Accepted Manuscript

Organo
metallic
hemistry

PP
Metathesis of renewable polyene feedstocks - indirect evidences of the formation of “\6—6"‘
catalytically active ruthenium allylidene species {f}

L

Ervin Kovacs, Péter Saghy, Gabor Turczel, Imre Téth, Gyérgy Lendvay, Attila

Domijan, Paul T. Anastas, Robert Tuba (S —
PII: S0022-328X(17)30244-9
DOI: 10.1016/j.jorganchem.2017.04.018

Reference: JOM 19905

To appearin:  Journal of Organometallic Chemistry

Received Date: 14 February 2017
Revised Date: 13 April 2017
Accepted Date: 15 April 2017

Please cite this article as: E. Kovacs, Pé. Saghy, Ga. Turczel, |. Téth, Gyd. Lendvay, A. Domjan, P.T.
Anastas, R6. Tuba, Metathesis of renewable polyene feedstocks - indirect evidences of the formation
of catalytically active ruthenium allylidene species, Journal of Organometallic Chemistry (2017), doi:
10.1016/j.jorganchem.2017.04.018.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jorganchem.2017.04.018

[\

VN\MGS

Mes/N\(
CI—F;u?)>

Cl  Ph

Graphical Abstract



Metathesis of Renewable Polyene Feedstocks - kidin@dences of the
Formation of Catalytically Active Ruthenium Allykshe Species

Ervin Kovacs,' Péter Séghyf Gabor Turczel,” Imre Téth, T Gyorgy Lendvay,Jr Attila

Domjan,* Paul T. Anasta$ and Rébert Tuba'™

TInstitute of Materials and Environmental Chemistnd*NMR Laboratory, Research Centre for
Natural Sciences, Hungarian Academy of Sciencek) Budapest, P.O. Box 286, Hungary.

SCenter for Green Chemistry and Engineering, Yaleivemsity, New Haven, Connecticut
06511, USA

Abstract

Cross-metathesis (CM) of conjugated polyenes, asch6-diphenyl-1,3,5-hexatriens) (
and o-eleostearic acid methyl este?) (with several olefins, including 1-hexene, diméthy
maleate andcis-stilbene as model compounds has been carried suig u1,3-bis-(2,4,6-
trimethylphenyl)-2-imidazolidinylidene)-dichloro{isopropoxyphenylmethylene)ruthenium
(Hoveyda-Grubbs " generation, HG2) catalyst. The feasibility of these reactions is
demonstrated by the observed high conversions easbnable yields. Thus, regardless of the
relatively low electron density, =CH—-CH= conjugatedts of molecules, including compoufd
as a sustainable, non-foodstuff source, can beedilas building blocks for the synthesis of
various value-added chemicals via olefin metathd3IsT-studies and the product spectrum of
the self-metathesis of 1,6-diphenyl-1,3,5-hexatisnggest that a Ryf-allylidene complex is
the active species in the reaction.
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INTRODUCTION

Biological materials containing conjugated bonds;hsas conjugated polyunsaturated
fatty acids, terpenes and chromophores, are abuirdaature’ Polyenes are highly unsaturated
conjugated compounds with characteristic color antioxidant propertie$.They have a wide
range of applications, including molecular wiresxano-devices and “light harvesting materials”
in photosynthesid.These chemicals are often underutilized as renewaedstock because of
their special conjugated electron systems. Thigsigecially true for their use in metathesis
reactions, as the available catalyst systems hadte been optimized yet to conjugated
compounds. Olefin metathesis is fundamentally orfe tlee most versatile synthetic
methodologies in homogeneous catalysis and it mi#ated new industrial avenues leading to
innovative materials, petrochemicals and pharmacaatsince its invention about half a century
ago’ In the last twenty years many chemical technobgiave been developed on the basis of
olefin metathesis, which also became dominant werseé sustainable and green chemical
processe3.The application of olefin metathesis in the fieldgreen chemistry, especially in the
utilization of renewable feedstocks, is emerding.

Even though many transition metals were found talgse metathesis reactions, the most
widely used and investigated systems still emplgyW; Mo and Ru. The latter has the highest
reactivity with olefinic bonds, while remaining &sant towards moisture, oxygen and several
functional groups. To date, Ru appears to be thst fmequently selected transition metal for
metathesis reactioris.

The synthesis of polyenes was carried out mainlyhieyWittig reaction in the pa&trhe
longest polyene synthetized so far contains eiglatypon atoms and twenty-seven conjugated
double bondS. However, research on polyenes amdonjugated oligomers has dramatically
expanded by the development of transition metablgs¢d cross-coupling reactions and
analytical techniques, allowing the well-designgdtkesis of linear, conjugated molecular rods

with accurate characterisatibhAn emerging alternative way for the synthesisafgnes is the
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metathesis of conjugated olefit's.

