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ABSTRACT: Reductive amination of glycolaldehyde (GA), 
the smallest sugar molecule and obtainable from biomass, 
creates a versatile platform for ethylamine products, 
potentially replacing current pathways via toxic ethylene 
oxide and dichloroethane. Given the high reactivity of α-OH 
carbonyls, the main challenge was control of selectivity in a 
cascade of parallel and consecutive reactions during reductive 
amination. The type of solvent and catalyst, preferably 
methanol and Pd, respectively, are key enabling parameters 
to achieve high product yields. A kinetic study on product 
intermediates accompanied with detailed product analysis 
(MS and NMR) suggested a general mechanistic scheme and 
validation with density functional theory calculations provided
a rational understanding of the solvent effect in terms of energetics and kinetics. Primary alkanolamines (AA) such as 2-
(dimethylamino)-ethanol are preferred products, and large excess of the amine reagent is not required to reach almost 
quantitative yields. Interestingly substoichiometric amine-to-GA ratio allows for high yield of higher (consecutive) AAs such as 
N-methyldiethanolamine (MDEA) and triethanolamine, for which a peculiar cyclic 5-membered oxazolidinic precursor was 
analyzed (e.g., for reaction with monomethylamine to MDEA). The shift to diamine-selective (DA) reactions is possible by 
switching to a two-step one-pot approach. With ethylene glycol as a preferred solvent, high yield of an unsaturated C2-ene-
diamine precursor is obtained under an inert atmosphere, followed by its metal-catalyzed hydrogenation at elevated temperature 
to the final DA product such as N,N,N′,N′-tetramethylethylene-diamine. A conceptual model of the catalytic reductive 
amination routes that allows production of a variety of ethylamines with up to +90 C % yield is thus presented. The successful 
preparation and sensory assessment of a GA-based diester quat in fabric softener formulations demonstrates the viability of a full 
bio-based and drop-in production route for high-value chemicals, directly from GA as a platform molecule.

KEYWORDS: glycolaldehyde, biomass, heterogeneous catalysis, reductive amination, DFT, reaction mechanism, alkanolamine, 
ethylene diamine

■ INTRODUCTION

Today’s chemical industry is producing low molecular weight
alkanolamines (AAs) and ethylene diamines (DAs) by reaction
of oxiranes or chlorinated hydrocarbons and ammonia, primary
or secondary amines.1 The AAs are commonly used as
scrubbing agents for acid gasses like CO2 and H2S,

2 or as
intermediates for surfactants,3 cosmetics,4 and pharmaceut-
icals.5 DAs have applications as curing agents in epoxy resins
and as catalysts in the polyurethane synthesis.6 The current
production method of the C2 AAs and DAs specifically
involves epoxidation or chlorination of oil-based ethylene,
respectively. Use of bioethanol may result in a more
sustainable synthesis route, though involvement of the toxic

intermediates (IM), ethylene oxide (EO), and dichloroethane
(DCE), and the rigorous safety precautions associated with
them lowers the green chemistry and sustainability impact of
these amine production routes.7 Investigation of new
sustainable routes toward these valuable amines is therefore
desirable.8

Glycolaldehyde (GA) is the smallest molecule in the
homologous series of reducing sugars and it may have great
potential to act as a renewable and safer alternative for C2



amine synthesis. It is abundantly present in biomass pyrolysis
oil, and its toxicity is significantly lower than that of EO and
DCE.9,10 Worldwide research is ongoing to improve its
synthesis from biomass, while its potential use as platform
chemical is being demonstrated. Promising research into bio-
based GA production routes includes pyrolysis,11,12 super-
critical water treatment,13 catalytic retro-aldol reactions,14,15

and hydrous thermolysis of glucose16,17 which can be exerted
further without prior isolation. For instance, it is generally
known that GA is the key intermediate (IM) in the production
of renewable ethylene glycol (EG) from carbohydrates.14,18−22

Haldor Topsoe and Braskem collaborate on the production of
sugar-based GA by hydrous thermolysis on a demonstration
scale, currently ongoing.23,24 Furthermore, our group and
others demonstrated a selective reductive aminolysis of sugars
forming short amines at low temperature, in which the role of
GA as key IM was revealed.25−27 Besides the C2 amines and
EG, GA can also undergo selective oxidation to glycolic acid,28

or aldol and polymerization reactions to create new polymer
building blocks.29−33 In the field of GA amination, Zhang and
co-workers recently reported formation of C2-amines straight
from cellulosic biomass in a two-step process, yielding 10%
monoethanolamine (MEOA). They followed a unique
approach by first performing an acid-catalyzed hydrolysis of
cellulose and retro-aldol of glucose into GA, followed by the
reductive amination of GA with NH3 in water.27,34

Control of selectivity is the major concern in the reductive
amination of aldehydes and ketones, and it is particularly
challenging with α-hydroxy substrates such as GA.35,36

Carbonyls are intrinsically susceptible for nucleophilic addition
(e.g., with alcohols or water) and for aldol reactions. In
reductive amination circumstances, the reactive carbonyl group
can also reduce to the alcohol, causing depletion of substrate.
As well, the carbonyl may react with the present amine,
creating a reactive imine (or enamine with secondary amine
reagents) that can undergo condensation forming a mixture of
primary, secondary, and/or tertiary amines as well as cyclic
products such as piperazines, upon hydrogenation. Especially,
the α-OH imine/enamine IM is very susceptible for so-called
Maillard reactions37 and caramelization38 (generally recog-
nized in the food industry), Amadori rearrangements39 and
keto−enol tautomerisation,40 giving rise to a vast array of
complex side-products which darken the reaction mixture.
The above product selectivity issue, thus expectedly most

problematic with α-OH carbonyls, has forced practical amine
synthesis through the use of epoxides, chlorinated hydro-
carbons, and alcohols, the latter being dehydrogenated in situ
to the carbonyl group in the presence of a metal catalyst,
preferably assisted by a soluble base.41

There is common knowledge, already applied for the
amination of EO, to improve the selectivity of reductive
amination.36 For instance, an excess of amine reagent is
necessary to facilitate high selectivity toward primary amine
products.1,42 A second control of selectivity implies the
hydrogenation capacity of the metal catalyst; hydrogenation
must occur fast enough to stabilize the imine/enamine into the
corresponding amine, thereby avoiding side-reactions, but the
reaction must be sufficiently slow as to allow imine/enamine
formation from the carbonyl.
The challenge for selective GA amination can thus be found

in understanding and balancing the different parameters that
control reaction selectivity. Here, we report the first systematic
study of the catalyst, solvent and, reaction conditions for the

reductive amination of GA with ammonia and commercial
methyl amines, to achieve both high DA and AA product
yields. The reaction rate and selectivity are rationalized at the
atomistic level, taking into account a mechanistic proposal,
experimental kinetic data, and theoretical calculations. An
illustrative valorization of one of the AA products as potential
building block for a renewable fabric softener is reported.

