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Confined Lewis Pairs: Investigation of the X~ —Si,, Interaction in
Halogen-Encapsulating Silafulleranes
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Markus Bursch*

Abstract: A joint theoretical and experimental study on
32 endohedral silafullerane derivatives [X@Si Y]~
(X=F-I; Y=F-I, H, Me, Et) and 7,-[Cl@Si,H,Y;]"
(Y =F-I) is presented. First, we evaluated the structure-
determining template effect of Cl™ in a systematic series
of concave silapolyquinane model systems. Second, we
investigated the X —Si,, interaction energy (E;,) as a
function of X~ and Y and found the largest E,, values
for electron-withdrawing exohedral substituents Y. Giv-
en that X~ ions can be considered as Lewis bases and
empty SiyY, clusters as Lewis acids, we classify our
inseparable host—guest complexes [X@Siy Y, as “con-
fined Lewis pairs”. Third, *Cl NMR spectroscopy
proved to be highly diagnostic for an experimental
assessment of the Cl"—Siy interaction as the para-
magnetic shielding and, in turn, 6(**Cl) of the endohe-
dral CI” ion correlate inversely with E, .. Finally, we
disclose the synthesis of [PPN][Cl@Siy Y] (Y =Me, Et,
Br) and provide a thorough characterization of these
new silafulleranes.
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Introduction

Mapping the similarities and differences between carbon
and its heavier homolog silicon is a central theme in main
group chemistry.) Therefore, mimicking structural motifs
with silicon that are known from carbon-containing mole-
cules has become a fundamental motivation for the synthesis
of new silicon compounds.” Shortly after their discovery,
fullerenes (Cy-Cyp; Kroto, Smalley, Kritschmer, Prinzbach
et al., 1985)F) and dodecahedrane (CsH.,; Paquette et al.,
1982)" were considered milestones in the field of nano-
science and sparked a growing interest also in spherical
molecules made of silicon atoms. However, this compound
class remained synthetically inaccessible for a long time. A
special interest arose for the smallest possible silafullerene
I,-Si,, after Prinzbach etal were able to generate the
carbonaceous congener C, in the gas phase.! Since
calculations suggested that the dodecahedral Si,, cage is not
stable but should collapse into more compact structures,”'®
the following strategies for its stabilization were postulated
by theory: (i) encapsulation of formally neutral or charged
guests X" to obtain endohedral complexes [X@Siy] ™"
(e.g., X"+~ =Ba", Zr°, U*),'7? (ii) exohedral saturation by
switching from the silafullerene Si,; to a silafullerane Si, Y,
(e.g., Y=H),” or (iii) the combination of both ap-
proaches leading to endohedral silafulleranes
[X@Siy Yo" ™ (e.g., X"t =Li", CI°, O*; Y=H, F).F"4

In 2015, the Wagner group finally discovered a one-step
protocol for the synthesis of the [20]silafullerane T7)-
[Cl@Si,(SiCL),Clg],  which  was isolated as the
tetraalkylammonium salt [R,N][A] (R=Et, nBu; Figure 1).
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Figure 1. Molecular structures of the [20]silafulleranes [A]” and [B].
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[A]™ contains a dodecahedral Si,, core with endohedral Cl~
guest and is exohedrally saturated by 12 SiCl; and 8 Cl
substituents, hence following design principle (iii)."*’! Re-
cently, [A]” was converted into the T),-symmetric, mixed-
substituted [Cl@Si,H;,Clg]~ and into a variety of
[Cl@Si, Y4~ derivatives ([#nBu,N][B]; Y=H, Cl; Fig-
ure 1). These experimental results proved that Siy Yy
cages, which according to calculations of Goedecker et al.
(Y=H) should be hardly accessible,” can be made
accessible by CI” encapsulation. This result immediately
raises the question of whether the Si,, dodecahedron is
assembled around the CI” ion and to what extent this
endohedral guest exerts a structure-determining template
effect. In this context, the nature and the degree of the
Cl"—Si, interaction are of prime importance. Theoretical
investigations by Holthausen et al. revealed that the for-
mation of [A]~ by formal incorporation of Cl~ into the
hypothetical empty cluster is exergonic by
>100 kcalmol *."! Ponce-Vargas and Mufioz-Castro con-
tributed an energy decomposition analysis (EDA) of the
Cl™—Si,, interaction in [A]™ that revealed a mainly electro-
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static character, which we also observed in our previous
publication 4]

Herein, we present a combined theoretical and exper-
imental investigation of the cooperative effects between the
endohedral ion and the exohedral decoration in
[20]silafulleranes [X@Si,, Y]~ (Figure 2). To ensure reliable
results from our quantum mechanical calculations,*" % we
assessed various density functional approximations on high-
level reference data beforehand. From a theoretical perspec-
tive, we evaluate the central interaction between the
endohedral ion X~ and the empty host Siy, Y5, This is done
for (i) small cluster fragments composed of annulated five-
membered rings  (“silapolyquinanes”) and  (ii) for
[X@Siy, Y]~ clusters with different endohedral ions (X7)
and exohedral substituents (Y). These calculations not only
shed light on the role of the Cl” ion as a structure-
determining template during cluster buildup but also
provide a first insight into the thermodynamics of cluster
degradation.

Further, we present a thorough NMR study based on
theoretical predictions of **Cl chemical shifts. We investigate
parallels to the well-known Gutmann-Beckett method,

Cl-6 Cl-7 Cl-8

Cl-9 Cl-12

[X@SizY20]~
X=F-,CI—,Br—,I=;Y=FClBrl H, Me, Et

[Cl@SixH;,Ye]™
Y=FClBrl

Figure 2. Computationally optimized structures (PBEh-3¢(SMD(CH,Cl,))) of the systems relevant for the discussion.
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which is used to evaluate the effective Lewis acidity of
compounds by the P NMR chemical shift of a coordinated
Et;PO sensor ligand.>! For this, we compare different
properties, such as the interaction energy or the donor-
acceptor gap, with the respective *Cl NMR chemical shift of
the silafullerane-encapsulated Cl™ ion. On the experimental
side, we expand the range of synthetically available deriva-
tives by providing the syntheses of [Cl@Si, Y,)]~ (Y=Me,
Et, Br) to ultimately include systems that distribute the
negative charge over an even larger volume than
[Cl@Si,(Cly]~ and those that have a lipophilic shell.

