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Polar covalent apex-base bonding in borapyramidanes
probed by solid-state NMR and DFT calculations

Dominique J. Luder,™ " Nicole Terefenko, Qiu Sun,’® Hellmut Eckert, ¢
Christian Miick-Lichtenfeld,”” Gerald Kehr," Gerhard Erker,* and Thomas Wiegand*® "

Pyramidane molecules have attracted chemists for many
decades due to their regular shape, high symmetry and their
correspondence in the macroscopic world. Recently, experimen-
tal access to a number of examples has been reported, in
particular  the rarely reported square  pyramidal
bora[4]pyramidanes. To describe the bonding situation of the
nonclassical structure of pyramidanes, we present solid-state
Nuclear Magnetic Resonance (NMR) as a versatile tool for
deciphering such bonding properties for three now accessible
bora[4]pyramidane and dibora[5]pyramidane molecules. ''B
solid-state NMR spectra indicate that the apical boron nuclei in
these compounds are strongly shielded (around —50 ppm vs.

Introduction

Given their regular shape and high symmetry, the
[4]pyramidane CsH, composed of a C, base and an apical
carbon atom on top of that base, evoked the interest of
chemists more than four decades ago.™ In [n]pyramidanes (n
denotes the number of atoms in the base), the apically
positioned atom is forced into an unusual geometry, resulting
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BF;-Et,0 complex) and possess quadrupolar coupling constants
of less than 0.9 MHz pointing to a rather high local symmetry.
3C—"'B spin-spin coupling constants have been explored as a
measure of the bond covalency in the borapyramidanes. While
the carbon-boron bond to the —B(CgF;), substituents of the
base serves as an example for a classical covalent 2-center-2-
electron (2c-2e) sp*carbon-sp*boron c-bond with 'J("*C-"'B)
coupling constants in the order of 75Hz those of the
boron(apical)-carbon(basal) bonds in the pyramid are too small
to measure. These results suggest that these bonds have a
strongly ionic character, which is also supported by quantum-
chemical calculations.

in interatomic apex-to-pyramid base interactions not described
by classical bond theory.” While first studies of pyramidanes
were limited to in-silico investigations, the synthesis was
reported for a variety of pyramidanes in recent years (for
comprehensive review articles see references).” This includes,
among others, the lithium and magnesium cyclobutadiene salts,
as well as bora-, sila- and stannapyramidanes.” A synthetic
approach on the reversible conversion from a classical borole to
the nonclassical isomer, the bora[4]pyramidane, by photolysis
was recently reported.”

The non-classical bonding interactions of the apical atom to
the pyramid base are of central interest in the studies of
pyramidanes. For the systems investigated so far, a broad range
of bonding interactions has been proposed, from purely ionic
to covalent, depending on the apical group, as well as on the
substitution pattern at this group or at the pyramid base. One
example for the limiting case of covalent interactions is the
hypothetical C;H, [4]lpyramidane (which has never been synthe-
sized, but has been subject to theoretical investigations!'*?*49?)),
while purely ionic examples comprise the lithium and magne-
sium cyclobutadiene salts (see Scheme 1a, A=[Li*],, respectively
A=[Mg®*1).%Y Placed in-between, with bonding interactions
denoted as “polar covalent”, are group-14 [4]pyramidanes
featuring Ge, Sn or Pb as the apical atom (see Scheme 1b,
A=Ge, Sn, Pb) or the group-13 bora[4lpyramidane (see
Scheme 1b,  A=BCI).**¥  Very recently, also stable
sila[4]pyramidanes have been reported.”? A combination of
analytical and computational techniques was applied to study
the bonding properties of pyramidanes, including X-ray
crystallography, MéBbauer spectroscopy,*” solution-state NMR
spectroscopy and optical spectroscopies, such as UV-Vis
absorption and Raman scattering.” Computational methods
include among others natural resonance theory (NRT), the
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Scheme 1. Schematic representation of limiting cases of bonding scenarios in [4]pyramidane-type molecules: lonic (a) and covalent (b) description. Dashed

lines in b represent 5¢c-6e (apex-base) bonds.

topological analysis method Atoms in Molecules (AIM) and
nucleus-independent chemical shift (NICS) calculations.“*-4#6-7

We studied three representative borapyramidane molecules
and compared them to a borole as the reference molecule by
solid-state NMR and quantum-chemical investigations to unrav-
el their solid-state bonding properties. The selected compounds
for our study originate from a reaction sequence (see
Scheme 2), in which the borole 1 was converted to its structural
isomer [4]pyramidane 2 upon exposure to light. When 2 was
heated in the presence of SMe,, the borole 1 was reformed,
while irradiation at elevated temperature led to the rearrange-
ment of 2 into the more symmetric isomeric [4]pyramidane 3.%
The [4]pyramidane 3 reacted with HB(C4Fs), under framework
extension to the [5]pyramidane 4 (the synthesis of compound 4
will be described in detail by Q. Sun etal. in a forthcoming
publication, for a short description see Supplementary
Information).®!