■ EXPERIMENTAL SECTION
Reagents and Catalysts. Chemicals: NH3 4 M in MeOH;

monomethylamine (MMA) 40 wt % aq; MMA 2 M in MeOH,
2 M in tetrahydrofuran (THF) and 5.6 M in EtOH;
dimethylamine (DMA) 40 wt % aq; DMA 2 M in MeOH, 2
M in THF and 5.6 M in EtOH; GA dimer; triethylene glycol
dimethyl ether; DMSO-d6; deuterated chloroform; palmitoyl
chloride; HF 40 wt % (Sigma-Aldrich). Ethanol; dichloro-
methane (Fischer Chemical Ltd.). Kalium chloride, sodiumbi-
carbonate (Chemlab). Triethylamine (Acros). Catalysts and
supports: Pd/C (5 wt %), Ru/C (5 wt %), 65 wt % Ni/
SiO2Al2O3 (Sigma-Aldrich). Ni-6458P (56 wt %) (Engelhard).
Raney Ni-5601; Raney Co-2724 (Grace).

Reaction, Instrumentation, and Analysis. Reactions
were performed in a 50 mL high-pressure batch reactor (Parr,
5500 series), equipped with mechanical stirring and automated
temperature and pressure monitoring. For a typical reaction,
0.5 g of GA dimer, 0.13 g of catalyst (1.5 wt % of the total
reaction mixture), 0.2 g of triethylene glycol dimethyl ether
[internal standard (IS) for analysis], and a specified volume of
solvent and amine were added to the reactor (for details see
captions). After closing, the reactor was flushed with N2,
pressurized with H2 to 70 bar at room temperature (RT), and
heated (with a rate of 4 °C/min) to 100 °C, and stirred at 800
rpm for a total time of 1 h. After reaction, an ice bath was used
to cool the reactor to RT. The reaction product including the
catalyst was centrifuged and the supernatant was used for
product analysis. 13C NMR with deuterated dimethylsulfoxide
(DMSO-d6) and GC−MS were used for identification of the
products. GC-analysis with triethylene glycol dimethyl ether as
an IS was finally used for product yield quantification.
The appearance of key IM’s prior to hydrogenation was

noticed by analyzing the product mixture during the course of
the reductive amination reaction, and the products were
identified as the C2-ene-diamine (in case of DMA) and a 5-
membered oxazolidinic ring structure (in case of sub-
stoichiometric MMA-to-GA molar ratio) by means of GC−
MS and 13C NMR (see the Supporting Information).
Monitoring the solvent-dependent formation of these IMs
was done in a separate experiment, in which an amount of GA,
amine, IS, and selected solvent were mixed in a GC vial at RT
(no catalyst involved), and the IM formation (and
disappearance) kinetics were followed through on-line GC
analysis by injection of the sample every 10 min. Because the
IMs are not commercially available, a GC response factor
relative to the IS was estimated using the ECN analysis.43

Based on the formation kinetics, a two-step one-pot synthesis
procedure was developed to exploit and maximize the
formation of the C2-ene-diamine IM. A reaction mixture of
GA, DMA, IS, and solvent was stirred at RT under 40 bar of
N2 for a chosen time, before the catalyst was added in the
second step, pressurized with H2, and brought to reaction
conditions.

Density Functional Theory Calculations. All calcula-
tions were performed with the hybrid meta-GGA functional

http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b02437/suppl_file/cs9b02437_si_001.pdf


M062X-D344 and 6-311+G(2df,2p) basis sets, using the
Gaussian 09 software package.45 The bulk solvent effects
were included in the geometry optimizations by means of the
integral equation formalism polarizable continuum model
(IEFPCM)46,47 with the default UFF atomic radii. A limited
number of explicit solvent molecules, n, were also added into
the models, as n was varied in order to minimize the energy
barriers.48 Such an approach has been shown to be appropriate
for studying organic and organometallic reactions in solution.49

To confirm the character of all first-order saddle points and
minima on the potential energy surface (PES) and to obtain
the thermochemical data, vibrational frequency calculations
were carried out using the standard rigid rotor-harmonic
oscillator approximation. Intrinsic reaction coordinate calcu-
lations were also performed to verify that the located transition
states (TSs) connect the expected minima on the PES. The
liquid phase free energy (Gliq* ) of the species was estimated as

G G G Gliq
0

sol
0* = + Δ * + Δ →*

(1)

where G0 is the gas-phase free energy (1 atm, 298.15 K), ΔGsol*
is the free energy of solvation (as derived from IEFPCM
model), and ΔG0→* = RT ln(24.46) is the standard state
correction accounting for the free-energy change of 1 mol of
ideal gas from 1 atm (24.46 L mol−1) to 1 mol L−1.50 At 298.15
K, ΔG0→* is 1.89 kcal mol−1. An extra term, RT ln([S]),50 was
added to the Gliq* of explicitly treated solvent molecules to
account for the free-energy change associated with the change
in concentration from 1 mol L−1 to the standard-state
concentration of the solvent in the liquid phase [S]. At
298.15 K, [S] is 55.3, 17.9, and 24.7 mol L−1 for water, EG,
and methanol, respectively.
Preparation of Esterquats. Esterification of the compo-

nents N-methyldiethanolamine (MDEA) and N,N′-bis(2-
hydroxyethyl)-N,N′-dimethyl-ethylenediamine (BHEDME-
DA), obtained from this contribution and the work of
Pelckmans et al., respectively, was performed with palmitoyl
chloride following the procedure of Chandrashekhar et al.25,51

In case of MDEA, a stoichiometric amount of 5 g palmitoyl
chloride (C16:0) was dissolved in 25 mL of dichloromethane
under inert conditions. Next, 1 g of MDEA was added,
followed by a dropwise addition of triethylamine on ice. After

stirring overnight, the remaining dichloromethane was
evaporated on a rotavap and the product was re-dissolved in
50 mL of dichloromethane. The solution was washed with salt
solutions of 5% sodium bicarbonate (3 times) and 5%
potassium chloride (2 times), each time with removal of the
top aqueous layer. After evaporation, the final product was
solidified, and the purity was analyzed using 1H NMR with
deuterated chloroform as NMR solvent. Subsequent quaterni-
zation of the final MDEA diester was carried out after De Vos
et al. with methyl chloride as a methylating agent and
confirmed with 13C NMR and deuterated chloroform as the
NMR solvent (see the Supporting Information).52

Fabric Softener Test Procedure. Two different ester-
quats, obtained via the procedure above (MDEA and
BHEDMEDA), and a commercial TEA-based standard
(structure see the Supporting Information) were formulated
into a fabric softener.26 A batch of standardized towels were
prehardened by washing them four times with an industrial
detergent (IEC-A base detergent; non-perfumed) at 90 °C to
remove all possible residues. Identical settings, loading, and
dosing were applied for all laundry cycles. Next, four towels
were treated per fabric softener formulation (5 wt % MDEA, 5
wt % BHEDMEDA, 5 wt % TEA, 3 wt % TEA and a blank in
soft water). An experienced test panel of eight people were
asked to rank the towels from softest to hardest in a sensory
assessment, according to ISO-8587:2006. Significant differ-
ences (P < 0.05) between the formulations were determined
by a hierarchy test combined with pair-wise testing between
formulations, following the statistical method as described by
Kramer et al. (see the Supporting Information).53

