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A productive and enantioselective hydrolysis of racemic mixtures of lactate esters with commercial 

Candida rugosa lipase was performed. This step contributes to a novel envisioned route for  

stereoselective PLA production by combining recent chemocatalytic developments with this biocatalytic 

contribution, foreseeing two separate L- and D-lactate enantiomer streams. A study of the hydrolysis 

kinetics identified an unexpected rate determining step at the origin of an unprecedented ester reactivity 10 

order. 

Introduction 

Lactic acid (LA) is a common renewable chemical with multiple 

applications in the food, cosmetic and pharmaceutical industry.1 2 

A particularly fascinating and emerging field is its use as solvent 15 

and building block to prepare chemicals and polymers of 

commercial value.3-7 Polylactic acid (PLA), a polyester which 

fulfills the definitions of both “renewable” and “biodegradable”, 

has been recognized as one of the most promising bio-plastics8-10 

with an  outspoken potential as sustainable alternative for certain 20 

petroleum-based plastics.4 Next to the commodity polymer 

market, PLA is useful in various medical applications such as 

drug coatings, sutures and prostheses due to its biocompatibility 

and controllable degradability.11 The global PLA production 

increases annually and is projected to amount up to 800,000 ton 25 

in 2020.12    

Commercial PLA production involves ring-opening 

polymerization  of lactide, the cyclic dimeric form of lactic 

acid.13, 14 Stereoisomerism, as described first by van ‘t Hoff,15 is 

paramount to the PLA quality. LA, obtained via bacterial 30 

fermentation of sugar, has the L-configuration and as a 

consequence, L-lactide is the building block of commercial poly-

L-lactic acid (PLLA).16, 17 Meso-lactide, having one L- and one 

D-configuration, is undesired because its incorporation in stereo-

pure PLLA leads to inferior thermal and mechanical properties.18, 
35 

19 Poly-D-lactic acid (PDLA), derived from D-lactide, behaves 

identically to PLLA. More importantly, blends of PLLA and 

PDLA contain homo-stereocomplex forms with a peculiar crystal 

structure providing a superior thermal and mechanical 

performance.20-22 The availability of separate L- and D-lactide 40 

feed streams is thus of utmost importance, not only for large scale 

stereocomplex PLA production, but also to create medical grade 

PLA (e.g. for drug delivery) with a controllable hydrolytic 

biodegradation rate by applying a controlled  ratio of L- to D-

lactide. While L-LA is the natural isomer in the commercial 45 

fermentation process, D-LA is not abundantly available. It comes 

at astronomic prices today despite recent efforts and 

developments.23, 24 The current production cost of L-LA is too 

high to foresee a global PLLA breakthrough mainly because of (i) 

the low volume productivity, viz. 0.3 to 5 g/L.h,25-28 despite its 50 

high yield starting from glucose (around 90%)1, 29-31(ii) the costly 

multiple purification and separation steps of L-LA from the 

fermentation broth, and (iii) the formation of one ton of gypsum 

waste per ton L-LA, resulting from acid neutralisation.2, 31 As this 

salt waste is probably the main bottleneck, recent research was 55 

focused in the development of acid tolerant microorganisms, but 

lactic acid yields and productivities are low.31-33 Another 

advancement was the development of electrodialysis membranes, 

as a useful tool to eliminate the salt waste, but resulting in an 

overall more complex process system. The above mentioned 60 

issues might compromise the genuine greenness of L-LA 

synthesis, especially with the large production scale outlook 

ahead. We therefore envision an alternative synthesis route 

leading to separate L- and D-LA streams from common sugars by 

combining the best of chemo- and biocatalysis (Scheme 1). 65 

 
Scheme 1 Tentative route for stereoselective PLA by combining a 

chemocatalytic production of racemic lactates from sugars with an 

enzymatic enantioselective hydrolysis 
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 The newly proposed strategy involves a sequence of a 

chemocatalytic conversion of the sugars to racemic alkyl lactates, 

currently under intense investigation,1 followed by an enzymatic 

enantioselective hydrolysis. The chemocatalytic route relies on a 

recent breakthrough yielding LA (in water) and its esters (in 5 

alcohol) from sugars 34-42 in presence of robust, solid Al or Sn 

containing catalysts 43-47 such as Snβ zeolite 36, 39, 48 and Sn 

modified silica/carbon hybrids.46, 49 This alternative route with 

less work-up could be a future commercial route to lactic acid 

and its esters, provided that one could deal with the racemic LA 10 

mixture. Being racemic, the chemically derived lactate ester feed 

indeed has the desired composition to create both L- and D-

lactide at comparable prices. However, direct processing of the 

racemic mixture with state-of-the-art technology would lead 

mostly to unwanted meso-lactide, apart from equimolar amounts 15 

of L-lactide and D-lactide. Considering the need for pure L- and 

D-lactide streams, a separation of the lactate racemate into pure 

enantiomers is compulsory. Chromatographic methods are time-

consuming and expensive50-52 and although chemical resolution 

by reacting lactic acid racemates with L-brucine is a well-known 20 

separation technique, it is generally characterized by a low 

efficiency.53 More efficient and cheap separation methods should 

be applied to utilize the racemic feed as PLA polymer precursor. 