Results and Discussion
Template Effect in the Cluster Assembly

Perhalogenated cyclopentasilanes SisX;, and cyclohexasi-
lanes SigX;, are known to be ditopic Lewis acids (LA) that
coordinate Lewis bases (LB) such as nitriles (RCN) or
halide ions in a ps (SisX;y-2LB) or ug (SigX;,-2LB) mode on
both sides of the respective ring to form inverse sandwich
complexes.”™ ! A similar interaction is found for the halide
encapsulating [X@Siy Y]~ clusters, where the dissociation
of the encapsulated ion is inhibited by the surrounding Si,,
cage. Accordingly, we classify our silafulleranes as “confined
Lewis pairs” with the Siy, cage being the Lewis acid and the
endohedral ion (X7) the Lewis base. The confinement of a
Lewis base inside a molecular cage has been applied in
frustrated Lewis pair (FLP) chemistry, but in those cases,
the cage itself did not act as a Lewis acid.*® The
classification as “confined Lewis pair” is helpful to distin-
guish our endohedral silafulleranes from non-confined
Lewis pairs such as cyclosilane-base adducts. In the follow-
ing, we will investigate the intrinsic interactions and NMR
properties of this newly introduced compound class of
confined Lewis pairs.

The mechanism underlying the one-step synthesis of
[Cl@Si,y(SiCLy),Clg]~ from Si,Clg poses a fundamentally
interesting but so far unsolved problem. Since, to our best
knowledge, no intermediates of the cluster assembly are
known, we apply QM computations to gain some insights
into the process of cluster assembly. Our central working
hypothesis assigns a structure-directing template effect to
the Cl™ ion that is ultimately trapped inside the cluster! (cf.
Goedecker’s conclusion that an empty Si, H,, siladodecahe-
drane will not form spontaneously — despite its predicted
thermodynamic stability — due to Levinthal’s paradox).*!
The siladodecahedrane consists exclusively of five-mem-
bered rings, and it has already been theoretically established
that cyclopentasilanes are early intermediates of oligosilane
“Aufbau” reactions occurring in Si,Cl/Cl~ mixtures.®
Thus, we first investigated the energetic landscape of
adducts between one Cl™ ion and a successively growing
concave framework of m mutually annulated cyclopentasi-
lane rings. For these adducts, we will use the nomenclature
“Cl-m” (Figure 2; m=1-12 Sis rings; note that CI-10 and
CI-11 do not exist due to the simultaneous formation of
three five-membered rings in the final step leading from
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CI-9 directly to Cl-12). Geometries of each adduct have
been fully optimized. Generally, we used the PBEh-3c!*’"
(SMD(CH,CL,))!®! level of theory for the optimization of all
geometries in this work. At each stage, the emerging
silapolyquinane!® scaffolds represent growing fragments of
the Siy Y cluster (Kyushin’s permethylated
decasilahexahydrotriquinacenel™ is the only experimentally
accessible bowl-shaped oligosilane yet known). Specifically,
we began with the [SisHsCls-Cl]™ adduct CI-1, in which the
CI™ anion is placed above the perhydrogenated face of the
ring. For two reasons, the positions serving as anchor points
for the subsequent annulation steps were saturated by H
atoms: (i) H substituents have the smallest possible steric
demand and (ii) the difference in electronegativity is smaller
between H and Si than between Cl and Si. Although
different reaction mechanisms could be possible, we focus
on one of the structurally most related mechanisms. Never-
theless, it should not be taken as a proposed reaction
mechanism.

For each silapolyquinane (Cl-m) we modeled for the
cluster assembly series, we performed a local energy
decomposition (LED)"-71 analysis at the
DLPNO-CCSD(T)"™ ™ TightPNO/def2-TZVPP level of
theory to understand the changes in the interaction energy
composition upon subsequent annulation (cf. Figure 3). The
LED gives rise to different contributions of the total CI"—
Si, interaction energy (E;,) and contains, e.g., the electronic
preparation energy at the Hartree-Fock (HF) level
(Ewr_eprep) that describes the repulsive part of the exchange
interaction and can therefore be identified as “Pauli
repulsion”. Further components describe the electrostatic
interaction (FE,,), attractive exchange energy (E ),
orbital-relaxation (Ep_re1ax), London dispersion (Ejg;,) and
non-dispersion (E,q,_gsp) effects. The E,,_g, term is added
as a correction to errors in the permanent electrostatic
interactions inherent to the HF method. The total inter-
action energy is decomposed according to Eq.(1). Each
contribution is computed as the difference (A) between the
relaxed complex and the sum of the unrelaxed Si, fragment
and the endohedral ion X".

Einl = AE‘HF—elprep + AEelslal
+AEexch + AEorh—relax + AEdisp (1)
+AEn0n—disp

Overall, the total ClI"—Si, interaction steadily becomes
stronger as the silapolyquinanes grow in size, which under-
lines the postulated template effect of the CI™ ion (cf.
Figure 3a). The respective interaction energies range from
—78.3 (CI-1) to —146.6 kcalmol ' (CI-12). Electron correla-
tion contributes significantly to the interaction energy and is
therefore indispensable for reliable results (see the differ-
ence between DLPNO-CCSD(T) and HF in Figure 3a). The
electron correlation describes the sum of the non-dispersion
and London dispersion terms found in the LED. As the
London dispersion term is larger, it has a bigger influence
on the overall interaction (see Supporting Information,
Figure S1). The average distance between the endohedral
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Figure 3. (a) Computed Cl—Si, interaction energy applying DLPNO-
CCSD(T)/TightPNO/def2-TZVPP and HF/def2-TZVPP. (b) LED per Si
atom for the cluster assembly series of [CI@Si,,Cl,]~ (Cl-m) computed
with DLPNO-CCSD(T)/TightPNO/def2-TZVPP. Contributions of
Enon_aisp @re in a range between —0.83 and 0.16 kcal mol ™" and therefore
not visible.

