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Computational and Spectroscopic Studies on the
Formation of Halogen-Bonded Complexes Between Tertiary
Amines and CBr, and Application in the Light-Mediated
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In recent years, halogen-bonded complexes (XBCs), in solution,
have played a pivotal role in inducing photochemical organic
reactions. In this work, we explore the ability of various tertiary
amines to act as XB acceptors in the presence of the XB donor
CBr, by computational and spectroscopic studies. DFT studies
clearly showcase the formation of XBCs between the studied
tertiary amines and CBr,. Simultaneously, computational and
experimental UV-Vis studies display intense red shifts that are
consistent with charge transfer observed from tertiary amines
to CBr,. A detailed NMR study revealed a clear chemical shift of
the carbon carrying the bromine atoms upon mixing the XB

Introduction

Halogen atoms (X) are usually considered as electronegative
reactive species that participate in non-covalent interactions by
functioning as electron donor sites. However, the electron
density in X is anisotropically distributed, whenever they are
covalently bound to other atoms in compounds. This phenom-
enon results in two regions of electron density: a region of
higher electron density, the origin of many typical interactions
that X are involved in, and a region of depleted electron density
(o-hole), which has the ability to form attractive interactions
with electron-rich sites, such as nucleophiles. Halogen bonding
fits in this category.™™

acceptor with the donor, suggesting that this spectroscopic
technique is indeed an experimental tool to identify the
generation of XBCs. An application of the ability of such XBCs
to activate a carboxylic acid under UVA irradiation or sunlight is
presented for amino acid coupling. Among the various tertiary
amines studied, the pair DABCO-CBr, was found to work well
for the photochemical amide bond formation. Direct infusion-
HRMS studies allowed us to propose a general mechanism for
the photochemical amino acid coupling in the presence of a
tertiary amine and CBr,, initiated by the photoactivation of an
XBC.

Halogen bonding (XB) refers to non-covalent interactions of
halogen atoms with electron-rich species, such as lone pair
electrons of Lewis bases (N, O, S, P) and p electron donors."
These interactions are based on the existence of 6-holes, which
represent the region of positive electrostatic potential of the
covalent-bonded X. The o-hole is able to interact with negative
sites on other molecules, leading to the formation of halogen-
bonded complexes (XBCs). The electron density transfer result-
ing from XB between the o-hole of X in a RX molecule (XB
donor) and a Lewis base Y (XB acceptor) results in shortening of
the interatomic distance of the participating atoms (RX-Y)
below the sum of their van der Waals radii, while the R—X bond
is elongated (Figure 1)." Some of the features of XB include a
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Figure 1. Schematic representation of the formation of a halogen-bonded
complex between an XB donor and an XB acceptor.

preference for 180° R—X—Y angles and an increase in its
strength for the heavier halogens (R—F <R—CI<R—Br<R-l),
since high electron-attracting Xs, such as F, tend to neutralize
the o-hole."“ However, recently, Bickelhaupt et al. have stated
that the o-hole model is incorrect and does not allow for a
correct understanding of the nature of halogen bonds.” Their
quantum analyses indicated that electrostatic interactions, on
which the o-hole is based on, favor bending and not
directionality, a fact that completely contradicts the o-hole
model’s principles. Instead, they claimed that directionality is
attributed to the minimization of Pauli repulsion between the
lone pair orbitals of the acceptor and the occupied p atomic
orbitals of the halogen atom.”

Although XB has been intensively investigated in con-
densed phases in crystal engineering, only recently there have
been studies in solution, especially for applications in Organic
Synthesis."™@ XBCs are important tools in Organocatalysis and
Asymmetric Catalysis, since they can induce a variety of organic
transformations, such as halogenation, cyclopropanation, Ritter
reaction, Diels—Alder reaction, Aza-Diels-Alder reaction, Morita—
Baylis—Hillman reaction and Michael reaction etc.'** Nowadays,
there have also been multiple studies for the catalytic formation
of C-centered radicals, useful intermediates, via visible-light-
initiated reactions, based on the principles of Photoorganoca-
talysis, a promising branch in Organic Chemistry. These trans-
formations rely on photoactivation of XBCs, for the generation
of C-centered radicals.””

Recently, carbon tetrabromide (CBr,) has been intensively
utilized as a XB donor in various organic transformations, such
as the synthesis of a,(-unsaturated ketones via selective
activation of benzaldehyde,*™ the three-component reactions
of aldehydes, amines and diethylphosphite for the synthesis of
a-amino phosphonates, under solvent-free conditions,”” the
formation of C—S bonds,* the acylation of phenols, alcohols,
and thiols,®® etc. The existing literature extensively documents
the investigation into the interaction between XB donors,
especially CBr,, and diverse XB acceptors. Notably, studies in
this field have given particular attention to employing compu-
tation and UV-Vis spectroscopy, providing an insightful analysis
of electronic transitions and structural alterations that take
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place during the formation of XBCs.®*® In 1987, Kochi et al.
conducted a study on the molecular interaction between
various amines and tetrahalomethanes, emphasizing spectro-
scopic analysis with a focus on observing charge-transfer (CT)
absorption bands.™ Particularly noteworthy was the observa-
tion that when DABCO was introduced to CBr, and UV-Vis
spectra were recorded, a distinct broad shoulder peak became
evident. This effect was further accentuated with extra addition
of the base to CBr,*™™ Similar results were found in a study by
Yamaguchi and Itoh, investigating CBr,’s interaction with a
different base, specifically 4-phenylpyridine.®™” The UV-Vis
spectrum of an equimolar mixture of 4-phenylpyridine with
CBr, displayed a new absorption band at 444 nm, indicating the
formation of a charge-transfer complex (CTC). Experimental
evidence indicated a concentration-dependent red-shifted
shoulder on CBr,, suggesting XB interactions between CBr, and
4-phenylpyridine. This observation likely indicates CT-initiated
catalysis between 4-phenylpyridine and CBr,, followed by
photoexcitation to generate the active species."™

The formation of an amide bond is of high importance and
it finds wide applications both in academia and industry.”’ The
majority of the methods used for the synthesis of amides and
peptides employ coupling reagents,®™ which are usually ex-
pensive and sometimes require tedious preparation. Following
the revolutionary breakthrough of novel light-mediated organic
transformations, several photochemical methods for the amide
bond formation have been reported, employing a variety of
starting materials.”’ However, only a few of them demonstrate
the direct coupling of carboxylic acids or derivatives to amines
under irradiation.'”

