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Abstract: A series of novel and previously published organoantimony compounds (R,SbX3_j,
X =(l, Br; R = o-tolyl, 2,6-xylyl, 1-naphthyl, and 9-anthracenyl), were synthesized and characterized.
In addition, single-crystal X-ray diffraction was employed to elucidate the molecular structures of
all solid species. These compounds display non-covalent intermolecular interactions in the form
of edge-to-face, 7r---7 stacking, and CHj- -7 interactions, and the effects of the substituent type and
substituent bulk on the nature of these interactions present will be highlighted and discussed.

Keywords: organoantimony; solid-state structures; intermolecular interactions

1. Introduction

While the field of organoantimony chemistry afforded early interest after the prepara-
tion of the first organoantimony compound around 1850, it has been neglected within the
last years [1]. To date, aryl-substituted antimony compounds have shown feasible applica-
tion in organic synthesis, coordination chemistry, or as precursors for other organometallic
compounds. Synthetic applications of organoantimony compounds are rapidly increas-
ing, with a wide variety of possible reactions and applications known, including self-
coupling reactions, photoreactions, and cross-coupling as well as employment in photo-
chemical and electrochemical devices and as precursors in solar cells, battery materials, or
nanoparticles [2-13].

Tervalent stibanes have been investigated to a lesser extent than the pentavalent or-
ganic compounds of antimony [6,14]. The most common methods to prepare tervalent
organometallic antimony compounds include the employment of Grignard or organometal-
lic reagents, in the latter case, e.g., organolithium, organomercury, or organocadmium,
although this highly depends on the ligands used [15-18]. These preparations are often
accompanied with difficulties in reaction control, workup, and low yields [19]. In the
case of organoantimony halides thermolysis of the corresponding pentacoordinate species
R3SbX; with loss of an alkyl or aryl halide, arylation using group 14 element compounds or
comproportionation reactions between R3Sb with SbX3 have been employed [9,19-24]. The
number of known compounds decreases dramatically if compounds bearing an element-
element bond are considered, with the first ones being prepared in the 1980s. Compounds
containing Sb-b bonds have gained interest due to their unusual color phenomena and
possible application as ligands [16,25-28].

Of specific interest would be arylantimony(IlI) hydrides (R,SbH3_,), which can be
readily prepared from the halide species (RnSbX3_p, X = Cl, Br) discussed in this publica-
tion via reducing the formed halides with LiAlHy to the corresponding hydrides [29-34].
These have been limited to species coordinated to 2,4,6-mesityl [35] and the larger and more
sterically hindering aryl residues terphenyl [31-34] and Fluind [36,37] substituents. While
these sterically hindering aryl residues result in relatively stable antimony hydride species,
smaller and more volatile aryl residues would be beneficial for use of arylantimony(III)

Crystals 2024, 14, 860. https:/ /doi.org/10.3390/ cryst14100860

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst14100860
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-6203-7330
https://orcid.org/0000-0001-9523-5010
https://doi.org/10.3390/cryst14100860
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14100860?type=check_update&version=2

Crystals 2024, 14, 860

20f17

hydrides as precursors or as dopants in semiconductors via chemical vapor deposition [30].
Moreover, as was observed for group 14 metal hydrides [38,39], arylantimony hydrides
would be an interesting starting point towards antimony-based nanomaterials via dehydro-
coupling reactions [40-42].

As an entry point towards arylantimony(IlI) hydrides, a range of known and previ-
ously unknown homoleptic, non-functionalized aryl-substituted antimony tervalent species
(R3Sb, R = 2,6-xylyl (1), 1-naphthyl (2a and 2b), monobromides (R,SbBr, R = 2,6-xylyl
(3), 9-anthracenyl (5)), dichloride (RSbCl, R = o-tolyl (4), and a diaryldistibane ([R,Sb]s,
R = 9-anthracenyl (6)) have been synthesized and investigated. The solid-state struc-
tures of the presented compounds display intermolecular interactions and are highlighted
and discussed.

2. Results and Discussion
2.1. Synthesis

While compounds 2,6-xylyl3Sb (1), 1-naphthyl3Sb (2), 2,6-xylyl,SbBr (3), as well as
o-tolylSbCl, (4) have been characterized and reported, to our knowledge, the crystal struc-
tures of compounds 2—4 have not been reported [43-46]. Compounds 9-anthracenyl,SbBr
(5) and [9-anthracenyl,Sb], (6) bearing the 9-anthracenyl moieties are, to the best of our
knowledge, the first Sb anthracene compounds to be prepared and fully characterized. The
compounds 2,6-xylyl3Sb (1), 1-naphthylzSb (2), 2,6-xylyl,SbBr (3), and anthracenyl,SbBr
(5) were synthesized using the Grignard route (Figure 1).

R
THF

|
RBr + Mg ———> MgBr — ¢k

RnSbX3n
Figure 1. Grignard reaction for the preparation of organoantimony compounds with R = o-tolyl,
2,6-xylyl (1,3), 1I-naphthyl (2), and 9-anthracenyl (5).

In a typical reaction, a flask equipped with a dropping funnel and a reflux condenser
was charged with Mg in THE The dropping funnel was charged with arylbromide in
THEF, about 10% of the solution was added to the reaction vessel, and the solution was
heated carefully to start the reaction. The arylbromide was subsequently added slowly.
After complete addition, the reaction was refluxed overnight. A second flask equipped
with a mechanical stirrer and a reflux condenser was charged with SbCl; in THF and
cooled to 0 °C. The Grignard solution was added to the SbCl; solution using a cannula
and stirred overnight at room temperature. After removal of THF, toluene was added to
facilitate salt elimination, and the mixture was filtered using a cannula. All solvents were
evaporated under reduced pressure to obtain the desired products. All products were
usually purified via recrystallization at low temperatures or via evaporation. All of the
compounds obtained were stable at room temperature and showed no distinctive reactivity
towards decomposition when in contact with air.

