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The interaction enthalpies of differently substituted cationic pnictogen-, chalcogen-, and halogen-bond
donors with the fluoride anion have been analyzed computationally. In general, electron-withdrawing
substituents increase the binding strength of the Lewis acid, but the precise location of a given substituent
(e.g., within the benzimidazolium group or within the aryl group) has only little influence on the reaction
enthalpies. While no single parameter could be identified that describes all Lewis acids across the periodic
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table, both electrostatic (Vs max) and charge-transfer approaches (LUMO energies) can be used to predict
the binding enthalpies for structurally related compounds. The computational analysis eventually led to
the synthesis of a new selenium-based catalyst with an improved catalytic activity in a transfer hydrogen-
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Introduction

Noncovalent interactions like halogen, chalcogen, and pnicto-
gen bonding have become increasingly popular over the last
decades in various areas of chemistry and biology." Amongst
those, halogen bonding has been extensively studied with
numerous applications in organocatalysis,"* crystal engineer-
ing,® material science,” or pharmaceutical studies.” The
related chalcogen bond has been known in the solid state for
more than 60 years.® Most likely due to the success of halogen
bonding, recent investigations also highlight the potential of
chalcogen bonding in solution.'®“%*>” In contrast, the analo-
gous pnictogen bond is still less explored.'®*

A typical explanation for these “unconventional” inter-
actions relies on the o-hole concept initially introduced by
Clark, Murray, and Politzer in 2007.° In this context, the c-hole
originates from an anisotropic distribution of the electron
density around the respective halogen, chalcogen, or pnicto-
gen atom that can be visualized on the electrostatic potential
surface (Fig. 1). While halogen-bond donors possess only one
o-hole, chalcogen-bond donors display two and pnictogen-
bond donors three c-holes in elongation of the respective o-
bonds. Lewis bases can now interact with those areas to form
the corresponding noncovalent interactions.

Besides the electrostatic explanation, n — o* orbital inter-
actions (i.e., Mulliken charge-transfer contributions)'® are
often very important to describe the bonding interaction
(Fig. 2)."* Similar results have also been proposed involving
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1 — m* interactions."” In line with the importance of charge
transfer, “anti-electrostatic” halogen bonds between anions
have been reported and benefit substantially from those
charge-transfer contributions."®

As the nature of these noncovalent interactions remains an
ongoing discussion,''“'* researchers have wondered which
parameters can be used to describe and predict the strengths
of these interactions. In this context, the maximal values of
the electrostatic potential (Vs may) are often employed to corre-
late the observed effects with electrostatics.’® In contrast, the
LUMO energies for the anti-bonding orbital are typically used
to probe the influence of charge transfer on these noncovalent
interactions.'®”'° In 2020, Huber and colleagues introduced a
new empirical parameter (£2,+) to describe the Lewis acidity of
17 different halogen-bond donors.'®” The best predictions
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Fig. 1 Schematic representation of electrostatic contributions (in kJ
mol™!) through o-holes for typical pnictogen-, chalcogen-, and
halogen-bond donors (BzIm: 1,3-dimethylbenzimidazolium).
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Fig. 2 (A) Schematic representation of orbital contributions to nonco-

valent interactions via n — o* and n/x — n* charge transfer (Z: central
pnictogen, chalcogen or halogen atom of the Lewis acid); (B) represen-
tative lowest-unoccupied molecular orbitals for the chalcogen-bond
donor BzlImTeCgFs.

were obtained when both the depth of the o-hole and the
LUMO energy (6*¢_;) were considered.

Based on calculated atomic polarizabilities,"” it is typically
expected that the strength of the noncovalent interaction
increases from top to bottom and from right to left within the
periodic table (Table 1). Furthermore, electron-withdrawing
groups in the vicinity of the respective central atom should
generally lead to an increase in the interaction energies.**'®
While numerous studies confirmed the increasing interaction
energies within one period,’ comparisons between different
periods (i.e., between the different noncovalent interactions)
turned out to be less clear. Over the last decade, several com-
putational and experimental studies tried to rationalize and
predict the binding strengths of these noncovalent interactions
and came up with different suggestions."’

Frontera and colleagues compared the interaction energies
of different halogen-, chalcogen-, and pnictogen-bonded com-
plexes in 2013.%° From crystallographic and computational data,
the authors concluded that the reference Lewis base has a sub-
stantial influence on the relative interaction energies. While
halogen bonding led to the energetically most stable complex
for an amine base as reaction partner, pnictogen-bonded com-
plexes were found to be most stable for the Lewis base benzene.

