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ABSTRACT: 4-Fluoro-threonine, the only fluoro amino acid of natural
origin discovered so far, is an interesting target for both synthetic and
theoretical investigations. In this work, we lay the foundation for
spectroscopic characterization of 4-fluoro-threonine. First, we report a
diastereoselective synthetic route, which is suitable to produce synthetic
material for experimental characterization. The addition of the
commercially available ethyl isocyanoacetate to benzyloxyacetaldehyde
led to the corresponding benzyloxy-oxazoline, which was hydrolyzed and
transformed into ethyl (4S*,5S*)-5-hydroxymethyl-2-oxo-4-oxazolidine-
carboxylate in a few steps. Fluorination with diethylamino sulfur
trifluoride (DAST) afforded ethyl (4S*,5S*)-5-fluoromethyl-2-oxo-4-
oxazolidinecarboxylate, which was deprotected to give the desired
diastereomerically pure 4-fluoro-threonine, in 8−10% overall yield. With
the synthetic material in our hands, acid−base titrations have been carried out to determine acid dissociation constants and the
isoelectric point, which is the testing ground for the theoretical analysis. We have used machine learning coupled with quantum
chemistry at the state-of-the-art to analyze the conformational space of 4-fluoro-threonine, with the aim of gaining insights from the
comparison of computational and experimental results. Indeed, we have demonstrated that our approach, which couples a last-
generation double-hybrid density functional including empirical dispersion contributions with a model combining explicit first-shell
molecules and a polarizable continuum for describing solvent effects, provides results and trends in remarkable agreement with
experiments. Finally, the conformational analysis applied to fluoro amino acids represents an interesting study for the effect of
fluorine on the stability and population of conformers.

■ INTRODUCTION

The key role of fluorine in medicinal chemistry1,2 is witnessed
by its presence in a large number of drugs and its increasing
importance in biological studies by the extensive use of 18F-
labeled molecules in positron emission tomography.2,3 Indeed,
the incorporation of fluorine in key positions of a molecular
system can affect its conformational stability (see, e.g., the
“gauche effect”),1a,c,2,4 membrane permeability, metabolic
stability, and binding affinity,1a,c,2 thus representing a very
useful and versatile tool for drug design.2b,5 These distinctive
features are related to the intrinsic properties of the C−F bond
(a highly polarized covalent bond with a large dipole moment
and bond strength greater than that of C−H), which is able to
establish interactions of charge/dipole nature with the
environment, also showing hyperconjugative effects related to
the presence of a low-energy C−F sigma antibonding
orbital.2,4b,c

The importance of fluorine and, especially, organofluorine
compounds, has stimulated the development of a large number
of interesting methodologies for fluorine incorporation,6−8

with fluorinated amino acids being particularly significant

targets since their introduction in specific domains of proteins
can improve their stability and folding9 as well as their
biological activity.10 Indeed, the incorporation of fluoro amino
acids, such as fluorinated proline,11 phenylalanine,12 and
tyrosine13 in specific proteins, has been analyzed in detail.
Fluorinated amino acids can also be introduced in peptides by
chemical synthesis,14 ribosomal translation,15 or chemical
ligation.16 It is from this perspective that the increasing
importance of fluorination for pharmaceutical applications has
been put forward.17 In this framework, a particular role is
played by 4-fluoro-threonine (hereafter 4F-Thr), the only
naturally occurring fluorinated amino acid. Quite recently, 4F-
Thr has been proposed as an effective bioisostere for diagnostic
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and therapeutic use toward adenocarcinomas, one of the most
malignant and aggressive cancers.18

While 4F-Thr was found in Streptomyces cattleya,19 its
relevance to metabolic pathways is still unknown, although the
antimicrobial activity of 4F-Thr has been demonstrated.20

Instead, the metabolic pathways leading to 4F-Thr have been
fully elucidated,21 with the key enzymatic role in fluorine
incorporation being played by fluorinase,22 which activates the
fluoride ion for the conversion of S-adenosyl-L-methionine
(SAM) into 5′-deoxy-5′-fluoroadenosine.23 The F-bearing
intermediate fluoroacetaldehyde is converted into 4F-Thr
through an enzymatic transaldolization,24 which predominantly
proceeds via two oxidative mechanisms that either use H2O2 or
O2 as an oxidant.

25 Unlike the enzymatic activation of chloride,
bromide, and iodide through the formation of electrophilic
halogen intermediates, such as X+ equivalents or halogen
radicals,26 the use of co-oxidants is not possible for generating
the F+ ion, and an alternative strategy based on nucleophilic
fluorination is thus required.27 Since fluorinase is involved in
the challenging nucleophilic fluorination, it has to overcome
the high solvation energy to strip solvating water, thus
generating a “naked” fluoride species and making it accessible
for nucleophilic substitution, which might proceed via
hydrogen bonding and desolvation of the fluoride anion.28

This important feature was clarified by crystallization studies of
fluorinase from S. cattleya with SAM and fluoride.29

4F-Thr has been examined as a fluorinated analogue of
threonine (Thr), and it probably exerts its action when it
replaces Thr in primary metabolic pathways, thus resulting in
the production of other toxic fluorinated species.30 The
structures of fluoro amino acids and their behavior require
special computational methodologies to reach a deeper
understanding of their structural and physicochemical proper-
ties. As a matter of fact, the behavior of flexible molecules in
aqueous media needs to be described in terms of an ensemble
of low-lying conformers experiencing local fluctuations.
Therefore, an incomplete ensemble of conformers can easily
lead to unsatisfactory description and modeling of physical−
chemical properties. To overcome these limitations, a step
further is required: quantum chemistry needs to be coupled
with machine learning to obtain an effective exploration of the
“flat” conformational space, where the adjective flat points out
that conformational changes are accompanied by small energy
variations. In this context, 4F-Thr, together with its intrinsic
interest, represents an ideal playground for testing and
validating the proposed strategy. However, to make an effective
comparison between theoretical investigations and observed
physical−chemical properties it is necessary to synthesize a
sufficient amount of 4F-Thr. To the best of our knowledge,
only four synthetic routes have been reported until now for 4F-
Thr.31−34 Although the enantioenriched synthesis of 4F-Thr
was reported in these papers, we decided to embark on the
study of new approaches, designing different synthetic
strategies. While an enantioenriched sample of 4F-Thr opens
toward the possibility to compare calculated and experimental
chiroptical properties,35 a direct diastereoselective approach to