Among the experimental analytical techniques used to
study pyramidanes, detailed solid-state NMR spectroscopic
studies have been scarce, despite their high potential for
probing bonding properties in the solid state, as for instance
demonstrated in studying the bonding interactions in phos-
phane-borane frustrated Lewis pairs (FLPs) and related com-
pounds (for selected reviews see®). In the case of the
pyramidane apical atom containing a quadrupolar nucleus
(nuclear spin quantum number />'/,, examples are *Li, '%"'B,
Mg and *Ge), the NMR line shape recorded under magic-
angle spinning (MAS) conditions directly reports on the local
electric-field gradient (EFG) at the quadrupolar nucleus (whose
lineshape modification can be described by first- or second-
order perturbation theory), which is highly sensitive to the
symmetry of the surrounding electron density distribution. A
higher symmetry at the nuclear site leads to a smaller EFG and
thus a smaller quadrupolar coupling constant. Contrary to NMR
measurements in the solution state,"” the quadrupolar relaxa-

i CgF
MesSi hv (blue LED) 7675
Mezs\ S - - B )
FsCs™ = B (CaFe)y + SMe, MG?SI\,/’\‘ . H
Me3S| 600C Me3SI Bb(C6F5)2
1 2
50°C | hv (blue LED)
CeFs
+HB(CeFs)2 BI
/Ia\
- MesSi~ gt H
(CBF5)2Bb SiMe3
3

Scheme 2. Reaction sequence for the investigated compounds: 1 borole, 2 and 3 bora[4]pyramidanes and 4 dibora[5]pyramidane molecules. nc-6e bonds are
shown as dashed lines. Boron atoms in 2-4 are labelled according to their apical (B,) or basal (B,) position with respect to the pyramidal shape of the

borapyramidanes.
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tion is typically slower in the solid state owing to the absence
of molecular reorientation processes.""

The slowed quadrupolar relaxation properties allow for
probing indirect spin-spin-couplings (J-couplings) between the
3C spin-1/2 nucleus and the "B quadrupolar nucleus (/=3/2) in
the solid state, as for instance already reported for *7'Ga-*'P
(ref.[“]), SSMn-3"P (ref.m]), 99101, 31p (ref.[m])’ 6365 ,-3'p (ref.“S]),
%7Mo-2"P (ref.') and ""B-'P (ref."”’) spin pairs. J-couplings in
the NMR spectra directly point to the presence of covalent
bonding character (since nuclear spin polarization is transferred
to other nuclei by spin-polarization of o-bonding electrons).
Therefore, they can be used to describe the bonding situation,
for instance between the apical atom and the pyramid base
carbon atoms.™ Note, that indirect spin-spin couplings have
also been reported in the solid state across hydrogen bonds,"
as well as upon interaction of nonbonded electrons (“through-
space” interaction, see for instance reference®™).

Another key NMR observable in describing the bonding
properties of borapyramidanes is the isotropic ''B chemical shift
of the apical boron nucleus: In solution, the resonance appears
at unusually low frequencies near Jd=-50ppm in
dibora[5]pyramidane 4. In the solid state, similarly shielded
boron sites have been observed for instance in borohydrides
and a borocenium cation, with the latter being formally
described as a bora[5]pyramidane.?"

Our solid-state NMR investigations are supplemented with
density functional theory (DFT) calculations of chemical-shift
values and indirect spin-spin coupling constants. Calculations of
the "'B EFG tensors by DFT allowed comparison of theoretical
and experimental quadrupolar coupling constants (Cy) and
electric field gradient asymmetry parameters (1), as well as
visualization of the individual tensor components in the
molecular-axis frame.”? To identify whether delocalization of
electrons in the pyramidal plane, leading to ring current effects,
is present (reminiscent to the Hiickel aromatic 6n electron-
containing dianionic cyclobutadiene salts), NICS calculations
have often been used as a criterion for aromaticity.”® Addition-
ally, bond topology analysis was performed employing the AIM
method®” as well as Natural Bond Order (NBO) analysis®” to
describe the nature of the pyramid apex-to-base interatomic
interactions.

Results and Discussion

The apical boron nuclei in the borapyramidanesare strongly
shielded and possess a small ''B quadrupolar coupling
constant

The borole and borapyramidanes shown in Scheme 2 were
characterized by ''B solid-state NMR MAS spectroscopy to
probe the local electron distribution at the boron nuclei. The ''B
MAS spectra of 1 and 2 are given in Figure S1, the ones of 3
and 4 are shown in Figure 1, top panel. Simulation of the "B
MAS quadrupolar line shape of the three-coordinated boron
nucleus of the -B(CFs), substituent, denoted as B, in the
following (see Scheme 2), allowed determining experimental
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Co- and 7g-values (see Table 1 and Table S1). Since the ''B MAS
spectra only allow for unambiguous line-shape simulation of
the B, site with the larger C,, ''B satellite transition spectro-
scopy (SATRAS®®) experiments were applied for determining
the Cy-values of the apical boron atom, denoted as B, in the
following, see Figure 1, bottom panel and Table 1. For all the
SATRAS spectra see Figure S2. In the latter, the simulation of
the MAS sideband profile arising from the non-central m=1/2
—m=3/2 Zeeman transitions enables an accurate determina-
tion of small Cy-values.

