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Abstract

A new 18-electron ruthenium complex, where ruthentatalytic center is coordinated with
the N-mesitylimidazole and nitrate ligands, as well @assopropoxystyrene moiety, is
reported. The synthesis and detailed charactevizafi the Ru complex, together with density
functional theory calculations (DFT), are preseniBue complex is air- and moisture-stable,
although has weak catalytical activity in the moaheitathesis reactions. However, its activity
increases upon the addition of an aqueous HCI 1Mitiea. Activated Ru complex
successfully promotes metathesis in organic satvastwell as in water, enabling efficient
performance (even up to 100%) of the catalyst umt@ironment-friendly conditions. The
activation mechanism of the reported catalyst ippsued by time-dependent DFT

calculations andb initio molecular dynamics simulations.

Keywords

ruthenium catalyst; DFT calculations; mechanisraaivation; metathesis



1. Introduction

Olefin metathesis is widely known as a useful aodgrful tool in modern organic chemistry.
It allows to construct of carbon-carbon double lwond different compoundse.g.
macromolecules [1,2] or biologically active compdar{3-5], making their synthesis easier
and more efficient. Despite the progress of metashmethodology, no universal catalyst,
effective in all types of reactions has been dexigyet. Though there are a lot of known and
effective ruthenium catalysts,g.,1 - 8, shown in Figure 1, in most cases, they have some
limitations, including lack of reactivity during éhsynthesis of tetrasubstituted olefins and
poor Z/E stereocontrol. Despite the success achieved byplGret al. [6-8]as well as
Hoveyda and Schrock [9], in obtainingZeselective catalyst, there is still a need to depel
stable, easy-to-use complexes. In the face of #peaations of modern green chemistry,
there are ongoing studies on the improvement ohtawthesis catalysts and their adaptation
to new challenges. Following the trend of environtdfeiendly chemical transformations,
new catalysts that can be efficiently used in s&ctions carried out in aqueous media are
produced [10] and are still sought after.

Another class of the metathesis catalysts is repted by the latent complexes, which have
been developed in recent years [11-15]. They weund to be especially attractive in
metathesis polymerization reaction [18khere high control over the ROMP processes
significantly improves the synthesis. The latertelysts can be activated either by chemical
or physical factors. One of the most frequentlyduseethods of their activation is thermal
[17-21] as well as UV-light [22-25] initiation. Ahe same time, activation using Bronsted
acids has been reported recently [26—28]. Heremtbst widely used additive is HCI [29-32],
but also TSMCI [11], TFA [33] or even Cu(l) salt34[35] are known to be effective. In
general, the role of Bronsted acid (i.e. HCI) isniduce the anionic ligand exchange for more

active chloride ligand.
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Figure 1. Examples of ruthenium olefin metathesis catalysts.

It also facilitates dissociation of a suitable hdaallowing a latent metathesis catalyst to enter
the catalytic cycle [36]. In the case teft-butoxycarbonyl-aminobenzylidene catalgstHClI
plays a dual role: it activates the chelate ringpbgtonation of the nitrogen atom, and it
prevents the re-coordination of P{T5].
To analyze the microscopic properties of the sysiseel catalysts and to understand the
underlying mechanisms of their activation, quantamechanical calculations are most
frequently used and have become an integral pathefcharacteristics of new ruthenium
complexes. Over the last year, there were manyigatlns in which calculations confirmed
the results of experiments. Here, Density Functidhaory (DFT) calculations have emerged
as a valuable predictive tool to explain many aspeé Ru-catalyzed olefin metathesis.
Jawiczuk et al. described the synthesis and DFTutatlons of cationic carbenes [37],
whereas Grela et al. proposed using DFT as reliabte accurate guidance in the fast and
inexpensive design of new metathesis catalysts. [B8hanother report from the group of
Grela, DFT was used to optimize the geometry of maalysts and the results led to a
topographic steric map and calculation of percentied’ volume values for each quadrant
around the metal center [39]. DFT calculations wads® used to understand the influence of
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different ligand structures on the activity of @@ed-generation ruthenium olefin metathesis
catalysts [40]. Many efforts have also been madevdbdate computational protocols.
Kulkarni et al. assessed the performance of the RR@ Mgller—Plesset second-order
perturbation theory (MP2) to predict structuralgraeters in Ru complexes [41]. Zhao et al.
discussed selected applications and validationseoMinnesota density functionals, focusing
on catalysis [42,43]. Benitez et al. have used DHK B3LYP and MO06 functions to show
factors responsible for diastereo- and enantiogeigceffects in the metathesis reaction [44].
Poater et al. used DFT calculations to rationaleeZ-selective catalyst mechanistic pathway
[45] as well as to investigate the activation stepsvarious Ru-catalysts for olefins
metathesis. Poater’'s group also proposed a conmmaaprotocol (MO6/TZVP//BP86/SVP)
for the Ru-based olefin metathesis catalysts [4®le proposed method works with high
precision, offering a computationally effective ltdor rationalizing experimentally available
data, as well as a prediction of the behavior efdhtalyst.

In this paper, we report a novel protocol to obtaimew metathesis catalyst with the
promising application in environment-friendly caft after acid activation. We synthesized
the Ru complex containing-mesitylimidazolium and nitrate ligands from Hovayd™
generation catalys2]. The compound shows weak reactivity in model tieas, but after
activation with aqueous 1M HCI solution, the cors#ens increased to 92% (QEl,, 40 °C)
and to 100% (water, 40 °C). We studied the apptiogprofile of the catalyst in ring-closing
metathesis (RCM), enyne cyclization and cross-rhetas (CM) reactions. In addition, we
investigated in detail RCM of diethyl diallyimaldeain organic solvents, as well as in
aqueous media. To gain insight into the activatnoechanism of the new Ru catalyst, we
performed the density functional theory calculasioand ab initio molecular dynamics
simulations. It should be underlined that the nealyst can be obtained in efficient and

straightforward two-step synthesis, it is easydondie and may operate in aqueous media.

