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Abstract

New carbamateN-benzylidene ruthenium chelates were synthesizeaim frthe first
[RUCL(PCy)2(=CHPh)] and second [Ruf&IMes)(PCy)(=CHPh)] generation Grubbs
catalysts by metathetic exchange of benzylideneantly for tert-butyl (2-
vinylphenyl)carbamates bearing benzylidene ligamtbsstuted in the positiorpara to
carbamato functionality with methyl or trifluoronmgt group. In all metathetical
transformations tested, i.e. in ROMP of cycloocfa-diene, RCM of diethyl diallylmalonate
and diethyl 2-allyl-2-(2-methylallyl)malonate andoss-metathesis of allylbenzene with Z-
1,4-diacetoxybut-2-ene, the complexes behave |&tent catalysts. Complexes remain
completely inactive until they are activated by #dsition of ethereal solution of HCI. The
presence of the electron-withdrawing group resul slight increase in the catalytic activity
of the activated form of the catalyst relative tsimilar form of the unsubstituted complex or

the least active complex carrying the electron tlagagroup.

1. Introduction

Olefin metathesis is nowadays a widely used metloodhe formation of carbon—carbon
double bonds [1, 2]. Over the last decades a gmaatber of ruthenium-based catalysts
designed for special applications have been deedlofghe availability of well-defined
ruthenium alkylidene catalysts which tolerate moist oxygen and a variety of functional
groups has significantly expanded the applicatiminglefin metathesis, thus the reaction has
become particularly useful in organic and polymgntlesis [1-3]. One of the challenges in
the catalysis of metathesis is to design catalystaitting the control of the initiation step.
Such catalysts are particularly useful in the riogening metathesis polymerization.
Therefore, one of the most intensively studied gsoof well-defined metathesis initiators are
latent catalysts (Figure 1) [4]. They exhibit ndivdty under standard conditions and can be

easily activated by thermal, chemical or photoclwahmethods [4].
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Figure 1. Types of latent catalysts of olefin metathesis [4]



From among numerous examples of latent catalysisetrepresenting structural motif IV
(Figure 1) are relatively rare. The known examjetude benzylidenecarboxylates, [5]
nitronate complexes [6] and aryloxybenzylidene claxgs [7-11].
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Figure 2. Known carbamato-benzylidene complex&£) and related amido-benzylidene
complex B8) [12]

In cooperation with Karol Grela group, we have mgga the first examples of carbamato- and
amido-benzylidene ruthenium chelatds3( Figure 2), which represent structural motif IV
(Figure 1) [12]. Recently, the mechanism of actoatof carbamato-benzylidene ruthenium

catalystsl and2 in the presence of HCI has been proposed [13].
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Scheme 1Activation of carbamato-benzylidene ruthenium akes [13]

Herein, we report new carbamato-benzylidene rutimerghelates bearing benzylidene ligand
substituted in the positiopara to carbamato group and their catalytic performancelefin

metathesis.

2. Results and discussion

Syntheses of the benzylidene ligand precursors, (Revinylphenyl)carbamates were
accomplished via a modified two-step literaturecedure [14, 15]. Commercially available
substituted 2-bromoanilines were reacted with liveapf tributyl(vinyl)tin in the presence of
[Pd(PPR)4 (5 mol%) at 110 °C to form of 4-substituted viagllines, which were then
subjected td\-tert-butoxycarbonylation under ultrasound irradiationgive 6a and6b in 60
% and 72 % of overall yield (Scheme 2).
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Scheme 2Synthesis of precursors of benzylidene ligands

New carbamato-benzylidene complexes were synthiediyeusing the previously described
methodology [12], i.e. in the reaction of the fifRUCL(PCy)(=CHPh)] @) or second
generation Grubbs catalyst [Ru@IMes)(PCy)(=CHPh)] 6) with substitutedert-butyl (2-
vinylphenyl)carbamate (Schemes 3 and 4).
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Scheme 3Synthesis of complexé&a and7b.
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Scheme 4Synthesis of complex&a and8b.

