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Abstract
Renewable polymers offer a promising alternative for certain fossil fuel derived plastics and 
harness potential as well in specialty applications. One of the top 3 polymers in this respect is 
polylactic acid (PLA). Next to its renewable origin – sugars, abundantly encountered in food 
crops but also in non-edible cellulose – PLA is biocompatible and biodegradable. These unique 
features render this polymer suitable for many custom applications, for instance in medicine 
(prostheses, drug delivery), next to its role as a suitable replacement for certain forms of 
polystyrene, polypropylene and polyethylene-terephthalate, e.g. in packaging, fibers and textiles. 
On the downside, two major bottlenecks threaten the worldwide megaton-scale breakthrough of 
PLA: i) its production cost and ii) - despite its overall decent properties – its brittleness, over-
pronounced hydrophobicity and lack of reactive side groups. This doctoral work therefore 
focused on i) alternative catalytic routes for synthesizing existing PLA monomers in a more 
straightforward way, and ii) catalytic routes to novel α-hydroxy acid building blocks - preferably 
with reactive side groups - from available sugar resources. Moreover, a preliminary evaluation of 
the synthesis and reactivity of novel polyesters, obtained by copolymerization of such new 
monomers with commercial L-lactic acid, is presented. This approach should be seen as way of 
creating high performance PLA based polyesters. The alternative catalytic routes to existing PLA 
monomers, developed within this PhD,  are not enclosed due to reasons of confidentiality. 

After a brief introduction and scope, the doctoral manuscript presents a compilation of three 
peer-review-journal articles. Each chapter can be read separately, but there is a clear connection 
between the chapters and a logic in their appearance. Chapter 1 offers a full literature review on, 
and introduction to, the world of lactic acid - the basic building block of PLA. The chapter 
discusses the role of lactic acid as platform molecule in future bio-refineries. Emerging 
chemocatalytic routes to lactic acid, a three-carbon α-hydroxy acid (AHA), are reviewed, as well 
as the catalytic conversion of lactic acid to a range of useful chemicals, materials (including PLA) 
and fuel intermediates. A note on the racemate separation of chemically derived lactates is 
presented as well, in relation to the requirement for enantio-pure building blocks of PLA 
chemistry. 

Chapter 2 deals with the synthesis of recently discovered four-carbon α-hydroxy acid based esters 
from tetrose sugars and the section unravels the delicate mechanism of their formation. The 
functionalized 2-hydroxybutyrates are potential intermediates for tailored solvents and monomers 
for PLA resembling polyesters. We discovered the unique catalytic activity of soluble tin metal 
salts for synthesizing methyl vinylglycolate and methyl-4-methoxy-2-hydroxybutanoate. In situ 
NMR spectroscopy, deuterium labeling and control experiments with intermediates revealed the 
individual pathways, in which the kinetic competition between a 1,4-nucleophilic addition – 
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leading to a 4-methoxy-group – and  a 1,2-hydride shift – transforming glyoxal intermediates to 
α-hydroxy-carboxylates – is key to the product outcome. 
 
Since tetroses are a rather expensive and –  on a large scale – inaccessible raw material for building 
block synthesis, Chapter 3 reports on the one-pot transformation of glycolaldehyde into the four-
carbon AHAs catalyzed by tin halides. Glycolaldehyde, ‘the smallest sugar’, is encountered in 
significant amounts in bio-oils, which are obtained by high temperature pyrolysis of (mainly 
lignocellulosic) biomass. Insight into the multitude of reactions of the complex cascade network is 
delivered with a focus on identifying the rate determining steps. Knowledge of the mechanism 
allowed for tuning the optimal Brønsted to Lewis acid ratio of the catalytic system and for 
unraveling the pronounced effects of the solvent on the rate and selectivity. Moreover, a first 
proof of concept of the great potential of the AHAs for polymer chemistry was delivered by 
incorporating vinyl glycolic acid via copolymerization into poly-L-lactic acid based polyesters. 
The vinyl side group was preserved in the polymerization and the reactive double bond proved 
accessible to post-synthetic modification via radical thiol-ene chemistry.  The versatility of this 
approach to boost the performance of PLA polymers was demonstrated by grafting thiols onto 
the vinyls. This proved useful for rendering PLA type materials with an increased (and tunable) 
hydrophilicity. Moreover, the unfunctionalized copolymers possessed a lower melting point than 
PLLA but a higher degradation temperature. These features give this copolymer a broader 
temperature range for thermal processing than classic PLA. 
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Samenvatting 

Hernieuwbare polymeren bieden een veelbelovend alternatief voor een aantal klassieke, op olie 
gebaseerde, polymeren en zijn ook erg nuttig voor een aantal specifieke toepassingen. Eén van de 
meest bekende biopolymeren in deze context is polymelkzuur (polylactic acid, PLA). Dit polyester 
kan gesynthetiseerd worden uit jaarlijks hernieuwbare plantaardige suikerbronnen (bijvoorbeeld 
terug te vinden in zetmeel, maar ook in cellulose) en is tevens lichaamscompatibel en bio-
afbreekbaar. Deze unieke eigenschappen maken PLA geschikt voor vele toepassingen in de 
medische wereld zoals bv. protheses, oplosbare hechtingen en gerichte toedieningen van 
medicatie. Tevens is PLA een substituut voor bepaalde vormen van klassieke plastics zoals 
polypropyleen, polystyreen en PET (polyethyleen-tereftalaat) in bv. verpakkingen, vezels en 
textieltoepassingen. 
 
Hoewel PLA reeds industrieel geproduceerd wordt in hoeveelheden om en rond de 140.000 ton 
per jaar zijn er twee factoren die de wereldwijde doorbraak van dit polymeer op megaton schaal 
belemmeren. Deze zijn i) de hoge productiekost en ii) de hoge broosheid, het hydrofobe karaker 
en het gebrek aan reactieve chemische groepen in zijn structuur. Dit doctoraat heeft zich daarom 
toegelegd op i) alternatieve katalytische routes voor de synthese van de bestaande PLA 
monomeren op een efficiëntere manier, en ii) op katalytische routes naar nieuwe polyester 
bouwstenen, liefst met reactieve zijgroepen, vanuit hernieuwbare suikers als grondstof. Als laatste 
stap werd het potentieel en de functionele reactiviteit van deze nieuwe bouwblokken onderzocht 
door hun incorporatie in nieuwe polyesters. Via co-polymerisatie met commercieel L-melkzuur 
werd het creëren van meer performante PLA-gebaseerde polyesters beoogd. Het grootste deel van 
dit doctoraat, nl. de alternatieve katalytische routes naar bestaande PLA monomeren, zijn niet in 
dit werk opgenomen omwille van de bescherming van intellectuele eigendom.  
 
Na een korte inleiding en doelstelling presenteert deze dissertatie een compilatie van drie artikels. 
Elk hoofdstuk kan daarom afzonderlijk gelezen worden, maar er is een duidelijke connectie tussen 
elk van hen en er zit een logica in hun volgorde. Hoofdstuk 1 biedt een volledig overzicht van de 
bestaande literatuur over de rol van katalyse in de wereld van melkzuur – de basisbouwsteen van 
PLA. Dit deel bediscussieert de rol van dit zuur (en zijn esters) als platformmolecule in 
toekomstige biomassa-gebaseerde raffinaderijen. Tal van recent gepubliceerde chemokatalytische 
routes vanuit biomassa naar melkzuur (een α-hydroxycarboxylzuur met drie koolstoffen in zijn 
ruggengraat) worden besproken. Een tweede deel van dit hoofdstuk bespreekt de katalytische 
transformatie van melkzuur naar tal van nuttige industriële chemicaliën, brandstoffen en 
materialen (o.a. PLA). Het ziet er naar uit dat melkzuur een erg belangrijke tussenstop wordt op 
de weg van suikers en biomassa naar chemicaliën en plastics. 
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Hoofdstuk 2 presenteert een nieuwe route voor de synthese van recent ontdekte α-hydroxy-
carboxylzuren met vier koolstoffen in de ruggengraat. Dit deel ontrafelt het delicate mechanisme 
van hun vorming uit tetroses. Naast hun mogelijke rol als monomeer voor polyesters, zijn deze 2-
hydroxyboterzuur afgeleiden veelbelovende intermediairen voor bijvoorbeeld specifieke solvent 
syntheses. In dit werk werd de unieke katalytische activiteit van oplosbare tin zouten voor de 
synthese van methyl vinylglycolaat (MVG) en methyl-4-methoxy-2-hydroxyboterzuur (MMHB) 
ontdekt. In situ NMR spectroscopie, deuterium labels en controle experimenten met 
tussenvormen onthulden de individuele reactiewegen waarin de kinetische competitie tussen de 
1,4-nucleofiele additie en de 1,2-hydride shift cruciaal bleek voor de selectiviteit. 
 
Daar tetroses erg duur zijn en op grote schaal ontoegankelijk als startreagens voor de synthese van 
chemische (polymeer) bouwstenen werd in hoofdstuk 3 een alternatief uitgangspunt onderzocht. 
Dit deel beschrijft de katalytische transformatie van glycolaldehyde in nieuwe α-hydroxy-
carboxylzuren (en hun esters, oa. MMHB en MVG). Glycolaldehyde, ‘s werelds kleinste suiker, 
kan terug gevonden worden in significante hoeveelheden in bio-oliën, afkomstig van de pyrolyse 
van cellulose, de meest abundante stof op aarde, op hoge temperatuur. Inzichten in de 
optredende reacties in deze ‘katalytische waterval’ lieten optimalisatie toe. Naast het ontrafelen 
van de snelheidsbepalende stap werd de mechanistische kennis aangewend om de twee 
protagonistische katalytische functies op elkaar af te stellen: nl. Brønsted en Lewis zuurheid. De 
ideale balans bleek verrassend genoeg onafhankelijk van de oxidatietoestand van het tin-ion. 
Tevens werden uitgesproken effecten van het solvent op de snelheid en selectiviteit ontdekt, die in 
lijn lagen met de vooropgestelde hypotheses. Meer nog, in dit hoofdstuk werd een eerste bewijs 
geleverd van het grote nut van deze nieuwe monomeren voor de polymeerwereld. De succesvolle 
synthese van een co-polymeer van de zure vorm van MVG met L-melkzuur werd voor het eerst 
aangetoond. De interessante vinyl-zijgroep werd hierbij bewaard en deze reactieve dubbele 
binding liet toe het polymeer na synthese te modificeren via klik-chemie. De veelzijdigheid van 
deze aanpak om de performantie van PLA te verhogen werd aangetoond door het verankeren van 
een polaire groep aan de vinyls. Deze methodologie bleek zeer nuttig om PLA gebaseerde 
materialen te bekomen met een verhoogd en afstelbaar hydrofiel karakter. Bovendien bezat het 
ongefunctionaliseerd co-polymeer een lager smeltpunt dan PLLA maar een verhoogde 
degradatietemperatuur. Dit interessante gegeven maakt dat dit polymeer een veel breder 
temperatuursbereik bezit voor thermische verwerking. 
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Lactic acid as a platform chemical in the biobased
economy: the role of chemocatalysis

Michiel Dusselier,* Pieter Van Wouwe, Annelies Dewaele, Ekaterina Makshina
and Bert F. Sels*

Upcoming bio-refineries will be at the heart of the manufacture of future transportation fuels, chemicals and

materials. A narrownumber of platformmolecules are envisioned to bridge nature's abundant polysaccharide

feedstock to the production of added-value chemicals and intermediate building blocks. Such platform

molecules are well-chosen to lie at the base of a large product assortment, while their formation should be

straightforward from the refined biomass, practical and energy efficient, without unnecessary loss of

carbon atoms. Lactic acid has been identified as one such high potential platform. Despite its established

fermentation route, sustainability issues – like gypsum waste and cost factors due to multi-step purification

and separation requirements – will arise as soon as the necessary orders of magnitude larger volumes are

needed. Innovative production routes to lactic acid and its esters are therefore under development,

converting sugars and glycerol in the presence of chemocatalysts. Moreover, catalysis is one of the

fundamental routes to convert lactic acid into a range of useful chemicals in a platform approach. This

contribution attempts a critical overview of all advances in the field of homogeneous and heterogeneous

catalysis and recognises a great potential of some of these chemocatalytic approaches to produce and

transform lactic acid as well as some other promising a-hydroxy acids.

Broader context

Lactic acid is one of the top biomass derived platform chemicals, with a promising role in future bio-reneries. A wide range of catalytic transformations of lactic
acid are feasible leading to the selective production of green solvents, ne chemicals, commodity chemicals and fuel precursors. Even more appealing is its role
as the precursor for biodegradable PLA (polylactic acid) polymers. These polyesters have the potential to replace fossil derived plastics in particular applications,
and based on life cycle analyses, they have a more positive impact on the environment. PLA can also be used in vivo and in biomedical applications. The demand
for PLA and green solvents is growing and stresses the current fermentative production of lactic acid, which suffers from up-scaling and environmental issues
due to concerning waste co-generation and purication steps. Novel chemocatalytic routes are under development to obtain pure lactic acid or esters directly
from sugar feedstock. These mainly heterogeneous catalytic processes have potential and could lie at the heart of an evolution in lactic acid research. Once lactic
acid is available at competitive prices, its use as a feedstock in a platform approach could become commercially viable, thereby providing renewable and CO2-
neutral alternatives for fossil derived chemicals.

1 Introduction

There is a growing interest in deriving platform molecules from
biomass resources to produce fuels, chemicals and materials.
This is mainly due to the rise of fossil feedstock prices together
with the concerning incline in greenhouse gases linked with
global warming. Biomass resources, renewable and abundant in
Nature, harvest energy from the sun and capture CO2 from the
atmosphere. If grown sustainably and processed with a critical
cradle-to-cradle approach, biomass has an enormous potential
as a feedstock for chemical intermediates as well as fuels and
materials.1–9 Carbohydrates represent the largest fraction of the

annual biomass production and they are therefore envisioned to
be the major starting input in the upcoming bio-reneries that
will fuel the biobased chemical industry.10–13 Starting from this
feedstock, a number of high-potential platform molecules are
created as precursors for hundreds of functional derivatives such
as fuels, chemicals and materials.14–21 The use of heterogeneous
catalysis herein is proving to be imperative.22,23

A molecule of great appeal in this respect is 2-hydroxy-
propanoic acid – better known as lactic acid (LA) – seen centrally
in Fig. 1. It was discovered in 1780 by the Swedish chemist
Scheele in acid milk.24,25 Despite its late discovery, this molecule
occurs in almost every living organism and estimations predict
that it has been around since the dawn of life. Next to its
essential role in the anaerobic energy metabolism of billions of
life forms, this molecule is industrially produced from sugars
on a medium-size scale. Its production capacity is over 500 000
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tons while the actual production is nearing 260 000 tons
per year.26,27

The gap between production capacity and the actual output
is partially explained by sustainability problems associated with
the up-scaling of the current fermentation route and its waste
disposal. Different groups currently focus on alternative che-
mocatalytic routes for the synthesis of lactic acid from different
kinds of sugar feedstock. The main approach here is the use of

Fig. 1 Role of catalysis in novel synthesis routes to LA and in its use as a platform
chemical.
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heterogeneous catalysts in water or alcoholic solvents to
produce lactic acid or its corresponding esters. The latter are
very useful as such for different applications, e.g. ethyl lactate as
a green solvent. Moreover lactic acid esters are intermediates in
the current purication process of lactic acid. Alternative routes
from glycerol to lactic acid also harness potential.

Lactic acid and its salts have many long known applications
in everyday life ranging from food additives to processing uids.
For instance, in the food industry it is used as an acidulant, a
preservative and an emulgator. Next to these existing applica-
tions, lactic acid has a major potential for the synthesis of the
biopolymer PLA (polylactic acid or polylactide). Already 187 000
tons of this thermoplastic polyester were produced in 2011,28

mainly by NatureWorks LLC which has a large production plant
of 140 000 tons installed in Nebraska.29 Smaller-volume players
such as Purac, Futerro (Galactic-Total) and Uhde Inventa-
Fischer are becoming increasingly active.30,31 The production
volume of PLA is mostly excluded from the estimated 260 000
tons demand of lactic acid each year. The global production
capacity for PLA grows at a rate somewhere between 10 and 24%
per annum28,32 and an up-to-date survey among producers has
shown that a capacity of 800 000 tons should be established in
2020.32 With this in mind, the lactic acid demand is projected to
show an annual growth of 5–8% per year.33–35 A recent survey
foresees a market of 329 000 tons by 2015 (ref. 34) and we
tentatively estimate the lactic acid demand in 2020 to be well
over 600 000 tons. It is however difficult to obtain exact
measures, even now, because the larger PLA producing
companies produce LA themselves, which is usually excluded
from the LA market. Taking the rise of fossil fuel and eventually
all fossil derived plastic prices into account, this growth is not
likely to stop. Therefore, the lactic acid price is forecast to drop,
while the production will increase.36 In this respect and because
of its reactive structure, the role of lactic acid as a platform
chemical to synthesize a variety of intermediates is very attrac-
tive.37 Given the right conditions and catalytic functionalities,
lactic acid may be converted into a wide range of useful inter-
mediates such as acrylic acid, propylene glycol, 2,3-pentane-
dione, acetaldehyde, pyruvic acid, and lactide (the monomer in
PLA synthesis). Besides the latter cyclic ester, a wide range of
linear esters (alkyl lactates) are easily produced as well and
these possess unique solvation properties.

This review tries to outline the intriguing eld of lactic acid
and foresees a unique role for heterogeneous catalysis in the
near future. Both in the synthesis of lactic acid from sugars and
glycerol as well as in the conversion of lactic acid to added-value
chemical intermediates, (heterogeneous) chemocatalysts could
play a decisive role. This review, summarized in Fig. 1, is
organised as follows. The rst part briey describes the prop-
erties, current fermentative production and long standing
commercial applications of lactic acid. The second part
concentrates in length on the catalytic conversion of lactic acid
as a platform chemical while the third part describes the cata-
lytic developments in new synthesis routes towards lactic acid.
Lastly, a remark is made on the enantiomeric resolution of
lactic acid and on the synthesis of other highly interesting novel
bio-derived a-hydroxy acids.

2 Properties, current production and
applications
2.1 Properties

Lactic acid (LA) is an a-hydroxy carboxylic acid with a chiral
centre at its second carbon. Due to the presence of two func-
tional groups in a three carbon molecule, it incorporates a lot of
chemical reactivity. The carboxylic acid group is mildly acidic
and the stereochemistry of the second carbon is of utmost
importance in the polylactic acid chemistry.38–40 The most
relevant properties of lactic acid are summarized in Table 1. LA
commercially occurs in aqueous solutions of 20 to 90 wt%. As
LA is prone to esterication, commercial solutions at equilib-
rium always contain a fraction of oligomers, and their amount
and average length depends on the total concentration of lactoyl
units. The utmost example of such an intermolecular esteri-
cation is the formation of lactoyl lactate – the linear dimer of
lactic acid further denoted as L2A – as presented in Scheme 1.
Because of the reversibility of the esterication, L2A is readily
hydrolysed into lactic acid. Depending on the water content, the
dimer L2A may also condense with another LA molecule form-
ing a linear trimer (L3A) and water, and so on. As an example,
due to the esterication tendency, a 90 wt% solution in equi-
librium only contains 65.9% free LA, while 25.0% is encoun-
tered in the L2A form. Sometimes, the presence of such
oligomers has been overlooked while studying the conversion of
aqueous lactic acid solutions.45 The group of Miller has accu-
rately measured (with HPLC) and modelled the oligomer
distributions in concentrated lactic acid solutions.46 These
compositions can also be evidenced from 1H-NMR spectra as
well, preferably in DMSO-d6.47,48 Pure solid lactic acid is difficult
to obtain on a large scale because of condensation and its high
hygroscopicity, and its production is only feasible via laborious

Table 1 Chemical and physical properties of lactic acida

Property
Unit
(conditions)

Isomer or
concentration

Reported
range

Melting point �C L or D 52.7–53.0
racemic 16.4–18.0

Boiling point �C (at 1.87 kPa) L or D 103
racemic 122

Solid density g mL�1 (at 20 �C) — 1.33
Liquid density
of aq. solution

g mL�1 (at 25 �C) 20 wt% 1.057
88.6 wt% 1.201

pKa n/a L or D 3.79–3.86
racemic 3.73

a Compiled from ref. 31, 41–44.

Scheme 1 (i) Reversible formation of linear dimer (L2A) from LA. (ii) Formation
or hydrolysis of oligomers. Usually, n ¼ 1, adding LA to a growing chain.
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crystallisation.49 The condensation process to oligomers and
polymers, when deliberately executed under vacuum condi-
tions, forms an important step in processing LA to PLA. A cyclic
ester of two lactic acid molecules, called lactide, also exists and
this cyclic dimer is the foremost important building block in
producing PLA (see Section 3.9). As lactide is less stable in
water, it is found only in trace amounts in aqueous lactic acid
solutions.47

2.2 Current fermentative production

Over 90% of the current commercial production of LA is per-
formed via fermentation. Generally, a suitable carbohydrate
source is transformed into lactic acid by micro-organisms.
Possible feedstocks are hexose sugars and easily hydrolysable
poly- or disaccharides derived from corn syrups, molasses, beet
extracts, whey, and all kinds of starches. Today, glucose and
sucrose are the main starting resources.6,26,29–31,44,50,51 Huge
potential lies in the usage of non-edible cellulose, as it is
considered to be a key substrate in the future chemical industry
as soon as its hydrolysis becomes economically feasible.10–12,52–58

The fermentative production of lactic acid is not the scope of
this review. The reader is referred to other recent work for an
extensive discussion on the fermentation.42,50,59–62 An introduc-
tion with focus on some interesting developments will be briey
summarized for the sake of completeness and a general block
scheme for this process can be seen in Fig. 2. The fermentation
of sugar to lactic acid is carried out under anaerobic conditions
to direct the conversion towards LA instead of CO2 and water.42

Besides fungi such as Aspergillus niger, mainly homo-fermen-
tative bacteria like Lactobacillus delbrueckii or L. amylophilus are
used, which produce two LAmolecules from one hexose.51,63 The

fermentation is mainly a batch process and takes around 2–4
days to complete, providing a lactate yield of up to 90% with
dextrose.31,59 However, fed-batch, repeated batch and contin-
uous systems are also reported.36,62

The fermentation process has two major drawbacks,
encountered when following the block scheme in Fig. 2. To start
with, lactic acid bacteria have their optimum productivity in the
pH range of 5 to 7. As lactic acid builds up in the batch, the pH
of the fermentation broth lowers causing inhibition of the
microbial culture. Alkali bases such as Ca(OH)2, CaCO3, NH4OH
or NaOH are therefore added continuously to the broth. The
thus formed lactate salts reach a nal concentration of about 10
wt%. Aer fermentation, the broth is ltered for biomass (cell)
removal and sulphuric acid is added to the aqueous calcium
lactate solution. In this way, free LA and low-value insoluble
salts as by-products (oen CaSO4 or gypsum) are formed. These
salts are unt for use in construction or other industries and
therefore have to be deposited. About 1 ton of gypsum per ton of
lactic acid is formed. Aer removal of gypsum, the ltrate is
further puried with ion exchange columns and concentrated.
This process produces technical grade LA of low purity as seen
in the block scheme of Fig. 2. For food, solvent and polymer
applications, impure lactic acid is esteried with (m)ethanol51,59

and subjected to purication via distillation. In this way, aer
hydrolysis with water, highly pure aqueous solutions of LA are
obtained, while the alcohol is recycled. Besides the gypsum
waste, the entire multistep purication work-up highlights the
second critical issue hampering the current up-scale of the
lactic acid production units.

Taking into account the productivity of the fermentation
process with the commercially applied micro-organisms, typi-
cally between 0.3 and 5 g L�1 h�1,36,50,51,62 a lot of research effort
has been dedicated to improve the fermentative LA production
process with mixed success. One approach deals with
increasing the acid tolerance of modied bacteria by means of
genetic engineering or working with modied yeasts.64,65 A
considerably more successful approach is the application of
electrodialysis membranes to the process to split the salts
without sulphuric acid.36,41,59,66–68

Despite the recent progress, fermentative production of LA is
a capital intensive business nowadays. Mainly due to the
complex workup with diverse purication steps and the enor-
mous gypsum waste, further up-scaling is complicated. In view
of the rising ‘number one’ application of LA, viz. synthesis of
polymers, the demand for very pure LA will be further fuelled
and this evolution will even more put emphasis on this bottle-
neck. Searching for alternative production routes, many groups
investigated chemocatalytic ways to produce LA from renewable
resources, which are discussed in full in Section 4 and
compared to the fermentation at the end of Section 4.3. More-
over, through fermentation, mainly L-lactic acid is produced.
Due to the excellent properties of stereocomplexed PLA,69

discovered by the group of Tsuji,70 which combines stereopure
L-PLA and D-PLA in a 1 : 1 ratio, in the near future, a cheap
source of abundant D-LA will be required. Although certain
bacteria, sometimes modied via genetic engineering, are
capable of producing LA with an excess of the D-enantiomer,Fig. 2 Simplified block scheme of the fermentative production of LA.
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very low productivities are encountered. Today, large amounts
of D-LA are commercially unavailable as it comes at astronomic
prices. The new chemocatalytic routes herein discussed yield
racemic LA (or esters) without the need for extensive workup,
but obviously with the need for an enantiomeric resolution if
pure stereo-isomers are required. A route towards D-LA would in
this way become available and enantiomer separation technol-
ogies are therefore highlighted in Part 5.

2.3 Traditional uses of lactic acid

The major parts of non-polymer grade LA and its salts are used
in the food industry. They are found in beverages, candy, meat,
sauces, etc., for their mildly acidic taste.44 LA salts are very
soluble and sometimes used instead of the acid in buffering
systems. Another large application of LA in the food industry is
its use as an emulsifying agent in bakery goods. The emulsiers
are mostly esters or lactate salts with long chain fatty acids. One
example is calcium stearoyl-2-lactate which acts as a dough
conditioner. Another food related use comes from the fact that
LA and its salts are inhibitors of bacterial spoilage. The same
property is also used in disinfection.33 Traditional non-food
related uses are found in leather tanning and textile treatments
as well as in the pharmaceutical industry and for the prepara-
tion of cosmetics (e.g. lotions). Some well-known examples are
the use of Na-lactate in dialysis, Ca-lactate in calcium deciency
therapy and ethyl lactate in anti-acne treatments. Long chain
esters also nd applications as moisturisers and solvents.
Moreover, different industries use LA on a small scale for
specic tasks. LA is for instance used as a pH adjuster, termi-
nating agent, in adhesive formulation and lithographic
printing. Some of the traditional uses that have been aban-
doned could be put into process again once the LA price drops
substantially.33,62

3 Platform molecule: building on lactic acid
3.1 Introduction

Although originally le out in the US DOE's selection of top 15
(platform) chemicals from biorenery carbohydrates,2 lactic
acid has been included in a recent revision.3 Lactic acid merited
inclusion, mainly due to its multiple product applicability, the
fact that it is an existing high volume commodity chemical
already, and due to the extensive recent literature showing up,
proving a lively dynamic in the lactic acid community. In an
integrated biorenery, the concept of platform intermediates
will be of extreme importance to help adapt a renery to
markets, supply and demand.3,71 A molecule which can be
converted with similar technologies to different products will be
very exible as a feedstock, and therefore a preferred portfolio
molecule. This is especially interesting, when that chemical is
also sold as such in existing markets, which is the case for LA.72

Chemically seen, lactic acid is a highly oxidised molecule – a
general trend in renewable feedstock molecules – with a high
reactivity and a low energy density, making it less suited as a
fuel but excellent as an active precursor for different chemicals,
provided that it is selectively transformed to the latter. Scheme 2

shows a part of the platform molecule approach applied to
lactic acid chemistry. A closer study to the various trans-
formations reveals two major reaction types, dehydration and
esterication, next to redox chemistry. Dehydration (combined
with other reactions) results in molecules like acetaldehyde,
acrylic acid, 2,3-pentanedione and propionic acid (not shown),
whereas esterication provides the synthesis of alkyl lactates,
lactide and PLA. Two other possibilities are reduction and
oxidation, yielding 1,2-propanediol or pyruvic acid, respectively.
In many of the reaction types highlighted in Scheme 2, esters of
LA can be used as starting points as well and oen provide
higher yields of the desired product. A less common but not less
interesting pathway is the catalytic upgrading of lactic acid via
propionic acid and acetaldehyde towards C5–C7 ketones via
complex pathways (not included in Scheme 2). Here the prod-
ucts in the organic fraction are much less oxidised and there-
fore possess a higher caloric value, rendering them more
appropriate for fuel applications.

