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Cross metathesis (CM) reactions of methyl oleate (MO) with cis-4-octene (OC), cis-stilbene (CS) using

RuCl,(PCys)(IMesH,)(CHPh) [IMesH, = 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene; Cy = cyclohexyl] afforded the CM
products with high MO conversions and high selectivity under high molar (OC/MO, CS/MO) ratios; CM with cis-1,4-
diacetoxy-2-butene also afforded the metathesis products with high MO conversion under certain conditions. The
efficient CM with allyltrimethylsilane proceeded with high activity, whereas the CM with glycidyl ether, B-pinene, and
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vanillylidenacetone proceeded with low MO conversions.

Introduction

Olefin metathesis is an important and useful method for
efficient carbon-carbon bond formation applied for synthesis of
various organic compounds and polymeric materials,’ and
transition metal-carbene (alkylidene) complex plays an
essential role in this catalysis. In particular, cross metathesis
(CM) and ring-closing metathesis (RCM) are the important
methods for synthesis of valuable organic compounds.”> One of
the recent promising application in olefin metathesis is
utilization of bio renewables; olefin metathesis of unsaturated
fatty acids® in the vegetable oils, exemplified as oleate in
Jatropha oil* has been considered as the target reactions.>®
Reports for self-metathesis (SM) of methyl oleate (MO, major
component in the Jatropha oil) and CM of MO with ethylene or

Sa-e,g,h

o-olefin using ruthenium, molybdenum and tungsten

catalysts®” have been known (Scheme 1).
Reported examples for CM of MO with allyl chloride,*® methyl
acrylate,”®¢ acrylonitrile,* cis-1,4-diacetoxy-2-butene [(Z)-2-

butene-1,4-diol diacetate, cis-2-butene-1,4-diyl diaceta‘ce]fd’f

6 allyl cyanide® were also known. Although

ethyl acrylate,
CM has been considered as efficient tools for synthesis of

valuable fine chemicals from MO, however, reports for the CM
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reactions with a series of terminal, internal olefins under the
same
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Scheme 1. Self-metathesis (SM) of methyl oleate (MO), and the cross
metathesis (CM) with ethylene.’

Cy = cyclohexyl,
r=246-MeCeH, Ru(3)

conditions including exploring the effect of substituents on
olefins (including molar ratios), catalyst, temperature etc. still
have not well studied yet. One probable reason might be due to
a concern for control of selectivity of the desired products that
can be often observed in CM (being proceeded under certain

equilibrium).?*’

For example, the CM reactions of MO with
terminal olefins would afforded 4 types of CM products in
addition to SM products, as described below. In this paper, we
thus wish to present our explored results for the cross
metathesis reactions with a series of internal olefins [1,2-
disubstituted (bifunctional) olefins] and terminal olefins

containing different substituents using ruthenium catalysts.
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Results and Discussion

As preliminary experiments for an optimisation of reaction
conditions, self-metathesis (SM) reactions of MO using
ruthenium catalysts, RuCl,(CHPh)(PCy;), [Ru(1)], Cy

cyclohexyl, RuCl,(PCy;3)(IMesH,)(CHPh) [Ru(2), IMesH, =
1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene], were
conducted under various conditions (Table 1).° It turned out
and it has been known that the metathesis of MO took place
with high catalytic activities to reach high MO conversions
(even after 20 minutes, runs 5 and 7), but the apparent
selectivity on SM products decreased over time course or rather
high catalyst loadings (runs 1-3, 5,6). This is because that the
SM products further reacted with MO or the products (called
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second metathesis, including isomerisation of olefins probably
by decomposed catalysts) to afford MO and the other products.
Therefore, no significant differences in the apparent MO
conversions (on the basis of GC analysis using internal
standards) nor selectivities in the SM products were observed,
when the reactions were conducted under rather high Ru(2)
loading conditions (runs 2,3 and 6,9). The reaction at room
temperature (23 °C) under low Ru(2) loading thus showed the
high selectivity of the SM products (run 8). Ru(1) showed
lower conversion of MO and selectivity of SM products than
The result
conducted in n-hexane was close to that conducted in CH,Cl,
(runs 5,7).

