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Nano- and Microstructure Fabrication by Using a Three-Component System
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Abstract: Two-component amphiphiles
based on hydrogen-bonded complexes
between terephthaloylbisalanine
(H,TBA) and dodecylamine (DA) are
able to self-assemble into nano- and
microsized superstructures in an aque-
ous solvent. It is possible to modulate
the morphology of these self-assembled
superstructures by modifying the com-
position of the complexes, which can
be achieved by changing the molar
ratio of the two components or by
changing the chirality of H,TBA. For

L-TBA, DA, ,, whereas in the case of
rac-TBA, ,DA,,, flat ribbonlike struc-
tures were observed.  Although
L-TBA, (DA, exhibited entangled fi-
brous structures, rac-TBA; DA, ex-
hibited wire structures. Different ratios
of H,TBA and DA were self-assembled
into fiber-, wire-, and tubulelike super-
structures, as well as monoclinic, col-
umnar, and lamellar aggregation pat-

Keywords: amphiphiles - hydrogels -
nanostructures self-assembly

terns. The self-assembled superstruc-
tures of TBA,DA, were significantly
changed by adding metal ions. Transi-
tion metal (Cd", Co", and Zn") com-
plexes with L-TBA,DA, self-assembled
into rod-, tubule-, wire-, and platelike
superstructures. Metal-ion complexes
with rac-TBA,DA, exhibited different
superstructures. Our work suggests that
it is possible to fabricate a wide variety
of nano- and microsized superstruc-
tures by using two- and three-compo-
nent amphiphiles.

example, right-handed microhelical
ribbon structures were formed with

Introduction

Amphiphilic molecules self-assemble into various types of
nano- or microstructures, such as micelles, vesicles, fibers,
tubules, rods, and helices, in aqueous environments.! Am-
phiphilic molecules derived from peptides,” carbohy-
drates,”! metal complexes,®! steroids,”! and dendrimers®
have been successfully utilized to fabricate a wide variety of
self-assembled structures. Morphological changes in nano-
or microstructures depend on solvent polarity and the struc-
tural changes and relative fractions of the hydrophilic and
hydrophobic groups. These self-assembled superstructures
are not only essential parts of biological systems, such as cell
membranes, they can also be applied in functional materials
for molecular probes, carriers, or optoelectronic devices.”
The use of multicomponent amphiphilic systems, as well
as single-molecule amphiphilic systems, has also been at-
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tempted for nano- or microstructure fabrication.®! Recently,
we reported examples of a two-component gelator system,
in which a variety of organogels were produced by the self-
assembly of two organogelators, 3,5-bis(dodecanoylamino)-
benzoic acid and aromatic amines, in nonaromatic hydrocar-
bon solvents, through hydrogen bonding, aromatic stacking,
and van der Waals interactions.® We found that the shape
and size of the aromatic amine has a significant effect on
the gel properties, as well as their superstructures. The most
important feature of the two-component systems is that the
morphology can be easily modulated by changing the molar
ratio of the two components or by changing one of the two
components. In addition, physical and optoelectronic prop-
erties of the self-assembled structures also can be easily
modulated by modifying one component.

Incorporating metal ions into organic nanostructures is a
good method for generating novel organic nanostructures
and expanding their applications. The different coordination
geometries of transition metal ions induce different shapes
in the coordination complexes, which results in a wide varie-
ty of superstructures.”’) Since metal-ligand interactions are
known to spontaneously induce cross linking between build-
ing blocks, a variety of superstructures can be constructed.
In addition, metal-embedded organic superstructures can be
used as templates for the fabrication of inorganic nanostruc-
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tures, and provide the advantage of introducing various new
functions.'”! Herein, we report a simple method to control
the morphology of organic nano- or microstructures by al-
tering the ratio of the two organic components and incorpo-
rating various metal ions into the complexes.