4F-Thr can give us the possibility to address physical
properties that do not need enantiopure samples (i.e.,
enantiomers feature the same behavior), but depend on the
relative configuration of stereocenters (i.e., different diaster-
eoisomers can be singled out by means of such properties).
Indeed, this is the case for the acid dissociation constants of
4F-Thr. From a computational point of view, the pKa values
can only be estimated by quantum-chemical computations that
also take into account a large number of low-lying conformers,
possibly present in the solution.
To summarize, in the present paper, we describe a new

complete diastereoselective approach to racemic 4F-Thr and
the exploitation of a computational strategy at the state-of-the-
art for the comparison with physical−chemical data exper-
imentally obtained on the racemic sample.

■ RESULTS AND DISCUSSION

Diastereoselective Synthesis of Racemic 4-Fluoro-
threonine. Detailed studies and advancements in possible
applications of 4F-Thr have been suffering from the lack of
available materials due to difficult or tedious syntheses, while
drug design applications might be hampered by the lack of
structural and physicochemical characterization. Based on
these grounds, we have developed a new diastereoselective
synthesis of 4F-Thr starting from commercially available
precursors (Scheme 1), and this approach requires neither
specific expertize nor extreme conditions. The strategy
considered the transformation of hydroxymethyl-oxazolidinone
with a fluorinating agent. The racemic but diastereomerically
pure precursor of oxazolidinone was obtained by a copper-
mediated cycloaddition to afford the corresponding oxazoline,
starting from commercially available precursors. The salient
points for the synthesis are detailed here, while some
unsuccessful routes, strategies that gave byproducts, and
detour on difficult transformations are fully reported and
commented on in the Supporting Information.
In recent years, the formal [3 + 2] cycloaddition of α-

isocyanoesters with carbonyl compounds has been investigated
as a powerful methodology for the construction of chiral-
substituted 2-oxazolines bearing two adjacent stereocenters.36

The synthetic approach to DL-threonine employing the
addition of α-isocyanoacetamides to acetaldehyde as a key
step was reported.37 According to the literature, upon careful
selection of the base (KOH) and the solvent (MeOH), the
reaction afforded the trans-5-methyl-4-N′-substituted-amino-
carbonyl-2-oxazoline, which was easily hydrolyzed to DL-
threonine in high yield. In addition to the use of organic or
inorganic bases, Saegusa reported (in 1971) the catalytic use of
copper salt in the addition of isocyanoesters to aldehydes.38

The cycloaddition in the presence of copper was further
evaluated for diastereoselective reactions.39 Particularly inter-
esting is that aliphatic aldehydes afforded trans-oxazolines
using simple Cu(I) catalysts. Exploiting the conditions
described by Kirchner,39b we employed the commercially
available or simply prepared aldehyde 1 with ethyl
isocyanoacetate (see Scheme 2).

Scheme 1. Retrosynthetic Diastereoselective Approach for Racemic 4-Fluoro-threonine
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With respect to the reaction of isocyanocarboxylates with
aldehydes promoted by Cu2O (described in the ′70s),38 the
reaction is more diastereoselective if performed with CuCl in
the presence of Ph3P as a ligand, thus obtaining only the trans
diastereoisomer (d.r. > 99%, according to 1H NMR analysis of
the crude mixture). Unfortunately, the oxazoline cannot be
used as an effective protective group, and we observed the
presence of the opened formamide amino alcohol product 3, in
variable quantities from batch to batch. Upon flash
chromatography, the mixture was hydrolyzed with methanolic
HCl and then treated with triphosgene to afford the protected
oxazolidinone 4 in good yield. Quantitative removal of the
benzyl group by hydrogenation gave 5, which was then
subjected to several conditions/reagents for fluorination (see
the “Optimization of the Reaction Conditions” Section of the
Supporting Information (SI) for the list of conditions/reagents
employed). Unfortunately, all of the modern variants of
fluorinating agents40 employed gave either extensive decom-
positions or complex mixtures of products, and in some cases,

no reaction was observed at all. The best conditions developed
so far for the transformation were based on the report by
Scolastico on the use of diethylaminosulfur trifluoride
(DAST).31 However, in our hands, the reaction was quite
sensitive to scale up and gave the reported or slightly better
yields (57%) only in a few cases. By a careful scale up (up to
350 mg of starting oxazolidinone), it was possible to reach 32%
yield. To improve the yields and generality of the trans-
formation, we have tested several fluorinating agents and
conditions, but unfortunately, without success. The yields
obtained are comparable to the results reported in the
literature.31 The fluorinated product was then subjected to
complete hydrolysis with aq. 6 M HCl to give the desired 4F-
Thr as a single diastereoisomer.
To study the behavior of 4F-Thr, we needed the zwitterionic

form of the amino acid and, to avoid the use of ion exchange
resins, we treated the hydrochloride of 4F-Thr with an excess
of propylene oxide.41 The desired compound was obtained in

Scheme 2. New Synthetic Approach to Racemic 4-Fluoro-threonine

Figure 1. Conformers (within 32 kJ mol−1) and transition states ruling their interconversion for the anionic (red), zwitterionic (green), and
cationic (blue) forms of 4F-Thr: the orange line connects structures upon acid dissociation. The relative energies are expressed with respect to the
lowest energy minimum of each form. The structures of the most relevant conformers are also shown.
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pure zwitterionic form after simple removal of solvent and
excess of reagent.
Conformational Analysis. The conformational space of

4F-Thr was explored as detailed in the Computational
Methods section, with all structures lying within 25 kJ mol−1

(with respect to the lowest energy minimum) being optimized
at a high level of theory with bulk solvent effects considered.
The relative electronic energy (ΔE) and free energy (ΔG)
values of the low-lying conformers, as obtained by following
the procedure described in the Computational Methods
section, are reported in Figure 1 (only ΔE) and in Table S4
(both ΔE and ΔG) of the Supporting Information for the three
possible pH-dependent forms in the solution: anionic (4F-Thr-
A), zwitterionic (4F-Thr-Z), and cationic (4F-Thr-C) species.
In analogy with other amino acids, the zwitterionic form of