Ru(2) under the same conditions (runs 2.4).

Table 1. Self-metathesis of methyl oleate (MO) by RuCl,(PCys),(CHPh) (1) or RuCl,(PCys)(H,IMes)(CHPh) (2).°

run Ru cat. solvent temp time conv.” SM1°/ % SM2¢/ % select. ?

(mol%) /°C /h /% trans cis trans cis /%
1 2(0.1) CH,Cl, 50 1 62 23 6 15 4 77
2 2(0.5) CH,Cl, 50 1 75 18 5 10 3 48
3 2(1.0) CH,Cl, 50 1 77 17 4 8 3 42
4 1(0.5) CH,Cl, 50 1 66 7 2 9 3 32
5 2(0.5) CH,Cl, 50 0.33 80 25 7 7 3 53
6 2(0.5) CHyCl, 50 24 65 19 4 14 4 64
7 2(0.5) n-hexane 50 0.33 79 25 7 7 3 53
8 2(0.1) CHyCl, 23 1 55 24 6 19 5 98
9 2 (0.5) CH,Cl, 23 1 76 17 5 11 4 49

“Conditions: methyl oleate (MO) 2.00 mmol, solvent 1.0 mL. bConversion of MO estimated by GC using internal standard. ‘GC yield estimated according to the effect
of carbon number (ECN) rule (vs internal standard). dSelectivity of SM1 and SM2 based on the conversion of MO. SM1: octadec-9-ene, SM2: dimethyl octadec-9-

enedioate.

1. Cross metathesis (CM) of methyl oleate (MO) with various
internal olefins [cis-4-octene (CO), cis-stilbene (CS), and cis-1,4-
diacetoxy-2-butene (DAB)].

On the basis of results in Table 1, cross metathesis (CM)
reactions of MO with cis-4-octene (CO), cis-stilbene (CS), and
cis-1,4-diacetoxy-2-butene (DAB), shown in Scheme 2, were
conducted in the presence of conventional ruthenium catalysts,
Ru(1), Ru(2) and RuCl,(CH-2-O'Pr-C¢H4)(IMesH,) [Ru(3)] in
CH,Cl,. The results are summarised in Table 2.

It turned out that reactions of MO with 1 equiv of CO by Ru(2),
Ru(3) took place with high MO conversions even after 1 h,
affording both cross metathesis (CM) and self-metathesis (SM)
products (runs 11,12), but the reaction with Ru(1) showed low
MO conversion and the selectivities (run 10). It also turned out
that selectivity of CM and SM products on the basis of
conversion of MO [defined as select.(1), Table 2] by Ru(3) was
lower than that by Ru(2), probably due to further reactions
(second metathesis etc.) with the products. The MO conversion,
and selectivity of CM and SM products increased under high
CO/MO molar ratios (runs 11,13,14); selectivities of CM and
SM (initial metathesis) products reached to almost exclusive
(>99 %). Moreover, selectivity of CM products [defined as
select.(2), percentage of CM products on the basis of CM and
SM (initial metathesis) products, Table 2] increased upon
increasing the CO/MO ratios. However, the selectivities of
both CM and SM products decreased when the reaction was

2| J. Name., 2012, 00, 1-3

continued for 8 h (run 21), probably due to further reactions
(second metathesis etc.) with the products. Similar trend was
observed in the CM reaction with CS; conversion of MO,
selectivity of CM and SM products on the basis of MO
conversion [select.(1)], selectivity of CM products on the basis
of total CM and SM products [select.(2)] increased upon
increasing the CS/MO molar ratios (runs 16,17). CM with CO
without solvent proceeded with high selectivity of CM product
[select.(2), run 15], although selectivity of CM and SM
products on the basis of MO conversion [select.(1)] decreased
probably due to further reaction, as described above.
o NN

