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Abstract: In this work, two dendritic molecules containing an ethylenediaminetetraacetic acid (EDTA)
core decorated with two and four β-cyclodextrin (βCD) units were synthesized and fully character-
ized. Copper(I)-catalyzed alkyne–azide cycloaddition (CuAAC) click chemistry under microwave
irradiation was used to obtain the target compounds with yields up to 99%. The classical ethylenedi-
amine (EDA) core present in PAMAM dendrimers was replaced by an EDTA core, obtaining platforms
that increase the water solubility at least 80 times compared with native βCD. The synthetic method-
ology presented here represents a convenient alternative for the rapid and efficient construction of
PAMAM analogs. These molecules are envisaged for future applications as drug carriers.

Keywords: EDTA dendrimer; β-cyclodextrin; click chemistry; PAMAM dendrimer; microwave
assisted synthesis

1. Introduction

Dendrimers are hyperbranched synthetic polymers made up of a central core, repeti-
tive branches (dendrons) and terminal functional groups at the surface. The surface groups
modulate the dendrimer physical and chemical properties such as solubility, stability at dif-
ferent pH values, glass transition temperature (Tg), and biodegradation among others [1–4].
Dendrimers have a monodisperse molecular structure since they are synthesized through a
sequence of iterative reactions that allow adequate control of different critical parameters
such as size (1–100 nm), shape (compact or spherical), flexibility, and internal and surface
properties [5–7]. The properties of dendrimers have been explored in different biological
applications, for example in the development of oral and nasal drug delivery systems
through encapsulation [8–10], the conjugation and targeting of analgesic [11], in addition
to anti-inflammatory [12] and anticancer drugs [13]. Other applications are the diagnosis of
diseases (contrast agents), cell transfection, tissue engineering (cell repair), globular protein
mimicry (hydroxyapatite regeneration) and electrochemical sensing [14,15].

Currently, there is a wide variety of dendrimer families with great potential for biomed-
ical and pharmaceutical applications, such as lysine [16], polypropylene imine (PPI) [17,18],
polyamido amine (PAMAM) [19,20], ether-amine or ester-amine [21,22], and phosphorus
dendrimers [23,24]. PAMAM dendrimers are the most studied, characterized and used
dendrimers in biomedical and pharmaceutical areas [25,26].
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Two general methodologies are employed for the synthesis of dendrimers: in the diver-
gent method the synthesis starts from the core and the branches are grown in subsequent
steps, while in the convergent method each of the big branches (dendrons) are synthesized
individually and then joined together at the core [27,28]. The PAMAM dendrimer core is
composed of molecular linear chains of primary amines such as ethylenediamine (EDA)
(four-core multiplicity), ammonia (three-core multiplicity) or cystamine (four-core mul-
tiplicity) [29]. The classical synthesis of the branches in PAMAM dendrimers is carried
out by “iterative” Michael addition reactions of the amino terminal groups with methyl
acrylate derivative. This followed by the amidation of the ester group, conducted in turn
by adding an excess of EDA, which thus enables exponential growth with control of the
terminal functionalities [29–31].

PAMAM dendrimers present some limitations in terms of their synthesis and purifi-
cation. In the divergent method, incomplete and secondary undesired reactions can lead
to incomplete or faulty dendrimers. For instance, partial Michael addition reactions give
rise to structures with only one branch; unwanted intra- and intermolecular cyclization
reactions, where the amidation is carried out between two branches of the same or different
dendrons, respectively; retro-Michael reactions, in which a branch degrades generating
free amines; and the hydrolysis of acrylate esters, giving rise to a nonreactive carboxylic
acid [32–34]. In contrast, in the convergent synthesis, purer and more uniform PAMAM
dendrimers can be obtained. However, this methodology has the disadvantage of present-
ing steric hindrance in high-generation dendrimers, leading to low yields. It should be
noted that this type of synthesis is not suitable for large scale production, since large num-
bers of impurities with similar composition and physicochemical properties are obtained,
making purification difficult in this process [32,35]. This is of great relevance, since it has
been reported that impurities have a negative impact on the targeted administration of
anticancer PAMAM dendrimers in preclinical trials [36–38].

Another important aspect during the design and synthesis of dendrimers is the quan-
tity and nature of the functional groups found at the periphery, since they are largely
related to the toxicity of these systems. On the one hand, dendrimers with cationic groups
on their surface are expected to be highly toxic; moreover, dendrimers with anionic or
neutral groups have little or no toxicity. Therefore, surface structural modifications in-
troducing different functional groups can make dendrimers biocompatible for biological
applications [39,40]. Surface modification strategies can be originated from covalent or
noncovalent bond formation from lipids (fatty acids), fluorinated compounds (perfluo-
roalkyl acids), proteins or peptides (lysine and arginine), polymers (polyethylene glycol),
nanoparticles (carbon nanotubes, gold nanoparticles, etc.) and saccharides (mannose,
lactose, etc.) [41,42].

