
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Green
Chemistry

www.rsc.org/greenchem

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Polyethylene glycol (PEG) as a Reusable Solvent Medium for 

Asymmetric Organocatalytic Michael Addition. Application to the 

Synthesis of Bioactive Compounds 

Karla S. Feu, Alexander F. de la Torre, Sandrina Silva, Marco A. F de Moraes Junior, 

Arlene G. Corrêa and Márcio W. Paixão 

Text: A highly stereoselective organocatalytic Michael addition of 

aldehydes to trans-β-nitrostyrenes using PEG as recyclable solvent 

medium is presented.  

 

 

Page 1 of 8 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name RSCPublishing 

ARTICLE	
  

This	
  journal	
  is	
  ©	
  The	
  Royal	
  Society	
  of	
  Chemistry	
  2013	
   J.	
  Name.,	
  2013,	
  00,	
  1-­‐3	
  |	
  1 	
  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 
Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Polyethylene glycol (PEG) as a Reusable Solvent 
Medium for Asymmetric Organocatalytic Michael 
Addition. Application to the Synthesis of Bioactive 
Compounds 

Karla S. Feu, Alexander F. de la Torre, Sandrina Silva, Marco A. F de Moraes 
Junior, Arlene G. Corrêa and Márcio W. Paixão* 

A highly stereoselective organocatalytic Michael addition of aldehydes to trans-β-nitrostyrenes 
using PEG as recyclable solvent medium is presented. The scope of this organocatalytic system 
is demonstrated by the formation of several Michael adducts in good yields and 
stereoselectivities. Furthermore, applying this new protocol to acetaldehyde, we have disclosed 
an easy formal synthesis of (R)-Pregabalin, (R)-Phenibut and (R)-Bacoflen with good yieds 
and outstanding enantioselectivities.    
 
 

Introduction 

Environmental concerns associated with synthetic organic 
chemistry have posed stringent and compelling demands for 
greener processes. The development of cost-efficient and 
environmentally benign catalytic systems has become one of 
the main subjects in modern chemistry.1 In many chemical 
processes, organic solvents are widely used and had been a 
cause of major environmental concern due to their hazards.2 A 
recent benchmarking study performed by the Pharmaceutical 
Industry3 unveiled that solvents are the foremost contributor to 
the amount of waste produced in pharmaceutical manufacturing 
processes - the so-called E-Factor.4 Therefore, the social and 
economical imperative for sustainability has prompted the 
scientific community to search for alternative reaction media in 
place of volatile, pyrophoric, often toxic and of difficult recover 
solvents.5 To overcome these limitations, attempts have been 
made in the development of new protocols having water and/or 
other aqueous solutions as greener solvent.6 Furthermore, 
similar alternatives also include: (a) supercritical fluids,7 (b) 
ionic liquids,8 (c) fluorous based system,7b,9 (d) and more 
recently the use of liquid polymers.10 To address the concerns 
raised by volatile organic solvents, liquid PEGs have been 
subjected to an increasing number of scientific investigations.11 

Chemical reactions carried out in PEGs have a different 
thermodynamic and kinetic behaviour with respect to those in 
conventional solvents, and, in addition, PEGs have a number of 
intrinsic proprieties that may be of importance for industrial 
application.  Therefore, PEGs could be an attractive greener 
option due to its non-toxic and non-hazardous characteristics, 

its lack of measurable vapour pressure associated to their air 
and moisture stability propriety.12 However, relatively few 
articles have been focused on the use of PEG solutions in 
catalytic asymmetric synthesis. 
Over the past few years, especially with the conception of the 
organocatalysis field, many organic reactions that were 
conventionally believed to occur only in traditional organic 
solvents have been successfully performed in an 
environmentally benign reaction medium. Among all the 
methods developed, the asymmetric organocatalytic Michael 
reaction13 is an excellent example and has strongly contributed 
to the green chemistry perspective. This elegant and atom-
economic methodology proves to be one of the most versatile 
tools for carbon-carbon and carbon-heteroatom bonds 
formation,14 as exemplified by the large number of publications 
in this field over the last few years.15 Moreover, the addition 
products are important synthetic intermediates, which can be 
further manipulated into a range of different classes of 
biologically active compounds. 
A pressing challenge facing organic chemists, therefore, is to 
advance new asymmetric catalytic processes that are not only 
efficient, by-product free, and high yielding but also eco-
compatible.  On account of these factors, herein we report the 
application of PEG 400 as a recyclable reaction medium in the 
asymmetric organocatalytic Michael addition of aldehydes to 
trans-β-nitrostyrenes. 
 