WVMOMe + /=\ co ﬂcs
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Scheme 2. Cross metathesis (CM) of methyl oleate (MO) with various internal olefins
[cis-4-octene (CO), cis-stilbene (CS), and cis-1,4-diacetoxy-2-butene (DAB)].
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In contrast, conversion of MO, selectivity of CM and SM
(initial metathesis) products on the basis of MO conversion
[select.(1)] decreased upon increasing the DAB/MO molar
ratios, whereas selectivity in the reaction with 1 equiv of DAB
(run 18) was higher than those with CO (run 11), CS (run 16)
and the MO conversion was also higher than that with CO.
This would be probably due to formation of the other carbene
species by reaction of DAB (decrease in reactivity by

ARTICLE

coordination of oxygen atom). It thus seems clear that the
conversion of MO and selectivity of the CM products were
highly affected by molar ratio and nature of substituent in the
internal olefins (which should affect nature of ruthenium-

carbene species formed);*%"**

certain optimisation of reaction
time (termination at rather initial stage, 1 h) should thus also be

required for the purpose.

Table 2. Cross metathesis (CM) of methyl oleate (MO) with various internal olefins [cis-4-octene (CO), cis-stilbene (CS), and cis-1,4-

diacetoxy-2-butene (DAB)].

run  olefin Ru equiv’  time  conv.’ CMI1°  CM2° SM1Y/ % SM2Y/ % select.(1) select.(2)%
cat.b /h /% / % /% trans cis trans cis /% /%

10 CO 1 1.0 17 17 2 2 0 0 1 0.0 18 80

11 CO 2 1.0 1 81 43 41 9 2 8 2 78 80

12 CO 3 1.0 1 82 32 31 8 1 7 1 61 79

13 CO 2 5.0 1 93 88 86 3 0 3 0 >99 97

14 CO 2 10 1 94 93 90 1 0 1 0 >99 99

15 co" 2 10 1 80 44 50 2 0 2 0 64 96

16 CS 2 1.0 1 92 45 34 8 2 9 3 67 78

17 CS 2 5.0 1 97 88 76 2 0 3 1 91 96

18 DAB 2 1.0 1 87 65 59 6 1 5 1 86 91

19 DAB 2 5.0 1 80 27 24 4 1 1 1 41 88

(20 DAB 2 0l 67 . 6 6l 0. 0 . 0 0 %2

11 CO 2 1.0 1 81 43 41 9 2 8 2 78 80

21 CO 2 1.0 8 82 43 40 10 2 8 1 76 80

18 DAB 2 1.0 1 87 65 59 6 1 5 1 86 91

22 DAB 2 1.0 3 90 54 47 7 1 5 1 72 88

“Conditions: methyl oleate (MO) 2.00 mmol, CH,Cl, 1.0 mL, Ru(2) 0.010

mmol (0.5 mol%), 50 °C. bRuClz(CHPh)(PCy;)z [Ru(1)], Cy = cyclohexyl,

RuCl(PCy3)(IMesH,)(CHPh) [Ru(2), IMesH, = 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene], RuCly(CH-2-OPr-C¢Hs)(IMesH,) [Ru(3)]. “Based on MO.

“Conversion of MO estimated by GC using internal standard. “GC yield estimated according to the effect of carbon number (ECN) rule. /s Selectivity of CM1,2 and
SM1,2 based on the conversion of MO. #Selectivity of cross metathesis products (%) = (CM1+CM2)/(CM1+CM2+SM1+SM2). CMI: tridec-4-ene (from CO), dec-1-
en-1-ylbenzene (from CS), undec-2-en-1-yl acetate (from DAB). CM2: methyl tridec-9-enoate (from CO), methyl 10-phenyldec-9-enoate (from CS), methyl 11-

acetoxyundec-9-enoate (from DAB). SM1: octadec-9-ene. SM2: dimethyl octadec-9-enedioate. “Reaction without solvent (CH2Cl).

2. Cross metathesis (CM) of methyl oleate (MO) with
allyltrimethylsilane (ATMS), allyl glycidyl ether (AGE), B-pinene
(PN), or vanillylidenacetone (VA).

Cross metathesis (CM) reactions with terminal olefins such as
allyltrimethylsilane (ATMS), allyl glycidyl ether (AGE), -
pinene (PN), and with an internal olefin like
vanillylidenacetone (VA) were conducted in the presence of
Ru(2) under similar conditions (Scheme 3), and the results are
summarised in Table 3. As shown in Scheme 3, reactions with
terminal olefins (ATMS, AGE, PN) afforded 4 types of cross
metathesis (CM) products (expressed as CM1, CM2, CM3, and
CM4) in addition to self-metathesis (SM) products.