4F-Thr is more stable than the corresponding neutral form in
an aqueous solution at neutral pH values.42 The former can
then undergo either protonation of the carboxylate moiety or
deprotonation of the ammonium one, depending on the
considered pH value. Figure 1 shows the relationships between
the low-lying conformers of the three possible protonation
states (orange lines) and sketches the transition states ruling
the interconversion between the most relevant conformers. A
more quantitative analysis of the similarity between different
conformers (in terms of their root mean square displacements,

rms) is provided in Tables S5−S9 of the Supporting
Information.
Starting the analysis from the cationic species (blue energy

levels in Figure 1), it can be observed that the lowest energy
minimum (LEM) is stabilized by a strong interaction between
the charged NH3

+ moiety and both the electronegative atoms
present in the molecule, namely, the carboxylic oxygen and the
fluorine atom (N−H···O and N−H···F, 2.1152 and 2.2706 Å,
respectively). In a second conformer, this latter interaction is
replaced by the less stabilizing one between the fluorine atom
and the hydroxyl hydrogen (N−H···O and O−H···F, 2.0602
and 2.4003 Å, respectively), with the two conformers
interconverting through the rotation of the CH2F group,
which is ruled by a transition state lying about 25 kJ mol−1

above the LEM. The zwitterionic form presents an analogous
behavior (green levels), with the LEMs of the zwitterionic and
cationic forms showing a good match. Therefore, we can
conclude that deprotonation of the carboxylic group occurs
without significant conformational rearrangements. The
situation is more complicated for the deprotonation of the
ammonium moiety leading to the anionic form (red levels),
whose LEM does not show any close resemblance with its
zwitterionic counterpart. Indeed, when the ammonium moiety
becomes a noncharged amine group by deprotonation, the
higher electronegativity of oxygen with respect to nitrogen
leads to a stronger hydrogen bond of carboxylate oxygen with

Figure 2. Correlations (black dashed line) between the low-energy conformers of 4F-Thr (4F-Thr-X-X labels) and Thr (Thr-X-X labels). The
structures of the conformers used in the estimation of pKa1 are shown above the energy scheme, whereas those employed for pKa2 are shown below
the energy scheme. The relative energies are expressed with respect to each lowest energy minimum.
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the alcoholic proton (CO···H−O, 1.7007 Å) rather than
with the amine one (CO···H−N, 2.1174 Å). The best match
was then found between the second conformer of the
zwitterion (4F-Thr-Z-2) and the fourth conformer of the
anion (4F-Thr-A-4). Looking at the possible interconversion
paths, 4F-Thr-A-4 and 4F-Thr-A-3 are separated by an almost
negligible energy barrier (about 1.5 kJ mol−1), whereas higher
barriers connect 4F-Thr-A-4 and 4F-Thr-A-2 (about 7.5 kJ
mol−1) as well as 4F-Thr-A-3 and 4F-Thr-A-2 (nearly 15 kJ
mol−1). Though we were able to locate a direct path
connecting 4F-Thr-A-2 to the LEM, the barrier was remarkably
high (∼31 kJ mol−1).
Next, we compared the conformers of 4F-Thr with the low-

lying conformers of the closely related Thr amino acid. As
shown in Figure 2, there is a one-to-one correspondence
between the low-lying conformers of 4F-Thr and Thr, except
for the LEMs of the anionic forms, probably because of a
particularly significant role of the electronegative fluorine atom
in this situation.
Acid−Base Properties. From a computational point of

view, once the most stable conformers and the possible paths
of the proton dissociation in 4F-Thr are known, together with
the related Thr structures (see Figure 2), it is possible to
estimate their acid dissociation constants and address the
differences. Under the same experimental conditions, the
protonation free energies of 4F-Thr are given by

G G G4FT 4FT,T
calc

T
expΔ = ΔΔ + Δ

where ΔGT
exp is the experimental protonation free energy of

Thr and the first term on the right-hand side is evaluated as

G G G G G( ) ( )4FT,T
calc

4FT
P

4FT
D

T
P

T
DΔΔ = Δ − Δ − Δ − Δ

and it is thus the difference of the computed free energies in
the solution of the conformers of 4F-Thr and Thr, with D and
P denoting the deprotonated and protonated forms,
respectively. To evaluate ΔΔG4FT,T

calc for the deprotonation of
the carboxyl group (pKa1), the LEMs of the cationic and

zwitterionic forms were used for Thr and 4F-Thr, while pKa2

was evaluated using the 4F-Thr-Z-2 conformer, which, as
mentioned above, shows the best match with one of the low-
lying conformers of the anionic form, the 4F-Thr-A-4
conformer. Since the latter almost freely interconverts to its
more stable 4F-Thr-A-3 counterpart, this form was therefore
employed to estimate the ΔG values. The same behavior is also
observed for Thr, the Thr-A-4 conformer is separated by a
negligible energy barrier from Thr-A-3.
In an attempt to take specific solvent effects into account, we

have also performed some computations, including explicit
water molecules. The first-solvation shells of 4F-Thr (Figure 3)
and Thr (Figure S3) in different protonation states were built

starting from clusters containing the solute and the water
molecules close to aminic and carboxylic moieties. For the sake
of consistency, the maximum number of water molecules
found for any species was retained for all of the other ones,
thus leading to a total of seven water molecules (roughly three
close to the amine/ammonium and four close to the carboxyl/
carboxylate moieties). Next, the geometries were fully
optimized also taking into account bulk solvent effects by
means of the polarizable continuum model. Additional tests
showed that clusters containing seven explicit water molecules
provide converged results and that the structures of the most
stable conformers discussed above for the bare solutes
embedded in a polarizable continuum are not significantly
modified (additional details are given in the Computational
Methods section).
The results reported in Table 1 show that, although explicit

inclusion of first-shell water molecules slightly tunes the values
of pKa1 and pKa2, the isoelectronic point (pI) and the general
trends remain the same: as expected, both deprotonation
processes of 4F-Thr are slightly favored with respect to Thr, in
agreement with the presence of the electron-withdrawing
fluorine atom.
From an experimental point of view, the titration curves of