Complexes were synthesized in high yields and cheraed spectroscopically (see the
supplementary information). Moreover, the structuref complexes8a and 8b were
confirmed by X-ray structural analysis. Figure 8wk the perspective views of compleBas
and8b, respectively. The geometrical features of botheaudes are similar (see Figure S1 in
supplementary material). This, together with theesdevel of similarity with the structure of
the previously reported compoud12] seems to support a high level of structuigildity
within this class of complexes. The Ru cationsfame-coordinated, with the geometry close
to that of tetragonal pyramid with double-bondedAGitom in the apical position (see the
supplementary information for the relevant geomeatrdetails). Ther parameterd = (6 -

a)/60, where:f > o are the two greatest valence angles of the coatidim center [16]) which



takes values in the range from O for the ideahtginal pyramid to 1 for a trigonal bipyramid,
equals 0 for compleBa and 0.08 for compleB8b. The Ru-C7A bond lengths determined

clearly prove the double character of the rutheraambon bond.

Figure 3. Perspective view of the complex@s (left) and8b (right); ellipsoids are drawn at
the 33 % probability level, hydrogen atoms are tedifor clarity.

Our preliminary studies have shown the activatitiece of addition of ethereal solution of
HCI on the catalytic activity of catalysisand?2 [12]. Further experiments revealed that the
ruthenium carbamato-benzylidene chelates can beaals/ated by other Brgnsted and Lewis
acids such as GEOOH or BCIR (where R = bicyclo[2.2.1]-2-heptyl) [13]. Etheresallution

of HCI was selected for further studies due tchitgh activating efficiency confirmed in the
previously reported experiments [13]. Twofold maacess of HCI in relation to the catalysts
was found to be the most beneficial for both catsly and 2 (Figures S2 and S3, the
supplementary information). Further increase in [tHEI] / [cat.] ratio did not lead to any
improvement in the reaction efficiency.

The catalytic activity of complexegab and 8ab as well as their unsubstituted
analoguesl and2 was explored in selected metathetic transformatioe. in ring-closing
metathesis (RCM) of diethyl diallyimalonate, crasstathesis (CM) of allylbenzene with Z-
1,4-diacetoxybut-2-ene and ROMP of cod with the akethereal solution of HCIl as an
activating agent. The reactions proposed are knasvistandard tests for evaluation of the
catalytic activity of metathesis initiators [17].

Since the latent nature of the catalyst is paridyl attractive for ring opening
metathesis polymerization we started our catalytieestigation from (ROMP) of 1,5-
cyclooctadiene. The results observed (Scheme 5Faguare 4) confirmed that all tested

carbamato-benzylidene complexes behaved like |latmatysts. Complete catalytic inactivity



of all complexes tested in ring-opening metathes@ymerization (ROMP) of 1,5-
cyclooctadiene (cod) was observed in dormant fonwtsle the addition of the activator
resulted in a significant increase in the catalgittivity. As expected, the complexes bearing
NHC ligand showed a considerably higher catalyttividies. Experiment showed slight

effect of the substituent in the para positiontie tarbamato functionality on the catalytic
performance.
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Scheme 5ROMP of cod.
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Figure 4. ROMP of cod in the presence of complegega, 7b (top) and2, 8a, 8b (bottom).
Effect of addition of HCI/E{O on the reaction course. Reaction conditions;@#4 40 °C;
Ru: HClI=1:2;0.5 M, 0.5 mol% [Ru] for cat, 7a, 7b; 0.01 mol% of [Ru] for cat2, 8a,
8b. For clarity, only representative profiles for ractivated catalysts are presented.

