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Abstract

Theoretical modeling of the formation imines in agueous medium from the reaction of amines with aldehydes
is difficult due to formation of charged species, zwitterions, acid-base equilibria and a substantial solvent
effect. In this work, a model reaction of methylamine with acetaldehyde was investigated involving neutral
and ionic pathways, influence of the pH and different approaches for treating the solvent effect. We have
found a mechanism able to explain the fast kinetics of this system, involving the zwitterion formation followed
by its isomerization to the carbinolamine and an easy iminium ion formation via an ionic elimination
mechanism.
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Introduction

Imines are important intermediates in the synthesis of chiral molecules* and are widely used as ligands in
organometallic chemistry.®> This class of compounds can be obtained by reacting aldehydes and ketones with
primary amines.®® Both water and organic solvents can be used as reaction medium. In the case of aqueous
medium, because this reaction is an equilibrium and amines can be protonated, quantitative formation of the
final product in aqueous solution depends of the aldehyde-amine pair and the pH of the medium. Usually, the
reaction takes place in two main steps: the first step is the formation of carbinolamine intermediate, and the
second step is the dehydration of this intermediate, generating the imine (Scheme 1).
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Scheme 1. Main steps for imine formation from alkylamine addition to aldehyde.

The mechanism and kinetics of this reaction has been experimentally investigated by Cordes and Jencks® and
also by Hine and coworker.1%1? The reaction proceeds quickly in aqueous solution. For example, in the
addition of methylamine to isobutyraldehyde, the experiments have indicated that the rate-determining step
in a medium with pH = 10.1 to 11.5 is the carbinolamine decomposition with a rate constant of 6.2 s, which
translate to a AG* barrier of 16.4 kcal mol. The equilibrium constant for the carbinolamine formation was
determined as 8.5 M, leading to a AG of -1.3 kcal moll. The influence of the pH of the medium is also
interesting. In the experimental studies of the reaction of p-chlorobenzaldehyde with aniline, the reaction rate
increases with the pH and reaches the maximum value at pH close to 4. The carbinolamine formation becomes
the rate-determining step in low pH. Equilibrium constants for several imines formation from aldehydes and
amines were reported more recently.!?

There are some theoretical studies on the mechanism of this kind of reaction reported in the literature.1318
Nevertheless, these studies do not provide a complete explanation of this system in aqueous medium. The
interesting study by Hall and Smith on methylamine addition to formaldehyde have indicated that water
molecules can catalyze this condensation reaction.’3* In the first reaction step, they have found that two
explicit water molecules leads to zwitterion formation, followed by isomerization to carbinolamine with very
low activation barrier of 3.5 kcal mol™. In the second step, elimination of water, two water molecules also
participate in the transition state and the barrier becomes 26.7 kcal mol?, indicating that the second step is
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rate-determining. In this point, we should emphasize that those authors have reported enthalpy profiles and
they are considering the reactants-water cluster as the reference point for calculating barriers. In order to
obtain theoretical reaction kinetics, the procedure would be considering all the species free to move in the
solution for the calculation of the Gibbs free energy barrier.!® Furthermore, the calculated barrier in the
carbinolamine dehydration step is 10 kcal mol* above of the experimental value for a similar system.1°
Szefczyk et al. reported the reaction between methylamine and acetaldehyde at B3LYP level.'> Solvent effect
was included through just adding one explicit water and free energies were not provided. In addition, their
barriers were too high and not able to explain such easy reaction. Erdtman and coworkers have also
investigated imine formation from alkylamine addition to aldehyde.'® The catalytic effect of explicit water in
the reaction was also reported and acid medium effect was explored. Similar to Smith and Hall study, their
analysis considers clusters involving the reactants and water and no kinetic model comparable to experimental
data was provided.