As shown in Scheme 1, the basic building blocks used in
this study are composed of terephthaloylbisalanine
(H,TBA), which have symmetric terminal carboxylic acid
groups, and dodecylamine (DA)."Y The charged hydrogen-
bonded complexes (abbreviated as TBA,DA,) between
H,TBA and DA act as amphiphiles in water: the TBA—am-
monium complex acts as the hydrophilic head component
and the dodecyl group of DA acts as the hydrophobic tail
component. Therefore, TBA,DA, can self-assemble into var-
ious superstructures in an aqueous solvent. L.-H,TBA and
rac-H,TBA were prepared to see if chirality would exert any
effect on the morphology of the superstructures. Another
relevant point is that the carboxylate group in TBA can
bind, not only to ammonium ions, but also to metal ions.
The incorporation of metal ions is accompanied by structur-
al changes in the supramolecular structure formed by the
aggregation of the basic building blocks, resulting in new
nano- or microstructures. Moreover, the resulting supra-
molecular structures can be easily tuned by changing the
ratio of DA to H,TBA, the chirality of H,TBA, and by in-
corporating metal ions.
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Results and Discussion

Mixing ratio and gel properties: The gelation behavior of
the complexes of TBA,DA, was tested in deionized water.
Solutions of H,TBA and DA in MeOH in various ratios
were concentrated and the resulting white solids were sus-
pended in deionized water and heated to give rise to a color-
less solution, which was then cooled to room temperature.
Upon standing at room temperature, the clear solution
turned into an opaque solution or gel. The mixing ratio and
gel properties are listed in Table 1. The 1:2 mixture of L- or

Table 1. Mixing ratio and gel properties of two- and three-component
systems.!?!

Composition Morphology ~ Composition Morphology
L-TBA,DA,, G rac-TBA, (DA, G
L-TBA; (DA, 5 S rac-TBA; (DA, 5 G
L-TBA, DA, P rac-TBA, DA, P
L-TBA;sDA, G rac-TBAsDA, G
L-TBA, (DA, G rac-TBA, DA, G
L-TBA, DA, Zn" G rac-TBA, DA, Zn" NS
L-TBA,,DA,,Cd" G rac-TBA (DA, ,Cd" G
L-TBA, DA, ,Co" G rac-TBA, DA, ,Co" G
L-TBA,,DA,sZn" P rac-TBA, DA, sZn" NS
L-TBA,DA,;Cd" P rac-TBA, (DA sCd" G
L-TBA,,DA,sCo" P rac-TBA, (DA sCo" G

[a] G=gel, S=clear solution, P =precipitate, and NS =not soluble.

rac-H,TBA and DA
(TBA,,DA,) became an
opaque gel within 10 min. In
the case of the 1:1 mixture of

L-H,TBA rac-HTBA L- or rac-H,TBA and DA
(TBA,(DA,y), precipitates
NH; were formed after 20 min. Al-
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Scheme 1. The chemical structures of L-H,TBA, rac-H,TBA, and DA, and a schematic representation of the
fabrication of various self-assembled structures by using two- and three-component amphiphiles.
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though rac-TBA, DA,5 turned
into an opaque gel after 1h,
L-TBA, (DA, s remained in solu-
tion. Both TBA;sDA,, and
TBA,,DA,, became opaque
gels within one day.
Incorporation of metal ions
into TBA,DA, was accom-
plished by suspending the white
solid from the H,TBA-DA mix-
tures in deionized water con-
taining metal ions (1 equiv).
The suspension was heated
until clear, followed by cooling
to room temperature. The
mixing ratio and gel properties
are listed in Table 1. Upon in-
cubation at room temperature,

Adding metal(IT) ion
(Zn**, Cd** and Co™)

.

Cd" and Co" complexes
of rac-TBA, DA, and
rac-TBA,;DA,s turned into

opaque gels within 3 min, but
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the corresponding Zn"" complexes were not soluble in water,
even after heating. In the cases of the Zn", Cd", and Co"
complexes of L-TBA;;DA,,, opaque gels were formed
within one day. In contrast, Zn", Cd", and Co™ complexes of
L-TBA,DA,s; immediately formed insoluble solids upon
heating.

