), 22.8 (CH(CH3)2), 21.6 (CH3 para), 18.3 (CH3
ortho), 8.4 (CH2CHs). MS-ESI (positive mode): m/z (%) = 1419 (13) [2M +
Na]*, 721 (100) [M + Na]*, 663 (68) [M - CIJ*, 379 (100) [imidazolium]*. IR:
421, 438, 491, 522, 534, 571, 594, 651, 685, 735, 751, 766, 812, 838, 859,
878, 933, 1030, 1087, 1100, 1112, 1156, 1194, 1298, 1328, 1376, 1450,
1475, 1576, 1588, 2175, 2878, 2937, 2980, 3115 cm™X. Elemental analysis
calcd (%) for Ca7HzsCl2N20Ru (Mw = 698.69): C 63.61, H 5.48, Cl 10.15,
N 4.01; found C 63.67, H 5.43, Cl 10.16, N 4.13.

[1-(2,4,6-trimethylphenyl)-3-(9-benzylfluoren-9-yl)imidazol-2-
ylidene]dichloro(o-isopropoxyphenyl-methylene)ruthenium(ll) (3c)

Following general procedure 2c*HBF4 (0.379 mmol, 200 mg) in dry hexane
(12 mL) was treated with potassium tert-pentoxide (1.7 M in toluene, 0.379
mmol, 0.22 mL.) to generate carbene. Next, Hov-I (0.315 mmol, 189 mg.)
was added. Product 4c was obtained as a green solid (173 mg, 72%). *H
NMR (400 MHz, CD2Cl2) d 17.08 (s, 1H, RuCH), 8.06-8.00 (m, 2H, CHruw),
7.67 (ddd, J = 8.4, 6.9, 2.3 Hz, 1H, CHar), 7.54-7.48 (m, 2H, CHrw), 7.44-
7.34 (M, 4H, CHruw), 7.19 (s, 2H, CHues), 7.09-7.02 (m, 2H, CHar), 7.00 (d,
J = 8.5 Hz, 2H, CHar), 6.96 (t, J = 7.4 Hz, 1H, CHsgn), 6.85 (t, J = 7.6 Hz,
2H, CHgn), 6.75 (s, 2H, CH2), 6.74 (d, J = 2.2 Hz, 1H, CHm), 6.68 (dd, J =
8.1, 1.0 Hz, 2H, CHgn), 6.44 (d, J = 2.2 Hz, 1H, CHm), 5.00 (hept, J = 6.6
Hz, 1H, CH(CHa)2), 2.55 (s, 3H, CH3para), 2.13 (s, 6H, CHszortho), 1.36 (d, J
= 6.2 Hz, 6H, CH(CH?3)2). 3C{*H} NMR (101 MHz, CD2Cl2) & 308.2, 307.8
(RUCH), 172.9 (N2C), 153.1 (Car), 147.8 (Cru), 146.1 (Car), 140.6 (Cru),
140.4 (Cwmes), 138.8 (Cwmes), 138.0 (Cwmes), 134.4 (Cen), 131.7 (CHen), 131.0
(CHar), 129.8 (CHru), 129.8 (CHuwes), 129.0 (CHrw), 127.6 (CHen), 126.8
(CHegn), 126.0 (CHrw), 125.6 (CHim), 123.6, 123.4, 123.3 (2CHru + CHim),
120.5 (CHrw), 113.9 (CHar), 75.6 (CH(CHs3)2), 75.5 (Criu-9), 42.7 (CH2), 22.5
(CH(CHBa)z2), 21.6 (CHa para), 18.37(CHs3 ortho). MS-ESI (positive mode): m/z
(%) = 1544 (47) [2M + Na]*, 783 (100) [M + Nal*, 725 (14) [M - CII*. IR:
403, 421, 439, 572, 606, 634, 691, 705, 732, 750, 760, 781, 840, 901, 930,
1036, 1096, 1112, 1158, 1200, 1218, 1295, 1329, 1379, 1400, 1452, 1475,
1488, 1575, 1587, 1937, 1977, 2919, 2987, 3030, 3066, 3107 cm™.
Elemental analysis calcd (%) for C42H40CI2N2ORu ( Mw = 760.77): C 66.31,
H 5.30, Cl 9.32, N 3.68; found C 66.11, H 5.26, Cl 9.20, N 3.63.

