Thermochimica Acta, 171 (1990) 253-277 253
Elsevier Science Publishers B.V., Amsterdam

THERMAL PROPERTIES, CRYSTAL LATTICE ENERGY,
MECHANISM AND ENERGETICS OF THE THERMAL
DECOMPOSITION OF HYDROCHLORIDES OF 2-AMINO
ACID ESTERS

JANUSZ RAK, JACEK LUBKOWSKI, IRENA NIKEL, JOZEF PRZYBYLSKI
and JERZY BLAZEJOWSKI

Institute of Chemistry, University of Gdansk, 80-952 Gdansk (Poland)
(Received 2 April 1990)

ABSTRACT

The thermal behaviour of hydrochlorides of esters (mostly methyl esters) of several
naturally occurring 2-amino acids was examined by thermoanalytical methods (DTA, TG,
DTG). Heating of the compounds at a constant rate up to 750 K leads to their total or partial
volatilization and formation, in the latter case, of a non-volatile residue comprising a mixture
of carbonization products. The thermodynamics of the thermal decomposition of the com-
pounds studied was analysed by considering several possible pathways for primary processes.
The thermochemical characteristics necessary for these considerations, such as the enthalpies
of formation of gaseous 2-amino acid esters and of their crystalline hydrochlorides, were
estimated on the basis of the Benson group additivity method and available literature
information. Using characteristics thus derived and other data from the literature, the
enthalpies of primary processes were evaluated, as well as volatilization temperatures of some
of the reaction products. The MINDO/3, MNDO and AM1 quantum chemistry methods
were applied to evaluate several physicochemical characteristics, in the gaseous phase, for
glycine and L-alanine methyl esters and glycine ethyl ester, and aiso for their protonated
forms and decomposition fragments. The thermodynamics of the thermal decomposition of
the three above mentioned compounds was then examined using the thermochemical char-
acteristics for gaseous reactants derived by MINDO /3, MNDO and AM1. The AM1 method
was also applied to analyse structure and energetics of the transition state (saddle point
structure) for the decarboxylation of glycine methyl ester. Further, the electrostatic energy of
the hydrochloride of L-proline phenylmethyl ester was derived on the basis of the Ewald
method and the known crystal structure of the compound. This quantity has been compared
with values of crystal lattice energy of hydrochlorides of several other amino acid esters
estimated on the basis of the thermochemical cycle using available literature information and
the heats of formation of gaseous amino acid esters and their monocations evaluated by
quantum chemistry methods.

INTRODUCTION

Incorporation of a nitrogen atom in an organic molecule gives it basic
properties. This results from the presence of a lone electron pair remaining
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at this atom. Nitrogen organic bases can thus interact with molecules having
a vacancy of electrons through electron donor—-acceptor (EDA) interactions.
In the case of strong binding, this leads to stable adduct-type derivatives.
Nitrogen bases can also participate in hydrogen bond-type interactions.
These interactions are very common in various biological systems. A particu-
larly interesting case is that in which a proton from the Brensted acid is
strongly bound to nitrogen, forming a cation. Such interactions lead to
salt-type derivatives. Protonation at nitrogen markedly influences the be-
haviour of molecules, e.g. increases their solubility in aqueous media and
decreases their volatility. Protonated forms can also be involved in electro-
static interactions. This strongly influences the behaviour of organic nitro-
gen bases in biological systems [1,2]. The nature of the hydrogen bond in
solid salt-like compounds containing nitrogen bases can be examined by
thermoanalytical methods. In several previous works we have studied ther-
mal features and thermochemistry of chloride [3-5], bromide [6], iodide [7],
hexachlorostannate [8-10] and hexachloroplumbate [11] salts of mono-
nitrogen organic bases such as alkanamines, aromatic amines and hetero-
cyclic nitrogen bases. These compounds represent one of the simplest
molecular forms of nitrogen organic bases. The very common units forming
a large number of organic macromolecules are amino acids. In the pure state
they form zwitterionic structures which do not exhibit basic character. The
basic function of these derivatives is, however, preserved in esters of amino
acids. The thermal features, other properties, thermochemistry and crystal
lattice energy of hydrochlorides of these latter derivatives, as well as the
mechanism and energetics of the decomposition of simple free amino acid
esters, are examined in this work. Such derivatives are commonly used in
organic synthesis. They also present interesting model compounds for ther-
moanalytical investigations due to the presence of a second functional group
besides the amino group, i.e. -COOR’, in the molecule.

MATERIALS AND METHODS
Chemicals

L-Amino acids were esterified with appropriate alcohols by the thionyl
chloride method [12-14]. The amino acid to be esterified was dissolved or
suspended in the chosen alcohol and cooled to 263 K. Thionyl chloride was
added slowly, in small molar excess relative to the amino acid, over a period
of 30 min. The reaction mixture was then allowed to warm up and was left
at room temperature for 48 h. After this period the hydrochloric acid and
excess of alcohol were removed in vacuo. The resulting precipitates, which
sometimes occurred only when ethyl ether was added, were separated by
filtration and purified by repeated crystallization from the mixture
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methanol-ethyl ether. The identity of the compounds was confirmed by
elemental analysis (performed on a Carlo—Erba instrument, model 1106).