Enzymatic kinetic resolution has proven to be successful in 

obtaining enantiopure compounds.54-63  25 

Herein we report the enantioselective hydrolysis of racemic 

α-hydroxy compounds like the aforementioned alkyl lactates with 

Candida rugosa lipase (CRL). The racemic ester substrates are 

available in high yields via heterogeneous catalysis in alcoholic 

media (scheme 1), while no catalyst deactivation was observed in 30 

contrast to the chemocatalytic synthesis of LA in water.36, 40, 46 

Moreover, the esters are easier to handle in purification 

procedures, and in the context of biocatalysis, they offer the 

advantage over the free acid that significantly less buffer is 

needed. These arguments motivate the enzymatic resolution 35 

method by means of ester hydrolysis. Besides, while multiple 

reports of kinetic resolutions are focused on the synthesis of one 

key enantiomer, the goal here is to directly provide the two 

processable streams of opposite enantiomers, only requiring a 

common ester/acid separation. Ultimately, L-LA is further 40 

converted directly to L-lactide with the current process 

technology,13 while D-lactate ester is readily hydrolyzed and 

further processed similarly or even processed directly to D-

lactide.64 

Lipases are the biocatalyst of choice to assist the 45 

enantioselective hydrolysis step. They have verified time-on-

stream stability, substrate specificity, and high enantioselectivity 

in mild reaction conditions with multiple applications in the food, 

pharmaceutical and agrochemical industries.58, 62, 65-67 Moreover, 

lipases work without cofactors and they are produced 50 

extracellularly. This results in current industrial sales prices 

around €500/kg enzym for commercial lipase formulations of 

CRL, their production cost typically being a factor two to three 

lower.68 With the novel fermentation techniques ahead for lipase 

production, the enzyme price should not be a show stopper for its 55 

use in stereoselective PLA synthesis (see supporting 

information).69-72 Frequently applied in organic synthesis, lipases 

have been demonstrated to be particularly valuable in kinetic 

resolutions of alcohols, carboxylic acids, esters, and amines56, 57, 

73-77 but examples on resolutions of α-hydroxy esters are very 60 

rare.78, 79  

Experimental  

Reactions were carried out in 10 mL thick glass walled crimp cap 

vials. In a typical experiment a known amount of ester (Sigma-

Aldrich or derived from lactide) (e.g. 0.4 g in the case of MLA) 65 

and e.g. 0.08 g enzyme preparation (Sigma-Aldrich) was added 

together with 7 mL phosphate buffer (pH = 7.2). A non-

interfering internal standard (1,4-dioxane (Acros)) was used. A 

magnetic stirring bar was added and the vial was closed and 

placed in a copper heating block at a fixed temperature (e.g. 45 70 

°C). Samples were taken at certain moments in time. Enantiomers 

of MLA, ETLA, nPrLA, MHBA, MGA, EGA and nPrGA were 

analyzed by chiral gas chromatography (GC) on a 25 m WCOT 

fused silica CP-Chirasil-DEX CB (Agilent) capillary column. The 

E-value (enantiomeric ratio) was determined using following 75 

formula: E = ln[1-c(1+eep)]/ln[1-c(1-eep)].
80 The synthesis of 

lactate esters was performed via alcoholysis of lactides 

(generously provided by Purac) as described in the supporting 

information.  

Results and discussion 80 

Screening 

In an initial phase, commercial lipase preparations were screened 

for their activity and enantioselectivity towards the hydrolysis of 

racemic methyl lactate (MLA). The screening was carried out in 

dilute conditions in analogy with reported procedures.55, 78, 81-83 In 85 

the mild aqueous conditions, only LA and methanol were 

analyzed as product. Reactions were buffered and performed at 

room temperature to avoid non-stereoselective background 

hydrolysis. Table 1 summarizes the catalytic data of different 

lipases at nearly the same degree of total ester conversion.  90 

Table 1 Screening of different commercial lipase preparations in the 

enantioselective hydrolysis of  MLA in water.a 

Entry  Enzyme Time 
[h] 

Conv.(L) 
[%]b 

Conv.(D) 
[%]b 

eep 

[%]c 
Pur. 
[%]d 

1 CRL 46 73.8 2.8 92.8 96.4 

2 CALB 2 36.3 42.4 -7.9 46.1 

3 PPL 191 60.0 22.0 39.7 69.9 

4 BCL 561 46.0 31.4 17.8 58.9 

5 LM 224 61.6 19.8 45.4 72.7 

a Hydrolysis at 25 °C with enzyme preparation (abbreviations in full in 

text) (0.02 g in the case of CRL and CALB; 0.15 g in the case of PPL, 
BCL and LM), 0.135 M MLA, 7 mL 0.014 M phosphate buffer (pH = 95 

7.2). b Determined by chiral GC (see experimental and supporting 

information). c enantiomer excess of L-LA on product  side. d Molar 

enantiomeric purity on product side (see supporting information). 

  

Candida rugosa lipase (CRL, Entry 1) outperforms all 100 

other enzymes with respect to enantioselectivity. CRL preferably 

hydrolyzes the L-MLA isomer with a product enantiomeric 

excess eep of 93% at very high conversion of the L-isomer of 

MLA. This corresponds with a molar enantiomeric purity on the 
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product side of 96.4%, which is a measure for the ultimate purity 

of the corresponding lactides and PLA polymers. Candida 

antarctica lipase B (CALB, Entry 2), which was used in the 

immobilized form, has by far the highest activity, but its 

enantioselectivity is very poor and slightly in favor of D-LA 5 

formation. The three other commercial lipases Porcine pancreas 

lipase (PPL, Entry 3), Burkholderia Cepacia lipase (BCL, Entry 

4) and lipozyme (LM, Entry 5) were used in excessive amounts 

for prolonged reaction times due to  their very low activities in 

standard conditions. 10 

  

Improving the hydrolytic productivity 

Because of the high enantiomeric excess of CRL, attempts were 

made to maximize its volume productivity (expressed in g.L-1h-1) 

without compromising the excellent enantioselectivity. This is 15 

essential, because productivity is a highly important measure for 

industrial implementation.84 Attempts were made by inclining 

substrate, enzyme and buffer concentration, while maintaining 

the same ratio of MLA to enzyme, together with an increase in 

temperature. The effects on the volume productivity are 20 

illustrated with catalytic data in Table 2. 

Table 2  Effects of temperature and concentration on the productivity and 

enantioselectivity of Candida rugosa lipase.a 

Entry Substr. 

[M] 

Time 

[h] 

Temp. 

[°C] 

Conv.(L) 

[%]b 

Prod. 

[gL-1h-1] 

eep 

[%]b 

Pur. 

[%]d 

1 0.14c 46 25 73.8 0.2 92.8 96.4 

2 0.55 23 25 75.0 1.9 91.8 95.9 

3 0.27 6 45 72.8 3.3 91.5 95.8 

4 0.55 8 45 65.7 4.4 90.9 95.5 

5 1.10 16 45 63.8 4.1 88.7 94.4  

6 0.55 6 

 

55 

 

49.3 

 

4.8 

 

74.7 

 

87.4 

 

 

a Reactions carried out with 0.08 g enzyme preparation (unless stated 

otherwise) with constant MLA to buffer ratio. b Determined by chiral GC 25 

(see experimental and supporting information). c 0.02 g enzyme 
preparation was used. d Molar enantiomeric purity on product side (see 

supporting informaton). 

