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Systematic DFT Studies on Binary Pseudo-tetrahedral Zintl
Anions: Relative Stabilities and Reactivities towards Protons,
Trimethylsilyl Groups, and Iron Complex Fragments

Lukas Guggolz and Stefanie Dehnen*®

/Abstract: Binary pseudo-tetrahedral Zintl anions composed
of (semi)metal atoms of the p-block elements have proven
to be excellent starting materials for the synthesis of a varie-
ty of heterometallic and intermetalloid transition metal-
main group metal cluster anions. However, only ten of the
theoretically possible 48 anions have been experimentally
accessed to date as isolable salts. This brings up the ques-
tion whether the other species are generally not achievable,
or whether synthetic chemists just have not succeeded in
their preparation so far. To contribute to a possible answer
to this question, global minimum structures were calculated

-

\

for all anions of the type (TrTt;)*~, (TrPn;)*", and (Tt,Pn,)*,
comprising elements of periods 3 to 6 (Tr: triel, Al-TI; Tt:
tetrel, Si-+-Pb; Pn: pnictogen, P--Bi). By analyzing the compu-
tational results, a concept was developed to predict which
of the yet missing anions should be synthesizable and why.
Additionally, the results of an electrophilic attack by protons
or trimethylsilyl groups or a nucleophilic attack by transition
metal complex fragments are described. The latter yields
butterfly-like structures that can be viewed as a new form of
adaptable tridentate chelating ligands.

/

Introduction

One century after the discovery™ and the first structural char-
acterization” of Zintl anions, their chemistry has become re-
markably diverse.”! However, there are still challenges that in-
organic chemists are facing while seeking for novel Zintl clus-
ter compositions, structures, and eventually properties.

During the past two decades, it was shown that Zintl anions
and their respective salts are excellent starting materials for
the generation and isolation of compounds with heterometal-
lic and intermetalloid cluster anions. While the use of homoa-
tomic Zintl anions yields bimetallic clusters, reactions of binary
Zintl anions, several of which have been known to exist with
atoms of groups 13 and 14, 13 and 15, or 14 and 15, usually
lead to the formation of trimetallic clusters. It was shown that
the larger degree of freedom upon using binary anions as pre-
cursors is reflected in a large variety of new cluster structures
and bonding modes.

In this context, binary pseudo-tetrahedral anions that are
isoelectronic with P, or As, are of particular interest. They
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show a high reactivity in cluster synthesis, but exhibit a lower
overall charge than homoatomic Zintl anions Tt,*™ (Tt: Si, Ge,
Sn, Pb) for elemental combinations involving groups 13 and 15
or 14 and 15 in the anions (TrPn,)*>~ and (Tt,Pn,)*~ (Tr: triel, Tt:
tetrel, Pn: pnictogen). However, not all of these elemental
combinations could be experimentally accessed to date. Some
of them, like the combination of Ge and Bi, yielded other
anions like (Ge,Bi,,)* " so such combinations may systemati-
cally be unsuitable for this pseudo-tetrahedral arrangement. To
understand these findings, and to investigate the relative sta-
bilities of these anions for predicting possible extensions of
the known collection, we performed extensive and systematic
computational studies on binary pseudo-tetrahedral anions
with the general formulae (TrTt;)*~, (TrPn,)*, and (Tt,Pn,)*".
Another contribution to contemporary Zintl anion chemistry
is charge reduction by (element-)organic ligand decoration, as
an alternative or addition to the admixture of neutral atoms.”
So, in a second step, we studied the reactivity and possible
functionalization of the pseudo-tetrahedral anions with pro-
tons, trimethylsilyl groups, or organometallic substituents. We
applied density functional theory (DFT) methods (vide infra) to
simultaneously optimize geometric and electronic structures.
The results presented herein provide a deeper understand-
ing of binary pseudo-tetrahedral Zintl anions. Being valence
isoelectronic to P, in white phosphorous and As, in yellow ar-
senic, these species can either be described by the pseudo-ele-
ment concept, also referred to as Zintl-Klemm-Busmann con-
cept or as a nido-type cluster according to the Wade-
Mingos rules.”’ Since most of the anions are intrinsically disor-
dered in the crystal structures of the according salts, this study
might additionally be helpful for the interpretation of experi-
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mental data in previous and future work, and might also be
helpful for the selection of potential candidates for derivatiza-
tion reactions.

Results and Discussion
Unsubstituted binary pseudo-tetrahedral Zintl anions

Of the herein studied pseudo-tetrahedral Zintl anions with said
elemental combinations, only examples with the general for-
mulae (TrTt;)°, (TrPny)*", and (Tt,Pn,)*>” have been isolated to
date, which is why we focused our studies on these species. In
theory, 48 element combinations should be possible. However,
only ten anions have been reported, namely, (TISn,)’",
(GaBi;)*", (InBiy)*, (TIBiy)*", (Ge,P,)*", (Ge,As,)*”, (Sn,Sb,)*,
(Sn,Bi,)*~, (Pb,Sb,)*~, and (Pb,Bi,)*".®! The missing 38 species
were added as calculated structures within this study.

In a first step, we performed simultaneous optimizations of
the geometrical and electronic structures to find minimum
structures on the potential energy surface for all known and
unknown anions. It must be noted that the term “stability”, as
used in the following, does not strictly refer to “thermodynam-
ic stability” (although we find reasonable HOMO-LUMO gaps
of >2eV for unsubstituted pseudo-tetrahedra, >1.5¢eV for
substituted species, and >1 eV for complexes; see Tables S1-
S11), but to “experimental feasibility” or “experimental accessi-
bility” throughout. We note in addition that, compared to the
experimental data, most bond lengths were elongated by a
few pm on average during the geometry optimization, as typi-
cal and expected for the applied methods. Nevertheless, we
were able to accurately reproduce the experimental data
within the error of the method (Table S12 in the Supporting In-
formation). We therefore used the selected methods to further
study all unknown binary pseudo-tetrahedral Zintl anions. We
were indeed able to find a stable minimum structure for every
possible group 13/14, 13/15, and 14/15 elemental combination
(see Figure 1, Figure 2, and Figure 3).