Cl” ion and the centers of the five-membered Si rings
increases with the size of the silapolyquinanes and it there-
fore correlates with the interaction strength (Table 1). In the
same series, the bond lengths between the Si atoms and the
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exohedral Cl substituents become subsequently smaller, and
the positive partial charge of the Si atoms is reduced. As the
silapolyquinanes grow in size, there are more available
interaction sites, which leads to an increased interaction
strength. A more detailed overview of the interaction can be
obtained by analyzing each contribution with respect to the
number of Si atoms # in the molecule (cf. Figure 3b). With
increasing cluster size, each contribution to E;, per Si atom
is decreasing as the CI"—Si, interaction is distributed among
more atom pairs. This indicates the importance of many-
body effects for the overall interaction. London dispersion
and non-dispersion effects are very small compared to the
remaining contributions and are almost negligible. Contribu-
tions from the attractive exchange interaction are slightly
larger but still small compared to the remaining contribu-
tions. During the cluster assembly, the orbital-relaxation per
Si atom is the only contribution that is almost constant as
each silapolyquinane has a similar orbital overlap between
the endohedral Lewis base and the Si center due to high
symmetry. The main repulsive interaction is the Pauli
repulsion, while the main attractive interactions are orbital-
relaxation effects and electrostatics. This is in line with the
previous theoretical study on [X@Si;,Cly,]”™ by Muiioz-
Castro et al., which points out the dominant electrostatic
character of the Cl-—Si,, interaction.*!

Interplay of Endohedral lon and Exohedral Substitution

In the next sections, we will discuss the influence of different
endohedral ions and exohedral substituents on the electronic
X~—Si,, interaction. For this, we modeled [X@Si, Y|~
clusters with the endohedral ions X=F, Cl, Br, I and the
exohedral substituents Y=F, Cl, Br, I, H, Me, Et (Figure 2).
Additionally, we included the partially substituted
[Cl@Si, H,,Yg] ", Y =F, Cl, Br, I clusters.

The X —Si,, interaction is the most important one in
our tested systems. It is given as the electronic energy
difference between the [X@Si,,Y,,]™ cluster and the sum of
the unrelaxed fragments X~ and Si, Y, We computed the
corresponding interaction energies at the most accurate level
of theory, which was still affordable given the complexity

Table 1: Average distances between the endohedral CI™ ion and the centers of the five-membered Si rings (c(Sis)) as well as the average distances
between the Si atoms and the exohedral Cl substituents, and the average of natural charges in the molecules Cl-m.

av. distances/A

av. natural charges/e™

d(Cl-c(Sis)) d(Si—Cly
cl1 21473 2.1097
cl2 2.2740 2.0955
cl3 23383 2.0895
cl-4 23914 2.0859
cls 2.4532 2.0360
cl6 2.5090 2.0808
cl7 25111 2.0800
cl-8 25641 2.0784
clo 2.6269 2.0764
cl12 2.6206 2.0742

cl- Si cl

—0.531 0.467 —0.416
—0.497 0.432 —0.387
—0.486 0.409 —0.373
—0.479 0.392 —0.364
—0.472 0.381 —0.357
—0.434 0.365 —0.351
—0.461 0.358 —0.347
—0.468 0.346 —0.343
—0.486 0.335 —0.339
—0.468 0.307 —0.333
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and size of the systems (PNO-LCCSD(T)-F12b"*/AVTZ’/
default including scaled triples contributions to approximate
PNO-LCCSD(T)-F12b/AVQZ’/tight results).f* ™! More de-
tails can be found in section 1.2 of the Supporting
Information. Although estimated results with centered,
endohedral F~ ions are presented, it is worth mentioning
that these compounds have imaginary modes up to 100 cm ™
for the endohedral ion movement indicating unstable
structures that cannot be isolated experimentally. Since we
investigate the interaction between centered endohedral
ions and the Si moieties, these structures still yield valuable
information for the evaluation of [20]silafulleranes. We
included them in our studies, but we will not focus on these
compounds in the following.

For the mixed-substituted [Cl@Si,H;,Yg]™ clusters, we
observe no significant change in E;, with different exohedral
halogen substituents Y and will therefore omit them in the
following energy discussion (cf. Supporting Information,
Figure S2). In the fully substituted derivatives [X@Si, Y],
small E;,, were computed for systems with Y=H, Me, Et,
while large E;,, were computed for Y=Halogen (cf. Fig-
ure 4). As described in the previous section, the main
attractive contribution to the X —Si,, interaction is of
electrostatic origin. Therefore, the largest E;, is expected for
a system with a hard Lewis base in the endohedral position
and an electron-poor Si,, cage, which can be achieved, e.g.,
with inductively electron-withdrawing halogen substituents.
Based on our calculations we predict the weakest E;, for
[I@Si,Ety]~ and the strongest E;, for [F@SiyF,|~ within
our test set. Since [F@SiyF,)]” is no minimum structure,
[Cl@Si,F,]~ can be regarded as having the strongest
interaction energy in our test set.

The interaction energy (FE;,) only consists of the
electronic energy (E,), but experimentally measured prop-

[X@SiyEty]
~40 [X@SizoMesol
~30 [X@SizoHz0l
-60
_70 |

'T _80 [

g -9 |

Zg —108 [X@Sigglso]

20120.

= -110

W -120 -/-/./. [X@SizBra]
-130 |- [X@SizClao]”
~140 |
e .__.————-‘./. [X@SizoF 0]
~160

-170 T T T
Cl Br I

n

Figure 4. Computed interaction energies (E,,) for the X™—Siy, bonds at
PNO-LCCSD(T)-F12b/AVTZ’ /default level including scaled triples con-
tributions. [X@SiyEty]~ was computed with our best-performing
density functional approximation (cf. Supporting Information).
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erties also include solvation (6G,,) and thermostatistical
contributions  (Gggruo) Which we computed with
COSMO-RS® and the thermo submodule of XTB,!
respectively. These corrections can be directly added to the
electronic energy which leads to the total Gibbs free energy
(G) according to Eq. (2). Each contribution is calculated as
the difference (A) between the complex, the Siy, fragment,
and the endohedral ion. In contrast to the interaction
energy, each contribution is computed for fully optimized
geometries and therefore it also includes geometrical
relaxation effects.