Dong, Li, and Scheiner later computationally studied very
small model Lewis acids containing As, Se, and Br.>' The com-
puted CCSD(T)-interaction energies for the fully hydrogenated
acids (e.g., AsHjz;, H,Se, HBr) with the Lewis base NH;

Table 1 Calculated atomic polarizabilities (in a.u.) for elements of
group 15-17

Group 15 (pnictogens) Group 16 (chalcogens) Group 17 (halogens)

N o F
7.1%(7.5) 4.9 (5.2) 3.4%(3.6)°

P S cl

25.0% (25.9)” 19.3 (19.6)” 14.3 (14.7)°
As Se Br

29.7% (31.0) 25.4% (25.7) 20.5% (20.8)?
Sb Te 1

43.3% (44.8)° 38.3%(38.8)" 32.3% (32.5)

“Calculated with MP2/aug-cc-pVTZ from ref. 17. ”Calculated with
GFN2 (this work).
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Table 2 Comparison of chloride-binding energies (reported dis-
sociation constants Kp and derived AG;,) and catalytic effects (kcat/
Kuncat) for different noncovalent catalysts in the chloride-abstraction
reaction of chloroisochromane®®

OTES catalyst

20 mol%
o + /\ (20 mol%) o

& OMe  THF, 78 °C
MeOQC

CatalySt KD (M) AGint (k.] m0171) kcat/kuncat
Sb(CeFs)s 1.90 x 107 —26.9 99
Te(CeFs), 4.70 x107* -19.0 39
I(CeFs) 1.37x107° -16.3 5

decreased in the series chalcogen > halogen > pnictogen. In
contrast, an interaction strength halogen > chalcogen > pnicto-
gen was determined for the mono-fluorinated acids.

Eventually, Matile and colleagues experimentally determined
the interaction energies of neutral C¢Fs-substituted Lewis acids
with NBu,ClI in THF (Table 2)."*“ The interaction energies calcu-
lated from the experimental dissociation constants followed the
expectations from atom polarizabilities (Table 1): Sb(CeFs)s
binds chloride much stronger than the analogous As(CgFs)s, Te
(C6Fs)z, or I(CgFs). Computational investigations by Lu and col-
leagues confirmed these results shortly after.”> More impor-
tantly, the Matile group could also show that these trends carry
over to the catalytic activities in model chloride-abstraction reac-
tions. For the reaction involving 1-chloroisochromane with a
silyl ketene acetal, the largest rate enhancement was observed
for the strongest Lewis acid - the antimony catalyst (Table 2).">*

As most of the highly active catalysts bear at least one posi-
tive charge,* we now wondered about the influence of substi-
tuents on the Lewis acidities of structures featuring a cationic
benzimidazolium substituent. The latter was chosen as it is a
common structural motif in many catalysts.»”> To compare the
relative strengths, we first calculated the reaction enthalpies
(AH) for the reaction of each Lewis acid with the fluoride
anion as reference Lewis base (eqn (1)) in CH,Cl,. We then
tried to correlate the resulting enthalpies with different elec-
tronic properties to allow for the prediction of more active cata-
lysts. The fluoride anion is similar to the halide anions, which
are often used in experimental binding studies. However, as F~
is substantially smaller, steric effects should be less pro-
nounced and the calculations procced slightly faster.
Furthermore, this combination allows comparisons with other
Lewis acids through fluoride anion affinities (FIA).>?

LA® +F° 2L 1A - F (1)

Results and discussion
Choice of the computational method

As described in more detail below, we relied on a compu-
tational method that was previously employed for related
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studies on noncovalent interactions.”® Based on different
benchmarks,* the chosen functionals M06-2X>° and B2-PLYP*’
are generally expected to describe the underlying noncovalent
interactions reasonably well. We decided to model the reactions
in dichloromethane solutions to at least partially account sol-
vation effects and to allow for a better comparison with solu-
tion-phase data. Additionally, the use of a continuum model
also substantially reduces competing interactions arising from
hydrogen bonds involving polarized C-H bond within cations,
which can occur in the gas phase.”® We, furthermore, con-
sidered interactions with all potential c-holes of the catalyst (cf.
Fig. 1). As the interaction energies often fall in a rather small
energy range, we will only discuss reaction enthalpies (AH) in
the manuscript and show the corresponding free energies (AG)
in the SI. This should also reduce potential errors that arise
from the calculation of entropy changes.*

Comparison within the periodic table

We started our analysis by comparing structurally related pnic-
togen-, chalcogen-, and halogen-bond donors that bear one

