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A reacdo entre metilamina e acetaldeido em pentano a230 K levaaformagéo das aldiminas E-
e Z-, sendo o isbmero Z- o produto principal e gerado sob controle cinético. O isdmero E- é mais
estdvel do que o Z- por 3.3 kcal/mol (AG*). Oscdlculosab initio mostraram que aetapabimolecul ar
de adicdo ocorre por um processo concertado, com formacdo da ligaggo C-N e transferéncia de
préton através de um estado de transicdo de quatro centros. O intermediario zwiterionico, frequen-
temente invocado neste tipo de reagdo, ndo existe como um minimo na superficie de energia
potencial. Entretanto, a energialivre de ativagdo para 0 mecanismo concertado € muito alta, e ndo
€ capaz de explicar a cinética deste processo. O mesmo acorre com a etapa de eliminacdo de &gua
paraformar aimina, ou seja, possui umabarreira de ativacdo muito alta. Estes resultados implicam
gue tanto a etapa de adi¢o, como a de eliminago, devem ocorrer por um mecanismo de catélise.
O isdmero Z- pode se interconverter para a forma E- através de uma inversdo sobre o nitrogénio
sz_ A 298.15 K, a energia livre de ativagdo para este processo foi calculada como sendo 27.0
kcal/mal, o que leva aum tempo de vida de quatro meses para este isdmero.

The reaction of methylamine with acetaldehyde in pentane at 230 K leads to formation of both
E- and Z- aldimines, the Z-isomer being the main product and generated upon kinetic control. The
E- formismore stablethan the Z- form by 3.3 kcal/mol (AG*). Ab initio cal culations have indicated
that a tetrahedral zwitterion intermediate is not formed, and the bimolecular process, forming the
aminoal cohol intermediate, occurs through afour center transition state, with concerted formation
of C-N bond and proton transfer. However, the predicted AGH* isvery high, indicating that the true
mechanism for this step is not bimolecular. A catalyzed pathway must be actuating. The following
step, unimolecular elimination of water, also presents avery high activation free energy. Similarly,
a catalyzed mechanism is needed. The isomerization from the Z- form to the E- form through
inversion of the nitrogen atom has a predicted AG** of 27.0 kcal/mol at 298.15 K, resulti ngina
lifetime of four months for the Z-isomer.
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Introduction ticipation of the imine group in the synthesis of artificia

The study of the properties and the formation of imines oxiredutases®, in the formation of compounds with antivi-
has great interest duetoitsrolein several important chemi-  ral®, antimicrobial®, antihypertensive’, and antitumor® ac-
cal processest, mainly in the synthesis of polyazocycles® tivities, and also in the synthesis of penicilin®,
and other nitrogened heterocycle compounds®. In relation  cefaloporfirin'® and nocardicin®?, and many other biologi-
to its biological importance?, the literature reportsthe par- ~ cally active compounds'?.
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Although they have alarge applicability, methodol ogi-
cal studies have been addressed mainly to obtain aromatic
aldimines and ketimines, asthey arerelatively stable under
several experimental conditions'. On the other hand, ali-
phatic adimines have been less chemically studied due to
their instability in protic solvents and acidic medium'®. In
these situations, they can undergo imine-enamine
tautomeric equilibrium® and imine-imine isomerization®®,
leading to theformation of several auto-condensation prod-
ucts'’, and decreasing their yield'®. Thus, experimental
procedures for the preparation of aliphatic aldimines have
become more specific in order to improve the yield'°.

