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Six dinuclear organotin building blocks of general composition
RR'R”SnCH,Si(CH5),—biphenyl-Si(CH,),CH,SnR”R'R, in which the
tin atoms are separated by a p,p’-biphenylene bridge and carry
different substituents [BD1 with R, R"=CH,Si(CH,);, R” =Ph; BD2
with R, R'=CH,Si(CH,);, R"=Cl; BD3, with R, R'=CH,Si(CH,),
R”=I; BD4 with R=CH,Si(CH,),(CsH,FeCp), R, R” =Ph; BD5 with
R=CH,Si(CH,),(CsH,FeCp), R'=Ph, R"=Cl; BD6 with R=CH,Si-
(CH5),(CsH,FeCp), R"=Ph, R”"=1], were synthesized and charac-
terized by spectroscopic and spectrometric methods. Further-
more, the crystal and molecular structures of BD2 were
determined by single-crystal X-ray diffraction (SCXRD) analysis,
revealing the formation of molecular strands through intermo-
lecular CI—Sn contacts. The 1D coordination polymer [BD2],
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comprises macrocyclic rings of composition [BD2], that moti-
vated the generation of a related molecular macrocyclic
structure by reaction of BD2 with silver (l) oxide in a 2:2
stoichiometry. The [2+2] macrocyclization yielded the 30-
membered tetra-nuclear ring structure M1, viz,, {[R,SnCH,Si-
(CH5),—biphenyl—(CH,),SiCH,SnR,](#-0)},, in which two BD2
dinuclear building blocks are linked through two covalent
Sn—O-Sn moieties. Examination by DFT calculations at the
B3LYP/def2svp and B3LYP/6-31G*(C,H,0,Si)/LanL2DZ(Sn) levels
of theory gave energy minima for molecular conformers of M1
carrying the Sn—O—Sn and p,p’-biphenylene bridges in syn- or
anti-orientation.

Introduction

Organotin (IV) compounds of composition R, ,SnX, (with n=0-
3) are characterized by the presence of one or more covalent
Sn—C bonds and are classified as mono-, di-, tri-, and tetra-
organotin derivatives depending on the number of C-bound
substituents. Despite being organometallic reagents, organotin
compounds can be handled under non-inert conditions.™ For
the formation of tin—carbon bonds, the use of Grignard
reagents is still a key strategy.” Organotin compounds carrying
a single or two different organic substituents are quite
common;®’ meanwhile, specimens carrying a larger number of
diverse organic substituents are less explored. Among others,
the research groups of Wardell and Gielen reported on tetra-
organotin compounds of the R,R'R*Sn and R'R?R’R*Sn types.*”
The Sn—X bond in organotin compounds shows consider-
able ionic character, with X being an anionic moiety such as a
halide, oxide, hydroxide, sulfide, carboxylate, dithiocarbamate,
among others, of which particularly halides are used for further
functionalization in subsequent reactions.”” Organotin halides
are prepared with high yields and purity by selective cleavage
of tin—carbon bonds through reaction with elemental dihal-
ogens (Cl,, Br, or I,) or treatment with hydrogen halides.”
Depending on the identity and number of substituents
bound to the tin atom(s) in organotin compounds with diverse
inorganic and organic ligands, the formation of specific and
frequently complex molecular architectures is accomplished,®”
including metalla-macrocycles,'®"® cage-type assemblies!*'®
and metal-organic frameworks (MOFs)."*? Changes of the
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substitution pattern at the tin atoms modify the Lewis acidity
and steric hindrance, which can be an important requisite for
the successful formation of macrocyclic or cage-type
structures."?*?” Being Lewis acids, four-coordinate tin com-
pounds count on the possibility of coordination number
increase, enabling linkages with other compounds, e.g. solvent
or guest molecules.”® Because of these attributes, organotin
compounds with interesting properties concerning the catalysis
of transesterification and C—C coupling reactions,”*>% anion
and molecular recognition,?'>* materials chemistry,?*>® or
biological activity®*? have been developed.

In the context of metalla-macrocyclic and supramolecular
chemistry involving the element tin, generally mononuclear
organotin compounds are combined with di- or oligotopic
inorganic or organic ligands.*=" Although diverse di- and
oligonuclear organotin specimens are known for more than
80 years (!) and easily accessible,*” their employment for the
assembly of macrocyclic and cage-type molecular architectures
remains still underdeveloped. Recently, promising results have
been achieved starting either from tin chalcogenide
clusters"®'®*34  or di- or oligonuclear building blocks
(tectons ! containing organic spacers serving as connectors
between the metal atoms.'®'"131417185764 A elegant general
synthetic methodology towards di-, tri- and tetranuclear
building blocks, in which the tin atoms are interconnected by
an aliphatic or aromatic organic spacer, consists in the
functionalization of organohalides with —Si(CH,),CH,CI substitu-
ents followed by derivatization with organotin moieties.?**%¢-¢!
Interconnection of such organotin tectons through di- or
oligotopic ligands such as carboxylates, dithiocarbamates,
phosphates, etc., constitutes a pathway to a plethora of
metalla-supramolecular assemblies.’®*=®

In continuation of previous works,'"?**9%1 herein we
report on the formation of two di-nuclear organotin com-
pounds carrying voluminous organic substituents at the metal
atoms that were then functionalized with a Sn—X bond (X=Cl,
). In addition, the potential for the formation of a novel class of
tetra-nuclear macrocyclic structures through linkage of the
halogenated building blocks by Sn—O-Sn fusion""*® was ex-
plored.

)[55—56

Results and Discussion
Synthetic procedure for the preparation of BD1-BD6

The bis(chloromethyldimethylsilyl)-substituted precursor (p-
CICH,Me,SiC4H,), (PRE) is obtained in good yields by reaction of
the Grignard reagent (p-BrMgCeH,), with (chloromethyl)
dimethylchlorosilane, CIMe,SiCH,Cl. Subsequently, the Grignard
reagent (p-CIMgCH,Me,SiC¢H,), reacts with Ph[(CH,),SiCH,],Snl
and Ph,[CpFe(CsH,Si(CH;),CH,)ISnl giving the spacer-bridged bis
(tetraorganotin) compounds BD1 and BD4, respectively, in
good yields (Scheme 1). The subsequent conversion of Sn-
phenyl groups into Sn—X (X=Cl, 1) functions is frequently a
major challenge due to multiple Sn—C bond rupture issues
upon treatment with hydrogen chloride or iodine.”” However,
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our previous studies have shown that the reaction proceeds
straightforward when —Si(CH;),CH,— segments are introduced
between the Sn-phenyl and the organic spacer groups in di-
and oligo-nuclear organotin substrates.?**9%  Accordingly,
treatment of BD1 and BD4 with hydrogen chloride and
elemental iodine yielded the halogen-substituted analogues
BD2, BD3, BD5 and BD6, respectively, in almost quantitative
yield (Scheme 1).

The synthetic methodology illustrated in Scheme 1 accom-
plishes our previous reports on the related dinuclear tri- and
diphenyl-tin tectons BD7-BD9,*®! thus constituting an elegant
route to diverse bis-functionalized organotin compounds carry-
ing aliphatic, aromatic and ferrocenyl-substituents. In this
context, it is also important to note that compounds BD5 and
BD6 carry four different substituents at each tin atom
converting the latter into stereogenic centers. As already
mentioned in the introduction, reports on triorganotin halides
of composition R'R?R*SnX are still scarce.

The dinuclear organotin compounds BD1-BD6 were thor-
oughly characterized by elemental analysis, IR and NMR
spectroscopy and mass spectrometry (Figures S1-S34, and
Tables S1-S4, ESI). Moreover, single-crystals suitable for X-ray
diffraction analysis were obtained for BD2 after slow solvent
evaporation of a solution in CHCl;/MeOH (4:1, v/v).