Cyclodextrins (CD) are the most used saccharides for surface modifications of den-
drimers due to their broad availability and low cost. Recently, surface engineering with
β-cyclodextrin (βCD) of G0 and G1 PAMAM dendrimers has been reported as a promising
strategy for drug delivery via nanocarriers. The βCD cavity possesses the ideal size to form
inclusion complexes with small- to medium-sized drugs, endowing PAMAM dendrimers
with the ability to transport more than one drug molecule per unit. Furthermore, this
structural modification improves the water solubility and nontoxic properties of PAMAM
dendrimers [43,44]. This strategy improves the efficacy, stability, safety, bioavailability (by
increasing drug solubility) and drug loading capacity in lipids, proteins and peptides for
oral and parenteral administration routes [45–47].

In recent years, nitrogen-containing dendrimers have been used as peptidomimetic
agents, with promising applications for the delivery of anticancer drugs [48]. In this regard,
nitrogen-containing dendrimers with an ethylenediaminetetraacetic acid (EDTA) core have
shown important properties for drug delivery applications [49,50]. For those reasons and
due to the drawbacks described above with the use of PAMAM dendrimers, in this work we
present the design, synthesis and full characterization of new dendritic and G0-dendrimer
PAMAM analogs with an EDTA core, functionalized with two and four βCD units on
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the periphery, EDTA di-βCD and EDTA G0-βCD compounds, respectively (see Figure 1).
We have used two powerful methodologies: click chemistry through copper(I)-catalyzed
alkyne–azide cycloaddition (CuAAC) in standard conditions, and microwave irradiation.
This synthetic approach enabled the obtention of EDTA di-βCD dendritic molecule in
high yields and short reaction times. Having two empty βCD on the periphery, EDTA
di-βCD has the capacity to transport two guest molecules. Furthermore, the remaining
COOH functional groups can be used for later vectorization with different functionalities.
The EDTA G0-βCD dendrimer has potential increased drug-loading capacities due to
the presence of four βCD units in the periphery. The structural design of EDTA core
βCD dendrimers presented here offers an alternative to the classic EDA core PAMAM
dendrimers, with potential applications as new drug carriers.
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Figure 1. Schematic representation of the dendritic EDTA di-βCD and EDTA G0-βCD dendrimer molecules.

2. Results and Discussion
2.1. Synthesis

The synthetic pathway of EDTA di-βCD and EDTA G0-βCD dendritic molecules is
shown in Schemes 1 and 2. The synthesis started with the functionalization of the EDTA core
with propargyl tyramine derivative 4. Tyramine (1) was selectively protected by the slow
addition of di-tert-butyl dicarbonate (Boc2O) under controlled temperatures in anhydrous
tetrahydrofuran (THF) [51,52], giving N-Boc tyramine 2 in a 98% yield. Intermediate
2 was used for Williamson etherification in the presence of propargyl bromide in basic
conditions and anhydrous N,N-dimethylformamide (DMF) in order to obtain propargylated
intermediate 3 in a 93% yield [53]. Subsequently, compound 3 was deprotected in 1:1
dichloromethane:trifluoro acetic acid (CH2Cl2:TFA) mixture at low temperatures, leading
to compound 4 [54]. An acid–base extraction was performed after the deprotection reaction
was completed. Product 4 in the –NH3

+ protonated form was present in the aqueous phase.
Extraction of compound 4 in the organic phase was done after adjusting the pH value to
12. In this way, the exposition time of product 4 in a strongly acidic medium was greatly
reduced, making it possible to recover the desired compound 4 in a 91% yield without the
need for further purification.
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Scheme 1. Synthesis of dendritic compound EDTA di-βCD. Conditions: (a) Boc2O/THF 0 ◦C,
(b) K2CO3, propargyl bromide/DMF anhydrous, 80 ◦C, 24 h. (c) TFA/CH2Cl2, 0 ◦C, 3 h. (d) i.
DIPEA/DMF 0 ◦C, ii. 2.2 eq of H2N(CH2)2C6H4-O-CH2C≡CH, (e) mN3-βCD, CuSO4•5H2O, H2Asc,
DMSO:H2O (9:1), 80 ◦C, 12 h. (e’) mN3-βCD, CuSO4•5H2O, H2Asc, DMSO:H2O (9:1), 60 W, 90 ◦C,
30 min.
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Scheme 2. Synthesis of EDTA G0-βCD dendrimer. Conditions: (a) EDC·HCl, HOBt, 2.2 eq
H2N(CH2)2C6H4-O-CH2C≡CH/DMF anhydrous, 24 h. (b) mN3-βCD, CuSO4•5H2O, H2Asc,
DMSO:H2O (9:1), 80 ◦C, 12 h. (b’) mN3-βCD, CuSO4•5H2O, H2Asc, DMSO:H2O (9:1), 60 W, 90 ◦C,
30 min.