■ RESULTS
Catalyst and Parameter Screening in Aqueous

Conditions. Classic reductive amination of aldehydes under
a H2 atmosphere with ammonia, primary, and secondary
amines requires a metal catalyst that reduces the imine and
enamine IM, respectively, into the final product. Considering
the aforementioned selectivity challenges of α-OH aldehyde
amination, additional fast tautomerization may occur at the
level of the imine or enamine IM, allowing a second amination
step. Two key products, AAs and DAs, are hence expected (see

Scheme 1. Proposed Reaction Scheme for the Reductive Amination of GA
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Scheme 1). For instance, the catalytic reductive amination of
GA with DMA may form 2-(dimethylamino)ethanol (DMAE)
and N,N,N′,N′-tetramethylethylene-diamine (TMEDA) as
desired products.
Cyclic side-products such as piperazines via self-condensa-

tion of the imine IM or higher AAs via product condensation
with another GA molecule may additionally be formed upon
reacting GA with the amines, NH3 and MMA. In case of
MMA, the condensation product, 1,4-dimethylpiperazine, was
indeed analyzed in trace amounts (< 1 C %, not included in
Table 1), whereas 1,4-piperazine was not detected in the
reaction of GA with NH3.
First, a variety of commercially available heterogeneous

metal catalysts were screened with different amines to unveil

their impact on DA to AA selectivity. An amine-to-GA molar
ratio of 8 was kept constant (unless otherwise stated) and a
standard amount of 1.5 wt % catalyst was used in the aqueous
reaction mixture, regardless of the metal loading. The
screening results are summarized in Table 1. Because of its
high reactivity under reaction conditions, GA conversion was
always 100%. Results are reported in carbon % yield (based on
initial GA) for all graphs and tables in this contribution. The
mass balance was measured to anticipate carbon losses due to
oligomer products.
The catalytic data show some clear trends between the

different amines and metal catalysts with respect to the total
amine product yield. Use of NH3 exclusively forms the
corresponding AA (here, MEOA) (entries 1a, 1b and 2).

Table 1. Screening of Noble and Non-Noble Metal Heterogeneous Catalysts for the Reductive Amination of GA with Aqueous
Amine Solutionsa

aReaction conditions: 0.5 g GA; 0.25 g catalyst; 0.2 g IS; 40 wt % aqueous amine solution, diluted to a reaction mixture of 15 mL at chosen amine-
to-GA molar ratio; 100 °C; 70 bar H2; 1 h reaction. GA conversion = 100%. Mass balance is not complete due to undesired competitive
caramelization and/or reactions of the Maillard type. bMEOA. cEthylenediamine (EDA). dDiethanolamine (DEOA) + TEOA. ePyrophoric. f2-
(Methylamino)-ethanol (MAE). gN,N′-Dimethylethylene-diamine. hMDEA. iDMAE. jTMEDA. kFraction EG is not reported but included in mass
balance.



However, there is an incomplete mass balance because of
competitive side-reactions, viz. condensation, caramelization,38

and Maillard type reactions,37 visible as brown colored product
mixtures. Interestingly, reaction of GA with MMA shows
higher and sometimes complete mass balance in agreement
with the colorless appearance of the product mixtures (entries
3 to 10). The reaction prefers AA (here, 2-(methylamino)-
ethanol or MAE) above DA (here, N,N′-dimethylethylenedi-
amine or DMEDA) formation, irrespective of the metal
catalyst (Co, Ni, Pd, or Ru). In this series of catalysts, only Ni
on kieselguhr shows significant amounts of DMEDA, the DA
product. Reaction with DMA results in low amine yields,
except in presence of Pd, for which a high 82% mass balance
was observed (entries 11−19). There is dominant formation of
AA (DMAE) over DA (TMEDA) for few catalysts, but this
chemoselectivity strongly depends on the metal catalyst and
amine-to-GA molar ratio.
Effect of Amine-to-GA Molar Ratio in Aqueous

Conditions. Several side reactions may be avoided by
increasing the amine-to-GA molar ratioa strategy commonly
applied to, for example, the amination of EO. A higher DA
yield may also be expected in large excess of amine. Inversely, a
low amine-to-GA molar ratio enables additional condensation
of the product with another GA molecule, forming higher AAs
such as MDEA in case of MMA. To investigate the amine-to-
GA ratio, experiments were conducted with varying amine
(here, NH3 and MMA)-to-GA molar ratio (between 1 and 8,
Table 1, entries 1a−b, 4a−d, 9a−b, 18a−b) in the presence of
Ni, Pd, or Ru catalyst in water.
Where a total (DA + AA) product yield of only 21% is

reached at a GA-to-MMA ratio of 1 with Ni, it rises to
completion at ratio 8. Reduction of side reactions at amine
excess is visually perceived by the increasing translucency of
the product mixture. The reaction is mostly accompanied by a
rise in AA selectivity, 2-(methylamino)ethanol (MAE), up to
85%, while an increase in DA yield, DMEDA, (which
stoichiometrically needs a higher amine excess) was not
observed; its yield shows a plateau at 15%, that already reached
at an amine-to-GA molar ratio of 4. A high MMA-to-GA molar
ratio with Pd/C results in up to 91% MAE yield. Lowering this
ratio is at cost of the carbon mass balance, and this is
accompanied with the first observation of higher AAs in
aqueous conditions, here MDEA (28%).
Similarly, a high ammonia-to-GA ratio shows better MEOA

yields (tested over Ni), but usually much larger amine excess is
required with NH3 to reach high MEOA selectivity. For
instance, increasing the ratio from 4 to 35 led to a MEOA yield
increase of 15 to 45% (entries 1a and b, Table 1). Mass
balance remains far from complete. Reaction of GA with
stoichiometric amounts of DMA favors DMAE formation,
besides forming some EG, whereas excess of DMA reduces EG
formation and increases TMEDA formation at the expense of
DMAE (entry 18). Mass balance is again low, ∼49%, and
independent of the DMA-to-GA ratio.
Effect of Solvent. Reductive amination produces water as

a result of dehydration of the hemiaminal IM to form
enamine/imine IM (see Scheme 1). Therefore, carrying out
the reaction in water-poor circumstances should favor the
dehydration steps. In addition, the amine reagents are partially
present as ammonium salt in aqueous conditions, reducing its
nucleophilicity as a consequence of protonation. Also, the
conjugated OH− nucleophile may give rise to additional side
reactions. Use of nonaqueous inert solvents such as THF,

instead of water, is often reported as the preferred solvent for
reductive amination reactions. For example, in patent U.S. No
8772548B2, THF is used as inert solvent for reductive
amination of GA with NH3 in the presence of a Ni/Cu/Zr-
oxide catalyst, yielding up to 82% MEOA at a NH3-to-GA
molar ratio of 35.54