Apparatus

The dynamic thermal analyses were carried out on an OD-103 derivato-
graph (Monicon) with a-Al,0, as reference, in a dynamic atmosphere of N,.
The samples (50 mg) were analysed in a shallow platinum crucible [15].
Other operating conditions were as follows: heating rate, ca. 5 K min™’,
sensitivities of DTG, DTA and TG galvanometers, 0.1, 0.5 and 50 mg,
respectively. The thermogravimetric analyses under quasi isothermal-iso-
baric conditions [16] were performed on a Q-1500 derivatograph (Monicon)
with 100 mg samples placed in a special platinum labyrinth crucible. The
samples were heated at a rate of ca. 3 K min~!. The rate of mass loss was

adjusted to 2 mg min~?,

Calculations

The quantum chemistry calculations were carried out using the MOPAC
version 4.0 program package for personal computers [17]. The geometry
optimizations of glycine and L-alanine methyl esters and glycine ethyl ester,
as well as their protonated forms and decomposition fragments, were
performed by applying the semiempirical MINDO /3 [18], MNDO [19] and
AM1 [20] methods. The starting geometries of these molecules were mod-
elled on the basis of chemical intuition and the work of Schaefer et al. [21].
The examinations regarding geometry of the transition state for the thermal
decomposition (in the saddle point) were carried out at the level of the AM1
method [22].

The electrostatic part of the crystal lattice energy of L-proline phenyl-
methyl ester hydrochloride was derived adopting Ewald method [23,24] for
unsymmetrical multiple-atom ions [25]. The quantum chemistry calculations
necessary for these evaluations were done at the level of the CNDO /2
[26,27], MNDO [19] and INDO [26-29] methods. All calculations were
carried out on an IBM PC computer.

RESULTS AND DISCUSSION
General features of the thermal decomposition

Thermal analysis curves recorded under both dynamic and quasi-isother-
mal-isobaric conditions for three chosen compounds are shown in Figs. 1

and 2. To enable further discussion, the essential parameters characterizing
the thermal behaviour of the compounds studied, derived from the thermal
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Fig. 1. Dynamic thermal analyses of hydrochlorides of glycine methyl ester (A), L-leucine
methyl ester (B) and L-serine methyl ester (C). a, DTG; b, DTA; ¢, TG; 1, solid state phase
transition; 2, melting.

analysis curves, are given in Table 1 together with the available information
from the literature.

Thermal decomposition of all the compounds studied presents a multi-step
pattern. The hydrochlorides of esters of L-valine, L-leucine and L-isoleucine
undergo complete volatilization on heating up to 750 K. The remaining
compounds studied undergo only partial volatilization with rising tempera-
ture. The solid residue formed at higher temperatures is presumably a
mixture of carbonization products. The composition of neither gaseous nor
solid products was examined in this work. The predictions regarding the

Temperature in K

Fig. 2. TG analyses of hydrochlorides of glycine methyl ester (A) and L-leucine methyl ester
(B) under quasi-isothermal-isobaric conditions.
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possible pathways of thermolysis of these derivatives and thus reaction
products will be presented subsequently. Nevertheless, some information
regarding the nature of the thermal processes can be drawn from the
thermoanalytical curves. Examining the data in Table 1 one notices that the
temperatures of the onset of decomposition vary roughly within 70 K for the
various compounds studied. The first (in the temperature scale) thermal
process is accompanied by mass loss of the sample and is always of
endothermic nature. Exothermic processes occur sometimes at higher tem-
peratures, presumably with the participation of oxygen from the gaseous
environment. Traces of oxygen are always present in the reaction zone owing
to leaks in the derivatograph oven. These facts seem to indicate that the
primary processes in the thermal decomposition of the compounds studied
are mostly of endothermic nature and lead to products which are partially
volatile at the temperature of decomposition.

The hydrochloride of the methyl ester of L-leucine exhibits phase transi-
tion below the melting point. Some of the compounds studied melt before
the onset of thermolysis. The fusion of others occurs simultaneously with the
decomposition process. Thus, the fusion process is not always reflected on
the DTA curves.

Any of the compounds studied have, so far, been examined by thermo-
analytical methods. It would be interesting, however, to compare the thermal
features of appropriate amino acids and their hydrochlorides, on the one
hand, and chloride salts of alkanamines on the other. The temperatures of
the thermal decomposition of hydrochlorides of amino acid esters, i.e. T,
(from DTA and DTG) and T;,, (Table 1), are lower by as much as 100 K
than those characteristic of the parent amino acids or their hydrochlorides
[73,74]. Also, the comparison of thermolysis temperatures of amino acids
determined by other techniques [75,76] with those for hydrochlorides of
amino acid esters (Table 1) indicate that the compounds studied begin to
decompose at lower temperatures. A similar conclusion comes from the
analysis of vapour pressures of amino acids (Table 2). These facts clearly
demonstrate that hydrochlorides of amino acid esters are less temperature
resistant than the parent amino acids or their hydrochlorides.

The characteristic temperatures of thermolysis of the compounds studied
are very similar to those found for alkanaminium chlorides [3,79]. However,
the latter derivatives volatilize smoothly in one step, whereas decomposition
of hydrochlorides of amino acid esters proceeds in several steps (Table 1),
similarly to thermolysis of the original amino acids [80-83]. On the other
hand, hydrochlorides of 2-aminooxy acids and their esters [84] exhibit much
lower thermal stability than the compounds studied.

Nature of the decomposition process

With the lack of information regarding thermolysis products, and taking
into account that the thermal decomposition of the compounds siudied
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TABLE 2

Enthalpies of formation and thermochemistry of the thermal decomposition of hydrochlo-
rides of amino acid methyl esters ?