As shown in Figure 1 and Figure 2, the minimum structures
of (TrTt;)> and (TrPn,)*~ exhibit C;, symmetry, although origi-
nally calculated without any symmetry restrictions. These
anions can hence be viewed as distorted tetrahedra with the
triel atom sitting on an apex over a triangular base consisting
of tetrel or pnictogen atoms, respectively. The bond lengths
within the bases are in the range of bond lengths that were re-
ported for the known homoatomic tetrahedra of (Tt,)*” or Pn,,
respectively.” The lengths of the heteroatomic bonds vary ac-
cording to the trends of the covalent radii, as expected.
Figure 3 shows that the pseudo-tetrahedral anions of the type
(Tt,Pn,)*" can be viewed as being composed of two homoa-
tomic dumbbells. As expected, the deviation from an ideal tet-
rahedral shape is most obvious for elemental combinations
with extreme differences in atomic sizes, like (Si,Bi,)* or
(Pb,P,)*". The heteroatomic bonds again increase as the radii
of the involved atoms become larger. Tt—Tt and Pn—Pn bond
lengths are in the same range as calculated for (TrTt;)°~ or
(TrPn3)>~. This indicates that the ring strain in the trigonal
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Figure 1. Calculated minimum structures in C;, symmetry of all possible
(TrTt;)* type anions: a) (AlSi;)*, b) (AlGe,)*, ) (AlSn,)*, d) (AlPbs)*,

e) (GaSis)™", ) (GaGe;)*", g) (GaSny)*", h) (GaPb,)*", ) (InSi)*", j) (InGe,)*,

k) (InSny)>~, 1) (InPb,)°~, m) (TISi;)>~, n) (TIGe,)*, o) (TISn,)*, p) (TIPb,)*~ (Al:
yellow, Ga: light orange, In: orange, Tl: brown, Si: turquoise, Ge: sky blue,
Sn: blue, Pb: dark blue). Bond lengths are given in pm.
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Figure 2. Calculated minimum structures in C;, symmetry of all possible
(TrPn;)?~ type anions: a) (AIP3)?", b) (AlAs;)*", c) (AlSbs;)*", d) (AIBiy)*,

e) (GaPy)*, f) (GaAs;)*, g) (GaShy)*, h) (GaBiz)* ", ) (InPy)*, j) (InAsy)*",

k) (InSb3)?~, 1) (InBis)*~, m) (TIP5)*~, n) (TIAs;)*, o) (TISb,)*, p) (TIBis)*~ (Al:
yellow, Ga: light orange, In: orange, Tl: brown, P: light green, As: bright
green, Sb: green, Bi: dark green). Bond lengths are given in pm.
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bases does not play a significant role compared to the overall
strain of the pseudo-tetrahedral architecture.
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Figure 3. Calculated minimum structures in C,, symmetry of all possible
(Tt,Pn,)* type anions: a) (Si,P,)*", b) (Si,As,)>, ©) (Si,Sb,)*, d) (Si,Bi,)*",

e) (Ge,P,)*, f) (Ge,As,)”, g) (Ge,Sb,)*, h) (Ge,Biy)*, i) (Sn,Py)* ", j) (SnyAs,),
k) (Sn,Sb,)?", 1) (Sn,Biy)*~, m) (Pb,P,)*", n) (Pb,As,)*, 0) (Pb,Sb,)*", p) (Pb,Bi,)*"
(Si: turquoise, Ge: sky blue, Sn: blue, Pb: dark blue, P: light green, As: bright
green, Sb: green, Bi: dark green). Bond lengths are given in pm.

! natural population analyses,"" as well

2 were

Mulliken analyses,""®
as population analyses based on occupation numbers!
performed to gain further insight into the electronic properties
of the anions. It was shown that the negative charges are
always delocalized over all four cluster atoms—in stark con-
trast to the formal charge assignment done by means of the
pseudo-element concept, according to which group 15 atoms
are neutral, group 14 atoms are charged —1, and group 13
atoms are charged —2. This even holds for the compounds
with the highest differences in electronegativity, like (InP;)*",
(TIP;)*~, or (Pb,P,)*". Still, the highest partial charges, and thus
the highest electron densities, are located at the more electro-
negative sites, indicating that the formalism of the pseudo-ele-
ment concept is oversimplifying the matter, while the trend is
still correct. The results of the population analyses also showed
that the distribution of the partial charges plays no significant
role for the stabilities of these anions.

Figure 4 illustrates the frontier molecular orbitals (MOs) of
the three types of anions. The MOs of (TrTt;)*~ and (TrPn,)*~
look qualitatively the same, which is due to their common 1:3
element ratio. That is except for a few group 13/14 anions,
where the HOMO—1 and the HOMO-2, as well as the LUMO
and the LUMO + 1, are interchanged (see Figure S1 in the Sup-
porting Information). The latter has, however, only a minor in-
fluence on the observed substitution patterns (vide infra). The
lowest unoccupied molecular orbital (LUMO) of the (TrTt,)’
type anions is always located at the triangular tetrel base. The
highest occupied molecular orbital (HOMO) is doubly degener-
ate and extends along the heteroatomic bonds. The main con-
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Figure 4. lllustration of the frontier orbitals of a) (InBi;)*", as a representative
for the anions with a 1:3 element ratio and of b) (Sn,As,)*” as a representa-
tive for the anions with a 1:1 element ratio (In: orange, Bi: dark green, Sn:
blue, As: bright green; contour values: +0.05 a. u.). It must be noted that
the orientation of the (Sn,As,)>~ anion is different from the orientation in
Figure 2.

