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/Abstract: Dual configurational and constitutional dynamics
in systems based on enamine molecular switches has been
systematically studied. pH-responsive moieties, such as 2-
pyridyl and 2-quinolinyl units, were required on the ,stator”
part, also providing enamine stability through intramolecular
hydrogen-bonding (IMHB) effects. Upon protonation or de-
protonation, forward and backward switching could be rap-
idly achieved. Extension of the stator m-system in the 2-qui-
nolinyl derivative provided a higher E-isomeric equilibrium
ratio under neutral conditions, pointing to a means to ach-
ieve quantitative forward/backward isomerization processes.
The ,rotor” part of the enamine switches exhibited constitu-

N

tional exchange ability with primary amines. Interestingly,
considerably higher exchange rates were observed with
amines containing ester groups, indicating potential stabili-
zation of the transition state through IMHB. Acids, particular-
ly Bi", were found to efficiently catalyze the constitutional
dynamic processes. In contrast, the enamine and the formed
dynamic enamine system showed excellent stability under
basic conditions. This coupled configurational and constitu-
tional dynamics expands the scope of dynamic C—C and C—
N bonds and potentiates further studies and applications in
the fields of molecular machinery and systems chemistry.

/

Introduction

Coined by Wittig in 1927, enamines have been considered
structural analogs of enols, containing a carbon-carbon double
bond conjugated with an amino substituent. The electron-do-
nating nitrogen increases the nucleophilicity of the olefin part,
which in turn renders it a valuable activated intermediate in
many organic transformations.” The integration of the en- and
amine-moieties also equips the enamine derivatives with an at-
tractive dual dynamic feature: configurational dynamics—con-
trolled by physical or chemical factors, such as thermal-,
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photo- or pH- activated E/Z-isomerization; and constitutional
dynamics—exchange of the amine or carbonyl component
through an amine-enamine exchange reaction.”

Constitutional exchange using dynamic interactions/reac-
tions of non-covalent or covalent nature can lead to the forma-
tion of controllable and responsive systems.”! When integrated
with configurational switching, dynamic covalent chemistry
based on reactions, such as imine and hydrazone formation/
exchange as well as thiol-disulfide exchange, has also been ap-
plied for the construction of molecular switches and ma-
chines.”” However, examples exploiting C=C double bonds in
dynamic chemistry or molecular machinery are relatively limit-
ed in comparison with the well-documented use of C=N
double bonds (imines/hydrazones). To this end, we previously
reported the first enamine-based molecular switch
(Scheme 1),®¥ in which the forward and backward configura-
tional rotation around the C=C double bond could be precisely
operated, for example, by consecutive additions of acid and
base. The enamine functionality also enabled a double dynam-
ic regime where the configurational switching could be regu-

1-E (90%) 1-Z-H* (100%)

Scheme 1. pH-controlled enamine molecular switch 1.
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lated in conjunction with constitutional enamine exchange on
the amine rotor part. The exchange process could also be
turned on and off through regulation of the pH.

This coupled dynamic switching and exchange allows for
novel possibilities to control the properties of complex molec-
ular systems, potentially resulting in emergent properties and
enabling new approaches towards advanced information stor-
age and processing.”” However, for such dual dynamic entities,
several challenges need to be addressed. For a configurational
switch, the isomerization efficiency is of primary concern,
where quantitative conversion to either configuration is de-
sired. On the other hand, for constitutional chemistry applica-
tions, critical features include the robustness of the system, the
reaction scope, and the performance of the dynamic exchange.
These challenges have been addressed in the present study,
where we describe the enamine switching properties in rela-
tion to modular variations of the rotor and stator, and the effi-
ciency of the rotor exchange process with respect to structur-
al-, catalytic- and pH-effects.

Results and Discussion
Configurational enamine switch
Diversity of rotors

Intramolecular hydrogen bonding (IMHB) has been shown in
many cases to stabilize enamines in their less stable configura-
tion.”

By conjugating the enamine moiety to a m-system or
adding/inducing charges, the overall H-bonding can further-
more be stabilized through resonance-assisted hydrogen
bonding (RAHB) or charge-assisted hydrogen bonding (CAHB)
effects.”” In the present case, conjugating the enamine in mo-
lecular switch 1 with an ester group, and introducing a 2-pyrid-
yl moiety next to the C=C axle, provide stabilizing effects of
either configuration. Since the pyridyl group is a stronger hy-
drogen bonding acceptor than the ester group towards the
enamine NH, the E-form is favored under neutral/basic condi-
tions (Scheme 2, left). Furthermore, the pyridyl moiety fur-
nishes the molecule with responsiveness towards acidic condi-
tions. Protonation of the pyridine eliminates the pyridyl N--H—
N H-bonding and promotes the rotor to switch to the thermo-
dynamically more stable Z-form, which can be potentially sta-
bilized by RAHB and CAHB effects (Scheme 2, right).
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Enamine 1 exhibited good switching reversibility under alter-
nating acid/base-conditions (Figure S1 in Supporting Informa-
tion). Predominantly in the E-form (91%) in CD,CN, addition of
2.0 equiv of Et;N did not change the E/Z ratio. However, addi-
tion of 5.0 equiv of TFA to the basic solution led to complete
switching to the Z-form, and subsequent addition of Et;N
(7.0 equiv) restored the original E/Z ratio. This process could be
repeated at least four cycles without significant loss of switch-
ing efficiency. This alternating switching process can potential-
ly be managed using photoacids.”

