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A B S T R A C T

Accessibility of the nucleophilic site in organocatalysts is essential to ensure adequate catalytic activity. Gas-
phase trimethylborane (TMB) Lewis basicity and Brønsted proton basicity of several amine based organocata-
lysts have been calculated using the CBS-QB3 model chemistry. This TMB basicity scale can, as opposed to the
proton basicity scale, account for steric effects encountered in the initial nucleophilic attack of the nitrogen free
electron pair on a substrate. Since such a step is the first one in several amine catalyzed reactions, severe steric
hindrance of the nucleophilic center would render the catalyst ineffective. Comparing the TMB basicity and
proton basicity with the experimentally observed catalytic activity of both homogeneous and heterogeneously
supported amine sites found in literature for the aldol reaction of acetone with 4-nitrobenzaldehyde showed that,
due to the inclusion of these steric effects, the TMB basicity scale is a much better predictor of catalytic activity
than the proton basicity. According to this computational Lewis basicity scale, potential steric hindrance in
alternative nitrogen containing active sites was probed. This resulted in 3-propylpyrrolidine being proposed
among the most promising monofunctional amine groups and 1-(methylamino)propan-2-ol among the most
promising bifunctional amine-hydroxyl groups for heterogeneous aldol reaction catalysts.

1. Introduction

Small molecule organocatalysts that exhibit the unique efficiency of
natural enzymes are becoming increasingly popular in asymmetric
synthesis [1]. Most of these catalysts can be classified as Lewis bases,
Lewis acids, Brønsted bases, or Brønsted acids. Whereas Brønsted acid
or base catalysis involves a (de-)protonation reaction, Lewis acid or
base catalysis involves an electrophilic or nucleophilic attack on a
substrate. The activity of the Brønsted base catalysts can thus be cor-
related to their relative proton affinity (PA) or proton basicity (PB)
values, respectively defined by the enthalpy or Gibbs energy of dis-
sociation of the protonated Lewis base (Reaction 1) [2]. However,
ranking the catalytic activity of Lewis base catalysts, such as amines,
according to their proton affinity has proven to be unsuccessful [3].
One of the main reasons for this is the steric interaction encountered
during the nucleophilic attack of the amine on a substrate, which are
not simulated by the protonation reaction. The proton, which essen-
tially comprises an empty 1s orbital, can be regarded as the “ideal”

Lewis acid that forms strong covalent bonds with the Lewis base and
has a minimal steric demand [4,5]. Several different Lewis acids have
therefore been used to construct a basicity scale that is subject to steric
interactions [6–10]. These Lewis acids include borane (BH3) [7,11],
boron trifluoride (BF3) [12–17], trimethylborane (B(CH3)3) [18–22],
metal cations [23,24], and several alkyl cations [25,26], of which the
methyl cation (CH3+) [3,27–32] and the benzhydryl cations [33,34]
have most often been investigated, both experimentally and computa-
tionally.
Specifically, the gas-phase methyl cation affinity (MCA) has been

shown to correlate much better than the gas-phase proton affinity (PA)
to the experimentally measured catalytic activity of tertiary amine
catalysts in the nucleophile-induced addition reaction of methanol with
acrylamide [3,35]. This shows that inclusion of steric effects in the gas-
phase affinity scale already provides a much better correlation with
experimentally measured catalytic activity, even for reactions that are
performed in the liquid-phase [3].
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++ +HBase H Base (1)

+B(CH ) Base B(CH ) Base3 3 3 3 (2)

Another reaction that is known to suffer from steric interactions
around the nucleophilic active site is the amine-catalyzed aldol reaction
of two carbonyl-containing species [36,37]. The generally accepted
[38–40] reaction mechanism proceeds via an enamine intermediate.
The formation of this intermediate, as displayed in Scheme 1, starts
with a nucleophilic attack of an amine (II) on the carbonyl moiety of an
aldehyde or ketone (I) bearing an α-hydrogen. A carbinolamine (III) is
subsequently formed that can dehydrate to the desired enamine inter-
mediate (IV). This enamine is nucleophilic enough to react with another
aldehyde or ketone to produce a new carbon-carbon bond, after which a
water-assisted desorption step releases the aldol product from the
amine catalyst.
Too pronounced steric hindrance of substituents around the ni-