NMR spectroscopic characterization of BD1-BD6

Complete assignment of the 'H and *C NMR signals of
compounds BD1-BD6 was achieved by two-dimensional COSY,
HSQC and HMBC NMR experiments (Figures S1-S32, ESI) and
comparison with the previously reported analogues BD7-
BD9.*% The NMR spectroscopic analysis reveals characteristic
features for the two product series, which are described in what
follows in comparative manner. Figure 1a illustrates the
aliphatic regions of the 'H and "C NMR spectra of the bis
[(trimethylsilyl)methyl]lstannyl derivatives BD1-BD3, showing
characteristic changes upon replacement of the tin-bound
phenyl group by a halogen substituent (for complete NMR
spectra, see Figures S1-S9 and S13-516, ESI). In the aliphatic
region, each 'H NMR spectrum exhibits four signals with relative
intensities of 1:2:3:9 for the SiCH, protons H2 and H3 and the
SiCH; protons H1 and H4, respectively. As expected, the signals
for the protons belonging to the biphenyl-Si(CH,),CH.,— groups
(H1 and H2) are shifted towards higher frequencies than the

QL

OO D
@ | | /sff\@
D
BD7 R =Ph
BD8 R =Cl
BD9 R=1|

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0682c.Inorganic-Chemistry-Latin-America

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers
doi.org/10.1002/ejic.202100186

Eur]JIC

European Journal of Inorganic Chemistry

A Qeq) | -2MgCl
THF, 12 h
OO
| I
PRE
1. Mg, reflux, 6 h
2.
-2 MgCll

_I—_\Sn/cI | | _l_

OO
! BD2 o =g

l |

—I_\Sn/ | | _l_

OO0
7 N pe

BD3 ! |

Scheme 1. Synthetic procedures for the functionalization of PRE to obtain BD1-BD6.

resonances for the —CH,Si(CH;); protons (H3 and H4). The
replacement of the phenyl groups by halogen substituents
induces a significant low-field shift of the 'H NMR signals, which
is larger for the iodine-substituted derivative BD3 than for the
chlorine-substituted analogue BD2. The largest chemical shift
difference occurs for H2 followed by H3, H1 and H4 (Table 1).

In the *C NMR spectrum of BD1 (R=Ph), the Si-methylene
carbon atoms are shielded compared to Me,Si, indicating an
anisotropic shielding effect from the tin atoms. Upon halogen-
ation, these signals are shifted significantly to higher frequen-
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cies (A0 =8-9 ppm, Table 1). As seen from Figure 1a, in relation
to BD1 the chemical shift difference is now slightly smaller for
the iodine-substituted derivative BD3 than for the chlorine-
substituted analogue BD2.

The "°Sn NMR spectra for BD1-BD3 measured in CDCl,
gave signals at 0 =-—14, 173 and 39 ppm, respectively,
corresponding to organotin compounds having tetrahedral
metal geometries.® For comparison, the chemical shifts of
Me,Sn, Me;SnCl and Me;Snl are 0.0, +164 and +39 ppm,
respectively.® Accordingly, the °Si NMR spectra revealed non-
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Figure 1. Comparison of the aliphatic range in the 'H and *C NMR spectra for a) BD1-BD3 and b) BD4-BD6.
Table 1. Comparison of selected 'H, *C, °Si and ''°Sn NMR spectroscopic data for BD1-BD9 (ppm, CDCl5).
H e 2Sij 1%Sn Reference
H1@ H2"! H3® H4® C1 (@) a ca
BD1 0.30, s 0.32,s 0.00, s —0.01,s 0.6 —-3.1 —2.2 2.1 —20,24 —-14 this work
BD2 045, s 0.57,s 0.17,s 0.08, s 03 6.1 6.6 1.8 —26,23 +173 this work
BD3 0.46, s 0.82,s 042,s 0.09, s 04 53 58 1.9 —-2.1,29 +39
BD4 0.19, s 041, s 0.31,s 0.14, s 0.4 —-43 —-2.9 1.0 —-1.8,—-1.3 —51 this work
BD5 0.32,s 0.55, s 049, s 0.27,s 0.0 3.9 53 0.7 —2.5,-20 +98 this work
0.37,s 0.59, s 0.52,s 0.34, s 0.3 0.8
BD6 0.33,s 0.79, s 0.73,s 0.28, s 0.1 34 4.9 0.7 —2.0,-15 —-13 this work
0.39,s 0.81,s 0.37,s 0.3 0.9
BD7 0.15,s 0.64, s - - 0.4 —-53 - - —-1.6 —90 [65]
BD8 041, s 1.01,s - - 0.1 24 - - —-22 +26 [65]
BD9 0.15,s 0.96, s - - 0.2 2.7 - - —-1.8 —64 [65]
[a] Data might be interchanged in the case of BD5. [b] Data might be interchanged in the case of BD6.

equivalent silicon nuclei with signals in the range of —2.6 to
—2.0 ppm for the biphenyl-Si(CH,),CH,— and in the range of 2.3
to 2.9 ppm for the —CH,Si(CH;); silicon atoms. The shielding
effect on the silicon atom attached to the aromatic biphenyl
connector is confirmed by comparison with the *Si NMR
spectra of the CpFe[CsH,Si(CH5),CH,]-substituted analogues
BD4-BD6, for which the chemical shifts are all negative (—2.5
to —1.3 ppm) in comparison to Me,Si. The same is true for
compounds BD7-BD9 (Table 1).

For BD1-BD3, the aromatic regions in the 'H NMR spectra
show a characteristic AB-system at approximately 6 =7.5-
7.6 ppm for the CH hydrogen atoms of the biphenyl spacer
(Tables S1-S2, ESI).
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At first sight, the 'H and >C NMR spectra of the
tetraorganotin compounds BD1 and BD4 are similar; however, a
closer inspection shows some important differences, which
illustrate some particularities in the electronic features of the
series. In the 'H NMR spectrum, the Si—methyl groups (H1)
attached to the biphenyl connector in BD4 are more shielded
than in BD1, giving a chemical shift similar to the SiCH; protons
(H4) close to the ferrocenyl-substituent. Since the high-field
shift in BD4 affects only the methyl protons H1 and not the
methylene protons H2, the change can be attributed to an
anisotropic shielding effect of one of the Sn—phenyl groups.
This is also somewhat illustrated by the molecular structures of
the recently reported related compounds BD7-BD9, which are

© 2021 The Authors. European Journal of Inorganic Chemistry published
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all indicative of an intramolecular (Si)CH;m contact.®® More-
over, comparison of the *C NMR spectra of BD1 and BD4 shows
an enhanced shielding effect for all aliphatic *C NMR signals in
BD4 (Figure 1b, Table 1).

The tin atoms in the triorganotin halide derivatives BD5 and
BD6 are stereogenic centers making the SiCH, methylene and
the SiCH, methyl protons diastereotopic. The 'H and “C NMR
spectra reflect this as they exhibit splitting of the signals in the
aliphatic region corresponding to hydrogen and carbon atoms
in chemically non-equivalent positions (H1, H2, H3, H4, C1 and
C4 in Figure 1b). Of these, the only signal without apparent
splitting is that originated from the methylene proton H3 in
compound BD6. Due to their location at the molecule
periphery, the chemical shift differences for the '"H NMR signals
are larger for the SiCH; protons (H1 and H4) than for the SiCH,
protons H2 and H3. The larger diastereotopic effect for the
methylene protons in BD5 compared to BD6 can be attributed
to the smaller distance of the Sn—Cl bond, bringing the chlorine
substituent closer to the H2/H2" and H3/H3’ nuclei (Figure 1b,
Table 1). Although the general tendencies for the chemical shift
variations in the aliphatic region of the series BD4-BD6 are
similar to those observed for BD1-BD3, for the SiCH, protons
most of the '"H NMR signals in BD4-BD6 are shifted to higher
frequencies, in accordance with the negative inductive effect of
phenyl substituents (Table 1). However, the corresponding
carbon and tin nuclei are shielded, reflecting the known
anisotropic shielding effect of phenyl groups on tin atoms.”
The chemical shift differences for the '°Sn NMR signals
between the BD1-BD3 and BD4-BD6 series are in the range of
AO=37-75 ppm (Table 1). These observations are in line with
the tendencies observed for the triphenyl- and diphenyl-
substituted analogues BD7-BD9, for which the shielding effects
described above are still more enhanced.”” Interestingly, for
the "'°Sn NMR signals the chemical shift differences between
the BD4-BD6 and BD7-BD9 series are very similar (Ad=49-
72 ppm) to those detected in the comparison of the BD1-BD3
and BD4-BD6 series (Table 1).