Results and discussion 
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The directed Michael addition of butyraldehyde 1 to trans-β-
nitrostyrene 2 was selected as the model reaction to evaluate the 
feasibility of our organocatalytic system in environmentally 
benign solvents (Table 1). In order to optimize the reaction 
conditions, different solvents, catalysts and catalytic additives  

were carefully evaluated. We started the screening studies, by 
using 10 mol% derivative catalyst of proline with sulphur alkyl 
chain, 3, recently described in our group16,17 and benzoic acid 
(10 mol %) as catalytic additive. 
 
 

Table 1: Optimization of Reaction Conditions: Solvent and Additive Studiesa 

	
  

Entry Solvent Additive Time (h) Yield (%)[b] Diastereomeric 
ratio (dr) [c] 

Enantiomeric 
excess (ee %)[d] 

1 EtOH Benzoic acid 48 68 64:36 94 
2 H2O Benzoic acid 48 46 60:40 94 
3 Glycerol Benzoic acid 48 57 60:40 95 
4 Toluene Benzoic acid 48 92 67:33 97 
5 Diethylene Glycol Benzoic acid 2 96 88:12 97 
6 PEG-400 Benzoic acid 2 99 80:20 97 

7[e] PEG-400 Benzoic acid 1 92 65:35 95 
8 PEG-400 4-Nitrophenol 5 93 84:16 95 
9 PEG-400 L-Tartaric acid 3 85 78:22 96 

10 PEG-400 L- Malic acid 2 92 84:16 96 
11 PEG-400 CSA 24 - - - 

12[f] PEG-400 CSA 3 89 77:23 94 
13 PEG-400 4-Nitrobenzoic 

acid 
2 98 77:23 96 

14 PEG-400 ------ 11 84 90:10 96 
[a] Unless otherwise specified, all reactions were performed using trans-β-nitrostyrene (0.3 mmol), butylraldehyde (0.6 mmol), additive (10 mol %) and 
organocatalyst (10 mol %) in environmentally begin solvent (0.15 mL) at 4ºC. [b] Isolated yield. [c]Determined by 1H NMR. [d] Determined by chiral-phase 
HPLC analysis for syn- product. [e] The reaction was carried out at room temperature. [f] 1 mol% of additive was used. 
When the reactions were carried out in EtOH, water or glycerol, 
the desired products were obtained with moderate chemical 
yields as well as diastereoseletivities, and high 
enantioselectivities (Table 1, entries 1, 2 and 3). Having toluene 
as solvent, an increment on the chemical yield was observed, 
with no variation in the diastereo- and enantioselectivity (entry 
4). Moreover, diethylene glycol provided the product after only 
2h, with higher yield and stereoselectivities than those 
evaluated before. These results have prompted us to evaluate a 
greener, non-volatile and recoverable solvent such as PEG-400 
(entry 6). To our delight, the desired product 4 was smoothly 
obtained within 2 h in quantitative yield and excellent 
enantioselectivity (entry 6 vs 5). In order to further optimize the 
protocol, different parameters were also varied. When the 
reaction temperature was raised to 30ºC, a decrease in yield, ee 
and dr was noted compared to the reaction at 4oC (entry 7). 

Encouraged by these results, a set of cocatalytic additives was 
screened for further optimization. In doing so, when the 
reactions were performed in the presence of 10 mol% of 4-
nitrophenol, L-tartaric acid or L-maleic acid (entries 8 - 10), a 
slight decrease on the reaction yield and on the 
stereoselectivities were observed. Changing the additive to 10 
mol% of CSA led to a complete degradation of the product 
(entry 11). On the order hand, decreasing the loading of CSA to 
1 mol % achieved the formation of the Michael adduct in lower 
yield (89%), maintaining good stereoselectivities (entry 12). 
Compared to benzoic acid, the accomplishment of the reaction 
with 4-nitrobenzoic acid did not affect significantly the yield 
and stereoselectivities (entry 13) indicating that, among all 
tested additives, benzoic acid provides optimal yield, ee and dr. 
As expected, in absence of cocatalytic additive, the reaction 
yield has dropped to 84%, maintaining good selectivity (entry 
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14). Having optimized both solvent and additive, we turned our 
attention to study the amount of organocatalyst and additive in 
the reaction. Lowering the loading of both organocatalyst and 
additive to 5 mol %, the desired product was obtained in 
quantitative yield with excellent enantioselectivity in a longer 
reaction time; nevertheless, better diastereoisomeric ratio was 
obtained. Unfortunately, decreasing the catalytic loading from 5 
to 1 mol % produced erosion in terms of yield (47%), albeit 
without substantial changes in the dr and ee (Chart 1). 
 

