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ABSTRACT: The two ﬁrst steps of the Strecker synthesis of glycine, namely (a)
addition of ammonia to formaldehyde to give aminomethanol and (b) its
dehydration leading to methaneimine, is studied using high level quantum
chemistry computations (G3B3). Water solvation is modeled by considering the
eﬀect of adding a discrete number of active or passive molecules of water (up to
four) and by immersing the identiﬁed water-solute complexes in a conductor-like
polarizable continuum solvent model. Activation of the reactants by protonation
is also examined. Exhaustive search of microhydrated neutral and protonated
aminomethanol has been performed using a combination of hierarchical and
genealogical approaches. Critical energies associated with all the elementary
reaction steps were estimated using the accurate G3B3 composite method thus
providing benchmarks to discuss the possible occurrence of Strecker synthesis in
prebiotic chemistry.

1. INTRODUCTION
The Strecker reaction1 is probably the most straightforward
route from simple compounds such as ketone, aldehyde,
ammonia, and hydrogen cyanide to α-amino acids. For this
reason, it has been extensively studied2 and reviewed.3−5
Brieﬂy, the Strecker synthesis proceeds through several
successive steps as depicted in Scheme 1: (a) addition of
ammonia to an aldehyde RCHO giving rise to the
corresponding aminoalcohol RCH(OH)NH2, (b) dehydration
of the later producing the imine RCHNH, then, (c) reaction of
the imine with hydrogen cyanide leading to formation of an αaminonitrile RCH(NH2)CN. Additionally, in aqueous solution,
α-aminonitrile formation is accompanied by a series of other
processes constituting a complex network of equilibrated
reactions2 from which emerge two noticeable irreversible
pathways: (d) the hydrolytic transformation leading to αamino acid, and (e) the reaction with CO2 giving hydantoins
through the Bücherer−Berg reaction.6
Occurrence of the abiotic formation of α-amino acids on the
early Earth through Strecker synthesis was ﬁrst advocated by
Miller.7 This hypothesis has been retained by a number of
researchers who suggested that this pathway may be eﬃcient in
many other environments in the Universe.8−19 Indeed, since its
reactants (hydrogen cyanide, ammonia, and aldehydes such as
formaldehyde and acetaldehyde) have been identiﬁed in
interstellar or circumstellar media,20,21 the occurrence of
Strecker reaction can be conceivable as a synthetic pathway
in interstellar media, even in the gas-phase or on the surface of
ice grains. Moreover, the presence of imino-diacids (usual
© 2018 American Chemical Society

byproducts of this synthesis route) in carbonaceous chondrites
has been considered as an indication that the Strecker reaction
has been involved in the formation of amino acids in the parent
bodies of this family of meteorites.9,18,22 Recently, laboratory
experiments on interstellar ice analogues show that aminomethanol, HOCH2NH2, (in parallel with hydroxyacetonitrile,
HOCH2CN) may be produced at low temperature (i.e., ∼
40K) from ices containing formaldehyde and ammonia.23,24
Previous mechanistic studies of the Strecker reaction using
quantum chemical calculations have been devoted to step (a) in
the case R = H.25−31 Depending upon the theoretical level
used, the computed critical energy for the formation of
H2NCH2OH was situated between 115 kJ mol−1 and 200 kJ
mol−1 with respect to the reactants CH2O + NH3. The second
step (b) has been predicted by theory to be more endothermic
than step (a) by ca. 40−60 kJ mol−1.27,29,30 Consideration of a
water solvent environment has been made by means of the
isodensity surface polarizable model, IPCM, but without
optimization of the geometry at this level, and inclusion of
one or two discrete water molecules26,28 or a 6 water ice
model30 and clusters including 4, 9, or 12 water molecules.31 In
parallel, the reactivity of methaneimine with hydrogen cyanide
(step (c), Scheme 1) has been studied both in vacuum and in
aqueous solution32,33 or in ice environment.30
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Scheme 1. A Simpliﬁed View of the Strecker Synthesis of Amino Acids

times do not bring any new minima. Finally, this procedure led
to several hundred local minima. More precisely, 82 and 306
minima have been identiﬁed for (HOCH2NH2)(H2O)n and
102 and 216 minima for (HOCH2NH3+)(H2O)n with n = 3 and
4, respectively. All these minima, with up to 4 explicit water
molecules, were obtained from MD simulations that do not
include any bulk water solvation eﬀect.
All structures B obtained from calculations detailed above
were optimized at the DFT level B3LYP using the double-ζ
quality basis set 6-31G(d) and vibrational frequencies were
calculated at the same DFT level to obtain enthalpies at 0 and
298 K using the Gaussian09 suite of programs.39 Among these
local minima, those situated in the ﬁrst ca. 20 kJ mol−1 potential
energy range (B3LYP/6-31G(d) level) were retained in order
to construct the potential energy proﬁles. At this stage, a
Darwinian tree is built on all minima identiﬁed in order to
control that each generation of conformations involving n water
molecule, Gn, is related to the previous generation Gn−1.
Starting from the most stable structures B, all reaction routes
toward reactant A and products C were investigated and the
corresponding transition and ﬁnal structures identiﬁed. The
search for the transition structures B → A and B → C was also
done at the B3LYP/6-31G(d) level, and their connectivity to
reactant and product was systematically controlled by IRC
calculations. Finally, energy computations were accurately
performed using the composite G3B334 method.
It may be recalled that, in the G3B3 procedure, the
geometries of stable and transition structures are fully
optimized with the hybrid functional B3LYP using the 631G(d) basis sets. The same level of theory is used (i) to
calculate harmonic frequencies in order to obtain zero point
energies and correction to enthalpies and (ii) to calculate
entropies in the rigid-rotor harmonic oscillator approximation.
Improved energies are then obtained by making use of several
successive more elaborated computations taking into account
larger basis sets (6-31+G(d), 6-31G(2df,p), and G3large) and
larger electron correlation levels (MP2, MP4, and QCISD(T)).
The ﬁnal energy is calculated assuming additivity of the various
contributions and including a higher-order correction (HLC)
to remove the remaining deﬁciencies in the energy calculations.
The G3B3 method has been assessed on a test set of 299
energies (enthalpies of formation, ionization energies, electron
aﬃnities, and proton aﬃnities).34 The average absolute
deviations from experiments of these 299 energies are less
than 5 kJ mol−1. The precision on the enthalpy calculation
reported in the present work is consequently expected to be
close to this value. As a test control of this expectation, we
performed computations on the elementary components of the
studied systems, namely, neutral and protonated ammonia,
water, formaldimine, and formaldehyde, and on their
monohydrated complexes. Standard heats of formations of