Parent AH{; AH{ Thermodynamics of decomposition
amino acid AH? Volatilization temperature °
(see Table 1) for reaction pathway Parent amino _ Amine
O a) (I (II') acid*® hydrochloride 9
o T, Ly T,
Glycine —-371 —-639 —-70 —-16 34 34 524* 614* 4067* 5147
533 ** 632** 410** 512 **
L-Alanine —-445 —-712 -32 25 41 98 518* 605* 416" 520°
410 ** 512t
L-Valine —434 -1702 ~-33 -11 37 496 * 562* 410** s512°*F
L-Leucine —466 —733 ~25 49 510 * 587* 410** 512t
L-Isoleucine —497 -764 8 80 410 ** 512+
L-Phenylalanine —292 —559 59 524* 603* 410*+ 512+
L-Serine —595 —863 31 97 410 v+ 512 **
L-Proline —345 —-613 534* 678 *

* AH{ = AH{[RCH(NH,)COOR']; AH;? = AHJ[RCH(NH,)COOR"-HCl; AH,®, en-
thalpy of reaction; all enthalpy values (in kJ mol~!) correspond to 298 K.

Temperature values (in K) were evaluated using the van’t Hoff equation: n In(P/P))=
—AH,/(RT)+ AH,/(RT,), where AH, is the heat of volatilization, P is the vapour
pressure at a given temperature 7, P, represents the atmospheric pressure, R denotes the
gas constant, T, is the volatilization temperature, i.e., the temperature at which P attains
P,, and n accounts for the number of moles of gaseous molecules released from 1 mole of
the solid substance (n=1 for amino acids and n =2 for hydrochlorides of amines); Tjq,
corresponds to P/P,= 0.01.

Values calculated on the basis of the data on the volatilization of amino acids from ref. 77
(*) and ref. 78 (**).

Calculated on the basis of the data on the volatilization of amine hydrochlorides from refs.
3 and 79; values correspond to the hydrochlorides of amines formed upon decomposition
according to the first reaction pathway (*) and second reaction pathway (7).

b

presents a multi-step pattern, it is rather difficult to predict a priori all
possible reaction pathways. A helpful feature in this case may be the
knowledge of the thermal processes occurring upon heating of parent amino
acids. It has been revealed that amino acids fairly easily undergo decarboxy-
lation, leading to the corresponding amines [85-88]. This procedure has
been even recommended as a preparative one [85]. Detailed analysis of the
thermal decomposition products of glycine revealed the presence of large
amounts of H,0, CO, and NH, and traces of HCN and CH,;NH, among
the volatile products [86]. The residue after pyrolysis of glycine appeared to
be a mixture of polymeric substance and carbonization products [86]. Water,
CO,, appropriate amines and nitriles have also been reported as gaseous
products of the thermolysis of other amino acids [85-87]. Moreover, the
formation of unsaturated hydrocarbons and CO can be expected upon
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pyrolysis of amino acids [74]. The structure of the compounds studied differs
somewhat from that characteristic of the parent amino acids. Nevertheless,
the thermal decomposition pathways can be expected to be similar in the
case of both groups of compounds.

Preliminary insight into reaction dynamics can be obtained by analysing
bond orders of all the bonds in the molecule. The values of this quantity are
related to the strength of the bond and thus to bond energy. Therefore, bond
order values provide qualitative information on the susceptibility of bonds
to cleavage. In molecules of the compounds studied, the =N-H---Cl
hydrogen bond, typical of hydrochlorides of amines, exhibits specific char-
acter, and it may be thought that it does not affect the destruction of the
skeleton of a molecule. As is revealed by thermoanalytical data for amine
hydrochlorides [3,79], this bond is selectively broken upon heating, with
release of free amines and HCI. It can be thus assumed that the information
regarding the thermal behaviour of amino acid ester molecules in the
gaseous phase is representative for molecules of appropriate hydrochlorides
in the solid phase. For none of the amino acid esters studied is the complete
information regarding bond orders available. Therefore, we used the MOPAC

13

Hl 9

Fig. 3. The AM1 lowest energy structures of glycine methyl ester (4), glycine ethyl ester (B)
and L-alanine methyl ester (C).
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program package to calculate these data for three molecules chosen as
examples, namely: glycine methyl ester, glycine ethyl ester and L-alanine
methyl ester. Figure 3 shows the bonding geometry of these compounds,
whereas Table 3 comprises appropriate bond order values. Analysing data in
Table 3, one notices that the C2-C3 and O5-C6 bonds are the weakest in
the molecules, and it could be thought that these bonds are broken first
upon thermal decomposition of amino acid esters. The cleavage of even a
single bond to form two radical species usually requires provision of the
molecule with a relatively large amount of energy. In such a case thermal
processes would be realized at quite high temperatures. Since the observed
decomposition temperatures are rather low, it may be thought that destruc-
tion of the molecules proceeds exclusively by elimination of smaller molecu-
lar fragments. Such reaction pathways would, of course, require a suitable
initial arrangement of the parent molecule and transfer to products though
certain transition states. We will discuss this subject subsequently.

Just on the basis of chemical intuition, several pathways for the decom-
position of amino acid esters can be predicted. They are shown below in
eqns. (1)-(13).

Reaction
Pathway
RCH(NH,)COOCH,R’

— CO, + RCH(NH, )CH,R’ I (1)
— CO, + NH; + RCHCHR’ II (2)
— H, + CO, + RCN + CH,R’ I11 (3)
- H, + CO, + HCN + RCH,R’ I’ (4)
— H, + RCN + R'"CH,COOH Iv (5)
— H, + HCN + R"CH,COOR v’ (6)
— CO + RCH,NH, + R'"CHO \% (7)
- H, + CO + RCN + R'"CH,0H \%! (8)
— H, + CO + HCN + R'"CH,OR vr’ (9)
- H,+ RCN + HCHO + R'"CHO  VII (10)
— H,+ HCN + RCHO + R*”CHO VII’ (11)
— CO, + RCH,NH, + R’(alkene)  VIII (12)
— RCH(NH, )COOH + R(alkene) IX (13)