In order to test the influence of the rotor part, a series of pri-
mary amine rotors bearing various functionalities were readily
assembled with the ethyl 2-pyridylacetate stator by a one-step
condensation reaction (Scheme 3). As can be seen from the 'H-
NMR spectra, the E-configuration of compounds 2-14 domi-
nated the isomeric equilibrium under neutral conditions, simi-
larly to molecular switch 1. The enamine NH-signals of both
the E- (10.83-14.43 ppm) and the Z- (8.70-11.87 ppm) isomers
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Scheme 3. Enamine-based switch system with different rotor structures.
Stable isomers in solution and their protonated products are shown.
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Scheme 2. RAHB effect in 1-E and 1-Z (left); RAHB and CAHB effects in 1-Z-H* (right).
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resonated at a lower field beyond the aromatic region, indicat-
ing an RAHB effect with the pyridyl or the ester group.” Inter-
estingly, the E-isomers containing aliphatic amine rotors (2-11)
showed an 85-89 % equilibrium ratio, whereas the ratio of the
aromatic amines (12-14) increased to 90-92%. Compounds 11
and 13 exhibited the lowest (85%) and highest (92 %) degrees
of E-isomer, respectively. This indicates the ability of aromatic
rotors to form a larger m-system conjugated with the pyridyl
moiety in the E-isomers than in the Z-forms, resulting in great-
er m-delocalization of the enamine NH-group via an RAHB
effect; thus the energy gaps of the E/Z-isomers are enlarged.

With the decrease of the rotor amines’ pK,, values, the 'H-
NMR signals of the NH-protons generally shifted to the down-
field region (Figures S2-4). For compounds 10-14, the posi-
tions of the enamine NH-signals for both the E- and the Z-iso-
mers demonstrated a clear linear relationship with the pK,-
values of their rotor primary amines. However, for com-
pounds 1-9, whose rotors were derived from amino acid
methyl esters, the shifts of the NH signals tended to deviate
from the linear dependency to a highfield region. This effect is
likely accounted for by the reduction of the o co-planarity
degree between the amino acid carbonyl group and the
amino hydrogen after being assembled on the switches. The
crystal structure of isomer 1-E exhibited a 56.6° dihedral angle
between the Py-C=C-NH and the NH-CH,-COOCH, planes, re-
sulting in a weak C=0-+-HN IMHB. Compounds 2 and 5 showed
less deviation from the linear relationship than other a-amino
acid ester derivatives (3-4, 6-8). The 'H-NMR spectra for the a-
amino acid ester derivatives revealed that the 2Jy, cz-constants
in compounds 3-4 and 6-8 were approximately 8.8 Hz, where-
as this number dropped to 7.4 Hz in compounds 2 and 5. This
implies an increase in the o co-planarity between the amino
acid carbonyl group and the amino hydrogen due to the small-
er dihedral angles.

The performance of the enamine switches 2-14 upon proto-
nation/deprotonation was next examined. The results were
similar to compound 1-E (Figures S5-14) and the addition of a
slight amount of TFA to solutions of compounds (2-14)-E in
CDCl; immediately decreased the relative amount of the E-iso-
mers. The addition of 2.0 equivalents of TFA completely in-
duced the forward switching, except for compound 6-E, where
3.0 equivalents of TFA were required in order to additionally
protonate the imidazole ring. To these acidic solutions contain-
ing only Z-H*-isomers, the addition of equimolar or slightly
excess amounts of Et;N resulted in backward switching and
rapidly restored the original equilibrium. All of the enamines
showed very good stability during the switching process, in-
cluding compounds 10-14 that lack extra stabilization of the
enamine NH from the methyl ester side chains.

Besides the E/Z ratio changes, the 'H-NMR spectroscopy
study showed that the E-isomers’ NH-signals became progres-
sively broader in response to the increasing TFA content along
with decreasing spin-spin coupling constants of the pyridyl-
H6- and enamine CH-protons, whereas the NH-signals of the Z-
isomers remained sharp and generally shifted to the downfield
region. Moreover, correlations between the olefin CH- and the
pyridyl-H3 protons (compare Scheme 3) existed in 2D-NOESY-
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NMR spectra of the Z-H"-isomers. These observations show
that the addition of TFA not only led to the protonation of the
pyridine moiety but also to exchange with the E-NH proton,
possibly facilitating the enamine = imine tautomerization pro-
cess through the rotation of the iminium group via a C—C
single bond and the formation of thermodynamically favored
Z-H"-isomers.["