4F-Thr and Thr (for reference purposes) were recorded three
times under the same conditions to allow the calculation of
mean values and confidence intervals for the acid dissociation
constants (pKa1, pKa2) and the isoelectric point (pI). The
semiempirical method described in the following was used for
the quantitative analysis of titration curves, with all
experimental runs being normalized according to the initial
pH of the solutions (dependent on the amount of
concentrated HCl added, see the Experimental Section).
First, pKa2 was determined as the pH value corresponding to

the second half-equivalence point, which coincides with a local
maximum of the first derivative of the inverted titration curve.
Next, we moved to the graphical determination of pKa1, starting

from pKa2 and taking advantage of both the narrow volume
ranges encompassing equivalence zones and the narrow pH
ranges encompassing buffer zones. The value of pI was then
evaluated from the pKa1 and pKa2 values using the Henderson−
Hasselbalch equation, with the detailed experimental proce-
dure being reported in the Experimental Section. To better
address the role played by fluorination in the behavior of
amino acids, we prefer to compare the experimental and
computed differences between the values for 4F-Thr and Thr
instead of their absolute values. The good agreement between
the theory and experiment is not only apparent in Table 1 but
also in Figure 4, which depicts the comparison between the
experimental and simulated titration curves, with the latter
being obtained from the charge balance equation (see ref 44).

NMR Spectra. The effects of fluorine can also be addressed
by analyzing the NMR chemical shifts of 4F-Thr and Thr (see
also ref 45), whose zwitterionic form spectra were obtained
under the same experimental conditions (see the Experimental
Section for details and the Supporting Information for the
spectra). As expected, the fluorine-withdrawing properties
cause a remarkable deshielded shift of the 1H and 13C signals
of the −CH2F group with respect to those of the −CH3 moiety
in Thr (1H(4F-Thr): 4.60 and 4.72 ppm vs 1H(Thr): 1.32
ppm; 13C(4F-Thr): 85.6 ppm vs 13C(Thr): 20.1 ppm), while
the 1H (HCα, HCβ) and

13C (Cα, Cβ) chemical shifts are much

Figure 3. Clusters containing the water molecules of the first-
solvation shell for the anionic (left), zwitterionic (middle), and
cationic (right) forms of 4F-Thr.
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closer when comparing 4F-Thr with Thr (1HCα(4F-Thr) and
1HCβ(4F-Thr): 3.87 and 4.35 ppm vs 1HCα(Thr) and 1HCβ

(Thr): 3.57 and 4.24 ppm; 13Cα(4F-Thr) and 13Cβ(4F-Thr):
56.8 and 68.4 ppm vs 13Cα(Thr) and 13Cβ (Thr): 61.0 and
66.5 ppm). For 4F-Thr, the Cα−F (3JC−F: 4.4 Hz) and Cβ−F
(2JC−F: 19.1 Hz) indirect spin−spin coupling constants lie
within the typical range for the carbon−fluorine interaction.
From a computational point of view, the chemical shifts of the
low-lying conformations of both molecules (see the Supporting
Information) are in good agreement with the experimental
counterparts, thus confirming both the reliability of the
conformational search and the inductive nature of the fluorine
effect on the active nuclei.

■ CONCLUSIONS
A novel synthesis of 4F-Thr, the only natural amino acid
containing fluorine, and an integrated experiment-theory
approach for its characterization have been reported. The
first step of the presented strategy is the development of novel,
convenient, and straightforward diastereoselective synthetic
routes for the racemic form of 4F-Thr, which have been
complemented by acid−base titrations to determine the acid
dissociation constants. In parallel, a comprehensive quantum-
chemical investigation at the state-of-the-art allowed us to
unveil the conformational behavior of the cationic, zwitter-
ionic, and anionic forms of the title molecule as well as the
relationships between them and with the most stable
conformers of the parent Thr amino acid. Furthermore, the
quantum-chemical study led to acid dissociation constants in
good agreement with those experimentally derived.

To explore the potential energy surface of this flexible
system, the methodology described in the Computational
Methods section has been exploited; this relies on the
integration of machine learning (genetic algorithm) and a
two-stage approach to evaluate geometry and energy, as
described in refs 46, 47.
At the same time, the effectiveness of the new synthetic

approach allowed us to obtain remarkable quantities of 4F-Thr,
thus paving the route toward further investigations both in the
gas phase and in solution. In a more general perspective, the
strategy pursued in this work offers, in our opinion, interesting
clues for the study of other systems of biological and/or
medicinal relevance.

■ EXPERIMENTAL SECTION

General Methods. Unless otherwise stated, common
chemicals and solvents (HPLC grade or reagent grade) were
purchased from commercial sources and used without further
purification. Solvents are reported with the following
abbreviations: cyclohexane (CyH), dichloromethane (DCM),
diethyl ether (Et2O), ethanol (EtOH), ethyl acetate (EtOAc),
methanol (MeOH), and tetrahydrofuran (THF). Plastic plates
coated with a 0.2 mm thick layer of silica gel 60 F254 were used
for thin-layer chromatography analyses (TLC), whereas flash
column chromatography purification was carried out using
silica gel 60 (230−400 mesh). NMR spectra were recorded at
25 °C in a 400 MHz spectrometer using the deuterated solvent
as an internal deuterium lock. The residual protic signal of the
solvent (7.26 ppm, for 1H-NMR), and the 13CDCl3 signal
(77.16 ppm, for 13C-NMR), were used for spectra recorded in
CDCl3. For NMR spectra recorded in D2O, a drop of
methanol was added, and its signals were used as references for
both 1H and 13C spectra (3.34 and 49.50 ppm, respectively).
Trifluoroacetic acid signal (−76.55 ppm) was used as a
reference for 19F NMR spectra. Chemical shifts are reported in
parts per million (ppm) of the δ scale relative to TMS for 1H
and 13C spectra and CFCl3 for 19F NMR spectra; coupling
constants are in Hertz, and the multiplicity is as follows: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
dd (doublet of doublets), dt (doublet of triplets), ddd (doublet
of doublet of doublets), br (broad signal). Gas chromatog-
raphy-mass spectrometry (GC-MS) spectra were obtained by
EI ionization at 70 eV on a Hewlett-Packard 5971 with GC
injection; they are reported as m/z (rel. intensity). High
performance liquid chromatography-mass spectrometry
(HPLC-MS) analyses were performed on an Agilent
Technologies HP1100 instrument coupled with an Agilent
Technologies MSD1100 single-quadrupole mass spectrometer
using a Phenomenex Gemini C18 3 μm (100 × 3 mm2)
column; mass spectrometric detection was performed in the
full-scan mode from m/z 50 to 2500, a scan time of 0.1 s in the
positive ion mode, ESI spray voltage of 4500 V, nitrogen gas of