2. Results and discussion

The new latent catalyst was synthesized in twosstgpreparation of imidazolium nitrate; ii)
reaction of the nitrate with base and cataB/sthe obtained new catalyst was characterized
by NMR, IR, mass spectrometry and X-ray crystallysia what is described in detail in the

following subsections.



2.1 Synthesis

2.1.1 Synthesis of imidazolium nitrate

An imidazolium-based salt used in this study wapgared fronIN-mesitylimidazole 9) [47]

by reaction with acetyl nitrate, generatadsitu from fuming nitric acid and acetic anhydride.
The reaction was carried out overnight and the tielanaterial was evaporated under a

stream of nitrogen to obtak-mesylimidazolium nitratel() in good yield (78%, Scheme 1).
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Scheme 1.Synthesis of imidazolium nitrate.

2.1.2 Synthesis of new catalyst 11

The new catalyst was synthesized from the commeraraplex2 in the reaction with saltO
and t-BuOK by stirring two hours in dry toluene at rodemperature. The product was
isolated by column chromatography as an air-stabystalline green solid in 55% yield

(Scheme 2). The possible mechanism the formatidheo€atalyst is shown on Scheme 3.
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Scheme 3The proposed mechanism of the catalyst formation.



2.1.3 Characterization of new catalyst 11

The Ru complexll was characterized by NMR, IR, mass spectrometd, X&may crystal
analysis. The'H NMR spectrum of the catalystl shows the characteristic signal for
ruthenium carbene complexes at 19.51 ppm. Theascsa singlet from the proton at C2 of
the imidazole ring and signals derived from the ggone ligand. The crystal structure of

complex11is depicted in Figure 2.

Figure 2. The X-ray molecular structure of catalykt. Hydrogen atoms were omitted for
clarity (thermal ellipsoids are shown at the 50%bgability level) a) single molecule b) dimer
form of catalystl1l.

We estimated that the coordination geometry of th#henium center is triclinic: the
ruthenium-oxygen coordination of the isopropoxyugrds replaced by ruthenium-nitrogen
coordination ofN-mesitylimidazolium ligand. Additionally, one of é¢hchlorine atoms is
exchanged by bidentate nitrate ligand. The angierd®n the nitrogen atom of the imidazole
ring and the bulkyo-isopropoxystyrene ligand is 88°, and the nitrateug occupies an
opposite position to the phosphine (Figure 2). Xhey analysis indicates that the complex
11is prone to form dimers in its crystalline form.

In addition, the calculated molecular mass of gatdll (813.2975) was not compatible with
the observed ionic mass obtained from the MS-E$&kttspm (m/z found 761.3271). The
difference inm/zvalue is triggered by the interaction betweenatgiigand and imidazolium
ring, proceeding via leaving of ClI and OH radicathat is already known in the
literature [48].



2.2 Performance of new Ru catalyst

The catalytic activity of the new catalyst was istigated in model RCM, CM, and enyne
reactions and compared with that of the commefclajeneration catalystd ¢ 3), as well as

2" generation catalystd,(5).

2.2.1 Thereaction rate of the ring-closing metathesis (RCM)

The RCM reaction of diethyl diallyimalonat&2, Scheme 4) was carried out in toluene (60
°C) or water (40 °C with SDS — sodium dodecyls@lfaThe RCM reaction rate with catalyst
11 was followed by*H NMR and compared with that attained using comglexvhich is
shown in Figure 3. Complexl initiates RCM significantly faster when reactioocars in

water in the presence of the surfactant than ureted, despite lower reaction temperature.
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Scheme 4Model RCM reaction o2,
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Figure 3. RCM of diallylmalonatel2 with 5 mol% catalysiL1 or 1 at 40 °C (water) /60 °C
(toluene). The conversion was determinedyNMR spectroscopy.

2.2.2 Metathesis activity of complex 11

Initial attempts to study the activity d@fl towards RCM under different conditions with and
without an additive were focused on the cyclizatmidiethyl diallylmalonate 2). The
reactions were carried out in such solvents agQGHtoluene, and water at room temperature,

40 °C or 60 °C (Table 1). The catalyst has veryknaivity at room temperature in GEl,
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(Table 1, entry 1), even at 60 °C in toluene theveosion was only 58% (Table 1, entry 3).
The addition of CuCl, TMSCI (trimethylsilyl chlor&) or the aqueous solution of 1M HCI
(10:1, ngdiive Ncatalyst€@ch) causes the increase of obtained yieldshydidtallylmalonate 12)

is fully converted intdl3 after 2 h of reaction carried out with 5 mol% atalystl11l in water

at 40 °C with the addition of 1M HCI (Table 1, gntt3). After changing the solvent into
CH,Cl,, the conversion of 92% is achieved (Table 1, eBjtyThe conversion decreases to
81% in the presence of 1 molWd after 3 h of reaction at 60 °C when the cyclizatie
performed in toluene (Table 1, entry 12). As itliscussed further, the activation results from
the conversion of the 18-electron complex into toeresponding 14-electron benzylidene

complex (Scheme 5).

Table 1.RCM of 12 with 11 with or without an additiv&

Entry | Solvent Temp. Time %mall Additive” | Yield®
1. CH.ClI, 25°C 2h 1 - 6.5%
2. CHCl; 40°C 160 h 5 - 24%
3. Toluene 60°C 2h 5 - 58%
49 Water 40°C 16 h 5 - 32%
6. CHCl; 40 °C 0.5h 5 CuCl 10%
7. CHCI; 40 °C 16 h 5 CuCl 66%
8. CH.Cl, 40 °C 2h 5 HCI 92%
0. CHCl, 40 °C 2h 5 TMSCI 72%
10. CHCI; 40 °C 2h 1 HCI 15%
11. Toluene 60 °C 2h 1 HCI 66%
12. Toluene 60 °C 3h 1 HCI 81%
139 | water 40 °C 2 h 5 HCI 100%

@ Conditions: solvent (0.1 M), temperature, timet. cil; ? NagginveNeatayst = 10:1 ©
Determined byH NMR; 9 C = 0.17 M

The obtained results are very promising, espectakiyability to react at low temperatures,
which prevents unexpected thermal decompositionthef catalyst. Such high-temperature
decompositions have been described by Grubbs ef4@l.- 51]. They have also been
theoretically calculated by Cavallo and Nolan eff4b, 52, 53]. It should be emphasized that

metathesis carried out in primary alcohol solutiahslevated temperatures and prolonged
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reaction times may lead to the decomposition dfenium catalysts to a monohydride species
[54, 55]. The application of mild reaction condiigmay protect the catalyst against these

undesired transformations.

