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studies and dynamic covalent
chemistry of picolyl heterocyclic amino aminals†
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and Ya-Fan Lin *ab

A dynamic covalent system of the picolyl heterocyclic amino aminals has been studied. The aminals are

characterized as a metastable species and easily switch to other forms via external stimuli. The solvent,

temperature, acid–base and substituent effects have been examined to evaluate the dynamic covalent

system. The results reveal that a more polar solvent, a lower temperature, basic conditions and an

electron-withdrawing moiety contribute to the stabilities of aminals. The existence of the n / p*

interaction between acetonitrile and the C]N moiety makes the N-pyrimidyl imine (4c and 4d) yield

higher in CD3CN. In a similar fashion, all aminals tend to convert to the corresponding hemiaminal

ethers in a methanol environment. According to these findings, we successfully synthesized the

following species: (a) N-2-picolylpyrimidin-2-amine 6c obtained by reduction using acetonitrile as the

specific solvent; (b) a picolyl aromatic amino aminal 3e prepared from 2-pyridinecarboxaldehyde and the

electron withdrawing 2-methoxy-5-nitroaniline.
Introduction

Dynamic covalent chemistry is dened as a covalent bond that
forms or breaks reversibly.1–7 Several components undergo
continuous exchange and reach an equilibrium in a stable
distribution.8–11 A dynamic covalent system can respond to
external stimuli to achieve adaption, bringing dynamic diversity
to allow variation and selection.12–17 As a result, if the transition
of the different states can be controlled via external stimuli, the
chemical system can be considered as a kind of molecular
switch.18–21 Imine is one of the known dynamic covalent
systems, which have been widely utilized in several elds, such
as many enzymatic processes and development of dynamic
materials.22–26 Although dynamic imine formation processes are
known to include several reversible reactions such as hydro-
lysis,27 transimination28–32 and imine metathesis,33–35 limited
studies have reported the observation and isolation of the cor-
responding intermediates such as aminals, hemiaminals and
hemiaminal ethers.36–45 To develop new functions by under-
standing the thermodynamic and bonding properties, there is
still a great demanding to explore suitable systems which can be
successfully detected intermediates.
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Herein, we re-examined the physical organic properties and
the dynamic covalent chemistry (DCC) of a series of picolyl
heterocyclic amino aminals.46 Although the synthesis and
characterization of this system have been reported,47 the
dynamic behaviours such as the equilibria between aminals
and the corresponding imines remain unclear. To explore the
molecular properties of aminals more deeply, we decided to
investigate the responsiveness of this system to the external
stimuli such as solvent, acid–base, substituent and temperature
effect. It was found that the entity of the heterocyclic amine
would be predominant to the molecular behaviours. Further-
more, since the switch of the equilibrating states in this system
can be well-controlled by an environmental stimulus, we
therefore presented aminal reduction and the synthesis of
a novel picolyl aromatic amino aminal in accordance with the
different tuning factors.
Results and discussion
Synthesis of picolyl heterocyclic amino aminals

Treatment of a methanol solution of 2-pyridinecarboxaldehyde
(1) with 2 equivalent of 2-amino-heterocyclic 2a–d at room
temperature (301 K) gives 3a–d (Scheme 1). Changing the
reactant ratio only varies the yields but not the products. For the
solid state characterization, elemental analysis of 3a–d agrees
with the aminal formulas (Table 1). Single crystal diffraction
analysis reveals 3a and 3c crystallize as an aminal structure with
space groups of Pbcn and P21/n, respectively (Fig. S1†). All
structural parameters show similar values to the literature
data.48
RSC Adv., 2020, 10, 40421–40427 | 40421
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Scheme 1 Synthesis route for 3a–d.