The aim of this study is to provide a theoretical reaction mechanism with reaction steps in quantitative
agreement with experimental AG values of a model reaction: methylamine addition to acetaldehyde in
aqueous solution. In addition, to evaluate the influence of the pH. The complete mechanism explored in this
work is presented in the Scheme 2.
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Scheme 2. General mechanism for imine formation in neutral, acid and basic medium. Only the E-imine
formation is presented. All the steps are equilibria and the double arrow indicates that
protonation/deprotonation equilibria are considered very fast.
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Results and Discussion

Electronic structure calculations with continuum solvation model

Geometry optimization and harmonic vibrational frequency calculations were performed at SMD/X3LYP/def2-
SVP (ma-def2-SVP basis set for oxygen and nitrogen atoms) level of theory.?%2* Single-points energy
calculations were performed with the M06-2X?° functional with the def2-TZVPP (ma-def2-TZVPP for oxygen
and nitrogen) basis set to obtain more accurate values for electronic energy???*. In addition, solvation free
energy was also obtained by single-point calculations performed at SMD/X3LYP/def2-SVP (ma-def2-SVP basis
set for oxygen and nitrogen atoms) level of theory. Finally, solution phase free energy was obtained by using a
composite procedure given by the relation:

Geo(X)=E4 () + G,(X)+ AGy,(X) + 1.89 kcal mol™? (1)

Where G,,; refers to solution phase free energy, E,; refers to electronic energy obtained by the M06-2X
method, G,, refers to the nuclear contributions to translational, vibrational and rotational motions obtained
through frequency calculations at SMD/X3LYP/def2-SVP (ma-def2-SVP for O and N atoms) level of theory and
AG_,,, refers to solvation free energy, obtained at the same level of theory previously mentioned. The 1.89
kcal mol? is related to correction of standard state of 1 atm to 1 mol L', adequate for reporting liquid phase
processes. Further, in the case of water, we have used the standard state of pure liquid water and in this case
the free energy becomes:

Giiq(H,0)= B (H,0)+ Gy (H,0)+ AGyyy, (H,0) + 1.89 kcal mol™* + RTIn[H,0]  (2)
All the calculation were done with the Orca 4 program.26-?7

Calculation of pK,

In some steps involved of the mechanisms studied in the present work was necessary to perform calculations
to obtain pKa values of some species. Thus, we have used a proton exchange scheme with a reference species,
whose structure is close to the species studied in order to reduce the error associated with the solvent effect.
This approach has been discussed in a previous work of our group.?®3° Thus, the solution phase free energy
involved in proton exchange reaction (eq. 3) is calculated by theoretical methods described in the previous
section. The obtained free energy is used in equation (4) together with the experimental pKa of a reference
species. Such procedure usually leads to reliable free energies of reaction as well as pKa values.

BH* + Ref — RefH* + B (3)
+n AGgor +
PKL(BHY) = (% + pKo(RefH™) ()

Once the pKa is obtained, the AG for some deprotonation reaction can be obtained by:

BH* =B+ H* (5)
AGgesp = RT.In(10) .pK, (6)
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Solvation free energy by the cluster-continuum static approximation

The formation of charged species in liquid phase has a substantial solvent effect, difficult to be described by
pure continuum solvation models. An improved procedure for solvation calculations is the use of hybrid
discrete-continuum solvation methods,3! which were recently reviewed.?? Among the different approaches,
the cluster-continuum static approximation (CCSA) is based on the cluster expansion method of the solvation
free energy.3® Using this approximation, the solvation free energy is calculated according to the equation
below:

AGsoly (X,CCSA) = AGsol (X, continuum) + AW(X(Sv)n) (7)

The first term in the right side is the solvation free energy of the solute X calculated by a continuum method.
The second term is the potential of mean force for formation of the cluster in solution phase involving n
solvent molecules (Sv), which is calculated as follows:

AW(X(Sv)n) = AE(X(SV)n) + AGsow(X(Sv)n) - AGson(X) - NAGsoiy(Sv) (8)

The first term in the right side is the variation of electronic energy involved in cluster formation. The remain
terms are the solvation free energy of the cluster, of the solute X and of the solvent molecules Sv calculated by
the continuum model (SMD in this work).

Neutral medium: carbinolamine formation does not occur through direct nucleophilic attack

The reaction investigated in this work has multiple pathways with many equilibria taking place simultaneously.
In this part of the study, the term neutral medium means that these several acid-base equilibria are not being
considered. A more complete discussion of this reaction system is done in the kinetics analysis section.

