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The synthesis of chiral a-amino acid derived (1,2,3-triazol-4-yl)-picolinamide (tzpa) ligands 4—6 designed
by combining the coordination properties of two well-known ligand structures within a single unit is
described. The self-assembly formation between these ligands and the lanthanide ion Tb(i) was investi-
gated in solution by probing the ground and the singlet excited state properties of the ligands as well as
monitoring the evolution of the Tb(i) emission at long wavelengths. The spectroscopic results showed
that while under thermodynamic control the 1:3 (Tb: L) is produced, then analysis of the titration data
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The formation of chiral ligands for use in metal directed syn-
thesis of coordination complexes' and supramolecular self-
assemblies®® has become a highly active area of research in
recent times.? This development has led to the synthesis of a
wide range of organic ligands,”® which in conjunction with
either d- or f-metal ions’ ™ can result in the formation of both
structurally versatile and beautiful structures,'® the synthesis
of which cannot be achieved without the use of such a tem-
plate synthesis.'>**> Furthermore, the physical properties of
the ions themselves can be transferred to such structures,
often resulting in the generation of systems possessing novel
structural, physical and material properties.'*"* We have devel-
oped many examples of such chiral organic ligands and chiral
metal templated self-assemblies in the past.">™*® In particular,
we have probed their structural properties, as well as their
physical organic and material properties in both solution and
the solid state.'® We recently developed a new family of ligands
based on the (1,2,3-triazol-4-yl)-picolinamide (tzpa) core, as
depicted schematically in Fig. 1.%?" The tzpa family are
designed by combining two effective ligand motifs, namely
2,3-bis(1,2,3-triazol-4-yl)picolinamide (btp) and dipicolinic
acid/amide (dpa), both of which we have synthesized and
employed in our studies over the years.”>** Here, we present
the synthesis of two chiral tzpa ligands (shown as 4 and 5 in
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the addition of 0.5 equivalents of Tb(in).

Scheme 1) from L-amino acids (as protected esters), and inves-
tigate their interactions with the lanthanide ion Tb(u) by
probing their ground and excited state properties in solution.
The lanthanides have high coordination requirements which
can be fulfilled with such tridentate ligands.>* As depicted in
Fig. 1, the formation of the 1:3 (M:L) stoichiometry would
give rise to a fully saturated coordination environment, where
each ligand coordinates with the Ln(m) ion via the pyridine
nitrogen, as well as the carboxylic unit, and the triazole
moiety. However, other stoichiometries can also exist which
can be determined by carrying out spectroscopic titration
studies and fitting the resulting data using non-linear
regression analysis. Here, we give a full account of our investi-
gation for ester ligands 4 and 5 as well as the carboxylic acid
derivative 6, formed from 4. We also show that in the presence
of the lanthanide ion Tb(m), the ligands form luminescent
complexes both under thermodynamic and kinetic conditions.
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Fig. 1 Graphical representation of the (1,2,3-triazol-4-yl)-picolinamide
(tzpa) core (X = phenyl, amino acid derived phenyl linker, etc.; Y = H,
ester, amide, etc.), and the formation of the 1:3 (M:L) complex with
lanthanide (Ln) salts. Such complexes (e.g. using ligands 4 and 5 devel-
oped herein) can be formed either under thermodynamic or kinetic
control.
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Scheme 1 The structure and synthesis of compounds 1-6. Reagents and conditions: (i) CHzOH, H,SO,, (ii) ethynyltrimethylsilane, THF:NEts,

Pd(PPhz)4, Cul (iii) NaNz, CuSO4-5H,0, 4-(bromomethyl)benzoic acid, sodium ascorbate, K,COs;, DMF/H,O (iv) 4 :

L-phenylalanine HCl 5:

L-trpytophan HCl, HOBt, DMF/CH,Cl,, NEts, and EDC-HCL. (vi) NaOH, 100 °C.

Results and discussion

Synthesis and characterisation of ligands 4-6 and the Tb(m)
complexes of 4 and 5

The syntheses of the chiral tzpa-derived ligands 4 and 5 from
(S) phenylalanine or tryptophan methyl esters were undertaken
(Scheme 1). These amino acids were chosen as they are known
to be able to populate the Tb(i) excited state through sensitis-
ation, or the so-called antenna effect.”> Having developed btp
based amino acid derived structures in the past with the view
of making ‘peptide bundles’,*® our initial objective was to syn-
thesise the methyl ester-protected ligands, which could then
be hydrolysed and further synthetically modified. In that work
we also showed that the Tb(m) complexes are significantly
more emissive than their corresponding Eu(m) complexes.
Although we did study in part the interaction of 4 with Eu(m),
the focus herein is on Tb(u) systems.

The route to 4 and 5 included four steps starting with the
formation of methyl-6-bromopicolinate, 1, from 6-bromopyri-
dine-2-carboxylic acid in the presence of sulfuric acid and
CH,;O0H under reflux conditions. This compound was then sub-
jected to Sonogashira coupling with ethynyltrimethylsilane in
a THF/NEt; mixture using Pd(PPh;), as a catalyst. The crude
product 2 was isolated as a brown oil, and purified using
column chromatography to give 2 as a brown solid in 65%
yield. 4-(Bromomethyl)benzoic acid was then converted to the
relevant azide using sodium azide and employed in a CuAAC
reaction in situ with compound 2 to generate compound 3. 3
was isolated by initial washing with an EDTA solution in
aqueous ammonia, followed by acidification using 1M HCI

1916 | Org. Chem. Front,, 2023, 10, 1915-1926

which resulted in the precipitation of the desired product as a
white solid in 70% yield. Compound 3 was then reacted with
t-phenylalanine methyl ester hydrochloride or i-tryptophan
methyl ester hydrochloride in a peptide coupling reaction to
generate compounds 4 and 5 as white solids in yields of 72%
and 63%, respectively.

