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Von Kraftstoffen fur Fahrzeuge und Polymeren als Verpackungsmaterial, iber Pharmazeutika fur die
Behandlung von Krankheiten, bis hin zu Dingemitteln fir die Agrarwirtschaft, fast alle essenziellen
Bestandteile der modernen Zivilisation lassen sich aufrgfisiche Materialien zurtickfihren. Fir die
Herstellung dieser Produkte werden haufig Katalysatoren gebraucht, welche die bendétigte Energie der
ablaufenden chemischen Reaktionen herabsenken. Dadurch kdnnen Substanzen bei niedrigeren
Temperaturen und Drickemmgesetzt und somit Ressourcen gespart werden. FUr grof3technische
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Zitierweise:

Dispersion Energy-Stabilized Boron and Phosphorus Lewis Pairs

Benedikt Sieland', Marcel Stahn', Roland Schoch, Constantin Daniliuc, Sebastian Spicher,
Stefan Grimme, Andreas Hansen,* and Jan Paradies*

Abstract: An isostructural series of boron/phosphorus
Lewis pairs was systematically investigated. The associa-
tion constants of the Lewis pairs were determined at
variable temperatures, enabling the extraction of ther-
modynamic parameters. The stabilization of the Lewis
adduct increased with increasing size of the dispersion
energy donor groups, although the donor and acceptor
properties of the Lewis pairs remained largely un-
changed. This data was utilized to challenge state-of-the-
art quantum chemical methods, which finally led to an
enhanced workflow for the determination of thermo-
chemical properties of weakly bound Lewis pairs within
an accuracy of 0.6 to l.Okcalmol' for computed
association free energies.
/

Only recently, a deeper understanding of London disper-
sion interactions by quantum chemical and preparative
experiments has provided answers to fundamental questions
in molecular chemistry.!! For example, the exceptional
stability of all-meta-tBu hexaphenylethane (1-1) in contrast
to the unstable parent hexaphenylethane was explained by
extensive altractive dispersion interactions of the (Bu
groups.”! Computational studies revealed that there is not
only an ethane-type equilibrium structure as global mini-
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mum with an exceptionally long C—C bond of 1.67(3) A, but
also a local energy minimum which corresponds to the
weakly dispersion energy donor-bound dimer of trityl
radicals, here denoted by (1-), (Scheme 1a).

The crucial role of the aliphatic substituents as stabilizing
dispersion energy donors (DEDs) has been established for
several other hexaphenylethane derivatives.! Structural
similarities may be drawn to frustrated Lewis pairs (FLPs)¥!
and their Lewis adducts, although these species mostly are
of closed-shell electronic character (Scheme 1b). Both an
unquenched reactivity of the FLP and the formation of an
encounter complex!” provide the setup e.g. for the hetero-
Iytic splitting of molecular hydrogen (H,)." Crucial for FLP
reactivity is the formation of the encounter complex through
the subtle interplay of many, formally weak attractive and
repulsive interactions. The association of the archetype FLP
consisting of B(CFs)./P(2.4.6-Mes-C:H,); (2a/3a) was found
to be slightly endergonic characterized by the free energy of
association at 298 K (AG"ws ) of 0.4%0.2 kcal/mol, ™
although stabilizing polar H-F interactions are present.

a) all-meta-tbutyl hexaphenyl ethane

Bu

Bu

(1)
dispersion-stabilized
radical pair

C-C1.67(3) A
b) frustrated Lewis pair

g Me
: 7@:‘
F\%\ & M 7 Me
F B @F. -
F FMe-.Q” ’%ME

2a:3a FF Me

encounter complex

Lewis adduct

c) dispersion energy donor stabilized Lewis pairs

WO
acceplor%\
number : ;

R=Me (2b) 48 R B B " R =Me (3b)

Pr (2¢) 33
Bu (2d) 28

Scheme 1. a) Dispersion energy donor-stabilized all-meta-tBu-substi-
tuted hexaphenylethane; b) equilibrium of a frustrated Lewis pair and
its Lewis adduct; ) conceptual approach to the stabilization of B/P-

derived Lewis pairs including acceptor numbers™ for the boranes.
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However, when taking into account the large stabilization of
(1-1) DEDs and the structural similarity to triaryl phos-
phane/triaryl borane FLPs (compare Scheme la-c), the
formation of an encounter complex predominantly through
dispersion interactions is feasible. Only recently, Slootweg
et al. introduced rBu-groups into intermolecular FLPs based
on triarylboranes and triarylamines in order to achieve
efficient electron transfer but thermodynamic parameters
were not studied in detail by experimental nor computa-
tional methods."! However, only joined computational and
experimental studies can provide the necessary interface to
improve both the quantum mechanical methods and the
desired molecular properties. In this light, high-level
quantum chemistry in combination with reliable experimen-
tal data is of utmost importance for advancing the theoret-
ical and molecular understanding.

