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Ethyl lactate: A green solvent for olefin metathesis

Sebastian Planer,™ Anupam Jana!® and Karol Grela*

Abstract: Compatibility of selected, commercially available rutheni-
um olefin metathesis catalysts with ethyl lactate as solvent was
evaluated using a range of substrates and conditions. In addition,
the preparation of a metathesis catalyst in simplified manner by
using the advantages of ethyl lactate was accomplished. The appli-
cation of ethyl lactate facilitates product isolation (also allowing for
lower Ru-contamination in crude metathesis products) and improves
the overall green angle of olefin metathesis.

Introduction

Lactic acid esters (LE), produced commercially from a range of
agricultural residues and food byproducts, have found a consid-
erable interest as eco-friendly alternatives to petrochemical
solvents.¥ Recently, chemical recycling of polylactide from
disposable packaging materials, developed by Du Pont and
others, became an important alternative source of lactic es-
ters.*® In this context, Sobota et al. reported a simple and con-
venient solvothermal alcoholysis method for large-scale recy-
cling of polylactide residues.™” Such lactic esters can be used
as diluents for various oils and resins, solvents for dyes, paints,
inks and pigments, as well as degreasing fluids for machinery
and as cleaning agents to remove graffiti. ¢

However, according to our knowledge, there are very few
reports on the application of LE as solvents in chemical
synthesis.™ Therefore, we decided to test ethyl lactate
(EL), one of the simplest and cheapest lactic esters, in
catalytic olefin metathesis. Olefin metathesis is a selective
and atom-economic chemical transformation that offers a
great promise in pharmaceutical and fine-chemical indus-
tries."224 Unfortunately, environmentally unfriendly solvents
like dichloromethane (DCM) or toluene are typically used in
metathesis reactions, also at pilot-plants and even in pro-
duction processes.***® Other commonly employed solvents
include 1,2-dichloroethane, fluorinated aromatic sol-
vents,*”*® and benzene.!***! The exploration of alternative
“green solvents” for olefin metathesis has recently become
of interest in order to minimize the environmental pollution
resulting from the use of hazardous solvents in traditional
chemical production.™ Despite the numerous mechanistic
and computational studies in olefin metathesis,”>*" only a
limited number of publications focus on “green” solvents as
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a means of reducing environmental impact.?? These in-
clude water,®® acetic acid,? methyl tert-butyl ether
(MTBE),”® dimethyl carbonate (DMC),?% glycerol,?” poly-
ethylene glycol,?® methyl decenoate,* 2-methyltetrahydro-
furan (2-MeTHF),B! and ethyl acetate (AcOEt).*!! Addition-
ally, ionic liquid toluene binary mixtures and supercritical
carbon dioxide (scCO,) have also been used in metathesis
as a substitute for organic solvents.'"3%

However, there is no report on the use of ethyl lactate as solvent
for olefin metathesis reaction. This green solvent can be pro-
duced from renewable sources or even recycled from human
generated wastes and used safely without affecting the envi-
ronment.***¢1 EL exhibits very favourable toxicological proper-
ties being nonteratogenic and readily undergoing metabolic
hydrolysis to ethyl alcohol and lactic acid by enzymatic esterase
activity (lactic acid being a natural metabolite in humans).F” The
hydroxyl group of ethyl lactate makes it miscible and compatible
with water or aliphatic alcohols, while its intrinsic high-boiling
point (Tpp, = 151 °C) allows its use at high temperatures, if need-
ed. These advantageous properties encouraged us to explore
the use of ethyl lactate as a greener substitute for more envi-
ronmentally detrimental solvents used typically in olefin metath-
esis.