Compound 4 could also be hydrolysed with 1M NaOH
under reflux conditions overnight. As Ln(m) coordination
would be around the tzpa pocket and not involve the terminal
amino acid moiety, this provides a handle for further modifi-
cation, for instance in the generation of soft materials, where
the acid unit is employed to extend the overall supramolecular
assembly. This we have demonstrated for both btp and dpa
ligands in the past, which in the presence of Ln(m) ions
formed soft materials.?” With this in mind, we hydrolysed the
ester of 4 to give 6 in a 1M NaOH solution under reflux for
3 hours. Upon cooling and subsequent addition of 1M HCI,
compound 6 precipitated out of solution as a pure white solid.

All compounds discussed above were characterised by NMR
spectroscopy, HRMS and IR spectroscopy (see select examples
in the ESIf). The 'H NMR spectra of compounds 4 and 5 are
shown in Fig. 2 (see the ESIf for their >C NMR spectra). The
resonance corresponding to the pyridyl protons of both
ligands reside at 8.26, 8.10 and 8.01 ppm while the triazole
protons lie downfield at 8.81 ppm. The aromatic protons H,
and Hy, resonate at 7.82 and 7.47 ppm as two doublets and the
adjacent CH, protons are located at 5.75 ppm in both com-
pounds. The multiplet upfield at 4.65 ppm corresponds to the
proton H, while the methyl protons associated with the pyridyl
ring and the amino acid moiety lie at 3.91 and 3.62 ppm,

This journal is © the Partner Organisations 2023
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Fig. 2 The 'H NMR spectra (600 MHz, DMSO-ds) of (top) compounds 4
and (bottom) 5.

respectively. Finally, the protons at 3.1-3.2 ppm were assigned
to the CH, protons Hy. In the case of 4, the phenylalanine
residue generates resonances at 7.28 and 7.19 ppm which
correspond to the phenyl ring of the appended amino acid,
integrating to five protons overall. Similarly, for compound 5
the doublet signals located at 7.54 and 7.31 ppm correspond
to the tryptophan protons H. and H; while the triplets at 7.05
and 6.97 ppm can be assigned to protons H, and Hy. The
proton H; resonates at 7.18 ppm while the amide proton of the
tryptophan moiety was located downfield at 10.8 ppm. Both
ligands 4 and 5 have chiral chromophores as part of their
structures, and consequently, their CD spectra were recorded.
Unfortunately, in both cases, these (appearing at high energy)
were both very weak and poorly resolved.

In addition to the above charactersation, single crystals of
compound 4 of X-ray diffraction quality were obtained by evap-
oration of a solution of 4 from CH;O0H, which was analysed in
the monoclinic space group P2,. The asymmetric unit contains
one molecule of the ligand, Fig. 3 (see further information in
the ESI, including Table S1%). The ligand adopts a U-shape
conformation and intermolecular interactions mostly consist
of hydrogen bonding contacts, the most notable being homo-
leptic amide---amide and triazole---triazole synthons. The
amide nitrogen atom N5 donates a hydrogen bond to oxygen
03 of an adjacent molecule with an N5---O3 distance of 3.081
(2) A and NH.--O angle of 163.13(12)°. The triazole groups
exhibit CH---N interactions from the acidic C-H site, with an
N3..-C9 distance of 3.412(3) A and a C-H---N angle of 138.6
(2)°. Additional diffuse contacts involving the carbonyl oxygen
atoms and various weaker C-H donor groups are also evident
within the wider structure.

Following the successful synthesis of compounds 4 and 5,
the tris Th(m) complexes [Tb(4);]** and [Tb(5);]*" were pre-
pared by reacting compounds 4 or 5 with Tb(u) under thermo-
dynamic control. The complex [Tb(4);]** was prepared by react-
ing 1 equivalent of Tb(CF5;S0s); with 3 equivalents of 4 in

This journal is © the Partner Organisations 2023
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Fig. 3 (Top) Structure of one unique molecule of compound 4 with
heteroatom labelling scheme. Selected hydrogen atoms are omitted for
clarity. (Bottom) Primary modes of interaction between two molecules.
Selected hydrogen atoms are omitted for clarity. ADPs are provided at
the 50% probability level.

CH;OH under microwave irradiation at 70 °C for 20 minutes.
The resulting colourless solution was concentrated under
reduced pressure and dropped slowly into a large excess of
cold diethyl ether. The complex was then recovered by centrifu-
gation from the diethyl ether supernatant solution and dried
under high vacuum to generate the complex in 56% yield.
Complex [Tb(5);]°" was prepared using the same procedure
and also yielded a while solid in 43% yield.

Attempts were made to obtain crystals of the Tb(u) com-
plexes under various conditions, unfortunately none were suc-
cessful. The two complexes were also characterised by 'H NMR
in CD;0D (see the ESIf). The paramagnetic nature of the
Tb(un) ion resulted in significant broadening of the signals in
[Tb(4);]**, with no significant chemical shifts seen in the
'"H NMR of the complex vs. that of the free ligand. This small
chemical shift was also observed in previous work where we
use btp ligands.