Morphologies of TBA DA, aggregates: To confirm the self-
assembled superstructures of TBA,DA,, SEM and energy-
filtering transmission electron microscopy (EF-TEM)
images were obtained. According to the EM images, the
self-assembled superstructures of TBA;;DA,, were signifi-
cantly changed by the chirality of H,TBA. Right-handed mi-
crohelical-ribbon structures were formed in L-TBA,; DA,,,
in which the helical pitch was 2-3 pm (Figure 1a). However,

Figure 1. SEM images of a) L-TBA, (DA, and b) rac-TBA, DA, ,.

in the case of rac-TBA, DA,,, flat ribbonlike structures
were observed (Figure 1b). In the case of helicity-inducing
ligands, racemic ligands usually induced an equal amount of
right- and left-handed helical structures.'”! However, our re-
sults are well matched with those of the groups of Fuhrhop
and Oda, in which the resulting superstructure lost helicity,
when racemic ligands instead of chiral ligands were used.[*®><

Changing the mixing ratio also dramatically changed the
superstructures of the TBA,DA, assemblies. Nanotubules
with a diameter of approximately 500 nm were observed in
rac-TBA, DA, 5. SEM images revealed a hollow, rectangular
shape at the edge (Figure 2a, b). We were able to capture
the hollow shape of rac-TBA;,DA,s with EF-TEM (Fig-
ure S1 in the Supporting Information). Although
L-TBA, (DA, showed entangled fibrous structures,
rac-TBA, DA, , showed wire structures (Figure 2¢, d). TBA-
enriched TBA,DA,, such as TBA,sDA,, and TBA,,DA,,,
self-assembled into wirelike superstructures (Figure S2 in
the Supporting Information).

Morphologies of TBA,DA M" aggregates: As expected,
self-assembled superstructures of TBA, DA, were significant-
ly changed by the addition of metal ions. As shown in
Figure 3, SEM and EF-TEM images of Cd" complexes of
L-TBA, DA, showed structural changes from fibrous to
rodlike structures with diameters of about 100 nm (Fig-
ure 3a). Surprisingly, tubule-shaped superstructures were ob-
tained by adding Co" ions to L-TBA, (DA, , (Figure 3b). The
tubules had external and internal diameters of approximate-
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Figure 2. SEM images of a) rac-TBA; DA, s, b) the hollow shape of the
edge of rac-TBA, (DA, s, ¢) L-TBA, (DA, , and d) rac-TBA, DA, ,.

Figure 3. SEM (left) and EF-TEM (right) images of a) L-TBA,,DA, ,Cd"
and b) L-TBA, ;DA ,Co".

ly 150 and 100 nm, respectively. However, the superstruc-
tures of L-TBA;(DA,, did not show any significant change
after adding Zn" ions (Figure S3 in the Supporting Informa-
tion).

Interestingly, although L-TBA,(DA,5 remained in solu-
tion, metal complexes with L-TBA;;DA,s formed precipi-
tates. According to the SEM and EF-TEM images, the pre-
cipitates were a bundle of highly ordered superstructures.
As shown in Figured4a and b, L-TBA,;,DA,sZn" and
L-TBA, (DA, ;Cd" self-assembled into nanosized wire struc-
tures, with diameters of about 140 and 100 nm, respectively.
However, a Co" complex with L-TBA, DA, 5 self-assembled
into tubule structures with external and internal diameters
of about 160 and 50 nm, respectively (Figure 4c, d).

On the other hand, metal ion complexes with
rac-TBA,DA, exhibited different superstructures. SEM
images revealed that the Cd" complexes with
rac-TBA, DA, and rac-TBA,(DA,s had platelike super-
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Figure 4. SEM images of a) L-TBA, (DA, sZn", b) L-TBA, DA, ;Cd", and
c) L-TBA, DA, ;Co". d) EF-TEM image of L-TBA, DA,sCo" shows a
hollow shape.

Figure 5. SEM images of Cd" complexes with a) rac-TBA, DA, ,Cd" and
b) rac-TBA, DA, sCd".

structures  (Figure 5), whereas rac-TBA;,DA;, and
rac-TBA, (DA, 5 showed wire and tubule structures, respective-
ly (Figure 2). Zn" and Co" complexes with rac-TBA, DA,
and rac-TBA, DA, 5 did not form ordered superstructures.

