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Why lamivudine assembles into double-stranded
helices in crystals: salt heterosynthon versus base-
pairing homosynthon†

Cameron Capeletti da Silva, *a Ana K. Valdo,a José Antônio do Nascimento Neto,a

Leandro Ribeiro,a Ariel M. Sarotti b and Felipe Terra Martinsa

Here we were interested in obtaining a better understanding of the competition between the salt hetero-

synthon and the base-pairing homosynthon formed by the anti-HIV drug lamivudine in the presence of

strong acids. Even though the preparation of the multicomponent crystal forms of this drug with weak or

moderate acids is well investigated, the crystallization of lamivudine with strong acids is still little explored.

Besides filling this crystallization screening gap, the driving forces of the so-called lamivudine duplexes

could be drawn from the complete structural landscape and the theoretical thermodynamic parameters of

the salt heterosynthon, calculated at the M06-2X/6-31+G** level of theory. Five new crystal structures of

lamivudine were obtained, wherein two of them were assembled as base-paired helically-stacked strands

in the presence of trifluoroacetic and trichloroacetic acids (lamivudine duplexes V and VI, respectively). Be-

sides, three salts were prepared by crystallization of lamivudine with sulfuric and perchloric acids. Finally,

the theoretical approach showed that there is no energy trend regarding the formation of lamivudine

duplexes with aliphatic organic acids or lamivudine salts with aromatic acids, which is usually observed

in practice.

Introduction

The design of new solid forms of pharmaceutical ingredients
has been well explored through crystal engineering ap-
proaches in the last few years.1,2 In this context, the under-
standing of how species interact with each other in a multi-
component crystal form is a major task. In this way, crystal
engineering involves the analysis of supramolecular interac-
tions, especially hydrogen bonding patterns between entities
that constitute a multicomponent system.3–6

Since lamivudine (β-L-2′,3′-dideoxy-3′-thiacytidine, 3TC) has
been released onto the market, it has been widely studied
due to its pharmacological significance. Lamivudine is a
nucleobase analogue inhibitor of the reverse transcriptase
enzyme and is greatly used to treat HIV and hepatitis B
virus.7 Additionally, this drug has exhibited great potential in
forming multicomponent systems due to its ability to crystal-

lize with different species, probably because of its multiple
hydrogen bond donor and acceptor groups. Concerning the
crystal engineering of lamivudine, many solid phases of this
drug are known, including salts with inorganic and carboxylic
acids (aromatic and aliphatic chains), co-crystals, salt co-
crystals and polymorphs.8

The structural diversity of lamivudine solid phases is even
demonstrated by double-helix supramolecular aggregates.
Until now, there have been four crystalline structures of
lamivudine duplexes reported in the literature, named as
duplexes I, II, III and IV.9 Duplex I9a was prepared based on a
three-point synthon responsible for the assembly of
lamivudine 3,5-dinitrosalicylate monohydrate salt.8h This
hydrogen bonding pattern is responsible for the pairing
between one neutral and one protonated lamivudine unit
(3TC–3TC+; Fig. 1b). Besides, maleic acid was used as a coun-
terpart to crystallize with lamivudine in this solid form. Du-
plex II, on the other hand, was obtained by the self-assembly
of neutral lamivudine pairs (3TC–3TC) in a helical fashion
through only two hydrogen bonds.9b Duplex III was obtained
by crystallizing lamivudine and fumaric acid together. The
hydrogen bonding pattern responsible for keeping together
the lamivudine units in this DNA-like structure is a mixture
of hemiprotonated (3TC–3TC+) and neutral (3TC–3TC)
motifs.9c Another supramolecular aggregate possessing
nucleobase-pairing and helical stacking as DNA-mimicry has
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been reported in duplex IV, which is made up of 3TC–3TC+