trogen active center has been suggested in previous work on the aldol
reaction [36,37] to hinder the initial nucleophilic attack to such an
extent that the desired enamine intermediate cannot be formed. Hence,
a Lewis basicity scale is needed that also includes these steric effects,
and can help to predict whether substituents around the nitrogen active
center will cause the amine to be too sterically hindered for a nucleo-
philic attack on a carbonyl species.
Several steps in the amine catalyzed aldol reaction can be promoted

by the cooperative effect of a hydrogen bond donor [39]. This hy-
drogen-bond donor can be a carboxylic acid group, or a mildly acidic
hydroxyl group, as is the case in respectively L-proline and L-prolinol
[37,41]. In mesoporous silica supported amine catalysts, the mildly
acidic surface silanol groups were found to be optimal hydrogen-bond
promotors [42,43]. Intramolecular incorporation of a hydrogen-bond
promotor, such as a hydroxyl group on the β-carbon of the organic
amine function, has been suggested to eliminate the need for promoting
surface silanol groups and thus allows a higher active site loading [44].
However, the correct intramolecular placement of this hydroxyl group
is crucial to maximize the cooperative action with the amine while si-
multaneously avoiding additional steric hindrance around the nitrogen
free electron pair [44].
In this work, a Lewis basicity scale is constructed based on gas-phase

complexation of amine catalysts with the sterically demanding Lewis
acid trimethylborane (TMB, Reaction 2). It will be shown that this TMB
basicity scale can, as opposed to the proton basicity scale, correctly
describe both the steric and electronic effect of substituents on the
nucleophilic character of the amine site. Subsequently, the basicity
scale is used as a tool to probe possible additional steric and electronic
effects of placing an intramolecular promoting hydroxyl group around
the nitrogen atom in the development of novel bifunctional amine-hy-
droxyl sites as application for new heterogeneous catalysts.

2. Computational methods

All of the electronic structure calculations were performed using the
Gaussian 09 package [45]. Global minimum energy conformations for
reactants and complexes were determined in vacuo by a first scan of all
freely rotating dihedral angles at the B3LYP/6–31 G(d) level of theory.
The CBS-QB3 composite model has been shown to provide reliable

results for the calculation of proton affinity and gas-phase basicity of
several acid-base catalysts [46], as well as the gas-phase BF3 affinity
scale [47]. This quantum-chemical composite model was, hence, used
for a full geometry optimization and free energy calculation of the
lowest energy conformer of both the reactants and complexes. A tight
optimization criterion and an ultrafine integration grid was used.
Minimum energy conformations were confirmed to have zero ima-
ginary frequency. Coordinates of all optimized structures can be found
in Supporting Information. Partition functions were calculated using
statistical thermodynamics, based on the scaled B3LYP/CBSB7 fre-
quency calculation in CBS-QB3. These were evaluated by using the
rigid-rotor and harmonic oscillator (HO) approximation, assuming se-
parability of translational, external rotational, rovibrational, and elec-
tronic contributions. All thermal contributions were calculated in the
(quasi)harmonic oscillator approach, which means that any frequencies
below 30 cm−1 were raised to this value [48]. Basis set superposition
errors should be small with the complete basis set extrapolation and
were therefore not specifically accounted for. The enthalpy and entropy
of complex formation were calculated at 298.15 K and 1 atm, from
which the Gibbs energy was derived at the same conditions.
It should be noted that there are two ways to thermodynamically

quantify gas-phase base strength: either the enthalpy of reaction, often
called affinity, or the Gibbs energy of reaction, often called basicity, is
reported [4]. While the enthalpy of complexation is fundamentally
closer to the donor/acceptor bond energy, the Gibbs energy includes
the entropy change of, for example, internal hydrogen bonding upon
adduct formation. The protonation reaction is a special case because the
very strong interaction with a proton leads to a relatively small entropic
change compared to the enthalpy change. In this work, both affinity
and basicity is reported and any pronounced differences in entropy is
clarified. Furthermore, predicting a difference in kinetic performance
based on thermodynamic basicity rankings is only done for small sub-
sets of structurally similar Lewis bases that only differ in their nucleo-
philic character caused by differences in electronic or steric effects due
to different substituents around the amine, and where it is expected that
a linear free-energy relationship holds [49].
The proton basicity (PB) and proton affinity (PA), determined via

respectively the Gibbs energy and the enthalpy of Reaction 1, were
calculated according to Eqs. (2) and (3) at 298.15 K and 1 atm. The
trimethylborane basicity (TMBB) and affinity (TMBA) determined for
Reaction 2 were calculated respectively according to Eqs. (4) and (5), at
298.15 K and 1 atm.

