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multi-component assemblies
from dynamic covalent imine condensation and
metal-coordination chemistry: mechanism and
narcissistic stereochemistry self-sorting†
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Self-assembly of a modified tris(2-pyridylmethyl)amine TPMA ligand, zinc(II) or cobalt(II) ions, and amino

acids have been used effectively as stereo dynamic optical probes for the determination of the

enantiomeric excess of free amino acids either using Electronic or Vibrational Circular Dichroism (CD

and VCD). Herein, we report the mechanistic and stereochemical study of the self-assembly process

which reveals a complex equilibrium in solution where even small variations in the experimental

conditions can profoundly affect the final products of the reaction. In particular, variation on the metal

stoichiometry switch give rises to an entirely enantio narcissistic self-assembly of the structure.
Introduction

One of the leading strategies for the development of complex
functional nano-architectures is the use of dynamic covalent
chemistry (DCC) in which imine condensation and metal-
coordination work simultaneously.1 These two “orthogonal”
thermodynamically driven association processes have success-
fully and effectively yield a large variety of compounds, ranging
from simple complexes to topological structures.2 This
approach has been effectively used for the development of
methods that allow the determination of optical purity.3 In
particular, the focus was driven towards the development of
stereodynamic optical probes4 for the rapid determination of
the enantiomeric excess (e.e.) of chiral compounds. In general,
these systems are characterized by the presence of at least one
labile stereogenic element which, aer the addition of a chiral
analyte, moves toward the formation of one preferential dia-
stereoisomer. Most of the times, this information is translated
into a signal by the use of optical techniques such as circular
dichroism (CD).5

Recently, we have been working with tris(2-pyridylmethyl)
amine (TPMA) metal complexes both in catalysis6 and supra-
molecular chemistry.7 Within these studies, we reported a series
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of novel molecular architectures that can be used for the
determination of the e.e. of free amino acids (Fig. 1).7a,7b,8 More
in detail, the mix of a modied TPMA zinc complex with one
equivalent of the desired amino acid resulted in the almost
exclusive formation of the dinuclear architecture 1-aaa. The
mixture was used without further purication for CD
measurements. The obtained curves directly correlate with the
e.e. and specular curves were obtained switching the congu-
ration of the amino acids. Beside the capability of the system to
be effective with all natural amino acids, it displayed absorp-
tions which were characteristic of the amino acidic side chain,
differentiating clearly the aliphatic or aromatic nature of the
backbone. TD-DFT studies have shown that CD signals arise by
Fig. 1 Dinuclear 1-aaa and trinuclear 2-aaa self-assembled structures
used as probes for the determination of e.e. of amino acids. The
counteranions are perchlorate.
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Fig. 2 Comparison of the 1H-NMR signals for the compounds 1, 4,
5-L-Phe, 1-L-Phe and 2-L-Phe in D3-acetonitrile. In this region acetal
(5.4 to 5.2 ppm), CH2 pycolil (4.6 to 3.9 ppm) and amino acid (3.8 to 2.7
ppm) proton signals are present. The counteranions are perchlorate.
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the helical arrangement of the ligand around the metal, and by
the exciton coupling of the atropoisomeric biarylic systems. In
addition, from studies on the 1-aaa complex stability we could
identify the structure 2-aaa, in which an extra-metal get coor-
dinated by the cle formed between the two amino acids.7b

These initial ndings have driven our interest towards the
investigation of the whole process taking place in solution, with
the two-fold intention of better understanding the self-assembly
mechanism and elucidating how the stereochemistry dictates
products distribution. The elucidation of the equilibrium
present in solution, when imine DCC is used in the presence of
metals, highlights that increasing system complexity leads to
sharp changes in products distribution and stereochemistry
from small variations of the chemical parameters.

Results and discussion

In order to shed light on the mechanism behind the formation
of bi- and tri-nuclear dimers, a step-by-step analysis has been
performed evaluating how different thermodynamic, kinetic
and stereochemical parameters are affecting the assembly
formation and, consequently, the dichroic signal. Starting from
complex 3, the delicate interplay of all the components present
in the reaction mixture was revealed.

Intermediates in the self-assembly process

Acetal 4 and 5-L-Phe. Zinc(II) complex 3,7a bearing a formyl
group in meta position to the pyridine ring, is highly soluble in
methanol and allows to observe by 1H-NMR, at room tempera-
ture, the slow formation of the corresponding acetal 4 (Scheme
1 and Fig. 2b).