The reaction between methylamine (MS1) and acetaldehyde (MS2) involves the formation of carbinolamine
(MS3). The theoretical AG for this step has a value of -1.6 kcal mol®. The experimental data on a similar
system provide a value of -1.3 kcal mol?, which is in excellent agreement with our theoretical value. The
transition state TS1 corresponds to a bimolecular process and seems to be a direct nucleophilic attack of
nitrogen atom of MS1 to the carbon atom in the carbonyl group of MS2, with a simultaneous proton transfer
from nitrogen to oxygen. The calculated free energy barrier (AG?) is 26.4 kcal mol! in aqueous solution.
Previous theoretical studies have not considered the solvent effect in the geometry optimizations.'3*
However, the electronic energies are in agreement. Our AEe barrier (M06-2X) is 22.9 kcal mol* while Pliego et
al. have reported a value of 26.7 kcal mol™? using single point MP2 calculations on the gas phase Hartree-Fock
geometries.3* The solvent effect is very important to stabilize this TS, because the gas phase AG* is high, 34.4
kcal molt. Nevertheless, we have found that in aqueous solution TS1 does not connect methylamine and
acetaldehyde reactants to MS3 (carbinolamine). Rather, connects the zwitterion intermediate MSZ with the
carbinolamine intermediate MS3 (see Figure 1). This is a very different behavior from gas phase optimizations.
Because the free energy barrier for this mechanism is high, it is not able to explain the fast equilibrium for
carbinolamine formation.

Zwitterion formation occurs via direct nucleophilic attack

The formation of a zwitterion intermediate, called MSZ, corresponds to direct nucleophilic attack of
methylamine to acetaldehyde. We were able to locate the zwitterion when the optimization was done in
solution phase and the corresponding free energy is 9.0 kcal mol™. This species has a shallow minimum on the
aqueous solution potential of mean force surface and the free energy barrier of the transition state leading to
zwitterion formation is 13.2 kcal mol™. Thus, the calculations predict that formation of the zwitterion is a fast
process in agueous solution.
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Figure 1. Free energy profile for carbinolamine formation in neutral medium via bimolecular process and with
1 water molecule as catalyst. Units in kcal mol?, standard state of 1 mol L for all species but water, whose
standard state is pure liquid.

Zwitterion to carbinolamine isomerization via water-catalyzed proton shuttle mechanism

The decomposition of the zwitterion can take place through a water-catalyzed proton shuttle mechanism. We
have found that one or two water molecules can efficiently catalyze this process. In the case of one water
molecule catalysis, the transformation of the zwitterion to the carbinolamine MS3 takes place in a single step
via TS1-H20. The water molecule takes the proton from the nitrogen of the zwitterion and donate a proton to
the oxygen of the former carbonyl group. The free energy of this transient structure is calculated to be 10.9
kcal mol?, only 1.9 kcal mol! above of the zwitterion (Figure 1). Hence, the process takes place quickly.
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Figure 2. Free energy profile for carbinolamine formation in neutral medium with 2 water molecules acting as
catalyst. Units in kcal mol?, standard state of 1 mol L for all species but water, whose standard state is pure
liquid.

The other pathway involves two water molecules catalyzing the proton transfer (Figure 2). The transition state
TS2 shows a structure with substantial proton transfer from water to carbonyl, with a free energy of 11.0 kcal
mol=. This leads to an even shallower minima structure (MSint) with a free energy of 11.5 kcal mol™. Thus, the
value of AG for MSint is higher than TS2, although its AW is -13.4 kcal mol?, below of the AW of TS2, -13.0 kcal
mol. Essentially, this short live intermediate has an ion-pair structure because it is possible to see a hydroxide
ion like-structure separated by one water molecule of the —N(CHs3)H;* portion of the protonated
carbinolamine. In the next step in the reaction pathway, there is the TS3 structure with a free energy of 12.8
kcal mol™2. In this case, we can observe the simultaneous two proton transfer from the nitrogen to the water
and from this species to the transient hydroxide ion, forming the carbinolamine intermediate. Overall, the free
energy barrier for carbinolamine formation via the zwitterion is only 13.2 kcal mol™, producing a fast kinetics
(see Figures 1 and 2). This barrier is compatible with experimental data, because the experimental
carbinolamine decomposition step (methylamine + isobutyraldehyde), considered the slowest step, has an
experimentally reported AG* of 16.4 kcal mol™.
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Table 1. Reaction and activation thermodynamic properties for the carbinolamine formation®

Entry  process wh MO06-2X°  AGn®  AAGson® AGsolf
1 MS1 + MS2 — MSZ -1.65 16.09 14.18 -21.27 9.01
2 MS1 + MS2 — MS3 -9.77 -15.67 13.47 0.62 -1.58
3 MS1 + MS2 — TSZ 2.57 4,74 11.31 -2.87 13.18
4 MS1 + MS2 — TS1 18.81 22.92 11.46 -7.98 26.40
5 MS1 + MS2 + H,0 — TS1-H20 -4.99 -0.17 22.04 -8.57 13.29