We selected a series of alkyl-substituted triaryl boranes
and phosphanes to study the DED stabilization of Lewis
adducts (Scheme 1c). The six compounds were characterized
by NMR spectroscopy, and the Lewis acidity of the boranes
and the s-character of the lone pair of the phosphorus were
probed by the Gutmann-Beckett method and by the 'Jpg,
coupling constant of the corresponding phosphane selenides,
respectively (see Supporting Information for details). The
fact that the 'Jpg. coupling constants of the phosphane
selenides are nearly identical at 749 Hz shows that the donor
capacity of these phosphanes is unaffected by the peripheral
substituents. In contrast, the Lewis acidity of the borane
(2b-d) decreases (smaller acceptor number) when increas-
ing the size of the DED (compare Scheme 1c).

The interaction of equimolar mixtures of all nine
combinations of borane (2b-d) and phosphane (3b-d) were
studied in solution (0.1 to 0.05M in C,D;) by *P NMR
spectroscopy (see Supporting Information for details),
revealing Lewis acid/Lewis base interactions through differ-
ences in chemical shift in comparison to the pure com-
pounds. This picture was substantiated by {'H,'H} nuclear
Overhauser enhancement spectroscopy (NOESY) experi-
ments showing intermolecular cross peaks with character-
istics of chemical exchange (see Supporting Information,
Figures S78-91) and supporting the idea of reversible Lewis
adduct formation.” Furthermore, the Lewis adducts 2b-3b,
2b-3d and 2d-3d were characterized by X-ray diffraction
(Figure 1).

All three DED-stabilized Lewis adducts feature the
staggered conformation in the solid state similar to 1-1,
whereas the molecular structure of B(CFs),/PPh; exhibits
an eclipsed conformation stabilized by the H-F/CH-n
interaction."!!  Counterintuitively, the dative P-B bond
lengths of 2.102(9) A (2b-3b), 2.072(3) A (2b-3d) and
2.109(9) A (2d-3d) are significantly shorter than in compa-
rable structures with fluorinated boranes and uncongested
phosphanes like Ph;P-B(C¢Fs),™? (2.181 A) or (3.5-Me,-
CeH,);P-B(4-H-C¢F,);" (2.172 A). This may result from
the significant interaction of the DEDs, leading to smaller
P-B bond lengths. Such a phenomenon is considered to be
responsible for the exceptionally small intermolecular H-H
distance of 1.566(5) A in (3.5-di-tbuthylphenyl)methane.!™
The iPr-substituted borane 2¢ proved extremely difficult to
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Figure 1. Molecular structures of 2b-3b, 2b-3d and 2d-3d (hydrogen
atoms were omitted for clarity); selected P—B distances: 2b-3b:
2.102(9) A, 2b-3d: 2.072(3) A and 2d-3d: 2.109(9) A."

synthesize, unstable and also very challenging for quantum
chemical methods, so that we decided to continue our
studies with the methyl and rBu derivatives 2b and 2d. In
contrast to the 'H NMR spectra (resonance overlaps or
severe line broadening), the P NMR spectra were suitable
for the determination of the association constant (K,) by
titration in a temperature range of 284 K to 303 K, which
ultimately allowed the extraction of thermodynamic param-
eters by van ‘'t Hoff analysis (Table 1; see Supporting
Information for details, Figure S11-12, Table S31). The
association is exothermic for all Lewis pairs, as indicated by
the determined enthalpy of association (AH®) ranging from
—8.0 kcalmol " to —10.2 kcalmol " (Table 1, entries 1-5).

Table 1: Thermodynamic parameters of Lewis pair association deter-
mined by *'P NMR titration.”!

Entry DED™ Lewis pair AH® AS® AG®5
[kcal/mol]  [cal/mol] [kcal/mol]
1 102 2b/3b ~89+03 -292+10 -02+06
2 138 2b/3c -102+0.1 -253+05 -2.6+03
3 156 2b/3d —9.6+0.1 —21.84+03 -3.1+0.2
4 156 2d/3b —8540.1 —19.4+03 -2.7+0.
5 192 2d/3c —80403 —147+1.0 -3.6+0.6
(3 210 2d/3d -161+1.0 -444+35 -28+21
(—4.7)9

[a] Average of two independent measurements; [b] sum of atoms in
ligands of the Lewis pair; [c] determined by DOSY NMR; [d]
extrapolated from plot of AG®,4 vs. DED atom number in Lewis pair
(see SI, Figure 592).