The complete conversion of 3 to 4 requires two days at room
temperature but only 4 hours at 60 �C. The reaction can be easily
monitored by 1H-NMR, following the disappearance of the
aldehydic signal of 3 at 10.02 ppm and the appearance of the
signal of acetal 4 at 5.37 ppm (Fig. 2b). Acetal formation is also
conrmed by 2D-NMR HMQC experiment which correlates
acetal proton signal with the characteristic 13C signal at
105 ppm.

Upon adding the amino acid L-Phe to acetal 4, the formation
of a new species is instantaneously observed (Fig. 2c). It is
Scheme 1 Complex 3 dissolved inmethanol give rise to the formation of
to this mixture of amino acid L-Phe leads to adduct 5-L-Phe which, in d
complex 2-L-Phe in the presence of an excess of Zn(II) in solution. The c

This journal is © The Royal Society of Chemistry 2018
possible to ascribe this structure to the adduct 5-L-Phe in which
the amino acidic carboxylate binds to the zinc centre. This
compound is highly stable in solution as variation of 1H NMR
signals are not observed: (i) increasing the temperature, (ii)
leaving the compound in solution for weeks, (iii) adding extra
equivalents of amino acid or (iv) extra zinc salt to the sample. In
these cases, the intensity of the acetal signal remains constant.
Moreover, 1H NMR highlights a broadness of the picolyl CH2

signals (4.2–4.5 ppm) slightly different from the parent
compounds 3 and 4 (Fig. 2). This observation can indicate the
preferential formation of one of the two possible diastereoiso-
mers generated by the helical conformations adopted by the
ligand around the metal. However, the absence of any mean-
ingful dichroic signal suggests a weak preference over one
diastereoisomer.

Dinuclear complexes 1-L-Phe. When water is removed from
the solution adding activated molecular sieves, the dimeric
dinuclear complex 1-L-Phe is formed in less than two hours
(Scheme 1). Compound 1-L-Phe has been isolated as a yellow
acetal 4within hours depending on the initial amount of water. Addition
ry conditions, evolves to the dinuclear adduct complex 1-L-Phe or to
ounteranions are perchlorate.

RSC Adv., 2018, 8, 19494–19498 | 19495
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solid simply by evaporation of the solvent and the 1H-NMR
indicates predominately the presence of one single species.
The disappearance of the signal corresponding to the charac-
teristic acetal proton together with the appearance of the imine
signal at 7.7 ppm conrmed the condensation (Fig. 2d).

In this compound, the presence of six doublets (J � 16 Hz)
between d ¼ 3.9 and 4.6 ppm, combined with VT-NMR exper-
iments,7b suggest that the picolyl methylene hydrogens are
blocked in a single helical conformation as expressed by the
wide separation of the signals. Further conrmation also comes
from ESI-MS experiments that show the characteristic isotopic
pattern corresponding to the dinuclear zinc complex.

Trinuclear complexes 2-L-Phe. A serendipitous discover has
also led to notice, in the dynamic mixture, the formation of
a trinuclear complex when an excess of zinc salt is present. The
trinuclear complex 2-L-Phe can be either obtained starting from
the dinuclear complex 1-L-Phe by addition of half-equivalent of
zinc salt or directly from complex 3. The isolation of the pure
compound is possible by crystallization because the tetra
positively charged assembly is poorly soluble in methanol. On
the other hand, its high solubility in acetonitrile allows acqui-
sition of 1H-NMR and ESI-MS spectra, the latter showing the
characteristic isotopic pattern corresponding to the mono
charged species containing three metal centres. The 1H NMR
analysis of 2-L-Phe conrms that picolyl methylene hydrogens
are blocked in a single helical conformation in a similar fashion
as 1-L-Phe (Fig. 2e).
Stereochemical analysis of 1-aaa and 2-aaa assembly
formation and self-sorting experiment

As shown in our previous work,7a,7b when 1-Phe is formed
varying amino acid e.e., a linear response of the CD signal is
Fig. 3 ESI-MS signals corresponding to (a) 1-D-Ala-D-Ala, 1-L-Val-D-Ala a
D-Ala-L-Val, 2-L-Val-L-Val. The cluster in the ESI-MS spectra are refe
perchlorate.