 

The results show a higher conversion rate with increasing 30 

substrate concentration without loss in enantioselectivity (Entry 

2 vs. Entry 1). The productivity is 0.22 and 1.95 g.L-1h-1 for the 

conversion of 0.14 M and 0.55 M MLA respectively with an eep 

value above 90% in favor of L-lactic acid formation. By 

increasing the reaction temperature to 45 °C (Entry 3), 65.7% 35 

conversion of L-MLA was reached within 8 hours corresponding 

to a productivity of 4.4 g.L-1h-1, indicating the enzyme is still 

stable at this temperature. The enantioselectivity remains high 

indicating that the uncatalyzed background hydrolysis is 

negligible at 45 °C. A raise to 55 °C (Entry 6) lowered the 40 

enantioselectivity, viz. from 91 to 75%, while the productivity 

was only slightly higher. This lower eep is explained by a 

significant contribution of non-stereoselective background 

hydrolysis. A reaction at 65 °C is not stereoselective and very 

slow suggesting CRL deactivation at this reaction temperature 45 

(data not shown). A careful comparison of Entry 3 with Entries 

4 and 5, reveals a maximum productivity and high 

enantioselectivity at 45°C and MLA concentration of 0.55 M or 

higher. Surprisingly, no significant reduction in enantioselectivity 

was observed for the concentrated conditions, viz. 0.55 M and 50 

1.10 M MLA. These concentrations may be considered very high 

and industrially practical,84 when compared to those reported for 

the enzymatic synthesis of enantiopure α-hydroxy compounds as 

well as for several other kinetic resolutions, 54, 73, 81-83, 85 typically 

ranging between 0.001 M and 0.3 M. The productivity and 55 

enantioselectivity is high due to the irreversibility of the 

hydrolysis in excess of water and the straightforward conditions 

of the biocatalytic system (absence of co-substrates and side 

reactions). Figure 1 illustrates for instance the evolution of L-LA 

production as a function of time for 0.55 M MLA at 45 °C in the 60 

presence of CRL (triangles). 

Mechanistic discussion 

A wide range of chiral esters and acids are nicely mapped in 

literature with respect to the enantioselectivity in respectively 

hydrolysis and esterification reactions and a predictive rule was 65 

established for CRL based on this data set. A true focus on α-

hydroxy esters is however rather exceptional. Note that this rule 

is less certain when dealing with crude CRL,86 which consists of 

multiple isoforms differing in their enantioselectivity (see 

supporting information).87-89 Moreover, studying a variety of the 70 

substrate scope is a useful tool to gain insight into the catalytic 

reactivity trends.90 Both the effects of variations at the acyl side, 

viz. R‘ (Me and Et) directly connected with the chiral α-carbon 

and at the alkyl side R (Me, Et and nPr) were studied (see Table 

2). To make a fair kinetic comparison, we limited our hydrolysis 75 

study to water-soluble α-hydroxy esters. Note that the chiral 

products of some substrates, viz. methyl α-hydroxy butyrate 

(MHBA), have been suggested to be promising polymer 

precursors themselves.91, 92 The biocatalytic hydrolysis results are 

summarized in Table 3. 80 

Table 3 Hydrolysis of various α-hydroxy esters.a 

Entry R; R’ Time 

 [h] 

Conv.(L 

[%]b 

)     Prod.  

[g.L-1h-1]c 

eep 

[%]b 

Pur. 

[%]d 

1a CH3;CH3 8 65.7 4.4 90.9 95.5 

1b CH2CH3; CH3 2.3 76.1 18.1 88.7 95.4 

1c CH2CH2CH3; CH3 1.5 55.0 33.0 26.4 63.2 

2a CH3; CH2CH3 4 84.3 12.3 >95 98.2 

3a CH3; H 30 14.4e 0.19 - - 

3b CH2CH3; H 26 25.7e 0.39 - - 

3c CH2CH2CH3; H 24 29.4e      0.48 - - 

a Hydrolysis at 45 °C, 0.55 M substrate, 0.057 M phosphate buffer (pH = 
7.2) and 0.08 g CRL.b Determined by chiral GC (see experimental and 

supporting information). c See supporting information. d Molar 

enantiomeric purity on product side (see supporting information).e 85 

Conversion here defined as total conversion of glycolate due to achirality. 

No significant difference in eep-values of MLA (Entry 1a) and 

ethyl lactate (EtLA) (Entry 1b) were obtained, while the 

enantioselectivity seriously decreases for the propyl lactate ester 

(nPrLA) (Entry 1c). A similar selectivity pattern was reported for 90 

the hydrolytic kinetic resolution of β-borylated carboxylic esters 

with CALB.93 The L-enantiomer is preferred for the three lactate 
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esters, which is according to the predictive Kazlauskas rule 

assuming OH as medium sized substituent and CH3 at the α-

carbon as large sized substituent (see scheme in Table 3). 

The enantioselectivity significantly increases with 

elongation of the acyl side of the ester, viz. R’ = Et as in the case 5 

of MHBA (compare Entries 1a and 2a). This observation is in 

agreement with the established empirical rule, which suggests 

that the size of the substituents is crucial for the enantioselectivity 

of CRL:78, 79, 86, 87, 94-98 a larger size difference between R’ and 

OH, results in a higher enantioselectivity due to a larger 10 

difference in free energy between the transition states of the two 

enantiomers.  