The successful formation of the [Tb(4);](CF5SO3); complex
was verified by elemental analysis (see the Experimental
section). However, we were unable to detect evidence of the
[Tb(4);]** ion using MALDI HRMS (see the ESI{). This we often
experience, as the complex can lose ligands during the HRMS
experiment. Similarly, [Tb(5);](CF3;SO3); was not observed in
MALDI HRMS, but [Tb(5),(CF3S0;),]" was observed (see the
ESI}), and it is quite possible that the dissociation of the
complex occurred. Elemental analysis confirmed the presence
of the tris-complex in both cases ([Tb(4);]** and [Tb(5);]*").
The IR spectra of the solid complexes were recorded and a
decrease in the stretching frequency of the carbonyl functional
group was observed from 1637 to 1585 cm ™" and a C-F stretch

Org. Chem. Front,, 2023,10,1915-1926 | 1917
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appeared at 1278 cm ™" in the case of [Tb(4);]*", further indicat-
ing the successful complexation of 4 with Tb(w). Similar
changes were observed in the IR spectra of compound 5 and

[Tb(5),]>".

Photophysical characterisation of complexes [Tb(4);]** and
[Tb(5)s]*"

After obtaining the two Tb(m) complexes ([Tb(4);]*" and
[Tb(5);]*") their photophysical properties were investigated in
CH;CN solution. The UV-visible absorption and the excitation
spectra of the two complexes were dominated by two main
broad absorption bands that were centred at 4 = 245 nm and
A =293 nm (see the ESI{). These bands can be assigned to
n-m* transitions in the ligand structure. The fluorescence emis-
sion spectra were also recorded (see further discussion below),
showing a ligand centred emission centred at around 350 nm.
The excitation spectra (using Tb(m) Aer, at 545 nm) were struc-
turally similar to the absorption spectra (see overlapped
spectra in the ESIt), indicating that the excitation of the ligand
gave rise to energy transfer to the Tb(m) excited state.
Furthermore, this Tb(m)-centred emission was also clearly
visible to the naked eye as seen in the inset in Fig. 4.

The sensitisation of the Tb(ur) excited state was confirmed
by observing the delayed emission at A = 255 nm which
showed the presence of Tb(m)-centred luminescence in both
complexes indicating effective population of the D, excited
state of the Ln(m) ion and subsequent deactivation of the “F,
(/= 6-2) ground states with line-like emission bands appearing
at 490 nm, 545 nm, 584 nm, 622 nm and 645 nm, the latter of
which was very weak, as can be seen in Fig. 4 for [Tb(4);]** (see
the ESI{ for [Tb(5);]*").

To understand further the coordination environment
around the lanthanide, the Tb(m) centred luminescence life-
times (zops) were recorded for [Th(4);]* and [Tb(5);]*" in H,O
and D,O in which the complexes were sparingly soluble. The
emission decay (at Aer, = 545 nm) was measured at various gate
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Fig. 4 The delayed luminescence spectra of [Tb(4):]**(2.7 x 107> M)

recorded in CHsCN showing the characteristic Tb(m) transitions °D, —

"Fe,54,32 Inset: green Tb(i) emission that was visible to the naked eye
upon placing the sample under a UV-Vis lamp.
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times upon excitation of the ligand, and the average radiative
lifetimes of the delayed emission were calculated from the
decay. The lifetimes of the °D, excited state of Tb(u1) were best
fitted as a bi-exponential decay for [Tb(4);]>" and [Tb(5);]*" in
H,O and D,O which indicates that there was more than one
emissive species in solution. These results are summarised in
Table 1.

Upon repetition of the experiment in CH;0H and CD;0D,
in which the complexes were fully soluble, the lifetimes were
the best fit to a mono-exponential decay for both complexes,
indicating that there was a single emissive species in solution.
This is likely due to the improved stability of [Tb(4);]** and [Tb
(5);]*" in methanolic solution which likely prevents any degree
of dissociation of the tris complex, as occurring in aqueous
solution.

From the fit decay curves, the excited state lifetimes in H,O
and D,O as well as CH3;0H and CD;OD were determined
(Table S17). From these data the hydration state (the number
of metal ion bound water molecules), g, was also
determined.”®?® From this analysis, the ¢ value determined for
[Tb(4)s]>" in an aqueous suspension was ~3. While this deter-
mination has large errors due to the poor solubility, the ana-
lysis would imply that three water molecules were bound to
the Tb(m)-centre. This could also suggest the presence of the
ML, species in the suspension as we had observed before in
HRMS. Being highly competitive media, this could also indi-
cate that the complex undergoes ligand dissociation in
aqueous media. As mentioned, then the fitting of the excited
state decay was best fit to bi-exponential decay, and from the
fit, a second shorter lifetime was observed from which a g
value of approximately 6 was determined, which could be
speculated to be due to the presence of a ML species in solu-
tion. This would also contribute to the poor luminescence of
this system in water where the °D, excited state of Tb(m) is
quenched by O-H oscillators.>® However, in methanolic solu-
tion, in which the complex was stable, the decay was mono-
exponential, and using Horrocks’ equation, the hydration state
was determined to be approximately zero. This suggests that in
this less competitive solution, the full coordination require-
ment of the Tb(m) was fulfilled by the ligand and the ML;
species was formed. The same trend and outcome were also
observed upon determining the hydration states obtained for
[Th(5);]** (see ESI Table S27).

