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Abstract: We have performed a detailed study of the title reaction, which is the key step of one of the most
realistic processes suggested for the prebiotic synthesis of amino acids. From a methodological point of view,
our results confirm the reliability of the integrated computational tool formed by the B3LYP density functional
model and the polarizable continuum model for the description of solvent effects. From a more chemical point
of view, the reaction is quite unlikely in the gas phase due to the presence of significant reaction barriers,
whereas the aqueous medium leads to a more feasible mechanism thanks to the preferential solvation of
zwitterionic transition structures. Both specific and bulk solvent effects play a role in determining the overall

mechanism.

Introduction Scheme 1

In the Strecker synthesis, aw-amino acid is formed by HCN
treatment of an aldehyde by hydrogen cyanide in the presence H ji
of agueous ammonf&T his reaction, which is of great practical o] H,0 HO OH HON HO CN
interest?® has been proposed as the prebiotic process by which )k — >/ o >/
amino acids appeared on the primitive edrtin. his famous T H "H ? H "H
experimeng Miller obtained various amino acids by sparking formaldehyde dihydroxymethyane hydroxyacetonitrile
mixtures of CH, NHs, H,O, and H. He proposed that aldehydes (hydrate)
and HCN were formed in the sparks and then dissolved in water,
where they furthe_r reacted to give inter alla} amino aéids. NH; NHs , - Hy0 NH; , - H,0
Because the precise composition of the prebiotic earth atmo-
sphere is still a matter of debate, such experiments have been
repeated using various gas mixtures and varying the energy 1o NH, NC NH,
sources.However, and even though alternative routes to amino HCN, - H,0 >/
acids have been proposéthe possibility of a prebiotic Strecker 1 T IS H
synthesis still remains as a realistic and seductive hypothesis. ,pinehydroxymethane aminoacetonitrile

Strecker precursors for the simplestamino acid, glycine,
are formaldehyde, hydrogen cyanide, ammonia, and water.
Scheme 1 summarizes the possible reactions with this four- HON '
component mixture. hydrolysis
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Addition of Hydrogen Cyanide to Methanimine

ing from the addition of water onto formaldehyde, can be an

intermediate in all these processes. Protons, which are necessary

to activate OH and Nklas leaving groups, have been omitted
in this scheme.

In this paper, we will focus our interest on the reaction of
methanimine with HCN. This is the first part of a work currently
in progress in our laboratories about the general picture
presented in Scheme 1. We thought that this step, in which a
C—C bond is formed, was of crucial importance. It might have
been the first € C bond formed in the history of life! Even
though this bond could also be formed by ways (i) or (ii), kinetic
studies have shown that the intermediacy of an imine in such
processes is plausibtdzurthermore, in their attempts to develop
enantioselective versions of the Strecker reaction, chemists
generally use the addition of HCN (or N&CN) to preformed
imines? They will find some information about the mechanism
of this reaction in the present paper.

Among the various scenarios proposed for the origin of life

on earth, one theory emphasizes the assumption that the basic

constituents of biopolymers, including the monomers of proteins,
o-amino acids, may have come from space. As methanimine
and hydrogen cyanide are two well-known interstellar mol-
ecules’ one can postulate that they might have reacted in the
interstellar space, to form aminoacetonitrile, and thus to provide
a source for extraterrestrial glycine. That is why the first part
of this paper will be devoted to the in-vacuum reaction of HCN
with methanimine in the absence of any further molecule. To
the best of our knowledge, no previous quantum mechanical
studies have been published about the mechanism of this
reaction.

To date, amino acids have not been detected in the interstellar

space, but some of them, including glycine, have been discov-

ered on the surface of meteorites. On such surfaces, in particular H

on interstellar dusts, a few water molecules could modify the
mechanism of the reaction between isolated HCN and methan-
imine. This is the subject of the second part of our study.

Coming back to the hypothesis that glycine was formed on
earth, most probably in the sea, we will then present our results
about the addition of HCN to methanimine in aqueous solution,
using a continuum solvent model. Specific solvent effects have
also been analyzed by calculations including, besides the
continuum, a few explicit water molecules.

Computational Details

All the calculations were carried out using the Gaussian98 program
packagé? The equilibrium and transition structures were fully opti-
mized by HF, B3LYP, and MP2(fc) methods using the 6+&l(d,p)
basis set! B3LYP/6-31+G(d,p)-optimized geometries were used in
single-point energy calculations at the B3LYP/6-313(3df,2p) level,

(8) Taillades, J.; Commeyras, Aetrahedron1974 30, 2493.