pairs and D-tartrate as counterions.9d

Based on the fact that lamivudine can promptly crystallize
with acids through either the two-point heterosynthon (com-
mon in lamivudine salts) or the three-point homosynthon
(common in lamivudine duplexes), we were interested in
obtaining a better understanding of the competition between
these hydrogen bonding patterns (Fig. 1). In this context, it
was necessary to fill a gap in the solid state chemistry of the
drug, seeing that there was scarce observance of crystalliza-
tion of lamivudine with strong acids. The crystallization of
lamivudine with strong acids is still little explored; however,
the preparation of the multicomponent systems of this drug
with weak or moderate acids is well investigated.8,9 Once this
gap is filled, we would have a complete range of structures,
from which we could extract the structural knowledge that
leads to the formation of the three-point homosynthon or
two-point heterosynthon. In this way, we selected a set of
strong acids, trifluoroacetic acid, trichloroacetic acid, sulfuric
acid and perchloric acid to be exact, to crystallize with
lamivudine (Scheme 1). Five new crystal structures of
lamivudine are reported here, i.e., two lamivudine duplexes
prepared with trifluoroacetic and trichloroacetic acids, re-

spectively, and three molecular salts formed by lamivudine
crystallization with sulfuric and perchloric acids. Lamivudine
duplexes with trifluoroacetic and trichloroacetic acids were
named duplexes V and VI, respectively. Three lamivudine
salts were obtained with sulfuric acid (lamivudine sulfate and
lamivudine hydrogen sulfate) and perchloric acid (lamivudine
perchlorate monohydrate). Finally, aided by theoretical calcu-
lations of key thermodynamic parameters for the hetero-
synthon present in salts, at the M06-2X/6-31+G** level of
theory, this study allowed us to investigate the tendency of
lamivudine to crystallize into a double-helical arrangement.

Experimental section
Materials and methods

Preparation. The preparation of all solid phases reported
here was carried out using lamivudine form II as follows.
Lamivudine duplex V: 20.00 mg (0.087 mmol) of lamivudine
was dissolved in 5 mL of methanol, followed by addition of
100 μL of aqueous solution of trifluoroacetic acid (0.4 mol L−1,
0.04 mmol) while stirring. The solution was allowed to evapo-
rate slowly at room temperature, yielding crystals in 4 days.
Lamivudine duplex VI, sulfate, and perchlorate monohydrate
salts of lamivudine were prepared similarly to duplex V, al-
though solutions (100 μL) of trichloroacetic acid, sulfuric acid
and perchloric acid were used instead, at the same concentra-
tion of the trifluoroacetic acid solution mentioned before. The
preparation of lamivudine hydrogen sulfate also resembles
that just described here, although 200 μL of an aqueous solu-
tion of sulfuric acid (0.4 mol L−1, 0.08 mmol) was added to the
solution of lamivudine. After 4 days, crystals of the new
multicomponent systems were obtained in a glass vial.

Structure determination. All data were collected using a
Bruker-AXS Kappa Duo diffractometer equipped with an APEX
II CCD detector after exposure to MoKα radiation (0.71073 Å).
Then, the raw data sets were treated using SAINT and
SADABS10 programs for cell refinement and data reduction.
Next, the structures were solved by direct methods of phase re-
trieval with SHELXS-201411 and then refined with SHELXL-
2014 (ref. 11) using the full-matrix least-squares method on F2.
All non-hydrogen atoms were refined with free anisotropic dis-
placement parameters while the hydrogen atoms had their dis-
placement parameters fixed and set to isotropic. The hydrogen
atoms were positioned according to both intramolecular and
intermolecular requirements and constrained following a rid-
ing model. In the structures of duplexes V and VI, the mole-
cules of lamivudine and counterions were very disordered.
Consequently, the necessary restraints and constraints were
used in their refinement. Their single crystals have diffracted
X-rays poorly even at the medium resolution shell. Besides,
in the structure of lamivudine hydrogen sulfate, residual
electron density was observed in the void present in its crys-
tal lattice. Then, PLATON/SQUEEZE was also used to treat
this diffraction dataset. Also, the disordered oxygen atoms of
hydrogen sulfate and perchlorate anions were modeled over
two sets of 50% occupancy. For clarity reasons, in the crystalScheme 1 Lamivudine and the strong acids used in this study.