Chart 1- Optimization of catalyst loading	
  

	
  

We next investigated the architecture of diarylprolinol silyl 
ether based organocatalysts, to further increase the reactivity 
and selectivity of the catalytic system. All evaluated 
organocatalysts were able to promote the Michael addition 
under environmentally benign reaction medium, although the 
reaction outcome varies as a function of the alky side-chain 
length. Thus, when the length of the hydrophobic alkyl chain 
was decreased to ethyl (5), the desired Michael adduct was 
obtained with slight erosion on the chemical yield along with a 
longer reaction time (Table 2, entry 1). Increasing the alkyl 
chain to dodecyl (6) led to a dramatic drop in the chemical 
efficiency of Michael addition, however the degree of 
stereocontrol remained high (entry 3). Similar yield, ee and dr 
were obtained using an oxygen-based analogue of the 
organocatalyst 3, within 4 h (entries 1 vs 4). Despite the 
extended reaction time, catalysts 8 and 9 proved to be less 
effective, reaching the desired Michael adduct in only 16% and 
62% yields, respectively (Table 4, entry 5 and 6).    
In order to conclude the optimization studies of this catalytic 
system, the reaction was carried out in different concentrations. 
In the absence of solvent, the product was obtained in a lower 
yield with higher diastereomeric ratio (Table 2, entry 7). 
Furthermore, diluting the reaction media to 0.6M (Table 2, 
entry 8), notwithstanding the longer time (19h), the reaction 
proceeded with excellent selectivities (92:8 dr and 97% ee) and 
these results indicate that no further improvements in yield or 
selectivity were observed for lower concentrations. 
 
 

Table 2: Optimization of the reaction conditions: Catalyst 
Screeninga 

	
  

With these notably improved reaction conditions in hand, we 
explored the scope of the Michael addition of aldehydes to 
nitroolefins mediated by organocatalyst 3 in PEG 400 as 
solvent (Scheme 1). Initially, a representative selection of 
nitroolefins was evaluated to establish the generality of this 
asymmetric catalytic system. As depicted in Scheme 1, 
nitrostyrenes bearing β-aryl substituents with either electron-
donating (e.g. methoxyl) or electron-withdrawing groups (e.g. 
chloro, bromo, fluoro, and nitro) are almost equally tolerated, 
thus giving the desired Michael adducts in excellent chemical 
yield with good diastereomeric ratios and ee values within the 
range of 91-99%, 10 a-g. Even β-alkyl-substituted nitroolefins 
participate in this catalytic system to give the desired adduct 
with good dr as well as ee, albeit in modest chemical yield, 10 j 
and 10k. When valeraldehyde was used as donor, the reaction 
proceeded very efficiently, affording the corresponding product 
10h in 83%, with high levels of stereoselectivities.	
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Entry Cat. [mol L-1] Time 
 (h) 

Yield 
[b] (%) 

ee [c] 

(%) dr[d] 

1 4 2 4 99 97 87:13 
2 5 2 19 99 97 90:10 
3 6 2 19 52 98 91:09 
4 7 2 4 98 95 86:14 
5 8 2 19 16 97 93:07 
6 9 2 19 62 97 72:28 
7 4 - 2 67 97 91:09 
8 4 0.6 19 99 97 92:08 
9 4 0.3 19 73 96 89:11 