3.2 Dehydration to acrylic acid

Acrylic acid (2-propenoic acid) and its esters (acrylates) are
commodity chemicals with moderate value and a considerably
high annual demand of around 4 000 000 metric tons each.73

The esters and amides derived thereof are mainly used for the
synthesis of polyacrylates.33,74 These polymers and their salts are
used in a vast array of applications ranging from coatings,
paints, adhesives, binders, thickening agents and detergents to
bres, polyelectrolytes, absorbing agents (diapers), occulants,
and dispersants. Acrylic acid (AA) is one of the fastest growing
commodity chemicals. AA is currently derived from fossil pro-
pene. In a vapour phase oxidation, propene is mixed with air
and steam and reacted over a heterogeneous catalyst. In earlier
days, production was based on acetylene, with the use of acid

Scheme 2 The central role of lactic acid as a platform molecule for the synthesis
of chemical intermediates. Catalytic upgrading not shown.
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and nickel carbonyl, as discovered by Reppe. Even a high-
pressure variant of the Reppe process was in place, combining
acetylene with water and CO over nickel based catalysts.74 The
current propene based synthesis outperforms the acetylene
based technology, but is 100% fossil oil dependent. Therefore,
alternative routes towards synthesis of AA based on renewable
feedstock have been put forward.75,76 Themost prominent one is
based on lactic acid, although a 3-hydroxypropanoic acid (3-HP)
based route is also known.77 3-HP itself is also hinted as a
platform chemical in the bio-based economy,2 and a recent
review has been put forward by Della Pina and co-workers.77 To
date, no signicant production of 3-HP is on-line.

The rst encounter of LA usage to produce AA is found in a
1935 paper78 by Burns et al. and this was followed in the 1940s
with papers by Fisher and co-workers79–83 and a patent led in
1949 by Atwood.84 Generally, an alkyl lactate is converted into its
corresponding alkyl acrylate via pyrolysis of an alkyl 2-acetoxy-
propionate intermediate with the formation of acetic acid as a
by-product. The pyrolysis approach can be seen in Scheme 3i.
Usually, a reactor lled with an inert packing material or a
cracking furnace was held between 450 and 700 �C to obtain
high acrylate yields.79 The use of catalysts such as silica,
alumina or metallic nickel rather promoted the cracking
towards gaseous components and carbonaceous deposits.82 The
acetoxy intermediate is made by contacting an alkyl lactate with
acetic anhydride,79,84 or alternatively from lactic acid with acetic
acid and an entraining agent followed by esterication or with
methyl acetate directly.80 Werpy et al. continued on this path,
but proposed an azeotropic distillation setup with an acid
catalyst to prepare the precursor from LA and acetic acid before
subjecting the precursor to pyrolysis. In this last step, a weak
acidic catalyst can be added.85

Holmen was the rst to report the one step conversion of
lactic acid into acrylic acid via a direct dehydration in his patent
in 1958.86 Amaximum yield of 68% of AA was achieved at 400 �C

with CaSO4/Na2SO4 as a heterogeneous catalyst, when passing
aqueous lactic acid vapours through a catalyst bed. Holmen also
reported the conversion of alkyl lactates into alkyl acrylates and
investigated the inuence of different catalyst compositions. A
generalised reaction scheme for LA and its esters can be seen in
Scheme 3ii and iii. Aerwards, Paparizos et al. noticed that by
treating an AlPO4 catalyst bed with NH3/water vapour before
contacting it with LA or ammonium lactate, the selectivity for
acrylates increased. At 340 �C, they achieved full conversions
with a yield of 43% with the acid and 61% with the lactate
ester.87 The alkali treatment was continued by Sawicki et al. who
used a silica impregnated with phosphate salts and treated with
sodium bicarbonate.88 With this catalyst, 89% conversion of LA
was noticed, with a yield of 58% to acrylic acid at 350 �C. Odell
et al. were the rst to convert LA in water with homogeneous
group VII metal complexes but mainly encountered propanoic
acid and 3-hydroxypropanoic acid instead of AA.89 Mok et al.
were the rst to study this reaction in supercritical water.90

Later, several groups investigated the supercritical approach
under different conditions and reported that the water density
seemed to be crucial to promote dehydration over decarbon-
ylation and decarboxylation side reactions.91,92 The reported AA
yields were generally low. The rst report of the use of zeolites
was presented by Abe et al., who successfully applied NaX and
NaY zeolites in a gas phase reactor setup with a feed of methyl
lactate dissolved in methanol.93 Unprecedented yields of 93% at
240 �C were reported and their strategy also prevailed for the
synthesis of methyl methacrylate. Renewed interest in this
conversion sparked in the late 2000s, mainly in China. Again,
CaSO4, silica supported phosphate catalysts and NaY zeolites
were reported, but this time with the use of promoters and
additives or partial exchange with potassium and lanthanum in
the case of NaY. Though the AA yields of these attempts never
rose above 70%, these studies offer insight into various
promoter effects and inhibition of side reactions.94–102 Modi-
cation of NaY with KI for instance decreases the acidity and
increases basicity, which suppresses the decarbonylation
activity of LA to acetaldehyde and coke formation. This led to an
AA yield of 68% at nearly full conversion at 325 �C, whereas
unmodied NaY yielded only 36% of AA at the same conver-
sion.100 The same conclusion was drawn using Ca3(PO4)2–
Ca2(P2O7) catalysis.103 Recently, NaY zeolites modied with
alkali phosphates have been reported to attain 58% yield at
340 �C and an in-depth characterisation of the modied catalyst
crystals has been provided.104 It was shown that the phosphate
modication stabilised the carboxylic group both of LA and
acrylic acid and an in situ generation of sodium lactate was
witnessed. The latter had already been reported by Miller and
co-workers (refer to Section 3.3). Using heterogeneous catalysts
in a gas phase reaction, higher AA yields are generally noticed
with LA salts or esters instead of free lactic acid. Moreover,
applying the more volatile esters also simplies processing,
since lactic acid has a high boiling point and is somewhat
corrosive.105 Esters are also not prone to autocatalytic effects
leading to oligomerisation reactions due to the presence of the
free carboxylic acid group. Quantum mechanical calculations
on the dehydration mechanism over a sodium tripolyphosphate

Scheme 3 (i) The synthesis of acrylates by a two step approach involving the
pyrolysis of an acetoxy derivative. (ii and iii) The direct synthesis of acrylic acid or its
esters from LA or its esters.
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catalyst are available and suggest that the reaction of methyl
lactate to methyl acrylate proceeds over AA through direct
decomposition (into methanol and AA) followed by esterica-
tion as seen with dashed lines in Scheme 3iii.106 Starting from
free LA, the decarbonylation pathway to acetaldehyde appears
dominant instead of the direct formation of AA. This could
explain why other groups witnessed higher yields working with
esters. Finally, continuous ow hydrothermal electrolysis reac-
tions were performed on lactic acid solutions, but only small
amounts of AA were encountered.107

A lot of research has thus been performed on the direct
production of acrylic acid from lactic acid, nearly all of them
with the use of a heterogeneous catalyst in a gas phase process.
Thus far, not a single process has been put into industrial
practice, mainly due to the cheap price of acrylic acid via the
concurrent propene process. Future oil directed price variations
could point more research into this mainly ‘20th century’ tech-
nology, but obviously nding the right heterogeneous catalyst
will be one of the key challenges towards success. In this
respect, the use of other alkali modied zeolites (such as zeolite
BEA or MFI) is rather unexplored. A ‘good’ catalyst should avoid
the formation of CO2, acetaldehyde and coke (oen due to lactic
acid polymerization), by carefully balancing basicity and acidity,
to achieve scalable AA yields (>75%).

3.3 Condensation/dehydration into 2,3-pentanedione

Another very valuable ne chemical, namely 2,3-pentanedione
(PD), is formed from (two) LA molecules via dehydration,
combined with a condensation. The route for its production
nowadays is a multi-step approach combining hydroxyacetone
and paraldehyde108 or an extraction out of dairy waste. PD is
used as an aroma or avouring component in beverages and in
baked goods and occurs in butter, coffee, meat, potato chips,
etc. Its use as a photo-initiator is also known.109,110 The direct
conversion of LA into PD has been discovered by the group of
Miller in the 1990s with the use of supported phosphate cata-
lysts in concert with the synthesis of acrylic acid from lactic acid
vapours.111,112 A study in the low conversion range revealed that
at lower temperatures and higher pressures, viz. 280–300 �C and
0.5 MPa, and longer contact times, PD formation is favoured,
while at higher temperatures, lower pressures and short contact
times (see Section 3.2), AA is the dominant product.111,113 The
proposed reaction pathways involved the formation of phos-
phate stabilised lactates. Later, the same group reported the use
of other sodium salts like sodium arsenate,114 silica supported
sodium nitrates113 and a screening of different pore glass sup-
ported alkali hydroxides.115 The latter study for instance
revealed an increase of PD yield with decreasing Lewis acidity of
the alkali metal: a 49% PD yield (64% selectivity) was achieved
with Cs at 280 �C, while only 15% was noticed with Li at
320 �C.115 The role of the anion appeared to be limited.109 FT-IR
studies indicated that the formation of alkali lactates on the
surface, with proton transfer to the counter anion (e.g. with the
release of HNO3 for nitrates), is the dominant mechanism.109

For the supported Na3PO4 catalyst, Na2HPO4 and sodium
lactate are formed instead of the earlier proposed111 phosphate

stabilised lactate intermediate.113 These observations point to
the lactate salts as the reactive species113,115 and based on this, a
mechanism has been proposed which is illustrated in Scheme 4
and explained below.109

Sodium lactate undergoes enolisation with the formation of
a double bond between C1 and C2. This nucleophile attacks
another LA via a Claisen condensation with the formation of a
six carbon fragment which easily decarboxylates and rearranges
into PD with the release of water, while sodium is set available
to form a new lactate salt. Adding a biogenic feedstock (as from
fermentation) containing ammonium lactate reduced the PD
yield signicantly, not by catalyst poisoning, but due to side
reactions of ammonia with PD aer its formation.115–117 The
same group also disclosed a condensed phase process.118

Briey, Miller and co-workers clearly showed that dehydra-
tion catalysis applied to LA can not only lead to acrylic acid, but
as well to the high-added value ne chemical 2,3-pentanedione.
Although yields are still in the medium range, there might be
potential in this conversion, where the conditions and forma-
tion of intermediate catalyst species are crucial. Weak Lewis
acid alkali metal species exchanged in e.g. certain zeolites big
enough to host the condensation to PD could be explored.

3.4 Decarbonylation/dehydration to acetaldehyde

In almost all reports dealing with transforming LA into AA or PD
at elevated temperatures, low to appreciable yields of acetalde-
hyde are encountered, resulting from decarboxylation or decar-
bonylation chemistry. Acetaldehyde is a useful precursor in the
chemical industry used in different types of condensations and
additions, but it serves as well for the production of acetic
acid.119 Acetaldehyde was the main product when Yuksel et al.
studied the hydrothermal electrolysis of lactic acid in the pres-
ence of NaOH107 or in a hydrothermal near-critical approach.120

Due to the lower price of acetaldehyde with respect to LA (about
35% lower),121 the formation of this product in gas phase
conversions is usually unwanted and in most cases successfully
avoided for instance by decreasing the strength of the acidity of
the catalyst or by introducing mild basicity (as in Section 3.2).
One recent report has successfully focussed on maximizing
acetaldehyde production from lactic acid. This would gain
attraction in the context of a future price drop of lactic acid and
as an alternative to the ethylene based production process for

Scheme 4 Tentative reaction scheme for the formation of PD from LA. Adapted
with permission from ref. 109. ª 1997 American Chemical Society.
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acetaldehyde, which still depends on depleting fossil reserves.122

Katryniok et al. used silica supported heteropolyacids (HPAs) as
catalysts at 275 �C in a xed bed gas phase reactor. Yields of 83%
acetaldehyde at a LA conversion of 91% were achieved using the
highly acidic silicotungstic acid. The main reaction mechanism
proposed was decarbonylation/dehydration. Using less acidic
molybdenum-based HPAs, signicant amounts of propanoic
acid were found, pointing to a more pronounced decarboxyl-
ation pathway producing H2 (and CO2), instead of H2O and CO
as in the case of decarbonylation. Such derived H2 could be used
in situ to reduce LA to propanoic acid.122

3.5 Reduction to 1,2-propanediol

The reduction side of Scheme 2 shows potential synthesis
routes to 1,2-propanediol, better known as propylene glycol
(PG). The main application of this commodity chemical is its
use as a building block for unsaturated polyester resins, which
are combined with for instance polystyrene and a ller into
thermoset composite materials.123 Besides this, applications
range from an antifreeze over solvent for food processing to a
soening agent in skin care products. PG is also a precursor for
polyethers used in urethane foams. It is currently made through
hydrolysis of propylene oxide, therefore depending on fossil
propylene.124 An alternative production based on renewable
feedstock could release the PG production from its fossil
precursors. Glycerol has been proposed as a raw mate-
rial,20,125–129 but also LA could serve as a precursor for PG
production. According to our literature survey, the rst report
on the reduction of LA to 1,2-propanediol dates back to 1926
and deals with the conversion of ethyl lactate with metallic
sodium to 1,2-propanediol in low yields.130 Adkins et al. repor-
ted the formation of PG from ethyl lactate catalyzed by RANEY�
nickel in high yields under 25 MPa of H2 at low tempera-
tures.131–133 The reduction of the free acid however is muchmore
challenging due to the low reactivity of the carboxylic acid
group. Therefore, the esters are mostly applied. Catalysis came
to shore for the conversion of free LA in 1959 with Broadbent
et al. who used rhenium black as a hydrogenation catalyst. Aer
8 hours at 150 �C under 26 MPa of H2, they achieved a PG yield
of 84%.134 Motivated by the fact that these conditions are very
harsh and unfeasible on a large scale, mild catalytic
reductions have been developed. Mainly catalysts bearing Ru,
which is famous for its hydrogenation capacity,135 were found to
be active. An overview of some reported catalytic data for the
aqueous phase hydrogenation of LA is given in Table 2 and
a general presentation of this conversion can be seen in
Scheme 5.

Antons, for instance, disclosed a process to obtain optically
active PG from L-LA with different Ru catalysts at 80 �C (entry
1).136,141 Although no reaction times were mentioned, the
enantiomer excess was over 97%. They also noted that higher
temperatures led to lower values. The rst thorough study on
the hydrogenation of aqueous LA was given by the group of
Miller and its disclosed patent.137,142 Ru/C proved to be an
excellent catalyst for this reaction (entry 2, Table 2) and this was
attributed to the high stability of the carbon support under

aqueous conditions. The addition of potassium salts reduced
the conversion rate, due to the fact that the free acid concen-
tration is partly lowered. In the light of a fermentative LA
feedstock, they also tried to convert calcium and sodium lactate,
unfortunately without success. The addition of stoichiometric
amounts of sulphuric acid to a Ca-lactate feed was however
effective and a slightly reduced hydrogenation rate when
compared to a reaction with free LA was observed. In the same
context, they also investigated the inuence of different
biogenic (fermentation derived) impurities on the reaction as
well as the kinetics under the same conditions: mass transfer
limitations could be neglected and the kinetics t according to a
Langmuir–Hinshelwood expression.137,143–145 Miller and co-
workers also proposed an electrocatalytic hydrogenation
process with Ru/C, yielding mainly 2-hydroxypropanal and
some PG at only 70 �C and ambient pressures.146 A magnesia
supported poly-g-amino-propylsiloxane–Ru complex catalyst
was found to be very selective (entry 3, Table 2), and proved to be
reusable without leaching.138 Luo et al. reported the pronounced
effect of 7% of Sn promoter on the activity of Ru–B on Al2O3 for
ethyl lactate hydrogenation in heptane (entry 4). The presence
of Sn and B is thought to be benecial for the activation of
carbonyls.139 The same effect was also proven for Ru–B on Sn-
SBA-15, although overall rates were lower than in the alumina
supported case.147,148 The group of Corma recently reported a
very active Ru/TiO2 catalyst with low loadings of Ru (0.64 wt%,
entry 5, Table 2). This catalyst formulation was found to be over
3 times more active than conventional Ru/C and this was
ascribed to the small Ru nanoparticles in combination with the
support.140 Not totally unrelated, a recent report on the
synthesis of PG starts from lactide, the cyclic dimer of LA, with
the use of pyridine based pincer type RuII complexes.149

Next to Ru catalysts, copper and cobalt based hydrogenation
catalysts have been proposed. The group of Dumesic reported a
vapour phase process for aqueous feeds of LA in a range of

Table 2 Selected catalytic results for the aqueous phase hydrogenation of LA to
PG with Ru based catalysts in batch

Entry Catalystd
T [�C]/PH2

[MPa]
Conc. [M]/
time [h]

Yield [%]/
conv. [%] Ref.

1 RuO2
a 80/20 1.4/— 88/100 136

2 Ru/C (5.0) 150/14.5 0.55/5 90/95 137
3 MgO–NH2–Ru (1.2) 240/5 0.27/18 100/100 138
4b Ru–Sn–B/g-Al2O3 (4.1) 150/5.5 1.25/10 83/91c 139
5 Ru/TiO2 (0.64) 150/3.2 —/18 90/— 140

a Reduced at 150 �C. b Ethyl lactate in heptane instead of LA in H2O.
c Without Sn: 40/79. d In parentheses ¼ Ru wt%; LA/Ru ratios from
entry 1–5: 66; 222; 35; 54; 250.

Scheme 5 Transformation of LA into propylene glycol (1,2-propanediol).
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temperatures and pressures. A 10 wt% Cu/SiO2 proved very
selective at 200 �C with a partial H2 pressure of 0.72 MPa. A yield
of 88% was achieved at full LA conversion. The catalyst
remained stable during its 22 days on stream.150 A 10 wt% Co/
SiO2 was reported by Huang et al. for a vapour phase process as
well and a PG yield of 90% was achieved with 98% selectivity at
2.5 MPa H2 and 160 �C, but with ethyl lactate as a feed.151 Very
recently, Simonov et al. tested a 45 wt% Cu/SiO2 for the vapour
phase conversion of methyl and butyl lactate at atmospheric
hydrogen pressures. PG yields of 78% and 96% for respectively
methyl and butyl lactate were demonstrated at nearly full
conversion at 180 �C. The main side product appeared to be
hydroxyacetone and a tentative reaction scheme was
proposed.152 This involved the activation of the carbonyl with a
proton (and supposed acidity of the support), the hydrogena-
tion of the activated carbonyl to yield a hemiacetal, followed by
its conversion to 2-hydroxypropanal with loss of the alcohol.
This aldehyde is then reduced to PG, which is said to be in
equilibrium with hydroxyacetone. The same authors also
explored catalysts prepared by reductive activation of various
copper-containing oxides.153

In conclusion, with assistance of heterogeneous Ru or Cu
based catalysts, processes can be designed both in gas and liquid
phases to convert LA to PG in high yields under feasible condi-
tions of temperature and pressure. Moreover, both free acids
and esters such as ethyl lactate are feasible feedstock, the latter
being transformed more easily. Future price differences will
determine the value of the LA to PG conversion, as the reverse
reaction is also a subject of research (refer to Section 4.6). Recent
evolutions in supported nanoparticle catalyst technology led to
catalysts with higher turnovers per metal site. For instance, one
could think about the use of carbon nanobers supported metal
particles for the hydrogenation of LA to PG.154

3.6 Oxidation to pyruvic acid

Pyruvic acid (PYR) and its pyruvates are increasingly used as
precursors for the synthesis of drugs, amino acids and agro-
chemicals, but as well as a dietary supplement and antioxidant.155

Pyruvic acid is already commercially available through fermen-
tation of glucose, free or immobilised enzyme catalysis or via
chemical synthesis from tartaric acid.156 Novel routes based on
lactic acid have been proposed, both via chemo- and biocatalysis.

Lactic acid, its esters and salts can be oxidised to their cor-
responding pyruvates with heterogeneous catalysis. Several
catalysts have been studied and disclosed for the oxidation of
esters in the vapour phase. Hayashi et al. proved that binary
oxides TeO2–MoO3 and later CoIIO–TeO2–MoO3 were very active
in converting ethyl lactate. With the latter, complete conversion
and a yield of 93% to ethyl pyruvate at 300 �C were ach-
ieved.157,158 Mo and V phosphates/SiO2 were claimed as well to
be very active for this reaction.159 The gas phase process proved
to be more difficult with LA instead of its esters and was mainly
investigated by Ai and co-workers. The best result was obtained
with Fe phosphates at 230 �C showing a selectivity of 62% to
PYR at 60% conversion. The lower selectivity was due to a
concurrent acetaldehyde formation via C–C bond splitting.160,161

Later, Ai reported on modifying this catalyst with Pd162 and
Mo.163 Especially small quantities of MoVI+ proved to be valu-
able. An Mo-free iron phosphate catalyst and a molybdenum
(0.025 atomic Mo/Fe ratio) doped catalyst at 10 h on stream
yielded 24% and 70% of PYR respectively at similar selectivity.
The higher oxidation activity was ascribed to the easier reduc-
ibility of the iron component promoted by molybdenum.

Hayashi et al. proposed a liquid phase process for ethyl lactate
in dimethyl succinate at 130 �C under low O2 pressures over
suspended Ti, Zr, Sn and Mo oxides in low loadings. In the case
of SnO2–MoO3, a yield of 50% ethyl pyruvate was obtained aer 5
hours with 80% selectivity.164 Pd–Pt/C catalysts were disclosed for
an aqueous phase conversion of sodium lactate to sodium
pyruvate in air at 65 �C. A yield of 81% was observed at 90%
conversion aer 70 minutes of reaction time.165 Hayashi also
proposed an aqueous phase process for free LA and reported the
use of Pb-modied Pd/C at 90 �C and pH 8 with a 60% yield to
PYR.166 Sugiyama recently reported the conversion of sodium
lactate under identical conditions with (Te-) Pd/C.167 The main
advantage of using the salt was avoidance of pH adjustment, and
the maximum yield was found to be 68% at 1 MPa of O2.

Lastly, a gas–liquid microow continuous system has been
proposed recently168 as an alternative to the precious metal
intensive liquid phase batch processes and high temperature
vapour phase processes. Alkyl lactate and soluble catalyst
(VOCl3) solutions in acetonitrile are mixed and oxygen gas is
injected in the ow at room temperature. The overall activity
appeared to be much higher than in a comparative batch
system; e.g. a yield of 31% of ethyl pyruvate was reached in only
2.5minutes, while in batch, this result required 20minutes. The
higher activity is attributed to the higher oxygen concentration
due to the gas–liquid slug ow. Yields of ethyl pyruvate near
75% were encountered in ow mode aer 14.4 minutes of
residence time. Provided that VOCl3 can be somehow separated
and reused (perhaps in a heterogeneous version), this original
and very mild approach has potential.168

Next to these chemocatalytic approaches, considerable
progress has beenmade in the biocatalytic transformation of LA
into pyruvic acid. As novel biotechnological systems have been
the focus of process development in pyruvate production,
lactate as a feedstock could have potential.155 Lactate dehydro-
genases and lactate oxidases are capable of performing this
reaction with NAD+ and O2 respectively. The latter is preferred
but suffers from H2O2 side product formation. This can be
solved by working with a catalase to quench H2O2. A thorough
discussion on this is not the scope of this review and more
details are found elsewhere.75,155,169

3.7 Catalytic upgrading or reforming of LA

LA is a highly oxidised hydrocarbon with a C : O atomic ratio of
1. The high oxygen content is at the origin of its high reactivity.
LA may thus be considered as a model compound of highly
functionalised biomass-derived molecules in reactivity studies.
Aqueous LA solutions have been catalytically processed at
5.7 MPa with hydrogen in the gas phase over supported Pt
catalysts at temperatures between 300 and 350 �C by the group
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of Dumesic.170,171 In this unique approach, a spontaneously
separating organic layer is obtained aer condensation con-
taining about 60% of the input carbon. Main products are
propionic acid, C4 to C7 ketones and C1 to C7 alkanes. Clear
support effects were evidenced in the study and the reaction
pathways were established. The proposed reaction pathway is
presented in Scheme 6. LA is in a rst stage converted into
deoxygenated intermediates like propionic acid and acetalde-
hyde, which are further condensed via C–C coupling reactions.
These condensations are catalyzed by the acidic niobia support.
Ketonisation of two propionic acid to 3-pentanone with loss of
CO2 is one way, whereas self and cross-aldol condensation
reactions with acetaldehyde are another. Usage of inert Vulcan
as a support showed no C–C coupling and no organic layer was
formed on top of the aqueous phase. Instead, more gasication
was observed next to the presence of acetaldehyde and ethanol
as main soluble products. In the case of niobia, alkanes are the
main products next to ketones. They arise via the hydrogenation
of acetaldehyde and propionic acid to respectively ethanol and
propanol over the Pt clusters. These alcohols are converted to
ethane and propane via dehydration/hydrogenation catalytic
cycles. The latter is ideally exerted by a bifunctional catalyst
combining both metallic redox sites in addition to an acidic
support. This bifunctional catalytic approach is an original
example of the genericism of possible products attained from
lactic acid and provides a way of increasing the caloric value.

Rennard et al. reported a catalytic oxidative reforming study
with ethyl lactate and lactic acid as model compounds for
oxygenates in more complex bio-oil reforming feeds.172 Auto-
thermal reforming by partial oxidation was carried out over
platinum and rhodium based catalysts supported on alumina
foam monoliths. Products were highly tunable between
synthesis gas (CO and H2) and olens by variation of the
feed : O2 (C : O) ratio. The selectivity to synthesis gas was high
at C : O ratios below 1.3, especially for the ester, which was
easier to reform than the free acid. The addition of cerium or
lanthanum was also found to increase the selectivity to
synthesis gas. Non-equilibrium products such as ethylene and
acetaldehyde were observed at ratios of C : O > 1.3.