Analysis of the molecular and supramolecular structure of
BD2 by SCXRD

Single crystals of BD2 were obtained from its solution in CHCl,/
MeOH. BD2 crystallized in the monoclinic space group C2/c.
Figure 2 shows the molecular structure, Table 2 contains
selected interatomic distances and angles, and Table S7 (ESI)
summarizes the crystal and refinement data.

The molecular structure of BD2 has crystallographic 2-
symmetry. In relation to the central —CH,Si(CH,),—biphenyl-Si-
(CH,4),CH,— fragment, the voluminous —Sn[CH,Si(CH;);1,Cl sub-
stituents point into opposite directions, giving an overall anti-
conformation, which is indicated by the
Sn--Si(CH,),~Si(CH5),--Sn dihedral angle of 158.4°. Although in
BD2 the chloro-bis[ (trimethylsilyl)methyllstannyl moieties are
oriented in opposite directions with respect to the biphenyl
connector, the Sn[CH,Si(CH,);1,Cl groups are twisted around the
Sn—CH,[Si(CH3),Cyipn] bond with the Sn—Cl bonds pointing into
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Table 2. Selected interatomic distances [A], angles and torsion angles [°]
for compound BD2.”

Distances

Sn1-C7 2.108(14) Sn1—-C14 2.139(19)
Sn1-C10 2.155(16)

Sn1-Cl1 2.350(4) Sn1-Cl1" 4.094(4)
Sn1-Sn1' 12.404(2) Sn1--Sn1' 6.412(1)
Si1-Si1’ 10.880(7) -’ 12.400(8)
Angles

Sn1-C7-Si1 121.4(6) Sn1-C10A-Si2A 120.5(14)
Sn1-C14A-Si3A 120.2(16)

Cl1-Sn1-C7 104.5(3) C1-Si1—-C7 110.3(6)
Cl1-Sn1-C10A 106.2(10) C1-Si1—C8 109.4(7)
Cl1-Sn1-C14A 109.2(11) C1-Si1-C9 109.7(7)
C7-Sn1-C10A 108.8(8) C7-Si1—C8 108.8(6)
C10A-Sn1-C14A 118.5(12) C7-Si1—C9 110.0(7)
C7-Sn1-C14A 108.7(12) C8-Si1—C9 108.6(7)
Sn1—Cl1--Sn1¥ 168.1(2) Cl1--Sn1—Cl¥ 168.1(1)
Torsion angles

Si1—C7-Sn1-CI1 +47.9(7) Sn1-C7-Si1—C1 +41.8(9)
Si1—C7-Sn1-C10A —65(1) Si1l—C7-Sn1-C14A 164(1)
[a] Symmetry operators: (i) 1—x, y, 0.5—z (ii) x, 1+, z (i) x, =1+y, z

the same  direction  (mutual syn-orientation). The
C1-Si1—C7-Sn1 torsion angle is 41.8(9)° (Table 2). The C¢H,-
groups in the p,p’-biphenylene spacer are significantly out-of-
plane rotated, as indicated by the twist of 43.3° formed
between the mean planes, to mitigate the H--H repulsion in the
central region of the connector. The molecular twofold rotation
axis is perpendicular to the central Cyp—Cpipn (C4—C4") bond
and passes in between the ortho-hydrogen atoms. The Sn—Cl
bonds are almost parallel to the 2-axis.

The interatomic distances between the tin atoms and their
substituents are as expected, with the Sn—C distances ranging
from 2.108(14) to 2.155(16) A. The Sn—Cl distance is 2.350(4) A.
Due to the large steric hindrance of the —CH,Si(CH,); substitu-
ents, the three Si—CH,—Sn angles are significantly enlarged, with
values ranging from 120.2(16) to 121.4(6)°. In addition, the small
Cl-Sn—C angles of 104.5(3), 106.2(10) and 109.2(11)° are
indicative of a slight distortion towards a trigonal-bipyramidal
environment of the tin atom. The distortion originates from a
rather weak intermolecular Sn—Cl—Sn interaction with a
distance of 4.094(4) A that is similar to the sum of the Van der
Waals radii for tin and chlorine (4.05A).7" Such Cl—Sn
interactions were previously observed also in the crystal
structures  of tBuCgH,Sn(CH,),CL""  2-(Me,NCH,)C4H,Sn(nBu)
Cl,"?  [Ph,CISn—CH,—Y—CH,—SnCIPh,] with Y=-CH,— and
—C¢H,—"*" among others.™

The intermolecular Sn—Cl—Sn contacts among adjacent
molecules in the crystal structure generate 1D molecular
strands [BD2], running parallel to [0 1 0] (Figure 2b). Because of
the mutual syn-orientation of the Sn—Cl bonds, the coordination
polymer is composed of large 30-membered tetra-nuclear
macrocyclic rings. The perspective view of the macrocyclic
[BD2], aggregate given in Figure 2b reveals intra- and inter-
molecular Sn--Sn distances of 12.404(2) and 6.412(1) A,
respectively. The Cl—Sn—Cl interatomic angle of 168.1(1)°
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a)

12.404(2) A

6.412(1) A

Figure 2. Fragments of the crystal structure of compound BD2, showing a) the molecular structure of the dinuclear building block and the coordination
environment of the tin atoms, and, (b) the [1+ 1] macrocyclic assembly within the molecular strands formed through Cl—Sn contacts together with a
spacefilling view of the 1D coordination polymer [BD2],. Symmetry operators: (i) x, —1+vy, z (ii) 1—x, y, 0.5—z; (iii) 1-x, =1+, 0.5—z.

approaches 180°, as expected for a distorted trigonal-bipyrami-
dal polyhedron. Similar arrangements have been reported
previously for compounds [Ph,CISnCH,—Y—CH,SnCIPh,] with Y=
—C,H,— and —C;H,—"¥

In solution, the weak intermolecular Cl—Sn contacts found
in the solid-state structure are disrupted. This is deduced from
the '°Sn NMR chemical shift typical for a four-coordinate
triorganotin chloride R;SnCl (6 =173 ppm, vide supra) and was
further confirmed by diffusion-ordered spectroscopy (DOSY) in
CeDs. DOSY experiments enable the measurement of the
diffusion coefficient of a chemical species in solution.” The
diffusion coefficient depends on the molecular weight and
volume, which can be, therefore, established. The 'H-DOSY NMR
spectrum of BD2 revealed a single species with a diffusion
coefficient of D=5.47-10"""m?s™" (Figure S11, ESI) that accord-
ing to Morris’ procedure” corresponds to a molecular weight
of MW,_,.=1088 g-mol~". The molecular weight corresponding
to the elemental composition of BD2 in monomeric form is
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953.75 g-mol™". A monomeric composition of BD2 was also
found in the mass spectrometric analysis using the FAB
technique in the positive ionization mode. The resulting mass
spectrum gave a well-defined and high-intensity mass cluster at
m/z=917 (88%) corresponding to the [M—CI]" ion (Figure S12,
ESl). The loss of halide ions coordinated to tin atoms is
commonly observed in mass spectra of tin compounds and can
be attributed to the elimination of HX from the [M+H]" ion
formed upon protonation by the medium used for the
experiment.””

Preparation and characterization of the [2 + 2] tetra-nuclear
macrocyclic assembly M1

Previously, building blocks BD8 and BD9 have been successfully
employed for the [141] assembly of di-nuclear 21- and 22-
membered organotin macrocycles using the potassium salts of
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Scheme 2. Preparation of the [2+ 2] macrocycle M1 starting from building block BD2.

terephthalate, 2,5-pyridinedicarboxylate, 3,5-pyridinedicarboxy-
late and piperazine-bis-dithiocarbamate, respectively, as
ligands.® In order to generate larger macrocycles, herein we
explored the combination of building block BD2 with the small
oxide anion O?, which due to the large biphenyl connector is
not able to facilitate [1+ 1] ring closure, inducing the formation
of a [2+2] or larger assembly. Reaction of BD2 with silver (1)
oxide, Ag,O, in CH,Cl, gave the 30-membered tetra-nuclear
organotin macrocycle M1 in good yield (Scheme2). M1 is
soluble in solvents such as CgHs, CH,Cl,, CHCI; and THF. The
macrocyclic structure of M1 resembles the [1+ 1] aggregate
described in the crystal structure analysis section of BD2
(Figure 2b), resulting from replacement of the u-Cl atoms in
[BD2], by #-O bridges.

