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Introduction 1

1 Introduction

1.1 Pincer Ligands

Pincer Ligands were synthesized first by van Koten! and Moulton? in the late 1970s.
Their unexpected properties arouse great interest in the research area of coordination
chemistry. With a rapidly increasing number of publications in the following years, they
nowadays embody a well-known class of compounds, with application in catalysis3 as

well as in inorganic coordination chemistry.*

Figure 1. Simplified scheme of a pyrrole based pincer complex.

The name pincer ligand stems from their typical coordination motif, chelating the
metal ion in a tridentate, meridonal fashion, like a pincer (Figure 1). The general
abbreviation of a pincer ligand is {YXY} with Y as the donor functions located at the side
arms and X as the central donor function (Scheme 1, right). These donor functions are
connected by linker units, which are very often alkyl chains. The most facile pincer
ligand one can think of is pentamethyldiethylenetriamine (PMDETA) (Scheme 1, left).
With three nitrogen donor atoms connected by two ethylene moieties, it represents a

neutral, tridentate pincer ligand.

Scheme 1. Exemplary non-aromatic (left) and aromatic (right) pincer ligands.

Through derivatization it is possible to adjust the ligand properties to the target

metal moiety. Scheme 1 (right) shows the variable parameters of the pincer ligand (A -
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D). Besides tuning the donor atoms according to the HSAB principle® it is also possible
to vary the backbone (A). It can be aliphatic or aromatic and within these species one
can discriminate between electron rich or electron poor backbones. The linkers (B) can
be aromatic providing a delocalized m-system between the donor centers or aliphatic
and highly flexible alkylene groups. Moreover, the length of the linker determines the
size of the coordination pocket. A linker consisting of two atoms will result in five-
membered metallacycles, whereas a linker consisting of three atoms yields less strained
six-membered metallacycles. In addition, it is possible to introduce electron deficient or
electron donating substituents (C) to the linker system in order to fine-tune the ligand’s
electronic system. Besides the electronic properties, the steric demand can be varied. To
protect reactive metal species, side arm donor functions with bulky groups can be

introduced to the ligand (D) rising the kinetic stability of labile complexes.

. Ph
dipp ! =N
=N P\
Ph _
— -
NH NH
A =~ =
N Ph
_ P SN
\ . \ @)
dipp Ph \/K
I I ] v

Scheme 2. Selected examples of pincer ligands.

Scheme 2 shows literature-known examples of pincer ligands. I is a neutral pincer
ligand and characterized by a delocalized m-system between all donor atoms.® A pyridine
heterocycle serves as backbone and the side arm donors carry bulky 2,6-
diisopropylphenyl (dipp) groups. It was used by Roesky et al. for coordination of reactive
germanium species with the dipp moieties providing the required kinetic stability.”
Compound II is an anionic ligand with two phosphorus donor atoms in the side arm
moieties.3d A highly electron rich pyrrole heteroaromatic system serves as backbone and
the linkers are flexible methylene groups. Gade et al. synthesized transition metal
complexes based on II, with the purpose to use them as catalyst.3d Ligand III is anionic
with an aromatic system delocalized all over the ligand.8 It is used as building block for a
metal coordination site in material science and in bioinorganic chemistry.8 The pyrrBOX

ligand IV is anionic, containing a pyrrole heterocycle as backbone® with the side arm
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donor functions implemented in a chiral oxazoline moiety. The alkyl chains bonded to
the oxazoline heterocycle induce asymmetry which makes the ligand feasible for
asymmetric catalysis as it was demonstrated by Gade et al.® These selected examples

give an idea of the variety of properties in the class of pincer ligands.

A common feature of all ligands mentioned above is that kinetic stability gained
through multiple coordination of the metal ion is combined with a high flexibility
illustrated by the different metal coordination modes shown in Scheme 3. In compound
V,10 the ligand acts a monodentate two electron donor. The ligand in VIl serves as a
bidentate four electron donor whereas in VII12 the typical tridentate coordination motif
is present with the ligand acting as a six electron donor. Remarkable is the facial
coordination of the pincer within an octahedral tantalum compound. In VIII!3 the ligand
functions as a six electron donor in a square planar platinum complex. IX14is a rare

example of a bridging (4+4) electron donating pincer ligand.

, N N N e
= O\\ o | c | Late!
Au—| — N-/IA\I\O Ta=CHR Pt—I Zn;CHR
© 0 | T | e
N N N
Me;N '‘BuHN 2N /N [
v Vi vil Vil IX

Scheme 3. Observed coordination modes within pincer complexes.

These selected examples mirror the coordination flexibility of the pincer ligands. In
VI the rather bulky catechol can coordinate to the aluminium ion with one of the side
arms bent aside, and in IX even two metals fit in the ligand’s coordination pocket to
form a heterobimetallic species. Within these five examples a variety of metal
compounds is shown. By modifying the ligand properties it becomes feasible to
coordinate the soft and rather big gold(I) ion as well as the hard and small

aluminum(III) ion.

There are three procedures known to literature to obtain metal complexes based on
pincer ligands. Most common is the transmetallation via salt elimination (Scheme 4).1>

For this procedure, the ligand requires an acidic proton. Through deprotonation with a
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basic alkaline metal compound, the group one metal-ligand complex is generated. It
serves as precursor for the desired compounds which are obtained in a subsequent
transmetallation reaction with a metal halide. The advantage of this reaction is that the
equilibrium is shifted towards the product due to precipitation of the group one metal-

halide compound.

Furthermore, it is possible to metallate the ligand directly® using basic metal
compounds like trimethylaluminum. This method offers two advantages. It skips one
step compared to the transmetallation and the workup is simplified because of gaseous
or at least volatile side products. The direct metallation is often preferred but the basic
metal species can be highly reactive or unstable, therefore in some cases the

transmetallation is the most promising method.

NR,
X=H _
= N-MMe, Direct Metallation
MMe3 <
“CHq NR,
NR3 NR»> NR,
= X=H YR MHal
N=X _ N-Y - = — N—-M Transmetallation
= Y=L RX = “YHal =
NR Na
2 K NR, NR,
NR,
X=Hal _
> N-MX, Oxidative Addition
MX, ~

NR,

Scheme 4. Possible Ssnthetic routes to pyrrole based pincer complexes.

The third well established synthetic access to pincer complexes is the oxidative
addition.1” The disadvantage herein is the need of a prefunctionalized ligand system.
With pyrrole as backbone, there is no example of an oxidative addition yet. With
halogenated benzene as backbone, however, this method works properly and offers the

substantial advantage of no byproducts.
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1.2 Pyrrole

Pyrrole was first isolated from coal tar by Runge in 1834.18 The name is derived from
Runge’s pyrrole detection test. A pine splint, wetted with hydrochloric acid, turns red if
the pyrrole concentration (vapor) exceeds 3.3 ppm.1° He named the substance pyrrole,

from pyrros (greek) meaning blazing red.

Pyrrole is a five membered heteroaromatic cycle with the lone pair of the nitrogen
atom being involved in the m-system. The aromatic character is considerably higher than
in related heterocycles containing oxygen, sulfur or phosphorous.2? With six electrons
dispersed on five atoms, the aromatic system is rather electron rich and activated for

electrophilic substitution in the 2- and 5- position.21

Table 1. Comparison of cyclopentadienide and related heterocycles.
[y SEE
N
H @)

Av. Double bond [pm] 139.72223 13724 13524
C-C Single bond [pm] 139.72223 14324 14424

As shown in Table 1 the aromatic character decreases going from carbon to oxygen,
although they all are perfectly planar and fulfill the Hiickel rule.?> Within the
cyclopentadienide all bonds are equal in length, the six m-electrons are entirely
delocalized on the five carbon atoms ending up in a benzene like bonding situation.
When substituting one carbon for a nitrogen atom, the bond lengths diverge significantly
but are still different from pure single or double C-C bond lengths (154 pm / 134 pm). 26
The nitrogen atom is sp?-hybridized having the p.-orbtial involved in the m-system. This
loss of electron density decreases the pKa value of the NH-proton to 17.8,27 which is
remarkable in comparison to the pKa value of pyrrolidine (44),28 the non-aromatic
analogue of pyrrole. Furan, however, does not show the typical chemical behavior of
aromatic cycles. Instead of reacting in an electrophilic aromatic substitution, it shows
the reactivity of a diene, although the bond lengths still indicate a delocalization of the 7-

electrons.?!

Investigation of the pyrrole m-system using a Frost-Musulin projection?® afforded that

it contains five m-orbitals, distributed over three certain levels of energy (Scheme 5).
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Scheme 5. Frost-Musulin projection of pyrrole.

The different levels of energy arise from an increasing number of nodal planes with
rising energy level. Taking this into account the molecular orbitals shown in Scheme 6
can be derived. This simplified model does not display the reality in detail but give an
idea of how the m-system is organized. It is possible to draw inferences about the 7-
interaction of pyrrole with the N-bonded substituent from analyzing the C-C bond

lengths.

0V 9 oY %
Unoccupied
p ﬂ o@“g%o

- of o0
bl

Occupied < c OO

Scheme 6. Schematic depiction of the pyrrole molecular orbitals.

The molecular orbitals shown in Scheme 6 display the frontier orbitals of pyrrole. For
investigation of the metal-pyrrole m-interaction, the left structures (A and C) can be
neglected due to the lack of metal-nitrogen m-overlap. The orbital having the lowest
energy (E) can be disregarded likewise because it affects all bonds in the same way. The
orbitals shown on the right, however, are suitable for analyzing the character of the n-
interaction. m-donation from the occupied molecular orbital D towards a N-bonded
metal would shorten the formal double bonds (Scheme 6) and elongate the C-C single
bond, whereas m-donation from the metal towards the unoccupied molecular orbital B

causes the opposite effect.

By using this model, the changes of bond lengths within the pyrrole heterocycle in a
hypothetical pyrrole-metal complex compared to free pyrrole can be traced back to the

nature of the metal-ligand m-interaction.
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1.3 Chemistry of Low Valent Group 14 Elements

Since the middle 1970s a new class of compounds falsified fundamental rules in
inorganic chemistry. The so-called “double bond rule”, stating that main group elements
of the third period or heavier are unable to form homonuclear double bonds,3? was
shown to have limited validity. In 1976 Lappert et al. synthesized the first stable dimeric
tin(II) alkyl compound (X),31 assuming a double bond in between the metal ions. The
single crystal X-ray analysis of X revealed a local geometry at the tin ions, indicating sp?-
hybridization. The Sn-Sn bond length of 277 pm fits nicely with the Sn-Sn distance in
elemental tin (280 pm),32 and thus can regarded to be of rather weak nature. This
assumption is confirmed by the dissociation of X into the monomeric form in solution

(Scheme 7).31

\ / P /
\ o Si— 2 SIS \ S SiMe; SiMe,
AN H S MosSi— SiMes
\|, sn J, sn o —  sn=sn
Si'—N\ / Sli/ Sli/ S|_< / MGgSl\,\‘ \/SIMee,
Si— 277 N> / Si— SiM SiM
/ |I_i / ivies IvVies
— X —

Scheme 7. Synthesis of the dimeric alkyl tin species and its equilibrium in solution.

Besides the Sn-Sn bond length, the sum of angles at the tin atoms as an indicator for
local geometries can be used to draw inferences about the tin-tin interaction. The
observed sum of angles of 342° at the tin atoms neither match the expected 360° found
in ethylene nor the 327° for tetrahedral geometry. The explanation Lappert gave was
that the bond is represented by a donor acceptor interaction of the empty p;-orbital with
the lone pair located in a sp?-orbital (Scheme 8).33 This model was revised in the
following years, however, the original version of Lappert is still used as edge case model

for the heaviest main group elements like lead. 312343536

0 QAR5

E“”}Sn <))

0 JEANTAS

Scheme 8. Dimerization of dialkyltin(II) to a trans bent distannene.
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The first RzSiSiR2 compound was published five years later by West et al.37
resembling the ethylene structure much more precise compared to compound X. With a
Si-Si bond length of 216.0 pm it is roughly 20 pm shorter than a Si-Si single bond
(234 pm)?26 and the local geometry at the silicon atoms with a sum of angles of 355°

deviates only by 5° from planarity.

In 1984 Lappert et al. filled the gap between silicon and tin by successfully preparing
R2GeGeR2.38 Investigating its geometry, the solid state structure shows that the dimeric
germanium alkyl compound is within the expected range with less sp? character than
silicon but more than tin. It is noteworthy that for the first time Lappert et al. described a
high Lewis-basic reactivity of the monomer (R2Ge) towards a wide range of Lewis-acids,
which can be seen as the beginning of the modern main group chemistry in the area of

(small) molecule activation.

Unexpectedly, it took until 1998 until the first solid state structure of a stable dimer
of a dialkyl lead (II) compound was published.3° This delayed publication of the
diplumbene compared to the other group 14 dimetallenes is due to a high instability
with a strong tendency to dissociate, forming R:Pb. The selected examples for heavy
ethylenes within this chapter show an increasing trans-bent character and a weaker
metal-metal bond strength descending group 14. In the same way the bond strength
weakens, the lone-pair character at each metal rises. This can be attributed to a second
order Jahn-Teller effect*® (Scheme 9), meaning a mixing of a bonding m-molecular orbital
(MO) with an anti-bonding 0*-MO of the dimetallene, yielding a more stabilized but
nonbonding MO with sp-hybrid character.

ethylene heavy ethylene acetylene heavy acetylene

Scheme 9. The second order Jahn-Teller effect in multiple bonded group 14 species.
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In the same way, the bonding 0-MO mixes with the anti-bonding 7*-MO. This effect
becomes more dominant the heavier the element gets, because the energy gap between
o- and m-orbital decreases as the main quantum number increases. The smaller this
energy gap the more likely is a mixing between the o- and m-orbitals.3¢ A further
weakening of the metal-metal bond results from the size separation of the s- and p-

orbitals within one period of the Periodic Table of the Elements (PTE) (Scheme 10).41

6p

1.5 [
L 1
3p 4p_
L]
— 5s &
< 10f 8s
— . -
3s 4s
L ]
L 2s/2p
05 1 L L
C Si Ge Sn Pb

Scheme 10. Radii of the valence s- and p-orbitals in group 14 elements.