Importance of stator

The stator of enamine 1-E, ethyl 2-pyridylacetate, was replaced
by different aryl systems. A phenyl group was first tested,
where both compounds Ph-1-Z (41%) and Ph-1-E (15 %) could
be isolated from the reaction mixture as pure isomers. [somer
Ph-1-E in a CD;CN solution slowly isomerized to isomer Ph-1-Z
with a rate of (8.9240.27) x 107°m 's™' at rt, which was
almost two times faster than the rate of Z—E isomerization
((4.554+0.11) x 107 "M 's™"). However, the E/Z ratio immediate-
ly changed to 27:73 after the addition of 1.0 equiv TFA to
either isomer in CD;CN, accompanied by broadening of the E/
Z-NH proton signals (Scheme 4). The acid induced a large ac-
celeration of the isomerization rates indicating a tautomeriza-
tion mechanism for the E = Z interconversion. A full conver-
sion could not be achieved even when the amount of TFA was
increased to 10 equiv, which resulted in an equilibrium of ap-
proximately 33:67 (Ph-1-E:Ph-1-Z). This ratio did not change
significantly after the subsequent addition of an equimolar
amount of Et;N (Figure S15). The 4-pyridyl stator (4Py-1) exhib-
ited a 10:90 E/Z ratio in CD5CN, the low E-configuration ratio
reflected by the lack of an IMHB between the enamine-NH and
the pyridine ring. Complete switching to enamine 4Py-1-Z-H*
was observed after protonation (Scheme 4, Figure S16).

An analog of enamine 1-E was prepared using a 2-quinolin-
yl-group as part of the stator. Enamine Qui-1-E possessed a
high E/Z isomeric ratio (97:3) in CD;CN under neutral condi-
tions, which subsequently equilibrated to 95:5 after a few
hours. The characteristic 'H-NMR signals of the enamine-NH
were located at 11.81 ppm (E) and 8.75 ppm (2) (Figure 1a)
matching those of switch 1-E. Noticeably, an approximate
1 ppm difference to the downfield region from the NH-signal
of isomer Qui-1-E could be observed compared to that of
isomer 1-E located at 10.80 ppm (Figure 1c), whereas this
chemical shift difference was only 0.14 ppm for their corre-
sponding Z-isomers (Figure Ta and 1c). These differences indi-
cate that the enamine Qui-1-E exhibits a more pronounced
RAHB effect on the N-+-HN H-bonding than that of enamine 1-E
because of the extension of a larger m-system. Since this type
of RAHB effect is much less pronounced in isomer Qui-1-Z, the
extension of the conjugated system results in a larger energy
gap between isomers Qui-1 £ and Z isomers and elevated the
E-isomer to a thermodynamic distribution of 95 %.

In order to completely convert enamine Qui-1-E into its Z-
H™* isomer, 2.8 equivalents of TFA were required (Figure 1b).
This amount is higher than that required to switch enamine 1-
E to 1-Z-H" (2.0 equiv, Figure 1d), which is accounted for by
the lower basicity of the quinoline over the pyridine moiety.
Upon protonation, the proton-signals of Qui-1-Z-H* in the aro-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 4. Enamine-based switch systems with different stators. The stable isomer(s) in solution and the protonated products are shown.
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Figure 1. 'H-NMR spectra (500 MHz) illustrating the two configurations of enamine switches Qui-1 and 1 in CD,CN at 23°C. a) Equilibrium distribution be-
tween isomers Qui-1-E (95 %, blue) and Qui-1-Z (5%, red); b) complete forward switching of Qui-1-E: addition of 2.8 equiv TFA to a) leading to isomer Qui-1-
Z-H™; ¢) Equilibrium distribution between isomers 1-E (90 %, blue) and 1-Z (10%, red); d) complete forward switch of 1-E: addition of 2.0 equiv TFA to c) lead-

ing to isomer 1-Z-H™.

matic region shifted to the downfield region except for proton
H3. In the 2D-NOESY-NMR spectra, a correlation between H3
and C=C—H could be observed only after protonation (com-
pare Scheme 4, Figure $19), demonstrating that the protonated
quinolinyl unit most likely was oriented towards the carbonyl
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ester face in the switched configuration. The complete back-
ward switching process (Figure S17) could be easily accom-
plished by the addition of 3.0 equiv of Et;N to the protonated
isomer Qui-1-Z-H™ (2.8 equiv TFA) in CD,CN.
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Theoretical calculations of the switching process

Isomerization of enamine 1-E to enamine 1-Z under neutral
conditions was first considered. Quantum chemical calculations
were performed using the Gaussian 09 package,'” with the
B3LYP functional™ and the 6-31G(d,p) basis set.™ It is worth
noting that the configuration of the E-isomer ester group
could be neglected in the calculations due to the low energy
barriers for rotation about the C—C bond located between the
enamine C=C bond and the ester group (9.4 kcalmol™). Simi-
larly, the configurations of the pyridyl moiety (6.8 kcalmol™")
and the ester group (12.4 kcalmol™) in the Z-isomer were not
essential. In order to enable rotation around the enamine C=C
bond in isomer 1-E, the bond order of the enamine carbon-
carbon bond should become close to unity. This can be realiz-
ed via a transition state with significant charge transfer from
the enamine to the pyridine ring or via tautomerization to the
imine (Scheme 5).