Results and Discussion

Although a wide variety of olefin metathesis catalysts are now
available, their effectiveness can vary greatly from one applica-
tion to another making the judicious choice of the most optimal
one a daunting challenge.®® As such, we chose to examine the
effect of EL on the performance of selected representative
commercially available catalysts using a variety of functionalised
substrates (Figure 1). Grubbs and Hoveyda-Grubbs catalysts
[Ru]-1, [Ru]-2 and [Ru]-6 have transformed the metathesis
reaction into a tremendously powerful synthetic tool and are
among the most popular 2" generation catalysts.* Variants of
these include the fast initiating Apeiron Nitro-catalyst [Ru]-3,
activated by a strong electron withdrawing group in para-position
to the chelating isopropoxy-benzylidene ligand.®® The indenyli-
dene-based [Ru]-4 represents another class of reliable Ru cata-
lysts.?? Last but not least, the commercially available Aqua-
Met™ complex [Ru]-5 was selected due to its favourable water-
solubility.[2°¥
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Figure 1. Commercially available metathesis complexes used in this study.

Initial studies and condition optimization. We began our
investigation by examining the RCM reaction of the standard
model substrate diethyl diallymalonate (1a) in solvents, typically
employed in metathesis, toluene and dichloromethane (DCM) as
well as in ethyl lactate (EL) at 40 °C (Table 1). In a representa-
tive experiment, a mixture of substrate 1a (1.0 mmol, 0.1 mM)
and the catalyst (1.0 mol%) in the appropriate solvent (10 mL)
was stirred at 40 °C for 1 h under an argon atmosphere using
durene (1 equiv.) as an internal standard (Scheme 1). Upon
cooling, the reaction was quenched with ethyl vinyl ether and the
conversion determined by GC analysis.

EtO,C EtO,C.__CO,Et
[Ru]- Catalyst (1 mol%) 2 4
Solvent T.1h
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[Ru]-2 63
[Ru]-3 99
[Ru]-4 90

[a] Catalyst 1 mol%, C = 0.1 M, under Ar. [b] Conversion determined by GC,
durene was used as internal standard. [c] Ethyl lactate “synthetic” grade was
distilled prior to use.

In EL, catalysts [Ru]-2 and [Ru]-3 achieved 61% to 63% con-
version. Surprisingly, [Ru]-1 and [Ru]-4 showed rather poor
results (Table 1). In contrast, under the same conditions, RCM
of 1a in dichloromethane and toluene provided product 2a in
excellent yields regardless of the chosen catalyst. The results
summarized in Table 1 show cleanly that at 40 °C the metathe-
sis reaction in ethyl lactate proceeds rather tardily, while toluene
and DCM were proven to be superior.

To check the temperature influence on the reactivity of various
Ru catalysts in ethyl lactate, the experiments were repeated at
70 °C maintaining the catalyst loading and reaction time (Table
2). However, the low boiling DCM was replaced by 2-MeTHF. At
this modified conditions, all catalysts exhibited improved activity
in ethyl lactate. Starting with [Ru-1], good conversion to RCM
product 2a in ethyl lactate was recorded without the appearance
of undesired side products.

Table 2. Solvent comparison for the model RCM reaction of 1a at 70 °C ab

Solvent Catalyst Conversion [%)]
[Ru]-1 60
Scheme 1. Model RCM reaction used in comparative study. 91
[Ru]-2
Ethyl lactate [Ru]-3 95
[Ru]-4 97
Table 1. Solvent comparison for the model RCM reaction of 1a at 40 °C.*" [Ru]-5 91
Solvent Catalyst Conversion [%] [Ru]-1 99
[Ru]-1 38 [Ru]-2 99
Toluene
[Ru]-2 61 [Ru]-3 99
Ethyl lactate
[Ru]-3 63 [Ru]-4 99
[Ru]-4 12 [Ru]-1 96
[Ru]-1 99 [Ru]-2 88
2Me-THF
[Ru]-2 99 [Ru]-3 80
Toluene
[Ru]-3 99 [Rul-4 96
[Ru]-4 99 [a] Catalyst 1 mol%, C = 0.1 M, under Ar. [b] Conversion determined by GC,
] durene was used as internal standard. [c] Ethyl lactate “synthetic” grade was
Dichloromethane [Ru]-1 99 distilled prior to use. For better insight, please find a time depending conver-