This makes sp hybridization less feasible and leaves the valence s-electrons as a non-
reactive lone pair excluded from bonding.#! To illustrate the consequences of these
effects on the structures, Table 2 shows selected properties of the heavy ethylene
compounds. Descending group 14 the trans-bent character of the structures increases in
accordance with a rising lone pair character at the metal atoms. Computations
performed on the compounds listed in Table 2 confirm the experimentally observed
tendencies. Going from carbon to lead, the increasing trans-bent character as well as the
weakening of the metal-metal bond are supported by a decreasing o- and - interaction.
Table 2. Structural properties of the heavy ethylenes. The very right column contains computed metal-

metal interaction energies.
o/m Interaction

Dimetallene M-M [pm] M-M-C bent angle [°]  energies*? [kcal/mol]
C=C 134.026 0.0 81/62
Si=Si" 214.443 3.0 47/28
Ge=Ge" 234.731b,38 32.0 39/26
Sn=Sn" 276.831b 41.0 35/11
Pb=Pb" 412.939% 34.2 23/--

“The selected heavy group 14 metallenes with the exception of silicon consist of the same ligand, namely
the CH(SiMe3): ligand. The disilene is stabilized by the 2,4,6-triisopropylphenyl (Trip) ligand.
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The local geometry at the metal atoms can further influenced by the bulkiness of the
alkyl groups. With a bulky substituent, a slightly higher trans-bent character is observed
as these substituents show an increased interference with increasing ligand bulkiness.
Remarkably, the metal-metal bond lengths do not correlate with their bond strength.44
The distannene with a tin-tin distance identical to a Sn-Sn single bond has a rather
small bond enthalpy compared to reported single bond strengths.4> Consequently, for tin
and especially lead, the metal-metal bond is rather a donor acceptor interaction than a

covalent bond (Scheme 11).

Si

o

e

|

Sn Pb

Scheme 11. Weakening of the double bond character in heavy ethylenes, descending group 14. The
orbitals are taken from Scheme 9 (left) and visualize the increasing lone pair character descending
group 14.

Soon after the preparation of the heavy ethylenes the analogous acetylenes were
synthesized. The corresponding compounds were prepared in 2000 (Pb, Power et al.),*®
2002 (Ge, Power et al.),*” 2002 (Sn, Power et al.)*8 and 2004 (Si, Sekiguchi et al.)*® and
they resemble the geometry of the ethylenes. However, they contain a fundamental

difference. As schematically depicted in

4 a — e I
o* S
Scheme 12, the HOMO-LUMO gap decreases in 3
9 .
the heavy acetylenes as the o-m* mixing w0 w* %H -
he f N | B ‘:;.‘,\M n Lumo
increases. The former m-* gap in acetylene is % 4
HoMO TU %‘:Zj:"‘," ;'~f’/8_8 T .
narrowed as the non-bonding orbital, ey 5
resulting from the mixing of the o- and m*- 6 —Q@Q—- . Q9 o
orbitals, is lowered in energy compared to the acetylene heavy acetylene
Scheme 12. Molecular orbital diagram of
m*-orbital. Energetically close lying frontier acetylene and its heavier analogues.

orbitals were unknown for main group elements until the preparation of the first stable

heavy acetylenes and founded a new field of research in inorganic chemistry. Further
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research based on the tin and especially the germanium acetylenes as well as intense
studies on their molecular orbitals revealed a similar frontier orbital situation than
observed for transition metal complexes. This feature provides reactivity of the main
group compounds towards small molecules like hydrogen and ethylene which, until
recently, was an exclusive property of transition metal complexes.>°
2H,
Ar-GeGe-Ar —— Ar(H),GeGe(H),Ar

Ar = Terphenyl

Scheme 13. Reaction of a digermyne with two equivalents of hydrogen.

However, after the preparation of the digermyne it took until 2005 when Power et al.
described the stepwise oxidative addition of hydrogen to digermyne (Scheme 13).51
Schnéckel et al. computed earlier that the hydrogenation reaction of HGeGeH to give
H2GeGeHz: is highly exothermic (AHr = -250Kk]/mol),>2 and the publication of Power et al.
gave the experimental evidence for the computational results which displayed a
breakthrough in the activation of small molecules by main group compounds. For this
kind of reaction, it is vital that the energy gap between the involved frontier orbitals (7
and n) does not exceed 4 eV,3¢ meaning a rather narrow energy separation of HOMO and
LUMO. According to Power et al. this frontier orbital situation can be described as quasi-

open shell.>3

n . Ar /\ o
® % c* H

MM\

(r H%O M®+® G

Ar

Scheme 14. Orbital interaction of heavy acetylenes (left) and transition metal complexes (right) with
hydrogen.3¢

Scheme 14 depicts the corresponding orbital interaction of a heavy group 14
acetylene species with hydrogen. The m-orbital of the acetylene species (HOMO) attacks
the o*-orbital of the hydrogen molecule, whereas the o-orbital of hydrogen attacks the
non-bonding orbital (LUMO) at the heavy acetylene, resulting in an oxidative addition of
hydrogen.>* For comparison, the transition metal interacts with hydrogen in a similar

way, using the set of d-orbitals.
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Figure 2. Reactivity of digermynes towards a range of small molecules.>!

In the following years, research in the area of small molecule activation by main
group compounds was ramped up>®> due to the discovery of Power et al. Another
landmark in the area of small molecule activation was published in 2007 by Bertrand et
al. They described the activation of hydrogen using carbenes,>¢ resurrecting a species,
first discovered in 1974,31 the metalylenes. Their name is derived from the carbene
which describes a divalent carbon species, the methylene (CR2). Most of the reported
metalylenes carry two bulky substituents to prevent dimerization to the dimetallenes.
The reactivity of the metalylenes was not realized by Lappert and co-workers in the 70s.
They simply described a kind of Lewis-acid/Lewis-base interaction with solvents leading
to dissociation of the desired dimetallenes as mentioned earlier in this chapter.
However, they consist of high potential in the activation of small molecules as well as C-
H and N-H bond activation. With an empty p-orbital and a sp2-type lone pair, they
contain the properties of the Frustrated Lewis Pairs>7 at a single atom (Scheme 8). Their
reactivity is best described by Power et al. within the related germylene-isocyanide

complexes (Scheme 15).5859
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Scheme 15. Different types of metalylene isocyanide interaction.

The E-C single bond (o-bond) is formed by the interaction of the isocyanide lone pair

with the empty p-orbital at the metalylene. The corresponding m-bond results from -

back donation from the metal centered sp? lone pair into the C-N *-orbital (Scheme 16).

Scheme 16. Orbital

Silicon is interacting strongly with the isocyanide, tending to
form heterocumulenes (A).° The opposite is displayed by the

plumbylenes. They weakly interact with a coordinated

QO isocyanide, forming Lewis-base adducts (C). ¢ The

> germylenes>859 and stannylenes5%6162 are in-between, with
germanium forming stronger E=C bonds than tin. Theoretical
investigations conducted by Power et al. confirm these

assumptions by determining the amount of m-interaction

interaction in a
germylene-carbon energy in a range of hypothetical metalylene-isocyanide model

monoxide complex.

complexes (Si, Ge and Sn).>? It turned out that the amount of 7-

interaction decreases strongly going from silicon to germanium and further decays

descending group 14. Besides the isocyanide model complexes, many other small

molecules have been used for bond activation reactions (Scheme 16) such as carbon

monoxide,®3 ammonia®* and hydrazine®> to name selected examples that emphasize the

synthetic potential of the group 14 metalylenes.
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2 Scope

This thesis is based on the work accomplished during my diploma thesis,® in which

the pyrrole based pincer ligand was proven to be feasible for the coordination of main

group metals.

R/X

X=NH, S

HH N\ H R =Me,,
N pyrrolidine,
H

X\R piperidine,
toutyl,
phenyl

Scheme 17. Variations of the pyrrole based ligand used within this thesis.

0 0
Unoccupied gﬁ &W%
/ 0

Occupied <

Scheme 18. Pyrrole molecular
orbitals.

As the pyrrole backbone seems to be well suited to

Derivatization of the ligand backbone as well as of
the side arms should provide the required steric bulk to
obtain stable complexes of reactive main group metal
species. In combination with the flexibility of the side
arm donors, provided by the methylene linkers, this
newly synthesized ligand system (Scheme 17) should
be able to coordinate series of selected metal moieties
MX with X = Hal, CHs or H and the related heavier metal
congeners to compare their properties in an identical

coordination pattern.

analyze the metal-ligand interactions inferences should
be drawn from the observed bond length within the
heterocycle about the nature of the metal ligand
interaction (Scheme 18). To guarantee a high accuracy
high quality single crystals are required and the
resulting X-ray diffraction datasets should have a fairly

high resolution of 26 = 60° (Mo-Ka) (Figure 3).

To verify the assumptions made from the C-C bond

lengths of the pyrrole heterocycle the molecular orbitals

Figure 3. High resolution diffrac-
tion pattern up to 26 = 78.8°

recorded of a single crystal of com-
pound 11, vide infra.

of the specific compound should be computed. For selected complexes, high level

computations were conducted to gain a detailed insight into the ligand-metal

interaction.
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3 Results and Discussion

3.1 The pyrrole based pincer ligand

For the synthesis of the pyrrole based pincer ligand, there is a wide range of possible

routes, yielding the desired product.

The most intuitive way is the direct lithiation of pyrrole in 2- and 5-position with
n-butyllithium, followed by substitution with an electrophile (e.g. a-chloro-amine)
(Scheme 19). This double lithiation is known for thiophene®’ but is not feasible for
pyrrole due to the acidic NH proton (pKa: 17.8)27 which would be deprotonated at first.
For that reason, N-boc protected pyrrole was used for the direct lithiation. Besides the
protection of the amine functionality, it bears another useful effect. The carbonyl oxygen
atom serves for precoordination of the lithium organic compound, ending up in the

ortho-metallated species (directed ortho metallation).68

1) n-Bui,
@ —— Li/@\Li —_— »

N
N 2) Me,NCH,CI N VR
R R .~ R
R =H, boc

Scheme 19. Double lithiation of pyrrole followed by electrophilic substitution.

However, the double lithiation of an electron rich system like pyrrole is awkward, due
to rapid decomposition into an insoluble brownish tar under any condition. The
stepwise lithiation seems to be more promising. Chlorotrimethylsilane was used to
protect the carbanion in the second lithiation step. The target compound was 2,5-
bis(trimethylsilyl)-N-boc-pyrrole but the synthesis failed due to instability of the desired

molecule (Scheme 20).

/ \ / \
Q n-ByLi Q\'—i TMSCI N /A TMS/Q\TMS

K K K K

Scheme 20. Stepwise lithiation of N-boc-pyrrole
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A possible reason for the decomposition is the labile pyrrole-TMS bond. On the one
hand, it makes it easy to remove the protecting group on the other hand it enables the

molecule for polymerization/decomposition as well.

Because of the difficulties occurring with the deprotonation in 2- and 5-position of
pyrrole another pathway for further functionalization was developed. Radical halogena-
tion, as it is known for the group 16 analogues of pyrrole,®® using N-bromosuccinimide
(NBS) or the corresponding chlorine derivative NCS should yield the 2,5-bis-halogene-
pyrrole (Scheme 21). These electron withdrawing substituents should reduce the elec-
tron density within the heterocycle and provide sufficient stability to purify the halogen-

ated pyrrole.

N X X — o

N
H NCS H

N
H

Donor Donor

Scheme 21. Functionalization of pyrrole via radical reaction halogenation.

Various attempts were conducted to purify the halogenated compound but it decom-
posed readily upon warming it up to room temperature. Another approach published by
Gilow describes the use of the crude 2,5-dibromopyrrole without any purification di-
rectly below -30 °C.70 However, none of the used C-nucleophiles yielded the desired 2,5-
disubstituted pyrrole species. Instead, the blue solution of the 2,5-dibromopyrrole
turned into a brownish black tar after addition of a nucleophile. The only species that
could ever be verified to be in the solution by doing 1H-NMR spectroscopy was the 2,5-

dibromopyrrole.

These examples display the lability of 2,5-hetero-substituted pyrroles and it was re-

frained from using them as intermediates on the way to synthesize the desired ligand.

A very promising synthetic pathway was reported by Knizhnikov et al.,’! describing a

ligand synthesis with pyrrole-2,5-dicarbaldehyde as key intermediate (Scheme 22).
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Scheme 22. Synthesis of pyrrole-2,5-dicarbaldehyde according to Knizhnikov et al.

The pyrrole-2,5-dicarbaldehyde could be prepared in really good yields and the
preparation of the ligand precursor was already known and published by Roesky et al.”?
However, in the last step, the attempted reduction of the C=N double bonds, to form
flexible methylene linker moieties failed (Scheme 23). There could not even traces of the

desired product be detected in the NMR-spectra.

NH,
K@\\ )\©)\ K@\\ LiAlH, or //@\\
—_— N\ —— N

~Ar DIBAL-H Ar—NH HN—Ar

Scheme 23. Reaction of pyrrole-2,5-dicarbaldehyde with a substituted aniline and the subsequently
attempted reduction.

Finally, the most promising approach is to synthesize the ligand in a one-step
synthesis making use of the Mannich reaction.”3 The procedure, reported earlier by
Elsenbaumer et al.’* was modified within this work to obtain highly pure product
suitable for metallation reactions. However, this method is limited to primary or
secondary amines that do not carry tertiary or quaternary carbon atoms in a-position

due to their limited nucleophilicity (e.g. diisopropylamine) (Scheme 24).

n

N /\
H o H
T H® "H  4cHcooH Rr-N. H _Ng
3 2 R4 R1/ 2

Scheme 24. Synthesis of the pyrrole based pincer ligand via Mannich reaction.

Under acidic conditions with a pH-value around four like in the Mannich reaction, the
polymerization of pyrrole is faster than the reaction of pyrrole with a sterically hindered

Mannich base. This polymerization can be controlled by temperature, but cooling is



20 The pyrrole based pincer ligand

limited to the melting point of the reaction mixture which is slightly below 0 °C,
depending on the used amine. The bulkier the amine, the slower is the product for-
mation and the more favored is the pyrrole-polymerization. Other reaction modifica-
tions like the use of a solvent or the use of less acid failed. It turned out that two equiva-
lents of acid are essential for the reaction, otherwise the yield of the desired compound
drops down and significant amounts of the mono-substituted pyrrole are detected. The
need of two equivalents of acid can be explained by Scheme 25. Two protons are
consumed by each product molecule which, under aqueous conditions, is present as a
bis-ammonium ion in solution. Consequently, for the elimination of water in the first

step, an external proton source like acetic acid is necessary.

— f@

H\ +2)L—>2

R Rz H"H 2H0 Ry g‘) R, ——
/ \ workup //@\\
/N\ /N\ N\
Rz @ R1 R1/ @ R2 Rz R1 R1/ R

Scheme 25. Consumption of protons in the Mannich reaction for the synthesis of pyrrole based {NNN}-
pincer ligands.