(10.91)
6 MS1 + MS2 + 2*¥H,0 — MSint -13.44 -13.65 32.64 -2.72 16.27
(11.51)8
7 MS1 + MS2 + 2*H,0 — TS2 -12.99 -14.40 31.56 -1.36 15.80
(11.04)8
8 MS1 + MS2 + 2*H,0 — TS3 -11.41 -14.22 31.87 -0.06 17.60
(12.84)¢

2 Units in kcal moll. Standard state of 1 mol L for all the species. Values in
parenthesis correspond to liquid water standard state. ® Potential of mean force,
obtained at SMD/X3LYP/ma-def2-SVP level. ¢ Electronic energy, using ma-def2-
TZVPP basis set. @ Translational, rotational and vibrational contributions to the free
energy. © Solvent effect (water) obtained at SMD/X3LYP/ma-def2-SVP level of
theory. f Solution phase free energy. & Standard state of pure liquid for water.

Dehydration of the carbinolamine for formation of the iminium ion

The carbinolamine decomposition step by the neutral mechanism should lead to formation of (E)- and (Z)-
aldimines and a water molecule. In a study by Hall e Smith'®* with formaldehyde and methylamine as
substrates, the authors have located gas phase transition states leading to direct water elimination for imine
formation or water elimination catalyzed by one or two water molecules. In the present work, we have not
found a saddle point leading to water elimination with geometry optimizations in aqueous solution with the
SMD model. Rather, we have found that the process involves elimination of the hydroxide ion, leading to the
formation of the iminium ion. In addition, this step has an asymptotic barrier without an usual transition state.
To prove this claim, we have done intrinsic reaction coordinate (IRC) calculations from the iminium and
hydroxide pair of ions. The IRC calculations presented in Figure 3 point out that hydroxide ion addition to
iminium ion in aqueous solution is a barrierless process. As a consequence, this addition reaction is a diffusion-
controlled process with a free energy barrier around 5 kcal mol™. Such data can be used to estimate the free
energy barrier for carbinolamine decomposition. However, first we need to evaluate the free energy for
formation of the iminium and hydroxide ions. We have use three procedures described below (see Tables 2
and 3).
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Figure 3. IRC calculations for carbinolamine formation from iminium and hydroxide ion at SMD/X3LYP/def2-
SVP level of theory.

The first procedure is the direct calculation of the reaction:

MS3 — CH3CH=NHCH3* + OH~

The solvation free energy for each species was obtained by the SMD model, which is not a recommended
method for processes leading to the formation of charged species. According to the values presented in
entries 1 and 2 of Table 3, the process for formation of these ionic species would involve a AGso of 20.6 kcal
mol*for MS4H* and OH- and 19.3 kcal mol* for MS5H* and OH".

The second method is the use of a hybrid discrete-continuum approach. We have used the cluster-continuum
static approximation (CCSA) recently proposed.33 This method was discussed in the methodology section. We
have solvated the MS3 by four solvent molecules and added the continuum SMD. In the product, these four
water molecules were also used, with three water solvating the hydroxide ion and one water molecule
solvating the iminium ion (MS4H* or MS5H*, see Figure 4). Table 3 presents the values for solvation free
energy obtained by the CCSA, as well as solution free energy values. As we can see, the CCSA provide
substantial more stabilization for the MS4H* and MS5H* iminium ions and the AG become 11.3 and 10.0 kcal
moll, respectively (Table 3, entries 13 and 14).
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Figure 4. Species involved in the calculation of solvation free energy by CCSA.

The third method involve the use of a combination of theoretical and experimental data. Thus, consider the
combinations of entries 3, 4 and 5 in the Table 3 to obtain entry 6. Entry 3 is a theoretical data obtained using
the SMD model. However, because similar charged species are on the both side of the equation, the error of
the SMD model is substantially cancelled. On the other hand, the AG’s of the entries 4 and 5 are related to the
experimental pK, of pyiridine and the self-ionization of water. The free energy involved in the formation Z-
iminium and OH" is on the entry 6 and corresponds to the sum of entries 3 to 5. Similarly, we used the
combination of entries 7, 4 and 5 to obtain the free energy involved in the formation of E-iminium and OH"
(entry 8). The values are 5.7 and 4.4 kcal mol?, respectively (entries 6 and 8). We consider this third method as
the most reliable. Further, we can notice that the hybrid CCSA provides substantial improvement on the SMD
pure continuum solvation method.
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Figure 5. Free energy profile for carbinolamine decomposition in neutral medium. Units in kcal mol?, standard
state of 1 mol L! for all species but water, whose standard state is pure liquid.