2.2.3 Metathesisin water with surfactants

The comparative study of catalydts and commercial-5 in the RCM of12 was carried out
in water in the presence of surfactant (SDS - sudidodecylsulfate, Tween 40 —
polyoxyethylene sorbitane monopalmitate) and isseméed in Table 2. The compléxd
shows high activity (88% vyield) in the presence SIDS as the surfactant in a ratio
[substrate]/[SDS] = 5, comparable to that of conuiaicompoundl (Table 2, entry 1 and 2).
The increase in reaction rate is probably due & fdrmation of micelles. Unfortunately,

Tween 40 has a less significant impact on the i@agields (Table 2, entry 7).

Table 2. Comparative study of catalysts in RCM1&in watef,

Entry |Catalyst | Surfactafit |Yield®
1. 11 SDS 88%
2. 1 SDS 79%
3. 2 SDS 83%
4. 3 SDS 93%
5. 4 SDS 100%
6. 5 SDS 100%
7. 11 Tween 40 |28%
8. 1 Tween 40 |67%
9. 2 Tween 40 |81%
10. 3 Tween 40 |98%
11. 4 Tween 40 |100%
12. 5 Tween 40 |100%

3 Conditions: water (C = 0.17M), 40 °C, 2 h, 5 mol% [Ru]; ® 0.2 equiv. (20 mol%);
° Determined byH NMR



2.2.4 Activity of complex 11 in model RCM, enyne and CM reactions

Catalysts11 and 1 (5 mol%) were screened in a selected set of ROMne and CM
reactions. In all reactions withl agueous 1M solution of HCI was added (Tables 34nd
Diethyl diallylmalonate 12) was again subjected to cyclization in water thiexe full
conversion using.1, whereas the activity df was two times lower (Table 3, entry 1). Diethyl
methylallylmalonate X4) is more challenging in RCM thak? due to steric effects, and only
18% vyield was obtained for cataly$l (Table 3, entry 2). The RCM reactions of diethyl
dimethylallylmalonate, leading to tetrasubstitut#efin using both complexes, failed. In the
enyne cycloisomerization oi6 catalyzed byl in CH,Cl, quantitative conversion was
observed (Table 3, entry 3), whereas new compleveacted with lower efficiency (53%). In
the reaction conducted in water, again twice higlaalytic activity ofl was observed as

compared td 1 (Table 3, entry 4).

Table 3. Comparative investigation of catalydtendl1lin RCM.

Entry | Substrate Product Conditions Catalyst |Yield”
EtOOC_ COOEt | Et0OC, COOEt 40 °C, 3 h, 11% 100%
1. PES water, 0.17 M . £2%%
12 13 5 mol% [Ru]
EtOOC_ COOEt | EtOOC. COOEt 40 °C, 3 h, 11% 18%
2. 2 A CH)Cl,, 0.1 M
14 15 5mol% [Ru] |1 94%
40°C,20h, | c3%
3. CH)Cl,, 0.1 M
Ph Ph o
Phy o Ph 5mol% [Ru] |1 100%
Vi z =
16 17 40°C,3h, |19 36%
4. water, 0.17 M
5mol% [Ru] |1 76%

¥ Catalystl1 was used with 50 mol% H@d (1M); ® Determined byH NMR

Next challenging reaction was the CM of allylberzdb8) and cis-1,4-diacetoxy-2-butene
(19). In this transformatiorl 1 gave only 12% conversion, which was significaibyer than

that attained fod (Table 4, entry 1). The homodimerization reactiorese carried out at a
10



relatively high substrate concentration (3M). Inmtwonetathesis o018, catalystll showed

lower reactivity tharl (Table 4, entry 2), but bett@selectivity (45% of isomer Z). Finally,
the activity of catalysiil was investigated for the homodimerization reactbmethyl 10-

undecenoate 2@) substrate. Comparative conversions for both ysti®l were obtained.
However, in the case of reported here comgdléx relatively moreZ-isomer was formed
(Table 4, entry 3).

Table 4. Comparative investigation of catalydtendl11in CM reactions.

Entry | Substrate(s) Product Conditions Catalygield”

@N/ e one|A0°C 200 1P 1129 (2192)
N o o [T CH,Cl2,0.1M,
20

4

O 35°C,20h 1193 |36% (45%2)
%

O THF, 3M
18 21 5mol% [Ru] |1 59% (35%)

q

B 35°C,20h |117 31% (54%2)
e
(¢}

o)
O Z
3. MO/ W « ° | THF, 3M
22

23 o .
5 mol% [Ru] | 33% (509%2)

2 Catalyst11 was used with 50 mol% H@d) (1 M); ® %Z determined byH NMR, isolated
yields after silica gel chromatography.

2.3 Activation mechanism

It can be seen from Table 1 that the product ywelth catalystll increases up to 92% and
100% upon the addition of HCI additive in gH, and water, respectively. At the same time,
we have noticed visual changes of the comd&xafter its HCI activation: the synthesized
compound is green but acquires brown color in dasva form (Figure 4) that suggests a
change of the chemical composition of the catalysin the addition of HCI. ThtH NMR
spectrum in deuterated chloroform in the preseffideaoes of acid shows additional carbene
proton signals at 20.32 ppm and 18.79 ppm. It ttisarefore, be inferred that a new Ru=CH
species forms during the spectrum registration.
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Figure 4. The color change of the catalyst 11 solution in CH,Cl, a) the inactive form b) the
active form with the addition of 1M aqueous HCI solution.