Figure 5 summarizes the results of the study oalgiét performance of synthesized
complexes in ring-closing metathesis (RCM) of dyethallylmalonate (Scheme 6).
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Scheme 6RCM of diethyl diallyimalonate

Complexesl, 7a and 7b remain inactive in the absence of activator arelrthctivity was
dramatically increased after addition of HCWEt The catalyst®, 8a and 8b, bearing N-
heterocyclic carbene ligand, exhibit limited adivin their dormant forms. When activator
was used, complete conversions of the substrateolsarved after 30 min of the reaction

run.
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Figure 5. RCM of DEDAM in the presence of complex&és7a, 7b (top) and2, 8a, 8b
(bottom). Effect of HCI/EL addition on the reaction course. Reaction coomsti CHCl,; 40
°C, [Ru] : [HCI] =1: 2; 0.1 mol% of [Ru]; 0.1 M.

RCM of sterically hindered diethyl 2,2-bis(2-metilf§yl)malonate proceeded very slowly
(see Figure S4, the supplementary information)erA4 h of the reaction course (&&Hb; 40



°C; 5 mol% of [Ru]; 0.1 M) the conversion did noeiceed 20 % in the presence of each of the
catalyst tested.

Because it was previously shown that com@egactivated with HCI) efficiently catalyzed
RCM of diethyl 2-allyl-2-(2-methylallyl)malonate ¢Beme 7) [12], this reaction was selected

to compare the activity of cataly®with that of complexe8a and8b.

EtOOC_ COOEt R EtOOC_ COOEt
N CH,Cly, 40 °C
Scheme 7RCM of diethyl 2-allyl-2-(2-methylallyl)malonate

The results obtained show the lack of activity led hon-activated form of complexes and a

rapid increase in activity after treatment witheztkal solution of HCI (Figure 6).
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Figure 6. RCM of diethyl 2-allyl-2-(2-methylallyl)malonate ithe presence of complex2s

8a and 8b. Effect of addition of HCI/EO on the reaction course. Reaction conditions:
CHxClp; 40 °C, [Ru] : [HCI] = 1 : 2; 0.1 mol% of [Ru]; D.M. For clarity, only one
representative profile for non-activated catalysgresented.

Carbamato-benzylidene chelates showed also that la@ure in the cross-metathesis of
allylbenzene with Z-1,4-diacetoxybut-2-ene (Sché&ne

[Ru]

Ph \/\J\r\
CH,Cly, 25°C OAc

Ph \/\ + ACO—\=/—OAC

2 equiv
Scheme 8Cross-metathesis of allylbenzene with Z-1,4-diexgbut-2-ene

In the absence of the activating agent the complerenained inactive, while a drastic
increase in the catalytic activity was observedradtdition of HCI/E{O (Figure 7).
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Figure 7. CM of allylbenzene with Z-1,4-diacetoxybut-2-enethe presence of complexks
7a, 7b (top) and2, 8a, 8b (bottom). Effect of HCI/EXO addition on the reaction course.
Reaction conditions: Ci€l,; 40°C, Ru : HCI = 1 : 2; 1 mol% of [Ru]. For claritynly one
representative profile for non-activated catalysgresented in Figure 7a.

No significant differences in the catalytic actyitvere observed between the
complexes that differed in the nature of substitsiext the phenyl ring of chelating ligand.
The effect of the nature of functional group in tlenzylidene ligand on the catalytic activity
is qualitatively similar but much less pronounchkdr that observed for the Hoveyda-Grubbs
catalysts. In any case, the presence of an eleuatitblrawing trifluoromethyl group resulted
in a slight increase in the catalytic activity bétcomplex as compared to that of the analogue
containing no substituent. The presence of a meoup resulted in a slight reduction in the
catalytic activity. A reasonable explanation seeimsbe analogous to that proposed for
Hoveyda-Grubbs catalyst substituted in position fSbenzylidene ligand [18]. Electron-
withdrawing group reduces the electron densityudhenium in the activated form of the

catalyst (Scheme 1), thereby increasing the imotatate. Analogously, the presence of the



electron-donating group increases the electroniyeatsruthenium and decreases the rate of

initiation.