General procedure for the preparation of cyclometalated complexes

Cyclometalated complexes were synthesized using the procedure
developed by Grubbs and co-workers.?8 In a glovebox, a Schlenk flask
was charged with Hoveyda-type Il generation catalyst 3a-b (1 equiv.),
NaOPiv (15 equiv.), and the mixture of THF/MeOH (1:1, 40 mL/mmol(Ru)).
The Schlenk tube was capped and heated at 48 °C for 8 h. The progress
of the reaction was monitored by *H NMR. The solvents were removed
under high vacuum and the residue was dissolved in benzene or THF,
filtered through the pad of celite, and concentrated to a deep green residue.
The residue was recrystallized a few times (usually 3 times) from
THF/pentane or benzene/heptane at -40°C. The resulting crystals were
washed with pentane and dried under high vacuum.

Synthesis of 6a and 6a’

Following the general procedure, a Schlenk flask was charged with 3a
(0.295 mmol, 200 mg), THF-MeOH (1:1, 12 mL) and sodium pivalate (4.38
mmol, 544 mg) and the mixture was stirred for 8 h at 48 °C. After
evaporation of the solvent, the product 6a was purified as a violet solid by



recrystallization from THF/pentane at —40 °C (87 mg, 42%), along with the
side product 6a’ as a yellow solid (18 mg, 8%).

Complex 6a

H NMR (400 MHz, CeDs) & 15.74 (s, 1H, RuCH), 7.81 (d, J = 7.3 Hz, 1H,
CHrw), 7.56 (dd, J = 7.5, 1.6 Hz, 1H, CHay), 7.52-7.46 (m, 2H, CHrw), 7.30-
7.22 (M, 2H, 1 CHar + 1 CHrw), 7.18-7.03 (m, 3H, CHrw), 6.96-6.87 (m, 2H,
1 CHar + 1 CHew), 6.79 (s, 1H, CHues), 6.77p (s, 1H, CHues), 6.58 (d, J =
8.3 Hz, 1H, CHay), 5.97 (d, J = 2.2 Hz, 1H, CHim), 5.86 (d, J = 2.2 Hz, 1H,
CHim), 4.51 (hept, J = 6.3 Hz, 1H, CH(CHs)2), 4.01 (d, J = 11.6 Hz, 1H,
CHy), 3.21 (d, J = 11.7 Hz, 1H, CHy), 2.46 (s, 3H, CHa para), 2.20 (s, 3H,
CHsortho), 2.11 (s, 3H, CHsortho), 1.25 (s, 9H, C(CHs)s), 1.19 (d, J = 6.4 Hz,
3H, CH(CHa)2), 1.15 (d, J = 6.3 Hz, 3H, CH(CHs3)2). $3C{H} NMR (101 MHz,
CeDs) 5 263.4 (RUCH), 188.5 (CO2), 185.6 (N2C), 155.6 (Car), 153.4 (Cru),
151.0 (Cruw), 144.2 (Car), 139.6 (Car), 138.9 (Car), 137.5 (Cwmes), 137.2 (Cwmes),
136.7 (Cwes), 135.7 (Cwmes), 129.4 (CHar), 129.3 (CHmes), 129.1 (CHues),
128.6 (CHru), 128.2 (CHrw), 127.9 (CHrw), 126.1 (CHar), 124.1 (CHrw),
123.4 (CHerw), 122.7 (CHar), 122.6 (CHim), 122.1 (CHrw), 120.1 (CHrw),
119.9 (CHrw), 118.0 (CHim), 113.6 (CHar), 77.5 (Criu-9), 75.3 (CH(CHs)2),
42,5 (CHz), 39.8 (C(CHs)s), 28.3 (C(CHs)s), 21.8 (CH(CHs)2), 21.5
(CH(CH3)3), 21.0 (CH3 para)Y 18.8 (CHB onho), 18.4 (CH3 para). HRMS (ES|+):
miz calcd. for [CaiHasN203Rul* ((M-H]*) 713.2317, found 713.2313. & =
0.5 ppm.

Complex 6a’