tribution to HOMO—1 stems from the group 13 atom, hence
essentially representing its lone pair. The doubly degenerate
HOMO-2 only shows contributions of the three group 14 or
group 15 atoms. As an alternative, the HOMO—-2 and the
LUMO may be viewed as representing the bonding (occupied)
e and antibonding (unoccupied) a, combination of the in-
plane tangential p-type atomic orbitals (p-AOs) of a hypotheti-
cal “Tt;”™” anion, hence the 3-center-4-electron (3c4e) o-type
bond of this species, which is isoelectronic with the (C3H;)*
cation). HOMO—1 and HOMO are based on the bonding (and
occupied) a, and the antibonding (and unoccupied) e repre-
sentation of the orthogonal p-AOs, hence the 2m aromatic
system of the said species. The latter overlap effectively with
the p-AOs of a hypothetical “Tr*~" anion, which adds another 4
p-electrons to the 10 electrons in 5 highest occupied MOs of
the resulting anion. As a consequence of the combination of
“Tt;™" and “Tr’™", the binary anions become electron-precise
with only minor multi-center bonding (vide infra). For the C,-
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symmetric (Tt,Pn,)*" type anions, the LUMO extends along the
Pn—Pn bond, the HOMO along the Tt—Tt bond and the
HOMO-1, as well as the HOMO-2, along the heteroatomic
bonds.

To further investigate the bonding situation within these
clusters, we calculated localized molecular orbitals (LMOs) ac-
cording to Boys' method.” This is exemplified in Figure 5 for
the bonds in (InBi;)*>~ and (Sn,As,)*". Since we were able to lo-
calize the MOs, the overall bonding in this polyhedra can be
viewed as being based on regular 2-center-2-electron (2c2e)
bonds (in agreement with the pseudo-element concept, ren-
dering Wade-Mingos rules less appropriate), with the main
contributions coming from the p-AOs. This is in good agree-
ment with earlier studies."” For both clusters, we clearly ob-
serve a polarization of the heteroatomic bonds. Further exami-
nation via Paboon, however, also indicated additional weak
multi-center interactions, which become smaller with increas-
ing atomic number.

We would like to note here that our findings are in agree-
ment with the alternative way of discussing such clusters as
superatoms™ and according to the Jellium model® As
shown for the homoatomic 20 or 40 valence electron closed-
shell species [Si,]* or [Si]*" and their analogues,"” and also
for heteroatomic superatoms like the monomeric unit of
{[CuSnsSb,]*1,,"® the charge is naturally delocalized over the
whole cluster in such cases, and only the total electron count
matters.

From the results discussed so far, one cannot deduce why
some of the binary pseudo-tetrahedral Zintl anions could be
synthesized and some could not, or why some of the anions
seem to be more stable than others. While (Sn,Bi,)*~ has been
synthesized for the first time 35 years ago and in several differ-
ent salts since then,®*9" “(Ge,Bi,)>™” remains unknown to date.
Another example is (GaBiy)*~, which can be synthesized,®® but
readily decomposes and disproportionates into Ga’ and Bi,?~
polyanions."” Besides that, the general claim of heteroatomic
bonds to be energetically favored is challenged in some cases
by their destabilization due to big differences of the covalent
radii,”® as impressively shown on the example of the large
polyanion (Ge,Bi,,)*", with strictly separated element types.””

Figure 5. lllustration of the LMOs of the bonds of a) (InBi;)*~ and in
b) (Sn,As,)*” (In: orange, As: bright green, Bi: dark green, Sn: blue; contour
values: £0.05 a. u.).
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All of the anions that have been known to date exhibit
ratios of the covalent radii (Q.,) between 0.8 and 1.1, eg.,
Q. (Ga:Bi)=0.82, Q(TI:B))=0.98 or Q.(Ge:P)=1.12 (vide infra).
Given that the different atomic sizes are critical, Q. should
have an effect on the strength of the respective heteroatomic
bonds within the pseudo-tetrahedral architecture. To corrobo-
rate this, we calculated shared electron numbers (SEN) of the
heteroatomic bonds, relative to the homoatomic Tt—Tt bonds
in (TrTt;)>~ and relative to the Pn—Pn bonds in (TrPn,;)>~ and
(Tt,Pn,)*, respectively, (SEN,.). The results that may be taken
as a measure of the relative stability of the binary anions are
given in Table 1.

Table 1 shows two trends for the (TrTt;)°~ and (TrPn,)*~ type
anions: (a) The heteroatomic bonds become weaker for heavier
triel atoms, as expected. (b) The opposite is the case as the
tetrel or pnictogen atoms become heavier, that is, the Ga—Bi
bond is stronger than the TI-Bi bond, despite a seemingly un-
favorable value of Q.. At first glance, this seems to contradict
the conclusions drawn above, according to which the differ-
ence of the covalent radii should be as small as possible. An
explanation for this discrepancy can be derived from the mo-
lecular structures. Longer Tt—Tt or Pn—Pn bonds allow a closer
approach of the triel atoms towards the center of the trigonal
bases, similar to a close-packed lattice: a Ga atom fits better in
the space between three Bi atoms, than the Tl atom does,
leading to a better overlap of the involved orbitals and to the
formation of stronger bonds (see Figure 4). Anions with Q
smaller than the ideal value of 1.00 should therefore be more
stable than those with Q. > 1.00.

This, however, does not explain why (GaBi;)* is actually less
stable than (InBi;)*~ according to the experiments, while it
should be more stable according to the data in Table 2. We ob-
viously have two competing factors here—one being ex-

Table 1. Calculated shared electron numbers (SEN)® of the heteroatomic

bonds relative to the Tt—Tt bonds (value set to 1.00) in (TrTt;)°", and rela-
tive to the Pn—Pn bonds (value set to 1.00) in (TrPn;)?>~ and (Tt,Pn,)*", re-
spectively, SEN,..