(9) Delsemme, A. HAdv. Space Resl989 9, 25.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98Revision A.6; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(11) Description of basis set and explanation of standard levels of theory
can be found in the following: Foresman, J. B.; Frisch, Eploring
Chemistry with Electronic Structure Methqddnd ed.: Gaussian, Inc.:
Pittsburgh, PA, 1996.
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Figure 1. Optimized structures of the stationary points governing the
reaction between hydrogen cyanide and methanimine according to MP2/
6-31+G(d,p) (plain characters), B3LYP/6-3G(d,p) (italic characters),

and B3LYP-C-PCM/6-31+G(d,p) (underlined characters).

while MP2/6-31-G(d,p)-optimized structures were used for QCISD-
(T)/6-314-G(d,p) and G2(MP2) calculatiod$Intrinsic reaction paths
(IRPs}? were traced starting from the various transition structures to
make sure that no further intermediate exists together with those
sketched in Figure 1. Harmonic frequencies of the B3LYP/6-3G1
(d,p)-optimized structures were calculated in order to confirm the nature
of the stationary points and to obtain zero-point energies (ZPE) and
thermal corrections to enthalpies and free energies at 298.15 K in the
usual rigid-rotor harmonic oscillator approximation.

Three different strategies were used to investigate the role of solvent
effects. At first, the solvent was considered as a macroscopic and
continuous medium using the version of the polarizable continuum
model (PCM) implemented by two of us in the Gaussian series of
programst? In this model, the variation of the free energy when going
from vacuum to solution is composed of the work required to build a
cavity in the solvent (cavitation energysca) together with the
electrostatic Ge)) and nonelectrostatic worlGisp + Grep), cOnnected
with charging the solvent and switching on sola®lvent interac-
tions!® Besides these terms (whose sum is referred Wg@swe have
taken into account the contributions to free energies issuing from the
structural differences between molecules in the gas phase and in solution
(Wgeom) @and from the corresponding modifications of solutes partition
functions. Concerning this last term, we have assumed that translation
and rotation contributions remain unmodified (i.e., that the solute has
a very large volume available in solvent and that it can freely rotate),

(12) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.
(13) Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Ghem. Phys. Lett
1996 255, 327.
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whereas we have explicitly computed the variation of harmonic
frequencies. As a consequence, this term will be referred W.as
Geometry optimizations and evaluation of harmonic frequencies have
been performed using a modified version of the Gaussian package, in
which improved algorithms have been introduced for the computation
of first energy derivatives with respect to geometric parameters of
solvated moleculé$ and analytical second derivatives can also be
obtained® furthermore, this version allows for a proper use of molecular
symmetry even in the presence of the solVé@eometry optimizations
and evaluations of Hessian matrixes were performed with the conductor
variant (C-PCM)” whereas final energy evaluations were performed
with the standard dielectric version (D-PCM) and a very refined
compensation of polarization chargésSince our most sophisticated
procedure for generating solute cavities (united atom topological model,
UATM) 8 is not fully self-consistent for reaction intermediates and

Arnaud et al.

Table 1. Relative Energies (kcal mol) of the Stationary Points
Governing the Reaction between Methanimine and Hydrogen
Cyanide in a Vacuum

structure  HE®  B3LYP2bc  MP2P QCISD(TR® G2MP2
11 -65 —6.8(-6.00 —7.2 -7.0 -5.1
TS1 258  25.7(26.2) 27.1 27.2 27.1
07 29(4.3) 6.8 45 5.8
TS2 284 32.2(32.3) 355 35.2 36.1
Pl  -255 -265(27.1) —271 -23.1 -21.6
TS3 - 22.0 (23.5) 27.0 27.1 28.2
P2 -117 -92(71) —6.3 -6.5 -3.7

aWith respect to reactants, whose total energies (Hartree) are
—186.92086 (HF);~188.07122 {-188.12929) (B3LYP);-187.52099
(MP2),—187.57342 (QCISD(T));-187.63608 (G2(MP2) Using the
6-31+G(d,p) basis set Values in parentheses correspond to single-

transition states, we have resorted to the more conventional set of point calculation using the 6-331G(3df,2p) basis set.

Pauling radiit® which, despite giving less reliable absolute values of
solvation energies, is completely adequate in the evaluation of relative
values for closely related species.

Then, specific solvent molecules were explicitly included in the
computations both in a vacuum and including bulk solvent effects by
the PCM.

To gain additional insight into the bonding characteristics of

Table 2. Calculated Charge Transfgr(Electron Unit)2 Dipole
Momentu (Debye), and Bond Critical Point (bcp) Analysis in the
Stationary Points Governing the Reaction between Methanimine and
Hydrogen Cyanide in a Vacuum (All Calculations Performed at the
B3LYP/6-314+G(d,p) Level)

intermediates and transition structures, we have also used the atoms in

molecules (AIM) theory of Badéef, which is based on a topological
analysis of the electron density functip(r) and of its Laplaciarv?p(r)

at the bond critical points (bcp’s). Local depletion of the electronic
charge ¥?o(r) > 0) corresponds to interactions between closed-shell
systems (ionic bond, hydrogen bond, van der Waals molecules), while
the inverse V2p(r) < 0) corresponds to covalent bonds. We have also
performed a natural population analysis (NFAhich yields reliable
atomic charges and provides a chemical description of the bonding in
terms of interactions between localized hybrid orbitals.