It turned out that the conversion of MO and selectivity of CM
and SM (initial metathesis) products increased upon increasing
the ATMS/MO molar ratios (runs 23-25), as observed in the
CM reactions with cis-4-octene (OC); selectivities of CM and
SM (initial metathesis) products reached to almost exclusive
(>99 %). Moreover, selectivity of CM products [defined as
select.(2)] increased under high ATMS/MO molar ratios; ratios
of CMI:CM2 and CM3:CM4 (runs 23,24) or ratio of
CM1:CM4 and CM2:CM3 (run 25) were also close, suggesting

This journal is © The Royal Society of Chemistry 20xx

that further CM reactions would be minimised under these
conditions.
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Scheme 3. Cross metathesis (CM) of methyl oleate (MO) with allyltrimethylsilane
(ATMS), allyl glycidyl ether (AGE), B-pinene (PN), or vanillylidenacetone (VA).

Moreover, CM with ATMS without solvent proceeded with
high selectivity of CM product [defined as select.(2), run 26].

In contrast, the CM reactions with AGE showed rather low MO
conversions and low selectivites of CM and SM (initial
metathesis) products [defined as select.(1)], although selectivity
among the SM and CM products [before further reactions,
select.(2)] became high upon increasing the AGE/MO molar
ratios (runs 27-29) under low selectivities of the initial
metathesis products. This would be probably assumed as
formation of certain carbene species (decrease in the reactivity
by coordination of oxygen atom, called dormant species) in the

Page 4 of 7
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Moreover, the selectivities of CM products were low in the
reaction with PN probably due to a steric bulk (runs 30,31).7¢*
The MO conversion and the selectivity of the initial metathesis
product on the basis of MO conversion [select.(1)] increased
upon increasing the VA/MO molar rations in the reaction with
VA (runs 32,32). The selectivity of CM products [select.(2)]
also increased upon increasing the VA/MO molar ratios, but
these values were much lower than those in the CM reactions
with ATMS. These results also suggest that the conversion of
MO and selectivity of the CM products were highly affected by
molar ratio and nature of substituent in the olefins (steric bulk,
formation of dormant species by coordination of oxygen etc.)
employed,’
substituents in CM using ruthenium catalysts.”

a-e

as demonstrated concerning effect of olefin

reaction with AGE.

Table 3. Cross metathesis (CM) of methyl oleate (MO) with allyltrimethylsilane (ATMS), allyl glycidyl ether (AGE), B-pinene (PN), or
vanillylidenacetone (VA).

run® olefin  equiv®  conv.® CMIY CM2¢ CM3¢ CM4¢ SM1Y % SM2% % select.(1)°  select.(2)
/% /% /% /% /% trans cis trans cis /% /%
23 ATMS 1.0 80 10 10 28 26 9 2 8 2 73 78
24 ATMS 5.0 94 36 9 50 49 2 1 3 1 >99 96
25 ATMS 10 96 46 47 48 45 1 0 1 0 >99 >99
26  ATMS® 10 96 27 37 30 34 1 1 2 0 71 97
27 AGE 1.0 38 1 1 1 1 1 1 1 1 16 50
28 AGE 5.0 55 1 1 1 1 0 0 0 0 4 >99
29 AGE 10 46 1 1 1 1 0 0 0 0 4 >99
30 PN 1.0 77 1 2 0 1 19 3 14 4 55 9
31 PN 5.0 80 5 2 0 1 17 4 13 4 53 17
32 VA 1.0 67 4 4 3 2 17 3 15 4 68 25
33 VA 5.0 74 17 16 13 10 13 3 11 4 80 64