= ° + ° °+ +PB G G GH Base HBase (3)

= ° + ° °+ +PA H H HH Base HBase (4)

= ° + ° °TMBB G G GB(CH ) Base B(CH ) Base3 3 3 3 (5)

= ° + ° °TMBA H H HB(CH ) Base B(CH ) Base3 3 3 3 (6)

3. Results and discussion

3.1. Validation of the computational method

To validate the ability of the computational method to describe

Scheme 1. general pathway to the enamine formation via initial nucleophilic attack on the carbonyl group (I) by an amine catalyst (II), with the formation of a
carbinolamine intermediate (III) and dehydration to the enamine (IV). Severe steric hindrance around the amine will cause the rate of this first step to decrease and
result in a negligible catalytic activity being observed.
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experimentally observed steric effects in amines, the experimental gas-
phase trimethylborane (TMB) basicity of 14 amines investigated by
Brown et al. [18–22] at 1 atm and 298.15 K is compared to the values
calculated with the CBS-QB3 composite model (TMBBCBS-QB3), at the
same conditions, in Fig. 2S in Supporting Information. A maximum
deviation of 2.10 kJ/mol from the experimental TMB basicity values is
observed, with a mean absolute deviation of 1.10 kJ/mol. The gas-
phase proton basicity (PB) of these amines is also calculated with the
CBS-QB3 composite method, and is compared to the gas-phase va-
luesreported by Hunter and Lias [50]. The parity plot of these results is
included in Fig. 3S in Supporting Information. The maximum deviation
of the experimental PB values is 4.40 kJ/mol, with a mean absolute
deviation of 1.93 kJ/mol.
It can thus be concluded that the employed computational method

can accurately describe the proton basicity of various amines, as well as
describe the steric effects that lead to differences in relative order be-
tween the proton basicity scale and the TMB basicity scale.

3.2. Correlating the trimethylborane basicity of amine-based catalysts to
their experimental activity in the aldol reaction

To validate the predictive behavior of the trimethylborane (TMB)
basicity scale for steric effects that impact the initial nucleophilic attack
of amine-based catalysts in the aldol reaction, several experimentally
evaluated amine catalysts with different substituents are probed. Any
deviations from the trend between the gas-phase proton basicity scale
and the TMB basicity scale will indicate that not only electronic basicity
effects, but also steric effects are an important factor to consider.
First, the homogeneous L-proline derivatives evaluated for the aldol

reaction by Sakthivel et al. [37] will be ranked according to their TMB
basicity and compared to their respective experimental activity. Next,
heterogeneously supported catalytic amine sites with different steri-
cally demanding substituents that were evaluated by Lauwaert et al.
[36] for the same aldol reaction will also be probed with TMB.

3.2.1. Steric effect of substituents in L-proline derivatives
Sakthivel et al. [37] reported the experimental yield of several L-

proline derivatives, with different substituents, for the aldol reaction of
acetone with 4-nitrobenzaldehyde. They suggested that in catalysts
with substitutions adjacent to the amino group, the acetone enamine
formation can be disturbed by a combination of steric factors and a
change in pKa [37]. To investigate the electronic and steric effects of
these substituents independently, the catalysts are ranked on both a
TMB basicity scale as well as a proton basicity scale in Fig. 1. The ba-
sicity, affinity, and entropy are given in Table 1, both for the gas-phase
TMB complexation as well as the steric-free gas-phase protonation re-
action. To ensure the promotional ability is equal in all the probed L-
proline derivatives, from all the catalysts investigated by Sakthivel et al.
[37], only the catalysts with carboxylic acids as promoting group are
compared to each other in this paragraph.
Substituents tert-butoxy (1), hydroxyl (2) or acetoxy (3) at the β-