Results and Discussion

A. H,C=NH + HCN Reaction Mechanism in Vacuo
Figure 1 shows the most significant geometrical parameters of
all the stationary points located both at the B3LYP/6+&-
(d,p) and at the MP2/6-31G(d,p) levels on the potential energy
surface (PES) governing addition of hydrogen cyanide to

structures q u bond o(Nbep V2p(r)P

11 —0.035 6.3 N—He 0.023 0.058
TS1 —0.802 10.1 N—Heg 0.265 —1.312

Ng—He 0.050 0.086

Ng—Ha 0.014 0.049
12 —-0.124 6.9 N—He 0.040 0.092
TS2 —0.803 9.0 N—Hsg 0.020 0.064
P1 - 2.6 C—C; 0.256 —0.655
TS3 —0.527 5.9 G—Ns 0.067 0.073
P2 - 2.6 G—Ny 0.249 —0.594

a Amount of charge transfer fromJ8=NH (or H,C=NH,") to HCN
(or CN"); a negative value indicates electron transfer fropCHNH
to HCN. b See Figure 1 for atom numbering.

the B3LYP level. The existence of this weak bond is confirmed
by both the positive value o¥2p(r) issuing from the AIM
analysis (see Table 2) and the weak imindrydrogen cyanide
charge transfer (0.035 electron unit) obtained from the NPA.

methanimine. The corresponding relative energies are collectedFrom an energetic point of viewl is 5—7 kcal mol* more

in Table 1, and some additional information about electronic
characteristics is given in Table 2.

In general terms, relative energies are little sensitive to the
level of calculation, and enlargement of the basis set from
6-31+G(d,p) to 6-31%G(3df,2p) never changes B3LYP relative
energies by more than 2.0 kcal malFrom a geometrical point
of view, B3LYP and MP2 models give similar trends, and from
an energetic point of view, B3LYP results are close to those
issuing from the very reliable (but much more expensive) G2-
(MP2) procedure. Thus, both AIM and NPA computations have
been performed using B3LYP/6-31(d,p) electron densities,
and adducts involving explicit water molecules have been
studied at the B3LYP level only.

The first stationary point located on the PES is tHe
complex. It presents a weak N- - -HCN hydrogen bond with a
N- - -H distance of 2.118 A at the MP2 level and of 2.071 A at

(14) (a) Barone, V.; Cossi, M.; Tomasi,J.Comput. Chenil998 19,
404. (b) Mennucci, B.; Cances, E.; TomasiJJPhys. ChemA 1997 101,
10506.

(15) Cossi, M.; Barone, VJ. Chem. Phys1998 109 6246.

(16) Scalmani, G.; Barone, \Chem. Phys. Lettl999 301, 263.

(17) Cossi, M.; Barone, VJ. Phys. Chem. A998 102, 1995.

(18) Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210.

(19) Bader, R. F. WAtoms in Molecules. A Quantum Thep@xford
University Press: Oxford, U. K., 1990.

(20) Curtiss, L. A.; Pochatko, D. J.; Reed, A. E.; Weinhold) FChem.
Phys 1983 82, 2679. See also: Reed, A. E.; Curtiss, L. A.; Weinhold, F.
Chem. Re. 1988 88, 899.

stable than the reactantsl evolves to thel2 intermediate
through theCs transition stateTS1 with a quite high energy
barrier (27 kcal moil). Full characterization ofTS1 by
frequency and IRP calculations shows that it connects directly
I1 to 12, leading to the association of methanimine with
hydrogen isocyanidel S1 exhibits a structure with the imine
moiety almost protonatedH0.802 eu) and a N-Hg covalent
bond. In this connection, it is worth mentioning that the
calculated proton affinity of methanimine (206.8 and 205.7 kcal
mol~! at the B3LYP/6-3%+G(d,p) and G2 levels, respectively)
is close to the computed proton affinity of NK204.0 and 204.1
kcal mol!l at the G2 and CCSD(T)/6-31G(d,p) levels,
respectively), which is, in turn, in excellent agreement with the
experimental value of 204t 1 kcal molt.2! Surprisingly,
despite the —C; distance around 1.8 A, no bcp was found
between Hand G; on the other hand, the AIM analysis reveals
the presence of a weakgNHg bond (see Table 2). The high
value of the dipole moment (10.1 D) points to the zwitterionic
character offS1 and suggests that solvent effects could play a
crucial role when the reaction occurs in a polar protic solvent,
such as the agueous ammonia solutiori2lrthe N»- - -Hg bond

is shorter than that il by about 0.25 A; the value q(r)
indicates also a stronger,NHg hydrogen bond (0.0399 vs