Following this procedure, 2,5-bis((dimethylamino)methyl)pyrrole (1), 2,5-bis-
((pyrrolidino)methyl)pyrrole (2) and 2,5-bis((3,5-dimethylpiperidino)methyl)pyrrole

(3) were successfully prepared.
B A A
N N N
—N N— N H N N
0O WO O
1 2 3

Scheme 26. {NNN}-Pincer ligands prepared within this work.

Molecule 1 has been prepared earlier by Elsenbaumer et al. in 199874 but with the
exception of a few metal complexes containing 1 the flexible type of the pyrrole based
pincer ligand is not present in literature.11757677 The investigation of 1 was already

object of my diploma thesis. It turned out that this type of ligand is perfectly suited for
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metal complexation. The methylene moieties provide the flexibility needed for the
coordination of different metal ions with large size distribution. Additionally, the
electron rich pyrrole m-system strongly interacts with Lewis-acidic metal ions, yielding
highly stable chelate complexes. Furthermore, the pyrrole heteroaromatic system
appeared to be feasible for analyzing the pyrrole-metal interaction by investigating

changes in bond lengths within the pyrrole ring (chapter 1.2).

The free ligands 1 and 2 show a solid state structure dominated by hydrogen
bondings which is underlined by the absence of disorder within these molecules and the
rapid formation of high quality single crystals. The following chapters will provide an
insight into the properties of the free ligands and their intermolecular interactions,

mainly derived from the obtained X-ray diffraction data.
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3.1.1 2,5-Bis((dimethylamino)methyl)pyrrole (1)

Figure 4. Crystal structure of 2,5-bis(dimethylamino)methyl)pyrrole (1). Thermal ellipsoids are depicted
at the 50% probability level. Hydrogen atoms, besides H1 and H4, which have been freely refined, are
omitted for clarity.

The crystal structure of 1, obtained already in my diploma thesis, is shown for the
sake of completeness within the series of the free ligands. It crystallizes in the mono-
clinic space group P21/n enclosing two
! molecules in the asymmetric unit which
are linked to dimers by hydrogen
bondings. With lengths of 205.1 pm (H1-
N5) and 210.2 pm (H4-N2) they are
among the strongest hydrogen bondings
found in the entire family of pyrrole

based pincer ligands. Within the intermo-

T v T v T g B o T T T g
1.600 1.800 2200 2400

Figure 5. Bond distances of all intermolecular N-
H---N interactions contained in the CSD. Cambridge Structural Database (CSD),

lecular N---H-N contacts contained in the

they are considered to be rather short (Figure 5). Although the dimeric appearance
seems to be quite rigid, it has to be monomeric in solution. Otherwise, the NH protons
are encapsulated and do not take part in a deprotonation reaction, in particular not with
a large base like lithium(bis-(trimethylsilyl)amide) (Li(hmds)). The room temperature
IH-NMR spectrum of 1 shows a symmetric behavior of both side arms, hence indicating
a monomer. Furthermore, it shows a doublet for the two pyrrole CH protons (Figure 6,
left). This results from a 4J-coupling to the NH-proton of 2.6 Hz and can be used as an

indicator for N-metallation. In the absence of the NH proton, the doublet is converted
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into a singlet. This observation is unknown for unsubstituted pyrrole because of a
superimposing 3/- and 4J-coupling (4.3 Hz and 2.2 Hz) between the protons in 3- and 4-

position (former doublet) and the protons in 2- and 5-position (Figure 6, right).
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ppm ppm

Figure 6. Left: Section out of the 1H-NMR spectrum of 1, showing the signal for the protons in 3-
and 4-position of pyrrole. Right: 1H-NMR signals of the protons in 3- and 4-position in free pyrrole.

The bond lengths within the pyrrole heterocycle (Table 3) indicate an intact aromatic
system, the single bond length is 142.00(16) pm and the average double bond length is
137.20(15) pm. The resulting difference (Asg-pg) of 5.2 pm can be used as reference for
investigating the metal-ligand bonding situation within metal complexes of 1 using the
orbital scheme depicted in Scheme 6. However, this number can be misleading because
the N-H bond has a dominant covalent character which addresses different molecular
orbitals of the heterocyclic system compared to main-group metal complexes which
form in principal less covalent bonds. Consequently, for comparability reasons, the

lithium pyrrolide, which will be described in chapter 3.2, is used as reference compound.
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3.1.2 2,5-Bis-((pyrrolidino)methyl)pyrrole (2)

Figure 7. Crystal structure of 2,5-bis((pyrrolidino)methyl)pyrrole (2). Thermal ellipsoids are depicted at
the 50% probability level. Hydrogen atoms, besides H1 which was freely refined, are omitted for clarity.

Although the crystal structure of 2 is already known and published in the Cambridge

Structural Database (CSD),’8it is included within this thesis, because the published

structure does not fulfill our internal crystallography quality standards by far. When

discussing bond lengths, it is fundamental to have minimized standard deviations

Figure 8. Oligomerization of 2 via hydrogen
bonding.

resulting from high quality data sets. This is why
a new high quality data set of 2 was collected in
order to establish reliable bond lengths as a

benchmark.

Compound 2 crystallizes in the orthorhombic
space group Pbca, including one molecule in the
asymmetric unit. The asymmetric units are
linked by hydrogen bondings between H1 and
N2 of a neighboring molecule, forming linear
oligomers. The hydrogen bonding is significantly
longer than those in 1, being 226.3 pm long. The
larger pyrrolidine groups induce steric strain

which leads to separation of both ligands with

respect to 1 and therewith elongation of the hydrogen bonding. Hence it is not

surprising that the monomeric form of 2 is present in solution. The less rigid

surrounding in solution allows a flipping of the envelope structure of the pyrrolidine

moieties, displayed by broadened signals in the 1TH-NMR spectrum.
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Table 3. Selected bond lengths of the free ligand structures 1 and 2. Those marked with an asterisk are
the average bond lengths of the equivalent bonds in the dimer depicted in Figure 4.

Bond lengths [pm] 1 2
c1-C2 137.07(14)* 137.69(15)
€2-C3 142.00(16)* 141.98(15)
C3-C4 137.33(15)* 137.46(15)
N1-H1 90.5(14)/89.2(14) 85.2(17)

N-H--N (1) 205.1 226.3
N-H--N (2) 210.2

Table 3 illustrates the electron withdrawing effect of the pyrrole bonded substituent
perfectly. In 1 there are rather strong hydrogen bondings present and thus the
corresponding pyrrole N-H bond is weaker than in 2, where the hydrogen bond is
considerably longer. The stronger pyrrole N-H bond in 2 withdraws more electron den-
sity from the heterocycle than that in 1. Consequently, the C1-C2 and C3-C4 bonds are
elongated going from 1 to 2.

3.1.3 2,5-bis((3,5-dimethylpiperidino)methyl)pyrrole (3)

Figure 9. Crystal structure of 2,5-bis((3,5-dimethylpiperidino)methyl)pyrrole (3). Thermal ellipsoids are
depicted at the 10% probability level. Hydrogen atoms, besides H1, are omitted for clarity.

Compound 3 does not crystallize in a similar arrangement like 1 and 2. The piperi-
dine moieties appear to be too bulky to generate a similar hydrogen bonding situation.
Lacking this structure determining factor the piperidine fragments with its methyl
groups in 3- and 5-position are too flexible to crystallize in a sufficiently short period of
time. The addition of one equivalent of acid finally led to crystallization of the hydrochlo-
ride adduct of 3 after one year. It does not comprise any hydrogen bondings. The charge
introduced by the acid apparently provides an ordering effect that slightly overcomes
the flexibility and leads to crystallization. Nonetheless, the data quality is rather poor

and consequently the bond lengths and angles of 3 are not discussed.
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3.14 Ligand derivatization

Within the compounds 1, 2 and 3, 1 is superior, serving as key intermediate for the
substitution of the nitrogen donor atoms. By addition of two equivalents of iodomethane
the bis-ammoniumsalt is prepared which evolves trimethylamine when treated with a
nucleophile. Using P-, O- and S-nucleophiles the {NNN} chelating ligand can be converted
into a {PNP}, {ONO} or {SNS} pincer ligand system (Scheme 27). This variation of donor
atoms increases the variety of possible target metals either to harder ({ONO}) or to
softer metals ({PNP} and {SNS}). However, the method is limited to highly nucleophilic

and non-basic substrates.
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Scheme 27. Synthesis of {PNP}-, {ONO}- and {SNS}-pincer ligands.

With a rather weak base like a sodium thiolate, the reaction follows a Sx2 mechanism
with participation of the neighboring aryl (pyrrolyl) group. It is known that substitution
reactions at the benzylic position (phenyl) follow the Sx2 mechanism.”® Similar assump-
tions can be made for pyrrole as aryl group. Furthermore it should be even more acti-

vated due to the stabilization of the intermediate (Scheme 28).
el ~
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Scheme 28. Mechanism of the Sy2 reaction with the neighboring group effect of pyrrole.

If the nucleophile is basic enough to deprotonate the pyrrole amine, the heterocycle
becomes highly electron rich causing a very dominant neighboring group effect. The
addition of the former pyrrole N-H proton to the nucleophile weakens its nucleophilicity
and the intermediate decomposes to unidentifiable products. The use of four equivalents

of nucleophile, two as base for the deprotonation and the remaining two equivalents for
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the nucleophilic attack does not show any improvement of the reaction. The intermedi-

ate then decomposes in an unknown pathway to an unidentifiable black tar.
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3.1.5 {SNS}-Pyrrole based pincer ligand
The {SNS}-pyrrole based pincer ligands were prepared following the procedure ex-

plained in chapter 3.1.4 and summarized in Scheme 29.

/ \ Et,0 W \ Toluene
NN N TP N N NT ’
\/@\/ — @V@\/? RS\/@\/SR
1 4

Mel RSNa N
S S H
R = Bu, Ph

5,6

Scheme 29. Synthesis of the {SNS}-pyrrole based pincer ligands.

3.1.5.1  2,5-Bis((tertbutyl-thiolato)methyl)pyrrole (5)

5 has been prepared following Scheme 29 and was obtained as a yellow oil. Unfortu-
nately it was impossible to obtain single crystals of 5, thus its presence was proven by
NMR-spectroscopy. The 1H-NMR spectrum is very much alike the related free ligand spe-
cies. 5 was used within this thesis for the synthesis of complexes with rather soft late

transition metals.

3.1.5.2  2,5-Bis((thiophenolato)methyl)pyrrole (6)
6 has been prepared along a protocol similar to 5. After recrystallization, single

crystals suitable for X-ray diffraction experiments were obtained.

C1A)
2y,

c(1
B

Figure 10. Crystal structure of 2,5-bis((thiophenolato)methyl)pyrrole (6). Thermal ellipsoids are de-
picted at the 50% probability level. Hydrogen atoms, besides H100, which was freely refined, are omitted
for clarity.

6 crystallizes in the orthorhombic space group Pnma with half a molecule in the

asymmetric unit. The molecule is completed by a mirror plane going through N1 and

H100, being perpendicular to the heterocyclic plane. 6 seems to be perfectly suited as a
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reference for the protonated pyrrole based pincer ligand system, as there are no hydro-
gen bondings present, which could vitiate the resulting C-C bond length of the pyrrole

heterocycle.

A very useful tool to detect these weak interactions is the CrystalExplorer8? program.
Starting from a cif file, it calculates the promolecule density of the selected compound.
The resulting output is a surface which includes the space that is dominated (>0.5) by
the electron density of the selected molecule. The intermolecular close contacts can be
mapped onto this surface by taking the distance of the enclosed atoms to the surface (di),
the distance of the external atoms to the surface (de) and the van der Waals radii of the
involved atoms into account (Equation 1). The resulting value is the normalized distance
dnorm describing the distance of an atom inside the surface from an atom outside the
surface normalized to their van der Waals radii.8!

_ di—TinW . de—ngW

dnorm - '
T'inW rgdW

Equation 1. The normalized contact distance.

The dnorm value is calculated for each pixel of the surface, negative values are labeled
in red (indicating a possible close contact), positive are values are labeled in blue. The
resulting colored surface is named the Hirshfeld surface®? and is a powerful tool to detect

intermolecular interactions within a crystal structure.

A closer investigation of the crystal structure of compound 6 using the Hirshfeld sur-
face tool within the Crystal Explorer80 program revealed a n5-N-H-m interaction that can
be considered rather strong (Figure 11). The bond lengths and angles at H100 hint to
the strength of this interaction. A CSD search for hydrogen-centroid distances to pyrrole
and cyclopentadienide between 100 pm and 400 pm yielded a mean value of 353 pm,
with the shortest distance being 240 pm®3 long. With a hydrogen-m-system distance of
only 244(4) pm, a H-centroid distance of 248 pm and an N-H-centroid angle of 173.3°

the N-H-m interaction in 6 is among the strongest reported in the CSD until today.
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Figure 12. Results of a CSD search for N-H---m
interactions. X-axis: H-centroid distance [pm]; Y-axis: N-
H---centroid angle [°].

Theoretical calculations rank N-H-
7 interactions as being between
0.7 kcal/mol  and  17.3 kcal/mol
(hypothetical alanine-benzene
interaction).8* However, Mohan et al.
recognized a strong dependency on
the N-H polarization. The values for
protonated alanine vary between
10.7 kcal/mol and 17.3 kcal/mol,
whereas the range for neutral alanine
is given by 0.7 kcal/mol and

4.7 kcal/mol. Similar observations

were made by Tsuzuki et al., showing that substituted methyl moieties have higher C-H-

7 interaction energies than methane.8> Furthermore, he stated that the interaction

energy is orientation dependent, with the maximum interaction energy at a donor-H-

acceptor angle of 180°.86 With an angle close to the ideal 180°, and the short hydrogen-

m-plane distance in combination with the rather acidic pyrrole N-H proton, the N-H-m

interaction found in 6 is considered to be among the strongest present in literature until

today (Figure 12). According to Mohan et al. the interaction is worth between 5 kcal/mol

and 10 kcal/mol, which is a wide range, however, these values strongly depend on the

Figure 11. Hirshfeld surfaces for compound 6. Left: N-H-m interaction forming a chain like
arrangement (green dashed lines). Right: Interconnection of these chains (red dashed lines) via Ph-H-
S interaction.
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used computational method and rather precise determinations of non-covalent interac-

tions are associated with an enormous computational effort.84

This interaction can be regarded as structure determining effect as selected mole-
cules arrange themselves to chains via this N-H-m interaction. The planes of the respec-
tive pyrrole heterocycles are tilted within a chain by 66.6(3)°. These chains are further
connected by phenyl-H-S interactions forming a two-dimensional network in the crys-
tal. The hydrogen-sulfur distance is 288.0 pm long and the C-H---S angle measures
165.9°.
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3.1.6 General remarks on the computational methods

There are in principle two different approaches used in this thesis to compute the de-
sired parameters like the molecular orbitals of a selected compound. A very convenient
tool to access the electronic structure of a molecule is to make use of the Hartree-Fock
(HF) approximation.?” It is based on the quantum mechanics and computes the energy
for every single electron (i) of a given system. Equation 2 summarizes the single
contributions to the energy expectation value (Enr) of a given system. The HF method is
non-expensive in computation time and reveals highly accurate results as long as the
interactions are of covalent nature. It becomes imprecise when the structure includes

non-covalent interactions, as those cannot be taken into account by the used formalism.
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Equation 2. Expectation value of the Hartree-Fock Hamiltonian and the individual contributions.8”
Roothaan modified this formalism, to obtain orbital energies instead of electron ener-
gies.88 His procedure is named the Linear Combination of Atomic Orbitals (LCAO)8° and
obtains the energy values for the molecular orbitals of the investigated molecule. The
accuracy depends on the basis set applied to the HF calculation. A basis set contains the
mathematical description of the orbitals for each element. They vary in accuracy and

complexity and determine the expense as well as the accuracy of a calculation.