The "B resonances of 1 serve as a reference in our study
and are detected at chemical-shift values of 0.2 and 61.7 ppm
(B, and By, in Scheme 2, respectively), which is within the typical
chemical-shift range expected for classical four- and three-
coordinated boron atoms, respectively.”” The coordination
state is further encoded in the Cqy-values, with a rather large
value (4.4 MHz) detected for the three-coordinated B,, and a
smaller value (1.9 MHz) for the four-coordinated B, site (see
Table 1). The smaller Cy-value directly reports on a smaller EFG
and thus a higher local symmetry as expected for B. (or vice
versa for By). Similar #o-values of 0.2 are found for both boron
species pointing to rather small deviations from axial symmetry.

The boron atoms B, of bora[4]pyramidanes 2 and 3 display
"B chemical-shift values (52.8 ppm and 58.5 ppm for B,(2) and
B,(3), respectively), Cy-values (4.0 MHz and 4.1 MHz for B,(2)
and By(3), respectively) and pq-values (0.2 for both, B,(2) and
B,(3)) typical for close-to-trigonally-coordinated boron atoms,
comparable to the observed values for B, in the borole 1.7
In contrast, both chemical-shift and quadrupolar interaction
parameters are strikingly different for the pyramidal apical
boron atom B,. In 3, a ''B chemical shift of 6(B,) —47.3 ppm is
observed, with C4,=0.7 MHz and 7,=0.4 indicating a higher
symmetry of the electron distribution (a smaller "B EFG
represented by the small value for Cy) compared to the B, site
and a slight increase in the asymmetry parameter #,. For 2, a
similar "B chemical-shift value, but a slightly larger Cy-value of
0.9 MHz and an increased 74-value of 0.7 was found, possibly

Table 1. "'B isotropic chemical shift d,,, quadrupolar coupling constant C,
and asymmetry parameter 1, for the investigated compounds.
6iso CQ Mo 5iso ‘ CQ‘ Mo
(exp., (exp., (exp.) (calc,, (calc,, (calc.)
ppm)™ MHz) ppm) MHz)
1, B, 0.2 1.9¢ 0.2¢ —24 2.0 0.1
1,8, 61.7 44" 0.2® 58.7 43 0.2
2, B, —476 0.9¢ 0.7¢ —50.9 0.9 0.7
2,B, 52.8 4,0 0.2 51.0 3.9 0.2
3,B, —473 0.79 0.49 —51.9 0.7 0.4
3,B, 58.5 41" 0.2% 56.2 4.1 0.2
4,B, —50.2 0.7 0.2¢ —55.3 0.7 0.3
4, B, 20.0 2.4 0.1® 19.0 24 0.1
[a] Chemical shifts &, were calculated on a DFT B3-LYP/def2-TZVP, electric
field gradient on a DFT B97-D/def2-TZVP (modified) level of theory. [b]
Determined from line-shape analysis of "B MAS EASY spectra. [c]
Determined from line shape analysis of ''B SATRAS spectra.
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Figure 1. The apical boron nucleus in bora[4]- and dibora[5]pyramidanes resonates at unusually low frequencies and possesses a small quadrupolar coupling
constant. (a) "'B MAS and SATRAS spectra including line-shape simulation of bora[4]pyramidane 3. (b) "'B MAS and SATRAS spectra including line-shape
simulation of dibora[5]pyramidane 4. In the top spectra, resonances marked with * correspond to MAS side bands and resonance x originates from a
hydrolysed species. In the SATRAS spectra at the bottom, the MAS sideband manifolds belonging to the m= +1/2<~m= £ 3/2 (“satellite” transitions) are
observed for the boron resonance pertaining to B,. All spectra were recorded at 16.4 T employing a MAS frequency of 20 kHz.

originating from the different coordination of the C,-base in 2
and 3 (vide infra). Similar strongly shielded apical nuclei have
been commonly observed for pyramidanes in solution-state
NMR spectra,“>“ 9 as well as for a borocenium cation in the
solid state.” In contrast, less negative ''B isotropic chemical-
shift values were reported for carboranes (icosahedral carbor-
ane G,B;,H;, nuclei for instance resonate between —1 to
—17 ppm).”' Accompanying the solid-state NMR measure-
ments, we performed magnetic-shielding and EFG tensor
calculations in the gas phase, which in most cases is sufficient
to accurately calculate NMR observables. The obtained DFT-
calculated quadrupolar parameters, Cy and 74, are indeed in
good agreement with experimentally-determined values (see
Table 1).22%)

The principal components of the calculated EFG tensor can
be visualized within the molecular structures (see Figure 2). The
main component, V,, of the EFG tensor (which is the largest
component of the EFG tensor and directly proportional to the
measured Cy-value) for the bora[4lpyramidanes 2 and 3 point
towards the pyramid base (see Figure 2), although not directly
to the centre of mass of the C,-base due to the absence of
overall C,, symmetry, which is also reflected in deviations of the

Chem. Eur. J. 2024, 30, €202303701 (4 of 12)

nq-value from zero (axial symmetry). Comparable findings were
made in a previous ''B MAS solid-state NMR study on a
borocenium cation, in which the V,, component of the apical
"B EFG tensor points towards the Cp* base.?™ While in 3 V,,
points in the direction of the basal CH bond, it is slightly
displaced from that orientation in 2 towards one of the SiMe,
substituents.