The reaction mechanism of amine addition to carbonyl
compounds in aqueous solution has been studied at the
experimental level?>?*, and some theoretical studies have
been reported®?®. Sayer et al has proposed a genera
mechanism for this reaction in agueous solution and at
variable pH. Thefirst step can be catalyzed by HzO" at low
pH, forming the aminoal cohol intermediate. Increasing the
pH, a competitive uncatalyzed mechanism can take place,
which occurs through the formation of a supposed zwitte-
rion tetrahedral intermediate. This species could dissociate
backward, or rearrange to aminoalcohol in an acid cata-
lyzed or uncatalyzed mechanism. Support for this mecha-
nism was provided by the pH dependent rate profile.
However, ab initio studies by Yamataka et al®® for the
addition of several aminesto carbonyls do not support this
proposed mechanism. The zwitterion intermediate is not a
minimum energy structure on the potential energy surface,
and these authors have found a four-center transition state
for this step, generating directly the aminoal cohol. Another
abinitio study of the NHz addition to HCHO carried out by
Williams? has shown that one or two water molecules can
act as a catalyst through a cyclic transition state. These
results raise doubts about the formation of the zwitterion
intermediate, and point out that the uncatalyzed mechanism
inreality is water catalyzed.

The second step of the reaction isthe water elimination
of the aminoalcohol, forming the imine. This step can be
acid catalyzed in low pH, and presents a competitive un-
catalyzed mechanism, which can become important when
the pH increases. So, in the case of a reaction involving
amine and aldehyde in aneutral and low polarity medium,
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Theinterconversion from E- to Z-isomers of imineshas
been the object of many theoretical and experimental stud-
ies which have addressed questions on the mechanism,
kinetics and thermodynamics of this process'®%"-34, These
studies pointed out that in aprotic medium, isomerization
occurs by inversion of the nitrogen atom, as indicated in
Scheme 2. For the prototypical methylimine species, ab
initio cal cul ationsby Popleet al?® indicated abarrier of 30.5
kcal/mol at MP4/6-31G**//HF/6-31G* level of theory.
With the increase of the groups bonded to nitrogen and
carbon, this barrier can decrease by up to 15 kcal/mal, as
found in experimental studies™. In thermodynamic terms,
either E- or Z-isomers can bethe more stable, depending on
the substituinte groups. For aldimines, E-isomersin general
present lower free energy. As an example, Wiberg® has
combined experimental and theoretical data to obtain the
heat of formation of (E)- and (Z)-N-methyl-acetaldimine,
and has found that the E- isomer is more stable by 4.4
kcal/mol. Ancther pathway to isomerization is by enamine
formation in protic medium?”®. For acetaldimine, the
enamineformislessstable by 3.94 kcal/mol®?, and depend-
ing on the substituinte groups, this order can be reversed™.
The catalysisby the solvent in thispathway isevident, since
a unimolecular process involves a high activation energy,
66.34 kcal/mol for acetaldimine®.

O
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\CH —NH
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which is the interest of this study, the overall mechanism HC=N" _ 4 = Hc= N
can be represented by the Scheme 1, where we have in- R,
cluded the possibility of the formation of both E- and Z- Z - isomer E - isomer
isomers. Scheme 1.
Ry yz R, Ry, ¥ Ry
HC—=  — HC—N—R, | ——> HC—

Scheme 2.
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In order to obtain stereochemical control in aldimine
synthesis, the above discussion should be taken into con-
sideration before proceeding with the experiment. In the
present work, our aim is to study the mechanism, kinetic
and thermodynamics for the formation of a prototypical
aldimine, N-methyl-acetaldimine. We hope that this study
might help in the planning of the synthesis of aldimines
with a specific isomeric form.

Experimental

The *H-NMR spectra were recorded on a Bruker DRX
400 using pentane and CDCl3 as solvents and TMS as the
internal reference. The spectrum wasregistered with signal
suppression of trace of CHCl 3, using atemperaturevariable
program.

The reaction was conducted utilizing the following
procedure: Methylamine 0.1 mol (Note: aqueous solution
of methylamine 25% p/v was utilized), 100 mL of pentane
and 65 g of anhydrous sodium sulfatein a3-necked, round-
bottomed flask connected to an addition funnel and a con-
denser with adrying tube. After themixture hasbeen stirred
for L hat 0 °C, acetadehyde 0.1 mol (purified by bidistil-
lation at atmospheric pressure) was slowly added with
vigorous stirring at 200 K. Aliquots of the reaction mixture
were analyzed by *H-NMR at temperatures of 230 K.