Our group recently demonstrated the important effect of
protic (nonaqueous) solvents such as MeOH to mediate
intramolecular proton transfer (PT) reactions during the
reductive aminolysis of reducing sugars, thereby drastically
lowering the energy barrier for the initial formation of enamine
IM of glucose with DMA.26,55 Song et al. reported a similar
solvent promoting effect in the reductive amination of normal
ketones with Ru/C.56 They found high ketone conversion in
protic solvents, whereas low conversion was observed in THF.
Despite water being protic, it hinders dehydration and
subsequent imine formation and is therefore not suited.
They also noted fast hydrogenation in alcoholic solvents
showing the amine as the main product, whereas hydro-
genation being sluggish in THF forms mainly imine IM. The
latter was tentatively explained through a strong competitive
adsorption of the aprotic polar solvent molecules on the
catalytically active hydrogenation sites. These reported
observations led us to investigate several solvents for the
reductive amination of GA with DMA. The results are
summarized and compared with the outcome in pure water
in Figure 1 for two noble metal catalysts and one Ni catalyst,
selected from Table 1.

Although water as a solvent already results in moderate
yields with Pd/C as a catalyst, a solvent-dependent promoting
effect on the product yield is prominent in the organic protic
solvents, with exceptional 97% DMAE yield obtained in
MeOH. No formation of piperazine was detected under these
conditions. Notably, the excellent DMAE yields are achieved at
stoichiometric DMA-to-GA molar ratio, previously not
possible (vide supra). Parallel to earlier observations of Song
et al.,56 reactions in EtOH showed less impact on the yield, as
compared to MeOH, and the use of aprotic solvents such as
THF generally results in significantly lower amine yields. A
similar solvent-dependent promoting effect, as for Ru and Pd,
is surprisingly not observed in presence of Ni. Here, the high
amine-to-GA ratio remains crucial to achieve selective
amination with a competing mass balance. Only by adding

Figure 1. Effect of solvent on the reductive amination of GA.
Reaction conditions: 0.5 g GA; 0.13 g catalyst; 0.2 g IS; DMA 2 M in
solvent, diluted to 15 mL total at amine-to-GA molar ratio = 1; 100
°C; 70 bar H2; 1 h reaction time.



more catalyst and higher amine-to-GA ratio, considerable
amounts of the amine product were formed with Ni, but
TMEDA (and not DMAE) is preferably obtained (see later,
Figure 5).
The solvent effect was investigated in more detail in the

presence of Ru/C by varying the water volume fraction in
MeOH over a range from zero to unity. This catalyst was
selected to screen the evolution of solvent addition because of
its mediocre product yields and no pronounced selectivity to

one of the main products, AA or DA, in water with DMA. As
reference, water as the solvent yielded 35 C % DMAE, and
about 50 C % of GA-derived products were unidentified, likely
the result of undesired Maillard and/or caramelization
reactions, coloring the product solution brownish (see also
entry 18b, Table 1). The effect is displayed in Figure 2.
Increasing the MeOH-to-H2O volume ratio in the solvent

clearly suppresses the side reactions up to the point, viz. at a
solvent volume fraction of 0.8, where the mass-balance is
complete (based on GC analysis) and colorless product
mixtures are obtained. Notably, DMAE yield increases up to 88
C % in pure MeOH in the presence of Ru. TMEDA (7 C %)
and EG (4 C %) are the main byproducts.

Reaction with Different Amines and Effect of Amine-
to-GA Ratio in Methanol. As already demonstrated for the
GA reaction with DMA in Figure 1, high DMAE yields of 97 C
% were obtained in the presence of Pd/C, surprisingly at
stoichiometric amine ratio. Reductive amination is thus more
selective in MeOH than in water or THF, and therefore it is
ideal to revisit the effect of the amine-to-GA molar ratio. Here,
the ratio effect of amines such as MMA and NH3 are
investigated for the reductive amination of GA in the presence
of Pd/C. DMA concentrations were not varied because high
yields of DMAE were already attained at stoichiometric DMA-
to-GA ratio in MeOH (vide supra), while no further reaction
of the tertiary amine (DMAE) with a new GA molecule is
possible, in contrast to the primary products (primary and
secondary amines) of reaction of GA with MMA or NH3. The
results are displayed in Figure 3 (top, MMA; bottom, NH3).
At MMA-to-GA ratios above 3, MAE is the main product

with a high 90 C % yield, and a small amount (4 C %) of
DMEDA is the main byproduct. Lower ratios result in a
gradual increase of EG formation (8 C %, at a ratio value of
0.5), while MAE, being the primary product, further
condensates with GA, forming MDEA with an excellent yield
of 91 C % at a MMA-to-GA molar ratio of 0.5.
The same experiment with NH3 at a ratio of 0.33 leads to

the formation of 77 C % triethanolamine (TEOA), and
changing this molar ratio allows a shift in selectivity towards 70
C % diethanolamine (DEOA) at ratio 5, and substantial
MEOA formation at higher NH3-to-GA molar ratio.
Note that a high mass balance (>95 C %) was measured

over the different amine ratios for all reactions, as a result of
the promoting effect of MeOH, which is not possible for
reactions in aqueous conditions (compare Table 1, entry 1a−
b; 4a−d; 9a−b). The chemistry in MeOH tends to form
consecutive tertiary amine products, such as TEOA and
MDEA in excess of GA, while secondary amines such as MAE
and DEOA (or primary amines such as MEOA) are formed in
excess of amine in excellent to moderate yield, respectively.

Mechanistic Proposal and Identification of IMs. The
above information shows that the selectivity of the catalytic
reductive amination of α-OH aldehydes such as GA can
strongly be influenced. Parameters such as the solvent, amine
type, and ratio play a major role. Here, we propose a general
reaction scheme, provided in Scheme 1, for the catalytic
reductive amination of GA into C2 amines. The scheme, which
is validated with density functional theory (DFT) calculations,
explains all previous observations and product formation and
suggests new intermediates, that will be looked at by detailed
product (IM) analysis and their evolution in time.
First, the aminating reagent such as NH3, MMA, and DMA

performs a nucleophilic attack on the carbonyl of GA, resulting

Figure 2. Effect of a gradual methanol addition on the aqueous
reductive amination of GA. Reaction conditions: 0.5 g GA; 0.13 g Ru/
C; 0.2 g IS; DMA 2 M in solvent, diluted to 15 mL total at amine-to-
GA molar ratio = 1; 100 °C; 70 bar H2; 1 h reaction time. Dashed
lines are a guide to the eye.