The calculation results show that the zwitterionic transition
state TS-Rot1 exhibits a high energy barrier of 32.5 kcalmol ™,
which cannot be easily realized at rt. There are two possible
tautomers of enamine 1-E: imines 1-ImA1 and 1-ImB1. Imine
1-ImA1 is less stable (4 15.2 kcalmol™) due to the loss of con-
jugation between the pyridine, imine, and the ester groups.
On the other hand, all three moieties can rotate freely without
forming zwitterionic intermediates. Therefore, imine 1-ImA1
can easily change conformation to imine 1-ImA2 that can po-
tentially tautomerize into enamine 1-Z. Such a switching route
requires imine-enamine tautomerization, where acidic or basic
catalysis is typically applied because a direct [1,3]-hydride shift
is forbidden for geometrical reasons. Given that the concentra-
tion was too low for the enamine to act as an internal proton
acceptor, it is possible that trace moisture from the solvent
could participate in the tautomerization; however, the calculat-
ed transition energy for this process was 35.8 kcalmol™', which
is not consistent with our experimental results. Imine 1-ImB1
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;
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Figure 2. Energy level diagrams for enamine switching process under neutral
and acidic conditions.

can be easily formed via simple proton transfer in a 6-mem-
bered transition state, where the pyridine moiety acts as a
proton acceptor through an RAHB effect. In this case, the barri-
er of rotation around the C—C bond in state TS-Rot3 was
25.1 kcalmol™" (Figure 2), which yields a highly conjugated
imine 1-ImB2, which then tautomerizes to enamine 1-Z. Unlike
other stimuli-induced proton transfer effects, the tautomeriza-
tion in these enamine switches under neutral conditions is an
equilibrium process through a resonance-assisted H-bonding
effect. Such tautomerization was also found in an azo-hydra-
zone tautomerization process."™”

In an acidic environment, however, the complete switching
process is likely to proceed through another mechanism
(Scheme 6). The pyridine nitrogen can easily accept the
proton, disrupting the intramolecular hydrogen bond and facil-
itating the enamine/iminium resonance. This results in a lower
rotation barrier of state TS-Rot4 (18.4 kcalmol™" vs. 25.1 kcal
mol™). The protonated species are also additionally stabilized
(—3.4 kcalmol™) by alternative hydrogen bonding between
the pyridinium and carbonyl groups in enamine 1-Z-H™.

In view of the above, we rationalize that differentiation of
the rotors has a minor influence on the stability of the enam-
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Scheme 5. Plausible routes for enamine switching under neutral conditions; calculated Gibbs energies (kcalmol™') shown.
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ines and the performance of the switching processes; besides,
aromatic rotors exhibit higher initial E-isomeric ratios. In order
to construct efficient pH-responsive enamine molecular
switches, the stator part thus becomes crucial to provide the
driving force and stability: i) a responsive moiety should be in-
stalled to give a complete isomer (1-14, 4Py-1, Qui-1) upon
protonation; ii) the nitrogen atom in these heterocycles (1-14,
Qui-1) located adjacent to the C=C-axle provides a stable
IMHB in the E-configuration and also renders a stable hydro-
gen bond with the ester group after protonation. The exten-
sion of the stator to a quinolinyl-group supplies a significant
increment of the E-isomeric equilibrium distribution to 95%
under neutral conditions via an RAHB effect, which, with fur-
ther modifications, holds the potential to achieve a complete E
(100%) = Z (100 %) isomerization switch.

Constitutional enamine exchange
Structure-activity relationship of competing rotors

The dynamic features concerning the constitutional exchange
characteristics of the switch rotor part were next systematically
investigated. The tested competing rotors ranged from primary
aromatic amines to aliphatic amines, including amino acid de-
rivatives bearing a variety of functional groups. Compound 1-E
was first chosen as system component together with different
amine reactants in order to generate dynamic systems contain-
ing four isomeric enamine species and two amines as illustrat-
ed in Scheme 7. Enamine 1-E and the amines were mixed in
1:1 ratios (0.03 mmol) in CD;CN (0.5 mL) in NMR tubes, and the
experiments were implemented at 60 °C. The exchange process
was followed by 'H-NMR spectroscopy and the obtained re-
sults are presented in Table 1, Entries 1-12.