carbon in the 4-position trans to the carboxylic acid of L-proline (4)
seem to slightly enhance its proton basicity. A similar increase in the
TMB basicity is also observed, which shows that the size and type of
substituent at this position does not appear to have a detrimental steric
effect on the amine. Experimentally, these substituents indeed do not
hamper the catalytic activity, as compared to L-proline (4) [37]. When
the hydroxyl substituent is cis to the carboxylic acid function, as is the
case in cis-4-hydroxy-D-proline (7), the calculated TMB basicity is se-
verely decreased. This is mainly due to an increased entropic penalty,
due to the formation of a hydrogen-bond between the hydrogen of the
hydroxyl group and the oxygen of the carboxylic acid group, upon
complexation with TMB as displayed in Fig. 4S in Supporting In-
formation. Hence, the TMB basicity decrease is not caused by an in-
creased steric hindrance of the substituent. Experimentally, indeed no
detrimental activity drop is reported for a hydroxyl group at this

position [37]. When the hydroxyl substituent is trans to the carboxylic
acid, as is the case in catalyst 2, this hydrogen bond does not exist in the
complex formed with TMB, as is displayed in Fig. 5S in Supporting
Information.
Electron donating substituents at the α-carbon in 5-position (cata-

lysts 9, 11, and 12), increase the proton basicity of the nitrogen atom as
compared to the “parent” catalyst 4-thiazolidinecarboxylic acid (6).
However, no stable TMB adduct could be formed due to the severe
steric hindrance of the substituents at this position. This is also the case
for catalyst 10, where the ring structure in the 5-position causes a
detrimental steric effect. Additionally, the phenyl ring in catalyst 10 is
conjugated with the nitrogen free-electron pair, which causes a de-
creased proton basicity. The experimental activity of catalysts 9, 10, 11
and 12 was reported to be minor [37]. This clearly demonstrates that
the proton basicity ranking cannot correlate to the experimentally ob-
served activity while the TMB basicity based ranking can describe this
trend.
A methyl substituent at the α-carbon in the 2-position, such as in 2-

methyl-L-proline (8), results in an increased proton basicity due to the
electron donating ability of the methyl group, as can be seen in Table 1.
It, however, also causes an increase in steric hindrance, which can be
seen as a reduced TMB basicity as compared to L-proline (4). Yet, the
increase in steric hindrance is not as pronounced as in catalysts 9 to 12,
where no stable adduct was found. Indeed, experimentally, the activity
of 2-methyl-L-proline (8) is reported as significantly lower than L-pro-
line (4), but still higher than that of catalysts with substituents at the 5-
position (catalysts 9 to 12) [37].
Dimethyl substitution at the β-carbon in 3-position in 3,3-dimethyl-

4-thiazolidinecarboxylic acid (5) increases the proton basicity, com-
pared to 4-thiazolidinecarboxylic acid (6). The TMB basicity follows
this increasing basicity trend, indicating that the dimethyl groups at
this position do not cause any steric interactions that decrease the
catalytic activity, which was also experimentally reported [37].
It can, hence, be concluded that placing a substituent on the β-

carbon in 3 position in 4-thiazolidinecarboxylic acid and 4 position of L-
proline can increase the basicity of the amine without causing any
prohibitive steric hindrance. However, substitution at the α-carbon in
the 2 position of L-proline causes an increased steric hindrance and
substitution at the α-carbon in the 5 position in L-proline or 4-thiazo-
lidinecarboxylic acid will render the catalyst too sterically hindered for
any reaction to take place. The experimentally observed trend in cat-
alytic activity [37] can thus clearly be reproduced by the calculated
gas-phase TMB basicity scale in Fig. 1, whereas no such trend can be

Fig. 1. L-proline derivatives evaluated by Sakthivel et al. [37] in the aldol re-
action of 4-nitrobenzaldehyde with acetone, ranked according to their TMB
basicity (TMBB) and proton basicity (PB). Catalysts 9–12 (red) are too sterically
hindered to form a stable complex with TMB and are also reported to be in-
active in the aldol reaction [37] (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article).
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observed in the steric-free gas-phase proton basicity scale.