[a] Unless otherwise specified, all reactions were performed using trans-β-
nitrostyrene (0.3 mmol), butylraldehyde (0.6 mmol), benzoic acid (0.015 
mmol-5 mol %) and organocatalyst (0.015 mmol – 5 mol %) in PEG 400 (0.15 
mL- 2 mol.L-1). [b] Isolated yield. [c]The ee values were determined by chiral 
HPLC. [d]The dr values were determined by chiral HPLC and NMR of the 
crude mixture. 
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Scheme 1
A sterically hindered aldehyde provoked a decrease on the 
enantioselectivity, keeping good yield and dr, 10i. Furthermore, 
aliphatic nitroolefines - reacted in a Michel fashion in excellent 
enantioselectivities, however the chemical yield of the product 
was low compared to the other substrates (products 10j and 
10k)   
Recently, the Michael-type addition involving acetaldehyde has 
emerged as a versatile, yet challenging, transformation in 
asymmetric catalysis.18 However, examples including it as 
donor are scarcely described. It could be explained, since 
acetaldehyde is very reactive and volatile. For these reasons, it 
needs to be carefully manipulated and the reactions normally 

involve inert atmosphere and highly catalyst loading to 
delivered the desired product with acceptable yield. The 
nitroaldehyde products are versatile synthetic intermediates, 
easily transformed into γ-aminobutyric acid derivatives 
(GABAs), which are very important inhibitors of the 
neurotransmission in the brain. Gratifyingly, when we applied 
our optimized reaction conditions to promote the Michael 
reaction of acetaldehyde with β-nitrostryrene, p-chloro-
nitrostyrene and β-alkyl-substituted nitroolefins, these reactions 
proceeded smoothly, leading to the desired products in 60-75% 
yields, with excellent enantiomeric excess, 10l-n, (Scheme 1). 

PEG-400, 4°C, 19h
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O
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O
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Cl

OMe

Br

OMeBrF
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10 b: 90% yield
 88:12 dr, 96% ee

10 f: 75% yield
 76:24 dr, 96% ee

10 g: 82% yield
77:23 dr, 95% ee

10 d: 86% yield
74:26 dr, 91% ee

10 c: 86% yield
 77:23 dr, 93% ee

10 h: 83% yield
 88:12 dr, 96% ee

10 a: 85% yield
 86:14 dr, 96% ee

10 e: 99% yield
 86:14 dr, 99% ee

10 i: 86% yield
 88:12 dr, 67% ee

O
NO2

10 ja: 20% yield
 90:10 dr, 95% ee

H H

H HHHH H

H H H H

O
NO2

10 kb: 40% yield
 88:12 dr, 80% ee

H

O
NO2

O
NO2

10 l: 75% yield
 93% ee

10 m: 74% yield
 94% ee

Cl

O
NO2

10 nc: 65% yield
 98 % ee

H
HH

O R
NH2HO

R=CH2CH(CH3)2 - (R)-Pregabalin
R= C6H5              - (R)-Phenibut 
R= 4-ClC6H5       - (R)-Bacoflen

Reduction
Oxidation

10 a-n

* The reaction time was: a 70 h, b 64 h,c 53 h.
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Those excellent results can be explained due to the use of PEG-
400 (green and recoverable solvent), which might play an 
important role in the retention of the acetaldehyde in solution. 
The recyclability of the solvent in the catalytic system was also 
evaluated for the reaction of trans-β-nitrostyrene and n-
butyraldehyde (Figure 1). 

a) reaction mixture at the end time, b) 0.25 mL of water was added – 
emulsion appears, c) extraction with ether, d) the emulsion disappears – with 
totally recovery of PEG .	
  

Figure 1 – PEG recovering 

Hence, we attempted to reuse the PEG, which was one of the 
prime objectives in our quest. In this regard we performed a set 
of experiments to explore whether the PEG can be reused for 
further reactions (Table 3). After completion of the reaction, 
task specific PEG was recovered and subjected to another run, 
affording the product in almost same yield, dr and ee. This 
process was repeated four more times, affording the product in 
excellent yields, dr and ee. In order to verify the reproducibility 
of runs, the standard deviation (σ) and also correlation 
coefficient (C.V.) were calculated (Table 3). Consequently, as 
the C.V. was less than 5%, the experimental values are 
acceptable.  The simple experimental and product isolation 
procedures combined with the easy recovery and reuse of PEG 
is expected to contribute to the development of a green strategy 
for the Michael addition reactions. 
 