After consideration of these previous results, it appears that
(i) only a limited number of structures have been investigated
so far and that (ii) the level of theory used was not necessarily
suﬃcient to accurately describe the energetic aspects of these
reactions. As a consequence, we propose here a large
investigation at a uniform and high level of theory, including
optimization of the geometries in the solvent environment, in
order to oﬀer a realistic view of the considered systems. For this
purpose, we examine here the ﬁrst steps (a) and (b) (A → B→
C, Scheme 1) of the Strecker synthesis of glycine (R = H,
Scheme 1) by quantum chemical calculations, using the
accurate composite methods G3B3.34 Starting from reactions
between isolated species CH2O and NH3 in the gas phase,
we progressively examine the modiﬁcations brought by
explicitly including several molecules of water acting as active
catalysis and, further, a polarizable medium to mimic the bulk
solvent or ice eﬀects. Extensive explorations of the conformational spaces were done using methods that combine stationary
and dynamic approaches developed in our group. 50,35
Activation of the reactants by protonation both in the gasphase and in aqueous media is also considered. Conclusions as
to whether the Strecker synthesis is a possible pathway leading
to the primitive amino acids are drawn.

2. COMPUTATIONAL METHODS
In order to construct the various potential energy proﬁles
presented in this work, geometries of the central structures B,
i.e., (HOCH2NH2)(H2O)n and (HOCH2NH3+)(H2O)n (n = 0,
1, 2, 3, and 4), were ﬁrst generated. For low n values, i.e., from 0
to 2, structures B have been built manually, by identifying
hydrogen bond acceptor and donor sites able to ﬁx H2O
molecules. If chemical intuition may be suﬃcient to explore
exhaustively the conformational landscapes of structures B, it is
not the case for the higher n values where molecular dynamic
(MD) simulation is necessary. For these last cases only (n > 2),
we used the methodology combining the hierarchical approach
and the Darwin’s family tree building.51 Indeed, this methodology has already been used successfully to study the
microhydration of protonated Nα-acetylhistidine.35 For the
hierarchical approach, we used the Tinker molecular modeling
package36 associated with the AMOEBA37,38 polarizable force
ﬁeld. The parameters of the neutral CH2NH2 and CH2OH
termination of ethylamine and ethanol allowed us to adjust the
parameters of HOCH2NH2, respectively. In parallel, the
parameters of HOCH2NH3+ were adjusted on the basis of
those of the CH2NH3+ and CH2OH terminations of protonated
glycine and serine, respectively. For a given starting structure,
MD calculations were performed at 150 and 250 K, and overall
dynamic times of 1.6, 16, and 40 ps during which snapshots are
extracted every 0.016, 0.16, and 0.4 ps, respectively. At this
stage, we veriﬁed that MD calculations with longer simulation
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Figure 1. Zero Kelvin enthalpy proﬁle for the NW0 system; dotted lines = CPCM calculations.

environment. This leads to non-negligible improvement on the
solvation energies, particularly for the larger ionized systems.
The ΔH°0, ΔH°298, and ΔG°298 values are presented in
Tables SI2−SI12 gathered in the Supporting Information. A
summary of the most representative ﬁndings is presented in
Figures 1−10 and Tables 1 and 2. Unless otherwise indicated,
relative energies cited in the text are G3B3 calculated 0 K
enthalpies with diﬀerences expressed in kJ mol−1, i.e., ΔH°0 =
H°0(considered species) − H°0(most stable structure A). We
also denoted the diﬀerence H°0(transition structure) −
H°0(starting species) as “critical energy” and the diﬀerence

these species as derived from G3B3 calculations agree with
experiment within a standard deviation of 1.9 kJ mol−1 (see
Table SI1 of the Supporting Information).
The role of the solvent was also investigated by using the
conductor-like polarizable continuum model (CPCM)40 at the
G3B3 level. The corresponding energy contribution is the sum
of an electrostatic component and a nonelectrostatic term,
including cavitation dispersion and repulsion energies. In such
calculations, the choice of the size of the cavity is important,
particularly for charged species. For the neutral systems, we
adopted here the standard UFF cavity model, which places a
sphere around each solute atom with the radii scaled by a factor
1.1. In the case of the protonated systems, we selected the
United Atom topological model UAKS, where atomic radii are
optimized using the PBE0 (close to B3LYP) functional since it
has been demonstrated to give the smallest mean absolute
deviation with experiment for cationic species.41 Indeed, we
observed that the CPCM/UAKS ΔGsolv,298 computed for NH4+
and OH− at the G3B3 level are equal to −341 kJ mol−1 and
−431 kJ mol−1, respectively, in close agreement with the
experimental values of −35641 and −43842 kJ mol−1. Ideally, in
order to consider an ice environment, the knowledge of the
corresponding dielectric constant ε is necessary. However, it is
highly probable that the “dirty” interstellar ices are of
amorphous structure and thus do not pertain to a well-deﬁned
crystalline system. Fortunately, the incidence of the precise
value of ε on the CPCM calculations is limited. For example,
using ε = 78, as for liquid water, or ε = 107, as for ice XI, i.e.,
the most stable ice structure at low temperature, led to
solvation energies diﬀering by less than 1 kJ mol−1. The second
important point to note is that the structures were systematically reoptimized at the B3LYP/6-31G(d) level in the aqueous