3.2.2. Effect of the ring conformation in cyclic amino acids and limitations
of the TMB basicity scale
Although experimentally no difference in catalytic activity is ob-

served when sulfur is incorporated at the 4-position in L-proline (4), the
TMB and proton basicity of 4-thiazolidinecarboxylic acid (6) is lower
than that of L-proline (4), as indicated in Fig. 1. A change in the ring
conformation due to the incorporation of sulfur, resulting in a higher
pyramidalization angle of nitrogen, is responsible for this lower proton
and TMB basicity. The higher experimental activity than expected
based on the TMB basicity, indicates that relative comparison in the
basicity scales should only be performed for structurally similar cata-
lysts with the same heteroatoms. Since the goal of this work is probing
possible steric effect of substituents in the initial nucleophilic attack,
relative comparison between the derivatives of 4-thiazolidinecarboxylic
acid (6) still allows to retrieve valuable information about the steric and
electronic effect of substituent placement.
The cyclic 5-membered pyrrolidine structure of L-proline (4) yields a

decrease in steric interactions when compared to the similar linear
amino acid N-methyl-l-valine (16) that has a comparable proton basi-
city, as seen in Table 2 and Fig. 2. Experimentally, the linear amino acid
(16) is reported to be inactive [37], which could be related to these
steric interactions encountered. The 6-membered R-pipecolic acid (13),
however, has been reported as inactive in the aldol reaction [37] but
exhibits the highest TMB and proton basicity of all the cyclic amino
acids investigated. Hence, its inability to catalyze the aldol reaction
does not seem to be due to more pronounced steric constraints in the
initial nucleophilic attack but will be situated in a different step of the
catalytic mechanism. Indeed, previous studies have shown that enam-
ines derived from nucleophilic addition to a piperidine ring have a
substantially lower nucleophilicity than enamines derived from nu-
cleophilic addition to a pyrrolidine ring [51,52]. This difference in re-
activity is explained by a larger pyramidalization angle of nitrogen in

the 6-membered piperidine-derived enamine, resulting in a reduced p-
character of nitrogen, and a reduction in the conjugation between the
nitrogen lone pair and the double bond of the enamine [52,53]. Rather
than a nucleophilicity reduction of the amine site, this will present itself
in a nucleophilicity reduction of the resulting enamine, which could
also be assessed with adequate computational tools.
The 4-membered 2-azetidine-carboxylic acid (14) has practically

the same TMB basicity as L-proline (4), while its proton basicity is
lower. Hence, it seems that the lower proton basicity is compensated for
by the more compact ring structure. The catalyst is experimentally
found to be slightly less active than L-proline (4) [37]. The smallest
cyclic amino acid, aziridine-2-carboxylic acid (15) has a low proton
basicity and a low TMB basicity. This catalyst has not yet been tested in
an aldol reaction but is expected to exhibit a low activity.
From the above results it can be concluded that the TMB basicity

scale can correctly identify restrictive steric factors of substituents
leading to the inability of an amino acid catalyst to initiate a nucleo-
philic attack. However, this also means that the TMB basicity scale
cannot account for reactivity differences of the resulting enamine. The
TMB basicity scale should thus only be used as a tool that, as opposed to
the proton basicity, can warn for restrictive steric factors by sub-
stituents around the nitrogen atom during the nucleophilic attack of the
amine moiety.

3.2.3. Amines supported on mesoporous silica
A range of acyclic secondary amines with substituents leading to

different extents of steric constraints, supported on mesoporous silica,
have been explored by Lauwaert et al [36]. These monofunctional
amine sites are connected via a propyl linker to mesoporous silica and
are promoted by mildly acidic surface silanols. Because only the steric
effect in the amine active site is assessed in this work, and not the co-
operative action with the silica surface, as well as to keep the size of the
computational model within a reasonable size, only the organic amine
site is modeled, as is indicated in Fig. 3. Because the employed

Table 1
Affinity, entropy and basicity calculated at the CBS-QB3 level of theory at 298.15 K and 1 atm for reaction of L-proline derivatives 1–12 with the sterically demanding
trimethylborane (TMB) or a steric-free proton.

Catalyst TMB
affinity
(kJ mol−1)

TMB
entropy
(J K−1mol−1)

TMB
basicity
(kJ mol−1)

Proton
affinity
(kJ mol−1)

Proton
entropy
(J K−1mol−1)

Proton
basicity
(kJ mol−1)

1 67.1 224.3 0.2 944.1 103.5 913.3
2 65.3 221.3 −0.7 942.5 101.4 912.3
3 68.6 232.8 −0.8 951.8 112.7 918.2
4 63.1 215.8 −1.2 938.7 106.3 907.0
5 60.2 213.6 −3.4 918.9 106.4 887.1
6 56.3 215.1 −7.8 908.5 110.7 875.5
7 66.7 254.8 −9.3 940.8 103.5 910.0
8 50.6 219.9 −14.9 948.2 106.2 916.6
9 – – – 922.7 105.9 891.2
10 – – – 921.1 106.4 889.4
11 – – – 942.5 112.5 909.0
12 – – – 938.9 97.2 910.0

Table 2
Affinity, entropy and basicity calculated at the CBS-QB3 level of theory at 298.15 K and 1 atm for reaction of L-proline derivatives 13–16 with the sterically
demanding trimethylborane (TMB) or a steric-free proton.

