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Extensive computational studies of the imine synthesis from amines and aldehydes in
water have shown that the large-scale structure of water is needed to afford appropriate
charge delocalisation and enable sufficient transition state stabilisation. These insights
cannot, however, be applied to the understanding of the reaction pathway in apolar
solvents due their inability to form extensive hidrogen-bonding networks. In this work, we
perform the first computational studies of this reaction in apolar conditions. This density-
functional study of the reaction of benzaldehyde with four closely related aromatic amines
(aniline, o-toluidine, m-toluidine and p-toluidine) shows that an additional molecule of
amine may provide enough stabilization of the first transition state even in the absence of
a hydrogen bonding network. Our computations also show that the second reaction step
cannot take place unless an extra proton is added to the system but, crucially, that
reaction rate is so high that even picomolar amounts of protonated base are enough to
achieve realistic rates. Additional computations show that those minute amounts of
protonated base may be obtained under reaction conditions without the addition of
extraneous acid through the auto-protolysis of the amines themselves. To our knowledge,
this is the first report of a role for the auto-protolysis of anilines in their extensive
reactional repertoire.
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Introduction

Imines can be readily synthesized through the reversible reaction of amines with aldehydes. This
reaction proceeds through an addition step which forms a carbinolamine intermediate, which is
then dehydrated to the imine in the rate-determining step. The released water is usually removed
from the system to shift the equilibrium towards the products. The reaction rate is quite sensitive
to pH: moderate amounts of acid greatly accelerate it(Santerre, Hansrote & Crowell, 1958), but
excess acid prevents it(Jencks, 1959 and references therein). The decrease in reaction rate at very
low pH is due to the protonation of the amine, which renders it unable to directly attack the
carbonyl, whereas protonation of the carbinolamine is required to achieve high rates of
dehydration(Jencks, 1964) (Figure 1). Acid catalysis has also been postulated to proceed through
protonation of the carbonyl group, rendering it more susceptible to nucleophilic attack by the
amine(Hammett, 1940). The reaction may also take place in the absence of acid catalysis(Law,
1912; Campbell et al., 1948; Crowell & Peck, 1953), especially with primary amines.

Computational studies of this reaction have shown that in the absence of charge stabilization by
solvent the activation energies of the formation of the carbinolamine (Hall & Smith, 1998;
Ding, Cui & Li, 2015; Cmikiewicz, Gordon & Berski, 2018) are prohibitively high (above 25
kcal'mol-') and the activation energies of its dehydration to imine (Hall & Smith, 1998;
Cmikiewicz, Gordon & Berski, 2018) are even higher (between 45 and 55 kcal-mol).
Incorporation of one(Hall & Smith, 1998; Ding, Cui & Li, 2015) or two(Hall & Smith, 1998)
water molecules as proton transfer assistants greatly facilitates the formation of the
carbinolamine by decreasing the activation energy to 8-16 kcal'mol! but still affords large
barriers incompatible with room-temperature reaction (26.7 kcal'mol!') for the dehydration
step(Hall & Smith, 1998). Realistic barriers are, however, obtained when a large number of
explicit water molecules (from 9 to 29) are included in the model(Solis-Calero et al., 2012),
enabling extensive stabilization of the nascent charges present in the transition state of the
dehydration step. Since so far all the computational work on this reaction has been performed on
systems including only water as solvent, the aforementioned insights cannot be directly applied
to reactions in apolar or aprotic solvents, such as the condensation of benzaldehyde with aniline

(or toluidines), which is experimentally observed to proceed readily and exothermically in the
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absence of an acid catalyst(Law, 1912; Campbell et al., 1948; Crowell & Peck, 1953) or
additional solvent. The present manuscript fills this gap by describing the first computational

study of this reaction in the presence of explicit non-aqueous solvent molecules.