AG = AE, + AGgguo + A0Gq 2)

As different QM methods with varying accuracy can be
applied for E,, it is important to validate them beforehand.
Based on our previously discussed reference values, we
assessed different density functional approximations!”>'!
and we selected the hybrid density functional r’SCANO0-D4
[495102] in combination with the def2-QZVPPD!!! (on X),
def2-TZVPPD (on Si), and def2-QZVPP!"'? (onY) basis
sets for all further discussed results. More details can be
found in the Computational Details section of the Support-
ing Information.

Due to the strong Si—Si cage bonds, it is practically
impossible to chemically extract the endohedral ions from
the Si,, cages, i.e., to separate the confined Lewis pair.
Nevertheless, we can theoretically predict association free
energies (AG) for this process (cf. Figure 5). Since the main
difference between AG and E;, is just the solvation and
thermostatistical contributions, the main trends for both are
similar: systems with a hard Lewis base as endohedral ion
and electron-withdrawing substituents are generally more
stable and systems with positive inductive substituents are
less stable. Solvation and thermostatistical contributions
counteract the attractive electronic interaction and thus can
also cause thermodynamically unstable structures. The most
stable structures investigated are [Br@SiyF,|~ (AG=
—91.4 kcalmol ') and [Cl@SiyF,]” (AG=—89.6 kcalmol '),
while the most unstable structure is [I@SiyEt,]” (AG=
13.2 kcalmol™') among the investigated systems. Overall,
solvation and thermostatistics have a large impact on the
free energy of association in [20]silafulleranes with endohe-
dral ions.

By encapsulation of an endohedral ion, the Siy Y,
fragment of the adduct will be distorted compared to an
empty SiyY,, cage; we term the corresponding energies
Eageadduet ANA Egye reiaxed> T€SPectively. We computed the
geometric change in cluster width as well as cage strain
(Eqin) In each investigated complex (cf. Figure 6) according
to Eq. (3).

Estrain = Ecage,adduct - Ecage,r(',laxed (3)

In most systems, the Si,, cage is contracted upon
encapsulation of an endohedral ion due to the attractive
X~—Si,, interaction.

Only for some combinations of the larger endohedral
ions Br~ and I" with less electron-withdrawing cluster

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Gibbs free energies (AG) for the encapsulation of the respective endohedral ion in Si,, cages with different substituents computed with

our best-performing DFT method (see Supporting Information).
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Figure 6. Change in cage width between the Siy, cluster fragment in [X@Si,Y20]~ and the empty cage Si,Y,o (blue) and the corresponding cage
strain (yellow) computed with our best-performing DFT method (see Supporting Information).

substituents, we observe an expansion of the cage (cf.
[I@Si,)Me,] ). Generally, the cage strain correlates inver-
sely with cage contractions and directly with cage expan-
sions. The most contracted system is [Cl@SiyF,]~ with a
cage strain of 5.1 kcalmol™ and the most expanded system
is [I@Si,oH,]~ with a cage strain of only 1.1 kcalmol .

To further investigate the effect of steric bulk on the
X~—S8i,, interaction in [X@Si, Y, , we conducted an
energy  decomposition analysis (EDA) at the
B3LYP-D4/def2-QZVPPD level of theory for selected
clusters (cf. Figure 7).""® The EDA is similar to the
previously discussed LED analysis but is computationally

Angew. Chem. Int. Ed. 2024, 63, €202314238 (6 of 14)

less demanding and can therefore also be applied to larger
structures. The EDA is based on density functional theory
instead of wavefunction theory, which is used in the LED.
This results in slightly different contributions to the total
interaction energy. The EDA includes a repulsion (E,),
electrostatic (E,.), exchange (E.,), orbital-relaxation
(Eorb—relax)» €lectron correlation (E), and dispersion (Ey,)
contributions to the total energy.

The influence of the exohedral substituent on the CI"—
Si,, interaction is significantly smaller than that of the
endohedral ion. The less electron-withdrawing exohedral
substituents (Y =H, Me, Et) cause a stronger repulsion and
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Figure 7. EDA for complexes with (a) different endohedral ions
[X@SiyCly] ™ and (b) exohedral substituents [Cl@SiyY,0] -

a less attractive electrostatic interaction leading to an overall
lower total interaction energy. The repulsion is slightly lower
for the electron-withdrawing substituents (Y =F, Cl, Br, I)
leading to an overall more attractive interaction.

As the endohedral ion is directly involved in the
investigated interaction, the influence of the nature of X~ on
the individual contributions to E;, is much larger than that
of Y. For example, going from F~ (E,,,=111.0 kcalmol ') to
Cl" (E,,=280.6 kcalmol '), the repulsion energy is more
than twice as large. All EDA contributions are increasing as
the endohedral ion becomes larger, whereas the total
interaction energy decreases. Since the increase in repulsion
is larger than the gain in attractive contributions, there is a
net unfavorable effect of larger endohedral ions on E;,.

In order to analyze the effect of charge transfer in our
tested systems, we computed deformation density differ-
ences from Natural Orbitals for Chemical Valence
(NOCV)!"!] and applied the Extended Transition State
(ETS)M method at the same level of theory as applied in
our electronic energy calculations to obtain corresponding
energy contributions (AE;, cf. Figure 8).'""! Since the nature
of the donor and acceptor orbitals is similar for all systems
investigated, we only discuss the results for the
[Cl@Si,,Cly]~ cluster exemplarily. Charge transfer mainly
takes place by electron-density donation from the p,, p,, and
p, orbitals of the endohedral CI” to the ¢™(Si—Cl) orbitals of
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Figure 8. Deformation density difference (Ap) of the main contribu-
tions to the charge transfer found in [CI@Si,Cl,]~ and the respective
energy contributions (AE,) in parenthesis [kcal mol™"]. Blue represents
depletion and red represents expansion of density. An isosurface value
of 0.0015 a.u. was applied.

the exohedral Cl substituents which are located in the same
axis. The charge transfer contribution of each p orbital is
—19.1 kcalmol ™" (Apl, Ap2, Ap3). We also observe a fourth
contribution coming from the s orbital of the endohedral
Cl~, which donates electron density to the o™ orbitals of the
exohedrally located chlorine atoms, but this contribution is
significantly smaller (Ap4, AE,=-5.1kcalmol™). These
findings are in line with prior studies on
[20]silafulleranes.