Table 1 Luminescence lifetimes (z) recorded from aqueous suspen-
sions and methanolic solutions of [Tb(4)s]>* and [Tb(5)s1** with g-values
(hydration states). The data for [Tb(6)s]** are also shown

7(H,0), 7(D,0), 7(CH;0H), 7 (CD;0D),
Complex ms ms ms ms +0.5
p q
[Th(4),]** 1.905 2.213 0.13
[Tb(5)s]** 1.943 2.463 0.52
[Tb(4);]*" z; 0.401 0.751 5.53
[Tb(4);]*" 7, 1.095 2.865 2.52
[Tb(5);]*" 7 0.376 0.749 6.32
[Tb(5)s]*" 7z, 1.014 2.424 2.56
[Th(6),]** 1.561 2.203 0.63

This journal is © the Partner Organisations 2023
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The quantum yield (Dy.)i was also determined for both
complexes (lex at 255 nm), and found to be 84.0(7)% for
[Tb(4);]*". This is similar to that observed for most Tb(m) based
btp complexes that have high &, However, in contrast, the
[Th(5);]>" complex was found to be significantly less emissive
with @y = 15.3(7)%. This is, however, in line with our previous
observation that a btp based-Trp ligand appears to be a poor
sensitizer for Tb(i) when compared to its Phe counterpart.>®

The above results demonstrate that Tb(u) is in general a
‘good lanthanide ion’ for use in the formation of tzpa based
complexes and that the photophysical properties of these
systems mirror those generated by btp ligands. Unfortunately,
the stability of these complexes in aqueous solution was not
desirable, while they showed good stability in both CH;CN and
MeOH solutions where the coordination environment is fully
saturated.

Observing the self-assembly formation between 4 and 5 and
Th(m) under kinetic control

Having probed the photophysical properties of the two com-
plexes [Tb(4);]*" and [Tb(5);]*" that formed under microwave-
aided synthesis, the Tb(m) directed self-assembly of 4 and 5
with Tb(CF3S03); was investigated in situ by carrying out a
series of spectroscopic measurements (ie. under Kkinetic
control) under ambient conditions. Our previous work in this
area has shown that these assemblies tend to be more
dynamic and varied in stoichiometry. The main focus here will
be on discussing the changes observed using 4. (The changes
seen for 5 are given in the ESL) To probe these changes,
specific aliquots of Tb(m) equivalents (in solution) were added
to a solution of 4 (1 x 107> M) and the changes in the UV-
visible absorption, fluorescence and delayed Tb(m) lumine-
scence spectra were monitored in CH3;CN solution. All
measurements were repeated three times to ensure full
reproducibility.

Ground state and fluorescence emission changes. The UV-
visible absorption of compound 4 showed two main bands in
the absorbance spectrum. A high-energy band was centred at 1
= 245 nm while a lower energy band was observed at 1 =
291 nm (e = 24100 cm™ " M™" at A, = 242 nm). Upon addition
of Tb(m), the band centred at A = 245 nm experienced a hypo-
chromic shift and the appearance of a new band at 4 = 225 nm
was also observed, as demonstrated in Fig. 5. These changes
reached a maximum at approximately 0.5 equivalents of Tb(ur),
after which no further significant changes occurred. The low
energy band at 4 = 291 nm showed a hyperchromic shift and a
concomitant redshift to 4 = 300 nm upon the addition of Tb
(m). Again, these changes reached a plateau at the addition of

1The photoluminescence quantum yield (@, %) was determined in CH3;CN
using a relative method against a standard developed by Biinzli and co-
workers.*® This relative method for quantum yield determination is described in
the following equation:

IR(AR)  ns?

L _ Ps % Es « %
Is(4S) ~ ng*

Ar(IR)
= X
(/)REL (/)R ER

As(28)
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0.5 equivalents of Tb(ur). Two isosbestic points were observed
at 4 =236 nm and A = 290 nm, indicating the presence of mul-
tiple correlated species in solution. Similarly, for 5, the main
changes occurred up to the addition of 0.5 equivalents of
Tb(w) after which they reached a plateau (see the ESIT).

Upon excitation of ligand 4 at 4 = 255 nm, the ligand gave
rise to broad fluorescence emission with 4 = 353 nm, Fig. 5.
Upon the addition of Tb(w), the ligand fluorescence was signifi-
cantly affected by the complexation process, becoming gradually
quenched, with ca. 70% reduction in the fluorescence emission
intensity at the addition of 0.5 equivalents of Tb(um), Fig. 5. In
fact, by the addition of 0.7 equivalents of Th(m) the fluorescence
was fully quenched. As before, this can be attributed to an
energy transfer process from ligand 4 to the Tb(u) metal centre
which gives rise to Tb(m)-centred emission. Indeed this we
observed as discussed next. Again, similar results were observed
in the fluorescence emission spectra of 5 upon titrating with
Tb(m) (see the ESIT). However, the emission was fully quenched
by the addition of 0.5 equivalents of Tb(u).