The design of the dendrimer molecules presented in this work focused on the replace-
ment of the classical ethylenediamine core, present in PAMAM dendrimers, by an EDTA
core. Base-catalyzed nucleophilic addition using N,N-Diisopropylethylamine (DIPEA)
between 2 equivalents of propargyl tyramine 4 and EDTA dianhydride 5 in DMF and sub-
sequent recrystallization from MeOH gave disubstituted EDTA alkyne 7 in a 99% yield [55].
Following a methodology reported by our group (see Scheme 2), C–N coupling between
compound 7 and a slight excess of 4 was performed using N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC·HCl) and 1-hydroxybenzotriazole hydrate (HOBt)
giving tetrasubstituted EDTAG0-alkyne 8 in a 98% yield after recrystallization from methanol
(MeOH) [43].

β-CD was monofunctionalized at the primary face with an azide group, according
to a previously reported procedure, to afford the 6-O-Monoazido-β-cyclodextrin (6) in a
quantitative yield [56–58]. Finally, to obtain the dendritic molecule EDTA di-βCD and
β-cyclodextrin-decorated dendrimer EDTA G0-βCD, the CuAAC reaction between azide
6 and compounds 7 and 8, respectively, was performed under thermal heating for 12 h
according to our reported methodology [53]. A Cu(I) source is generated in situ by reacting
copper sulfate pentahydrate (CuSO4•5H2O) with ascorbic acid (H2Asc) as the reducing
agent in a dimethylsulfoxide:water (DMSO:H2O) solvent mixture. A good solubility of 6
and alkynes (7 and 8) was observed in this mixture of solvents. An excess of 6 was added
to the reaction mixture to ensure complete functionalization of the alkyne groups. As an
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alternative to the thermal heating, the CuAAC reaction was performed under microwave
activation keeping the same proportions of reactants. A ramp time of 3 min to reach a
temperature of 90 ◦C was implemented on the microwave apparatus, and the click reaction
was performed under constant irradiation of 60 W for 30 min. Compared to the reaction
time of 12 h described in the classical methodology, the use of a microwave leads to the
same reaction yield in a shorter time. Independently of the synthetic conditions (thermal
or microwave), the final dendritic EDTA di-βCD and EDTA G0-βCD dendrimer were
purified by size exclusion chromatography, using water as an eluent, and were obtained in
high purity in ≥98% yields.

2.2. Characterization

Key NMR signal changes of intermediate and final products were tracked by NMR
spectroscopy in DMSO-d6. The functional group modifications on each synthetic step
were followed by IR spectroscopy. The intermediate and final compounds molecular
weights were corroborated by mass spectrometry using DART, ESI or MALDI techniques,
depending on the size of the molecule.

The tyramine amine protection reaction was evidenced by the appearance of a singlet
signal at 1.37 ppm with integration of nine protons in the 1H-NMR spectrum corresponding
to Boc’s tert-butyl protons of compound 2. The signal at 8.88 pm of phenol group was
preserved in the 1H-NMR spectrum of compound 2 (see Figure S1 in SI). In the 13C-NMR
spectrum of compound 2, the signals at 78.2 and 29.1 ppm correspond to the quaternary
and methyl groups carbon atoms, respectively (see Figure S2 in SI).

In the 1H-NMR spectrum of compound 3, a doublet and singlet signals appeared
at 4.76 and 3.53 ppm, corresponding to the methylene group and the terminal alkyne
group protons, respectively (see Figure S5 in SI). Furthermore, the phenolic proton signal
at 8.88 pm present in compound 2 disappeared due to derivatization of compound 3. The
13C-NMR spectrum of compound 3 showed the signals corresponding to the alkyne group
carbons, which appeared at 78.8 and 78.2 ppm for the quaternary and tertiary carbons,
respectively (see Figure S6 in SI). The structure of the intermediate 2 and 3 was confirmed
by mass spectrometry using the DART technique (see Figures S4 and S8, SI), where the
molecular ions appeared at 238 and 276 m/z, respectively, which corresponded to the
expected molecular weights.

After the deprotection reaction of intermediate 3, a broad signal due to the amine
protons of compound 4 appeared at 2.19 ppm in the 1H-NMR spectrum (see Figure S9
in SI). Furthermore, the disappearance of the Boc methyl protons was observed. In the
13C-NMR spectrum, the signals corresponding to the alkyne carbon atoms were preserved
(see Figure S10 in SI). The signals of the amide protons of compounds 7 and 8 appeared
at 8.18 and 7.96 ppm, respectively, in the 1H-NMR spectra. The aromatic protons of the
para-substituted ring of compounds 7 and 8, appeared at 7.21 and 6.87 ppm, corresponding
to Hd and Hf, respectively. The terminal alkyne proton signal appeared between 4.77 and
3.54 ppm for Hg and Hh in both molecules. The following signals were assigned to the
EDTA cores. The signals corresponding to the Hc protons of the EDTA core of intermediate 7
appeared to overlap with H2O signals at 3.36 ppm in the 1H-NMR spectrum. The nonequiv-
alent H-b,b’ protons appeared at 2.97 ppm, while a multiplet signal assigned to Hd appeared
at 2.86–2.89 ppm and to the Ha protons at 2.81 ppm. The 1H-NMR spectrum of intermediate
8 showed a pattern of signals equivalent to that described for 7 (see Figures S13 and S17
in SI).