NMR Chemical Shifts

In our previous publication on  silafulleranes
[Cl@Siy Y], we have already found some evidence that
experimentally determined **Cl NMR chemical shift values
are diagnostic for a number of important properties, such as
the Cl"—Si, interaction energies or the main
donor-acceptor orbital gaps. Back then, however, these
studies had to be limited to the three derivatives that were
synthetically accessible at the time. Since a much wider
palette of silafulleranes is now available, we revisit the topic
in the following and confirm the correlations between
5(*Cl) and key silafullerane features on a broader basis. A
new aspect arises from our classification of endohedral
silafulleranes [Cl@Si, Y,,]~ as confined Lewis pairs: if we
take the Cl —Si,, interactions as a measure of the Lewis
acidities of different empty siladodecahedranes Si, Y, their
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quantification by *Cl NMR spectroscopy is reminiscent of
the well-established method of Gutmann and Beckett.’**"
They used the difference AS(*'P) between J(*'P) of the free
sensor Lewis base Et;PO and 6(°'P) of the adduct Et;PO—
LA to assess the acidity of a given Lewis acid LA. Generally
speaking, the computed chemical shift J of a given nucleus
(here: *Cl) is the difference between the total isotropic
shielding of this nucleus in a reference compound (here:
CH,Cly; Gorret) and in the compound under study (G comps
Eq. (4)). Each total shielding (0,,) is the sum of diamagnetic
(04ia), paramagnetic (0,,), and spin-orbit contributions
(0,0) (Eq. (5)."*

0= Olotref — Otot.comp (4)

Otot = Odia + gpara + Oso (5)

The diamagnetic contributions are derived from the
unperturbed electron density and thus mainly depend on the
ground state density. The paramagnetic shielding constant is
related to frontier orbital transitions which renders it highly
responsive to the chemical environment, including bonding
and other interactions.?!! For the computation of the *Cl
NMR chemical shieldings we applied the
SO-ZORAU!>#1 _PBE(/TZP!™! level of theory and applied
the COSMO solvation model for CH,CL.' First, we
emphasize that the theoretically and experimentally ob-
tained 6(**Cl) values of all our silafulleranes [Cl@Siy Y]
are in agreement with each other; the subsequent discussion
refers exclusively to calculated chemical shift data. As shown
in Figure 9, the o0, values (and hence J(*Cl)) of
[Cl@Si,)Y,]~ are mainly determined by 0,,,,, which is much
more influenced by the nature of Y than o4, and o,. A
recent theoretical analysis of the Gutmann-Beckett method
by Greb et al. revealed that the same is true for 5(*'P) in

Opara —®— Ogia —®— Ogo —* Otot

1250

1000 ~

750

500 |-

250 |-

0+

~250 |
-500 | \\.\‘

-750 | [Cl@SixH12Ys]~ [Cl@SixY2]~ [CI@SixYao]
T T T T T T T

Y=F Cl Br I F Cl Br I H Me Et

35CINMR o / ppm

Figure 9. Paramagnetic (0,,,), diamagnetic (04;,), and spin-orbit con-
tributions (0,,) to the total isotropic shielding 6., of the *Cl nucleus
inside the respective Siy, cluster.
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Et;PO—LA.'""! Nevertheless, the trends in o(*'P) and
5(*Cl) go in opposite directions with increasing strength of
the Lewis acid: While stronger LAs cause larger downfield
shifts of the *'P resonances of corresponding Et;PO—LA
adducts, the *Cl resonances of silafulleranes [Cl@Siy Y]~
become more upfield shifted the more electron-withdrawing
the Y substituents are and the stronger the Cl —Siy,
interaction energy E;, becomes (cf. Figure 10). We note in
passing that this inverse correlation between 5(**Cl) and E;,
is most pronounced for Y=H, F-I, but also holds for the
subsets [Cl@SiyH,] —[Cl@Si,H,,Ys] —[Cl@Si, Y,]” (Y=
F-I). In contrast, the less electron-withdrawing substituents
Y =Me, Et do not yet lead to a clear trend and require more
data points to make robust statements. In addition to the
values for the complete silafulleranes [Cl@Si, Y], we have
also computed §(*Cl) and E, for the non-spherical model
systems CI-1 to CI-9 (Y =Cl; Figure 2) and the analogous
subsets with Y=H, F, Br, I. For each subset, we can
extrapolate trajectories starting at Y-1 and approaching the
values of the fully assembled [Cl@Si, Y|~ clusters as the
model systems grow bigger (Figure 10). For Y=H, Cl, Br, I,
we now see that an increasing E;, results in increasingly
deshielded *Cl nuclei — analogous to the Gutmann—-Beckett
scale and inverse to the trend observed for [Cl@Siy,Y ]I
Taken together, these results lead to the important con-
clusion that there does not seem to be a generally valid
correlation between 6(*Cl) and E, for all pairs of Lewis
acidic oligosilanes and CI™ ions. However, for well-defined
subsets, such as either [Cl@SiyY,]  or CI-1 to CI-12,
corresponding correlations do exist and are of considerable
diagnostic and predictive value.