The interaction between the aryl Grignard reagent and SbCl; was, in some cases,
accompanied by the precipitation of finely dispersed antimony. If stoichiometry was not
applied correctly, mixtures of both 2,6-xylyl3Sb (1) and 2,6-xylyl,SbBr (3) were observed,
making purification difficult due to similar physical properties. When exactly three equiv-
alents of RMgBr towards SbCl; were employed, 2,6-xylyl,SbBr (3) was formed directly
without any byproducts, yielding the bromine derivative due to halide exchange. In all
other cases, 2,6-xylyl3Sb (1) was obtained as the main product.

The sterically less demanding ligands 1-naphthyl and o-tolyl lead to the formation
of 1-naphthylsSb (2) or o-tolyl3Sb [43], respectively. This leads to the conclusion that
the structure and physical /chemical properties of aryl-substituted antimony compounds
depend, to a great extent, on the ligands or, more specifically, on the substituents of the
phenyl ring used, which has been described previously [19,47]. Yields were generally better
for o-tolyl and 1-naphthyl than for the 2,6-xylyl derivatives. The yields of 1-naphthyl3Sb
(2) varied due to difficulties in handling. 1-naphthylMgBr tends to crystallize upon cooling
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to room temperature. This can be avoided by either using larger amounts of solvent or by
cannulation whilst still hot.

The level of difficulty concerning synthesis is increased when employing the 9-
anthracenyl moiety. In these cases, the Grignard reaction was difficult to start, which
could be enhanced using 2-bromoethane and heat, but the yields remained generally low.
Additionally, free anthracene was formed during the course of the reaction, not only low-
ering the yields but also overcomplicating the workup procedures, as has been reported
for the silicon derivatives [48]. While the same procedure was carried out substituting
SbCl; with SbBr3, the distibane [9-anthracenyl,Sb], (6) was obtained, and after recrys-
tallization from toluene and pentane, orange crystals were obtained. The formation of
[9-anthracenyl,Sb], (6) is presumably the result of incomplete conversion of the Grignard
reagent, since the formation of distibanes upon reaction with metals has been reported [19].

o0-tolylSbCl, (4) was prepared via a redistribution reaction between o-tolylsSb, which was
prepared according to the literature, and SbCls in a 1:2 ratio (Figure 2) [43]. Since redistribution
reactions performed neat generally resulted in a mixture of products, the reactions were carried
out in Et,O analogously to the preparation of phenyl derivatives [19,24,49].

o-tolyl;Sb + 2SbCl; —E29 5 3 o-tolyISbCl,
Figure 2. Preparation of o-tolylSbCl, (4) via redistribution reactions.

SbCl3 was dissolved in dry Et,O and added dropwise to a solution of o-tolylsSb in
dry Et,O. The reaction was refluxed for 4 h and afterwards stirred at room temperature
overnight. After removal of solvent under vacuo, the colorless solid was recrystallized.
Recrystallization was best achieved when the product was dissolved in toluene and lay-
ered with a few drops of heptane [43]. 2,6-xylyl,SbBr (3) was prepared not only by the
employment of a Grignard reagent but also via the reaction between 2,6-xylyl3Sb (1) and
SbBrj in a 2:1 ratio in the same manner as o-tolylSbCl, (4) (Figure 3). In this case, SbBr; was
employed for comparison with the compound prepared using the Grignard route.

2 2,6-xylylsSb + SbBr; —E29 5 3 2 6-xylyl,SbBr

Figure 3. Preparation of 2,6-xylyl3Sb (1) via redistribution reactions.

2.2. X-ray Crystallography

A large variety of aromatic antimony compounds display stabilizing forces originating
from the substituent on the metal center. Specifically, secondary non-covalent interactions
are electrostatic interactions in the form of m-stacking stemming from the aromatic sub-
stituents [50-54] and van der Waals contacts from the halogenide substituent and adjacent
hydrogens, C-H-:--X (X = Cl, Br) [55-60]. While individually these are weak interactions,
combined they offer an overall stabilizing effect to these molecules in the solid state and aid
in their crystallization. The role of aromatic non-covalent interactions in the stabilization of
compounds in the solid state and their importance in chemical and biological processes
have been well documented [50-54]. However, their presence and, ultimately, their effect
on arylstibane species have been rarely discussed or simply overlooked. Additionally, the
Lewis acidic nature of the antimony metal center varies with the nature of the substituent,
and, consequently, further secondary interactions (Sb---C(), Sb---X) [49,61,62] can arise in
the solid state to afford stabilization.

In an effort to expand the existing library of compounds and study the underlying
factors leading to solid-state structures, we compare a series of known and novel arylstibane
compounds with aryl substituents ranging in steric demand from phenyl to polyaromatic
substituents, such as 9-anthracenyl. The types of non-covalent interactions present in these
systems will be highlighted and compared to previously reported compounds. In addition,
the nature of the aromatic substituent and its direct effects on the type of electrostatic
interaction that arises in these structures will be discussed.
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2.2.1. Triaryl Stibanes or R3Sb

The compounds 2,6-xylyl3Sb (1), 1-naphthyl;Sb-toluene (2a), and 1-naphthyl;Sb-benzene
(2b) are comparable to previously reported homoleptic, non-functionalized triarylstibanes
(Table 1). Each molecule is in a near trigonal pyramidal geometry with the Sb atom above
the plane of the rings. With respect to averaged Sb—C bond lengths, these are affected by
the degree of bulkiness afforded by the organic substituent onto the antimony atom. In
phenyl3Sb [63-69], an averaged Sb—C bond length of 2.148(8) A is observed. Steric bulk is not
dependent on the addition of methyl substituents to the aryl residue but rather on its relative
position on the aromatic ring. Therefore, the addition of a methyl group in p-tolyl;Sb [70]
results in a similar bond length of 2.141 A to that of 2.148(8) A in phenylzSb [63-69]. The steric
bulk effect on the Sb—C bond length becomes more apparent as the methyl substituent is at
the ortho position, as observed in o-tolyl3Sb [71] (2.164(6) A). The fused aromatic residues in
1-naphthylsSb-toluene (2a), 1-naphthyl3Sb-benzene (2b), and 9-phenanthrenyl;Sb [72] seem
to offer a similar steric bulk as o-tolylsSb [71], with averaged Sb—C bond lengths of 2.162(3)
A,2.162(2) A, and 2.157(4) A, respectively. However, the effects of the steric bulk on the Sb—C
bond is most pronounced when the aryl residue is substituted at both the 2- and 6-positions,
as observed for the methyl substituted 2,6-xylyl3Sb (1) [45] (2.190(2) A), 2,4,6-mesitylsSb [73]
(2.184(8) A), and the iso-propyl substituted (2,4,6—ipropy13—C6H2)3Sb [74] (2.184(8) A). These
display the longest Sb—C bond lengths. In conjunction with the increased Sb—C bond length
for the 2- and 6-substituted derivatives, averaged C-Sb-C angles for these compounds is also
affected by steric bulk. The compounds 2,6-xylyl3Sb (1) [45] (104.71(3)°), 2,4,6-mesitylsSb [73]
(104.12(3)°), and (2,4,6-ipropy13-C6H2)3Sb [74] (105.63(3)°) display much wider averaged
C-Sb—-C angles than, for example, the non-substituted phenyl;Sb [63,64] (96.61(3)°) or even
o-tolyl3Sb [71] (97.22(3)°) and the related derivatives with substitution at the ortho position.