CD4CN, 60°C
1-E + R-NH,

A2-A13

;g
d*

2-13-E

(- +amines

At 60°C, all tested amines (A2-A13) were capable of ex-
change with glycine methyl ester, the rotor of compound 1-E,
leading to the formation of dynamic enamine systems contain-
ing new enamine switches. The enamines showed generally
good stability during the exchange processes, and no decom-

Table 1. Enamine exchange between enamine switches and primary ami-
nes[a]

Entry Enamine/Amine ke [IM~"h~"]®! Selectivity' Ko

1 1-E/A2 2.01 1.27 1.62

2 1-E/A3 3.03 1.56 2.45

3 1-E/A4 2.58 2.03 4.12

4 1-E/A5 0.97 0.61 0.38

5 1-E/A6 0.10 0.1 0.01

6 1-E/A7 0.55 0.45 0.2

7 1-E/A8 2.03 2.03 4.12

8 1-E/A9 5.08 0.67 0.44

9 1-E/A10 0.052 2.23 4.95

10 1-E/A11 0.091 1.63 2.66

1 1-E/A12 0.01 n.d.” n.d.®
12 1-E/A13 0.030 n.d. n.d.?
13 11-E/A1 0.56 0.82 0.67

14 4-E/A9 4.27 0.79 0.62

15 9-E/A4 3.13 1.22 1.49

16 11-E/A4 1.09 1.33 1.76

17 4-E/A11 0.075 0.85 0.73

18 10-E/A11 0.07 n.d. n.d.®
19 11-E/A10 0.04 n.d.® n.d.®
[a]l Enamine (0.03 mmol), amine (0.03 mmol) in CD;CN (0.5 mL), 60+1°C,
monitored by following changes of the most separated enamine signals
in "H-NMR spectra at 23°C, data were collected as the average of two in-
dividual experiments. [b] Calculated by nonlinear regression analysis to-
wards standard reaction model (see Supporting Information). [c] Ratio of
[Enamine exchanged]/[Enamine original] at equilibrium. [d] Ratio of [En-
amine exchanged]z/(1f[Enamine exchanged]?) at equilibrium. [e] Not de-
termined due to long reaction time.
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Scheme 7. Dynamic enamine system formation between enamine 1-E and amines A2-A13 in CD,CN at 60 °C.
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position was observed within several days under the tested
conditions. It was noticed that amine A9 displayed the highest
exchange rates (5.08 M~ 'h™") with enamine 1-E, which is more
than 55-fold higher than the most basic amine A11
(0.091 M~ 'h™") and ca. 460-fold faster than aromatic amine A12
(0.011 M "h™"). Moreover, amines derived from amino acids
generally exhibited higher rates than other amines. It is clear
that the aromatic amines (A12, A13) demonstrated the lowest
rates because of their weaker nucleophilicities; however, this is
not the most important factor that affects the reaction rates
among aliphatic amines.

For instance, the reaction rate of amine A3 was approxi-
mately 30 times higher than that of amine A11 despite show-
ing almost three orders of magnitude weaker basicity,"® due
to the electron-withdrawing methyl ester in amine A3. Similar
results could also be recorded in the group of amines A2/A10.
These unusual results indicate that the ester groups in the
amino acid derivatives (e.g., A2, A3) play a more pronounced
role in facilitating the equilibria process than the correspond-
ing nucleophilicities of the amino groups (e.g., A10, A11),5%"7
directing us to more thoroughly investigate the constitutional
exchange process, especially the aspect of the structural effect
of competing amine rotors.

Four sets of enamine/amine pairs were subsequently em-
ployed to generate dynamic enamine systems containing 0, 1,
or 2 amino acid-derived amines by double-entry-point analysis
under the same conditions (Scheme 8),""® where the results are
presented in Table 1, entries 13-19. The same equilibrium
ratios, within the limits of the experimental error, were reached
in each group, denoting the thermodynamic control in the dy-
namic enamine exchange process. Interestingly, pairs 10-E/A11
and 11-E/A10 showed very low rates during the equilibration
process (0.07m™'h™" and 0.04m 'h™', respectively), in which
no amino acid-derived amines participated. The kinetics re-
mained slow (less than 0.01 M "h™") when amine A11 was al-
lowed to react with enamines 1-E/4-E; however, the rate in-
creased approximately 6-fold for glycine amino methyl ester
(A1), and 13-fold for methionine amino methyl ester (A4), in
reactions with enamine 11-E. The acceleration turned more
conspicuous, reaching up to 100-fold in the set of 4-E/A9 and
9-E/A4, where both the rotor and the competitor contained
ester groups. These results imply that the ester groups in the
amino acid-derived amines most likely promote the exchange
process by stabilizing the transition states through IMHBs. This,

number of amino acid esters
acting as rotor or competitor

° 10-E+ A11 CD4CN, 60°C
10-E+ Atq —CDCN.60°C_ <« J1E+A10 0
slow 11-E + A10 slow
o 11-E+ A1/4 CD4CN, 60°C
11-E+ Atig —CD3CN. 60°C R E39YT 1
medium 1/4-E+ A11 slow
X 4-E+ A9 CD4CN, 60°C
4E + pg DN 60°C 2 9-E+A4 2
fast 9-E+A4 fast

Scheme 8. Dynamic enamine system generation from two-entry-point of
four sets of substrates in CD,CN (0.5 mL) at 60°C; relative kinetic rates (cf.
Table 1) shown for comparison.
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in turn, can facilitate the proton transfer process.'” The ester
groups in the enamines probably also take part in this process
further reducing the activation energy because of the better
proton affinity to the C=0 moiety in comparison with the ni-
trogen atom ¥

In addition, a significant influence of the nature of the sol-
vents on the reaction rates was observed (Table 2). Toluene-d,
significantly retarded the equilibrium process between enam-
ine 1-E and amine A2 compared with CD,CN, indicating that
the rate-determining step (RDS) goes through a polar TS. More
interestingly, the reaction in CD;0OD showed a slower progress
than in CD;CN, excluding the possibility of the solvent acting
as a proton shuttle;*® [DJDMSO unexpectedly slowed down
the reaction to the level of other non-amino acid-derived
amines, which suggests that the strongly coordinating
[D¢]DMSO diminishes the IMHB stabilization between the
amino proton and the ester in TS by intermolecular hydrogen
bonding.”"