(21) (a) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J.A.
Chem. Phys199], 94, 7221. (b) Peterson, K. A.; Xantheas, S. S.; Dixon,
D. A.; Dunning, T. H., JrJ. Phys. Chem. A998 102 2449.
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Table 3. Relative Thermodynamic Contributions (kcal mblat
298.15 K for the Stationary Points Governing the Reaction between
Methanimine and Hydrogen Cyanide in a Vacdum

AH AG
structure A(ZPE) —TAS B3LYP G2(MP2) B3LYP G2(MP2)
11 1.3 72 -56 -39 1.6 3.3
TS1 1.3 93 261 275 354  36.8
12 1.4 7.8 4.1 5.7 11.9 135
TS2 2.4 9.4 338 37.7 432 471
P1 46 104 -231 -182 —127 —78
TS3 29 100 239 30.1 339 401
P2 45 103 -58 0.3 45 100

aWith respect to reactants, whose ZPRAS, AH, andAG values
are 35.3, 30.6, 39.9, and 9.3 kcal mbol

0.0234)?223 This increase of the association’s strength is
confirmed by the larger charge transferred from imine to HNC
in 12 (0.035 and 0.124 foll and 2, respectively). Fronm2,

the cyano addition proceeds throuf82 with an energy barrier

of about 30 kcal maoil. The AIM analysis, as well as the
geometrical structure of TS2, suggests that the Ng bond in
the HNC moiety has not been fully brokep() = 0.0203),
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geometric parameters of all the stationary points located using
the PCM representation of aqueous solution are compared in
Figure 1 to their counterparts computed in a vacuum. The
relative Gibb’s energies in aqueous solution are collected in

whereas the same method does not evidence any bond betweemable 4, and the free energy profile is sketched in Figure 2.
the carbon or the nitrogen of the cyano group and the attacked The results shown in Figure 1 are indicative of the large

carbon atom € The cyano addition to the ammonium ion is
achieved for theP1 product, the most stable structure of the
whole PES. The isocyano prodiR2 is, indeed, less stable than
P1 by about 18 kcal mol* according to both B3LYP and G2-
(MP2) methods. Along the pathway leadingRa, the reaction
energy varies between21.6 and—27.0 kcal mot?, depending
on the level of calculation. However, one can notice that,
according to the IRP traced at the HF levE§2 leads to the
isocyano producP2, whereas at the B3LYP and MP2 levels,
P2is obtained vial S3. This latter transition structure is slightly
tighter, with an average interfragment distance of 2.1 A. Electron
density p(r) and its LaplaciaW?o(r) seem to explain the
evolution of TS3 toward P2 better than geometric parameters.

changes induced by the solvent on the interfragment distances.
For instance, the intermoleculapN -Hg bond is shortened in
solution by 0.1 and 0.2 A foil and|2, respectively, and at the
same time, the €H bond of HCN and the NH bond of HNC

are lengthened. Thus, in aqueous solutidnand 12 are best
prepared for proton transfer between both fragments. These
trends are even more striking for the transition structures, which
are characterized by interfragment distances larger by @24

A in solution than those in the gas phase. These effects are
clearly related to the preferential stabilization of structures
involving charge separation by polar solvents. On the other hand,
as expected, the geometrical structure®tfand P2 are only
slightly affected by the solvent.

For instance, even though the shortest distance is found between Despite the large differences between some geometrical

the G and G atoms, the AIM analysis reveals only a weak
bond between Cand N\; atoms (see Table 2). The zwitterionic
character offS3is less pronounced than thoseT$1 or TS2,

parameters optimized in the gas phase and in solution, inspection
of Table 4 shows that the majority of solvent stabilizing effects
are obtained using gas-phase structures. The comparison of the

the dipole moment of S3 being as low as 5.9 D. free energy profiles in a vacuum and in aqueous solution (Figure
We next used standard procedures to evaluate nonpotentiaR) clearly shows that the transition states are strongly stabilized
energy terms at 298.15 K and 1 atm; the results are summarizedhrough the electrostatic effect of the solvent. On the other hand,
Table 3. intermediates and products are slightly destabilized. As a result,
Relative enthalpies at 298.15 K are larger than relative I1 is predicted to be unstable under normal temperature and
electronic energies for all the reaction channels, the difference pressure conditions. The imaginary frequencies at the transition
ranging between 1.2 and 3.4 kcal mblOn the other hand,  states ¢™) give some indication of the “rigidity” of these
entropy contributions do favor the reaction. Proper inclusion structures and can be used also to obtain a rough estimate of
of all these terms leads to the free energy profile shown in Figure tunneling effects through the Wigner expression of the transmis-
2, in which 11 and P2 are less stable than reactants and large sion coefficienty(T), which multiplies the conventional rate
activation energies govern both the first and the second constan€* The imaginary frequencies of Table 4 confirm that
elementary step. The free energy of the highest transition stateTSs become significantly looser in aqueous solution and that
(TS2) is 43.2 (B3LYP) or 47.1 (G2MP2) kcal mdlabove that  tunneling effects can be safely neglected in the present context.
of the reactants, so that addition of HCN to methanimine in the More generally, zero-point energies and thermal effects are
gas phase is a quite difficult process and, in particular, the comparable in a vacuum and in solution and never play a
computed energy barriers are too high to allow the formation dominant role in determining general trends.
of HNC in the interstellar space. In summary, the reaction seems much easier in agueous
B. H,C=NH + HCN Reaction Mechanism in Aqueous solution than in the gas phase: the second step is rate-
Solution. 1. Continuum Approach. In this section, the influ-  determining in both cases, but the activation free energy is
ence of bulk solvent and its consequences on the geometric andeduced by about 25 kcal mdiby the presence of water.
energetic features of the reaction will be analyzed. The main 2. Supermolecule Approach Including Explicit Water
Molecules.lIt is well documented that contemporary continuum