(TrTt,)® (TrPn,)? (Tt,Pn,)?
SEN, SEN, SEN,
Al-Si 0.96 Al-P 0.96 Si—P 0.94
Al-Ge 0.80 Al-As 1.05 Si—As 0.89
Al-Sn 1.19 Al-Sb 1.06 Si—Sb 0.76
Al-Pb 1.24 Al-Bi 1.09 Si—Bi 0.70
Ga—Si 0.96 Ga—P 0.85 Ge—P 0.92
Ga—Ge 0.79 Ga—As 0.92 Ge—As 0.89
Ga—Sn 1.21 Ga—Sb 1.02 Ge—Sb 0.77
Ga—Pb 1.31 Ga—Bi 1.07 Ge—Bi 0.72
In—Si 0.83 In—P 0.81 Sn—P 0.97
In—-Ge 0.77 In—As 0.90 Sn—As 0.98
In—Sn 0.90 In—Sb 0.79 Sn—Sb 0.92
In—Pb 0.79 In—Bi 0.81 Sn—Bi 0.88
TI-Si 0.61 TI-P 0.65 Pb—P 0.98
TI-Ge 0.76 TI-As 0.73 Pb—As 1.00
TI-Sn 0.94 TI-Sb 0.77 Pb—Sb 0.97
TI-Pb 0.90 TI-Bi 0.83 Pb—Bi 0.93

[a] It must be noted that shared electron numbers are not to be mistaken
as an actual absolute measure for the bond strength; they just serve to il-
lustrate trends.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 2. Ratios of covalent radii, Q. in anions (TrTt;)*~, (TrPn;)>~, and
(Tt,Pn,)*". Experimentally secured anions are italicized and printed in
bold, dark grey letters. Anions that we predict to be synthesizable are
printed in bold, black letters.

(TrTty)° (TrPn,)>™ (Tt,Pn,)>~
Q. Q, Q.
(AISis)* 1.09 (AIP;)* 1.13 (Si,P,)*~ 1.04
(AlGe;)*~ 1.01 (AlAs;)*~ 1.02 (Si,As,)?" 0.93
(AISn,)*~ 0.87 (AISb;)*~ 0.87 (Si,Sby)*~ 0.80
(AIPb;)*~ 0.83 (AIBi)*~ 0.82 (Si,Biy)* 0.75
(GaSiy)® 1.10 (GaPs)*~ 1.14 (Ge,P,)*~ 1.12
(GaGe;)*~ 1.02 (GaAs;)*~ 1.03 (Ge,As,)*~ 1.01
(GaSn,)*~ 0.88 (GaSh,)*~ 0.88 (Ge,Sb,)*~ 0.86
(GaPb,)*~ 0.84 (GaBi)* 0.82 (Ge,Bi)*~ 0.81
(InSis)*~ 1.28 (InP3)*~ 1.33 (Sn,P,)*~ 1.30
(InGe,)*~ 1.18 (InAs3)* 1.19 (Sn,As,)*™ 117
(InSn,)*~ 1.02 (InSh;)*~ 1.02 (Sn,Sb,)~ 1.00
(InPby)*~ 0.97 (InBi)*~ 0.96 (Sn,Bi,)*~ 0.94
(TISi;)*~ 1.31 (TIP,)*~ 1.36 (Pb,P,)?~ 136
(TIGes)*~ 1.21 (TIAS;)> 1.22 (Pb,As,)*~ 1.23
(TISn,)*~ 1.04 (TISb;)*~ 1.04 (Pb,Sb,)*~ 1.05
(TIPb,)*~ 0.99 (TIBi»)*~ 0.98 (Pb,Bi,)*~ 0.99

plained above. The second factor seems to be that the anion
formation or its stability is generally hampered if the deviation
from the ideal value of Q,=1.00 becomes too large. In addi-
tion, charge distribution and the size of the anions in compari-
son to that of the cation of choice will definitely play a role in
affecting the lattice energy and thus the formation of a respec-
tive isolable salt. As a result, anions of the type (TrTt;)*” and
(TrPn3)*~ with Q,, close to 1.00 should be most stable, whereby
deviations towards larger values are less tolerable than devia-
tions towards smaller values.

As mentioned above, the (Tt,Pn,)*” type anions can formally
be viewed as being composed of two homoatomic dumbbells.
The lack of a similar stabilizing effect as for the (TrTt;)*~ and
(TrPn3)*™ type anions results in these anions being much more
sensitive to deviations from Q,=1.00 towards smaller values.
This is shown by the fact that (GaBi;)*~ with Q. =0.82 was suc-
cessfully synthesized, whereas (Ge,Bi,)>~ with Q,=0.81 is un-
known and seems to be systematically inaccessible. In contrast,
deviations towards larger ratios (Q.,>1.00) seem to be less
problematic, cf. the experimentally observed (Ge,P,)>” anion
(Q,=1.12); still, the anion undergoes a re-organization in solu-
tion to form a larger Zintl anion in the course of several days,
indicating its metastability.

All of the considerations above lead us to the conclusion
that a few more anions at least should be accessible. Table 2
lists all 48 anions along with their respective Q. values. Known
anions are italicized and highlighted in bold and dark grey,
while anions that we predict to be synthesizable are highlight-
ed in bold.

