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Old Drawback on Azlactone Formation Revealed by a Combination of Theoretical
and Experimental Studies
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New insights into the formation of azlactone heterocycles bearing different substituents are
hereby presented. The sum of both kinetic and thermodynamic factors contributes for the formation
of 2-alkyl or 2-aryl substituted azlactones, while the cyclization of 2-alcoxy azlactones is less
favored. These results are in perfect accordance with experimental observations obtained by infrared
(IR) and electrospray ionization mass spectrometry (ESI(+)-MS) of the crude reaction mixture.

Keywords: azlactone, oxazolone, DFT

Introduction

Over the last years the development of efficient
reactions for the preparation of complex biologically active
amino acid derivatives has been a major area in organic
chemistry.! In this context, azlactones (also known as
oxazolones) are versatile building blocks with several uses
in organic synthesis.” This is mainly due to the fact that
after one or few reaction steps, the molecular complexity
of the compounds can be greatly enhanced.? Besides, these
heterocycles have both pro-nucleophilic and electrophilic
sites in their scaffold, allowing their use in different types
of transformations.*

Although in some cases the formation of 2-alcoxy
azlactones (formed by the cyclization of amino acids
protected by a carbamate group) has been described,’ the
majority of the reports employ 2-aryl or 2-alkyl substituted
oxazolones (Scheme 1). Furthermore, in the few reports
concerning 2-alcoxy azlactones, the isolated yields were
often poor.°® It is worth mentioning that these azlactones are
sometimes observed as minor by-products during peptide
coupling.” Our research group®!* has been studying several
chemical transformations employing azlactone rings over the
last years and we were recently interested in the formation
and reactivity of unusual oxazolones, such as the 2-alcoxy
azlactones." In this context, we herein present an integrated
theoretical and experimental investigation concerning the
formation of different 2-substituted azlactones.

*e-mail: helio.santos @ufjf.edu.br; giovanni.amarante @ufjf.edu.br

Results and Discussion

Despite the previous reports concerning the formation
of the 2-alcoxy substituted azlactones,’® we found out that
their preparation and isolation is harsh. In an attempt to
better comprehend this problem, we decided to evaluate
theoretically its preparation and compare the data with
the most commonly employed azlactones. Thus, hereby
we present a computational study, based on experimental
evidences, to explain the formation of these heterocycles
at molecular level.

It is well known that azlactone formation consists in
a two-steps tandem reaction. Initially, the N-protected
amino acid should be activated by a carboxylic acid
activator (Figure 1); herein, the commercially available
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
was employed. It is possible to observe in Figure 1 that
the substituent has a little effect in the overall energies
for the first step. The TS1 (transition state 1) consists in
a 6-membered ring arrangement (Figure 2a), in which
both the oxygen-carbon bond formation and the hydrogen
transfer occur simultaneously.

Some important intramolecular interactions could
be observed during this reaction. The interactions in
molecular complex of the reagents (MC1), TS1 and initial
conformation for the activated amino acid (C1) show
considerable differences in N'-H' bond lengths (1.78, 1.09
and 1.01 /0%, respectively), due to the hydrogen transfer from
the carboxylic acid to the carbodiimide moiety, and in the
C!-0? bond length (3.39, 2.17 and 1.41 A, respectively),
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Scheme 1. Preparation of 2-substituted azlactones.
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Figure 1. Reaction pathway in dichloromethane calculated at PBEO-D3/6-31++G(d,p)//B3LYP/6-31G(d) level of theory for the amino acid activation by
EDC. MCI: molecular complex 1; TS1: transition state 1; C1: activated amino acid, conformation 1.
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Figure 2. Important geometrical features of the transition-states for the amino acid activation by EDC (a, TS1) and for the cyclization step (b, TS2).

Distances are given in A.

with formation of the activated amino acid product. This
first step results in the formation of an activated amino
acid intermediate in an extended conformation (C1). This
conformer changes to a more stable structure (C2) in which
an intramolecular hydrogen bond is formed in the EDC
moiety. Moreover, another interesting aspect of this reaction

is that for the activated amino acid species to proceed into
the cyclization step it must turn to a folded conformation
(C3) (Figure 3).