FTIR spectroscopic analysis: FTIR spectroscopic analysis
was employed to provide a better insight into the self-as-
sembled structures of the xerogels and the dried precipitates
of the TBA,DA, aggregates. The FTIR spectra of L- and
rac-TBA, (DA, only showed two absorptions at 1611 and
1395 cm™! corresponding to the typical asymmetrical and
symmetrical stretching vibrations of the carboxylate, but did
not show absorptions of the carboxylic acid (Figure 6a).
These absorption spectra indicate that all carboxylic acids in
L- and rac-TBA, DA, are fully deprotonated during the
self-assembling process. However, the absorption spectrum
of L- and rac-TBA, (DA, , showed three absorptions at 1743,
1603, and 1399 cm™'. The absorption at 1743 cm™' corre-
sponds to the carboxylic acid stretching vibration and the
absorptions at 1603 and 1399 cm ™! correspond to the carbox-
ylate stretching vibrations. Therefore, the absorption spec-
trum of L-TBA,,DA,, indicates that both carboxylic acid
and carboxylate ion moieties coexist in the complex during
the self-assembling process. All complexes have absorptions

Chem. Eur. J. 2010, 16, 4836 —4842
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Figure 6. a) FTIR spectra of L-TBA, DA, and 1.-TBA,,DA,,. b) FTIR
spectra of L-TBA, DA, and rac-TBA, ;DA,.

corresponding to CH, asymmetrical and symmetrical
stretching vibrations at 29182923 and 2850-2851 cm™!, re-
spectively. These CH, stretching absorptions signify that
part of the hydrocarbon chains of DA have a gauche confor-
mation in the self-assembled structures, which indicates that
the hydrocarbon chains are arrayed in a disordered state.'”]

There was no significant change in the carbonyl absorp-
tion bands of the carboxylic acids upon changing the chirali-
ty of H,TBA. However, the absorption bands of the amide
N—-H stretching vibration and amidel in L-TBA,DA,
showed a slight shift to a lower wavenumber than
rac-TBA,DA,, which means that L-TBA ,DA, forms stronger
intermolecular hydrogen-bonding networks than
rac-TBA,DA, (Figure 6b). The CH, asymmetrical and sym-
metrical stretching vibrations of rac-TBA DA, are almost
the same as those of L-TBA, (DA, ,. On the other hand, the
CH, asymmetrical and symmetrical stretching vibrations of
rac-TBA, DA, shifted to lower wavenumbers, (2918 and
2850 cm™'), than L-TBA,(DA,,. This indicates that the hy-
drocarbon chains in the self-assembled structure of
;rac-TBA | (DA, aggregates have a more crystalline confor-
mation than the L-complex.

— 4839
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Powder XRD analysis: We performed powder XRD analy-
ses on the dried samples of L-TBA,DA,, rac-TBA,DA,, and
L-TBA,,DA, ,M" to obtain more information on the aggre-
gation patterns in the two- and three-component systems.
The diffraction pattern of TBA, DA, showed three similar
intense peaks in the small-angle region, irrespective of the
chirality (Figure S6a, b in the Supporting Information).
These diffraction patterns indicate that both r- and
rac-TBA, DA, self-assembled into superstructures with
monoclinic unit cell structures and that changing the chirali-
ty has little influence on the unit cell parameters (Table 2).
These results were also supported by the fact that L- and
rac-TBA, (DA, , have the same fibrous superstructure. How-
ever, TBA, (DA, , showed distinct changes, not only in the
diffraction pattern (Figure Séc, d in the Supporting Informa-
tion), but also in EM images (Figure 1). Unlike TBA, (DA,
ribbonlike superstructures of L- and rac-TBA, DA, aggre-
gates had different unit cell structures. When rac-H,TBA

Table 2. Unit cell structures and parameters of TBA, DA, and TBA,DAM".
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Figure 7. Overlapped X-ray diffraction patterns of a) rac-TBA, DA,
b) rac-TBA, (DA, s, and c) rac-TBA, DA,,.

which was reflected in the same
unit cell structures of both

Composition a[A] b [A] c[A] a[°] BI°] y[°] Unit cell structure  pp o and
1.0 1.0
L-TBA, ;DA 16.21 14.11 24.86 90.00 60.50 90.00 monoclinic TBA. DA, M" However. the
L-TBA, ,DA,, 14.50 14.50 97.20 columnar differlé(Jn . C;‘;r dination eo;ne o
rac-TBA, DA, , 15.90 13.84 24.62 90.0 60.50 90.00 monoclinic . geometry
rac-TBA, ;DA,, 2412 lamellar of metal ions should give rise to
L-TBA, DA, ,Zn" 33.50 21.22 27.87 90.00 49.60 90.00 monoclinic changes in unit cell parameters,
L-TBA, DA, ,Cd" 32.91 25.96 26.39 90.00 52.10 90.00 monoclinic which would cause different
L-TBA, ;DA (Co" 30.12 26.59 28.40 90.00 62.00 90.00 monoclinic self-assembled superstruc-
tures."  Shimizu etal. also