According to the Ramsey equation, o,,,, is proportional
to the negative inverse of the energy gaps in pairs of
magnetically coupled occupied and vacant orbitals.'?**"! For
the silafulleranes [Cl@SiyY,]™ (Y=H, Me, Et, F-I), we
conducted a Ditchfield decomposition analysis to reveal the

[CI@SiygH,Yg” @ cluster growth A

[CI@SipgY 0]
180
F
160 N q
140 | Br a A
T 120 | 4, A
e} A
E 100 “’Cl A
= E A
g H 4
~ 80 - AA‘ A A A A
kS A
81 60 A &
Me E A
40 "
20 |
Il Il Il Il

0
350 300 250 200 150 100 50 O -50 -100
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Figure 10. Correlation between the interaction energy (E;.,) and the
calculated and linearly scaled **Cl NMR chemical shift d.
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contribution of each molecular orbital pair to the para-
magnetic shielding.'*"**! In all cases, the main contributions
to Oy come from excitations from the electron lone pairs
of the endohedral Cl” ion into vacant orbitals above the
LUMO. The corresponding donor-acceptor orbital gaps
(AEp,) indeed show a good correlation with the para-
magnetic *Cl shielding constants (0, Figure 11). Con-
sequently, and in agreement with the experiment, 5(**Cl) is
small when AEp, is large because electronegative substitu-
ents Y lead to high Cl"—Si,, interaction energies E;,. If, in a
simplified approach, AEy, is approximated by the HOMO-
LUMO gap AEy. of [Cl@Siy,Y,] , the above-mentioned
inverse correlation with o,,,, does no longer apply (Table 2).
Thus, a reliable analysis of 6(**Cl) inevitably requires the
laborious consideration of all donor-acceptor orbital pairs
because excitation from the HOMO to the LUMO is not the
main factor. From our density-deformation computations,
we also obtained the contributions of each natural orbital of
chemical valence (NOCV) to §(**Cl). Along the series of
exohedral substituents Y, the respective largest contribution
(AEy) correlates with o,,, (Y=F-I; Table 2). No obvious
interdependence was observed between J§(*Cl) and the

[CI@SingY a0l [CI@SinH1oYgl @
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Cl"—SiyY,, charge transfer (CT) or the largest absolute
principal component (|Vi;]|) of the electric field gradient
(EFG), which governs the linewidth of the NMR resonance
(Table 2).* In conclusion, 6(*Cl) of our silafulleranes
[Cl@Si, Y,]~ correlates inversely with (i) the Cl™—Siy
interaction energy E;, and in turn the Lewis acidity of the
empty Siy Y, cage, and (ii) with the donor-acceptor orbital
gaps AEp,, but shows no correlation with the Cl™—Siy) Yy
CT.

Introduction of Sterically Demanding Substituents

The primary starting material [nBu,N][A] is accessible in a
one-pot self-assembly process from Si,Clg, [nBu,N]Cl, and
nBuN in 27% yield™! Twelvefold desilylation of
[nBu,N][A] with pinacol, followed by treatment with
iBu,AlH, furnishes [nBu,N][Cl@Si,oH,o].*! Addition of
[PPN]CI to the reaction mixture gives [PPN][Cl@Si, H,]
after  crystallization  ([PPN]* =[(Ph;P),N]*). Heating
[PPN][Cl@Si,H,] in CHCI; affords [PPN][Cl@Si,,Cl,]. For
the methylation of [PPN][CI@Si,,Cly], we adapted the
recently  described  synthesis of  [nBuyN][Cl@Si,,
(SiH;);,Meg],**! which builds on regioselective CI/H and CI/
Me exchange in a three-component reaction of [nBu,N][A]
with Me,AIH"! and Me;Al The Me,AlH/Me;Al system is
capable of hydrogenating only the silyl groups of [A]~, while
the Siy, core is selectively methylated.* In a similar vein,
treatment of [PPN][Cl@Si,,Cl,] with Me,AlH/Me;Al (8/
40 equiv.) resulted in the exhaustive methylation of the Si,,
cluster (Scheme 1a). [PPN][Cl@Si,yMe,;,] was isolated by
crystallization from THF in 24 % yield.'™ In the absence of
Me,AlH, a mixture of [PPN][Cl@Si,Cl,] and Me;Al
(40 equiv.) remained unchanged at room temperature for at
least 1 d. This result suggests that hydridic H substituents on
Al or Si promote core methylation. This conclusion is
supported by the fact that [PPN][Cl@Si,)Me,] was also
formed from a mixture of the chlorosilane
[PPN][Cl@Si,,Cly] (1.0 equiv.), the hydridosilane
[PPN][Cl@SiyH,] (0.50 equiv.), and Me;Al (60 equiv.).
Following this approach, we also achieved perethylation of a

[PPN][Cl@Si,,Cl,|/[PPN][Cl@Si,H,] mixture (1.0/

Figure 11. Correlation between the donor-acceptor gap (AEp,) and the 0.50 equiv.) with EGAL (20 equiv,; Scheme 1a).
paramagnetic **Cl NMR shielding constant o,
Table 2: Different calculated properties for the investigated systems.

o8 /ppm a;f;/ppm EFG | Vs3] /a.u. AEy eV AEpafeV E;i/kcal mol™ CT/e™! AE,/kcal mol™
[Cl@SiyoH1,Fg]™ 209.3 —401.7 0.00106 4.5 7.1 105.6 0.513 —18.4
[Cl@SinH,Cly~ 2806 —487.1 0.00037 46 7.0 106.0 0.492 ~18.9
[Cl@SiyH1,Brg]™ 300.3 —=511.9 0.00115 4.4 7.0 105.3 0.489 —19.1
[Cl@SiyoH1,lg)™ 328.0 —554.4 0.00069 4.1 6.9 103.5 0.503 -19.7
[Cl@SiyoF40)~ —61.4 —88.9 0.00048 3.0 8.4 159.2 0.508 -17.6
[Cl@SiyClyo]™ 124.9 —308.5 0.00035 35 8.0 139.1 0.452 —19.1
[Cl@SiyBryg)~ 205.4 —392.6 0.00054 3.5 7.6 131.1 0.438 -19.6
[Cl@Siyly0)™ 320.9 —532.6 0.00013 3.4 7.1 119.6 0.477 —20.4
[Cl@SiyoH20] 340.9 —553.6 0.00013 5.4 6.6 76.3 0.513 —18.2
[Cl@SixMes)” 333.3 5352 0.00008 4.7 6.6 61.7 0.504 192
[Cl@SiyEty)~ 3223 —520.3 0.01025 4.7 6.4 60.9 0.522 —19.0
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Scheme 1. (a) Syntheses of the siladodecahedrane salts
[PPN][ClI@SiyY20] (Y=Me, Et, Br). Reaction conditions: (i) 8 equiv.
Me,AlH, 40 equiv. Me;Al, oDFB/toluene, rt, 15 h. Yield: 24 %.