The above presented reaction pathways comprise possible molecular
elimination mechanisms. They consider simple processes, e.g. those given by
reaction (1), (2) or (13), which most probably proceed according to the
unimolecular mechanism. Other, more complicated processes leading to
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TABLE 3
Bond orders in molecules of amino acid esters
Glycine methy] ester Glycine ethyl ester L-alanine methyl ester
Bond @ Bond order*  Bond ® Bond order*  Bond ® Bond order ®
N1-C2 1.04 N1-C2 1.04 N1-C2 1.02
N1-H7 0.95 N1-H7 0.95 N1-H7 0.95
H1-H8 0.95 N1-H8 0.95 N1-H8 0.95
C2-C3 0.88 C2-C3 0.88 C2-C3 0.87
C2-H9 0.94 C2-H9 0.94 C2-C9 0.97
C2-H10 0.94 C2-H10 0.94 C2-H10 0.94
C3-04 1.79 C3-04 1.79 C3-04 1.80
C3-05 1.03 C3-05 1.04 C3-05 1.03
05-C6 0.95 05-C6 0.93 05-C6 0.95
C6-H11 0.96 C6-C11 0.99 C6-H11 0.96
C6-H12 0.96 C6-H12 0.96 C6-H12 0.96
C6-H13 0.96 C6-H13 0.96 C6-H13 0.96
Cl11-H14 0.97 C9-H14 0.97
C11-H15 0.97 C9-H15 0.97
C11-H16 0.97 C9-H16 0.97

* For numbering of atoms see Fig. 3.
® Values in italics are those for bonds broken upon decarboxylation.

three or more products can well be realized via several steps with different
activation barriers.

Thermodynamics of the decomposition process

The primary information on the probability for a given reaction pathway
is provided by thermochemical considerations. Unfortunately, none of the
heats of formation of amino acid esters or their hydrochlorides is available.
Therefore, we estimated heats of formation (A H;®) of some gaseous amino
acid methyl esters by modifying heats of formation of gaseous amino acids
reported in ref. 89 on the framework of the Benson group additivity method
[90]. The necessary group parameter corresponding to the esterification of
the carboxylic group was estimated by analysing differences in the heats of
formation of carboxylic acids and their corresponding methyl esters. Simi-
larly, values of AH;® for L-isoleucine and L-serine were evaluated. These
estimated enthalpies of formation of chosen amino acid esters are listed in
Table 2. Values for the enthalpy of formation of crystalline hydrochlorides
were estimated from a thermochemical cycle analogous to that for am-
monium and alkanaminium chlorides [79], assuming for A HS[HCI] a value
equal to —92.3 kJ mol~! [91,92], and for the heat of sublimation a value
equal to 175 kJ mol ™! [84]. These latter values are also shown in Table 2.
Using the thus derived enthalpies of formation of gaseous amine acid esters
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and available literature values of the enthalpy of formation of decomposi-
tion products [89,91,92], we evaluated enthalpy changes for reaction path-
ways I, I and III (III"). These derived values are shown in Table 2.

To gather further information on the systems studied, we considered in
detail the reaction pathways for the decomposition of glycine methyl ester,
glycine ethyl ester and L-alanine methyl ester. Thermolysis of the above
mentioned derivatives is demonstrated with eqns. (14)—(40) shown in Table
4. Table 4 also contains information on the enthalpy changes (AH,) for
appropriate reactions. The enthalpy changes were evaluated either on the
basis of the experimental enthalpies of formation of the reaction products
(Table 6) and estimated enthalpies of formation of substrates (Table 2) or
using the enthalpies of formation of all reactants evaluated by the quantum
chemistry methods MINDO /3, MNDO and AM1 (see Tables 5 and 6). The
AH_ values indicate that decarboxylation via reaction pathway I is thermo-
dynamically the most probable process. Decarboxylation according to mech-
anism II is also thermodynamically favourable. Decarboxylation via I or II
leads to appropriate amines or NH;. Both these products form hydrochlo-
rides, similarly to the parent molecules. Thus, the thermodynamics of these
two processes should be analogous for both free amino acids esters in the
gaseous phase and their chloride salts in the solid phase. Amines are,
furthermore, expected following decarboxylation via mechanism V. The
process requires, however, a marked thermodynamic barrier to be overcome.
Products containing an amine group can be also formed via mechanisms
VIII and IX. The latter two pathways are feasible only when the esterified
carboxylic group contains substituents more complex than methyl. The
thermolysis according to reaction pathways III, IV, VI and VII should lead
to derivatives containing the —CN group. Since such compounds do not
exhibit basic character, they do not form chloride salts in the solid phase. It
means that during decomposition via III, IV, VI and VII, accompanied by
the evolution of gaseous products, an additional thermodynamic barrier over
that resulting from the thermolysis of gaseous esters (Table 4) has to be
overcome. This barrier, equal roughly to 175 kJ mol™! (see text, above), is
necessary to destroy the >N-H - - Cl hydrogen bond and to transfer the
amine and HCI released to the gaseous phase.