View Article Online
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cationic benzimidazolium (BzIm) substituent. For pnictogen
and chalcogen atoms, both phenyl (C¢Hs) and perfluorophenyl
(CeF5) groups were chosen as the remaining substituents (R?,
R’ in Fig. 1). While the former is a simpler synthetic target,
the latter should be substantially more electron-withdrawing.*°
We further considered that the fluoride anion can coordinate
to different positions (or c-holes, see Fig. 1). In all cases, a
coordination opposite the cationic benzimidazolium group is
possible (o; in Table 3), while an additional interaction oppo-
site to the aryl substituent (C¢Hs or C¢Fs) is also conceivable
for chalcogen- and pnictogen-bond donors (o, in Table 3). For
symmetry reasons, however, c-holes o, and o3 of Fig. 1 lead to
identical structures for the pnictogen-bond donors.
Representative structures of the fluoride adducts are also
depicted in Fig. 3. In line with expectations, the bonding angle
for the halogen bond is linear (179.9°), while deviations are
observed for the tellurium (o;: 163° 6,: 161°) and antimony
compound (64:160° o©,: 156°). While this could be an indi-
cation for an additional anion-n interaction, natural popu-
lation analyses indicate that these interactions are substan-

Table 3 Calculated enthalpies (AH, in kJ mol™) for the reactions of different noncovalent Lewis acids bearing one benzimidazolium substituent
and the fluoride anion in CH,Cl, with calculated V; nax values (0.001 a.u. surface, in kJ mol™), and LUMO energies (in eV)

Bzim—X)- o

X R AH (01) Vs max (01) Erumo (51) AH (52) Vs,max (52) Erumo (Gz)
Cl — —46 407 1.17 — — —
Br — —64 434 -0.29 — — —
I — —-106 455 —-1.45 — — —
G2
A}
A}
Bzlm =04
R
Ch R AH (Gl) Vs,max (61) ELUMO (01) AH (62) Vs,max (62) ELUMO (02)
S CeHs -37 351 2.45 -50 411 2.41
Se CeHj —-55 379 0.78 —54 421 1.08
Te CeHs -94 414 -0.49 —-78 423 0.14
S CeF5 —-55 400 1.73 —67 441 1.74
Se CeF5 -71 428 0.04 —-76 462 0.27
Te CeF5 —-113 460 -1.15 —-113 486 —-0.69
Go 162
A} ’
AY ,
BzIm—Pn)---o4
R R
Pn R AH (51) Vs, max (01) Erumo (51) AH (02) Vs,max (52) Erumo (02)
P CeHs —52 312 2.63 —44 357 3.91
As CeHs —-62 336 0.93 —-49 362 2.15
Sb CeHs -111 379 —-0.35 —83 391 1.17
P CeF5 -93 345 1.81 -91 433 2.25
As CeF5 -94 356 -0.01 -91 429 0.78
Sb CeF5 -136 402 -1.03 —-133 472 -0.16
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BzIm—@ - -0y

Fig. 3 Graphical representations of the most stable fluoride-anion adducts of for a pnictogen-bond, chalcogen-bond, and halogen-bond donor

with selected bond lengths (BzIm: 1,3-dimethylbenzimidazolium).

tially smaller compared to the charge-transfer contribution dis-
cussed above. Furthermore, similar energetic contributions
have been calculated for the anion-rm interaction for both
coordination modes. Thus, we conclude that these additional
interactions should only play a minor role for this investi-
gation. Table 3 summarizes the calculated enthalpies for the
reactions of those Lewis acids with the fluoride anion (eqn (1)).

In line with the general expectations (see above),">*'”*! our
calculations show that the interaction energies are generally
getting more favorable when moving down within a group.
Replacing the additional CsHs substituent with the electron-
withdrawing C¢Fs group results in stronger interactions for
chalcogen and pnictogen bonds. This effect is particularly pro-
nounced for the coordination opposite to this aryl group (c,)
and leads to a substantial stabilization of up to 50 kJ mol™"
(e.g., —83 vs. —133 kJ mol™" for the Sb compound). The elec-
tron-withdrawing nature of the additional fluorine atoms
strongly influences both the electrostatic nature of the central
atom as well as the charge-transfer contributions involving
this group and consequently results in stronger interactions.
Interestingly, a weaker but still substantial stabilization is also
observed for the alternate coordination opposite to the BzIm
group (o4; e.g., =111 vs. =136 k] mol ™" for the Sb compound).
Thus, the calculations again highlight the general importance
of electron-deficient substituents for strong noncovalent
interactions.