The more accurate, but also more expensive method concerning computation time is
the Density Functional Theory (DFT).90 [t computes the electron density of the investi-
gated molecule which already contains the information about all observable parameters.
There are various functionals available to compute the electron density, however, they
extremely vary in accuracy. The most frequently used is the B3LYP functional.?? It
produces rather accurate results but is not too expensive in computation time which is,

similar to the HF method, depending on the basis set chosen for the computation.
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The computational methods used within this thesis are abbreviated as follows:
“HF /basis set” for a quantum mechanical computation and “functional/basis set” for a
computation based on the DFT. Quantum mechanical computations were run using the
Crystal Explorer program8? and the DFT calculations were conducted by D. M. Andrada
and R. A. Mata. The software they used will be named when discussing the results of

their computations.
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3.2 Lithium pyrrolide complexes

For the synthesis of metal complexes it is vital to deprotonate the free ligand. The
most feasible pathway would be to use basic metal compounds that deprotonate and
metallate in one step such as trimethylaluminium. However, these compounds are
available only for selected metals and an application can be problematic due to solubility
problems. Thus, n-butyllithium or lithium(hmds) were used as deprotonation reagents,
yielding the lithium pyrrolides as intermediate compounds for transmetallation reac-

tions.

Figure 13. Crystal structure of lithium-2,5-bis(dimethylamino)methyl) pyrrolide (7). Thermal ellipsoids
are depicted at the 50% probability level, hydrogen atoms are omitted for clarity. Selected bond lengths
and angles are shown in Table 4.

Compound 7 crystallizes in the monoclinic space group P21/c containing a dimer in
the asymmetric unit. The structure of 7 has already been published by Kuo et al. as a
room temperature dataset.”> It is included within this thesis because of its brilliant
quality crystals, superior to those of compounds 8 and 9. Furthermore, the obtained
100 K data set is of excellent quality, and thus feasible to analyze the structure in a very
detailed manner. The pyrrole heterocyclic planes are twisted by 59.6(4)° with respect to
each other. Both lithium ions are coordinated in a tetrahedral distorted fashion with an
angular range of 87.14(3)° to 139.54(4) at Lil and 89.80(3)° to 137.14(4)° at Li2. This
asymmetry is induced by a stronger lithium coordination of the pyrrole nitrogen atoms
(N1 and N4) relative to the side arm donors (N2, N3, N5 and N6). As a consequence, the

lithium atoms are shifted further towards the center of the coordination pocket
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Figure 14. Crystal structure of 7, view along the Li1---Li2 axis. Left: Thermal ellipsoid depiction; right:
Space filling model.

provided by the ligands but steric repulsion prevents the side arms from following the
lithium ions. They bent aside, maintaining the coordination to lithium, on the other hand
distorting the tetrahedral geometry. Figure 14 clarifies that the methyl groups attached
to N2 and N5 are almost touching, they cannot move further to Lil and have to bent
away to avoid each other. The data contained in Table 4 displays that the appearance of
both ligands is symmetric concerning bond lengths and angles. Interestingly, the
orientation of the lithium ions differs with respect to pyrrole although the Li1-N1-Li2
and Li1-N4-Li2 angles are similar. By looking at the lithium positions along the pyrrole
plane it turned out that the Li1-N4-Li2 angle is approximately halved by the pyrrole
plane, whereas, the pyrrole plane forms a narrow angle to the N1-Lil bond and thus the
N1-Li2 bond ascends steeply from the pyrrole plane regarding the Li1-N1-Li2 angle
(Table 4). Nonetheless, the complex is quite symmetric and the crystal structure does

not contain any disorder.

Table 4. Selected bond lengths [pm] and angles [°] of 7.

Bond Bond length [pm] Atoms Angle [°]
C1-C2 138.75(5) Li1-N1-Li2 76.49(3)
C2-C3 142.22(5) Li1-N4-Li2 77.81(3)
C3-C4 138.83(5) N1-Li1-N2 87.14(3)
N1-Lil 204.47(8) N2-Li1-N5 116.38(4)
N1-Li2 212.05(10) N5-Li1-N4 88.58(3)
N2-Lil 211.46(8) N4-Li1-N1 102.66(3)
N3-Li2 211.47(8) N4-Li2-N1 101.25(3)
N4-Lil 207.09(10) N1-Li1-N5 139.54(4)
N4-Li2 203.56(8) N2-Li1-N4 127.88(4)
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For that reason, the IH-NMR spectrum
was expected to show sharp singlet
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Scheme 30. Fluctuating coordination behavior of bearing methylene linker moieties this

: R _
the side arms in 7. behavior was already observed by Kuo et

al.’s> They describe a fluctuating behavior for the methylene linker protons and explain it
with a flipping of the side arms donors from Lil to LiZ (Scheme 30). These different
bonding situations seem to be chemically unequal, although the atomic environment is
identical. This statement was confirmed using low temperature 1TH-NMR experiments
(Figure 15).75 It turned out that at room temperature, the unidentifiable broad singlet
signal of the methylene linkers splits into two doublets upon cooling to less than 285 K.
According to Kuo et al, the estimated activation energy for flipping of the ligand side
arms is 13.8 kcal/mol. There were no low-temperature 1H-NMR experiments run for
compound 7, as the room temperature spectrum is equivalent to that of Kuo et al.
However, compound 8 shows a different behavior and will be investigated in the next

section.

3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 ppm

Figure 15. 1H-NMR experiments conducted at variable temperatures, showing the methylene and methyl
protons of 7.75
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Figure 16. Crystal structure of lithium-2,5-bis(pyrrolidino)methyl) pyrrolide (8). Thermal ellipsoids are
depicted at the 50% probability level, hydrogen atoms are omitted for clarity. Selected bond lengths and
angles are shown in Table 5.

Compound 8 crystallizes in the monoclinic space group P21/n containing a dimer in
the asymmetric unit and is almost isosterical to 7. The tetrahedral geometry at the
lithium ions is significantly distorted and bond lengths and angles at Lil are similar to
those at Li2 resembling the coordination motif of 7. The marginal differences between 7
and 8 can be displayed by superposition plots. When increasing the bulkiness of the side
arms (dimethylamino- to pyrrolidino-) bonded to the linker, the effect on the
coordination geometry is not drastic, although it
becomes apparent as can be seen in Figure 17. The
coordination motif itself is not affected but the
nitrogen atoms of the side arms are even more bent
aside than in 7. This structural change is attenuated by
the whole ligand system. By rotation, the pyrrole
follows the movement of its side arms reducing the
strain caused by coordination of the lithium atoms. As
a consequence the tilting angle of the heterocyclic
planes is slightly reduced from 59.63(4)° in compound
7 to 56.73(9)° in 8, similar to all the other structural

Figure 17. Superposition plot of parameters that only changed marginally (Table 5).
compounds 7 (light) and 8 (dark)
along the Lil-Li2 axis. The structures

are fixed at N1, Lil and N4. closer to the pyrrole nitrogen atoms. With bond

With one exception, the lithium atoms are located
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lengths of 201.9(2) pm (Li1) and 208.3(2) pm (Li2) both lithium atoms in 8 significantly
form shorter bonds to N1 (and to N4) than those in 7. A consequence of this lithium
reorientation is a weakening of the side arm lithium interaction displayed by longer Li-

prrrolidine bonds.

Table 5. Selected bond lengths [pm] and angles [°] of 8.

Bond Bond length [pm] Atoms Angle [°]
C1-C2 138.03(19) Li1-N1-Li2 76.32(9)
C2-C3 141.0(2) N1-Li1-N2 87.21(9)
C3-C4 138.21(19) N2-Li1-N6 127.77(11)
N1-Li1 201.9(2) N6-Li1-N4 89.08(9)
N1-Li2 208.3(2) N4-Li1-N1 102.88(10)
N2-Li1 213.3(2) N1-Li1-N6 129.25(12)
N3-Li2 208.0(2) N2-Li1-N4 121.50(11)

Figure 18 includes the room temperature 1H-NMR spectrum of compound 8. The
methylene protons show a broad singlet signal at 6 = 3.69 ppm. A similar broadening
was observed in compound 7 but at the elevated temperature of 340 K. By conducting
low temperature 'H-NMR experiments (243 K - 293 K) it could be shown that the
activation energy of the side arm flipping in compound 8 is considerably less than in 7
as the distinct doublet signals for the methylene protons already appear at 285 K for
compound 7, whereas the sample of compound 8 needs to be cooled to 243 K to show a

similar set of doublets.
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Figure 18. Variable temperature 'H-NMR spectra of compound 8. They were recorded from
crystalline material of 8, dissolved in Tol-ds
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Apart from shifting towards the pyrrole nitrogen atoms when going from 7 to 8, the
lithium ions adopt a different orientation relative to the pyrrole planes for both ligand
molecules in 7 (Figure 19, left). Li1 is closer to the heterocyclic plane coordinated by the
N1 sp? orbital than Li2 which is located way off the pyrrole plane, being closer to the

heterocyclic m-electron density. At N4 this difference is less pronounced (Figure 19,

right).
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Figure 19. Section of compound 7. Different orientation of the lithium atoms at N1 (left) and at N4 (right).

This bonding situation is known for a few more compounds of this type and Stalke et
al?? focused on the amido-lithium interaction within lithium anilide in detail. They
found two different nitrogen-lithium bonds (198.9(3) pm and 208.7(3) pm, Li-N-Li
76.8(1)°) and stated that the geometry
within the N:Li; four-membered ring
suggests sp? character at the nitrogen
atom and thus an interaction of the
nitrogen based p-orbital with the
lithium ion (Figure 20). Figure 19
displays the nitrogen-lithium bonding

situation in 7. With a Lil-N1-pyrrole Figure 20. Nitrogen-lithium interaction within the
plane angle of 17.4° Lil is interacting structure of lithium anilide as suggested by Stalke et al.
primarily with the N1 sp? lone pair, whereas Li2 forms a Li2-N1-pyrrole plane angle of
46.5° being almost exactly in between the outermost values for pure sp2- or p-
interaction. Hence, Li2 can be assumed to interact with the pyrrole m-system via the N1
p-orbital as well.

To prove this unusual type of bonding, calculations were performed on compounds 7
and 8 by D. M. Andrada. All the geometry optimizations were performed by using the

ORCA 2.9 program package.?3 Both, geometry optimizations and frequency calculations

of the complexes were carried out at DFT level, using the B3LYP functional.?® The def2-
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SVP and def2-TZVP basis set was used on all atoms.?* The density differences were
carried out with Molpro2012.1 program package.’> The densities were calculated with
the density fitted local MP2 method.?¢ In these calculations the cc-pVTZ basis set?” was
used for carbon, nitrogen and the hydrogen atoms and the cc-pCVTZ basis set?8 was
used for the lithium atoms. Wiberg Bond Order, Natural Population Analysis and donor-
acceptor interactions have been computed using the natural bond order (NBO)

method?? with the with GAUSSIAN 09 suite of programs.100

Figure 21. Density difference map of compounds 7 and 8 computed on the geometry-optimized
structures. Hydrogen atoms are omitted for clarity. Isosurface: 0.01 au.

A density difference map was computed to visualize the effect of lithium coordination
on the electronic structure. Figure 21 displays the difference of electron density
computed for the geometry-optimized structures of 7 and 8 with and without the
lithium ions (p[{NNN}Li] - p[{NNN}-]). Positive values, meaning a concentration of
electron density in the lithium compound compared to the anionic species, are displayed
by the blue areas. Negative values, indicating a depletion of electron density in the
lithium species compared to the hypothetical metal free compound are displayed in red.
It becomes apparent that the lithium ions withdraw electron density from the ligand,
mainly from the pyrrole nitrogen atoms but admittedly in lower amounts from the side
arm nitrogen donor atoms as well (blue areas). Both lithium ions are enclosed in a
sphere of withdrawn electron density whereas the pyrrole nitrogen atom shows a red
bulb, hinting to a depletion of electron density at the position at the sp? lone pair in the
lithium species. The red spots at the side arm donor atoms are rather small and in good
agreement with the weaker side arm donor strength. However, the density difference
map cannot shed further light on the nature of the lithium-pyrrole interaction. It can
only hint to where the electron density is shifted through metal coordination and thus

where the main interactions are.
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HOMO-11

HOMO-2 HOMO-1 HOMO

Figure 22. Shape of the twelve energetically highest occupied molecular orbitals of 7.

To gain further insight, the molecular orbitals of 7 were investigated. The orbital
interactions therein assist to analyze the metal ligand interaction in a more detailed way
than it is possible using the density difference map. Molecular orbitals down to HOMO-

11 were computed (Figure 22) but no covalent lithium nitrogen interaction was found at
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the isolevel of 0.045 au. Starting from the HOMO down to HOMO-3, the molecular
orbitals exclusively display m-orbitals of the pyrrole units. Interestingly, HOMO-2 and
HOMO-3 are the positive and negative combination of the corresponding m-orbital. This
suggests that there is an interaction causing a splitting into bonding and anti-bonding
molecular orbitals. Without this interaction, causing the splitting into bonding and anti-
bonding molecular orbitals (similar to a splitting of an atom p-orbital into m- and m*-
molecular orbitals), these m-orbitals would have simply non-bonding character being
located in one single molecular orbital. The splitting can be traced back to a weak
lithium 7m-interaction as there is a considerable p-orbital character present at N1 and N4

that could donate 7 electron density to the lithium ions (Scheme 31).