Table 1. Experimental Acid Dissociation Constants and Isoelectric Point of Thr and 4F-Thr together with the Corresponding
(Computed and Experimental) differences

Thr (lit.)a Thr (exp.) 4F-Thr (exp.) 4F-Thr-Thr exp.b 4F-Thr-Thr calc. (PCM) 4F-Thr-Thr calc. (7W + PCM)

pKa1 2.20 2.38 ± 0.02 2.26 ± 0.09 −0.12 ± 0.11 −0.16 −0.36

pI 5.60 5.75 ± 0.09 5.43 ± 0.04 −0.32 ± 0.13 −0.40 −0.41
pKa2 8.96 9.1 ± 0.17 8.61 ± 0.02 −0.49 ± 0.22 −0.64 −0.46

aFrom ref 43. bDissociation constants of both Thr and 4F-Thr were obtained in this work.

Figure 4. Experimental (light blue lines: the three different titration
analyses. Blue line: their average plot) vs simulation (red line) of the
titration curve of 4F-Thr. The two experimentally determined
equivalent-point volumes are also highlighted by (black) vertical lines.
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35 psi, a drying gas flow rate of 11.5 mL min−1, a fragmentor
voltage of 30 V.
2-(Benzyloxy)acetaldehyde (1). A tube with a bubbler was

charged with a solution of allyl benzyl ether (2 mL, 1.92 g, 12.9
mmol) in DCM (20 mL) and cooled at −78 °C. The mixture
was fluxed with O2 for 1 min, then O3 was fluxed until the
mixture became blue, maintaining the reaction temperature at
−78 °C. Excess O3 was removed by fluxing O2 for 5 min.
Dimethyl sulfide (9.5 mL, 8.04 g, 129 mmol) was added at
−78 °C, and the reaction mixture was slowly warmed at room
temperature and stirred overnight. Volatiles were removed
under reduced pressure, and the crude aldehyde was purified
by flash column chromatography (silica gel, 0−10% EtOAc in
CyH), affording 1.15 g (7.7 mmol, 60% yield) of aldehyde as a
pale yellow oil. TLC: Rf (CyH/EtOAc = 1:1) = 0.25. 1H NMR
(400 MHz, CDCl3) δ: 9.73 (1H, s), 7.40−7.30 (5H, m), 4.64
(2H, s), 4.11 (2H, s). 13C NMR (101 MHz, CDCl3) δ: 200.6,
137.0, 128.8 (2C), 128.4, 128.2 (2C), 75.4, 73.8. EI-MS m/z:
107 (M − CH2CHO, 33), 91 (100), 77 (7), 65 (17), 51 (5).
Spectroscopical data are in agreement with those reported in
the literature.48

Ethyl 5-((Benzyloxy)methyl)-4,5-dihydrooxazole-4-car-
boxylate (2). A dried three-neck round-bottom flask, equipped
with a pressure-equalizing dropping funnel, was charged with
CuCl (38 mg, 0.38 mmol), triphenylphosphine (100 mg, 0.38
mmol), and dry DCM (10 mL) under a N2 atmosphere. The
mixture was stirred for 5 min, and then dry diisopropylethyl-
amine (0.13 mL, 96 mg, 0.76 mmol) was added and the
mixture was stirred for further 10 min. A solution of 1 (1.15 g,
7.7 mmol) and ethyl 2-isocyanoacetate (0.84 mL, 0.87 g, 7.7
mmol) in dry DCM (10 mL) was added dropwise at 0 °C. The
dropping funnel was washed with two 5 mL portions of dry
DCM to transfer all of the reagents inside the reaction flask,
and the reaction mixture was stirred overnight at room
temperature (or until completion by TLC). The solvent was
removed under reduced pressure and the crude mixture was
chromatographed (silica gel, 0−50% EtOAc in CyH), affording
1.55 g (5.9 mmol, 77% yield) of 2 as a pale yellow oil. TLC: Rf
(CyH/Et2O = 1:4) = 0.41. 1H NMR (400 MHz, CDCl3) δ:
7.37−7.28 (5H, m), 6.93 (1H, d, J = 2.0 Hz), 4.85 (1H, ddd, J
= 7.8, 5.0, 3.4 Hz), 4.60 (2H, s), 4.57 (1H, dd, J = 7.8, 2.0 Hz),
4.29−4.18 (m, 2H), 3.72 (1H, dd, J = 10.9, 3.4 Hz), 3.60 (1H,
dd, J = 10.9, 5.0 Hz), 1.30 (3H, t, J = 7.2 Hz). 13C NMR (101
MHz, CDCl3) δ: 170.7, 156.5, 137.6, 128.6 (2C), 128.0, 127.8
(2C), 80.1, 73.6, 70.2, 69.3, 62.0, 14.3. EI-MS m/z: 190 (M −
COOEt, 2), 172 (M − Bn, 2), 157 (8), 91 (100), 84 (35), 77
(5), 70 (6), 65 (13), 56 (8).
Compound 2 was obtained in a mixture with the