Fig. 1 Hydrogen bonding pattern in lamivudine structures with
organic acids: (a) lamivudine (3TC+) and (b) hemiprotonated motifs
(3TC–3TC+). Letter R denotes any group on the organic acid.
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structure representations, only the atoms of one set were
depicted. Finally, for structure analysis and graphical repre-
sentations the following programs were used: MERCURY12

and CHIMERA.13 The thermal ellipsoid plot of the crystal
structures reported here and the details of the single crystal
X-ray diffraction experiment are in the ESI† (Fig. S1 and S2
and Table S1). Tables S2–S6† display the main hydrogen
bonding geometry found in the structures of duplex V, duplex
VI, lamivudine sulfate, lamivudine hydrogen sulfate and
lamivudine perchlorate monohydrate, respectively.

Theoretical calculations. Since all known lamivudine du-
plexes are assembled with aliphatic organic acids, while aro-
matic organic acids assemble the R2

2(8) heterosynthon, a hy-
pothesis was raised, concerning the energetic difference for
this synthon in these two classes of acids. For this reason, we
were interested in probing their thermodynamic properties
through theoretical calculations at the M06-2X/6-31+G** level
of theory.14 Some lamivudine aggregates were extracted from
the crystal structures found in the CSD database, while others
were created using Chimera13 since they were not available in
the crystal structures of lamivudine. The energy was calcu-
lated without optimization, after partial optimization (only
hydrogen atoms) and after full geometric optimization of
heterodimers formed by the in-plane pairing of lamivudine
(3TC) or lamivudinium (3TC+) and organic acids as counter-
ions. The thermodynamic properties such as Gibbs energy,
enthalpy and entropy were also calculated after full optimiza-
tion of lamivudine heterodimers.

Thermal analysis (TG and DTA). Samples of lamivudine
duplex V and duplex VI have been characterized by simulta-
neous application of thermogravimetry (TG) and differential
thermal analysis (DTA). The thermal analysis was carried out
on a Shimadzu® DTG-60 thermal analyzer, where the samples
were loaded into alumina crucibles. The samples were heated
from 25 °C to 450 °C with a heating rate of 10° min−1 under a
dynamic air atmosphere at a flow rate of 50 mL min−1. The re-
sults are presented in Fig. S3 and S4 in the ESI.†

Results and discussion
Lamivudine duplex V

Lamivudine duplex V was prepared by drug crystallization
with trifluoroacetic acid. This structure was solved in the P32
space group of the trigonal crystal system with eight
hemiprotonated base pairs (3TC–3TC+) in the asymmetric
unit. The asymmetric unit of the antecedent duplex I com-
prised four base pairs, while duplex III was composed of a
mixture of hemiprotonated and neutral base-pairing motifs
present in a 4 : 1 ratio. On the other hand, duplex IV
exhibited only one base pair in its asymmetric unit.9 Besides,
other species crystallized together with the drug molecules in
the crystal lattice of duplex V. Eight trifluoroacetate anions
and four water molecules are present in the crystal structure
of the trigonal duplex V.

Another feature present in the nucleoside double-stranded
helix reported here, which is similar to the preceding du-

plexes I, III and IV, concerns the hydrogen bonding pattern
responsible for the in-plane pairing of the drug units. The
three-point synthon is responsible for holding the lamivudine
base pairs together (3TC–3TC+) (Fig. 1b). This synthon is
constructed by two N–H⋯O hydrogen bonds in the periphery
and one N+–H⋯N hydrogen bond in the center. In addition
to displaying the nucleobase pairing, this crystal structure
also shows the helical stacking of the hemiprotonated (3TC–
3TC+) units of lamivudine giving rise to a DNA-like double
helix structure. The lamivudine pairs present in duplex V are
stacked on top of each other in a face-to-face fashion (Fig. 2).
Such a stacking pattern also occurs in duplexes I, III and IV.