was replaced with L-H,TBA, the unit cell structure of the
TBA, DA, aggregates changed from lamellar to columnar
(Table 2). Close packing aggregation of L-TBA,DA,, due
to stronger intermolecular hydrogen-bonding interactions
promoted a one-directional self-assembling process. As a
result, L-TBA, (DA, , was able to self-assemble into a helical
ribbon structure (Figure 1a). Interestingly, the diffraction
pattern of rac-TBA, DA,s aggregates showed peaks from
rac-TBA, DA, and rac-TBA, DA, (Figure 7). The mixed
diffraction pattern revealed that both the monoclinic unit
cell structure from rac-TBA,,DA,, and the lamellar unit
cell structure from rac-TBA, DA, coexisted in one self-as-
sembled structure. However, the two unit cell structures did
not develop individually into original self-assembled struc-
tures, but participated in the self-assembly process to make
one superstructure.

To study the influence of metal ions on the self-assembled
structures in the three-component system, X-ray diffraction
patterns of Zn", Cd", and Co" complexes with
L-TBA,,DA,, were compared with their nonmetal com-
plexes. All of the L-TBA, DA, ,M" aggregates had mono-
clinic unit cell structures like their nonmetal complexes.
However, L-TBA,, DA, M" aggregates had different unit
cell parameters. The 3 value of the unit cell showed a gradu-
al increase upon the respective addition of Zn", Cd", and
Co" to L-TBA, (DA, , (Table 2). The metal-TBA interaction
did not influence the interaction between TBA and DA,

4840 ——
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mentioned that the coordina-
tion geometry of metal ions induced morphological changes
in self-assembled structures.!™

Conclusion

We have suggested a simple way to fabricate nano- or mi-
crosized superstructures by using noncovalent interactions.
Various superstructures were constructed by the self-assem-
bly of a simple amino acid derivative and aliphatic amine.
The incorporation of metal ions into the mixtures of
H,TBA-DA resulted in a variety of new self-assembled su-
perstructures, such as nano- and microstructures. The diver-
sity of superstructures resulting from the addition of metal
ions might be due to the different coordination numbers, ge-
ometry, and binding affinities of the metal ions. These differ-
ences can induce dramatic changes in the basic building
blocks themselves and, eventually, in the aggregation mode.
This method can be applied to the fabrication of various
conducting nanomaterials or to organic templates for inor-
ganic nanostructures.

Experimental Section

Materials and synthesis: All chemicals and solvents were purchased from
Aldrich or Tokyo Kasei Chemicals, and used without further purification.

Chem. Eur. J. 2010, 16, 4836 —4842
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'H and C NMR spectra were measured on a Bruker Advance 300 spec-
trometer. The XWINNMR program was used for the pulse program. The
GC-MS was obtained with a JEOL JMS-AXS505WA or HP 5890 Series
II instrument, by using the FAB method.

Preparation of samples: H,TBA and DA were mixed in MeOH in various
ratios. The suspensions were heated or sonicated until they turned into a
clear solution. Then, the solution in MeOH was evaporated in vacuo
until white solids were generated. Two-component amphiphilic com-
plexes were prepared by suspending the resulting white solids
(TBA,DA,; 10 mg) in deionized water (500 uL). The suspension was
heated until clear, followed by cooling, and incubating at RT until it
turned into either a gel or an insoluble solid. Three-component amphi-
philic complexes were prepared by suspending TBA,DA, (10 mg) in de-
ionized water (500 pL) containing M(NO;),-xH,O (1 equiv, M=Zn, Cd,
Co, Cu). The suspension was heated until clear, followed by cooling, and
incubating at RT until it turned into either a gel or an insoluble solid.