3.8 Esterication to lactates

Apart from the self-esterication reaction of LA with formation
of oligomers, as explained in Section 2.1, other esters of lactic
acid have been reported in the literature as well and are readily
synthesised. The most prominent of all is ethyl lactate (ELA).
This short chain ester is one of the most promising green
solvents today: it combines a high boiling point, a low vapour
pressure and a low surface tension with its renewable origin.
ELA is an interesting alternative to replace existing hazardous
solvents due to many similarities in processing and solvent
properties.45,173–175 Applications are already numerous, viz. raw
material for the skin care industry, and new applications are
emerging provided that its production is sustainable and its
price competitive. More information on the solvent properties
of ELA and its production processes is described in a recent
review.45 Lactic acid esters with long alkyl tails possess amphi-
philic properties. They nd applications in cosmetics and
formulations as moisturizers and solvents and might have a
future as detergents.176 The synthesis of ELA and methyl lactate
however is studied most frequently as their synthesis is of
utmost importance in the production of highly pure lactic acid,
where esters are formed prior to distillation, as discussed under
Section 2.2 and seen in Fig. 2. Ethyl lactate should be the
preferred ester since ethanol is derived from biomass, the ester
is completely renewable and biodegradable. The common route
for ELA is based on the Fischer esterication catalysed by
Brønsted acid catalysis under dehydrating conditions. The
latter can be performed by working in excess of alcohol, by water
removal with dehydrating agents, azeotropic distillation or
membrane technology.177,178 Due to the applied dehydrating
conditions, one should be aware of the presence of signicant
amounts of oligomers, which is oen neglected erroneously.45

Amongst others, sulphuric acid, Amberlyst 15,179–181 hetero-
polyacids supported over ion-exchange resins,182 mesoporous
Nb–W-oxides,183 Ti–Zr oxides,184 zeolites185 and biocatalytic
lipases186,187 have been reported as efficient catalysts. Many
groups have performed kinetic studies on the esterication of
LA with ethanol, with different catalyst types and a comparative
overview is found elsewhere.45 Studies of note are the one per-
formed by the group of Miller and one by the group of Rodri-
gues, both using an Amberlyst 15 cation exchange resin and
achieving comparable results.179,180 An elaborate pilot scale
continuous reactive separation process for ELA production has
been reported as well.188

3.9 Synthesis of lactide and PLA

Polylactic acid is a commercially produced thermoplastic
biodegradable polyester189 with numerous applications ranging
from industrial packaging over bres to clothes and biocom-
patible materials for medical application. The applications are
very diverse as a result of the versatile occurrence of
PLA.39,40,49,190–193 Besides the market potential for replacing
petroleum derived plastics such as for instance polystyrene and
polyethylene terephthalate,194,195 PLA is biocompatible and
therefore suitable for in vivo medical applications such as
sutures, drug coatings and prostheses. There are two ways to

Scheme 6 Catalytic upgrading of LA over bifunctional Pt/Nb2O5 catalysts. Based
on ref. 170 and 171.
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synthesize PLA, namely direct polycondensation of LA196,197 and
ring-opening polymerisation (ROP) of the cyclic lactide mono-
mer. Because of the strong equilibrium between lactic acid,
water and lactoyl oligomers and the increasing viscosity during
polymerisation, the production of high molecular weight PLA is
difficult through direct polycondensation of aqueous lactic acid.
A polycondensation route featuring azeotropic distillation with
m-xylene and a SnCl2 catalyst has been reported, yielding PLA in
the range of 30.000 gmol�1, which is still quite low.198 Therefore,
nearly all industrially manufactured PLA is produced in a more
controlled way using the lactide intermediate.44,49,190,199–201 The
rst reaction step synthesises lactide from lactic acid.202 Aer
purication, lactide is polymerised via a homogeneously cata-
lysed ROP in the melt, yielding two lactoyl units to the growing
polymer chain, in the absence of water.203 The synthesis of PLA
was rst commercialised by Cargill-Dow (NatureWorks).29 The
industrial synthesis of lactide is performed by the two step
intensive process shown in Scheme 7.204–209

In the rst step, a pre-polymer is formed by removing water
from a concentrated lactic acid aqueous solution, generally
performed at temperatures between 200 and 250 �C and pres-
sures in the range of 10–100 mbar for several hours. The pre-
polymer is then subjected to a thermal depolymerisation step in
a second reactor to yield lactide. This intramolecular esteri-
cation process is called backbiting and is catalysed by small
amounts of tin-based homogeneous catalysts, mostly Sn octoate,
which are not recycled in the process. This second step is con-
ducted at temperatures above 200 �C and pressures are generally
held between 1 and 80 mbar, partly to distil off the formed lac-
tide. Besides lactide, the nal mixture contains considerable
amounts of oligomers of lactic acid of all molecular weights,
including heavy fractions. The process suffers slightly from rac-
emisation, caused by the severe conditions. Consequently,
starting from a commercial L-LA feed to yield L,L-lactide, 5–12%
of undesired meso-lactide is formed, which has both the L- and
D-conguration in the ring.210,211 The properties of PLA strongly
depend on the stereo-composition of the lactide monomer feed
because it determines the tacticity of the polymer chain.212 Ster-
eopure L,L-lactide is desirable to obtain stereopure poly-L-lactic
acid. Incorporation of meso-lactide or D,D-lactide in the
L sequenced chain results in polymers with inferior thermal and
mechanical properties.49 A purication step is therefore needed
before the lactide can be polymerised.200,213–215 To some extent
improvements in catalysts, process parameters and congura-
tion for the backbiting step have been reported, mainly in the

abovementioned patents.216,217 Yoo et al. for instance noticed that
the conversion of a pre-polymer to crude lactide was highest for
intermediate molecular weights of the prepolymer with SnO as
the catalyst.218 Noda et al. screened a range of homogeneous and
heterogeneous metals in various forms such as oxides, halides
and alkoxides. They demonstrated that the intramolecular
transesterication activity was in the following order: Sn > Zn >
Zr > Ti > Al.219,220 Finally, variations of the backbiting process
include a thermal decomposition of trioctyl ammonium
lactates221 (patented by Kricheldorf et al.), assistance of micro-
wave heating222,223 and the use of alkyl lactates for the two step
approach of Scheme 7 with Sn based catalysts, as recently
reported by Upare et al.224

A different approach was patented in 1994 and proposed a
gas phase process using a vaporised aqueous lactic acid solu-
tion at mild reaction temperatures, viz. 150 to 225 �C.225 Higher
temperatures were excluded as to avoid formation of acrylic
acid, 2,3-pentanedione and acetaldehyde (refer to Sections 3.2–
3.4). Catalysts included mixed silica gel–alumina, acidic anion
exchange resins and molybdenum oxides on g-alumina. Lactide
formation has been recognised in an empty reactor or on inert
glass beads, but the lactide yields were higher in the presence of
a catalyst. The catalytic reaction also promoted side product
formation such as acetaldehyde and CO, and some race-
misation was induced. The catalytic gas phase process was
never put into practice likely because the lactide yield was less
attractive than the achievable yields in the currently operational
two-step process.

The role of heterogeneous catalysis in the synthesis of lactide
is rather limited, but homogeneous catalysts, mainly Sn-based,
play a vital role in the backbiting phase of the two-step approach
as well as in the ring-opening polymerisation of lactide. The
latter reaction, leading to high molecular weight PLA, has been
extensively studied and mostly metal catalysts like tin(II)bis(2-
ethylhexanoate) and aluminium(III)isopropoxide are used.226,227

A wide range of organocatalysts228 such as dialkylaminopyridine
(DMAP) also appear to be active for the reaction and even some
heterogeneous catalysts such as tin-substituted mesoporous
silica have been proposed.229–231 A thorough discussion on the
ring-opening polymerisation of lactide is beyond the scope of
this review. We kindly refer the reader to thorough reviews in
this intriguing eld.203,228

4 New catalytic routes towards lactic acid
4.1 Introduction

Owing to the growing popularity and commercial viability of
PLA and ethyl lactate, the demand for LA is increasing rapidly.
Because the production of LA via fermentation faces difficulties
(as pointed out under Section 2.2), many research groups have
focused on novel chemocatalytic methods for directly convert-
ing sugars into lactic acid or its alkyl esters. Others have focused
on using renewable glycerol for this purpose or even other
feedstock. Both mild catalytic (<200 �C, depending on the
feedstock) and hard (sub)critical hydrothermal conditions have
been explored with different biomass feedstock in liquid phase
processes. An overview is presented in Scheme 8 and the

Scheme 7 The industrially practiced route from LA to lactide and highmolecular
weight PLA via ring-opening polymerisation (ROP).
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different attempts are discussed in length in this section. Albeit
non-renewable, there is a commercial synthetic route to racemic
LA. This route involves hydrolysis of lactonitrile, an interme-
diate formed by reacting acetaldehyde originating from
ethylene with HCN.44 Although popular in the past, one
company still produces LA in this way.232

The rst thorough report on the homogeneously catalysed
conversion of triose sugars to alkyl lactates in alcoholic media
was given by Hayashi and Sasaki in 2005.233 Other homoge-
neous catalysts have been developed and investigated since. In
the wake of Hayashi's work, our group was the rst to report the
use of a heterogeneous catalyst (USY zeolites).234 Since then, a
series of papers on this reaction has been published with
different types of solid Lewis acids in aqueous and alcoholic
media. Most catalysts were based on Sn and Al as the active site.
Holm et al. reported the rst conversion of sucrose, glucose and
fructose into methyl lactate in high yields under mild condi-
tions using Sn-b zeolite.235 Recently, our group developed a
bifunctional composite catalyst which achieved the highest (Sn-
based) rates reported for the triose conversion. This carbon-
silica material was also capable to convert mono- and disac-
charides.236 Lastly, some preliminary studies have been repor-
ted which describe the direct conversion of cellulose into lactic
acid in the presence of both homogeneous and heterogeneous
catalysis. Homogeneous and heterogeneous approaches to LA
are thoroughly discussed respectively in Part 4.2 and 4.3. In
parallel with all the above mentioned catalysis under gentle
conditions, some groups have reported the conversion of
trioses, glucose and other carbohydrates like cellulose under
subcritical hydrothermal conditions,237 oen with the addition
of alkali or metal salts. A brief overview is presented under
Section 4.4.

Instead of using carbohydrate feedstock, several research
groups focused on the selective conversion of glycerol to lactic

acid (see Section 4.5). Glycerol presents a very interesting raw
material as it is not only a side-product of the biodiesel industry
but also excessively available as waste in soap and detergent
manufacturing.20,126,238 Due to the volatile price of glycerol in the
market, investigating its conversion to LA is only relevant with
glycerol prices well below those of LA. Such conversion seems
cost-effective in the current glycerol and LA markets (by esti-
mation, LA is thought to be 25–75% more expensive).121 Most
reports on glycerol to LA deal with the use of metal-based
heterogeneous catalysts with or without hydrogen under alka-
line hydrothermal conditions. Other work focuses on metal-free
but more severe hydrothermal alkaline conditions.237 Lastly,
Section 4.6 discusses the use other substrates (PG, sorbitol,
propanal).

4.2 Homogeneous catalysts for the conversion of trioses and
hexose based sugars to LA under mild conditions

Trioses. Chemocatalysis is oen inspired by Nature.
Numerous living systems produce LA according to metabolic
pathways involving methylglyoxal (or pyruvic aldehyde, PAL) and
glucose. The rst route is encountered in the glyoxalase system,
which is a set of enzymes that convert PAL to lactic acid as a way
of detoxication. The glucose-based route combines glycolysis of
glucose to pyruvate (which involves isomerisation to fructose
with further conversion to trioses) with the famous Cori cycle.
The latter converts pyruvate into lactate under anaerobic action
of lactate dehydrogenase (the scientic background for ‘acid/sore
muscles’ in humans). Inspired by this in vivo catalysis, scientists
started to design new catalytic systems for LA production from
trioses and hexoses. The rst bio-mimics were based on transi-
tion metal ions. Monsted et al. reported the use of macrocyclic
RhIII and CrIII mainly as part of a mechanistic study and a
comparison with the glyoxalase system.239 Kelly et al. disclosed
the use of metals from groups III to VIII and they demonstrated
best results with TiIV and CrIII based soluble catalysts at 115 �C.240

This is seen as entry 1 in Table 3, which overviews homogeneous
and heterogeneous results for the conversion of trioses in
alcohol. In 2005 Hayashi et al. reported the remarkably fast and
selective conversion of trioses, viz. dihydroxyacetone (DHA) and
glyceraldehyde (GLY), into alkyl lactates in alcoholic media with
the use of soluble Sn halides.233 These catalysts distinctively
promoted the conversion of trioses to alkyl lactates, while all
other screened metal salts displayed little or no activity and
selectivity towards the LA esters. A 10 mol% of SnIICl2 was for
instance able to convert a solution of 2.5 mmol DHA inmethanol
with a yield of 89% to methyl lactate in methanol in 3 hours at
90 �C, whereas AlIII and CrIII based halides displayed only 62 and
50% respectively. Further catalytic superiority was demonstrated
with SnIVCl4$5H2O (see Table 3, entry 2): higher turnovers per Sn
atom, viz. 8.8 mol mol�1

Sn h�1, were found with the SnIV catalyst,
yielding 90% ethyl lactate or n-butyl lactate in 1 h at 90 �C (entry
3). The exceptional activity of Sn was tentatively attributed to the
strong interaction of the Lewis acid SnIV with the carbonyl and
alcohol group of the triose substrate, owing to the known
tendency of Sn to coordinate OH bonds rather than to form Sn–
O–C bonds.241

Scheme 8 Possible routes and raw materials for non-fermentative lactic acid
synthesis with the respective subsection in this review in parentheses.
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Scheme 9 represents the generally accepted mechanism for
the conversion of trioses into alkyl lactates or lactic acid. The
two triose isomers, viz. DHA and GLY, interconvert with relative
ease according to a ketose–aldose isomerisation, shiing the
carbonyl from C1 to C2 and vice versa. This reaction is in
principle performed via an acid-catalysed hydride shi, a base
catalysed mechanism with a proton shi (and intermediate
enol) or via a concerted proton-coupled hydride shi in neutral
media. The latter isomerisation type has recently been studied

in the presence of heterogeneous Lewis acid Sn by Roman-
Leshkov, Davis and co-workers for hexose mono-
saccharides242–244 and by the group of Curtiss for trioses.245 LA
formation from trioses starts with a dehydration step, but there
is no consensus on whether DHA or GLY is the ultimate dehy-
drating substrate. Although differences in conversion rates have
been reported depending on the usage of the ketose or aldose
form, generally the conversion works well starting from both
precursors (for instance, compare entries 3 and 4 in Table 3).
This is probably due to the rapid equilibrium between the two
triose isomers. The dehydration reaction forms pyruvic alde-
hyde (PAL) via an enetriol intermediate and enol pyruvate. In
the metabolic glyoxalase system, the existence of the unstable
methylglyoxal isomer – enol pyruvate – has been proven.246 PAL
is prone to a nucleophilic attack on its aldehyde carbonyl with
water or an alcohol. In this way, respectively a hydrate or hemi-
acetal is formed (Scheme 9). In alcoholic media, this hemi-
acetal is able to react further in two ways: either it incorporates
another alcohol molecule, forming a dialkyl acetal (in equilib-
rium with the hemi-acetal) or it is isomerised into an alkyl
lactate. In water, only the latter isomerisation to LA is possible.
The isomerisation and the attack of the nucleophile may also be
concerted, without the intermediate hydrate/hemi-acetal. The
isomerisation step assumes a formal 1,2-hydride shi. This last
step has been explained as an internal Cannizzaro reaction
using isotope labeling247 or as the combination of a Meerwein–
Ponndorf–Verley reduction and Oppenauer oxidation
(MPVO).248 Both are formally indistinguishable, but either way,
it was proven that the aldehyde H (of the terminal C]O of PAL)
shis to the adjacent carbon atom. For instance, conversion of

Table 3 The catalytic conversion of trioses: dihydroxyacetone (DHA) and glyceraldehyde (GLY) in alcoholic media

Entry Catalystc Triose
Substrate
conc. [M]b Alcohol

Catalyst conc.
[mg mL�1] T [�C] T [h]

Yield [%]
di-acetald

Yield [%]
alkyl lactate Ref.

1 CrCl3$6H2O
a DHA 1.0 BuOH 3.3 mol%a 115 15 — 81.6 240

2 SnCl4$5H2O
a DHA 0.625 MeOH 10 mol%a 90 2 9 82 233

3 SnCl4$5H2O
a DHA 0.625 EtOH 10 mol%a 90 1 — 84 233

4 SnCl4$5H2O
a GLY 0.625 EtOH 10 mol%a 90 1 — 88 233

5 Y-zeolite ZF210 (�) DHA 0.4 EtOH 40 90 6 28 65 234
6 Sn-b zeolite (125) DHA 0.25 MeOH 16 80 24 0 99 248
7 USY-zeolite CBV600 (2.6) DHA 0.4 EtOH 40 90 6 18 59 247
8 USY-zeolite CBV600 (2.6) DHA 0.4 EtOH 40 120 3 9 91 247
9 USY-zeolite CBV600 (2.6) DHA 0.4 MeOH 40 110 4 1 (7) 82 247
10 H-USY-zeolite (6) DHA 0.25 MeOH 16 115 1 5 75 264
11 H-USY-zeolite (6) DHA 0.25 MeOH 16 115 24 — 96 264
12 Amorph. SiAl (10) DHA 0.4 EtOH 40 90 6 1 22 265
13 Sn-MCM-41 (49) DHA 0.4 EtOH 40 90 6 2 98 266
14 Ga2O3 DHA 0.4 EtOH 40 90 6 3 39 266
15 Sn-montmorillonite DHA 0.25 EtOH 10 120 1 22 (23) 53 267
16 Sn-montmorillonite DHA 0.25 EtOH 10 150 15 0 97 267
17 Sn-gra-MCM-41(460) DHA 0.2 EtOH 20 90 6 3 23 236
18 Sn-CSM-(15%C)ef DHA 0.2 EtOH 20 90 6 0 100 236
19 Sn-CSM-(16%C)e DHA 0.2 C8OH 20 90 6 — 83 236
20 Sn-CSM-(16%C)e DHA 0.2 C14OH 20 90 6 — 54 236
21 Sn-bg DHA 0.4 EtOH 1.4 90 — — 99 268

a Homogeneous catalyst: in that case the catalyst concentration is in mol% to the substrate. b Monomeric form. c Value in brackets¼ bulk Si/Metal
ratio. d Dialkyl acetal, value in brackets represent the yield of 1,1,2,2-tetra-alkoxypropane (a double di-acetal) where reported. e Si to Sn ratio of the
Sn-MCM part (¼ 85 wt% of the composite) is 460. f Post-oxidised at 300 �C. g 10 wt% Sn-b zeolite synthesised via dealumination of a parent Al-b
zeolite, followed by solid state ion exchange.

Scheme 9 Mechanism for converting trioses into alkyl lactates in alcoholic
media (R ¼ alkyl) or into lactic acid in water (R ¼ H). Upon further acetalisation,
formation of 1,1,2,2-tetra-alkoxypropane from * is possible.
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PAL in methanol-d4 in the presence of Sn halides and USY
zeolites led to methyl lactate without deuteration in the C2
position.233,247

Heeres and co-workers reported a thorough study on the
conversion of trioses to LA in water with homogeneous metal
salts and they measured the activation energy for both the DHA
dehydration and the PAL to LA reaction. Catalysed by AlCl3,
values of 93 and 58 kJ mol�1 respectively were reported at 140
�C, suggesting that dehydration is rate limiting. In their
screening, two metal cations exhibited superior selectivity
towards LA: Cr3+ and Al3+. In contrast to their excellence in
alcohols, Sn halides performed mediocrely in water due to the
formation of an inactive brown precipitate (pointing to the
formation of Sn (hydr)oxides in our opinion). LA yields of about
20% at complete DHA conversion aer 1.5 h at 140 �C are
reported in water with Sn salts, while diverse Cr and Al salts are
able to yield about 90% of LA. The authors showed that usage of
Al and Cr halides slightly acidies the reaction media to pH
levels around 3. The released protons were demonstrated to
accelerate the rate determining dehydration of DHA to PAL,
while the Lewis acid property of the metal ion is crucial to assist
the nal 1,2-hydride transfer to form LA (nal step in Scheme 9).

Hexose based sugars. Obviously, obtaining lactates and LA
from hexoses such as glucose and fructose instead of trioses is
economically more realistic. There are even preliminary reports
which suggest cellulose as a feedstock. Before discussing
homogeneous attempts of converting hexose derived sugars into
LA, some general information and clarication are needed.
Using hexoses (or their polymers) as feedstock for ‘three carbon
chemistry’ clearly entails additional reactions. Scheme 10 over-
views this additional chemistry. Depolymerisation of large
biopolymers or oligomers involves acid-catalysed hydrolysis. Its
rate is highly dependent on the accessibility of the glycoside
bonds within the biopolymer's structure.10,11,249–251 Cellulose is
probably most difficult due to its crystalline occurrence when
compared to other polysaccharides like starch, hemicellulose
and inulin. Solvation with ionic liquids and mixtures thereof in
combination with mineral acids and acid resins is an interesting
but expensive option to hydrolyse cellulose.252,253 Treatment of
the cellulose feedstock by ball-milling54,55,254–256 or plasma53,257

has also been reported to improve the reactivity of cellulose.
Other groups attempted novel catalyst designs like sulphonated
carbons258 (and their hybrids52), hyperbranched polymers259 and
phosphate salts to digest cellulose or its oligomers.23,260,261

Following the hydrolytic depolymerisation, additional reaction
types with the released monosaccharides are necessary. Fruc-
tose, the 2-ketohexose monomer from inulin, requires a retro-
aldol reaction into DHA and GLY. The use of glucose, the aldo-
hexose monomer from starch and cellulose, needs an isomer-
isation to fructose as the retro-aldol reaction otherwise leads to a
ketotetrose and glycol aldehyde instead of two triose fragments.

Heeres et al. studied the conversion of D-glucose in water
under the action of diverse metal salts at 140 �C for 6 h.262Nearly
complete glucose conversion was obtained in the presence of
AlIII and CrIII chlorides and sulphates, but LA yields not higher
than 20% (for AlCl3) were shown. Other catalytic attempts to
directly convert sugars into LA with similar metal salts but

under nearly supercritical hydrothermal conditions are dis-
cussed under Section 4.4.

Another recent study describes the formation of LA directly
from cellulose. Microcrystalline cellulose, the least digested
form, was suspended in hot water together with homogeneous
Sn catalysts. The best result was obtained with dibutyl tin(II)
dilaurate, yielding 11% LA at a conversion of 24% of cellulose
aer 8 h at 190 �C.263 Although low in absolute numbers, the
selectivity appears surprisingly higher than in the case of
reacting glucose262 and could point to the lower concentrations
of glucose in the system due to slow release of the glucose from
cellulose.

4.3 Heterogeneous catalysts for the conversion of trioses and
hexose based sugars to LA under mild conditions

Trioses. In 2007, our group reported the rst heterogeneous
catalysts for the conversion of trioses into alkyl lactates (entry 5
in Table 3).234 The use of heterogeneous catalysts offers
tremendous advantages as reaction media can easily be sepa-
rated from the catalyst and the latter reused. Owing to this,
various Y type zeolites were screened for the conversion of
trioses in alcohols. The catalysts eventually were grouped based
on their ability to form either dialkyl acetal or alkyl lactate (see
Scheme 9, which is valid as well for heterogeneous catalysts).
The former product is indicative of strong Brønsted acidity,
while the latter results from Lewis acidity. Ethyl lactate was thus

Scheme 10 Catalysis and reactions for the conversion of poly-, di- and mono-
saccharides to LA or its esters.
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produced with a yield of 65% in ethanol with a Y type zeolite at
complete DHA conversion. The authors considered the Lewis
acid zeolites to be functional biomimics of the aforementioned
glyoxalase.234

Later, Taarning et al. proved that in particular Lewis acidic b
zeolites were very active for the DHA conversion.248 A compar-
ison of a series of zeolites with Ti, Zr and Sn incorporated in the
framework revealed a correlation of the catalytic activity with
the Lewis acid strength, Sn being the strongest in their series
(entry 6, Table 3). A comparison with Al-b and Brønsted acidic
ion-exchange resin yielding only dialkylacetals also led the
authors to postulate that strong Brønsted acidic zeolites are
selective towards acetals, whereas Lewis acidic zeolites are
selective towards alkyl lactates. The Sn-b zeolite proved to be
more active per Sn site than the homogeneous halides: the
initial turnover rate of methyl lactate formation was 45 mol
mol�1

Sn h�1, whereas a value of 4.2 mol mol�1
Sn h�1 was calculated

for homogeneous SnIVCl4$5H2O. Interestingly, steaming a
parent Al-b zeolite to produce extra-framework Al enhanced the
lactate yield in regard to the pristine H–Al-b.248

Simultaneously, the same group and our group investigated
the use of H-USY zeolites.247,264West et al. performed a screening
with 2 different USY zeolites and one zeolite of the type H-ZSM-
5, H-BEA and H-MOR along with a sulphated zirconia and H-
montmorillonite, both in water and methanol. The H-USY with
a bulk Si/Al ratio of 6 (H-USY(6)) outperformed all other cata-
lysts and remarkably also the other H-USY with a Si/Al ratio of
30. A methyl lactate yield of 96% at 99% conversion was
obtained at 115 �C aer 24 h of reaction (entry 11, Table 3). Note
that 75% of this yield was already obtained aer 1 h (entry 10).
With an FT-IR study using pyridine as a probe for acidity,
combined with NH3-TPD, the authors measured the ratio of
Brønsted over Lewis acid sites to be 1.8 for H-USY(6) and 5.6 for
H-USY(30), which led to the same conclusion as with the Sn-b
versus Al-b experiment.248 Working in water generally entailed
lower rates, lower yields and also lower lactate selectivity. In
addition, the authors studied the zeolite catalyst in a promising
continuous ow mode setup and they monitored the stability of
the zeolite and its deactivation process. It was found that LA
destroys the catalyst structure, even at a concentration as low as
0.3 M. As expected, this is not observed for methyl lactate in
methanol. Another cause for zeolite deactivation in water is
catalyst coking, mainly attributed to PAL decomposition. An
additional kinetic study with H-USY(6) in water showed an
apparent energy barrier of 53 and 61 kJ mol�1 for DHA dehy-
dration and PAL to LA reaction, respectively. These values are
clearly lower than those obtained with soluble Al3+ salts,269while
the rate determining reaction is reversed, the hydride shi
being the slowest step with the H-USY(6) zeolite.