Table 1. List of selected bond lengths and angles and non-covalent interactions for selected triarylstibanes.

Space Sb-C o C-Sb-C CHj---m
R;Sb Group A) (Avg) Edge to Face (A) ©) (Avg.) @A)
phenyl;Sb [63-68] p-1 2.148(8) 2.89-3.37 96.61(3) -
phenyl3Sb [69] P2;/c 2.146(7) 297-3.23 96.34(3) -
o-tolylzSb [71] P-1 2.164(6) * 97.22(3) *
m-tolyl3Sb [65] Pbca 2.148(3) 3.05 96.89(11) 3.28
p-tolyl3Sb [70,75] R3 2.141(1) 2.89-3.31 97.33(3) -
2,6-xylyl3Sb (1) [45] P2, /c 2.190(2) - 104.71(3) 2.82-3.18
(2,6-propyl,-CeHz)3Sb [76] 1-434 2.176(7) - 107.0(3) 3.29
2,4,6-mesityl3Sb [73] P-1 2.184(8) - 104.12(3) 3.21
(2,4,6-"propyls-CeHa)3Sb [74] P-1 2.184(8) 3.31 105.63(3) 3.26-3.35
1-naphthyl;Sb-toluene (2a) P-1 2.162(3) 2.76-2.81 96.87(3) -
1-naphthyls;Sb-benzene (2b) P-1 2.162(2) 2.86-3.18 96.87(9) -
9-phenanthrenyl;Sb [72] P-1 2.157(4) 2.81-2.86 96.77(1) -
(2-phenyl-C¢Hy)3Sb [77] P2y /n 2.165(2) 2.50-3.05 95.83(6) -

* No hydrogen atoms reported.

All triarylstibanes display close packing motifs in the solid-state, creating 3D networks
through the presence of non-covalent electrostatic interactions. Table 1 summarizes the
non-covalent interactions in the presented triarylstibanes. With respect to the type of
secondary non-covalent interactions in the extended solid state of triarylstibanes, clear
trends begin to arise related to the substitution pattern of the aryl residue (Table 1). Un-
surprisingly, phenyl3Sb [63-69] only displays edge-to-face interactions (2.89-3.37 A) due
to the obvious lack of a methyl substituent or a polyaromatic residue. In addition to
these electrostatic interactions between the aryl residues, phenylsSb [63—-69] also displays
Sb---C(m) interactions between the metal center and neighboring phenyl ring carbons
(772 =3.81,3.95 A). Sb---C(m) interactions are within the sum of van der Waals for an Sb—C
bond (4.24 A) [78] and experimental cutoffs, as determined via a Cambridge Structural
Database search (3.99 A) [79]. No other triarylstibane displays Sb---C(m) interactions,
possibly due to the shielding effects of the more sterically hindered aryl residues. In
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p-tolyl3Sb [70], only edge-to-face interactions (2.89-3.31 A) are observed despite the pres-
ence of a methyl substituent, which should lead to CHj---7 interactions. As expected, the
addition of a methyl substituent at the ortho position results in the presence of CHj---7t
interactions for 2,6-xylylsSb (1) [45] (2.82-3.18 A) (Figure 4), 2,4,6-mesitylsSb [73] (3.21
A), and (2,4,6-'propyls-CsHy)3Sb [74] (3.26-3.35 A). In both 1-naphthyl;Sb-toluene (2a)
and 1-naphthyl3Sb-benzene (2b) (Figure 5), the bulkiness of all three naphthyl residues
around the central antimony atom and the presence of cocrystallized solvent molecules
does not allow for any m---7 stacking interactions to be observed. However, edge-to-face
interactions are observed between the naphthyl residues and both solvents benzene and
toluene, 2.86-3.18 A and 2.76-2.81 A, respectively. 1-naphthyl3Sb-toluene (2a) also dis-
plays CHs---mt interactions from the methyl group of toluene and neighboring naphthyl
residues (2.77-2.86 A). 9-phenanthrenyl;Sb [72] also only displays edge-to-face interactions
(2.81-2.86 A).

Figure 4. Crystal packing diagram for 2,6-xylyl3Sb (1). CHj---7t interactions are highlighted with
dashed bonds. All non-carbon atoms are shown as 30%-shaded ellipsoids. Edge-to-face interactions
and hydrogen atoms that are not involved in intermolecular interactions are removed for clarity.