As demonstrated, the presence of pyridine and ester moiet-
ies adjacent to the enamine switch axle enabled tautomeriza-
tion to form imine/iminium ion intermediates, thereby facilitat-
ing the switching process. This possibility of the imino-form
co-existing with the enamine moiety also makes the switches
susceptible to exchange with amines."®?? Thus, the enamine-
amine exchange process would likely occur via the more stud-
ied transimination procedure (Scheme 9).”' The addition of
primary amines to the enamine-imine tautomeric mixture re-
sults in proton transfer in transition state TS1. The results sug-

Table 2. Enamine exchange between enamine 1-E and amine A2"

Entry solvent ke M~ Th"]®! Selectivity™ Ko
1 CD,CN 2.01 1.22 1.49
2 CD;0D 0.32 117 1.38
3 [DJDMSO 0.047 nd.® n.d.
4 Toluene-d, 0.07 n.d. nd.®

[a] Enamine 1-E (0.03 mmol), amine A2 (0.03 mmol) in corresponding sol-
vent (0.5 mL) at 60+ 1°C, monitored by following changes of the most
separated enamine 'H-NMR signals at 23°C. [b] Calculated by nonlinear
regression analysis towards standard reaction model (see Supporting In-
formation). [c] Ratio of [Enamine 2]/[Enamine 1] at equilibrium. [d] Ratio
of [Enamine 2]%/(1—[Enamine 2]%) at equilibrium. [e] Not determined due
to long reaction time.

Ry Ry Ri Ry Ry
yN LN Ry,—NH; HN.__NH yN
- i H iminati -
N | o N _ o addition No o elimination Ng | o
i ‘ TS1 i -Ry-NH,
— O\I _— O\I proton transfer _— O\I > oW
-0 O— Oo— -
’O'u,/ :o_ p_ Ry~ H® R,
,,,,, e} Ryey o HO NG
Ry 7N Ry NCONTTR, H
© H or H o NHA_O_-
NH_A\_O._ NH_A_O._~ i
= o
I = o I = o
TS-1A TS-1B TS-1C

Scheme 9. General representation of the addition/elimination steps in the
enamine exchange process. The plausible transition states of proton transfer
processes from different starting enamine/imine combinations are illustrat-
ed.
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gest that the transfer occurs between two amino groups
through a 4-membered cyclic structure due to the favored
polar feature, forming a transient aminal intermediate. This, fol-
lowed by elimination, generates a new dynamic enamine
system.

The ester groups in amino acid-derived amines likely assist
in reducing the TS energy through an IMHB in the proton
transfer step (TS-1A, TS-1B), and an even lower TS activation
energy can be achieved when the other enamine ester group
enhances the stabilization effect. Basically, towards enamine 1-
E, the k; increases with increasing pK, of the amines containing
ester groups (Table 1, A2~A8 < A4 <A3 <A9). A relatively low
reaction rate (0.1mMm 'h™' and 0.55m 'h™") for amines A6/A7
(Table 1, entries 5,6) implies that heterocycles interfere with the
IMHB between the ester and amino proton most likely in the
elimination step. Besides, the (-alanine methyl ester (A5) ex-
hibited a moderate reaction rate considering its higher pK,
value than glycine methyl ester, which is a sign of the steric
effect interfering with the double stabilization in transition
states TSTA or TS2A due to a larger six-membered IMHB in
this case.

In the enamine/amine exchange process, the experimental
K., values were generally biased towards the enamine incorpo-
rating the more basic amine in the cases involving no or one
amino acid ester (Table 1, entries 9-13, 15-19), which is similar
to transimination processes."“'** However, no clear conclu-
sion could be drawn for the exchange process of both enam-
ine and amine-containing amino acid esters.

Additive effects

We recently found that Brensted and Lewis acids could effi-
ciently catalyze the enamine exchange with secondary ami-
nes.B”’ Sc(OTf); and Bi(OTf); were able to accelerate the ex-
change processes more than 300-fold in certain cases. Such
catalytic effects were also investigated in other C-N-type bond
exchange processes, for example, transimination and hydra-
zone exchange.®'” This acidic activation occurs mainly by pro-
viding protons to avert any negative charge accumulation on
the electrophile or by the polarization of the imine bond with
metal ions to aid the nucleophilic attack.”™ This acceleration
behavior was next studied with the present enamine systems,
and the effects of acids on the enamine-amine exchange were
evaluated between enamine 1-E and primary amine A2 in
CD,CN at 60°C. The progress was followed by 'H-NMR spec-
troscopy and the results are presented in Table 3 and Figure 3.

