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A novel protocol for ruthenium-catalyzed
methoxycarbonylation reaction of alkenes is reported. Using
easily available Ru3(CO),, as catalyst in the presence of
[Bmim]CI as additive, industrial important esters are
produced in yields up to 82%. Compared to traditional olefin
carbonylation processes key to success is running the reaction
at low carbon monoxide concentration. Notably, the ionic
liquid phase which contains the catalyst can be reused for
several runs.

Carbonylation reactions of alkenes represent an important basis of
today’s chemical industry.! Diverse products can be produced as
final products or intermediates for the production of detergents,
plasticizers, lubricants, synthetic fibers, solvents and so on.?* In
practice, most of the procedures make use of expensive precious
transition-metals, for example, rhodium complexes represent the
state-of-the-art catalysts in the hydroformylation of lower aliphatic
alkenes.® Besides, in the methoxycarbonylation of olefins,
palladium-based systems show best performance (Scheme la and
1b).5% In order to reduce the production costs in carbonylation
reactions, an alternative strategy makes use of relatively inexpensive
metals as catalysts.” Among all the noble metal catalysts, ruthenium
is the least expensive one and about 20 times lower in price than
rhodium and palladium.®-**

Hence, it is of significant interest to study the performance of
ruthenium complexes in carbonylation reactions. In this respect,
recently such catalysts demonstrated interesting potential.*® For
example, Nozaki and co-workers reported in 2012 the application of
[Cp*Ru] complexes for hydroformylations.®® A ruthenium-catalyzed
hydroformylation-acetalization reaction of olefins was presented by
the group of Borer.’” Our group also developed novel ruthenium-
catalyzed hydroformylation and related tandem reactions.’®° In this
latter cases, the use of special imidazole-substituted phosphine
ligands was essential for achieving high yields and
regioselectivites.”>*® Besides, we also developed the ruthenium-
catalyzed methoxycarbonylation of alkenes with paraformaldehyde
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and carbon dioxide as C1 building blocks.?*?” In these works we
observed that carbon monoxide is in-situ generated,® ?° which
allows for subsequent carbonylation.*32 Apparently, the reaction
takes place smoothly at low concentration of carbon monoxide. This
finding inspired us to study ruthenium-catalyzed carbonylations of
olefin at low CO pressure. To the best of our knowledge no
systematic investigation has been performed before. Notably, many
ruthenium-catalyzed alkoxycarbonylation reactions applying alkyl
formates®™" and alkenes have been reported, which probably make
use of the same principle.®*°

Here, we present the first ruthenium-catalyzed methoxy-
carbonylation reaction of alkenes with carbon monoxide (Scheme
1c). Compared to the known reactions using alkyl formates, no pre-
installation of alcohol step is needed in this transformation.

[Rh] CHO

R + CO + H, — R a
[Pd] coome
RX + CO + MeOH ———————> R7 %~
PTSA or MeSOzH
[Ru] COOMe ¢
R +CO + MeOH —————>= R~
[Bmim]CI

Rh: 28.4 €/g > Pd: 22.6 €/g >> Ru: 0.9 €/g
Date: 03.Mar.2015

Scheme 1. Selected examples of alkene carbonylation reactions. (PTSA = p-
Toluenesulfonic acid, [Bmim]Cl = 1-Butyl-3-methylimidazolium chloride).

As a starting point of our studies, we chose the reaction of
cyclohexene (1a), carbon monoxide (2 bar), methanol (2a) in the
presence of 1 mol% of Rui(CO), to produce methyl
cyclohexanecarboxylate (3a) at 130 °C as the model reaction.
Initially, we investigated the effect of the additive. Due to the low
boiling point of the substrates and methanol, we also introduced 40
bar of nitrogen to increase the pressure inside the reactor and also to
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dilute the carbon monoxide. Selected results are summarized in
Table 1.