According to the literature [13], there are sev@atiential pathways of activation of complex
11 by HCI. One possibilitygath g is that the acid protonates both imidazole arichi@
ligands, exchanging them for chloride to form aeldetron benzylidene compléx (Scheme
5). In thepath bonly the imidazole ligand undergoes protonatiohilevthe complex8 with
the nitrate ligand acts as an active catalyst.

PCy, /\ @
=\ ||? cl o~< N._NH Tcy3
—=RU= o cl
N7 Q| b + 2HCl c Ru= 04<
=0 Cl
o N path a ° b
\\
N—OH
+HCl Oy ® A
Jpath b

Scheme 5Potential pathways of activation of complekby HCI.

To estimate the reason of the catalyst color chamgkto find the active form of the latent
complex 11, theoretical calculations, including density fuooal theory (DFT), time-
dependent DFT (TD-DFT) anab initio molecular dynamics (MD), were performed. Using
the determined X-ray structure of the complek (seeFigure 2), the gas-phase geometry
optimizations of the dimer and monomer forms of ¢benplex11, and also of complexes
andB (seeScheme 5), were performed using B3LYP functiongh wlef2-SVP basis set as

described in the section “Theoretical calculationBlo significant structural differences

12



between DFT optimized structures and their equitale the crystal were detectedeg
Supporting Information The optimized structures were used in furtheestigations.

Due to the fact that it was not possible to meaguedJV-vis spectra of the latent and active
forms of11, we calculated the absorption spectra of all sz@stwith the TD-DFT approach.
The first twenty singlet-singlet excitations of ti@nomer form ofl1, A andB, together with
the first forty singlet-singlet excitations of tliemer form of11, are depicted in Figure 5.
Though the strongest excitations are localizethénUV region, several close-to-dark states in

the visible region were detecteskéthe zoomed region in Figure 5).

4 0,015 7 | T T T T T
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Absorption spectra [ nm |

Figure 5. Absorption spectra of monomer and dimer form ahptex 11, complexesA and
B, as given in Scheme 5, obtained from the time-deépet DFT calculations with B3LYP
functional and def2-SVP basis set.

The transition orbitals and electron densities uf@enmost relevant excitations on the spectra
are shown in Figure SkéeSupporting Information Spectral changes in the visible region of
all examined compounds clearly indicate that ohly dimer form of comples1, as known
from X-ray analysis, is green. The dimer of compléxabsorbs in the violet and red regions
and does not absorb green wavelength localizedh.ab@0-570 nm, therefore, it is green.
Upon the addition of HCI, the dimer dfl transforms into the monomer form, which
immediately undergoes protonation and activatiotin\the simultaneous change of the color
to brown. In Figure 5, there are no absorption Bandhe red region of complexésandB,

but new bands in the green and close-to-greennsggppear, what confirms the correctness
of the assumptions presented in Scheme 5. Theofatle absorption bands at 670 nm and the
dark states in the green region are charactettstice monomer form dfl (marked in red in
Figure 5), confirming the latent form dfL as a dimer and change of the color upon dimer
decay. Among the spectral changes there is algbrarilred-shift at 374 nm in the monomer

of 11in comparison to its dimer form.
13



Figure 6. Dimer form of the catalystll with visualized intermolecular noncovalent
interaction (NCI) regionsi.e., n-interactions and C-H---O hydrogen bonds, fromeckfit
perspectives (a, b, ¢). The depicted NCI surfacegspond to the reduced density gradient of
0.4 a.u [57, 58]. Intermolecular and intramoleculaH- - - O H-bonds are marked with black
and pink dashed lines in a), respectively.

After the detailed analysis of the transition catsitupon the singlet excitations (listed in
Table S1-S4see Supporting Informatipnwe have found that the local environment of the
complex11 in its dimer form is different than in the mononferm. This influences the
electron density localization on the frontier mailee orbitals, changing the respective orbital
energies of the highest occupied molecular orhig®ODMO) and the lowest unoccupied
molecular orbital (LUMO), inducing the mentionedifshThe energy of HOMO orbital of
complex11 changes from -4.976 eV in a monomer form to -4.885n a dimer form of this
complex, while LUMO energy changes from -1.779 eV1.946 eV. As it is shown in Figure
S2 cee Supporting Informatipnthe electron density transitions upon absorptiocur from
the metal center, imidazole and chloride ligand4sopropoxystyrene. In the dimer of
complex1], there is close positioning dFmesitylimidazolium ligand of one monomerdo
isopropoxystyrene of the other monomer and CsHinteractions between these aromatic
rings (see dark yellow surfaces in Figure 6). Thaseractions together with the set of other
intermolecularr-interactions and C-H---O hydrogen bonds (marked klack dashed lines
in Figure 6a) influence both the shift and the apson bands in the red region. These
intermolecular C-H---O hydrogen bonds are of the ®ldistance of 2.31 A and CHO angle
of 128°, therefore, can be classified as weak Hibdb6]. The qualitative analysis of the
mentioned interactions was made using the noncotatgeraction (NCI) index utilizing
NCIPLOT code (v.3.0) [57, 58]. The obtained NClfages are marked in dark yellow in
Figure 6. The binding energy of the NCI in the diro11 was calculated as 38.1 kcal- ol

using the supermolecular approach. It indicatesngtrintermolecular interactions in the

14



dimer, therefore its high structural stability,fdiiences in the absorption spectrum, and lower
catalytic activity, specifically in the aqueous wadns. This form is catalytically less active
because the metal active center is blocked fordé#sred reaction due to the hydrophobic
nature of the outer dimer coatinge€Figure 6). As a result, firstly, the dimer bf should be
broken to enable further catalyst activation duéhtoprotonation. Upon the addition of HCI,
all mentioned transitions occur easier; thereftire significant increase in the activitybf is
observed. This was also observeda initio MD simulations of the dimer of compleit
with ten HCI molecules. Even if the time of the MDnulations was short (2 ps), we captured
the formation of temporary interactions via CI-HD -and CI-H- - -N bridges€esnapshot 1, 3,

4 in Figure S2 irBupporting Informatiop which participate during the protonation of af&
and imidazole ligands.