In the paper by Pescarmona et al.247 a thorough screening
and characterisation of different commercial USY zeolites was
presented, over a whole range of Si/Al ratios at a lower
temperature, viz. 90 �C, in ethanol. A clear trend between the
ethyl lactate selectivity and the fraction of extra-framework
aluminium (EFAL) was observed (Fig. 3). The higher the extra-
framework percentage in H-USY, the higher the lactate yields.
Aluminium in extra-framework positions may occur in different

forms, viz. Al3+, Al(OH)2+, Al(OH)2
+, Al(OH)3, AlO(OH) and Al2O3,

displaying Lewis acid properties. The remaining Brønsted
acidity is helpful in assisting the dehydration of DHA to PAL,
but its strength should be weak in order not to transform PAL to
acetals in a competitive parallel reaction pathway (Scheme 9).
This can explain the differences between different zeolites with
similar amounts of framework aluminium (FAL) (Fig. 3). To
benet from the rate effect of the Brønsted acidity, enough
Lewis acid sites are required to efficiently convert PAL further to
ethyl lactate. USY zeolite CBV600 contains a high concentration
of both acid types and optimal strengths are present in the best
balance. It is synthesised by severely steaming a commercial H-
Y parent zeolite with Si/Alframework ¼ 2.6 without the traditional
removal of EFAL by acid leaching.270 A yield of 91% ethyl lactate
is thus reached at complete DHA conversion within 3 h using
commercial CBV600, which has an EFAL to FAL compositional
ratio of 2.5 (entry 8, Table 3). The ethyl lactate yields may likely
be improved even further by selective blockage of the remaining
strongest Brønsted acid sites or by increasing the reaction
temperature. A high reaction temperature (and a prolonged
reaction time) is likely benecial not only for the overall reac-
tion rate, but also for the selectivity towards alkyl lactates
because of thermodynamic reasons. Rapid formation of dialkyl
acetal with (strong) Brønsted acidity, followed by its gradual
conversion into the thermodynamically stable alkyl lactate, is
feasible. Indeed, acetalisation of carbonyl groups with alcohols
is reversible, while PAL and its hemi-acetal are easily converted
via keto–enol isomerisation or Lewis acid catalyzed 1,2-hydride
shi into the alkyl lactate (Scheme 9). Some indirect proof of the
proposed benecial effect of reaction temperature is available
in the literature. E.g. for the conversion of DHA in ethanol with
H-USY, 59% lactate yield and 18% acetalisation were observed,
while these values shi to 91% and 9%, respectively, when
performed at 120 �C (compare entries 7 and 8, Table 3). In
agreement with West et al., the catalyst showed no severe
catalyst deactivation in alcohol solvent for subsequent runs.
The H-USY catalyst is easily regenerated upon washing or
calcination in air. The study further provided mechanistic
details concerning the reaction network using intermediates as

Fig. 3 Ethyl lactate selectivity over different zeolites as a function of the fraction
of extra-framework aluminium of various zeolites and zeolite topologies. Condi-
tions of entry 7 in Table 3. Based on ref. 239.
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reagents and proved with deuterium labelling that the proposed
1,2-hydride shi, required for the transformation of PAL in
ethanol to ethyl lactate, also happens on the heterogeneous H-
USY catalyst. In conclusion, aer the pioneering observation of
the glyoxalase mimicry of H-USY type zeolites, two consecutive
papers both presented a detailed investigation on different
aspects of the reaction, its mechanism and deactivation path-
ways in different solvents.

Besides H-USY and Sn-b zeolites, other heterogeneous cata-
lysts have been reported since. First, Pescarmona et al. screened
a wide array of heterogeneous catalysis with high-throughput
experimentation equipment.265 They focussed on different
aluminosilicates with various types and strengths of both
Brønsted and Lewis acidity, since that appeared critical in the
performance of H-USY zeolites. An amorphous silica-alumina
(entry 12, Table 3) presented very selective results at low
temperature, but insufficient activity. Later, Li et al. proposed
substituted MCM-41 materials and transition-metal-free oxides
for the triose reaction.266 As-synthesised Sn-MCM-41 and
various gallium oxides appeared to be very selective, but only
the former displayed high catalytic activity (entries 13 and 14).
For Sn-MCM-41 the initial turnover was around 8 mol mol�1

Sn

h�1. The catalytic advantage of Sn-MCM-41 was ascribed to a
combination of Lewis acid and mild Brønsted acid sites, as
ascertained by temperature programmed desorption of pyridine
with FT-IR monitoring. Interestingly, the authors suggest that
the presence of Brønsted acidity in Sn-MCM-41 is somehow
correlated to the presence of Sn, as Sn-free MCM-41 did not
exhibit the same kind of acidity. The report postulated thus for
the rst time the rate-accelerating effect of Brønsted acidity on
the formation of lactate esters, suggesting dehydration to be
rate limiting with Sn-MCM-41. However, a straightforward proof
of the bifunctional working hypothesis of Sn-MCM-41 was not
possible due to the dependent co-existence of both acid sites (as
was the case with USY zeolites). Another work using Sn-
exchanged montmorillonite as the catalyst at 150 �C reported
very high ethyl lactate yields for DHA conversion in ethanol,
despite the strong Brønsted acidity of the catalyst (entry 16,
Table 3). This example nicely illustrates the aforementioned
advantageous effect of a high reaction temperature, since the
yield is much lower at 120 �C (entry 15, Table 3).267

Direct proof of the elegant bifunctional catalytic mechanism
for alkyl lactate synthesis from trioses has recently been
reported by de Clippel and Dusselier et al.236 Based on their
earlier experiences,271–273 they proposed a simple carbon–silica
composite design to alter the number of Brønsted acid sites
independently from that of the Lewis acid sites.236 Lewis acidity
was provided by graing a mesoporous silica like MCM-41 with
isolated SnIV. Brønsted acidity was introduced by polymerizing
furfuryl alcohol in the mesopores followed by pyrolysing the
polymer to an active carbon phase. The oxygen containing
functional groups like carboxylic acids and phenols function as
weak Brønsted acid sites, as ascertained by solid state 31P MAS
NMR. The density of the acid sites was controlled by the carbon
loading, the degree of oxidation (depending on the pyrolysis
temperature) and an optional post-synthesis oxidation. Entry 17
in Table 3 shows the catalytic results for DHA conversion to

ethyl lactate at 90 �C in ethanol in the presence of the carbon-
free pure siliceous Sn-graed MCM-41 parent material. The
ethyl lactate selectivity is very high, while the catalytic activity on
Sn basis, viz. a turnover frequency of 41 mol mol�1

Sn h�1, is fair.
Interestingly, low catalyst concentrations were used (entries 17–
20, Table 3). Introduction of the weak Brønsted acidic carbon in
the mesopores seriously boosts the catalyst activity without
compromising the excellent ethyl lactate selectivity. The best
result, viz. a quantitative DHA conversion into ethyl lactate, was
obtained with a composite containing 15% of carbon, which
was pyrolysed at 500 �C and post-treated at 300 �C under oxygen
ow (entry 18 in Table 3). With respect to the parent Sn-MCM-41
this composite achieved a 7-fold increased initial turnover
frequency of 289 mol mol�1

Sn h�1. Their gure of merit to prove
the bifunctional concept is presented in Fig. 4. The graph plots
the initial DHA conversion rate against the amount of COx

released by heating the composite catalyst in inert atmosphere.
The evolution of COx is a measure of the total weak Brønsted
acidity. Irrespective of the synthesis method to vary the amount
of weak Brønsted acidity, both axis parameters in Fig. 4 clearly
correlate linearly, pointing for the rst time to the accelerating
effect of mild Brønsted acidity on the Lewis acid catalyzed
conversion of DHA to ethyl lactate in ethanol. Sn is crucial for
the selectivity by facilitating the 1,2-hydride shi of PAL, but it
does not determine the reaction rate.

The acid sites at the carbon surface accelerate the rate-
determining dehydration step of DHA to PAL. The catalytic
potential of Sn in the entitled reaction is thus best appreciated
once enough Brønsted acidity is available in the closed envi-
ronment. Catalyst regeneration for these composites was
demonstrated by the observation of constant conversions and
selectivities in 3 consecutive runs (conditions of entry 18) in
ethanol. The importance of spatial organisation of the two
catalytic sites was unfortunately not a subject of this study.
Experiments in water to convert trioses into LA were also
successful, and a similar bifunctional catalysis explains the
observed chemistry. The use of water however entailed a
decrease of activity in consecutive runs, due to the deactivation
(by carbonaceous deposit) of the catalyst, in agreement with

Fig. 4 Correlation between the number of Brønsted acid sites (seen as COx in
TPD) per Lewis acid site and the initial conversion rate of DHA to ethyl lactate.
Conditions of entry 18 in Table 3. Based on data from ref. 236.
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earlierndings on other catalyst types inwater.264The composite
was even capable of working in long-chain alcoholic media to
afford long chain lactates in one step in high yields with inter-
esting (e.g. solvent) properties (entry 19 and 20, Table 3).236

Hexose based sugars. Trioses are thus easily converted with
the right catalyst in high yields, but the use of hexoses would be
a much cheaper starting point. In this light, Onda et al. used
activated hydrotalcites combined with NaOH to convert glucose
in ow reactors at 150 �C, but LA yields did not rise above
20%.274 The same authors reported a more interesting approach
regarding the one-pot reaction of D-glucose to lactic acid and
gluconic acid with a combination of alkaline degradation and
air oxidation using supported metal catalysts.275 Under owing
air at 80 �C, Pt/C in combination with 1 M NaOH was able to
convert 0.05 M glucose into 45% LA and 45% gluconic acid in
2 h. Without Pt/C, 55% of LA was formed, but the remaining
products were lost to degradation. With this approach, two
valuable chemicals could be made, albeit less productive due to
the highly diluted sugar concentration, and only in the presence
of excess and thus corrosive alkali. Moreover, usage of strong
acids is needed to obtain free LA aerwards. Zeng et al. reported
the use of Al–Zr mixed oxides in compressed water at a
moderate temperature, viz. 180 �C and 1.7 MPa, showing LA
yields of 34% at almost complete glucose conversion.276 Epane
et al. tried to convert glucose to LA with alumina supported
KOH in a microwave-assisted solvent-free process.277 About 2 g
of glucose was physically mixed with 5 g of alumina, containing
1.5 equivalents of KOH. The mixture was optimally converted
aer 40 minutes at 170 �C and 3.1 W per gram, yielding 75% of
LA. Yields were four times less in the absence of the solid
support. The solvent-free microwave processing approach is
unique, but its large scale feasibility should be looked into.

The major breakthrough regarding the direct conversion of
sucrose to methyl lactate was reported in Science in 2010, using
Sn-b zeolites in methanol at 160 �C.235 Holm et al. reported a
yield of 64% when contacting sucrose with the zeolite for a 20 h
reaction time. The catalyst appeared to be reusable without loss
of activity during 6 consecutive runs. The yields to methyl
lactate with Sn-b using common mono- and disaccharides are
presented in Fig. 5. The authors also reported on a range of
other sugars and even noticed the formation 16% of LA from the
two-carbon sugar glycol aldehyde, implying aldol condensation
to occur as well.278 The Sn-b catalyst is unique among its fellow
Zr, Ti, Si and H–Al-b zeolites for this sugar conversion, once
again pointing to the exceptional potential of Sn in carbohy-
drate chemistry.15,233,279 The capability of Sn to activate
carbonyls279 and to shi a hydride from one carbon to the
adjacent one is not only useful in the internal Cannizzaro
reaction of the hemi-acetal of PAL to LA (as seen in Scheme 9),
but also in the ketose-to-aldose isomerisation of sugars in
water. Roman-Leshkov and Davis reported the use of the same
Sn-b catalyst under mild conditions in water for the isomer-
isation of glucose into fructose.242–244,279

Due to the elaborate and time consuming synthesis procedure
of this Sn-b zeolite, large scale application could be hampered.
Alternative Sn-based catalysts or alternative synthesis routes to
Sn-b, as very recently reported by the group of Hermans,268 may

offer advantages in this respect. de Clippel andDusselier et al. for
instance also tested their bifunctional Sn-based carbon-silica
composite materials for the conversion of hexoses.236 The
authors noticed the same trends as in Fig. 5 and reached a 45%
methyl lactate yield from sucrose in methanol at 155 �C aer
20 h. Sucrose is by far the best substrate amongst the other
mono- and disaccharides, likely because of its higher hydrolysis
resistance due to the unique 1,2-ether bond (viz. Scheme 10). Low
fructose and glucose working concentrations are indeed impor-
tant as to avoid competitive side reactions such asmethylation to
stable methyl sugars and dehydration ultimately to insoluble
humins. Pronounced presence of Brønsted acids is thus not
desired. Proof for this hypothesis was delivered by performing
experiments using different composites with varying density in
Brønsted acids: low amounts boosted the product selectivity
towards methyl lactate (45%), while excessive amounts appeared
to be disastrous, with only 18% of methyl lactate and many side
products such as HMF-derivatives and levulinates being
encountered. High temperatures to stimulate the retro-aldol
reaction are essential, but it remains unclear if Sn plays a role in
this C–C bond breaking operation.

Mechanistically, the one-pot conversion of hexoses into
lactates may be regarded in part as a synthetic glycolysis,280 viz.
an isomerisation of glucose to fructose and the splitting into
trioses, and in part as a synthetic glyoxalase system, viz.
formation of LA from PAL. Their link in vivo is the non-enzy-
matic phosphate elimination of GLY-3-phosphate and DHA-
phosphate, which strongly resembles the rst dehydration step
in the triose to LA mechanism of Scheme 9. The bottleneck in
the synthetic approach of lactates from hexoses under mild,
non-sugar decomposing conditions with chemocatalysts is the
search for active sites that perform a selective retro-aldol split-
ting at moderate temperatures. Scheme 10 represents the
additional chemistry needed for converting hexose based
sugars into LA, as discussed as well under Section 4.2.

Lastly, two recent attempts have been made to convert the
calcitrant microcrystalline cellulose with heterogeneous cata-
lysts in both water and methanol to form LA and methyl lactate

Fig. 5 Yield to methyl lactate for various sugar substrates in methanol (2.7 wt%
sugar, 160 �C, 2 MPa He) with 160 mg Sn-b zeolite (Si/Sn ¼ 125). Selected
data.235,248 * Other conditions: Table 3, entry 6.
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respectively. Chambon et al. showed that solid Lewis acids such
as tungstated zirconia (ZrW) and alumina (AlW) exhibited a
remarkable promoting effect on the cellulose depolymerisation.
A 27% LA yield was attained by contacting 1.6 g cellulose in 65
mL water with 0.68 g AlW as a catalyst at 190 �C for 24 h under 5
MPa He.281 The same authors also disclosed an AlSn catalyst for
this reaction.282 Finally, Liu et al. used a solid base catalyst MgO
to achieve similar yields in methanol, albeit more diluted, at
200 �C for 20 h.283

To summarize, signicant progress hasbeenmade recently in
converting hexoses directly to lactates by designing Sn-based
heterogeneous catalysts and applying them under mild condi-
tions. Clearly, one of themajor challenges in the formation of LA
directly from fructose and glucose (and their biopolymers) is the
ne-tuning of the different reactions such as hydrolysis, iso-
merisation, retro-aldol reaction, dehydration and 1,2-hydride
shi in the overall reaction network (seen in Scheme 10).

Fermentation versus heterogeneous catalysis for sugars to LA.
The above mentioned similarities with the glycolysis suggest a
comparison between the fermentative LA production (Section
2.2) and the heterogeneous catalysed approach (Section 4.3) for
the conversion of glucose or sucrose. The fermentation route (i)
mainly produces stereopure L-LA, (ii) has to deal with gypsum
waste due to neutralization issues, (iii) has productivities in the
range of 0.3–5 g L�1 h�1 and (iv) needs multiple purication
steps and even an esterication/distillation/hydrolysis step. On
the other hand, the use of heterogeneous catalysts to convert the
same feedstock (i) produces racemic alkyl lactates, (ii) does not
have to deal with acidication nor gypsum waste, (iii) currently
reaches a productivity of 3.3 g L�1 h�1 (ref. 235) and (iv) does not
need excessive purication steps since there is no complex broth,
but merely a catalyst to be ltered off and the ester to be
collected. A major advantage is the direct production of alkyl
lactate esters by working in recyclable alcoholic media. The
esters do not deactivate the catalyst in contrast to LA andmany of
the discussed LA conversions perform better with an ester feed
than with a free acid feed. The productivities of the fermentative
and catalytic approaches are currently in the same region, but the
heterogeneous catalysts have been explored under too dilute
substrate and catalyst conditions. This should be a focal point for
future research. The chirality issue is addressed in Section 5.

4.4 Conversion of carbohydrates to LA under hydrothermal
subcritical conditions

Next to the mild, truly catalytic approaches mentioned above,
studies on the conversion of carbohydrates such as trioses,
hexoses and even cellulose under harsh (>200 �C), oen alka-
line, hydrothermal conditions with homogeneous or heteroge-
neous catalysis are numerous.237 Early reports on the
hydrothermal (alkaline) degradation of sugars date back long
ago,284,285 but only recently has the focus shied towards the
selective synthesis of LA. Bicker et al. reported the catalytic
effects of Ni-, Co- and ZnSO4 in the conversion of a 1 wt% sugar
aqueous solution in subcritical owing water at 300 �C and
25 MPa.286 The results with ZnII are summarized in Fig. 6 and as
can be seen, trioses were converted in high LA yields.

It was postulated that Lewis acidic ZnII was responsible for
the transformation of PAL via a Cannizzaro reaction into LA. By
using hexoses and sucrose a yield of around 40% LA was
obtained at complete conversion. The yield starting from fruc-
tose is higher than the other hexose based sugars, as additional
isomerisation before retro-aldol is not needed here (viz. Scheme
10). Yan et al. studied the effect of alkali at 300 �C on the
conversion of glucose in a batch reactor and found a maximum
LA yield of 27% with the use of 2.5 M NaOH.287,288

The approach of Bicker was extended by Kong et al. to
microcrystalline cellulose, but only 6.6% LA yield was obtained
under similar conditions with NiIISO4.289 Zhang et al. later
reported the use of an optimal mix of Ni2+, Zn2+ and activated
carbon, as obtained by a design of experiment: a LA yield of 42%
was obtained at 300 �C by mixing 0.035 g of cellulose in 5 mL of
a 2.5 M NaOH solution.290 Recently, Sanchez et al. reported the
production of LA by alkaline hydrothermal treatment of corn
cobs in subcritical alkaline water at 300 �C with addition of
0.7 M Ca(OH)2 and reached a maximum yield of 45% on the
available (hemi)cellulose in the cobs.291

Although fast when compared to fermentation (Section 2.2)
and mild catalytic routes (Sections 4.2 and 4.3), most of these
(sub)critical water approaches suffer from low productivity due
to low sugar loadings, low LA selectivity and severe corrosive-
ness arriving from the high alkaline concentrations. It is oen a
problem to direct the multitude of reactions that are able to
occur under these elevated conditions with sugars into the one
desired pathway. In addition, strong acid workup (for instance
with H2SO4) is required to convert the LA salts obtained under
alkaline conditions into the acid form, ending up with the same
salt waste as seen in the fermentation.

4.5 Conversion of glycerol to LA

Converting glycerol to lactic acid formally requires an oxidation
and a dehydration/rehydration step. The oxidation may be
performed by a dehydrogenation under reductive or inert
conditions, by oxidation with oxidants or electrochemically.

Fig. 6 Yields to LA for various sugar substrates in subcritical water in the pres-
ence of 400 ppm ZnIISO4 (1 wt% sugar, 300 �C, 25MPa, different residence times).
Selected data.286
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Dehydration usually requires acidic conditions, but many
glycerol reactions have been reported in alkaline media.

Reductive and inert reaction media. Most reports on the
conversion of aqueous glycerol solutions deal with the synthesis
of 1,2-propanediol (PG) via selective hydrogenolysis, mostly
according to a dehydration–hydrogenation sequence, under
high external hydrogen pressures and elevated tempera-
tures.20,126,129 While a lot of progress has been reported recently
in performing the hydrogenolysis catalysis under much less
severe reaction conditions292 or through in situ production of
hydrogen,125 some research groups have focussed on the
production of LA instead of PG directly from glycerol.

Montassier et al. were among the rst who noticed signi-
cant lactic acid formation in their study of glycerol conversion
under hydrogen pressures with RANEY� Cu catalysts by varia-
tion of the pH.293 Under 1 M NaOH, LA was the main product,
albeit in low yields. Davis and co-workers reported the use of
basic promoters CaO and NaOH combined with Ru, Pt, Pt–Ru or
Au–Ru supported on activated carbon, while aiming at
propylene glycol.294,295 A yield of 58% of LA was shown with Pt/C
and 0.8 M of CaO at complete glycerol conversion at 4 MPa H2,
5 h and 200 �C using 0.11 M aqueous glycerol. At high pH, the
main byproduct was PG. Under neutral conditions, no lactate
was formed and next to PG, the formation of ethylene glycol was
more pronounced, especially with Ru. In this respect the
formation of an a-hydroxy carboxylic acid from a triol under
reducing conditions, being somewhat unexpected at rst sight,
is better understood. The reaction network for the formation of
LA from glycerol in reductive alkaline environment is presented
as a part of Scheme 11. Glycerol undergoes a metal-catalyzed
dehydrogenation to glyceraldehyde (GLY), which further dehy-
drates to PAL (cf. Scheme 9). PAL rehydrates under the action of
hydroxyl ions and further isomerises into deprotonated lactic
acid via an enol intermediate or an internal Cannizzaro
reaction.295–297

Ten Dam et al. studied the effect of borate ester formation on
the glycerol conversion and its product selectivity at 4 MPa H2

by adding boric acid.296 The authors noticed a switch in selec-
tivity from PG to LA for glycerol conversion with Pt/CaCO3.
Signicant amounts of NaOH were added to adjust the pH

between 10 and 12. Auneau et al. studied the inuence of the
atmosphere for this reaction with iridium and rhodium-based
catalysts.298,299 They showed a high selectivity towards PG under
hydrogen pressure, while mainly LA was formed under helium.
Amaximum yield of 75% LA on a 0.6 M glycerol (3 MPa He, 48 h,
180 �C) was achieved with Ir/CaCO3 in the presence of 1.0 M
NaOH. Roy et al. also proposed glycerol conversion under inert
atmosphere in a base solution, viz. 1.2 M NaOH, but with the
use of Cu-based dehydrogenation catalysts.300 The catalytic
reaction (1.4 MPa N2, 6 h, 200 �C) displayed the best yields of
80% on a 1.1 M glycerol solution with Cu2O and the latter
exerted a prolonged stability in re-use.

Although a change of atmosphere notably inuenced the
product selectivity, high pH is essential to obtain high conver-
sion rates. Lactate salts are thus the end products requiring
costly workup with strong acids. The next point discusses metal-
free glycerol conversion under alkaline hydrothermal
conditions.

Hydrothermal alkaline conditions. Higher temperatures are
required when no metal is used. Kishida et al. showed for the
rst time that glycerol could be converted with high yields into
lactic acid in alkali medium at 300 �C.301 Further study unveiled
the effect of different alkali and earth-alkali hydroxides, with
the best LA yields, viz. 90%, obtained with 1.25 M KOH aer
1 h.302 Because of the low glycerol concentration (0.33 M),
industrially unattractive LA productivities were obtained.
Looking for productivities well above the current fermentation
process, Ramirez-Lopez et al. investigated higher glycerol
concentrations (up to 3.5 M) and the authors reported LA yields
of 85% when working with 2.5 M glycerol and equimolar
amounts of NaOH at 280 �C for 90 minutes.297 Despite the
higher LA productivity, the used alkalinity requires specially
equipped reactors to avoid corrosion. But most of all, alkaline
formation of lactic acid unavoidably entails the use of mineral
acids to obtain the free acid aerwards, which is exactly the
same problem faced in the workup of the fermentation broth.297

The reaction pathway for the hydrothermal conversion of
glycerol is presented as a part of Scheme 11. The main differ-
ence between this approach and the use of hydrogen with metal
catalysis is found in the rst dehydrogenation step. The
hydrothermal mechanism follows a base-catalyzed deprotona-
tion of glycerol instead of a metal catalyzed dehydrogenation.
The latter mechanism usually proceeds at a lower
temperature.20

Electrochemical approaches. Yuksel et al. investigated the
electrolysis of 0.1 M glycerol in subcritical water with the aid of
trace amounts of NaOH (50 mM), showing low LA yields of
around 34%.303 Lux et al. investigated a process for converting
glycerol via a combination of anodic oxidation of glycerol to a
mixture of trioses, catalytic conversion of these trioses with
aluminium sulphate to LA and reactive extraction.304 The main
advantage was the avoidance of the electrochemical cleavage of
intermediates, through direct conversion of triose to LA upon
formation. Yields of LA of 15% were obtained before extraction.

Oxidative reaction environment. It is chemically more logic
to transform glycerol to LA under oxidative conditions, but the
main issue here is the easy over-oxidation to glyceric acid.

Scheme 11 Proposed reaction mechanism for the formation of LA from glycerol
under reductive conditions in the presence of a base or under inert atmosphere
under alkaline hydrothermal conditions.295–297
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Glycerol is readily oxidised to GLY, but this triose and its isomer
DHA are very susceptible towards further oxidation to glyceric
acid instead of undergoing the intramolecular oxido-reduction
pathway of PAL to LA. In fact, most research papers on the
oxidation of glycerol do not aim at the formation of LA, but
target formation of glyceric acid, dihydroxyacetone or hydroxy-
pyruvic acid with Pt and Au based materials being the catalysts
of choice.126,305

Shen et al. reported a remarkable approach in which they
managed to make LA, by combining a selective Au–Pt/TiO2

oxidation catalyst with NaOH under O2 at atmospheric pressure
and 90 �C.306 They achieved a LA yield of 86% at complete
conversion of 0.22 M glycerol with a turn-over rate of 517 h�1.
However, due to the low amount of metal used, a calculated
176 h of reaction time was needed. The proposed pathway is
presented in Scheme 12. The mechanism involves the rate
determining oxidative dehydrogenation of glycerol to GLY and
DHA intermediates on the Au–Pt nanoparticle surface, followed
by a base-catalysed dehydration and rearrangement to LA.
Notice that the end product is the lactate salt, which again
requires acid workup to isolate LA.

4.6 Conversion of other substrates to LA

Few reports deal with other substrates than the ones discussed
above for the synthesis of lactic acid, namely hexitols, pentitols,
PG and propanal. The reduction of pyruvic acid to LA over Cu
was studied as well a probe for intramolecular tunnelling in
hydrogenation.307

Next to glycerol, other polyols have been reported to be
precursors for LA via alkaline hydrothermal conversion. In
brief, Zhou et al. studied the production of LA from mannitol
and xylitol and noticed a maximum LA yield with sorbitol of
25.6% at 300 �C with 1.75 M NaOH.308 Ramirez-Lopez et al.
undertook a thorough study of this reaction and obtained a
maximum yield of 39.5% of LA at full conversion at 280 �C (1 M
sorbitol, 2.0 M NaOH, 50 minutes). These low selectivities can
be attributed to the large number of competitive reactions with
the highly functionalised hexitol. A tentative reaction scheme
was postulated.309

Some reports describe the formation of PG from LA (Section
3.5) while others have studied the reverse reaction, viz. the
selective oxidation of PG to LA. Disselkamp et al. reported the
formation of hydroxyacetone, LA and acetic acid from PG with
H2O2 as an oxidant over a commercial Pd-black catalyst at 368 K.