Figure 5. Crystal packing diagram for 1-naphthyl3Sb-benzene (2b). Edge-to-face interactions are
highlighted with dashed bonds. All non-carbon atoms are shown as 30%-shaded ellipsoids. Hydrogen
atoms that are not involved in intermolecular interactions are removed for clarity.
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2.2.2. Diarylantimony Bromides or RySbBr

As was observed for the triarylstibanes, the substitution pattern on the aryl residue
and, hence, the steric bulk, the aryl residue affords the antimony metal center and has a
marked effect on the Sb—C bond (Table 2). Similar to the triarylstibane derivatives, the
shortest averaged Sb—C bond lengths are observed for compounds with aryl residues that
are not substituted as in phenyl,SbBr [49] (2.146(1) A) or with substitution on only one ortho
position as in 1-naphthyl,SbBr [80] (2.151(8) A). As expected, additional substitution at both
ortho positions, as seen for 2,6-xylyl,SbBr (3) (2.171(7) A)and 9-anthracenyl,SbBr-toluene (5)
(2.183(14) A), leads to a longer Sb-C bond. However, ortho substitution by a phenyl group
in (2,6-phenyly-CgHj3)2SbBr [81] leads to the longest Sb—C bond (2.186(3) A). In contrast, the
Sb-Br bond lengths do not seem to follow this trend. Counterintuitively, 2,6-xylyl,SbBr (3)
displays the shortest Sb-Br bond length of 2.465(1) A. However, considering the Lewis
acidic nature of the antimony metal, which necessitates the presence of secondary interac-
tions to help coordinatively saturate the metal center, this shortened and, thus, stronger
bond length is not surprising in the absence of Sb---C(7) interactions, as in the case of
2,6-xylyl,SbBr (3).

Table 2. List of selected bond lengths and angles for selected diarylantimony bromides.

R,SbBr Space .Sb-C Sb-Br C-Sb-C C-Sb-Br

Group (A) (Avg.) (A) ) (°) (Avg.)
phenyl,SbBr [49] P2y /c 2.146(1) 2.552(1) 98.5(3) 94.4(2)
2,6-xylyl,SbBr (3) P2y /n 2.171(7) 2.465(1) 101.5(3) 99.22(2)

(2,6-phenyly-CgH3),SbBr [81] P2y /n 2.186(3) 2.5653(7) 99.4(1) 106.21(8)
1-naphthyl,SbBr [80] P2, /c 2.151(8) 2.512(9) 98.0(2) 94.9(1)
9-anthracenyl,SbBr-toluene (5) P2, /c 2.183(14) 2.566(2) 105.19(5) 95.74(4)

Despite all diarylantimony bromide derivatives crystallizing in the same mon-
oclinic system, not all crystallize in the same space group, with 2,6-xylyl,SbBr (3)
(Figure 6) and (2,6-phenyl,-CcHj3),SbBr [81] crystallizing in the P2;/n space group
(Table 3), perhaps due to both having rotating groups at the ortho positions. Concur-
rent with the only aryl residue with methyl groups on the aryl ring, 2,6-xylyl,SbBr
(3) displays a much different behavior in the solid state. This is due to the marked
difference between the non-covalent interactions that the 2,6-xylyl residue can af-
ford as compared to the phenyl, naphthyl, and anthracenyl residues, which behave
as planar aromatic systems. By replacing one of the aryl residues with bromine,
phenyl,SbBr (d = 3.56 A, R = 2.05 A) [49], 1-naphthyl,SbBr (d = 3.54 A, R = 2.11 A) [80],
and 9-anthracenyl,SbBr-toluene (5) (d = 3.47 A, R = 1.07 A) (Figure 7) all show
close 7t---7t stacking interactions between neighboring aromatic systems, creating
extended 3D networks. In contrast, the methyl substituents on the aryl residue of
2,6-xylyl,SbBr (3) allow for the molecules to orient themselves in order to maximize
CHj;---m interactions. In all diarylantimony bromides, edge-to-face interactions are
present and aid in propagating 3D networks. Curiously, 2,6-xylyl,SbBr (3) is the only
diarylantimony bromide to allow a Br---Br contact of 3.45 A. This Br---Br contact is be-
low the sum of van der Waals for a Br-Br bond (3.72 A) [78] and below the experimental
cutoffs, as determined via a Cambridge Structural Database search (3.79 A) [79].
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Figure 6. Crystal packing diagram for 2,6-xylyl,SbBr (3). CHjs---7 interactions, edge-to-face interac-
tions, and C-H---Br contacts are highlighted with dashed bonds. All non-carbon atoms are shown
as 30%-shaded ellipsoids. Hydrogen atoms that are not involved in intermolecular interactions are
removed for clarity.

Table 3. List of non-covalent interactions for selected diarylantimony bromides.

TC--TC
Stacking (A Edge to Face CHj---m C-H:--Br Sb---C(m) *
RaSbBr g (A) (&) A) (A)
d R
phenyl,SbBr [49] 3.56 2.05 3.22 - 3.08-3.56 7% = 3.62-3.65
2,6-xylyl,SbBr (3) - - 3.11 3.44 3.07-3.41 -
(2,6-phenyly-CsH3),SbBr [81] - - 2.73-3.27 - 2.53-3.55 -
1-naphthyl,SbBr [80] - - 2.93-3.07 - 2.96-3.01 -
9-anthracenyl, SbBr-toluene (5) - - 2.99-3.22 - 3.01-3.53 173 =3.68-3.78

Figure 7. Crystal packing diagram for 9-anthracenyl,SbBr-toluene (5). m—m stacking, edge-to-face
interactions, and C-H---Br contacts are highlighted with dashed bonds. All non-carbon atoms are
shown as 30%-shaded ellipsoids. Hydrogen atoms that are not involved in intermolecular interactions
are removed for clarity.

In agreement with the increased Lewis acidity of the diarylantimony bromides as
compared to the triarylstibanes, a higher propensity for Sb---C(7) interactions is observed.
Phenyl,SbBr [49] displays the closest Sb---C(7) interactions (7% = 3.63-3.65 A) followed
by 9-anthracenyl,SbBr-toluene (5) (7% = 3.68-3.78 A), with 2,6-xylyl,SbBr (3) preferring
the aforementioned Br---Br contact. However, in contrast to the well-known Menshutkin
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complexes [82], no appreciable Sb---Br secondary contacts are observed, with all values
(4.49-4.56 A) being above the sum of van der Waals for an Sb-Br bond (4.33 A) [78] and
well above the experimental cutoffs, as determined via a Cambridge Structural Database
search (3.84 A) [79]. In addition to the electrostatic interactions described above, all the
diarylantimony bromide derivatives display van der Waals interactions from the bromide
substituent and hydrogens (C-H---Br) from neighboring molecules (Table 3).