Computational methods

The reaction mechanism was investigated using the widely used PBEO functional(Adamo &
Barone, 1999). All geometry optimizations were performed with the Firefly(Granovsky)
quantum chemistry package, which is partially based on the GAMESS (US)(Schmidt et al.,
1993) code, using autogenerated delocalized coordinates(Baker, Kessi & Delley, 1996). In
geometry optimizations, the aug-pcseg-0 basis set(Jensen, 2014) was used for heavy atoms and
the pcseg-0 basis set was used for hydrogen. Zero-point and thermal effects on the free energies
at 298.15 K were computed at the optimized geometries. DFT energies of the optimized
geometries obtained with each density functional were then computed using the aug-pcseg-2 (for
heavy atoms) and pcseg-2 basis sets (for hydrogen atoms)(Jensen, 2014), which are expected to
be close to the complete basis set limit for DFT. Auto-protolysis constants (pKs) of aniline,
toluidines, acetonitrile, and nitromethane, were computed by comparing the energies of
separately optimized neutral clusters of each molecule to clusters of the same size which
included one single instance of protonated (or deprotonated) molecule. In all cases, intra- and
inter-molecular dispersion effects were included in the geometry optimization, frequency
calculation, and high-level single point steps using the DFT-D3 formalism developed by Grimme
et al. (Grimme et al., 2010). Solvation effects in tetrahydrofuran and aniline were computed
using the Polarizable Continuum Model(Tomasi & Persico, 1994; Mennucci & Tomasi, 1997,
Cossi et al., 1998) implemented in Firefly. Dispersion and repulsion interactions with the
continuum solvent were computed using the method developed by Amovili and

Mennucci(Amovilli & Mennucci, 1997).

Results

The reactions of benzaldehyde with aniline and its three mono-methylated derivatives (o-

toluidine, m-toluidine, and p—toluidine) were studied in the gas phase. In all cases, the
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most stable initial arrangement of aldehyde and the aromatic amine finds both molecules
parallel to each other due to the interaction between their aromatic clouds (Figure 2).
Formation of these pre-reactional complexes from the previously separated molecules
entails a loss of entropy between 11 and 11.8 kcal-mol'l and is therefore mildly
endergonic, by 5.3 to 8.2 kcal-mol! (Table 1). Subsequent formation of the carbinolamine
intermediate may proceed through simultaneous attack of the carbonyl carbon atom by
the amine lone pair and proton transfer from the amine to the carbonyl oxygen atom. The
geometry of this transition state (Figure 2) is virtually identical for the four aromatic
amines studied, with a N—C distance of 1.643—1.650 A, a NH-O distance of 1.425-1.439
A and a C-O distance very close to that of a C-O single bond. The transition states are,
however, very hard to reach as they lie 27-29 kcal'mol! above the pre-reactional
complex state and 33.5-36.9 kcal-mol-! above the infinitely separated reactants (Table 1).
Since these high activation energies are incompatible with the experimentally observed
syntheses of imines from aldehyde and aromatic amines at temperatures between 0 and 60
°C (Allen & VanAllan, 1941; Campbell et al., 1948; Crowell & Peck, 1953), the actual

reaction mechanism must be more complex than commonly postulated.

Additional computations showed that the inclusion of an additional molecule of amine greatly
facilitates the formation of the carbinolamine by assisting the proton transfer from the amine to
the carbonyl oxygen (Figure 3A), which allows the partial negative charge on the oxygen to
become more efficiently stabilized (-0.35 instead of the original -0.43). The increased energetic
stabilization more than offsets the larger entropic penalty due to the presence of three (rather
than two) molecules in the pre-reactional complex, yielding barriers of 12.8—14.1 kcal-mol-!
above the pre-reactional complex state and 19.1-24.8 kcal-mol-! above the infinitely separated
reactants (Table 2). The overall exergonicity of the reaction (vs. pre-reactional complex) is
decreased by 3—7 kcal-mol-! with the inclusion of the additional molecule of base. Interestingly,
the higher barriers (above the pre-reactional complex) are observed for the o- and p-toluidines,
whereas the barrier for m-toluidine is virtually indistinguishable from that of aniline, which is