Theratio of aldehyde to imine in the reaction mixtures
was cal culated by theintegration of the signals correspond-
ing to the aldehydic hydrogen near to & 9.0 and the aldi-
minic hydrogensnear to & 7.0. An error of 2.5% intheratio
of the integrals of signals was estimated using standard
solutions of butanal and chloroform.

Ab Initio Calculations

The potentia energy surface for methylamine addition
to acetaldehyde was investigated at the ab initio Hartree-
Fock (HF) and second order Mqller-Plesset Perturbation
Theory (MP2) levels, using the 6-31G*, 6-31+G* and
6-311+G(2d,p) basis sets. Full geometry optimizationsand
harmonic frequency calculations were performed at the
HF/6-31G* level, and in order to obtain agood estimate of
reaction and activation energies, single point calculations
were carried out at the MP2 level using the 6-31+G* and
6-311+G(2d,p) basis sets. The ab initio data were used to
determine the thermodynamic and kinetic parameters for
each step by statistical mechanicsand transition statetheory
caculations®™ %, The harmonic frequencies scaled by a
factor of 0.90 were used in the calculation of thevibrational
partition function. The symbols ® and * were used to repre-
sent the standard states of 1 atm of pressureand 1 mol/L of
concentration (free energy). The parameters H* and S* are
defined by the relations:
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The optimized structuresarein Fig. 1 and the results of

thecalculationsin Tables1 and 2. All abinitio calculations
were performed using the GAUSSIAN 94 program™.

Results

The 'H-NMR spectrum of an aliquot of the reaction
mixture between methylamine and acetaldehyde after 1
hour at 230 K presents aquartet signd in 6 9.75, attributed
to aldehydic hydrogen. The singlet signalsat 6 7.31 and &
7.19 are attributed to aldiminic hydrogens of the two iso-
mers. Analyzing the integration of signals (proportion of
11.86, 1.00 and 1.74, respectively) we can note that in the
time of the experimental measurements, just 19% of the
aldehyde has reacted (not considering the aminoal cohol),
forming both E- and Z-isomers. We have attributed the &

Table 1. Reaction energies and thermodynamics properties for methy-
lamine addition to acetaldheyde determined by ab initio calculations®

1 2 3 4
6-31G(d)

HF -7.0 17.0 12.8 42
AZPEP 38 -5.0 -5.0 0.0
6-31+G(d)

HF 6.1 15.1 10.7 -4.4
MP2 -12.9 16.4 12.0 -4.4
6-311+G(2d,p)

MP2 -13.6 14.1 10.0 -4.1
AE° -9.8 9.1 5.0 4.1
Thermodynamics propertieﬁd

AHC -10.9 10.9 6.6 43
-TAS® 12.2 -12.3 -11.3 1.0
AGP 13 -1.4 -47 -3.3
AH* -10.3 10.3 6.0 43
-TAS 9.7 9.8 -8.8 1.0
AG* -0.6 05 -2.8 -3.3

Equilibrium constants

Kq 2.8 0.4 11x10° 26x10°

a- Each stepisnumbered according to Scheme 1. Energiesarein kcal/mol,
and the symbols ° and * correspond to standard state of 1 atm of pressure
and 1 mol/L of concentration. T = 298.15K.

b- Zero point vibrational energy contribution. Frequenciesscaled by 0.90.
¢ - MP2/6-311+G(2d, p) energy + AZPE.

d - The two enantiomers of the aminoalcohol were considered in the
calculation of the thermodynamics properties.

e - Equilibrium constant at 298.15 K. Units of mol and L.
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MSla MS1b MS2

TS1la TS1b

TS2 TS3
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Figure 1. Minima(MS) and transition state structures (TS) located on the potential energy surface for the CH3NH2 + CH3CHO reaction. TS1 corresponds
to the transition state for step 1 (Scheme 1), TS2 corresponds to the transition state for step 2, and so on.
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7.31 signal to the E-isomer, and the & 7.19 signal to the
Z-isomer.