In 2021, Szpilman et al. demonstrated the coupling of amino
acids using 4-dimethylaminopyridine (DMAP) and BrCCl; under
solar irradiation."® Recently, we have presented the synthesis
of Weinreb and morpholine amides from carboxylic acids using
DMAP-BrCCl, either under sunlight or LED 370 nm irradiation.!""
In addition, we have demonstrated the coupling of carboxylic
acids with protected hydroxylamines for the synthesis of various
hydroxamic acids, using the same combination of reagents
either under sunlight or LED 370 nm irradiation."? Most
recently, we have reported the photochemical amidation
reaction using pyridine-CBr, under UVA irradiation via a novel
carboxylic acid photoactivation mode, involving the generation
of a symmetric anhydride intermediate.™

As proposed by Szpilman etal. in their protocol,"*® the
mechanism of the amide synthesis involves the formation of a
CTC between DMAP and BrCCl; as the first step, which upon
sunlight irradiation and photoactivation generates a novel
coupling reagent in situ. They speculated the formation of a
hemiaminal ester as the key-intermediate."™ In our photo-
chemical protocol for the synthesis of Weinreb and morpholine
amides, as well as in the coupling of carboxylic acids to
protected hydroxylamines, we were able to detect by High
Resolution Mass Spectrometry (HRMS) the generation of ions
corresponding to the hemiaminal ester of the corresponding
carboxylic acid, providing experimental evidence for its
formation.""'?

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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The aim of the present work was to study the formation of
XBCs between various tertiary amines (XB acceptors) and CBr,
(XB donor) in solution, employing computational and spectro-
scopic approaches, and to explore an application of such XBCs
in light-mediated reactions. To define the ability of each tertiary
amine and CBr, to generate an XBC, DFT studies were carried
out to calculate the binding energy between CBr, and each XB
acceptor and the geometry of the involved singlet ground
states and first excited triplet states. UV-Vis spectroscopy was
used as an established experimental tool to demonstrate the
generation of CTCs via halogen bonding. Furthermore, we
demonstrate that "“C-NMR spectroscopy is an additional
experimental technique to easily understand the generation of
XB. An application of XBCs between tertiary amines and CBr, in
light-mediated reactions, across various wavelengths, was
studied for an amino acid coupling reaction, driven by the
hypothesis that aligning the experimental results with absorp-
tion bands might reveal an enhancement in the reaction yield,
particularly in proximity to the wavelength associated with the
red-shifted shoulder. Finally, the reaction mechanism of such a
light-mediated coupling was extensively studied, using HRMS
as the key-tool.

Results and Discussion

Although the mechanism of the light-mediated DMAP-BrCCl,
amide bond synthesis begins with the formation of a XBC via

N L0 A
Y Y L

the pyridine nitrogen of DMAP, the essential hemiaminal ester
intermediate is formed via its tertiary nitrogen."™ We envi-
sioned, that in general a tertiary amine could play a dual role,
both acting as an XB acceptor and offering the possibility to
generate a hemiaminal ester intermediate. As a matter of fact, it
has been known since the sixties, that some tertiary amines are
able to form XBCs with halomethanes.” Triethylamine (Et;N)
has been shown to form complexes with halomethanes, such as
CCl, BrCCl; or CBr, while quinuclidine or 14
diazabicyclo[2.2.2]octane (DABCO) have been demonstrated to
form crystal structures with CBr,®® The last complex is
characterized by its CT absorption band and its irradiation leads
to the formation of CBr, anion radical® and DABCO cation
radicals, which then participate in the follow-up reactions.®
Thus, in the present work, we explored the ability of several
tertiary amines to form XBCs with CBr,. The amines used,
namely Et;N, tetramethylethylenediamine (TMEDA), N,N-diiso-
propylethylamine (DIPEA), N-methylmorpholine (NMM), DABCO
and 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU), are depicted in
Figure 2. DMAP, which has been previously studied by us for its
interaction with CBr," was also included for comparison
purposes.

Occasionally, computational and spectroscopic studies have
been conducted for the case of various amines and haloforms
or N-haloimides."® In this study, in order to explore the
generation of XBCs between CBr, and DABCO or other tertiary
amines, and their properties, DFT studies (wB97X-D"*/def2-
TZVP,' in acetonitrile (ACN) as the solvent) were performed.
Conformational analysis was carried out at first for all species.
For the calculation of the S, state of the XBCs, the CBr, molecule
was set in different positions around the six calculated amines
and the geometries were energetically optimized. Regarding
TMEDA, the bidentate coordination of the two N atoms of

BN TMEDA DIPEA  NMM TMEDA with the Br atom of the CBr, molecule, was investigated,
. SN however the geometry optimization studies led to the 2™
[e] QN\\/j @ conformer of the TMEDA-CBr, complex (Figure 3), where the Br

N N | atom favors in interacting with only one N atom. The lowest in
DABCO DBU DN’I‘AP energy conformers are depicted in Figure 3 (for details, see

Figure 2. Tertiary amines studied in the present work for their ability to
generate XBCs with CBr,.

Supporting Information)."” The binding electronic energies,
enthalpies and free energies (AEynq, AHpings AGying, respectively)
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Figure 3. Relative energy ordering of the two or three lowest in energy conformers (kJ/mol) of Et;N-CBr,, TMEDA, TMEDA-CBr,, DIPEA-CBr,, NMM-CBr, and
DBU-CBr,.
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between CBr, and each tertiary amine were calculated (Table 1).
Negative values of AE,;q were observed in all cases (Table 1),
meaning there are indeed interactions between CBr, and
amines.