14 NMR (400 MHz, CD2Cl2) 5 8.47 (d, J = 7.6 Hz, 1H, CHay), 7.78-7.72 (m,
3H, CHar), 7.48-7.43 (m, 3H, CHa), 7.39-7.31 (m, 2H, CHa), 6.97 (bs, 1H,
CH Mes), 6.95 (d, J = 8.4 Hz, 1H, CHar), 6.91 (s, 1H, CH wmes), 6.85 (dt, J =
7.4, 1.1 Hz, 1H, CHa), 6.72 (d, J = 8.2 Hz, 1H, CHa/), 6.28 (d, J = 2.2 Hz
1H, CHim), 6.16 (d, J = 2.2 Hz, 1H, CHm), 4.39 (hept, J = 6.1 Hz, 1H,
CH(CHs)2), 4.05 (d, J = 7.5 Hz, 1H, Ru(HC=CH)),), 3.31 (dd, J = 7.5, 2.4
Hz, 1H, Ru(HC=CH)),), 2.32 (s, 3H, CHz wmes), 2.24 (S, 3H, CH3 mes ), 2.09
(s, 3H, CHswmes ), 1.37 (d, J = 6.3 Hz, 3H, CH(CHa)2), 0.86 (d, J = 6.3 Hz,
3H, CH(CHa)2), 0.80 (s, 9H, C(CHs)s), -9.97 (s, 1H, Ru-H). 13C NMR (101
MHz, CD2Cl) & 192.7 (COy), 186.2 (N2C), 156.7, 149.8, 149.4, 140.9,
139.1, 138.2, 137.5, 137.0, 136.5, 136.2 (Car), 129.3 (CHar), 129.2 (CHuves),
129.2 (CHar), 129.2 (CHar), 128.6 (CHar), 128.3 (CHwmes), 127.8 (CHav),
126.2 (CHa)125.0 (CHar), 124.6 (CHar), 122.7 (CHar), 122.0 (CHim), 120.4
(CHar), 120.2 (CHar), 117.4 (CHim), 116.1 (CHar), 76.9 (CH(CHz)2), 75.5
(Ru(HC=CH)),), 64.6 (Ru(HC=CH)), 50.0 (Cri-s), 39.9 (C(CHs)3), 22.9
(C(CHz3)3), 22.9 (CH(CHz3)2), 21.2 (CHa3 wmes), 20.3 (CH(CHz)2), 18.4 (CH3
Mes), 17.9 (CHz mes). MS-ESI (positive mode): m/z (%) = 645 (100) [M —
OPiv + MeOH]*.