19496 | RSC Adv., 2018, 8, 19494–19498
observed. This linearity, besides constituting the bases for
a probe, does not give information about the stereochemical
recognition process along the formation of a chiral dimeric
structure. In other words, two types of structures can be
formed starting from a racemic mixture of the amino acid: (i)
homochiral, where both the amino acids incorporated in the
structure have the same conguration (C2 symmetry homo-
narcissistic assembly, CD active) or (ii) heterochiral, where the
two amino acids have opposite conguration (S2 symmetry
hetero-narcissistic assembly, CD inactive).9 Due to their
symmetry these two systems can not be identied using NMR
and on the other hand, the linearity in CD response by itself
does not give information on which type of structure is prefer-
entially formed. In other word, independently by the assembly
mechanism a linear correlation between e.e. and CD response is
obtained (for a detailed explanation on how e.e. and CD corre-
lates see ESI† paragraph 3).

In order to investigate which type of assembly was more
stable in solution, we devised an experiment where the dinu-
clear 1 and trinuclear 2 complexes were prepared from a solu-
tion containing a solution of L-Val and D-Ala, two pseudo-
racemic amino acids that have similar side chains.

Using the pseudo-racemic mixture, the dinuclear 1-aaa have
been obtained following our standard procedure. The resulting
mixture was analysed using ESI-MS experiments to understand
the stereochemistry of amino acids incorporation in the self-
sorting experiment (Fig. 3a and ESI† Section 4). Assuming
a similar response factor for the pseudo-diastereoisomers in the
ESI-MS experiment,7g,10 the dinuclear 1-aaa assembly displays
a small tendency to prefer the formation of the heterochiral
structure. However, the three pseudo-diastereoisomers 1-D-Ala-
D-Ala : 1-L-Val-D-Ala + 1-D-Val-L-Ala: 1-L-Val-L-Val are close to the
statistical 1 : 2 : 1 (measured 1 : 4: 2).
nd 1-D-Ala-L-Val, 1-L-Val-L-Val; (b) 2-D-Ala-D-Ala, 2-L-Val-D-Ala and 2-
rred to the mono-charged species in which the counteranions are

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 X-ray crystal structure of 2-Phe starting from the racemic Phe.
Both 2-D-Phe-D-Phe and the 2-L-Phe-L-Phe are present in the same
unit cell. The counteranions are perchlorates.
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The more stable pseudo-diastereoisomer in solution, in the
case of the dinuclear system 1-aaa, has the amino acids with
opposite conguration. The same experiment was repeated
adding 0.5 equivalents of zinc(II) perchlorate. In this case, we
are in the situation were the trinuclear 2-aaa systems is formed.
As it can be seen from ESI-MS (Fig. 3b), the 2-aaa shows
a complete preference toward the formation of the homochiral
assembly 2-D-Ala-D-Ala and the 2-L-Val-L-Val. In other words, the
presence of the extra metal centre drives the system toward the
formation of the enantio-narcissistic structure. Most probably,
the metal adds an extra constriction to the amino acidic cle
which allows only the selection of identical amino acids.

Interestingly, another proof of the enantio narcissistic
behaviour of the trinuclear assembly came from the X-ray
analysis of crystals grown up when a racemic mixture of L/D-
Phe was used in the synthesis (Fig. 4). The diffraction revealed
a racemate which had in the same unit cell only the two enan-
tiomeric homochiral narcissistic assemblies.
Conclusions

In this study, we have shown that in our molecular architec-
tures, the combination of coordination chemistry and DCC
results in a delicate and intricate system which can be nely
biased by external stimuli of the thermodynamic equilibria. In
detail, solvent, molecular sieves, excess of components,
temperature, and stereochemistry of the components, can have
a profound impact in the outcome of a dynamic library. Even at
a rst sight this seems a very complicated system, the deep
knowledge acquired in each step of the process allows to drive
the synthesis towards the desired products. In other words, we
This journal is © The Royal Society of Chemistry 2018
were able not only to set-up an analytical method for the easy
and fast detection of amino acid e.e., but also, through the
synthesis and characterization of the pure compounds involved
in the dynamic process, to gather information about the metal
induced self-sorting of the self-assembly which has revealed the
formation of an enantio narcissistic assembly.
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