When next comparing the interaction energies for both
coordination sites (o; and ©,), our calculations do not provide
a clear picture regarding any preferential binding site. While
the interaction with the BzIm substituent via ¢, seems to be
slightly preferred within the C¢Hs series, comparable inter-
action energies for o; and o, have been determined for the
Ce¢Fs-substituted Lewis acids. This indicates that the neutral
perfluorophenyl group has a similar influence on the inter-
action strength as the cationic benzimidazolium substituent.

To better understand these effects and to identify potential
predictors for future analyses of related systems, we probed

This journal is © The Royal Society of Chemistry 2025

different parameters in correlations with the calculated reac-
tion enthalpies. While more details are provided in the SI, only
selected correlations are shown here for the sake of clarity.

We initially employed the atomic polarizabilities a of
Table 1 as the most general predictor, which resulted in a
modest correlation (* = 0.61) when all values of Table 3 were
considered (not shown in Fig. 4). Slightly better correlations
were observed, when the analysis was restricted to the inter-
action with o-hole o; (©* = 0.77). Excellent correlations were
eventually determined, when the different series (C¢Hs vs.
C¢Fs) were treated separately (Fig. 4A). Similar observations
were also made for the other o-hole o,. The atomic polarizabil-
ities a calculated for the actual structures of Table 3, however,
resulted in slightly worse correlations.

We subsequently selected the magnitude of the corres-
ponding o-holes (Vs max values) as another possible predictor.
However, applying the typical isodensity value of 0.001 a.u. for
the determination of the V; may values*>***3! generally resulted
in very poor correlations. This predictor completely fails, when
all reaction enthalpies of Table 3 are considered (> = 0.22, see
the SI) and no substantial improvement is observed for the
different series (Fig. 4B). Interestingly, increasing the isoden-
sity value to 0.01 a.u. resulted in a much better correlation (for
all AH values: r* = 0.91), but scattering is observed particularly
for the interaction with o-hole o, (Fig. 4C). As a consequence,
our investigations indicate that Vg max values might only work
reliably for closely related structures and can be problematic
when applied to structurally diverse compounds.

As charge transfer frequently contributes substantially to
these noncovalent interactions,! we also tested, if the LUMO
energies of the c*-orbitals can be employed to predict the reac-
tion enthalpies. Again, only a mediocre correlation (r* = 0.54)
was observed for all reaction enthalpies. Here, no substantial
improvement was observed for different subsets of the data
(Fig. 4D). Similar to the V, max values, our investigations indi-
cate that the LUMO energies might also be problematic for
comparisons across the periodic table.

Org. Biomol. Chem., 2025, 23,10574-10585 | 10577
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Fig. 4 Correlations of the calculated reaction enthalpies AH for the
complexation of a fluoride anion with (A) the atomic polarizability a; (B)
the value of the electrostatic potential V max (0N the 0.001 a.u. surface);
(C) the value of the electrostatic potential Vsmax (on the 0.01 a.u.
surface); (D) the LUMO energy; and (E) the NBO charge on the central
atom (X, Ch, or Pn).
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Finally, we considered different NBO charges® (e.g., on the
central atom Z of the Lewis acid) as a potential measure for
the interaction energies, but those again resulted in poor cor-
relations (Fig. 4E) and do not qualify as a suitable predictor.

In summary, our calculations indicate that it might be
difficult to identify a unique parameter for the prediction of
binding energies for comparisons across the periodic table.
We also attempted to employ multiple regression analysis, but
the results were not encouraging (see the SI). Although rather
high adjusted 7* values (0.86) were obtained, the statistical
analysis also revealed a substantial multicollinearity (as indi-
cated by variance inflation factors >8). This is most likely due
to the fact that there already is at least some correlation
between the different predictors (0.16 < * < 0.78).

Overall, the electrostatic potential (Vsmax) resulted in the
best correlations, but still suffered from substantial deviations.
For a series of closely related compounds, the atomic polariz-
abilities @ seem to work reasonably well across the periodic
table and comes with the additional advantage that they can
be determined very quickly.

