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Chalcogen bonds as a type of supramolecular interactions have been attracting increasing attention, and
studies on their regulating mechanisms are of importance. Herein, we demonstrate the interplay between
chalcogen bonds and dynamic covalent chemistry (DCC) toward the investigation of chalcogen bonding
and control over imine systems. The intramolecular Chal---O/N chalcogen bonding was revealed to
modulate the conformational preference of ortho-chalcogen benzaldehydes and associated imines. The
role of chalcogen bond in shifting dynamic imine exchange was systematically studied, with chalcogen
bonding significantly decelerating the kinetics, while thermodynamically stabilizing the imines.
Computational studies further unraveled mechanistic insights for chalcogen bonding, with orbital and
electrostatic interactions accounting for the major contribution. Moreover, orbital interaction mainly
makes up the difference from S to Te, and tellurium enables the strongest interaction, in line with the
largest effect of Te on the movement of the imine exchange equilibrium. By utilizing the effects of chal-
cogen bonds on imine DCC, the reversal of the thermodynamic and kinetic selectivity of dynamic
covalent systems was controlled. The results should open up opportunities for molecular recognition,
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Introduction

Chalcogen-chalcogen contacts are widespread in chemistry,
and as one class of emerging non-covalent bonding forces, chal-
cogen-bonding interactions have been creating intensive inter-
est in recognition, assembly, catalysis, and drug design.'”
Considered as a sister interaction of halogen bonding,
chalcogen bonding is generally viewed as one type of “c-hole
interaction”.®*™* In addition to electrostatic interactions, n — o*
orbital delocalization contributes greatly to chalcogen bonding,
as revealed by extensive experimental and theoretical
studies.*'*™® As a building motif for molecular recognition,
novel chalcogen bond-based hosts have been developed for
anion binding and transport."'®™*° Moreover, chalcogen bonds
have been employed for driving supramolecular assemblies,
including those in solution, solid-state, and interfaces.”*>*
Analogous to hydrogen bonding, chalcogen bonding catalysis is
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capturing attention in organocatalysis, such as in carbonyl
activation.”®>® In addition, by taking advantage of its direc-
tional effect, chalcogen bonding offers a handle for regulating
the conformation of drug molecules, reactive intermediates, as
well as organic optoelectronic materials.”**>> Therefore, the
development of new structures, regulating mechanisms, and
applications of chalcogen bonding is of great significance.

Through reversible formation, breakage, and exchange of
covalent bonds, research on dynamic covalent chemistry
(DCC) has extended the realm of supramolecular chemistry
and found broad utility in the construction of molecular
assemblies and functional materials.***° The interplay
between dynamic covalent and non-covalent interactions has
become a powerful tool for modulating DCC and concomi-
tantly provides a versatile platform for probing and regulating
weak bonding forces.*'™*® However, the use of chalcogen
bonding in DCC has virtually escaped attention.*® Recently, we
demonstrated the capability of n — =n* orbital interactions for
controlling the formation and exchange of imines, one of the
most employed dynamic covalent bonds.’*" Inspired by these
studies, we were further interested in exploring the influence
of chalcogen bonding and DCC on each other. With aldehyde
as the central functional group in DCC, the manipulation of
non-covalent chalcogen---O interactions would offer new possi-
bilities for DCC endeavors.

Instead of using heterocycles, we focused on aromatic
thioether/selenoether/telluroether as chalcogen bond donors
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in light of their structural variability and facile accessibility.
Considering the amphoteric behavior of chalcogens, the ether
analogs have been commonly employed as Lewis bases and
metal ligands,>** and their associated chalcogen bonding as
electron acceptors is relatively underexplored. We have postu-
lated that the incorporation of sulfur, selenium, or tellurium
on the ortho position of aromatic aldehydes (1, Fig. 1a) could
give rise to intramolecular chalcogen:--O contacts. Moreover,
such chalcogen bonding interactions could be regulated
through intermolecular dynamic covalent reactions (DCRs)
with amines to afford imines (2) due to varying electron-donat-
ing ability between the aldehyde oxygen and imine nitrogen.
In the current work, the chalcogen bond and its interrelation
with the imine bond were explored through the strategy of
DCC. The modulation of chalcogen bonds within aldehyde/
imine structures, as well as underlying contributing factors
and interacting strengths, was elucidated. The impact of chal-
cogen bonding on the kinetics and thermodynamics of imine
exchange was systematically examined. The unique reactivity
also allowed the reversal of the thermodynamic and kinetic
selectivity of dynamic covalent systems. The mechanistic
insights revealed lay the foundation for molecular assemblies
and related functionalization studies.