3. Conclusions

The synthesis of carbamat®-benzylidene ruthenium chelates has been reported.
Complexes behave like latent catalysts of olefirtatinesis. They exhibit no or nearly no
catalytic activity until treated with ethereal stodun of HCI. In the activated form complexes
efficiently catalyze a set of metathesis transfaioms. The activating effect of the electron-
withdrawing group in benzylidene ligand para position to carbamato functionality on

catalytic performance has been demonstrated.

4. Experimental section
4.1. General methods and chemicals

Unless otherwise indicated, all operations werefopered by using standard Schlenk
techniquesH- and**C-NMR spectra were recorded on a Varian 400 opeyait 402.6 and
101.2 MHz, respectively>’P NMR spectra were recorded on a Mercury 300 oiperat
121.5 MHz. GC analyses were carried out on a Br@aon 436-GC (column: DB-5 30 m
[.D. 0.53 mm) equipped with TCD. Mass spectromatrglyses were performed using Synapt
G2-S mass spectrometer (Waters) equipped with lerBspray ion source and quadrupole-
Time-of-flight mass analyzer. Acetonitrile was usasl a solvent. The measurement was
performed in positive ion mode with the desolvatgas flow 200 L/h and capillary voltage
set to 5000 V with the flow rate 20 pL/min. The cheals were obtained from the following
sources: first and second generation Grubbs’ csttalglichloromethane, n-hexane,
dichloromethane-l benzene« anthracene, decane, calcium hydride, diethyl lydial
malonate, 1,5-cyclooctadiene, allylbenzene, Z-1sdabetoxy)but-2-ene, HCI in £ (2 M)
tricyclohexylphosphine and calcium hydride wereaniéd from Aldrich. Vinyl ethyl ether
was obtained from Chempur. All solvents were dpedr to use over CaHand stored under
argon. CHCI, was additionally passed through a column with aharand after that it was

degassed by repeated freeze-pump-thaw cycles.



4.2. Synthesis of complexes

Synthesis of7. Schlenk flask (20 mL) equipped with a magneticiag bar was charged
under argon with [RuGIPCys)(=CHPh)] (0.1 g, 1.2210* mol), 8 mL of dichloromethane,
1.22x10* mol of tert-butyl 5-trifluoromethyl-2-vinylphenyégbamate (or 5-methyl
derivative) and 0.034 g (1.220* mol) of PCy. The mixture was stirred and heated in an oil
bath at 40 °C for 24 h. After this time the solvesais evaporated and the resulting green solid
was treated with 4x5 mL of pentane. The green pensalution was transferred to another
Schlenk flask. The solvent was evaporated to ds/@esl the green solid was washed with
cold (-30 °C) acetone. The precipitate was filtevdand dried under vacuum.

Complex 7a. Green, microcrystalline crystals, isolated yield 69 %. Spectroscopic
characterization'H NMR (CsDs; & (ppm)): 17.23 (s, 1H, Ru=CH); 8.33 (d, 1H, J =t}
Ar); 7.87 (d, 1H, Ar); 7.58 (dd, 1H, J = 9.0, 2.@,HAr), 2.35-0.95 (m, 66H, PGy 1.64 (s,
9H, tBu); *C NMR (GsDs; 5(ppm)): 282.4, 160.6, 159.3, 146.6, 125.3, 11818.1 (m), 79.3,
33.7 (t, J = 9.1 Hz), 29.9, 29.5, 28.5, 28.0 &, 5.4 Hz), 27.7 (t, J = 4.6 Hz), 26 4P NMR
(CeDs; 0 (ppm))o: 38.40 (s, PCY; HRMS (ESI): calc: 934.4582; found: 934.4589.