However, LA yield and selectivity were too low to be of signi-
cance.310 The group of Hutchings presented a more successful
investigation with supported gold–palladium under mild
conditions.311 They used highly active sol-immobilised small
metal particles to accomplish a high catalytic activity. The
proposed mechanism was as follows: PG is slowly oxidised to 2-
hydroxypropanal, which is in turn rapidly oxidised to LA. The
high selectivity to lactate is a result of the high regioselectivity of
the catalytic system. Primary alcohols are thus more reactive
than secondary alcohols, and therefore little pyruvate was
observed. A 94% PG conversion was obtained showing 95.6% LA
selectivity with 0.6 M aqueous PG solution at 60 �C under 1 MPa
O2 aer a 1 h reaction time in the presence of 1.2 M NaOH.
Glycerate was the main product from glycerol under identical
conditions with the same catalyst. In this respect, the high LA
selectivity, earlier reported by Shen et al. from glycerol, is
remarkable.306

Dakka et al. reported on the oxidation of propanal to LA via a
5 step process involving: (i) acetalisation of propanal with an
alcohol over a b-zeolite, (ii) conversion of the acetal to a vinyl
ether by thermal decomposition, (iii) oxidation of the vinyl ether
to a-hydroxyacetal with H2O2 over TS-1 zeolite, (iv) hydrolysis of
the acetal to a-hydroxy propanal over molecular sieves and (v)
oxidation of the latter to LA over Pt/C. Although laborious, all
steps are feasible with heterogeneous catalysts and an overall
yield over 80% to LA was reported.312

5 Enantiomeric resolution of racemic lactic
acid

Because nearly all commercial lactic acid consists of the enan-
tiopure L-(S)-form, reports considering the separation of lactic
acid racemates are rather scarce. In contrast, the new chemo-
catalytic routes towards lactates, as discussed in Section 4,
which are becoming close to being viable as an alternative for
the fermentative production of L-LA, lead to racemic lactate
mixtures.235,236,264 In the case of green ester solvents, the racemic
form could be used as such, because the enantiopurity does not
affect solvent properties.45 The same is true for most of the
(platform) chemicals derived from lactic acid: either they are
non-chiral such as PD and AA or their current chemical
synthesis causes racemisation such as PG. The situation is
different in the case of PLA. Its properties are highly determined
by the stereopurity of the monomers (as discussed under
Section 3.9) and separation of the racemate is thus of utmost
importance to synthesize PLA with a high or controlled degree
of crystallinity. Amorphous PLA, derived from racemic mono-
mers, also has its use in certain low quality applications such as
disposable plastic bags, but the major potential for PLA at its
current price lies in high quality enantiopure PLLA and PDLA.
Moreover, a blend of these enantiomer polymers leads to ster-
eocomplexation providing high performance PLA with major
improvements in thermal and mechanical properties.69 From
the fermentation point of view, it is very difficult to produce the
D-lactic acid (D-LA) enantiomer in the same productivities and
purities as its isomer counterpart. An economically viable way of
separating racemates, combined with the novel chemocatalytic

Scheme 12 Oxidative transformation of glycerol into LA with Au–Pt/SiO2

catalysts and NaOH. [Adapted with permission from ref. 306.]
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approaches to LA, would afford a cheap source of D-LA, neces-
sary for the superior homo-stereocomplexed PLA. An envisioned
schematic of such an approach can be seen in Scheme 13.

A reported method to approach resolution is by means of
membrane techniques. Hadik et al. utilised a supported liquid
membrane (SLM) system to perform the resolution of D- and
L-lactic acid. The SLM consisted of a chiral selector, N-3,5-
dinitrobenzoyl-L-alanine octylester, dissolved in a hydrophobic
liquid membrane phase (toluene), in the pores of a poly-
propylene support, arranged in a hollow bre module. Their
highest enantiomer excess (ee) values, viz. 33%, were rather
low.313 Later the same group reported a hollow bre membrane
system, with a chiral selector deposited on the internal surface.
In this case there was no visible enantioseparation in time
upstream, however, in the stripping phase only D-LA was
detected aer an initiation period lacking enantioselectivity,
but the uxes through the membrane were very low.314 In a later
attempt to higher uxes, Yang et al. modied a commercially
available quaternary ammonium salt carrier into its carbonate
form, while combining it with b-cyclodextrin in a polytetra-
uoroethylene based SLM-system.315 The carbonate modica-
tion of the carrier enhanced a more efficient mass transfer
through the membrane, while the cyclodextrin formed a
stronger diastereomer complex with D-LA (with respect to L-LA),
leading to less free D-LA available for extraction, thus enhancing
L-LA in the stripped phase. Another report describes an ionic
liquid based SLM in combination with an enzyme, viz. Candida
antarctica lipase B (CalB), in the feed phase. First, the enzyme
enantioselectively esteries lactic acid in the feed. The corre-
sponding ester then dissolves in the liquid phase of the
membrane and nally an enantioselective hydrolysis is per-
formed in the receiving phase by porcine pancreas lipase. Still a
very poor ee value of 20% was obtained.316

An interesting approach to separate racemates of a-hydroxy
acid esters is via enzymatic kinetic resolution. Still, there are
limited reports involving lactic acid. Some encountered draw-
backs of these methods are the requirement of co-enzymes and
co-substrates,317,318 the production of an oxidised side

product,317,319 very diluted reaction streams and the use of
commercially less attractive enzymes. However, Parida and
Dordick reported the enantioselective esterication of LA with
butanol in toluene, catalyzed by Candida cylindracea lipase, at
high ees.320 An interesting approach in the context of D-LA
production was the selective oxidation of racemic lactic acid to
D-LA and pyruvic acid catalysed by Pseudomonas stutzeri SDM.321

As polymer grade LA is puried in its ester form and the new
routes towards lactic acid are mainly focused on synthesizing
alkyl lactate rather than the free acid, an interesting approach
disclosed the resolution of a-hydroxy acids by means of hydro-
lysis of the corresponding ester.322 However, the patent includes
no examples on lactic acid, the enantioselectivities are rather
mediocre with the highest ee being 60% and the applied
concentrations are too low for acceptable productivities.
Nevertheless, the enzymatic kinetic resolution remains an
interesting and challenging approach, given that an appropriate
enzyme is available and more relevant conditions may be
applied. One could for instance imagine the enantioselective
hydrolysis of the chemo-catalytically obtained alkyl lactates with
enzymatic catalysis.

6 Other a-hydroxy acids with platform
potential

Very recently there have been some interesting developments
on the synthesis of other a-hydroxy acids (AHAs) and their
esters. The four-carbon AHAs for instance have interesting
properties and therefore potential uses as platform chemicals,
but these compounds are rarely found in nature.15 They have
particular potential as building blocks for functionalised poly-
esters or novel polymer architectures. In the reports by Holm
et al. on the conversion of hexoses with Sn-b in methanol, trace
amounts of four-carbon AHAs were encountered for the rst
time.235,278 The structures of these compounds, namely methyl
vinylglycolate (MVG) and methyl-4-methoxy-2-hydroxy-
butanoate (MMHB), are presented in Scheme 14. Holm et al.
attributed their origin to tetrose intermediates, formed by a
retro-aldol splitting of the monosaccharide glucose and also
from subsequent aldol reaction of two glycol aldehyde mole-
cules.278Our group encountered similar four-carbon AHAs while
converting sucrose to lactates with the carbon silica composite
catalyst.236 Dusselier et al. undertook a thorough mechanistic
study with in situ 13C NMR to unravel their formation pathways
from tetroses with homogeneous Sn halides in alcoholic
media.15 The mechanistic proposal was more complex than in
the case of triose sugars (as in Scheme 9) and hinted that the
selectivity to either MVG or MMHB depends on the reactivity of
the intermediate vinylglyoxal (central in Scheme 14) or its hemi-
acetal form. A fast 1,2-hydride shi of the hemi-acetal leads to
MVG, while a prior 1,4-addition of the alcohol solvent on the
vinyl group leads to MMHB as the main product. The choice of
the alcoholic medium is more critical here than in the case of
lactate formation.15 The incorporation of a (small) percentage
of such monomers in PLA would broaden the scope of this
biopolymer and render LA and PLA research even more useful if
new properties could be attained in this way.

Scheme 13 Chemocatalytic routes to racemic LA and its esters combined with
an efficient enantiomeric resolution could lead to separate streams of D- and
L-lactic acid precursors for stereoselective polymer synthesis.
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7 Conclusions/outlook

In the perspective of an ideal bio-renery, the concept of a select
number of large volume platform intermediates – as versatile
precursors to different products by variation of catalysts and
conditions – will be of utmost importance to offer the renery
the necessary adaptability to product demand and raw material
market prices. This comprehensive review shows that lactic acid
is an excellent example of such platform chemicals. The interest
in both lactic acid production and usage is increasing drasti-
cally and reports on novel catalytic advances are numerous. The
multitude of different chemicals that can be formed in a
selective manner from lactic acid (and its esters) using hetero-
geneous catalysis, in combination with the right set of reaction
conditions, is stunning. These innovative uses of lactic acid and
in emphasis its use as a green solvent (e.g. ethyl lactate) and as a
monomer in biodegradable and renewable polyesters (PLA),
both already commercially implemented, will further push the
need for cheaper lactic acid. In the particular case of PLA, both
enantiomeric forms should be equally available at competitive
prices. It is our rm belief that the heterogeneously catalysed
production of lactic acid or alkyl lactates from cheap feedstock
like sucrose and glucose, or even from cellulose and glycerol,
deserves attention, next to the fermentation route. Fermenta-
tion is ne on current production scales, but sustainability
issues with regard to separation, purication and gypsum co-
production will rise with the increasing demand. Base catalysis
is oen proposed using various biomass feedstock, but ends up
with the formation of lactate salts requiring costly acid workup.
An interesting advancement is the direct formation of very pure
racemic lactate esters from sucrose, useful for direct solvent
applications. The challenging enantiomeric resolution of such
chemically produced racemic mixtures of lactate esters will

become important to fuel the production of various PLA types
like the high-performance stereocomplexed PLA. On the
product side, it has been shown that heterogeneous catalysis
offers the best prospects for converting lactic acid into useful
intermediates such as acrylic acid, propylene glycol, 2,3-penta-
nedione, etc. and even holds promise in catalytic upgrading of
LA to higher carbon number molecules and fuel precursors.
Moreover, most of these lactic acid conversions attain higher
rates and better selectivities by starting with lactate esters rather
than the free acid itself. Many of these platform conversions do
not require enantiomerically pure lactic acid as a feed, thereby
once again demonstrating the potential of chemically produced
racemic esters with innovative heterogeneous catalysis.
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How to win with tin!
The cover picture shows the ability of dissolved tin, the 50th element of Mendeleev’s peri-
odic table, to catalyze the conversion of tetrose sugars in alcoholic media via a cascade re-
action: an isomerization, two retro-Michael reactions, a hemi-acetalization, a 1,4-addition,
and a 1,2-hydride shift. In their Full Paper on p. 569 ff. , M. Dusselier, B. F. Sels et al. report on
the mechanistic implications of the tetrose transformation with Sn, leading to new four-
carbon-backbone a-hydroxy esters such as methyl vinylglycolate (MVG) and methyl-4-meth-
oxy-2-hydroxybutanoate (MMHB), of use in bio-derived polyesters. In situ NMR spectroscopy,
deuterium labeling, and control experiments with intermediates revealed the individual
pathways in which the kinetic competition between the 1,4-addition and 1,2-hydride shift is
key to the product outcome.
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Mechanistic Insight into the Conversion of Tetrose Sugars
to Novel a-Hydroxy Acid Platform Molecules
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Introduction

a-Hydroxy acids (AHAs) are of great appeal in the portfolio of
green solvents and biodegradable polyester plastics.[1] Nature
is a provider of useful AHAs such as glycolic acid and lactic
acid through anaerobic pathways in various organisms such as
bacteria. Lactic acid is currently produced by fermentation on
an industrial scale from corn or wheat,[2] whereas glycolic acid
is usually produced by hydrolysis of molten monochloroacetic
acid.[3] The corresponding ethyl ester of lactic acid is frequently
used as a green and renewable solvent in various applica-
tions.[4] Given the right conditions, AHAs readily undergo poly-
condensation with the formation of polyesters. Industrially, the
polycondensate of lactic acid is thermally converted into cyclic
dimers which are then subjected to ring-opening polymeri-
zation to polylactide with precise control of preferably high
molecular weight.[5]

Novel chemocatalytic routes to lactic acid and alkyl lactates
have been demonstrated recently from carbohydrates such as
trioses,[6–8] but common hexoses such as glucose and fructose
and the abundant disaccharide sucrose have also been con-
verted to alkyl lactates in appreciable yields.[9, 10] Lewis and
probably also weak Brønsted acid catalysis play a crucial role
in the cascade transformation. Despite their great potential as
novel biomass-derived platform molecules and as building
blocks for functionalized polyesters,[11] the chemocatalytic syn-

thesis of AHAs with a four-carbon backbone such as methyl vi-
nylglycolate (MVG) and methyl-4-methoxy-2-hydroxybutanoate
(MMHB, Scheme 1) is still in its infancy.[12] As viable biosynthetic
routes to polymers of four carbon hydroxy acids are only rec-
ognized for 3-hydroxy- and 4-hydroxybutyrate,[13] novel synthe-
sis pathways to these 2-hydroxy acids are very attractive. A
new route for their synthesis starting from biomass resources
could boost the availability of the interesting poly-2-hydroxy
acids with readily functionalized side groups (e.g. , MVG,
Scheme 1) and even hetero-stereocomplexes.[14]

In their search to form alkyl lactates from hexoses and pen-
toses with Sn-beta zeolite, Holm et al. were the first to report
trace amounts of MVG and MMHB.[9] They attributed their
origin to tetrose intermediates, formed by a retro-aldol split-
ting of the monosaccharide glucose and from subsequent
aldol reaction of two glycolaldehyde molecules. Our group re-
cently encountered similar four-carbon 2-hydroxy acid esters
after combining sucrose with a grafted Sn-based composite
catalyst in methanol at elevated temperatures and we have
tentatively proposed a more elaborated network scheme.[10] In

a-Hydroxy acids (AHAs) such as lactic acid are considered plat-
form molecules in the biorefinery concept and have high-end
applications in solvents and biodegradable polyester plastics.
The synthesis of AHAs with a four-carbon backbone structure
is a recently emerging field. New biomass-related routes to-
wards their production could stimulate their practical use in
new polyester plastics. Herein, we report the unique catalytic

activity of soluble tin metal salts for converting tetroses,
namely erythrulose and erythrose, into new four-carbon-back-
bone AHAs such as methyl vinylglycolate and methyl-4-me-
thoxy-2-hydroxybutanoate. An in situ NMR study together with
deuterium labeling experiments and control experiments with
intermediates allowed us to propose a detailed reaction
pathway.

Scheme 1. Retro-aldol reaction of glucose to erythrose and glycolaldehyde
and their further conversion to novel four-carbon platform molecules.
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relation to this, we present here the supporting mechanistic
data in favor of our reaction scheme. The first part compares
the catalytic activity of various soluble metal salts for convert-
ing tetroses, namely erythrulose (ERU) and erythrose (ERO),
into MVG and MMHB, proving the unique catalytic property of
Sn. Detailed insight into the reaction mechanism is delivered
with time-resolved proton decoupled 13C{1H} NMR experiments
at various temperatures. Further verification of the mechanistic
proposal was performed with deuterium isotopically labeled
tests and control reactions with proposed intermediate
products.

Results and Discussion

Screening

The catalytic activity of various metal compounds for erythru-
lose (ERU) conversion in methanol at 363 K after 1 h is listed in
Table 1. Yields of identified products such as MMHB, MVG, and

the dimethyl acetal 1,1,4-trimethoxybutan-2-one (DMA) are
given as well. Other products such as a-hydroxy-g-butyrolac-
tone (HBL) and erythrose (ERO) were detected in trace
amounts. An uncatalyzed reaction shows a 28% ERU conver-
sion (entry 1). With the exception of Co2+ , Sr2+ , and Zn2+ (en-
tries 8, 12, and 13), considerably higher conversion rates were
observed for the metal salts evaluated. The unique selectivity
towards MMHB with the SnII and SnIV chloride salts is striking
and largely contrasts with the product distribution of the other

Sn compounds such as tin(II) bis(2-ethylhexanoate) and dibutyl
tin(II) carboxylates (compare entries 2 and 3 with 4 and 5), but
also with the other active metal salts. For instance, ERU is
almost completely converted in the presence of catalytic quan-
tities of SnCl4·5H2O, yielding 47% MMHB. A similar MMHB
yield was obtained with the aldotetrose ERO as a substrate
(entry 18), whereas the yield was almost doubled (to 83%) if
the reaction was conducted with ERU at 353 K (entry 19). The
same reaction of ERU in ethanol in the presence of
SnIVCl4·5H2O yields 53% of ethyl-4-ethoxy-2-hydroxybutanoate
(EEHB, entry 20), albeit with somewhat more ethyl vinylglyco-
late (EVG) formation relative to the MVG formation in metha-
nol. Other salts such as chlorides of Fe3+ , Nd3+ , and Sb5+ pref-
erably form DMA (entries 9, 11, and 14) and no formation of a-
hydroxy carboxylate is observed, whereas a mixture of MMHB,
MVG, and DMA was analyzed in reactions with chloride salts of
Cr3+ , Al3+ , and Ga3+ (entries 6, 7, 15). After 20 h of reaction,
the MMHB yield with GaCl3 rose to 44%, a value reached with
Sn chloride salts in less than one hour. In addition to the metal
salts, the catalytic activity of sulfuric acid, a genuine Brønsted
acid, was probed (entry 17). No AHAs were formed. Instead,
the dimethyl acetal DMA was the main analyzable product.

Time profile

The catalyst screening was performed with a substrate-to-
metal molar ratio of 10. To substantiate the catalytic action of
Sn, lower catalyst contents were evaluated. A substrate-to-cat-
alyst ratio of 100 was sufficient to catalyze MMHB formation
from tetroses within reasonable time. A time profile of this re-
action is exemplified in Figure 1. During the first hour, a turn-

over frequency (TOF) of 54 molMMHBmolSn
�1h�1 was attained,

which highlighted the catalytic role of Sn. Close inspection of
the reaction profile indicates the initial parallel formation of
MMHB and DMA. At prolonged reaction times (20 h, not
shown), the yield of MMHB rose to 64% at the expense of the
DMA yield, which dropped to 14%. Moreover, if the tempera-

Table 1. Catalytic conversion of tetroses to four-carbon AHAs.[a]

Entry Catalyst MMHB MVG DMA Conversion
[%]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16[b]

17
18[c]

19[d]

20[e]

–
SnIVCl4·5H2O
SnIICl2·2H2O
tin(II) bis(2-ethylhexanoate)
dibutyl tin(II) dilaurate
CrIIICl3·6H2O
AlIIICl3·6H2O
CoIICl2·6H2O
FeIIICl3·6H2O
BiIIICl3
NdIIICl3
SrIICl2·6H2O
ZnIICl2
SbIVCl5
GaIIICl3
GaIIICl3
H2SO4

SnIVCl4·5H2O
SnIVCl4·5H2O
SnIVCl4·5H2O

0
47
43
1
1
11
13
0
0
0

<1
0
0
0
9

44
0

50
83
53

0
2
4

<1
<1
3
2
0
0
0
0
0
0
0
1
1
0
2
2
7

0
7
5
0
0

19
23
<1
34
4

28
0
0

52
14
13
27
5

10
3

28
98
94
76
76
93
93
32
88
65
97
29
34
97
98
n.a.
98
98
n.a.
n.a.

[a] Conditions: ERU (2.5 mmol), catalyst (10 mol%), 363 K, 1 h. Yields of
MVG, MMHB, and DMA in mol% obtained by GC. Conversion as the sum
of unconverted sugars including aldo–keto isomerization in mol% ob-
tained by HPLC analysis. [b] 20 h of reaction time [c] ERO used instead of
ERU. [d] Reaction at 353 K. [e] Reaction in EtOH, with the formation of the
corresponding (ethoxy) ethyl esters EEHB and EVG, and diethyl acetal.

Figure 1. Time profile of a typical reaction of ERU as monitored by GC in the
presence of a homogeneous SnCl4·5H2O catalyst (1 mol%) at 363 K.
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ture was lowered to 353 K, the selectivity to MMHB was even
higher (Table 1, entry 19).

In situ 13C{1H} NMR study

The three major products identified thus far were MMHB, MVG,
and DMA, and the formation of MMHB and DMA seemed to
share a common pathway. To further clarify the reaction net-
work and to explain the origin of the products, we monitored
the evolution of substrate and products with in situ proton de-
coupled 13C{1H} NMR spectroscopy during the conversion of
ERU in methanol in the presence of SnCl4·5H2O at different
temperatures. Recent studies with this technique have proven
its value to monitor intermediates and to map molecular trans-
formations during chemical reactions, for example, in the de-
hydration of fructose or the conversion of cellulose.[15] The
in situ study in Figure 2 was performed at a substrate/Sn molar

ratio of 2 at 298 K. Spectrum a is that of the ketotetrose ERU in
methanol, which is characterized by a simple four-signal spec-
trum (1–4) with the chemical shift of C2 (carbonyl) at 212 ppm
and that of C1, C3, and C4 at 66, 76, and 64 ppm, respectively.
The 13C NMR spectrum of ERO, the aldotetrose, in contrast
presents a more complex multifold NMR pattern because of

the occurrence of a cyclic hemiacetal (furanose) form with its
different anomers (not shown).[16] After 10 min of reaction at
298 K in the presence of the Sn catalyst, the intensity of the
characteristic ERU signals diminishes in favor of six new 13C sig-
nals (0’ to 5’, spectrum b). We correlated the appearance of
these chemical shifts with the formation of the hemiacetal of
4-methoxy-ethylglyoxal (HA-MEG). Complete conversion of ERU
was observed after 100 min (spectrum d) and HA-MEG was
identified as the main product (for additional proof of its iden-
tification, see the Supporting Information). Upon leaving the
sample for longer times at 298 K, HA-MEG gradually converted
into MMHB as was evident from the appearance of its six char-
acteristic 13C NMR signals (0’’ to 5’’, spectra e and f). A reaction
conducted at 333 K showed the rapid and selective formation
of MMHB from ERU within 100 min (spectrum g). The latter is
in agreement with entry 19 in Table 1, in which the higher se-
lectivity was the result of working at a lower temperature.
Moreover, the hemiacetal was not analyzable with GC because
of its low volatility, and therefore likely accounted for most of
the shortfall in the mass balances in the interpretation of the
screening results of Sn chlorides in Table 1.

Proposed pathway for the formation of MMHB and MVG

Our mechanistic proposal for the conversion of tetroses to
MMHB and MVG is presented in Scheme 2. A first dehydration
of the tetrose at the C3 position is suggested, which likely pro-
ceeds via the same enol intermediate as in the aldo–keto iso-
merization step (molecule A in Scheme 2). The aldo–keto iso-
merization itself, either through enolization or catalyzed by Sn,
as recently demonstrated for pentoses and hexoses,[17] was not
observed here with tetroses, probably because of its relatively
low reaction rate. The enol intermediate seems more prone to
eliminate the hydroxyl group in the b-position of the unsatu-
rated C1 according to a retro-Michael reaction (step 1 in
Scheme 2).[12b] The unsaturated enol product of this retro-Mi-
chael reaction (B in Scheme 2) is highly reactive and readily de-
hydrates via a second retro-Michael reaction on the C4 posi-
tion to vinylglyoxal (C in Scheme 2). Though vinylglyoxal itself
was not observed with GC, 13C NMR spectroscopy, nor HPLC
analysis, probably because of its high reactivity, this molecule
takes a prominent place in the reaction mechanism, determin-
ing the chemoselective synthesis of MVG or MMHB. The route
to the unsaturated MVG assumes the formation of a hemiacetal
followed by a formal internal Cannizzaro reaction into the cor-
responding AHA ester in methanol, catalyzed by the Lewis
acidic Sn species (step 3 and 5). A similar reaction mechanism
with an adjacent hydride shift has been proposed and proven
in deuterated solvent for the conversion of methyl glyoxal to
lactic acid alkyl esters in alcohol solvent.[6, 8b] Owing to its fast
reaction rate (already evident at 298 K: see the evolution of
the NMR spectra in Figure 2), we suggest that the hemiacetal
formation (step 3) occurs early in the pathway, possibly fol-
lowed by the hydride shift to form MVG (step 5), but the hemi-
acetalization at this point is not a prerequisite for the overall
mechanism. The parallel route to MMHB accords with the high
reactivity of a vinyl group in conjugation with a carbonyl such

Figure 2. In situ 13C NMR spectra of a) ERU in MeOH, b–f) ERU/Sn4+ in MeOH
at 298 K evolving in time, and g) ERU/Sn4+ in MeOH after reaction for
100 min at 333 K (representative for MMHB) Spectrum b is the first recorded
spectrum (6.5 min of acquisition after 3.5 min mixing). The methanol solvent
peak is at 49 ppm.
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as the one in vinylglyoxal (C) or its hemiacetal (D) to easily un-
dergo a 1,4-nucleophilic addition with methanol resulting in
the apparent anti-Markovnikov addition to the olefin to give 4-
methoxy ethylglyoxal or its hemiacetal HA-MEG, the latter
shown as E in Scheme 2.[18] A similar reaction type has been
described for the synthesis of 3-methoxypropanal from acrole-
in.[19] As glyoxals are further known to easily transform into
(hemi)acetals in alcoholic media, it is possible to rationalize the
formation of HA-MEG at low reaction temperature (step 3 and
4), as observed by NMR spectroscopy, and of DMA at elevated
temperature (step 4’), as identified by GC–MS. The readily
formed hemiacetal undergoes an intramolecular Cannizzaro re-
action to give MMHB (step 5), as evidenced in spectra d–g in
Figure 2: this reaction step clearly determines the overall rate
of MMHB formation at room temperature, whereas the com-
petitive DMA formation (step 4’) is also very slow. The higher
energy barrier of the Sn-catalyzed 1,2-hydride shift (step 5) is
compensated at elevated temperature, but the acetalization
(step 4’) becomes competitive if the temperature is too high
(>353 K). The reaction path of DMA via the hemiacetal to
MMHB is much slower.

As strong Brønsted acidity such as provided by HCl and
H2SO4 triggers the formation of unwanted dialkyl acetals, the
chloride salts of choice are those of SnII and SnIV because they
are less responsive to hydrolysis and preferably coordinate nu-
cleophiles such as water and alcohols by donor–acceptor
bonds by extension of their coordination number without
forming covalent Sn�O�C bonds.[20] In this way, Lewis acidic Sn
could coordinate a carbonyl group and a hydroxyl group at
the same time, with the formation of cyclic intermediates.[6,21]

Similar Sn complexes are shown in Scheme 2. The coordination
of Sn species to the substrate is crucial, for example, in Meer-
wein–Ponndorf–Verley reductions and isomerization reac-
tions.[17, 22] Metal salts such as SbCl5, BiCl3, FeCl3, and AlCl3 on
the other hand easily methanolyze (or hydrolyze) with the for-
mation of HCl, which favors the catalytic formation of DMA.
Addition of SnCl4·5H2O to a solution of DMA causes MMHB for-
mation, albeit very slowly. This reaction proves the reversibility
of step 4’, but also the inability of the other metal ions to carry
out the required 1,2-hydride shift (Cannizzaro) as rapidly as Sn.
Notably, the unique ability of Sn to rapidly transfer hemiacetals
of glyoxals according the 1,2-hydride mechanism (step 5) is
key in the AHA ester formation mechanism. Dehydration
(steps 1 and 2), methoxylation (step 4) and (hemi) acetalization
(steps 3 and 4’) may also be assisted by Brønsted acidity, as
has been suggested before,[8b,10,12b,19] and which is demonstrat-
ed herein with H2SO4 (entry 17 in Table 1).

The product spectrum also contains small amounts of HBL.
This molecule with an internal ester is probably formed by iso-
merization of a cyclic hemiacetal. Intramolecular hemiacetaliza-
tion likely occurs on molecule B (through step 2’ in Scheme 2).
Alternatively, HBL could also be derived from the cyclic hemia-
cetal form of ERO, through additional dehydration and isomeri-
zation steps (not shown), but the first route is more probable
since HBL is produced in the same quantities irrespectively of
the use of ERU or ERO. A trained chemist could reflect that
HBL is also a potential precursor to MMHB after methanolysis,
through the formation of methyl-4-hydroxy-2-hydroxybuta-
noate,[23] but under the reaction conditions applied, the addi-
tional required 4-hydroxy-to-methoxy substitution to obtain

Scheme 2. Proposed pathway for the Sn-catalyzed conversion of the tetroses ERU and ERO to MVG and MMHB. Identified side products or intermediates in-
clude HBL, HA-MEG, and DMA. Major reaction pathways are indicated by gray arrows. rds=Rate-determining step.
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MMHB is less likely to occur. Indeed, an experiment using HBL
as a substrate under identical reaction conditions (2.5 mmol
HBL, 0.25 mmol SnCl4·5H2O, 4 mL MeOH at 363 K) resulted in
less than 1 mol% of MMHB, excluding this pathway.