The number, multiplicity and integration of the signals in
the 'H, "*C, #Si and "'°Sn NMR spectra (see Figures $35-539 and
Tables S5-S6, ESI) for the product indicate a highly symmetric
and conformationally flexible molecular structure, in agreement
with the expected macrocyclic compound (M1). Figure 3 shows
a comparison of the 'H and 'Sn NMR spectra of M1 and
building block BD2, illustrating evident chemical shift differ-
ences. Table 3 summarizes additional NMR data. Upon forma-
tion of the Sn—0-Sn bridges, the '"H NMR resonances belonging
to the Sn—CH,—Si methylene protons are shifted to lower
frequencies (A0=0.22 and 0.18 ppm for H2 and H3, respec-
tively). Accordingly, the corresponding carbon nuclei are up-
field-shifted with differences of Ad=2.2 (C2) and 2.0 (C3) ppm.
The ""°Sn NMR signal for M1 is upfield shifted by A5 =40 ppm
compared to BD2. Similar trends in the '"®Sn NMR spectra were
previously found for the Me;SnCl)/Me;SNOSnMe; (6 =164/
109.5 ppm) and Et;SnCl)/Et;SnOSnEt; (6 =155/87 ppm) pairs of
molecules.®

A DOSY experiment performed in Ci,Dg evidenced the
formation of a single macrocyclic species (M1) (Figure S41, ESI).
The diffusion coefficient of D=4.83-10""" m*s™" and calculated
molecular weight based on Morris’ procedure”™ (MW, =

U AN /\
—Iﬂ 1 |
1198n ! S’ll 43, 2'1 | 4
BD2 i
173
H
6 [ppm]
\5 32 1 "3/
\ \L
133 -~ r 4 N
|
—diAn s
| | ;a
s,
(W oy / ( \
RiP:Y —L >,
3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 3. Comparison of the 'H and '*Sn NMR spectra of building block BD2
and macrocycle M1.

1798 g-mol™) are in excellent agreement with the expected
data. Interestingly, the diffusion coefficient of macrocyclic M1 is
similar to the value reported for the 22-membered di-nuclear
macrocycle isolated from the reaction of BD8 and BD9 with the
potassium salt of piperazine-bis-dithiocarbamate,® indicating a
similar hydrodynamic volume in solution. Because of this, it can
be assumed that M1 lacks a solvent-accessible cavity and is
folded in solution (vide infra). The diffusion constant of M1 is
also comparable to the value reported by Cohen for a tetra-

Table 3. Comparison of selected 'H, *C, °Si and '"°Sn NMR spectroscopic data for BD2 and M1 (ppm, CDCl).
TH 13C ZQSi Hgsn
H1 H2 H3 H4 (@ 2 c c4
BD2 045,s 0.57,s 0.17,s 0.08, s 0.3 6.1 6.6 1.8 —2.6,23 +173
M1 041,s 0.35,s —0.01,s 0.05, s 0.5 39 4.6 1.9 —29,16 +133
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Figure 4. Mass spectrum of M1 (in CHCl,—MeOH, 5:1, v/v) recorded using the paperspray technique, showing the mass cluster for [M+H] ™" (relative
abundance: 29 %). Note: Mass clusters at m/z > 1900 are attributed to reactions with the solvent, since these are not observed in the DART experiment (see

Figure S42, ESI).

urea calix[4]larene of similar size (MW=1160g-mol™', D=
4.6-107"° m?s™; solvent C;D, with 3% DMSO)."®

The composition of macrocycle M1 was further confirmed
by mass spectrometric studies, using the ESI, paperspray and
DART techniques. Of these, the paperspray method gave the
strongest peak intensity (29%) for the mass cluster of the
molecular ion (Figure 4). The elemental composition was
determined by means of the abundant isotope approach,”
revealing excellent matching of the experimental and simulated
pattern for 30 isotopes, with an rms mass error of 0.7 mmu.
Figure S42 shows the mass spectrum of M1 recorded with the
DART technique, revealing again a mass cluster for the
molecular ion. Although the relative abundance in this case is
much lower (~2%), with this technique less additional
products due to interaction/reaction with the medium are
observed (compare regions close to m/z=1750-2000 in Fig-
ure 4 and Figure S42).

Analysis of the molecular strain and possible conformations
of M1 by DFT calculations

Attempts to obtain suitable crystals for SCXRD analysis of M1
were unsuccessful; however, the molecular structure of M1
could be successfully geometry-optimized in the gas phase by
DFT calculations using the B3LYP functional®?®" and the def2-
svp (SB)®*¥ and 6-31G*/LanL2DZ (LB)®**¥ basis sets (SB and LB=
small and large basis set, respectively)® implemented in the
NWChem program suite.®® These basis sets were employed
previously in research dealing with computational calculations
on organotin complexes, showing that they confidently
reproduce the geometries of organotin compounds.!'232°'6587-01

Geometry optimizations were performed using two general
minimization models, one for M1g, and another for M1y,
where the two connecting branches of the organic spacer
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—CH,Si(CH;),—biphenyl-Si(CH,),CH,— to develop macrocycle M1
are binding to the tin atoms from the same (syn) or opposite
sides (anti), respectively (Scheme 3). At the same time, the
—Sn—0-Sn— linkages are mutually syn- (M1syy) or anti-oriented
(M1 pnm).

M1, was developed from the crystal structure packing
and conformation found in parent [BD2], (vide supra) and three
potential energy minima were detected, named M1-0pyy, M1-
Tann @and M1-2,,g, of which the latter was the most stable
conformer and used for further comparisons. In the optimiza-
tion of the syn-conformer, only a single minimum structure was
found, M1-3¢yy. Table 4 resumes the energy values obtained for
M1-0pyr, M1-1,\p, M1-2,4p, and M1-3,y, after energy minimiza-
tions, employing the small and large basis sets described above.
Of these, M1-3gy, is the most stable conformer in the gas phase
with an energetic stabilization of AE [kcal-mol™'1=—-2.32 (LB)
or —1.95 (SB) in comparison to the lowest-energy anti-con-
former M1-2,un.

Table 5 contains relevant geometrical details for the most
stable conformers, M1-2,y and M1-3g,. The molecular
structures are compared in Figure 5. The Sn—O and Sn—C
interatomic distances [A] in the calculated compounds are
similar for the two stereoisomers, but there is a clear tendency

Ry /—biphenylj R

, R, \\\\\@—blphenylﬁ /R
/Srl §n\ /n §n\
R % SR R\ SR

O 0 O ¢}
ROS 2 R R/ 2 R
< z/ N\ z/

/Sn Sn /Sn,/ Sn\
R ¥b|phenyl—/ R R ""—blphenyIJ R

Scheme 3. lllustration of the structural differences between the calculated
conformers of M1gyy and M1y
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Table 4. Energies and relative energy differences determined by DFT
computational studies for syn- and anti-conformers of M1 at the B3LYP-6-
31G*/(Sn)LanL2DZ and B3LYP/def2-svp levels of theory.”