These three conformers show considerable differences
in the intramolecular contacts: C1 shows a hydrogen bond
between the amide hydrogen and the oxygen of the amino
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Figure 3. Reaction pathway for the second step of azlactone formation at dichloromethane and PBE0-D3/6-31++G(d,p)//B3LYP/6-31G(d) level of theory.

C1-C3: conformers; TS2: transition state 2; MC2: molecular complex 2.

acid moiety (an O~H distance length of 2.18 A, Wiberg
bond index (W) = 0.0140), in a 5-membered ring moiety;
in C2 no such interaction exists, with a hydrogen bond
between the tertiary amine of the EDC moiety and the
N-H group of the carbodiimide scaffold (an N-H distance
of 2.04 A, W =0.0564), resulting in an 8-membered ring
arrangement; finally, in C3 the hydrogen bond occurs
between the amide hydrogen and the carbodiimide nitrogen
atom (in a 7-membered ring moiety with N--H distance of
2.32A, W =0.0171). The conformational interconversions
of the three conformers involve torsions around several
bonds simultaneously and could not be traced precisely.
The main torsion for C1 — C2 consists in changes in
the N-C—C-N dihedral (EDC moiety) and for C2 — C3
interconversion in the N-C—-C—-O dihedral (amino acid
moiety).

Following the conformational interconversions, an
intramolecular cyclization occurs, yielding the azlactone
and with formation of EDC urea as a by-product (Figure 3).
In this case, both the cyclization and the hydrogen transfer
between nitrogen atoms occur simultaneously. This reaction
step can be clearly followed by the changes in bond lengths
during the cyclization step by analyzing C3, TS2 (transition
state 2) (Figure 2b) and MC2 (molecular complex 2), in
this order; with a hydrogen transfer between nitrogen
atoms (bond lengths N'-H'-N? of 1.01/2.32, 1.55/1.10,
and 2.09/1.02 A, respectively) and carbon-oxygen bond
formation and cleavage (O>~C'-0O! bond lengths of
1.39/2.93, 1.57/2.34, and 4.3/1.4 A, respectively).

An overview of the potential energy surface for the
second reaction step is summarized in Figure 3. Although
the activated amino acid intermediate has preference for the
most stable conformation (C2) in all cases, in the carbamate
derivatives it is great stabilized (6.8 to 9.1 kcal mol' more
stable than C1 and C3). Since for the cyclization step to
take place the folded conformation C3 must be previously

attained, this conformer is easily accessed for either aryl or
alkyl substituted amino acids. Furthermore, the transition
state and products for the cyclization step also greatly differ
in energy for the formation of 2-alkyl and 2-aryl oxazolones
from the 2-alcoxy azlactones, showing that the former is
favored both kinetically and thermodynamically (with both
AG{5_1s, (Gibbs free energy variation between TS2 and
C3) for the cyclization step 1.6-5.3 kcal mol!' lower and
an overall reaction AGgs_,\c» (Gibbs free energy variation
between MC2 and C3) 6.3-12.2 kcal mol™!' lower than when
using carbamate protected amino acids). This explains
why these azlactones can be easy prepared and are widely
employed in the literature, while examples concerning
the 2-alcoxy azlactones are sparse. It is worth mentioning
that this cyclization step is the rate-limiting step for the
overall reaction. Another interesting finding is the fact
that the 2-phenyl oxazolone is slightly more stable when
compared to the 2-methyl substituted analogue, probably
due to additional stabilization of the product by electron
conjugation with the aryl group (our group experience with
2-methyl-substituted azlactones shows that these cycles are
more difficult to prepared and provide lower yields than
the 2-phenyl oxazolones).