Results and discussion
Synthesis and structural analysis

With the concept in place, a suite of ortho-chalcogen benzal-
dehydes (1, Fig. 1a and Scheme S1}) were prepared through
nucleophilic aromatic substitution reactions, with para-chalco-
gen benzaldehydes (3) and their imines (4) as controls
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(Fig. 1b). Crystal analysis was employed to identify potential
weak interactions within aldehydes and their imines. Taking 1
(SePh) as an example, the selenium atom and aldehyde unit
adopt a planar configuration relative to the benzene ring, with
a distance of 2.79 A for Se--O (Fig. 1c). These results are
indicative of a chalcogen bonding interaction between the
aldehyde oxygen and selenoether. Furthermore, the oxygen
atom resides along the axis of the C-Se bond, supporting the
directionality of the interaction. Intermolecular C-Se/x and n
stacking interactions could also have a stabilizing effect on
crystal packing (Fig. $211).>*>* Similar solid-state structures
were obtained with 1(SPh) (S---O 2.81 A) and 1(TePh) (Te---O
2.78 A) (Fig. S217). The presence of the Chal---N chalcogen
bond was confirmed with p-anisidine-derived imines 2(SePh)
(Se-N 2.74 A) and 2(TeMe) (Te---N 2.82 A) (Fig. 1c).

To explore the conformational effect of the chalcogen bond
in solution, DFT calculations were conducted for aldehyde 1
and imine 2 with M06-2X-D3/def2-TZVP/IEF-PCM (acetonitrile).
Both open and closed conformations were considered, with
closed conformer 1 exhibiting chalcogen bonding (Fig. 2a).
Taking 1(SePh) as an example, the major conformer 1 was
identified from the torsion scan (Fig. 2a and S22+), and closed
conformer 4 is neglectable (~4 kcal mol™" higher), likely due
to electronic repulsion between phenyl and oxygen lone pairs.
The distribution of 1(SePh) is shown in Fig. 2b, with 88%, 6%,
and 5% for the populations of conformers 1, 2, and 3,
respectively. There is an increasing trend in the amount of
conformer 1 for S, Se, and Te, with conformer 1 (>99%) being
dominant for 1(TePh) and 2(TePh). Moreover, a similar
sequence was unraveled for 1(ChalMe) and 2(ChalMe), and 1
(TeMe) and 2(TeMe) exist as conformer 1 (>99%) (Fig. S237).
The dependence of the conformational distribution on the
type of chalcogen atom indicates the stabilizing role of
chalcogen bonding, for which Te would afford the strongest
interaction.'™%*172¢

The effect of chalcogen bonding on imine exchange

In the next step, we investigated the impact of chalcogen
bonds on the formation and exchange of imines. DCRs of alde-
hydes (1) with 1-butylamine were run in CD;CN with molecular
sieves present, and the quantitative formation of imines (2)
was detected (Fig. 3A and S24-S507). Moreover, the rate for
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Fig. 2 (a) The open and closed conformations of 1(ChalPh) and 2
(ChalPh). (b) Comparison of conformer distribution of 1(ChalPh) and 2
(ChalPh) obtained by DFT calculations.
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Fig. 3 (A) 'H NMR spectra of 1(TePh) (a), 5 (b), 2(TePh) (c), 6 (d), and imine exchange (e) in CDsCN. (B) Kinetic profile of the one-pot reaction of 1
(TePh), 5 (1.0 equiv.), and 1-butylamine (1.0 equiv.) in CDsCN. The y-axis Q is referred to as the reaction quotient. The corresponding plot of 1(SePh)
is shown in the inset. (C) Comparison of imine exchange reactions 1 and 2. (D) Summary of equilibrium constants of imine exchange reactions 1 and

2. (E) Illustration of the resonance effect and chalcogen bonding.

imine formation had the following order for 1(ChalPh): Te < Se
< S (Fig. S25, $28, and S317). In order to quantify the role of
chalcogen bonding on imine DCC, a series of aldehyde compe-
tition experiments between 1 and benzaldehyde (5) for reac-
tions with 1-butylamine were conducted with 5 and its imine
(6) as the reference (exchange 1, Fig. 7A and C). As recently
shown by us with = stacking®® and n — n* interactions,”®”" the
shift in the dynamic covalent exchange equilibrium would
serve as a barometer for probing chalcogen bonds.