Lanthanide luminescence changes. The changes in the
delayed Tb(ur)-centred emission were recorded upon the exci-
tation of 4 at 1 = 255 nm. The spectra and binding isotherms
can be seen in Fig. 6 demonstrating a gradual enhancement in
the Tb(m)-centred transitions at A = 490, 545, 584, 622, 648,
667 and 679 nm, upon deactivation of the °D, state to the "F;
(J = 6-0) states, respectively. As shown in Fig. 6, emission
gradually enhanced up to the addition of 0.5 equivalents of
Tb(m). Subsequent additions resulted, however, in some
degree of quenching of the Tb(u) emission. The changes in
the Tb(ur) emission upon titrating 5 were also monitored con-
comitantly (see the ESIT). However, unlike that seen for 4, no
significant enhancement was observed in the Tb(u)-centred
emission before the addition of 0.5 equivalents of Tb(u), after
which, the emission increased dramatically and continued to
increase beyond 5 equivalents of Tb(w). This could be due to
slow kinetics under ambient conditions.

Fitting the spectroscopic changes using non-linear
regression analysis. With the view of shedding light on the
changes above, and to explore which stoichiometries domi-
nated in solution, the above data were analysed by using non-
linear regression analysis, and the speciation in solution as
well as the stability constants estimated from the global ana-
lysis (using ReactLab EQUILIBRIA software). Initially, we fitted
the changes to the UV-visible absorption spectrum. Analysis of
the UV-visible absorption titration data for ligand 4 with Tb
(CF3S053); pointed to the presence of four main species (4, 1:
1 metal:ligand species, 1:2 metal:ligand species and 1:3
M : L species) in solution as shown in Fig. 7. The distribution
of these species was estimated in the analysis, which showed
that from 0 — 0.25 equivalents of Tb(ui), both the 1:2 metal:
ligand and 1:3 metal : ligand species co-exist in solution, both
reaching approximately 25% abundance. However, the sub-
sequent additions of Tb(wm) resulted in a decrease in the abun-
dance of the ML; species while the ML, species continued to
increase, reaching 92% abundance at 0.5 equivalents of Tb().
From 0.5 — 3 equivalents, the ML, underwent gradual dis-
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Fig. 5 The observed spectroscopic changes for 4 (1 x 10~ M) against Tb(CF3s50s3)s (0 — 3 equiv.) in CHzCN at RT. (Left) the UV-visible absorption
spectra. Inset: corresponding experimental binding isotherms with absorbance at 1 = 225, 245, 277 and 300 nm. (Right) the corresponding changes

in the fluorescence emission spectra, lex = 255 nm.
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(Left) the speciation distribution diagram obtained from the fit of the UV-visible absorption titration data of ligand 4 against Tb(CF3SO3)z in

CH3CN. (Right) the fit of the experimental binding isotherms using non-linear regression analysis software ReactLab.

sociation into the ML species due to the presence of excess
metal ions in solution. And while the ML; species is likely the
most emissive species in solution due to the exclusion of

solvent molecules from the inner coordination sphere of the

1920 | Org. Chem. Front, 2023, 10, 1915-1926

Tb(m)

ion, the ML, species is formed more favourably at this

low concentration under kinetic control.

The

stepwise binding constants were estimated for each

species from the changes in the UV-visible absorption spectra

This journal is © the Partner Organisations 2023
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emission spectrum of the 1: 3 complex showing decrease in luminescence intensity upon the addition of H,O.

throughout the titration and are expressed here as log .. The
1:2 metal:ligand species formed with log ;, = 14.4 and the
1:3 metal:ligand species had a calculated binding constant
of log #,3 = 19.5 while the ML species was estimated as log f;;
=6.3 £0.1.

In a similar manner, the analysis of 5 with Tb(ur) pointed to
the presence of four main species in solution upon fitting the
changes in the ground state (see the ESIt). The distribution of
these species was also estimated from the analysis and indi-
cates that from 0 — 0.5 equivalents of Tb(u), both the ML,
and ML; species coexist in solution. However, the ML; species
reaches a maximum abundance of 12% at 0.25 equivalents of
Tb(m), while the ML, species is significantly more dominant at
94% abundance upon the addition of 0.5 equivalents of Tb(ur).
Subsequent additions of Tb(m) resulted in a gradual dis-
sociation of the ML, species into the less emissive ML species.
Binding constants were estimated from the analysis and the
ML; species was found to form with log ;3 = 19.2 + 0.2 while
the ML, species had a calculated binding constant of log f#,, =
14.6 + 0.2 and finally, the ML species was calculated as log 1
= 6.6 + 0.1. These values are in good agreement with those
seen for 4 above indicating that the amino acid moiety does
not have a large influence on the self-assembly in solution.

Unfortunately, while attempts were made to obtain fits for
either the fluorescence or the Tb(m) luminescence titration
data obtained for 4 and 5, they did not result in data conver-
gence and reliable binding constants could not be obtained.

Probing the interaction of Tb(u) with ligand 6

Having examined the amino ester derivatives 4 and 5, we also
investigated the ability of the hydrolysed ligand 6 to interact
with Tb(m), and to see if the carboxylic acid had any effect on
the self-assembly formation with Tb(ur) under kinetic control,
the measurements were carried out in CH3CN. The changes in
the absorption and the Tb(u) emission are shown in Fig. 8
upon the addition of 3 equivalents of lanthanide. Initially, the
1:3 complex was found to be stable in CH;CN solution over
24 hours (by monitoring the UV-visible absorption spectra),
with no changes being observed over the duration.