sion plot comparing toluene and ethyl lactate in the SI.
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The conversion observed in the presence of [Ru]-2 was fully
comparable with the one obtained in toluene and even better
than the conversion in 2-MeTHF. [Ru]-4 showed similar activity
independent from the choice of solvent. To our surprise, the
RCM reaction in presence of [Ru]-3 catalyst in ethyl lactate
indicated 95% conversion, which was higher than carried out in
2-MeTHF (80%). Encouraged by these results, we focused on
the water-soluble complex [Ru]-5 to check its compatibility with
ethyl lactate. Also in this case diethyl diallylmalonate la reacted
smoothly at 70 °C to form the corresponding product 2a in 91%
yield 1!

Scope and limitation studies and product isolation. The
results obtained so far encouraged us to test the compatibility of
this solvent with a broader spectrum of substrates." Thus, a
number of various unsaturated substrates were employed fol-
lowing the same experimental procedure. A mixture of the re-
spective substrate (1 mmol, C = 0.1 M) and catalyst (1 mol%)
dissolved in distilled “synthetic” grade EL (298%; distilled without
drying agent and non-degassed) was heated up to 70 °C to
afford the expected products (Table 3). In addition, we envis-
aged to use the favourable physicochemical properties of EL
(Top =151 °C, water solubility) to enable easy product-
separation from the reaction mixture. Therefore, we decided to
check if we could isolate the crude products not only by evapo-
ration of the solvent in vacuo, but also by diluting the reaction
mixture with water and using biphasic extraction technique (Fur-
ther information provided in Sl).

A wide range of substrates underwent reactions in EL leading to
diversely substituted carbo- and heterocyclic derivatives (also of
pharmaceutical interest) as shown in Table 3. For example,
diethyl diallylmalonate 1a led to the cyclopentene derivative 2a
in the presence of 1 mol% nitro-Hoveyda-Grubbs catalyst [Ru]-3
after 1 h in 85% isolated yield (crude product isolated by extrac-
tion, entry 1). The yield of the reaction remained unchanged
when the catalyst was substituted by [Ru]-4 (entry 2). Next, the
RCM reaction of model diene 1b was investigated. Both cata-
lysts [Ru]-3 and [Ru]-4 led to product 2b in good isolated yields
(80% and 86%). Notably, the same catalysts [Ru]-4 and [Ru]-3
showed similar efficiency in the case of barbituric acid derivative
1c. The RCM reaction of 1c in the presence of [Ru]-3 afforded
92% isolated yield of 2c, whereas [Ru]-4 provided 99% vyield. In
case of 1d, cyclohexene derivative 2d was isolated in 88% vyield
in presence of [Ru]-3 ([Ru]-2 led to lower yield; cf. entry 7 and
8). Next, we decided to check the performance of [Ru]-2 and
[Ru]-3 in RCM of N,N-diallyl-2-(1H-indol-3-yl)-2-oxoacetamide
(1e). Again, the expected product 2e was isolated in very good
isolated yield using [Ru]-3 as catalyst, while [Ru]-2 gave slightly
lower yield (72%, entry 10). Also, the RCM reaction of naphtha-
lene derivative 1f resulted in the isolation of the desired 7-
membered cyclic ether with good yield and excellent selectivity
(similar substrates tend to undergo unwanted C-C double bond
isomerisation).“?- Interestingly, although catalyst [Ru]-3 shows
good overall efficiency, the RCM reaction of more challenging
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Table 3. RCM and enyne-cycloisomerization in ethyl lactate at optimised
conditions. *°

Isolated
Entry Substrate Product [Ru] vield [%]
1°¢ EtO,C.__CO,Et EtOQCE iCOZEt [Ru]-3 85
2¢ /jl [Ru]-4 85
1a 2a
Ts Ts
3 N N [Ru]-3 80
a /j k — [Ru]-4 86
1b 2b
X gt
~ -
5 SNTONT NTON [Ru]-3 92
(o) o O (e}
6 [Ru]-4 99
= N
1c 2c
EtO,C.__CO,Et EtO,C.__CO,Et
7 [Ru]-3 88
A
8 \ [Ru]-2 50
1d 2d
H H
N N
9 W W [Rul-3 93
NN\ = b