© 2023 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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The difference in Lewis acidity of 2b and 2d is only
marginally reflected in AH® determined by titration (en-
tries 1-5). The AH® for Lewis pairs containing 2b (acceptor
number”! AN =48) are only marginally more negative than
for Lewis pairs containing 2d (AN=28), whereas the
electron pair donor ability of the phosphane remained
constant. The entropy of association (AS®) is for all Lewis
pairs negative and becomes continually less negative with
increasing size of the DED (Table 1, entries 1-5), counter-
balancing the negative AH®. Based on the calculated AG®,qq,
the association becomes more exergonic with increasing size
of the DED, which thus must be attributed to the increasing
dispersion energy donor ability of the phosphane and
borane substituents. As a result of the increases in
dispersion interactions, the free energies are negative and
reach up to —3.6 kcalmol™® for the formation of 2d-3c.
Unfortunately, the large binding constant paired with the
very low solubility of 2d-3d prohibited the analysis of this
adduct by NMR titration. However, for lack of alternatives,
we utilized the determination of K, by diffusion ordered
spectroscopy (DOSY) NMR, keeping in mind that this
method is associated with a large error. We reevaluated all
six Lewis pairs with the aim of substantiating the previously
obtained data from the NMR titrations (see SI, table S31).
Based on this method as well, increasing the size of the
DED stabilizes the Lewis adducts and maximizes for the all-
meta-tBu-system 2d-3d in a AG®, of —2.8 kealmol b

The results of the NMR experiments are the basis for a
detailed quantum chemical investigation. The standard
approach for modeling the association of FLPs involves
starting from gas phase geometries at 0 K and comparing
the corresponding association energies or individual contri-
butions thereof, such as the dispersion energy.®! Computa-
tional studies, especially ones that include free energies of
association, are rare for FLPs®" and thermostatistical
corrections and solvation contributions are usually calcu-
lated using a protocol that starts from the gas phase
geometries at 0 K. This was also our starting point, but,
whereas geometries were described at the PBEh-3c!™ level
after a CREST! conformer search with GFN2-xTB!'" that
provided B—P bond lengths very similar to those in the
crystal structure (see Supporting Information Table $37),
but the calculated AG®,; with these geometries were clearly
too exergonic compared to the measured values (Table $32).
Furthermore, the experimentally observed trend of stronger
association with increasing ligand size, due to enhanced
dispersion interactions, was not reproduced either. To
resolve this apparent contradiction, the accuracy of the
electronic gas phase energy calculation was first assessed by
comparing the density functional theory (DFT) interaction
energies for several, known well-performing functionals to
accurate local coupled cluster (“DLPNO-CCSD(T1)/
CBS")™ values (see Table $34). The dispersion contribu-
tions were also investigated in detail. They show the
expected trend, with a high correlation of dispersion
interactions and DED atoms. As expected for DED-
stabilized Lewis pairs, the intermolecular D4 dispersion
energy significantly contributes to the overall AG®yy with
values as large as —59.7 kcalmol™' for 2d-3d (depending on
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the tested functional). However, all of these investigations
did not result in a better description of the association free
energies.

We therefore suspected a wrong geometry due to an
insufficient description of dynamic effects (especially a too-
short B-P bond length) as the main cause for the too
exergonic AG®; values calculated with the standard ap-
proach, using equilibrium  (optimized) molecule
geometries.*™! Due to partial quenching of the dispersion
interactions by solvation interactions™’ and dynamic effects
(298 K instead of 0 K), the actual (solvated) geomeltries and
P-B distances at finite temperatures are expected to differ
from the equilibrium and from the crystal structure geo-
metries. Because modeling by molecular dynamics (MD)
was not feasible (see SI), we had to resort to a static
approach. A more advanced approach for conformational
sampling and efficient DFT-refinement is the “CRENSO"”
workflow,””! which allows the usage of larger initial
ensembles and more accurate DFT methods.”” The CREN-
SO workflow, while still being a static approach, uses a
combination of advanced sampling techniques and a refine-
ment with the r’SCAN 3¢ DFT composite method, which
also performed well in our evaluation of interaction
energies, to obtain thermally populated ensemble averages
in solution (for more details see SI). Only with this refined
workflow, we could achieve a good agreement of the
calculated AG®, with the experimentally determined ones.
This is probably mainly due to the better conformer
sampling, which led to structures that better reproduce the
actual geometries in solution at room temperature, even if
the P-B bond lengths still tends to correspond to that in the
crystal structure (cf. Table 2, Figure 2). For even higher
accuracy, however, explicit consideration of dynamic effects
via MD simulations would be required, which would then
presumably lead to elongated P-B bonds. However, this
approach was not feasible in terms of computational effort
for these large systems.