Mechanism of decarboxylation

No mechanistic considerations have so far been conducted for the com-
pounds studied. In order to shed more light on this problem we analysed the
decarboxylation of glycine methyl ester via reaction pathway 1. For this
purpose we used an opportunity which provided the MOPAC 4.0 program
package [17]. This program enables optimization of the geometry of a
molecule in the transition state (saddle point). Moreover, it provides several
characteristics for a parent molecule, the molecule in the transition state and
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TABLE 4

Enthalpies of the thermal decomposition (AH,) of glycine methyl ester, glycine ethyl ester
and L-alanine methyl ester, for various reaction pathways, evaluated using theoretical or
experimental thermochemical data

Reaction pathway AH, (kI mol™ 1)
No. Chemical expression Egn. Theoretical * Experi-
No. MINDO MNDO AM1 ™ental®
/3

1 CH,(NH,)CO,CH,

- CO, + CH,CH,NH, (14) -638 —~19 03 —69.6
i} - CO, +NH, + CH,CH, as) 443 929 1021 -158
111 -+H,+C0,+HCN+CH, (16) 120.9 155.6 135.1 339
1A% - H, + HCN+CH,CO,H an 100.4 96.7 74.9 69.0
A\ - CO+HCHO + CH,NH, (18) 219.9 175.2 2112 1292
VI - H, +CO+HCN+CH,;0H (19) 279.3 255.0 2434 189.8
VII - H,+HCN+2HCHO (20) 3338 244.6 2421 284.6
I  CH,(NH,)CO,CH,CH,

- CO, +CH,CH,CH,NH, @1) -318 10 —43 -576
II - CO, +NH, +CH,CHCH, (22) 45.3 72.2 854 ~135
I - H, +C0O, + HCN+CH,;CH, (23) 119.3 145.3 123.3 59.3
IV —H,+HCN+CH,CH,CO,H (@4) 1289 999 738 831
v —- CO+CH,CHO+CH,;NH, 25) 2005 158.8 193.7 106.5

VI —H,+CO+HCN+CH,CH,OH (26) 2829 2551 2378 1909
VII. —H,+HCN+HCHO+CH,CHO (27) 3144 2282 2246 2619

VIII - CO, +CH,CH, +CH,NH, (28) 1184 1101 1261 421
X — CH,(NH,)CO,H + CH,CH, (29) 1064 555 662 733
I  CH,CH(NH,)COCH,

- CO, + CH,CH(NH,)CH, (30) —608 —25 —24 =322
1l - €O, +NH, + CH,CHCH, (1) 43 609 750 255
111 —H, +C0, + CH, + CH,CN (32 308 992 1000 415
I’ —H,+CO,+HCN+CH,CH, (33 783 1340 1129 982
v - H, +CH,CN + CH,CO,H (34 103 403 398 766
IV’ —H,+HCN +CH,CO,CH, (35) 1447 1388 1164 163.6
\Y - CO+HCHO +CH,CH,NH, (36) 1875 1608 1927 178.6

VI —H,+CO+CH,0H+CH,CN  (37) 1892 1986 2083 1974
VI’ —H,+CO+HCN+CH,OCH,  (38) 3267 2916 2736 2809
VI —H,+2HCHO+CH,CN (39) 2437 1882 2070 2922
VII' —H,+HCN+HCHO+CH,CHO (40) 2734 2169 2142 30038

* Evaluated using enthalpies of formation of reactants from Tables 5 and 6.
® Calculated on the basis of the experimental and estimated enthalpies of formation of
reactants shown in Tables 2 and 6.

reaction products. We performed these calculations at the level of the AM1
method. The initial structure of glycine methyl ester for these calculations
was modelled starting from the lowest energy conformation obtained after
AM1 geometry optimization (see Fig. 3). This structure is characterised by
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the fact that fragments containing C(2) and C(6) atoms are situated trans
relative to the C(3)-O(5) bond. The initial structure for saddle point
calculations was such that four atoms, i.e. C(2), C(3), O(5) and C(6), were
placed in a plane such that the C(6) atom was the shortest possible distance
from C(2). The geometry of a conglomerate of the reaction products (i.e.
geometry of the final stage of the reaction) was modelled by combining
ethanamine and CO, molecules in the conformations appropriate for the
unimolecular decomposition process. This geometry follows the idea that the
CO, fragment moves out from the glycine methyl ester molecule thus
allowing the remaining two fragments to form an ethanamine molecule. The
structure of the molecule in the transition state, obtained after gradient
minimization in the saddle point, is demonstrated in Fig. 4. To enable
detailed comparison of the geometry of a parent molecule with that in the
transition state we present in Table 7 the Z matrix for both species. It may
be easily noticed that the transition state is characterized by longer C(2)-C(3)
(change from 1.52 to 2.07 A) and O(5)-C(6) (change from 1.43 to 2.20 A)
bonds, shorter C(3)-O(5) bond (change from 1.36 to 1.23 A) and much
shorter C(2)-C(6) distance (2.56 A) than in the parent molecule. Among
numerous parameters which the program provides for the molecule in the
transition state, the most interesting is the enthalpy of formation. In our
case, the value of this quantity is equal to 170.3 kJ mol~ .. If thermolysis
were to proceed via a simple unimolecular step, the difference between this
latter value and the value of the heat of formation of glycine methyl ester
(Table 5) could be interpreted as a kinetic activation barrier for the process
(AH,). This difference is, however, equal to 568.1 kJ mol ! and exceeds
markedly the energy of simple single bonds, e.g. C-C, C-H, C-0 or O-H.
Therefore, if it was actually required to overcome such a barrier, it would be
easier for the molecule to dissociate to radical fragments. The examination
of many processes revealed that radical dissociation takes place in much

. EN

Fig. 4. The stereoview of the AM1 optimized transition state for the unimolecular decomposi-
tion of glycine methyl ester to CO, and ethanamine.
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TABLE 5
Physicochemical characteristics for glycine methyl ester, glycine ethyl ester and L-alanine
Molecule Heat of formation Proton affinity ?
AH{3 (kJ mol™") PA (kJ mol™")
MINDO/3 MNDO AM1 MINDO/3 MNDO AM1 Experi-
men-
tal [93]
CH,(NH,)CO,CH,4 —402.7 —367.9 —397.8 877 806 854 907
CH,(NH,)CO,CH,CH; —457.9 —390.1 —422.2 886 808 858
CH,CH(NH,)CO,CH, -—4169 —378.8 —411.8 890 815 872
CH,(NH;)CO,CH; 256.5 362.8  284.7
CH,(NH,)CO,CH,CH; 1925 3380 256.0
CH,CH(NH,)CO,CHy 229.0 3429 2526