Moreover, we monitored the bond breaking betweeth IBu-nitrate and Ru-imidazole, as
depicted in snapshot 3 and 4 in Figure §&(Supporting Informatipnrespectively. Owing
to the fact that N@ ligand is smaller and more labile thelrmesitylimidazolium ligand, and
the energy of its coordination to Ru is lower by &cal-mol* than that of imidazole:
46.1 kcal-mot and 55.0 kcal-mdl for nitrate and imidazole, respectively, we assuhat
path ain Scheme 5 is more probable thzath bat 0 K. Additionally, the coordination of the
active center with chloride ligand in the complaxis 14.3 kcal-mét energetically more
favorable than for the formation of the nitrate @aning comple)x8.

To take into account the impact of all reagentsinduthe activation of completl, we
calculated the reaction energy of proposed reagiaihs (as shown in Scheme 5). The total
free energy of the reaction in thmath aandb, calculated with thermodynamic functions
obtained from the vibrational spectseéTable S5 inSupporting Informationusing hybrid
B3LYP functional with def2-SVP basis set, is +1Bc&l-mol* and +15.9 kcal- mdlat room
temperature and +16.2 kcal-fia@nd +15.5 kcal-mdiat 40 °C, respectively. To estimate the
impact of the DFT functional used in the calculagewbrgy differences, we have performed
similar calculations using meta-GGA functione&., TPSS functional [59], which has been
shown before to give reliable values of reactiomribes [60]. Calculations with TPSS
functional 6eeTable S6 inSupporting Informationconfirm small free energy differences
between reactions proceeding according toptith aandb: free energies are in the range of
+12.5 — +14.8 kcal- mdlwith the difference between two pathways of 1.6lknol*. Here,
the same as in the case of B3LYP functiopalth b has lower reaction energy difference.
This suggests that reactions according to ghth a and path b both take place at room

temperature (energy barriers are below 20 kcal*nbut energy differencese., 0.65-0.67
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kcal-mol' and 1.58-1.61 kcal-mbl obtained with B3LYP and TPSS functionals,
respectively, are lower than the accuracy of thel Diethod. Therefore, they should be
treated only qualitatively. More precise methodss ICCSD(T), should be used in this case,
but taking into account amount of electrons of éxamined molecular complexes and not
realistically feasible calculation of force condtamsed in free energy calculations, we are
limited in usage of this sophisticated method.

Based on the DFT calculated data, both reactiohwsats in Scheme 5 are possible, but
owing to higher coordination affinity of chloridegand in comparison to the nitrate ligand,
complex B is prone to change to compleX, where the latter is more stable complex.
Therefore, we suggest that the active form of thlgst11, reported here, is complex
(Scheme 5).

3. Conclusions

New metathesis catalyst wirmesitylimidazolium and nitrate ligands was synibed using
the efficient and straightforward procedure as wsllit was characterized by NMR, IR, MS
and X-ray analyses. The catalytic activity of the d®mplex was tested under several reaction
conditions, where the new catalyst in some casewedh better activity than commercially
available 1 generation catalysts. The increase of yield up0©% was observed in aqueous
media upon the addition of 1M HCI solution, whictti@ates the catalyst. This activation
under mild conditions allows to avoid undesiredesigactions. The metathesis reactions
carried out in agueous media are environmentayndly and advantageous from economical
point of view.

The activation mechanism was proposed and confirmiéd the density functional theory
calculations andb initio molecular dynamics simulations. It is based ondbkeay of the
stable dimer of complegl in acidic conditions with further protonation obth imidazole
and nitrate ligands by HCI, ligand exchange foroddle, and formation of an active 14-
electron benzylidene complex. The absorption speatrinactive and active forms of the
catalyst were obtained with the time-dependent D& €ulations. A detailed analysis allowed
to propose the active form of the Ru complex andxplain the reason of the color changes
upon the activation of a catalyst. Free energyutalions, performed using B3LYP and TPSS
functionals, confirm the occurrence of the suggkstetivation pathways and the most

probable form of the active catalytic complex.
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4. Materials and methods

4.1 Synthesis

4.1.1 General remarks

Synthesis of catalysil was carried out using standard Schlenk techniqueder an
atmosphere of dry argon. GEl, was dried by distillation over CaH THF over
Na/benzophenone. Melting points were determinecriMP70 (Mettler Toledo) apparatus
and were uncorrectedH and **C NMR spectra were recorded on a Bruker Avance I
spectrometer (400 and 100 MHz, respectively). Speutk referenced relative to the chemical
shift (5) of TMS. Mass spectra were obtained with Microma8§ TOF and Accurate-Mass
Q-TOF LC/MS 6530 spectrometers. IR spectra werercesz on a Nicolet series Il Magna-IR
550 FT-IR spectrometer. Column chromatography vesfopmed on silica gel 230-400 mesh.
Catalystsl - 5 are commercially available. Substrates for testiatalysts in RCM reactions
were prepared by allylation of commercial diethyhlomate with allyl bromide and/or 3-
chloro-2-methylpropene according to Hensle [54]eiflpurity was estimated b{H NMR
spectroscopy and found to be at least 95%. Othemidals are commercially available and

used as receivetll-mesitylimidazole §) was prepared according to the literature [47].