Aside from these similarities among lamivudine duplexes,
it is interesting to observe that duplex V is the first DNA-like
nucleoside structure with two crystallographically indepen-
dent double-stranded helices within the crystal lattice
(Fig. 2). The labeling scheme of the drug units was made
using the capital letters A, B, C and so on, until P. The first
duplex motif is made up of lamivudine units labeled from A
to L (motif AL), while the second one comprises lamivudine
molecules M to P (motif MP). Concerning the content per
helical turn, both duplex motifs are very similar, since they
are made up of six 3TC–3TC+ pairs spaced by ca. 3.4 Å each.
Also, both duplex motifs are left-handed, as in the structures
of lamivudine duplexes I and III.9a,c However, it is worth
noting that in the MP motif, four lamivudine pairs are gen-
erated by 32-screw axis symmetry. An entire turn measures
about 20.4 Å for both duplex motifs AL and MP, respectively.
Therefore, a complete helical turn in duplex V motifs is
smaller than those observed in duplexes I and III (25.60 Å
and 33.69 Å, respectively).9a,c

The trifluoroacetate anions and water molecules help sta-
bilize the duplex V motifs by interacting with the cytosine
ring and the 5′-CH2OH groups of lamivudine units through
classical hydrogen bonds. The hydrogen bonding geometry in
duplex V is shown in Table S2.† The disposition of the coun-
terions and water molecules surrounding the grooves gives
rise to layers and channels in the crystal structure of duplex
V (Fig. 2). The occurrence of these channels also resembles
the reported structures of duplexes III and IV.9c,d

Lamivudine duplex VI

Continuing our crystallization assays of lamivudine with
strong acids, we have prepared another double-stranded helix
of lamivudine (lamivudine duplex VI). This duplex was
obtained using trichloroacetic acid and crystallized in the
hexagonal space group P61 with two hemiprotonated 3TC–
3TC+ base pairs, two trichloroacetate anions and one water
molecule in the asymmetric unit. The nomenclature of the
species found in this structure follows that in duplex V, but
in this case, lamivudine molecules were labeled from A to D,
and the counterions were named XA and XB, while the water
oxygen was labeled O1w.

Lamivudine duplex VI displays some characteristics that re-
semble those already reported in the literature9 and also those
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of duplex V, due to the occurrence of the same hydrogen
bonding and stacking patterns. This duplex is assembled by
the three-point homosynthon (Fig. 1), in which one protonated
lamivudine is paired with a neutral one. Besides, all
lamivudine dimers are stacked on top of one another in a
face-to-face manner. Lamivudine duplex VI shows only one in-
dependent duplex motif (Fig. 3), which is also left-handed, as
observed in some previously reported duplex structures.9a,c De-
spite these similarities, the structure of lamivudine duplex VI
has some differences when compared with the other
lamivudine duplexes. For example, this DNA-like duplex has
the largest number of lamivudine dimers per helical turn
known so far. Duplex VI has twelve lamivudine base pairs in
a complete helical turn, measuring about 42.00 Å. Eight,
nine and ten lamivudine base pairs were found in a com-
plete helical turn for duplexes I, II and III, respectively.9a–c

An entire turn of lamivudine duplex V was composed of six
dimers of the drug.

As exhibited in lamivudine duplex V, the counterions and
water molecules also play an important role in the stabiliza-
tion of the double-stranded helix VI (Fig. 3). Two neighboring
duplexes are interlinked through the interactions between
the drug units and the counterions touching the grooves. In

a similar way to that occurring in duplex V, channels filled
with counterions and water molecules are found in duplex
VI, wherein each motif alternates with the channels (Fig. 3).