Substituent effects in halogen-bond donors

As a general prediction for all noncovalent interactions seems
to be more complex, we next wondered if better predictions are
possible for closely related structures. Therefore, we next
studied how substituents influence the interaction of different
halogen-bond donors with the reference Lewis base F~. We
selected the well-studied iodinated benzimidazolium motif as
a representative example. These structures are conformation-
ally rigid and only allow for one noncovalent interaction.
Furthermore, they can serve as a simple benchmark for substi-
tuent effects. To reduce the number of potential conformers,
we only included symmetrical structures with substituents in

Table 4 Calculated enthalpies (AH, in kJ mol™) for the reactions of differently substituted iodine-based Lewis acids and the fluoride anion in
CH,Cl, with calculated V; nax values (0.001 a.u. surface, in kJ mol™?) and LUMO energy (in eV)

Y |\I/|e Y |\I/|e
X N® X N®
\>—| + F@ AH \>_I_ ) _F@
X N X N
Yy Me Yy Me
X Y AH Vs,max ELUMO X Y AH Vs,max ELUMO
OH H -102 447 -1.35 H OH -105 445 -1.37
OMe H —100 437 -1.17 H OMe —-103 434 —1.28
CHj; H -102 444 -1.25 H CHj; -104 449 -1.45
H H —-106 455 -1.45 H H —-106 455 -1.45
F H -110 473 -1.66 H F -113 475 -1.74
SH H —-108 456 —1.43 H SH —-110 453 —-1.55
I H -111 460 -1.50 H I -114 458 -1.64
Br H -113 464 -1.53 H Br -115 463 -1.69
Cl H -112 472 -1.62 H Cl -117 471 -1.72
CBr; H —-114 463 —1.48 H CBr; —-115 453 —1.43
CCl; H -115 476 -1.69 H CCl; -115 466 -1.62
CF3 H -117 490 -1.84 H CF; -117 483 -1.86
CN H -120 500 -1.93 H CN -121 491 -1.91
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the 5,6- (X) or the 4,7-positions (Y) of the benzimidazole part.
The substituents were chosen to include both strongly elec-
tron-donating and -withdrawing substituents and possess
different Hammett substitution constants ¢ (OH: —0.37,%
OMe: —0.27,** CH;: —0.17,*® H: 0.00, F: 0.06,** SH: 0.15,% I
0.18,*® Br: 0.23,** Cl: 0.23,>® CBrs: 0.29,>* CCl;: 0.46,* CFj:
0.54,> CN: 0.66).>® Substituents that could easily lead to self-
aggregation (e.g., NR,) were excluded from the analysis.®” The
calculated reaction enthalpies AH are summarized in Table 4
together with the respective Vg nax values and LUMO energies
as potential predictors.

The reaction enthalpies for substituted halogen-bond
donors fall in the range of =121 < AH < —100 kJ mol ™", cover-
ing an energy window of almost 21 kJ mol ™. This implies that
the strongest Lewis acid will bind to the fluoride anion approx.
four orders of magnitude stronger than the weakest represen-
tative. At a first glance, the positions of the substituents (5,6
vs. 4,7) only cause small differences in AH, with the 4,7-substi-
tuted halogen-bond donors being slightly stronger. As sum-
marized in Fig. 5, we again analyzed which parameters are
suitable for the prediction of the reaction enthalpies. For all
tested parameters, much better correlations are obtained for
the 5,6-disubstituted series and a lot of scattering is observed
for the 4,7-disubstituted compounds. This can probably be
attributed to additional steric interactions between the substi-
tuent Y and the additional N-CH; groups that result in partial
distortion form planarity, which partially overrides the trends
within the noncovalent interaction. The best single predictors
for the 5,6-disubstituted systems are the substituent constant
op (P = 0.94, Fig. 5A) and the calculated NBO-charge on the
iodine atom (+* = 0.92, Fig. 5E). The other parameters (atomic
polarizability @, Vi max values, LUMO energies) result in worse
correlations. Here, a change of the isosurface (see above) did
not result in an improved result and very similar r*-values were
obtained.

In summary, for simple halogen-bond donors, substituent
constants o, allow for a reasonable a priori prediction of the
interaction strengths, while NBO charges can be used in an a
posteriori fashion.

Substituent effects in chalcogen-bond donors

We next focused our analysis on related cationic selenium-
based chalcogen-bond donors. One the one hand, those struc-
tures allow for an additional substituent in the para-position
of the Se-phenyl group (Z), which adds another possibility to
tune the reactivity of the Lewis acid. On the other hand, these
chalcogen-bond donors also feature two coordination modes
(04 and o,, Fig. 1), which could be exploited for the future
design of polydentate structures. Table 5 summarizes the cal-
culated enthalpies for the reactions of these selenium-based
Lewis acids with the fluoride anion (eqn (1)) as well as selected
predictor values.