N
10 ° Q [Ru]-2 72
1e /

0o

[Ru]-3 69
1f 2f
I i
N N
12 ;\ 7\ SJ [Ru]-3 64
A
19 2g
AN \_/
O~ o
13 Ph” o Ph™ ppy [Ru]-3 98
1h 2h

[a] Reactions carried out in prior distilled “synthetic” grade ethyl lactate under
Ar at 70 °C. [b] C = 0.1 M, [Ru] = 1 mol%. [c] Crude product isolated by simple
biphasic extraction after addition of water to the reaction mixture (see the SI
for details).

trisubstituted diene 1g was accomplished in 64% isolated yield
only. Furthermore we were pleased to see that the enyne cycloi-
somerization of 1h gave the expected product 2h in 98% isolat-
ed yield. The results presented in Table 3 encouraged us to test
the possibility of using more challenging substrates (e.g. volatile
alkenes) in cross-metathesis reactions (CM) in ethyl lactate
(Table 4). At first, allylbenzene 3a and three equivalents of (2)-
but-2-ene-1,4-diol diacetate 4a were dissolved in ethyl lactate
and heated at 70 °C for 2 h in presence of 1 mol% of [Ru]-3. As
a result, product 5a was obtained in 88% yield as a mixture of E-
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Table 4. CM scope in ethyl lactate®”
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TS Is

N [Ru]-6 N
)/ L Ethyl Lactate, 70°C, 1 h \_/
= A

1b 2b

Scheme 2. Model RCM reaction used for catalyst loading study.

Table 5. Low catalyst loading experiment for the model RCM reaction of 1b*

Isolated
Entry Substrate Product [Ru] yield [%]
(El2)
1 ©M AR [Ru]-3 88 (8:1)
uj- .
2 AP 4a [Ru]-4 76 (8:1)
cl o
5 RSN C'W/ [Ru]-3 76 (18:1)
3b o 7 (¢}
6 s 5b [Rul-4 93 (22:1)
4b
7¢ )\A [Ru]-3 65 (6:1)
c,d N )\/\/\
8~ 3CJOAC s OAc [Ru]-4 71 (6:1)
C
Z 4a
oo AcO [Ru]-5 65 (5:1)

[a] Reactions carried out in prior distilled “synthetic” grade ethyl lactate under
Ar at 70 °C. E/Z ratio calculated by "H NMR. [b] [Ru] =1 mol%, C = 0.5 M and
3 equiv. of crosspartner (4a and 4b) were used. [c] C = 1 M. [d] Crude product
isolated by simple biphasic extraction after addition of water to the reaction
mixture (see the SI for details).

and Z-isomers in 8:1 ratio. The same CM reaction promoted by
[Ru]-4 also afforded product 5a in good yield (76%, entry 2).
Importantly, CM proceeded efficiently also in case of electron
poor alkenes, such as methyl acrylate 4b, in presence of [Ru]-3
leading to the corresponding disubstituted a,B-unsaturated ester
5b in 76% isolated yield. We were pleased to see that under
these conditions, catalyst [Ru]-4 afforded 5b in 93% isolated
yield (entry 4). Notably, CM of the volatile alkene 3c and 4a
leads to the corresponding product 5c in good yields (65-71%),
in presence of various Ru-catalysts (entry 5-7), by applying
biphasic extraction technique (see Sl).

Catalyst low-loading experiments. To quantify the activity of
[Ru]-3 in EL, a selected metathesis reaction was performed
using gradually reduced catalyst loading (Table 5). The RCM
reaction of diallyltosylamide 1b was performed in prior distilled
and additionally degassed ethyl lactate (“synthetic” grade) under
a protective atmosphere of argon (Scheme 2). The reaction
conversion was checked after 1 hour using GC analysis. Cata-
lyst loadings from 2500 (0.25 mol%) down to 250 ppm resulted
in excellent conversions, whilst a catalyst loading of only 100
ppm led to decreased conversion (51%). In these experiments
catalyst [Ru]-3 provided a maximal turnover number (TON) of
5100.