The full characterization of the new dendritic EDTA di-βCD and EDTA G0-βCD
dendrimer was performed using NMR techniques in DMSO-d6 (1H-,13C-NMR and 2D
NMR HMQC and COSY, see Figures S21–S24 and S27–S29, respectively in SI). We focused
on assigning the classical proton signals for the 1,4-disubstituted triazole group and all
the peripheral β-CD units (see Figure 2). As can be seen in Figure 3, the H-1′, H-5′ and
particularly H-6′ signals of the functionalized glucopyranose ring in β-CD appeared at
lower fields than those of their respective nonfunctionalized subunits, due to the change in
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their chemical environment due to the presence of the triazole group. The diastereotopic
H-6′′ protons of the –CH2–OH fragment, contiguous to the functionalized glucopyranose
ring, were identified at 3.14 and 2.91 ppm using HMQC 2D NMR (Figure 3). Additionally,
the H-6′′ proton and the adjacent OH-6′′ proton, located on the primary face (ca. 4.32 ppm)
appeared significantly upfield-shifted compared to their respective native H-6 and OH-
6 counterparts, as a result of the change in chemical environment due to neighboring
substitution. These features were common to both dendritic compounds, in which the
β-CD cavities behave similarly. In this regard, in a recent study published by our research
group, a similar behavior was observed for the protons of the substituted glucopyranose
ring of PAMAM G0-βCD dendrimer and the effect that these protons exert on the proton
signals of the neighboring nonfunctionalized glucopyranose groups [43].

Finally, the proposed structure of the dendritic compound EDTA di-βCD and the
EDTA G0-βCD dendrimer was corroborated by ESI and MALDI-TOF mass spectrometry
(Figures S26–S31 in SI), where the molecular ions appeared at 1500 and 5629 m/z, respec-
tively, corresponding to the expected molecular weights of the final compounds with an
additional potassium ion.
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Figure 2. Assignation of the protons in 1H-NMR spectra for dendritic EDTA di-βCD and EDTA
G0-βCD dendrimer.
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Figure 3. HMQC-NMR spectra of EDTA G0-βCD dendrimer.

2.3. Determination of Water Solubility for EDTA di-βCD and EDTA G0-βCD

Among the specific physical properties of dendrimers, high solubility in different
solvents, especially in water, makes them suitable candidates when considering biological
applications compared with linear polymers. In most cases, the water solubility of the
nitrogen-containing dendrimers mainly depends on the reactivity of the peripheral terminal
groups [48]. Water solubility determination of EDTA di-βCD dendritic and EDTA G0-βCD
dendrimer molecules was carried out according to a previously reported methodology [59].
It was found that, for both molecules, the solubility in water was >1.56 g/mL. These results
demonstrate that the molecules based in EDTA-βCD are at least 80 times more soluble
than the native βCD (18.5 mg/mL), and even more soluble than other commercial βCD
derivatives, such as sulfobutylether-βCD (>500 mg/mL), O-methyl-βCD (>500 mg/mL)
and 2-hydroxypropyl-βCD (>600 mg/mL) [58]. The remarkable solubility in water of
the compounds reported in this work was conferred by the conjugation of βCD units on
the periphery.

3. Materials and Methods
3.1. General Notes

Azide 6 was synthesized according to a previously reported procedure [55–57]. All the
starting materials were purchased from Merck Sigma-Aldrich, Mexico, and used without
any further purification. Bio-Gel P-6 medium was purchased from BIO-RAD. Deuterated
dimethyl sulfoxide (DMSO-d6) with an isotopic purity of 99.9% was obtained from Cam-
bridge Isotope Laboratories, Inc. Tetramethylsilane (TMS), an internal NMR reference, was
purchased from Merck Sigma-Aldrich, Mexico. 1H and 13C-DEPTQ NMR, as well as 2D
HMQC, COSY and NOESY experiments, were performed at 298 K on a Bruker Avance
400 MHz instrument. Chemical shifts (δ) are reported in ppm and coupling constants (J) in
Hz. Multiplicities are reported using the following abbreviations: s = singlet, d = doublet,
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t = triplet, br = broad and m = multiplet. Proton and carbon signal assignments are indi-
cated on the spectra reported in SI. Infrared spectra were recorded on a Nicolet FT-5SX
spectrophotometer. DART, ESI and MALDI-TOF mass measurements were performed on
a JEOL JMS-AX505-HA instrument (Peabody, MA, USA) and on a Bruker Daltonics Flex
Analysis instrument (Bruker, Beerlika, MA, USA), respectively. 2,5-Dihydroxybenzoic acid
(DHB) was used as a matrix for MALDI-TOF.