Imine 6 was created predominately at the early stage fol-
lowed by a slow exchange with aldehyde 1 to afford imine 2.
It took approximately 55, 140, and 340 days for the exchange
of 1(SPh), 1(SePh), and 1(TePh) to equilibrate, respectively
(Fig. 3B and S54-S597%). The sluggish aldehyde exchange is
likely due to the lack of water in the reaction media since the
hydrolysis of imine created initially to recover the original
aldehyde and amine is required for its reaction with the
second aldehyde.’® The trend of the rate for imine formation
and exchange (Te < Se < S) can be interpreted with reso-
nance-assisted chalcogen bonding, which imparts aldehyde/
imine partial single bond character and thereby their de-
activation (Fig. 3E). Such a regulating mechanism is different
from chalcogen bonding catalysis, which could activate the
carbonyl group.>® 2%
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The exchange between 1(SPh) and 6 afforded an equili-
brium constant (K) of 2.0, in favor of 2(SPh) and 5. A similar
trend was observed for 1(SePh), with a K value of 1.7. The
largest K value was obtained with 2(TePh) (8.2, Fig. 3A and D).
The sequence of calculated K values (Te > S > Se) further con-
firmed the experimental data (Table S31). We rationalized
these results as follows. Intramolecular chalcogen bonds play
a stabilizing role in aldehyde 1/imine 2, and with imine nitro-
gen being a better electron donor than the aldehyde oxygen,
imine 2 would accumulate. The sequence of equilibrium con-
stants is largely in line with the capability to form chalcogen
bonds (Te > Se ~ S). The anomaly of sulfur could be attributed
to the lack of conformer 1 (18%) in 2(SPh) and thus decreased
contribution of the chalcogen bond.

In order to discriminate chalcogen bonding from the pure
resonance effect, analogous aldehyde exchange reactions were
performed with 3 as a control (exchange 2, Fig. 3C and S60-
S6271). As in the case of the ortho-substituted aldehyde and
imine (1 and 2), the resonance between the para-chalcogen
and the aldehyde/imine (3 and 4) is plausible, but not chalco-
gen bonding (Fig. 3E). An equilibrium constant near unity was
afforded for 3(SPh), 3(SePh), and 3(TePh), significantly smaller
than the data for the corresponding 1(ChalPh) (Fig. 3D). These
results strongly corroborate the importance of chalcogen

This journal is © the Partner Organisations 2022
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bonding in shifting the equilibrium of imine exchange for
aldehyde 1/imine 2.

The origin of chalcogen bonding

Energy decomposition analysis (EDA) has been gaining
increasing popularity in exploring the nature of non-covalent
interactions.””"®* To probe intramolecular contact, generalized
Kohn-Sham energy decomposition analysis (GKS-EDA)** %’
was used to calculate the total interaction energy of 1/2 and
dissect the contributing factors to chalcogen bonding by the
modified GAMESS package.®® GKS-EDA divides the total inter-
action energy (AE™") into electrostatic (AE®'®), exchange-repul-
sion (AE™"P), polarization (AEP*'), correlation (AE®™), and
dispersion (AEYP) terms as follows in eqn (1).

AETOT — AEele 4+ AESXTeP AEpol 4+ AECOT —l—AEdiSp (1)

The exchange-repulsion term (AE®™P) is associated with
Pauli repulsion representing an unfavorable repulsive com-
ponent as a result of the overlapping electron densities of the
interacting groups and is also reflective of steric interaction.
The polarization term (AEP®) is associated with orbital inter-
action. The correlation term (AE®") is the contribution of the
correlation energy.®®> %’

The same level of M06-2X-D3/def2-TZVP was also employed
for GKS-EDA calculation (Tables S4 and S5%). Both closed con-
former 1 and open conformer 2, for which the difference lies
in chalcogen bonding or not, were considered for EDA analysis
(Fig. 4). The values of AE™" of conformer 1 of 1(ChalPh) and 1
(ChalMe) were found to have a decreasing trend (i.e., more
favorable) from S to Te, suggesting the strongest chalcogen
bonding with Te (Fig. 4a). It is notable that polarization and
electrostatic terms (negative), as well as exchange-repulsion
energies (positive), increase from S to Te with significant
values. In contrast, only small dispersion and correlation
terms were found. Analogous results were obtained with con-
former 1 of 2(ChalPh) and 2(ChalMe) (Table S47).