As a final step, the formed ionic species undergo rapid proton exchange with the solvent, leading to the
formation of MS4 and H,0 with a free energy in solution of -3.4 kcal mol™?* and formation of MS5 and H,0 with
a free energy in solution of -5.2 kcal mol™. These values are relative to the initial reactants. Figure 5 presents
free energy profile of the carbinolamine decomposition reaction. We can observe that the lowest AG* barrier
is 7.8 — (-1.6) = 9.4 kcal mol?, via TS5. In the experiments on methylamine addition to isobutyraldehyde, this
barrier was determined as 16.4 kcal mol, a deviation of 7 kcal mol™. The reasons for this difference can be
the substantial solvent effect present in this step (formation of a pair of ions), which is difficult for modeling,
and the fact that we are studying the acetaldehyde rather than isobutyraldehyde.

Based on the complete theoretical free energy profile, the formation of the zwitterion is the slowest step, with
AG* barrier of 13.2 kcal moll. This conclusion, based only on the free energy profile, needs be better
analyzed, because the MS3 intermediate is a base (MS3H* has pKa = 8.1) and is substantially protonated even
in pH close to 7, leading to low concentration of MS3 and decreasing the kinetics. This point will be discussed
ahead.

Table 2. Theoretical determination of pKa and free energy of protonation?®

Species MO06-2X° AGn AAGson® AGso pKa
MS2H* + Propanone — MS2 + PropanonaH® -10.40 -0.54 7.11 -3.83 -5.87
MS3H* + MS1 — MS3 + MS1H* 6.24 -0.62 -9.07 -3.45 8.11
MS5H* + pyridine — MS5 + pyridineH* 1.13 0.46 2.42 4.01 8.16
Processes pKa AGsol

MS2H* — MS2 + H* -5.87 -8.01
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MS3H* = MS3 + H*

PyridineH* — Pyridine + H*
MS1H* — MS1 + H?
PropanoneH* —* Propanone + H+
H20 — OH + H*

MS5H* — MS5 + H*

8.11
5.22%
10.64%
-3.06%¢
15.743%

8.16

11.07

7.13

14.53

-4.18

21.49

11.14

3 Units in kcal mol?t. Standard state of 1 mol L for all the processes. Geometry
optimizations and frequencies obtained at SMD/X3LYP/ma-def2-SVP level. ® Using ma-
def2-TZVPP basis set. ¢ Solvent effect obtained at SMD/X3LYP/ma-def2-SVP level of
theory. 9 Solution phase free energy.

Table 3. Reaction and activation thermodynamic properties for imine mechanism?

Entry  process wh MO06-2X° AGn¢ AAGson® AGsolf

Iminium Formation
— Direct method

1 MS3 — MS4H* + 25.46 181.48 -11.66 -149.21 20.62
OH"

2 MS3 —+ MS5H" + 24.02 179.92 -11.42 -149.16 19.34
OH"
Iminium Formation
— Indirect method
process wh MO06-2X° AGn® AAGson® AGsolf