Complex 7b

Following the general procedure, a Schlenk flask was purged with 3b
(0.251 mmol, 150 mg), THF-MeOH (1:1, 10 mL) and sodium pivalate (3.22
mmol, 400 mg) and the mixture was stirred for 8 h at 48 °C. After
evaporation of the solvent, the complex 7b was obtained as the main
product as green crystals (80 mg, 48%), along with a very small amount of
violet crystals by recrystallization from THF/pentane in — 40°C. The
molecular formula of the violet crystals could not firmly established. At
243K, the complex 7b is composed of two isomers majo and mino in a
ratio 3/1. For the description of the NMR spectra, the signals are assigned
to the corresponding isomer (majo or mino). *H NMR (600 MHz, THF-ds,
243 K) 6 17.32 (RuCH, majo), 16.09 ((RuCH, mino), 8.03 (d, J = 8.7 Hz,
1H, CHew, mino), 7.97 (d, J = 7.3 Hz, 1H, CHru, majo), 7.93 (d, J = 2.1 Hz,
1H, CHim, mino), 7.91 (d, J = 2.0 Hz, 1H, CHim, majo), 7.74 (d, J = 8.0 Hz,
1H, CHr, majo), 7.70 (dd, J = 6.0, 2.7 Hz, 1H, CHru, mino), 7.61 (t, J =
8.8 Hz, 1H, CHar, mino), 7.50 (ddd, J = 8.6, 7.2, 1.7 Hz, 1H, CHar, majo),
7.46-7.38 (m, 2H majo + 2H mino, CHrw), 7.32 (d, J = 5.6 Hz, 1H, CHa,
mino), 7.27 (dd, J = 7.5, 1.7 Hz, 1H, CHar, majo), 7.21 (d, J = 5.6 Hz, 1H,
CHar, mino), 7.07-7.05 (m, 1H, CHrw, majo + 2H, CHim + CHgw, mino),
6.98-6.95 (m, 2H, CHwmes + CHar, mino), 6.94-6.92 (m, 2H, CHar, majo),
6.95 (d, J = 7.5 Hz, CHrw, majo), 6.80 (s, 1H, CHwmes, mino), 6.79 (d, J =
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2.0 Hz, 1H, CHim, majo), 6.77 (d, J = 8.4 Hz, 1H, CHFu, majo), 6.67 (s, 1H,
CHuwes, Mmajo), 6.51 (t, J = 7.4 Hz, 1H, CHFw, mino), 6.07 (d, J = 7.4 Hz, 1H,
CHriy, mino), 5.87 (s, 1H, CHwes, majo), 5.29 (sept, J = 6.3 Hz, 1H, CHipr,
mino), 4.84 (sept, J = 6.2 Hz, 1H, CHipr, majo), 4.04 (dq, J = 11.8, 7.1 Hz,
1H, CH2 &, majo), 3.32 (dg, J = 14.4, 7.2 Hz, 1H, CH2 &, mino), 3.04 (dq, J
= 14.4, 7.2 Hz, 1H, CHz2 g, mino), 2.46 (dq, J = 11.7, 7.1 Hz, 1H, CH2 &,
majo), 2.34 (s, 3H, CHz mes, mino), 2.23 (s, 3H, CHz mes, mino), 2.03 (s, 3H,
CHs mes, majo), 2.01 (s, 3H, CHs mes, majo), 1.97 (s, 3H, CHs mes, Mino),
1.64 (d, J = 6.3 Hz, 3H, CHsipr, majo), 1.57 (d, J = 6.4 Hz, 3H, CHs e,
mino), 1.46 (d, J = 6.1 Hz, 3H, CHaipr, mino), 1.23 (d, J = 5.9 Hz, 3H, CHs
irr, Majo), 1.13 (s, 9H, CHa sy, Mino), 1.03 (s, 3H, CHs mes, Majo), 0.86 (s,
9H, CHs wu, majo), 0.63 (t, J = 7.2 Hz, 3H, CHa &, mino), 0.36 (t, J = 7.1
Hz, 3H, CHs &, majo). 3C{*H} NMR (151 MHz, THF-ds, 243 K) & 299.2
(RuCH, majo), 283.4 (RuCH, mino), 188.4 (CO2, majo), 188.2 (CO2, mino),
183.7 (N2C, majo), 181.7 (N2C, mino), 161.4 (Car, majo), 156.2 (Car, mino),
155.5 (Car, Majo), 154.4 (Car, mino), 150.1 (Cri, majo), 150.0 (Criu, Mino),
145.8 (Car, mino), 145.7 (Cru, Majo), 144.3 (Ru-Cru, majo), 144.3 (Car,
mino), 143.6 (CHru, majo), 143.4 (Ru-Criu, mino), 138.5 (Cwmes, majo),
138.4, 138.2, 137.9 (Car, Mino), 136.3 (Cmes, Majo), 135.8 (Car, Mino),
135.7 (CHruw, mino), 135.7, 135.6 (Car, mino), 134.7 (Cwves, majo), 134.5
(Cwes, Majo), 129.5 (CHr, Majo), 129.2 (CHwmes, MiN0), 128.6 (CHues,
mino), 128.2 (CHar, mino), 128.0 (CHwmes, majo), 129.9 (CHwmes, majo),
127.5 (CHar, majo), 126.8 (CHri, mino), 126.75 (CHriu, Mino), 126.5 (CHru,
majo), 126.45 (CHru, majo), 125.6 (CHar, majo), 124.4 (CHar, mino), 124.1
(CHar, mino), 124.0 (CHar, majo), 123.5 (CHar, mino), 123.3 (CHar, mino),
122.3 (CHar, majo), 122.2 (CHim, majo), 120.5 (CHim, mino), 120.4 (CHruw),
120.3 (CHim, majo), 120.1 (CHew, mino), 114.9 (CHgw, majo), 113.9 (CHar,
mino), 112.1 (CHru, majo), 77.0 (Cru-o, majo), 76.9 (CHirr, mino), 73.0
(CHipr, majo), 39.7 (Cigu, mino), 39.1 (Ctsu, majo), 38.4 (CHz &, majo), 36.4
(CH2zEt, mino), 28.0 (CH3tsy, Mino), 27.6 (CHstwsu, Majo), 22.3 (CHsipr, majo),
21.8 (CHzipr, mino), 21.7 (CHsipr, mino), 21.05 (CHsipr, majo), 21.0 (CH3
Mes, Mino), 20.7 (CH3 mes, Majo), 19.7 (CH3 mes, Mino), 19.05 (CHz mes, Mino),
19.0 (CHs mes, majo), 17.8 (CHz mes, majo), 9.8 (CHz gt, majo), 9.4 (CHs g,
mino). HRMS (ESI): m/z calcd. for [Cs2H4sN20sRu] 728.2546, found
728.2552. & = 0.8 ppm.

Investigation into behaviour of catalyst 6ain the presence of ethylene
- synthesis of 13a