Figure 3. Effect of different amines and molar ratios on the reductive
amination of GA. Reaction conditions: 1 g GA; 0.26 g Pd/C; 0.2 g IS;
amine 2 M solution in MeOH diluted to 25 mL at a sufficient amine-
to-GA molar ratio; 100 °C; 70 bar H2; 1 h reaction time. Dashed lines
are a guide to the eye. Mass balance of all reported products ∼95 C %
for each amine and ratio.



in the formation of a hemiaminal (IM1), followed by
dehydration to an unstable iminium species (IM2). This step
is fast with MMA being a strong nonsteric nucleophile,
whereas it is slower with NH3 (less nucleophile) and DMA
(more sterically demanding). At the same time, competitive
hydrogenation into EG may occur, and this obviously needs to
be suppressed, for instance by providing sufficient amount of
the amine reagent. Next, an intramolecular PT of IM2 will lead
to the stable IM3, which is an imine when the aminating agent
is NH3 or a primary amine such as MMA or an enamine when
secondary amines such as DMA are used. Since water is
formed, dehydration steps are less obvious in aqueous
conditions. IM3 can then be stabilized into the corresponding
AAs (5) by means of irreversible hydrogenation, favoring the
formation equilibria of IM3. However, when the hydro-
genation rate is inadequate such as for Ni when compared to
Pd, these components (IM2 and IM3) are susceptible for side
reactions, like caramelization and Maillard type of reactions, or
IM3 undergoes a base-catalyzed keto−enol tautomerization
into its aminoethanal analogue (IM4). This tautomeric form is
susceptible to self-condensation to produce heterocyclic
piperazines (6) if the amine is not secondary or it reacts
with a second amine to form a new hemiaminal IM, and the
subsequent C2-ene-diamine (IM7), and the diamine DA
product (8) through subsequent dehydration and hydro-
genation steps, respectively. The amine product when primary
or secondary can react with another GA molecule, forming
higher AAs (9). In excess of GA, the formation of tertiary
amine products is favorable.
Energy Barriers and Thermodynamics Using DFT

Calculations. The aforementioned mechanism including
kinetic and energetic aspects is validated with DFT
calculations. In order to obtain atomistic insights into the
differences between aqueous and organic solvent conditions, a
DFT mechanistic study was first performed with DMA as
alkylamine reagent. To rationalize the experimental findings,
only the reaction steps prior to catalytic hydrogenation were
considered in the DFT study. A mixed explicit/implicit solvent

model was used to assess the effect of the solvent as a mediator
on the reaction kinetics and thermodynamics. Inspiration was
found in the work of Patil and Sunoj, where the solvent was
considered as a proton shuttle for enamine formation.57 The
free-energy profiles calculated in aqueous and in MeOH media
are shown in Figure 4. DFT optimized structures of the species
along the reaction paths can be found in Figure S1 of the
Supporting Information. Since the structures of the stationary-
points located in both solvents are analogous, for the sake of
simplicity, the discussion below will be based on the free-
energy change calculated in MeOH. The reaction mechanism
described here is to a large extent similar to that proposed for
the reaction of DMA with reducing sugars, previously
published by our group.26 The calculated energy values,
however, are not directly comparable because in this study
geometry optimizations were carried out in the solvent
environment, while gas-phase optimizations were previously
used.
In the first reaction step, the DMA nitrogen attacks the

carbonyl carbon of GA and the amine proton is transferred (via
two solvent molecules) to the substrate carbonyl oxygen
through TS1. The energy barrier for this step was calculated to
be only 3.7 kcal mol−1. TS1 collapses to a hemiaminal
intermediate (IM1) which is thermodynamically preferred over
the reactant state by 2.4 kcal mol−1. Next, the hemiaminal
compound is converted into the enamine intermediate (IM3)
through dehydration. This process passes through two TSs,
TS2 and TS3, connected by an unstable iminium intermediate
IM2. TS2 corresponds to a proton abstraction from a solvent
molecule by the leaving −OH group to form a water product,
whereas in TS3 the solvent molecule recovers its proton and a
CC bond is formed in IM3. TS3 is the rate-limiting TS
(RLTS) in MeOH media with an energy requirement
estimated of 20.1 kcal mol−1. In the following step IM3 is
converted into the IM4 tautomer via TS4 of the proton
relocation, assisted by three solvent molecules. The free energy
of TS4 was calculated to be higher than that of the reactant
state by 19.3 kcal mol−1. At this point, hydrogenation to

Figure 4. DFT calculated free-energy profile of the reaction between DMA and GA leading to the formation of C2-ene-diamine intermediate (IM7)
in aqueous and in methanol solution.
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DMAE can occur to stabilize the product. IM4 can react
further with a second DMA molecule, leading to the formation
of a C2-ene-diamine species (IM7), through a TS5−IM5−
TS6−IM6−TS7−IM7 mechanism, which is analogous to the
previous TS1−IM1−TS2−IM2−TS3−IM3 one. Although the
corresponding energy barriers of the distinct reaction steps
related with the first and the second DMA addition (e.g. IM1
→ TS2 and IM5 → TS6) are similar, the latter should proceed
faster because of the energy gain in the formation of IM4. IM7
is the most stable intermediate in this reaction scheme with a
free energy estimated lower than that of the reactants by 9.5
kcal mol−1. Both IM3 and IM4 on the one side and IM7 on the
other side could be further involved in reactions of catalytic
hydrogenation to deliver DMAE and TMEDA products,
respectively.
A comparison of the energy profiles obtained in the two

solvent environments revealed that MeOH facilitates the
amination of GA by increasing both the overall reaction
kinetics and the thermodynamic stability of the IM’s and
products. As can be seen in Figure 4, after the first dehydration
step (TS2 and thereafter), the free energy of TS3 and TS4
increases while the stability of IM3 and IM4 decreases (by 2.3
kcal mol−1) in water as compared to MeOH. This tendency is
even more pronounced in the second dehydration step (TS6
and thereafter), where the energy of TS6 and TS7 increases by
3−4 kcal mol−1 while the stability of the C2-ene-diamine
product decreases by about 5 kcal mol−1. The difference in the
IM stabilities originates from the concentration-dependent
contribution to the entropy change which disfavors reactions
of water release in aqueous solution. This is accounted for in
the calculations by the concentration correction term
introduced in eq 1, see section “DFT calculations”.
Another important finding is that in aqueous media the free-

energy requirement for keto−enol tautomerization (TS4)
increases by 6.5 kcal mol−1 as compared to MeOH and thus it
becomes the RLTS. Higher activation energies for keto−enol
tautomerization in water than in MeOH were previously
reported for other compounds.58 As a result, the activation
Gibbs function for amination of GA by DMA to C2-
aminoethanal/C2-ene-diamine product increases from 20.1
kcal mol−1 (TS3) in MeOH to 25.8 kcal mol−1 (TS4) in the
aqueous solution.
Study of IM Formation and the Role of the Solvent.