3 MS3 + pyridineH* 2.72 12.49 -13.60 -7.58 -8.69
— MS4H* + H20 +
pyridine

4 Pyridine + H* — -7.13
PyridineH*

5 H.0 —» OH + H* 21.49

6 MS3 — MS4H* + 5.67
OH"

7 MS3 + pyridineH* 1.28 10.92 -13.36 -7.53 -9.97
— MS5H* + H.0 +
pyridine

8 MS3 —+ MS5H"* + 4.39
OH"
CCSA
process AE(S(Sv)n)  AGson(SMD)  AAGso AW AGson(CCSA)

9 MS3 + 4H,0 — -23.53 -8.26 10.91 -12.62 -20.88
MS3-cluster

10 MS4H* + Ho0 — -14.81 -61.55 12.10 -2.72 -64.27

MS4H*-cluster
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11 MS5H* + H.0 — -14.10 -61.51 11.38 -2.71 -64.22
MS5H*-cluster
12 OH" + 3H20 — OH- -67.79 -95.91 48.56 19.22 -115.13
cluster
Solution free energy
by CCSA
process wh MO06-2X° AGnY  AAGso(CCSA) AGsol'
13 MS3 — MS4H* + 25.46 181.48 -11.66 -158.52 11.30
OH"
14 MS3 — MS5H* + 24.02 179.92 -11.42 -158.47 10.02
OH"
Imine Formation
process wh MO06-2X° AGn¢ AAGson® AGsolf
15 MS1 + MS2 —+ MS4 -2.62 -0.07 0.10 -5.81 -5.78
+H20 (-3.40)¢
16  MS1+ MS2 — MS5 -5.56 -3.62 0.57 -4.48 -7.54
+H20 (-5.16)8
2 Units in kcal mol?. Standard state of 1 mol L for all the species. Values in

parenthesis correspond to pure methanol standard state. ® Potential of mean force,
obtained at SMD/X3LYP/ma-def2-SVP level. ¢ Electronic energy, using ma-def2-TZVPP
basis set. ¢ Translational, rotational and vibrational contributions to the free energy. ©
Solvent effect (methanol) obtained at SMD/X3LYP/ma-def2-SVP level of theory. f
Solution phase free energy. & Standard state of pure liquid for water.

Acid medium: reaction between protonated methylamine and acetaldehyde
In low pH, the methylamine is protonated and the reaction proceeds by proton transfer from protonated
methylamine to the oxygen of the acetaldehyde as the first step. This process is very unfavorable, with a free
energy of 22.5 kcal mol? (Figure 6 and Table 4). In the next step, a diffusion-controlled methylamine addition
to protonated acetaldehyde takes place, which is confirmed by IRC calculations (Figure 7). This step leads to
the formation of protonated carbinolamine (MS3H*). Because the formation of carbinolamine via neutral
species has much lower free energy barrier, even in acid medium the carbinolamine formation takes place via
mechanism of Figure 1.
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Figure 6. Free energy profile for carbinolamine formation and decomposition in acid medium (formation of E-
isomer). Units in kcal mol?, standard state of 1 mol L for all species but water, whose standard state is pure

liquid.

The decomposition of MS3H* takes place by proton transfer to the medium, forming H30* and carbinolamine
(MS3). The next step is the elimination of OH™ from MS3 catalyzed by H30*. We have observed that there is
not an activation barrier (AW?*) for this step, which is a diffusion-controlled process with an estimated overall
free energy of 18.0 kcal mol? (Figure 6, formation of E-isomer). Thus, the free energy profile points out a

slower process in very acidic medium and the first step (MS3H* formation) is the rate-determining one. It is
also worth to observe that the final imine product (in fact, the iminium MS5H?*) is less stable compared to the
initial reactants in acid medium than in higher pH.
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Table 4. Reaction and activation thermodynamic properties for iminium mechanism?

Rufino, V. C. et al.

Entry  process WP MO06-2X¢  AGn®  AAGson® AGsolf
1 MS1H* + MS2 — MS2H* + MS1 22.54¢
2 MS1 + MS2 — MS3 -9.77 -15.67  13.47 0.62 -1.58
3 MS1 + MS2H* — MS3H* -20.66"
4 MS3 + pyridineH* — MS4H* + 2.72 12.49  -13.60  -7.58 -8.69

H20 + pyridine
5 MS3H*—> MS4H* + H.0 -4.75
(-2.37)
6 MS3 + pyridineH*— MS5H* + 1.28 1092  -13.36  -7.53 -9.97
H20 + pyridine
7 MS3H*— MS5H* + H20 -6.03¢
(-3.65)

2 Units in kcal mol?. Standard state of 1 mol L? for all the species. Values in
parenthesis correspond to pure water standard state. ® Potential of mean force,
obtained at SMD/X3LYP/ma-def2-SVP level. ¢ Electronic energy, using ma-def2-
TZVPP basis set. ¢ Translational, rotational and vibrational contributions to the free
energy. © Solvent effect (water) obtained at SMD/X3LYP/ma-def2-SVP level of
theory. f Solution phase free energy. & Based on pKa of MS1H* and MS2H*. " Based
on Entry 2 and pKa’s of MS2H* and MS3H*. ' Based on Entry 4 and pKa’s of MS3H*
and pyridineH*. 1Standard state of pure liquid for water. ¥ Based on Entry 6 and pKa’s
of MS3H* and pyridineH".