? For AHIZ[H+ ], a value equal to 1536.2 kJ mol ! [91,92] was used.

higher temperatures than those characterizing thermal decomposition of the
compounds studied. It seems, therefore, that the enthalpy of formation of a
molecule in the transition state is overestimated. Such a high AH, value
could be only feasible if decarboxylation of glycine methyl ester were to be
realized through several consecutive steps. Then the energy barrier for the
rate determining step would be expected to be lower than A H,. Despite the
fact that the predicted kinetic barrier cannot be accepted without some
reservations, the geometry remains in accord with chemical intuition and our
imagination on the structural transformations accompanying unimolecular
decomposition.

Crystal lattice energy

A very important characteristic of solid substances is the crystal lattice
energy. This quantity determines the magnitude of cohesive forces keeping
molecules in the rigid solid phase. The chloride salts of nitrogen organic
bases form ionic crystals similar to those characteristic of typical inorganic
salts [94-96]. However, these substances differ from each other due to the
fact that the former compounds contain highly unsymmetrical cations. In
ionic crystals the main contribution to the crystal lattice energy is afforded
by electrostatic interactions. Thus, we made an attempt to evaluate the
energy of these interactions following an approach used for simple ionic
crystals.

The lattice energy E_ of an ionic substance K, A, defined as an energy
change for the process

K, A,(c) > mK**(g) + nA™ " (g) (41)
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methyl ester and their protonated forms in the gaseous phase

Dipole moment Energies (eV) of
(Debye) LUMO HOMO
MINDO/3 MNDO AMI1 \iNpO/3 MNDO AMI  MINDO/3 MNDO AMI

1.19 1.33 1.16 0.80 0.74 098 -—9.2 -10.8 —103
1.55 1.50 1.41 0.82 0.78 1.03 -91 -10.8 -—10.3
1.34 1.47 1.38 0.79 0.78 1.03 -96.2 -108 —10.3
—5.26 —4.87 —-474 -152 —-157 -—155
-5.13 —4.83 —4.66 -—148 -154 —14.8
-5.03 —-474 —454 -150 -157 -—154
TABLE 6

Theoretical and experimental heats of formation of expected gaseous thermal decomposition
products of glycine methyl ester, glycine ethyl ester and L-alanine methyl ester

Compound AHSos (kI mol™ 1)
Theoretical Experimental
MINDO,/3 MNDO AM1 (89,91,92]

H, 0.5 30 -21.7 0
CO —56.5 —24.8 —23.8 —-110.5
Co, —400.6 —-314.2 —334.1 —393.5
HCN 144.6 148.9 129.8 130.5
NH, —38.2 —-25.3 —30.5 —46.1
H,CO -107.0 -137.6 -1319 —108.6
CH, —26.3 —-50.0 —-36.7 —74.4
CH,CH, 80.4 64.5 68.9 52.5
CH,0OH —-212.0 —240.0 —238.7 -201.5
CH,CN 40.3 81.6 80.7 64.3
CH,CHO —181.6 —176.2 —173.8 —166.1
CH,NH, -19.3 -30.3 -30.9 —-230
CH,CH, —83.1 —82.5 —-72.9 —83.8
CH,CHCH, 26.2 21.6 27.8 20.0
CH,CH,0OH —263.6 —-262.1 —268.7 —235.2
CH,CH,NH, ~65.9 ~55.6 —63.4 —414
CH,CH,CH,NH, ~89.1 ~74.9 ~924 ~702
CH,;CH(NH,)CH, —-77.1 —67.1 —80.1 —83.8
CH,COOH —4474 —423.1 —431.0 —432.8
CH,CH,COOH —474.1 —442.1 —456.5 —453.5
CH,(NH,)COOH —431.9 —399.1 —4249 —-3921
CH,;0CH, —178.8 —2143 —2225 —184.1

CH,COOCH, —417.3 —391.9 —403.5 —411.9
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TABLE 7

Z matrix of the isolated glycine methyl ester molecule and molecule of the compound in the
transition state for unimolecular decomposition

Atom Bond Bond Dihedral Connectivity
(Fig. 3) length angle angle chain
No. Symbol A) (deg) (deg)
Glycine methyl ester molecule
1 N - - - - - -
2 C 1.432 - - 1 - -
3 C 1.516 115.49 - 2 1 -
4 o 1.233 128.29 0.08 3 21
5 o 1.365 113.03 180.03 3 21
6 C 1.429 116.75 179.85 5 3 2
7 H 1.001 111.42 —60.97 1 2 3
8 H 1.001 111.40 60.93 1 2 3
9 H 1.128 107.39 —121.98 2 3 4
10 H 1.128 107.39 122.07 2 3 4
11 H 1.118 103.69 180.03 6 5 3
12 H 1.116 109.93 —-60.57 6 5 3
13 H 1.116 109.92 60.64 6 5 3
Transition state molecule
1 N - - - - - -
2 C 1.409 - - 1 - -
3 C 2.069 100.88 - 2 1 -
4 o 1.207 108.24 1.97 3 21
5 o 1.226 104.85 —178.44 3 21
6 C 2.199 110.53 -11.87 5 3 2
7 H 1.003 111.76 —63.29 1 2 3
8 H 1.003 111.83 58.47 1 2 3
9 H 1.107 109.33 119.31 2 1 3
10 H 1.106 111.37 —110.86 2 1 3
11 H 1.098 72.63 160.60 6 5 3
12 H 1.094 12212 48.49 6 5 3
13 H 1.093 88.22 —77.89 6 5 3