Table 1. Calculated Critical Energiesa (kJ mol−1) of the First
Steps of the Strecker Synthesis: Neutral Systems NWn
path

step (a)

step (b)

n,xb

gas

bulkc

gas

bulkc

0,0
1,1
1,0
2,2
2,1
2,0
3,2
3,1
3,0
4,3
4,2
4,1

140
63
37
16
28
21
42
25
14

106
21
87
1
19
21
21
50
20
15

236
148
208
129
144
248
113
127
238
102
123

232
140
163
111
133
236
115
118
236
92
117

a
G3B3 calculated [H°0(transition structure) − H°0(starting structure)] diﬀerences. bn = total number of discrete molecules of water, x
= number of active molecules of water. cCPCM calculations.
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Table 2. Calculated Critical Energiesa (kJ mol−1) of the First
Steps of the Strecker’s Synthesis: Protonated Systems PWn
path

step (a)

catalysis”) or a hydrogen bond acceptor (“passive base
catalysis”). Water may also assist a hydrogen shift by “transport
catalysis”. Finally, and most importantly, direct participation of
the water molecules, resulting in O−H and N−H bonds
formation and dissociation, may also be envisaged (“active
catalysis”).
As expected and conﬁrmed during the completion of the
present work, “active” catalysis has a more pronounced eﬀect
than “passive” catalysis on the reaction energetic. To distinguish
between these two categories of processes, we decided to
characterize the various reaction pathways by the notation
N(P)Wn,x, where n is the total number of discrete molecules of
water, and x is the number of which that are active. For
example, the two possibilities of catalysis presented in Scheme 2
will be named NW3,0 (left) and NW1,1 (right) respectively.
3.I. First Step of the Strecker Synthesis in Neutral
Media. NW0 System. Optimized B3LYP/6-31G(d) geometries
of the various stable and transition structures involved along the
reaction path summarized in Scheme 3 are dispatched in Figure
1 together with the corresponding 0 K enthalpy proﬁle
(detailed energetic data at 0 and 298 K are presented in
Table SI2 of the Supporting Information).
Approach of formaldehyde and ammonia may induce the
formation of hydrogen bonded complexes or of a zwitterionic
structure NH3+−CH2O−, ANW0 (Scheme 3). Calculation shows
that this species is the more stable structure and that it may be
more properly seen as a noncovalent complex between the two
reactants. Accordingly, the distance between the carbon and the
nitrogen atoms is too large (2.763 Å) to correspond to a
covalent bond. The stabilization of this structure, by 7 kJ mol−1,
is essentially due to electrostatic attraction as corroborated by
the fact that the nitrogen atom brings a negative charge (−0.48
from Mulliken analysis) while the carbon atom presents a
positive charge (+0.19 from Mulliken analysis).
Starting from ANW0, a 1,3-hydrogen migration from the
amino group to the oxygen atom leads to the aminomethanol
molecule H2NCH2OH, in its conformation B1NW0. The
corresponding transition structure ABNW0, characterized by a
negative wavenumber of −1578 cm−1, is situated 140 kJ mol−1
above ANW0 (Figure 1). The second step of the reaction is a
new 1,3-hydrogen migration from the nitrogen to the oxygen
atoms. This reaction needs a prior rotation of the amino group,
which transforms B1NW0 into its conformer B2NW0 before
leading to the new species CNW0. This latter structure consists
in a complex between methaneimine CH2NH and a water
molecule where one hydrogen bond is established between one
H of the water molecule and the nitrogen atom of the incipient
methylenimine molecule (H···N distance 1.991 Å). This
interaction probably brings the major part of the stabilization
of this complex. Another favorable interaction should be noted
however between one H of the methylene group and the
oxygen atom (H···O distance 2.635 Å). The overall stability of
complex CNW0, i.e., the dissociation energy into its components,
is equal to 16 kJ mol−1. The transition structure BCNW0, is
characterized by an imaginary frequency of −1909 cm−1, and is
situated 206 kJ mol−1 above ANW0. It represents the highest
point of the energy proﬁle presented in Figure 1.
The present G3B3 computational results are close to those
obtained at the CCSD(T)/cc-pVDZ level by Walch et al.27
who, for example, calculate relative energies of 128 and 190 kJ
mol−1 with respect to reactants for ABNW0 and BCNW0,
respectively. Similarly, Woon26,31 places ABNW0 143 kJ mol−1
above the complex ANW0, in excellent agreement with our

step (b)

n,xb

gas

bulkc

gas

bulkc

0,0
1,1
1,0
2,2
2,1
2,0
3,2
3,1
3,0
4,2
4,1
4,0

153
106
172
82
86
155
111
155
106
122
-

157
98
158
51
109
147
61
120
109
120
-

130
70
116
71
128
84
146
81
141

161
83
144
72
149
85
165
81
159

G3B3 calculated [H°0(transition structure) − H°0(starting structure)] diﬀerences. bn = total number of discrete molecules of water, x
= number of active molecules of water. cCPCM/UAKS calculations.

a

H°0(considered complex) − H°0(separated components) as
“stabilization energy”. Entropy is not discussed in the text; the
reader may, however, ﬁnd informations on this question in
Tables SI2−SI12.

3. RESULTS AND DISCUSSION
The main results of the present study have been presented
under two main sections. In the ﬁrst one are gathered the
results concerning the neutral systems (CH2O + NH3) + nH2O
→ (HNCH2 + H2O) + nH2O (denoted NW0, NW1, NW2,
NW3, and NW4, for n = 0−4 respectively). The possibility of a
parallel pathway (CH2O + NH3) + nH2O → (H2NCH2+ +
HO−) + nH2O has been also examined. The second section is
concerned with protonated reagents (CH2O + NH4+) + nH2O
→ (H2NCH2+ + H2O) + nH2O (denoted PW0, PW1, PW2,
PW3, and PW4, for n = 0−4 respectively). For all the
considered systems, we choose to denote initial, intermediate
and ﬁnal structures by letters A, B, C, as sketched in Scheme 1,
while related transition structures are denoted by the
combinations of letters AB and BC.
A single water molecule may facilitate a reaction by either
passive or active catalytic eﬀects. As illustrated by Scheme 2 for
the aminomethanol formation in the presence of one molecule
of water (system NW1), three kinds of passive catalytic eﬀects
may be a priori distinguished where the water molecule plays
the role of either a hydrogen bond donor (“passive acid
Scheme 2. “Passive” and “Active” Catalysis Eﬀect of a Water
Molecule
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Scheme 3. Two First Steps (a and b) of the Strecker Synthesis in Neutral Media

Figure 2. Zero Kelvin enthalpy proﬁle for the NW1 system: (i) “active catalysis” by 1 water molecule (NW1,1), and (ii), no active catalysis but 1
water “spectator” molecule (NW1,0); dotted lines = CPCM calculations.