The lipase catalyzed hydrolysis is in principle a base-

catalyzed mechanism, viz. starting with a nucleophilic attack of 

the serine oxygen to the carbonyl carbon of the ester. Therefore it 15 

was highly unexpected for this enzymatic reaction to reveal a 

higher hydrolysis rate with increasing alkyl length, viz. with 

electron donating property (or basicity),99 as it contradicts the 

reactivity of esters for the classic base-catalyzed hydrolysis.100-102 

Indeed, the hydrolysis of MLA, ETLA and nPrLA by action of 20 

OH- has been studied and the authors observed a rate decrease 

with increasing alkyl length of the released alcohol (see inset of 

Figure 1).102, 103 The difference in reaction rate is also apparent by 

comparing the kinetic profiles of MLA (triangle), ETLA 

(squares) and nPrLA (diamonds) (Figure 1).  25 

 
Fig.1 Production of lactic acid in time and E-value (see experimental 

part), starting from MLA(▲), EtLA (■) and nPrLA (♦) using 0.08 g CRL, 

0.55 M of lactate ester and 7 mL of a 0.057 M phosphate buffer. Inset: 

reversed reactivity pattern for alkyl lactates (R = Me, Et, nPr) in 30 

enzymatic (♦) and classic base (▲) catalyzed hydrolysis.102 

Significantly high volume productivities with ETLA and PrLA 

instead of MLA, viz. 18.1 and 33.0 g.L-1h-1 respectively versus 

4.4 g.L-1h-1 (MLA), were calculated from the graphs. In these 

conditions, around 50mol% of lactic acid is reached starting from 35 

ETLA in 6 hours, creating the desired equimolar ester/acid 

composition, with a molar enantiomeric purity of 93%.    

One hypothesis to explain the reverse reactivity might rely 

on a more pronounced inhibitory effect of the formed methanol 

on the enzyme when compared to ethanol and n-propanol.104-108 40 

An enzymatic hydrolysis of nPrLA was therefore carried out in 

the same conditions of Table 3, but now in presence of 0.061 g of 

methanol, which equals the quantity released in a reaction with 

MLA if 50% of the total amount of lactate ester is converted. As 

no significant influence on the hydrolysis rate was observed, 45 

alcohol product poisoning is excluded. 

To further elaborate the reversed rate order, kinetic 

parameters were measured according to Michaelis-Menten 

kinetics, which is appropriate to apply for our reaction system.109 

The KM and vmax values of crude CRL for the different lactate 50 

esters (with R = Me, Et and nPr) are depicted in the supporting 

information. The vmax is found to increase with increasing length 

of R in the lactate ester, as illustrated in the inset of Figure 1. In 

the applied conditions of Table 3 and Figure 1, viz. 0.55 M, the 

reaction is thus carried out well above KM and thus near the 55 

maximum hydrolysis rate of the enzyme (see supporting 

information). This is beneficial, as the enzyme is „saturated“ with 

substrate and thus works at maximum capacity. The above 

observed rate order with the three lactate esters is therefore 

determined by vmax, but now the question arises which step 60 

determines vmax.   

A detailed study of the individual steps of the catalytic 

cycle discloses a valid explanation of the intriguing reactivity 

pattern, viz. MLA << ELA < nPrLA. Ester hydrolysis by CRL is 

believed to proceed according to a two-step mechanism: 65 

transesterification (equation (1)) and hydrolysis (equation (2)). 

First the active serine site of the catalytic triad is acylated, 

involving the formation of the first tetrahedral intermediate 

(ET1). During this acylation, the corresponding alcohol is 

released, caused by a nucleophilic attack of the serine to the 70 

carbonyl carbon. The second step is the deacylation of the 

enzyme. This step involves the formation of the second 

tetrahedral intermediate (ET2), caused by the introduction of a 

water molecule. Finally, the corresponding acid is released, 

recovering the catalytic triad in the original state.110  75 

 

In the applied hydrolytic conditions, the first step, with the 

removal of the alcohol, is in principle irreversible, thus 

determining the enantioselectivity.86, 87, 111 The acylation step is 

often suggested to be rate-determining, the hydrolysis rate thus 80 

being in favor of the ester with the best leaving group, viz. the 

shortest alcohol.87, 112 This is not according to our findings in case 

of α-hydroxy esters: nPrLA has the highest reactivity.  

A true understanding of the reversed reactivity pattern is 

only possible by considering all elementary reaction steps of the 85 

catalytic cycle. The extended mechanistic proposal is presented in   

Figure 2. Step (1) of the mechanism is regarded as the association 

of enzyme (E) and substrate (S), forming an enzyme-substrate 

(ES) complex, as described for the mechanistically identical 

serine proteases.113-115 The initial step is largely determined by 90 

the KM-value, whereas vmax (and thus our rate order) is 

determined in the subsequent steps. As the ES complex is 

identical for the three lactate esters in step (5) to (8), the rate 

determining step is determined either in step (2), (3) or (4) 

(Figure 3). Step (2) presents a nucleophilic attack of the serine to 95 
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the carbonyl carbon, with the formation of the tetrahedral 

intermediate and stabilization of the negative oxygen by 

hydrogen bonds in the oxyanion hole, comprised of a Gly and Ala  

residue. According to the classic base-catalyzed hydrolysis, the 

formation of such tetrahedral intermediate, is rate-determining. 5 

The alcohol addition will thus be faster with electron 

withdrawing R groups.100, 101 As our kinetic data show the 

opposite reactivity, step (2) is certainly not the rate-determining 

step in the hydrolysis of lactates by CRL. Some literature 

suggests that the formation rate of hydrogen bonds in the 10 

oxyanion hole is defined sterically,116 but also according to this 

hypothesis our results show the opposite trend. Next, the 

tetrahedral intermediate collapses, with the release of ROH. This 

collapse is often regarded as a one elementary step, in which the 

best leaving alcohol determines the reactivity.87, 112 However, our 15 

kinetic results agree with a 2-step interpretation of the collapse, 

here presented by step (3) and (4). In step (3), the alcoholate ion 

leaves the acylated serine, we propose that RO- binds the 

histidine proton in accordance with other reports.110, 116 Step (4) 

requires a deprotonation of the histidine with release of ROH, 20 

permitting the introduction of a water molecule to initiate the 

hydrolysis sequence in step (5-8), ultimately resulting in the acid 

production. Our reactivity pattern is in accord with a rate 

determining  histidine deprotonation (step (4)): the more electron 

donating the alcoholate, the better it accepts the histidine proton. 25 

Following this theory, a clear explanation for the reactivity 

differences of nPrLA, ETLA and MLA is provided.  