(where a is the multiplier accounting for the actual valence of both ions),
can be generally expressed with the equation [97-99]

E =-E,+E —-E;+E, : (42)

where E, is the term accounting for the electrostatic interactions between
ions, E, represents the repulsive interactions, E4 the van der Waals interac-
tions and E, the zero point energy. Since terms E,_ and E, are roughly equal
to each other, but have the opposite sign, and the E; term is not significant,
the term describing electrostatic interactions well approximates the crystal
lattice energy of ionic substances [97,99].
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The electrostatic energy of 1 mol of ionic substance composed of struct-
ural units (K*"*) _(A*"7), (corresponding to the simplest formula unit of
the molecule) is given by

E,=0.5N, [my @) 4 pyeam] (43)

where N, is Avogadro’s number, whereas the factor of 0.5 eliminates the
double counting of electrostatic interactions. ¥ (***> and V(*"~) represent
the potential energy of a single cation and anion, respectively, as a result of
their interactions with all other ions. The mathematical expressions for these
latter two quantities result from Coulomb’s law and are

plant) = [(an +)ez/4q1'€0R0] Zzi/pan+,i (44)
V(“’"—) = [(am —)62/4'ITEOR0] Ezi/pam——,i (45)

In eqns. (44) and (45) e denotes the absolute electron charge, ¢, is the
permittivity of free space, R, represents a unit of length on the molecular
level (usually this quantity is equal to the shortest cation—-anion distance or
distance between other two characteristic points in the lattice; sometimes it
is related to the dimensions of the unit cell), z; represents relative charges of
all other 10ns interacting with the cation (of relative charge an +) and anion
(of relative charge am—) and p,,,, and p,,_ , denote distances in the
crystal from a given ion (an + or am —) to the ion i, expressed in R, units
(real distance = pR,).

Combining eqns. (43)-(45) one obtains an equation often recommended
for the evaluation of the electrostatic energy of ionic crystals, namely

E,=aM/R, (46)
where a is a constant equal to

a=N,(an +)(am —)e?/4me, (47)
and M is the Madelung constant

M= O.SZ (m(z,/am =) /Papri+n(z,/an+)/Pp_ ] (48)

The Madelung constant is always positive and depends on the type of a
lattice. On the other hand, constant a is always negative because of the
opposite signs of (an +) and (am — ). Therefore, E,, is also negative, and
this is in accord with the fact that electrostatic interactions cause stabiliza-
tion of ions in the lattice. The vaiue of constant a is easy to obtain for a
given substance. The real problem, however, consists in calculation of the
Madelung constant. The well known method for the evaluation of E,;, and
thus M, has been developed by Ewald (23] and subsequently generalized by
Bertaut [24]. The method utilizes the effect of periodical location of charged

atoms in the lattice. It further admits that each point charge exhibits
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Gaussian distribution. Combining the above facts and introducing Fourier
transformation, Ewald derived an expression for the electrostatic energy
which contains two quickly converging infinite series. This expression can
easily be solved numerically.

To evaluate the Madelung constant and thus E_, the complete crystal
structure has to be known. Among the compounds examined, X-ray studies
have been undertaken for hydrochlorides of glycine ethyl ester [100] and
L-proline phenylmethyl ester [101]. However, only the structural data for the
latter compound enable the evaluation of E,. X-ray studies on L-proline
phenylmethyl ester hydrochloride provide the positions in the lattice of C,
N, O and Cl atoms. Taking the skeleton of the compound thus established,
the positions of H atoms in the lattice have been found by geometry
optimization using the MNDO method. In calculations of E_; values we
assumed that a single negative charge is localized on the Cl atom. The
charge distribution between all the atoms of the singly protonated L-proline
phenylmethyl ester molecule was found by applying CNDO /2, MNDO and
INDO methods (Table 8). This distribution corresponds to the isolated

TABLE 8

Crystal lattice energy (in kJ mol~!) of hydrochlorides of amino acid esters

Substance E_ values evaluated using eqn. (49) Calculated

MINDO MNDO® AMI® Others ©Y
/3 a Ewald

method

CH,(NH,)COOCH,-HCl 688 759 711 658 ¢

CH,(NH,)COOCH,CH,-HCl 679 757 707 -

CH,CH(NH,)COOCH,-HCl 675 750 693 -

NH
CP%2 /CH—COOCH2C6H5 -HCI
H,C-CH,
651° 432

4398
461"
428"
4321

? PA values from MINDO/3 calculations (Table 5).

® PA values from MNDO calculations (Table 5).

¢ PA values from AM1 calculations (Table 5).

4 PA value from ref. 93 (Table 5).

PA value for ester was assumed to be the same as for L-Proline (i.e. 914 kJ mol™!). The
latter was taken from ref. 102.

Charge distribution calculated by CNDO/2 method.

Charge distribution calculated by CNDO /2 method with deorthogonalized orbitals.
Charge distribution calculated by MNDO method.

! Charge distribution calculated by INDO method.

. Charge distribution calculated by INDO method with deorthogonalized orbitals.

-2 "
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cation. Providing, initially, all the atoms in the lattice with point charges are
found in the above described manner, the electrostatic energy of hydrochlo-
ride of L-proline phenylmethyl ester was derived using the previously adopted
program for the Ewald method [25]. This information is compiled in Table
8.