4.1.2 N-mesylimidazolium nitrate (10)

N-Mesitylimidazole9 (250 mg, 1.34 mmol) was placed in a round bott@skfand cooled to
0 °C, next acetic anhydride (3.30 mL, 35 mmol) &mding nitric acid (1.35 mL) were slowly
added. The mixture was stirred at room temperafare24 h. After this time it was
concentrated to dryness in a stream ef The residue was dissolved in a small volume of
methylene chloride, and the product was precigitateéth diethyl ether to giveN-
mesylimidazolium nitrate10) (261 mg, 78% yield) as a white solid; M.p. 180 (@ith
decomposition); IR (ATRVmax 3132, 1573, 1537, 1461, 1389, 1375, 1317, 833;ci
NMR (CDCk, 400 MHz) &H 9.08 (1H, s, C2-H), 8.85 (1H, s, GHdazd, 7.15 (1H, s,
CHimidazod, 7.02 (2H, s, H-Ar), 2.34 (3H, §:CHs), 2.03 (6H, s, 20-CHs) ppm;*C NMR
(CDCl;, 100 MHz)s8C 141.0, 136.6, 134.3, 130.8, 129.7, 122.1, 12118), 17.2m/z (ESI)
187 ([M-NGQs]", 100%); HRMS (ESI): found 187.1235E1:1sN,] ", requires 187.1230.

4.1.3 Catalyst 11

A flame dried Schlenk flask with a magnetic stigibar was charged under argon with

catalyst2 (120 mg, 0.2 mmol), nitrat&0 (50 mg, 0.2 mmol) and potassiunbutoxide (22
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mg, 0.2 mmol). Next dry toluene (2 mL) was addelde Teaction mixture turned green and
was stirred at room temperature for 2 h. After timse the crude product was purified by
column chromatography (GBl,, then hexane — ethyl acetat® 1:2) to give catalyst1 (89
mg, 55% vyield) as a green solid; M.p. 163 °C; IR vmax 2919, 1586, 1466, 1375, 1231,
1112 cm; *H NMR (CDCk, 400 MHz)8H 19.51 (1H, dJ = 10.7 Hz, Ru=CH), 9.13 (1H, d,
J=6.8 Hz, C2-H), 7.74 (1H, ddd,= 8.5, 7.0, 1.4 Hz, H-Ar), 7.65 (1H, s, H-Ar), Z.11H, t,
J=7.6 Hz, H-Ar), 6.94 (2H, d] = 3.2 Hz, H-Ar), 6.87 (1H, d, J = 8.2 Hz, H-Ar)78 (1H, s,
H-Ar), 6.71 (1H, s, H-Ar), 4.75 (1H, sep,= 5.9 Hz, -O-CH(CH),), 2.32 and 2.04-1.11
(48H, m, 3x CH-Mes + 3x Cy+(CH),CH-O-) ppm; **C NMR (CDC}, 100 MHz)3C 190.1,
171.1, 146.7, 146.6, 144.3, 139.9, 139.5, 135.5.(13133.6, 132.5, 129.1, 128.8, 122.4,
120.6, 114.0, 112.8, 69.9, 60.3, 35.7, 35.2, 3P, 29.0, 28.9, 28.8, 28.0, 27.9, 27.8, 27.8,
27.7, 27.7, 26.3, 22.4, 21.0, 17.4, 17.1, 17.0 ppniz (ESI) 761 ([M-(ClL OH)]");
HRMS(ESI): found 761.3271 [gHsgN3OsPioRU]", requires 761.3259. Crystals suitable for
X-ray analysis were obtained by slow evaporatiora afichloromethane/hexane solution of
the catalyst for 10 h in the refrigerator.

4.1.4 X-ray crystallographic data

C40Hs¢CIN3O4PRuU, green plates of 0.3 x 0.25 x 0.04 mm; moniacBpace group triclinic
P1; a= 10.6421(3), b= 10.8897(3), c= 19.4405(6) o¥; 78.883(3),p= 76.389(3),y=
63.811(3)°; V= 1954.64(12)YA z= 2; Dx = 1.382 Mg 1i¥; u(Cu Ka) = 4.60 mn1; 40133
reflections measured at SuperNova, Dual, Cu at hwae Atlas diffractometer at 100K;
7660 reflections with I>&(1) were used for structure solution and refinemetsdta were
corrected for numerical absorption using prograrys@lis PRO, SHELXL2016/6 [61]: in=
0.252, Tha= 0.831; R=0.042; wR=0.114.

CCDC 1556596 contains the supplementary crystajgyc data for this compound. These
data can be obtained free of charge from The CagérCrystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

4.2 Theoretical calculations.

Geometry optimization was performed using B3LYP][6&nd TPSS functionals [59] with
def2-SVP [62, 63] basis set (def2-ECP for Ru at@rijnme D3 [64] dispersion correction
utilizing Turbomole V.7.1 [65]. All optimized strtures were confirmed as local minima by
the vibrational analysis [66]. The reaction enebogyriers were calculated using the values of

the total electronic energy correspondent to tilg @ptimized structures of reagents depicted
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in Scheme 5 and shown Bupporting InformationThe free energy calculations, together
with other thermodynamic functions (Table S5-S6 Supporting Informatio)y were
calculated from vibrational spectra using freeh mledvith scaling factor of 0.9614 (B3LYP)
and 0.9914 (TPSS) in Turbomole V.7.1. The energgamrdination bond formation with
nitrate, imidazole and chloride ligands was cal@dausing the single point calculations of
the complexl1 with and without ligands. The absorption spectexemobtained using time-
dependent DFT with the same set-up as above. Boeetkt absorption peaks were broadened
with the natural peak broadening using the coniautwith Lorentzian profile. The
visualization of the three-dimensional noncovalatdraction regions around the bond critical
points of ther-interactions between the monomersldfin its dimer (Figure 6) was made
using the reduced density gradient, originated ftbenelectron density and its first derivative
[49,50]. The reduced density gradient was calcdlatgng the promolecular densities of the
complex 11 with NCIPLOT code (Version 3.0) [57, 58Rpb initio MD simulations were
performed using PBE [67] functional with def2-SVBsIs set and Grimme D3 dispersion
correction. To optimize the computational set-upteestigate interactions between the dimer
of complex11 with ten HCI molecules, multipole-accelerated-tegon-of-identity method
[68] was used and simulations for 2 ps at 800 khwite timestep of 8 a.u. using Nose-
Hoover [69, 70] thermostat were performed with Tumole V.7.2.1. Three independent MD

production runs were independently analyzed.