Through experiments and DFT modeling, the solvent effect
was found to lower the energy requirement for the RLTS,
giving rise to an increased formation rate and more favorable
formation (stabilization) of IM’s (and products), especially in
the case of MeOH. Since it was proposed above that some
IM’s were relatively stable, their presence in the reaction
mixtures should be present during kinetic studies (in absence
of the hydrogenation catalysis). To gain additional insights and
to confirm the DFT theory, IM product identification and
analysis of their evolution in time is carried out in the following
section.
Formation of C2-ene-diamine (IM7). As demonstrated in

Table 1, use of Ni catalysis (here Ni-6458P) in water generally
led to higher TMEDA selectivity, albeit at a lower total carbon
mass balance. Interestingly, when MeOH was used as a solvent
and higher amine-to-GA ratio is applied, TMEDA yield
increased almost 10-fold to 51 C % with no formation of
DMAE.
The evolution of TMEDA formation in function of time is

presented in Figure 5. The kinetic data are in full agreement

with the theoretical findings: in excess of DMA, DFT
calculations predicted TMEDA as the major product of GA
amination in MeOH with a yield, higher than that in water.
Maximum TMEDA yield was obtained after 30 min, preceded
by the formation of a stable IM. Analysis with GC−MS (with
parental mass of 114 m/z) and 13C NMR identified the IM as
the C2-ene-diamine (IM7 in Scheme 1 and Figure 5; more
details of identification in Supporting Information, Figures S2
and S3), which is indeed the most stable IM, proposed by the
DFT study.
Next, the evolution of IM7 was monitored for reactions in

other solvents without the presence of a metal catalyst, at RT
with in-line GC analysis. Water has been excluded from this
on-line study, and the kinetic data are reported in Figure 6. As

can be seen, aprotic polar solvents such as THF and DMSO
(hollow dots) gave the lowest IM7 yield, around 10 C %.
Alcohols such as isopropanol (IPA), EtOH, and MeOH are
slightly better solvents with MeOH reaching a plateau of 22 C
% IM7 after 30 min. The most interesting case was the reaction
in EG: the formation of IM7 kept increasing, with a yield of 48
C % after 2.5 hours, until a plateau of almost 65 C % was
reached after 5 h (not shown here, see Figure S4 in the
Supporting Information).

Figure 5. TMEDA and IM formation during the reductive amination
of GA. Reaction conditions: 0.5 g GA; 0.4 g Ni-6458P; 0.2 g IS; DMA
2 M in MeOH, diluted to 25 mL total at amine-to-GA molar ratio =
6; 100 °C; 70 bar H2; 1 h reaction time. Dashed lines are a guide to
the eye.

Figure 6. Formation of the TMEDA intermediate IM7 in different
solvents at RT. Reaction conditions: 0.05 g GA; 20 μL IS; DMA 2 M
in solvent diluted to 1 mL at amine ratio = 3 in a GC vial; on-line GC
analysis. Full dots for protic- and hollow dots for aprotic solvents.
Dashed lines are a guide to the eye.
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A two-step one-pot experiment, that first led to the
formation of IM7 in EG under inert atmosphere, followed by
its hydrogenation in the presence of a catalyst under hydrogen
pressure, was conducted to check if this effect could be
exploited to increase the TMEDA yield. Here, Pd/C was
selected as an active hydrogenation catalyst. Because the
reaction temperature also affects the tautomerization kinetics
toward IM7, reaction at various temperatures was tested. The
catalytic results of the two-step approach, applied at different
reaction temperature and varying reaction times, are shown in
Figure 7.

As reference, reductive amination of GA with DMA in one-
step with Pd/C in EG results in very low TMEDA selectivity.
A TMEDA yield well below 10 C % was obtained, while
DMAE was formed in high 75% yield. The TMEDA yield
increased by 10-fold (to 48 C %) in the two-step approach,
already after 1 hour under N2 and 1 h of hydrogenation
reaction conditions. In case the two-step one-pot procedure
was allowed for 5 h under inert atmosphere prior to
hydrogenation to facilitate IM7 formation, as observed in
Figure 6, the TMEDA yield increases to 56 C %. In order to
achieve maximum TMEDA selectivity, some improvements
were made to the two-step reaction protocol. First, the same
reaction protocol at amine-to-GA ratio of 12 (instead of 3) and
5 h reaction time under N2 conditions further boosted the
TMEDA yield to 77 C % (not shown here). Next, the reaction
temperature during hydrogenation was increased to 130 °C
and this led to a record 91 C % TMEDA yield, the highest
reported ever from GA.
Formation of IM6 in the formation of MDEA. Working

with MMA or ammonia allows for the formation of
(consecutive) higher AAs when lowering the amine-to-GA
molar ratio, especially when solvents such as MeOH can help
to stabilize the key intermediates (see Figure 3). Formation of
intermediates for reaction of GA with MMA was monitored by
sampling and GC analysis during the reaction. The product
evolution is presented in Figure 8. An initial build-up of an
MDEA IM was indeed observed, this time with a prominent
m/z of 115 feature as determined by GC−MS, followed by the
catalytic hydrogenation when the set reaction temperature was
reached and a maximum MDEA yield (of 90 C %) after 30
min. The identity of the IM will be discussed later in the text.

First, similar to the IM7 formation with DMA, the solvent
promoting effect on the formation of the unknown MDEA IM
was studied by in-line GC analysis for reactions without the
metal catalyst and hydrogen pressure in different solvents. The
data are presented in Figure 9.

DMSO was the worst solvent in terms of MDEA IM yield
(IM6, see Scheme 2), surprisingly followed by EG. Next, IM6
reached a maximum yield in THF and IPA of 17 C % at 30
min after which the IM slowly degraded. This was not the case
for EtOH with a steady plateau of 24 C %, followed by MeOH
as the best solvent with an IM6 yield of 35 C % at RT.
Parallel to the TMEDA case, the structure of IM6 might at

first be an unsaturated MDEA structure, as can be formed in
the presence of H2 but is not expected under N2 because this
route without hydrogenation would create a very reactive and
unstable species. Therefore, another hypothesis is proposed,
where the addition of a second GA to the N-methylaminoe-
thanal leads to the formation of an iminium species (IM3a in
Scheme 2), which can undergo a cyclic stabilization in a 5-
membered oxazolidinic ring structure (2-(hydroxymethyl)-3-
methyloxazolidin-5-ol; IM6, with MW = 133), similar to the
proposal of Pelckmans et al.25,26 The parental ion of m/z = 115
in GC−MS is then formed through fragmentation in the MS
with removal of water (MW18). More details of the MS

Figure 7. Exploiting the solvent promoting effect by a two-step
procedure during the reductive amination of GA. Reaction conditions:
0.5 g GA; 0.5 g Pd/C; 0.2 g IS; DMA in EG, diluted to 25 mL total at
amine-to-GA molar ratio = 3 (ratio 12 in case of 130 °C); 0/1/5 h at
N2 35 bar and RT without catalyst, 1 h at H2 70 bar.

Figure 8.MDEA and IM formation during the reductive amination of
GA. Reaction conditions: 1 g GA; 0.4 g Pd/C; 0.2 g IS; MMA 2 M in
MeOH, diluted to 25 mL total at amine-to-GA molar ratio = 1/2; 100
°C; 70 bar H2; 1 h reaction time. Dashed lines are a guide to the eye.