It is important to mention that thermogravimetry (TG)
and differential thermal analysis (DTA) were performed for
the structures of duplexes V and VI. The thermograms
show that duplexes V and VI start losing water at 103.0 °C
and 64.9 °C (DTA onset temperatures), respectively. The mass
losses of duplexes V (1.5%) and VI (1.2%) associated with the
elimination of water molecules are consistent with the calcu-
lated ones from the crystal structures (1.5% and 1.4% for du-
plexes V and VI, respectively). After losing water, lamivudine
duplex VI also exhibits the loss of the trichloroacetic acid spe-
cies at 99.8 °C. The found mass loss attributed to them
(24.6%) also agrees with the calculated one (25.7%). Thus,
based on these thermal analyses, duplex V is more stable
than duplex VI upon heating. Their thermograms can be seen
in Fig. S3 and S4 in the ESI.†

Lamivudine sulfate

In the course of our attempt to expand the landscape of
lamivudine structures with strong acids, we have obtained a

Fig. 2 (a) Top view of lamivudine duplex V outlining the two crystallographically independent duplex motifs AL and MP. Lamivudine molecules of
two unit cells are shown. (b) Surface rendering of duplex V motifs is also exhibited. The black arrows indicate the face-to-face stacking of the drug
units. Hydrogen atoms, trifluoroacetate anions and water molecules were hidden for clarity reasons. (c) The trifluoroacetate anions and water mol-
ecules surrounding a complete helical turn in duplex V (motif MP). (d) The layers and channels filled with trifluoroacetate anions and water mole-
cules are highlighted.
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new salt form of this drug under acidic conditions. It is a sul-
fate salt, whose crystal structure was solved in the ortho-
rhombic space group P212121. The asymmetric unit of
lamivudine sulfate is composed of two lamivudinium cations
along with a fully deprotonated sulfate anion (Fig. 4a). A two-
point synthon described by the graph set notation R2

2(8) is
seen on both sides of the sulfate anion. This synthon is simi-
lar to the ring motif shown in Fig. 1a. The R2

2(8) hetero-
synthon was assembled due to the protonated cytosine ring
of lamivudine being involved in intermolecular interactions
through its amine and imine functionalities with two oxygen
atoms of the sulfate anion (Fig. 4a). Additional interactions
between the cation and the anion are also observed, which,
along with those described in the R2

2(8) salt heterosynthon,
are responsible for assembling sheets intercalating lamivu-
dinium and sulfate species (Fig. 4b). Besides, these sheets

are held together by interactions between the 5′-OH groups of
neighboring lamivudine units and also between the 5′-OH
group and the sulfate anion.

Lamivudine hydrogen sulfate

Lamivudine hydrogen sulfate also crystallized in the space
group P212121, as the lamivudine sulfate. The asymmetric
unit of this structure exhibits one lamivudinium entity and a
hydrogen sulfate anion. The protonation pattern of the coun-
terion found in this crystal form differs from that of the
parent salt with sulfate. In this case, the sulfate anion is pres-
ent in the monoprotonated form instead of a divalent anion
(Fig. 5). The R2

2(8) heterosynthon is once more the main
synthon, however, this time, it is present only at one side of
the hydrogen sulfate anion. An adjacent lamivudine molecule

Fig. 3 (a) A complete helical turn of lamivudine duplex VI outlining the two strands of this double helix structure. The surface rendering of duplex
VI is also displayed. The hydrogen atoms, trichloroacetate anions and water molecules were hidden for clarity reasons. (b) Trichloroacetate anions
and water molecules interacting with NH2 hydrogen atoms not involved in the base pairing and 5′-OH groups of lamivudine units. (c) Top view of
the duplex VI structure with anions and water molecules alternating with the duplex motifs.
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is engaged on the other side as a bifurcated hydrogen bond
donor, through its NH2 hydrogen, which is not involved in
the R2