Further corroboration with test reactions and 2H-labeling

Several test reactions corroborated the proposed reaction net-
work in Scheme 2. For instance, to prove the proposed mecha-
nism of formation of MMHB from vinylglyoxal (step 4 and 5),
as opposed, for instance, to its formation from MVG, the latter
was left to react under identical conditions (2.5 mmol MVG,
0.25 mmol SnCl4·5H2O, 4 mL MeOH at 363 K). Approximately
1% yield of MMHB was encountered after 20 h of reaction,
thus excluding MVG from being the precursor of MMHB. In an-
other test reaction, we demonstrated the decisive role of the
reactivity of the vinylglyoxal intermediate towards the alcohol
on the chemoselectivity of the tetrose to a-hydroxy acid con-
version. In accordance with Scheme 2, a fast hemiacetalization
and Cannizzaro reaction (step 3 and 5) on the terminal carbox-
yl, if compared to the rate of the 1,4-addition to the enone
system (step 4), is in favor of MVG, whereas the opposite is
true for MMHB. In methanol under ambient conditions with
soluble Sn chloride salts, the kinetics clearly favor MMHB for-
mation, resulting in a MMHB/MVG molar ratio of 26 (at 363 K).
In ethanol, however, the corresponding EEHB/EVG ratio drop-
ped to 8, indicating that ethanol addition to the enone is
more sensitive to steric constraints (or more sensitive to elec-
tronic effects) than the addition of ethanol to the aldehyde for
the formation of a hemiacetal and the subsequent Cannizzaro
reaction. To further demonstrate the impact of the alcohol
type, the catalytic reaction was conducted in isopropanol. Sig-
nificantly more vinylglycolate ester was formed relative to the
product outcome in methanol and ethanol. The corresponding
ratio of isopropyl-4-isopropoxy-2-hydroxybutanoate to isopro-
pyl vinylglycolate ester dropped to 1. This proves the 1,4-addi-
tion to be crucial for the selectivity and agrees with the reac-
tivity pattern of sterically different alcohols for 1,4-nucleophilic
additions.

Finally, control experiments with deuterium isotopically la-
beled methanol (CD3OD) were performed to further validate
the proposed pathway.[8b,17b,24] According to the mechanistic
proposal, the conversion of ERU to MMHB (step 1 to step 5)
should incorporate only one deuterium atom into the four-
carbon backbone, that is, a solvent deuterium atom enters the
backbone at C3 after the conjugate addition of methanol
(step 4 in Scheme 2). In Figure 3 the 13C{1H} NMR spectra of
MMHB is shown, formed in both methanol and [D4]MeOH, with
a detailed focus on the chemical shift and coupling pattern of
the C3 carbon (between 33 and 35 ppm). Whereas the expect-
ed singlet is observed in normal methanol at 33.8 ppm, a clear
1:1:1 triplet (34.7 ppm, JCD=20 Hz) is observed in [D4]MeOH in
agreement with the coupling of C3 with one deuterium atom
(D has a nuclear spin of 1), indicative of the presence of �
CDH� at C3. The singlet just downfield of this triplet is attribut-
able to the C3 of undeuterated MMHB, which is formed be-

cause of the limited isotopic purity of the overall reaction mix-
ture (estimated at 97% D/(D+H) atomic fraction, with protons
coming from hydrated feed and catalyst). Its appearance is
however largely overestimated because of the maximum het-
eronuclear Overhauser effect of plus 200% that amplifies reso-
nances with C�H pairs because of the proton decoupling. That
only one deuterium atom is incorporated is also confirmed by
the mass spectrometry pattern of MMHB, which shows typical
fragments of a-cleavage and McLafferty rearrangement, in
agreement with the presence of six deuterium atoms of two �
OCD3 entities, namely the 4-methoxy and methyl ester groups,
one D located at C3 and one D on the 2-hydroxyl. See the Sup-
porting Information for more details on the different mass
fragments and their number of incorporated deuterium atoms.
In the same way, no incorporated deuterium was found in the
backbone of MVG, in agreement with the proposed mechanis-
tic pathway in Scheme 2.

Conclusions

The conversion of tetroses into useful high-end four-carbon a-
hydroxy acid esters with good yields was investigated. Many
homogeneous metal catalysts were screened in alcoholic
media for the conversion of erythrulose and erythrose, which
showed the unique catalytic properties of Sn chloride salts. A
detailed mechanistic scheme, supported by GC, HPLC, MS,
in situ NMR analyses, and isotopic labeling, is presented. The 2-
hydroxy acid ester molecules formed, such as MVG and MMHB,
provide a new family of useful platform molecules, in addition
to the naturally available a-hydroxy acids, paving the way, for
instance, to new solvents and bio-derived polyesters. Although
the tetrose feedstock is still expensive, it could become com-
mercially available through retro-aldol degradation of glucose,
or aldol condensation of glycolaldehyde. Glucose is available
abundantly in starch and cellulose,[25] whereas glycolaldehyde
is a main constituent of bio-derived pyrolysis oil.[26]

Figure 3. 13C{1H} NMR spectra of the C3 position of MMHB after reaction and
measurement in a) methanol and b) [D4]MeOH at 300 MHz with a Bruker
AVANCE (shifts varied because of the solvent difference).
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Experimental Section

Catalytic tests

Screening experiments were performed in 10 mL thick walled glass
vial reactors. Typically (S)-(+)-erythrulose hydrate (2.5 mmol, 97%,
Sigma) was combined with catalyst (0.25 mmol, e.g. , 87.7 mg in
the case of SnCl4·5H2O, Acros) in methanol (4 mL), and 1,4-dioxane
(100 mg, Acros) was used as internal standard. A magnetic stirring
bar was then added and the glass vials were closed by crimp cap
with a septum and placed into a multivial heating block at 363 K.
The mixture was allowed to react for 1 h under continuous mag-
netic stirring. For the kinetic experiment, the molar ratio ERU/Sn
was 100 and samples were taken at regular time intervals. As ERO
is available in lesser purity than ERU, the screening was performed
with the latter, however, ERO also produced the same results as
seen in Table 1 entry 18.

Analysis

MMHB, MVG, DMA were analyzed by GC on a 30 m Agilent HP-5
column with N2 as a carrier gas equipped with an FID detector and
Chemstation software. The temperature program was as follows:
323 K for 2 min followed by a linear ramp of 20 Kmin�1 to 573 K,
after which this temperature was kept for 2 min. A typical chroma-
togram is illustrated in the Supporting Information. Product yields
were calculated with the internal standard, taking into account the
respective sensitivity factor as obtained by calibration with com-
mercial standards (MVG, 96%, TCI Europe) or as obtained by ECN-
based calculations,[27] because of the lack of commercial standard
(for MMHB and DMA). Identification of the reaction products was
performed by GC–MS analysis with electronic ionization, 13C NMR
and 1H NMR spectroscopy, and GC based on retention times of
commercial reference chemicals, HBL (96%, TCI Europe) and MVG,
(96%, TCI Europe). The hemiacetal was analyzed with a Hewlett
Packard 5989 A Mass Spectrometer using chemical ionization. The
conversion of tetrose was determined by HPLC as a sum over ERU
and ERO. For this, the reaction mixture (1 mL) was put under
a mild flow of N2 to evaporate the excess MeOH. Afterwards, 1 mL
of Millipore water was added, the solution was filtered over
a 0.45 mm PTFE filter and analyzed by HPLC (Agilent 1200 Series)
on a Varian Metacarb 67C column (300�6.5 mm) with a refractive
index detector. The column was kept at 358 K and the flow rate
was 0.5 mLmin�1. Measured reference lines were obtained from
solutions containing various amounts of the commercial d-eryth-
rose (>75%, Sigma–Aldrich) and (S)-(+)-erythrulose hydrate (97%,
Sigma).

In situ study

Typically, (S)-(+)-erythrulose hydrate (0.75 mmol, 97%, Sigma) was
mixed with SnCl4·5H2O (0.36 mmol, ERU/Sn�2) and CH3OH
(0.52 g) or CD3OD or ethanol. Higher ERU/Sn ratios were also used.
As soon as the mixture was homogeneous, it was transferred to
a 5 mm Norell tube and lowered into the Bruker AVANCE II-plus
600 MHz spectrometer equipped with a BBO probe. The sweep
was put off. In this way the first accumulation of 128 scans
(6.5 min) could be recorded 3.5 min after mixing. The number of
desired acquisitions was put in sequence, with the number of
scans 128 for each accumulation. In addition, a Bruker AVANCE
300 MHz equipped with a BBO probe was also used. Topspin 2.1
Software was used for controlling the spectrometers and analyzing
the results. If other temperatures were used, the NMR setup was

left to reach these and equilibrate before the sample was intro-
duced (at a maximum of 333 K for MeOH). The D/(D+H) value was
calculated by taking into account the species of water in the feed,
in the catalyst and the exchangeable D of CD3OD.

Software

ChemDraw Ultra 11.0 was used for drawing reaction schemes, pre-
dicting NMR spectra, and analyzing mass fragmentation.

Supporting Information

The Supporting Information includes 1) a more detailed look at
zoomed-in regions of some of the in situ results in MeOH; 2) thor-
ough identification of DMA, MMHB, MVG, and the hemiacetal ;
3) labeling results for DMA, MMHB, and MVG; 4) an in situ study for
the formation of EEHB in ethanol; and 5) a typical chromatogram
of a Sn-catalyzed reaction.
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ABSTRACT: Inspired by formose-based hypotheses surrounding the origin of life, a novel catalytic route towards a series 
of recently discovered four-carbon alpha-hydroxy acids (AHA) and their esters from accessible and renewable 
glycolaldehyde (GA) is reported in various solvents. The synthesis route follows a cascade type reaction network and its 
mechanism with identification of the rate determining step was investigated with in situ 13C-NMR. The mechanistic un-
derstanding led to optimized reaction conditions with higher overall rates of AHA formation by balancing Brønsted and 
Lewis acid activity, both originating from the tin halide catalyst. An optimal H+:Sn ratio of 3 was identified and this num-
ber was surprisingly irrespective of the Sn oxidation state. Further rate enhancement was accomplished by adding small 
amounts of water to the reaction mixture, boosting the rate by a factor of 4.5 compared to pure methanol solvent. The 
cascade reaction selectively yields near 60% of methyl-4-methoxy-2-hydroxybutanoate (MMHB). In the optimized rate 
regime in methanol, an initial TOF of 7.4 molGA.molSn

-1.h-1 was found. In sterically hindered alcohols (isopropanol), the
rate of AHA formation was even higher, and the corresponding vinyl glycolate esters arose as the main product. Vinyl 
glycolic acid, 2,4-dihydroxybutanoic acid and its lactone were formed significantly in non-protic solvent. The correspond-
ing AHAs have serious potential as building blocks in novel bio-based polymers with modifiable functionality. The incor-
poration of vinyl glycolic acid in polylactic acid (PLA) based polyesters is illustrated and post-modification at the vinyl 
side groups indeed allows access to a range of properties like tunable hydrophilicity, otherwise difficult to attain for PLA. 

INTRODUCTION 
Alpha-hydroxy acids (AHAs) and their esters are of great 
appeal as platform chemicals1-3 in the portfolio of renew-
able derived solvents and as building blocks for polyes-
ters.1,4,5 Lactic acid1 for instance (a three-carbon AHA), is a 
rapidly growing commodity chemical; its ethyl ester 
(ethyl lactate6,7) is becoming a renowned green solvent 
and polylactic acid (PLA) is currently one of the top vol-
ume bioplastics.8,9 Being renewable10 and biodegradable,11-
13 such polyesters are not only useful to replace petroleum 
derived plastics in certain applications, they also have a 
promising future in biomedical and in vivo applications 
due to their biocompatibility.14,15 Surveys predict a PLA 
production capacity worldwide of  800,000 tons in 2020.16 
Their ever increasing popularity is partly due to rising 
concern over the use of depleting fossil feedstock for the 
production of classic polymers. Moreover, most of these 
polymers are non-degradable and lie at the origin of a 
huge waste problem, sadly exemplified by plastic scrap 
covering our remotest islands and oceans.14,17-19 Traditional 

Poly-L-lactic acid (PLLA) has many good features: but 
also limitations:8 it is a brittle polymer with poor elonga-
tion at break, it has limited gas barrier properties and 
lacks reactive side chain groups. Moreover, it is often 
considered too hydrophobic, causing inflammatory re-
sponses when applied in vivo.12,20  
Recently, intriguing four-carbon AHAs were discovered in 
small amounts during the chemocatalytic conversion of 
hexoses and hemi-cellulosic sugars to alkyl lactates with 
Sn-based zeolites21,22 and with our Sn containing sil-
ica/carbon composite catalysts.5 The origin of these es-
ters, viz. MVG (methyl vinyl glycolate) and MMHB 
(methyl-4-methoxy-2-hydroxybutanoate) was attributed 
to the presence of tetrose sugars, formed by the retro-
aldol splitting of glucose (Scheme 1). Due to their struc-
ture, these AHAs could offer a solution to overcome cer-
tain of the PLA limitations by co-incorporation: MVG has 
a vinyl – and thus easy access to functionalization - in-
stead of the methyl group in lactic acid, whereas MMHB 
possesses a methoxy substituent at the C-4 position. 



Search for new catalytic routes is interesting as such four-
carbon AHA’s are very rare in Nature, in contrary to lactic 
acid. Recently, we delivered mechanistic insight into the 
conversion of tetrose sugars to these novel AHAs platform 
molecules with Sn halide catalysts.23 Especially MMHB 
was shown to be synthesized in high yield in methanol 
under mild conditions from erythrulose and erythrose in 
one step, involving many different types of reactions, as 
catalyzed by Sn halides. Reported yields to MVG product 
in this report were rather low. Although very useful for 
providing mechanistic evidence and elucidating reaction 
pathways, the use of tetroses in previous study is very 
expensive and the sugars are not accessible on a large 
scale.23 Glycolaldehyde (GA)24 – the ‘two carbon’ sugar – 
however, is encountered in high yields when converting 
glucose via retro-aldol splitting under subcritical hydro-
thermal conditions,25 and more significantly, it is one of 
the major constituents of bio-oils obtained via pyrolysis of 
biomass residue.26,27 Up to 10 wt% yield of GA can be 
found in bio-oils obtained from the pyrolysis of cellulose, 
Nature’s most abundant renewable biomass resource.28-35 
These yields are relevant considering the non-selective 
nature of the pyrolysis process and the overwhelming 
availability of the feedstock. Moreover, successful efforts 
have been made recently towards GA isolation from such 
complex bio-oils.36 

Scheme 1. Overview of the synthesis of four-carbon AHAs 
from tetroses23 and glycolaldehyde (this work) and some 
of the demonstrated tuneable (PLA based) co-polymers. 

In a totally different context, in search for the origin of 
life, the formose-based synthesis of sugars starting from 
formaldehyde and/or GA (even found in outer space37,38) 
with the help of mineral derived alkali, borates or amino 
acids is offering a likely explanation for the rise of com-
plex organic molecules and ribose-sugar based life under 
credible prebiotic conditions.38-41 The formose process 
entails several aldol reactions, eventually leading to com-

plex sugar mixtures and tars.42-44 Borates40,45 and silicates46 
were found to stabilize (especially) pentoses from this 
reaction mixtures, hereby possibly directing the unselec-
tive formose reaction. In this way, e.g. borate bound sug-
ars are excluded to undergo further aldol condensation.  
Inspired by this approach, and in the light of the future 
availability of GA via biomass pyrolysis, we demonstrate 
here the one-pot catalytic conversion of GA to four-
carbon AHA (esters) according to a complex cascade 
network. The unselective aldol-based sugar synthesis is 
hereto combined with Sn-based homogeneous catalytic 
transformation of tetroses sugars to AHAs. In this way, 
the formation of unwanted larger carbohydrates from 
tetroses and GA is circumvented. With the help of in situ 
NMR, key insights into the reaction mechanism and its 
catalytic needs are unravelled.  Finally, the potential of 
such derived AHA monomer building blocks is proved for 
the first time, by their co-polymerization with lactic acid, 
leading to a new range of modifiable PLA based polymers, 
with interesting properties and easy access to functionali-
zation for instance by thiol-ene chemistry (on polylactic 
acid-co-vinyl glycolate) as visualized in Scheme 1. 

METHODS 
Catalytic tests 
Experiments were performed in 10 mL thick walled glass 
vial reactors. In a typical experiment 0.0025 mol glycolal-
dehyde (0.150 g, dimeric form, Sigma-Aldrich) was com-
bined with 1.25.10-4 mol of Sn catalyst: for instance, 43.8 
mg in the case of SnCl4.5H2O (Acros), in 2 mL of solvent 
(methanol, ethanol, IPA, methanol:water). Naphthalene 
(50 mg) was used as internal (or external) standard. A 
magnetic stirring bar was then added and the glass vials 
were closed by crimp cap with a septum and placed into a 
multi vial heating block at 363 K. The mixture was al-
lowed to react for certain time ranging from 5 minutes to 
26 h, depending on the progress under continuous mag-
netic stirring. To quench intrinsic HCl derived Brønsted 
acidity (BA), precise amounts of Dowex Monosphere 550A 
anion exchange resin based on a quaternary amine in its 
OH- form were added to the catalytic mixture. To add 
extrinsic HCl, a solution in methanol was prepared and 
added. To determine the quenching capacity of such 
resin, it was fully exchanged under excess NaOH, thor-
oughly washed and titrated. (Anion Exchange Capacity of 
1.5 mmol/g). Analysis: methyl-4-methoxy-2-hydroxy-
butanoate (MMHB), methyl vinyl glycolate (MVG) and 
their alkyl analogues and glycolaldehyde dimethyl acetal 
(GADMA) were analyzed by gas chromatography on a 30 
m Agilent HP-5 column and on a chiral 25 m Agilent 
WCOT fused silica CP-Chirasil-DEX CB capillary column, 
both equipped with an FID detector and ChemStation 
software. A chromatogram is illustrated in the Supporting 
Information (Fig. S6B§) Product yields were calculated via 
internal standards taking into account the sensitivity 
factor obtained by calibration with commercial standards 
(MVG, 96%, TCI Europe; GADMA; 98% Alfa Aesar) or 
obtained by ECN-based calculations,47 due to lack of 
commercial standard (for MMHB and alkyl analogues of 



MMHB and MVG). Identification of the reaction products 
was carried out by GC-MS analysis with electronic ioniza-
tion, 13C-NMR, 1H-NMR, and GC based on retention times 
of commercial reference chemicals. A Hewlett Packard 
5989A Mass Spectrometer using electronic ionization was 
used to further identify the glycolaldehyde hemiacetal.  
In situ studies. Typically 0.05 g glycolaldehyde (dimeric 
form, Sigma-Aldrich) was dissolved in either 0.6 mL of 
CH3OH, CD3OD, isopropanol, acetonitrile, dimethyl sul-
foxide (DMSO) or mixtures thereof with H2O or D2O and 
a 13C-NMR spectrum was recorded. Then, this mixture 
was added to a SnCl4.5H2O containing vial. Different 
GA:Sn ratios were used (2:1, 5:1, 10:1). As soon as the mix-
ture was homogeneous, it was transferred back to the 5 
mm Norell tube and lowered into a Bruker AVANCE II-
plus 600 MHz spectrometer equipped with a BBO probe 
or a Bruker AVANCE 400 MHz spectrometer with a BBI 
probe. The sweep was put off in the case of non-
deuterated solvents. In this way the first accumulation of 
128 scans (6 to 7 minutes) (or 256 scans depending on the 
signal to noise ratio and the concentration) could be re-
corded approximately 2.5 minutes after mixing. The 
number of desired acquisitions was put in sequence and 
mostly ran overnight. For temperatures other than 298 K 
(usually 333 K), the spectrometer was left to reach the 
temperature and equilibrate before the sample was 
loaded. A Bruker AVANCE 300 MHz equipped with a 
BBO probe was used for standard NMR measurements. 
Topspin 2.1 Software was used for controlling the spec-
trometers and analysing the results. 
Polymerization via polycondensation 
MVG (97%, TCI Europe) was filtered over activated basic 
aluminum oxide (Sigma Aldrich) to retain possible car-
boxylic acid impurities. For the synthesis of polylactic 
acid-co-vinyl glycolate(7%) 0.7 g of MVG was dissolved in 
20 mL Millipore water and 0.7 g of Amberlyst 15, a strong 
acidic cation exchange resin, was added as hydrolysis 
catalyst (1 g). This mixture was continuously stirred in an 
oil bath kept at 353 K. The mixture was left to react until 
complete conversion of MVG, as analyzed by GC. The 
resulting vinyl glycolate monomer (2-hydroxy-3-butenoic 
acid) was ascertained by 1H and 13C-NMR. Amberlyst wet 
15 (Sigma Aldrich) was filtered off and the excess of water 
was slowly evaporated with a gentle nitrogen flow while 
keeping the mixture at 333K. The dried monomer (4.7 
mmol, 0.48 g, oil) was mixed with 42.3 mmol of lactic acid 
(4.15 g of a 90 wt% aqueous solution, Sigma-Aldrich) as to 
obtain a monomer composition of vinyl glycolate:lactic 
acid of 1:10. To this, p-xylene was added to obtain a 50 
wt% monomer mixture as well as 0.2 wt% (on monomer) 
of the SnCl2.2H2O polycondensation catalyst, according to 
Kim et al.48 The reaction vessel was equipped with a 
Dean-Stark trap (filled before reaction with p-xylene) and 
left to reflux in an oil bath at 160 °C for 72 h. The resulting 
mixture was dissolved in CHCl3 and precipitated in excess 
cold CH3OH (non-solvent). The resulting polyester was 
filtered off and dried under vacuum. Reference poly-L-
lactic acid was made in exactly the same manner. 

Polymer Characterization 
1H-, 1H-COSY- and 1H-13C-HSQC were recorded in CDCl3

on Bruker AVANCE 400 and 300 MHz spectrometers. 
Additionally, 13C-NMR and 13C-APT-NMR were measured 
on a Bruker AM500 MHz spectrometer. Thermal gravim-
etric analysis (TGA) was performed on the polymer pow-
ders, while heating them at a rate of 10 K/min under N2 
atmosphere using a TGA Q500 (TA Instruments) 
equipped with an automatic sampler. Differential scan-
ning calorimetry (DSC) experiments have been performed 
with a DSC Q2000 (TA Instruments) by cycling between 
283 and 483K at heating/cooling rates of 10K/min under 
N2 atmosphere. Size Exclusion Chromatography (SEC) 
was performed using a Varian PLGPC50plus instrument, 
using a refractive index detector, equipped with two Plgel 
5 m MIXED-D columns 40 °C. Polystyrene standards 
were used for calibration and THF as eluent at a flow rate 
of 1 mL/min. Samples were injected using a PL AS RT 
autosampler. Static contact angle measurements were 
performed with double deionized water on polymer coat-
ed glass slides with a KSV NIMA CAM200 setup and its 
software. Hereto, the polymers were spin coated from a 5 
wt% solution in CHCl3 or THF on a thin glass preparation 
slide, for 1 minute at a rate of 1000 rpm attained in 2 se-
conds. The slides were dried overnight at room tempera-
ture. Per slide, 3 drops were measured and during meas-
urement, 2 sub-drops were added. 30 seconds after adding 
each subdrop, the photographed droplet was fit according 
to the Young-Laplace equation and the static contact 
angle calculated. At least 2 slides per polymer were pre-
pared. Standard deviations were calculated. 
Thiol-ene functionalization of polymers 
A typical thiol-ene reaction was performed as follows: 
functionalized polymer PLLA-co-VG (12% vinyl) (100 mg; 
0,19 mmol alkene) was dissolved in dry THF (1.0 mL). 
Benzyl mercaptan (99% sigma Aldrich, 0.38 mmol) and 
2,2-dimethoxy-2-phenylacetophenone (99% Sigma Al-
drich, 5.0 mg/mL) as photo-initiator were added and the 
solution was degassed for 30 min with N2. In another case, 
1-thioglycerol (> 97%, Sigma Aldrich) was used. The 
reaction mixture was irradiated with UV-light (365 nm) 
for 5h at ambient conditions. The functionalized polymer 
was collected by precipitation in cold methanol or diethyl 
ether and dried prior to analysis. 

RESULTS 
Occurrence of glycolaldehyde in reaction conditions 
Commercial glycolaldehyde (GA) is found in its crystal-
line dimeric form (1 in Scheme 2). This dimer is said to 
decompose thermally into monomeric GA (2 in Scheme 
2). The free aldehyde group however is rarely encoun-
tered, as its main occurrence greatly depends on the sol-
vent. In water for instance, its hydrate (2’’) is the most 
encountered form at standard conditions and this form is 
easily detected in 13C-NMR.49,50 In the light of the origin of 
life, in length reviewed by Benner et al. in a recent per-
spective38, it was shown that GA, when incubated in a 
borate buffer (pH 10.4) at 338 K for 1 h, led to the forma-



tion of mainly threose and erythrose, two tetrose sugars, 
in a yield of 86%.40 The aldol reaction arose from the 
basicity of the medium (free OH-) and the mechanism of 
this aldol reaction is generally known as the enolate 
mechanism, involving the base-catalyzed enolization of 
GA, transforming it into a nucleophile (seen as 2’ in 
Scheme 2), which attacks the aldehyde carbon of another 
GA molecule, with the formation of a tetrose as result (an 
aldose: threose or erythrose). This reaction proves the 
ease of condensing GA towards higher sugars in basic 
media, as illustrated in Scheme 2A and it is the main 
mechanism behind the formose reaction.43 In the same 
context, Kofoed et al. have studied GA conversion in ab-
sence of base, catalyzed by a ZnII(proline)2 Lewis acidic
catalyst (proposed to be a likely metalloenzyme precur-
sor) under credible prebiotic conditions.51 The aldol reac-
tivity was postulated to be catalyzed by the Lewis acidic 
ZnII center chelated with a glycolaldehyde enolate. 
Burroughs et al. showed that esters of proteinogenic 
amino acids (e.g. N-methyl leucine ethyl ester) were also 
able to perform this reaction via the enamine aldol 
mechanism in similar circumstances.52 

Scheme 2. Occurrence of GA (2) and its basic aldol reac-
tion in water (A) and its occurrence in methanol (B). 