The strongest binding energy was observed for the DABCO-
CBr, pair at —6.6 kcal/mol, while the weakest one was found for
the previously reported DMAP-CBr, at —4.4 kcal/mol"® (Table 1).
Additionally, all AHy;.4 values were also negative, concluding to
the fact that XBC generation is an exothermic process, while
AGy;q Values are positive at 298.15 K, due to entropy. All data in
Table 1 suggest that all XBCs may be in rapid dynamic
equilibrium with their components at room temperature,
similarly to DMAP-BrCCl; complex that was previously reported
by Szpilman et al."*®

Along with the ground states (S,, singlet, XBC formation),
the lowest in energy triplet states (T,, first excited triplet state)
of the XBCs were also calculated. Their structures are depicted
in Figure4 and selected geometries are summarized in
Table S1."” In the singlet states, a weak Br-N bond is formed,
since the computed distances are shorter than the sum of the
vdW radii of the atoms (dy., =3.40 A). The C—Br bond of CBr, is

Table 1. Calculated theoretical binding energies AE, binding enthalpies
AH, and binding Gibbs free energies AG (all in kcalmol™') of all halogen-
bonded complexes in ACN solvent at the wB97X-D/def2-TZVP method-
ology.
XB Donor
XB Acceptors CBr,
AEbind AHbind AG‘bind
Et;N -58 —48 57
TMEDA —6.5 —-49 24
DIPEA —-5.7 —4.1 4.0
NMM —6.4 —55 4.5
DABCO —6.6 —5.1 23
DBU -59 —4.5 11
DMAP —4.43 —-3.7 5.2
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slightly elongated and the C—Br--N angle is almost linear,
indicating the formation of halogen bonds. The highest value of
the Br-N bond length was observed for the DIPEA-CBr,
complex at 3.1 A, probably due to stereochemical restrictions
resulting from the neighboring groups. In the computed triplet
states, the C—Br bond has been cleaved and the -CBr, radical
has been formed. In most cases, the Br atom is connected to
the nitrogen, the Br-N bond becomes significantly shorter,
especially in the cases of DMAP and DBU complexes, where the
decrease is at about 0.3A and 0.2 A, respectively. On the
contrary, in the case of the DIPEA-CBr, complex, the Br--N bond
is elongated by 0.6 A. Additionally, the CNCC dihedral angles,
where the sp® hybridized N atoms of DABCO, DIPEA, NMM, Et;N
and TMEDA interact with the Br atom of CBr,, were calculated
in both S, and T, states. It is obvious that their CNCC dihedral
angles increase from S, to T, state, especially in the case of
DIPEA-CBr, complex, where the CNCC dihedral angle increases
from 129.7 to 163.0 degrees,"” a fact that may be associated
with significant shifts in their absorption spectra.’® It should be
noted that additional calculations employing the B3LYP-D3,"?
M06-2X®" and PBEO™" functionals were carried out, in con-
junction with the def2-TZVP basis set for the case of TMEDA-
CBr,. It was found that all methodologies led to the same
minimum structure, indicating the XBC generation. All predict a
C—Br--N angle of about 179 degrees in the S, state, i.e., a linear
halogen bond. The wB97X-D/def2-TZVP Br--N bond distance is
2766 A (S,) and 2.623 A (T,). The corresponding calculated
values with M06-2X/def2-TZVP and B3LYP-D3/def2-TZVP meth-
odologies differ less than 0.1 A, while the PBEO values differ less
than 0.2 A (Table S2, Supporting Information)."” Both wB97X-D
and MO06-2X predict a shortening of the Br--N bond from the S,
to the T, state, while B3LYP-D3 and PBEO predict an
elongation.”” Overall, all functionals present similar geometries,
while the selected used functional, ®B97X-D, is appropriate for
the calculation of both short- and long-range interactions such
as XB.'"

Regarding the singlet-triplet excitation energies, the com-
puted adiabatic S,—T, AE, vary from 25 kcal/mol to 31 kcal/
mol, AH, from 25 kcal/mol to 30 kcal/mol, and AG, from
21 kcal/mol to 35 kcal/mol (Table 2), concluding to the fact that
the formation of their first excited triplet states is feasible under
UVA irradiation.

Figure 4. Calculated minimum structures of the XBCs (left) and their first
excited triplet states (right) at the wB97X-D/def2-TZVP method; calculated
Br--N bond lengths: a. Et;N-CBr, (S,: 2.803 A, T,: 2.726 A), b. TMEDA-CBr, (S,:
2.766 A, T,: 2.623 A), c. DIPEA-CBr, (S,: 3.068 A, T,: 3.673 A), d. NMM-CBr, (S,:
2.785 A, T,: 2.643 A), e. DABCO-CBr, (Sy: 2.678 A, T,: 2.603 A), f. DBU-CBr, (S:
2.708 A, T,: 2.505 A), g. DMAP-CBr, (S;: 2.773 A, T,: 2.470 A).l™®
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Table 2. Calculated vertical (AE,) and adiabatic (AE,) singlet-triplet excita-
tion energies (S,—T,), adiabatic excitation enthalpies (AH,) and adiabatic
Gibbs free energies (AG,) in kcalmol™' of all XBCs in ACN solvent at the
®B97X-D/def2-TZVP level of theory.

XBC AE, AE, AH, AG,
Et,N-CBr, 96.2 2438 254 206
TMEDA-CBr, 97.7 26.0 26.2 24.6
DIPEA-CBr, 95.0 26.7 27.0 219
NMM-CBr, 97.6 27.9 28.5 223
DABCO-CBr, 92.9 26.1 26.2 23.6
DBU-CBr, 98.0 30.2 30.3 29.3
DMAP-CBr, 87.3" 31209 27.9 353

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Furthermore, the UV-Vis absorption spectra of the optimized
structures of the XBCs were calculated in ACN as the solvent
(Figure 5, left). For comparison purposes and selection of the
best methodology for the calculation of the UV-Vis spectra, the
UV-Vis absorption spectra of TMEDA, CBr, and TMEDA-CBr,
were calculated via the TD-wB97X-D/def2-TZVP (Time-
Dependent),”?  TDA-wB97X-D/def2-TZVP  (Tamm-Dancoff
approximation)® and TDA-B3LYP/def2-TZVP methods (Fig-
ure 5$1)."” The TD-wB97X-D/def2-TZVP and TDA-wB97X-D/def2-
TZVP methodologies predict very small shifts of about 4 nm,"”
while TDA-B3LYP/def2-TZVP predicts a significant red shift of
100-140 nm. Thus, we concluded that the TDA-B3LYP/def2-
TZVP method is appropriate for the calculation of the UV-Vis
spectra of all XBCs. Note that TDA-B3LYP/def2-TZVP level of
theory was employed at the S, optimized geometries, obtained
via the wB97X-D/def2-TZVP method.