Electron microscopy images: For SEM imaging of the two- or three-com-
ponent systems, the gels or precipitates were diluted with deionized
water (500 pL). The diluted suspensions were dropped onto a slide glass,
and then air dried. The prepared specimens were coated with Au. For
TEM imaging of the two- or three-component systems, gels or precipi-
tates were diluted with deionized water (4.5 mL). The diluted suspensions
were dropped onto a carbon grid, and then air dried. TEM images were
obtained without staining. SEM images were observed with a JEOL-JSM
5410 LV instrument. EF-TEM images were observed with a Carl Zeiss-
LIBRA 120.

FTIR spectra measurement: To obtain FTIR spectra, the gels or precipi-
tates were dried at RT. The dried samples and KBr were mixed and
ground to form a fine powder. By using the powder, a KBr and gel-con-
taining pellet was prepared. FTIR spectra were obtained with a JASCO
FT/IR-660 Plus.

Powder X-ray diffraction analysis: To obtain X-ray diffraction patterns,
the gels or precipitates were dried at RT. The dried samples were ana-
lyzed with a Bruker D5005 diffractometer. The diffraction radius was
20=3-13°, the step size was 0.02, and the scan speed was 1°min~'. The
wavelength of the X-ray was 1.5406 A (the generator was 40 kV and
40 mA).

Preparation of terephthaloylbisalanine methyl ester (- and rac-
MeTBA): Terephthaloyl chloride (2.37 g, 11.7 mmol) and L-(or rac-)ala-
nine methyl ester hydrochloride (3.06 g, 21.9 mmol) were suspended in
CH,Cl, (150 mL) under an N, atmosphere at 0°C. Triethylamine (6 mL,
43.0 mmol) was carefully added to the mixture, and then stirred for 3 h at
RT. The reaction mixture was washed three times with H,O. The organic
residues were dried over Na,SO, and evaporated to give a pale yellow
solid. The crude product was purified by recrystallization with CH,Cl,
and hexane to give rise to a white solid (1.077 g, 29%). L-MeTBA:
'HNMR (300 MHz, CDCLy): 6=1.57 (d, *J(H,H)=7.14 Hz, 6H; CH,),
3.83 (s, 6H; CH;), 4.83 (m, 2H; CH), 6.79 (d, *J(H,H)=6.64 Hz, 2H;
NH), 7.90 ppm (s, 4H; CH); rac-MeTBA: 'H NMR (300 MHz, CDCl,):
0=1.57 (d, *J(H,H)=7.14 Hz, 6 H; CH,), 3.83 (s, 6H; CH}), 4.83 (m, 2 H;
CH), 6.79 (d, *J(H,H) =6.64 Hz, 2H; NH), 7.90 ppm (s, 4H; CH).
Preparation of terephthaloylbisalanine (L- and rac-H,TBA): A 1N aque-
ous solution of NaOH (30 mL) was added to a solution of MeTBA
(1.077 g, 3.20 mmol) in EtOH (10 mL) and then stirred for 3 h at RT.
After which time, the EtOH was evaporated and the aqueous residue
was acidified with 1~ aqueous HCI to pH 1. H,TBA was purified by re-
crystallization in acidic aqueous conditions to give rise to a white solid. L-
H,TBA: 'HNMR (300 MHz, [D;]DMSO): 6 =1.41 (d, *J(H,H)=7.35 Hz,
6H; CH,), 4.44 (m, 2H; CH), 7.97 (s, 4H; CH), 8.80 (d, J(H,H)=
7.17Hz, 2H; NH), 1272 ppm (brs, 2H; OH); *CNMR (75 MHz,
[Ds]DMSO): 6=17.338, 48.697, 127.828, 136.723, 165.908, 174.541 ppm;
HRMS (FABY): m/z caled for C,H;N,Oq: 309.1087; found: 309.1086;
rac-H,TBA: '"HNMR (300 MHz, [Dg]DMSO): 6=1.41 (d, J(HH)=
7.35Hz, 6H; CH,;), 444 (m, 2H; CH), 7.97 (s, 4H; CH), 8.80 (d, *J-
(H,H)=7.17Hz, 2H; NH), 12.72ppm (brs, 2H; OH); “CNMR
(75 MHz, [D¢]DMSO): 6=17.338, 48.697, 127.828, 136.723, 165.908,
174.541 ppm; HRMS (FABY): m/z caled for C H;;N,O4: 309.1087;
found: 309.1086.
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