2(8) synthon, to hydrogen sulfate oxygen atoms (Fig. 5).
The 5′-OH group of lamivudine is also involved in hydro-

gen bonding donation to one hydrogen sulfate oxygen
engaged in the R2

2(8) synthon. The hydrogen bonding network

resulting from this overall hydrogen bonding pattern gives
rise to sheets resembling those present in the structure of
the sulfate salt. The stacking of these sheets generates a lay-
ered structure onto the bc plane, where structural voids are
also located (Fig. 5).

Lamivudine perchlorate monohydrate

Lamivudine perchlorate monohydrate crystallized in the
space group P212121 as the sulfate and hydrogen sulfate salts.
It would be expected that this salt forms the R2

2(8) synthon as
observed for lamivudine structures with sulfate and hydrogen
sulfate anions. However, the crystal packing of lamivudine
perchlorate monohydrate differs profoundly from the salt
structures just described in this work. Neither the two-point
synthon nor the three-point one is seen in this crystal struc-
ture. This lamivudine salt has infinite chains made up of pro-
tonated lamivudine, water and perchlorate species (Fig. 6b).
The structure of lamivudine perchlorate monohydrate shows
an R1

2(6) homosynthon, in which the imine and amine groups
are hydrogen bond donors to the carbonyl moiety of a neigh-
boring lamivudinium cation from an adjacent chain (Fig. 6a).
Chains are assembled through bifurcated hydrogen bonds
between the drug and counterion and also by two interac-
tions whose water acts as the hydrogen bonding donor to
both lamivudinium and perchlorate (Fig. 6b). Neighboring

Fig. 4 (a) Asymmetric unit of lamivudine sulfate highlighting the R2
2(8)

heterosynthon, which is responsible for the pairing between the drug
and the counterion. (b) Zigzag packing motif of the lamivudine sulfate
structure showing sheets of lamivudinium and sulfate species and also
the role of the 5′-OH groups. The hydrogen bonds assembling the
two-point synthon are colored in black, while the interaction of the
hydrogen not involved in the pairing is shown in cyan.

Fig. 5 (a) Packing of the layered structure of lamivudine hydrogen
sulfate. A sheet made up of lamivudinium and hydrogen sulfate species is
highlighted, wherein the R2

2(8) heterosynthon is displayed as black
contacts, the bifurcated hydrogen bonds are shown in cyan, and the
hydrogen bond involving the 5′-OH group is shown in light green. (b) An-
other crystal packing view of the hydrogen sulfate salt showing the voids
between the layers made up of lamivudine and hydrogen sulfate units.

Fig. 6 (a) Supramolecular synthon found in lamivudine perchlorate
monohydrate. (b) Chain made up of lamivudinium, water and
perchlorate species. The hydrogen bonding array responsible for the
assembly of the chain is described. (c) Packing of the layered structure
of lamivudine perchlorate monohydrate.
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chains are arranged parallel to each other along the bc plane
giving rise also to a layered structure (Fig. 6c).

CSD search and synthon analysis

In this work, five new crystalline structures of lamivudine are
provided. All solid state phases were obtained using strong
acids, in which two of them were assembled as DNA-like du-
plexes with a 3TC–3TC+ motif, while the other three did not
exhibit this arrangement, which were composed only of
lamivudinium (3TC+) species. This outcome shows that
lamivudine can form multicomponent systems with either
protonated (3TC+) or hemiprotonated (3TC–3TC+) motifs, in
which either the robust R2

2(8) heterosynthon or the three-
point synthon is present, respectively. It is worth mentioning
that the synthesis of lamivudine duplexes was only achieved
when the organic acids with aliphatic chains were used.
When the inorganic species were employed instead, the
resulting structures displayed different hydrogen bonding
patterns, wherein the R2