2.2.3. Arylantimony Dichlorides or RSbCl,

Despite the increased steric bulk afforded to the antimony metal by methyl sub-
stitution at the ortho position of the aryl residue, the Sb—C bonds are quite compara-
ble for o-tolylSbCl, (4) (2.159(17) A) as compared to phenylSbCl, [62] (2.151(2) A) and
p-tolylSbCl, [49] (2.148(6) A) (Table 4). In addition, no appreciable deviations are ob-
served for the Sb—Cl bond lengths, which fall in a narrow range of 2.384(2)-2.411(2) A All
C-5b-Cl and CI-5b-Cl angles are comparable and unremarkable. However, the increased
steric bulk afforded by terphenyl ligands results in longer range of Sb—Cl bond lengths
(2.161(3)-2.197(5) A. The longest Sb—Cl bond length (2.197(5) A) is found in the mixed halide
Ar*SbCl, [34].

Table 4. List of selected bond lengths and angles for selected arylantimony dichlorides.

Space Sb-C Sb-Cl C-Sb-Cl Cl-Sb-Cl
RSbCl, Group A) A) (°) (Avg.) ©)

phenylSbCl, [62] P-1 2.151(2) 2.411(2) 93.95(2) 94.35(6)
o-tolylSbCl, (4) P-1 2.159(17) 2.384(2) 93.71(5) 95.070(16)
p-tolylSbCl, [49] p-1 2.148(6) 2.384(2) 93.4(2) 94.05(7)
ArMesgh(l, [83] P2, 2.161(3) 2.383(3) 99.505(8) 91.34(4)
ArPPPShCl, [34] P21212; 2.165(5) 2.4182(13) 98.015(13) 96.81(5)
ArTPPSKCl, [84] Pnma 2.187(5) 2.365(3) 100.22(11) 94.43(12)
Ar*SbCl, /1, [34] p-1 2.197(5) 2.410(7) 96.1(3) 94.2(3)

ArP¥P = CgH;-2,6-Dippy; Dipp = CeHy-2,6-Pry; ArMes = CgHz-2,6-Mesy; Mes = CgHp-2,4,6-Mes; Ar'fPP =
CeHz3-2,6-Trippy; Tripp = CeHz-2,4,6-'Pr3; Ar* = C¢H,-2,6-(CHPhy),-4-'Pr.

As compared to the diarylantimony derivatives, the replacement of a second aryl
residue by a halide, as in the case for the arylantimony dichlorides, should cause an in-
crease in the overall Lewis acidity of the antimony metal center. This increase in Lewis
acidity forces the presence of additional secondary interactions to help coordinatively
saturate the antimony metal center. And indeed, this is the case for the smaller arylanti-
mony dichlorides phenylSbCl, [62], o-tolylSbCl, (4), and p-tolylSbCl, [49]. Not only do
these arylantimony dichlorides show the presence of a higher number of Sb---C(7) in-
teractions, as compared to the diarylantimony bromides (Table 5), but they also display
close Sb---Cl secondary contacts, which the bromides did not exhibit. In each of these
arylantimony dichlorides, the metal center is completely saturated through 7°-Sb---C(m)
interactions, where the aryl residue is completely tilted towards the metal center in order
to maximize these interactions. The closest interactions are observed for phenylSbCl, [62]
(° = 3.30-3.72 A), followed by o-tolylSbCl, (4) (° = 3.37-3.77 A) and p-tolylSbCl, [49]
(176 =3.31-3.81 A). In each case, two molecules face each other in order to allow the phenyl
ring to saturate the antimony metal center of the neighboring molecule. These two molecules
interact with the next two via Sb---Cl secondary contacts, creating a linear chain, with
all values—3.44 for phenylSbCl, [62], 3.55 A for o-tolylSbCl, (4) (Figure 8), and 3.43 A
p-tolylSbCl, [49]— being well below the sum of van der Waals for an Sb—Cl bond (4.29 A) [78]
and below the experimental cutoffs, as determined via a Cambridge Structural Database
search (3.79 A) [79].
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Table 5. List of non-covalent interactions for selected arylantimony dichlorides.
T
RSbCl Stacking (A) Edge to Face CHj--- C-H:--Cl Sb---Cl Sb---C(m) *
: A) @A) A) A) @A)
d R
phenylSbCl, [62] 3.47 1.28 - - 2.79-3.01 3.44 17® = 3.30-3.72
o-tolylSbCl, (4) - - - 2.89 2.93-3.28 3.55,3.89 17® =3.37-3.77
p-tolylSbCl, [49] - - - 2.69 2.86-3.31 3.43,3.64 1® =3.31-3.81
ArMESSHCl, [83] - - 2.78-2.80 - 2.73-3.08 341 -
ArPPPShCl, [34] - - 3.25 2.95 2.87-3.16 - -
ArTPPSHCl, [84] - - - 2.76-3.01 2.34-3.34 - -
Ar*SbCl, [34] - - 2.59-3.05 2.76 2.73 3.42 -

ArPPP = C4H;3-2,6-Dippy; Dipp = CgHy-2,6-"Pra; ArMe = CgHj-2,6-Mesy; Mes = CgHp-2,4,6-Mes; Ar'tieP =
CeH3-2,6-Trippy; Tripp = CeHz-2,4,6-'Pr3; Ar* = C¢H,-2,6-(CHPh,),-4-'Pr; * intermolecular interactions.

Figure 8. Crystal packing diagram for o-tolylSbCl, (4). Sb---C(m) and CHj-- 7 interactions and
C-H---Cl contacts are highlighted with dashed bonds (left). Sb---C(7) interactions in o-tolylSbCl,
(4) (right). All non-carbon atoms are shown as 30%-shaded ellipsoids. Edge-to-face interactions and
hydrogen atoms that are not involved in intermolecular interactions are removed for clarity.

Both o-tolylSbCl, (4) and p-tolylSbCl, [49] subsequently display a second slightly
longer Sb---Cl secondary contact (3.89 and 3.64 A, respectively) through the exposed
chloride substituent from one chain and the antimony metal center of the adjacent chain.
An extended 3D network is then achieved with the help of both close CHj- -7t interactions
and C-H---Cl contacts. However, the absence of methyl substituents in phenylSbCl, [62]
does not allow for CHj3---7t interactions, and close 7---7t stacking interactions are present
between the chains. This circumvents the presence of an additional Sb---Cl contact, as was
observed for o-tolylSbCl, (4) and p-tolylSbCl, [49], but phenylSbCl, [62] displays the closest
C-H---Cl contacts (2.79-3.01 A) among these three arylantimony dichlorides, aiding in
propagating an extended 3D network. Displaying the stabilizing strength and necessity of
these Sb---C(m) secondary interactions, none of these arylantimony dichlorides derivatives
display edge-to-face interactions.