However, not only the fabrication of conjugatedteyss but also their breakdown into
valuable building blocks via olefin metathesis t@nsubstantial. For exampbe,eleostearic acid
as a carbon-dioxide neutral renewable materialtasoimg three conjugated double bonds (at
carbons Qis, 11trans and 13trans), can be the green alternative for the replacenoént
important petro-based chemicals such as nylon mer&mOne source of such a conjugated
compound is tung oil, which is non-edible and canpboduced from the seeds of tung plants
grown on waste or marginal lantfsUnlike other vegetable oils, such as soybean pfiGuer
oils (containing mainly oleic acid), tung oil costs of the desired-eleostearic acid in up to 80
% concentration, that makes this bio-based raw nahtsuitable for the synthesis of a wide
range of chemicals via olefin metathesis. For exame simple ethenolysis of-eleostearic
acid can provide methyl dec-9-enoate and C4—-Cl10degdbons including butadiene and 1-
hexene (Scheme 1). These chemicals are widely aseddditives in cosmetics and in the
production of synthetic rubber or high- and low signpolyethylene (HDPE/LDPEY. The cross
metathesis of conjugated polyenes is an alternatasefor the utilization of =CH-CH= building

blocks for the synthesis of many other value addemicals.

[Ru]

o}
MeO R —— MeO x t 2N + W

Scheme 1Tentative scheme of ethenolysisoeéleostearic acid methyl esté) (

In this short communication, we are reporting o@lipinary results on the synthetic and
mechanistic investigation of the ruthenium catallyseetathesis reactions of polyenes using 1,6-
diphenyl-1,3,5-hexatriend ) anda-eleostearic acid methyl est®) @s model compounds.

Synthesis of polyene homologs. The self-metath&fsis6-diphenyl-1,3,5-hexatriené)(
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has been investigated in toluene solution usingeyida-Grubbs® (HG2) generation catalyst at
room temperature. During the reaction, the colduhe mixture changed gradually from green
to orange, meanwhile the formation of a precipitags observed. The precipitation may occur
due to the formation af > 3 homologs, which are expected to have lower ddithan then <

3 species. It is well-known that the solubility mdlyacetylene decreases steadily with the chain
growth of the oligomel® As the reaction mixtures could not be investigatedne pot because
of the precipitation, the components were hydrotehaff to obtain fully soluble, saturated
o,w-phenyl substituted hydrocarbon chains. Then, asguthat the components of the reaction
mixture retain comparative response factors, GC-kifalyses were carried out and the
approximate values of the conversion and yieldevestimated from the peak areas of the total
ion current (TIC) chromatograms. These indicata@latively high conversion of the starting
materiall (92%) and the formation df(1-6) compounds in reasonable yields &f1): 20%;
1(2). 21%; 1(5): 25%; 1(6): 15%). Homologsl(4), 1(7) and 1(8) were also detected in traces.

HG2
NN toluene, RT, 24h
C "
1

n=1-8

(Scheme 2, Figure 1)

Scheme 2 Self metathesis df, synthesis of polyene homologs via olefin metathes
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Figure 1. Total ion current (TIC) chromatogram plot of tgdrogenated self-metathesis
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reaction mixture ofl usingHG2 catalyst. (*hydrogenated derivatives)

The cross-metathesis (CM) dfwith 1-hexene and dimethyl maleate uskih@2 has also
been investigated. In the case of 1l-hexene, a [gbre than 90%) conversion df was
estimated as judged by the TIC chromatogram (Fi@8g The reaction mixture contained a
wide range of hydrocarbons, including the expeaéidlated benzenes (see supplementary
material) as major products. However, the reactibt with dimethyl maleate under the same
condition revealed a rather low conversion withyotthe formation of the self-metathesis
products ofl (Figure S7).

Following the preliminary studies described abde, metathesis afi-eleostearic acid
methyl ester Z) as a potential renewable material was investijaidne self-metathesis &
followed by one-pot hydrogenation has revealedfdhmation of the expected reaction products
including hydrocarbon and methyl ester homologshweasonable yields (Figure S10). The
feasibility of the CM of2 has been investigated withis-stilbene 6) as a model compound.
Compounds is an ideal choice for a cross-coupling agenheas side products are not provided
in the self-metathesis and the core structure eftttive species is not affected in a reaction with
the catalyst. Thus, the rate and conversion ofGNereaction betwee and6 is supposedly
determined solely bg.

The reaction mixtures were hydrogenated off on PuoGall cases to improve the
solubility of the components by saturation. Funthere, by the elimination of the presence of Z
and E isomers of the reaction products, the chrognaims could be simplified. The CM reaction
of 2 with 6 followed by hydrogenation led to the formationméthyl 10-phenyldecanoat8, (
95%), 1,4-diphenylbutane4( 35%) and hexylbenzené, (95%) as major products (Scheme 3,
Figure 2). The yield was determined by quantitati@NMR 1°



HG2
“oiens W
toluene
MeO + 2 NF @/\/\/\
WC/HZ atm.
RT, overnight
oo Q,.,0
MeO + 2 O + ©/\/\/\

methyl 10-phenyldecanoate 1,4-diphenylbutane hexylbenzene
3 4 5

Scheme 3Cross-metathesis (CM) ofeleostearic acid methyl est@) (vith cis-stilbene 6).
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Figure 2. TIC chromatogram of the CM reaction mixture2cdnd6. (*hydrogenated

derivatives)