Acknowledgments

The authors acknowledge financial support fromNlagonal Science Centre, Poland (UMO-
2015/17/N/ST5/03916). M. K. is grateful to M. Kistor fruitful discussions. This work was
performed on the computational resource ForHLRuhded by the Ministry of Science,

Research and the Arts Baden-Wirttemberg and DF@ut$2he Forschungsgemeinschaft”).

References

1. Jee, J.-E.; Cheong, J. L.; Lim, J.; Chen, Cndi&. H.; Lee, S. S. Org. Chem2013
78(7), 3048-3056.

2. Mangold, S. L.; Grubbs, R. @hem. Sci2015 6 (8), 4561-4569.

3. Morzycki, J. W Steroids2011, 76 (10), 949-966.

4. Rossle, M.; Del Valle, D. J.; Krische, M.Qrg. Lett.2011, 13 (6), 1482—-1485.

5. Furstner, A.; Radkowski, K.; Wirtz, C.; GoddaRd; Lehmann, C. W.; Mynott, R.
Am. Chem. So2002 124 (24), 7061-7069.

6. Keitz, B. K.; Endo, K.; Patel, P. R.; Herbét, B.; Grubbs, R. HJ. Am. Chem. Soc.

2012 134 (1), 693-699.
19



7.

© ®

10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

Keitz, B. K.; Endo, K.; Herbert, M. B.; Grubli®, H.J. Am. Chem. So2011, 133
(25), 9686-9688.

Herbert, M. B.; Grubbs, R. Angew. Chem., Int. EQ2015 54 (17), 5018-5024.
Koh, M. J.; Nguyen, T. T.; Lam, J. K.; Torker; Byvl, J.; Schrock, R. R.; Hoveyda,
A. H. MolybdenumNature2017, 542, 80.

Tomasek, J.; Schatz,Green Chem2013 15 (9), 2317-2338.

Koztowska, A.; Dranka, M.; Zachara, J.; Pump Jtugovc, C.; Skowerski, K.; Grela,
K. Chem. Eur. J2014 20 (43), 14120-14125.

Oztiirk, B. O.; Bucak, E.; Karabulut,5Mol. Catal. A Chen2013 376, 53-62.
Samec, J. S. M.; Keitz, B. K.; Grubbs, RJHOrganomet. Chen201Q 695(14),
1831-1837.

Ozturk, B. O.; Sariaslan, B.; Bayramgil, N. $hitoglu, S. K.Appl. Catal. A Gen.
2014 483 19-24.

Ozturk, B. O.; Kolberg, ASehitoglu, S. K.Macromol. Chem. Phy&017,218(9),
1600594.

Buchmeiser, M. R.; Ahmad, I.; Gurram, V.; Kupfa S.Macromolecule2011, 44
(11), 4098-4106.

Barbasiewicz, M.; Maiska, M.; Btocki, K.J. Organomet. Cher2013 745746 8—
11.

Ben-Asuly, A.; Tzur, E.; Diesendruck, C. Bg&ov, M.; Goldberg, I.; Lemcoff, N. G.
Organometallic008§ 27 (5), 811-813.

Hryniewicka, A.; Morzycki, J. W.; Witkowski, 8. Organomet. Chen201Q 695 (9),
1265-1270.

Hejl, A.; Day, M. W.; Grubbs, R. l@rganometallic2006 25 (26), 6149-6154.
Thomas, R. M.; Fedorov, A.; Keitz, B. K.; Ghsh R. H.Organometallic2011, 30
(24), 6713-6717.

Hafner, A.; Muhlebach, A.; van der SchaatAPAngew. Chem., Int. EAL997, 36
(19), 2121-2124.

Hafner, A.; van der Schaaf, P. A.; Muhlebakh Paul Bernhard; Schaedeli, U.;
Karlen, T.; Ludi, A.Prog. Org. Coat1997 32 (1), 89-96.

Karlen, T.; Ludi, A.; MUhlebach, A.; Bernhatl, Pharisa, Cl. Polym. Sci. A Polym.
Chem.1995 33(10), 1665-1674.

van der Schaaf, P. A.; Hafner, A.; MuhlebahAngew. Chem., Int. EdL996 35
(16), 1845-1847.

Rogalski, SZak, P.; Tadeuszyk, N.; Pyta, K.; Przybylski, PetRiszuk, CDalton
Trans.2017 46 (4), 1277-1282.

Monsaert, S.; Lozano Vila, A.; Drozdzak, RagivDer Voort, P.; Verpoort, Ehem.
Soc. Rev2009 38 (12), 3360-3372.

Katayama, H.; Yoshida, T.; Ozawa,JFOrganomet. Chem 998 562 (2), 203-206.
Wappel, J.; Fischer, R. C.; Cavallo, L.; SkgcC.; Poater, ABeilstein J. Org. Chem.
2016 12(1), 154-165.

Keitz, B. K.; Bouffard, J.; Bertrand, G.; Ghs#h R. HJ. Am. Chem. So2011, 133
(22), 8498-8501.

Rouen, M.; Queval, P.; Falivene, L.; Allard,Toupet, L.; Crévisy, C.; Caijo, F.;
Baslé, O.; Cavallo, L.; Mauduit, MChem. Eur. J2014 20 (42), 13716-13721.
Monsaert, S.; Ledoux, N.; Drozdzak, R.; Vempde.J. Polym. Sci. A Polym. Chem.
201Q 48(2), 302-310.

Schmid, T. E.; Modicom, F.; Dumas, A.; BolEe, Toupet, L.; Basle, O.; Mauduit, M.
Beilstein J. Org. Chen2015 11, 1541-1546.

Voigtritter, K.; Ghorai, S.; Lipshutz, B. B. Org. Chem2011, 76 (11), 4697-4702.

20



35.

36.

37.
38.
39.
40.
41.
42.
43.
44,

45.
46.

47.

48.

49.
50.
51.
52.
53.
54.
55.
56.
57.

58.

59.

60.
61.