First, a series of acids including Bi(OTf);, Sc(OTf);, Zn(OTf),,
Cu(OTf), and TFA were tested separately with a loading of
5mol%. The reaction with Bi" displayed the highest rate,
showing an approximate five-fold increase reaching
9.36 M "h'(Table 3, entry 2). Other Lewis acids, Sc(OTf); and
Zn(OTf),, also exhibited good catalytic effects (Table 3, en-
tries 3,4). The reaction with Cu(OTf), started smoothly; howev-
er, decomposition/byproducts became more noticeable before
the equilibrium was reached. In contrast, 5 mol% addition of
the Brensted acid TFA only showed a small rate enhancement
(Table 3, entry 6).
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Table 3. Enamine exchange between enamine 1-E and amine A2 with
acidic additives™

Entry Additive Loading ke Acceleration'? Selectivity'” K.,

amount M~Th"®
1 None - 2.01 1 1.27 1.62
2 Bi(OTf); 5 mol% 9.36 466 1.08 117
3 Sc(OTH; 5 mol% 6.69 333 1.70 2.90
4 Zn(0Tf), 5 mol% 7.37 3.67 1.22 1.49
5 Cu(OTf), 5mol% 6.51 3.24 nd!f n.d.!f
6 TFA 5 mol % 2.34 1.17 133 1.76
7 Bi(OTf); 2 mol% 458 228 117 1.38
8 Bi(OTf); 10mol%  18.41 9.17 1.00 1.00
9 TFA 20mol%  5.903 294 0.69 0.48
10 TFA 50mol%  13.37 6.66 0.96 0.92
11 TFA 100 mol%  20.35 10.13 15 225
12 TFA 350 mol% 0.87 0.45 1.27 1.62

[a] Enamine 1-E (0.03 mmol), amine A2 (0.03 mmol) in CD,CN (0.5 mL),
60+ 1°C, monitored by following changes of enamine signals in 'H-NMR
at 23°C, data were collected as the average of two individual experi-
ments. [b] Calculated by nonlinear regression analysis towards standard
reaction model (cf. Supporting Information). [c] ki/k¢ .- [d] Ratio of [En-
amine 2]/[Enamine 1] at equilibrium. [e] Ratio of [Enamine 21%/(1—[Enam-
ine 2]9) at equilibrium. [f] Equilibrium was not reached due to side reac-
tions.
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Figure 3. Enamine exchange process between enamine 1-E (0.03 mmol) and
amine A2 (0.03 mmol) in CD;CN (0.5 mL) at 60+ 1°C affected by a) addition
of 5mol% (@) TFA, (O) Zn(OTf),, (W) Sc(OTf);, (A)Bi(OTf);; b) addition of
specific equivalents TFA (@) 0.2, (A) 0.5, (W) 1.0, ((1) 3.5 and Et;N (O) 0.5,
(x) 1.0, (¢) 2.0. Control experiment (M) indicated in both cases. Total forma-
tion of enamine 2 (E + Z/Z-H™) determined by 'H-NMR spectroscopy at
23°C.

The effects of the Bi"-loading were then studied on the
model reaction. After the addition of Bi(OTf); to the pre-mixed
enamine 1 and amine A2 in CD;CN, the "H-NMR spectra clearly
displayed broadened enamine E/Z-NH signals with increased
loading, indicating coordinating effects with the metal ions.
Additionally, the equilibrium ratio of isomer 1-Z increased from
10% (no catalyst) to 25% (10 mol% Bi") with its signals slightly

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202003478

shifted to the downfield region. Similar spectra were also re-
corded in the cases of Zn"-, Cu"- and Sc"-addition, which dem-
onstrated that Lewis-acidic metal ions were able to catalyze
the switching by coordination. Moreover, the free amine NH,
signals shifted downfield due to the coordination effect with
the metal ions.

The coordination effect between the amino groups in the
enamine/amine and the Bi" ion is able to assist the nucleophil-
ic attack as well as lowering the energy barrier of the proton
transfer process. A linear relationship of the k; with the Bi"-
loading (0-10 mol%) was observed, suggesting a first order
dependence on the catalyst (Table 3, entries 1,2,7,8, Fig-
ure S20). Thermodynamically, the fraction of enamine 2 in the
equilibrated dynamic system gradually decreased from 56 % to
50% as the loading of Bi" was increased to 10 mol %.

The intrinsic excellent stability of the enamine molecular
switches towards a large excess of TFA, as described earlier,
allows for catalysis of the exchange process of system 1-E/A8
by addition of TFA up to ca. one equiv, whereas the reverse
effect resulted from the addition of Et;N or higher amounts of
acid. The effects of the H"-addition were also followed in the
model transenamination process. A proportional acceleration
rate with the acid loading was observed up to 1.0 equiv (Fig-
ure S21), resulting in a 10-fold increase as 1.0 equiv of TFA was
applied, while the addition of excess acid (3.5 equiv) slowed
down the exchange process to 0.87m~'h™. On the other
hand, the addition of Et;N (0.5-2.0 equiv) inhibited this dynam-
ic process completely, showing less than 1% conversion after
approximately 20 h without degradation.