The reaction enthalpies for these chalcogen-bond donors
fall in the range of —66 < AH < —52 kJ mol™". This energy
window (14 kJ mol™") as well as the overall enthalpies are sub-
stantially smaller compared to the halogen-bond donor dis-
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Fig. 5 Correlations of the calculated reaction enthalpies AH for the
reaction of differently substituted halogen-bond donors with the
fluoride anion with (A) Hammett's substituent constant op,; (B) the
atomic polarizability «; (C) the value of the electrostatic potential Vs max
(on the 0.001 a.u. surface); (D) the LUMO energy; and (E) the NBO
charge on the iodine atom.

cussed above indicating that selenium-based chalcogen-bond
donors are weaker Lewis acids compared to their iodinated
analogues and also less influenced by substituent effects.
Although electron-deficient substituents lead to stronger inter-
actions, the substituent effect within the selenium compounds
covers only three orders of magnitude in association con-
stants. This finding generally agrees with the smaller polariz-
ability of selenium compared to iodine (Table 1).

We furthermore noticed that the calculated enthalpies
seem to be almost independent from the location of the sub-
stituent and the coordination of the fluoride anion. Generally,
the enthalpies for different series correlate very well with each
other (0.95 < 7* < 0.99). As observed before for halogen-bond
donors, slightly worse correlations were again obtained when
4,7-disubstituted systems were involved (Fig. 6A). The high cor-
relation between the different series furthermore implies that
a single substituent within the phenyl ring (position Z) has a
comparable effect as two substituents within the benzimidazo-
lium subunit (X or Y). This information could turn out useful

Org. Biomol. Chem., 2025, 23,10574-10585 | 10579


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ob01575h

Open Access Article. Published on 28 ottobre 2025. Downloaded on 01/04/2026 20:26:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Organic & Biomolecular Chemistry

Table 5 Calculated enthalpies (AH, in kJ mol™) for the reactions of differently substituted selenium-based Lewis acids and the fluoride anion in

CH,Cl, with calculated V; nax values (0.001 a.u. surface, in kJ mol™?), and LUMO energy (in eV)

Y Me
X N ©2
©Y—8e--o,
X N
Yy Me
Z
X Y Z AH (01) Vs,max (01) Erumo (01) AH (02) Vs,max (02) Eyumo (02)
H H OH —-53 370 0.82 —52 417 1.26
H H OMe —-53 365 0.91 —-52 410 1.34
H H CH; —-53 369 0.87 —-53 413 1.23
H H H —=55 378 0.78 —-54 421 1.08
H H F —-56 390 0.64 —-56 430 0.98
H H SH —-56 375 0.81 -56 420 1.17
H H I -59 383 0.72 —58 425 1.03
H H Br —-60 388 0.68 -59 429 0.96
H H Cl -59 389 0.68 -59 430 0.96
H H CBr; —-61 389 0.68 —-60 427 0.99
H H CCl; —-61 394 0.62 —-60 432 0.94
H H CF; —62 406 0.52 —-61 437 0.73
H H CN —64 411 0.45 —62 447 0.67
OH H H —-53 370 0.89 —-53 401 1.18
OMe H H —=52 362 1.07 —-52 399 1.27
CH; H H —-53 366 0.94 —-53 406 1.22
H H H -55 378 0.78 —-54 421 1.08
F H H -59 393 0.55 -59 439 0.91
SH H H —-57 378 0.78 -57 416 1.07
I H H -59 381 0.73 -59 426 1.03
Br H H —-60 385 0.67 —-60 431 0.99
Cl H H —60 390 0.63 —-60 428 0.94
CBr; H H —-61 386 0.70 —-61 429 0.99
CCl; H H —62 395 0.57 —62 439 0.89
CF; H H —64 408 0.37 —-63 453 0.73
CN H H —66 416 0.27 —66 469 0.63
H OH H —-53 368 0.87 —-53 402 1.21
H OMe H —-53 358 1.00 -53 388 1.31
H CH; H —-53 373 0.84 —-54 405 1.16
H H H —=55 378 0.78 —54 421 1.08
H F H —60 390 0.52 -59 433 0.90
H SH H —-57 375 0.75 -57 416 1.12
H I H —60 380 0.69 -59 420 1.06
H Br H —61 384 0.62 —-60 424 1.03
H Cl H —-61 388 0.57 -59 429 0.98
H CBrj3 H —65 376 0.78 —-63 397 1.16
H CCl; H —-61 390 0.75 —-60 417 1.02
H CF;3 H —62 399 0.46 —-61 436 0.85
H CN H —64 408 0.32 —64 457 0.76

for the future design of chalcogen-bond donors (e.g., as
organocatalysts), as the same effect in terms of binding can be
achieved from different structures.