Conformer Energy [kcal-mol '] AE [kcal-mol™"]
M1-0ppy; LB ~3960539.158 0.000

M1-1 7, LB —3960539.613 —0.455

M1-2,r, LB —3960540.090 —0932

M1-3¢,, LB —3960542.407 —3.249

M1-0r; SB —4488295.569 0.000

M1-1 47 SB —4488295.967 —0.398

M1-2,m SB —4488296.393 —0.824

M1-34,, SB —4488298.338 —2.769

LB (large basis set): 6-31G*/(Sn)LanL2DZ; SB (small basis set): def2-svp.

for Sn—O and Sn—C distance enlargement with the small basis
set, giving less strained structures. A comparison of the Sn—O
distances calculated for M1 using the large basis set (1.935-
1.946 A) with the SCXRD data reported for (Ph,Sn),0°" [i.e.,
1.952(2) and 1.957(2) Al, (Bn;Sn),0®? [i.e, 1.919(1) A]
(tBu;Sn),0% e,  1.954(1) Al and  {[4-(FC,H,)
Si(CH;),CH,155n},0% [i.e., 1.960(3) Al shows good agreement.
The C-Sn—C angles in the range of 108.3-114.4/108.3-116.0°
and 108.9-114.4/109.7-116.4° for M1-3¢yy (LB/SB) and M1-2yp
(LB/SB), respectively, are larger than the C—Sn—0 angles [104.6—
109.4/104.5-112.3° for M1-3¢, (LB/SB); 104.4-109.5/103.4-
108.4° for M1-2,y; (LB/SB)] (Table S8, ESI). Nevertheless, the
values are typical for tetrahedral coordination geometries

M1-2anTi(SB)

around tin atoms with sterically demanding substituents. On
the contrary, the Sn—O—Sn angles are significantly increased
[M1-34: 135.0/141.4° (LB) and 129.7/139.8° (SB); M1-2pr
146.2/135.3° (LB) and 140.4/131.0° (SB)], with values similar to
those observed in the SCXRD structures of (Ph;Sn),0®" [i.e.,
137.3(1)°] and {[4-(FC4H,)Si(CH;),CH,]1;Sn},0% [i.e., 140.13(16)°].
However, in (Bn;Sn),0°% and (tBu;Sn),0®* the Sn—O—Sn angles
are 180.0°, which has been attributed to low metal
electronegativity® and steric effects.”” Molecular strain in the
syn- and anti-conformers of M1 originated from the steric
hindrance of the voluminous tin-substituents is clearly seen
from inspection of the Si—CH,—Sn angles (Table 5) that are
significantly increased (taking as reference the bond angle in an
ideal tetrahedron). The Si—CH,—Sn angles vary from 118.8 to
125.2° for M1-3¢yy and M1-2,,y, (SB and LB). Similar values were
found also for the molecular structure of BD2 (vide supra).

In contrast to the molecular structure established by SCXRD
analysis for building block BD2, where the voluminous —SnR,Cl
substituents approximate mutual anti-periplanar orientation in
relation to the biphenyl connector, in M1-3gyy and M1-2,yy
they approach gauche-distributions. However, as illustrated by
the dihedral angles of the Sn--Si(CH;),+Si(CH5),--Sn constella-
tions with absolute values in the range from 14.6 to 80.9° for
M1-3¢,y (SB and LB) and in the range of 123.1 to 125.5° for M1-
2,vn (SB and LB), the building block conformations are
substantially different in M1-3¢yy and M1-2,,. The differences
are reflected also by the torsion angles related to the most

Sn2 ~ =
/\1% T/ - Sn4
D D °
2 e ‘\ . ‘f‘/\
M1-34,, (LB)

Sn2 “ g Sﬁ4>\
. | © r _\sﬂkﬂ\}g\

M1-2py7, (LB)

Figure 5. Molecular structures for the conformers M1-3¢yy and M1-2,y, calculated at the B3LYP level using a small (SB=def2-svp) and a large (LB=6-31G*/

(Sn)LanL2DZ) basis set.
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Table 5. Selected interatomic distances [A], angles and torsion angles [°] for calculated M1-3g, and M1-27,.
Compound M1-3¢,y (LB) M1-34,y (SB) M1-2yr, (LB) M1-25yr (SB)
Sn1-0-Sn2 linkage
Sn—0 1.941 2.014 1.936 2.008
1.946 2.017 1.935 2.008
Sn—0-Sn 135.0 129.7 146.2 140.4
SN—CH,Sigign 2.165 2.195 2.159 2.188
2.163 2.192 2.162 2.192
Sn—CH,SiMe; 2.151 2.181 2.156 2.186
2.157 2.187 2.164 2.195
2.151 2.181 2.148 2177
2.160 2.191 2.158 2.190
SN—CH,~Sip 120.0 1204 124.5 1252
122.5 120.8 121.8 121.2
Sn—CH,—SiMe, 119.9 119.3 123.2 1233
120.9 121.1 120.8 121.0
119.8 118.8 1224 120.8
121.6 121.1 120.0 119.8
Coiph—Coiph—Si—CH, 137.4 134.4 —173.7 171.7
—119.2 —-121.5 63.4 67.4
Coiph—Si—CH,-Sn ~-79.8 ~718 56.7 61.0
55.1 63.3 57.7 60.4
Sibipn—CH,~Sn—0 161.5 165.5 —923 —85.1
—180.0 —169.6 60.5 58.4
(CH)piph—SN—0-Sn —-39.7 —407 —1322 —130.6
87.0 84.0 90.7 82.8
Sn3—0-Sn4 linkage
Sn—0 1.942 2.010 1.940 2.013
1.937 2.010 1.945 2.017
Sn—0-Sn 1414 139.8 1353 131.0
SN—CH,Siyizn 2.158 2.192 2.165 2.193
2.166 2.193 2171 2.200
Sn—CH,SiMe; 2.152 2.181 2.147 2.179
2.162 2.190 2.163 2.192
2.153 2.185 2.146 2.176
2.156 2.186 2.160 2.188
SN—CH,~Sipp 1228 1213 124.6 124.7
119.6 119.8 120.4 120.3
Sn—CH,—SiMe; 121.7 121.5 120.3 119.0
122.1 123.8 123.1 122.1
120.7 119.8 119.8 119.6
120.7 122.0 122.8 1223
Coipr—Coipi—Si—CH, —137.4 —179.7 —884 —-70.3
139.0 102.9 134.6 133.7
Can—Si—CH,—Sn 76.9 84.1 84.2 934
—154.1 —154.9 —56.2 —58.5
Sipipn—CH—Sn—0 —~176.6 —167.8 —135.6 —~136.5
—169.4 —175.9 124.5 126.0
(CHpipr—SN—0-Sn 87.1 75.8 —76.4 —80.9
—-17.1 26 41.0 38.1
Sn-Si(CH,),+Si(CH3),+Sn —40.3 —80.9 123.1 124.2
—14.6 —42.6 —125.5 —1233
[a] LB (large basis set): 6-31G*/(Sn)LanL2DZ; SB (small basis set): def2-svp.

flexible segments in the building block skeleton, viz,
Coiph—Cpiph—Si—CH,,  Cpipi=Si—CH,—Sn,  Siypi—CH,~Sn—0  and

reorientational motion of the biphenyl spacers, which has been
demonstrated to occur in the solid state.”**”! Because of the

(CH,)pipr—SN—0O-Sn (Table 5). On the contrary, the twist of the
biphenyl connectors is rather constant in both conformers, with
values ranging from 33.1 to 38.2° for M1-34yy and M1-2,y, (SB/
LB) that are slightly smaller than the experimental and
calculated value for biphenyl (~44°).”* The range of geometric
twist variations found for the building block segments within
the macrocyclic ring structure of M1 in its various syn- and anti-
conformers indicates widespread conformational flexibility
originated by rotational movements around the Cy;,,—Si, Si—CH,,
CH,—Sn and Sn—O single bonds, accomplished probably by
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small energy difference among M1-3g, and M1-2,,; (for
comparison, the upper limit of weak hydrogen bonds is
4.2 kcal-mol™),®® it can be expected that syn- and anti-
conformers of M1 coexist in solution. Moreover, due to the
indications of conformational flexibility a dynamic equilibrium
should be expected in solution, which is in agreement with the
simplicity of the 'H, *C, **Si and ""°Sn NMR spectra (note, e.qg.,
the single set of signals for the CH,— and Siy;,,(CH;),~hydrogen
atoms in Figure 3). Dynamic equilibria fast on the NMR time

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0682c.Inorganic-Chemistry-Latin-America

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

Eur]JIC . ..
doi.org/10.1002/ejic.202100186

European Journal of Inorganic Chemistry

scales are common in macrocyclic and cage-type assemblies
based on organotin complexes."**”