Table 1. Ruthenium-catalyzed methoxycarbonylation reaction:

Additive effects?
: LCOOMe
3a

Ru3(CO);5 1 mol%

@ CO + MeOH additives
+ + Me
N, 40 bar
130 °C, 48 h O
1a 2bar 2a

3a'

Additive . Yield

Entry Additives ~ amount Conversion [%]°
[mol%] [%] 3 3a

1 - - - - -
2 PTSA 4 51 2 48

3 AcOH 4 0 - -

4 [Bmim]CI 10 27 9 -

5 [Bmim]ClI 100 49 41 -

6 [Bmim]CI 200 76 70 -
7° [Bmim]ClI 200 33 31 -
8 LiCl 200 70 61 4
o [Bmim]Cl 200 47 24 -
10°  [Bmim]CI 200 22 3 8
11 [Bmim]Cl 200 - - -

129 [Bmim]Cl 200 - - -

®Reaction conditions: cyclohexene 2.0 mmol, Rus(CO);, 1 mol%,
CO 2 bar, N, 40 bar, methanol 2 mL, 130 °C, 48 h. "Data was
determined by GC analysis using 0.4 mL isooctane as internal
standard. °Rus(CO);, 0.5 mol%. “Ru(methylallyl),(COD) 3 mol%.
[RUCl,(p-cymene)], 1.5 mol%. 110 °C. %40 bar CO.

Cyclohexene was not consumed at all without any additives (Table
1, entry 1). In the presence of PTSA, though 51% of conversion was
achieved, most of the cyclohexene was reduced to cyclohexane
(Table 1, entry 2). In the presence of acetic acid as an example of a
weaker acid, again there was no conversion (Table 1, entry 3). The
fact that CI" is pivotal in the methoxycarbonylation reaction using
carbon dioxide and paraformaldehyde promoted us to add 10 mol%
of [Bmim]Cl in the reaction solution. Here, in fact 9% of the desired
ester 3a was produced (Table 1, entry 4). It is proposed that the
presence of CI" is crucial for the formation of [Ruz(CI)(CO)y,..] (n=
1-3) species.** Apparently, the strong anti-effect of CI" facilitate the
CO dissociation and alkene association. As expected the amount of
[Bmim]Cl is relevant. Increasing [Bmim]CI from 10 to 200 mol%
enhanced the product yield gradually from 9 to 70% (Table 1, entries
5-6). Other CI sources like LiCl gave slightly inferior results (Table
1, entry 8). Reducing the catalyst loading led to lower yield (31%)
(Table 1, entry 7). Interestingly, other ruthenium pre-catalysts, e.g.
Ru(methylallyl),(COD) and [RuCl,(p-cymene)], also failed to
promote this transformation (Table 1, entries 9-10). A minimum
reaction temperature of 130 °C proved crucial since at 110 °C there
was no conversion of the cyclohexene observed (Table 1, entry 11).
In order to show clearly the effect of the carbon monoxide
concentration, the model reaction was performed at higher pressure,
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too. As expected using 40 bar of carbon monoxide, no reaction at all
occurred (Table 1, entry 12).

Next, the optimized conditions were applied to various alkenes
(Scheme 2). Apart from cyclohexene, other cyclic olefins, e.g.
cyclopentene gave the ester 3b in good yield (66%) as well. Olefins
with larger rings like cyclooctene reacted not well and the
corresponding carboxylic acid ester 3c was only obtained in low
yield (23%). On the other hand, norbornene reacted well to deliver
3d in 65% vyield. The reaction of 3,3-dimethylbut-1-ene gave highly
selectively the corresponding terminal ester 3e in good yield (82%).
Linear aliphatic alkenes such as allylbenzene and allylcyclohexane
worked similar to give the corresponding esters 3f and 3g in 72%
and 75% vyield, respectively. Regioselectivities around 1:1 were
observed with all the linear aliphatic alkenes. Starting from 1-octene
we obtained 59% of ester 3h. The lower regioselectivity is explained
by fast isomerization of 1-octene in the presence of ruthenium
carbonyl complexes. With 2-octene only 29% of ester 3h was
produced with somewhat lower regioselectivity. The slower
isomerization of 2-octene to 1-octente takes place too, which gives
the normal isomer via the following carbonylation process.
However, the product yield can be improved to 48% using higher
reaction temperature, though the regioselectivity retained the same.