estimate of 140 kJ mol−1. Finally, an excellent agreement is also
found between our computation and the BCNW0 energy
calculated by Feldmann et al.29 (within 2 kJ mol−1) but, for
an unidentiﬁed reason, these latter authors present results at
variance from ours (and also from Woon26,31 and Walch27) for
the ﬁrst step of the reaction since they place the transition
structure ABNW0 20 kJ mol−1 higher. It must be emphasized
that aminomethanol B2NW0 is the local minimum of the system
investigated; it lies 37 kJ mol−1 below the reactants and is 30
and 24 kJ mol−1 more stable than complexes ANW0 and CNW0,
respectively (Figure 1). Moreover, BNW0, is a thermochemically
stable species protected over isomerization and dissociation by
very large barriers. It is thus expected to be an observable
molecule in the interstellar medium or in laboratory experiments if collisional stabilization freezes the molecule immediately after its formation.
Consideration of the solvent and ice lattice eﬀects has been
done using the CPCM continuum solvent model. Comparison
of the vacuum and aqueous geometries is indicative of the
changes induced by the solvent. For example, in the structure
ANW0, the C···N intermolecular distance is decreased by 0.085
Å by the solvation. A comparable shortening of the hydrogen
bond distance OH···N is observed for the ﬁnal complex CNW0.
It is also noteworthy that the OH···N angle in CNW0 passes

from 149 to 177° upon solvation, thus replacing the internal
O···HC interaction by more favorable interactions with the
solvent continuum. Concerning transition structures, the main
point is the signiﬁcantly more eﬃcient solvation energies of
ABNW0, thus reducing the barrier for aminoalcohol formation
by ∼30 kJ mol−1. By contrast, the second step, B → C, is
essentially unaﬀected by the solvent.
It is clear from these results that, for the neutral system
CH2O + NH3, large activation barriers have to be surmounted
to form methylenimine HNCH2. The process cannot be
spontaneous unless large excitation energy (of ca.200 kJ mol−1)
is provided to the reactants.
NW1 System. Complexes (CH2O + NH3 + H2O) ANW1
corresponding to the various catalytic possibilities of a water
molecule depicted in Scheme 2 were investigated.
We present ﬁrst the results obtained following the active
catalytic route, NW1,1. The overall process (CH2O + NH3) +
H2O → (HNCH2 + H2O) + H2O summarized in Figure 2,
involves the passage through two trimolecular complexes
ANW1,1 and CNW1,1, and two bimolecular complexes B1NW1,1
and B2NW1,1.
The ﬁrst structure, ANW1,1, looks like the zwitterionic species
ANW0 described in the NW0 system, except however the
internal solvation by one molecule of water. A comparison
1647

DOI: 10.1021/acs.jpca.7b10534
J. Phys. Chem. A 2018, 122, 1643−1657

Article

The Journal of Physical Chemistry A

Figure 3. Zero Kelvin enthalpy proﬁle for the NW2 system with “active catalysis” by two water molecules (NW2,2); dotted lines = CPCM
calculations.

kJ mol−1 less than B2NW0→ CNW0, thus illustrating the expected
catalytic eﬀect of a single molecule of water.
As observed for the NW0 system, CPCM calculations on the
route NW1,1, essentially change the barrier for step (a) since
the ABNW1,1 critical energy passes from 63 to 21 kJ mol−1
(Figure 2). The critical energy associated with step (b) is
practically unchanged (from 148 to 140 kJ mol−1l).
The passive catalysis path NW1,0 has been examined by
considering three starting points: “acid”, “basic” and “transport”
catalysis for both steps (a) and (b) (see Scheme 2 for step (a)).
During this search, we noted that all tentative geometry
optimization of the corresponding transition structures
converged on identical species, which form the two highest
points of the corresponding potential energy proﬁle, ABNW1,0
and BCNW1,0, indicated in Figure 2. As expected, the passive
catalytic eﬀect appears to be less eﬃcient than the active
catalysis NW1,1 presented above. Accordingly, the two
transition structures ABNW1,0 and BCNW1,0 are situated 56 and
64 kJ mol−1 above ABNW1,1 and BCNW1,1, respectively (Figure
2). The corresponding critical energies, 119 and 212 kJ mol−1,
are, however, slightly less than that associated with the nude
reactants NW0 (i.e., 140 and 236 kJ mol−1, Figure 1)
demonstrating an eﬀective, though limited, catalytic eﬀect.
Even if the CPCM calculation shows a signiﬁcant stabilization
of the transition structure BCNW1,0, this is not enough to
promote this reaction step.
In summary, as for the unsolvated system NW0, the energy
determining step of the overall reaction NW1 is the formation
of the imine, B2NW1,1→ CNW1,1, and, even if the critical energy
barrier is reduced by 90 kJ mol−1 in the presence of one
molecule of water, it still needs a signiﬁcant activation of the
reactants to proceed.
NW2 System. When combining formaldehyde with ammonia
and two molecules of water, one may produce various

between ANW1,1 and ANW0 geometries reveals in the former a
shorter C···N distance (2.539 Å against 2.763 Å in ANW0).
Several complexes between aminomethanol and a water
molecule were identiﬁed. The structures directly involved in
the active catalysis reaction mechanism, B1NW1,1 and B2NW1,1,
diﬀer by the orientation of the amino group and thus by the
nature of the intermolecular hydrogen bonds connecting
aminomethanol and the water molecule. Cooperative hydrogen
bonding networks OH···O and OH···N in one hand, and O···
HO and O···HN in the other, operate in B1NW1,1 and B2NW1,1,
respectively. The corresponding stabilization energies are
essentially the same (−59 and −56 kJ mol−1, respectively,
with respect to the separated reactants). The most stable
structure of complexes involving methylene imine and two
molecules of water corresponds to the cyclic arrangement of
the three molecules, CNW1,1, where three hydrogen bonds are
cooperatively operating (Figure 2). By comparison with the
lower homologue, a reinforcement of the hydrogen bonding is
noted since the OH···N distance is reduced by 0.12 Å in CNW1,1
with respect to CNW0.
As seen from comparison of Figures 1 and 2, the relative
energy levels of species ANW0, BNW0 and CNW0 are comparable
to that of ANW1,1, B1NW1,1, B2NW1,1 and CNW1,1: this obviously
means that association of a water molecule brings a similar
stabilization (of ∼20 kJ mol−1) to these species. The situation is
clearly diﬀerent for the two transition structures ABNW1,1 and
BCNW1,1. Accordingly the critical energy of the ﬁrst step
ANW1,1→ B1NW1,1 is equal to 63 kJ mol−1, while it was 140 kJ
mol−1 for the reaction occurring without water, ANW0→ B1NW0.
This conﬁrms the ﬁnding of Woon26,31 who found a dramatic
decrease of ca. 75 kJ mol−1 of the corresponding critical energy
by comparison with the pure unimolecular step (a). Similarly,
the second step B2NW1,1→ CNW1,1 needs 148 kJ mol−1, i.e., 88
1648
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Scheme 4. Steps (a) and (b) of the Active Catalytic Routes NWn,1 and NWn,2 (n > 2)