In an attempt to better understand the reasons for
the differences in 2-aryl and 2-alcoxy azlactones, we
performed a comparison of the C2 and TS2 structures for
both pathways. We found out that apparently the energy
difference in both cases are due the dispersion interactions.
In the C2 conformer, when R = Ph (Figure 4a), the structural
optimizations result in a more extended conformation
than when R = OrBu (Figure 4b), in which the molecule
adopts a slightly folded conformation allowing alkyl-alkyl
interactions and resulting in further stabilization. On the
other hand, for the TS2 structures, the opposite behavior
occurs: when R = Ph (Figure 4c), alkyl-aryl interactions
are possible due to a more folded conformation than when
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R = OrBu (Figure 4d), affording additional stabilization
for 2-phenyl azlactone. A similar effect due to dispersion
forces was noted for gold complexes containing bulky
alkyl groups as ligands.'!'” In these previous studies,
intramolecular contacts between the parallel alkyl groups
contributed significantly to the structure'® and stability!” of
these coordination complexes.

Alkyl-alkyl interactions

(c) (d)

\ /

Aryl-alkyl interactions Cavity

Figure 4. Comparison of structural features for reactive species in the
preparation of 2-aryl or 2-alcoxy azlactones. (a) C2 conformer (R = Ph);
(b) C2 conformer (R = OrBu); (c) TS2 (R =Ph); (d) TS2 (R = OrBu). The
meshed surface corresponds to electrostatic potential (ESP) distribution
(isovalue = 0.001).

In the last part of the work, we decided to carry out
some experiments to compare the formation of different
2-substituted azlactones. Since the formation of the azlactone
ring shows a very characteristic signal by infrared (IR)
near 1800 cm™ (lactone C=0 stretch, absent it the starting
materials), it was chosen as an ideal probe to evaluate the
formation of these cycles. The reaction was carried out for
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N-protected amino acids (amino acid = L-alanine) bearing
both amide (R = Ph) or carbamates (R = OfBu or OPh)
employing the classical protocol for azlactone formation
(dichloromethane, r.t. for 1 h); in the case of carbamates
the reaction was also evaluated in dichloromethane reflux
(49.6 °C) in an attempt to increase the azlactone formation.

The results are summarized in Figure 5 and shows that
when R = Ph, the 2-phenyl azlactone is abundantly formed
after 1 h of reaction, with an intense stretch in 1815 cm™’. On
the other hand, in the case of carbamate protected amino acids,
only traces of the absorption signal near 1825 cm™ could be
observed, even when increasing the temperature. The crude
reaction mixture of R = OrBu (amino acid = L-isoleucine)
was then directly analyzed by electrospray ionization mass
spectrometry (ESI(+)-MS), showing an abundant ion of
m/z 387 [M + H]* corresponding to the activated amino acid
and the absence of an ion corresponding to the azlactone
ring. Furthermore, a low intensity ion of m/z 467 [M + Na]*
was also detected during the analyses (see Supplementary
Information (SI) section). This ion corresponds to the
anhydride formed as a minor by-product when the activated
amino acid species was attacked by other N-protected
amino acid. The anhydride group also has a C=O stretching
near 1800 cm™ in IR, which might explain the presence
of the low intensity signal in the crude IR spectra of the
carbamate derivatives. This divergent behavior according to
the substituent is summarized in Scheme 2. It is also worth
to mention that when R = Ph the azlactone could be easily
isolated (87% yield, see SI section). On the other hand,
when N-protected carbamates were employed as starting
materials, azlactones could not be isolated and detected
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Figure 5. Reaction monitoring by IR of the crude reaction mixture of different N-protected amino acids in the presence of EDC (aliquots taken after 1 h

of reaction).
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Scheme 2. Divergent behavior observed during the reaction monitoring of different N-protected amino acids by IR and ESI(+)-MS.

by nuclear magnetic resonance (NMR) analyses; besides,
when a nucleophile was added to the reaction mixture (see
reference 15), the dual-protected amino acid was isolated in
up to 86% yield (if the anhydride was the only intermediate,
the yield could not be higher than 50%).