Table 1 Elemental analysis of aminals 3a–d

No. Formula

Calculated, % Found, %

C H N C H N

3a C16H15N5 69.29 5.45 25.25 69.15 5.43 25.29
3b C18H19N5 70.80 6.27 22.93 70.76 6.28 23.06
3c C14H13N7 60.20 4.69 35.10 60.16 4.73 35.37
3d C18H21N7 64.46 6.31 29.23 64.20 6.25 29.36
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Interestingly, the molecular structures of 3c and 3d in solu-
tion are consistent with those characterized in solid state, whilst
it shows an imine-aminal equilibrium when 3a and 3b are
dissolved in CDCl3 (Scheme 2). The 1H NMR spectra of 3c and
3d in CDCl3 reveal no peak at the typical imine regions (7.7–9.5
ppm). Meanwhile, a triplet around 7.1 ppm attributed to the
methine (–CH–) group was observed in both cases of 3c and 3d.
In contrast, when 3a and 3b were dissolved in CDCl3, the

1H
NMR spectra showed two sets of distinct picolyl signals. The
characteristic aldimine signals of 4a and 4b were observed at
9.17 and 9.08 ppm, respectively. Interestingly, when the
measurements were carried out in DMSO-d6, both 3a/4a and
3b/4b ratios were increased to 74/26 and 55/45, respectively
(Table S3†).

Since preliminary results showed that aminals 3a and 3b
exhibit dynamic covalent properties in solution, we further
examined how the reaction is responsive to the environmental
stimuli.

(a) Solvent effect. The equilibrium constants of 3a/4a and 3b/
4b in various solvents were determined to evaluate the dynamic
Scheme 2 Equilibrating states for 3a and 3b in CDCl3.

40422 | RSC Adv., 2020, 10, 40421–40427
covalent properties for 3a and 3b. The equilibrium constant Keq

is dened as eqn (1):

Keq ¼ ½aminal�
½imine�½amine� (1)

Various ratios of 2a/3a or 2b/3b respectively dissolved in
CDCl3, acetone-d6, CD3CN and DMSO-d6 were prepared and
monitored by 1H NMR spectroscopy at 301 K using 1,3,5-
trimethyl-2,4,6-trinitrobenzene as the internal standard. The
Keq values listed in Table 2 were obtained by a plot of [aminal]
vs. [imine][amine] (Fig. S14–S21†). The results reveal that the
formation of aminal is generally favoured in the more polar
environment. In both cases, Keq values derived from the DMSO-
d6 (3 ¼ 47.8) and CD3CN (3 ¼ 37.5) systems are larger than that
from CDCl3 (3 ¼ 4.7). The more polar environment would make
the carbon on the imine group more electrophilic. As a result,
nucleophiles such as amines attack the imine group more
easily, increasing the yields of aminals. Quite the opposite, the
more electron-donating amino moiety of 4b would push elec-
tron density toward the electrophilic carbon atom and stabilize
the imine group. Indeed, a comparison between the two
systems shows that 3b, the more electron-donating aminal, has
a greater tendency to shi the equilibrium to imine.

To understand whether aminals 3c and 3d exhibit dynamic
covalent properties or not, we examined their solution behav-
iours by NMR in six different solvents (listed in the order from
lowest to highest dielectric constant: CDCl3, pyridine-d5 (3 ¼
12.4), acetone-d6, CD3NO2 (3 ¼ 35.9), CD3CN and DMSO-d6).
Although the N-pyrimidyl substituted imines 4c and 4d cannot
be detected in CDCl3, pyridine-d5 and DMSO-d6, small amounts
of them can be observed in acetone-d6, CD3NO2 and CD3CN.
The aminal/imine ratios of 3c/4c and 3d/4d were found as 96/4
and 97/3 in acetone-d6, 95/5 and 90/10 in CD3NO2, and 90/10
and 84/16 in CD3CN (Table S3†). The less yields of 4c and 4d
can be attributed to the more electron withdrawing pyrimidyl
substituent on the N atom, leading to the formation of the more
reactive C]N group easily attacked by a nucleophile.
C]N group stabilized by the n / p* interaction