In a glove box an NMR tube was charged with 6a (0.07 mmol, 50 mg),
dissolved in deuterated benzene (0.7 mL) and capped using rubber
septum. Next, NMR tube was removed from the glovebox and the complex
solution was purged with ethylene through a septum using a long needle.
Within 5 minutes the solution changed colour from blue to yellow. After 10
minutes the *H NMR was measured. The NMR tube with the solution was
placed in the glovebox. The solution was concentrated, layered with
hexane and placed in a freezer (-40 °C). 'H NMR (400 MHz, C¢Ds) & 9.00
(dt, J=7.6, 1.0 Hz, 1H, CHrw), 8.09-8.04 (m, 1H, CHFw), 7.65-7.55 (m, 2H,
CHru), 7.52 (td, J = 7.5, 1.1 Hz, 1H, CHrw), 7.32 (td, J = 7.4, 1.1 Hz, 1H,
CHruw), 7.21-7.11 (m, 2H, CHrw), 7.01 (dd, J = 7.9, 1.7 Hz, 1H, CHar), 6.96
(ddd, J = 8.2, 7.3, 1.7 Hz, 1H, CHa), 6.74 (td, J = 7.5, 1.1 Hz, 1H, CHa),
6.67 (dd, J = 8.5, 1.3 Hz, 1H, CHar), 6.65 (s, 1H, CH wes), 6.59 (s, 1H, CH
Mes), 5.95 (d, J = 2.2 Hz, 1H, CHm), 5.53 (d, J = 2.2 Hz, 1H, CHm), 4.71 (d,
J = 8.1 Hz, 1H, Ru(HC=CH)), 4.51 (d, J = 8.2 Hz, 1H, Ru(HC=CH)), 4.45-
4.43 (m, 1H, CH(CHs3)2), 3.42-3.36 (m, 1H, CHz2 &), 2.82 (qd, J = 6.9, 4.5
Hz, 1H, CHz &), 2.26 (S, 3H, CHs wmes), 2.03 (s, 3H, CHs mes ), 1.98 (s, 3H,
CHawes ), 1.28 (s, 9H, C(CHs)3), 1.27 (d, J = 6.0 Hz, 6H, CH(CHa)2), -0.27
(t, J = 6.9 Hz, 3H, CHz &). 3C{*H} NMR (101 MHz, CeDs) & 193.5 (CO2),
190.8 (N2C), 155.1 (Car), 150.7, 149.6, 141.5, 139.3 (Cru), 138.5 (Cwmes),
137.5 (CMes), 136.3 (CAr), 135.6 (CMes), 135.55 (CMes), 129.4 (CAr), 129.2
(CHwes), 129.1 (CHrw), 128.9 (CHwes), 128.8 (CHrw), 128.5 (CHar), 128.2
(CHrw), 127.9 (CHruw), 127.2 (CHrw), 125.5 (CHrw), 124.8 (CHar), 121.2
(CHim), 120.5 (CHar), 120.2 (CHru), 118.3 (CHim), 111.7 (CHar), 76.3 (Criu-
9), 68.4 (CH(CHa)2), 64.6 (Ru(HC=CH)), 40.7 (Ru(HC=CH)), 39.9
(C(CHs)3), 34.8 (CH2Et), 27.7 (C(CHs)s), 22.6 (CH(CHs)2), 22.3 (CH(CHa)2),
21.0 (CH3 mes), 18.5 (CH3 mes), 17.8 (CH3 wmes), 4.1 (CH3 k).

General procedure for the synthesis of complexes 14a-c



To a solution of Hoveyda second-generation catalyst 3a-c (1 equiv.) in
CH2Cl2 (~40-45 mL/mmol), silver hexafluoroantimonate(V) (1 equiv.) was
added as a solid all at once. The reaction mixture was vigorously stirred
for 1 hour. Within the first 30 minutes, the solution changed color from
green to red. Further, the reaction mixture was filtered through a pad of
celite and the final complex 14a-c was purified by precipitation from
CH2Cl2:MeOH on rotary evaporator.