Catalyst TMB
affinity
(kJ mol−1)

TMB
entropy
(J K−1mol−1)

TMB
basicity
(kJ mol−1)

Proton
affinity
(kJ mol−1)

Proton
entropy
(J K−1mol−1)

Proton
basicity
(kJ mol−1)

13 67.3 213.5 3.7 943.5 94.0 915.4
14 63.6 216.5 −1.0 926.3 95.8 897.7
15 51.1 204.0 −9.8 891.4 104.0 860.4
16 54.6 234.4 −15.3 941.5 107.7 909.6
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methodology results in a relative ranking, it is crucial that only struc-
turally similar sites are compared to each other. The TMB basicity re-
sults of homogeneous catalysts are therefore not to be directly com-
pared to the results of the sites derived from the heterogeneous
catalysts, and no conclusions regarding the effect of immobilization can
be drawn from this work. It was reported [36] that increasing the
substituent size from a methylgroup in the N-methylaminopropyl
function (MAP, 18) to an ethylgroup in the N-ethylaminopropyl func-
tion (EAP, 19) reduces the catalytic activity. Moreover, an even larger
substituent, such as a cyclohexyl group (CAP, 21) completely hinders
catalytic activity, which was suggested to be caused by a restrictive
steric interaction in the initial nucleophilic attack [36]. As evident from
Fig. 3 and Table 3, this experimental reactivity order indeed agrees with

the TMB basicity scale of the monofunctional amines in the gas-phase,
while the reverse is found in the gas-phase proton basicity scale. The
phenyl group in the N-phenylaminopropyl function (PAP, 20) results in
a lower proton basicity, and a TMB basicity that is comparable to that of
the CAP function (21), due to conjugation effects of the free electron
pair with the phenyl group. Previous work has indeed reported that the
PAP (20) function exhibits an activity comparable to that of CAP (21)
[36].
To investigate the effect of intramolecular promotion by a hy-

drogen-bond donor, Lauwaert et al. [44] experimentally evaluated a
heterogeneous mesoporous silica supported catalyst based on the bi-
functional amine-hydroxyl 23, without any promoting silanols. Its
catalytic activity was found to be similar to the mesoporous silica cat-
alyst based on the monofunctional EAP group (19), promoted by an
excess of surface silanols, which proves that intramolecular promotion
is equivalent to the randomly placed excess surface silanols [44].
Computationally, the proton basicity of the bifunctional amine-hy-
droxyl active site 23 is found to be higher than the monofunctional EAP
site (19). However, the calculated TMB basicity does not seem to follow
this trend, and appears to be slightly lower for catalyst 23, indicating
that the hydroxyl group that is weakly hydrogen-bonded to the amine
provides some additional steric crowding around the amine. Correct
placement of the promoting hydroxyl group is thus critical to avoid
additional steric hindrance around the amine.

3.3. Design of a new monofunctional amine and bifunctional amine-
hydroxyl site with a high TMB basicity

Calculating a priori the Lewis basicity of amine-based catalytic
functions with adequate computational tools can assist in the devel-
opment of catalysts with an optimal activity [54]. Especially since the
development of novel heterogeneous amine catalysts is typically an
arduous task, theoretical probing of the prospective amine function
with trimethylborane can quickly yield valuable information about
possible steric interactions that would limit their activity as a nucleo-
philic amine catalyst.
Currently, the best performing monofunctional heterogeneous

amine catalyst for the aldol reaction of acetone with 4-ni-
trobenzaldehyde is a secondary amine with a small methyl group,
connected with a propyl linker chain to the mesoporous silica surface,
as modeled here by the N-methylaminopropyl group (18, MAP) [36].
The length of a propyl linker has been shown to be optimal for pro-
motion by an excess of surface silanol groups, with longer linkers
having no adverse effects [55]. Additionally, the active sites in Figs. 3
and 4 that were used to validate the computational method to experi-
mental results all contain a propyl linker. Hence, the proposed new
monofunctional group, based on the 5-membered pyrrolidine ring, is
also designed with a propyl linker. This results in the 4-propyl-pyrro-
lidine group (17), which is found to yield a higher proton and TMB