The A (nm) values of the S;—S; excitation and of the main
peaks of the absorption spectra of XBCs in ACN as the solvent
are given in Table S3."” The computed UV-Vis spectra clearly
indicate that CT,as a result of halogen bonding, causes the red
shifts, since new peaks appear at around 355-440 nm, com-
pared to their components (Figure 5, left). The peaks corre-
sponding to the S,—S; excitation of the XBCs complexes are
observed in the area that range from 354 nm (NMM-CBr,) to
441 nm (DABCO-CBr,). These peaks result from H—L molecular
orbital excitations, where in all studied complexes, charge
transfers are observed from the HOMO orbitals of the XBCs
located at the tertiary amines to the LUMO orbitals mainly
located at the CBr, (Figure 6). Furthermore, the major peaks of
UV-Vis spectra are observed in the area ranging from 220 nm
(TMEDA-CBr,) to 312 nm (DBU-CBr,), where also CT is observed
from the tertiary amines to CBr,. Finally, it should be noted that
in both peaks (first peak and major peak), electron charge is
also observed, along the Br--N bond (Table S3 and Figure 6).
The Br--N bond distance of the XBCs not only affects the C—Br
bond lengths, where elongated Br--N bond distances result in
short C—Br bond lengths (Figure 7a), but also their UV-Vis
absorption spectra (Figure 7b). If the halogen bond did not play
a significant role in the XBCs, it would be expected that the first
main peak of the complex, i.e., peak corresponding in smaller
energies, will correspond to the main UV-Vis absorption peak of
CBr,, since it presents an absorption peak in lower energy than
the peak of the free amines. However, the formation of the
halogen bond significantly affects the UV-Vis peaks. The main
peak of the tertiary amines corresponds to the 2™ main peak of
the XBCs. Both peaks present the same pattern with all studied
amines, while the formation of the XB results in an increase of
the amine’s peak by about 50 nm (Figure 7b compare black and
cyan lines). The 1** main peak of the XBCs also retains the
general shape of the main peak of the free tertiary amines.
However, it is significantly red shifted by about 200 nm, due to
superposition of the CBr, absorption peak and it is red shifted
on the average by about 140 nm with respect to CBr,. The
absorption peaks of XBCs with the largest A values correspond
to the complexes of DIPEA and DABCO, because their second
peaks are in higher energy than the absorption peak of the CBr,
and thus the superposition is larger. Comparing these two,
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however, the DABCO-CBr, calculated peak is more red shifted,
because its halogen bond is shorter than the halogen bond in
DIPEA-CBr, and thus, the effect of the halogen bond is smaller
in the last one. To conclude, short halogen bonds and UV-Vis
peak of the complex components in the same area will result in
significant red shifts, compared to the other complexes.
Elongated halogen bond or absorption peaks located in differ-
ent areas will result in less red shift of the complexes peaks.

Regarding the calculations for the homolytic cleavage of the
C—Br bond, as shown in Table 3, the bond-dissociation energies
of the C—Br bond are notably lower, when CBr, participates in
the formation of XBCs, compared to the case when CBr, is not a
part of a XBC complex. We have also taken into consideration
the case of nucleophilic attack of the acceptor’'s N atom to Br
atom of CBr,, leading to the adducts [Acceptor-Br]™ and [CBr;]-,
i.e., heterolytic cleavage. The corresponding calculating ener-
gies are also presented in Table 3. It is easily noted that
homolytic cleavage is substantially favored and possible to
happen in the process under UVA irradiation. Finally, broken
symmetry DFT calculations were performed to examine the
homolytic cleavage via open singlet states. The S, geometries
of the XBCs complexes remain the same as the S, geometries
obtained via the simple DFT calculations.

The formation of a CTC between an XB donor and an XB
acceptor may be observed experimentally in the UV-Vis spectra
by the appearance of a new band shifted to higher wave-
lengths, upon mixing the two components."*** Thus the UV-
Vis spectra of each tertiary amine (XB acceptor) and CBr, (XB
donor) alone and of mixtures of XB acceptor and CBr, in 1:1
mole ratio, specifically 0.1 M:0.1 M, were recorded in ACN
(5 mL). In the case of DABCO, the spectrum for the 1:1 mole
ratio was recorded, but the components were at a concen-
tration of 0.01 M:0.01 M, since at 0.1 M, DABCO formed crystal
structures with CBr, in accordance with literature.®™ Figure 5
(right) depicts the UV-Vis spectra for the six pairs. In all cases,
the addition of CBr,, into a solution of the tertiary amine clearly
caused a red shift, indicating the formation of a CTC. These
shifts are quite similar in all cases. In the cases of Et;N-CBr,,
TMEDA-CBr, and DBU-CBr,, the new band formed was shifted

Table 3. Calculated bond-dissociation Gibbs energies (in kcal mol™') for the
C—Br bond homolytic cleavage of CBr, and XBCs, and calculated energies for
the case of nucleophilic substitution in ACN solvent at the wB97X-D/def2-TZVP
level of theory.

CBr, or XBC Homolytic Promoted A Nucleophilic
cleavage C—Br (Homolytic) attack
of cleavage (heterolytic
C-Br cleavage)
AG AG AG AG
CBr, 41.0
Et,;N-CBr, 16.0 25.0 716
TMEDA-CBr, 19.9 21.1 779
DIPEA-CBr, 16.1 249 77.9
NMM-CBr, 18.1 229 77.5
DABCO-CBr, 19.6 214 743
DBU-CBr, 243 19.7 63.6
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Figure 5. Calculated (TDA-B3LYP/def2-TZVP methodology, left) and experimental UV-Vis spectra (right) of the XBCs and their components in acetonitrile.