The structures of minima and transition states for the
present system arein Fig. 1 and a diagram of the potential
energy surfaceisin Fig. 2. We have located two transition
states (TS1a and TS1b) for the first step of methylamine
addition to acetaldehyde. In accordance with Y amataka et
al.? study for other amine-aldehyde pairs, no zwitterion
intermediate was located on the potentia energy surface.
The bimolecular process occurs by attack of the nitrogen
on the carbonylic carbon and concerted transfer of proton
to oxygen, forming the aminoal cohol intermediate (M S2).
These transition states have an activation free energy of
35.8 kcal/moal and 35.0 kcal/moal, respectively, and the AG*
for the formation of the aminoal cohol is-0.6 kcal/mol. The
following step isthe elimination of water by an unimolecu-
lar process. Depending on the aminoal cohol conformation,
either Z- or E-isomer can be formed through transition
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Figure 2. Potential energy surface profile for the CHsNH2 + CH3CHO
reaction. Structures of minima and transition states are indicated in
accordance with Scheme 1 and Fig. 1. Free energy in kcal/mol, and
standard state of 1 mol/L.

states TS2 and TS3. These structures present aconsiderable
heterolytic C-O bond cleavage, and the forming hydroxyl
anion captures the proton bonded to nitrogen to form the

Table 2. Energy barriers, activation thermodynamic properties and rate constants for methylamine addition to acetaldehyde determined by ab initio

calculations®
la 1b 2 3 4

6-31G(d)
HF 475 4538 73.0 77.2 27.7
AZPE® 0.9 0.9 32 5.4 -1.3
6-31+G(d)
HF 471 454 61.9 75.1 27.3
MP2 27.0 25.6 51.7 59.6 28.4
6-311+G(2d,p)
MP2 25.8 24.9 52.6 57.2 28.1
AE® 26.7 25.8 49.4 518 26.8
Activation propertiesd
AHP 255 245 50.0 52.2 26.7
TASL 12.2 12.4 -1.6 -1.0 0.3
AG° 37.7 36.9 48.4 51.2 27.0
AH* 26.1 25.1 50.0 518 26.7
TAS 9.7 9.9 -1.6 -1.0 0.3
AG* 35.8 35.0 48.4 51.2 27.0
Arrhenius parameters and rate constants
Ea 26.7 25.7 50.6 52.4 27.3
A 13x10° 93x10° 25x10* 91x10® 10x10%
k(T)® 36x10%* 14x10" 20x10%2 36x10%® 1.0x107

a- The numbering corresponds to the transition states in figure 1 and stepsin Scheme 1. Energies are in kcal/mol. T = 298.15 K. The Symbols ° and *

correspond to standard state of 1 atm of pressure and 1 mol/L of concentration.

b - Zero point vibrational energy contribution. Frequencies scaled by 0.90.
¢ - MP2/6-311+G(2d, p) energy + AZPE.

d - The two enantiomers of the aminoalcohol and of the TS1a and TS1b transition states were considered in the calculation of the activation properties.
e - Rate congtant at 298.15 K calculated by transition state theory. Unitsof L, mol and s.
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water molecule. The free energy barriers are 48.4 kcal/mol
and 51.2 kcal/mol, respectively. In relation to aminoal co-
hol, the Z isomer is 0.5 kcal/mol less stable, and the E
isomer is 2.8 kcal/mol lower in free energy. In these calcu-
lations, the existence of two enantiomers of the aminoal co-
hol wastaken into account. Also, four other conformations
werefound for the aminoal cohol, but we havereported only
themost stable one, because these conformerscanintercon-
vert easily. Thus, they will not be kinetically significant.

Another possible step is the isomerization from the Z-
form to the E- form by thetransition state TS4. Thismotion
corresponds to inversion on the sp? nitrogen, where the
C-N-C atoms are almost collinear. The activation free
energy predicted at 298.15 K is 27.0 kcal/mol.