Scheme 5. Two Steps (a) and (b) of the Strecker Synthesis in Acidic Media

barrierless, thus allowing the direct formation of the C−N bond
in solvated aminomethanol B1NW2,2.
The most favorable process involving only one active
molecule of water, NW2,1, involves six membered ring
structures solvated by one passive molecule of water (Scheme
5, n = 2, bottom path). The reaction is analogous to that
described above for the NW1,1 system but with one “external”
water molecule. It is interesting to compare the corresponding
energy proﬁles (Figure 2 for NW1,1 and Figure SI1 of the
Supporting Information for NW2,1). Barriers for steps (b) are
essentially the same (∼145 kJ mol−1), thus pointing to a
negligible eﬀect of the external molecule of water on this
reaction. By contrast, the role of the “external” water molecule
on the critical energy of step (a) is noticeable: 63 kJ mol−1 for
ABNW1,1 and 16 kJ mol−1 for ABNW2,1. Introducing the bulk
solvent eﬀect using the CPCM procedure does not drastically
change the overall potential energy proﬁle of this system
(Figure SI1).
In summary, examination of the system NW2 shows that
formation of the aminoalcohol intermediate (step (a) of the
Strecker reaction) may occur via concerted reactions involving
either six (one active molecule of water, NW2,1) or eight (two
active molecules of water, NW2,2) membered transition
structures. The most favorable mechanism, depicted in Scheme
4 and Figure 3, implies the active participation of two molecules
of water. Moreover, the formation of aminomethanol is even
predicted to be spontaneous if the solvent environment is
considered using the CPCM procedure. Diﬃculties arise,
however, when considering the second step (b) of this process.
Accordingly, the transition structure BCNW2,2 is situated 45 kJ
mol−1 above the reactants and 91 kJ mol−1 above the stable

complexes characterized by an elongated C···N bond and
cooperative network of hydrogen bonds. Some of them may
result in the formation of solvated aminoalcohol via processes
involving zero, one or two active molecules of water (NW2,0,
NW2,1, or NW2,2 processes). Only the potential energy
proﬁle of the latter process is presented in Figure 3, the two
other channels are illustrated by Figure SI1 appearing in the
Supporting Information. A summary of the mechanistic aspects
of the two reaction steps examined here is given in Scheme 4 (n
= 2).
The less energy demanding path is followed by the NW2,2
system where the two molecules of water play an active
catalytic role (Scheme 4, n = 2, upper path).
The starting complex, ANW2,2, exhibits a cooperative
hydrogen bond network clumping together the two reactants
and the two water molecules. It is interesting to note that the
OCH2···NH3 distance in ANW2,2 is equal to 2.37 Å, thus
pointing to a shortening with respect to ANW0 and ANW1,1. A
concerted process involving three hydrogen atoms and a C−N
bond formation leads to B1NW2,2 (Figure 3). The critical energy
for the step (a) ANW2,2 → B1NW2,2 is equal to only 37 kJ mol−1,
i.e., 26 kJ mol−1 less than the corresponding step in the system
NW1,1. This catalytic eﬀect due to the presence of the second
molecule of water, is also signiﬁcant, but to a lesser extent, for
the second step (b): comparison of B2NW1,1 → CNW1,1 and
B2NW2,2 → CNW2,2 shows a decrease of 24 kJ mol−1.
The aqueous environment as simulated by the CPCM model
reduces once again the critical energies for steps (a) (ANW2,2 →
B1NW2,2) and (b) (B2NW2,2 → CNW2,2) by 36 and 23 kJ mol−1,
respectively. Interestingly enough and as already noted by Chen
and Woon,31 the reaction ANW2,2 → B1NW2,2 is predicted to be
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Figure 4. Zero Kelvin enthalpy proﬁle for the NW3 system with “active catalysis” by two water molecules plus 1 water “spectator” molecule
(NW3,2); dotted lines = CPCM calculations.

Figure 5. Zero Kelvin enthalpy proﬁle for the NW4 system with “active catalysis” by two water molecules plus 2 water “spectator” molecules
(NW4,2); dotted lines = CPCM calculations.

NW3 and NW4 Systems. In the case of a formaldehyde−
ammonia system microsolvated by three and four molecules of

complex ANW2,2, thus preventing any possible spontaneous
formation of the imine CH2NH.
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Scheme 6. Steps (a) and (b) of the Catalytic Routes PWn,0, PWn,1, and PWn,2 (n > 2)

Figure 6. Zero Kelvin enthalpy proﬁle for the PW0 system; dotted lines = CPCM/UAKS calculations.

waters, the most salient results are presented in Figures 4 and 5.
Additional results are also gathered in Figure SI2 and SI3 and
Tables SI5 and SI6.
The two major low energy processes associated with steps
(a) and (b) of the processes NW3 and NW4 are those where
one or two molecules of water act as active catalysts (as
summarized in Scheme 4 for n = 3 and 4). For both systems,
and mainly for step (b), the most energetically favorable paths
involve two active molecules of water (i.e., correspond to
NW3,2 and NW4,2 processes). By comparison with the system
NW2,2, it appears that introducing one or two more discrete
spectator molecules of water does not change drastically the

corresponding energy proﬁles (compare Figures 3, 4, and 5).
The corresponding decreases in critical energies are close to 10
kJ mol−1 for step (a) and to 20 kJ mol−1l for step (b). By
contrast with the NW2,2 case, no spectacular eﬀect of the bulk
solvent is predicted by the CPCM calculation. In particular, the
drastic lowering in critical energy observed for step (a) of the
NW2,2 route (from 37 to 1 kJ mol−1) is not reproduced for
NW3,2 and NW4,2.
In conclusion to this part devoted to the neutral systems
NWn (n = 0−4), a general comparison of the critical energies
associated with steps (a) and (b) as a function of the number of
molecules of water is proposed in Table 1.
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Figure 7. Zero Kelvin enthalpy proﬁle for the PW1 system: (i) “active catalysis” by 1 water molecule (PW1,1), and (ii), no active catalysis but 1
water “spectator” molecule (PW1,0); dotted lines = CPCM/UAKS calculations.