“Conditions: methyl oleate 2.00 mmol, CH,Cl, 1.0 mL, catalyst (2) 0.010 mmol, temperature 50 °C, time 1 h. Based on MO. “Conversion of MO estimated by GC
using internal standard. “GC yield estimated according to the effect of carbon number (ECN) rule. “Selectivity of CM1-4 and SM1,2 based on the conversion of MO.
/Selectivity of cross metathesis products (%) = (CM1+CM2+CM3+CM4)/(CM1+CM2+CM3+CM4+SM1+SM2). CM1: dec-1-ene (from ATMS, AGE, PN), dodec-3-
en-2-one (from VA), CM2: methyl dec-9-enoate (from ATMS, AGE, PN), methyl 11-oxododec-9-enoate (from VA), CM3: trimethyl(undec-2-en-1-yl)silane (from
ATMS), 2-((undec-2-en-1-yloxy)methyl)oxirane (from AGE), 7,7-dimethyl-3-nonylidenebicyclo[4.1.0]heptane (from PN), 4-(dec-1-en-1-yl)-2-methoxyphenol (from
VA), CM4: methyl 11-(trimethylsilyl)Jundec-9-enoate (from ATMS), methyl 11-(oxiran-2-ylmethoxy)undec-9-enoate (from AGE), methyl 9-(7,7-
dimethylbicyclo[4.1.0]heptan-3-ylidene)nonanoate (from PN), methyl 10-(4-hydroxy-3-methoxyphenyl)dec-9-enoate (from VA), SM1: octadec-9-ene, SM2: dimethyl

octadec-9-enedioate. “Reaction without solvent (CH,Cl,).

Conclusions

We have shown that olefin metathesis reactions of methyl
oleate (MO), in particular, the cross metathesis (CM) reactions
with  cis-4-octene (OC), cis-stilbene (CS), and with
allyltrimethylsilane (ATMS) conducted under rather high molar
(OC/MO, ATMS/MO etc.) ratios, proceeded with high catalytic
activities. The CM products with high MO conversions and
selectivity of CM reactions could be achieved especially in the
reactions with CO and ATMS under these conditions. It also
turned out that the conversion of MO and selectivity of the CM
products were highly affected by molar ratio and nature of
substituent in the olefins employed. = Moreover, further
reactions (metathesis, isomerisation, additions etc.) including
side reactions caused by subsequent catalyst decompositions
should be considered for achievement of high selectivities;
these are also affected by the type of ruthenium catalysts

4| J. Name., 2012, 00, 1-3

employed. Therefore, we believe that a series of reactions
demonstrated here should be important for better understanding
of parameters in this catalytic reactions, although effect of
substituents toward the selectivity in the CM reactions were
partly known.?*”® We also believe that the results here should
provide useful information for more efficient conversion of
plant oil (Jatropha etc.)* or designing the efficient route for fine
chemical synthesis using olefin metathesis.

Experimental Section

General procedure. All experiments were carried out under a
nitrogen atmosphere in a Vacuum Atmospheres drybox unless
otherwise specified. All chemicals used were of reagent grade
and were purified by the standard purification procedures.
Anhydrous grade dichloromethane (DCM) and n-hexane
(Kanto Chemical Co., Inc.) were transferred into a bottle
containing molecular sieves (mixture of 3A 1/16, 4A 1/8 and

This journal is © The Royal Society of Chemistry 20xx
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13X 1/16) in the drybox. Methyl oleate (> 99%), cis-stilbene, B-
pinene, cis-4-octene, cis-1,4-diacetoxy-2-butene,
vanillideneacetone, allyl trimethylsilane and allyl glycidal ether
were used in the drybox as received (Aldrich Chemical Co. or
Tokyo Chemical Industry Co., 1Ltd.) without purification.
Grubbs catalyst 1st generation RuCl,(PCys),(CHPh) (1), 2nd
generation RuCly,(PCy;)(H,IMes)(CHPh) (2) and Hoveyda-
Grubbs catalyst 2nd generation RuCl,(IMesH,)(CH-2-O'Pr-
Cs¢Hy) (3) were used in the drybox as received [Cy =
cyclohexyl, IMesH, = 1,3-bis(2,4,6-
trimethylphenyl)imidazolin-2-ylidene] (Aldrich Chemical Co.).
Nonane and dodecane purchased from Tokyo Chemical
Industry Co., Ltd were used as the internal standard (IS) for GC
analyses.