The ultimate challenge for using GA as biomass feedstock 
for the formation of four-carbon alpha-hydroxy acid es-
ters (AHA) is the cascade coupling of the aldol reaction of 
GA to tetroses with the subsequent selective conversion 
to MMHB and MVG. The conversion of tetroses to AHA 
containing compounds with Sn halides salts is preferably 
carried out in alcoholic media to avoid side product for-
mation, side-reactions with the formed carboxylic acid 
group and the formation of tin(hydr)oxides.23 Next, the 
conversion of tetroses in methanol to the AHA esters, 
MMHB and MVG, is established and the same is true for 
their alkyl analogues in the presence of other alcohols.15  

The occurrence of GA in methanol (Scheme 2B) plays a 
crucial role in the conversion of GA to AHAs, and was 
therefore studied first with (in situ) 13C-NMR. The spectral 
evidence is presented in Figure 1. Part (i) of Figure 1 thus  

Figure 1. i) GA dimer 1, 2 minutes after dissolution in 
CH3OH at 298 K; ii) such mixture heated at 363 K for 5 
minutes: formation of GAHA 3; iii) GA dimer 1 dissolved 
in CH3OH containing 10 mol% of SnCl4.5H2O after 90 
minutes at 298 K: GADMA 4. 

shows the spectrum of the crystalline dimeric form 1, 
immediately after dissolution in CH3OH at 298 K. When 
heating such mixture for only 5 minutes at 363 K, the 
cyclic dimer 1 undergoes a rapid transformation to glycol-
aldehyde hemiacetal (GAHA, 3 in Scheme 2) and its three 
signals - 98,  65 and 54 ppm - are the only ones found, as 
seen in Figure 1, part (ii). During very long incubation at 
363 K, the diagnostic chemical shifts at 98 and 65 ppm, 
gradually diminished in favor of two new signals at 105 
and 62 ppm, whereas the signal at 54 ppm increased. This 
change in 13C NMR signals corresponds to the formation 
of the dimethyl acetal of GA (GADMA, 4 in Scheme 2), 
which has overlapping methyl signals at 54 ppm, as seen 
in Figure 1 part (iii) and its chemical shifts were perfectly 
in agreement with a commercial standard. This transfor-
mation (GAHA 3 into GADMA 4) is however very slow in 
pure methanol at 363 K and it even does not seem to oc-
cur within 5 days of incubation at 298 K. Thus, as seen in 
Scheme 2B, formation of GADMA from GAHA requires 
sufficient time and heat or an appropriate catalyst to 
accelerate the second acetalization. Such acetalization 
reactions are reversible and typically catalyzed by Brøn-
sted (or Lewis acids).53 This is evidenced by the rapid 
formation of GADMA, within 30 minutes, when GA dimer 
was dissolved in methanol at 298 K containing HCl (in 
situ 13C-NMR spectral sequence for 10:1 GA:H+, see Sup-
porting information (§) Fig. S1§). The effect of Sn halide 
catalysts on the occurrence of GA was therefore also stud-
ied with an identical GA solution in presence of 
SnCl4.5H2O in a 10:1 GA:Sn molar ratio in the spectrome-
ter at 298 K. The transformation of the rapidly formed 
GAHA to GADMA could again clearly be witnessed by in 
situ NMR and took about 90 minutes to completion, in 
fact, the last spectrum of this sequence is shown in Figure 
1 part (iii). The same experiment carried out at 333 K dis-
played nothing else but GADMA 4 already after 2 min-
utes, proving the catalytic effect of SnCl4.5H2O halides. 

In conclusion: GA dimer 1 readily converts to the he-
miacetal GAHA 3, but it takes over 24 hours to convert 3 



further into acetal GADMA 4 without catalyst at 363 K in 
methanol. The second acetalization is very fast in pres-
ence of HCl or SnCl4.5H2O catalysts, even at room tem-
perature. In the latter case, the acetalization activity likely 
originates from Brønsted acidity by dissociation of chlo-
ride ligands with formation of HCl. At 333 K, with such 
catalyst, acetal 4 is formed immediately from 1 in CH3OH. 

Catalytic cascade: Proof of concept 
In order to investigate the ability of Sn halides and other 
soluble model catalysts to assist the overall reaction of 
two GA molecules into four-carbon AHAs (seen in 
Scheme 1) in alcoholic media, concentrated solutions of 
GA dimer 1 were contacted with catalytic amounts of Sn, 
Al and Cr halides. These catalysts were recently proposed 
in earlier work for the conversion of tetroses to AHAs.23 
The experiments were performed with 1.25 M GA in 
methanol at 363 K for about 20 hours. An intermediate 
sample was taken after one hour of reaction for a kinetic 
analysis. This reaction condition closely matches the one 
used in our earlier study for the conversion of tetrose 
sugars in CH3OH, now considering two GA molecules 
replacing one tetrose (0.625 M tetrose at 363 K)15. The 
results of the screening are found in Table 1. Sn halides 
are indeed able to perform the whole cascade reaction in 
CH3OH, yielding between 50 and 60 % of MMHB 9 (viz. 
Scheme 3) from 1 after 20 hours of reaction. As seen in 
Entries 6 and 8, both SnII and SnIV produce 9, whereas 
MVG is only a minor product. Starting from a tetrose 
feedstock (erythrose) instead of 1, as seen in Entry 11, 
similar yields were obtained, albeit much faster.  

Table 1. Screening for the conversion of glycolaldehyde to 
GADMA 4 and -hydroxy acid esters in CH3OH.a

E Catalyst 
t 
[h] 

GADMA 
[%] 

MMHB 
[%] 

MVG 
[%] 

1 - 26 47 0 0 
2 HCl 1 72 0 0 
3 HCl 22 56 0 0 
4 NaOH 20 0 0 0 
5 SnIVCl4.5H2O 1 54 10 <1 
6 SnIVCl4.5H2O 20 3 58 3 
7 SnIICl2.2H2O 1 51 14 <1 
8 SnIICl2.2H2O 21 1 55 4 
9 AlIIICl3.6H2O 20 47 7 0 
10 CrIIICl3.6H2O 20 71 <1 0 
11b SnIVCl4.5H2O 1 - 50 2 

aReactions at 363 K with 1.25 M GA (provided as dimer, 1) 
in MeOH. GC based yields. 5 mol% of catalyst (20 mol% 
for HCl, 10 mol% for NaOH). bReaction on 0.625 M of 
erythrose in CH3OH, 10 mol% of catalyst. E = entry. 

The successful catalytic reactions prompted us to monitor 
the reaction evolution in time in presence of the tin cata-
lysts. One hour points are shown in Entries 5 and 7 and 

the kinetic plot is presented in Figure 2. The latter dis-
plays that 80% of the final yield, viz. 58% after 20h, is 
already obtained after 7h of reaction. The primary prod-
uct of the reaction proved to be the acetal 4. This is in 
agreement with the 13C-NMR data mentioned above, 
where its formation from GA dimer 1 was noticed instan-
taneously upon contact with SnCl4.5H2O in methanol at 
333 K. 

Figure 2. Kinetic plot of the reaction with SnCl4.5H2O in 
the conditions of Table 1a. 

Reaction with HCl, a model Brønsted acid catalyst, led to 
no MMHB 9 nor MVG formation, and the main product 
was the acetal GADMA 4 (entries 2 and 3), besides other 
acetalization products such as 1,1,2-trimethoxyethane and 
tetramethoxyethane. A reaction with catalytic amounts of 
base, viz. NaOH, yielded no GC-detectable products. 
Other Lewis acids, viz. AlIII and CrIII halides, (Entries 9 
and 10) appeared unable to or very slowly convert 1 to 
AHAs and mainly 4 is formed, while yielding 9 only in 
trace amounts. Reaction with AlIII and CrIII halides cata-
lysts is  restricted to acetalization, alike HCl. Neverthe-
less, when contacting the two metal halides with tetroses 
instead of dimeric GA 1, MMHB 9 is analyzed in the range 
of 12 % yield after 1 h.23  
In conclusion: Sn halides are unique in converting the 
smallest sugar molecule glycolaldehyde into AHAs, pref-
erably to MMHB 9 in methanol, while Brønsted acids and 
other Lewis acid catalysts mainly form diacetal GADMA 4. 

Proposal of the reaction pathway to MMHB 
Considering the above study on the occurrence of GA in 
methanol and the earlier proposed reaction scheme for 
the conversion of tetroses to four-carbon AHAs,23 a reac-
tion pathway for the conversion of 1 to MMHB 9 with Sn 
halides is postulated in Scheme 3. Acetalization in 
methanol rapidly converts 1 quantitatively into 4 at ele-
vated temperature and in presence of the Sn catalyst. To 
ascertain this, a reaction at 363 K with SnCl2.2H2O was 
quenched after 5 minutes in ice and the mixture analyzed; 
both GC and 1H-NMR pointed to  formation of 4 in yields 
of 84 and 95% (±5%) respectively. In fact, glycolaldehyde 
dimethyacetal 4 may be regarded as the starting point 
under the reaction conditions, which is fully in line with 



the first points in the kinetic plot in Figure 2. In order to 
be able to perform a Sn halide based aldol reaction step, 
free GA 2 and its enol 2’ should be available. Therefore, 
step 1 in Scheme 3 considers the hydrolysis of 4 into the 
hemiacetal 3. This step obviously requires the presence of 
water. Water can be traced back to three different sources 
in the reaction:  i) Sn halide is used in its hydrate form; ii) 
water is also formed in the reaction network, considering 
the two necessary retro-Michael dehydrations of the tet-
rose en route to an AHA,23 and iii) when no special pre-
cautions are taken, methanol contains small percentages 
of water, which is easily detected by 1H-NMR. Acetaliza-
tion is reversible and usually catalyzed by acid catalysts.54 
Similar to the hydrolysis of 4 to 3 (step 1), the latter is in 
equilibrium with free GA 2 and 2’, via the loss of another 
methanol (step 2 in Scheme 3). Formally, this step can 
also be written as a hydrolysis followed by dehydration. 
The enol species 2’ is capable of attacking a free GA mole-
cule 2 to form a tetrose 5 via aldol addition. With Sn hal-
ides in alcoholic media, the base-catalyzed aldol mecha-
nism42,43,55 is excluded, since the medium is neutral to 
acidic, depending on the level of methanolysis/hydrolysis 
of the chloride ligands at the Sn Lewis acidic center. Fur-
thermore, the reported enamine aldol mechanism52,56 is 
excluded due to lack of amines. This leaves us with two 
possibilities, a Lewis acid Sn catalyzed aldol, as in the 
origin of life approach with ZnII by Kofoed et al.56, or a 
Brønsted acidic aldol addition. The latter may tentatively 
be excluded as a reaction of 1 with HCl only forms 4, but 
this will be discussed later.  
Following the formation of a tetrose 5 due to aldol addi-
tion, two retro-Michael dehydration steps57 follow (step 4 
and 5). Since Sn easily coordinates to entities with multi-
ple –OH or =O bonds (such as sugars) due to its strong 
Lewis acid character,58,59 such dehydration may formally 
be written, as if catalyzed by the Sn center. A similar reac-
tion mechanism was proposed for the dehydration of 
dihydroxyacetone to pyruvic aldehyde with Sn halides.60 
Even when incorporated in -zeolites, Sn centers were 
found to be capable of coordinating multiple oxygen 
groups of sugars, and this proves for instance useful in the 
isomerization of glucose to fructose61 via a hydride trans-
fer mechanism62,63 and the epimerization of sugar borate 
complexes64.  
Scheme 3 suggests the formation of a reactive intermedi-
ate vinyl glyoxal 6 as a result of the two retro-Michael 
dehydration steps. This unsaturated molecule is prone to 
be attacked by nucleophiles on its conjugated vinyl group 
according to a 1,4-addition mechanism,65,66 and on its 
terminal carbonyl via acetalization. Acetalization, de-
picted as step 6 is fast in the reaction conditions and leads 
to hemiacetal 7. Subsequent alcohol attack on the vinyl 
group, presented as step 7 (in scheme 3) follows a formal 
1,4-nucleophilic addition on , -unsaturated carbonyls,66 
and leads to the formation of the hemiacetal of 4-
methoxy-ethylglyoxal (8, Scheme 3). This molecule has 
been encountered in high amounts as an intermediate 
when reacting tetrose sugars with tin halides.23 Earlier 
work on tetroses showed that pure Brønsted acidic cata-

lysts are also able to accelerate the conversion of tetroses 
to the hemiacetal 8, but then, eventually lead to the for-
mation of a dimethyl acetal of 8 (not shown). This further 
proves that the cascade of retro-Michael dehydrations, 
hemiacetalization and 1,4-nucleophilic addition is also 
catalyzed by Brønsted acids, but interestingly not the final 
further conversion of 8 to MMHB 9.23 This final step 8 is a 
formal intramolecular Cannizzaro reaction, which shifts 
the proton of the aldehyde (here in hemiacetal form) of 8 
via hydride transfer from the terminal carbon to the -
carbon, with formation of -hydroxy acid ester MMHB 9 
as the final result. This type of reaction only occurs with 
Sn Lewis acid sites under mild conditions, and is for in-
stance also responsible for the conversion of pyruvic al-
dehyde into lactates.1,5,67,68  
As deduced from Table 1, the overall cascade transforma-
tion of 1 into 9 in methanol is much slower than the reac-
tion with tetroses 5 to 9 (steps 4-8). This indicates that 
the rate determining step (rds) of the cascade occurs in 
steps 1 to 3. Gaining insight in the rds of a cascade reac-
tion is very instructive to assess the foremost catalytic 
needs and the mechanistic insight may suggest rate im-
provements by better balancing the required multiple 
active sites.5,69,70 Two in situ NMR studies were therefore 
performed to provide evidence for the proposed reaction 
scheme, one for the conversion of 5 and one with 1 as 
substrate. Details are described in the next part. 

Scheme 3. Proposed cascade of glycolaldehyde (dimeric 
form 1) to MMHB 9 in CH3OH in presence of Sn halides. 



In situ 13C-NMR study in CH3OH: GA versus tetroses 
The rate determining step in the conversion of tetroses (5 
in Scheme 3) to MMHB (9 in Scheme 3) can be deduced 
from the in situ 13C NMR series shown in Figure 3 (iii) to 
(v). The first spectrum is obtained directly after mixing 
the tetroses 5 solution with the Sn halide and mainly 
shows the four characteristic peaks of erythrulose (Figure 
3 (iii): signals 1 to 4). One can also start from the aldose 
erythrose, rendering the same catalytic results,23 but its 
starting 13C-NMR spectrum is less straightforward.71 
Quickly, after 10 minutes at 333 K, signals 0 to 4 vanished 
in favor of 6 new ones (Figure 3 (iv): signals 0’ to 5’), 
which are indicative of the presence of the hemiacetal of 
4-methoxy-ethylglyoxal (8 in Scheme 3, earlier confirmed 
with chemical ionization mass spectrometry23). After 
longer times, viz. 100 min at 333 K, six new 13C-NMR sig-
nals show the presence of MMHB 9 (Figure 3 (v): signals 
0” to 5”). The in situ time profile agrees with the interme-
diate accumulation of 8, and hereby proves that the slow-
est step in the conversion of 5 to 9 is the final Cannizzaro 
(step 8 in Scheme 3).  
However, when contacting 1 in the same reaction condi-
tions, the first spectra display the acetal GADMA 4 (Fig-
ure 3 (i): signals 1 to 3)) and over prolonged reaction 
times, its signals slowly turned in favor of 9 (Figure 3 (ii): 
signals 0” to 5”) without visibly passing through the he-
miacetal of GA 3 or the hemiacetal of 4-methoxy-
ethylglyoxal 8. This suggests that the rate determining 
step of the cascade reaction is not the Lewis acid cata-
lyzed Cannizzaro, but step 1, the hydrolysis of 4 to 3. In-
deed, if for instance step 2 was the slowest step, the he-
miacetal 3 should be clearly visible in the NMR spectra, 
which is not the case. 
In conclusion, in contrast to the conversion of tetroses to 
AHAs, the overall rate of MMHB formation from 1 is de-
termined by the Brønsted acid catalyzed hydrolysis of 
acetal 4. This insight implies 1) an optimal balance be-
tween Lewis and Brønsted acidity to obtain a maximum 
overall rate, and 2) a well-thought choice of the reaction 
solvent and the presence of water as they determine the 
occurrence of GA. To corroborate these hypotheses, sev-
eral variations both at the level of the catalyst (1), and of 
the solvent (2) are put forward in a new series of experi-
ments in the next paragraphs.  

Mechanistic implications at the level of the catalyst 
The interplay between the Lewis and Brønsted acidity 
derived from the Sn halide salts in the reaction medium, 
is suggested to be crucial to the overall rate of the cas-
cade. Based on the aforementioned results, it seems that 
step 1 (in scheme 3), viz. the Brønsted acid catalyzed hy-
drolysis of acetal 4, determines the overall rate. Reaction 
of 1 with 20 mol% HCl  yields no 9, but only shows forma-
tion of 4; the initially suggested Brønsted acid catalyzed 
enolate mechanism for the aldol addition is thus not valid 
(Entry 2-3 in Table 1). The observation proves that con-
densation of two GA molecules requires the action of the 
Lewis acidic Sn (see step 3). Although not rate limiting,  

Figure 3. In situ 13C-NMR study with GA dimer 1 (i, ii) and 
tetrose (iii-v) in contact with SnIV.5H2O in CH3OH, at 333
K. i) 10 min, GADMA. ii) 13 h later, presence of GADMA 4 
and MMHB 9. iii) 10 min at 298 K, mainly tetrose; iv) 10 
min at 333 K, formation of the hemiacetal of methoxy-
ethylglyoxal 8; v) 100 min at 333 K, formation of MMHB 9.  

this Lewis acid catalyzed addition is crucial for the feasi-
bility of the cascade which leads to the formation of 9. 
Although the main occurrence of GA in methanol at room 
temperature is 3, when Brønsted acidity is present, 4 
dominates, in a dynamic equilibrium. The same is true in 
presence of Sn halides, but the difference here is that the 
slightest conversion of 4 to 3 and further to free GA 2 and 
its enol 2’, allows aldol addition to a tetrose 5 under the 
action of Lewis acidic Sn, with rapid subsequent conver-
sion of 5 to AHA ester. It is therefore very likely that a 
Lewis acid Sn catalyzed aldol reaction via the enolate 
mechanism is occurring, as was postulated for ZnII by 
Kofoed et al. in their origin of life approach. HCl, AlIII and 
CrIII halides for instance appear unable to efficiently cata-
lyze the aldol coupling and the reaction its trapped in the 
production of acetal 4. Even though these halides are able 
to fully convert tetrose feedstock in 1 h,23 their inefficient 
aldol traps the reaction with GA in acetal 4. 

In conclusion, next to the required intramolecular Can-
nizzaro (converting 8 to 9), tin is also essential in acceler-
ating the aldol reaction of 2 to 5. However, as the rate of 
the cascade is determined by the hydrolysis of acetal 4, 
the balance between Brønsted and Lewis acidity is key in 
understanding and directing the cascade reaction of 1 to 9 



towards a high rate and selectivity, and thus a high vol-
ume productivity. 

A closer look at the properties of SnIVCl4.5H2O learns that
in water, their hydrolysis to SnIV(OH)4 and further con-
densation to Sn (hydr)oxides is complete and fast with 
release of 4 HCl per Sn, lowering the pH of water. The 
same was witnessed for SnIICl2.2H2O. When the chloride
ligands of SnIV are neutralized for instance with NaOH, 
SnIV centers tend to condensate and precipitation is swift, 
pointing to the formation of Sn(hydr)oxides. In methanol, 
traces of water hydrolyze the chloride ligands, but a 
methanolysis with formation of HCl is possible as well. 
Neutralization of the generated acidity stoichiometrically 
in methanol with NaOH also leads to cloudy suspensions, 
but no heavy precipitate as in water was noticed. Under 
the non-neutralizing reaction conditions in methanol, it 
is difficult to determine the exact grade of methanolysis 
(and hydrolysis). Nevertheless, use of tin chlorides in 
methanol delivers Brønsted acidity in the form of HCl to 
the reaction medium, next to Lewis acid Sn centers. In the 
envisioned cascade reaction in scheme 3, where multiple 
steps are catalyzed by either Brønsted acids, Lewis acids 
or both, the intrinsic balance between both types of acid 
sites is crucially governed by the choice of halide and its 
ease of release.  
Different kinetic experiments were undertaken with vary-
ing Brønsted and Lewis acid contents to assess the influ-
ence of different Brønsted vs. Lewis acid ratios on the 
overall rate of reaction. For probing higher ratios, external 
HCl is added, while controlled assessment of lower ratios 
is obtained by partial quenching of the HCl formed from 
the Sn halide by methanolysis (and hydrolysis). Whereas 
the addition of HCl is straightforward, quenching of HCl 
is carried out with a quaternary ammonium anion ex-
change resin, exchanged in its OH- form. This resin is 
added at the start of the reaction in precise amounts (its 
capacity was measured by titration) as to capture the 
desired amount of Cl- and to quench H+ with the released 
OH- equivalent. Test titration of such resin with HCl in 
methanol proved that the ion exchange process is rapid 
and the resin kept the medium free of acid until its point 
of saturation is reached. Thus, depending on the amount 
of resin or HCl added, different ratios of H+:Sn are at-
tained for both SnII and SnIV and their influence on the 
rate of MMHB formation is plotted in Figure 4. 
The highest formation rate of 9 is clearly observed for a 
H+:Sn ratio of 3, and this value is surprisingly irrespective 
of the oxidation state of the Sn salt. In other words, the 
highest initial rate is noticed when either SnCl2 is com-
bined with one extra equivalent of HCl or by quenching 
one equivalent of HCl with the resin, when SnCl4 was 
used. It is noteworthy that the overall rate of the cascade 
(at a certain temperature) can be maximized, simply by 
adding one equivalent of HCl per SnII site to the reaction. 
Considering the rate determining hydrolysis of 4 in the 
network, a ratio of 3:1 H+:Sn indeed makes sense. A reac-
tion with HCl alone (as in Entry 2, Table 1,) simulates an 
infinite H+:Sn ratio (on the x-axis in Figure 4), for which 9 

is not formed due to a lack of aldolisation (Sn) capacity. 
According to the reaction scheme, this zero rate indeed 
derives from the fact that, although the hydrolysis step 
can be fast due to the presence of Brønsted acidity, the 
slowest step is now found in the aldol addition of 2 to 5, 
which does not pull GADMA away from the equilibrium. 
Figure 4 thus shows the importance of a balanced cata-
lytic system with a preferred H+:Sn ratio of 3.  

Figure 4. Initial rate of MMHB 9 formation in function of 
H+:Sn ratio. Variation of the ratios obtained for both SnII 
and SnIV by quenching Cl- with an anion exchange resin 
(OH- form) or by adding extra HCl. The rate obtained by 
an equimolar mixture of SnCl2 and SnCl4 is presented 
with the filled circle ( ). Rates were measured in the lin-
ear part of reactions at 363 K with 1.25 M GA in presence 
of 5 mol% of Sn in CH3OH (as demonstrated in Fig. 5). 

To further corroborate this magic number, a reaction was 
performed with an equimolar mix of SnCl2 and SnCl4,

which should lead to the ideal H+:Sn ratio of 3. The result 
is plotted in Figure 4 ( , filled circle). As can be seen, it 
represents the highest rate measured in methanol, prov-
ing once more that subtle tuning of the H+:Sn ratio is a 
prerequisite to rapidly convert 1 to 9. Note that such 
mechanistic insight is very instructive for future devel-
opment of heterogeneous Sn catalysts59,68,72-75: not only 
the amount of Sn is important, but also the presence of 
some Brønsted acidity is required to form AHAs at a 
maximum rate. A recent example, where such subtle cata-
lytic fine-tuning (by for instance spatial compartmentali-
zation of the active sites and careful post-modification) 
led to very high turnover frequencies (based on Sn), was 
found in the carbon-silica composite catalyst design, 
described by de Clippel76 and Dusselier et al.5,  for the 
formation of lactate esters from trioses and hexoses.  

Consequence of the addition of water on the rate 
According to the enolate mechanism of the aldol addi-
tion, the solvent and the occurrence of GA indisputably 
influence the reaction rate and its selectivity. As seen 
above, the dominant form of GA under reaction condi-
tions in methanol is 4, whereas the species of interest for 
aldol addition is free aldehyde 2 and its enolate 2’. Indeed, 



while the equilibrium situation in the upper part of 
Scheme 3 is in favor of 4, the reaction network is dynamic 
as long as an appropriate Lewis acid catalyst is present. 
Moreover, considering the rate determining hydrolysis 
step 4 (or in other words, as the equilibrium favors 4) in 
the overall cascade, the addition of some aliquots of water 
should greatly affect the overall reaction rate (or in other 
words, shift the equilibrium). Figure 5 presents the kinetic 
plots of a reaction carried out in either methanol or a 
mixture of 7:1 (v:v) methanol to water. From these plots, 
the initial turnover frequency (TOF) to convert GA dimer 
1 to 9 was calculated and it appears that the rate is indeed 
more than 4.5 times higher in presence of water, viz. 3.7 
vs. 0.8 molMMHB.molSn

-1.h-1. This value shows that Sn turn-
overs at least 7.4 times every hour during its conversion of 
GA to 9, which corresponds to a very high productivity of 
34 gMMHB.L-1h-1 (first hour). The superior rate achieved due
to addition of little amounts of water was studied as well 
with in situ 13C-NMR (for methanol:water 7:1 volume ratio, 
See Figure S3§). The spectral sequence demonstrates the 
same profiles as in Figure 3 (i to ii) but in a much shorter 
time frame: after 200 minutes at 333 K, all major signals 
encountered in the NMR spectrum  belong to 9. 

Figure 5. Kinetic plot for the conversion of 1.25 M GA in 
MMHB (9) catalyzed by 5 mol% of SnCl4.5H2O at 363 K in 
methanol (solid line) and in a methanol/water mixture 
(7:1 volume ratio) (dashed line). 

Other ratios of methanol to water were screened as well 
and it was found that a ratio of 10:1 is sufficient to drasti-
cally accelerate the reaction with respect to pure metha-
nol (kinetic plot, see Fig. S4§). The effect of water is also 
apparent in the data of Table 2, which displays MMHB 
yields after 1h of reaction in different solvents. Comparing 
entry 1 with entries 2 and 3 shows indeed that the MMHB 
yield is more than tripled due to the addition of water in 
the first hour. There is an optimum amount of water re-
quired to speed the reaction: while a methanol to water 
volume ratio 39:1 or higher showed little rate enhance-
ment, a rate decrease was observed after adding too much 
water (a 1:1 volume ratio). The latter is likely caused by 
the formation of insoluble Sn (hydr)oxide species, as as-
certained by precipitate formation upon visual inspection. 
Since the reaction in water-containing methanol is very 

fast, the temperature dependence of this cascade reaction 
was assessed. At a volume ratio of methanol to water of 
7:1, the overall activation energy for formation of 9 from 1 
corresponds to a value of 73 kJ.mol-1 (Arrhenius plot, see 
Fig. S5§).  
The requirement of water to speed up the overall reaction 
should not be regarded as a disadvantage. On the con-
trary, as GA is usually provided in aqueous solutions, for 
instance via its recently reported separation from biomass 
pyrolysis oils, there is thus no need to perform expensive 
drying to remove all the water from the GA solution. 
Methanol should simply be added to fairly concentrated 
aqueous solutions of GA if MMHB is desired. 

Table 2. Effect of solvent changes (other alcohols and 
presence of water) on the yield (obtained after 1h) to the 
corresponding AHAs. 

Entry Solvent (V:V) MMHB 
[%]a 

MVG
[%]a ratiob 

1 CH3OH  10 <1 - 
2 CH3OH:H2O 7:1 34 2 17 
3 CH3OH:H2O 10:1 35 2 17 
4c EtOH 26c 5c 5.7 

5d IPA 15d 22d 0.7 
aMMHB yields, 1h at 363 K using 1.25 M GA with 5 mol% 
SnCl4.5H2O. bMolar ratio of alkyl-4-alkoxy-2-hydroxy-
butanoate:alkyl vinyl glycolate. cReaction leads to ethyl-4-
ethoxy-2-hydroxybutanoate (EEHB) and ethyl vinyl glyco-
late (EVG). dReaction leads to isopropyl-4-isopropoxy-2-
hydroxybutanoate (IIHB) and isopropyl vinyl glycolate 
(IVG). For identification: viz. Supporting Fig. S6§ and S7§.