opposite to the trend observed in the absence of the additional molecule of amine.
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87 Carbinolamine dehydration proved to be difficult (Table 2), with barriers ranging between 27
88 and 32.2 kcal-mol! relative to the carbinolamine. Previous computational studies of this reaction
89 (Hall & Smith, 1998; Solis-Calero et al., 2012) showed that this step is also difficult in water
90 models, unless large solvent cages are used, which allow very efficient charge delocalization
91 throughout the hydrogen-bonded network (Solis-Calero et al., 2012). Since such stabilization is
92 exceedingly unlikely to be available in aromatic amine solvents due to their inability to form
93 such extended networks, other possibilities of achieving acceptable reaction rates for the
94 dehydration step were analysed. Inspired by the observation of dimeric derivatives of imines
95 obtained through electrochemical reduction (Law, 1912) we first evaluated the feasibility of
96 stabilizing the carbinolamine dehydration step with a second molecule of carbinolamine. The
97 barriers obtained for this mechanism again lie too high, from 28.5 to 30.5 kcal-mol!, effectively
98 ruling out this possibility in spite of the mutually-stabilizing influences of one carbinolamine
99 molecule on the other (Figure 4). These results strongly suggest that attempts to stabilize the
100 transition states exclusively through hydrogen bonding towards the leaving hydroxyl group
101 (Figure 3C) or its protonation by neutral functional groups (Figure 4) are not likely to be

102 successful.

103 In contrast, addition of one protonated molecule of amine strongly facilitates the dehydration
104  step since the extra proton provided by the amine converts the hydroxyl group in the

105 carbinolamine into a much better leaving group (Figure 5). The barrier for the dehydration step
106 thereby decreases to 3.2-8.5 kcal-mol! for all anilines tested (Table 3). The operation of this
107 very favourable pathway depends, however, on the presence of extraneous acid to protonate the
108 base (aniline or toluidine), which calls into question its relevance for the elucidation of the

109 reaction mechanism in acid-free experimental conditions. On the other hand, the extremely high
110 reaction rates allowed by these low barriers (4 x 10— 2.5 x 10!9s1) entail that the experimental
111 reaction rates (on the order of 1 h'') can be achieved with minute concentrations of protonated
112 base (10-'%— 1012 mol-dm). One so far over-looked source of such minute amounts of

113  protonated amine in acid-free conditions does exist: the auto-protolysis of the base, which would
114  generate one protonated (and one deprotonated) molecule of base from two neutral molecules of
115 base. Indeed, even some solvents generally regarded as aprotic or only weakly protic have been

116  shown to auto-ionize to a limited extent(Mihajlovi¢ et al., 1996). To ascertain the likelihood of
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auto-protolysis of aniline and toluidines, we performed additional computations using small
clusters of amine molecules, one of which was kept protonated (or deprotonated). Since very
accurate results would require the simulation of very large solvent clusters to account for
possible long-range structural rearrangements around the ionized structures, which are
unfortunately not possible with our current computational resources, we compared our results
with the auto-protolysis constants, computed in the same way, of other solvents which have been
studied experimentally. Our results (Table 4) show that the auto-protolysis of all amines tested is
much more favourable than that of nitromethane (pKs=23.7) or acetonitrile (pKs=28.8), and that
therefore self-ionization of aniline or toluidines easily affords concentrations of protonated

amine at least as high as 10-2>72 in complete agreement with the hypothesis formulated above.

Conclusions

Like the analogous reaction in water (Ding, Cui & Li, 2015), imine formation from
benzaldehyde and anilines in apolar solvent cannot occur without the intervention of a
base which facilitates the transfer of one proton from the amine nitrogen atom to the
carbonyl oxygen. The energetic stabilization provided by this assistance decreases
activation energy by more than 10 kcal-mol! relative to the reaction in the gas phase,
enabling reasonable rates of formation of the carbinolamine. Dehydration of the
carbinolamine, in turn, is prohibitively expensive unless one proton source is available to
protonate the leaving hydroxyl group. Previous works assumed that protons would be
provided by added acids or water molecules and were therefore unable to explain the
occurrence of the reaction in the absence of acids or protic solvents. Our computations, in
turn, show that auto-protolysis of the amine is feasible and that the low activation
energies of the protonated amine-assisted dehydration of carbinolamine fully enable the
observation of good reaction rates from the very small concentrations of protonated amine

predicted to exist in water-free aniline/benzaldehyde mixtures.
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Figure 1

Possible pathways for the reaction of aldehydes with amines.
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Figure 2

Structures of pre-reactional complex (A), transition state (B) and carbaminolamine (C) in
the reaction between benzaldehyde and aniline.
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Figure 3