Entry C[M] [Ru][r-folloo/?]ding Con;}:;sion TON [;(i?]l_:l]
1 0.1 0.25 99 396 6.6
2 0.1 0.10 87 870 14.5
3 0.5 0.025 82 3280 54.7
4 0.5 0.010 51 5100 85.0

[a] Conversion determined by GC, durene was used as internal standard.

Reactions without protective argon atmosphere. Next, we
proved the possibility of performing olefin metathesis in ethyl
lactate sacrificing the protective atmosphere of argon to make
this methodology more convenient from a practical point of
view.[*¥! At first, we run the model RCM reaction of 1a and 1b to
check the difference in isolated yield between the reaction con-
ducted under argon (Table 3) and in air (see Table 6). Gratify-
ingly, both these conditions gave similar isolated yields proving
the tolerance of Ru-catalyst [Ru]-3 in EL towards air. Similarly,
the CM reaction between allylbenzene and (Z)-but-2-ene-1,4-
diol diacetate proceeded with the same effectiveness (entry 3).

Facile isolation of products by precipitation. The miscibility of
EL with water is in this context an important feature, because the
metathesis product can be isolated more conveniently by simple
decantation (in case of an oily product) or by filtration (in case of
a solid material) followed by distillation or crystallization.

Table 6. Metathesis reactions in ethyl lactate in open air®

Isolated
Entry Substrate Product [Ru] yield [%]
EtO,C.__CO,Et EtO,C.__CO,Et
1 ﬂ é [Ru]-3 85"
Z X
1a 2a

Ts
N

2 )/1ka (:7

2b

[Ru]-5 88°

This article is protected by copyright. All rights reserved.



ChemSusChem

@/\/ = OAc
3 3a GAc ©/\5:\/
ACO/\)/ 4a

[Ru]-3 8g¢

[a] Reactions carried out in prior distilled “synthetic” grade ethyl lactate without
protective atmosphere of argon at 70 °C, [Ru] =1 mol%. [b] C=0.1 M. [c] C =
0.2 M, product isolated by precipitation and filtration (see S| and Figure 2). [d]
C =0.5 M, 3 equiv. of crosspartner 4a were used.

In order to demonstrate that extraction with organic solvents and
column chromatography can be completely avoided in larger
scale metathesis, we decided to run RCM of 1b on a gram-scale
(for the reaction conditions, see: Table 6, entry 2). We carried
out a metathesis reaction using 2 mmol of 1b in the presence of
water-soluble catalyst [Ru]-5 while again sacrificing the protec-
tive atmosphere of argon in order to design a reaction as simpli-
fied and handy as possible. After the reaction was completed,
water (150 mL) was added to the reaction mixture in order to
precipitate product 2b as a solid material (Fig 2A). The solid
product was then collected on a sintered-glass funnel (Fig 2B)
and washed with water and dried to get analytically pure product
2b (Fig 2C) in 88% yield, which is fully comparable to the previ-
ously obtained results (86%, Table 3, entry 4).

Figure 2. Isolation of the RCM product 2b without column chromatography.
(A) Water added to the reaction mixture to precipitate 2b. (B) Filtration through
sintered glass funnel. (C) Isolated product 2b in 88% yield.
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a) Ts Ts Ts
N [Ru]-4 (1 mol%) ,‘\‘ Cryst. ’\‘l
Ethyl Lactate (0.2 M)
L e oz () -
1b 2b (crude) 2b

Addition of water and 239 ppm Ru

(after single
filtration of the product

crystallisation)

b) 145 ppm Ru
Iy Rul-4 (1 mol% y s
N [Ru]-4 (1 mol%) N Cryst. R
/( L Toluene (0.2 M) &\l )]
Z A 70°C,2h = :_;7
b removing solvent ~ 2b (crude, 2b
in vacuo unselective) (after single
4319 ppm Ru crystallisation)

1173 ppm Ru

Scheme 3. Ruthenium contamination of product 2b obtained in metathesis
reaction carried out in (a) ethyl lactate and in (b) toluene. Ru content (in ppm)
determined by ICP-MS.