In 4, the B, site (now the B, boron nucleus is part of the
pyramid base) reveals a smaller C4y-value (2.4 MHz) compared to
the —B(C¢Fs), substituents in 1, 2 and 3 indicating a profound
change in the trigonal coordination state, although the bond
angle sum is still close to 360° deduced from the crystal
structure (359.1°, see Table S1c). This clearly indicates an
interaction with the apical boron site (B,) in 4, which is absent
for the —B(C4F;), substituents in 2 and 3. The low-frequency
shifted "B resonance (20.0 ppm) further supports electronic
interactions with the apical boron atom. This is further
supplemented with the "B chemical-shift value of a five-
membered C,B borole dianion ring in solution, which has been
reported at a higher chemical-shift value (36.3 ppm)“? and the
determined value of 75.7 ppm for the SMe, free borole 1.4
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Figure 2. The V,, component of the ''B EFG points towards the C,-base. EFG tensor orientations of bora[4]pyramidanes 2 and 3. The EFG tensors were calculated
using DFT (B97-D, def2-TZVP (modified)). For clarity, only the first atoms of the substituents to the pyramid base are shown.

2Si MAS reveals the crystallographic inequivalence of the
SiMe; groups in 3

The trimethylsilyl (TMS) groups are of importance in stabilizing
the borapyramidane molecules due to their electron-donating
character (vide infra).?” Contrary to the situation in the solution
state, where the two TMS groups of 3 are magnetically
equivalent, the C,-symmetry is partially broken in the crystalline
form of the compound (see also the crystal structure of 3
reported in reference [4e]). Si MAS solid-state NMR proved to
be a sensitive tool for probing these changes in symmetry in
the solid state and it was possible to distinguish the two TMS
groups spectroscopically by their different Si chemical-shift
values (see Figure3a for dibora[5]pyramidane 4 and
bora[4lpyramidane 3). The spectra for 1 and 2 are given in
Figure S3, the deviations in the signal integrals from the
expected 1:1 ratio in compounds 2 and 4 are subject to further
investigations. An unambiguous assignment of the two 2Si
resonances was achieved with 2D "H-*Si heteronuclear correla-
tion (HETCOR) spectra (see Figure 3b and S4). The #Si NMR
signal at —2.9 ppm, which is correlated with both ring protons
must be assigned to the SiMe; group bonded to C4, whereas
the signal at —4.0 ppm must be assigned to the SiMe; group
bonded to C2.

Chem. Eur. J. 2024, 30, €202303701 (5 of 12)

Covalent bonding character assessed by *C-''B spin-spin
coupling constants

Figures 4 and S5 show the 'H-">C cross-polarization (CP) MAS
NMR spectra, from which the *C—""B indirect spin-spin coupling
constants were determined to characterize the carbon-boron
bond covalencies. Note, that such information is usually not
available from solution-state spectra due to fast quadrupolar
relaxation, except for cases of highly symmetric tetrahedral
species."" For the studied borapyramidanes however, these J-
couplings remain unresolved in solution-state NMR spectra.”
The observed line shapes observed in the solid state not only
originate from C-"'B pairs ('B, /=3/2, 80.4%), but also from
the *C—'°B isotopologues ("B, /=3, 19.6%). In Figure 4, bottom
panel, the experimental line shape is described by a line-shape
simulation taking both, C—'"B and "*C—'"°B J-couplings, into
account. For a spin-1/2 nucleus interacting with a spin-3/2
species, a symmetric quartet with a 1:1:1:1 intensity ratio is
expected. However, if the spin-3/2 nucleus experiences a
significant nuclear electric quadrupolar interaction, the hetero-
nuclear dipolar coupling is not fully averaged under MAS
conditions, and hence, a residual dipolar coupling d results in a
broadening and intensity asymmetry of the J-multiplets (see
Figure 4, bottom panel), as also observed in the present
study."®*? This has also been observed for example with
arylboronic acids.®?
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Figure 3. ?Si MAS indicates reduced symmetry in the solid state. (a) *Si MAS solid-state NMR spectrum of bora[4]pyramidane 3 and dibora[5]pyramidane 4

recorded at 16.4 T and 17 kHz MAS. (b) "H-**Si HETCOR spectrum of dibora[5]pyramidane 4 recorded at 16.4 T and 17 kHz MAS. Based on the HETCOR
spectrum, the »Si resonances were unambiguously assigned.
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Figure 4. °C solid-state NMR spectra report on '*C-"'B spin-spin couplings as a measure for bond covalence. Top panel: a High-frequency spectral region of a
'H-3C CP MAS NMR spectrum of 3 recorded at 16.4 T and 17 kHz MAS, b High-frequency spectral region of a "H-">C CP MAS NMR spectrum of 4 recorded at
11.7 T and 17 kHz. Assignment is in agreement with solution-state NMR spectroscopic data and DFT calculations (see SI,"”). Bottom panel: horizontally
expanded views focusing on selected resonances. The multiplet line shape was simulated using the DMFit*® software. a '*C spectrum of 3. J-multiplet line-

shape simulation shows the contributions arising from both, '*C—"'B (dotted curve) and '*C—"°B (dashed curve) spin-spin coupling. b '*C spectrum of 4. J-
multiplet line-shape simulation also shows the contributions arising from "*C—"'B (dotted curve) and '*C—'°B (dashedcurve) spin-spin coupling.