Fig. 2. Effect of ring and ring size in (cyclic) amino acids on the TMB basicity
(TMBB) and the proton basicity (PB). Catalysts 13, 14 and 16 have been eval-
uated by Sakthivel et al. [37] for the amine catalyzed aldol reaction of acetone
with 4-nitrobenzaldehyde.

Fig. 3. Monofunctional amine active sites (top, 18–21) evaluated by Lauwaert
et al. [36] for the aldol reaction of acetone with 4-nitrobenzaldehyde, ranked
along their TMB basicity (TMBB) and proton basicity (PB). Active site 17
(green) is suggested as a new optimal monofunctional amine that can be at-
tached to mesoporous silica via a propyl linker (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article).

Table 3
Affinity, entropy and basicity calculated at the CBS-QB3 level of theory at 298.15 K and 1 atm for reaction of groups 17–25 with the sterically demanding tri-
methylborane (TMB) or a steric-free proton. Catalysts 17–21 are monofunctional amines, catalysts 22–25 are bifunctional amine-hydroxyls.

Catalyst TMB
affinity
(kJ mol−1)

TMB
entropy
(J K−1mol−1)

TMB
basicity
(kJ mol−1)

Proton
affinity
(kJ mol−1)

Proton
entropy
(J K−1mol−1)

Proton
basicity
(kJ mol−1)

17 98.6 222.9 32.1 958.4 105.2 927.0
18 86.3 216.5 21.7 944.8 104.9 913.5
19 81.0 221.5 14.9 955.0 104.3 923.9
20 65.9 218.5 0.8 928.9 101.6 898.6
21 68.6 233.8 −1.1 972.4 103.7 941.5
22 82.7 217.0 18.0 953.4 103.8 922.4
23 77.8 218.9 12.5 970.4 110.7 937.4
24 72.1 232.2 2.9 969.5 105.3 938.1
25 58.5 235.8 −11.8 960.1 103.6 929.3
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basicity than the, what was previously found as, best performing
monofunctional MAP group (18). It is thus expected that a hetero-
geneously supported catalyst based on the 4-propyl-pyrrolidine func-
tion (17), promoted by an excess of surface silanol groups, will display
an increased activity in the aldol reaction as compared to the previous
experimentally evaluated monofunctional groups. It should be noted
that, based on solely the proton basicity, a catalyst with a CAP function
(21) would have been selected. However, this catalyst has already been
shown experimentally [36] to exhibit a very low activity due to steric
hindrance effects around the amine, which is correctly described by the
TMB basicity scale.
Previous work by Lauwaert et al. [44] that did not include any steric

effects, concluded that a bifunctional secondary amine-hydroxyl spe-
cies, with a methyl substituent on the nitrogen atom and in-
tramolecularly promoted by a hydroxyl group on a β-carbon, would be
an optimal catalytic site. Correct intramolecular placement of this
promotion hydroxyl group is, however, essential to obtain an efficient
intramolecular promotion without causing additional steric hindrance.
Several possibilities (22 – 25) are therefore ranked in Fig. 4 according
to their TMB basicity. Due to the intramolecular promotional ability of
the amine-hydroxyl functions, the length of the linker connecting to the
surface is not as critical here. However, for easy comparison with ex-
isting experimental work [44], a propyl linker is also chosen for the
newly developed catalytic groups.
Based on the calculations performed for the monofunctional groups,

an L-prolinol group with a propyl linker, is suggested as bifunctional
amine-hydroxyl (24). This propyl linker is attached at the 4-position, in
order to not cause any additional steric hindrance. However, from the
TMB basicity calculations in Table 3 it can be seen that introduction of a
hydroxyl group in this position causes a large increase in steric hin-
drance around the nucleophilic nitrogen. This results in a TMB basicity
that is lower than the already experimentally tested bifunctional group
23, which shows a similar proton basicity. Hence, an alternative con-
figuration with the least steric hindrance expected in the initial nu-
cleophilic attack is the 1-(methylamino)propan-2-ol group (22) in
Fig. 4.
When comparing the monofunctional MAP group (18) with the