In accordance with the increased steric bulk around the antimony metal center, the ter-
phenyl derivatives ArMesghCl, [83], ArPPPSbCl, [34], Ar*iPPSbCl, [84], and Ar*SbCl, [34]
do not display any Sb---C(r) secondary interactions. However, ArMesSbCl, [83] (3.41 A)
and Ar*SbCl, [34] (3.42 A) display similar Sb---Cl contacts, as was observed for the smaller
residues; the steric bulk does not allow further contacts. As expected, close CHj:--m inter-
actions and C-H---Cl contacts are observed through the terphenyl substituents between
neighboring molecules in the extended solid state.

2.2.4. Diaryldistibanes or [R,Sb],

Consistent with increased steric demand around the central antimony atom by aryl
residues substituted at both the 2- and 6-positions, the longest average Sb—C bond lengths
among the presented diaryldistibanes are observed for [(2,4,6-ipropy13—C6H2)ZSb]z [85],
with an averaged Sb—C bond length of 2.209(3), and [2,4,6-mesityl,Sb], [73,86] (2.199(8) A),
followed by [9-anthracenyl,Sb], (6), with an Sb—C bond length of 2.157(2) A and longer
as compared to 2.157(2) Ain [phenyl,Sb], (Table 6) [87,88]. A similar trend is observed
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for Sb—Sb bond lengths, as a slight increase in the Sb—Sb bond lengths is observed for
[9-anthracenyl,Sb], (6) (2.889(4) A) and [2,4,6-mesityl,Sb], [73,86] (2.848(1) A) as compared
to 2.836(2) Ain [phenyl,Sb], [87,88]. In conjunction with the longer Sb—Sb bond lengths for
[9-anthracenyl,Sb]s (6), the large sterically encumbering residue also displays the widest
C—5b—C angles, with an average value of 100.89(11)° as compared to [phenyl,Sb], [87,88],
which displays much more narrower C=Sb—C angles of 94.36(1)° and C—=Sb—Sb angles
with an average value of 95.24(1)°.

Table 6. List of selected bond lengths and angles for selected diaryldistibanes.

(R1,Sb] Space Sb-Sb Sb-C C-Sb-C C-Sb-Sb
29702 Group (A) (A) (Avg.) ©°) ©)
[phenyl,Sb], [87,88] P2, /n 2.836(2) 2.157(2) 94.36(1) 32’ ZS((B
90.0(2)
109.5(2)
. 97.5(3)
2,4,6-mesityl,Sb], [73,86 P2 2.848(1 2.1
[ y1,Sbl, [73,86] 1/n 848(1) 99(8) 100.8(3) 922(2)
108.7(2)
91.27(9)
. 112.52(9)
89(1
[(2,4,6-'propyls-CsHj),Sb], [85] P-1 2.8587(6) 2.209(3) ggggglgi 50.79()
111.81(1)
85.67(7)
102.87(8)
101.03(11)
9-anthracenyl,Sb], (6 2. 4 2.187
[ yl2Sb] (6) P2y /c 889(4) 87(3) 10076(11) 90.2007)
111.73(8)

With respect to electrostatic interactions in the extended solid state, the diaryldis-
tibanes exhibit expected interactions that are directly dependent on the nature of the aryl
residue. In [phenyl,Sb], [87,88], consistent with the smaller planar aromatic residue, the
phenyl groups along the Sb—=Sb bond do not face each other but rather orient themselves
perpendicularly in order to afford short intramolecular edge-to-face interactions of 2.95 A
and also allow intermolecular edge-to-face interactions (3.17-3.34 A), resulting in a 3D
extended network (Table 7). In [2,4,6-mesityl,Sb], [73,86], in addition to intramolecular
CHj3- -t interactions of 3.19-3.34 A, all three methyl substituents on the aryl residue interact
intermolecularly through CHs---7 interactions (2.92-3.34 A) with neighboring molecules.
Intermolecular edge-to-face interactions aid in propagating an extended 3D network. Both
intra- (2.65-2.96 A) and intermolecular (2.72-2.84 A) CHj---7 interactions with neighbor-
ing molecules are observed in [(2,4,6-ipropy13-C6H2)ZSb]z [85]. Finally, the 9-anthracenyl
residue displays 7---7t stacking interactions in [9-anthracenyl,Sb], (6) (Figure 9), although
not with a neighboring molecule but rather intramolecularly with a 9-anthracenyl residue
across the Sb—Sb bond (d = 3.42 A, R = 0.86 A). Subsequently, neighboring molecules
interact through edge-to-face interactions (2.69-3.23 A), creating an extended 3D network.

Table 7. List of selected bond lengths and angles for selected diaryldistibanes.

T Edge to Face CHj---1t
[R1,Sbl, Stacking (A) (A) (A)
d R Intra Inter Intra Inter
[phenyl,Sb], [87,88] - 2.95 3.17-3.34
[2,4,6-mesityl,Sb], [73,86] - - 2.92-3.34 3.19-3.34 2.99
[(2,4,6-'propyls-CeHz),Sb]; [85] 2.65-2.96 2.72-2.84
3.42 0.86

[9-anthracenyl,Sb], (6)

(intra) (intra) 2:69-3.23
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Figure 9. Crystal packing diagram for [9-anthracenyl,Sb], (6). 7---7 stacking and edge-to-face interac-
tions are highlighted with dashed bonds. All non-carbon atoms are shown as 30%-shaded ellipsoids.
Hydrogen atoms that are not involved in intermolecular interactions are removed for clarity.