(22) Koch, U.; Popelier, P. L. AJ. Phys. Chem1995 99, 9747.
(23) Mo, O.; Yanez, M.; Elguero, J. Chem. Phys1992 97, 6628.
Alkorta, I.; Elguero, JJ. Phys. Chem1996 100, 19367.

(24) Eyring, H.; Lin, S. H,; Lin, S. MBasic Chemical Kinetig3/iley:
New York, 1980.
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Table 4. Different Free Energy Contributions at 298 K (kcal mipland Transition Frequencies of TSs (cinfor the Stationary Points
Governing the Reaction between Methanimine and Hydrogen Cyanide in Aqueous Solution (See Text foPDetails)

AG‘velc AGsol
structure B3LYP G2(MP2) AW, AWgyeom M vac @ sol AW,ip B3LYP G2(MP2)
11 1.6 3.3 3.9 0.0 0.0 55 7.2
TS1 35.4 36.8 —16.5 —-3.7 203i 70i 0.2 15.4 16.8
12 11.9 135 3.3 0.7 0.4 14.9 16.5
TS2 43.2 47.1 —18.5 —4.4 378i 202i —-1.8 18.5 22.4
P1 —-12.7 —7.8 0.9 0.4 —-0.4 —11.8 —6.9
TS3 33.9 40.1 —-3.6 —15.3 322i 117i —-1.8 13.2 19.4
P2 4.5 10.0 2.7 1.2 —-3.4 5.0 10.5

2 With respect to reactants for whiah = —9.3 kcal mof?, Wyeom= —9.5 kcal mof?, andW,i, = 0.1 kcal mott. ® AGso = AGyac + AWy +
AWgeom + AWip.

. . : . Table 5. Relative B3LYP Electronic EnergyAE), Zero-Point
models are adequate to describe reactions in solution unles%/ibrational Energy AZPE), Enthalpy AH), Entropy Contribution

some solvent molecules are directly involved in the reaction (—Tas), Gibb's Free Energy in Vacuum\G), Solvent Contribution
mechanism (e.g., through a concerted proton transfer). Prelimi-to Free Energy W), and Free Energy in Solutiom\Gso) for the
nary calculations indicate that no water molecule acts as a protonStationary Points Governing the Reaction between Methanimine and
relay, but that one or two water molecules can be involved in Hydrogen Cyanide in the Presence of Two Water Moleci(ad

. S . Values in kcal mott)
relatively strong hydrogen bonds linking the reactants. This
prompted us to locate all the stationary points on the potential Structure — AE AZPE AH —TAS AG AW, AGsf

energy surface governing the reaction between hydrogen cyanide la 0.0 0.0 0.0 0.0 00 0.0 0.0
and ethanimine in the presence of two explicit water molecules. TSab 80(.1) -12 71-07 64 -26 38
The B3LYP/6-31-G(d,p)-optimized structures of the station- P 59(43) -12 56 -31 25 -22 03

ary points are collected in Figure 3; their relative electronic and TSbe ﬁ'g Eggg g'g gi g’g ié'g_lg'g 18'3}

nonpotential energies are summarized in Table 5. Some ad- 15cg  15.9(15.7) 15 157 50 20.710.3 10.4

ditional information on the electronic structure and bonding Id 13.6 (14.0) 14 135 44 179104 75
properties of the critical points is reported in Table 6. Since TSde  16.0(16.3) 18 162 53 215-75 140
extension of the basis set up to the 6-313(3df,2p) level has le f 151(153) 23 164 38 202-73 13-52’
a negligible effect (see Table 5), we will explicitly refer in the Tse 15.9 (16.1) 22 168 46 214-52 16
. Pf —-15.1(-148) 24 -13.0 16 —11.4 —-2.2 —-136
following only to 6-31+-G(d,p) results. _ TScg 16.2(16.4) —0.1 153 2.8 181-103 7.8
In the first intermediatela, the reactants are linked together |g 14.7(146) —13 139 -1.2 127 —-16 11.1

by the two water molecules. Geometrical parameters, as well—; For la, E — —340.97495 ( 341.08209) au- ZPE- 0.107125 au:

as the _AIM a_naly5|s, indicate the presence of strong hy(_jrogen —TS= 0.054 55 auW, = —8.7 kcal mot™. b Values in parentheses
bonds involving the @and H; atoms of W1, whereas no direct  correspond to single-point calculation using the 6-8G(3df,2p) basis
bond is found between ¢Hand N, atoms belonging to HCN  set.¢ AGsq = AW, + AG.