2(8) heterosynthon was prevalent.
Therefore, with the purpose of evaluating the conditions

that could lead to the formation of lamivudine duplexes in-
stead of lamivudiniun salts, we firstly carried out a Cam-
bridge Structural Database15 (CSD, version 5.38 updated in
May 2017) survey of the lamivudine solid state phases. This
search was performed in order to analyze the previous struc-
tures of lamivudine that crystallized out from acid medium
and to assess the most frequent synthons present in such
multicomponent systems. A total of 33 hits for structures
containing lamivudine fragment was found, but only those
with organic acids (16 entries) were considered for synthon
analysis (Table 1). Seven structures have been observed for
lamivudine crystal forms with aromatic carboxylic acids,
while nine entries are present with aliphatic organic acids. In
this CSD analysis, six structures containing aromatic acids
exhibit the R2

2(8) synthon. Since a conjugated unsaturated
system is present in all these structures of lamivudine with

aromatic acids, the formation of this robust synthon could
have been favored due to the presence of resonance-assisted
hydrogen bonding (RAHB).16

If all hits for organic acids are considered, then 11 hits
(69%) have the two-point heterosynthon, which can be corre-
lated with previous reports demonstrating the high occur-
rence of the R2

2(8) heterosynthon in multicomponent crystal
systems of cytosine.17–19 The robustness of this synthon is
also observed in the structures reported here for lamivudine
salts with sulfuric acid, wherein two hydrogen bonds (N⋯H–

O) are responsible for the in-plane pairing between
lamivudinium and the sulfate anion.

In contrast, lamivudine duplex formation could have been
supported due to the lack of RAHB in aliphatic acids
employed in their preparation. Thus, the two duplexes with
trifluoroacetic and trichloroacetic acids reported here are in
agreement with this assumption.

Another valuable observation concerns two already pub-
lished structures of lamivudine with maleic acid (CSD
refcodes BUYFAD9a and CUNVUD01 (ref. 8b)). Lamivudine
self-assembles a DNA-like duplex in the presence of maleic
acid.9a On the other hand, the R2

2(8) heterosynthon can be
also formed between lamivudine and maleic acid in another
structure.8b This dual behavior can be explained by the geo-
metrical features of maleic acid. Maleic acid is a moderate
organic acid possessing a CC double bond in cis configura-
tion. This keeps the carboxyl groups close together, being
able to perform RAHB. For this reason, it can be placed be-
tween aromatic and aliphatic acids as a middle ground, and
consequently it can favor both lamivudine duplex and salt
formation. Meanwhile, only one lamivudine duplex is formed
with a trans isomer present without RAHB, namely, fumaric
acid (CSD refcode WONGUD9c).

Therefore, since lamivudine duplexes are assembled with
aliphatic organic acids, while aromatic ones assemble the
R2
2(8) heterosynthon with the drug, the energy of this hetero-

synthon in these two classes of acids was expected to be

Table 1 Hydrogen bonding pattern of lamivudine in multicomponent systems with organic acids

Refcode Aromatic acids Synthon References Refcode Aliphatic acids Synthon References

COWSUD 3,5-Dinitrosalicylic acid Three-point Bhatt et al., 2005
(ref. 8h)

BUYFAD Maleic acid
(duplex I)

Three-point Martins et al., 2010
(ref. 9a)

GAXFOC Phthalic acid R2
2(8) Silva et al., 2012

(ref. 8c)
WONGUD Fumaric acid

(duplex III)
Three-point Vasconcelos et al.,

2014 (ref. 9c)
GAXFUI Salicylic acid R2

2(8) Silva et al., 2012
(ref. 8c)

UYEZAB D-Tartaric acid
(duplex IV)

Three-point Silva and Martins 2016
(ref. 9d)

HOSMAF R-Mandelic acid R2
2(8) Silva and Martins

2015 (ref. 8k)
UYEYEE L-Tartaric acid R2

3(8) Silva and Martins 2016
(ref. 9d)

