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Organic azides are versatile intermediates but are plagued by
intrinsic instability and potential explosiveness. Here, it is shown
that fluorinated azido-L-phenylalanines display unexpected sta-
bility, arising from adjacent fluorine atoms that enforce intramo-
lecular pnictogen bonding. Single-crystal X-ray diffraction reveals
an intramolecular N···F pnictogen bond that orients the azide

group and enhances molecular stability. Comparison with non-
fluorinated analogs underscores the stabilizing effect of fluorine
substitution in mitigating explosive decomposition. Quantum
chemical and bond critical point analyses corroborate the stabi-
lizing role of the N···F pnictogen bond.

1. Introduction

Organic azides are a class of energy-rich compounds that, thanks
to their simple and robust chemistry, have been widely used in
different research fields as diverse as blowing agents or func-
tional intermediates in pharmaceuticals.[1–3] Although organic
azides are intrinsically energy-rich and may display explosive
behavior, their exceptional reactivity has made them invaluable
synthetic intermediates. Since the discovery of the copper(I)-
catalyzed azide–alkyne cycloaddition (CuAAC),[4–6] the so-called
"click reaction," the use of organic azides has expanded
dramatically—particularly in peptide and biomaterial chemistry—
owing to its remarkable efficiency, selectivity, and compatibility
with aqueous and biological environments. In parallel, the
topochemical azide-alkyne cycloaddition (TAAC)[7–9] has further

extended the versatility of azide–alkyne click chemistry, enabling
the construction of polymers and supramolecular architectures
from azide-functionalized peptides, carbohydrates, and nucleic
acids with outstanding structural precision and functional diversity.
Together, CuAAC- and TAAC-based strategies underscore the cen-
tral role of azide chemistry in the modular design of advanced pep-
tide-based materials.[10–13]

In this framework, one of the main trends in peptide-based
nanotechnology consists in combining new and efficient func-
tionalities with extreme structural simplicity: the reductionist
approach.[14] Along with the 20 natural amino acids, non-natural
amino acids—including the ones containing azido groups—are
largely employed to further enlarge the chemical and structural
diversity in the peptide field. The azide-containing amino acids
are not only key precursors for cycloaddition reactions, but also
become important intermediates for the introduction of other
chemical groups. For example, in 2012, an elegant synthetic strat-
egy enabled the preparation of a series of para-X-tetrafluorophe-
nylalanines, where X was a wide range of chemical groups,
including the azide moiety, which was used as an intermediate
for the formation of amino group.[15]

Recently, it has emerged that the chemical modification of
the aromatic unit in a halogenated phenylalanine fragment could
play a crucial role in defining its supramolecular behavior and
chemical properties.[16,17] For instance, upon changing the num-
ber, position, and nature of the halogen atoms introduced in the
phenyl moiety, it was possible to tune the self-assembly phenom-
ena of the short peptide sequences.[18–21] Further, the substitution
of the hydrogen atoms with fluorine atoms on the aromatic unit
of the 4-iodo-L-phenylalanine led to the activation of the iodine
atom, making the halogenated amino acid an efficient catalyst for
the aqueous synthesis of bis-(heterocyclic)methane.[22]

Notably, during the synthesis 4-iodo-2,3,5,6-tetrafluoro-
L-phenylalanine catalyst, we observed an unexpected good
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chemical stability of its intermediate, the N-Boc-4-azido-2,3,5,6-
tetrafluoro-L-phenylalanine tert-butyl ester (1, Scheme 1). This
contrasts literature reports suggesting that electron-withdrawing
fluorine substituents adjacent to azides should enhance reactivity
and decrease stability,[23–25] a fact that promoted their use as
phenylazide-labeling (PAL) reagents.[24] To clarify the stabilizing
influence of ortho-fluorine atoms on azido groups, we investi-
gated the structure–property relationships of the potentially
explosive N-Boc protected (1) and the unprotected 4-azido-
2,3,5,6-tetrafluoro-L-phenylalanine (2, Scheme 1).