1.0 mol% Rug(CO)45

N, 40 bar COOMe
R1/\ . CO + MeOH — 277 R1/\(
R, 2 equiv. [Bmim]CI R,
130°C,48 h
1 2bar 2a 3
<:>—CO0Me COOMe COOMe
3a 3b 3c
70% 66% 23%
COOMe )</\ COOMe
3d COOMe 3 .
3e 829 °
65% © % n:iso = 52:48
\/\/\/\/COOMe
9 from 1-octene 59% (n:iso = 45:55)
0, 0, . N
Z?S/g (:6;(;‘,’;0 2-octene 29% (n:iso = 41:59)

150 °C  48% (n:iso = 42:58)

Scheme 2. Ruthenium-catalyzed methoxycarbonylation: Variation of
alkenes. (Reaction conditions: alkenes 2.0 mmol, Ru3(CO);, 1 mol%,
CO 2 bar, N, 40 bar, methanol 2 mL, 130 °C, 48 h; yield and
regioselectivity were determined by GC analysis using 0.4 mL
isooctane as internal standard, number in parameter are isolated
yield; only linear products are shown).

Then, applying cyclohexene la as starting material, the scope of
diverse alcohols 2 was studied as well (Scheme 3). The present
catalyst system transformed both lower and higher primary aliphatic
alcohols into the corresponding esters in good yields (3a, 4a-c). The
reaction yields were slightly decreased with the extension of the
carbon chain. Aliphatic alcohols with aryl group worked well and
yielded esters 4d-e in 68% and 70%, respectively. More complex
alcohol with furyl-group was also tolerated in this transformation.
Besides, secondary alcohol-isopropanol was successfully used to
produce 4g in 61% vyield.
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Finally, in order to illustrate the stability of the catalyst system in
this transformation, recycling tests were carried out via adding a new
portion of alkene, gas and methanol after each run (Table 2). To our
delight, the catalyst was recyclable although slightly lower
efficiency is observed in the next cycle. Notably, the ionic phase
containing catalyst is air-stable. Hence, even after exposure of the
reaction solution to air for 5 days, the isolated ionic phase was still
active for this transformation and gave the ester in 55% yield.

1.0 mol% Rus(CO);,

COOR
co -+ ROH N, 40 bar R1/\(
2 equiv. [Bmim]CI R
130 °C, 48 h 2
1a 2 bar 2 3aor4
UCOOMG COOEt COOnBu
3a Cr E)/

70% 70% 66%
gCOOnCQHw O/COOBn ()/COOCHchzCsHs

50% 68% (60%) 70%

COOQiPr
O/\O
(0]

64% 4f 61%
Scheme 3. Ruthenium-catalyzed alkoxycarbonylation: Variation of
alcohols. (Reaction conditions: cyclohexene 2.0 mmol, Ru3(CO);, 1
mol%, CO 2 bar, N, 40 bar, alcohols 2 mL, 130 °C, 48 h; yield were
determined by GC analysis using 0.4 mL isooctane as internal
standard, number in parameter are isolated yield).

Table 2. Catalyst recycling experiments.?

: ,COOMe
3a
+ CO + MeOH

Catalyst recycle

N, 40 bar
130 °C, 48 h O
1a 2bar 2a
3a'
RuN Conversion Yield [9]°
[%]b 3a 3a’
1 76 70 -
2 70 64 3
3 55 53 -

®Reaction conditions: cyclohexene 5.0 mmol, Rus(CO)y, 1 mol%,
CO 2bar, N, 40 bar, methanol 20 mL, 130 °C, 48 h. "Data was
determined by GC analysis using 1.0 mL isooctane as internal
standard.

Conclusions

Using easily available Ru3(CO),, as pre-catalyst in the presence of
[Bmim]Cl as additive the hydroesterification of alkenes with

This journal is © The Royal Society of Chemistry 2012
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alcohols proceeds smoothly at low carbon monoxide concentration.
This process constitutes the first example of a ruthenium-catalyzed
olefin alkoxycarbonylation using simply carbon monoxide as
carbonyl source. Industrial relevant esters are produced in medium to
high yields up to 82% at relatively low temperature. Notably, the
ionic liquid phase which contains the catalyst can be reused for
several runs, and was stable even after 5 days exposed to air.
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