Since the aminal/imine ratio depends on the reactivity of the
C]N group, aminal forms should bemore favoured in themore
polar solvents. However, the result does not follow the order of
the solvent polarity. We wondered the non-covalent intermo-
lecular forces such as n/ p* or p/ p* interaction generated
from the overlapping of the n or p orbital (from the solvent) and
Table 2 Equilibrium constants of 3a/4a and 3b/4b in different solvents
at 301 K

d-solvent Dielectric constant (3) Keq for 3a/4a Keq for 3b/4b

CDCl3 4.81 31.70 � 0.49 22.87 � 0.46
Acetone-d6 20.7 56.21 � 0.13 32.05 � 0.25
CD3CN 37.5 63.38 � 0.75 40.14 � 0.74
DMSO-d6 46.7 88.42 � 0.40 38.06 � 0.57

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08527h


Table 3 The geometrical parameters for Bürgi–Duntiz trajectory of
solvent-4c dimers

Molecule pair d (Å) a (�) En/p*(kcal mol�1)

Acetone-4c 3.027 108.9 0.35
CH3CN-4c-A 3.228 115.8 0.83
CH3NO2-4c 3.148 115.5 0.69
CH3OH-4c 2.944 99.1 2.22
DMSO-4c 3.374 138.8 0.09
CHCl3-4c 3.540 118.1 0.13
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the p* orbital (from the C]N group) would play a role in
stabilizing the imine structures 4c and 4d.49–54 Therefore, using
4c system as a model, the density functional theory (DFT)
calculation was performed to study the interactions between
solvent molecules and imine 4c. The equilibrium structures and
the corresponding natural bonding orbital (NBO) analysis were
carried out at the M06-2X-D3/def2TZVP level, and polarizable
continuum model (PCM) was employed to simulate the solva-
tion effect. The computing results reveal the C]N group of 4c
has the n / p* interaction with CH3CN, CH3NO2, acetone and
CH3OH but not CHCl3, pyridine, and DMSO. As shown in Fig. 1
and Table 3, the solvent molecules of CH3CN, CH3NO2, acetone
and CH3OH approach the C]N group on 4c along the Bürgi-
Duntiz (BD) trajectory.50 All of them have the BD angles in the
range of 107 � 10�, and the distances between the donor atoms
(O or N of the solvent molecules) and C]N are all smaller than
the sum of their van der Waals radii. Besides, NBO analysis
showed that the second order perturbation energies of MeOH,
CH3CN, CH3NO2 and acetone are respectively 2.22, 0.83, 0.69,
and 0.35 kcal mol�1, indicating the interaction between solvent
molecule and C]N4c follows the order of MeOH [ CH3CN >
CH3NO2 > acetone. On the other hand, the distance of O on
DMSO and C]N of 4c is larger than 3.22 Å (the sum of the van
der Waals radii for O and C), and the corresponding angle
O–C–N was computed as 138.8�. Similarly, the interatomic
distance between ClCHCl3 and C]N of 4c (3.54 Å) is longer than
Fig. 1 (a) The structural parameters that characterize the n / p*

interaction. (b)–(i) DFT-optimized structures of solvent-4c dimers and
their non-covalent interactions: (b) CH3CN-4c-A: n/ p* interaction;
(c) acetone-4c: both n / p* and p / p* interactions; (d) CH3NO2-
4c: n/ p* interaction; (e) CH3OH-4c: n/ p* interaction; (f) DMSO-
4c: none; (g) CHCl3-4c: none; (h) CH3CN-4c-B:p/p* interaction; (i)
pyridine-4c: p / p* interaction. The colours of the atoms are as
follows: gray for C; white for H; blue for N; red for O; green for Cl;
yellow for S.