3.2. Synthetic Procedures
3.2.1. Synthesis of tert-butyl (4-hydroxyphenethyl)carbamate (2)

A solution of Boc2O (9.55 g, 43.7 mmol) in THF (5 mL) was added dropwise to a
suspension of tyramine (1) (5.00 g, 36.4 mmol) in THF (25 mL) at 0 ◦C over a period of
20 min, under vigorous stirring. The reaction mixture was stirred at 0 ◦C for an additional
20 min. Then, it was allowed to slowly warm to room temperature and stirred for 4 h. Once
the reaction was completed (TLC-monitored), the solvent was removed under reduced
pressure. The residue was dissolved in ethyl acetate and the organic phase was washed once
with a saturated solution of sodium bicarbonate (NaHCO3) and twice with brine, dried over
anhydrous sodium sulfate (Na2SO4) and the solvent was removed under reduced pressure.
The crude product was purified by flash chromatography (silica gel, CH2Cl2 as eluent).
The N-Boc-protected tyramine 2 was obtained as colorless crystals (8.47 g, 35.7 mmol, 98%).
Rf = 0.5 (CH2Cl2). 1H NMR (400 MHz, DMSO-d6, δ ppm): 9.16 (s, 1H, Ph-OH), 6.98 (d,
J = 8.3 Hz, 2H, Hd), 6.82 (m, 1H, -NH-), 6.68 (d, J = 8.3 Hz, 2H, He), 3.05 (m, 2H, Hb), 2.56 (t,
J = 6.9 Hz, 2H, Hc), 1.37 (s, 9H, Ha); 13C-DEPTQ NMR (101 MHz, DMSO-d6, δ ppm): 156.38,
156.30, 130.27, 130.24, 115.86, 78.23, 42.70, 36.52, 29.08; IR (ATR, cm−1): 3370 O-H (st), 2981,
2939 CH2 (st), 2864 CH3 (st), 1892 aromatic (st); MS (DART+) m/z: [M + H]+ calculated for
C13H19NO3 238.30, found 238.

3.2.2. Synthesis of tert-butyl (4-(prop-2-yn-1-yloxy)phenyl)carbamate (3)

The synthesis of alkyne intermediate was carried out according to a previously re-
ported procedure, with some modifications [43,52]. The tert-Butyl (4-hydroxyphenethyl)
carbamate (2) (13.00 g, 54.8 mmol) was dissolved in DMF (250 mL) and potassium carbon-
ate (K2CO3) (10.60 g, 76.7 mmol) was added. The reaction mixture was heated at 80 ◦C
for 1 h. Afterwards, propargyl bromide (7.9 mL, 71.2 mmol) was added, and the resulting
mixture was refluxed for 24 h. Then, the reaction mixture was cooled to room tempera-
ture and filtered, and the filtrate was evaporated under reduced pressure. The resulting
brown oil was dissolved in CH2Cl2 (150 mL), and the solution was extracted with sodium
hydroxide (NaOH 1 M, 200 mL), followed by water (3 × 50 mL). The organic phase was
dried over anhydrous Na2SO4 and the solvent was evaporated under reduced pressure.
The crude product was purified by flash chromatography (silica gel, CH2Cl2 as eluent) to
afford compound 3 as a yellow liquid (12.60 g, 50.95 mmol, 93% yield). Rf = 0.65 (CH2Cl2).
1H NMR (400 MHz, DMSO-d6, δ ppm): 7.13 (d, J = 8.2 Hz, 2H, Hd), 6.92 (d, J = 8.2 Hz, 2H,
He), 6.85 (m, 1H, -NH-), 4.76 (d, 2H, Hf), 3.53 (t, 1H, Hg), 3.14 (m, 2H, Hb), 2.66 (m, 2H,
Hc), 1.38 (s, 9H, Ha); 13C-DEPTQ NMR (101 MHz, DMSO-d6, δ ppm): 156.41, 156.32, 132.94,
130.34, 115.46, 80.19, 78.78, 78.26, 56.12, 42.52, 35.42, 29.06; IR (ATR, cm−1): 3357.65 N-H
(st), 3292 C-H alkyne (st), 2121 C≡C (st), 2977, 2932 CH2 (st), 2868 CH3 (st),1884 aromatic
(st); MS (DART+) m/z: [M + H]+ calculated for C16H21NO3 276.35, found 276.