To enable the comparison of calculated values of electrostatic energy for
the hydrochloride of L-proline phenylmethyl ester, we estimated the value of
E, for the compound on the basis of a thermochemical cycle which is
analogous to that for alkanaminium chlorides [79]. From this cycle the
following equation can be derived

E.,=AH,+AH; ,[H*] + AH, [CI"] — AH; ,[HCI] — PA - 2RT (49)

In eqn. (49) all magnitudes refer to 7= 298 K and 1 atmosphere; R denotes
the gas constant; AH, is the enthalpy of volatilization of the hydrochloride
of amino acid ester (taken to be 175 kJ mol~!—see text above); PA is the
proton affinity of the amino acid ester; AH, [H*]=1536.2 kJ mol™'
[91,92]; AH; [C17]= —2332kJ mol ™! [91,92]; and AH, [HCl]= —92.3 kJ
mol ~! [91,92].

The proton affinity of L-proline phenylmethyl ester is not known, al-
though a value of PA is known for L-proline [102]. The work of Locke and
Mclver [93] has shown that proton affinity values do not differ markedly for
amino acids and their esters. Therefore, we assumed the value of PA for
L-proline phenylmethyl ester to be the same as for the parent amino acid.
The value of E_ derived with this assumption for the hydrochloride of
L-proline phenylmethyl ester is shown in Table 8. As may be noticed, the
estimated E_ value is much higher than the E, values determined theoreti-
cally. At present, we are unable to account for this discrepancy. Using eqn.
(49) and taking proton affinities for glycine methyl and ethyl esters and
L-alanine methyl ester from Table 5, we also estimated crystal laitice
energies of hydrochlorides of the latter three amino acid esters. It is
interesting that values of crystal lattice energy derived in different and
independent ways do not vary from each other markedly for the three
analysed compounds. This trend is analogous to that observed in the series
of chloride salts of numerous nitrogen organic bases [3-5,79]. It is also
worth mentioning that numerical values of E_ for hydrochlorides of amino
acid esters (Table 8) are very similar to those for chloride salts of numerous
nitrogen organic bases [3-5,79]. This fact may suggest that cohesive forces
have the same origin in both groups of compounds.

Physicochemical characteristics derived by quantum chemistry methods

The semiempirical quantum chemistry methods MINDO /3, MNDO and
AM1 enabled the evaluation of heats of formation of several chemical
species, their dipole moments and energies of LUMO (lowest unoccupied
molecular orbital) and HOMO (highest occupied molecular orbital) orbitals.
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The derived heats of formation were compared, where possible, with the
experimental ones (Table 6). As one may note, the agreement is not always
satisfactory, particularly in the case of small molecules. It is perhaps worth
mentioning that it is generally recognized that the AM1 method best
reproduces experimental thermochemical data [20]. The heats of formation
of glycine methyl ester, glycine ethyl ester and L-alanine methyl ester and of
their protonated forms are shown in Table 5. To our knowledge no thermo-
chemical data for the latter compounds have so far been reported. The
calculated heats of formation of the monoprotonated forms enable also the
evaluation of proton affinities for the corresponding free bases (B). This can
be done using the equation

PA[B] =AH$[B] —AHZS[BH"] + AHS [H™] (50)

in which all values correspond to 298 K. Since the MINDQO /3 [103], MNDO
[104] and AM1 [105] methods reproduce rather poorly the heat of formation
of the proton, we used experimental values of AHS[H™] (Table 5) for the
evaluation of PA values. These are also shown in Table 5. All three quantum
chemistry methods applied predict somewhat lower values of PA for glycine
methyl ester than that found experimentally.

Table 5 also shows the values of three other quantities, namely dipole
moments in the gaseous phase and energies of LUMO and HOMO orbitals.
The latter quantities can be related to the redox properties of the com-
pounds examined. The energy of the HOMO orbital represents the ioniza-
tion potential of the molecule.

CONCLUDING REMARKS

The thermal features of hydrochlorides of numerous naturally occurring
amino acid esters examined in this work extend our knowledge on the
behaviour of this very important group of nitrogen organic bases. Thermo-
analytical studies revealed that, in the temperature range in which hydro-
chlorides of amines undergo only simple volatilization [3-5,79], the hydro-
chlorides of amino acid esters undergo complex chemical changes. This
means that amino acid esters are less thermally stable than similar amines.

The examination of the thermodynamics of possible decomposition path-
ways suggests that the most feasible processes are those leading to the
decarboxylation of the parent molecules. The analysis of the dynamics of the
decarboxylation process, performed at the level of AM1 method using
glycine methyl ester molecule as an example, suggests that the process
proceeds through a four centre transition state. The structure of the decom-
posing molecule in the transition state seems to fit well to our ideas on the
mechanism of chemical processes. However, the difference between the
derived enthalpy of formation of the molecule in the saddle point and the
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enthalpy of formation of the lowest energy structure of the parent molecule
is too high to represent the kinetic activation barrier for the process.
Nevertheless, the study on the decomposition dynamics brings nearer our
understanding of the mechanism of this particular process.

Insight into the nature of cohesive forces keeping molecules of hydrochlo-
rides of amino acid esters in the solid phase and determining their properties
has been obtained by analysing lattice energy problems. The very important
finding resulting from these examinations is that the theoretically calculated
electrostatic energy corresponds reasonably to the crystal lattice energy
estimated from the thermochemical cycle. Furthermore, the crystal lattice
energy of hydrochlorides of amines [3-5,79] and amino acid esters (Table 8)
are close to each other in magnitude. This means that cohesive forces in both
groups of compounds have the same origin. It should be also mentioned that
the }N—H - -+ Cl hydrogen bond, which may be expected to play a pre-
dominant role in the solid state interactions, occurs in both groups of
compounds. Therefore the differences in the thermal behaviour of chloride
salts of amines and amino acid esters are a consequence of differences in the
nature of other sites in the molecules.
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