and the imine moiety, respectively. From an energetic point of

view, la is 9.5 kcal mot! more stable than the reactant For this latter transition structur€Sde no bonding between
molecules solvated separately by one water molecule. Thethe methaniminium and the cyano group was detected, while
analogue ofl1, named heréb (association complex between for the intermediatde connected toT Sde the AIM analysis

the methanimine and the hydrogen cyanide), is obtained throughsuggests a weak bonding between the@®m and the i\ atom

the displacement of the water molecule W2 towagd/td Tsab. (see Figure 3 and Table 6). The last step of this pathway leads
The hydrogen-bonding betweers ldnd N is already present  to the formation of the €C bond. The corresponding transition

in Tsab (p(r) = 0.0222) and almost achieved b (o(r) = structureTSeflies only 0.8 kcal moi! abovele and is reached
0.0285). For this step, the computed energy barrier is 8.0 kcalfor a large G- - -Cyo distance (2.422 A). AIM analysis also
mol~L. The formation of a zwitterionic form (€=NHx2"CN’") indicates a weak bonding between these two carbon atems (
is obtained during the successive step, which leads taa (r) = 0.0303,V%p(r) > 0). At the same time, hydrogen bonds
TShc, with a loss of 0.849 electrons on the®+NH, fragment involving W1 and W2 are weakened. The small charge transfer

and an excess of 0.787 electrons on the CN fragment. Bondfrom CN to HbLCNH; (0.031 eu) confirms the early character of

lengths angb(r) values give concordant results, and both predict this TS, in agreement with the exothermicity of this ste{30.2

a strengthening of the intermolecular interactions between the kcal mol ). As expected, the strength of the hydrogen bonds

solute and water molecules. The energy barrier for this step isbetween the water molecules W1 and W2 and the addition

reduced by 8.0 kcal mot with respect to that of the gas phase product Pf) is strongly reducedp(r) < 0.01). The overall

(TS1). Thenlc can evolve according to two different pathways. reaction is 8 kcal mot! less exothermic than the corresponding
In the first one the water molecule W1 is shifted toward the process in the gas phase.

NH_ end of the iminium ion to give an - -O; hydrogen bond; The second pathway issuing frdmleads to the intermediate

at the same time, the cyano group turns off the iminium plane Ig (i.e., the association between methanimine and hydrogen

(TScd). The “out-of-plane” equilibrium geometry is achieved isocyanide corresponding 2 in a vacuum). However, despite

in the intermediatédd strongly stabilized by hydrogen bonds the intermolecular B - -Ng distance being shorter iig and a

(for example, compare in Table 6 thé&) values at the O- - -H rather large value ofo(r) (0.0679 vs 0.0285), the energy

bep inic andld: p(r) (Hs- - -O7) = 0.0139 (c¢); p(r) (He- - - differences betweely andlb on one hand, ant®2 andI1 on

0;) = 0.0481 {d)). This part of the potential energy surface is the other hand, are comparable (8.8 vs 9.7 kcal®olrScg

rather flat, with an energy difference between energy minima which connect$c andlg, corresponds to a small motion of the

of 1.0 kcal mot! and an energy barrier of 2.4 kcal mblfor CN group in the iminium plane, with a &\ --Hg bond

the migration out of the iminium plane toward the £ehd. displaying already a covalent charactefr] = 0.1089,V?o(r)
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Table 6. Population and Bond Critical Point (bcp) Analyses for