In conclusion, the discovery or development of suitable syn-
thetic methods seems to be critical for accessing the yet miss-
ing anions—notably, it took more than 80 years from the pre-
diction of Bi,>~ and Bi;> polyanions to their isolation as
SaltS.“g’Z”
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Reactivities and substitution patterns

Because of the high anionic charges of —2 and —5, respective-
ly, salts of the pseudo-tetrahedral binary anions are more diffi-
cult to handle in common (organic) solvents than species with
lower or no charge. We therefore performed extensive studies
on possible electrophilic substitution with protons and trime-
thylsilyl (TMS) groups, and on possible nucleophilic substitu-
tions with organometallic substituents, in order to reduce the
cluster charge, and thereby modify properties like solubility
and reactivity. As none of these attempts proved possible for
the herein discussed binary anions in experimental work so far,
we aimed at examining the effects of substituents on the mo-
lecular structures by theoretical work. We limited our efforts to
structures with two substituents, neutral (TrPnjR,), (Tt,Pn,R,),
as well as anionic (TrTt;R,)*>~ and (Tt,Pn,R,)*™ (in case of organ-
ometallic substituents).

While first theoretical studies of a singly protonated P, tetra-
hedron suggested the proton to be located at an apex of the
molecule,”® protonation of the tetrahedral edges was predict-
ed to be energetically favored later on.” This substitution pat-
tern was recently verified experimentally, and by means of new
DFT and coupled-cluster calculations, for the first known pro-
tonated variants of tetrahedral 20 valence electron species,
[P,(u-H)1 " and [Si,(u-H)1*~,** as well as a protonated unit
used as ligand to ZnPh, in [(u-H)(*-Ge,)ZnPh,]*.**? Addition-
ally, Scheschkewitz and co-workers recently reported (SisR,)*".
This anion can be interpreted as an Si,*” tetrahedron with two
substituents (thus reducing the overall charge) and an addi-
tional SiR, moiety acting as an electrophile and bridging one
of the Si—Si bonds of the underlying tetrahedral structure
motif.®*¥ In our theoretical study, we added two protons to
the anions (in order to compensate for all charges of the
(TrPn,y)>~ and (Tt,Pn,)*" species), and explored all possible pro-
tonation sites of the resulting species.

Anions of the type (TrTt;)>~ and (TrPn;)*~ show the same pre-
ferred protonation pattern. As expected, the hydrogen atoms
bridge two heteroatomic bonds by involving the doubly de-
generate HOMO (see Figure 4) in the energetically favored iso-
mers, resulting in C,-symmetric molecules. The bridge is most
asymmetric for the two lightest homologues, (AlSi;H,)*~ and
(AIP;H,), where the H atoms are much closer to the Al atoms.

For the (Tt,Pn,)>” type anions, bridging of the Tt-Tt bond
and one of the heteroatomic bonds is most favorable, which is
realized by involvement of HOMO and HOMO-1. In all cases,
the (u-H)-bridged bonds are significantly elongated, by 8-10%
for all three cluster types (see Figure 6 for (InBiH,) and
(Sn,As,H,) as examples). This is in perfect agreement with the
recent experimental findings for the isoelectronic species men-
tioned above.

The presence of 3-center-2-electron (3c2e) bonds upon p-H-
bridging is supported by corresponding SEN values, and the
3c2e bonds become stronger for values of Q. close to 1.00.
They are hence the weakest (on average) for clusters (TrPn;H,).
Table 3 lists corresponding data for (InBisH,) and (Sn,As,H,) as
examples.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. a) Calculated minimum structure of (InBi;H,) and illustration of one
of the two LMOs representing the two 3c2e bonds; b) Calculated minimum
structure of (Sn,As,H,) and LMOs representing the two 3c2e bonds (In:
orange, As: bright green, Bi: dark green, Sn: blue, H: grey; contour values:
+0.05 a. u.). It must be noted that the orientation of the (Sn,As,H,) mole-
cule is different from the orientation of the parent (Sn,As,)’” anion in

Figure 2.

Table 3. Calculated bond lengths and SEN as well as 3-center-SEN
(3¢cSEN) values for (InBisH,) and (Sn,As,H,); for the C,-symmetric anion
(InBisH,), only half of the otherwise equivalent bonds are listed.

calcd/pm SEN 3cSEN
(INBi;H,)
In1-Bi1 343 0.19 -
In1—H1 216 0.41 -
Bi3—H1 193 0.87 -
In1—H1-Bi3 - - 0.1
In1-Bi3 307 0.78 -
Bi1—Bi2 297 0.96 -
Bi1-Bi3 296 1.01 -
(SnyAs;Hy)
Sn1-Sn2 318 0.74 -
Sn1-H1 195 0.85 -
Sn2—H1 198 0.80 -
Sn1-H1-5n2 - - 0.40
Sn1-As1 297 0.70 -
Sn1-H2 211 0.56 -
As1—-H2 163 0.98 -
Sn1—H2—As1 - - 0.33
Sn1—As2 263 1.23 -
Sn2—As1 272 1.03 -
Sn2—As2 271 1.08 -
As1—As2 246 1.14 -

NPA and Mulliken analyses illustrate the impact of the proto-
nation on the electronic structures. While the negative charge
was relatively evenly distributed over all four atoms in the
naked anions, the three atoms that are involved in the bonds
to the two hydrogen atoms (e.g., In1, Bi1, and Bi2 in Figure 6a)
have positive partial charges now. In turn, the unsubstituted
(semi)metal atom (e.g., Bi3 in Figure 6a) and both hydrogen
atoms are partially negatively charged in the overall neutral
cluster. In accordance with their larger electronegativity as
compared to any of the p-block (semimetals, the hydrogen
atoms thus undergo an umpolung towards a hydridic charac-
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ter. As illustrated in Figure 6, 3c2e bonds involving heteroa-
tomic tetrahedral edges are slightly polarized towards the
more electronegative (semi)metal atom. For the series of
anions (TrTt;H,)*", the negative charge is delocalized over all
atoms. Yet, the largest electron density is also localized at the
H atoms and the (unsubstituted) tetrel atom.