HOMO-3 HOMO-2

Scheme 31. Pyrrole - lithium interaction within the HOMO-2 and HOMO-3 molecular orbitals of
compound 7.

The energetically lower lying molecular orbitals HOMO-4 to HOMO-7 exclusively
contain the side arm donor-lithium interaction. Energetically lower lying orbitals than
HOMO-7 start having o-character. HOMO-8 and HOMO-9 enclose the pyrrole nitrogen
sp? orbital as well as sp? o-bonds from within the heterocycle. They are the bonding and
anti-bonding combination of the interaction of both pyrrole nitrogen sp2-orbitals, but
due to the fact that both are fully occupied, there is no covalent interaction in between
the pyrrole moieties. However, the very distinct lone pairs at the pyrrole nitrogen atoms
in HOMO-8, generated by the negative overlap of both sp? orbitals provide electron
density in close proximity to the Lewis acidic lithium ions (Scheme 32). HOMO-9 as the
positive overlap of the sp? orbitals exhibits the same effect. The anti-bonding molecular
orbitals depicted in Scheme 31 and Scheme 32 (HOMO-8 and HOMO-2) have a nodal
plane between the pyrrole units that does not permit a positive orbital overlap with
both lithium ions. Instead, only one of the lithium ions is coordinated by pyrrole. Hence,
each of the lithium atoms has a preferred coordination towards one of the pyrrole units,
and a weaker interaction with the other pyrrole. This imbalanced interaction can be

regarded as the origin for the asymmetric lithium coordination.
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HOMO-9 HOMO-8

Scheme 32. Pyrrole - lithium interaction within the HOMO-8 and HOMO-9 molecular orbitals of
compound 7.

To quantify the interaction, a Natural Bond Orbital (NBO)?° analysis was conducted
(Table 6). It confirms the inferences drawn from the density difference map (Figure 21).
The lithium ions contain a considerable amount of electron density, resulting in a charge
(Q(Li) of +0.581 and +0.609, respectively. As expected, the charges of the nitrogen donor
atoms (Q(Narm)) are slightly negative. The meager charge concentration (-0.631/-0.635)
at the pyrrole nitrogen atoms (Q(Npy)), the expected value was -1, can be explained by
delocalization of the N1 pz-orbital into the heteroaromatic system and the electron
withdrawing effect of the lithium ions. This is confirmed by the value for the occupation

of the N1 pz-orbital which is app. 1.45 for both pyrrole nitrogen atoms.

Table 6. NBO Charges for the lithium (Q(Li)) and nitrogen atoms (Q(Npy) and Q(Nam)) in [au], Wiberg
bond order (BO) in [au], occupancy of the lone pair (LP(Npy) pz and LP*Li) in [au] and second order
perturbation energy in [kcal/mol] involving the lithium atoms of compound 7.

Properties Properties
Q(Li) +0.581/+0.609 LP(Nyy) Pz 1.45787/1.45337
Q(Nyy) -0.631/-0.635 LP*(Li) sp 0.139/0.106
-0.451/-0.445 | AE® LP(N,,) sp? - LP*(Li) 22.76/21.42
QNore) -0.449/-0.441 (N,y —Li o-donation) 23.39/20.60
BOLIN) 0.1272/0.1413 | AE® LP(Nyy) pz — LP*(Li) 2.11/2.07
0.1429/0.1327 (Npy —Li 7-donation) 1.30/2.80
. 0.0808/0.0828 | AE® LP(Nam) sp? — LP*(Li) 21.43/18.29
BO(LINarm) 0.0722/0.0775 (Side arm—Li donation) 22.45/18.51

The perturbation energy listed in Table 6 is the yield in energy gained by electron
donation as specified. For N1, the interaction energy with Lil via the sp? lone pair is
23.39 kcal/mol. Due to the spatial distance of Li2 to the N1 sp? lone pair, the interaction
energy is reduced to 20.60 kcal/mol. In contrast, the interaction energies of N4 with the
lithium ions are much more akin. Li2 which is much closer to the pyrrole plane than Lil
has a interaction energy with N4 of 22.76 kcal/mol. The corresponding value of the N4-
Lil interaction is 21.42 kcal/mol.
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Remarkably, the energy values correlate with the spatial approximation of the lithium
ions to the pyrrole plane, obtained by measuring the pyrrole plane-N1-Li angle (Table
7), whereas the distance of the lithium ion from the pyrrole nitrogen atom seems to be
less important. At N4 the lithium ions have similar distances to the pyrrole plane and
show intermediate interaction energy values. At N1 one of the lithium ions is located
close to the pyrrole plane and the other one way off. Consequently, the obtained

interaction energies are the maximum and minimum values for compound 7.

The opposite effect is present investigating the lithium-m interaction. With increasing
distance of the lithium ion from the pyrrole plane and thus a spatial approximation to
the pyrrole m electron density, the lithium-m interaction energy rises. A correlation
between the degree of m-overlap (distance centroid-lithium) and strength of the m-
interaction is reasonable and was published earlier.191 Therefore it is not surprising that
the maximum cation m-interaction energy value is obtained for the N1pz—Li2 m-
interaction (2.80 kcal/mol) and the corresponding minimum value for the N1,z—Lil 1-

interaction (1.30 kcal/mol) (Table 7).

Table 7. Comparison of the structural properties of 7 with the computed lithium-pyrrole interaction
energies.

Bond N-Li-pyrrole N-Li distance Nyy—Li o-donation = Npy—Li m-donation
plane angle [°] [pm] [kcal/mol] [kcal/mol]
N1-Lil 15.72 204.5 23.39 1.30
N1-Li2 46.81 212.2 20.60 2.80
N4-Lil 38.87 207.1 21.42 2.11
N4-Li2 27.16 203.6 22.76 2.07

Gas phase calculations performed on lithium interacting with benzene resulted in a 7-
interaction energy value for the né-interaction of 43.8 kcal/mol and 39.5 kcal/mol,
respectively, depending on the used basis sets.192 However, these calculations neglect
the remaining substituents at the lithium ion which would weaken the lithium benzene
interaction. Yuan et al. focused on the cation m-interaction of lithium amide with
benzene among others. They obtained lithium-benzene nf-interaction energy values of
8.56 kcal/mol and 7.17 kcal/mol, respectively, for the different basis sets used in their
computation.103 Taking these results into account, the 2.8 kcal/mol, resulting exclusively
from the N1,7—Li2 m-interaction, sound reasonable. The orientation of the lithium ion in

7 is far off the ideal n>-orientation which should significantly reduce the interaction
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energy values compared to those reported by Yuan et al.193 Hence, the computations
performed on compound 7 support the theory of the sp? amide nitrogen atom, donating
electron density towards the lithium ion involving both lone pairs.

Table 8. NBO Charges for the lithium (Q(Li)) and nitrogen atoms (Q(Npy) and Q(Nam)) in [au], Wiberg

bond order (BO) in [au], occupancy of the lone pair (LP(Npy) pz and LP*Li) in [au] and second order
perturbation energy in [kcal/mol) involving the lithium atoms of compound 8.

Properties Properties
Q(Li) +0.567/+0.613 LP(Nyy) pz 1.45350,/1.45037
Q(Nyy) -0.638/-0.634 LP*(Li) sp 0.136/0.132
-0.450/-0.454 | AE® LP(N,,) sp — LP*(Li) 23.74/26.58
Qfer) -0.452/-0.448 (Npy —Li 0-donation) 24.04/26.20
0.1214/0.1198 | AE® LP(N,y) pz — LP*(Li) 1.00/2.32
BO(Li-Nyy)
0.1383/0.1391 (Npy —Li 7-donation) 0.95/2.48
BOLiN) 0.0780/0.0780 | AE® LP(Nam) sp? — LP*(Li) 17.26/19.81
0.0679/0.0691 (Side arm—Li donation) 19.17/18.75

To investigate the structural differences of 7 and 8, the computations were
performed on 8 as well. The fact that the lithium ions are located closer to the pyrrole
nitrogen atom in 8 is reflected by a greater value for the Nyy(sp?)—Li o-interaction
energy (Table 8). The analogous interaction energy of the side arms with the lithium
ions is consequently decreased. Other values like the atom charges or lone pair
occupation as well as the bond order show ambiguous tendencies. The increased
pyrrole-lithium interaction energy is not reflected by the lithium-pyrrole bond order,
which surprisingly decreased slightly. However, the values for the BO(Li-Narm) are lower
in 8 compared to 7, matching the expectations from the crystal structure comparison.

Table 9. Comparison of the structural properties of 8 with the computed lithium-pyrrole interaction
energies.

N-Li-pyrrole N-Li distance Npy—Li o-donation  Npy—Li m-donation
Bond plane angle [°] [pm] [kcal/mol] [kcal/mol]
N1-Li1l 17.42 201.9 26.58 0.95
N1-Li2 46.48 208.3 23.74 2.48
N4-Lil 41.07 207.3 24.04 2.32

N4-Li2 24.05 201.3 26.20 1.00
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Figure 23. Lithium-pyrrole interaction energy [kcal/mol] in dependence of the Li-N-pyrrole plane
angle [°]. Pyrrole-lithium o0-interaction (left) and pyrrole-lithium m-interaction (right) for 7 (blue) and 8
(red).

The computational results show in general that both lithium ions are much more alike
in 8 than in 7. Both lithium atoms in 8 form unequal bonds to the pyrrole moieties, with
a considerable stronger bond to one of the pyrrole moieties than to the remaining
pyrrole unit. This is underlined by the values for the lithium-pyrrole interaction
energies and the bond order values that are similar for equivalent interactions of the

respective lithium atoms.

Table 9 contains the orientation of the lithium ions relative to the pyrrole nitrogen
atoms in 8. The same tendencies as in compound 7 could be observed. The lithium-
pyrrole interaction energies are correlated with the pyrrole plane-N1/N4-Li angle, as
already observed for 7. The dependence of the N-Li interaction energy from the N-Li
distance becomes obvious when comparing the energy values at a given N-Li-pyrrole
plane angle of two different structures (7 and 8) (Figure 23). At a fixed N-Li-pyrrole
plane angle, the sp?-lithium interaction energy in 8 is about 3 kcal/mol higher than in 7.
This effect is less pronounced for the m-interaction energies, however, the values for 7 at
a given pyrrole plane-N1/N4-Li angle are higher than those in 8 by in average
0.5 kcal/mol.
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3.3 Group 13 Metal Pincer Complexes

3.3.1 Aluminium-dichloro-{2,5-bis((3,5-dimethylpiperidino)methyl)-
pyrrolide} (10)

The lithium pyrrolide complex discussed in the previous chapter plays a key role for
the synthesis of other metal complexes. Via the salt elimination process, mentioned in
chapter 1.1, a wide range of metal complexes is accessible. By the addition of
aluminiumchloride to a stirred solution of the corresponding lithium pyrrolide (9) in

toluene, the dichloroaluminium-pincer complex could be obtained.

Figure 24. Crystal structure of aluminium-dichloro-{2,5-bis((3,5-dimethylpiperidino)methyl)-pyrrolide}
(10) ({NNN}AICI,). Thermal ellipsoids are depicted at the 50% probability level, hydrogen atoms are
omitted for clarity. Selected bond lengths and angles are shown in Table 10.

10 crystallizes in the monoclinic space group C2/c enclosing half a formula unit and a

toluene solvent molecule in the asymmetric unit.

Table 10. Selected bond lengths and angles of {NNN}AICI; (10).

Bond Bond length [pm] Atoms Angle [°]
C1-C2 137.82(18) N1-Al1-Cl1 123.872(18)
C2-C2A 143.8(3) Cl1-Al1-Cl1A 112.26(3)
N1-Al1 181.72(16) N2-All N2A 155.26(6)
N2-Al1l 225.22(11) N1-Al1-N2 77.63(3)
Al1-Cl1 214.30(5) C1-C3-N2 107.15(10)

N2-N2A 440.0(3) 2 (Al1-N1-Cl1-Cl1A) plane 360.00



48 Group 13 Metal Pincer Complexes

Surprisingly, the aluminium(III) ion is coordinated in the {NNN} fashion although the
ion radius of aluminium(IIl) with a value of 48 pm104is smaller than the radius for
lithium(I) (59 pm)194 and the lithium pyrrolide complexes are known to form highly

stable dimeric compounds (chapter 3.2).

Besides these dimeric compounds (7-9) with the rather small

#\N(\O lithium(I)-ion, an example of a dimeric palladium(Il) pincer
N7 complex has been reported in literature by Gade et al. using the
o/_/\N/Pd\N _/ BOX-ligand with a pyrrole backbone (pyrrB0OX).9 With an ion
radius of 64 pm1%4 the larger palladium(II) seems to fit perfectly

/_ N\Pd/N\/_/O into the coordination pocket provided by the dimeric ligand
_N/ \\‘;;I species as bond lengths and angles do not reflect a very tensed

O\N structure. Hence, the aluminium(IIl) ion having 34 of the
palladium(II) ion size should induce a dimeric motive to reduce

Scheme 33. ) . . . .

Palladium  complex  tension caused by the hypothetic coordination of both ligand

reported by Gade et

al® side arms to one metal ion.

Unexpectedly, as can be seen in Figure 24, the structure is monomeric with both side
arms having the identical distance to the aluminium(III) ion which is due to a two-fold
axis going through the molecule. As it is quite unexpected for this compound showing
monomeric appearance, it is consequently strained visualized by the selected bond
angles shown in Table 10 (C1-C3-N2) which represents a rather narrow angle at the
methylene linker. The coordination geometry at the aluminium ion is distorted trigonal-
bipyramidal. Although the triangular plane is perfectly planar with a sum of angles of
360.00°, the axial positions are bent towards the pyrrole heterocycle (N2-Al1-N2A
155.26(6)°). The linear arrangement of the two side arm donors and the metal ion is not
feasible for the ligand, because of the ligand geometry which exclusively permits a
convex shape. The methylene linkers are simply not long enough to coordinate a metal
ion in a linear or concave shape. Within the triangular plane, the chlorine atoms claim
less space than the pyrrole unit displayed by comparison of the Cl1-Al1-Cl1A angle
(112.26(3)°) with the Cl1-Al1-N1 angle (123.872(18)°). Each chlorine atom occupies
118.1° whereas the pyrrole moiety occupies the residual 123.9° of the triangular plane.
The N1-Al1l bond with a length of 181.72(16) pm is one of the shortest nitrogen-
(dichloro)aluminium distances found in the CSD. The N-donor side-arms however, show

longer N-metal distances with 214.30(5) pm for each bond. An explanation can be the
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negative charge of the pyrrole unit, interacting stronger with the highly Lewis-acidic
aluminium(III) ion than the neutral piperidyl nitrogen atoms. Additionally, the pyrrole
m-system can interact with the aluminium ion, whereas the side arm donor atoms are
cut off from the m-system and can simply donate with their lone-pair. The sum of these

differences makes the N1-Al1 43.50 pm shorter than the N2-Al1 bond.