3.2.3. Synthesis of 2-(4-(prop-2-yn-1-yloxy)phenyl)ethan-1-amine (4)

TFA (5 mL, 65.30 mmol) was added to a solution of 3 (3.00 g, 10.89 mmol) in CH2Cl2
(5 mL) at 0 ◦C, in and the reaction mixture was stirred for 30 min. After this time, the
ice bath was removed, and the mixture was stirred for 2.5 h. After the deprotection
reaction was completed (TLC-monitored), water (150 mL) was added to the reaction
mixture and the organic phase was separated. The aqueous phase was treated with a 5 M
of NaOH solution until reaching pH = 12 and extracted with CH2Cl2 (3 × 50 mL). The
organic phase was dried over anhydrous Na2SO4 and then the solvent was evaporated
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to obtain compound 4 as a yellow liquid without further purification (1.73 g, 9.87 mmol,
91%). Rf = 0.3 (CH2Cl2/MeOH (9:1 v:v)). 1H NMR (400 MHz, DMSO-d6, δ ppm): 7.14 (d,
J = 8.2 Hz, 2H, Hc), 6.91 (d, J = 8.2 Hz, 2H, Hd), 4.75 (d, 2H, He), 3.55 (t, 1H, Hf), 2.76 (m, 2H,
Ha), 2.60 (m, 2H, Hb), 2.19 (br, 2H, -NH2); 13C-DEPTQ NMR (101 MHz, DMSO-d6, δ ppm):
156.23, 133.94, 130.34, 115.43, 80.21, 78.85, 56.13, 44.65; IR (ATR, cm−1): 3356 N-H (st), 3284
C-H alkyne (st), 2926, 2863 CH2 (st), 2119 C≡C (st), 1886 aromatic (st); MS (DART+) m/z:
[M + H]+ calculated for C11H13NO 176.23, found 176.

3.2.4. Synthesis of Disubstituted EDTA Alkyne (7)

DIPEA (0.75 mL) was added to a suspension of EDTA dianhydride 5 (0.50 g, 1.95 mmol)
in DMF (5 mL) at 0 ◦C and the reaction mixture was stirred for 20 min. Then, compound
4 (0.752 g, 4.29 mmol) was added dropwise and the reaction mixture was stirred at 0 ◦C
for 10 min and at room temperature for 12 h. The solvent was removed under reduced
pressure. The solid was obtained by addition of cold MeOH. The crude product was
purified by recrystallization from methanol to obtain compound 7 as a white solid (1.17 g,
1.93 mmol, 99%). 1H NMR (400 MHz, DMSO-d6, δ ppm): 7.96 (s, 2H, -CONH-), 7.20 (d,
J = 8.21 Hz, 4H, He), 6.95 (d, J = 8.22 Hz, 4H, Hf), 4.77 (d, 4H, Hg), 3.56 (t, 2H, Hh), 3.36
(m, 8H, Hc overlaped with H2O), 3.01–2.97 (m, 4H, Hb, b’), 2.86 (s, 4H, Hd), 2.81 (m, 4H,
Ha); 13C-DEPTQ NMR (101 MHz, DMSO-d6, δ ppm): 173.68, 156.79, 131.01, 130.50, 115.74,
78.97, 78.85, 59.51, 56.15, 50.92, 33.24; IR (ATR, cm−1): 3390 C(O)O-H (st), 3250 N-H (st),
3215 C-H alkyne (st), 2124 C≡C (st), 1888 armatic (st); MS (ESI+) m/z: [M]+ calculated for
C32H38N4O8 606.68, found 606.9.

3.2.5. Synthesis of Tetrasubstituted EDTA G0-Alkyne (8)

The synthesis of compound 8 was performed according to a previously reported
method with some modifications [43]. A mixture of compound 7 (1.18 g, 1.95 mmol),
EDC·HCl (1.05 g, 5.46 mmol) and HOBt (0.60 g, 3.9 mmol) in DMF (6 mL) was stirred for
2 h at room temperature protected from light. Then, a solution of 4 (0.751 g, 4.29 mmol)
in DMF (2 mL) was added dropwise. The resulting mixture was kept in the dark while
stirring for 24 h at room temperature. After evaporation of the solvent under vacuum,
the resulting solid was recrystallized from methanol, affording EDTA G0-alkyne 8 as a
white powder (1.76 g, 1.92 mmol, yield 98%). 1H NMR (400 MHz, DMSO-d6, δ ppm): 8.18
(t, 4H, -CONH-), 7.12 (d, J = 8.22 Hz, 8H, He), 6.89 (d, J = 8.21 Hz, 8H, Hf), 4.74 (d, 8H,
Hg), 3.54 (t, 4H, Hh), 3.30 (m, 8H, Hc), 3.06 (s, 8H, Hb), 2.68 (m, 8H, Hd), 2.53 (m, 4H,
Ha); 13C-DEPTQ NMR (101 MHz, DMSO-d6, δ ppm): 170.92, 156.43, 132.82, 130.30, 115.48,
80.21, 78.88, 59.11, 56.12, 53.60, 40.12, 35.22; IR (ATR, cm−1): 3300 N-H (st), 3280 C-H alkyne
(st), 2930, 2879 CH2 (st), 2832 C-H (st), 2130 C≡C (st), 1883 aromatic (st); MS (ESI+) m/z:
[M + Na]+ calculated for C54H59N6NaO8 943.09, found 943.