Conclusions

The study hereby reported presented the theoretical
and experimental investigations on the formation of
different 2-substituted azlactones. For this purpose, a
density functional theory (DFT) study employing the
PBEO-D3/6-31++G(d,p)//B3LYP/6-31G(d) level was
carried out. According to the obtained data, the formation
of 2-alcoxy azlactones is less favored both kinetically (with
AG' up to 5.3 kcal mol! higher than for other 2-substituted
azlactones) and thermodynamically (overall reaction AG
up to 12.2 kcal mol! higher than in other oxazolones)
when compared to the alkyl of aryl substituted analogues.
Besides, the activated amino acid species have a low energy
conformation bearing an intramolecular hydrogen bonding
in an 8-membered ring arrangement (up to 9.1 kcal mol”
more stable); however, for the cyclization step to take
place, a torsion of the amino acid moiety activated by EDC
also seems to be necessary, playing an important role in
the formation of these cycles. The substituent also has an
important effect on this step, with easier attainment of the

folded conformation for either 2-alkyl or 2-phenyl groups.
Finally, the experimental monitoring of crude reaction
mixtures by IR and ESI(+)-MS showed that a 2-phenyl
azlactone is readily formed in the presence of EDC, while
when N-carbamate protected amino acid analogues are
employed, none or only traces of desired azlactones were
observed, in perfect accordance with the theoretical data.
Therefore, in short, a combined experimental and DFT
calculations were used to clarify an old drawback regarding
oxazolone ring formation. Finally, these findings, certainly,
will be useful for the high complex amino acid derivatives
synthesis using azlactone ring approaches; furthermore,
these results can also lead to the development of catalytic
approaches for the 2-alcoxy azlactone preparation.

Experimental
Theoretical calculations

All calculations were performed employing the
Gaussian 09 package.'® Minimum energy conformations
for all species were determined in the gas phase employing
DFT methodology'® with the hybrid B3LYP functional®
and 6-31G(d) basis-set. The same level of theory has
also been applied to vibrational frequency calculations
and Gibbs free energy prediction. Transition states (TSs)
were optimized using the Berny algorithm?! or the QST2
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method,?? and confirmed to have only one imaginary
frequency. All calculations were performed at pressure
equal to 1 atm and temperature 298.15 K, similar to the
conditions usually employed in the experimental conditions
for azlactone formation.

After geometry optimization, single-point energy
calculations were performed in gas phase and dichloromethane
using the both PBE0* and PBE0O-D3? functional (to compare
the extent and significance of dispersive interactions),” with
6-31++G(d,p) basis set and the IEFPCM solvation model
approach for dichloromethane.?® Thus, the variation of the
Gibbs free energy (AGg,)) could then be obtained by the sum

sol

of the three energy contributions shown below:

AGS, = AE,, +3AG,,, +AG} (1)

solv
in which the terms are, respectively, the electronic energy
AE,,, solvation Gibbs free energy (8AG,,,, both found at
PBEO or PBEO-D3 theory level) and thermal correction to
the enthalpy and entropy (AG?, obtained from the B3LYP

calculations).

solvs

Azlactone preparation and monitoring by IR and ESI(+)-MS

All purchased chemicals were used as received without
further purification. Solvents were dried following standard
procedures. The N-protected amino acids were prepared and
purified following literature data.”” The azlactone heterocycle
was prepared according to literature protocols.?® An attempt
to prepare the 2-alcoxy azlactones was also carried out at
49.6 °C (dichloromethane reflux). Aliquots from the crude
reaction mixtures were taken and directly analyzed in an IR
spectrometer or mass spectrometer. Infrared (IR) spectra
were recorded on a PerkinElmer 1720 FTIR spectrometer
by attenuated total reflectance (ATR) in the region of 4000-
600 cm™'. High resolution mass spectra were investigated
in the positive ion mode using a time-of-flight (TOF) mass
spectrometer equipped with an ESI source.

Supplementary Information

The supplementary data (Cartesian coordinates
provided for all the stationary points on the potential energy
surface, copies of experimental NMR, IR and ESI(+)-MS
data) are available free of charge at http://jbcs.sbq.org.br
as a PDF file.
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