corresponding formamide 3 (variable from 0 to 15%, batch
dependent), derived from the hydrolysis of the oxazoline ring
due to trace of water during the column chromatography
process. The mixture of the two compounds could be used
directly in the next step without any further purification. In the
following, characteristic 1H NMR signals and ESI-MS data for
compound 3 are reported. 1H NMR (400 MHz, CDCl3) δ:
8.27 (1H, s), 7.39−7.28 (5H, m), 6.39 (1H, d, J = 8.8 Hz,
NH), 4.77 (1H, dd, J = 8.8, 2.6 Hz), 4.54 (2H, s), 4.38 (1H,
dddd, J = 7.9, 4.2, 3.9, 2.6 Hz), 4.23 (2H, q, J = 7.1 Hz), 3.59
(1H, dd, J = 9.5, 4.2 Hz), 3.44 (1H, dd, J = 9.5, 7.9 Hz), 2.71
(1H, d, J = 3.9 Hz), 1.28 (3H, t, J = 7.1 Hz). ESI-MS m/z:
282.2 [M + H]+ (100); 304.2 [M + Na]+ (4).
Ethyl 5-((Benzyloxy)methyl)-2-oxooxazolidine-4-carboxy-

late (4). A dried two-neck round-bottom flask was charged

with 2 (1.55 g, 5.9 mmol) and dry MeOH (12 mL) under a N2
atmosphere. The mixture was cooled to 0 °C and HCl (3 M in
methanol, 12 mL, 36 mmol) was slowly added. The reaction
mixture was stirred at 0 °C for 30 min and then allowed to
warm to room temperature and stirred overnight or until
completion (TLC). The solvent was removed under reduced
pressure, affording crude ethyl 2-amino-4-(benzyloxy)-3-
hydroxybutanoate hydrochloride salt as a viscous amber oil,
which was used in the next step without purification. The
reaction crude was dissolved in dry DCM (15 mL) and
triethylamine (2.67 mL, 1.94 g, 19.3 mmol) was added
dropwise at 0 °C under a N2 atmosphere. The reaction mixture
was stirred at 0 °C for 10 min, and then a solution of
triphosgene (1.90 g, 6.4 mmol) in dry DCM (15 mL) was
added dropwise. The reaction mixture was stirred at 0 °C for
30 min and then allowed to warm to room temperature and
stirred overnight or until completion (TLC). The reaction
mixture was cooled to 0 °C, and a saturated Na2CO3 aqueous
solution was slowly added under vigorous stirring until basic
pH was reached (pH = 9−10). Upon separation, the organic
phase was washed with aqueous 1 M HCl and saturated
NaHCO3 successively, and then dried on anhydrous Na2SO4.
The solvent was removed under reduced pressure. Flash
column chromatography of the crude (silica gel, CyH/Et2O =
1:1) afforded 1.02 g (3.7 mmol, 62%) of trans-4 as a pale
yellow oil. TLC: Rf (Et2O) = 0.64. 1H NMR (400 MHz,
CDCl3) δ: 7.33−7.22 (5H, m), 6.93 (1H, s), 4.71 (1H, ddd, J
= 5.4, 4.4, 3.7 Hz), 4.58 (1H, d, J = 12.1H), 4.56 (1H, d, J =
12.1 Hz), 4.29 (1H, d, J = 5.4 Hz), 4.18 (2H, q, J = 7.1 Hz),
3.71 (1H, dd, J = 11.0, 3.7 Hz), 3.64 (1H, dd, J = 11.0, 4.4
Hz), 1.22 (3H, t, J = 7.1 Hz). 13C NMR (101 MHz, CDCl3) δ:
169.9, 158.4, 137.3, 128.3 (2C), 127.7, 127.5 (2C), 77.4, 73.3,
69.5, 62.0, 55.3, 13.8. EI-MS m/z: 206 (M − COOEt, 2), 173
(7), 130 (3), 107 (7), 100 (20), 91 (100), 86 (14), 77 (5), 65
(14), 56 (17).
The analytical sample of cis-4 was obtained through a similar

Cu(I)-based experimental procedure (CuCl 5 mol %, triethyl-
amine 5 mol %, THF),49 only partially diastereoselective
(trans/cis = 85:15), to perform the complete NMR character-
ization of cis-4. TLC: Rf (Et2O) = 0.36. 1H NMR (400 MHz,
CDCl3) δ: 7.36−7.26 (5H, m), 5.48 (1H, s), 4.94 (1H, dt, J =
9.3, 3.5 Hz), 4.52 (1H, d, J = 12.1 Hz), 4.50 (1H, d, J = 12.1
Hz), 4.48 (1H, d, J = 9.3 Hz), 4.09 (2H, q, J = 7.2 Hz), 3.80−
3.78 (2H, m), 1.17 (3H, t, J = 7.2 Hz). 13C NMR (101 MHz,
CDCl3) δ: 168.9, 158.4, 137.4, 128.5 (2C), 127.9, 127.7 (2C),
76.9, 73.7, 67.7, 62.2, 55.5, 14.0. EI-MS m/z: 206 (M −
COOEt, 3), 173 (5), 158 (3), 130 (3), 107 (7), 100 (20), 91
(100), 86 (10), 77 (5), 65 (13), 56 (17).

Ethyl 5-(Hydroxymethyl)-2-oxooxazolidine-4-carboxylate
(5). A dried two-neck round-bottom flask was charged with a
solution of trans-4 (0.83 g, 2.97 mmol) in EtOH (96% purity,
30 mL) under a N2 atmosphere. Palladium on carbon (10%
Pd/C, 83 mg, 10% w/w in relation to the substrate) was added
to the mixture. The flask was partially evacuated and refilled
with H2 (balloon). The mixture was vigorously stirred at room
temperature overnight or until completion (TLC). The
reaction mixture was filtered over a Celite, washed with
DCM, and the filtrate was evaporated under reduced pressure,
affording 562 mg (2.97 mmol, quantitative yield) of
spectroscopically pure 5 as a colorless oil. The latter solidified
upon storage at −20 °C overnight, affording a white sticky
solid. TLC: Rf (CyH/EtOAc = 1:4) = 0.22. 1H NMR (400
MHz, CDCl3) δ: 6.19 (1H, bs), 4.70 (1H, ddd, J = 5.6, 3.3, 2.4
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Hz), 4.42 (1H, d, J = 5.6 Hz), 4.27 (2H, q, J = 7.1 Hz), 4.01
(1H, dd, J = 12.7, 2.4 Hz), 3.75 (1H, dd, J = 12.9, 3.3 Hz),
2.84 (1H, bs), 1.31 (3H, t, J = 7.1 Hz). 13C NMR (101 MHz,
CDCl3) δ: 170.5, 159.1, 79.4, 77.4, 62.3, 55.1, 14.1. EI-MS m/
z: 189 (M+, 2), 173 (7), 130 (3), 107 (7), 100 (20), 91 (100),
86 (14), 77 (5), 65 (14), 56 (17).
Ethyl 5-(Fluoromethyl)-2-oxooxazolidine-4-carboxylate