To verify our hypothesis for other α-hydroxy esters, we 

additionally investigated the hydrolysis of  glycolates, the 

shortest α-hydroxy esters, with CRL. The reaction kinetics follow 30 

the same rate order (compare entries 3a-c in Table 3) as for the 

lactates. The observation of a rate determining histidine 

deprotonation in a lipase catalyzed hydrolysis of esters is unique 

as the leaving ability of the alcohol is generally accepted to be 

rate determining.87, 112 35 

           Conclusions 

In conclusion, we succeeded in performing a 

productive enantioseparation of chemically 

formed, racemic α-hydroxy compounds such 

as lactate esters with commercial Candida 40 

rugosa lipase in mild hydrolytic conditions. 

The envisioned route comprises a unique 

synergy between chemo- and biocatalysis: the 

Sn-catalyzed formation of racemic alkyl 

lactates from common sugars like sucrose in a 45 

green alcoholic solvent, followed by the 

enantioselective hydrolysis with CRL. Clear 

advantages compared to the current lactic acid 

production process are: i) no gypsum waste, ii) 

a high volume productivity, viz. up to 18.1 g.L-
50 

1h-1, iii) less demanding workup, and iv) co-

generation of enantiopure L- and D-lactic acid 

with molar enantiomeric purity, sufficiently 

high to foresee various PLA polymers ranging 

from more hydrolysable forms to strong 55 

stereocomplexes with melting points between 

200°C and 265 °C (see supporting 

information).117 In meanwhile, a fully novel 

reactivity trend was encountered, pointing the 

ester with the longer leaving alcohol as the 60 

most reactive one. An unencountered rate determining 

deprotonation step of the histidine residu by the alcoholate ion 

proved to be the explanation for this unexpected pattern, while 

intelligently modifying the histidine basicity might result in an 

increased intrinsic activity. An economic assessment based on the 65 

obtained productivity, industrial product market prices and 

reported enzyme stability, in similar reaction conditions, suggests 

a profitable route towards PLA for specialty and medical 

applications (see supporting information).118-123 As enzyme 

stability and productivity were key in the process economics 70 

evaluation, the study of immobilization strategies and protein 

engineering will be crucial in subsequent research. A realistic 

prospect based on recent achievements for analogue cases (see 

supporting information) renders the proposed kinetic resolution 

strategy challenging, but likely also for commodity applications.   75 

Notes and references 

a Center for Surface Chemistry and Catalysis, K. U. Leuven, Kasteelpark 

Arenberg 23, 3001 Heverlee, Belgium. Fax: (+)32 16321998; Tel: (+)32 

16 3 21593; E-mail: bert.sels@biw.kuleuven.be 

† Electronic Supplementary Information (ESI) available: [details of any 80 

supplementary information available should be included here]. See 

DOI: 10.1039/b000000x/ 

‡ P.V.W. acknowledges the Research Council of the K.U.    Leuven (IDO 

- 3E090504), M.D. thanks “FWO Vlaanderen” (Grant 1.1.955.10N). 

Methusalem and IAP (Belspo) are acknowledged for financial support. 85 

Purac is also gratefully thanked for providing lactate and lactide samples. 

 

1. M. Dusselier, P. Van Wouwe, A. Dewaele, E. Makshina and B. F. 

Sels, Energy & Environmental Science, 2013, 6, 1415-1442. 

Fig.2  Propose extended mechanism of the hydrolysis of α-hydroxy esters with CRL, based on 

reports of  Hirohara et al., Nishiziwa et al., Buchwald et al. and Satoh et al. 

Page 5 of 8 Green Chemistry

G
re

en
 C

h
em

is
tr

y 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 H

ei
nr

ic
h 

H
ei

ne
 U

ni
ve

rs
ity

 o
f 

D
ue

ss
el

do
rf

 o
n 

27
/0

8/
20

13
 2

2:
27

:1
5.

 

View Article Online
DOI: 10.1039/C3GC41457D

http://dx.doi.org/10.1039/c3gc41457d


 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

2. A. Corma, Chem. Rev., 2007, 107, 2411. 

3. J. C. Serrano-Ruiz, R. M. West and J. A. Dumesic, Annu. Rev. Chem. 

Biomol. Eng., 2010, 1, 79-100. 

4. T. J. Korstanje, H. Kleijn, J. T. B. H. Jastrzebski and R. J. M. Klein 

Gebbink, Green Chem., 2013, 15, 982-988. 5 

5. V. C. Ghantani, S. T. Lomate, M. K. Dongare and S. B. Umbarkar, 

Green Chem., 2013, 15, 1211-1217. 

6. C. S. M. Pereira, V. M. T. M. Silva and A. E. Rodrigues, Green 

Chem., 2011, 13, 2658-2671. 

7. J. Carlos Serrano-Ruiz and J. A. Dumesic, Green Chem., 2009, 11, 10 

1101-1104. 

8. W. Groot, J. van Krieken, O. Sliekersl and S. de Vos, in Poly(lactic 

acid): Synthesis, Structures, Properties, Processing, and 

Application, eds. R. Auras, L. Lim, S. Selke and H. Tsuji, 

WILEY-VCH, New Jersey, 2011, pp. 3-18. 15 

9. S. Mecking, Angew. Chem. Int. Ed., 2004, 43, 1078-1085. 

10. R. A. Gross and B. Kalra, Science, 2002, 297, 803-807. 

11. A. P. Gupta and V. Kumar, Eur. Polym. J., 2007, 43, 4053-4074. 

12. M. Carus, Growth in ¨PLA bioplastics: a production capacity of over 

800,000 tonnes expected by 2020, Nova-Institute, Hürth, 20 

2012. 

13. R. E. Drumright, P. R. Gruber and D. E. Henton, Adv. Mater., 2000, 

12, 1841-1846. 

14. A. Steinbüchel and Y. Doi, eds., Polyesters III: Applications and 

commercial products, WILEY-VCH, Weinheim, 2002. 25 

15. J. H. van 't Hoff, Arch. Neerl. Sci. Exacts Nat., 1874, 9, 445-454. 

16. O. Dechy-Cabaret, B. Martin-Vaca and D. Bourissou, Chem. Rev., 

2004, 104, 6147-6176. 

17. H. R. Kricheldorf, Chemosphere, 2001, 43, 49-54. 

18. A. Sodergard and M. Stolt, Prog. Polym. Sci., 2002, 27, 1123-1163. 30 

19. R. Auras, L. Lim, S. E. M. Selke and H. Tsuji, eds., Poly(lactic acid): 

Synthesis, Structures, Properties, Processing and 

Applications, WILEY-VCH, New Jersey, 2011. 