3. Materials and Methods
3.1. Materials and Methods

All reactions, unless otherwise stated, were carried out using standard Schlenk line
techniques under a nitrogen atmosphere or in a nitrogen-flushed glovebox UNILAB (M.
Braun Inertgassystems GmbH, Garching, Germany). All dried and deoxygenated solvents
were obtained from a solvent drying system, PureSolve MD5 (Innovative Technology
Inc., Amesbury, MA, USA). SbCls anhydrous (98% v/v) was purchased at Alfa Aesar,
sublimed, and stored under nitrogen. All other chemicals from commercial sources (aryl-
bromides, "BuLi, and SbBr3) were utilized without further purification. The preparation of
0-tolylSbCl, (4) followed the literature procedure [43]. Elemental analysis was performed
with an Elementar Vario EL III (Elementar Analysensysteme GmbH, Langenselbold, Ger-
many). Melting point measurements were carried out via threefold determination with a
Stuart Scientific SMP 10 (Norrscope Ltd., Chelmsford, UK) (up to 300 °C).

3.1.1. NMR Spectroscopy

'H (300.22 MHz) and 3C (75.5 MHz) spectra were recorded on a Mercury 300 MHz
spectrometer from Varian, Inc. (Palo Alto, CA, USA) at 25 °C. Chemical shifts for 1H and
13C were recorded in parts per million with CDCl; (7.26 ppm for 'H or 77.0 ppm for *C)
as a reference.

3.1.2. Single-Crystal X-ray Diffraction

All crystals suitable for single-crystal X-ray diffractometry were removed from a vial
or a Schlenk under N, and immediately covered with a layer of silicone oil. A single crystal
was selected, mounted on a glass rod on a copper pin, and placed in the cold N; stream
provided with an Oxford 700 Cryometer (Oxford Cryosystems, Oxford, UK). XRD data
collection was performed on a Bruker APEX II diffractometer (Bruker AXS Advanced Xray
Solutions GmbH, Karlsruhe, Germany) [89] with use of an Incoatec microfocus sealed
tube with Mo Ka radiation (A= 0.71073 A) and a CCD area detector. Empirical absorp-
tion corrections were applied using SADABS or TWINABS [90-92]. The structures were
solved with the use of the intrinsic phasing option in SHELXT [93] and refined using the
full-matrix least-squares procedures in SHELXL [93-97], as implemented in the program
SHELXLE [98]. The space group assignments and structural solutions were evaluated using
PLATON [99,100]. Non-hydrogen atoms were refined anisotropically. All hydrogen atoms
were located in calculated positions corresponding to standard bond lengths and angles
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and refined using a riding model. The disorder observed in the solvent of crystallization
toluene in 1-naphthyl3Sb-toluene (2a) was handled by modeling the occupancies of the in-
dividual orientations using free variables to refine the respective occupancy of the affected
fragments (PART) [101]. Disordered positions for the solvent of crystallization toluene
in 1-naphthyl3Sb-toluene (2a) were refined using 50/50 split positions with additional
restraints to afford optimized geometries (FLAT and AFIX 66). The rigid-bond restraint
DELU was used in modeling disorder to make the ADP values of the disordered atoms
more reasonable. The residual electron density around the bromine atom in 2,6-xylyl,SbBr
(3) is attributed to possible substitutional disorder. During the synthesis of these species, a
mixture of the bromine and chlorine derivatives is observed, and they are difficult to sepa-
rate. Any attempts to resolve this disorder resulted in unstable refinements. Electrostatic
non-covalent intermolecular interactions [50-54], van der Waals contacts (C-H---X) [55-60],
and secondary contacts with antimony (Sb---C(m), Sb---X) [49,61,62] for the presented and
published compounds were based on a Cambridge Structural Database [79] search and fall
within expected ranges. Centroids and planes were determined by features of the programs
Mercury [102] and Diamond [103]. All crystal structures representations were made with
the program Diamond [103]. Details about measurements and crystallographic data are
provided in the Supporting Information for this article.

3.2. Syntheses
3.2.1. General Procedure for Compounds 1-3 and 5-6

A flask equipped with a dropping funnel and a reflux condenser was charged with
Mg in THF. The dropping funnel was charged with arylbromide in THEF, about 10% of
the solution was added to the reaction vessel, and the solution was heated carefully, or
dibromoethane was added to start the reaction. The arylbromide was subsequently added
dropwise. After complete addition, the reaction was refluxed for 3 to 12 h. Residual Mg
was filtered off using a filter cannula. The filtered solution was then added to a solution
of SbCl3 in THF cooled to 0 °C. The solution was stirred overnight at room temperature.
After the removal of THEF, toluene was added, and the liquid was filtered using a cannula.
Toluene was removed under reduced pressure, and the product was recrystallized.

2,6-xylylzSb (1): 4.01 g (165 mmol, 3.30 eq.) Mg in 50 mL THE, 27.8 g (150 mmol,
3.00 eq.) 1-bromo-2,6-dimethylbenzene in ml THF, and 10.0 g (50.0 mmol, 1.00 eq.) SbCl3 in
50 mL THF at 0 °C. The resulting solid was recrystallized from toluene at —30 °C to obtain
light yellow crystals. Yield: 45%. M.p.: 121 °C. Elemental analysis (%) for Cp4H7Sb: C,
65.93; H, 6.22. Found: C, 64.88; H, 6.18. 'H NMR (CgDs, 300 MHz): § 6.90 (t, 3H, ArH),
6.73 (d, 6H, ArH), 2.35 (s, 18H, CH3). 13C NMR (CDCls, 75.5 MHz): & 143.75, 142.05, 129.70,
128.66, 24.40 (CH3) ppm.

1-naphthyl;Sb (2): 2.00 g (82.3 mmol, 4.20 eq.) Mg in 100 mL THF, 15.5 g (74.9 mmol,
3.80 eq.) 1-bromonaphthalene in 50 mL THF, and 4.50 g (19.7 mmol, 1.00 eq.) SbCls in
60 mL THF at 0 °C. The resulting solid was recrystallized from toluene (2a) or benzene
(2b) or at —30 °C to obtain colorless crystals. Yield: 65%. M.p.: 222 °C. Elemental analysis
(%) for C39HySb: C, 71.60; H, 4.21. Found: C, 74.06; H, 4.43. '"H NMR (CDCl3, 300 MHz):
58.18 (d, 3H, ArH), 7.84 (d, 6H, ArH), 7.46 (m, 6H, ArH), 7.29 (d, 3H, ArH), 7.18 (d, 3H,
ArH) ppm. 3C NMR (CDCl3, 75.5 MHz): § 138.00, 136.51, 136.24, 133.85, 129.40, 129.31,
129.90, 126.30, 126.29, 125.85 ppm.