Table 11. Comparison of bond length within the pyrrole moiety in 9 and 10.

[NNN}Li (9) {NNN}AICI; (10)
Single bond [pm] 141.2(4) 143.8(3)
Avg. double bond [pm] 137.7(5) 137.82(18)
Asp-pp [pm] 3.5 6.0

To gain insight into the metal ligand bonding, the bond lengths within the pyrrole
heterocycle were investigated and the loss of electron density within the pyrrole moiety
becomes obvious. The difference in-between single and double bonds is increased by
2.5 pm compared to the lithium pyrrolide (9) (Table 11). By using the simple orbital
model explained in chapter 1.2, the occupied m-orbital of pyrrole obviously donates
electron density towards the aluminium ion. According to Scheme 34 this interaction
results in a shortening of the formal C=C double bonds and an elongation of the formal
single bond thus increasing the difference between single- and double-bonds. But
exclusively taking the bond lengths into account is misleading when evaluating the
nature of the N1-All bond. It turned out that the use of the simple orbital model is
problematic as well. The orbitals shown in Scheme 6 are plausible, but the position of

the nodal plane can be different for heterocycles like pyrrole as they are adopted from

OO the cyclopentadienide molecule and not derived from pyrrole

itself. Therefore, quantum mechanical calculations using the

CI\ I N TONTO% program within the CrystalExplorer8? program package

/80 were run with the HF/cc-pVDZ%7 level of theory. The

Cl computational results show that the occupied pyrrole m-orbitals

Scheme - 34 are located in the HOMO and the HOMO-1 and do not overlap with
Pyrrole—aluminium

m-donation. aluminium centered p-orbitals at an isolevel of 0.04 au (Figure

25). The aluminium-p.-orbital is lower in energy, overlapping with the lone-pairs of the
piperidine nitrogen atoms in the HOMO-3 without interfering with pyrrole centered
orbitals. Taking the energetically low lying molecular orbitals down to HOMO-10 into
account, it turned out that there is only HOMO-3 showing p-orbital character at the
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aluminium atom (Figure 25, right). The different algebraic sings of the orbitals
displaying the side arm-aluminium interaction are only in agreement with a p-orbital at
the aluminium atom. Thus, sp2-type hybridization is assumed for the frontier orbitals of
aluminium, explaining the textbook planarity in the Cl-Al-Cl plane and the coordination
geometry in general. However, the investigation of the energetically low lying molecular
orbitals can be misleading as these orbitals are very close in energy and an orbital

mixing of different orbitals becomes likely.

Figure 25. Molecular orbitals of 10, depicted at an isolevel of 0.04 au, were obtained by quantum
mechanical calculations based on the crystal structure using the HF /cc-pVDZ?7 level of theory. HOMO
(left), HOMO-1 (middle) and HOMO-3 (right).

Nonetheless, the molecular orbitals obtained within this calculation contradict a
ligand-metal m-interaction. Thus, the N1s,2—Al1 donation must be responsible for the
short N-Al bond observed in 10, but it does not explain the observed bond lengths. A
strong Lewis acid like aluminium(III) may influence the formal double bonds, however,
the withdrawal of electron density from N1 towards All could hardly elongate the C2-
C3 bond by 2 pm. The only valuable explanation must be a m-donation from the N1pz
orbital into the Al-Cl o*-orbitals, although the computed molecular orbitals do not
confirm the presence of a m-overlap between N1 and All. This m-donation would
perfectly explain the elongated C2-C3 bond. The almost unchanged C1-C2 and C3-C4
bonds, with respect to 9, can be explained by a compensation of the shortening caused

by a withdrawal of electron density via the N15,,—Al1 donation.
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An effect that cannot be quantitatively traced back to bond elongation or shortening
within the pyrrole heterocycle is the intermolecular interaction in the solid state. Most
of the intermolecular interactions are not realized by simply refining the crystal
structure. Additionally, if the interaction is rather weak, it can hardly be displayed by
any structure refinement software. It can only be found by carefully checking all close

contacts but an oversight cannot be excluded, in particular if it is a weak interaction.

The structure of 10 does not show any close contacts to other molecule parts. The
molecules are clearly separated from each other and the co-crystallized solvent is just
occupying voids within the unit cell. However, the Hirshfeld surface8? revealed some red
areas hinting to an intermolecular interaction (Figure 26). After a careful investigation
of the Hirshfeld surface,?? it turned out that the red areas, marked with red arrows, are
caused by a close contact of the pyrrole m-system with a hydrogen atom belonging to a
piperidine methyl moiety (Figure 27). The green arrow marks a red area which is not
caused by an intermolecular interaction. The C-H-m interaction moves other molecule

parts in close approximation, which do not show any kind of interaction.

Figure 26. Crystal Structure (left) and Hirshfeld surface of 10 (right), computed with a molecule
orientation as seen on the left.
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Figure 27. Hirshfeld surface of 10, including the corresponding close contact molecules.

In Figure 27, the molecules within close contact were added to the Hirshfeld surface82

plot, clarifying that the C-H-m interaction is present on both sides of the pyrrole -

system (green dashed lines). Both C-H-m interactions are identical concerning bond

lengths and angles and coordinate to the pyrrole heterocycle in the n°>-mode. The

shortest distance of the hydrogen atom (H10B) to the aromatic plane is 259.8(2) pm, the

H-centroid distance is 262.8 pm with a C-H-centroid angle of 173.48°. An analysis of the

crystal structures contained in the CSD for C-H-m interactions towards five membered

aromatic cycles revealed that compound 10 contains a rare example of a considerable

short C-H-m interaction with an
almost linear C-H-m arrangement.
Theoretical calculations rank
methyl-m interactions in the class
of the weakest C-H-m interactions
with approximately 2 kcal/mol.106
However, the results of Tsuzuki et

al. demonstrate that substituted

methyl moieties have higher
interaction energies than
methane,85 and described an

angular dependence of the C-H-m

180
o] .
.60+ o, *

150 -,

C—H-1 angle [*]
B
1

130

120 -

110+

100 -
2.400

T T
2.700 2.800

C—H-Tr distance [A]

T T
2.500 2.600

Figure 28. Scatterplot of all entries within the CSD containing
C-H-m interactions to cyclopentadienide or pyrrole. The red
dot marks the C-H-m interaction within 10.
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interaction energy. The wider the C-H-m angle becomes, the higher the interaction
energy, reaching the maximum at an angle of 180°.86 With an angle close to the ideal
180°, and the short hydrogen-m-plane distance the C-H-m interactions found in 10 are
considered to be of a rather strong nature with respect to the other reported C-H-m

interactions (Figure 28).

In the field of computational chemistry there is an ongoing debate on whether these
interactions are important intermolecular forces like hydrogen bondings or if they are
kind of London-dispersion forces, having only weak influence on structures in the
presence of other forces like hydrogen bondings.106107 However, it cannot be denied that
C-H-m interactions are an important structure determining effect in crystal packing. In

compound 10 the structure is determined by the C-H-m interactions.

/ \
1)nBuL|
|
N N\/AI\/N
AICI3 ClI” cl
3 10

Scheme 35. Synthesis of compound 10 starting from the free ligand 3 via a salt elimination reaction.

As the reaction was performed using a racemic mixture of cis/trans-3,5-
dimethylpiperidine the crystal structure was expected to contain both isomers, but it
exclusively shows the cis-isomer (Scheme 35). The trans-isomer is obviously not able to
crystallize in a similar orientation. It is most likely that the steric repulsion, caused by an
axial methyl group of the trans-isomer, overcomes the energy gained from the C-H-m
interaction. Finally, the complex containing the trans-isomer does not crystallize at all
lacking intermolecular interactions, whereas the complex, containing the cis-isomer
creates a C-H-m interaction network which leads to formation of single crystals suitable

for X-ray diffraction experiments.



54 Group 13 Metal Pincer Complexes

3.3.2 2,5-Bis((pyrrolidino)methyl)pyrrole - 2 trimethylaluminium (11)
In 2001 Huang et al. reported the synthesis of an aluminium pincer compound whose
synthesis was quite inconvenient (Scheme 36).7¢ Using methyllithium they converted

the {NNN}AICI; species into the dimethyl species with app. 80% yield.

I
N mAmb N\\N//N N\\N//N

cl’ Me" Me

Scheme 36. Synthesis of a {NNN}AlMe; species as described by Huang et al.

This {NNN}AlMe; species is of interest in the context of this thesis because of the
evaluation of the consequences on the ligands m-system when changing the metal-
substituents from chlorine to methyl. However, it should be possible to synthesize this

{NNN}AlMe: species in a one-step synthesis, making benefit of the high basicity of

trimethylaluminium.
AlMe; /N
R R — = Me. N _Me
Me Me Me
R = NMe,

/ \
°N N
; o A
1

AlMe; <N] [iB
Me Me
- ,MVN»/[ik\/NAF

R = Pyrrolidine  “d N Me

Scheme 37. Different reactivity of the free ligands1 and 2 towards trimethylaluminium.

Therefore the ligand 2,5-bis((dimethylamino)methyl)pyrrole was treated with an
equimolar amount of trimethylaluminium and the resultant colorless solution was
stored at -28 °C (Scheme 37). After three days, crystals, suitable for single crystal X-ray
diffraction experiments, were obtained. The resulting structure is almost matching to
that of Huang et al. However, the crystal system differs. Huang et al. reported an
orthorhombic crystal system (space group Pbca) whereas the compound prepared
within this thesis crystallizes as a twin (BASF 0.41) in the monoclinic space group €2/c.
After having explored a new reaction pathway to organoaluminium pincer compounds,

the free ligand 2,5-bis((pyrrolidino)methyl)pyrrole (2) was reacted with
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trimethylaluminium. Crystals, suitable for single crystal X-ray diffraction experiments,

were obtained after two days.

11 crystallizes in the monoclinic space group P21/c with a whole molecule enclosed
in the asymmetric unit (Figure 29). The geometry at the aluminium ions is slightly
distorted from tetrahedral geometry, with the methyl ligands occupying marginally
more space than the pyrrolidine nitrogen atoms (N2 and N3). The N-Al-C angles are in a
range of 102.9° to 105.6°, whereas the C-Al-C angles are considerably larger with a
range of 112.0° to 116.7°. The Al-N bond lengths (N2-All 204.48(4) pm; N3-Al2
203.76(5) pm) fit perfectly into the range of reported N-Al bond lengths of N---AlMe3

adducts.108

C(18)

C(16)

ca7)

Figure 29. Crystal structure of 2,5-bis((pyrrolidino)methyl)pyrrole - 2 trimethylaluminium (11). Thermal
ellipsoids are depicted at the 50% probability level, hydrogen atoms, besides H1 which was freely refined,
are omitted for clarity.

It is somehow surprising that treatment of the free ligand with trimethylaluminium
did not lead to a deprotonation of the pyrrole nitrogen atom as it occurred using the
slightly smaller ligand 2,5-bis((dimethylamino)methyl)pyrrole. Comparing the pKa
values of the corresponding species it becomes even more curious. With a pKa of 17.8,27
pyrrole is comparable to ethanol (15.5)%7 concerning acidity and in sharp contrast to
main group organometallic species who are among to the most basic compounds with
pKa values of about 50.199 Thus there must be some Kinetic effect present that prevents
the compound from reacting to the thermodynamically most stable product, the

dimethylaluminium-pyrrolide. Regarding bond lengths and angles of 11, it becomes
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apparent that C19 is slightly different from the other methyl groups. It forms the longest
Al-C bond of all aluminium bonded methyl groups and the smallest N-Al-C angle in 11
(Table 12). Investigation of the crystal structure with regard on C19 afforded that

compound 11 dimerizes through interaction of C19 with H1 of a neighboring molecule.

Table 12. Bond lengths and angles at the aluminium atoms in 11.

Bond length [pm] Bond Angle [°]
Al1-C15 197.59(7) N2-Al1-C15 103.69(3)
Al1-C16 198.59(6) N2-Al1-C16 103.30(2)
Al1-C17 198.68(7) N2-Al1-C17 105.59(2)
Al2-C18 198.38(7) N3-Al2-C18 104.59(2)
Al2-C19 199.04(6) N3-Al2-C19 102.90(2)
Al2-C20 197.52(6) N3-Al2-C20 104.59(2)

This assumption is confirmed by the
Hirshfeld surface8? analysis, indicating
intermolecular H-H and C-H
interactions (Figure 30). C19 is highly
negative polarized as it is bonded to an
electropositive aluminium(IIl) ion. It
interacts with the positive polarized
hydrogen atom bonded to the pyrrole

nitrogen atom of a neighboring

molecule. But instead of the expected , , ,
). Hirshfeld surface of compound 11, including
methane evolution leading to the the interactions with a neighboring molecule.

{NNN}AlMe; compound a stable dimeric compound is formed. The bulkier pyrrolidine
groups (with respect to dimethylamine) prohibit the formation of a four-membered ring
as is necessary for a cyclometallation10 reaction (Scheme 38). In Scheme 40 the energy

profile of such a cyclometallation reaction

M Me Me\AI,Me is shown schematically. The transition
el

\AI\Me < _N H / state on the way to the thermodynamic
(TN “H—Me

= N‘H product (C) could not be passed and

. consequently the intermediate product
Scheme 38. Left: Transition state of a

cyclometallation reaction. Right: The bulky side (B) was crystallized. As almost the
arms do not permit the essential arrangement for

the cyclometallation reaction, complete amount of trimethylaluminium
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was consumed by the formation of 11 the
energy value of the intermediate
compound must be lower than the

corresponding value of the starting

Energy

materials. The observed N-H---CH3z
interaction could be the reason for the
stabilization of 11. With the C19-H1
distance being 251.2(9) pm long and the
N1-H1-C19 angle of 172.7°, it is among

Reaction coordinate
Scheme 40. Schematic depiction of the energy the shortest intermolecular CHsz---H
profile of the unsuccessful cyclometallation of 2

. . . distances reported in the CSD until today.
using trimethylaluminium.

Remarkably, there are exclusively C-
H---N interactions present in literature where nitrogen acts as the acceptor and not even
one report of a R-H3C:---H-N interaction with carbon as the base. Thus this interaction
cannot be compared to related structures and theoretical calculations have to be done in

the future to evaluate this interaction in detail.
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Scheme 39. Proposed mechanism for the cyclometallation of 1 using trimethylaluminium.