Reaction kinetics as a function of the pH
The free energy profile provides important information on the viability of the reaction and is possible to use

this data to derive the kinetics law, as well as the reaction rate. However, a system with a pH-depending
mechanism can have a very complex kinetics and more reliable theoretical description of a reaction process
requires an analysis of the effect of the concentration of each species. Thus, we have done a stationary-state

analysis of the kinetics of the reaction. The protonated carbinolamine is considered the stationary species
because in acid and neutral pH the carbinolamine intermediate (pKa = 8.1) is protonated in large extension.
Further, deprotonation of MS3 for formation of an anionic intermediate only takes place in very basic medium

(pKa =13.8).
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Figure 7. IRC calculations for methylamine addition to protonated acetaldehyde using the SMD/X3LYP/def2-
SVP level of theory.

The kinetics and equilibria involved in the present system is presented below, with rate constants calculated
from transition state theory and the data taken from the free energy profile and Tables presented in this work:

MS1+MS2 = MS3  k; =13x103L.mol™*s7?
k_,=88x10%s71

MS3 — MSSH* 4+ OH™ k, =8.0x 105571

MS3 + H;0* — MS5H* + 2H,0 ks = 1.3x10°L.mol 157t

MS1H" = MS1+H* K,y =23x1071

MS3H* = MS3 + H* K,;; =78x107°

Taking the MS3H* as the stationary species, we can write:

d[MS3H"]

o = ki [MS1][MS2] — k_y[MS3] — k, [MS3] — ks [MS3][H"] = 0

(9)

Observe that in the above equation, MS3 and MS3H* species are assumed to have a very fast acid-base
equilibrium. Further, MS3H* is the predominant species in acid and neutral pH. Thus, ki leads to formation of
MS3, followed of fast protonation to form MS3H* and the pathways for decomposition of MS3 also leads to
the same rate for decomposition of MS3H".
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Analyzing the rate constants, we can notice that the reaction via k.1 does no compete with k;, because k; >> k.
1. Thus, this term with k.1 can be eliminated and we can conclude (based on our theoretical data) that MS3 and
MS3H+ reach a stationary concentration, not an equilibrium with the reactants. In addition, comparing k> with
ks[H*], the decomposition of MS3 (and MS3H*) depend on the pH. For pH < 3.2 the decomposition occurs
mainly via TS5H and above of this pH the process occurs mainly via TS5. Based on the above equations, the
concentration of MS3H+ can be written as:

(1 Ko1/[H'])- [MS1H™][MS2]
k3Kas + ((ky + k—1). Ka3/[HT]) (10)

[MS3H*] =

Thus, in pH = 7, we can estimate that [MS3H*] = 5 x 10°® [MS1H*][MS2], confirming the very low concentration
of this stationary species.

Based on the above analysis, the reaction rate for formation of the product is the same reaction rate for
decomposition of the initial reactants (slow step) and is given by:

APrOME] — (ks /17D MS1HI[MS2) 1)

Equation (11) point out that the reaction is first order in both amine and aldehyde and the reaction rate
increases with the pH until it reaches 10.6, the pKa of methylamine. In the pH = 7 and considering the
concentration of the initial reactants as 0.10 mol L, the reaction rate becomes 0.003 mol L? s1, which leads
to an effective AG* = 18.2 kcal mol, compatible with the fast experimental kinetics of this reaction.

Conclusions

A detailed analysis of the mechanism of imine formation in aqueous solution and variable pH points out that
the reaction proceeds by direct attack of methylamine to acetaldehyde with formation of a zwitterion,
followed by its decomposition to the carbinolamine intermediate via proton shuttle mechanism catalyzed by
water. The calculations have determined a low free energy barrier of 13.2 kcal mol™ for this step and indicated
that this is the rate-determining one. In low pH the protonation of methylamine decreases the kinetics and the
equilibrium for imine (iminium ion) formation. The decomposition of carbinolamine takes place by hydroxide
ion elimination step with a low free energy barrier of 9.4 kcal mol™. Protonation of the carbinolamine also
decreases the kinetics of this step and no maximum in the pH-rate profile (pH < 10) is predicted. More detailed
study of the carbinolamine decomposition step using more sophisticated solvation methods is worthwhile.

Supplementary Material

Coordinates of all the optimized species and the corresponding 3D structures.
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