H
H\ iome M \C 1277 /Hak 4009 the Stationary Points Governing the Reaction between Methanimine
H A TN, and Hydrogen Cyanide in the Presence of Two Water Molecules
2208 ’;5 \,‘\]_523 2ote H; 202 \‘3}‘425_.2@:0 w2 (All Calculations Performed at the B3LYP/6-3#&d,p) Level)
g, azer M we wi O e H structure Qw1 Owz  Qeen  bond  p(Necp  V(r)?
wi H};\ ‘,,—"0“"“ " He, 1091 la —0.005 —-0.016 —0.028 H—-Oy 0.009 0.054
N Hg 1.866 2418, 7
a1 o N7 1.159 Hg—Ni, 0.014 0.066
N 150 He—O:13 0.026  0.147
" Ta N,—H, 0.033 0.151
; TSab 0.001 —-0.006 —0.035 H—0Oy 0.009 0.052
,01; w2 Hg—N11 0.009 0.041
2094 H No—Hg 0.022 0.108
R H ¥ No—Hio 0.012 0.056
PRGA ne OB M Ib —0.003  0.014 —0.050 H-O; 0.007 0.029
H 1.921 1.994 72 2.087 Hg—N11 0.009 0.043
N - 61.073 " N2—He 0.029 0.136
2406 | Ho H-07 ! Qs Hs—0;3 0.015 0.080
x pam | Wik 1780 M we TSbc —0.018 —0.041 —0.755 H-0O; 0.024 0.071
H=—0. H:”_;,,.--—‘Cim 1.861". /Cio"2,036 Hg_Nu 0.032 0.084
w sl N7 1175 He—Cio 0.051 0.059
Hs—O;3 0.020 0.073
b TSbe Cio—His 0.029 0.059
Ic —0.025 —-0.037 —0.787 H—-Oy 0.014 0.080
" Hg—Ni;  0.031 0.123
L e o ts2s He—Ni  0.039  0.102
H.5/ \Ng/ 3 >~\0‘,5H H, w2 . H3—013 0.028 0.140
/ 1.058/ g we ”,013’H14 '''' Cyo ClO_Hl4 0.029 0.082
i Mo 2166 P \1177 TScd —0.028 —0.048 —0.785 H-O; 0016 0.081
H»O;\ 1774 /1,929 H/C'—Nz 2243 " HG—NM 0.013 0.053
w1 5'1"56'6~».,.‘\‘“/Cv0 W 1.793 Hs—0O;3 0.048 0.194
‘ 2049 07 Cio—His 0.045 0.092
8 10 14
fe Wi He—Ni  0.036  0.140
Tscd Id —0.001 —-0.058 —-0.757 H—0O; 0.048 0.200
H;—013 0.050 0.197
we . 17 178 Ciwo—His 0.050  0.095
e Mo Hg—Ni; 0.048 0.165
16037 Niy L7507 5 i . 1.830 TSde —0.015 —-0.058 —0.795 H—-0O; 0.031 0.152
Mmoo 1 666 w O Hy-O;  0.032  0.153
PN oo / & ot Cio—His 0.039 0.091
Hshiféfs'o"n wi Hmol.\ / 1275 1 we Hg—Ni, 0.039 0.144
y 1785 Ny 1774 le —0.016 —0.046 —0.749 H—-O; 0.019 0.102
Ci—N;; 0.021 0.081
TS de H;—013 0.022 0.115
1.182 CNig178 Cio—His 0.030 0.084
175, N0 T g G 1991 Hg—Ni, 0.028 0.114
by 2SI B0 M TSef  —0.010 —0.039 —0.718 H-O, 0.023 0.122
O; C‘ O(H H/o7\ C’, ',Ow‘H C]__Clo 0.030 0.074
HE 7 /1‘290 i om W2 Wi 1295 7 we H;—0O;3 0.016 0.089
1904 NNy 1904 ™ AN 2075 Cio—His 0.025 0.076
° ° © ° Hg—Ni;  0.027 0.112
Ie TS ef Pf 0.003 0.003 - 07 0.009 0.053
2448/6,.-‘N\L\ 2511 H3_Ol3 0.009 0.055
Ha":::--wc 164H N1;—Hig 0.008 0.037
] 262 “°l 4%;’:39 v Hg—Ni;  0.008 0.039
w0 T o TScg —0.029 0.001 —0.678 H-O; 0.014 0.076
W122§%‘~1'455 /2'/743 e Hs—O13 0.018 0.104
. \Hs‘ /H; : Clo_H14 0.011 0.046
N Hg—Ni;  0.026 0.085
B He—Ni:z  0.109  0.065
Ig 0.001 0.005 —0.131 H—0Oy 0.008 0.050
H . 201 e H b 2264 _He N,—Hs 0.068 0.244
P P il (W Hs—0O;3 0.010 0.062
5", 1']21\H 2.466 Hs 1 56(;‘~ /H N11*H14 0.005 0.023
2165 Lags 12330 2349 T He e Hs—Ni; 0.009 0.042
&g N L e Py -
7T HE T 961 c o HeEEE T\ See Figure 3 for atom numbering.
w1 C
" As shown in Table 5, the inclusion of nonpotential energy
TScg Ig

terms modifies the energetic diagram obtained using the
Figure 3. Optimized structures of the stationary points governing the g|ectronic energies. For some stationary poifiSab, TScg
reaction between hydrogen cyanide and methanimine in the presencelg) AH is about 1 kcal moit lower thanAE. while for some
of two water molecules. ' ; 1ary