(6). A dried two-neck round-bottom flask was charged with 5
(712 mg, 3.76 mmol) and dry DCM (20 mL) under a N2
atmosphere. The reaction mixture was cooled at −78 °C and
diethylaminosulfur trifluoride (0.99 mL, 1.2 g, 7.53 mmol) was
added dropwise. The reaction mixture was stirred at −78 °C
for 30 min, and then allowed to warm up to 0 °C and stirred 3
h until completion (TLC). The reaction vessel was cooled to
−78 °C and a saturated NaHCO3 solution (10 mL) was added
under vigorous stirring. The mixture was allowed to warm to
room temperature under vigorous stirring. Upon extraction
(DCM, 3 × 10 mL) and separation, the collected organic
phases were dried on anhydrous Na2SO4 and the solvent was
removed under reduced pressure. Flash column chromatog-
raphy (silica gel, CyH/Et2O = 1:1) afforded 233 mg (1.2
mmol, 32% yield) of 6 as a pale yellow oil. TLC: Rf (CyH/
EtOAc = 1:4) = 0.77. 1H NMR (400 MHz, CDCl3) δ: 5.76
(1H, bs), 4.82 (1H, dddd, J = 23.8, 5.6, 3.2, 2.8 Hz), 4.73 (1H,
ddd, J = 47.6, 10.8, 2.8 Hz), 4.58 (1H, ddd, J = 46.1, 10.8, 3.2
Hz), 4.36 (1H, d, J = 5.6 Hz), 4.30 (2H, q, J = 7.2 Hz), 1.33
(3H, t, J = 7.2 Hz). 19F NMR (376.5 Hz, CDCl3) δ: −235 (dt,
J = 46.9, 23.8 Hz). 13C NMR (101 MHz, CDCl3) δ: 169.4,
157.6, 81.9 (d, J = 177.7 Hz), 76.7 (d, J = 19.9 Hz), 62.8, 54.5
(d, J = 6.2 Hz), 14.2. EI-MS m/z: 191 (M+, 2), 118 (M −
COOEt, 100), 101 (2), 85 (5), 74 (6), 54 (6).
2-Amino-4-fluoro-3-hydroxybutanoic Acid, Hydrochloride

Salt (7). A Schlenk tube was charged with 6 (432 mg, 2.26
mmol) and aqueous HCl (6 M, 4 mL, 24 mmol) under a N2
atmosphere. The reaction mixture was refluxed under vigorous
stirring for 2 days, until complete conversion (1H NMR). The
solvent was evaporated under reduced pressure, affording 352
mg of crude 7 (2 mmol, 90% yield) as a viscous amber oil,
which was used as such in the next step. 1H NMR (400 MHz,
D2O) δ: 4.76 (1H, ddd, J = 46.2, 10.5, 3.7 Hz), 4.64 (1H, ddd,
J = 47.0, 10.5, 3.5 Hz), 4.47 (1H, dddd, J = 24.7, 3.9, 3.7, 3.5
Hz), 4.22 (1H, d, J = 3.9 Hz). 19F NMR (376.5 Hz, D2O) δ:
−232 (dt, J = 46.7, 24.8 Hz). 13C NMR (101 MHz, D2O) δ:
170.9, 85.2 (d, J = 168.0 Hz), 67.8 (d, J = 19.2 Hz), 55.7 (d, J
= 4.6 Hz). ESI-MS m/z: 138.2 [M − Cl]+ (100); 92.2 [M −
(Cl + COOH)]+ (10).
4-Fluoro-threonine; 2-Amino-4-fluoro-3-hydroxybutanoic

Acid (8). A Schlenk tube was charged with 7 (352 mg, 2.03
mmol) and dry MeOH (10 mL) under a N2 atmosphere.
Propylene oxide (1.42 mL, 1.22 g, 20.3 mmol) was added to
the mixture, which was stirred at room temperature overnight.
During this stage, a pale yellow precipitate formed. The solvent
and excess propylene oxide were removed under reduced
pressure. Recrystallization from MeOH afforded 171 mg (1.25
mmol, 61% yield) of spectroscopically pure 8 as a white
powder. 1H NMR (400 MHz, D2O) δ: 4.72 (1H, ddd, J = 46.6,
10.8, 3.7 Hz), 4.60 (1H, ddd, J = 47.0, 10.8, 3.1 Hz), 4.35 (1H,
dddd, J = 24.9, 4.7, 3.7, 3.1 Hz), 3.87 (1H, d, J = 4.7 Hz). 19F
NMR (376.5 Hz, D2O) δ: −232 (dt, J = 46.8, 24.9 Hz). 13C
NMR (101 MHz, D2O) δ: 172.5, 85.6 (d, J = 167.3 Hz), 68.4
(d, J = 19.1 Hz), 56.8 (d, J = 4.4 Hz). ESI-MS m/z: 138.2 [M
+ H]+ (100); 92.2 [M − COOH]+ (15). Spectroscopical data
are in agreement with those reported in the literature.33