Herein, we study, through differential scanning calorimetry
(DSC) and X-ray diffraction analysis, the solid-state behavior of
the two fluorinated L-phenylalanine 1 and 2 and show how
the presence of an intramolecular N···F contact, namely a pnicto-
gen bond (PnB),[26] could be responsible for the enhanced ther-
mal stability of the obtained fluorinated peptides. In addition, the
nonfluorinated 4-azido-phenylalanine (3) was analyzed to evalu-
ate the structural differences with its fluorinated analogs.

2. Results and Discussion

Azide 1 was synthesized following the procedure reported in
ref. [22] and after its purification by crystallization from dichloro-
methane, it was deprotected to get the 4-azido-2,3,5,6-
tetrafluoro-L-phenylalanine 2 (I section S1, Supporting Information).
The thermal stability, and therefore the potential explosive behav-
ior, of compounds 1 and 2 was first assessed by DSC analysis. It is
known that DSC could give a reliable indication of the decomposi-
tion energy, when released upon heating, by an energy-rich com-
pound.[27] In fact, the presence of a very pronounced exothermic
peak in the DSC thermogram indicates a fast decomposition pro-
cess which is, for azides, generally associated to a possible explosive
behavior. In addition, the DSC data can be used to have an estima-
tion of two important parameters for the classification of the explo-
sive compounds, which are the shock sensitivity (SS, (Equation 1))
and the explosive propagation (EP, Equation(2)), respectively.
Specifically, the total measured energy (Q, cal/g) and the onset tem-
peratures (T, °C) of the exothermic peaks, extrapolated from DSC
thermogram, allow the calculation of SS and EP through
Yoshida’s correlations:[28]

SS ¼ log10Q� 0.72 ⋅ log T � 25ð Þ � 0.98 (1)

EP ¼ log10Q� 0.38 ⋅ log T � 25ð Þ � 1.67 (2)

The analysis of the DSC thermograms, by equations 1 and 2,
of the amino acids 1 and 2 showed negative values for both SS
and EP parameters (Table 1 and Figure S4,5, Supporting
Information), which were in counter-tendency to the common
behavior of explosive compounds where the two indices are
equal or greater than zero.[27,28]

Specifically, data in Table 1 suggested that the replacement of
the hydrogen atoms of the aromatic ring with fluorine atoms sen-
sibly decreased the shock sensitivity and explosive propagation
behavior of the fluorinated amino acids compared to the hydro-
genated system 3.[29] In addition, the released energy value of the
hydrogenated 4-azido-L-phenylalanine 3 was five times higher
than 1 and 2, further proving how the presence of the fluorinated
moiety close to the azide group played a key role in the chemical
stabilization of the compounds, mitigating the risk of explosion
and thus facilitating the handling and storage of these materials.
We wish to point out that the sensitivity properties of potentially
dangerous organic azides, such as 3, in terms of decomposition
temperatures, have also been studied computationally, and good
agreement has been observed with the experimental data.[30]

After these initial findings, we focused on the analysis of the
crystal structures of 1 and 2, aiming to get a structural insight on
the possible role of the fluorine atoms in the stabilization of the
azide units (Table S1, Supporting Information). Needle-shaped
crystals of 1 suitable for single-crystal X-ray diffraction were
obtained after a few days of slow evaporation from a dichloro-
methane (DCM) solution. Compound 1 crystallized in the ortho-
rhombic P212121 space group, with a single amino acid molecule
in the asymmetric unit. The peptides were assembled thanks to
classical hydrogen bond (HB) interaction (the distance N3···O4
is 3.108(2)Å) involving the amide units of adjacent molecules,
which led to the formation of an infinite hydrogen-bonded chain
running along the crystallographic a-axis. In addition, the oxygen
atom O4 established in a hydrogen-bonding interaction with the
hydrogen atoms of the benzylic carbon and a π-hole interac-
tion[31] with the carbon atom of the C═O group (Figure 1).
These contacts promoted the isotactic arrangement of the
4-azido-2,3,5,6-tetrafluorobenzene units in the supramolecular
chain, placing them opposite to the bulky Boc groups.