RIBFIT Phthalic acid R2
2(8) Silva et al., 2013

(ref. 8d)
VISWAX Pimelic acid R2

2(8) Chakraborty et al., 2014
(ref. 8i)

RIBFOZ 4,5-Dichlorophthalic acid R2
2(8) Silva et al., 2013

(ref. 8d)
CUNVUD01 Maleic acid R2

2(8) Martins et al., 2009
(ref. 8b)

YUBTEW Mandelic acid R2
2(8) Silva and Martins

2015 (ref. 8k)
ROQPEU Oxalic acid R2

2(8) Perumalla and Sun 2014
(ref. 8j)

VISVOK Oxalic acid R2
2(8) Chakraborty et al., 2014

(ref. 8i)
VISVUQ Oxalic acid R2

2(8) Chakraborty et al., 2014
(ref. 8i)
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different. In order to assess if there was a thermodynamic
preference for the R2

2(8) heterosynthon in lamivudine systems
with aromatic organic acids, the energy of this synthon was
calculated in lamivudine heterodimers with all organic acids
present in duplexes and salts of the drug. The pairs formed
by lamivudine and aromatic acids would be expected to be
more stable than those formed with aliphatic acids, wherein
the maleic acid pair would be placed in the middle of the en-
ergetic ranking. Tables S7–S9 in the ESI† show respectively
the energy of the heterosynthon calculated without optimiza-
tion, with partial optimization and with full geometric opti-
mization of the aggregates extracted from the crystal struc-
tures or created using Chimera13 when they were not
available in solid forms of lamivudine. Tables S10 and S11 in
the ESI† show the thermodynamic properties (Gibbs free en-
ergy, enthalpy and entropy) calculated for heterodimers after
full geometric optimization. After careful analysis of these re-
sults, it is clear that there is no thermodynamic competition
between the two-point and three-point synthons in
lamivudine systems with organic acids. One could think that
the R2

2(8) heterosynthon would have higher energy for coun-
terions assembling duplex structures (in general, aliphatic
chain acids), while the lower energy R2

2(8) heterosynthon
would be expected for counterions not assembling duplexes
(in general, aromatic acids). However this energy expectation
was not realized, as well as other thermodynamic parameters
such as enthalpy, Gibbs free energy and entropy. This can be
observed since there is no grouping of thermodynamic pa-
rameter values according to the ability of counterions to as-
semble or not assemble duplex structures (Tables S7–S11†).

Therefore, our results strengthen the findings found by
Perumalla et al.,8j,18,19 where the formation of the three-point
homosynthon by controlling the amount of the acid in the
crystallization was demonstrated. As a result, the formation
of lamivudine supramolecular aggregates possessing
nucleobase-pairing and helical stacking seems to be related
to the organic acid availability.18,19 Finally, the formation of
lamivudine duplexes does not depend on the strength of the
acids (pKa (ref. 20)), as can be seen in Table S12 in the ESI.†
ΔpKa values for each multicomponent system also show that
there is no direct relationship between the duplex formation
and the acidity difference between lamivudine and its
coformers (Table S12†).

Conclusions

In this study, five multicomponent crystal forms of
lamivudine with strong acids were characterized by the single
crystal X-ray diffraction technique. Lamivudine duplexes V
and VI were assembled as base-paired helically-stacked
strands, while sulfate, hydrogen sulphate and perchlorate
monohydrate salts did not present either base-pairing or heli-
cal base-stacking. Another interesting feature lies in the for-
mation of the duplex structure regardless of the acid strength
because there is formation of such structures with strong,
moderate and weak acids, as well as with no acids at all. Be-

sides, our theoretical approach showed that there is no ther-
modynamic trend regarding the commonly found formation
of lamivudine duplexes with aliphatic organic acids or
lamivudine salts with aromatic ones.
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