In 2 and 3, such peak splittings were observed for all the reference for a typical covalent 2c-2e carbon-boron bond. In
carbon atoms directly bonded to a boron atom via a classical  contrast, no such peak splittings were observed for the carbon
2c-2e o-single bond. The "C MAS-NMR line shapes were atoms at pyramid base to B, These singlet spectra are
simulated revealing "*C—''B coupling constants of 'J(Cg-B,)  described by typical pseudo-Voigt functions, from which only
~75 Hz for compound 2 and 'J(Cz,—B,) ~84 Hz for 3, see also  an upper limit of 'J(C,,..-B,) =18 Hz can be estimated from the
Table 2 for comparison with DFT-calculated values. The cou- observed *C NMR linewidth. Consistent with this experimental
pling constant of the Cy,-B, bond thereby acts as an internal  result, the corresponding J("*Cy,.— 'B,) coupling constants
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Table 2. “C-"'B indirect spin-spin coupling constants for the investigated compounds.

J(Cg—By) J(iCFs By) J(Cg,—B.) J(Cs—B,) J(CyB.) J(iCeFs—B,)
(exp./calc., Hz) (exp./calc., Hz) (calc.®, Hz) (exp./calc.”, Hz) (exp./calc., Hz) (exp./calc.”, Hz)
20 75/93.4 49, 52/67.9,71.9 3.3¢ <18,20/7.7, —2.3 <35/1.3 85/118.0
30 84/94.7 -4/69.7, 69.4 6.49 <13,13/1.8,0.7 <16/-14 98/118.1
4 46, 45/56.9, 56.3 87/82.5 —1.2, —4.34 <13/-37 <16/0.5 94/107.4

[a] The calculated isotropic coupling constants, 'J (calc.), resulting from DFT calculations (B3-LYP/TZVP). [b] Experimental values determined from line-shape
analysis of *C CP MAS spectra recorded at 16.4 T. [c] No experimental value can be determined as the line-shape is dominated by the By-Cg, J-coupling. [d]
No experimental value can be determined as two resonances overlap in the spectrum. [e] Experimental values determined from line-shape analysis of '>C

CP MAS spectra recorded at 11.7 T.

calculated for 2-4 do not exceed 7 Hz. These findings suggest a
bonding interaction between the pyramid base and B, that is
fundamentally different to the classical covalent reference
carbon-boron 2c-2e ¢-bond. The calculated J-coupling constant
is negative for certain B,-pyramid-base bonds and the values
are consistently dominated by the Fermi-contact contribution
(see Tables S3).

In dibora[5]pyramidane 4, we also observe a smaller indirect
3C-""B spin-spin coupling constant of ~45 Hz between B, and
the bound carbon atoms that are part of the pyramid base (C2
and C5) when compared to the C—B 2c-2e bonds in 2 and 3
(see Figure 4b, bottom panel and Table 2), whereas the 'J-
("*C-""B) value measured and calculated for B-iC4Fs is similar to
those involving the basal B atoms in the bora[4]pyramidanes.
The smaller isotropic coupling constants with the 5-membered
base of 4 might indicate a lower degree of covalency compared
to classical C—B 2c-2e bonds. For a nido-2,3,4,5-tetracarbahexa-
borane a 'J(C,,.—By) value of 59 Hz has been reported, one of
the rare cases for which such values have been accessible in
solution.B¥

a HCsi

HC HC HCqg,

5("H) / ppm

Aromaticity criteria from "H chemical-shift values and NICS
calculations

To examine whether the proton atoms within the C,-plane
experience ring-current effects caused by an aromatic character
of the C,-unit, we recorded 'H MAS experiments at 60 kHz MAS.
The proton resonances in 2, 3 and 4 are deshielded (6('H, 2) =
5.5 ppm, 6('H, 3)=5.7 ppm and 8('H, 4)=4.6 and 6.5 ppm, see
Figure 5a and Figure S6), however these values are not
definitive indicators for aromaticity. Olefinic cyclobutadiene
protons for instance resonate at 6.0 ppm in solution® and thus
at values very similar to the ones detected for the
bora[4]pyramidanes.

We thus performed NICS calculations (see Figure 5b). As in
the aromaticity evaluation of group 14 pyramidanes with NICS
in reference, an extended analysis was applied®** 7 allowing
to differentiate s ring currents from ¢ bonding effects.”*¢ The
obtained NICS(0) values of —14.0 ppm (3) and —16.9 ppm (4)
indicate aromaticity. An analysis in terms of in-plane (g,, + 0,,)
and out-of-plane (0,,) components is shown in Figure 5b for the
bora[4]pyramidane 3 (see S| for analysis of 2 and 4). The
trajectory of the NICS curves of all investigated compounds

s 2 4 44 b bbb dhbdchobddhchbbbdd

NICS / ppm
-20

T T

0 1 2 3 4
Distance / A

o4

Figure 5. Aromaticity probed by NICS calculations and proton-detected fast MAS experiments. a 'H spectrum of compounds 3 and 4 recorded at 16.4 T and