Interestingly, the fluorine atoms on the aromatic ring were
involved in several intermolecular and intramolecular contacts,
which stabilized the overall crystal packing (Figure 1). The fluorine
atom (F1) of one molecule interacted either with one methyl
hydrogen of the tBu unit (F1···H14C, distance 2.578 Å) and with
a carbon atom of the aromatic ring of an adjacent amino acid
(F1···C7, distance 3.130(3) Å). The latter interaction is the classical

Scheme 1. Chemical structures of the studied compounds: N-Boc-(4-azido-
2,3,5,6-tetrafluoro)-L-phenylalanine tert-butyl ester (1), 4-azido-2,3,5,6-tetra-
fluoro)-L-phenylalanine (2), and 4-azido-L-phenylalanine (3).

Table 1. DSC analysis (onset T of the exothermic peak), SS, and EP values
calculated from DSC using Yoshida’s correlations.

Compound Released energya) Tb) SS EP

1 63 165 �0.73 �0.69

2 58 152 �0.73 �0.71

3 274c) 139c) �0.01c) �0.02c)

a)cal/g. b)°C. c)From ref. [29].
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offset parallel arrangement of two fluorinated aromatic rings,
where the electron density of the fluorine atom points toward
the depleted electron density area on the surface of an adjacent
fluorinated benzene.[32]

Notably, the fluorine atom (F2) in ortho position to the azide
group formed a short intramolecular contact with nitrogen atom
(N2) of the -N3 unit (N2···F2 distance 2.638(3) Å, which corre-
sponds to a normalized contacts (Nc)[33] of 0.85 (Figure 1 middle).
We will show below through quantum chemical methods how
significant this kind of interaction is from the energetic point
of view. The azido group can be written using two resonance
forms, where the central nitrogen atom has positive charge
(Figure 1, bottom). In these forms, the positively charged central
N functioned as electron density acceptor site, namely pnictogen
bonding donor, interacting with the electron density provided by
the close fluorine atom.[34] The intramolecular N···F pnictogen
bond dictated the orientation of the -N3 unit, creating a five-
member supramolecular ring. This five-membered intramolecular
arrangement resembles the orientation patterns observed
between azide units and chalcogen or pnictogen atoms recently
reported in related systems,[35] further supporting the structural
analogy and reinforcing the notion that such directional nonco-
valent forces govern azide orientation. Thus, the presence of the

intramolecular N···F PnB interaction could be responsible for the
increased stability of the azide unit, mitigating the risk of explo-
sion. It is also worth to notice that the nitrogen atom (N1) was in
contact with the carbon atom (C7) of a close amino acid which
belonged to an adjacent peptide unit (N1···C7, distance 3.216(3) Å
and Nc= 0.94, Figure 1 middle). As in the previous interaction,
the inverted quadrupole moment of the fluorinated benzene
promoted the electrophilic nature of the carbon atom, thus
enhancing its ability to interact with an electron density provided
by the N1 atom.

The following step was the removal of the Boc protecting
group to evaluate the influence of this unit on the overall stability
of the azido amino acid. Unfortunately, the solubility of the

Figure 1. (Top) Crystallographic representation of the hydrogen-bonded
chain of compound 1 where the intrachain Pn contacts involving fluorine
atoms are also highlighted. (Middle) Dimer of compound 1 where the PnB
and intermolecular interaction involving the azide group are shown. (Bottom)
Resonance structures of the substituted azide that show the charge distribu-
tion on the -N3 group. Noncovalent interactions are shown in light blue and
black dotted lines for PnBs and HBs, respectively. Dihedral angle φC–C–N–N=
�13.9° in 1. Color code: C, gray; O, red; N, violet; F, yellow; and H, white.

Figure 2. Crystallographic representation of: (Top) the hydrogen-bonded
network of compound 2 where the intrachain contacts involving fluorine
atoms and -NH3

þ units are also highlighted; (Bottom) the packing
arrangement of adjacent H-bonded chains promoted by a T–shape inter-
action between two fluorinated rings and the intramolecular PnB and
intermolecular interaction involving the azide group are shown. Dihedral
angle φC–C–N–N =�2.2° in 2. Noncovalent interactions and color code as
in Figure 1.
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unprotected peptide 2 drastically dropped in chlorinated sol-
vents, and the single crystals were exclusively obtained from a
dimethyl sulfoxide (DMSO) solution.