Structures of the transition state (A) , carbaminolamine (B) and dehydration transition
state (C) of the aniline-assisted the reaction between benzaldehyde and aniline.
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Figure 4

Proposed bimolecular carbaminolamine dehydration step, and respective transition
state.
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Figure 5

Transition states for the dehydration of the carbinolamines produced from aniline (A), o-
toluidine (B), m-toluidine (C) and p-toluidine (D) in the presence of the protonated form

of the amine.
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Table 1(on next page)

Relative free energies (vs. infinitely separated reactants) of the species involved in the
formation of carbinolamines from benzaldehyde and aniline derivatives

Computations performed at the PBE0-D3/(aug)-pcseg0//PBEO-D3/(aug)-pcseg?2 theory level.

Solvation effects in toluene were included with the PCM formalism.
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Table 1: Relative free energies (vs. infinitely separated reactants) of the species involved in
the formation of carbinolamines from benzaldehyde and aniline derivatives, computed at
the PBE(0-D3/(aug)-pcseg0//PBE(-D3/(aug)-pcseg2 theory level. Solvation effects in toluene

were included with the PCM formalism.

aniline o-toluidine m-toluidine p-toluidine
pre-reactional 8.0 8.2 53 6.4
complex
transition state 35.6 359 34.4 33.5
carbaminolamine -0.2 -0.7 -0.4 -0.3
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Table 2(on next page)

Relative free energies (vs. infinitely separated reactants) of the species involved in the
base-assisted formation of carbinolamines from benzaldehyde and aniline derivatives.

Computations performed at the PBE0-D3/(aug)-pcseg0//PBEO-D3/(aug)-pcseg?2 theory level.

Solvation effects in toluene were included with the PCM formalism.
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Table 2: Relative free energies (vs. infinitely separated reactants) of the species involved in
the base-assisted formation of carbinolamines from benzaldehyde and aniline derivatives,
computed at the PBE(0-D3/(aug)-pcseg0//PBE0-D3/(aug)-pcseg2 theory level. Solvation

effects in toluene were included with the PCM formalism.

aniline o-toluidine m-toluidine p-toluidine
pre-reactional 12.0 7.6 6.2 7.2
complex
transition state 24.8 21.8 19.1 20.7
carbaminolamine 8.7 4.4 2.6 7.6
dehydration 35.7 35.5 34.7 34.4
transition state
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Table 3(on next page)

Relative free energies (vs. infinitely separated reactants) of the species involved in the
dehydration of carbinolamines assisted by the protonated forms of the respective
bases.

Computations performed at the PBE0-D3/(aug)-pcseg0//PBE0-D3/(aug)-pcseg? theory level.

Solvation effects in toluene were included with the PCM formalism.
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Table 3: Relative free energies (vs. infinitely separated reactants) of the species involved in
the dehydration of carbinolamines assisted by the protonated forms of the respective bases,
computed at the PBE(0-D3/(aug)-pcseg0//PBE0-D3/(aug)-pcseg2 theory level. Solvation

effects in toluene were included with the PCM formalism.

aniline o-toluidine m-toluidine p-toluidine
Carbaminolamine -0.7 7.5 0.8 -1.2
+ protonated base
dehydration 4.5 8.5 3.2 3.0
transition state
Protonated imine 0.7 0.3 0.6 0.5
+ H,O + base

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27710v1 | CC BY 4.0 Open Access | rec: 7 May 2019, publ: 7 May 2019




Table 4(on next page)

Estimated auto-protolysis energies (kcal-mol™) of different solvents.

Geometries optimized at the PBEO-D3/(aug)-pcseg0 level. Energies computed with PBEO-D3

with different basis sets. Solvation effects were included with the PCM formalism.
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Table 4: Estimated auto-protolysis energies (kcal-mol!) of different solvents. Geometries
optimized at the PBE(0-D3/(aug)-pcseg0 level. Energies computed with PBE(0-D3 with

different basis sets. Solvation effects were included with the PCM formalism.

(aug)-pcsegl pesegl pcseg2
acetonitrile 49.6 54.6 48.5
nitromethane 52.2 59.4 49.1
aniline 324 35.0 38.0
m-toluidine 31.0 333 353
o-toluidine 34.1 35.8 38.7
p-toluidine 37.6 39.8 41.4
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