(ii) 0.50 equiv. [PPN][CI@SiH,), 60 equiv. Me;Al, o0DFB/toluene, rt,

3 d. Yield: 10%. (iii) 0.50 equiv. [PPN][CI@Si,H ], 20 equiv. ELAI,
oDFB/hexanes, rt, 5 d. Yield: 30%. (iv) CH,Br,/CsDs 5:1 (380 equiv.
CH,Br,), 65°C, 48 h. Yield: 29%. oDFB = ortho-difluorobenzene.

(b) Crystallographically determined structures of the siladodecahedrane
salts [PPN][CI@SiMe|xTHF and [PPN][CI@Si,oEt,] in the solid state
(the cations and co-crystallized THF are omitted for clarity). Displace-
ment ellipsoids are drawn at the 50 % probability level.

[PPN][Cl@Si,,Et,] was isolated by crystallization from THF
in 30 % yield.["*

The conversion of [PPN][Cl@Si, H,] to
[PPN][CI@Si,,Cl,,]*! by heating the hydridosilane in CHCl,
served as the role model for the synthesis of
[PPN][Cl@SiyBry): H/Br exchange on [PPN][Cl@Si,H,]
was achieved by keeping its CH,Br,/C4Dy (5:1) solution in
an NMR tube at 65°C for 48 h (Scheme 1a). At the endpoint
of the reaction, a SiH signal was no longer detectable in the
'H NMR spectrum, and the resonance of the CH;Br
byproduct showed an integral value indicating a 20:1
stoichiometry relative to [PPN]*. After purification by
precipitation from oDFB with n-hexane, [PPN][Cl@Si,,Br,]
was isolated as a yellow solid in 29 % yield (Scheme 1a).""!

In a first investigation of the stability of the siladodeca-
hedrane salts [PPN][Cl@Si, Y, toward Lewis bases, we
found that [Cl@Si,Cly,]~ and [Cl@SiyBr,]~ decompose
rapidly in THF ([Cl@Si,,Cly]~ is stable in dry MeCN for
extended periods of time). In stark contrast, [Cl@Si,yMe,|~
is not only inert to THF but persists for days even in the
presence of the strong F~ donor [S(NMe,);][Me;SiF,]
(TASF). Apparently, the relatively low computed affinity of
the permethylated siladodecahedrane cage for its endohe-
dral CI” guest finds its counterpart in a comparably low
affinity for attacking exohedral Lewis bases. In contrast,
halogenated Si,, cages appear to be much more prone to
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both endohedral and exohedral interactions with Lewis
bases. Attempts at the synthesis of [PPN][Cl@SiyF,] and
[PPN][Cl@Siyl,,] were of limited success, although we were
able to detect the molecular-ion peak of [Cl@Siyl,]™ in the
mass spectrum (m/z=3134.66, calcd.: 3134.59; cf. the
Supporting Information for more details).

Crystals of [PPN][Cl@Si,)Me, ]|xTHF suitable for X-ray
crystallography grew during the slow evaporation of the
above-mentioned [PPN][CI@Si,)Me,/TASF mixture in
THF. [PPN][Cl@Si,,Et,] crystallized from an
ortho-difluorobenzene/hexanes mixture upon evaporation.
The proposed molecular structures of the anions
[Cl@Si,Me,]~ and [Cl@SiyEt,y]~ were confirmed (Sche-
me 1b); however, the structure determination of
[PPN][Cl@SiyEt,] was challenging due to the pseudo-
merohedral twinning of three components!"™ and required
high-quality data obtained with synchrotron radiation (cf.
the Supporting Information for details). The endohedral
Cl-Si distances and Si—Si bond lengths in [Cl@Si,Me,)]~
and [Cl@Si,Et,)]” are very similar to the corresponding
published values®! of [Cl@SiyH,]~ and [Cl@Si,Cly]~
(Table 3). [Cl@SiMey], [Cl@Si,yEty], and
[Cl@Siy(SiH;);,Meg] ™ have essentially identical Si—C
bond lengths (Table 3).

The molecular-ion peaks of [Cl@Si, Y,]™ (Y=DMe, Et,
Br, I) with matching isotope patterns were detected by LDI-
MS(-). In contrast to [Cl@Si,Me, |~ and [Cl@SiyEt,]",
which do not appear to undergo significant fragmentation
under the applied measurement conditions, [Cl@Si,Br,]~
and [Cl@Siyl,]~ show cluster fragmentation in the mass
spectrometer. In both cases, peaks assignable to smaller
clusters [Si,Y,Cl]” (Y=Br, I; a,b <20) were found (cf. the
Supporting Information for details).

The NMR spectra of [PPN][Cl@Si,sMe,)/
[PPN][Cl@Si,Et,,] and [PPN][Cl@Si,,Br,,] were recorded in
[DgJTHF and CH,Br,/C,Dg¢ (5:1), respectively (Table 3).
[Cl@Si,Me,)]~ gives singlets at 0.12 ppm and —7.6 ppm
(Table 3) in the 'H and “C{'H} NMR spectrum, respectively.
The protons of [Cl@SiyEt,|  come to resonance at 1.20-
1.11 ppm; two "*C signals were found at 12.8 ppm (CH;) and
8.5 ppm (CH,). In accordance with an average I, symmetry
on the NMR time scale, the *Si NMR spectra showed one
resonance for each of the anions [Cl@Si,Me,]|~ (6=
—30.6 ppm, calcd: —29.7 ppm; Table 3), [Cl@Si,Et,]~ (6=
—18.4 ppm, caled: —13.0 ppm), and [Cl@SiyBr,]|~ (6=
—22.1 ppm, calcd: —22.3 ppm). In the case of [Cl@Si,)Me,] ",
the J(Si,Cl) coupling constant of 3.4 Hz was determined
using a »Si DEPT-3P experiment (calcd: 3.4 Hz; cf.
[Cl@Si,H,]: 3.3 Hz, [Cl@Si,Cly]™: 4.7 Hz).*Y The *Cl
nuclei in [Cl@Si,)Me,,]~ (6=332.7 ppm, scaled calcd. value:
333.4 ppm) and [Cl@Si,Et,]~ (6=326.3, scaled calcd. value:
322.3 ppm) possess chemical shift values similar to that in
[Cl@SiyHyy]~ (§=344.9 ppm); significantly stronger *Cl
shielding was observed for [Cl@SiyBry|~ (6=210.9 ppm,
scaled calcd. value: 205.4 ppm).
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Table 3: Selected experimentally determined (calculated) crystallographic and NMR-spectroscopic parameters?” of the silafulleranes presented
herein. Calculated NMR shifts have been computed at the SO-ZORA-PBEQ'" (COSMO(CH,Cl,))/ZORA/TZP level of theory.