Notably, the slightly reduced bond B-P bond length in
2b/3d compared to 2b/3b was reproduced. This may be
caused by a delicate balance between repulsive and
attractive interactions in 2b/3d because the electronic
properties of the phosphanes are nearly identical as
evidenced by the identical ‘.5, coupling constants and the
identical highest occupied molecular orbital (HOMO)
energies.""!

Energetically, the AG®,y4 values are nearly on point with
the experimental values (Table 3), which may be attributed
to the rigorous sampling and the refinement of the con-
former ensembles at finite temperature in solvation, and
therefore already includes significant parts of the missing

Table 2: Boron-phosphorus distances in A of the final calculated
geometries with r'SCAN-3c after advanced conformer sampling in
comparison with the experimental values.

2b3b 2bf3d 2dp3b 24/3d
B—Paalc 2103 2.084 2103 2077
B — Pexp 2102(9) 20712(3) - 2.109(9)

© 2023 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Figure 2. Geometries with "'SCAN-3c after advanced conformer sam-
pling of the lowest-lying conformers of 2b-3b, 2d-3b, 2b-3d and
2d-3d Lewis pairs.

Table 3: Comparison of experimentally obtained free energies of
association of Lewis pairs with the calculated ones; energies in
kealmol™'  (*extrapolated, compare Supporting Information Fig-
ure S90).

Contribution 2b/3b 2b/3d 2d/3b 2d/3d
DED¥ 102 156 156 210
AE —24.9 -31.2 =317 -37.2
AG i 19.7 205 204 193
AG,,, 4.4 6.8 9.2 12,1
AG i aic -0.8 -39 -2.0 -5.8
AG ncuin -02+06 —31+£02 -27401 —4.7%

[a] Sum of atoms in the ligands of the boron and phosphorus.

contributions in contrast to the initial GFN2-xTB/PBEh-3c
approach.

However, the used solvation models were typically
developed for small, relatively rigid organic molecules and
are, therefore, of limited accuracy for the here investigated
large and flexible systems, which marks these good results
quite unexpected. While the overall trend is replicated
almost perfectly, considering the complexity of the problem
and excepting the AG®,4 of 2d/3b, the calculated stability of
the investigated Lewis pair is still slightly overestimated. We
attribute this to the fact that the dynamic effects on the
geometry are still not fully accounted for within the
employed workflow. Only the AG®y; of 2d/3b shows a
minor inconsistency from the expected trend using this
system. To better comprehend this cause, we examined the
individual contributions to the AG®, as a function of the
number of DED atoms and found an irregularity in the
solvation-free energy contribution. This can be attributed to
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an inaccurate description of the non-electrostatic contribu-
tions to the AG,,, by the employed solvation model.”"!
Implicit solvation of bulky complexes is still a challenge for
modern solvation models, for which, however, no better
option is yet available.

In summary, we systematically investigated the associa-
tion of six isostructural Lewis pairs that differed only by
their dispersion energy donors. Joined synthetic and compu-
tational experiments determined the exergonic association
of the boron- and phosphorus-centered Lewis pairs within
an accuracy of 0.5 to 1.0 kcalmol . In general, the associa-
tion becomes more exergonic with the increasing number of
atoms in the dispersion energy donors within the Lewis pair,
and is unaffected by changes to the electron pair donor/
acceptor properties of the phosphane and borane. The
experimentally determined association constants and de-
rived thermodynamic parameters were utilized for the great
challenge of developing a quantum chemical workflow for
the calculation of weakly bound Lewis pair complexes.
Solvation contributions have a significant impact on the
stability of Lewis pairs. Furthermore, dynamic effects, such
as the B—P bond elongation of weakly bound Lewis pairs in
solution are highly important for the accurate energy
description by density functional theory, which is impossible
to be captured through a solely static approach. However,
by employing state-of-the-art workflows, that use advanced
sampling and the refinement of the conformer ensembles at
finite temperature with modern DFT functionals, combined
with the Boltzmann averaging of the thermally populated
ensemble, a large part of these missing contributions can be
fathomed, and the free energy of association of complicated
systems were very accurately calculated. Incorporating these
findings into future investigations will enhance the accuracy
and robustness of studies in frustrated Lewis pair chemistry.
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