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Highlights
e The cooperativity between amines and silanol groups or intermolecular acids is elucidated
e Amine structure and proton affinity effects are studied experimentally and computationally
e The reusability is optimized by adding water traces and tuning the support hydrophobicity

1. Introduction

Due to the continuously increasing world population and associated demand for energy and chemicals, fossil
resources are depleting faster than ever before. Moreover, environmental concerns about the use of these
resources urge the search for renewable alternatives. Lignocellulose is a type of non-edible biomass which
may constitute a viable option for the sustainable production of fuels as well as chemicals. A highly
promising route entails hemicellulose dehydration into furfural which is, subsequently, reacted with acetone
in an aldol condensation to produce species with the desired carbon number. A techno-economic analysis of
this process showed that, in its current state, the proposed technology can deliver fuels for a minimum selling
price of $4.75 per gallon [1]. However, future improvements including increasing the yield and selectivity of
several reaction steps and replacing homogeneous catalysts with heterogeneous alternatives, will reduce this
to less than $3 per gallon.

This work focusses on the challenges with respect to replacing the traditional homogeneous aldol
condensation catalysts with heterogeneous alternatives to enhance the overall process efficiency. A series of
(organo)silica supported amines and cooperative acid-amine couples have been investigated. The properties
affecting the amine site activity, i.e., the amine surface density [2, 3], structure and proton affinity [3], the
nature of the promoting acid site [4], the water content in the reaction mixture and the support
hydrophobicity [5], have been systematically varied. The obtained insights allowed proposing an optimized
heterogeneous amine catalyst.

2. Results and discussion

Silica supports were functionalized by replacing a fraction of the surface silanol groups with an amine. It was
observed that the remaining silanol groups on the surface enhance the catalytic activity of the amines in the
aldol condensation. This cooperative effect does not only depend on the concentrations of both types of sites
but also on their spatial arrangement with respect to each other. Primary amine precursors have the tendency
to exhibit hydrogen bond among themselves in the solvents which are traditionally used during the
functionalization, resulting in a clustered arrangement of these amines on the catalyst surface [2]. In contrast,
secondary amines have a lower tendency to form such hydrogen bonds and are more randomly distributed
[3]. Both the clustered and the random arrangement deviate from the ideal checkerboard pattern, meaning
that at a silanol-to-amine ratio of 1, not every amine is promoted by a neighboring silanol. Full promotion
was in both cases obtained at a silanol-to-amine ratio of 1.7 [2, 3].

Although many primary, secondary, and tertiary amines have similar proton affinities, significant differences
in catalytic activities for the aldol condensation have been observed [3]. This observation is attributed to the
ability to form the key intermediate, i.e., an enamine, and inhibiting species, i.e., imines. While the crucial
enamine cannot be formed on a tertiary amine, the inhibiting imine species can only be formed on primary
amine. As a result, a secondary amine as active site that can form the reactive enamine without producing the
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|nh|b|t|ng imine exhlblts the hlghest catalytlc activity, prowded that |t |s not subject to steric hindrance
induced by a bulky substituent or conjugation of the nitrogen lone pair with an aromatic ring. A
computational methodology has been developed to probe the steric and electronic effects induced by the
amine substituents. After validation of the computational strategy against experimental data on homogeneous
as well as heterogeneously supported amines, it is used to design new active sites for the amine catalyzed
aldol condensation. From the calculations it is concluded that 3-propyl-pyrollidine and small acyclic
secondary alkanolamines are promising candidates.

Besides the weakly acidic silanol groups, also other acids are observed to exhibit a promoting effect on the
activity of amines in aldol condensations [4]. An intramolecular OH function provided by a primary alcohol
incorporated on the B-carbon of the amine substituent exhibits a similar cooperativity as an intermolecular
OH function provided by neighboring surface silanol groups. The highest activity was obtained when the
alcohol-amine pair was surrounded by surface silanol groups, indicating the potential advantage of
simultaneously activating both reactants by the formation of a hydrogen bond in contrast to the consecutive
activation when there is only one promoting site in the vicinity of the amine. Changing the alcohol to
stronger acids resulted in a decreasing cooperativity with increasing acid strength.

Co-feeding small amounts of water is found to inhibit the formation of stable site blocking species and,
hence, improves the catalyst reusability. However, prolonged exposure to large water concentrations results
in a loss of the cooperativity between the two types of sites, active site leaching and structural changes in the
support material. This can be minimized by increasing the support hydrophobicity via incorporation of
organic components in the framework of the silica [5].

Finally, by putting all of the obtained insights together, it is expected that an aliphatic organosilica
functionalized with 3-propyl-pyrollidine promoted by surface silanols or a small acyclic secondary
alkanolamine which possess an intramolecular cooperativity will exhibit excellent catalytic activities in the
aldol condensation. Currently, we are attempting to synthesize these types of materials.

3. Conclusions

The aldol condensation catalyzed by supported amines has been investigated in detail. The cooperativity
between the amine site and a weakly acidic surface silanol or an intermolecular acid site has been elucidated.
The effects of the amine structure and proton affinity have been mapped and correlated with the aldol
condensation reaction mechanism. Moreover, a computational methodology has been developed to probe the
steric and electronic effects induced by the amine substituents. Subsequently, it has been shown that the
support hydrophobicity can be tuned by incorporating organic components in the silica framework resulting
in an increased stability in aqueous reaction mixtures. Additionally, the catalyst reusability is optimized by
co-feeding of small amounts of water. Finally, some new optimized heterogeneous amine catalysts have been
proposed.
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