The percentage contributions of attractive components,
including electrostatics, polarization, dispersion, and corre-
lation, are chalcogen and substituent dependent (Fig. 4b).
Both electrostatic and polarization terms play a significant role
(around 80%) in chalcogen bonding with similar percentages,
while the contribution of the dispersion term is minor (less
than 10%). More importantly, the percentage of AEP°!
increases from S to Te within each compound series (ie., 1
(ChalPh), 1(ChalMe), 2(ChalPh), and 2(ChalMe)), and the per-
centage of AE®'® remains consistent for S, Se, and Te (change
within 5%). For example, polarization and electrostatics
amount to 51% and 40% for 1(TePh). These results demon-
strate the significance of orbital interaction in dictating the
variation of chalcogen bonding from S to Te. Furthermore, the
difference (AAE™T) between interaction energies of closed
and open conformers is listed (Table S6t), and an excellent
linear correlation was obtained between AAE™T and calcu-
lated conformational energy difference (R* = 0.979, Table S61).
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Fig. 4 (a) Total and dissected interaction energies for conformer 1 of
aldehyde 1. (b) Percentage contributions of attractive components to
the total attraction for 1/2.

The strength of chalcogen bonding

As another useful tool for probing supramolecular inter-
actions, natural bond orbital (NBO) analysis was performed for
conformer 1.°%7° Taking 1(TePh) as an example, the alignment
and overlap of the o* orbital of the C(Ph)-Te bond and two
oxygen lone pairs of the aldehyde confirmed n — o* orbital
interactions for C=0---Te chalcogen bonding (Fig. 5a). The
stabilization energy, calculated based on the second-order per-
turbation theory (AE”), provides an estimation of interacting
strength and is —7.25 kcal mol™ for 1(TePh) (sum of —2.23
and —5.02 kcal mol™). In addition, n — o* orbital delocaliza-
tion in 1(SPh) and 1(SePh) afforded the interaction energy of
—3.19 and —4.58 kecal mol™, respectively (Fig. 5b and $237).
Such an order (Te > Se > S) parallels the conformational distri-
bution and EDA analysis described above.

There is an enhancement in NBO values for imines as com-
pared to associated aldehydes, with n — ¢* NBO stabilization
energies of —3.40, —5.51, and —11.15 kcal mol™" for 2(SPh), 2
(SePh), and 2(TePh), respectively (Fig. 5b). The higher NBO
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Fig. 5 (a) NBO orbitals and stabilization energies of n — c* interactions
in 1(TePh) and 2(TePh). (b) Correlation of n — ¢* NBO values for 1/2 with
the differences (AAEP®) in dissected energies of the polarization part of
conformers 1 and 2 of 1/2.

energy of the chalcogen bonding of imines (2) than their alde-
hydes (1) falls in line with the stronger electron-donating
ability of imine nitrogen. A similar sequence on NBO values of
chalcogen bonding was found for 1(ChalMe) and 2(ChalMe),
albeit with a decreased strength as compared to their phenyl
analogs (Fig. S65 and S66+). With sulfur or selenium, the trend
of the n — o* NBO energy of aldehyde 1 and associated imine
2 is different from conformational distribution. In order to
align with each other for chalcogen bonding, close contact
between the chalcogen atom and aldehyde oxygen/imine nitro-
gen would lead to electronic and steric repulsion. The strong
chalcogen bonding of Te containing aldehyde/imine renders
the closed conformer 1 overwhelming. For S and Se, two oppo-
site effects could rival each other, thus leading to the rising of
other conformers, especially 2(SPh) and 2(SePh) due to the
greater bulkiness of the imines. Such a rationalization is in
agreement with EDA results. Furthermore, the n — ¢* NBO
values correlated well with the change (AAEP®) in dissected
energies of the polarization term upon flipping from open to
closed conformation (R*> = 0.966, Fig. 5b).