ChemPlusChem 2024, 89, e202400019 (6 of 14)

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH

85UB017 SUOWIWIOD 3A 1810 3|qedljdde ay) Aq peueAoh a2 Sajoke VO ‘35N JO'S3|NJ 104 AReiq I 8UIIUO AB|IA UO (SUOIPUOD-PUR-SLURY WD A8 | 1M ARe1q 1 U1 |UO//:SONY) SUORIPUOD PUe SWB L 8U388S *[5202/20/20] U ARIq1T8UIUO 8|1 ‘808919 8URI400D A 6T000K202 NId2/200T 0T/I0p/LI00 A3 | im* Azeid iUl juo adoune-ALs ayo//saiy wouy papeojumoq ‘6 ‘gz ‘905926TC



Chemistry
Research Article Europe

European Chemical

ChemPlusChem doi.org/10.1002/cplu.202400019 Societies Publishing
Et;N-CBr, TMEDA-CBr,
e
et ¢
~ + &
3 1l
H L

DIPEA-CBr,

Y4

[
H
DABCO-CBr,
oy 5 “éo ﬁ
%e" ‘ o
& ¥ ﬂ
H

DBU-CBr,

.“ JJ’:’J
ot J.s‘ ’.%4 ',;ﬂ,

a“ ,
H L

Figure 6. The calculated orbitals of the main excitations of the XBCs with the ®B97X-D/def2-TZVP methodology.

3.2 T T T T T T

3.1 —a—Br_N
—a—C-Br 4
3.0 -

2.9 =

2.8 4

R (Angstrom)

2.7 E

1.96 ] ]
1.954 ._\/’/.\1 ]
1.94 ] i
193 T T T T
1 2 3 4 5 6

Tertiary Amine

k)Y
|1
A}

" XBCs
4504 41" peak (H-=L) i
—w— 1" main peak b,
2" main peak

400 4

350 4 4
£ 300 ]

250 s

200 W 4

1504 (b) :

1 2 3 4 5 6
Tertiary Amine

Figure 7. A) Calculated Br—N and C—Br bond lengths of XBCs with respect to the change of the amines, B) A (nm) values of the main peaks of the amines, CBr,,
and XBCs' absorption with respect to the change of the amines; 1: Et;N, 2: TMEDA, 3: DIPEA, 4: NMM, 5: DABCO, 6: DBU.

to 370-400 nm region, while for DIPEA-CBr, to 360-400 nm
region. A smaller shift was observed for NMM-CBr,, where the
new band was shifted to 340-380 nm region. In the case of
DABCO, the new band is observed at 330-390 nm region.
However, due to the fact that the concentration is substantially
lower (0.01 M), it is expected to have a larger shift at slightly
higher concentrations, probably exceeding the bands formed
by the other complexes. Additional UV-Vis spectra of a series of
solutions of Et;N-CBr,, TMEDA-CBr, and DABCO-CBr, were
recorded, keeping the concentration of CBr, constant at
3.0x102 M, and are depicted in Figure S10 (Supporting
Information)."” Distinct absorption bands were observed for
the XBCs in all cases, similarly to the work of Kochi et al.® The
above UV-Vis spectroscopic studies lead to a clear conclusion
that all the studied tertiary amines form CTCs with CBr,, which
may happen via formation of halogen bonds.

ChemPlusChem 2024, 89, €202400019 (7 of 14)

Furthermore, the experimental results seem to correlate
quite fairly with the theoretical ones, supporting the method-
ology followed for the corresponding calculations. Additionally,
UV-Vis spectra of DABCO and mixtures of DABCO-BrCCl;,
DABCO-CCl, and DABCO-CH,Br, were recorded and the red shift
observed indicated the formation of CTCs (Supporting
Information).l'”!

Several studies of XBC generation in solution have been
performed employing NMR spectroscopy.”” However, to our
knowledge, no systematic study regarding tertiary amines and
CBr, has been carried out so far. Thus, we investigated the
interactions between the XB donors and CBr,, employing "*C-
NMR.!7 Initially,®C-NMR spectra of solutions consisting of a
mixture of each particular amine with CBr, were recorded and
compared to the ®C-NMR spectrum of CBr, in CDCl; or C¢D,, in
order to observe the XBC formation. In the cases of Et;N, DIPEA
and NMM complexes, the concentrations of the solutions,
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Table 4. “C-NMR (100 MHz, CDCl, or C¢Dy) shifts of CBr, carbon upon mixing with tertiary amines.

Tertiary Amine Entry Concentration (M) d¢ ppm d¢c ppm A
before mix after mix ppm
Et;N 1 0.10 —29.71 —29.50 0.21
2 0.50 —29.68 —29.00 0.68
3L 0.50 —27.88 —26.22 1.66
4 1.00 —29.61 —28.49 1.12
5t 1.00 —27.88 —25.18 2.60
TMEDA 6 0.10 —29.71 —29.44 0.27
7 0.20 —29.70 —29.07 0.63
8r! 0.20 —27.90 —25.29 261
DIPEA 9 0.10 —29.71 —29.72 0.01
10 0.50 —29.68 —29.62 0.06
T 0.50 —27.88 —27.79 0.06
12 1.00 —29.61 —29.52 0.09
13 1.00 —27.88 —27.79 0.09
NMM 14 0.10 —29.71 —29.43 0.28
15 0.50 —29.68 —28.72 0.96
169 0.50 —27.88 —25.80 2.08
17 1.00 —29.61 —28.30 1.31
188! 1.00 —27.88 —24.97 291
DABCO 19 0.10 —29.71 —28.90 0.81
20 0.20 —29.70 —28.37 1.33
DBU 21 0.10 —29.71 —29.42 0.29
22 0.20 —29.70 —29.17 0.53

[a] Samples recorded in C¢Dg.

whose NMR spectra were recorded, were 0.10 M, 0.50 M, and
1.00 M (Molarity), while in the cases of DABCO, TMEDA and DBU
were 0.10 M and 0.20 M, due to insolubility of those mixtures at
higher concentrations. Table 4 summarizes the observed chem-
ical shifts for the CBr, carbon atom.