This journal is © The Royal Society of Chemistry 2020
the sum of their van der Waals radii (3.45 Å). The facts show
there is no n / p* non-covalent interaction between DMSO/
CHCl3 and 4c. In the pyridine-4c case, the optimized structure
showed the pyridine solvent molecule is parallel to imine group
and fails to generate n / p* non-covalent interaction with 4c
because of the improper orientation of the lone pair orbital of N.
Instead, the second order perturbation energy analysis indi-
cated that the p / p* interaction exhibits in the parallel
moieties of pyridine molecule and 4c. However, the p / p*

interaction in the pyridine-4c system is smaller than that in the
acetone-4c one (Fig. 2; 2nd perturbation energy in pyridine-4c:
0.22; acetone-4c: 0.37 kcal mol�1). The optimized structure of
CH3CN-4c that the p orbitals of CH3CN and 4c were arranged in
a parallel fashion, denoted as CH3CN-4c-B, can be also ob-
tained. CH3CN-4c-B is 2.74 kcal mol�1 more stable than CH3CN-
4c-A, which has a CH3CN fragment approaching C]N group of
4c along the BD trajectory. The p / p* interaction energy of
CH3CN-4c-B is calculated as 0.79 kcal mol�1, higher than those
of pyridine-4c and acetone-4c. No p / p* interaction was
found in both cases of CH3NO2-4c and DMSO-4c. Taken all
together, 4c can be observed in the CD3CN, CD3NO2, and
acetone-d6 environments, all of which exhibit n / p* interac-
tions with 4c. Among these solvents, no p / p* interaction
involves in the CD3NO2-4c dimer. In addition, 4c cannot be
observed in pyridine-d5 although the p / p* interactions are
present in the pyridine-4c dimer. Therefore, we would suggest
that the n / p* non-covalent interaction contributes much
more signicantly to stabilize imine 4c than the p / p* one.

Detection of hemiaminal ethers in CD3OD

Since the DFT calculation showed that the n / p* interaction
between the methanol molecule and the C]N group of 4c is
Fig. 2 The n / p* and p / p* interaction energy of solvent-4c
dimers obtained from the DFT calculation.

RSC Adv., 2020, 10, 40421–40427 | 40423
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Scheme 4 Synthetic route for 6c.
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high, we thus performed the NMR measurements of aminals
3a–d in CD3OD (sealed in a J-Young tube). As expected in what
theoretical studies have suggested, only hemiaminal ethers 5a–
d and the corresponding amine signals were detected (Scheme
3). In cases of 3a and 3b, both show the disappearance of the
imine singlet signals in the 1H NMR spectra. Besides, each
proton integration value for the heterocyclic amine moiety
relative to the integration value of the methine proton is 1 : 1,
suggesting the formation of the corresponding hemiaminal
ethers 5a and 5b. The methine protons of 5a and 5b appeared at
d 6.20 and 6.09 ppm, respectively. In a like manner, for 5c and
5d, the proton peaks of methine CH and heterocyclic amine
moiety showed the relative intensities 1 : 1. In each case, the 13C
NMR spectrum in CD3OD showed a characteristic peak at
around d ¼ 85 ppm, which is assigned to the hemiaminal ether
CH carbon and consistent with the literature.55,56 On the other
hand, themethine 13C signals of aminals detected at around d¼
62 ppm in CDCl3 were absent when the measurements were
carried out in CD3OD. An attempt to isolate hemiaminal ethers
has been failed since they were proceeded back to aminals
under evaporation in all cases (Scheme 3).

Reaction of 3c and NaBH4 in various solvents

Furthermore, we examined the reaction of 3c and NaBH4 in
three different solvents. Neither methanol nor chloroform
favour the existence of imine 4c, and consequently no species
can be reduced by NaBH4. Only when conducting aforemen-
tioned reaction in acetonitrile under reux, the corresponding
amine 6c can be obtained with a 33% yield (Scheme 4). The 1H
NMR spectrum of 6c in CDCl3 exhibits a singlet at d¼ 4.75 ppm,
which is assigned to the picolylic protons. The structure was
nally conrmed by the single crystal X-ray diffraction study.
The ORTEP diagram of 6c with 50% thermal ellipsoid proba-
bility is shown in Fig. 3, and the geometrical parameters are in
consistent with the literature values.57

(b) Temperature effect. To understand the dynamic cova-
lent bond strengths of aminals 3a–d, we applied the linear van't
Hoff plots to evaluate the thermodynamic parameters. The
results of van't Hoff analysis shown in Table 4 are according to
the variable temperature 1H NMR spectra of 3a–d in DMSO-d6
recorded from 301 to 403 K. Herein, we dene the equilibrium
quotient (Keq) as eqn (1). In each case, raising up the tempera-
ture causes the equilibrium to shi from the aminal side toward
Scheme 3 Formation of 5a–d.