Discussion

Considering the competitive steps 2 and 3, theab initio
results suggest that the Z-isomer is formed faster than the
E-isomer, so that under kinetic control, it will be the domi-
nant product. The H-NMR measurements confirm this
prediction, with the proportion of products of 63% of Z-
and 37% of E-isomers. The thermodynamic data obtained
from the cal cul ationsindicatethat the equilibriumisshifted
to the E-isomer product, with an overall AG* of -3.4
kcal/mol, and it is more stable than the Z isomer by 4.3
kcal/mol in AH* terms, in excellent agreement with the
Wiberg® value of 4.4 kcal/mol. So, at thermodynamic
equilibrium, only the E-isomer will be observed. Thisresult
only permits us to infer that the experimentally conducted
reaction has not attained thermodynamic equilibrium.
However, if we make the assumption that the systemisin
a quasi-equilibrium state with relation to Z-isomer forma-
tion, and the water molecules formed remain in pentane
solution, we can cdculate the AG* for Z-isomer formation
from adehyde and amine as 1.5 kcal/mol at 230 K, in
reasonable agreement with the theoretical value of -0.1
kcal/mol at this temperature. The small difference may be
dueto the qudity of the ab initio calculations, the assump-
tion that water molecules remain in pentane solution, and
more probably the quasi-equilibrium assumption. Indeed,
progression of the reaction would lead to a smaller experi-
mental AG*.

The qualitative analysis of kinetic parameters is in
agreement with experimental observationsi.e. the Z-isomer
isthe kinetically dominant product. However, the obtained
barriers in al steps are very high. In order to have a
quantitative comparison between theory and experiment let
us make a rough estimate of the experimental free energy
for the first step, the formation of the aminoalcohoal. If the
first step is bimolecular and rate determining for the reac-
tion, and after one hour 20% of thereactantsat 1mol/L have
reacted, then we can estimate an activation free energy of
18 keal/mol at 230 K, against 33 kcal/mol obtained by ab
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initio calculations. The difference of 15 kcal/mol is very
large, and it can not be attributed to the imprecision of the
level of theory used. If we observe the barriers for water
elimination (steps 2 and 3), they are about 50 kcal/mol. The
implication of these resultsis clear. Thefirst step does not
occur viaabimolecular process, and the water elimination
step does not occur by a unimolecular mechanism. Some
catalyzed mechanism is acting. In the case of reactionsin
aqueous solution, water molecules play the dominant role
as shown by Willians®. In the present case, as the reaction
was conducted in an aprotic solvent, others species could
act as a catayst, as the proper amine, the aminoal cohol
intermediate and the water product. A definitive answer
will require more investigation.

The unimolecular isomerization from the Z- to the E-
isomer presents a AG** of 26.9 kcal/mol at 230 K. The
resulting rate constant is 1.3 x 102 s, and this very low
valueindicatesthat the Z-isomer iskinetically stableat this
temperature. So, this pathway can not lead to the E-isomer.
At room temperature, we obtained AG** = 27.0 kcal/mol,
in excellent agreement with 27.1 kcal/mol found for N-
methyl-1-(1-naphthyl)-ethylimine?’, which also presents
motion of the methyl group bonded to nitrogen. The life-
timeto convert the Z-isomer to E- isomer, through TS4, is
about four months. Thus, the theoretical calculations pre-
dict that the Z-isomer can be obtained and conserved with-
out isomerization to the E-form, since catalytic species are
not present and the temperature is kept low.

Conclusion

The present theoretical and experimental results show
that it is possible to obtain the less stable Z-isomer under
kinetic control as the dominant product. The reaction
should be conducted in an aprotic solvent and at low
temperature. A drying agent should be used in order to shift
the equilibrium toward products.

Analysis of the reaction mechanism shows that in an
aprotic and low polarity solvent, the addition step can not
be a bimolecular process and neither can the elimination
step be unimolecular. A catalyzed mechanism is actuating,
and further study isnecessary in order to discover theactual
reaction pathway.
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