Compound d(cl-siy/A  d(Si-Si)/A d(Si—C)/A O('H) 6("Q) O (*si) &)
[PPN][CI@Si;oMey] 3.2967(11)-  2.3522(17)-  1.896(5)- 0.12 ~7.6 (—4.8) —30.6 (—29.7) 3327
3.3161(8) 2.3685(16) 1.920 (333.4)®
[PPN][CI@ SiyoEty)] 3.293(2)- 2.348(2)- 1.903(5)— 1.20-1.11 12.8 (16.3, CH;)  —18.4 (—13.0)  326.3
3.3290(18)  2.381(3) 1.933(6 8.5 (8.3, CH,) (322.3)®
[PPN][CI@Si5oBry] - - - - - —22.1(-22.3) 2109
(205.4)®!
[PPN][CI@ SijoH o] 3.268(3)- 2.338(5)- - 3.99 - —54.7 344.9
3.314(4)4 2.363(5)4 (340.9)®!
[PPN][CI@Si;Clyo]*! 3.293(2)- 2.350(2)— - - - —21.84 126.01
3.324(2) 2.368(2) (124.9)®
[MBuNJ[CI@Siy(SiH3),Meg]"  3.2541(3)-  2.3200(5)-  1.8974(12)—  0.51 (CH;)  —2.4 19.1 (SiMe) 457.1
3.3040(3) 2.3377(4) 1.9189(13) 3.29 (SiH;) —67.2 (Si% (456.2)®
(Cl-Si%) (Si°~SiH;) —100.6 (SiH5)
3.3191(3)-  2.3485(4)-
3.3433(3) 2.3611(4)
(Cl--SiMe) (Si>~SiMe)
2.3453(4)-
2.3544(4)
(Si°-Si%)

[a] NMR spectra were recorded in [Dg]THF ([PPN][CI@SisMeyq], [PPN]J[CI@SixEty], [PPN][CI@SizoHso], [1Bu,NJ[CI@ Siz(SiH3)12Mes]), CH,Br,/CeDs
(5:7; [PPN][CI@Si,0Bry)), or CD,Cl, ([PPN][CI@SiyCly)). [b] These values were obtained after scaling according to the following linear equation:
O(*°Cl, scaled) =0.8728-0(*Cl, calcd)—7.3179.1* [c] These ranges cover the values determined for both the [nBu,N]* and the [PPN]" salt of

[Cl@SizH30] - [d] These values were determined for the [nBu,N]* salt.

Conclusion

We conducted comprehensive quantum chemical and exper-
imental studies to evaluate different compelling properties
of [X@Si,,Y,]™ clusters and introduced the syntheses of the
Y =Me, Et, Br derivatives. To find a reasonable level of
theory for our computations, we evaluated the performance
of different density functional approximations. The hybrid
density functional *'SCANO0-D4 in combination with a large
and diffuse basis set yields the most accurate results for the
tested systems. We elucidated the template effect of
endohedral ClI° ions in the cluster assembly of
[20]silafulleranes and investigated the underlying X~ —Si,,
interaction as well as NMR properties of differently
substituted [X@Siy Y|~ clusters. To further broaden the
experimental basis of our theoretical considerations, the
syntheses of compounds [PPN][Cl@Si,,Y,] (Y =Me, Et, Br)
are also described. Through our combined experimental and
theoretical efforts, we are becoming increasingly able to
synthesize novel silafulleranes in a targeted manner; at the
same time, we have developed robust analytical tools to
characterize their key properties.

Since intermediates of the cluster assembly are un-
known, we studied a hypothetical series of silapolyquinane
model systems and their propensity to coordinate a Cl” ion
on their concave side. Our computations revealed that the
interaction between the coordinated Cl” ion and the
respective silicon frameworks becomes stronger as the
clusters grow, which supports our previous postulate of a
structure-determining template effect of the Cl™ ion.

The main contributions to the attractive X —Si,, inter-
action energy (E;,) in [X@SiyY,] clusters stem from

Angew. Chem. Int. Ed. 2024, 63, €202314238 (11 of 14)

electrostatic and orbital-interaction effects. E,,, is influenced
by a cooperative effect between the endohedral ion X~ and
the exohedral substituent Y. It is maximized if X~ has the
proper size and Y is strongly electron-withdrawing. We
investigated different steric effects and found that endohe-
dral ions bigger than CI™ lead to a larger cage strain and
eventually to an expansion of the cage. As it is not feasible
to extract the endohedral ion from the cage, we consider
[X@Si, Y]~ clusters as confined Lewis pairs.

Further, we verified that the *Cl NMR shift of an
endohedral Cl™ ion is a probe for E;, in halogenated Si,,
cages and we could draw similarities and differences to the
prominent Gutmann-Beckett method. The main contribu-
tion to the *Cl NMR chemical shift is the paramagnetic
shielding constant o,,,. Therefore, §(*Cl) is smaller for
large donor-acceptor orbital gaps, which occur when the
cage bears electronegative substituents.

With the newly found properties, the differently sub-
stituted [20]silafulleranes could, e.g., be used as weakly
coordinating anions (WCA) or as building blocks for
reticular assemblies in future applications.
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