20. R. Mehta, V. Kumar, H. Buhnia and S. N. Upadhyay, J.  Macromol. 

Sci., 2005, 45, 325-349. 35 

21. H. Tsuji, Macromol. Biosci., 2005, 5, 569-597. 

22. Y. Ikada, K. Jamshidi, H. Tsuji and S. H. Hyon, Macromolecules, 

1987, 20, 904-906. 

23. S. Benthin and J. Villadsen, Appl. Microbiol. Biotechnol., 1995, 42, 

826-829. 40 

24. Purac, 2012, available online at http://www.purac.com. 

25. R. P. John, A. G.S, K. M. Nampoothiri and A. Pandey, Biotechnol. 

Adv., 2009, 27, 145-152. 

26. N. Narayanan, P. K. Roychoudhury and A. Srivastava, Electron. J. 

Biotechnol., 2004, 7, 167-179. 45 

27. Y.-J. Wee, J.-N. Kim and H.-W. Ryu, Food Technol. Biotechnol., 

2006, 44, 163-172. 

28. J. Vijayakumar, R. Aravindan and T. Viruthagiri, Chem. Biochem. 

Eng. Q., 2008, 22, 245-264. 

29. R. Datta, S.-P. Tsai, P. Bonsignore, S.-H. Moon and J. R. Frank, 50 

FEMS Microbiology Reviews, 1995, 16, 221-231. 

30. Galactic, 2012, http://www.lactic.com. 

31. R. Datta and M. Henry, J. Chem. Technol. Biotechnol., 2006, 81, 

1119-1129. 

32. D. Porro, M. M. Bianchi, L. Brambilla, R. Menghini, D. Bolzani, V. 55 

Carrera, J. Lievense, C.-L. Liu, B. M. Ranzi, L. Frontali and L. 

Alberghina, Appl. Environ. Microbiol., 1999, 65, 4211-4215. 

33. R. Patnaik, S. Louie, V. Gavrilovic, K. Perry, W. P. C. Stemmer, C. 

M. Ryan and C. S. del, Nat Biotechnol, 2002, 20, 707-712. 

34. Y. Hayashi and Y. Sasaki, Chem. Commun., 2005, 2716-2718. 60 

35. E. Taarning, S. Saravanamurugan, M. Spangsberg Holm, J. Xiong, R. 

M. West and C. H. Christensen, ChemSusChem, 2009, 2, 625-

627. 

36. M. S. Holm, S. Saravanamurugan and E. Taarning, Science, 2010, 

328, 602-605. 65 

37. C. B. Rasrendra, B. A. Fachri, I. G. B. N. Makertihartha, S. 

Adisasmito and H. J. Heeres, ChemSusChem, 2011, 4, 768-

777. 

38. Y. Roman-Leshkov and M. E. Davis, ACS Catal., 2011, 1, 1566-

1580. 70 

39. C. Hammond, S. Conrad and I. Hermans, Angew. Chem. Int. Ed., 

2012, 51, 11736-11739. 

40. R. M. West, M. S. Holm, S. Saravanamurugan, J. Xiong, Z. 

Beversdorf, E. Taarning and C. H. Christensen, J. Catal., 

2010, 269, 122-130. 75 

41. M. S. Holm, Y. J. Pagan-Torres, S. Saravanamurugan, A. Riisager, J. 

A. Dumesic and E. Taarning, Green Chem., 2012, 14, 702-

706. 

42. P. Y. Dapsens, C. Mondelli and J. Perez-Ramirez, ChemSusChem, 

2013, 6, 831-839. 80 

43. K. P. F. Janssen, J. S. Paul, B. F. Sels and P. A. Jacobs, Stud. Surf. 

Sci. Catal., 2007, 170B, 1222-1227. 

44. P. Pescarmona, K. P. F. Janssen, C. Delaet, C. Stroobants, K. 

Houthoofd, A. Philippaerts, C. D. Jonghe, J. S. Paul, P. A. 

Jacobs and B. F. Sels, Green Chem., 2010, 12, 1083-1089. 85 

45. L. Li, C. Stroobants, K. Lin, P. A. Jacobs, B. F. Sels and P. P. 

Pescarmona, Green Chem., 2011, 13, 1175-1181. 

46. F. De Clippel, M. Dusselier, R. R. Van, P. Vanelderen, J. Dijkmans, 

E. Makshina, L. Giebeler, S. Oswald, G. V. Baron, J. F. M. 

Denayer, P. P. Pescarmona, P. A. Jacobs and B. F. Sels, J. Am. 90 

Chem. Soc., 2012, 134, 10089-10101. 

47. P. P. Pescarmona, K. P. F. Janssen, C. Stroobants, B. Molle, J. S. 

Paul, P. A. Jacobs and B. F. Sels, Top. Catal., 2010, 53, 77-85. 

48. J. Dijkmans, D. Gabriels, M. Dusselier, F. de Clippel, P. Vanelderen, 

K. Houthoofd, A. Malfliet, Y. Pontikes and B. F. Sels, Green 95 

Chem., 2013, DOI: 10.1039/c3gc41239c. 

49. F. de Clippel, M. Dusselier, S. Van de Vyver, L. Peng, P. A. Jacobs 

and B. F. Sels, Green Chem., 2013, 15, 1398-1430. 

50. P. O. Carvalho, Q. B. Cass, S. A. Calafatti, F. J. Contesini and R. 

Bizaco, Braz. J. Chem. Eng., 2006, 23, 291-300. 100 

51. R. M. Nicoud, Pharmaceut. Tech. Eur., 1999, 11, 28-34. 

52. E. Lee, M. Park, J. Kim, W. Kim and I. Kim, Korean J.  Chem. Eng., 

2010, 27, 231-234. 

53. W. J. Pope, Annual Reports on the Progress of Chemistry, 1905, 2, 

168-184. 105 

54. P. Könst, H. Merkens, S. Kara, S. Kochius, A. Vogel, R. Zuhse, D. 

Holtmann, I. W. C. E. Arends and F. Hollmann, Angew. Chem. 