Apparently, the same precipitationffiltration procedure is not
possible in the case of “classic” solvents as for example toluene,
where the solvent must be evaporated in vacuo leading to more
contaminated crude product 2b (Scheme 3).

In addition, the RCM reaction of 1b in toluene at 70 °C (Scheme
3) was found to be less selective under chosen conditions, as
the formation of by-products was observed,?? making column
chromatography or recrystallisation inevitable to obtain pure
product 2b (see Sl for details).

Green metrics and outlook. Finally, comparing the RCM reac-
tion of 1b in EL and in toluene allowed us to approximate some
Green Metrics, such as the EcoScale parameter,*¥ which was
20 Penalty Points higher in the case of toluene (for details see
Sl). To show some other possible uses of this solvent in the
context of transition metal-catalysed olefin metathesis, we at-
tempted the synthesis of Apeiron's Nitro Catalyst [Ru]-3 in EL
(Scheme 4). As the result, we found that this complex, typically
prepared in dichloromethane,® can be obtained in EL. Further-
more, the beneficial miscibility of EL and water enabled isolation
of the formed [Ru]-3 by simple precipitation caused by addition
of water followed by centrifugation, thus allowing for easier
isolation (for more details, see Sl).

- Py <t RTZ

o No, RuKt/CUCH e

> '
2 Ethyl lactate !
\< . 40°C,1h o] NO,!
1. Filtration of the reaction mixture \<

2. Adding water to precipitate [Ru]-3
3. Product separation by centrifugation

[Ru]-3 (62%)

Scheme 4. Synthesis of catalyst [Ru]-3 in ethyl lactate followed by product
precipitation with water and centrifugation.
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Conclusions

We have successfully demonstrated that olefin metathesis pro-
ceeds well in the environmentally friendly ethyl lactate (EL)
solvent, promoted by a number of Ru catalysts (1.0-0.02 mol%).
Both, RCM and CM proceed with high conversions at elevated
temperature (70 °C) with or without the protective atmosphere of
argon. Furthermore, the use of distilled EL is sufficient to provide
good yields for a range of substrates, while the catalyst loading
can be reduced to a hundred ppm level. Water miscibility of EL
allows easier isolation of some products that are, in comparison,
less contaminated with catalyst's traces. Finally, the preparation
of the organometallic complex [Ru]-3 was conducted for the first
time in EL. The advantages demonstrated herein, coupled with
the benign nature of ethyl lactate, which can be obtained from
biomass or from polylactide wastes in an economically viable
and environmentally sustainable method, should persuade re-
searchers in both industry and academia to seriously consider
alternate solvents for environmentally friendly olefin metathesis
processes.

Experimental Section

General Procedures for RCM and enyne cycloisomerization

reactions (1a-1h)

Procedure 1A: Ethyl lactate removed by evaporation

To a solution of substrate (1 equiv., 1.0 mmol, C = 0.1 M) in prior
distilled ethyl lactate (10 ml) the catalyst (1 mol%) was added
under protective atmosphere of argon. The reaction mixture was
stirred at 70 °C, until TLC monitoring showed a complete or no
progressing conversion. The reaction mixture was cooled to
room temperature and the 1,4-bis(3-isocyanopropyl)-piperazine
scavenger (4 mol%) was added and stirred for 30 minutes. The
solvent was removed in vacuo and the residue was subjected to
flash chromatography (SiO,) to afford the product.