Complex 7b. Green, microcrystalline crystals, isolated yield 73 %. Spectroscopic
characterization'H NMR (CsDs; 8(ppm)): 17.30 (s, 1H, Ru=CH); 8.42 (d, 1H, J = Bz,
Ar); 7.38 (s, 1H, Ar); 7.31 (dd, 1H, J = 9.0, 2.@,HAr), 2.48-1.18 (m, 66H, PGy 2.35 (s,
3H, Ar-Me), 1.79 (s, 9H, tBu)t*C NMR (GsDg; 8(ppm)): 283.6, 159.7, 157.4, 148.4, 130.6,
126.7, 121.6, 119.2, 34.19 (t, J = 8.4 Hz), 30(B0329.2, 28.5, 28.2, 26.9P NMR (GD;
d(ppm)): 38.25 (s, PGY, HRMS (ESI): calc: 880.4864; found: 880.4855;

Synthesis of8. Schlenk flask (20 mL) equipped with a magneticiag bar was charged
under argon with [RUG(PCys)(SIMes)(=CHPh)] (0.1 g, 1.2a0* mol), 6 mL of CHClI,,
(2.28x10* mol) of tert-butyl 5-trifluoromethyl-2-vinylphenghrbamate (or 5-methyl
derivative) and 0.032 g (1.%80* mol) of PCy. The mixture was stirred at 40 °C for 12 h.
After this time the solvent was evaporated andrédsiddue was extracted withx8 mL of
pentane. The green solution was transferred viaaudanto another Schlenk flask and
evaporated to dryness. The complex was purifiedddymn chromatography over silica gel
(60 mesh) using n-hexane/ethyl acetate (25/1) aslwent. Single crystal was obtained by

slow evaporation from cold (0 °C) pentane solution.



Complex 8a. Green, microcrystalline crystals, isolated yield 75 %. Spectroscopic
characterization*H NMR (CsDs; ppm)d: 16.49 (s, 1H, Ru=CH); 8.32 (d, 1H, J = 9.0Hz, Ar-
NBoc); 7.57(dd, 1H, J = 9.0 Hz, J = 2.2 Hz, ArR5 (s, 1H, Ar); 7.21( s, 1H, Ar); 7.10 (m,
1H, Ar); 6.15 (s, 1H, Ar); 6.72 (s, 1H, ArNBoc);16. (s, 1H, Ar-NBoc); 3.41-3.05 (m, 4H
NCH,CH:N); 2.95 (s, 3H, Mes C¥); 2.73(s, 3H, Mes C¥J; 2.65 (s, 3H, Mes C¥); 2.35( s,
3H, Mes CH); 2.25(s, 3H, Mes C¥J; 1.73 (s, 9H, OtBu); 1.42 (s, 3H, Mes gH2.0-0.9 (m,
33H, PCy); **C NMR (CsDs; 3(ppm)):220.6; 159.6; 158.9; 145.7; 139.3; 138.%.63136.1;
130.3; 129.7; 128.0; 124.7; 118.3; 78.9; 52.0; 5324, 31.7; 29.7; 29.6; 29.2; 28.4; 27.7,
26.6; 25.6; 21.3; 20.8; 20.1; 19.2; 17.1; 31P NMRDE; ppm) & 34.22 (s, PCGy; HRMS
(ESI): calc: 995.4046; found: 995.4039.

Complex 8b. Green, microcrystalline crystals, isolated yield 70 %. Spectroscopic
characterization*H NMR (CsDs; ppm)&: 16.38 (s, 1H, Ru=CH); 8.19 (d, J = 8.6 Hz, 1H; Ar
NBoc); 7.25-7.09 (m, 2H, Ar); 7.00 (s, 1H, Ar); &.7s, 1H, Ar); 6.54 (s, 1H, Ar-NBoc); 6.06
(s, 1H, Ar-NBoc); 3.43-3.03 (m, 4H, NGBH:N); 2.93 (s, 3H, Mes C¥); 2.72 (s, 3H, Mes
CHg); 2.66 (s, 3H, Mes C§)i; 2.34 (s, 3H, Mes C¥); 2.29 (s, 3H, Mes C#); 2.08 (s, 3H, Mes
CHs); 1.72 (s,9H,0tBu); 2.23-1.0 (m, 33H, PEYC NMR: (GDs; ppm) &: 284,8; 222,4;
221,7; 159.9; 155,5; 147.3; 139.6; 138.9; 137.6/.43136.9; 130.2; 129.9; 128.0; 124.9;
121.4; 118.5; 77.9; 51.6; 33.5; 29.8; 29.7; 2985226.7; 25.5; 21.3; 20.3; 19.3; 173%
NMR (CgDg; ppm)o: 33.67 (s, PCy; HRMS (ESI): calc: 941.4329; found: 941.4335.