Geometry optimizations with the H atoms being forced into
a position over the trigonal faces were done to study stability
trends. The molecular structures relaxed into local minima that
were significantly higher in energy than the structures exhibit-
ing edge-bridging, as illustrated in Figure 7 for the series
(InPn3H,) with Pn: P, As, Sb, Bi. The energy differences with re-
spect to the global minimum decreases in the order Pn: P>
As>Sb>Bi. Hence, the stabilization of the edge-bridged
isomer is more significant for underlying pseudo-tetrahedra
with larger size differences of the (semimetal atoms, thus
larger Q in the given series.

In case of the clusters (Tt,Pn,H,), HOMO—2 contributes to
the bond, which has a stabilizing effect. Nevertheless, the dif-
ference between the global and the local minimum is still
large, e.g., 97 kJmol™' for (Sn,As,H,).

While protonating the binary pseudo-tetrahedral anions
always yields clusters with bridged edges, the picture becomes
more complex for the (hypothetical) addition of trimethylsilyl
(TMS) groups. After the geometry optimizations, we find three
different  (dominant) substitution patterns for clusters
{Tth3(SiMe3)2}3’, {TrPn;(SiMe,),} and {Tt,Pn,(SiMe;),}, respective-
ly. These follow a continuous trend from a preference of edge-
bridging to a preference of terminal bonding, which can be
put down to the anions’ different tendency to form efficient
3c2e bonds.

The derivatization of homoatomic, tetrahedral main group
compounds with four alkylsilyl groups yielding tetrahedrane-
like structures was previously reported.”” The steric demand of
four alkylsilyl groups results in the preference of terminal
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Figure 7. Energies of clusters with the H atoms bridging tetrahedral faces,
relative to their global minimum structures with the H atoms bridging tetra-
hedral edges. a) {InP5(15-H),} vs. {InP5(p-H),}, b) {InAs;(us-H),} vs. {InAss(u-H),},
) {InSbs(ps-H),} vs. {InSb;(u-H),}, d) {InBis(us-H),} vs. {InBis(1-H),} (In: orange,
P: light green, As: bright green, Sb: green, Bi: dark green, H: grey).
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bonding over edge-bridging. In {Tl,(C{SiMe;}),}, for instance,
the alkylsilyl groups are tilted sideways.*' This, however, is
more likely due to the steric demand of the substituents, than
being an indication for a tendency to forming 3c2e bonds, as
we see them in the clusters studied herein (vide infra).

Anions of the type {TrTt;(SiMe,),}~ prefer edge-bridging
under formation of two 3c2e bonds. Notably, only here, the
above mentioned interchanging of HOMO—1 and HOMO-2 in
anions of the type (TrTt;)*” plays a role: in cases, in which
these MOs are interchanged, the bridging involves one heter-
oatomic bond and one of the opposing homoatomic bonds
(see Figure 8 for {GaGe,(SiMe;),*~ as an example), with the ex-
ception of {InGe,(SiMes),}*", in which two homoatomic bonds
are bridged. The other order of MOs, however, leads to bridg-
ing of two heteroatomic bonds instead (see Figure S2). The rel-
ative energy difference between both isomer types is smallest
for anions comprising heaviest atoms, such as {TIPb;(SiMes),}*".
In all cases, addition of TMS groups causes elongation of the
involved bonds, by 4-10%. This elongation becomes less
prominent for values of Q.= 1.00, irrespective of the observed
substitution pattern.

Due to the larger differences of the electronegativity of the
involved atoms, clusters of the type {TrPn,(SiMe,),} tend the
least to forming 3c2e bonds, like discussed for the protonated
species. Here, the preferred substitution pattern includes two
terminal bonds, with one TMS group bonded to the triel atom,
and the other one bonded to one of the pnictogen atoms (see
Figure 9 for {InBis(SiMe;),} as an example). The heteroatomic
bonds in the 4-vertex units are elongated by up to 10% (most
distinctly for heaviest atoms, while lighter homologues show
no or only slight elongations). In this conformation, the two
TMS groups are the furthest apart of all examples discussed

Figure 8. Calculated minimum structure of {GaGe;(SiMe,),}*~ as a typical ex-
ample for anions of the type {TrTt;(SiMe,),*~ (Ga: light orange, Ge: sky blue,
Si: turquoise, C: black, H atoms are omitted for clarity).

Figure 9. Calculated minimum structure of {InBi;(SiMe),} as a typical exam-
ple for molecules of the type {TrPn;(SiMe;).} (In: orange, Bi: dark green, Si:
turquoise, C: black, H atoms are omitted for clarity).
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herein. We recognize an exception from this pattern only for
{InP,(SiMe,),} and for the sub-series including the heaviest triel
thallium, {TIPn;(SiMe;),} (with Pn: P, As, Sb; see Figure S3),
where the TMS groups are bonded to two pnictogen atoms.
We ascribe this to the fact that both In—Si and TI-Si bonds are
significantly disfavored in comparison with Pn—Si bonds,
owing to the larger differences in covalent radii.

The silylation pattern for clusters of the type {Tt,Pn,(SiMe;),}
finally represents a combination of the aforementioned cases:
Here, we find the Tt—Tt bond to be bridged, thereby involving
the HOMO of the naked anion under formation of a 3c2e
bond. The Tt—Tt bond lengths are again elongated by up to
10%, depending on the respective Pn atoms, with the largest
effect observed for the heaviest Pn atoms, again. The second
TMS group is bonded as a terminal substituent to one of the
Tt atoms, or to one of the Pn atoms, depending on the similar-
ity of the covalent radii of the respective Tt or Pn atoms and
the Si atoms of the terminal TMS group (Sipys; see Figure 10
for {Sn,As,(SiMe;),} as an example). In the two heaviest homo-
logues, {Pb,Sb,(SiMe;),} and {Pb,Bi,(SiMe,),}, an additional
bond is formed between one of the Pb atoms and the Sipys
atom (see Figure S4). For this class of clusters, silicon atoms
cause differences again: all species of the sub-series
{Si,Pn,(SiMe;),} (with Pn: P, As, Sb, Bi) prefer another substitu-
tion pattern. Here, both TMS groups are bonded to the two Si
atoms of the former pseudo-tetrahedron, thereby forming a
chain-like Si, moiety (Si—Si: 222-236 pm, see Figure S5).