The discovery of the intermediate compound facilitates the formulation of a reaction
mechanism for the cyclometallation of the pyrrole based pincer ligand using
trimethylaluminium. In combination with the known cyclometallation transition state,
the following mechanism is proposed (Scheme 39). In a first step, trimethylaluminium
precoordinates at the side arm nitrogen donor atom. One of the methyl moieties then
orientates towards the pyrrole NH proton of a neighboring molecule which results in a
dimerization. Finally, with side arms as small as dimethylamino groups the side arm can

rotate and place the aluminium atom in close approximation to the pyrrole nitrogen
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atom of the neighboring molecule to from a four membered ring. Methane is cleaved off
from the four membered ring and the dimethylaluminium moiety coordinates to the

deprotonated ligand to form the desired {NNN}AlMe> compound.
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3.3.3 Indium-dibromo-{2,5-bis((pyrrolidino)methyl)pyrrolide} (12)

After having successfully prepared the lighter group 13 pincer complexes a heavy
group 13 metal should be coordinated by 2,5-bis((pyrrolidino)methyl)-pyrrole (2) to
investigate the interactions of the pyrrole based pincer ligand with a fifth row group 13
element. However, the reaction afforded non identifiable set of signals in the 1H-NMR
spectra. A tiny crystal could be taken from the precipitated solid obtained after storage
of the filtrate for four weeks at -28°C which was suitable for single crystal X-ray
diffraction experiments. Compound 12 crystallizes in the monoclinic space group P21/c,

containing a whole molecule in the asymmetric unit.

Figure 31. Crystal structure of compound 12. Thermal ellipsoids are
depicted at the 50% probability level, hydrogen atoms are omitted for
clarity.

The data quality is rather poor and does not allow a discussion of bond lengths in
detail. The coordination geometry at the indium ion is slightly octahedral distorted. The
bromide ions are arranged in an almost linear fashion (Br-In-Br 176.91(3)°) and the
four nitrogen atoms chelate the indium ion in a nearly planar geometry (sum of angles
360.2°). Nonetheless the nitrogen atoms of the ligand coordinate to the indium atom in
an asymmetrical manner thus distorting the octahedron. N1 and N2 form bonds of
different lengths to the indium ion whereas the bond lengths of N3 and N4 to In1 are

quite similar which causes the distortion.
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However 12 turned out not to be the desired product.. It must have been formed in a
decomposition mechanism (Scheme 41) starting from the indium(IlI)bromide adduct to

one of the ligands side arms, as it was observed for 11.

Br\ln/Br _9O
N e G
N _ InBrs //U\/ ~InT e R N N(j T
oAl &mp ety
8 IV_ -
-LiBr
12

Scheme 41. Possible decomposition mechanism leading to 12.

The coordination of indium seems to withdraw considerable amounts of electron
density polarizing the neighboring methylene carbon atom to be rather positive. Thus, a
nucleophilic attack of another ligand molecule via the pyrrolidine side arm moiety could
occur, resulting in the mono-lithium salt. This compound undergoes a salt elimination

reaction with another indium(IlI)bromide molecule, yielding 12.
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3.4 Group 14 Metal Pincer Complexes

Group 14 metal complexes have particularly attracted interest of many research
groups worldwide because of their unusual frontier orbital situation with respect to
other main group compounds (Chapter 1.3). Several group 14 species have been

prepared within this thesis to further investigate their reactivity.

3.4.1 Silicon-dichloro-hydrido-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (13)

By adding trichlorosilane to a solution of the lithium pyrrolide, the desired
silicon(IV)-pincer complex could be prepared. Single crystals suitable for X-ray
diffraction experiments could be obtained, after storing a toluene solution of 13 for a

month at -40 °C.

cl2)

Figure 32. Crystal structure of silicon-dicloro-hydrido2,5-bis(pyrrolidino)methyl) pyrrolide (13).
Thermal ellipsoids are depicted at the 50% probability level, hydrogen atoms, with exception of the silicon
bonded H1, which was freely refined, are omitted for clarity.

13 crystallizes in the monoclinic space group P21/c with one molecule enclosed in the
asymmetric unit. The coordination geometry at the silicon atom is a distorted
octahedron. The linkers connecting pyrrole and pyrrolidine are too short to allow a
linear arrangement of N3-Si1-N2 (164.61(5)°), which consequently distorts the
octahedron. The CI1-Si1-Cl2 angle (178.11(2)°) as well as the N1-Sil-H1 angle
(178.9(9)°) are almost linear and the sum of angles at Si1 (360.03°) indicates a perfectly
planar arrangement of the ligand and the hydrogen atom. The ligand coordination is
highly symmetric with similar pyrrolidine-silicon bonds (206.88(14) pm and
207.23(14) pm). With a N1-Sil bond length of 174.72(14) pm this bond is an average
nitrogen-silicon bond when compared to related structures within the CSD. Among the
compounds containing six-fold coordinated silicon atoms the N1-Si1 bond in 13 is fairly

short which is further illustrated in Figure 33.
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Figure 33. Silicon-nitrogen bond lengths reported in the CSD for six-fold coordinated silicon (left) and for
all coordination numbers (right).

There is only one compound similar to 13 published in literature, however, the data
quality of the corresponding crystal structure does not permit a detailed structure
comparison.1l Another related compound containing the neutral HSiCl3 moiety
coordinated by a TMEDA solvent molecule!1Z can hardly serve for structural comparison
due to substantial structural and electronic differences. Jones et al. published a
compound containing a HSiCl; moiety coordinated by a nitrogen atom that belongs to an
amidic ligand (14). However, the coordination number at silicon is different to thatin 13
(Scheme 42),113 and the bond lengths in 14 are also different to those in 13 (Table 13).
The Si-Namide distance in 13 is about 1.4 pm shorter than the related bond in 14.
Remarkably the Si-CI bond lengths differ by almost 25 pm. This surprising elongation of
the Si-Cl bonds in 13 cannot be explained by a higher coordination number or crystal

packing effects.

A close investigation of the ligand-metal orbital

Ph  interaction should shed further light on the Si-Cl
interaction as well as on the rather short N1-Sil bond.

Ph Therefore the molecular orbitals of 13 were computed
Ph H\ /N—SiMe3 based on the crystal structure using the HF/6-31g* level of
Ph Sli\C| theory. 114 The obtained occupied molecular orbitals do not

Cl explain the unusually long silicon-chlorine bond, as there

Scheme 42. Crystal structure of
the silicon compound prepared ~ are no hints towards an orbital interaction of the pyrrole -

by Jones et al. (14). system with the o*-orbital of the Si-Cl bonds. Nonetheless,
the changes in bond lengths within the pyrrole moiety can partially be explained by the

withdrawal of electron density towards the highly Lewis-acidic silicon(IV) species via
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the N1s,2—Si donation, leading to an elongation of the

corresponding o-bonds (Scheme 43). / \
This also provides an explanation for the short N1-Si1 ="~ i N e
bond in 13. As the pyrrole heterocyclic system is supposed + /C|
to be very electron rich high amounts of electron density N-.... Si = N
can be withdrawn by the silicon atom which results in a H - \C|

short Sil-N1 bond. This phenomenon was already Scheme 43.Schematic depiction

of the electron withdrawal effect
observed for the aluminium compound and is present caused by the siliconatomin13.
within all pincer complexes of the groups 13, 14 and 15 of the Periodic Table of the
Elements (PTE), which have been prepared with this thesis. The concentration of
electron density at the silicon ion compared to related silicon(IV) species is further

confirmed by the 29Si-NMR chemical shift, which is -90.3 ppm for compound 13 and
rather shifted to high field with respect to the related compound 14 (-21.2 ppm).

Table 13. Comparison of selected bond lengths [pm] at the silicon atoms in compounds 13 and 14.

Bond length [pm] {NNN}HSIiCl; (13)  [(Ar)(TMS)N]HSiCl>(14)
Si-N1 / Si-N2 174.72(14) 176.1
Si-Cl1 228.42(7) 205.5
Si-Cl2 229.47(7) 203.1
Si-H1 / Si-H37 139(2) 140.8

This withdrawal of electron density, as mentioned in chapter 3.1.1 could slightly
elongate the formal double bonds of pyrrole but it cannot affect the C2-C3 bond in a
significant manner. The C2-C3 bond length can, similar to that of compound 10, only be
explained by a m-donation from an occupied pyrrole m-orbital into o*-orbitals of the
corresponding Si-Cl bonds. In combination with the withdrawal of electron density, the

observed pyrrole C-C bond lengths mirror the result of both effects (Table 14).

Table 14. C-C bond lengths within the pyrrole heterocycle in 13 and 8.

Bond length [pm] {NNN}HSICl; (13) {NNN}Li (8)
C1-C2 138.2(2) 138.03(19)
C2-C3 143.5(3) 141.0(2)
C3-C4 138.1(2) 138.21(19)

Nevertheless, the effects discussed above still do not explain the extraordinarily long

silicon-chlorine bonds (avg. Si-Cl distance in the CSD: 209.0 pm) as there are no orbital
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Figure 34. Left: LUMO of compound 13. Right: HOMO-8 of compound 13, both are depicted at the 0.04 au
isolevel and computed using the HF/6-31g* level of theory.114

interactions causing a depletion of electron density of the Si-Cl o-orbital. However, they
give a hint to what may be the reason for this unusual bond length. In Figure 34 (right)
HOMO-8 unambiguously shows that the chlorine atoms are interacting with the same
silicon p-orbital. This phenomenon is called the trans-effect’’>* and weakens the bonds of
the opposing chlorine atoms to the silicon ion. In a tetrahedral environment like in 14,
this trans-effect is absent and the related Si-Cl bonds are considerably shorter than in
13. Another, assumingly weaker, impact on the Si-Cl bond has the LUMO of 13 (Figure
34, left). The antibonding pyrrole m-orbital overlaps with the p-orbital at silicon which is
involved in the Si-Cl o*-orbital. When using a lower isolevel the orbital coefficients of the
Si-Cl o*-orbital appear at the chlorine atoms but for clarity reasons an isolevel of 0.04
was chosen in Figure 34. According to the shape of the LUMO a population would
strengthen the N1-Sil bond and simultaneously weaken the Si-Cl bonds. However, as the
occupation of the LUMO would shorten the formal single bond in the pyrrole heterocycle
the m-back donation cannot be significant. The only effect that would be in good
agreement with the experimentally observed pyrrole bond lengths is, as mentioned

before, a m-donation via the N1pz orbital.

Investigation of the intermolecular interactions to detect long distance interactions of
chlorine, similar to those of the lead structure (chapter 3.4.4), could be another source
for the Si-Cl bond elongation. Using the Hirshfeld surface8? revealed that there are no
intermolecular interactions present for both chlorine atoms. Furthermore, the whole
molecule does only show weak intermolecular dispersion forces being responsible for
the molecule packing in the crystal. Thus, it should be possible to alter the crystal
structure by varying the crystallization conditions (temperature, solvent etc.). By

removing the solvent from a toluene solution of 13 and subsequently storing the oily
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residue at room temperature for three days, single crystals different from those gained

at =40 °C could be obtained.

Figure 35. Crystal structure of silicon-dicloro-hydrido2,5-bis(pyrrolidino)methyl)pyrrolide (13a).
Thermal ellipsoids are depicted at the 50% probability level, hydrogen atoms, with exception of the silicon
bonded H1 which was freely refined, are omitted for clarity.

13a crystallizes in the monoclinic space group P21/n having one molecule in the
asymmetric unit. It is astonishing that 13a shows a different solid state structure than
13 as they contain identical molecule fragments, namely the pyrrolide ligand and the
HSiClz moiety. One of the pyrrolidine side arms does not take part in silicon coordination
in 13a reducing the Si-coordination number from six to five. Consequently, the
coordination geometry changes from octahedral to trigonal bipyramidal. The triangular
plane is formed by N1, H1 and Cl1 (sum of angles at Sil: 357.85°) and N2 and CI2 form
the tips of the bipyramid with a C12-SI1-N2 angle of 178.82°. Although the composition
of the compounds 13 and 13a is identical, the bond lengths of the corresponding
structures differ significantly (Table 15).
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Table 15. Selected structural parameters of 13 and 13a in comparison with 14.

Bond length [pm]  {NNN}HSiCl, (13)  {NN}HSICl, (13a) 14
c1-C2 138.2(2) 136.78(11)
C2-C3 143.5(3) 142.66(12)
C3-C4 138.1(2) 137.10(11)
N1-Sil 174.72(14) 177.23(7) 176.1
Si1-Cl1 228.42(7) 210.34(4) 205.5
Si1-CI2 229.47(7) 217.28(12) 203.1
Si1-H1 139(2) 136.3(14) 140.8
N2-Sil Avg. 207.06 204.46(7)

The shorter and asymmetric Si-Cl bonds in 13a (210.2pm and 217.6 pm,
respectively) represent the most apparent difference between 13 and 13a. Additionally,
the Si1-N1 bond is slightly elongated and all C-C bonds within the pyrrole heterocycle
are shortened by app. 1 pm. This can be explained by slightly less N1,7—0*(Si-Cl) m-
donation, causing the slight shortening of
the C2-C3 bond and by a more distinct
weakening of the N1sp2—Si donation
which diminishes the electron

withdrawal and thus causes a shortening

of the formal double bonds. A structural

Figure 36. Overlay graphic of 13 (dark) and 13a feature in 13a that can serve to explain

(light), showing the shift of the silicon atom. the changes within the pyrrole unit as

well as the elongation of the N1-Sil bond is the in-plane shift of the silicon atom
towards one of the side arms (Figure 36). This would reduce the overlap of the N1 sp2-
orbital with the Sil sp2-orbital resulting in an elongation of the N1-Sil bond.
Consequently, the electron withdrawal from the pyrrole o-orbitals towards Sil is
reduced. The loss of electron density at the silicon atom is compensated by a stronger
donation of the coordinated pyrrolidine. The N2-Sil bond is 204.46(7) pm long which is

an avg. shortening of 2.4 pm compared to the pyrrolidine-silicon bonds in 13.

The shortening of the chlorine-silicon bonds in 13a is primarily caused by the
coordination geometry. In the octahedral environment in 13 both chlorine atoms are
located on opposing sites of the silicon atom with the trans-effect elongating the

corresponding Si-Cl bonds. In 13a however, only one of the chlorine atoms (Cl2) is
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subjected to the trans-effect being located opposite to a pyrrolidine nitrogen atom (N2)
with respect to the silicon atom. N2 seems to have a weaker trans-effect on CI2 than Cl1
has on CI2 in the octahedral compound 13. This assumption is supported by a shorter
Cl2-Si1 bond in 13a compared to 13. CI1 is located in the triangular plane and
consequently cannot be affected by the trans-effect. The same can be postulated for H1.
Hence the Sil-H1 bond as well as the Si1-Cl1 bond are shorter in 13a than the

corresponding bonds in 13.