Procedure 1B: Ethyl lactate removed by extraction (RCM of 1a)

To a solution of substrate(1 equiv., 1.0 mmol, C = 0.1 M) in prior
distilled ethyl lactate (10 ml) the catalyst (1 mol%) was added
under protective atmosphere of argon. The reaction mixture was
stirred at 70 °C, until TLC monitoring showed a complete or no
progressing conversion. The reaction mixture was cooled to
room temperature and the 1,4-bis(3-isocyanopropyl)piperazine
scavenger (4 mol%) was added and stirred for 30 minutes. 20 ml
of diethyl ether were added to the reaction mixture and the mix-
ture was extracted with water (4x10 ml). The organic phase was
dried over anhydrous Na,SOa4. After removal of the solvent in
vacuo the residue was subjected to flash chromatography (SiO.)
to afford the product.

Procedure 1C: RCM of 1b and product isolation without column
chromatography

To a solution of substrate 1b (0.5 g, 2.0 mmol, 1 equiv.) in 10 ml
prior distilled ethyl lactate (C = 0.2 M, synthetic grade) [Ru]-5
(16.1 mg, 0.02 mmol, 1 mol%) was added. The reaction mixture

10.1002/cssc.201901735
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was stirred at 70 °C for 2 hours before 150 ml of dest. water
were added at RT. The resulting suspension was stirred for 30
minutes and the precipitate filtered through a sintered-glass
funnel and dried in vacuo to afford product 2b (0.39 g, 1.75
mmol, 88%).

General Procedures for CM (3a-3c)

Procedure 2A: Ethyl lactate removed by evaporation

To a solution of substrate (1 equiv., C = 0.5 M) and methyl acry-
late resp. (2Z)-2-Butene-1,4-diyl diacetate (3 equiv.) in prior
distilled ethyl lactate the catalyst (1 mol%) was added under
protective atmosphere of argon. The reaction mixture was stirred
at 70 °C, until TLC monitoring showed a complete or no pro-
gressing conversion. The reaction mixture was cooled to room
temperature and the 1,4-bis(3-isocyanopropyl)piperazine scav-
enger™™ (4 mol%) was added and stirred for 30 minutes. The
solvent was removed in vacuo and the residue was subjected to
flash chromatography (SiO,) to afford the product.

Procedure 2B: Ethyl lactate removed by extraction (CM of 3c)

To a solution of substrate (1 equiv., C = 0.5 M) and methyl acry-
late resp. (22)-2-Butene-1,4-diyl diacetate (3 equiv.) in prior
distilled ethyl lactate the catalyst (1 mol%) was added under
protective atmosphere of argon. The reaction mixture was stirred
at 70 °C, until TLC monitoring showed a complete or no pro-
gressing conversion. The reaction mixture was cooled to room
temperature and the 1,4-bis(3-isocyanopropyl)piperazine scav-
enger (4 mol%) was added and stirred for 30 minutes. The sol-
vent was removed in vacuo and the residue was subjected to
flash chromatography (SiO,) to afford the product.

Synthesis of [Ru]-3 in ethyl lactate

A flame-dried schlenk flask was charged with [Ru]-1 (0.08 mmol,
69.3 mg, 1 equiv.) and suspended in 7 ml ethyl lactate (natural
grade, prior distilled over Al,O3 under argon). CuCl (0.08 mmol,
8.0 mg, 1 equiv.) and 1-lsopropoxy-4-nitro-2-(prop-1-en-1-
yl)benzene 6 (0.08 mmol, 17.7 mg, 1 equiv.) were added to the
suspension and stirred for 1 h at 40 °C until TLC monitoring
indicated full conversion. The reaction mixture was filtered over
a pad of celite and washed with ethyl acetate (2 ml). Distilled
water (10 ml) was added and the resulting green suspension
was stirred for 20 minutes at 0 °C and separated by centrifuga-
tion (10 minutes, 5000 rotations/minute). The organic-aqueous
phase was removed and the remaining solid dried in vacuo and
recrystallized from DCM/methanol (1:2) to afford [Ru]-3 in 62%
isolated yield (33 mg, 0.08 mmol).
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