3.2.6. Synthesis of Dendritic EDTA di-βCD

A solution of H2Asc (0.042 g, 0.23 mmol) in a DMSO:H2O mixture (1:1) (1 mL) was
added dropwise to a solution of disubstituted EDTA alkyne 7 (0.50 g, 0.82 mmol), 6
(2.10 g, 1.81 mmol) and of CuSO4•5H2O (0.03 g, 0.12 mmol) in DMSO (8 mL), which
was previously degassed by bubbling with nitrogen. The reaction mixture was heated
to 80 ◦C with vigorous stirring under a nitrogen atmosphere for 12 h. At the end of
this period, the reaction mixture was cooled and precipitated dropwise into cold acetone
(200 mL). The formed solid formed was filtered under a vacuum. The obtained solid was
purified by size exclusion chromatography through Bio-Gel® P-6 medium using water
as an eluent. The adequate fraction was lyophilized to obtain EDTA di-βCD as a beige
solid (2.44 g, 0.83 mmol, 99%). Conditions using microwave-assisted synthesis: the microwave
irradiation was performed using the same proportions as for the thermal methodology,
under the following conditions: EDTA alkyne 7 (0.25 g, 0.41 mmol), 6 (1.05 g, 0.905 mmol),
CuSO4•5H2O (0.015 g, 0.06 mmol), H2Asc (0.021 g, 0.115 mmol), DMSO:H2O (5.5:0.5) 6 mL,
power 60 W, 30 min at 90 ◦C. This procedure permitted the rapid obtainment of dendritic
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EDTA di-βCD with the same yield. 1H NMR (400 MHz, DMSO-d6, δ ppm): 8.17 (br, 2H,
H-triazole), 7.22 (br, 4H, He), 7.0 (m, 4H, Hf), 5.79 (br, 26H, OH-2,2′, OH-3,3′), 5.09 (s, 4H,
Hg), 5.03 (s, 2H, H-1′), 4.87–4.77 (m, 18H, H-6, H-1, H-6′), 4.62 (br, 4H, OH-6, OH-6′′), 3.99
(m, 2H, H-5), 3.64–3.56 (m, 60H, H-6, H-3,3′, H-5), 3.36–3.32 (m, 43H, Hc, H-4,4′, H-2,2′

overlapped with H2O), 3.08 (m, 4H, H-6′′), 2.85 (m, 8H, H-b,b’,d,a); 13C-DEPTQ NMR
(101 MHz, DMSO-d6, δ ppm): 171.32, 162.38, 143.35, 132.97, 130.60, 130.56, 125.16, 115.67,
102.73, 101.86, 84.25, 82.86, 82.15, 82.08, 73.84, 73.27, 72.55, 70.99, 60.70, 51.89, 51.06, 50.03;
IR (ATR, cm−1): 3282 O-H (st), 2926 CH2 (st), 1023 C-O (st); MS (ESI-TOF+) m/z: [M + 2K]+

calculated for C116H174K2N10O76 3002.86, found 1500.

3.2.7. Synthesis of EDTA G0-βCD Dendrimer

According to the procedure described above for dendritic EDTA di-βCD, EDTA G0-
alkyne 8 (0.20 g, 0.22 mmol), 6 (1.22 g, 1.05 mmol), CuSO4•5H2O (0.03 g, 0.12 mmol)
and H2Asc (0.063 g, 0.35 mmol) were used to obtain of EDTA G0-βCD as beige solid
(1.19 g, 0.22 mmol, 98%). Conditions using microwave-assisted synthesis: the microwave
irradiation was performed using the same proportions as for the thermal methodology,
under the following conditions: EDTA alkyne 8 (0.1 g, 0.11 mmol), 6 (0.61 g, 0.525 mmol),
CuSO4•5H2O (0.015 g, 0.06 mmol), H2Asc (0.0315 g, 0.175 mmol), DMSO:H2O (5.5:0.5) 6 mL,
power 60 W, 30 min at 90 ◦C. This procedure permitted the rapid obtainment of compound
EDTA G0-βCD with the same yield. 1H NMR (400 MHz, DMSO-d6, δ ppm): 8.21 (br, 4H,
-CONH-), 8.15 (s, 4H, H-triazole), 7.14 (d, J = 8.22 Hz, 8H, He), 6.96 (d, J = 8.21 Hz, 8H,
Hf), 5.91–5.67 (m, 62H, OH-2,2′, OH-3,3′), 5.06 (br, 14H, Hg, H-1′), 4.92–4.79 (m, 31H, H-6′,
H-1), 4.61–4.32 (m, 31H, OH-6, H-6′, OH-6′′), 3.99 (m, 6H, H-5′), 3.73–3.59 (m, 97H, H-6,
H-3,3′, H-5), 3.46–3.22 (m, 63H, H-4,4′, H-2,2′ overlapped with H2O), 3.14–3.10 (m, 13H,
H-6′′, Hc), 2.91 (m, 4H, H-6′′), 2.68 (br, 10H, H-b,d), 2.57 (m, 15H, Ha overlapped with
DMSO); 13C-DEPTQ NMR (101 MHz, DMSO-d6, δ ppm): 171.02, 157.40, 143.38, 132.33,
130.35, 126.36, 115.34, 102.72, 102.10, 84.21, 84.19, 82.84, 82.30, 73.80, 73.16, 72.55, 60.76, 54.66,
40.70, 33.42; IR (ATR, cm−1): 3306 O-H (st), 2928 CH2 (st), 1023 C-O (st); MS (MALDI-TOF+)
m/z: [M + K]+ calculated for C222H334KN18NaO144 5630, found 5629.67.