The gas chromatograph mass spectrometer (GC/MS) analyses
were performed on Shimadzu GC-17A gas chromatograph
directly coupled to the mass spectrometer system (MS) of
Shimadzu GCMS QP5050. Agilent column model DB-1 30m
0.25mm thickness

polyethylene glycol stationary phase was used throughout the

length, in diameter and film and
experiment. Helium was used as the carrier gas at a flow rate of
1.7 mL/min.

Shimadzu GC-2025 gas chromatograph with FID detector (GC-
FID) was employed for quantitative analysis of the starting
materials and products using a (0.25 pm x 0.25 mm x 30m)
DB-1 column. Nitrogen gas was used as the carrier gas at a
flow rate of 2.0 mL/min. The quantitative analyses were
performed by comparing the peak area of the products with
known amount of nonane or dodecane as an internal standard.
Calibration coefficient was determined by analyzing the
mixtures of MO and the internal standard with different ratios.
The amount of MO was calculated by normalization using the
internal standard method with the calibration coefficient. The
conversion of MO was obtained from the comparison of peak
areas before and after reactions.

Self-metathesis reaction of methyl oleate (MO). Typical
procedure (run 2, Table 1) is as follows. Methyl oleate (MO,
0.593 g, 2.00 mmol) and dodecane (0.100 g) as an internal
standard for GC analyses were dissolved in 1.0 mL of CH,Cl,
(DCM). Grubbs catalyst 2nd generation
RuCl,(PCy;)(H,IMes)(CHPh) (2) (0.0085 g, 0.5 mol%, 0.010
mmol) was added into the solution. The mixture was stirred at
50 °C for 1 hour, and then the resulting mixture was filtered
through a Celite pad. The obtained filtrate was analyzed using
the gas chromatograph with FID detector (GC-FID) and the gas
chromatograph mass spectrometer (GC/MS). The results of
self-metathesis reactions are summarised in Table 1.
Cross-metathesis reaction of methyl oleate (MO) with
olefins. Typical procedure (run 11, Table 2) is as follows.
Methyl oleate (MO, 0.593 g, 2.00 mmol), cis-4-octene (CO,
0.224g, 2.00 mmol) and nonane (0.100 g) as an internal
standard for GC analyses were dissolved in 1.0 mL of CH,Cl,
(DCM). Grubbs catalyst 2nd generation
RuCl,(PCy;)(H,IMes)(CHPh) (2) (0.0085 g, 0.5 mol%, 0.010
mmol) was added into the solution. The mixture was stirred at
50 °C for 1 hour, and then the resulting mixture was filtered
through a Celite pad. The obtained filtrate was analyzed using

This journal is © The Royal Society of Chemistry 20xx
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the gas chromatograph with FID detector (GC-FID) and the gas
chromatograph mass spectrometer (GC/MS). The results of
cross-metathesis reactions are summarised in Table 2-3.
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Cross Metathesis of Methyl Oleate (MO) with Terminal, Internal Olefins
by Ruthenium Catalysts: Factors Affecting the Efficient MO Conversion

and the Selectivity

Nor Wahida Awang, L2 Ken T sutsumi,j Barbora Hustakova, LT Siti Fairus M. Yussoﬁfz

Kotohiro Nomura, *' and Bohari M. Yamin**

“Department of Chemistry, Faculty of Science and Engineering, Tokyo Metropolitan
University, 1-1 Minami Osawa, Hachioji, Tokyo 192-0397, Japan. E mail:
ktnomura@tmu.ac.jp

bSchool of Chemical Sciences and Food Technology, Faculty of Science and
Technology, Universiti Kebangsaan Malaysia, 43600, UKM Bangi, Selangor,
Malaysia. E mail: bohari@ukm.my

Cross metathesis (CM) of methyl oleate (MO) with cis-4-octene, cis-stilbene, and
allyltrimethylsilane using RuCl,(PCy3)(IMesH,)(CHPh) afforded the CM products
with high MO conversions and high selectivity; the activity and the selectivity were

affected by the olefin substituents and conditions.
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