Complex 1l4a

Following the general procedure 3a (0.117 mmol, 80 mg), silver
hexafluoroantimonate(V) (0.117 mmol, 40.1 mg) and CH2Cl2 (5 mL) were
used. Product was obtained as a dark red solid (48 mg, 46%). *H NMR
(400 MHz, CD2Cl2) & 8.18 (d, J = 2.7 Hz, 1H, CHm), 7.47 (d, J = 7.7 Hz,
1H, CHrw), 7.37 (d, J = 2.4 Hz, 1H, CHm), 7.23 (ddd, J = 7.7, 6.6, 2.0 Hz,
1H, CHar), 7.03-6.97 (m, 2H, CHar), 6.96 (s, 1H, CHuwes), 6.90 (s, 1H,
CHuwes), 6.68-6.61 (m, 1H, CHar), 6.55 (d, J = 7.1 Hz, 1H, CHar), 6.39 (t, J
=5.7 Hz, 1H, CHF coord), 6.24 (td, J = 7.0, 1.2 Hz, 1H, CHas), 6.18 (d, J =
6.1 Hz, 1H, CHFiucoord), 5.91 (t, J = 6.0 Hz, 1H, CHFucoord), 5.75 (dt, J = 7.5,
1.5 Hz, 1H, CHar), 4.82 (hept, J = 6.4 Hz, 1H, CH(CH3)2), 4.60 (s, 1H, Ru-
CH), 4.12 (d, J = 5.6 Hz, 1H, CHruu coord), 2.39 (s, 3H, Flu-CHs), 2.26 (s, 3H,
CHs mes), 2.14 (s, 3H, CHa mes), 1.89 (s, 3H, CHswes), 1.79 (d, J = 6.3 Hz,
3H, CH(CHz3)z2), 1.10 (d, J = 6.3 Hz, 3H, CH(CHz3)2). **C{*H} NMR (101 MHz,
CD2Cl2) 6 156.6 (N2C), 155.6 (Car), 144.0 (Cru), 141.5 (Cwes), 137.2 (Cwmes),
134.6 (Car), 134.5 (Cwes), 131.0 (Cwmes), 131.0 (CHar), 130.1 (CHwes), 130.0
(CHar), 129.9 (CHuwes), 126.8 (CHar), 126.5 (CHar), 124.1 (CHar), 122.9
(CHim), 122.6 (CHar), 121.0 (CHim), 114.4 (CHar), 111.4 (Cru), 92.4 (CHrw),
89.7 (Cru), 86.8 (CHrw), 83.2 (CHrw), 79.3 (CH(CHs)2), 68.7 (Cru-9), 51.4
(CHrw), 34.8 (Ru-CH), 27.9 (Flu-CHs), 23.1 (CH(CHs)2), 21.7 (CH(CHs)2),
21.1 (CHs Mes), 18.5 (CH3 mes), 18.1 (CHs mes). HRMS (ESI): m/z calcd. for
[C36H36CIN20RU]* ([M — SbFe]*) 649.1554, found 649.1564; & = 1.5 ppm.

Complex 14b

Following the general procedure 3b (0.143 mmol, 100 mg), silver
hexafluoroantimonate(V) (0.143 mmol, 49.2 mg) and CH2Cl2 (6 mL) were
used. Product was obtained as a dark red solid (60 mg, 46 %). *H NMR
(400 MHz, CD2Cl2) 8 8.23 (d, J = 2.4 Hz, 1H, CHm), 7.42 (dt, J = 7.7, 0.9
Hz, 1H, CHruw), 7.38 (d, J = 2.4 Hz, 1H, CHm), 7.25 (td, J = 7.6, 1.2 Hz, 1H,
CHruw), 7.00 (td, J = 7.5, 1.0 Hz, 1H, CHruw), 6.96 (brs, 1H, CHues), 6.93
(ddd, J =7.8, 1.2, 0.7 Hz, 1H, CHrw), 6.90 (brs, 1H, CHuwes), 6.69-6.60 (m,
1H, CHar), 6.55 (d, J = 7.3 Hz, 1H, CHa/), 6.41 (td, J = 5.9, 0.5 Hz, 1H,
CHru), 6.24 (td, J = 7.5, 0.6 Hz, 1H, CHa/), 6.14 (dt, J = 6.0, 0.7 Hz, 1H,
CHruw), 5.92 (td, J = 5.7, 0.6 Hz, 1H, CHruw), 5.74 (dt, J = 7.5, 1.4 Hz, 1H,
CHar), 4.81 (hept, J = 6.3 Hz, 1H, CH(CHz3)2), 4.64 (s, 1H, RuCH), 4.03 (d,
J = 5.6 Hz, 1H, CHrw), 3.12-2.98 (m, 1H, CH2CHs), 2.83-2.68 (m, 1H,
CH2CHz), 2.26 (s, 3H, CHa para), 2.14 (s, 3H, CHaz ortho), 1.88 (s, 3H, CHs
ortho), 1.79 (d, J = 6.3 Hz, 3H, CH(CHs)2), 1.10 (d, J = 6.2 Hz, 3H,
CH2(CHs)2), 0.62 (t, J = 7.3 Hz, 3H, CH2CHz3). 3C{*H} NMR (101 MHz,
CD2Cl2) 6 156.9 (N2C), 155.8 (Car), 142.4 (Cru), 141.7 (Cwes), 137.3 (Cwmes),
136.0 (Crw), 134.9 (Car), 134.7 (Cwmes), 131.3 (CHrw), 131.3 (Cwmes), 130.3
(CHwes), 130.1 (CHru), 126.9 (CHar), 126.7 (CHar), 124.1 (CHru), 123.2
(CHim), 122.8 (CHar), 122.4 (CHru), 120.7 (CHim), 114.6 (CHar), 110.1
(Cru), 92.7 (CHrw), 90.7 (Cru), 87.1 (CHFw), 83.0 (CHFw), 79.5 (CH(CHs)2),
72.7 (Criu-9) , 51.3 (CHrw), 35.2 (RUCH), 33.1 (CH2CHs3), 23.2 (CH(CHz)2),
21.8 (CH(CHz3)2), 21.3 (CHBa para), 18.7 (CHs3 ortho), 18.3 (CH3 ortho), 8.10
(CH2CHs). HRMS (ESI): m/z calcd. for [Cs7H3ssCIN2ORu]* ([M — SbFe]*)
663.1711, found 663.1729; & = 2.7 ppm.