proposed bifunctional amine-hydroxyl (22), it can be seen that in-
troduction of this hydroxyl group at the β-carbon in the propyl linker
chain causes the proton basicity to increase and the TMB basicity to
drop. Hence, a small increase in steric hindrance is introduced by the

addition of the hydroxyl group. This increase is, however, limited,
which makes the 1-(methylamino)propan-2-ol group (22) the most
preferred bifunctional amine-hydroxyl. This group actually appears to
have the lowest proton basicity of all the bifunctional amine-hydroxyls
that were investigated, which again proves that based on merely the
proton basicity scale, a different optimal functional group would be
selected than based on the TMB basicity scale that includes steric ef-
fects. To assess the difference between a secondary and a primary al-
cohol as promoting group, the bifunctional amine-hydroxyl 25 could be
developed. However, the calculated TMB basicity readily indicates that
in this catalyst a restrictive steric interaction around the amine site
occurs and, quite likely, would render it inactive. Hence, it can be
concluded that by incorporating the hydroxyl group on the β-carbon in
the propyl linker connecting the active site to the silica surface, the
increase in steric hindrance upon inclusion of an intramolecular pro-
moting site can be minimized.

4. Conclusions

The overall catalytic activity of amine-based organocatalysts in a
reaction starting with a nucleophilic attack on a carbon atom is gen-
erally difficult to correlate to the proton affinity or pKa value of the
nucleophile due to the lack of steric interactions in the protonation
reaction. In this work, a Lewis basicity scale using trimethylborane
(TMB) as Lewis acid, which accounts for such steric effects, has been
constructed for different amine based catalytic groups using the CBS-
QB3 model chemistry. The computational model was successfully va-
lidated against experimentally measured gas-phase proton and TMB
basicity values for several primary, secondary, and tertiary organic
amines of varying steric demand.
Both a proton and a TMB basicity scale were constructed for L-

proline derivatives with different substituents around the amine group,
as well as for active sites of heterogeneously supported amine catalysts.
Because the amine catalyzed aldol reaction starts with a nucleophilic
attack of the amine on the carbonyl group, with the subsequent for-
mation of an enamine, the TMB basicity scale is a potential indicator for
the corresponding aldol reaction activity. This TMB basicity scale could
indeed describe the experimentally observed activity trend much better
than the steric-free proton basicity scale. This was particularly so for
catalysts with substituents neighboring the amine. However, care
should be taken when comparing structurally different organocatalysts,
since the TMB basicity scale only provides information about the steric
effects in the initial nucleophilic attack of the amine, and not about
differences elsewhere in the catalytic mechanism such as the reactivity
of the crucial enamine intermediate.
Taking these limitations in consideration, the developed gas-phase

TMB basicity scale was then used to assess the steric hindrance in novel
amine functions for heterogeneous catalysts, within the constraints
desired for functionalization on heterogeneous silica-based supports. As
least sterically hindered monofunctional group, promoted by an excess
of surface silanols, 3-propylpyrrolidine is proposed. In a bifunctional
amine-hydroxyl active site, the correct placement of the intramolecular
promoting hydroxyl group on the β-carbon was shown to be crucial in
limiting the steric hindrance around the nitrogen atom. From the ob-
tained TMB basicity ranking, 1-(methylamino)propan-2-ol is proposed
as a new unhindered bifunctional amine-hydroxyl active site for
grafting on mesoporous silica. It should be noted that the synthesis of
the proposed 1-(methylamino)propan-2-ol and 4-propyl-pyrrolidine
groups will not be trivial. The strategic advantage of the methodology
presented in this work is situated in the indications it gives with respect
to the priorities that should be attached to the synthesis of the next
generation of catalysts. The experimental focus can thus be laid on a

Fig. 4. Bifunctional amine-hydroxyl functions that can be grafted on meso-
porous silica ranked along their TMB basicity (TMBB) and proton basicity (PB).
Groups 22, 24 and 25 (green) are new amine-hydroxyl functions proposed for
the aldol reaction, group 23 has already been experimentally tested by
Lauwaert et al. [44]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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limited number of active site designs that should be synthesized with
priority.
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