In summary, the attachment of two protons to pseudo-tetra-
hedral, binary anions of p-block (semimetals leads to mostly
hydridic substituents. The substitution patterns for substitu-
tions with TMS groups are different but at the same time char-
acteristic for the chosen combination of main group elements,
with some exceptions for subseries involving the lightest (Si) or
heaviest (Tl) congener(s) of the involved group(s).

The calculations discussed so far addressed the electrophilic
attack of binary anions. While the mono-protonation of Si,*” to
form [Si,(,-H)*~ was reported,”*? this has been the only ex-
ample to date involving H* as an electrophile, and a corre-
sponding result remains elusive for any other tetrahedral Zintl
anions. The attachment of electrophilic transition metal com-
plex fragments like (MesCu)™, (ZnPh)™, or Zn’* to a 4-vertex
anion has also been unknown for binary anions involving
atoms from different main groups, but it was reported for tet-

Figure 10. Calculated minimum structure of {Sn,As,(SiMe;),} as a typical ex-
ample for molecules of the type {Tt,Pn,(SiMe;),} (Sn: blue, As: bright green,
Si: turquoise, C: black, H atoms are omitted for clarity).
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rahedral anions of the type Tt,* (including Si/Ge mixtur-
es).?*“25271 Binary anions have so far shown to readily undergo
cluster fragmentation and re-arrangement instead, which
seems to be induced or catalyzed by the transition metal
atoms, thereby yielding other beautiful heterometallic and in-
termetalloid cluster structures.””!

To the best of our knowledge, a nucleophilic attack towards
any Zintl anion has not yet been reported until today,””’ which
sounds reasonable at first glance, owing to the presence of
negative charges on the surface of the anionic molecules.
However, it was previously shown that P, or As, can be activat-
ed via nucleophilic attack by transition metal complexes to
form butterfly-like moieties. The first compound reported to
emerge from such reactions was [{Cp”Fe(CO),},(um>*-P,)] (Cp":
1°-CsH,tBu,).”® More recently, Scheer and co-workers used
[{Cp""Fe(CO),},(um*?-Pn,)] (Pn: P, As; Cp™: 1°-CsH,tBus) to show
that such moieties can subsequently act as chelating ligands
for Lewis acidic species, like the cationic complex fragment
[Cu(NCMe)] ™.

Inspired by this work, and beyond the background that the
binary Zintl anions possess the same electron count and very
similar frontier orbitals, we tried to expand this concept to (hy-
pothetic) species with binary cluster cores, [{CpFe(CO),},(um*?-
Tt,Pn,)]*~ (Tt: Si, Ge, Sn, Pb; Pn: P, As), hence based on
pseudo-tetrahedral species, in which two of the P or As atoms
were replaced with tetrel atoms. To reduce the computational
effort, we used the smaller Fp substituent (Fp: CpFe(CO),; Cp:
1°-CsHs) and performed geometry optimizations for the result-
ing molecules.

Since the LUMO of the naked anions expands along the re-
spective Pn-Pn edge, a nucleophilic attack addresses the Pn
atoms under cleavage of said edge. The Fp substituents then
form terminal Fe—Pn bonds, resulting in the desired butterfly-
like structures. Our hypothesis was that the formal replace-
ment of two of the pnictogen atoms by tetrel atoms would
notably influence the electronic situation at the pnictogen
atoms in the bridgehead positions. We expected to observe
heterometallic chelating ligands with tunable properties at the
pnictogen atoms, generally suitable for the tailored coordina-
tion of various Lewis acids.

The optimized structure of [{CpFe(CO),},(Ge,P,)]*", as an ex-
ample of the resulting type of anionic molecules, is shown in
Figure 11. In contrast to the results obtained by the Scheer

*
0 <
¢ ¢ .

Figure 11. Calculated minimum structure of [{CpFe(CO),},(un**-Ge,P,)*" as
a typical example for molecules of the type [{CpFe(CO),},(um?>-Tt,Pn,)1*~
(Ge: sky blue, P: light green, Fe: dark yellow, O: red, C: black, H atoms are
omitted for clarity).
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group, where the Cp"’ groups are turned sideways and in op-
posite directions with respect to the “butterfly” orientation,
both of the Cp ligands are orientated in the same way, yet
away from the open “butterfly” edge. This difference is most
likely due to the smaller steric demand of the Fp moieties in
the calculated species. Table 4 summarizes relevant structural
and electronic data.

Table 4. Pn--Pn distances, corresponding SEN values, and partial charges
at the Pn atoms, as well as dihedral angles within the anions [{CpFe(-
CO),}(um*2-Tt2Pn2)1* (Tt: Si, Ge, Sn, Pb; Pn: P, As).
Si Ge Sn Pb

P--P/pm 289 293 307 314
SEN (P--P) 0.19 0.18 0.15 0.14
NPA (P) —0.56 —0.60 —-0.73 —-0.77
Mulliken (P) —0.41 —0.59 —0.68 —0.72
P—Tt—Tt—P/° 91.1 90.2 88.0 87.2
As--As/pm 304 307 319 324
SEN (As--As) 0.17 0.18 0.17 0.15
NPA (As) —0.45 —0.48 —0.61 —0.64
Mulliken (As) —0.18 —0.34 —0.43 —0.48
As—Tt—Tt—As/° 90.4 89.4 87.0 86.1

The Pn--Pn distances become larger with increasing atomic
number of the tetrel atoms. This is accompanied by smaller
SEN values, which can be viewed as a very rough approxima-
tion of the trend of the remaining electron density between
the two P or As atoms. The dihedral angles stay relatively con-
stant, between 88° and 90° on average. NPA and Mulliken
analyses further showed that the pnictogen atoms are partially
negatively charged, while the tetrel atoms exhibit a positive
partial charge. In the homoatomic analogues, [{CpFe(CO),},(P,)]
and [{CpFe(CO),},(As,)1, the partial charge distribution is exactly
the opposite (hence questioning the equivalence of the “nucle-
ophilic attack” in these two cases). The negative partial charge
at the bridgehead sites increases as the difference in electrone-
gativity between the two main group elements gets larger.
Hence, also the softness of the respective pnictogen (donor)
atom, according to the Pearson concept, increases. Therefore,
these anions should be less suitable as ligands for electrophiles
than the homoatomic reference clusters, which may explain
the lack of experimental evidence so far.