62.
63.

Patel, J.; Jackson, W. R.; Serelis, Alrrganica Chim Acta2004 357 (8), 2374—
2378.

Pietraszuk, C.; Rogalski, S.; Powala, B.ctklewski, M.; Kubicki, M.; Spolnik, G.;
Danikiewicz, W.; Waniak, K.; Pazio, A.; Szadkowska, A.; et @hem. Eur. J2012
18(21), 6465—-6469.

Jawiczuk, M.; Janaszkiewicz, A.; TrzaskowskiBeilstein J. Org. Chem2018 14
(1), 2872-2880.

Zielinski, A.; Szczepaniak, G.; Gajda, R.; Wiak, K.; Trzaskowski, B.; Vido¥i D.;
Kajetanowicz, A.; Grela, KEur. J. Inorg. Chen2018 2018(32), 3675-3685.
Karras, M.; Bbrowski, M.; Pohl, R.; Ryhik, J.; Vacek, J.; Bednarova, L.; Grela, K.;
Stary, |.; Stard, I. G.; Schmidt, Bhem. Eur. J2018 24 (43), 10994-10998.

Chu, C. K.; Lin, T.-P.; Shao, H.; Liberman-May A. L.; Liu, P.; Grubbs, R. HI. Am.
Chem. So2018 140(16), 5634-5643.

Kulkarni, A. D.; Truhlar, D. G. Chem. Theory Comp@011, 7 (7), 2325-2332.
Zhao, Y.; Truhlar, D. GChem. Phys. Let2011, 502 (1), 1-13.

Stewart, I. C.; Benitez, D.; O’Leary, D. Jkaichouk, E.; Day, M. W.; Goddard, W.
A.; Grubbs, R. HJ. Am. Chem. So2009 131(5), 1931-1938.

Benitez, D.; Tkatchouk, E.; Goddard 11, W.@hem. Commur2008 No. 46, 6194—
6196.

Poater, A.; Cavallo, lJ. Mol. Catal. A: Chen01Q 324 (1), 75-79.

Poater, A.; Pump, E.; Vummaleti, S. V. C.; &liy L. J. Chem. Theory Comp@014
10(10), 4442-4448.

Occhipinti, G.; Jensen, V. R.; Térnroos, K; Bfgystein, N. A.; Bjgrsvik, H.-R.
Tetrahedror2009 65 (34), 7186—7194.

Domingues, M. R. M.; S.-Marques, M. G. O.; Dogues, P.; Neves, M. G.; Cavaleiro,
J. A. S.; Ferrer-Correia, A. J.; Nemirovskiy, O; @ross, M. LJ. Am. Soc. Mass.
Spectrom2001 12 (4), 381-384.

Hong, S. H.; Wenzel, A. G.; Salguero, T.Oay, M. W.; Grubbs, R. Hl. Am. Chem.

S0c.2007, 129(25), 7961-7968.

Leitao, E. M.; Dubberley, S. R.; Piers, W.\&u, Q.; McDonald, RChem. Eur. J.

2008 14, 11565- 11572.

Vehlow, K.; Gessler, S.; Blechert,Agew. Chem. Int. EQ007, 46, 8082-8085.
Mathew, J.; Koga, N.; Suresh, ChQiiganometallic2008 27, 4666—4670.
Hong, S.; Chlenov, A.; Day, M.; Grubbs Adgew. Chem. Int. EQ007, 46, 5148 —

5151.

Dinger, M. B. ; Mol, J. @rganometallic003 22 (5), 1089-1095.

Dinger, M.; Mol, JEur. J. Inorg. Chem2003 2827-2833.

Johnson, E. R.; Keinan, S.; Mori-SanchezCBuntreras-Garcia, J.; Cohen, A. J.; Yang,
W. J. Am. Chem. So201Q 132(18), 6498-6506.

Contreras-Garcia, J.; Johnson, E. R.; KeiarChaudret, R.; Piquemal, J.-P.; Beratan,
D. N.; Yang, W.J. Chem. Theory Comp@011, 7 (3), 625-632.

Arunan, E.; Desiraju, G. R.; Klein, R. A.; 8gdJ.; Scheiner, S.; Alkorta, I.; Clary, D.
C.; Crabtree, R. H.; Dannenberg, J. J.; Hobz&jBergaard, H. G.; Legon, A. C,;
Mennucci, B.; Nesbitt, D. Rure Appl. Chen2011, 83, 1619.

Tao, J.; Perdew, J. P.; Staroverov, V. N.s8da, G. EPhys. Rev. Let2003 91 (14),
146401.

Kanai, Y.; Wang, X.; Selloni, A.; Car, R.Chem. Phy006 125(23), 234104.

Hensle, E. M.; Tobis, J.; Tiller, J. C.; Barartt, W.J. Fluorine Chem2008 129(10),
968-973.

Becke, A. DJ. Chem. Phy4.992 96 (3), 2155-2160.

Schafer, A.; Horn, H.; Ahlrichs, B. Chem. Physl992 97 (4), 2571-2577.

21



64.
65.

66.
67.
68.
69.
70.

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, HChem. Phy01Q 132(15), 154104.
Ahlrichs, R.; Béar, M.; Haser, M.; Horn, H.; Kiel, C.Chem. Phys. Letl.989 162
(3), 165-169.

Deglmann, P.; Furche, F..Chem. Phy2002 117 (21), 9535-9538.

Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Rev. Letil996 77 (18), 3865—3868.
Von Arnim, M.; Ahlrichs, RJ. Comput. Cheni.998 19 (15), 1746-1757.

Nosé, S. Al. Chem. Phyd.984 81 (1), 511-519.

Hoover, W. GPhys. Rev. A985 31 (3), 1695-1697.

22



1. New, unique 18-electron ruthenium air- and moisture-stable catalyst for

olefin metathesis was obtained
2. The complex upon activation with HCl,, promotes reactions in organic

solvents and in water

3. The activation mechanism is supported by DFT calculations and ab initio
molecular dynamics simulations.