others (e, TSef, Ig), AH is 1 kcal mot't or more larger than
< 0). TScglies 1.3 kcal mot! abovelc and 1.5 kcal molt AE. Entropy contributions favor only the first step of the
abovelg. Thus, at this level of calculation, this step can be proposed mechanism. These contributions give the Gibbs energy
considered reversible. profile shown in Figure 4.
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addition of two explicit water molecules lowers the free energy
barrier of the rate-determining step by 2.3 kcal Mdll6.2 vs
2L0 207 22 00 2 1 i ici
e T asa TRy, e R 18.5 keal mot™) and increases the exoergicity of the overall
s T tse © T process by 0.9 kcal mol. Thus, a correct reproduction of
=z | Tsed [ERINNREC R solvent effects requires a discrete/continuum model including
= M 5, 104 o “ both specific and bulk contributions.
< 6.4 T_ = Foeas F ;
g | T s : Conclusion
o=
% YR ‘ In this paper we have reported a comprehensive study of the
‘ addition reaction of hydrogen cyanide to methanimine both in
G : the gas phase and in aqueous solution. Our results can be
— Gas phase -11.4 .
Aqueous solution - Summarlzed as fO||OWS

.F.epf (2) In the gas phase, the reaction is a stepwise process where
Figure 4. Free energy profiles for the reaction between hydrogen an intermediate involving an association between methanimine
cyanide and methanimine in the presence of two water molecules and hydrogen isocyanide plays a key role. Because of the large
without and with bulk solvent effects. activation energy, this addition is very unlikely to occur in the
interstellar space.
At this level, the structurée is predicted to be unstable, and tin(Z)mBrljnlk dsoll\ilﬁgt efflec;ts, desrcn”t;ﬁd kl)yhthr? pola::éat?leni?ion;n
TScgis not a transition structure. The first step still corresponds uum model, induce farge geometrical changes and signitica

stabilization of transition structures which involve much larger

to the dissociation of HCNTSbe vs TS1), but the following charge polarization than the corresponding energy minima. As
steps of the water-assisted and vacuum reactions differ notably gep P 9 gy :

from both energetic and mechanistic points of view. TH@* a consequence, the activation free energy of the rate-determining

of the whole reaction is strongly reduced (21.4 vs 43.2 kcal step IS reduced.by ?bOUt 25 keal myleven if .the general
mol-1) in the presence of two water molecules but remains 2.9 reaction mechanism is comparable to that found in the gas phase.

kcal molt higher than the value obtained using the continuum inc(li ) diﬁp?rcll'?rfe i%lr\f]er:}t;z,i(;tst\,vvéeéf Hgﬁvgz?%g;%u?ggog:tf
approach. This free energy barrier does not agree with the 9 b P )

hypothesis that HCN and methanimine, in the presence of Waterresults |nd|cat§ that water molecules are not involved in a proton
. . L relay mechanism but simply favor the approach of reacting

molecules, react to give the aminoacetonitrile in a gas-phase . . .

process molecules through the formation of hydrogen bridges. With

We examine now the effect of the bulk solvent reaction field respect to the gas phase, the inclusion of two water molecules

on the energetics of the water-assisted addition of hydrogen leads to a S|gn|f|(iant lowering of the frge energy barrier (.21'5
. . . vs 43.2 kcal mot!) and to some modification of the reaction
cyanide to methanimine. As our previous results have shown

. . L mechanism.
that even important geometrical changes have little influence s _ .
on the solvation energy, and considering the difficulties in (4) Specific and bulk contributions work together in deter-

locating TSs (related to the extreme softness of some degreesrnlnlng the overall effect of the aqueous medium on the title

of freedom of the water molecules), bulk solvent effects have {g2?23'“23;rrrf?:tecganPIetnggdzeLéng%%H% bﬁgzéﬁrlrgviéfads
been estimated using the gas-phase optimized geometrie§han the value com uteo?)f/or the. isolated s 'sﬁam
depicted in Figure 3. The results are summarized in Table 5. P y '

. . L - (5) Together with their intrinsic interest, our results show that
Free energies of solvatiohG(s) remain important and provide we dispose of a general and reliable computational strategy for
a stabilizing effect. The least stabilized structurkaiswhereas P 9 P 9y

all the structures involving large charge separations are signifi- the study Of. c.herrglcl?l regcttlons n aqtutious solutlonc.j Thisis eve?
cantly stabilized. Consequently, the process is more exoergicrnore promising taing into account the very good agreemen
by 2.2 kcal motL, and the free energy barrier governing the between Qensny fu_nctlonal and reﬂ_ned post-HF r_esults and the
reaction is reduced to 16.2 kcal mél The inclusion of bulk computational efflc!enc_y of our version of PCM. Since all these
solvent effects also induces some modifications on the free progedures are being implemented in the framework of linear
energy profile of the reaction. The most important one is the scaling procedures and of QM/MM methods, also very large

o S S systems will be shortly amenable to this kind of studies.
large stabilization o Scg, which involves a significant charge
separation. Comparison of Figures 2 and 4 shows that theJA9911059