Another set of important parameters in these systems are
the transannular Sn--Sn, O--O and Siyy~Siyn distances. The
largest difference between M1-3¢y and M1-2,,y, are observed
for the O--O and SiynSipn distances (Table 6), indicating a
closer approximation of the biphenyl moieties in M1-2,yg. In a
more detailed approach for the determination of the molecular

Table 6. Data used for the analysis of the molecular dimensions for
calculated M1-3yy and M1-2,y7. 2

0-0 Sioipn™ Sibipn Sn-sn
M1-3¢\ LB 14.583 7.464/7.869 13.410/13.338
M1-35,, SB 14.997 7.705/7.007 13.915/13.540
M1-2 LB 12.445 6.870/6.619 13.949/12.833
M1-2,yr SB 12.533 6.622/6.950 14.230/12.985

L w H Vmolecule
M1-3¢\ LB 264 13.6 155 1465
M1-34,y SB 26.5 13.7 156 1472
M1-2r LB 27.7 133 147 1465
M1-2,7 SB 275 13.6 146 1471

[a] LB (large basis set): 6-31G*/(Sn)LanL2DZ; SB (small basis set): def2-svp.
[b] Data are reported in A and A% L, W and H correspond to the length,
width and height of a box surrounding the molecular structure, which was
calculated by the wbox tool implemented in OLEX;"® V. .y indicates the
molecular volume calculated by the vvol tool implemented in OLEX." [c]
Transannular distance between tin atoms bonded to the same connector.

i)
‘ 26.4 A i

155 A

M1g,, (LB)

0
27T7A

147 A

M1 anmi (LB)

Figure 6. Space filling models of the calculated molecular structures for the
conformers M1-3gyy (LB) and M1-2,y, (LB).
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dimensions, spacefilling models were generated for M1-3¢yy
(LB) and M1-2,yy (LB) (Figure 6). The geometric data listed in
Table 6 indicate that the molecular dimensions of the syn- and
anti-conformers are quite similar. The calculated molecular
volume of 1465 A® for both M1-3¢yy (LB) and M1-2,y (LB), is in
good accordance with the hydrodynamic volume determined
experimentally by the DOSY experiment (ry=75A, V=
1767 A% in C,D; as solvent (see NMR characterization section).
The molecule extensions (L x W X H), as defined by the
generation of a box around the molecular structures of M1-34y,
(LB) and M1-2,y, (LB), are 26.4x13.6x15.5 A*> and 27.7x13.3x
14.7 A%, respectively. However, despite the relatively large
molecule size, the molecular structures of M1gyy and M1y, lack
cavities due to intramolecular Si(CH;);+(CH;);Si and C—H--m
contacts.

Conclusions

A series of six novel di-nuclear organotin compounds, in which
the metal atoms are separated by a p,p’-biphenylene bridge
and carry voluminous —CH,Si(CH,); and —CH,Si(CH,),(CsH,FeCp)
substituents, were synthesized in good overall yields and
characterized in detail mainly by NMR spectroscopic methods.
In two of the isolated compounds the tin atoms are stereogenic
centers, generating characteristic signal splittings in the
aliphatic regions of the 'H and "*C NMR spectra. In addition, one
of the potential building blocks for metal-directed self-assembly
was examined by SCXRD analysis, showing a molecular
conformation with mutual syn-orientation of the reactive Sn—Cl
bonds. This constellation enabled weak intermolecular CI—Sn
interactions to yield a coordination polymer based on tetra-
nuclear macrocyclic rings in the solid state. Since the solid-state
analysis indicated the suitability of the compounds to function
as building blocks for the preparation of macrocycles, the di-
nuclear organotin dichloride was reacted with silver (I) oxide to
yield, based on Sn—O-Sn linkages, the corresponding [2+ 2]
macrocycle. In addition to the spectroscopic and mass spectro-
metric characterization, the molecular structure and conforma-
tions of the 30-membered tetra-nuclear macrocyle M1 were
examined by DFT calculations at the B3LYP/def2svp (small basis
set, SB) and B3LYP/6-31G*(C,H,0,Si)/LanL2DZ(Sn) (large basis
set, LB) levels of theory. The folded Sn—O—Sn fusion sites and
the connecting branches of the organic metal-linkers can be
mutually syn- or anti-oriented, yielding two stereoisomers in the
gas phase, named M1gy and M1,;. The calculations revealed
that M1gyy is by 2.32(LB)/1.95(SB) kcal-mol~' more stable than
M1\, even though the anti-orientation was observed for the
macrocyclic dimers [BD2], in the crystal structure of parent
BD2. Nevertheless, the small energy difference supports the
observation of dynamic equilibria observed by NMR spectro-
scopy in solution. As determined by the computational
calculations, the molecular structures of M1,y and M1,y lack
cavities due to intramolecular Si(CHs);+(CH5);Si and C—H--m
contacts.

Interconnection of the tin atoms in the di-nuclear building
blocks by ligands other than O, e.g., $*7, CO,*", ROPO,*,
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SO,*, (0,C—R—C0,)*, polycarboxylates, and even methylene or
oligomethylene dianions, would enable the formation of macro-
cyclic entities of variable size and Lewis acidity, yielding
interesting systems suitable for host-guest chemistry. Moreover,
the design of hetero-metallic assemblies can be envisioned as
well.

Experimental Section

Synthetic methods and product characterization

Reagents and solvents.  p,p’-Dibromobiphenyl, chloro
(chloromethyl)dimethylsilane, iodine, hydrogen chloride in diethyl
ether (2 M solution), n-butyllithium, magnesium and silver (I) oxide
were acquired from commercial suppliers. Ph[(CH5);SiCH,],Snl,
Ph,[CpFe(CsH,Si(CH,;),CH,)ISnl and (p-CICH,Me,SiC,H,), (PRE) were
synthesized according to procedures described in previous
reports.®*'°"1%4 Solvents were dried by standard methods.

Instrumental methods. Elemental analyses were carried out on a
Leco CHNS-932 elemental analyzer using samples dried under high
vacuum for 6-8 h. Melting points were determined on a Biichi M-
560 melting point apparatus and are uncorrected. IR spectra were
recorded in the range of 4000-500 cm™' on a Nicolet 6700 FT-IR
spectrophotometer using a diamond ATR crystal (compounds BD1-
BD4 and M1) or a Bruker Tensor-27 equipment using KBr pellets
(compounds BD5 and BD6). One-dimensional ('H, "*C, #Si, '"°Sn)
and two-dimensional (COSY, HSQC, HMBC, DOSY) NMR spectro-
scopic studies were recorded at room temperature on Varian (DRX
200 and Mercury Plus 400), Bruker (Avance Il HD 500 and DRX 700)
and Jeol (600 MHz) instruments. Standard internal and external
references were used: tetramethylsilane (0'H=0, 6”C=0 and
0%Si=0) and tetramethylstannane (0''°Sn=0). Mass spectra were
recorded on Jeol MStation700 (FAB*) and Jeol AccuTOF-DART
(PaperSpray) spectrometers.