3.3. Determination of Water Solubility for EDTA di-βCD Dendritic and EDTA
G0-βCD Dendrimer

The determination of the water solubility of the EDTA-βCD-based molecules was
carried out according to a modified method reported by Jozwiakowski and Connors [59].
An adequate quantity of the compound was placed in three amber vials of 5 mL, with
a magnetic stirring bar and a screw cap. The vials were filled with 1 mL of deionized
water and sealed with parafilm to avoid water evaporation. The mixtures were stirred
in an oil bath at a constant temperature of 25 ± 0.01 ◦C for 48 h. The supernatant was
separated from the solid phase and filtered using a Milli-Q membrane (0.45 µm pore size)
upon injection of the mixture from 3 mL volume disposable plastic syringes at 25 ◦C. The
supernatant of each sample was lyophilized for 48 h, and the obtained solids were weighed
on an analytical balance with an accuracy of ± 0.0001 g.

4. Conclusions

Herein, two PAMAM dendrimer analogs, a dendritic (EDTA di-βCD) and a G0 den-
drimer (EDTA G0-βCD), where the EDA core had been replaced by EDTA and decorated
on their surfaces with two and four β-CD units, respectively, were reported. A synthetic
method through click chemistry and microwave irradiation was used to obtain the final
dendrimer compounds in high yields, with short reaction times and using simple purifi-
cation procedures. This methodology is proposed as an efficient synthetic alternative for
the obtention of a new class of dendrimers with EDTA core constructed through divergent
synthesis, without Michael additions that permit the obtention of platforms with high
solubility in water. According to their molecular characteristics, these dendrimers can be
considered as potential drug delivery systems.



Pharmaceutics 2022, 14, 2363 12 of 15

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics14112363/s1, Figure S1. 1H-NMR spectrum of tert-butyl (4-
hydroxyphenethyl)carbamate. Figure S2. 13C-NMR spectrum of tert-butyl (4-hydroxyphenethyl)carbamate.
Figure S3. IR spectrum of tert-butyl (4-hydroxyphenethyl)carbamate. Figure S4. DART tert-butyl (4-
hydroxyphenethyl)carbamate. Figure S5. 1H-NMR spectrum of tert-butyl (4-(prop-2-yn-1-yloxy)phenyl)
carbamate. Figure S6. 13C-NMR spectrum of tert-butyl (4-(prop-2-yn-1-yloxy)phenyl)carbamate.
Figure S7. IR spectrum of tert-butyl (4-(prop-2-yn-1-yloxy)phenyl)carbamate. Figure S8. DART
spectrum of tert-butyl (4-(prop-2-yn-1-yloxy)phenyl)carbamate. Figure S9. 1H-NMR spectrum of
2-(4-(prop-2-yn-1-yloxy)phenyl)ethan-1-amine. Figure S10. 13C-NMR spectrum of 2-(4-(prop-2-yn-
1-yloxy)phenyl)ethan-1-amine. Figure S11. IR spectrum of 2-(4-(prop-2-yn-1-yloxy)phenyl)ethan-1-
amine. Figure S12. DART spectrum of 2-(4-(prop-2-yn-1-yloxy)phenyl)ethan-1-amine. Figure S13.
1H-NMR spectrum of disubstituted EDTA alkyne. Figure S14. 13C-NMR spectrum of disubstituted
EDTA alkyne. Figure S15. IR spectrum of disubstituted EDTA alkyne. Figure S16. ESI spectrum of
disubstituted EDTA alkyne. Figure S17. 1H-NMR spectrum of tetrasubstituted EDTA G0-alkyne.
Figure S18. 13C-NMR spectrum of tetrasubstituted EDTA G0-alkyne. Figure S19. IR spectrum of
tetrasubstituted EDTA G0-alkyne. Figure S20. ESI spectrum of tetrasubstituted EDTA G0-alkyne.
Figure S21. 1H-NMR spectrum of dendritic EDTA di-βCD. Figure S22. 13C-NMR spectrum of den-
dritic EDTA di-βCD. Figure S23. 2D NMR HMQC spectrum of dendritic EDTA di-βCD. Figure S24.
2D NMR COSY spectrum of dendritic EDTA di-βCD. Figure S25. IR spectrum of dendritic EDTA
di-βCD. Figure S26. ESI-TOF spectrum of dendritic EDTA di-βCD. Figure S27. 1H-NMR spectrum of
EDTA G0-βCD dendrimer. Figure S28. 13C-NMR spectrum of EDTA G0-βCD dendrimer. Figure S29.
2D NMR COSY spectrum of EDTA G0-βCD dendrimer. Figure S30. IR spectrum of EDTA G0-βCD
dendrimer. Figure S31. MALDI-TOF spectrum of EDTA G0-βCD dendrimer.
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