Figure 9. Formation of the MDEA intermediate IM6 in different
solvents at RT. Reaction conditions: 0.05 g GA; 20 μL IS; MMA 2 M
in solvent diluted to 1 mL at amine-to-GA molar ratio = 1/2 in a GC
vial; on-line GC analysis. Full dots for protic and hollow dots for
aprotic solvents. Dashed lines are a guide to the eye.



spectrum and formation of fragments are discussed in the
Supporting Information (see Figures S7−S9).
To provide a mechanistic interpretation of the formation of

MDEA, the reaction between MMA and GA was also modeled
with DFT methods. The presence of a second proton in the
MMA molecule gives rise to a large variety of reaction
channels, in addition to that with DMA. Therefore, our DFT
modeling was constrained to the cases of MMA-to-GA molar
ratio of 1 and 1/2 in MeOH solvent. The resultant reaction
network is schematically presented in Scheme 2, and DFT
optimized structures of the stationary-points can be found in
Figure S5 of the Supporting Information.
Nucleophilic addition of MMA to GA results in the

formation of the hemiaminal species, IM1 (Scheme 2).
Further, the reaction can proceed via three competing
channels, leading to the formation of (i) IM2a via TS2a of
nucleophilic addition of IM1 to a second GA molecule, (ii)
imine species IM2b via TS2b, or (iii) enamine species IM3c
via TS2c−IM2c−TS3c pathway (by analogy with DMA).
According to the calculations, the first reaction channel is more
kinetically preferred, as its activation energy is about twice
lower than those of the other two channels. Dehydration of
IM2a, through TS3a, results in the formation of the
zwitterionic intermediate IM3a. The latter can either rearrange
to IM4a, through an intramolecular PT in TS4a, or dissociate
to imine (IM2b) and GA via TS3ab. Dissociation is more
kinetically favorable; however, both the hydration of IM2b
back to IM1 (via TS2b) and the tautomerization of IM2b to
IM3c (via TS3bc) require higher activation energies than that

calculated for TS4a. IM4a can either tautomerize to IM5, via
TS5a, or dissociate to the enamine (IM3c) and GA, via TS4b.
Tautomerization of IM3c to IM4c (via TS4c) followed by a
nucleophilic addition to a GA molecule (via TS5c) is an
alternative route for the formation of IM5. In both cases, the
rate for the formation of IM5 is limited by the keto−enol
tautomerizations, IM4a ↔ IM5 and IM3c ↔ IM4c, with
activation energies of 21.2 (TS5a) or 21.5 (TS4c) kcal mol−1,
respectively. Finally, intramolecular attack of the hemiaminal
−OH group on the carbonyl C-atom of IM5 results in the
formation of a five-membered oxazolidinic ring structure IM6.
The energy requirement for this step was estimated at 9.7 kcal
mol−1, being the most stable intermediate (ΔGliq = −11.0 kcal
mol−1) in this reaction scheme, followed by IM4c (ΔGliq =
−5.4 kcal mol−1), IM5 (ΔGliq = −4.9 kcal mol−1), and IM2b
(ΔGliq = −4.0 kcal mol−1). Thus, the calculations predict the
cyclic oxazolidine precursor as the major product under
thermodynamic control and excess of GA, which is in
agreement with the experimental data.
To finally support the product identification of IM6, 13C

NMR and GC−MS was applied. The DFT-calculated 13C
NMR chemical shifts of IM6 are in excellent agreement with
the experimental NMR spectrum, thus confirming the
structural identity of this compound (Figures S7−S9 of the
Supporting Information).
When using equimolar amounts of the reactants; however,

the C2-aminoethanal compound (IM4c) is expected to be the
major species in MeOH solution. The catalytic hydrogenation
of IM4c results directly in the MAE product, whereas the
formation of MDEA from IM6 is less obvious since IM6 is a
saturated compound. According to the calculations, IM6, IM5,
and IM4c are in fast equilibrium. The latter two (being
unsaturated) can be involved further in reactions of hydro-
genation to deliver MDEA, as suggested in Figure S6 of the
Supporting Information.

Valorization of Bio-based MDEA-Esterquat. All of the
components produced herein have an industrial application,
and therefore, amination of GA may serve as an interesting
alternative replacing EO and EDC. For example, MDEA on
itself is a promising solvent for CO2-capture,

59 but it can also
be used as a substrate in, for example, the production of
esterquats for fabric softeners as demonstrated in Figure 10. It
is well known that MDEA-esterquats are a good alternative to
TEA-based esterquats (herein also produced from GA), in
terms of both biodegradability and cost/performance. The
MDEA esterquats reduce the surface tension of water, are
biodegrade in 2 days, and have a function as a bacteriostatic
agent.3 However, in order to shift toward a sustainable
economy with daily consumer chemicals, it is important that
households experience no loss in their living standard using
alternative building blocks, thus having high performance. Via
the route presented here, esterquats could have the potential to
be biobased if produced from GA as a drop-in and ultimately
close the carbon cycle.
To demonstrate the applicability of our bio-based route as a

proof of concept, MDEA and BHEDMEDA diester quats (the
latter obtained from Pelckmans et al.26) were synthesized from
the obtained reaction mixtures, formulated into a fabric
softener and tested on standardized towels against an industrial
TEA standard fabric softener (structure see Figure S13 in
Supporting Information) and a blank.
A sensory assessment was performed by a panel of trained

people, to rank the conditioned towels from soft to hard, and a

Scheme 2. Schematic Presentation of the Reaction between
MMA and GA in Methanol Mediaa

aDFT calculated free energies (kcal mol−1) of stationary points,
relative to reactant state, are given in Italic. The highest TS energies
are colored in red. The green arrows show the most likely paths for
the formation of the cyclic precursor (IM6) on the free-energy
surface.
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statistical approach was conducted to reach a conclusion on
their performance (see Supporting Information). Based on
these results, performance of the esterquats were ranked as
follows with a 95% significance: MDEA > TEA >
BHEDMEDA > blank. Most importantly, all esterquats were
found to have softening properties compared to the blank
formulation. Furthermore, it was demonstrated that the bio-
based MDEA can indeed be used as a bio-based drop-in for
esterquat formulations with high softening performance,
without impacting the quality. Although BHEDMEDA led to
a very similar structure, having a double quaternary ammonium
head instead of a single, a significant (P < 0.05) loss in
softening performance was observed. It is assumed that the
double charge on the molecule has great impact on its
adsorption properties toward fibers, which will not be
discussed in detail here.