Table 3- Recyclability of PEG for the conjugate addition.[a] 

Runs 1 2 3 4 5 σ C.V. 
Yield (%)[b] 99 95 95 94 89 3.2 3.38% 
ee (%)[c] 97 97 96 97 97 0.4 0.41% 
[a]Reactions were performed using trans-β-nitrostyrene (0.3 mmol), 
butylraldehyde (0.6 mmol), benzoic acid (0.015 mmol-5 mol %) and 
organocatalyst (0.015 mmol – 5 mol %) in PEG 400 (0.5 mL- 0.6 mol.L-1). [b] 

Isolated yield. [c]The ee values were determined by chiral HPLC. 	
  

Experimental 

General Information:  
 
1H and 13C NMR spectra were recorded on a Bruker ARX-400 
(400 and 100 MHz respectively). All NMR spectra were 
obtained with CDCl3.  
HPLC chromatograms of Michael adduct were obtained on a 
Shimadzu apparatus, LC-20AT Pump, SPD-M20A UV-Vis 
Detector, CBM-20A System Controller, using a Chiralcel OD-
H (4.6 mmØ x 250 mmL, particle size 5 µm), Chiralpak AD-H 

(4.6 mmØ x  250 mmL, particle size 5 µm) and a Chiralcel AS-
H (4.6 mmØ x 250 mmL, particle size 5 µm). 
Optical rotations were measured with a Schmidt + Haensch 
Polartronic H Polarimeter, at 589 nm, 23 °C, using a 1 mL cell 
with a 1 dm path length and reported as follows: [α]D

23 (c in g 
per mL of solvent). 
All the compounds synthesized in the manuscript are known. 
The relative and absolute configurations of the products were 
determined by comparison with the known 1H and 13C NMR, 
chiral HPLC analysis, and optical rotation values.   
Column chromatography was performed using Merck Silica 
Gel (230-400 mesh). Thin layer chromatography (TLC) was 
performed using Merck Silica Gel GF254, 0.25 mm thickness. 
For visualization, TLC plates were either placed under 
ultraviolet light, or stained with KMnO4 solution. 
 
General procedure for Michael Addition: 
 
The aldehyde (0.6 mmol), nitroolefin (0.3 mmol) and benzoic 
acid (0.015 mmol) were added to a solution of the catalyst 
(0.015 mmol) in PEG-400 (0.5 mL). The reaction mixture was 
stirred for 19h and then was direct purified by flash column 
chromatography on silica gel using n-hexane/EtOAc as the 
eluent. The enantiomeric excess was determined by chiral-
stationary-phase HPLC analysis through comparison with the 
authentic racemic material. Assignment of the stereoisomers 
was performed by comparison with literature data. 
 
Conclusions 
In conclusion, taking advantage of the benign nature of PEG 
400, we have developed a highly efficient organocatalised 
asymmetric Michael addition of aldehydes to trans-β-
nitrostyrenes, allowing a faster and high stereoselective reaction 
when compared with other eco-friendly solvents. The 
explanation of this innovative and good result can be due to a 
host-guest complex, PEG-nitrostyrene, which will facilitate the 
nucleophilic addition of enamine resultant from the reaction 
between aldehyde and organocatalyst. Moreover and 
noteworthy, after Michael addition product extraction with 
ether, PEG was efficiently totally recovered and reused. 
Regarding the architecture of the diaril prolinol silyl ether 
organocatalyst, we have concluded that hydrophobic alkyl side 
chains greatly influence the reaction, being the better 
organocatalysts the ones which possess ethyl and hexyl chains 
on their structure. The best catalytic system (with 
organocatalyst 3) in PEG proved to be very effective for the 
enamine based Michael reactions, providing good yields and 
stereoselectivities for a broad range of aldehydes and trans-β-
nitroolefins. When this system is applied to acetaldehyde, 
which is known to be very difficult to handle and highly 
reactive (translated into undesired side reactions and moderate 
yields), we have found, to our delight, good yields and 
excellent ee, proving to be an excellent and easy methodology 
for the formal synthesis of three pharmaceuticals: (R)-
enantiomer of Pregabalin, (R)-Phenibut and (R)-Bacoflen. In 
fact, eco-friendly procedure, high yields and stereoselectivities, 
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easy work up, efficient synthesis of Pregabalin, Phenibut and 
Bacoflen precursors and the total recyclability of PEG are the 
very notable features of this work.  
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