This journal is © the Partner Organisations 2023

Furthermore, lifetime and g-value determination (Table 1)
showed that the excited state decay was best fitted to a mono-
exponential decay, and that the g value was ~0. Given the
improved solubility of the ligand 6 in competitive media we
titrated water into this solution. However, this, as the changes
in Fig. 8 demonstrate, resulted in the dissociation of the self-
assembly, where the UV-visible absorption spectrum returns to
the absorbance profile of ligand 6. Similarly, the Tb(m) emis-
sion intensity was also gradually quenched upon the addition
of H,O.

Conclusion

The synthesis of two new tzpa ligands 4 and 5 from the
a-amino acid (S) r-phenylalanine or i-tryptophan (as their
methyl esters) was achieved in a few step synthesis. The solid-
state crystal structure of 4 was also obtained. The hydrolysis of
the amino ester 4 also produced ligand 6. Both ligands 4 and 5
were shown to form 1:3 complexes with Tb(ur) under thermo-
dynamic control, which were highly luminescent, and the
green Tb(u) emission was clearly visible to the naked eye. In
contrast to this, under kinetic control, the global analysis of
the titration data obtained from the ground state changes with
Tb(m) showed that for both 4 and 5, the 1:2 stoichiometry
dominated for both systems after the addition of 0.5 equiva-
lents of the ion. This was also confirmed by investigating the
excited state lifetimes of the Tb(m) centred emission. From
these changes we were able to determine both the binding
affinity and the stoichiometry in solution. This ‘in solution’
(titration) behaviour is different to that obtained normally for
either btp or dpa ligands based on which the tzpa structure is
modelled, where the 1:3 stoichiometry is dominant under
both thermodynamic and kinetic conditions. Both ligands
provide a platform to explore the chemistry of the tzpa struc-
ture further in supramolecular and coordination chemistries,
an endeavour which we are currently engaged in. By structu-
rally modulating both the carboxylic site as well as the triazole
moiety (e.g. both X and Y sites, Fig. 1), the formation of

Org. Chem. Front,, 2023, 10,1915-1926 | 1921
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dimeric ligand structures that can be used in the formation of
dimetallic helicates and other supramolecular structures is
currently being undertaken in our laboratory.

Experimental
Methyl-6-bromopicolinate (1)

6-Bromopicolinic acid (3.0 g, 14.85 mmol) was suspended in
MeOH (5 mL) and 4 drops of sulfuric acid were added. The
mixture was heated to reflux for four hours and quenched with
NaHCO; in water. The product was extracted into DCM,
washed with sodium hydrogen carbonate solution and dried
over magnesium sulphate to yield a white solid (2.095 g,
9.65 mmol, 77%). The product decomposed over 91 °C. HRMS
(m/z) (ESI+): calculated for C;H,BrNO," m/z = 215.9660 [M +
H]". Found m/z = 215.9654; 'H NMR (400 MHz, CDCl;-d,): &
(ppm) = 8.10 (dd, J = 6.7, 1.8 Hz, 1H, 3-pyr H), 7.69 (t, ] = 6.7,
2H, 4-pyr H),7.70 (dd, J = 6.7, 1.8 Hz, 1H, 5-pyr H), 4.00 (s, 3H,
OCHj;). *C NMR (150 MHz, DMSO-d,): § (ppm) = 163.8, 148.1,
141.3, 140.9, 132.1, 124.5, 52.8; IR vpq (cm™): 3106, 2968,
1718, 1556, 1437, 1422, 1310, 1246, 1132, 1113, 985, 955, 757,
732.

Methyl 6-((trimethylsilyl)ethynyl)picolinate (2)

To a solution of 1 (1.650 g, 7.60 mmol) in THF/NEt; 4:1, 40
(mL), in the presence of Cul (0.2 mmol) and Pd(PPh;),
(0.2 mmol), ethynyltrimethylsilane (1.1 mL, 7.60 mmol) was
added dropwise at 0 °C under an argon atmosphere. The
resulting solution was left to stir at room temperature for 48 h,
after which the solution was filtered through a plug of Celite
and concentrated under reduced pressure to yield a brown
solid which was purified by flash column chromatography
(RediSep® 12 g, gradient elution 0 — 90% EtOAc in hexane).
This gave 2 as a brown solid in 65% yield (1.158 g, 4.94 mmol).
The product decomposes over 85 °C. HRMS (m/z) (ESI+): calcu-
lated for C,,H;5sNO,Si* m/z = 234.0950 [M + H]'. Found m/z =
234.0963; 'H NMR (400 MHz, CDCl;-d,): § (ppm) = 8.06 (d, J =
7.6 Hz, 1H, 3-pyr H), 7.80 (t, ] = 8.1, 7.6 Hz, 1H, 4-pyr H), 7.63
(d,J = 8.1 Hz, 1H, 5-pyr H), 4.00 (s, 3H, OCHj), 0.26 (s, 9H, Si-
(CH3);). ®*C NMR (150 MHz, DMSO-d): 6 (ppm) = 164.6,
147.8, 141.8, 138.5, 130.5, 124.6, 103.3, 95.1, 52.6, 0.4.; IR Uy
(em™): 3106, 3082, 2092, 1864, 1736, 1577, 1437, 1251, 840,
764.