Int. Ed., 2012, 51, 9914-9917. 

Page 6 of 8Green Chemistry

G
re

en
 C

h
em

is
tr

y 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 H

ei
nr

ic
h 

H
ei

ne
 U

ni
ve

rs
ity

 o
f 

D
ue

ss
el

do
rf

 o
n 

27
/0

8/
20

13
 2

2:
27

:1
5.

 

View Article Online
DOI: 10.1039/C3GC41457D

http://dx.doi.org/10.1039/c3gc41457d


 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

 

55. A. Rioz-Martínez, A. Cuetos, C. Rodríguez, G. de Gonzalo, I. 

Lavandera, M. W. Fraaije and V. Gotor, Angew. Chem. Int. 

Ed., 2011, 50, 8387-8390. 

56. M. Pogorevc and K. Faber, J. Mol. Catal. B: Enzym., 2000, 10, 357-

376. 5 

57. M. Ahmed, T. Kelly and A. Ghanem, Tetrahedron, 2012, 68, 6781-

6802. 

58. E. Barbayianni and G. Kokotos, ChemCatChem, 2012, 4, 592-608. 

59. M. Breuer, K. Ditrich, T. Habicher, B. Hauer, M. Keßeler, R. Stürmer 

and T. Zelinski, Angew. Chem. Int. Ed., 2004, 43, 788-824. 10 

60. M. Breuer, K. Ditrich, T. Habicher, B. Hauer, M. Keßeler, R. Stürmer 

and T. Zelinski, Angew. Chem., 2004, 116, 806-843. 

61. N. M. T. Lourenço and C. A. M. Afonso, Angew. Chem. Int. Ed., 

2007, 46, 8178-8181. 

62. R. D. Schmid and R. Verger, Angew. Chem. Int. Ed., 1998, 37, 1608-15 

1633. 

63. P. F. Mugford, U. G. Wagner, Y. Jiang, K. Faber and R. J. 

Kazlauskas, Angew. Chem. Int. Ed., 2008, 47, 8782-8793. 

64. P. P. Upare, Y. K. Hwang, J.-S. Chang and D. W. Hwang, Ind. Eng. 

Chem. Res., 2012, 51, 4837-4842. 20 

65. J. P. Rasor and E. Voss, Appl. Catal. A: General, 2001, 221, 145-

158. 

66. U. T. Bornscheuer and R. J. Kazlauskas, Hydrolases in Organic 

Synthesis, WILEY-VCH, 2005. 

67. H. B. Brundiek, A. S. Evitt, R. Kourist and U. T. Bornscheuer, 25 

Angew. Chem. Int. Ed., 2012, 51, 412-414. 

68. CLEAtechnologies, 2013, available online at 

http://cleatechnologies.com. 

69. W. Tischer and V. Kasche, Trends Biotechnol., 1999, 17, 326-335. 

70. W. Aehle, Enzymes in Industry: Production and Applications, 2004. 30 

71. J. Vakhlu and A. Kour, Electron. J. Biotechnol., 2006, 9, 69-85. 

72. V. Gunasekaran and D. Das, Indian J. Biotechnol., 2005, 4, 437-445. 

73. T. A. Paál, E. Forró, F. Fülöp, A. Liljeblad and L. T. Kanerva, 

Tetrahedron: Asymmetry, 2008, 19, 2784-2788. 

74. A. Ghanem and H. Y. Aboul-Enein, Chirality, 2005, 17, 1-15. 35 

75. A. J. M. Janssen, A. J. H. Klunder and B. Zwanenburg, Tetrahedron, 

1991, 47, 7645-7662. 

76. K. Burgess, J. Am. Chem. Soc., 1991, 113, 6129. 

77. R. A. Sheldon, I. W. C. E. Arends and U. Hanefeld, eds., Green 

Chemistry and Catalysis, WILEY-VCH, Weinheim, 2007. 40 

78. W. Adam, M. Lazarus, A. Schmerder, H.-U. Humpf, C. R. Saha-

Möller and P. Schreier, Eur. J. Org. Chem., 1998, 1998, 2013-

2018. 

79. S. Parida and J. S. Dordick, J. Am. Chem. Soc., 1991, 113, 2253-

2259. 45 

80. C. S. Chen, Y. Fujimoto, G. Girdaukas and C. J. Sih, J. Am. Chem. 

Soc., 1982, 104, 7294-7299. 

81. M. Shakeri, K. Engström, A. G. Sandström and J.-E. Bäckvall, 

ChemCatChem, 2010, 2, 534-538. 

82. C. Mateo, A. Chmura, S. Rustler, F. van Rantwijk, A. Stolz and R. A. 50 

Sheldon, Tetrahedron: Asymmetry, 2006, 17, 320-323. 

83. H. R. Hobbs, B. Kondor, P. Stephenson, R. A. Sheldon, N. R. 

Thomas and M. Poliakoff, Green Chem., 2006, 8, 816-821. 

84. A. J. J. Straathof, S. Panke and A. Schmid, Curr. Opin. Biotechnol., 

2002, 13, 548-556. 55 

85. L. E. Iglesias, V. M. Sanchez, F. Rebolledo and V. Gotor, 

Tetrahedron: Asymmetry, 1997, 8, 2675-2677. 

86. S. N. Ahmed, R. J. Kazlauskas, A. H. Morinville, P. Grochulski, J. D. 

Schrag and M. Cygler, Biocatalysis, 1994, 9, 209-225. 

87. I. J. Colton, D. Yin, P. Grochulski and R. J. Kazlauskas, Adv. Synth. 60 

Catal., 2011, 353, 2529-2544. 

88. P. Domínguez de María, J. M. Sánchez-Montero, J. V. Sinisterra and 

A. R. Alcántara, Biotechnol. Adv., 2006, 24, 180-196. 

89. M. Lotti, R. Grandori, F. Fusetti, S. Longhi, S. Brocca, A. 

Tramontane and L. Alberghina, Gene, 1993, 124, 45-55. 65 

90. G. Ertl, H. Knözinger, F. Schüth and J. Weitkamp, 2008. 

91. M. Dusselier, P. Van Wouwe, F. de Clippel, J. Dijkmans, D. W. 

Gammon and B. F. Sels, ChemCatChem, 2013, 5, 569-575. 