60 kHz MAS applying a Hahn echo sequence. The spectrum of 3 has been already reported by us in reference®. Assignment in accordance with solution-state
NMR spectroscopic data.**® b NICS-scan (B3-LYP/def2-TZVP) curve of compound 3. e — isotropic NICS value, A — out-of-plane (o,,) NICS value, @ - in-plane

(0 +0,y) NICS value. For the distances of 0.8, 0.9 A only the isotropic NICS value is shown as the calculated chemical-shift tensor (CST) contained imaginary

eigenvalues.
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follows what is considered characteristic for a 6z electron
system.”*? These results are highly similar to NICS calculations
for group 14 pyramidanes (Scheme 1a, A=Ge, Sn, Pb) and the
first reported borapyramidane (Scheme 1a, A=BCl) and support
a picture of charge transfer from B, to the pyramid base
accompanied by a high degree of electron delocalization.*®
Based on these findings, part of the extraordinarily strong
shielding seen for the apical boron nuclei can be attributed to
the shielding effect caused by the aromatic ring currents (see
for example the 'H resonances of water in a water-benzene
complex®?). Furthermore, the delocalized electron density
resulting from the proposed three-dimensional aromaticity, as it
was investigated for group 14 pyramidanes in reference’ and
reference®, could further contribute to the electronic shielding
effect and might explain as well why the proton resonances
within the C,- and C,B-plane, are less deshielded than expected.
For a more detailed analysis of the "B nuclear shielding using
NBO and NCS analysis see the Supplementary Materials Section
(Figures S10 and S11, Tables S4 and S5).

AIM calculations show that apex-base bonds possess both
covalent and ionic contributions and support a charge
transfer hypothesis

Bond topological analysis based on the AIM method was
performed on borapyramidane 3 as a representative example to
quantify the interatomic interactions from the C, pyramid base
to the apical boron atom B, The analysis revealed the
presence of three bonding paths from the C,-plane to the apical
boron B,, with no bond critical point obtained for the C,—B,
path. Noteworthy, the C,—B, bond is the only bond in 3 for
which a negative isotropic coupling constant was calculated
and the electron density on the C, atom is smaller than on the
other carbon atoms of the pyramid plane (see Table S6).
Analysis of the electron density p(r) and the Laplacian of the
electron density V°o(r) allowed to further characterize the
intramolecular interactions (see Table 3). While the electron
density p(r) of the C,-B, bonds is not too different from that of
other covalent interactions in the molecule, like B,-Cg,, the

Table 3. AIM bond topological analysis of bora[4]pyramidane 3. Displayed
are the electron density (o(r)) and the electron density Laplacian (Vzp(r))
for the obtained bond critical points (bcp) together with the corresponding
bond types. Calculations were performed at a B3-LYP/def2-TZVP level-of-
theory. [a] No bcp was determined. [b] Average of the four C—C bonds in
the pyramid plane.

p(r) V2 p(n) Bond type based on

p(r), V2 p(r)

B 'CH _fal _lal _lal
B.—Cs;y 0.143 —0.004 covalent
B.—Cs, 0.137 —0.015 covalent
B.—Cg, 0.143 0.065 ionic
B,—iC¢Fs 0.185 —-0.113 covalent
B,—Cap 0.202 —-0.139 covalent
c,® 0.258 —0.566 covalent

Chem. Eur. J. 2024, 30, €202303701 (8 of 12)

absolute value of the Laplacian V?p(r) is at least one order of

magnitude smaller. This is in line with the experimentally
determined "C-''B isotropic coupling constants, which are
around 'J=75-84 Hz for a typical 2c-2e boron-carbon bond,
and at least one order of magnitude smaller for the boron-
(apical)-carbon(basal) bonds. Based on the sign of the Laplacian,
two C,-B, interactions are characterized as covalent and one as
ionic. These findings are also reflected in the NBO calculations,
where lower bond orders were found for the C,-apex bonding
(in 3 an average of 0.8).

The calculated group partial charges (Table 4) indicate an
one-electron charge transfer from the B,-iCcFs unit to the C,
base leading to an approximately single positive partial charge
for B,-iCsFs and an approximately single negative partial charge
for the base. This is in agreement with calculations for instance
performed recently on sila[4]pyramidanes.*? The combined
data supports a structural model as drawn in Scheme 3. This
structural model coincides with the ring-current effects and
electron delocalization contributing to the apical boron shield-
ing discussed above.

Conclusions

We employed solid-state NMR spectroscopy supplemented with
quantum-chemical calculations to investigate the solid-state
bonding properties of of borapyramidanes with C, and C,B
bases, respectively.. "B MAS experiments reveal unusually low-

Table 4. Group partial charges (Q(AIM)) for selected atom groups in
compound 3. Calculations were performed at a B3-LYP/def2-TZVP level of
theory with the software AIMAII.

Q(AIM)/e
[B,(iCsFs)] 0.99
[CH] -3.1
[SiMe,]™ 0.77
[By(iCeFs),] 0.59

[a] Average of both TMS groups.