4-((4-(6-(Methoxycarbonyl)pyridin-2-yl)-1H-1,2,3-triazol-1-yl)
methyl)benzoic acid (3)

To a solution of 4-bromomethyl benzoic acid (1.418 g,
6.60 mmol) in 10 mL 4 : 1 DMF/water was added sodium azide
(0.428 g, 6.60 mmol) and the reaction mixture was stirred for
one hour to yield the azide intermediate that was not isolated
and therefore used without further purification. To this solu-
tion was added ligand 2 (1.539 g, 6.560 mmol), CuSO,-5H,0
(0.329 g, 1.32 mmol), sodium ascorbate (0.522 g, 2.64 mmol)
and anhydrous K,CO; (0.912 g, 6.60 mmol) and stirred at
room temperature under an argon atmosphere overnight. 1 M
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EDTA/NH,OH solution was added to the mixture and the
product was precipitated using 1M HCI and filtered to yield an
off-white solid. The product was used without further purifi-
cation. (1.562 g, 4.62 mmol, 70%). HRMS (m/z) (ESI+): calcu-
lated for C,,H,4,N,O,H" m/z = 339.1093 [M + H]". Found m/z =
339.1087; *H NMR (400 MHz, DMSO-dq): 5 (ppm) = 8.82 (s, 1H,
triazole CH), 8.26 (dd, J = 7.8, 1.1 Hz, 1H, 5-pyr H), 8.10 (s, ] =
7.8, 1H, 4-pyr H), 8.00 (dd, J = 7.8, 1.1 Hz, 1H, 3-pyr H), 7.95 (d,
J = 8.4 Hz, 2H, ArH-COOH), 7.47 (d, J = 8.4 Hz, 2H, ArH-CH,),
5.79 (s, 2H, CH,-Ar), 3.90 (s, 3H, COO-CH;). “C NMR
(150 MHz, DMSO-dg): 6 (ppm) = 170.1, 165.6, 150.2, 147.6,
146.8, 137.2, 138.7, 135.3, 129.2, 128.1, 124.1, 123.9, 123.1,
52.7.; IR vmay (em™): 1725, 1612, 3215, 1282, 1126, 1011, 776,
707.

General experimental procedure for amino acid coupling to 3

To a solution of the relevant amine (1 equivalent) in a
DMF : DCM (4:1) mixture under argon were added HOBt (1
equivalent), NEt; (1.2 equivalents) and the relevant acid (1.1
equivalents). The reaction mixture was stirred for 30 min and
cooled to 0 °C. EDC-HCI (1.5 equivalents) was then added to
the suspension and stirred at 0 °C for a further 30 min. The
mixture was then allowed to warm to room temperature and
stirred for a further 48 h.

Methyl(S)-6-(1-(4-((1-methoxy-1-0xo-3-phenylpropan-2-yl)
carbamoyl)benzyl)-1H-1,2,3-triazol-4-yl)picolinate (4)

Synthesised according to the general procedure mentioned
above from phenylalanine hydrochloride (0.99 g, 4.91 mmol)
and compound 3 (1.512 g, 4.47 mmol) to yield a white solid
(1.611 g, 3.26 mmol, 72%). The product decomposes over
207 °C. HRMS (m/z) (ESI+): calculated for C,,H,sN505Na* m/z
= 5221753 [M + Na]". Found m/z = 522.1767; 'H NMR
(600 MHz, DMSO-dg): § (ppm) = 8.86 (d, J = 8.1 Hz, 1H, NH),
8.80 (s, 1H, triazole H), 8.26 (d, J = 1.1, 7.7 Hz, 1H, 5-pyr H),
8.10 (m, J = 1.1 Hz, 1H, 4-pyr H), 8.01 (d, J = 1.1, 7.7 Hz, 1H,
3-pyr H), 7.80 (d, J = 8.3 Hz, 2H, Ar H-C—=0), 7.46 (d, J = 8.3
Hz, 2H, Ar H-CH,), 7.28 (m, 4H, phe H), 7.19 (s, 1H, phe H),
5.76 (s, 2H, CH,), 4.65 (s, J = 8.1 Hz, 1H, CH-NH), 3.91 (s, 3H,
pyr-COOCH3), 3.63 (s, 3H, COOCHa;), 3.23-2.97 (m, 2H, CH,-
Phe). *C NMR (150 MHz, DMSO-dq): § (ppm) = 172.1, 165.9,
165.0, 150.1, 147.6, 146.7, 139.2, 138.7, 137.6, 133.5, 129.0,
128.2, 127.9, 127.9, 126.5, 124.1, 123.8, 122.9, 54.2, 52.6, 52.5,
51.9, 36.2; IR vmqx (cm™): 3314, 1732, 1719, 1637, 1600, 1539,
1438, 1349, 1246, 1135, 1221, 1006, 825, 776, 752, 706, 644.