in the Strecker’s like reaction channel connecting formaldehyde
and methaneimine in the presence of a proton as summarized
in Scheme 6 (BPW0 and CPW0, respectively).
Ammonia is by far more basic than formaldehyde (proton
aﬃnities of NH3 and CH2O are equal to 854 and 713 kJ mol−1,
respectively)45 thus the most stable forms of the reactants are
neutral formaldehyde and the protonated ammonia. Approach
of these two entities leads to the proton bound complex APW0,
which is stabilized by ca. 80 kJ mol−1 with respect to its
components (Figure 6). It may be noted that this value is in
perfect agreement with experimental NH4+ clustering energies
reported earlier.45−47 Passage from complex APW0 to the Nprotonated aminomethanol, BPW0, involves a proton transfer
from the nitrogen to the oxygen atoms and a concomitant
formation of the C−N bond. This process, APW0 → BPW0,
passes through a transition structure ABPW0 (Figure 6) where
the NH3 moiety is almost at equal distance from the hydroxyl
and the methylene groups (d(O···N) = 2.96 and d(C···N) =
2.77 Å). Formation of this transition structure needs
approximately 150 kJ mol−1 (Figure 6), a major part of
which is due to the initial proton transfer (the proton transfer
from ammonium cation to formaldehyde is associated with an
endothermicity of 144 kJ mol−1).
The second step of the reaction is the tautomerization BPW0
→ CPW0 (step (b), Figure 6), which involves a 1,3 proton
migration. The G3B3 calculated critical energy for this reaction
is 131 kJ mol−1, this value is in agreement with previous
calculations done at lower level of theory: 122 kJ mol−1 at the
MP2/6-31G(d,p)+ZPE level48 and 144 kJ mol−1 at the B3LYP/
6-31G(d,p) level.27 The oxygen protonated aminomethanol,
CPW0, appears to be a complex between the immonium cation
and a water molecule since the distance between O and C
(2.275 Å) is by far larger than a covalent bond.

Bringing together the data presented in this Table 1 and in
Figures 1−5, it appears that the introduction of two molecules
of water brings the major part of the structural and energetic
change which may be induced by the solvation in aqueous
media. If the decisive role of the ﬁrst molecule of water clearly
appears during step (a), this active participation of the water
molecules is, however, not suﬃcient to overcome the highest
transition structure of the overall reaction CH2O + NH3 →
CH2NH + H2O, namely, the isomerization step (b).
In addition, one may note that the occurrence of a
competitive dissociation path leading to the ionized species
OH− and CH2NH2+ should be excluded. Accordingly, the
energies required for these processes to occur are higher than
that presented above for the CH2O + NH3 → CH2NH +
H2O process by no less than ∼450 kJ mol−1 in the gas phase
and ∼70 kJ mol−1 in solution (details of the calculations are
presented in Figure SI8 and Table SI12).
3.II. First Step of the Strecker Synthesis in Acidic
Media. For the sake of clarity, most of the details of the G3B3
calculations are presented in the Supporting Information part
(Tables SI7 to SI11 for the H°0, H°298, and G°298, Figure SI4 to
SI6 for the chemical structures).
PW0 System. Thirty years ago, it has been predicted, on the
basis of theoretical calculations, that CH2O and NH3 may react
in the presence of a proton to generate several CONH6+
complexes.43 Three protons bound complexes of the form
CH2OH+···NH3, CH2NH2+···OH2 and H2NCH2+···OH2 together with two covalent structures +H3NCH2OH and
H2NCH2OH2+ were predicted to be stable species in the gas
phase. One year later, Terlouw and co-workers44 conﬁrmed this
proposal by experimentally identifying some of these complexes
by mass spectrometry. The two covalent structures
+
H3NCH2OH and H2NCH2OH2+ are possible intermediates
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Figure 8. Zero Kelvin enthalpy proﬁle for the PW2 system: (i) no active catalysis but two water “spectator” molecules, (PW2,0), (ii) “active
catalysis” by one water molecule plus one water “spectator” molecule, (PW2,1), (iii) “active catalysis” by two water molecules (PW2,2); dotted lines
= CPCM/UAKS calculations (for clarity, structures are presented separately in Figure SI4 of the SI).

particularly interesting: structures APW1,0 and APW1,1 (Figure
7). The most stable structure, APW1,0, corresponds to the
situation where the ammonium cation stands in a central
position, playing a double role of proton bond donor toward
the oxygen atoms of the two basic molecules CH2O and OH2.
In the second structure APW1,1 (Figure 7), situated 14 kJ mol−1
above APW1,0, the central position is occupied by the water
molecule thus allowing the formation of a network of
cooperative hydrogen bonds between the three components.
Two reaction paths for the formation of the water solvated
nitrogen protonated aminomethanol, BPW1, may be envisaged
depending upon the initial formation of complexes APW1,0 or
APW1,1 (Scheme 6). It is noteworthy that structure APW1,0 may
be seen as structure APW0, described in the preceding part,
solvated by one passive molecule of water. Reaction APW1,0 →
BPW1,0 is consequently similar to reaction APW0 → BPW0, the
added water molecule acting as a passive catalyst. Starting from
APW1,1 the situation is completely diﬀerent since the added
water molecule is situated between formaldehyde and the
ammonium cation. It consequently can play an active part in
the formation of BPW1,1 by bringing together the oxygen and
nitrogen atoms through a six-membered transition structure. As
expected, this latter route is energetically favored over APW1,0 →
BPW1,0. Accordingly, transition structure ABPW1,0 is situated 52
kJ mol−1 above ABPW1,1 (Figure 7).
Structure APW1,1 is more stable in a linear conformation in
which the nitrogen and carbon atoms are far to each other. In
order to produce structure BPW1,1, the reaction needs a
migration of the NH3 group toward the carbon of the
formaldehyde molecule and a proton exchange relayed by the
water molecule. The corresponding transition structure,
ABPW1,1 (Figure 7) clearly shows these geometrical constraints.