According to the recorded NMR spectra, it is clear that
formation of the XBCs between the studied tertiary amines and
CBr, could be observed via >C-NMR spectroscopy. Furthermore,
higher concentrations of the XBCs components lead to higher
shifts, which are correlated with complex formation. Especially,
when Et;N or NMM or DABCO were mixed with CBr,, higher
shifts that exceeded 1.00 ppm were recorded in CDCl,
(1.12 ppm, 1.31 and 1.33 ppm, respectively, entries 4, 17 and 20,
Table 4). The shifts observed for TMEDA (entries6 and 7,
Table 4) and DBU (entries 21 and 22, Table 4) complexes were
quite similar, while the shifts for mixtures consisting of DIPEA
and CBr,, were small to negligible (entries9 to 13, Table 4).
Since the selection of the solvent could be critical for studying
XBC by NMR spectroscopy,”™ *C-NMR spectra of the XBCs were
recorded in C¢Dg4 at selected concentrations (entries 3, 5, 8, 11,
13, 16 and 18 Table 4). DABCO-CBr, and DBU-CBr, solutions
were not recorded, due to insolubility in CiDe. It is obvious that
higher shifts of the C atom of CBr, are observed in CiDg

ChemPlusChem 2024, 89, €202400019 (8 of 14)

compared to CDCl;, meaning that XBC generation is more
favored. DIPEA-CBr, mixtures however exhibit the same behav-
ior as in CDCl,.

Subsequently, the association constants K, of the DABCO-
CBr,, DIPEA-CBr, and TMEDA-CBr, complexes were determined
by using the NMR version of the Benesi-Hildebrand (Hanna-
Ashbaugh) method®' (for details and graphs, see Supporting
Information).'”” The experimental association constants and
AGg,,, are listed in Table 5. Comparing our experimental AGg,.,
values (Table 5) with the computed (Table 1), there is a differ-
ence of 2 kcal/mol in all cases. This results from the fact that in
calculations, we have one XBC pair in solution, while exper-
imentally, there are additional molecules of amines and CBr,
Thus, in the experiment there is a dynamical equilibrium where

Table 5. Experimental association constants (K,) and AGy,, (kcal mol~') of
selected XBCs in CDCl, (T=298.15 K).

XBC K, AGiorm
DABCO-CBr, 0.57 0.3
DIPEA-CBr, 0.06 1.7
TMEDA-CBr, 0.52 0.4
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all molecules can interchange their pair partner and thus
weaken the interaction that can be measured via NMR experi-
ments.

According to the acquired results, the formation of the XBCs
is an endergonic process, supporting the initial computational
approach. DIPEA-CBr, seems to have a much smaller K, (0.06)
compared to the DABCO-CBr, and TMEDA-CBr, complexes (0.57
and 0.52, respectively, Table 5). Both complexed and uncom-
plexed forms are evident in all cases. The experimental AG,,,, of
the DABCO-CBr, and TMEDA-CBr, complexes are close enough,
just like the computational results showcased. It should be
noted that the acquired K, of the DABCO-CBr, complex is much
lower than the value reported by Kochi et al,®® under
conditions of excess of DABCO via UV-Vis spectroscopy (vs NMR
in this work). The above results suggest that *C-NMR spectro-
scopy indeed enables the identification of interactions, such as
halogen bonding.

Having established both computationally and spectroscopi-
cally that various tertiary amines are able to form XBCs with
CBr,, we explored the ability of such complexes to initiate a
synthetic application, such as the amino acid coupling. To this
end, we studied the photochemical coupling of carbobenzoxy-
L-alanine (Z-Ala-OH, 1) to methyl phenylalaninate (H-Phe-OMe,
2), using various tertiary amines as XB acceptors and CBr, as an
XB donor, under light irradiation (Table 6). Ten equivalents of
tertiary amine and CBr, and two equivalents of the amine
component were used in all cases. In most cases, acetonitrile
was employed as the solvent and the duration of irradiation
was 6 hours. The results are summarized in Table 6. Initially, we
checked the amino acid coupling using DMAP and CBr,. Under
LED 370 nm irradiation, the product was obtained in 75% yield
after 6 h and in 77 % yield after 18 h (entries 1 and 2, Table 6),
while under sunlight irradiation for 8 h, the yield of 3 was 68 %
(entry 3, Table 6). When Et;N and TMEDA were used as tertiary
amines, the product was isolated in lower yields (41 % and 32 %,