92. M. Dusselier, P. Van Wouwe, S. De Smet, R. De Clercq, L. 

Verbelen, P. Van Puyvelde, F. E. Du Prez and B. F. Sels, ACS 70 

Catalysis, 2013, 3, 1786-1800. 

93. J. S. Reis and L. H. Andrade, Tetrahedron: Asymmetry, 2012, 23, 

1294-1300. 

94. R. J. Kazlauskas, A. N. E. Weissfloch, A. T. Rappaport and L. A. 

Cuccia, J. Org. Chem., 1991, 56, 2656-2665. 75 

95. M. J. Kim and Y. K. Choi, J. Org. Chem., 1992, 57, 1605-1607. 

96. U. Goergens and M. P. Schneider, J. Chem. Soc., Chem. Commun., 

1991, 1066-1068. 

97. M. Cygler, P. Grochulski, R. J. Kazlauskas, J. D. Schrag, F. 

Bouthillier, B. Rubin, A. N. Serreqi and A. K. Gupta, J. Am. 80 

Chem. Soc., 1994, 116, 3180-3186. 

98. K. Lundell, T. Raijola and L. T. Kanerva, Enzyme Microb. Technol., 

1998, 22, 86-93. 

99. M. B. Smith and J. March, March's Advanced Organic Chemistry: 

Reactions, Mechanisms, and Structure, 2007. 85 

100. J. N. E. Day and C. K. Ingold, Trans. Faraday Soc., 1941, 37, 686-

705. 

101. B. Holmberg, Ber., 1912, 45, 2997-3008. 

102. K. H. Vogel and J. C. Warner, J. Am. Chem. Soc., 1953, 75, 6072-

6074. 90 

103. A. A. Colon and J. C. Warner, Bol. Of. Col. Quim. P. R., 1943, 2, 15-

17. 

104. M. Mittelbach, J. Am. Oil Chem. Soc., 1990, 67, 168-170. 

105. L. A. Nelson, T. A. Foglia and W. N. Marmer, J. Am. Oil Chem. Soc., 

1996, 73, 1191-1195. 95 

106. R. D. Abigor, P. O. Uadia, T. A. Foglia, M. J. Haas, K. C. Jones, E. 

Okpefa, J. U. Obibuzor and M. E. Bafor, Biochem. Soc. 

Trans., 2000, 28, 979-981. 

107. M. Iso, B. Chen, M. Eguchi, T. Kudo and S. Shrestha, J. Mol. Catal. 

B: Enzym., 2001, 16, 53-58. 100 

108. Y. Watanabe, P. Pinsirodom, T. Nagao, T. Kobayashi, Y. Nishida, Y. 

Takagi and Y. Shimada, J. Am. Oil Chem. Soc., 2005, 82, 825-

831. 

109. H. Bisswanger, Enzyme Kinetics: Principles and Methods, WILEY-

VCH, Weinheim, 2002. 105 

110. T. Satoh and M. Hosokawa, Annu. Rev. Pharmacol. Toxicol., 1998, 

38, 257-288. 

111. M. C. R. Franssen, H. Jongejan, H. Kooijman, A. L. Spek, M. N. L. 

F. L. Camacho, d. S. M. A. C. Boavida and G. A. de, 

Tetrahedron: Asymmetry, 1996, 7, 497-510. 110 

Page 7 of 8 Green Chemistry

G
re

en
 C

h
em

is
tr

y 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 H

ei
nr

ic
h 

H
ei

ne
 U

ni
ve

rs
ity

 o
f 

D
ue

ss
el

do
rf

 o
n 

27
/0

8/
20

13
 2

2:
27

:1
5.

 

View Article Online
DOI: 10.1039/C3GC41457D

http://dx.doi.org/10.1039/c3gc41457d


 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

112. K. Nishizawa, Y. Ohgami, N. Matsuo, H. Kisida and H. Hirohara, J. 

Chem. Soc., Perk. Trans. 2, 1997, 1293-1298. 

113. M. L. Bender and F. J. Kezdy, Annu. Rev. Biochem., 1965, 34, 49-76. 

114. H. Hirohara, M. L. Bender and R. S. Stark, Proc. Nat. Acad. Sci. U. 

S. A., 1974, 71, 1643-1647. 5 

115. H. Hirohara, M. Philipp and M. L. Bender, Biochemistry, 1977, 16, 

1573-1580. 

116. P. Buchwald and N. Bodor, J. Med. Chem., 1999, 42, 5160-5168. 

117. H. Tsuji and Y. Ikada, Macromol. Chem. Phys., 1996, 197, 3483-

3499. 10 

118. V. R. Murty, J. Bhat and P. K. A. Muniswaran, Biotechnol. Lett., 

2004, 26, 563-567. 

119. A. Dyal, K. Loos, M. Noto, S. W. Chang, C. Spagnoli, K. V. P. M. 

Shafi, A. Ulman, M. Cowman and R. A. Gross, J. Am. Chem. 

Soc., 2003, 125, 1684-1685. 15 

120. J. M. Oh, D. H. Lee, Y. S. Song, S. G. Lee and S. W. Kim, J. Ind. 

Eng. Chem. (Seoul, Repub. Korea), 2007, 13, 429-433. 

121. X. Liu, X. Chen, Y. Li, X. Wang, X. Peng and W. Zhu, ACS Applied 

Materials & Interfaces, 2012, 4, 5169-5178. 

122. E. Yilmaz, M. Sezgin and M. Yilmaz, J. Mol. Catal. B: Enzym., 20 

2011, 69, 35-41. 

123. S. Ferreira-Dias, A. C. Correia and F. O. Baptista, Bioprocess Eng., 

1999, 21, 517-524. 

 

 25 

 

 

 

 

Page 8 of 8Green Chemistry

G
re

en
 C

h
em

is
tr

y 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 H

ei
nr

ic
h 

H
ei

ne
 U

ni
ve

rs
ity

 o
f 

D
ue

ss
el

do
rf

 o
n 

27
/0

8/
20

13
 2

2:
27

:1
5.

 

View Article Online
DOI: 10.1039/C3GC41457D

http://dx.doi.org/10.1039/c3gc41457d