It appears clearly from Figure 6 that the reaction CH2O +
NH4+ → CH2NH2+ + OH2 is not possible unless the reactants
are activated by more than 70 kJ mol−1. By contrast, formation
of the CH2NH2+ + OH2 products seems energetically possible
from the couple of reactants CH2OH+ + NH3. However, the
proton transfer reaction CH2OH+ + NH3 → CH2O + NH4+ is
expected to be more eﬃcient due to its large exothermicity
(ΔH° = 144 kJ mol−1). This has been conﬁrmed by
experiments performed in an ion cyclotron resonance (ICR)
mass spectrometer by allowing to react thermalized CH2OH+
ions with NH3 under a pressure of 10−8 mbar.48 Accordingly,
only the proton transfer reaction is observed. Moreover,
deuterium labeling shows that the hydroxylic hydrogen is
exclusively exchanged during the proton transfer reaction,
suggesting a direct mechanism CH2OH+ + NH3 → CH2O +
NH4+. This is conﬁrmed by the fact that this reaction occurs
close to its collision rate (∼10 −9 cm 3 ·molec −1 ·s −1 ). 49
Considering the dynamic range of the ICR instrument, the
eﬃciency of the CH2OH+ + NH3 → CH2NH2+ + OH2 reaction
may be estimated to be less than 1% of the CH2O + NH4+
formation, and this corresponds to a maximum value of the
bimolecular rate constant of ca. 10−11 cm3·molec−1·s−1.48
Taking into account the global solvent eﬀect using the
CPCM/UAKS methodology induces a signiﬁcant eﬀect on the
stability of the protonated aminoalcohol intermediate BPW0 (69
kJ mol−1) and, to a lesser extent, of the transition structure
BCPW0 (38 kJ mol−1, Figure 6). The net result is an increase of
the activation barrier of step (b).
PW1 System. Addition of one molecule of water to the
system [CH2O + NH4+] is expected to produce a large number
of complexes stabilized by internal hydrogen bonds. In the
framework of the present study, two possibilities were
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Figure 9. Zero Kelvin enthalpy proﬁle for the PW3 system: (i) no active catalysis but three water “spectator” molecules (PW3,0), (ii) “active
catalysis” by one water molecule plus two water “spectator” molecules ((PW3,1), (iii) “active catalysis” by two water molecules plus one water
“spectator” molecule (PW3,2) ; dotted lines = CPCM/UAKS calculations (for clarity, structures are presented separately in Figure SI5 of the SI).

part played by the second passive molecule of water is
negligible.
The lowest energy process corresponding to the active
catalysis by one molecule of water starts with structure APW2,1,
which consists in its lower homologue APW1,1 solvated by the
second molecule of water. This latter establishes a hydrogen
bond with the ﬁrst molecule of water which creates a bridge
between formaldehyde and the ammonium cation. Interestingly
enough, this hydrogen bonding is preserved during steps (a)
and (b) of the reaction, thus providing comparable stabilization
energy for each reaction intermediate. As a consequence, the
potential energy proﬁles associated with reaction PW1,1
(Figure 7) and PW2,1 (Figure 8) are very similar.
Structure APW2,2 consists in a linear arrangement of the type:
H3NH+···OH2···OH2···OCH2. This structure is slightly less
stable than APW2,0 or APW2,1 (presented in Figure SI4) but its
cyclization is expected to favor the formation of the C−N bond
through an eight-membered transition structure. Indeed, the
process APW2,2 → BPW2,2 is one of the two pathways (a) of
lowest energy. Its transition structure is situated approximately
at the same energy level as the APW2,1 → BPW2,1 route (see
Figure 8). It appears, however, that the pathway of lowest
critical energy is APW2,2 → BPW2,2 (82 kJ mol−1, Figure 8).
Concerning step (b) of the PW2,2 process, all our tentative
converged toward PW2,1 routes, i.e., it seems impossible to
imply two active molecules of water during the proton
migration BPW2 → CPW2. Unavoidably, one molecule of water
escapes the heart of the system to take a lateral position and
play a passive catalytic role.
As already noted for the lower homologue systems,
simulation of the solvent eﬀect by the CPCM/UAKS procedure
has a noticeable incidence on the stability of the intermediate
structures B and on the transition structures ABPW2,2 and
BCPW2,1 leading to stabilization energies situated in the range
40−50 kJ mol−1 for both reaction steps.

After passing the transition structure ABPW1,1 the system
promptly relaxes to complex B1PW1,1. Rotation around the CO
bond leads to complex B2PW1,1, which allows isomerization to
CPW1,1 by a concerted (cooperative) double hydrogen
migration through BCPW1,1 (Figure 7). It may be noted that
complex CPW1,1 is in fact a terbody structure, which consists of
an immonium ion solvated by two molecules of water.
If we compare the two systems PW0 and PW1, it appears
that the role of the added molecule of water is to signiﬁcantly
decrease the critical energy of the step (b) of the reaction.
Accordingly, the transition structure BCPW1,1 is situated ∼40 kJ
mol−1 below ABPW1,1 (Figure 7), the diﬀerence was only 7 kJ
mol−1 between ABPW0 and BCPW0 (Figure 6).
Once again, consideration of the global solvent eﬀect by the
CPCM/UAKS method induces a signiﬁcant stabilization of the
protonated aminoalcohol B and of the transition structure BC.
Indeed, B1PW1,1, B2PW1,1, and BCPW1,1 are shifted downward by
approximately 60 kJ mol−1. Note that a comparable eﬀect was
also noted for BPW0. A stabilization of the transition structure
ABPW1 of ca. 20 kJ mol−1 is observed here while, by
comparison, no such eﬀect was noted for ABPW0 (Figure 7).
PW2 System. Complexes formed by association of the
reactants CH2O and NH4+ with two molecules of water may
obviously present a large panel of structures. The most
signiﬁcant structures relevant to reactions involving zero, one,
or two active molecules of water and discussed in the lines
below are presented in Figure SI4. The corresponding energy
proﬁles are presented in Figure 8.
As expected, the highest energy process corresponds to the
PW2,0 route. The various stable and transition structures
involved, starting from APW2,0 to generate CPW2,0, present clear
analogies with their lower homologues APW1,0 to CPW1,0. A
second observation is that the critical energies of the
corresponding steps (a) and (b) are practically unchanged
from PW1,0 (Figure 7) to PW2,0 (Figure 8). Apparently, the
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Figure 10. Zero Kelvin enthalpy proﬁle for the PW4 system: (i) no active catalysis but four water “spectator” molecules (PW4,0), (ii) “active
catalysis” by one water molecule plus three water “spectator” molecules (PW4,1), (iii) “active catalysis” by two water molecules plus two water
“spectator” molecules (PW4,2) ; dotted lines = CPCM/UAKS calculations (for clarity, structures are presented separately in Figure SI6 of the SI).