Reaction in other solvent media: formation of vinyl 
glycolate and its esters 
Entries 4 and 5 in Table 2 show the (non-optimized) reac-
tions carried out in ethanol and isopropanol (IPA) respec-
tively. In ethanol, the yield to the corresponding ethyl 
vinyl glycolate (EVG) is noticeable, while the correspond-
ing MVG formation was always very small to absent in 
methanol. However, ethyl-4-ethoxy-2-hydroxybutanoate 
(EEHB) remains the major product. The ratio of EEHB to 
EVG is around 6, whereas in methanol, the corresponding 
MMHB to MVG ratio is usually above 15 (Entries 1, 2 in 
Table 2 and 6, 8 in Table 1). Use of IPA shows the reverse 
chemoselectivity with a preference for vinyl glycolate 
ester (IVG) formation; the more sterically demanding 
alcohol indeed led to about 22% of isopropyl vinyl glyco-
late (IVG) in 1h reaction time, in addition to 15% of iso-
propyl-4-isopropoxy-2-hydroxybutanoate (IIHB). The 
corresponding ratio of IIHB to IVG is thus clearly less 
than one. Such reverse selectivity pattern is in agreement 
with earlier reported conversion of tetroses to AHAs.23  
To understand the shift in product selectivity upon using 
different solvents,  the proposed reaction scheme is 
drawn into more details in case of IVG formation in IPA 
(Scheme 4). Comparison of this scheme with Scheme 3 



reveals a major difference at the level of the occurrence of 
GA. 13C-NMR and GC-MS witnessed no formation of the 
di-isopropyl acetal 4’ which appears unfavorable for steric 
and electronic reasons. Therefore, it is suggested that the 
reaction equilibrium in IPA is more in favor of the he-
miacetal 3’ and free GA (2 and 2’) instead of the di-
isopropylacetal 4’. A kinetic experiment in IPA (viz. Sup-
porting information, Fig. S8§) for the formation of AHA 
esters (the sum of IVG and IIHB), attained a very fast 
initial rate of about 16  molAHA.molSn

-1.h-1 in its very short
linear part, and reaches about 40% of AHA ester yields 
already after 1.5h of reaction. This reaction runs very fast 
when compared to the aforementioned rates in methanol, 
because GA is less protected in (hemi)acetals, and thus 
more available for aldolization. Once the aldol reaction 
has occurred with formation of tetrose 5, little difference 
is further to be expected between the reaction rates in 
isopropanol and methanol. The product selectivity 
though is significantly different, and this difference is 
easily explained in the following course of the cascade 
reaction, in accordance with Scheme 4.   

Scheme 4. Proposed reaction of GA in IPA or non-
alcoholic media with Sn leading to vinyl glycolic acid 
(VG) or its isopropyl ester (IVG), 2,4-dihydroxybutanoic 
acid (2,4-DHB) and -hydroxy- -butyrolactone (HBL). 

Indeed, once the vinyl glyoxal 6 and its isopropyl he-
miacetal 7’ is formed from the tetrose 5 as a result of two 

retro-Michael dehydration steps, the unique selectivity 
pattern of IPA becomes apparent: isopropanol, a more 
sterically hindered and less nucleophilic alcohol, is less 
reactive towards the 1,4-addition on the vinyl group than 
e.g. methanol, whereas the rate of the intramolecular 
Cannizzaro, a 1,2-hydride shift catalyzed by the Lewis acid 
Sn center, is not greatly affected by variation of the alco-
holate. Once the hydride shift proceeds, an -hydroxy 
group is formed on the second carbon and the 1,4-
addition on the vinyl can thus no longer proceed due to 
lack of conjugation.  IVG is thus the preferred product in 
isopropanol, while MMHB is the dominant product in 
methanol. The 1,4-nucleophilic addition is only slightly 
hindered in ethanol, when compared to the intramolecu-
lar Cannizzaro, and significantly more of the ethyl ether 
compound (EEHB) is formed (EEHB:EVG is 7:1). The rate 
in ethanol is also significantly higher than in methanol, 
but lower than in isopropanol; its value corresponds to 4 
molAHA.molSn

-1.h-1 (from Fig. S8§). This is of course linked
to the occurrence of GA in ethanol, in which the forma-
tion of glycolaldehyde diethyl acetal was noticed. Its for-
mation was however less pronounced than GADMA 4 in 
methanol, implying a faster reaction in ethanol.

In addition to the mechanistic findings in alcohols, reac-
tions in non-alcoholic polar media were screened as well. 
Dimethyl sulfoxide (DMSO) and acetonitrile proved to be 
very intriguing solvents. Interestingly, a similar selectivity 
pattern as in IPA was encountered in DMSO, with vinyl 
glycol acid (VG) as the dominant product. The molar ratio 
of 2,4-dihydroxybutanoic acid (2,4-DHB) to VG is around 
0.3 according to NMR analysis on the crude mixture. 
Scheme 4 also summarizes the different reactions leading 
to VG and 2,4-DHB in non-alcoholic solvents. VG forma-
tion follows the same pathway as formation of IVG and 
MVG, with water as the nucleophile, whereas we found 
that the formation of 2,4-DHB surprisingly does not fol-
low the analogue pathway of MMHB synthesis in metha-
nol (or IIHB in IPA, not shown). To unravel what happens 
in such solvent, a reaction at 333 K with 20 mol% 
SnCl4.5H2O was followed in situ with 13C-NMR in DMSO.
By comparing the AHA formation rate to that of a similar 
in situ reaction in methanol (see the spectra in Figure 3), a 
very fast formation of VG in DMSO was noticed: VG is 
already formed after one hour of reaction, whereas 12h are 
required to form MMHB in MeOH under comparable in 
situ circumstances. This rate increase obviously originates 
from the high availability of free GA because acetal forma-
tion in DMSO does not occur. The evolving spectral se-
quence and timescale is shown in Figure 6, as well as the 
final result of an in situ 13C NMR study in acetonitrile. 
Spectrum (i) of Figure 6 shows the signals of the products 
encountered in DMSO after 10 minutes at 333 K. Dimer 1 
is likely completely converted to free GA and its 
enolate49,50, while GA hydrates and possibly tetroses sig-
nals are also apparent in the complex spectrum. The spec-
trum after 110 minutes, Fig. 6 (ii) is easier to understand 
as it shows chemical shifts due to VG (1 to 4) and the 
hydrate of 4-hydroxy-ethylglyoxal (signals 1’ to 4’, struc-
ture 7’ in Scheme 4.) The product mixture after 700 min-



utes mainly contains VG (signals 1 to 4) next to some 2,4-
DHB (signals 1” to 4”). 

Figure 6. In situ 13C NMR study in typical polar non-
protic solvents sich as DMSO and acetonitrile: i to iii) 1.25 
M GA and 20 mol% of SnCl4.5H2O in DMSO evolving in 
time at 333 K. (resp. 10, 110 and 700 minutes after mixing). 
iv) Final spectrum of the in situ 13C NMR study in acetoni-
trile (1.25 M GA, 2h at 333 K, 50 mol% of SnCl4.5H2O, 
acetonitrile:H2O of 7:1). 

As seen in Scheme 4, dimer 1 is thus easily converted to 
free GA 2 (and its enolate 2’ and some hydrates) in DMSO 
or acetonitrile. Aldolization of GA under action of Sn 
produces tetroses, which are prone to undergo two retro-
Michael dehydrations to form the reactive vinyl glyoxal 6. 
In DMSO, the double bond is mostly preserved and since 
traces of water are the only nucleophile present, a hydrate 
of vinyl glyoxal is formed which transforms into VG as a 
consequence of the tin-catalyzed internal Cannizzaro 
reaction. Water in DMSO apparently does not favor at-
tack on the vinyl, as a Cannizzaro of the hydrate is faster. 
To confirm VG as the main product after reaction in 
DMSO (as seen for instance in Figure 6 (iii)), such mix-
ture was diluted in methanol and left to react at 363 K. In 
this way, esterification of VG to MVG in methanol with 
the assistance of the Sn released HCl, was monitored with 
GC/MS analysis; such MVG formation may be interpreted 
as an indirect proof of VG formation in DMSO. Although 
less pronounced, a competitive pathway was encountered: 
after the first retro-Michael (step 3, Scheme 4), an iso-
merization (step 4’, Scheme 4),  can take place, forming 4-
hydroxy-ethylglyoxal 6’, which is easily hydrated to 7’. 
This compound 7’ was analyzed with in situ 13C-NMR, as 
seen in spectrum (ii) of Figure 6. Species 7’ subsequently 
transforms into AHA 2,4-DHB (as seen in Figure 6 (iii)) 
according to the Sn catalyzed intramolecular Cannizzaro 
reaction. A closer look at 2,4-DHB reveals that the mole-
cule should be prone to intramolecular esterification, 
especially in presence of some free HCl from the Sn hal-
ide, leading to a cyclic four-carbon AHA ester: -hydroxy-
-butyrolactone (HBL). In fact, HBL is the dominant 

product formed in acetonitrile, as witnessed by the 13C-
NMR spectrum (iv) in Figure 6. Its formation was also 
confirmed with GC-MS (via reference and found in spec-
tral databases). 

Incorporation of VG in Poly-L-lactic acid (PLLA) 
After successfully converting glycolaldehyde in various 
types of AHAs (and their esters) such as MMHB, MVG, 
2,4-DHB and HBL, we were interested in their ability as 
bio-derived building blocks for polymer chemistry. A 
conceptual proof of their value is illustrated with the 
incorporation of VG into poly-L-lactic acid (PLLA). As 
one of the shortfalls of traditional PLLA is its lack of reac-
tive side groups,8,20,77 the vinyl group of the VG monomer 
potentially offers a creative solution to this problem by its 
co-condensation with lactic acid. Such copolymerization 
approach has been proposed earlier for different mono-
mers, by using functional lactide derivatives for ring-
opening polymerization.78-81 The incorporation of VG in 
PLLA has not been reported, but it would offer a tremen-
dous versatile side group in the PLLA, which could be 
further modified easily with elegant organic chemistry 
such as thiol-ene protocols.82-84 For instance, if the vinyl is 
modified with a hydrophilic moiety, another drawback of 
PLLA, namely a too pronounced hydrophobicity, can be 
tackled at once. 
To incorporate vinyl glycolic acid (VG) into PLLA, MVG 
was hydrolyzed (see Fig. S10§, S11§) and mixed with L-
lactic acid before polycondensation. The co-
polymerisation was performed via azeotropic distillation 
for water removal, according to Kim et al.48, in presence of 
SnCl2.2H2O catalyst in p-xylene. Not only are such tin 
halide salts thus capable of producing the monomers 
from bio-derived GA (this work) and tetroses15, they are 
also known catalysts for the synthesis of PLA via polycon-
densation. After precipitation of the polymer in cold 
MeOH, in which non-reacted monomers remain soluble, 
1H-NMR (see Figure 7) and 13C-APT-NMR (see Fig. S12§) 
unambiguously proved the incorporation of the vinyl 
monomer into PLLA.  

Figure 7. 1H-NMR of PLLA and PLLA-co-VG 



A closer look at the chemical shifts in the region 5 to 6 
ppm in Figure 7 reveals a quartet at 5.2 ppm, which is 
assigned to the -carbon proton of the lactic acid units 
(C H). The vinyl signals (Hb, Hc and Hd) are found be-
tween 5.4 and 6.1 ppm as well as the proton of the -
carbon (Ha) to which the vinyl is attached. From the inte-
gration values of the 1H NMR spectra, it was calculated 
that PLLA-co-VG with 7 and 12% of VG was successfully 
synthesized using different amounts of VG in the proce-
dure. Table 3 presents the molecular weight of benchmark 
PLLA, prepared in exactly the same manner, and the 
novel PLLA-co-VG polymers; the values are in the range 
of 12 to 17,000 g.mol-1 and the dispersities Ð range from 1.6 
to about 1.9 (SEC, see Fig. S13§), with the novel polymers 
being a little more uniform in chain length. 

The thermal behaviour of the novel polyesters was as-
sessed and the data are summarized in Figure 8. It ap-
pears that when more vinyl monomer is incorporated into 
PLLA, the polymer remains stable for a longer time and 
hence degrades at a higher temperature in the thermal 
gravimetric analysis (Figure 8A): e.g. PLLA-co-VG(12%) 
was up to 75 K more stable with respect to the genuine 
PLLA polymer. Possibly, the high thermo-stability arises 
from temperature induced crosslinking and several differ-
ential scanning calorimetry (DSC) measurements seemed 
to confirm this (Supporting Information Fig. S14§). The 
thermograms in Figure 8B reveals that the vinyl contain-
ing polyesters are less (semi-)crystalline than the pure 
PLLA and melt at lower temperatures; the higher the 
vinyl incorporation, the lower the melting point. The 
glass transition for all three polymers was witnessed in 
the 323 to 333 K region.  The lower melting temperatures 
combined with their prolonged thermal stability offers a 
broader window for thermal processing, when compared 
to the traditional PLLA (for Tg and Tm, see S14§).
To prove the accessibility and reactivity of the vinyl moie-
ties in the novel PLLA-co-VG (12%), UV-initiated radical 
thiol-ene derivatization experiments were performed with  

Table 3. Different polyesters and some of their properties 

Polymersa 
Mn

b

[g.mol-1] 
Ðc Contact  

angled [°] 

PLLA 17,100 1.9 76.3±0.4 
PLLA-co-VG(7%) 14,500 1.7 - 
PLLA-co-VG(12%) 12,600 1.6 77.3±2.5 
Modified polymerse Xvinyl [%]f

PLLA-co-VG(12%)-BM >96 - 76.3±2.4 
PLLA-co-VG(12%)-TG >98 - 66.7±1.9 

aObtained via polycondensation. bNumber averaged mo-
lecular weight as determined by SEC, relative to polysty-
rene standards. cDispersity. dWater contact angle. eModi-
fied via radical thiol-ene with benzyl mercaptan (BM) and 
thioglycerol (TG). fConversion of the vinyl group upon 
thiol modification, as determined by 1H-NMR. 

Figure 8. Thermal properties of PLLA and PLLA-co-VG (7 
or 12%). A: Thermal gravimetric analysis (10K/min, N2) B: 
Analysis via differential scanning calorimetry (10K/min, 
N2, first heating cycle). 

various thiols, viz. benzyl mercaptan (BM) and thioglyc-
erol (TG), under mild conditions. The success of the thiol 
functionalization can be read from the vinyl conversion in 
Table 3 and in the corresponding 1H-NMR spectra in Sup-
porting Fig. S15§. As can be seen in Table 3, BM success-
fully reacted with the vinyl groups with an almost quanti-
tative conversion. More interestingly, as reference PLLA is 
often considered to be too hydrophobic for certain appli-
cations, the ease of functionalization was utilized as a tool 
to enhance its hydrophilicity. Therefore, polar TG was 
chemically grafted onto the double bond via photo-
initiation and the vinyl conversion was complete. Signals 
of the corresponding glycerol units were apparent in the 
polymer after precipitation in cold diethyl ether (Support-
ing information Fig. S15§). In contrast to the reference 
PLA and the other (thiol functionalized) PLLA-co-VG 
polyesters in this study, this TG modified polymer did not 
precipitate in methanol in line with its enhanced polarity. 
Static water contact angle measurements on thin films, 
made via spin-coating, corroborated this hypothesis: 
while the incorporation of vinyl groups in PLLA nor the 
BM grafting influenced the contact angle greatly with 
respect to that of reference PLLA (76.3±0.4°, in agreement 
with literature85,86), modification with the polar TG clearly 
caused a significant decrease of 10° of the water contact 
angle. The water contact angles are visually presented in 
Figure 9 for PLLA and PLLA-co-VG(12%)-TG (For more 
photos, see Fig. S16§). This example nicely illustrates that 



the novel four-carbon AHA monomers are easily incorpo-
rated in PLLA and truly offer added-value in light of a 
controlled modification of the polymer functionality to-
wards desired properties. 

Figure 9. Structure of PLLA (left) and PLLA-co-VG(12%)-
TG (right) and a representative droplet photograph.  

CONCLUSIONS 
Glycolaldehyde (GA), a main component of biomass de-
rived pyrolysis oils, was converted in one step into various 
four-carbon -hydroxy acids (AHAs) and their esters. 
Choice of solvent mainly determines the product selectiv-
ity of the GA-to-AHA reaction. High yields of MMHB 
were for instance produced in methanol, while VG and 
2,4-DHB are the dominant products in DMSO and HBL is 
encountered in acetonitrile. An interesting mixture of 
both IVG and IIHB is possible in IPA. The one pot reac-
tion follows a complex cascade network, in which both 
Brønsted and Lewis acid centers are playing a crucial role. 
Different intermediates and rate determining steps were 
identified by in situ 13C-NMR. Sn halide salts are able to 
foresee both types of acid activities, and an optimal ratio 
of Brønsted to Lewis acid sites of about 3 was determined 
in this work. Surprisingly, this ratio was irrespective of 
the oxidation state of the Sn ion. Lewis acid Sn is essential 
for the aldolization of GA to tetroses and the in-
tramolecular Cannizzaro of intermediate glyoxals and 
their hemiacetals to the final AHAs (esters); while HCl is 
responsible for fast hydrolysis of acetals to deprotect 
sufficient GA for aldolization and it is able to assist the 
retro-Michael dehydration steps of tetroses into glyoxals. 
Addition of some water to the reaction mixture also 
greatly improved the rate of reaction in line with the rate 
determining (hemi)acetal hydrolysis in the overall cas-
cade. The elucidation of this cascade reaction and its 
catalytic needs in term of Lewis and Brønsted acidity 
should be inspiring to develop adequate heterogeneous 
catalysts for the title reaction.5,59,68,72-74 
The value of such bio-derived AHA monomers was illus-
trated for the first time, by copolymerization of VG with 
L-lactic acid to obtain PLLA-based polyesters with vinyl 
side groups. The as-synthesized PLLA-co-VG polymers 
provide access to novel modified PLLAs with a large 
thermal window for further processing. The presence of 
the vinyl group allows easy modification of the PLLA 
matrix to tune properties such as polarity. A polar PLLA-
co-VG was for instance synthesized by reacting the pre-

sent vinyl groups with thioglycerol under UV-irradiation 
according to thiol-ene chemistry. 

Additional in situ NMR studies e.g. in methanol:water; analy-
sis of chemicals and raw reaction mixtures (NMR); kinetic 
plots for reactions in IPA, ethanol, methanol and metha-
nol:water and an activation energy plot are provided. A full 
characterization of the polymers (NMR, SEC, DSC 
(thermograms featuring Tg and Tm) is given, as well as some 
of the representative static contact angle droplet photos. All 
references in this text to supporting figures are denoted with 
Fig. S…§

* bert.sels@biw.kuleuven.be,
* michiel.dusselier@biw.kuleuven.be

M.D, F.D.P and B.F.S designed the research. M.D, R.D.C and 
P.V.W performed catalytic experiments. M.D synthesized 
polymers and measured contact angles. S.D.S performed 
thiol-ene chemistry and polymer characterization. L.V 
and P.V.P performed thermal analysis of the polymers. 
M.D wrote the paper with critical input of B.F.S and R.D.C. 

M.D. acknowledges “FWO Vlaanderen” (Grant 1.1.955.10N) 
for financial support. The Research Council of the K.U. Leu-
ven (IDO - 3E090504) is also acknowledged. We are grateful 
to Karel Duerinckx for help with the in situ NMR. B.S and 
F.D.P acknowledge the Belgian Program on Interuniversity 
Attraction Poles initiated by the Belgian State, Prime Minis-
ter’s office (Program P7/05) for financial support. 

MVG, EVG and IVG: resp. methyl, ethyl and isopropyl vinyl 
glycolate, MMHB or EEHB: (m)ethyl-4-(m)ethoxy-2-
hydroxybutanoate, IIHB: isopropyl-4-isopropoxy-2-hydroxy-
butanoate, GA: glycolaldehyde, GADMA: glycolaldehyde 
dimethyl acetal, GAHA: glycolaldehyde hemiacetal, VG: vinyl 
glycolic acid, 2,4-DHB: 2,4-dihydroxybutanoic acid, HBL: -
hydroxy- -butyrolactone. IPA: isopropanol, MeOH: metha-
nol, DMSO: dimethyl sulfoxide, PLLA: poly-L-lactic acid. 
PLLA-co-VG: poly(L-lactic acid)-co-(vinyl glycolic acid), TG: 
thioglycerol, BM: benzyl mercaptan. 
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Figure S1: In situ 13C NMR study of the formation GADMA (4) from GAHA (3) by HCl in 
MeOH

Conditions: 1.25 M GA, 298 K, catalyzed by HCl (10:1 to GA). 400 MHz, Bruker Avance. 

Figure S2 : 13C-NMR spectra of a raw reaction mixture at ideal H+:Sn 3:1 ratio 
displaying MMHB as the major product 

Conditions: 5 mol% of SnIICl2.2H2O, addition of 5 mol% HCl to attain H+:Sn ratio of 3.
Reaction on 1.25 M GA for 7h, naphthalene as internal standard. 300 MHz, Bruker Avance.



 
 

 

Note: As this is a raw reaction mixture where only the methanol has been evacuated with a 
mild N2 flow and replaced by dmso-d6, it is clear that the reaction of GA in MeOH to MMHB 
is pretty selective as little or no byproduct signals are detected in 13C-NMR. 

Figure S3 : In situ 13C-NMR study in CH3OH:water = 7. 

Conditions: 13C-NMR, 600 MHz. Reaction with 50 mol% of SnIVCl4.5H2O, 0.047 g GA in 0.513 g
of CH3OH:H2O (v:v) = 7 at 333 K. 

Note: The only products detected in situ in this study are GADMA and MMHB. In 
methanol:water, the reaction is notably faster than in pure methanol (as seen in Figure 3 (i to 
ii) in the paper). After only 70 minutes, MMHB has appeared, and after 200 minutes of 
reaction, very little GADMA signals are still encountered. By 430 minutes, all GADMA signals 
have disappeared and MMHB is the major product (and the only identifiable product in 
NMR). The hemiacetal GAHA 3 is is still not noticed, implying that although the hydrolysis of 
GADMA 4 is faster, it still determines the overall rate (or meaning that the equilibrium in 
methanol:water 7:1 still favors GADMA 4). 



 
 

 

Figure S4: Kinetic plots for formation of MMHB in MeOH:water (v:v) 10:1 (triangles), 
MeOH:water 7:1 (dots) and methanol (squares). 

Conditions: 5 mol% of SnIVCl4.5H2O, 1.25 M GA, naphthalene standard.

Figure S5: Activation Energy plot according to Arrhenius’ equation for MMHB in 
MeOH:water (7:1)

Conditions: 1.25 M GA in methanol:water 7:1, naphthalene as internal standard, 5 mol% of 
SnIVCl4.5H2O.

Rates were determined by GC in the first, linear part of the reaction. The respective rates at 
363, 353 and 343 K were 3.7, 1.7 and 0.89 molMMHB.molSn

-1.h-1. The activation energy EA

amounts to 73.4 kJ/mol and should correspond to the activation energy of the rate limiting 
GADMA hydrolysis. 



 
 

 

Figure S6A: Identification of IVG and EVG versus MVG via GC-MS with Electronic 
ionization. 

Figure S6B: Typical chromatogram of a reaction in IPA 

Conditions: 5 mol% of SnIVCl4.5H2O, 1.25 M GA, naphthalene standard, IPA, 1.5h of reaction



 
 

 

Figure S7: Identification of IIHB and EEHB versus MMHB via GC-MS with Electronic
ionization. 



 
 

 

Figure S8: Kinetic plots for formation of the sum of IIHB and IVG in isopropanol (dots), 
sum of EEHB and EVG in EtOH (triangles), and for MMHB in methanol (squares). 

Conditions: 5 mol% of SnIVCl4.5H2O, 1.25 M GA, naphthalene standard. 



 
 

 

Figure S9: 13C-NMR spectra of raw reaction mixture of a reaction in CD3OD:D2O = 7 

Conditions: 13C-NMR, 300 Mhz. Reaction with 10 mol% of SnIVCl4.5H2O, 0.61 M GA in
CD3OD:D2O = 7 after 1.5 h of reaction. 

Note how a) the carbon signals of the methyl and acetal groups of the products are barely 
visible, this is due to the fact that they are deuterated and therefore prone to 1:2:3:4:3:2:1 
multiplicity (D has a spin of 1) which disappears the noise; b) how the CH2 carbon (34 ppm) 
of MMHB is deuterated with (-CHD-) once and therefore gives a triplet pattern with 1:1:1 
intensity. c) little other signals arise, which proves the high yields and selectivity to AHAs.



 
 

 

Figure S10: 13C-NMR spectra of MVG and vinyl glycolic acid (before and after 
hydrolysis) in dmso-d6. 

 (Experimental details see experimental section in manuscript) 

Figure S11 : 1H-NMR spectra of vinyl glycolic acid (VG) after hydrolysis in dmso-d6
and before co-polymerization with lactic acid.

(solvent dmso-d6 signal at 2.5 ppm not shown, no other signals were present) 



 
 

 

Figure S12 : a) 1H-NMR (300 Mhz, Bruker) and b) 13C-APT-NMR (attached proton test, 
500 MHz, Bruker AM500) of PLLA-co-VG(7%) in CDCl3 

a)

b)



Figure S13: SEC measurements of PLLA,  PLLA-co-VG(7% ) and PLLA-co-VG(12%) 

Figure S14: DSC thermograms of i) PLLA, ii) PLLA-co-VG(7%) and iii) PLLA-co-
VG(12%) with glass transition temperature (Tg) and melt temperature (Tm) given

i) PLLA: Tg = 347 K in the first run (hardly noticed due to high crystallinity), Tg in the cooling
curve is more accurate here and in line with literature for PLLA Tg = 323 K, Tm = 436 K

cooling 



ii) PLLA-co-VG(7%): Tg = 324 K, Tm = 402 K

In the thermogram of PLLA-co-VG(7%) there is no crystallization, cold crystallization, or 
melting peak anymore in any subsequent temperature ramp after the first heating step (e.g. 
in the cooling or 2nd heating curve) eventough the Tg is still present. This means that
crystallization has become impossible, which could follow from a crosslinking step of the 
polymer. The same was noticed for PLLA-co-VG(12%). 

iii) PLLA-co-VG(12%): Tg = 326 K, Tm = 384 K

cooling 

cooling 

1st heating

2nd heating



 
 

 

Figure S15: 1H-NMR (300 Mhz) before (i) and after functionalization of the vinyl side 
groups via radical thiol-ene chemistry with ii) benzyl mercaptan and iii) thioglycerol.



 
 

 

Figure S16: Representative pictures of contact angle measurements of i) a non-coated 
glass plate; ii) PLLA; iii) PLLA-co-VG(12%); iv) PLLA-co-VG-BT; v) PLLA-co-VG-TG

i) non-coated glass plate: 36.9° 

ii) PLLA: 76.3° ± 0.4 

iii) PLLA-co-VG(12%): 77.3° ± 2.5

iv) PLLA-co-VG-BT: 76.3° ± 2.4 

v) PLLA-co-VG-TG: 66.7° ± 1.9 
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