CeFs

|5+

(CeF5)2B SiMes

Scheme 3. Hypothetic bonding scenario proposed based on results from
solid-state NMR and quantum-chemical calculations in bora[4]pyramidane 3.
The charges represent the group partial charges.
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frequency shifted apical boron atoms in such compounds.
Supported by NICS calculations, a contribution to the observed
shielding is assigned to ring-current effects originating from the
three-dimensional aromatic character in the pyramid base. The
apical boron nucleus is described by rather small quadrupolar
coupling constants of less than 0.9 MHz, indicating a small EFG
around this atom, with the largest tensor component pointing
towards the pyramid base. This is in contrast to the boron
nuclei of the basal —B(CiFs), substituents, which display
quadrupolar coupling constants and asymmetry parameters
typical for three-coordinated boron species (C, above 4 MHz
and 74 of 0.2). The slow quadrupolar relaxation in the solid
state allowed determining isotropic '>C-"'B coupling constants,
'J, from the *C CP-MAS spectra serving as a criterion for bond
covalence. For classical 2c-2e boron-carbon bonds, such as the
one between the —B(C4F;), substituents and the carbon of the
C,-plane, J-values on the order of 75-84 Hz were observed. In
contrast, those for the boron(apical)-carbon(basal) bonds are at
least one order of magnitude smaller. These findings are
complemented with AIM bond topological analyses, which
labels the boron(apical)-carbon(basal) bonds as polar covalent
and indicates a charge transfer within the molecule leading to a
positive partial charge at the apical boron atom and a negative
partial charge delocalized over the base and the substituents.
Combining the spectroscopic and quantum-chemical data, our
data point to a bonding scenario in the studied borapyrami-
danes that can be best described as covalent with a high
degree of polarity.

Experimental Section

Synthesis and general characterization of the investigated com-
pounds 1-3 has been reported.” The synthesis of compound 4 is
briefly summarized in the Supplementary Information.”

Solid-state NMR

Solid-state  NMR measurements were performed on wide-bore
Bruker 500 MHz (11.7 T) and 700 MHz (16.4 T) spectrometers. The
spectra were processed with the software Topspin (3.6.4 and 4.1.3,
Bruker Biospin).

"B spectra were measured on the 700 MHz spectrometer (''B
Larmor frequency of 224.7 MHz), with the exception of 1, for which
"B MAS EASY spectra were recorded on the 500 MHz spectrometer
("B Larmor frequency of 160.5 MHz) as well. The spectra were
recorded with Bruker 3.2 mm triple- or double-resonance probes at
20.0 kHz MAS and a sample temperature of around 283 K. To obtain
"B MAS spectra in which line-shape interpretation is feasible, the
spectral background originating from boron nitride in the solid-
state NMR probes had to be eliminated. This was achieved by
applying an EASY background suppression scheme.”® Pulse param-
eters were optimized on the measured sample and signals were
acquired following excitation with 90°-108° pulses of about 2.3-
3.2 us in length and repetition times of 60 s. The acquisition time
was set to 11 ms. Cy and 7, parameters were extracted by line-
shape fitting analysis using the DMFit software” (version
#20190125), applying the Q MAS '/, function. ''B SATRAS®® spectra
were obtained by applying short pulses of flip angle 15°-50°, 0.7-
2.3 ps in length with a repetition time of 60 s. The spectral width
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was increased, to approximately 5600 ppm, at an acquisition time
of 5.7 ms. Cq and 774 parameters were extracted by line-shape fitting
analysis using DMFit, applying the Quad 1st function. Chemical-shift
calibration was achieved with a NaBF, standard.

'H7C CP MAS spectra were measured on the 700 MHz spectro-
meter ("*C Larmor frequency of 176.1 MHz), with the exception of 4,
for which "H™*C CP MAS spectra were recorded on both, the above
and on the 500 MHz spectrometer (*C Larmor frequency of
125.7 MHz). The spectra were recorded with Bruker 3.2 mm triple-
or double-resonance probes at 17.0 kHz MAS and a sample temper-
ature of around 283 K. Pulse parameters were optimized on the
measured sample. 'H 90° pulse lengths of 2.5 ps, a contact time of
1.5-3.5 ms and relaxation delays of 20-40 s were applied. Adiabatic
CP transfer under the Hartmann-Hahn condition was achieved by a
ramped-amplitude CP pulse,*" with vg('H) swept from 48 to
72kHz. All spectra were acquired under SPINAL-64“? proton
decoupling, pulse length of 5.56 ps, during data acquisition.
Multiplet structures were evaluated by line-shape fitting analysis
using DMFit, applying the Jmultiplet function. Chemical-shift
calibration was achieved with an adamantane standard relative to
TMS.

#Sj MAS spectra were measured on the 700 MHz spectrometer (*Si
Larmor frequency of 139.1 MHz) with a Bruker 3.2 mm triple- or
double-resonance probe at 17.0 kHz MAS and sample temperature
of around 283 K. Si MAS-NMR spectra were acquired applying a
90° hard pulse of 5 us length and a relaxation delay of 80 s. 'H-*Si
CP MAS spectra were acquired using a 'H 90° pulse length of 2.5 ps,
a contact time of 5 ms, and relaxation delays of 30 s were applied.
Adiabatic CP transfer under the Hartmann-Hahn condition was
achieved by a ramped-amplitude CP pulse™”, with vg:("H) swept
from 48 to 72 kHz. The CP spectra were acquired under SPINAL-
64"“? proton decoupling, pulse length of 5.56 us, during data
acquisition. Chemical-shift calibration was achieved with an
octakis(trimethylsiloxy)silsesquioxane standard.