Synthetic procedures

Synthesis of [p-Ph(Me;SiCH,),SnCH,Me,SiC;H,], (BD1)

PRE (1.55 g, 4.22 mmol) and excess Mg (2.05 g, 84.36 mmol) were
dissolved in 100 mL of dry THF under nitrogen atmosphere
followed by heating at reflux for 6 h. After cooling the solution to
room temperature, a solution of Ph[(CH,);SiCH,],Snl (4.19 g,
8.44 mmol) in 20 mL of THF was added dropwise. The mixture was
stirred overnight and then hydrolyzed with distilled water. The
organic phase was extracted with CH,Cl, and dried over MgSO,.
After filtration, the solvent was removed in in vacuo. The resulting
solid was washed with ethanol and dried under vacuum to yield
3.52.g (3.39 mmol, 80%) of the product. M.p. 77-79°C. '"H NMR
(CDCl;, 400.2 MHz, 298 K, d[ppm]): —0.01, 0.00 (s, 44H, H3, H4), 0.30
(s, 12H, H1), 0.32 (s, 4H, H2), 7.29 (m, 6H, H,, H,), 7.43 (m, 4H, H,),
7.57 (AB, 8H, H2', H3'). *C NMR (CDCl;, 100.6 MHz, 298 K, d[ppm]):
—3.1 (C2), —2.2 (C3), 0.6 (C1), 2.1 (C4), 126.8 (C3'), 128.2 (C,), 128.4
(C), 1342 (C2), 1363 (C,), 140.5 (C1), 141.9 (C4), 143.8 (C). "°Sn
NMR (CDCl;, 149.2 MHz, 298K, d[ppml): —14. *Si NMR (CDCl,,
79.5 MHz, 298 K, d[ppm]): —2.0, 2.4. Elemental analysis calcd. for
CusH56SicSn, (1037.06 gmol™): C, 53.3; H, 7.6%. Found: C, 53.2; H,
7.6%.
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Synthesis of [p-Cl(Me;SiCH,),SnCH,Me,SiC,H ], (BD2)

BD1 (1.00g, 0.96 mmol) and 30 mL of dichloromethane were
placed into a 100 mL ball flask equipped with a magnetic stirring
bar. The solution was cooled to 0°C, whereupon 0.96 mL of a 2 M
solution of hydrogen chloride in diethyl ether (1.92 mmol) diluted
in 30 mL of dichloromethane were added dropwise over a time
period of one hour. The mixture was stirred overnight. Subse-
quently, the solvent was evaporated and the solid dried under
vacuum to give the product in form of a yellow solid in 97 % yield
(0.89 g, 0.93 mmol). Crystals suitable for single-crystal X-ray diffrac-
tion analysis were grown by slow solvent evaporation of a solution
in CHCl;/MeOH (8:2, v/v). M.p. 76-78°C. IR (v[cm']): 526 (m), 529
(m), 588 (m), 645 (M), 693 (s), 715 (s), 764 (s), 776 (s), 801 (s), 827 (s),
1018 (m), 1113 (m), 1247 (s), 1406 (w), 1596 (w), 2894 (w), 2951 (w).
'H NMR (CDCl;, 600.2 MHz, 298 K, S[ppm]): 0.08 (s, 36H, H4), 0.17 (s,
8H, H3), 0.45 (s, 12H, H1), 0.57 (s, 4H, H2), 7.62 (AB, 8H, H2', H3). '3C
NMR (CDCl;, 150.9 MHz, 298 K, d[ppm]): 0.3 (C1), 1.8 (C4), 6.1 (C2),
6.6 (C3), 127.0 (C3'), 134.2 (C2), 139.4 (CT1'), 141.9 (C4). "'°Sn NMR
(CDCl,, 223.8 MHz, 298 K, 6[ppm]): 173. 2°Si NMR (CDCl;, 119.2 MHz,
298 K, O[ppm]): —2.6, 2.3. Elemental analysis calcd. for
Cs4HesClSisSN, (953.75 gmol™): C, 42.8; H, 7.2%. Found: C, 43.0; H,
7.0%. MS (FAB™) for [C5,HeClSisSn,1" (IM—CI1™): m/z=917 (92%).

Synthesis of [p-1(Me;SiCH,),SnCH,Me,SiC,H,], (BD3)

BD1 (1.00g, 0.96 mmol) and 30 mL of dichloromethane were
placed into a 100 mL ball flask equipped with a magnetic stirring
bar. The solution was cooled to 0°C, whereupon elemental iodine
(0.49 g, 1.93 mmol) was added in small portions during 120 Min.
The reaction mixture was stirred overnight. Subsequently, the
solvent and the byproduct (iodobenzene) were removed in vacuo
to give the product as a yellow solid in 98% yield (1.07 g,
0.94 mmol). IR (v[ecm™"]): 526 (m), 529 (m), 595 (m), 637 (M), 692 (s),
713 (s), 753 (s), 802 (s), 826 (s), 1002 (m), 1113 (m), 1246 (s), 1301
(w), 1381 (w), 1596 (w), 2950 (w). '"H NMR (CDCl,, 400.2 MHz, 298 K,
o [ppm]): 0.09 (s, 36H, H4), 0.42 (s, 8H, H3), 0.46 (s, 12H, H1), 0.82 (s,
4H, H2), 7.61 (AB, 8H, H2', H3'). ®C NMR (CDCl;, 100.6 MHz, 298 K,
Olppm]): 0.4 (C1), 1.9 (C4), 5.3 (C2), 5.8 (C3), 126.9 (C3'), 134.2 (C2),
139.2 (C1), 141.9 (C4). "Sn NMR (CDCl;, 149.2 MHz, 298K, o
[ppml): 39. *°Si NMR (CDCl;, 79.5 MHz, 298 K, S[ppm]): —2.1, 2.9.
Elemental analysis calcd. for C3,Hggl,SicSn, (1136.66 gmol™): C, 35.9;
H, 6.0%. Found: C, 36.1; H, 6.1 %.

Synthesis of [p-Ph,(CpFeCsH,SiMe,CH,)SnCH,Me,SiCH,], (BD4)

PRE (1.41 g, 3.84 mmol) and excess Mg (1.87 g, 76.95 mmol) were
dissolved in 100 mL of dry THF under nitrogen atmosphere. The
mixture was heated at reflux for 6 h. After cooling to room
temperature, a solution of Ph,[CpFe(CsH,Si(CH;),CH,)ISnl (5.04 g,
7.67 mmol) in 20 mL of dry THF was added dropwise. The mixture
was stirred overnight and then hydrolyzed with distilled water. The
organic phase was extracted with CH,Cl, and dried over MgSO,.
After filtration, the solvent was removed under reduced pressure
and the remaining solid purified by column chromatography using
as eluent a solvent mixture of hexane and diethyl ether (20:1, v/v).
Subsequent removal of the solvent under reduced pressure yielded
the final product in 73 % yield (3.80 g, 2.80 mmol). M.p. 47-50°C. IR
(v[em™"1): 529 (m), 584 (m), 656 (m), 697 (s), 725 (s), 768 (s), 800 (s),
830 (m), 895 (w), 997 (m), 1023 (w), 1034 (w), 1074 (w), 1113 (m),
1162 (m), 1246 (m), 1299 (w), 1380 (w), 1428 (w), 1480 (w), 1595 (w),
2951 (w), 3013 (w), 3062 (w). '"H NMR (CDCl;, 400.2 MHz, 298 K,
Olppm]): 0.14 and 0.19 (s, 24H, H1, H4), 0.31 and 0.41 (s, 8H, H2, H3),
4.00 (s, 4H, H2"), 4.08 (s, 10H, H4"), 430 (s, 4H, H3"), 7.33 (m, 12H,
Hp Hp), 7.42 (m, 8H, H,), 7.51 (AB, 8H, H2, H3). C NMR (CDCl;,
100.6 MHz, 298 K, 6[ppm]): —4.3 and —2.9 (C2, C3), 0.4 and 1.0 (C1,
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C4), 68.4 (C4"), 71.0 (C3"), 73.3 (C2"), 73.5 (C1"), 126.7 (C3'), 128.5
(Cy), 128.8 (C), 134.2 (C2), 137.0 (C,), 140.3 (C1"), 141.6 (C), 141.8
(C4). "°Sn NMR (CDCl;, 149.2 MHz, 298 K, d[ppm]): —51. *Si NMR
(CDCl;, 79.5 MHz, 298 K, d[ppm]): —1.8, —1.3. Elemental analysis
calcd. for CggH,gFe,Si,5n, (1356.82 gmol™): C, 60.2; H, 5.8%. Found:
C, 60.5; H, 6.1%. MS (FAB™) for [CggHsFe,Si,Sny]t (IM17): m/z=1356
(83 %).