To check this hypothesis, we added a [Cu(NCMe)]" fragment
to the butterfly-shaped moieties in silico, and performed ge-
ometry optimizations for the anions [Cu(NC-
Me)(Tt,Pn,{CpFe(CO),},)]~ (Tt: Si, Ge, Sn, Pb; Pn: P, As). Indeed,
the results are slightly different from the experimental findings
for the homoatomic phosphorous or arsenic analogues, where
the [Cu(NCMe)]" fragment is pointing away from the P, or As,
unit in an orientation perpendicular to two of the Pn-Pn
edges. Here, we always find the [Cu(NCMe)]* fragment to be
tilted sideways, thus forming an additional Tt—Cu bond. Popu-
lation analyses showed the strength of these bonds to be
roughly of the same order of magnitude as for the other Pn—
Fe and the Pn—Cu bonds, thus corroborating the Lewis-basic
character of the respective chelating ligand. Further back-don-
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ation from the transition metal complex fragment into the
LUMO of the ligand was not observed. The calculated mini-
mum structure of [Cu(NCMe)(Ge,P,{CpFe(CO),},)1", as an exam-
ple of the whole series, is displayed in Figure 12, along with a
cutout of the illustration of its HOMO. Figure 12 also shows
that the newly formed Tt—Cu bond results from an interaction
of the Cu atom'’s d,. atomic orbital with HOMO—4 of the che-
lating [{CpFe(CO),}L,(Ge,P,)]*~ moiety. This HOMO—4 is mainly
located at the tetrel atoms and between them (see also Fig-
ure S6), thus rendering the formation of said Tt—Cu bond ener-
getically favorable.

Figure 12. Calculated minimum structure of [Cu(NCMe)(Ge,P,{CpFe(CO),},)1",
and a cutout of the contour plot of the HOMO as the relevant bonding orbi-
tal (Ge: sky blue, P: light green, Cu: pink, Fe: dark yellow, O: red, N: blue, C:
black, H atoms are omitted for clarity; contour values: +0.05 a. u.).

A comparison of the absolute energies shows that the hypo-
thetical reactions of the respective butterfly-like anions with a
[Cu(NCMe)]* fragment are highly exoenergetic (see Table S13).
Furthermore, we found the P-containing species slightly fa-
vored compared to the As-containing analogues. This can
again be explained by the Pearson concept and is in agree-
ment with our previous results.

To verify the observed conformation to be preferred, we
forced the [Cu(NCMe)]" fragment into a perpendicular position
by symmetry (C,,), and calculated the absolute energies of the
corresponding isomers for all elemental combinations studied
in this section. We found these structures to be local minima
on the potential hypersurface within the given symmetry re-
strictions. Their total energies are between 22 kJmol™' and
82 kJmol ™' above the total energies of the isomers with tilted
[Cu(NCMe)]" moieties, depending on the elemental combina-
tion of the underlying binary “butterfly” core. In the global
minimum structures, the coordination sphere around the Cu
atom is thus not trigonal planar as in the P,-based and As,-
based structures, but strongly distorted “tetrahedral”. Hence,
the [{CpFe(CO),},(um*2-Tt,Pn,)]*~ type anions do not only act
as bidentate, but as tridentate chelating ligands. This and the
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increased softness of the respective pnictogen atoms, due to
their higher negative partial charge, suggest that these anions
are more suitable as ligands for softer Lewis acids that tend to
tetra-coordination, such as Hg**, Pt** or Ag™, which will be
studied in future work.

Conclusions

In summary, we presented calculated global minimum struc-
tures for all binary pseudo-tetrahedral Zintl anions of the type
(TrTty)°, (TrPny)*, and (Tt,Pn,)*~, composed of p-block (semi)-
metals. We described structural trends, and found possible an-
swers to the question, why some of these cluster anions seem
to be systematically elusive in experimental work. At the same
time, our findings allow to predict that some of the yet not
isolated species should be generally accessible.

Furthermore, we studied the effect of substitution with pro-
tons or trimethylsilyl groups, and we discussed the behavior of
these anions upon substitution with nucleophiles and their
possible applicability as (tridentate) chelating ligands for
Lewis-acidic transition metal cations.

The findings presented herein might be of help for synthetic
chemists (including ourselves) and their approaches towards
more of these fascinating compounds.

Experimental Section

Computational details: All calculations were undertaken by means
of the program system TURBOMOLE,® applying the TPSS function-
al®" and def2-TZVP basis sets®? with the corresponding auxiliary
bases® and effective core potentials (ECPs) at In, Tl, Sn, Pb, Sb,
and Bi.*¥ The electronic structures were investigated by Mulliken™”
and natural population analyses (NPA),"" as well as by population
analyses based on occupation numbers (Paboon)'? implemented
in TURBOMOLE. COSMO, the conductor-like screening model,*”!
was used to compensate the negative charges (standard values,
£=00). Localized molecular orbitals were obtained via Boys'
method."® The verification of the minima structures was done by
analysis of the force constants.*® For more details, see the Sup-
porting Information.
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