2,6-xylyl,SbBr (3): 1.04 g (42.8 mmol, 1.34 eq.) Mg in 100 mL THE, 7.00 g (37.8 mmol,
1.20 eq.) 1-bromo-2,6-dimethylbenzene in 30 mL THF, and 7.18 g (31.5 mmol, 1.00 eq.) SbCl3
in 100 mL THF at 0 °C. The resulting solid was recrystallized from toluene at —30 °C to
obtain light yellow crystals. Yield: 55%. Alternative: A solution of 0.37 g SbCl; (1.60 mmol,
1.00 eq.) in dry Et,O was added dropwise to a stirred solution of 1.40 g 2,6-xylyl3Sb
(1) (3.20 mmol, 1.00 eq.) in Et,O. The solution was refluxed for 4 h and stirred at room
temperature overnight. After the removal of the solvent, colorless crystals were obtained
upon recrystallization from toluene at —30 °C. M.p.: 82 °C. Elemental analysis (%) for
C16H1gSbBr: C, 46.65; H, 4.40. Found: C, 49.70; H, 4.52. 'H NMR (CDCl;, 300 MHz):
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§7.15 (t, 2H, ArH), 7.03 (d, 4H, ArH), 2.43 (s, 12H, CH3) ppm. 1*C NMR (CDCl;, 75.5 MHz):
b 144.35, 143.73, 143.66, 142.05, 129.70, 128.66, 25.01 (CH3), 24.39 (CH3) ppm.
9-anthracenyl,SbBr (5): 0.85 g (35.0 mmol, 4.10 eq.) Mg in 80 mL THF 8.17 g
(31.8 mmol, 3.70 eq.) 9-bromoanthracene in 30 mL THF, and 1.94 g (8.50 mmol, 1.00 eq.)
SbCl3 in 40 mL THF at 0 °C. The resulting solid was recrystallized from toluene and pen-
tane at —30 °C to obtain yellow crystals. Yield: 45%. M.p.: 222 °C. Elemental analysis (%)
for CogH;gSbBr: C, 60.47; H, 3.26. Found: C, 64.37; H, 3.53. 'H NMR (CDCl3, 300 MHz):
5 8.53 (s, 4H), 8.00 (d, 4H), 7.94 (d, 4H), 7.40 (d, 4H), 7.17 (s, 2H) ppm. 3C NMR (CDCl3,
75.5 MHz): 6 131.66, 130.39, 129.31, 128.13, 126.18, 126.67, 1225.30, 124.74 ppm.
[9-anthracenyl;Sbl, (6): 0.61 g (25.0 mmol, 4.10 eq.) Mg in 60 mL THE 5.79 g
(22.5 mmol, 3.70 eq.) 9-bromoanthracene in 20 mL THEF, and 2.20 g (6.09 mmol, 1.00 eq.)
SbBr3 in 40 mL THF at 0 °C. The resulting solid was recrystallized from toluene and pentane
at —30 °C to obtain orange crystals. Yield: 33%. M.p.: 231 °C. Elemental analysis (%) for
Cs6H36Sby: C, 70.62; H, 3.81. Found: C 69.45; H, 3.81. 'H NMR (CDCl3, 300 MHz): & 8.42 (d,
8H, ArH), 7.86 (s, 4H, ArH), 7.61 (d, 8H, ArH), 7.10 (t, 8H, ArH), 6.81 (t, 8H, ArH) ppm. 13C
NMR (CDCl3, 75.5 MHz): 6 138.41, 136.41, 131.15, 130.98, 129.26, 128.29, 125.33, 124.30 ppm.

3.2.2. Synthesis of (4)

o-tolylSbCl, (4) [43]: A solution of 9.12 g SbCl3 (40.0 mmol, 2.00 eq.) in dry Et,O was
added dropwise to a stirred solution of 7.90 g o-tolyl3Sb (20.0 mmol, 1.00 eq.) in Et;O. The
solution was refluxed for 4 h and stirred at room temperature overnight. After the removal
of the solvent, colorless crystals were obtained upon recrystallization from a mixture of
toluene and heptane. Yield: 58%. Mp: 105 °C. Elemental analysis (%) for C;H;SbCl,: C,
29.63; H, 2.49. Found: C, 29.78; H, 2.43. 'H NMR (CDCl3, 300 MHz): § 8.15 (d, 1H, ArH),
7.44 (m, 2H, ArH), 7.27 (d, 1H, ArH), 2.65 (s, 3H, CH3). '3C NMR (CDCl3, 75.5 MHz): &
149.94, 141.62, 133.00, 131.72, 130.81, 127.64, 22.09 (CHjz) ppm.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst14100860/s1, Figure S1: 'H NMR spectrum of 2,6-xylyl3Sb
(1) in C¢Dg; Figure S2: {{H}13C NMR spectrum of 2,6-xylyl3Sb (1) in CDCls; Figure S3: 'H NMR
spectrum of 1-naphthyl3Sb (2) in CDCls; Figure S4: {'H}13C NMR spectrum of 1-naphthyl3Sb
(2) in CDCl3; Figure S5: 'H NMR spectrum of 2,6-xylyl,SbBr (3) in CDCl3; Figure Sé: {1H}13C
NMR spectrum of 2,6-xylyl,SbBr (3) in CDCl3; Figure S7: H NMR spectrum of 9-anthracenyl,SbBr
(5) in CDCl3; Figure S8: {'H}!3C NMR spectrum of 9-anthracenyl,SbBr (5) in CDCl3; Figure S9:
{(1H}13C NMR spectrum of [9-anthracenyl,Sb], (6) in CDCl3; Figure S10: IH NMR spectrum of
2 (6) in CDCl3; Figure S11: 'H NMR spectrum of o-tolylSbCl, (4) in C¢Dg; Figure S12: {(H}13C NMR
spectrum of o-tolylSbCl, (4) in CDCl3; Table S1: Crystallographic data and details of measurements
for compound (1-6).
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