Table 6. Photochemical coupling of Z—L—Ala—OH (1) to HCl.H-Phe-OMe (2) using a tertiary amine and CBr,."”
0 0 Light
ooty et e A
1 3 \© solvent 0] '\@
3
Entry Haloalkane/equivalents Tertiary amine/equivalents Solvent Light Time Yield
(nm) (h) (%)™
1 CBr,/10 DMAP/10 ACN 370 6 75
2 CBr,/10 DMAP/10 ACN 370 18 77
3 CBr,/10 DMAP/10 ACN sunlight 8 68
4 CBr, /10 Et;N/10 ACN 370 6 41
5 CBr,/10 TMEDA/10 ACN 370 6 32
6 CBr,/10 DIPEA/10 ACN 370 6 53
7 CBr,/5 DIPEA/5 ACN 370 6 19
8 CBr,/10 NMM/10 ACN 370 6 46
9 CBr,/10 DBU/10 ACN 370 6 19
10 CBr, /10 DABCO/10 ACN 370 6 72
11 BrCCl; /10 DABCO/10 ACN 370 6 51
12 ccl, /10 DABCO/10 ACN 370 6 52
13 CH,Br, /10 DABCO/10 ACN 370 6 1
14 CBr,/5 DABCO/5 ACN 370 6 46
15 CBr, /10 DABCO/10 DCE 370 6 71
16 CBr, /10 DABCO/10 ACN 370 18 79
17 CBr, /10 DABCO/10 ACN sunlight 8 65
18 CBr, /10 DABCO/10 ACN 390 18 72
19 CBr, /10 DABCO/10 ACN 427 18 67
20 CBr, /10 DABCO/10 ACN 440 18 67
21 CBr, /10 DABCO/10 ACN 456 18 68
22 CBr, /10 DABCO/10 ACN 467 18 75
23 CBr, /10 DABCO/10 ACN 525 18 12
24 CBr, /10 DABCO/10 ACN dark 18 -
[a] Reaction conditions: 1 (0.28 mmol), 2 (0.56 mmol), tertiary amine (2.84 mmol), haloalkane (2.84 mmol), ACN or DCE (4.25 mL), light irradiation at r.t..
[b] Yield of 3 after isolation by column chromatography.
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respectively, entries 4 and 5, Table 6). An attempt to decrease
the equivalents of DIPEA from 10 to 5 led to a significant drop
of the yield (entry 7, Table 6), which is in agreement with the
results of DMAP-BrCCl,."* NMM and DBU led to a moderate
(46%) and a poor yield (19%) of the coupling product,
respectively (entries 8 and 9, Table 6). Interestingly, the pair
DABCO-CBr, provided 3 in 72% yield, after irradiation under
LED 370 nm for 6 h (entry 10, Table 6). Since DABCO seemed to
work well for the coupling reaction, we decided to extend our
study using other halomethanes, instead of CBr, along with
DABCO. Using DABCO-BrCCl; under similar conditions, a
significantly lower yield (51%) was achieved (entry 11, Table 6).
DABCO-CCl, led to 52% yield (entry 12, Table 6), while DABCO-
CH,Br, practically did not provide the coupling product
(entry 13, Table 6), suggesting that DABCO-CBr, is the optimum
pair for the coupling reaction. An attempt to reduce the
equivalents of DABCO and CBr, from 10 to 5 led to a significant
decrease of the yield (46%, entry 14, Table 6). Replacing ACN
with 1,2-dichloroethane (DCE) as the solvent led to a similar
yield (71%) under the same conditions (entry 15, Table 6).
Extension of the reaction time from 6 h to 18 h resulted in an
increased yield (79%, entry 16, Table 6). Finally, when the
reaction was carried out under sunlight for 8 h (Athens, Greece,
37.97° N, 23.72° E), the product was isolated in 65% yield
(entry 17, Table 6). As noticed, using either DABCO-CBr, or
DMAP-CBr, under sunlight irradiation, similar yields were
recorded (65% and 68%, respectively) (entries17 and 3,
Table 6). Due to seasonal limitations, continuous sunlight
irradiation for more than 8 h was not feasible.

Although sunlight is a highly attractive zero-cost irradiation
source, LED lamps serve as a low-cost irradiation source, which
offers reliable and reproducible experimental results, overcom-
ing seasonal and geographical limitations. While the reaction
smoothly progresses under 370 nm, we explored the effect of
higher wavelengths on the reaction outcome. In this context,
where the individual starting materials do not exhibit absorp-
tion, the crucial role of the XBC in facilitating the reaction
becomes more evident. To facilitate this investigation, we
executed the reaction under optimal conditions, involving the
use of 10 equivalents of CBr, and DABCO with irradiation for
18 hours, employing a wide spectrum of different wavelengths
between 370-525 nm (entries 16, 18-23, Table 6). Irradiation of
the protected amino acids within the range of 390-456 nm
resulted in comparable yields, ranging from 67-72% (entries
18-21, Table 6), albeit slightly lower than the optimal conditions
at 370 nm. Of particular significance is the observation that
performing the reaction under 467 nm yielded a 75% product
formation (entry 22, Table 6), emphasizing the essential role of
complex formation for the success of the reaction. Lastly, a
noteworthy decrease in the reaction yield (12%) was observed
when employing a 525 nm wavelength (entry 23, Table 6).
These results align with our expectations, as longer wave-
lengths, such as 525 nm, typically results in reduced absorption
by most compounds. The photochemical nature of the reaction
was further accentuated by the absence of product formation
when conducted under dark, as indicated in entry 24 of Table 6.
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Recently, we have shown that Direct Infusion-High Reso-
lution Mass Spectrometry® (DI-HRMS) is a powerful tool to
study the reaction mechanism of light-mediated
transformations."""**) Thus, in the present work, we explored
the intermediates formed using the various pairs of tertiary
amine-CBr, employing DI-HRMS. Initially, we monitored the
course of the activation of Z—Ala—OH under irradiation at
370 nm of its mixture with DMAP-CBr,. We identified ions that
may be attributed to the generation of DMAP-N-bromide 1,
DMAP iminium ion Il,, as well as the adduct of DMAP to
iminium ion lll, (Figure 8). In addition, ions corresponding to a
hemiaminal ester of Z-Ala—OH IV, and alcohol V, were
observed (Figure 8). Then, we monitored the course of the
activation of Z—Ala—OH under irradiation at 370 nm of its
mixture with DABCO-CBr,. As shown in Figure 8, ions corre-
sponding to similar intermediates I, Il,, 1, IV, and V, were
recorded.

HRMS data for the intermediates observed, when each one
of the tertiary amines Et;N, TMEDA, DIPEA, NMM or DBU were
used in combination with CBr, are presented in Supporting
Information."” As we have presented in Table 6, the coupling
using these tertiary amines was not so efficient, as in the case
of DMAP or DABCO, leading to lower yields of the isolated
product. However, for all the tertiary amine-CBr, pairs, similar
ions were observed. Based on the HRMS data presented above,
we may propose a general mechanism for the photoactivation
of a carboxylic acid in the presence of a mixture of a tertiary
amine-CBr,. Initially, an XBC is formed by mixing a tertiary
amine with CBr, (Scheme 1). Photoactivation of XBC by
irradiation leads to the generation of N-brominated tertiary
amine |, which by elimination of HBr provides iminium ion II.
This is in equilibrium with adduct Ill, formed by nucleophilic
attack of the tertiary amine onto Il. Both Il and Ill may lead to
hemiaminal ester IV, upon reaction with the carboxylate
component. The final amide product is formed after the
nucleophilic attack of the amine component to IV.