■ DISCUSSION AND CONCLUSION
To prove GA as alternative, non-toxic and safer substrate for
C2 amine synthesis, the challenge was found in understanding
the different parameters that control product selectivity. Being
a reactive molecule, the amination pathway towards AA and
DA products needs to be facilitated above the undesired
hydrogenation (EG formation) and condensation (oligomer

formation) reactions. As demonstrated for aqueous conditions
in Table 1, a high amine excess is required for the reaction but
with varying results depending on the amine reagent. High
yield is possible with MMA being a strong non-steric
nucleophile, but only poor results are obtained with NH3
(less nucleophile) and DMA (sterically more demanding). In
contrast, use of other solvents, showed to be of major
importance to unlock high mass balance and product
selectivity.
While dehydration steps in formation of the hemiaminal are

hindered in water (Scheme 1), the use of organic solvents to
provide a “dehydrating environment” is more favorable. It was
long thought that inert organic solvents such as THF were
ideal to create these nonaqueous conditions.54 However, use of
organic protic solvents such as MeOH show much better AA
yields, irrespective of the amine reagent, as demonstrated in
Figures 1−3. Solvent-dependent DFT calculations suggest
both thermodynamic (IM and product stability) and kinetic
aspects (lower energy barriers due to occurrence of fast PT)
that facilitate the reaction channels toward reductive
amination, see Figure 4, thus suppressing the undesired side
reactions. Because of the occurrence of fast PT, protic solvents
such as MeOH thus cannot be considered to be inert.26,56,57 As
a result, GA reductive amination in MeOH results in close to
quantitative AA formation such as MAE (from MMA) and
DMAE (from DMA), and excess of amine reagent to achieve
high product yield is not necessary anymore. Only the reaction
of GA with NH3 still benefits of an excess amine reagent to
obtain moderate MEOA yield, as consecutive reactions are
more readily possible here.
Controlling (sub)-stoichiometric amounts of amine to GA

demonstrated the formation of valuable higher (secondary and
tertiary amine) AAs, see Figure 3, and their overall mass
balance is always very high in contrast to those obtained in
water or THF. This observation in MeOH is explained by the
fast condensation of the primary and secondary amine IMs in
the reaction mechanism with another GA molecule, allowing
the formation of MDEA (91 C %) (with MMA) and DEOA
(70 C %) and TEOA (77 C %) (with NH3). Detailed product
analysis and kinetics (exemplified for the reaction of GA with
MMA) revealed the dominant formation of a stable peculiar
intermediate IM6. This cyclic oxazolidine precursor is in
equilibrium with little amounts of other (linear unsaturated)
intermediates, as demonstrated in Figures 8 and 9 and Scheme
2 and leads to the higher AA product. To the best of our
knowledge, this is the first proof that a variety of bio-based AAs
can be catalytically produced in one step with such high yield,
starting from GA as the substrate. This is primarily enabled by
the solvent and by means of a similar process approach as the
common EO production process, that is changing the
selectivity of AAs upon different amine-to-substrate ratios.
However in contrast with EO, the use of GA at comparable
molar amine-to-substrate ratios gives considerably better yields
of the higher AAs such as MDEA, DEOA, and TEOA.1

Further catalyst development will be helpful to improve the
versatility of this process. Highly active metal catalysts such as
Pd (and Ru) are preferred as they rapidly convert the imine (or
enamine) into the stable amine end product. As such, AAs are
the main products in the presence of these noble catalysts. In
order to shift toward DA (ethylene diamine)-selective
reactions, tautomerization should occur prior to hydro-
genation. Slower hydrogenation, for instance, by using Ni
(instead of noble metals), and high amine-to-GA ratio favor

Figure 10. Overall route for the synthesis and application of bio-based
MDEA esterquats.
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chemoselectivity toward DA. Other options worth to explore
further are the use of less catalyst and lowering of the hydrogen
pressure. Detailed product analysis and kinetics, in Figures 5
and 6, clearly revealed the formation of a C2-ene-diamine
(IM7). DFT calculations in Scheme 2 found this IM to be 5.7
kcal mol−1 more stable in MeOH, originating from the
favorable entropy change of dehydration in nonaqueous
conditions. Simultaneously, lowest energy barriers were
encountered in MeOH, as the RLTS shifts to TS3 with a
decrease of 6.5 kcal mol−1 compared to water.
Figure 7 then demonstrated that IM7 formation can be

further optimized by utilizing EG as a solvent. An experimental
NIR spectroscopy study already evidenced that EG−water
interactions are stronger in water-poor mediums than those
obtained in bulk water.60 DFT and ab initio study on model
clusters also showed that the EG−water interaction is
dominant over the EG−EG and water−water interactions.61

Given the above, processes associated with the release of water
will thus be favored, to some extent, in EG media. To check
these assumptions, we have optimized the key TSs along the
reactions of DMA (TS2, TS3, and TS4) with GA, and have
compared the resultant energies with those obtained in
MeOH. DFT-optimized structures are given in Figure S10 of
the Supporting Information. Indeed, the relative free energy of
TS2, corresponding to the first water release in the reaction of
DMA with GA, decreases from 17.0 kcal mol−1 in MeOH to
12.8 and kcal mol−1 in the EG solvent. An energy decrease of 1
kcal mol−1 was also obtained for TS3 of proton abstraction
(which is the RLTS in MeOH), but in contrary, the relative
Gibbs energy of TS4 (keto−enol tautomerization) slightly
increases, from 19.3 in MeOH to 21.1 kcal mol−1 in EG
solvent, as it now becomes the RLTS in EG media. As the
differences in energy values are however comparable to the
accuracy of the computational methods, their results should
only be discussed qualitatively. Overall, as the calculations
predict a slightly higher activation energy for the reaction
between DMA and GA in EG (TS4, 21.1 kcal mol−1)
compared to MeOH (TS3, 20.1 kcal mol−1), the experimental
results primarily evidenced for faster kinetics of IM7 formation

in EG solvent. Use of higher temperature successfully
compensated the slower tautomerization in EG, yielding
large amounts of IM7 in an inert atmosphere. This stable
formation is exploited successfully in a one-pot two-step
approach to form TMEDA in almost quantitative yield: first,
IM7 is formed in EG under an inert atmosphere, followed by
pressurizing the reactor with hydrogen for the reductive
amination. We believe that this approach can be further
explored with other secondary amine reagents (such as MAE)
to form interesting and novel DAs (such as BHEDMEDA),
and work is in progress here.
In summary, the first conceptual model toward bio-based

AAs and ethylene diamines (DAs) from GA is presented in
Scheme 3, demonstrating possible routes to drop-in and novel
C2 amines straight from GA. As α-OH substrates such as GA
show high reactivity in reductive amination reactions, this work
demonstrated the mechanistic insights into its chemistry and
solvent effect in order to obtain a high mass balance with
optimum product selectivity. To illustrate the potential, a
MDEA-based diester quat was successfully prepared and
formulations were tested in a sensory assessment, proving
the viability for a bio-based production of high-value chemicals
starting from GA as platform, while being biodegradable and
therefore ultimately closing the carbon cycle.
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glycol dimethyl ether; DMSO, dimethylsulfoxide; TMS,
tetramethylsilane; RT, room temperature; GC, gas-chromatog-
raphy; GCMS, gas-chromatography coupled with mass-
spectrometry; NMR, nuclear magnetic resonance analysis;
DFT, density functional theory; TS, transition state; RLTS,
rate-limiting transition state; PT, proton transfer
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