Complex 14c

Following the general procedure, 3c (0.206 mmol, 157 mg), silver
hexafluoroantimonate(V) (0.206 mmol, 70.9 mg) and CH2Cl> (8 mL) where
used. Product was obtained as a dark red solid (98 mg, 49%). 'H NMR
(400 MHz, CD2Cl2) 5 8.40 (d, J = 2.4 Hz, 1H, CHim), 7.68-7.61 (d, J = 7.7
Hz, 1H, CHrw), 7.44 (d, J = 2.4 Hz, 1H, CHm), 7.29 (td, J = 7.7, 0.9 Hz, 1H,
CHrw), 7.02-6.96 (m, 2H, CHgn + CHuwes), 6.94 (dd, J = 7.7, 0.9 Hz, 1H,
CHru), 6.92 (br s, 1H, CHues), 6.84 (t, J = 7.7 Hz, 2H, CHan), 6.66 (d, J =
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7.7 Hz, 1H, CHrw), 6.65-6.58 (m, 1H, CHay), 6.50-6.45 (m, 3H, 2 CHen +
CHAr), 6.31-6.22 (m, 2H, CHFu coord. + CHAr), 5.88 (t, J =5.6 Hz, 1H, CHruu
coord.), 5.83-5.79 (I’T‘I, 2H, CHar + CHFuu coord,), 4.76 (hept, J = 6.3 Hz, 1H,
CH(CHa)2), 4.63 (s, 1H, Ru-CH), 4.42 (d, J = 11.8 Hz, 1H, CH>), 4.26 (d, J
= 5.5 Hz, 1H, CHriu coord), 4.01 (d, J = 11.8 Hz, 1H, CH2), 2.27 (s, 3H, CHs
Mes), 2.19 (s, 3H, CHs mes), 1.93 (s, 3H, CHsmes), 1.73 (d, J = 6.3 Hz, 3H,
CH(CH3)2), 1.07 (d, J = 6.3 Hz, 3H, CH(CHa)2). *C{*H} NMR (101 MHz,
CD2Cl2) 8 157.1 (N2C), 155.5 (Car), 142.2 (Cru), 141.7 (Cmes), 137.4 (Cwmes),
136.2 (Cru), 134.7 (Cwes), 134.7 (Car) 131.3 (CHgn), 131.3 (Cwmes), 131.2
(Cen), 130.3 (CHuwes), 130.1 (CHru), 130.0 (CHues), 128.2 (CHsgn), 128.1
(CHrw), 127.0 (CHar), 126.9 (CHar), 125.1 (CHrw), 123.3 (CHim), 122.8
(CHar), 122.1 (CHrw), 120.8 (CHim), 114.5 (CHar), 109.9 (Cr), 92.0 (CHruw),
90.0 (Crw), 86.9 (CHrw), 83.0 (CHrw), 79.5 (CH(CHs)2), 72.4 (Criu-o), 52.1
(CHrw), 45.6 (CH2), 35.2 (Ru-CH), 23.2 (CH(CHs)2), 21.8 (CH(CHz)2), 21.3
(CH3 Mes), 18.8 (CH3s wmes), 18.3 (CH3 mes). HRMS (ESI): m/z calcd. for
[CazHa0CIN2ORU]* ([M — SbFe]*) 725.1867, found 725.1878; & = 1.5 ppm.
IR 423, 443, 501, 534, 555, 584, 610, 619, 640, 653, 703, 713, 748, 754,
854, 915, 1031, 1049, 1098, 1180, 1216, 1233, 1386, 1446, 1469, 1566,
1584, 1607, 1962, 2328, 2616, 2920, 2972, 3084, 3147, 3183 cm™.

RCM of diethyl diallylmalonate (DEDAM)

A stock solution of DEDAM was prepared in the following manner: in a
volumetric flask (5 mL), substrate (140 mg, 0.583 mmol) was weighed.
Then, the flask was filled with toluene (dry, degassed). Next, the flask was
closed with a rubber septum and shaken to homogenize the stock solution.
This stock solution (600 pL) was introduced to the NMR tube equipped
with a septum. The sample was equilibrated at 50 °C in the NMR probe. A
stock solution of pre-catalyst was prepared in the following manner: pre-
catalyst (3.5 umol) was weighed in a volumetric flask (1 mL), then it was
closed with the rubber septum and toluene(dry, degassed) (1 mL) was
injected. An aliquot of the pre-catalyst (100 pL, 0.7 ymol) was taken from
the stock solution and injected through the septum into a substrate solution
in NMR tube. Data points were collected over an appropriate period using
the Varian array function. The conversion of 4 was determined by
comparing the ratio of the integrals of the methylene protons in the starting
material, 8H = 2.67 (s) with those in the product, 8H = 2.98 (s). Yield was
calculated according to the following equation: Yield (%) = ([P] X
100%)/([P1+[SD.