As for 1, the compound 2 crystallized in the orthorhombic
P212121 space group but as a DMSO solvate with a single amino
acid molecule in the asymmetric unit. The unprotected peptide
crystallized in its zwitterionic form and assembled thanks to the
charged-assisted hydrogen bonding interaction occurring
between the -NH3

þ unit and the carboxylate group. Specifically,
the oxygen atom (O1) acted as a bidentate electron density donor
site interacting with two ammonium units of two different amino
acids (O1···N4(�1þx, y,z), distance 2.702(2) Å and O1···N4(�0.5þx, 1.5-y, 1-z),
distance 2.945(3) Å). This feature elicited the formation of a
hydrogen-bonded ribbon, which propagated along the crystallo-
graphic a-axis (Figure 2 top).

Thanks to the pairing of the charged groups, the 4-azido-
2,3,5,6-tetrafluorobenzene moieties stood up from the supramo-
lecular backbone as alternating prongs. In the hydrogen-bonded
backbone, the presence of short F···H contacts involving the fluo-
rine atom (F4) and the -NH3

þ unit further stabilized the supramo-
lecular ribbon, tightening together the amino acid units (F4···N4,
distance 2.891(2) Å, Figure 2 top). The DMSO molecule was also
hydrogen-bonded to the -NH3

þ unit. The packing of the H-bonded
ribbons was promoted by a T–shape interaction occurring

between two fluorinated rings (F2···Centroid C8-C9 bond, distance
3 Å, Figure 2 bottom).

Even in 2, the azido unit was involved in two noncovalent
contacts, one intramolecular and one intermolecular. The intra-
molecular pnictogen bond took place between the fluorine atom
(F2) and the nitrogen atom (N2), mirroring the geometrical fea-
tures of the PnB detected in 1 (N2···F2 distance 2.636(3) Å,
Nc= 0.85). The PnB imposed the orientation of the -N3 unit,
which adopted a coplanar arrangement with the tetrafluoro-
phenyl ring as seen in 1.

To assess whether the formation of the intramolecular PnB in
the 4-azido-2,3,5,6-tetrafluorophenyl moiety was a general supra-
molecular feature, we performed a structural search into the
Cambridge Structural Database (CSD)[36] looking for the N···F con-
tacts, where the nitrogen atom belongs to the -N3 unit.

Interestingly, all the reported structures (19 entries) showed
an intramolecular pnictogen bond occurring between the nitro-
gen atom in the central position of the azo group and the fluorine
atom placed in its ortho position with geometrical parameters
identical to those found in 1 and 2 (N···F, 2.642 Å average
distance, Figure 3 and Supporting Information). Even in all
CSD structures, the -N3 group adopted a coplanar arrangement
with the tetrafluorophenyl ring creating, through the PnB, a five-
member supramolecular ring. These findings suggested a strong

Figure 3. (Top) Histogram chart of intramolecular N···F PnB in CSD. (Bottom) Crystallographic representation of hydrogen-bonded dimer for compound
3. I Dihedral angle φC–C–N–N= 4° in 3. Inter- and intramolecular interactions are highlighted and color code as in Figure 1, Cl, green. N2=N3 centroid is shown
as an orange dot.
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tendency to form an intramolecular N···F PnB whenever a fluorine
atom is in ortho position to an -N3 on an aromatic ring, regardless
of the chemical nature of the remaining part of the molecule. The
analysis of the nonfluorinated 4-azido-phenylalanine (3) was
conducted to assess the structural differences compared to its
fluorinated analogs. Compound 3 crystallized in the monoclinic
P21 space group as chloride derivative. The overall assembly was
driven by multiple hydrogen bonds occurring between the
ammonium unit and the chloride anion and the carboxylic group
(Figure 3 and Supporting Information). The most interesting
aspect was the position and the noncovalent interactions involv-
ing the -N3 group. Even in the nonfluorinated sample, the azo
group was placed on the same plane described by the aromatic
ring, which assumes the same conformation seen in 1 and 2.
However, in this case, the arrangement of the -N3 unit was
stabilized by the presence of an intramolecular π···H2 contact
occurring between the π cloud of the -N3 group and the hydrogen
atom in its ortho position (Centroid N2=N3···H2 distance 2.538 Å,
Figure 3).