The product spectrum of the self-metathesislo$uggests that a Rg-allylidene
complex B) is the active species in the reaction (ScheméHdyvever, there is some concern
about the possible deactivation of tifespecies by transformation into inactig@ structures9
and/or 10, based on earlier studies. In these complexesrghend of the allyl moiety also
coordinates to the Ru atom, occupying an equatanal an axial9) or two equatorial 0)
coordination sites (Scheme 4). Specifically, alstalnd catalytically inactive analogue 1i¥ has

been reported by Grubbs and co-workérs.



nt - allylidene n' - allylidene n3 - allylidene (axial) n? - allylidene (equatorial)
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Scheme 4Hypothetic competition betwe&hand/or9 and/or10

They have synthetized compl&g by the reaction of Grubbd%generation2) catalyst
with phenyl acetylenes (Scheme 5), and found arswaduchlorine arrangement around the Ru
atom. Then® - n*-allylidene conversion was investigated andrifallylidene species formation
was not observed even at 1ZD. One of the chlorine atom is almost perpendictdathe Cl—
Ru=CR'R" plane in the suggested structures. Howeaaording to recent X-Ray studies, the
highly active (i.e. GRu=CHPh or GIRu=CH,) catalyst species contains both the chlorines in
equatorial positions close to planar with the caebg=CHP or =CH) ligands'® The shift of one
of the Cl atoms to axial position may explain theatytic inactivity of the stable allyh>-

triphenyl-allylidene structure.

I\ + Ph——R A\
Mes/N\\-ﬁN‘Mes Ta-b MeS/NVN;'xIeS
Qo= - PCys C|—|?U<)>—R
PCYs a:R =Me, Cl  Ph
b: R = Ph
G2 12a-b

Scheme 5Formation ofy*-allylidene Ru NHC complex based on the study hyk#rand
Grubbs’

In order to understand the possibility of inhibitiby conversion of the activg species
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(8) to n*-allylidene structures9j and/or10, we used methods of electronic structure thearg, a
calculated the molecular geometries and relativergies of the candidate spect@Density
functional theory was used in the calculationdhatM06/LANL2DZ level proposed by Zhao and
Truhlar® as appropriate to describe Grubbs catalysts, i ttve CAM-B3LYP functional
combination using the basis sets SDD (for Ru, ihclg also the pseudopotential describing the
core electrons) and 6-31G (d,p) (for C, N, H). Bédhctionals handle the dispersion effects
properly that are essential in the formation anergetics of various isomers and conformers of
the catalyst. As a test, we calculated the geontrthe triphenyl analog o010 reported by
Grubbs and co-workers, and found that both metipoogide very good agreement with the X-
ray structure. With the validated methods, we deamicfor the candidate structures, and
identified several conformers of thg species, differing only in the orientation of tagyl
moiety and of the phenyl substituent. The mostlstabnformer of comple® is structureA
shown in Figure 3. In addition to thisnd speciesl0 with an equatorial and an almost axial Cl
atom B in Figure 3) has also been found at a realistativee energy level (Figure 4). None of
our efforts led to success in finding struct@revith Ttcoordination at the axial position of Ru.
The structures and binding energies of the addwdt8 with olefins, GH4 or 1 have also been

determined, € in Figure 3).



A: complex8

C: complex7a

Figure 3. Calculated DFT structures for complexes 8 and10.



The relative energies of the complexes are showigare 4 (the relative free energies at
300 K are essentially the same). The energlyOat referenced to that & while the energy of
adduct7 is measured from the sum of those of com@eand the olefin. One can see that the
olefin coordination is highly exothermic, while foation of then® structure is endothermic by
more than 40 kJ/mol. It is remarkable that the inigdenergy of the complex & and1 is
significantly larger than that @ and ethylene. It can be concluded from the enegydhat
catalysts deactivation by the formation ofh species should not be significant when a 3-
phenylallylidene group is present (Figure 4). Tisian good agreement with the observation

mentioned earlier, namely, that the self-metatheisisproved to be facile.
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Figure 4. The relative energies of complexé&s 7b, 8 and10.
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In summary, this paper covers the results of aroeatory study on the metathesis of
polyenes including a renewable material. It carctrecluded that the polyenes containing three
olefinic bonds undergo metathesis reaction dedpierelatively low electron density on the
conjugated double bonds. Thus, a sustainable, omastuff material such aseleostearic acid
can be converted into valuable chemicals. The releict structure theory calculations showed
that catalyst deactivation is negligible for théhenium 3-phenyl-allylidene system, because the
formation of the possible inactiv§ species 10) is endothermic, while the addition of the next
olefin to the Ru Ta and7b) is highly exothermic. The equilibrium is esselyighifted towards

the rutheniurm?- allylidene-olefin complexes7é and7b).
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