NCI (non-covalent interaction) analysis supported the
Chal---O/N chalcogen bond within conformer 1 (Fig. S67 and
S68t), which was further validated by the existence of a bond
critical point (BCP) (3, —1) in the topological analysis”"”> of
the electron density distribution (Fig. S69 and S707t). More pro-
perties of these BCPs calculated by Multiwfn”> revealed a low
magnitude of electron density (ppcp 0.018-0.026), positive
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Laplacian values (V?p(r) 0.060-0.070), and approximately zero
energy density (H(r)), which were typical for non-covalent inter-
actions (Table S7). A correlation between the strength of non-
covalent interactions and the charge density at the corres-
ponding bond critical point (pgcp) was attempted.”*7°
Gratifyingly, a plot of n — o* NBO energies of chalcogen
bonding against ppcp afforded a linear relationship for 1 and 2
(R* = 0.992, Table S71), indicating that an increase in concen-

trated charge density strengthens chalcogen bonds.

Resonance-assisted chalcogen bonding

The resonance donation from the chalcogen atom toward
aldehyde/imine and its relationship with the chalcogen bond
was further explored (Fig. 6a).”””® The concept of resonance-
assisted hydrogen bonding is well-documented and substan-
tially contributes to the stability of salicylaldehyde-derived

imines (Fig. 6a) and nucleic acid-base pairs.””™®"

However,
resonance-assisted chalcogen bonding (Fig. 6a) is under-
investigated although theoretical studies did reveal its
viability.”””’® Since the interrelation between chalcogen
bonding and resonance effect would be reflected in the
decrease or increase of bond lengths, the calculated struc-
tures of conformers 1 and 2 were therefore scrutinized. The
lengthening of the accepting Te-Ph bond (Te5-C6) in closed
conformer 1 relative to the open conformer 2 of 1(TePh) sup-
ports the existence of the Te---O chalcogen bond (Fig. 6b).
Moreover, the bond lengthening of O1-C2 (formyl double
bond) and C3-C4 (phenyl double bond), accompanied by the
bond shortening of C2-C3 and C4-Te5, is indicative of an
enhanced resonance effect in conformer 1 as compared to
conformer 2. These results were corroborated by the change
in the Wiberg bond index (Tables S9 and S10f) and NPA
charge (Tables S11 and S127). Similar findings were revealed
for 1(SPh), 2(SPh), 1(SePh), 2(SePh), and 2(TePh). In addition,
the smaller wavenumber of the carbonyl frequency of 1 as
compared to the para analog 3 in the IR spectra matches its
lengthening in 1 (Fig. S51-S537).
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Fig. 6 (a) Resonance-assisted hydrogen/chalcogen bonding. (b)
Calculated changes in bond length in closed versus open conformer for
1(ChalPh) and 2(ChalPh).
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Thermodynamic and kinetic selectivity of imine systems

Finally, to take advantage of the unique effects of chalcogen
bonding on imine DCC, the thermodynamic and kinetic selec-
tivities were manipulated (Fig. 7A). With a mixture of 1(TePh),
5, and 1-butylamine (1:1:1, exchange 1) the component dis-
tribution at the early stage and after equilibration preferred
imines 6 and 2(TePh), respectively (Fig. 7B). The kinetic and
thermodynamic selectivity for imine distribution was thus
reversed. The reversal of kinetic and thermodynamic selectivity
was also observed for a library of 1(SPh), 5, and 1-butylamine
(1:1:1), albeit with significantly less time (Fig. S717). An ana-
logous trend was obtained with the competition between 1
(SePh) and 5 (Fig. S75T). A mixture of 1(SPh), 1(TePh), and
1-butylamine predominantly gave 2(SPh) initially. 2(TePh) was
slowly built up, and the equilibrium was not reached after one
year (reaction quotient around 0.2, Fig. 7D). A K value was pre-
dicted to be around 4.1 according to the data of 1(SPh) and 1
(TePh) in exchange 1, preferring 2(TePh). In other words, the
kinetic and thermodynamic selectivity would be reversed.