40424 | RSC Adv., 2020, 10, 40421–40427
the imine side. As shown in Fig. 4(a) and (b), the yields of 3a and
3b are less than 10% when measuring at 388 K. Aer returning
to room temperature, the 74/26 and 55/45 ratios for 3a/4a and
3b/4b reappeared. The fact implies that converting imine to
aminal is a reversible and exothermic process, conforming to
the negative changes in both enthalpy and entropy (DH and DS).
The negative signs of DS in all cases support the fact that
formation of aminal is the reaction combining two molecules to
one. The differences of enthalpies for 3a and 3b are much
smaller than those for 3c and 3d, indicating the breaking and
formation of C–N bonds in 3a and 3b are more sensitive to the
temperature stimulus. On the contrary, the N-pyrimidyl amino
aminal systems have bond enthalpies above 150 kJ mol�1, and
4c cannot be even observed until heating up to 378 K.

(c) Acidic and basic inuence. Next, we used 3b as a model to
inspect the equilibrium change with the presence of different
amounts of acid and base. As Fig. S28 and S29† have shown, the
spectra undergo no change in base media (from 0 to 2.4
equivalent of triethylamine). However, the equilibrium of 3b/4b
is very sensitive in an acidmedium. The ratio of 3b/4b decreases
from 1.5 to 0.7 with the presence of 0 to 0.85 equiv. of acetic acid
in CDCl3. This observation suggests that aminals such as 3b, are
fairly stable in the basic condition and easily undergo deami-
nation in the acidic condition. On the other hand, addition of
acetic acid easily gives rise to the decomposition of 3b and 4b.
In Fig. S29,† the proton signal of 2-pyridinecarboxaldehyde has
been observed at 8.77 ppm. The peak intensity increases with
the increases of the amounts of acetic acid. The breakdown of
3b and 4b is attributed to the protonation of the amine group in
the acidic condition, leading to the formation of iminium
Fig. 3 ORTEP drawing of 6c with 50% probability thermal ellipsoids.
Hydrogen atoms are omitted for clarity. Selected distances (Å) and
angles (deg.): C6–N2 1.4468(15), N6–C6–C5 114.39(10).

This journal is © The Royal Society of Chemistry 2020
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Table 4 Thermodynamic parameters of aminals 3a–d in DMSO-d6
derived from van't Hoff equationa

Aminal DH (kJ mol�1) DS (J mol�1 K�1)

3a �53.56 � 1.36 �2.05 � 0.06
3b �32.41 � 0.70 �1.13 � 0.03
3cb �173.58 � 9.44 �4.58 � 0.12
3dc �155.31 � 7.08 �5.14 � 0.27

a Initial concentration used: 0.070 mmol of 3a; 0.036 mmol of 3b;
0.037 mmol of 3c; 0.0310 mmol of 3d was dissolved in 0.5 mL of
DMSO-d6.

b Derived from T ¼ 378 to 403 K. c Derived from T ¼ 358 to
403 K.
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cation and the release of amine. Subsequently, the iminium ion
is subject to conventional hydrolysis at the presence of water in
acetic acid.
Fig. 5 ORTEP drawing of 3e with 50% probability thermal ellipsoids.
Hydrogen atoms are omitted for clarity. Selected distances (Å) and
angles (deg.): C8–N3 1.449(2), C8–N2 1.457(2), C1–N5 1.460(3), C11–
N4 1.454(3), N5–O6 1.229(2), N5–O5 1.233(2), N4–O4 1.229(2), N4–
O3 1.233(2), C14–O1 1.361(2), C15–O1 1.431(3), C4–O2 1.357(2), C5–
O2 1.428(3), N3–C8–N2 109.63(15), O6–N5–O5 123.0(2), O4–N4–
O4 122.24(18), C4–O2–C5 118.66(17), C14–O1–C15 117.57(17).
A strategy for the synthesis of a picolyl aromatic amino aminal