(S)-6-(1-(4-((1-Carboxy-2-phenylethyl )carbamoyl)benzyl )-1H-
1,2,3-triazol-4-yl)picolinic acid (6)

Compound 4 (1.611 g, 3.23 mmol) was suspended in 1M
NaOH and refluxed for 3 hours. The product was isolated by
neutralization of the solution with acetic acid and filtration to
yield a white solid (1.278 g, 2.72 mmol, 84%). HRMS (m/z)
(ESI+): calculated for CysH,;N5OsNa' m/z = 494.1440 [M + Na]'.
Found m/z = 494.1459; "H NMR (400 MHz, DMSO-d,): § (ppm)
= 8.77 (s, 1H, triazole H), 8.25 (s, 1H, NH), 8.00 (d, J = 8.1 Hz,
1H, 5-pyr H), 7.91 (m, J = 7.6, 8.1 Hz, 1H, 4-pyr H), 7.85 (d, ] =

This journal is © the Partner Organisations 2023
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7.6 Hz, 1H, 3-pyr H), 7.73 (d, J = 8.2 Hz, 2H, Ar H-C=0), 7.42
(d,J = 8.2 Hz, 2H, Ar H-CH,), 7.23-7.07 (m, 5H, phe H), 5.74 (s,
2H, CH,), 4.33 (s, 1H, CH-NH), 3.04 (dd, 2H, CH,-Ph); *C
NMR (150 MHz, DMSO-de): § (ppm) = 173.10, 167.22, 165.79,
154.12, 149.30, 149.27, 147.75, 139.22, 139.13, 138.37, 134.84,
129.69, 128.40, 128.08, 126.48, 124.37, 123.41, 121.20, 55.29,
53.16, 37.24.; IR vpma (cm™): 3355, 3059, 2436, 1960, 1736,
1634, 1535, 1503, 1381, 1180, 1052, 851, 812, 737.

Methyl (S)-6-(1-(4-((3-(1H-indol-3-yl)-1-methoxy-1-oxopropan-2-
yl)carbamoyl)benzyl)-1H-1,2,3-triazol-4-yl)picolinate (5)

Synthesised according to the general procedure mentioned
above using tryptophan hydrochloride (0.15 g, 0.59 mmol) and
compound 3 (0.20 g, 0.59 mmol) to yield compound 5 as a
white solid (0.20 g, 63%); HRMS (m/z) (ESI+): C,0H,sNeO5" m/z
= 538.1965 [M + H|'. Found m/z = 539.2037; 'H NMR
(600 MHz, DMSO-ds): 5 (ppm) = 10.80 (s, 1H, NH), 8.81 (s, 1H,
NH), 8.79 (s, 1H, triazole H), 8.26 (d, J = 7.9 Hz, 1H, Ha), 8.10
(t,J = 7.8 Hz, 1H, Hb), 8.00 (d, J = 7.7 Hz, 1H, Hc), 7.82 (d, ] =
8.2 Hz, 2H, Phe-CH,), 7.54 (d, J = 7.9 Hz, 1H, Hd), 7.46 (d, J =
8.2 Hz, 2H, Phe-C=0), 7.31 (d, J = 8.1 Hz, 1H, Hg), 7.18 (s, 1H,
Hh), 7.05 (t, J = 7.5 Hz, 1H, Hg), 6.97 (t, J = 7.4 Hz, 1H, He),
5.75 (s, 2H, CH,-triazole), 4.67 (d, J = 5.4 Hz, 1H, CH), 3.91 (s,
3H, CH;-pyr), 3.62 (s, 3H, CH;-Tryp), 3.24 (ddd, J = 23.9, 14.6,
7.3 Hz, 2H, CH,-Tryp); "*C NMR (150 MHz, DMSO-d;): 6 (ppm)
=172.9, 166.5, 165.5, 150.6, 148.1, 147.1, 139.6, 139.2, 136.6,
134.1, 128.4, 124.6, 124.4, 124.1, 123.4, 121.4, 118.9, 118.5,
111.9, 110.4, 54.3, 53.1, 52.9, 52.4, 27.1; IR vpay (cm™): 3403,
3297, 3150, 3049, 2948, 2923, 2841, 1739, 1627, 1602, 1531,
1450, 1369, 1253, 1217, 1147, 1055, 1010, 974, 772, 737, 696,
600.

Synthesis of Th-4;

Ligand 4 (10 mg, 0.02 mmol) was added to Tb(CF;S03); (5 mg,
0.007 mmol) in CH3;0H (5 mL) and heated at 70 °C under
microwave irradiation for 15 minutes. The resulting solution
was dried under vacuum to yield a colourless oil which was
taken up in CH;O0H and dropped slowly into a large excess of
swirling Et,O to afford Tb-4; as a white solid in 56% yield. The
"H NMR spectra were broad and are shown in the ESI. HRMS
(m/z) (ESI+): CseHs5oN1oO16F6S,Tb mjz = 1455.2005 [Tb
(4)2(CF380;),]". Found m/z = 1455.2075; elemental analysis for
CgsH5N;50,,FoS,Th-4H,0-CH;0H calculated: C 46.22 H 3.97
N 9.51; found: C 45.70 H 3.45 N 9.55.

Synthesis of Tb-5;3

Ligand 5 (10 mg, 0.02 mmol) was added to Tb(CF5S03); (5 mg,
0.007 mmol) in CH3;0H (5 mL) and heated at 70 C under
microwave irradiation for 15 minutes. The resultant solution
was dried under vacuum to yield colorless oil which was taken
up in CH3;OH and dropped slowly into a large excess of swir-
ling Et,O to afford Tb-5; as a white solid in 43% yield. The
"H NMR spectrum was broad and is shown in the ESLf
HRMS (m/z) (ESI+): CgoHs5oN12016F6S,Tb m/z = 1533.2223
[Tb(7),(CF;3S0;),]” found m/z = 1533.2262.

This journal is © the Partner Organisations 2023
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