Conclusions

In conclusion, the present detailed studies indicate that a
variety of tertiary amines may indeed serve as XB acceptors and
form XBCs by interacting with CBr, in solution. The results from
the DFT calculations were consistent with the theoretical
background of the halogen bonding as they confirmed its
features, such as the linearity of the N-Br—C angle, the
elongation of the C—Br bond of CBr, and the shortening of the
interatomic distance of N-Br below the sum of their vdW radii.
The strongest binding energy was calculated for the DABCO-
CBr, complex at —6.6 kcal/mol, which is stronger than a typical
hydrogen bond in amines of —3.2 kcal/mol.”® Spectroscopic
studies, specifically computational and experimental UV-Vis
studies and NMR experiments, confirmed the formation of XBCs
and explained the shape of the absorption spectra. We
conclude that short halogen bonds and UV-Vis peak of a
complex’s components in the same area will result in significant
red shifts, compared to the other complexes. Elongated
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Figure 8. Selected HRMS data for the photoactivation of Z—Ala—OH using DMAP-CBr, and DABCOCBr,.
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Scheme 1. HRMS-guided general mechanism for light-mediated amide bond formation using a tertiary amine-CBr,.

halogen bond or absorption peaks located in different areas will
result in less red shift of the complexes’ peaks. Regarding the
light-mediated amide formation, DABCO-CBr, seems to work
well under either UVA irradiation or sunlight. Notably, the
product was obtained in high yield (75%) under LED 467 nm
irradiation, while slightly lower yields were achieved, when the
reaction was performed under 390-456 nm irradiation. DI-HRMS
studies revealed a general mechanism for all the XB donor-
acceptor pairs as means to activate a carboxylic acid under
irradiation and subsequently lead to amide synthesis. The
mechanism starts with the N-bromination of the base, followed
by the generation of an iminium ion and an adduct of the base
to the iminium ion. The key carboxylic acid intermediate seems
to be a hemiaminal ester, which after nucleophilic attack by an
amine component leads to the final amide. The generality of
the reaction mechanism, revealed by HRMS studies, may inspire
further photochemical organic transformations. Thus, XBCs
generated by a tertiary amine and CBr, may find additional
applications in photochemical organic transformations.

Experimental Section

General Procedure for the Light-mediated Coupling of
Z—-L—Ala—OH to HCl.LH-Phe—OMe Using a Tertiary Amine and
Halomethane CBr,. In a 25 mL Schlenk tube equipped with a PTFE-
coated stirring bar, Z—L—Ala—OH (64 mg, 0.284 mmol), HCl.H-Phe-
OMe (123 mg, 0.568 mmol), tertiary amine (2.84 mmol) and CBr,
(942 mg, 2.84 mmol) along with ACN (4.25 mL, HPLC grade) were
added. The reaction mixture was stirred under light irradiation
(Kessil lamps 370, 390, 427, 440, 456, 467, or 525 nm, sunlight and
dark conditions) for 6 or 18 h. Then, the solvent was removed in

ChemPlusChem 2024, 89, €202400019 (12 of 14)

vacuo and the crude reaction mixture was treated with aqueous
citric acid 10% (10 mL), before it was extracted with CH,Cl,
(3x10 mL). The combined organic layers were washed with H,O
(10 mL), aqueous NaHCO; (10 mL) and brine (10 mL), dried over
Na,SO,, filtered and concentrated under reduced pressure. The
desired product was purified by column chromatography.

General Procedure for the Study of the Light-mediated (LED
370nm) Generation of Intermediates from Z—Ala—OH Using a
Tertiary Amine and CBr,. The generation of intermediates upon
irradiation of a mixture of Z—Ala—OH with a tertiary amine and CBr,
with Kessil LED 370 nm were monitored for 3 hours by DI-HRMS. A
tertiary amine (2.84 mmol), CBr, (942mg, 2.84 mmol) and
Z—Ala—OH (64 mg, 0.284 mmol) were dissolved in ACN (4.25 mL)
and the mixture was left stirring under irradiation at 370 nm at
room temperature. At the specific time of study, a sample of the
reaction mixture (20 ul) was first diluted with 980 uL ACN and
100 pL of that sample were further diluted with 900 pL of ACN.
Finally, 100 uL were directly injected to the ESI source of Q-TOF for
analysis.

Computational Details

Density functional theory (DFT) was used to calculate the
binding energies between XB donors and acceptors in the
XBCs. The geometries of the S, and T, states of all minima
structures and the lowest in energy doublet states of the
involved radicals were optimized. All calculations were carried
out at the wB97X-D"/def2-TZVP" level of theory in
acetonitrile solvent employing the default polarizable continu-
um solvent model PCM, which uses the integral equation
formalism variant (IE-FPCM).*® The used wB97X-D functional is
appropriate for the calculation of both short- and long-range

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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interactions such as the halogen-bonding." The frequencies of

all optimized structures in Sy and in T, states were computed, to
calculate enthalpies and free energies (Standard conditions, P=
1atm, T=298.15K) and verify that the optimized structures
correspond to minima (no imaginary frequencies). The expres-
sion RTIn(1/22.4) is used, which is a correction with regard to
the reference state changing from ideal gas to solution. It
converts an 1 atm standard state to a 1 M solution standard
state. Furthermore, for the case of TMEDA-CBr, the B3LYP-
D3, PBEO®” and M06-2X*"/def2-TZVP methodologies were
also employed. It was found that all functionals present the
same minimum structure with similar geometries. The vertical
excitation energies for the XBCs, were calculated employing the
Time-Dependent DFT (TD-DFT),***® TD-wB97X-D/def2-TZVP.
Furthermore, the UV-Vis spectra were calculated using the
Tamm-Dancoff Approximation (TDA)® at the TDA-B3LYP/def2-
TZVP//wB97X-D/def2-TZVP methodology. Specifically, the low-
est 20 singlet and 20 triplet states were calculated. In the case
of TMEDA, CBr, and TMEDA-CBr, their UV-Vis absorption
spectra were calculated via the TD-wB97X-D/def2-TZVP, TDA-
wB97X-D/def2-TZVP and TDA-B3LYP/def2-TZVP methodologies,
(Figure S1, Supporting Information).'”” The TDA-B3LYP/def2-
TZVP methodology was in excellent agreement with the fact
that XB causes red shifts in the absorption spectra, thus, this
methodology was used for the calculation of all compounds
and complexes. All calculations were carried out using the
Gaussian16 code.”"
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