In line with the calculations described above, the inter-
action energies for both orientations (o, and o,) are almost
identical. This seems to be in contrast to earlier studies by
Erdelyi, Huber, and colleagues on the interaction of related
imidazolium systems with the bromide anion.*** For the sel-
enium-based Lewis acid, the authors find a substantial prefer-
ence (AAG = —13 k] mol™") in favor of the interaction opposite

10580 | Org. Biomol. Chem., 2025, 23, 10574-10585

to neutral substituent (o, of Fig. 1). One explanation for the
different interaction energies could result from the different
azolium substituent, as benzimidazolium-containing struc-
tures are typically better catalysts compared to their imidazo-
lium analogues.?® Generally, the small energetic differences
between the different binding modes highlights the structural
diversity that could be associated with these structures and
complicates the design of future catalysts.

As shown in Fig. 6, our attempts to identify a single predic-
tor for all interactions within Table 5 failed. As the atomic

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Correlations of the calculated reaction enthalpies AH for the
reaction of differently substituted chalcogen-bond donors with the
fluoride anion with (A) each other; (B) the atomic polarizability «; (C) the
value of the electrostatic potential V max (D) the LUMO energy; and (E)
the NBO charge on the selenium atom.

polarizability « of the selenium ion does not change signifi-
cantly for different substituents (Aa = 0.15), rather scattered
correlations are observed with no general trend. Interestingly,
positive correlations were found for Y- (purple symbols in
Fig. 6) and Z-substitutions (orange), a negative correlation was
observed for X-substituent (blue). The other predictors (Vg max,
Erumo, NBO charge) resulted in moderate correlations for all
selenium compounds (Fig. 6C-E). Exclusion of the 4,7-di-
substituted Lewis acids and separation of the different inter-
action modes (o, vs. 6,) eventually resulted in improved corre-
lations. As already observed before, multivariant regression
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analysis provided no further improvement (see the SI for
details).

In summary, the DFT -calculations provided valuable
insights into the influence of the nature and location of
different substituents in noncovalent organocatalysts.
However, no single parameter could be identified in this study
to predict the interaction energies across all studied Lewis
acids. For structurally related compounds, both V; ., values
as well as LUMO energies resulted in useful correlations that
could have predictive character. These findings are reminis-
cent of the use of pK, values to predict the nucleophilicity,
which also only work well for a series of related compounds.*”

Application in catalysis

Finally, we wanted to probe the computational results in a
catalytic reaction. Therefore, we selected the 5,6-difluoro sub-
stituted selenium Lewis acid C2 as synthetically accessible
target. To our knowledge, this motive has not been used in cat-
alysis so far and should be more Lewis acidic compared to the
unsubstituted analog C1 based on our calculations. The syn-
thesis routes for both C1 and C2 are summarized in Scheme 1
and follow modified literature procedures.>***°

For both salts, suitable crystals could be isolated that allow
a characterization of the solid-state structure by X-ray diffrac-
tion. In line with a previous report in the literature at 170 K,>**
we found for C1 two crystallographically independent mole-
cules in the asymmetric unit denoted as Cla and C1b. The
molecular structures of Cla and C1b are shown in Fig. 7 and
display both the feature of the classical Se---O noncovalent
interaction of the triflate anion with the selenium atom (3.065(1)
and 3.132(1) A) as well as a contribution from an anion-n
interaction (3.036(2) and 2.977(2) A), albeit in different
strengths. Interestingly, no obvious comparable interaction
between cation and anion was observed within the solid-state
structure of C2. Instead, two-dimensional layers can be
observed that are dominated by noncovalent interactions

H 1) NaH (2.5 equiv.) /
FI:[NHZ HCOOH F. N THF, it, 3 h F N
? »
100 °C 2) Mel (1.1 equiv.) j@:
F NH N q N
2 35n F THF, 1t, 3 h F

51 % overall

;1 n-Buli (1.1 equiv.) /

X N THF,-78 °C,1h X N
1L o L=

X N~ 2) PhySe;, (1.5 equiv.) X N

THF, =78 to 64 °C

17h MeOTf (1.50 equiv.)