4.3. Procedures for the catalytic tests

ROMP of 1,5-cyclooctadiene. An oven dried 5 mL glass reactor equipped wittoadenser
and magnetic stirring bar was charged under argdh & mL of CHCI,, 100 pL of
cyclooctadiene (8.04.0* mol) and 80pL of dodecane (internal standard). The reaction
mixture was placed in an oil bath and preheated0afC. Then (4.0210° mol) of 7 or
(8.04x10°® mol) of 8 and 4pL (8.04x10° mol) of HCI in EtO (2 M) (for cat.7) or 0.08uL
(1.68x10" mol) (for cat8) were added under argon. The mixture was heatdfl &€ under a
gentle flow of argon. After a given reaction tin3®,uL of the reaction mixture was removed ,
placed in a 1 mL vial and quenched by the addibib80 uL vinyl ethyl ether and analyzed by
Gas Chromatography.

RCM of DEDAM. Glass reactor (5 mL) equipped with a condensernaagnetic stirring bar
was charged under argon with 2.5 mL of CH, 60 UL of diethyl diallyl malonate (2.58.0*



mol) and 20uL of decane (internal standard). The reaction méctwas preheated in an oil
bath at 40°C. Then (2.5810" mol) of catalyst was added under argon followed®6 pL
(5.07x10" mol) of HCI in EtO (2 M). The mixture was heated at 40 °C undemelgdéow of
argon. After a given reaction time BQ of the reaction mixture was taken, placed inmall
vial and quenched by the addition of fQ vinyl ethyl ether and then analyzed by Gas
Chromatography.

RCM of diethyl 2-allyl-2-(2-methylallyl)malonate. Glass reactor (5 mL) equipped with a
condenser and magnetic stirring bar was chargedruargon with 2.5 mL of C}Cl,, 62 pL

of diethyl 2-allyl-2-(2-methylallyl)malonate (2.8%0* mol) and 20 pL of decane (internal
standard). The reaction mixture was preheated wildrath at 40 °C. Then (2.850" mol) of

2, 8aor 8b was added under argon followed by 0.26 pL (81@7 mol) of HCI in EO (2 M)

for diethyl 2-allyl-2-(2-methylallyl)malonate. Thmixture was heated at 40°C under a gentle
flow of argon. After a given reaction time gQ of the reaction mixture was taken, placed in a
1 mL vial and quenched by the addition of @0vinyl ethyl ether and then analyzed by Gas
Chromatography.

CM of allylbenzene with Z-1,4-bis(acetoxy)but-2-ene. Glass reactor (5 mL) equipped with a
condenser and magnetic stirring bar was chargedruargon with 2 mL of CkCl,, 52 uL of
allylbenzene (3.9210* mol), 125uL of Z-1,4-bis(acetoxy)but-2-ene (7.8B0* mol) and 40

pL of decane (internal standard). The reaction me&tmas placed in an oil bath and preheated
at 40°C. Then (3.90L0° mol) of 7 or (3.%<107 mol) of 8 and 4.0uL (7.8x10° mol) of HCl in
Et,O (2 M) (for cat7) or 0.4pL (7.8x107 mol) (for cat8) were added under argon. The
mixture was heated at 40 °C under a gentle floargbn. After a given reaction time 3Q

of the reaction mixture was removed, placed inmallvial and quenched by the addition of
15 uL vinyl ethyl ether and analyzed by Gas Chromatplgya The conversion of the
substrates was calculated using the internal stdndathod.
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e Ruthenium carbamate-benzylidene chelates are latent olefin metathesis catalysts
¢ Complexes exhibit high catalytic activity after activation with acids
e Substituents in benzylidene ring slightly affect the catalytic activity