Learning from the synthesis of the picolyl heterocyclic amino
aminal, we were therefore tempted to synthesize a picolyl
aromatic amino aminal from an electron withdrawing aromatic
amines. 3e was successfully obtained by mixing 1 equivalent of
2-pyridinecarboxaldehyde with 2 equivalent of 2-methoxy-5-
nitroaniline in methanol at room temperature in 86.4% yield.
The solid state structure of 3e is conrmed by the single crystal
X-ray diffraction shown in Fig. 5. 3e also exhibits a dynamic
covalent property in solution. Similar to the cases of picolyl
heterocyclic amino analogues, the ratios of aminal (3e)/imine (4e)
in CDCl3 and DMSO-d6 are respectively 11/89 and 20/80 at room
temperature (initial concentrations of 3e: 5.0/0.5 mg mL�1 in
Fig. 4 Aminal/imine ratios for (a) 3a/4a; (b) 3b/4b; (c) 3c/4c; (d) 3d/4d i

This journal is © The Royal Society of Chemistry 2020
CDCl3; 16.3/0.6 mg mL�1 in DMSO-d6). Variable-temperature
1H NMR (DMSO-d6) shows that 3e totally converts to 4e above
373 K. The thermodynamic parameters derived from 301,
343, 373 and 403 K were calculated as DH ¼ �38.44 �
2.36 kJ mol�1 and DS ¼ �1.65 � 0.10 J mol�1 K�1. On the
other hand, when the measurement is carried out in CD3OD,
only hemiaminal 5e and 2-methoxy-5-nitroaniline can be
detected (Scheme 5).
n DMSO-d6 at different temperatures.

RSC Adv., 2020, 10, 40421–40427 | 40425
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Scheme 5 Synthesis and dynamic covalent properties for 3e.
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Conclusions

In summary, synthesis of a series of the picolyl heterocyclic
amino aminals and the characterization of their dynamic
covalent properties have been reported in this work. The
formation and breakdown of the aminal bond is very dependent
on the solvent, the acid/base, the temperature, and the natures
of the amines. The heterocyclic amine is more electron-
withdrawing than aniline, making the corresponding imine
more polar and easily be attacked by a nucleophile. As a result,
the essence of the amine as well as the intermolecular force that
can prevent C]N group from nucleophilic addition play crucial
roles to shi the equilibrium to imine side. Although the polar
solvent facilitates amine to attack imine and affords more
aminal forms, the lone pair on the solvent may stabilize the
C]N group of imine via n / p* interaction. Accordingly,
acetonitrile presents a higher preference toward imine forms.
Moreover, aminals 3a–d totally convert to hemiaminal ethers
5a–d in methanol, supporting the DFT calculation result of the
strongest n / p* interaction between methanol and imine 4c.
According to these natures, 6c can be obtained from reduction
of 3c by NaBH4 in acetonitrile but not in methanol. We also
succeeded in the synthesis of a novel picolyl aromatic amino
aminal 3e by using the electron-withdrawing 2-methoxy-5-
nitroaniline as the starting material. Aer examining the
physical organic properties of 3e, we also conrmed 3e exhibits
a dynamic aminal bond and would give different responses with
the different environmental stimuli.
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11 C.-W. Hsu and O. Š. Miljanić, Angew. Chem., Int. Ed., 2015,

54, 2219–2222.
12 J.-M. Lehn, Chem. Soc. Rev., 2007, 36, 151–160.
13 G. Vantomme, S. Jiang and J.-M. Lehn, J. Am. Chem. Soc.,

2014, 136, 9509–9518.
14 H. Zheng, C. Ni, H. Chen, D. Zha, Y. Hai, H. Ye and L. You,

ACS Omega, 2019, 4, 10273–10278.
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