To better understand the effect of the fluorination on the
4-azido-phenyl moiety, we performed quantum chemical
calculations on 2 and 3 (see SI for full technical details). We ini-
tially performed a conformational stability test on the position
of the azide group in 2 and 3, tilting by 90° the -N3 unit out of
the plane containing the aromatic unit (dihedral angle
φC–C–N–N = 0 and 90°) and then comparing the energy of the
untilted and tilted conformation. (Figure 4 and S12). The cal-
culations showed that the fluorinated structure 2 was destabi-
lized by 25.91 kJ mol�1 by tilting the azido unit away from the
coplanar position, while the hydrogenated structure was desta-
bilized by 23.34 kJ mol�1. This finding showed that the most
stable conformation for the -N3 unit was the native one
(namely, when the -N3 unit adopted a coplanar arrangement
with the phenyl ring) for both structures, and highlighted that
the perfluorinated azide structure in its native conformation
was more stable compared to the hydrogenated azide. The sta-
bility was provided by the presence of the intramolecular PnB
in the fluorinated system 2.

Figure 4. Top: schematic view of the destabilization of 2 and 3 caused by the tilting of their azide groups. Middle: NCI-QTAIM of 2 and 3 with the associ-
ated BCPs and interaction energies calculated with the IQA. Bottom: molecular electrostatic potential maps of 2 and 3 plotted on the 0.001 au contour of
the electron density (values in Hartrees).
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Non-covalent interactions[37] analysis associated with the quan-
tum theory of atoms-in-molecules (QTAIM) analysis[38] of bond crit-
ical points (BCPs) was then employed to provide qualitative hints
on the intramolecular interaction pattern in 2 and 3. Notably, in 2, a
BCP was observed between the F atom of the central N atom in the
azide group, while a BCP was absent in structure 3 when the F
atom is substituted with a H atom (Figure 4 and see S11,
Supporting Information). Although the presence of a BCP does
not always guarantee an attractive interaction between two atoms
or moieties,[39] quantitative results on the energies involved were
provided by interacting quantum atoms (IQA)[40] calculations,
which have been proven to be a reliable method to quantify
the intramolecular interactions involving perfluorinated aromatic
units.[41] In particular, we focused on the interactions between
F2···N2 and F2···N3 in structure 2 and H2···N2 and H2···N3 in struc-
ture 3 (Figure 4). We wish to point out that the IQA analysis
provides the interaction energy between two atoms, which is
not directly comparable with the supramolecular method, in which
the interaction energy between twomolecules is computed by cal-
culating the energy of the molecules together and subtracting the
energies of the separated monomers.

The sum of interaction energies for both the N···F contacts in 2
yielded a stabilization energy (Es) of�62.1 kJ mol�1 with an almost
equal contribution from coulombic and exchange-correlation parts
(see Supporting Information), while the stabilization energy for the
N···H interactions in 3 was only �13.0 kJ mol�1 which came exclu-
sively from exchange-correlation contributions, while the coulom-
bic part is repulsive (see Supporting Information). The qualitative
impact of the coulombic contribution was also visible in molecular
electrostatic potential maps of both 2 and 3 (see Figure 4). These
digits provided clear evidence of the fundamental role of the N···F
PnB in stabilization of the azido unit, mitigating its explosive
behavior.

3. Conclusion

In conclusion, this study focused on investigating the structural
stability of fluorinated peptides containing azide groups. The
presence of fluorine atoms in ortho position to the azido groups
enhanced the stability of the compounds. Through thermal and
X-ray diffraction analysis, it was revealed that intramolecular N···F
pnictogen bonds played a crucial role in enhancing the stability
of fluorinated peptides. Comparison with nonfluorinated analogs
highlights fluorine’s decisive role in mitigating explosive behav-
ior. Crystallographic analysis revealed the presence of intramolec-
ular PnBs, which dictated the orientation of the azide unit and
contributed to the overall stability of the compounds, while
QTAIM calculations further supported the role of PnBs in stabiliz-
ing fluorinated peptides.

The findings underscore the importance of understanding the
structure–stability relationships between azide units and their
noncovalent interactions with different molecular entities,[42–46]

in line with previous studies by Aakeröy et al. on solid-state ener-
getic materials.[47,48] The present work further expands the funda-
mental knowledge of how specific noncovalent interactions

influence the stability of energetic systems, thereby contributing
to the rational design and safer manipulation of peptide-based
energetic materials.
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