CHyCly, 11,20 h
C1(X=H) x N Q
50 % overall
C2(X=F) p—Se
N®
55 % overall X \" ©ot

Scheme 1 Synthesis of the chalcogen-bond donors C1 and C2 follow-
ing literature protocols.3%24°
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I_. [
P ]

7'

3.132(1) A
C1b

Fig. 7 Crystal structures of C1 (2492387, top) and C2 (2492388,
bottom); displacement ellipsoids are drawn at the 50% probability level.

between the selenium atom and the aromatic rings of another
molecule (see the SI).

As thermodynamics do not necessarily correlate with
kinetic effects, we wanted to at least briefly assess the catalytic
performance of these structures. For comparison, we also
selected the monodentate halogen-bond donor C3. The cata-
lysts were employed in the reduction of an typical imine 1 with
the Hantzsch ester (2) in dichloromethane. These and related
transfer hydrogenation reactions have already been studied in
the context of noncovalent catalysis (Scheme 2).*' While no
background reaction (yield <1%) was observed in the absence
of any catalyst, all Lewis acids are highly active in this reaction.
In line with the computational results from above, the catalytic
performance increases in the series C1 < C2 < C3. This nicely
illustrates that the thermodynamic findings discussed above

HH catalyst
NP EtoC COEt (03mol%)  M-n-PP EtOC o~ COsE
A | — /{\ + < |
Ph H N CH,Cl, Ph H H N
H 23°C
1 2 3
CHs CHy CHy
N® Ph F N® Ph N®
H-se B[ H-sé H—i
N oot F N Oorf N @ort
CHs CHs CHj
c1 c2 c3

49 % after 0.5 h
76 % after 3 h

70 % after 0.5 h
95 % after 3 h

95 % after 0.5 h

Scheme 2 Catalytic performance of noncovalent catalysts C1-3 in a
model transfer hydrogenation.
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also carry over to the catalytic activities and eventually allow
for the design of improved catalysts.

Conclusions

This work aimed for a better understanding of the influence of
substituents within cationic pnictogen-, chalcogen-, and
halogen-bond donors. Therefore, the interaction enthalpies
with the fluoride anion have been calculated for a large selec-
tion of different Lewis acids. In general, our analysis implies
again that electron-withdrawing substituents result in the
strongest interactions. However, the calculations also reveal
that the position of the substituent (e.g., on the charged benzi-
midazolium system or within the additional aryl substituent)
is less important. Furthermore, our DFT study indicates that
the different coordination sites (i.e., the different o-holes)
result in comparable interaction strengths. Based on our ana-
lysis, there is no general single parameter that could be used
to reliably predict the binding strengths. While atomic polariz-
abilities a resulted in reasonable correlations for comparisons
across the periodic table (r* around 0.95), electrostatic (Vs max)
and charge-transfer (Erymo) parameters behaved almost
equally for halogen- and chalcogen-bond donors (* around
0.85). Following the suggestions of the calculations, we were
subsequently able to identify a selenium-based catalyst for the
hydrogenation of imines with an improved performance. This
underlines the broader applicability of our analysis for the
future development of noncovalent organocatalysts.

Computational details

The conformational space for each structure was explored with
the meta-dynamics package Conformer Rotamer Ensemble
Sampling Tool (CREST).** The default parameters were used in
combination with GFN2-xTB.** All structures were sub-
sequently fully optimized with the meta-hybrid M06-2X func-
tional,®® the triple-{ basis set 6-311+G(d,p) for H-Ge, and the
aug-cc-pVTZ basis set with the corresponding pseudopotential
(commonly called aug-cc-pVTZ-PP) for As-1.** Vibrational ana-
lysis verified that each structure was a minimum. Thermal cor-
rections were calculated from unscaled harmonic vibrational
frequencies at the same level of theory. Entropic contributions
to free energies were obtained from partition functions evalu-
ated with Grimme’s quasi-harmonic approximation.>®” This
method employs the free-rotor approximation for all frequen-
cies below 100 cm™', the rigid-rotor-harmonic-oscillator
(RRHO) approximation for all frequencies above 100 cm™, and
a damping function to interpolate between the two
expressions. Energies were subsequently calculated with
single-point calculations employing the double-hybrid B2PLYP
functional,” Grimme’s D3 correction with Becke-Johnson
damping,® the large quadruple-{ basis set def2-QZVPP with
the associated pseudopotential for I and corresponding auxili-
ary basis sets,*® and the modified SMD solvation model for di-

This journal is © The Royal Society of Chemistry 2025
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chloromethane.*” All calculations involving M06-2X were per-
formed with Gaussian 16,*® while all B2PLYP calculations were
performed with ORCA 5.*°
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