'H-**Si HETCOR spectra were measured on the 700 MHz spectrom-
eter (*Si Larmor frequency of 139.1 MHz) with a Bruker 3.2 mm
double-resonance probe at 17.0 kHz MAS and a sample temper-
ature of around 283 K. 'H 90° pulse lengths of 2.5 s, a contact time
of 5ms and relaxation delays of 15s were applied. Adiabatic CP
transfer under the Hartmann-Hahn condition was achieved by a
ramped-amplitude CP pulse™, with vg('"H) swept from 48 to
72 kHz. Four multiples of homonuclear frequency-switched Lee-
Goldburg (FSLG)*? decoupling with amplitude v,('"H)=100 kHz
were applied preceding the heteronuclear transfer and SPINAL-64
proton decoupling, pulse length of 5.56 ps, during data acquisition.
Chemical-shift calibration was achieved with an octakis(trimeth-
ylsiloxy)silsesquioxane standard.

'H MAS Hahn echo spectra were measured on the 700 MHz
spectrometer with a Bruker 1.3 mm double-resonance probe at
60.0 kHz MAS and a sample temperature of around 283 K. 'H 90°
pulse lengths of 2.5 ps were used and relaxation delays of 15 s were
applied. Chemical-shift calibration was achieved with an adaman-
tane standard.

Ab initio calculations

All calculations were carried out using the program packages
TURBOMOLE  (version 7.3.0)* and GAUSSIAN (version
GAUSSIAN09)*. Geometry optimizations were based on the
provided crystal structures,**® with fixed heavy atom positions and
were performed with the TURBOMOLE program on a DFT meta-
GGA (TPSS™) level of theory, applying the D3 dispersion
correction®” and def2-TZVP"® basis set. For all TURBOMOLE SCF
calculations, an energy convergence criterion of 1077 £, was chosen
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and for corresponding geometry optimization, the energy con-
vergence criterion was set to 5x107" E,. The integration grid was set
to m4“ and the RI approximation®® was used.

The calculations of the nuclear electric quadrupole coupling
tensors??**" were based on the optimized geometries. Calculations
of the electric field gradients were performed on a DFT GGA level
of theory (B97-D”?) using the program GAUSSIANO9. Analogous as
in reference"”, the def2-TZVP basis set obtained from the EMSL
database®™ was modified to include tighter basis functions (from
the cc-pCVTZ basis set®™) on the boron atom for a more accurate
description of the region close to the boron nucleus. The GAUSSIAN
output files were analyzed using the program EFGShield??”, version
2.4, to determine C, and 74 values. To visualize the EFG tensor, the
DIAMOND software (version 4.6.8)®¥ was used.

Magnetic-shielding calculations were performed with the GIAO
(gauge-independent atomic orbitals) framework."*® Shieldings
were calculated on the B3-LYP®” level of theory with the def2-
TZVP“® basis set using the TURBOMOLE program package.
Chemical shifts are referenced to BF;-Et,0 by using B,Hg (0(B,He) =
16.6 ppm vs BF;Et,0) as an external standard (0®* “(B,Hs) =
84.18 ppm).°®

NICS®* 9 calculations were done in analogy to the magnetic
shielding calculations by placement of ghost atoms without basis
in the crystal structure. Ghost atoms were placed below the
pyramid base on the axis apical boron — non mass-weighted ring
centroid in distances of 0 to 5 A (steps of 0.1 A) to the ring centroid.
Analogous to previous studies on group-14 pyramidanes,”
obtained chemical-shift tensors were evaluated according to
Stanger in terms of the in-plane component (0, +0,,) and the out
of plane component (a,,).2*¢7

3C-""B indirect spin-spin coupling constants were calculated on a
B3-LYP level of theory with the TZVP® basis set using the program
GAUSSIANO9. The calculations were performed with the previously
optimized molecular geometries.

The calculations of the natural bond orbitals (NBO)***¥ and natural
localized molecular orbitals (NLMO)**? were based on the opti-
mized geometries. Calculations of the NBO and NLMO were
performed on a B3-LYP level of theory with the TZVP basis set using
the program NBO3.1°” integrated in GAUSSIAN09. The NBO output
was visualized with the software GaussView.®"

Natural chemical shift analysis (NCS)®” was calculated based on the
optimized geometries. Calculations were performed on a B3-LYP
level of theory with the TZVP basis set using the program NBO3.1¢"!
integrated in GAUSSIANO9.

The analysis of the charge density according to the AIM method,*”
of 3 was performed in AIMAII®® (version 19.10.12). The crystal
structure was re-optimized as described above, including the heavy
nuclei. The bond topology analysis was performed on the B3-LYP
level of theory with the def2-TZVP basis set. Partial atomic charges
were obtained by integration of the electron density.
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