PW3 and PW4 Systems. Figures SI5 and SI6 contain views
of the most important structures involved during the Strecker
synthesis in acidic media (Scheme 6) in the presence of three
and four molecules of water. The corresponding potential
energy proﬁles are presented in Figures 9 (system PW3) and
10 (system PW4). For both systems, establishment of a
complete reaction path, including the two steps (a) and (b) of
the Strecker reaction, has been possible only for the catalysis by
one active molecule of water (paths PW3,1 and PW4,1). Only
step (a) has been identiﬁed for the paths PW3,2 and PW4,2
and step (b) for the paths PW3,0 and PW4,0. From a
mechanistic point of view, all these reaction paths correspond
to the view sketched in Scheme 6. Passive solvation of the
various species occurs between the oxygen of the added water
molecules and the positively charged hydrogen atoms of the
amino or hydroxyl groups.
Finally, a gain in stability of 40−60 kJ mol−1 is again
observed for aminoalocohols B and the corresponding
transition structures BC on the path PW3,1 and PW4,1, by
introducing the global solvent eﬀect.
The main observations that emerge from this exploration of
the Strecker reaction in acidic media are the following. First,
due to the presence of the positive charge, all noncovalent
interactions become essential: the ﬁrst approach complexes
APWn are stabilized by 80 to 270 kJ mol−1 with respect to their
separated component. By comparison, this stabilization attains
only 10 to 100 kJ mol−1 for the neutral systems ANWn. Second,
the energy determining step in the protonated systems PWn is
always step (a), while it was step (b) for the neutral reactions
NWn. Note however, that the diﬀerences in critical energies
between steps (a) and (b) in the protonated systems PWn
rarely exceed 45 kJ mol−1 (see Table 2 where a general
comparison of the critical energies associated with processes
PWn,0, PWn,1, and PWn,2 is presented); for the neutral
system the corresponding diﬀerence was generally larger than
85 kJ mol−1 (Table 1). As also observed for the neutral systems,
the fully passive catalysis routes PWn,0 have the highest critical
energies. A comparison between the catalysis by one or two

active molecules of water is only possible for steps (a): in the
three cases, the critical energies of the PWn,2 process is lower
than that corresponding to the PWn,1 route (Table 2).
Finally, taking into account the solvent eﬀect by the CPCM/
UAKS method does not change the preceding conclusions
since the corresponding critical energies remains overall close
to that calculated for the reactions occurring in the gas-phase
(Table 2).
3.III. The Strecker Synthesis in Interstellar- or
Astrochemistry. In the light of the present results, it appears
that the two ﬁrst steps of the Strecker synthesis are associated
with a non-negligible energy barrier, larger than or close to
∼100 kJ mol−1. The energy determining step is step (a), i.e.,
formation of the aminoalcohol, when the reaction occurs in the
presence of a proton, or, step (b), i.e., dehydration of
aminoalcohol to produce the corresponding imine when the
reaction occurs in neutral media. Obviously, passage over one
of these energy barriers needs an activation of either the
reactant aldehyde plus ammonia or the intermediate aminoalcohol. In the context of the Strecker reaction as a possible way
to the ﬁrst amino acids in prebiotic chemistry, such activation
may be provided by various sources (absorption of electromagnetic radiation, impact of cosmic ray, collisions with high
energy particles, etc.), the extensive examination of which goes
beyond the scope of the present study. We would like to
underline here the possibility of chemical activation originating
from the protonation process in the gas phase.
A ﬁrst scenario, possible in the large time scale of prebiotic
chemistry, would be a combination of step (a) in the neutral
media (see the NW2,2 reaction in the bulk solvent, which is
practically barrierless, Table 1) and step (b) in a local
protonated zone (PW2,1 is the less energy demanding process
in the bulk solvent, but it still needs 70 kJ mol−1, Table 2). A
second possibility is to activate the reactant A by a prior intake
of internal energy. From this point of view, it may be recalled
that the initial protonation of one of the reactant in the gas
phase may bring the required amount of internal energy if no
deactivation by collision or radiation emission occur. In the
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interstellar media, the most abundant protonating agent is the
H3+ cation. Since the proton aﬃnity of H2 is equal to PA(H2) =
424 kJ mol−1,45 reaction of H3+ by proton transfer with a base B
leads to products BH+ + H2 containing an excess internal
energy equal to PA(B) − 424 kJ mol−1. For example,
protonation by H3+ of small organic molecules such as H2O,
H2CO, NH3, and H2CNH whose PA are equal to 691, 713,
854, and 869 kJ mol−1,45 respectively, produce species
containing internal energies situated between 170 and 445 kJ
mol−1. In particular, in the absence of deactivation processes,
protonation of ammonia by H3+ would bring 430 kJ mol−1
internal energy of the products. This contribution is suﬃciently
high to promote the passage of steps (a) and (b) in acidic
media as considered in the systems PWn. It is also possible to
consider protonation of the intermediate structures B by the
H3+ cation after formation of the former in neutral phase, for
example by the barrierless process NW2,2. The G3B3
calculated proton aﬃnity of H2NCH2OH is equal to 883 kJ
mol−1 (this work). Protonation of this species by H3+ generates
H3NCH2OH+ cation containing at most 460 kJ mol−1, a
quantity amply suﬃcient to allow the passage above the energy
barrier associated with step (b) in the systems PWn.
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CONCLUSION

■

Considering the whole results presented here on systems NWn
and PWn, the Strecker synthesis of glycine seems unlikely to
spontaneously occur in the gas phase or in aqueous solution
without supplementary activation or catalysis. For the neutral
reaction NWn the energy determining step (b) requires ca.
100−240 kJ mol−1 in the gas-phase and in solution. Moreover,
in all the studied neutral systems (n = 0−4), the transition
structure for reaction step (b) is above that corresponding to
step (a) (by at least 30 kJ mol−1, Table 1 and Figures 1−5).
Concerning the protonated systems PWn, a comparable
situation is predicted, but steps (a) and (b) play reversed
roles. Indeed, the critical energies of step (a) are in the range
80−170 kJ mol−1 in the gas phase (50−160 kJ mol−1 in
aqueous media) and the corresponding transition structure is
ca. 40 kJ mol−1 that of step (b) (Table 2 and Figures 6−10).
One must conclude that the ﬁrst steps of the Strecker synthesis
have to face an energy barrier of ∼100 kJ mol−1 in order to
produce the imine RCHNH, starting from the corresponding
aldehyde RCHO.
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