As a means of speeding up the scrambling of imines, a
series of acids were screened. Interestingly, Zn(OTf), (0.1
equiv.) allowed the remarkable acceleration of exchange 1,
equilibrating after 2, 8, and 44 days for 1(SPh), 1(SePh), and 1
(TePh) (Fig. 7C), respectively (Fig. S71-S807). The equilibrium
of 1(SPh), 1(TePh), and amine was attained after 31 days with
Zn(OTf), present, in favor of 2(TePh) (K ~ 4.2, Fig. 7D and

Kinetic
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S79%), consistent with the prediction above. Zn(OTf), as a
Lewis acid catalyst can facilitate the decomposition of imines
and also the activation of aldehydes, accounting for accelerat-
ing the imine exchange (Fig. 7E(a)).**"** Although methanesul-
fonic acid (MA) induced the decomposition of imine 2, its
kinetic effect on imine exchange was modest relative to
Zn(OTf), (Fig. S96 and S971). Other metal ions, including
Ccd**, Fe**, and In**, could also speed up aldehyde exchange
(Fig. S98-S1037). One rationalization comes from the coordi-
nation effect of metal ions, bringing together the imine and
aldehyde engaging in the exchange and essentially enhancing
the local concentration of the transferred amine (Fig. 7E
(b)]‘85787

Zinc ions also accelerated the reaction of 1(ChalMe), 5, and
1-butylamine, and tellurium (1(TeMe)) afforded the largest K
value (2.9), as compared to 1(SMe) (0.97) and 1(SeMe) (0.98)
(Table S137). The K values for imine exchange reactions of 1
(SMe), 1(SeMe), and 1(TeMe) are again larger than the values
from their respective para analogs 2(SMe) (0.57), 2(SeMe)
(0.66), and 2(TeMe) (0.87). On correlating the experimental
results of the imine exchange reactions with the theoretical
data from NBO analysis, a modest linear relationship between
AG values of imine exchange 1 and the difference between
NBO strength of conformer 1 of aldehyde 1 and imine 2
(ANBO) was obtained (R* = 0.798), with SPh and SMe deviating
from the line (Fig. S104%). To further consider steric effects,
Sterimol parameters were employed.®® Bs represents the
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Fig. 7 (A) The control of the thermodynamic and kinetic selectivity of imine DCC. (B) Kinetic profile of the one-pot reaction of 1(TePh), 5 (1.0
equiv.), and 1-butylamine (1.0 equiv.) to track the formation of imines 2(TePh) and 6 in CDsCN. (C) The effects of Zn(OTf), (0.1 equiv.) on the kinetics
of the reaction of 1(TePh), 5 (1.0 equiv.), and 1-butylamine (1.0 equiv.). (D) The effects of Zn(OTf), (0.1 equiv.) on the kinetics of the reaction of 1

(SPh), 1(TePh) (1.0 equiv.), and 1-butylamine (1.0 equiv.). (E) Rationalization of the activation (a) and coordination (b) effects of Zn*

on aldehyde/

imine. (F) The correlation of AG values of imine exchange 1 with ANBO of conformers 1 of 1/2 and Sterimol parameters (Bs).
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longest distance perpendicular to the primary axis of attach-
ment® and is reflective of the steric interaction between the
phenyl ring and the substituent on the chalcogen atom (i.e.,
ChalR). A multivariate linear correlation of AG values of imine
exchange 1 with ANBO and Bj; of ChalR was apparent (R*> =
0.943, Fig. 7F). These findings support the critical role of
orbital interaction in chalogen bonding and its impact on
imine DCC.

Conclusions

In summary, we report the interrelation between chalcogen
bonds and dynamic imine bonds through the strategy of
dynamic covalent chemistry. First, a suite of ortho-chalcogen
benzaldehydes were synthesized, and the impact of intra-
molecular Chal---O/N chalcogen bonding on modulating the
conformational preference of aldehyde/imine structures was
elucidated. The effects of the chalcogen bond on imine
exchange were further investigated in detail, with chalcogen
bonding decelerating the kinetics and yet thermodynamically
stabilizing the imines. Electrostatic and orbital interactions
represent the dominant attractive forces in chalcogen bonding,
as supported by energy decomposition analysis. The strength
of chalcogen bonding (Te > Se > S) was quantified and falls in
line with the largest effect of tellurium on shifting the imine
exchange equilibrium. Finally, the thermodynamic and kinetic
selectivity of dynamic covalent systems was facilely controlled
by utilizing features of chalcogen bonding on modulating
imine DCC. In order to amplify the effect of chalcogen
bonding on imine DCC, the synergy of non-covalent inter-
actions within molecular assemblies, as well as the potential
for guest recognition, will be pursued in the future. The strat-
egies and results described herein should also find utility in
many areas, such as molecular recognition, biological label-
ling, and asymmetric catalysis.
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