General procedure for the thermal stability studies

NMR tube was charged with a solution of Hoveyda-type pre-catalysts (12.8
pmol in toluene, 0.6 mL) and solution of 1,3,5-trimethoxybenzene (internal
standard, 12.8 ymol in toluene, 0.1 mL). The sample was equilibrated at
50 °C. 'H NMR spectra were measured after appropriate time intervals and
the rate of pre-catalysts decomposition was monitored by the integration
of protons of the internal standard at & = 6.07 (s,3H) and the characteristic
Ru=CH with chemical shifts around 17 ppm.

Crystallographic Experimental Details

The crystals were kept in their mother liquor until they were dipped into
perfluoropolyether oil and their structure was determined. The chosen
crystals were mounted on a Mitegen micromount with paratone-N oil and
quickly cooled down to 100 K. For complexes 3a, 3b, 3c, 7b, and 14c, the
selected crystals were mounted on a Bruker Kappa APEX Il using a micro-
focus sealed X-ray tube, Mo-Ko. radiation (A = 0.71073A) and equipped
with an Oxford Cryosystems Cryostream Cooler Device. The structures
have been solved by Direct Methods using SHELXS-97,29 and refined by
means of least-squares procedures on F? with either the aid of the program
SHELXL2016Ereur! Signetnon défini- jnclyded in the software package WinGX
version 1.63% or with the program CRYSTALSIYU, Absorption correction
was done using multi-scan DENZO/SCALEPACK method.[*2 The Atomic
Scattering Factors were taken from International tables for X-Ray
Crystallography.®! All hydrogens atoms were placed geometrically and
refined using a riding model. All non-hydrogens atoms were anisotropically
refined, and in the last cycles of refinement a weighting scheme was used.



For complexes 6a and 14b, the selected crystals were mounted on an
Agilent Technologies SuperNova Dual Source with the CuKa radiation (A
=1.54184 A). The lattice parameters were obtained by least-squares fit to
the optimized setting angles of the reflections collected by using the
CrysAlis CCD software.l? Data were reduced using the CrysAlis RED
program. The analytical numeric absorption correction using a
multifaceted crystal model based on expressions derived by R.C. Clark &
J.S. Reid was applied.®®! The structural determination procedure was
carried out using the SHELX package. The structure was solved with direct
methods, and then successive least-squares refinements were carried out
based on full-matrix least-squares on F? using the SHELXL program.[29 Al
H-atoms were positioned geometrically with the C—H bond length equal to
0.93, 0.96, 0.97 and 0.98 A for the aromatic, methyl, methylene and
methine H-atoms, respectively and constrained to ride on their parent
atoms with Uiso(H) = xUeq(C), where x = 1.2 for the aromatic, methylene
and methine H-atoms, and 1.5 for the methyl H-atoms, respectively.
Deposition Numbers 2249558 (14c), 2249559 (3a), 2249560 (3b),
2249561 (7b), 2249562 (6a), 2249563 (14b), and 2249564 (3c) contain
the supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.

Computational details

In this study we used a computational similar to our previous investigations
of similar systems.[® In short, geometry optimizations were carried out
without constraints, and the characterization of stationary points was
performed by analytical frequency calculations at the B3LYP/LACVP**
level of theory.[3] The Gibbs free energies used throughout this study are
the sum of electronic energy (M06-D3/LACV3P++**//B3LYP-D3/LACVP*¥),
solvation energy (single-point Poisson—Boltzmann self-consistent
polarizable continuum method in dichloromethane), zero-point energy
correction, thermal correction to enthalpy, and the negative product of
temperature and entropy, all at 298 K.[3 The MO06 functional already
includes medium-range dispersion, so M06-D3 can overestimate the effect
of dispersion due to the double-counting of these effects.[3® On the other
hand, the addition of D3 correction to MO6 was shown to improve the
results for many organic reactions, particularly in the treatment of weak
interactions.? In all instances, standard convergence criteria and a
ultrafine grid for DFT calculations were used, as implemented in Jaguar
ver. 9.5.11 Barriers for fluorenyl group rotations (TSac.3c» and TSisc-15¢)
were estimated based on rotational scans along the N-C bonds in 3c and
15c.
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