Acid−Base Titrations. To determine the main chemical
properties (i.e., pKa1, pKa2, and pI) of 4F-Thr, a small amount
of the racemic amino acid was used to prepare a stock solution
to perform acid−base titrations. The approach described below
was preliminarily performed with a stock solution of Thr, with
the aim of assessing the quality of the experimental procedure.
Since this method was found to be fully reliable in terms of
repeatability, we focus our attention on the differences
between Thr and 4F-Thr, also in view of the significant spread
of the values available in the literature for Thr.
The titration curve of 4F-Thr was recorded three times in

the same conditions to allow the calculation of mean values
and confidence intervals for pKa1, pKa2, and pI. The titration
was performed using an aqueous 0.05 M stock solution of 4F-
Thr. A test tube equipped with a magnetic stirring bar was
charged with 1 mL of such stock solution and a few microliters
(thus, a negligible amount with respect to the total volume) of
HCl 37% were added under vigorous stirring to lower the pH
of the amino acid solution down to 1−2. This ensured that
even the first buffer zone (corresponding to pKa1) could be
properly mapped. The pH-meter electrode was inserted in the
test tube until its bulb was completely soaked in the stirred
solution. A 0.25 M solution of NaOH was used as a titrant. In
both the early and late plateau regions of the titration curve
(featuring low-slope values), the titrant was added 50 μL at a
time, while 10 μL additions were performed in the central part,
due to the presence of the two equivalence points, i.e.,
maximum-slope regions. All of the titrant additions were
performed with a 100 μL Hamilton syringe, under proper
stirring conditions.
The following semiempirical method was used for the

quantitative analyses of titration curves. First, the pKa2 was
determined as the pH value corresponding to the second half-
equivalence point. Such specific titration point coincides with a
local maximum of the first derivative of the inverted titration
curve (i.e., the pH value on the x-axis and the titrant volume
on the y-axis), referred to as the inverted derivative in the
following. This approach is applicable only for the determi-
nation of pKa values corresponding to buffer zones
encompassed between two equivalence points since this
situation leads to a single easily identifiable maximum in the
inverted derivative. Furthermore, such identification is even
easier because buffer zones are usually characterized by a high
sampling rate of both pH values and titrant volumes, leading to
quite resolved inverted derivatives. Last but not least, a buffer
zone, by definition, is encompassed within a very narrow pH
range, thus leading to smaller errors in the determination of the
corresponding pKa value. A similar approach could be used for
pI, identifiable as the pH value corresponding to the first
equivalence point. However, the sampling rate is not
sufficiently high to enable easy identification of the equivalence
point, even with the analysis of the first and second derivatives
of the titration curve, due to their low resolution. Indeed,
unlike buffer zones, the region encompassing an equivalence
point suffers from tremendous pH changes even when dealing
with very small titrant volume variations. Nevertheless,
equivalence zones are encompassed within narrow ranges of
the titrant volume, thus leading to small errors in volumetric
analyses. Therefore, our approach moved to the graphical
determination of the pKa1, starting from pKa2 and taking
advantage of both the narrow volume ranges encompassing
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equivalence zones and the narrow pH ranges encompassing
buffer zones. In particular, the titrant volume difference
between the two equivalence points (which is supposed to
experience almost negligible fluctuations as a consequence of
the unavoidable small discrepancies between the observed and
the real equivalence points) is the same observed between the
two half-equivalence points. Such difference was determined
graphically, upon identification of five linear-regime zones:
three low-slope regions (the early and late titration plateau,
and the mid buffer zone corresponding to pKa2) and two high-
slope ones (the two equivalence zones). For each zone, the
points were interpolated with linear functions and the
intersection points between the adjacent linear regressions
were determined (four points, overall). Two relevant line
segments were then identified. On the one hand, the first one
(bounded by the first two points) lies on the first pH jump and
its midpoint’s abscissa corresponds to the titrant volume at the
first equivalence point. On the other hand, the second line
segment (bounded by the last two points) lies on the second
pH jump and its midpoint’s abscissa corresponds to the titrant
volume at the second equivalence point. The volume difference
between the two equivalence points was hence determined and
subtracted to the titrant volume corresponding to pKa2. This
new titrant volume is the abscissa of the first half-equivalence
point; therefore, the corresponding pH value is pKa1. The value

of pI was determined starting from pKa1 and pKa2 using the
Henderson−Hasselbalch equation.
Computational Methods. Conformational Analysis. The

conformational space of 4F-Thr was explored using a recently
proposed island model evolutionary algorithm (EA)46 coupled
with the two-stage method to evaluate structures, which has
been described in ref 47. For each form of 4F-Thr, a search
using a pool of 30 (randomly generated) structures was carried
out for 70 iterations. At each step, every new structure was
evaluated performing a geometry optimization with the
semiempirical PM7 method (constraining the dihedral angles,
whose values were changed by the EA),50 followed by a single
point energy evaluation at the B3LYP-D3(BJ)/6-31+G(d)51,52

level, also exploiting the conductor version of the polarizable,
continuum model (CPCM)53 to take bulk effects into account
(water ε = 78.3553). All structures lying within 25 kJ mol−1

above the lowest energy minimum were then reoptimized at a
higher level of theory to achieve a better description of the
stability of the 4F-Thr species. The double-hybrid B2PLYP
functional,54,55 also including empirical dispersion (D3BJ),52 in
conjunction with the jun-cc-pVTZ basis set56 (overall shortly
denoted as B2) was employed, which is proven to provide
reliable results in the characterization of conformers in
solution57,58 at a limited computational cost. Relative free
energies (ΔG) were determined by adding CPCM solvent
effects together with the zero-point energy and thermal
contributions, evaluated within the rigid-rotor harmonic-
oscillator approximation at the B3LYP-D3(BJ)/jul-cc-pVDZ
level, to relative electronic energies (ΔE). All quantum-
chemical calculations have been performed with the G16.C01
version of the Gaussian suite of programs.59

The solvate structures were obtained from the lowest
conformer geometries employing the solvation functionality, as
implemented in the Proxima library.60 Then, only the first
seven water molecules directly H-bonded to the solute were
kept, and the structures were reoptimized at the B2 level of
theory.

NMR Spectra. Chemical shifts and indirect J spin−spin
coupling constants (values collected in the Supporting
Information) have been computed at the B3LYP-D3(BJ)/jul-
cc-pVDZ level of theory using B2PLYP-D3(BJ)/jun-cc-pVTZ
reference geometries. Bulk solvent effects were again
accounted for using CPCM. Only conformers within 10 kJ
mol−1 above the global energy minimum were considered. To
compute the 1H and 13C chemical shifts, methanol spectra
were simulated at the same level of theory and then used as the
reference (1H 3.34 ppm and 13C ppm 49.50 ppm). For the 19F
nucleus, trifluoroacetic acid (TFA) was used as the reference
(−76.55 ppm). Spin−spin coupling constants were simulated
with both the one-step (spin−spin) and the two-step61

(mixed) procedures. All quantum-chemical computations
have been performed using the G16.C01 version of the
Gaussian suite of programs.59
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