The catalytic performance of Bi" was then evaluated for
other substrates (Table 4). A 5 mol% loading presented a mini-
mum 2-fold acceleration compared with the corresponding un-
catalyzed reactions shown in Table 1. Interestingly, the addition
of Bi" exhibited considerable acceleration in the cases with rel-
atively slow rates in Table 1. Especially for 1-E/A12-system, a
36-fold acceleration enabled the exchange process to occur

Table 4. Enamine exchange between enamine switches and primary
amines with loading of 5 mol% Bi(OTf); ©

Entry Enamine/Amine K [M'h™ "1 Acceleration® Selectivity® K.,

1 1-E/A3 6.65 2.2 133 1.76
2 1-E/A4 6.27 24 138 191
3 1-E/A6 1.85 19.1 0.12 0.02
4 1-E/A7 6.27 1.4 0.59 0.34
5 1-E/A8 7.31 3.6 1.78 3.16
6 1-E/A10 1.17 225 1.04 1.08
7 1-E/A11 0.31 3.4 1.63 2.66
8 1-E/A12 0.40 36.0 1.08 1.17
9 11-E/A1 2.82 5.0 0.72 0.52

[a] Enamine (0.03 mmol), amine (0.03 mmol) and Bi(OTf); 5 mol% in
CD;CN (0.5 mL), 60+1°C, monitored by following changes of enamine
signals by "H-NMR at 23 °C, data were collected as the average of two in-
dividual experiments. [b] Calculated by nonlinear regression analysis to-
wards standard reaction model (see Supporting Information). [c] ke/kuncatr
ki uncat Were the corresponding rates in Table 1. [d] Ratio of [Enamine ex-
changed]/[Enamine original] at equilibrium. [e] Ratio of [Enamine ex-
changed]?/(1—[Enamine exchanged]?) at equilibrium.
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smoothly with aromatic amines. Similar to the model reaction
(1-E/A2), with the addition of metal ion, the equilibrium frac-
tion of newly formed enamine also decreased slightly.
Additionally, the TFA effects were investigated in the ex-
change process of enamine 1-E with aliphatic and aromatic
amines (Table S1-3). An optimal amount of acid could acceler-
ate the dynamic process, however, the acceleration proved
highly related to the basicity of the amines. Similarly to the
model reaction, the TFA effect on the exchange reaction 1-E/
A9 resulted in acceleration when 0.2 to 1.0 equivalents were
applied, while inhibiting the process with 2.5 equivalents. To-
wards enamine 1-E, the accelerating effect of the exchange
with amine A5 was insignificant and the inhibitory effect took
place after the addition of 0.5 equivalents of TFA. However, for
aromatic amine A13, the addition of 0.2 to 1.0 equivalents of
TFA showed a noticeable acceleration (up to 77-fold), excess
amounts of TFA (2.5 equiv) still gave a 73-fold enhancement
likely because of the lower basicity of the aromatic amine.

Conclusions

In summary, coupled configurational and constitutional dy-
namics based on enamine molecular switches have been sys-
tematically studied. The enamine switches could be readily ob-
tained through a one-step condensation of primary amines
with the stator compounds. In order to achieve complete acid/
base-dependent switching around the enamine double bond,
pH-responsive moieties, such as 2-pyridyl and 2-quinolinyl
units, were required on the stator part, also providing enamine
stability through IMHB effects. Having 2-pyridyl as the stator,
the switching efficiency and the stability of the switches were
found to be correlated. By extending the stator m-system in
the 2-quinolinyl derivative, a higher E-isomeric equilibrium
ratio was obtained under neutral conditions, thus indicating a
means to obtain quantitative forward/backward isomerization
processes. Dynamic constitutional systems can be easily gener-
ated from enamines undergoing exchange with various
amines. Generally, considerably higher exchange rates were
observed with amines containing ester groups, indicating po-
tential stabilization of the TS trough IMHB by the ester groups.
Various acids, particularly Bi", were found to efficiently catalyze
the dynamic processes, especially in cases exhibiting slow, un-
catalyzed kinetics. The addition of excess amounts of TFA led
to inhibition of the dynamic exchange in certain cases. Under
basic conditions, in contrast to imines, the enamines studied
exhibited high stability and no exchange with primary amines.
This potentiates orthogonal switching and exchange, where
dynamic systems of varied configuration states can be ac-
cessed through orthogonal reactions. This novel type of
double dynamic system, operating under both configurational
and constitutional regimes, enables a range of potential appli-
cations. We thus envision that the switches, for example, can
be exploited as elements at surfaces and within materials, with
the potential for applications in drug delivery and/or nano-
technology. Besides, the properties of dynamic materials can
be controlled by regulating the complexity of the dynamic sys-
tems.
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