Synthesis of [p-CIPh(CpFeC;H,SiMe,CH,)SnCH,Me,SiC,H ], (BD5)

BD4 (1.00g, 0.74 mmol) and 30 mL of dichloromethane were
placed into a 100 mL ball flask equipped with a magnetic stirring
bar. The solution was cooled to 0°C, whereupon 0.74 mL of a 2 M
solution of hydrogen chloride in diethyl ether (1.48 mmol) diluted
in 30 mL of dichloromethane were added dropwise over a time
period of one hour. The mixture was stirred overnight. Subse-
quently, the solvent was evaporated and the solid dried under
vacuum to give the product in form of a yellow solid in 96 % yield
(0.91 g, 0.71 mmol). M.p. 50-52°C. IR (v[cm™']): 498 (w), 715 (m),
807 (s), 1020 (m), 1108 (m), 1162 (w), 1253 (s), 1594 (m), 1660 (m),
1715 (m), 1758 (w), 2852 (m), 2923 (m), 2962 (m). 'H NMR (CDCl,,
600.6 MHz, 298 K, o[ppm]): 0.27-0.37 (m, 24H, H1, H4), 0.49-0.59
(m, 8H, H2, H3), 3.99 (s, 4H, H2"), 4.10 (s, 10H, H4"), 433 (s, 4H, H3"),
7.37 (m, 10H, H,, H,, H,), 7.54 (AB, 8H, H2', H3). *C NMR (CDCl,,
150.9 MHz, 298 K, d[ppm]): 0.0, 0.3, 0.7 and 0.8 (C1, C4), 3.9 and 5.3
(C2, C3), 68.6 (C4"), 71.4 (C3"), 72.0 (C1"), 73.4 (C2"), 126.9 (C3),
128.9 (C,), 129.9 (C,), 134.3 (C2), 135.3 (C,), 139.2 (C1'), 142.0 (C4),
142.4 (C). "°Sn NMR (CDCl,, 223.8 MHz, 298 K, S[ppm]): 98. »Si
NMR (CDCl;, 119.2 MHz, 298K, d[ppm]): —2.5, —2.0. Elemental
analysis calcd. for CiHgeCloFe,Si,Sn, (1273.51 gmol™): C, 52.8; H,
5.4%. Found: C, 54.7; H, 5.5 %.

Synthesis of [p-IPh(CpFeC;H,SiMe,CH,)SnCH,Me,SiC¢H,], (BD6)

BD4 (1.00g, 0.74 mmol) and 30 mL of dichloromethane were
placed into a 100 mL ball flask equipped with a magnetic stirring
bar. The solution was cooled to 0°C, whereupon iodine (0.37 g,
1.47 mmol) was added in small portions during 120 Min. The
reaction mixture was allowed to stir overnight. Subsequently, the
solvent and the byproduct (iodobenzene) were removed in vacuo
to give the product as a yellow solid in 97% yield (1.05g,
0.72 mmol). IR (v[cm™'1): 445 (w), 501 (w), 597 (w), 657 (w), 696 (m),
727 (s), 774 (s), 806 (s), 895 (w), 1002 (s), 1112 (m), 1162 (m), 1250
(s), 1299 (w), 1382 (w), 1428 (w), 1481 (w), 1529 (w), 1596 (w), 1632
(w), 2955 (m), 3013 (w), 3065 (w). "H NMR (CDCl;, 400.2 MHz, 298 K,
d[ppm]): 0.28-0.39 (m, 24H, H1, H4), 0.73-0.81 (m, 8H, H2, H3), 4.00
(s, 4H, H2"), 412 (s, 10H, H4"), 4.34 (s, 4H, H3"), 7.34 (m, 6H, H,, H,),
7.43 (m, 4H, H,), 7.56 (AB, 8H, H2', H3'). *C NMR (CDCl;, 100.6 MHz,
298 K, d[ppm]): 0.1, 0.3, 0.7 and 0.9 (C1, C4), 3.4 and 4.9 (C2, C3),
68.5 (C4"), 71.3 (C3"), 72.0 (C1"), 73.5 (C2"), 126.8 (C3'), 128.7 (C,,),
129.7 (C,), 134.3 (C2'), 135.6 (C,), 139.2 (C1"), 140.2 (C), 141.9 (C4).
%S0 NMR (CDCly, 223.8 MHz, 298 K, d[ppm]): —13. Si NMR (CDCl,,
119.2 MHz, 298K, O[ppm]: —-20, —15. MS (FAB") for
I:C56H53F62|25i4sr\2]Jr ([M] +): m/z=1457 (35 %)

Synthesis of the [2+ 2] macrocycle M1

A solution of BD2 (0.60 g, 0.63 mmol) in 50 mL of CH,Cl, was placed
into a 100 mL ball flask equipped with a magnetic stirring bar,
whereupon solid silver oxide (0.15 g, 0.63 mmol) was added. The
reaction mixture was stirred overnight and then filtered to remove
AgCl. The solvent was removed and the solid dried in vacuum to
give the product in form of a colorless solid in 89% yield (0.51 g,
0.28 mmol). M.p. 101-103°C. IR (v[cm™']): 526 (m), 529 (m), 533 (m),
591 (m), 637 (m), 693 (s), 712 (s), 752 (s), 802 (s), 826 (s), 1002 (m),
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1114 (m), 1245 (m), 1404 (w), 1597 (w), 2892 (w), 2950 (w). '"H NMR
(CDCl5, 199.9 MHz, 298 K, d[ppm]): —0.01 (s, 16H, H3), 0.05 (s, 72H,
H4), 0.35 (s, 8H, H2), 0.41 (s, 24H, H1), 7.60 (AB, 16H, H2', H3). "*C
NMR (CDCl;, 50.2 MHz, 298 K, 6 [ppm]: 0.5 (C1), 1.9 (C4), 3.9 (C2), 4.6
(C3), 127.0 (C3'), 134.2 (C2), 139.9 (C1"), 142.1 (C4). ""Sn NMR
(CDCl;, 186.4 MHz, 298 K, 6 [ppm]): 133. *Si NMR (CDCl;, 99.3 MHz,
298 K,  Olppm]): —-2.9, 1.6. HR-MS  (PaperSpray) for
[CesH1370,5i1,Sn,1" (IM+H]™): m/z=1797.39807 (mmu —3.01, 29 %).

Single-crystal X-ray diffraction analysis

Intensity data for a crystal of compound BD2 were collected at T=
298 K on a Bruker Venture diffractometer equipped with an area
detector using Mo-K, radiation (1=0.71073 A). For the data
collection, the Bruker APEX3 software was used. The measured
intensities were reduced to F? using SAINT and corrected for
absorption effects by the multi-scan method (SADABS). Structure
solution, refinement, and data output were performed with the
OLEX2" program package using SHELXT'® for the structure
solution and SHELXL"® for the refinement. Non-hydrogen atoms
were refined anisotropically. All C—H hydrogen atoms were placed
in geometrically calculated positions using the riding model.

The crystals diffracted weakly and were twinned (two-component
twin). In addition, the asymmetric unit contains only half the
molecule due to crystallographic symmetry (2-axis). The —CH,SiMe,
substituents attached to the tin atoms exhibit disorder over two
positions. The disordered groups were refined using geometry and
Uj restraints.

Figures were created with Diamond.'® Table S7 summarizes the
most relevant crystallographic data (see ESI).

Theoretical calculations

Quantum chemical calculations for the macrocyclic compound M1
in form of syn- (M1lg,) and anti-conformers (M1,y;) were
performed to obtain the geometry-optimized minimum energy
structures with 1x107% convergence requested. All calculations
were developed with the Northwest Computational Chemistry
Package (NWChem) version 6.8,% using the B3LYP hybrid
functional®®" in combination with the def2-svp®® (small basis, SB)
and 6-31G*/LanL2DZ (large basis, LB)®*** basis sets.®™ Both basis
set combinations are recommended for the consideration of
relativistic effects as well as accounting for effective core potentials
(ECP) for the heavy atom (Sn) present in M1.

Deposition Number 2068068 (for BD2) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.

Supporting Information (see footnote on the first page of this
article): NMR, IR and mass spectra for BD1-BD6 and M1
(Figures S1-542). Tables with a comparative overview of 'H, '*C, **Si
and '°Sn NMR data for BD1-BD6 and M1 (Tables S1-S6), crystallo-
graphic data for BD2 (Table S7) and bond angles for the tin atoms
in the calculated structures of M1-34yy and M1-2,,y, (Tables S8).
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