However, the Si1-Cl1 bond is still
longer by app. 5 pm than the Si-Cl bonds
at the tetrahedral coordinated silicon
atom in compound 14. The Si1-CI1 bond
is arranged almost coplanar to the N1,z
orbital and quantum  mechanical
calculations using the HF/6-31g* level of

theory!1# confirmed that the antibonding

rrole m-orbital rl ith the o*-
Figure 38. LUMO of compound 13a, depicted at the pyrrole m-orbital overlaps with the o

0.04 au isolevel. Computed using the HF/6-31g*  orbital of the Si1-Cl1 bond (Figure 38).
level of theory.114 . .

This effect cannot be quantified however,
it should have only a minor effect on the Si1-Cl1 bond. It is usual that in a compound
containing five-fold coordinated silicon, the avg. Si-Cl bonds are longer than in those
compounds containing silicon atom which has only four coordination sites, which is a

trend throughout all structures of the CSD. Taking this into account a significant

elongation by an occupation of the LUMO of 13a becomes doubtful.

Figure 37. Molecule orientation of 13a (left) within the Hirshfeld surface (right).
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Careful investigation of the molecular structure and the computed molecular orbitals
does not give a hint why this crystal structure is favored over the coordination mode in
13 at the described crystallization conditions. However, the Hirshfeld surface8? analysis
using the Crystal Explorer8® program revealed an intermolecular n1-C-H-m interaction. A
side arm of a neighboring molecule is arranged on top of the pyrrole m-system, with one
of the CH-bonds pointing towards a carbon atom of pyrrole (Figure 37, Figure 39). The
C-H---C angle with 164.92° indicates a rather linear arrangement. Combined with the
C---H bond length of 270.2 pm this interaction can be considered structure determining.
As already discussed investigating
the C-H-m bonding within the
aluminium structure these
interactions are worth  2-
6 kcal/mol depending on the
carbon bonded substituents.
Therefore, the octahedral
coordination in 13  must

overcompensate this stabilization

Figure 39. Hirshfeld surface of compound 13a, including short €N€rgy, otherwise 13 would not

contacts to neighboring molecules. be a stable coordination motif for

{NNN}HSIClz. Due to the different crystallization conditions, a diluted toluene solution
causing a very slow crystallization was used to yield 13 whereas 13a was obtained after
solvent removal in a very rapid crystallization process. 13a is considered to be the
kinetic crystallization product and 13 the thermodynamic one. This phenomenon is
unknown in literature and is reported for the first time within this thesis. To confirm

this assumption, high level theoretical computations were conducted by R. A. Mata.

In order to compare the stability of the five- and six-fold coordinated isomers, the
Gibbs free energy at 298.15 K was calculated, based on the B3LYP-D311¢/def2-TZVP117
geometry optimized structures, computing the electronic energy at the MP2118 /CBS[3:4]
level of theory using the Orca program package?3 and the Molpro2012.1 program
package.?> The energy difference between the two isomers is relatively small. Including
the thermodynamic and electronic corrections a AG value of 7.8 k]/mol (gas phase) is
obtained, with the six-fold coordinated isomer being more stable approving the six-fold

coordinated isomer to be the thermodynamic crystallization product.
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3.4.2 Germanium-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (15)

@ ) e A

M = Ge, Sn ,Pb 15, 18, 21

Scheme 44. Synthesis of low valent group 14 pincer complexes.

In chapter 3 of the introduction the importance of energetically close lying frontier
orbitals was already pointed out, however, those species have been prepared in a rather
complicated synthesis. In contrast, the pyrrole based pincer ligand provides a
simplification of the synthetic access to the low valent group 14 species (Scheme 44) but
should generate a similar frontier orbital situation by a pyrrole-metal m-interaction. In
the following chapters, these group 14 complexes will be investigated with a focus on

the metal-ligand m-interaction.

Figure 40. Crystal structure of germanium-chloro-[2,5-bis(pyrrolidino)methyl)pyrrolide] (15). Thermal
ellipsoids are depicted at the 50% probability level, hydrogen atoms are omitted for clarity.

15 crystallizes as a racemic twin in the tetragonal space group I4 with a whole
molecule in the asymmetric unit. The geometry at the germanium atom is distorted
trigonal bipyramidal with a stereochemically active lone pair in the triangular plane,
proving germanium to be in the oxidation state +2. The N2-Gel-N3 angle with
147.59(3)° describes the typical convex shaped {NNN} metal coordination of the pyrrole
based pincer ligand. With an N1-Gel-Cl1 angle of 98.49(3)° the lone pair occupies

approximately 163.02° within the N1-Ge1-Cl1 plane. The germanium ion is coordinated
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in an asymmetrical fashion by the pyrrolidine side arms and seems to be wrong in size,
as the smaller silicon(IV)-ion and the bigger tin(II)-ion clearly fit better into the
coordination pocket of the pincer ligand. With bond lengths of 249.78(9) pm for Ge1-N2
and 238.01(10) pm for Gel-N3 they differ by more than 10 pm which is remarkable as

they are chemically equivalent in the crystal structure.
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Figure 41. Variable temperature 'H-NMR spectra of compound 15, recorded from
dissolved crystals of 15 in Tol-ds.

Figure 41 shows non fluctuating behavior for the methylene protons of compound 15.
They are forming two stable doublets at chemical shifts between 3.0 ppm and 4.0 ppm.
In contrast, the methylene protons of the lithium compound (8) show a broad singlet at
room temperature explained by a flipping of the linker. The coordination in 15 seems to
be quite rigid. Even at the elevated temperature of 323 K the methylene protons still
show two sharp signals. Instead, the pyrrolidine moieties show a fluctuating behavior of
the envelope conformation. At 323 K the pyrrolidine moieties show four signals. Each
CH2 group can be assigned to an individual chemical shift. Upon cooling, the appearance
of the spectra considerably changes. At approximately 243 K the coalescence
temperature is reached. The former four signals split into six signals at 183 K. Each CH:
group is now split into one signal for the equatorial and one for the axial position,
however, the chemical shift of the equatorial (E) and the axial (F) protons at the 3- and

4- position is equivalent.
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Finally, these TH-NMR spectra confirms the solid state structure to be present in
solution as well, which is also valid for the prepared tin and lead compounds.
Consequently, inferences could be drawn about the reactivity in solution by

investigation of the crystal structure.

a0+ In most of the pyrrole

based pincer complexes the

354

pyrrole-M bond is quite

short compared to

25

compounds containing

similar bonds. The Gel-N1

Frequency
[
=
1

bond with a length of
190.95(9) pm is considered

to agree to this observation.

Most of the compounds

ol

Figure 42. Germanium-nitrogen distances of all germanium a shorter Ge-N bond than
containing structures reported in the CSD.

180 ‘ o : o100 ' .2 listed in the CSD, containing
compound 15 consist of a
germanium(IV) species or extraordinary low coordination numbers at the germanium
ion (Figure 42), which comprise shorter metal-nitrogen bonds than a four-coordinated
germanium(Il) species. In low valent group 14 pincer complexes another effect
increases the pyrrole metal interaction: Orientation of the metal lone pair coplanar to
the N1,z orbital and therewith the pyrrole m-system

will cause an overlap of the metal lone pair with the /\‘ Ge
pyrrole m-system if the corresponding orbitals are

of similar energy (Scheme 45). A resulting ligand-

N Cl

Scheme 45. Ligand-metal 7-
donation in 15.

metal 7 donation as well as a metal-ligand m-back

donation would further shorten the N1-Gel bond.
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Table 16. Selected parameters of the high resolution dataset of 15.

Max. resolution 0.44 A
R1 (I>20(D)) 1.76%
wR?2 (all data) 4.22%
Data/R(int) 9581/3.74%
Parameter 173

It is described in chapter 1.2 how a ligand-metal -interaction would affect the bond
lengths within the pyrrole heterocycle. To experimentally quantify these interactions a
high resolution X-ray diffraction dataset of 15 was collected (Table 16). From this
dataset it was possible to obtain a standard deviation for the C-C bonds in pyrrole as
low as 0.14 pm, which is an essential requirement for discussing changes in bond length
of a few picometers. The C-C bond lengths within the pyrrole heterocycle in compound
15 show values of 137.74(13) pm and 137.91(13) pm for the formal C=C double bonds
and a value of 143.48(14) pm for the corresponding C-C single bond. According to the
frontier orbital scheme of pyrrole (Scheme 6) m-donation from the ligand towards the
metal should have caused an elongation of the single bond and a shortening of the
double bonds within the pyrrole heterocycle. However, the double bonds remain almost
unchanged compared to the lithiated ligand whereas the single bond length is in
agreement with a ligand—metal m-donation (Table 17). With the withdrawal of electron
density towards the germanium ion, the shortening of the formal C=C double bonds of
pyrrole caused by the mentioned m-donation is counterbalanced. A metal—ligand m-back
donation can be excluded as well. This kind of m-interaction would shorten the C-C

single bond in pyrrole which in contrast is shown to be significantly elongated.

Table 17. Comparison of C-C bond length within the pyrrole moiety in compounds 15 and 8.

Bond length [pm]  {NNN}GeCl (15) {NNN}Li (8)

C1-C2 137.74(13) 138.03(19)
C2-C3 143.48(14) 141.0(2)
C3-C4 137.91(13) 138.21(19)

Asg-p 5.7 2.9
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C ¢ D
Figure 43. Selected molecular orbitals of 15, computed using quantum mechanical methods on the
HF /cc-pVDZ%7 level of theory. A: HOMO-8; B: HOMO-2; C: HOMO-1; D: LUMO.

To prove this assumption the molecular orbitals of 15 were computed using quantum
mechanical calculations based on the HF/cc-pVDZ?7 level of theory (Crystal Explorerg?
program). The energetically low lying o-orbitals of the pyrrole backbone confirm the
thesis of a withdrawal of electron density from the pyrrole o-bonds towards the
germanium ion (Figure 43, A). HOMO-8 unambiguously shows the participation of the o-
orbitals of the pyrrole C-C bonds in the N1s,2—M donation. A quantification of this effect
is rather difficult as not only the degree of overlap determines the strength of the

withdrawal, but also the Lewis-acidity of the metal species has a significant influence.

Investigation of the ligand-metal m-interaction revealed that HOMO-2 and HOMO-1
contain the bonding/antibonding combination of the overlap of the N1,z-orbital with the
lone pair at Gel (Figure 43, B and C). Thus these effects cancel out. Furthermore the
LUMO shows a weak interaction of the Ge1-Cl1 o*-orbital with an unoccupied m-orbital
of pyrrole (Figure 43, D). This would cause a shortening of the C-C single bond of
pyrrole and an elongation of the corresponding C=C double bonds and is in

contradiction to the observed changes in bond lengths.
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For a more detailed investigation of the ligand-metal m-interaction high level
computations were performed by D. M. Andrada.l1® A ligand—metal m-donation would
lead to depletion of electron density in the pyrrole m-system. As a consequence, the
aromaticity of the heterocycle should be less developed, experimentally monitored by
the divergent C-C bond lengths of the pyrrole heterocycle. A computational value to
investigate the aromaticity of a compound or a fragment within a compound is the
NICS(0) (Nucleus Independent Chemical Shift) value.120 It describes the absolute
magnetic shielding at the center of the investigated ring structure and corresponds to
the NMR chemical shift convention. A shielding effect at the ring center like in benzene is
indicated by a high-field shifted value for the NICS(0) (NICS(0) for benzene: -9.7 ppm120
(6-31+G* basis set)!21). Anti-aromatic systems will yield a positive (down-field sifted)
NICS(0) value. This magnetic shielding value is contaminated by the contribution of the
o-orbitals of C-C and C-H bonds of the cyclic system.122 This contribution can be
minimized by computing the NICS(1) value which is based on the magnetic shielding 1 A
above the ring center. Furthermore the NICSzz was developed which exclusively uses
contributions to the magnetic field in Z-direction (out-of-plane component).123 Further
improvements on the NICS were made, but they drastically increase the computation

time, while the use of the NICS(1)zz already reveals highly precise results.120¢

Table 18. NICS(1)zz values [ppm] for the anionic ligand and the germanium compound (15).

Compound NICS(1)zz [ppm]
{NNN}- -30.2 /-29.8

{NNN}GeCl -25.0/-249
Pyrrole -31.8
Benzene —-28.7124

The computed NICS(1)zz values (Table 18) indicate a decrease in aromaticity through
metal coordination. It drops from app. -30 ppm for the anionic ligand to about -25.0 ppm
for the germanium compound (15). However, this significant change cannot be assigned
to a specified orbital interaction within the molecule. It describes a less distinct 7-
system at pyrrole in 15 than in the anionic ligand which can be caused by m-donation
effects or a loss of electron density through o-interactions that affect the pyrrole -

orbitals.
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Table 19. NBO results for compound 15. Partial charges (Q) (in au) and occupation numbers (LP) (in au),
Wiberg bond order (BO) and second-order acceptor-donor interaction energies (AE®) (in kcal/mol) are
given.

AE®)
LP(N1,z) = LP(N1pz) -
QM) LP(M) LP(N1) BO(N1-M)
LP*(M) o*(M-Cl)
1.042 1.978 1.544 0.456 1.08 6.0

To get an idea which effect exactly causes the change in the NICS(1)zz value a Natural
Bond Orbital (NBO) analysis?? was conducted. Obtained values are listed in Table 19. It
turned out that the metal charge is reduced by almost 1 au via ligand to metal electron
donation. Almost half of this amount is contributed by the N1s,2 lone pair, the remaining
electron density is donated by the pyrrolidine moieties and via m-donor-acceptor
interaction of the pyrrole heterocycle and the germanium atom. A significant donation
from the metal lone pair towards the antibonding pyrrole m-orbital can be excluded as
this lone pair is almost fully occupied with 1.978 au. Shifting the focus to the N1-
germanium m-interaction, namely the HOMO-2 and the LUMO, indicating a ligand-metal
m-interaction via the N1,z orbital. The LP(N1,z)—LP*(M) donation is equivalent to the
interaction depicted in the HOMO-2 with the N1pz orbital donating electron density into

an unoccupied orbital located at the germanium

) Ge ion. However, with an energy benefit of app.

1 kcal/mol it can be considered rather weak. In

Cl contrast, the N1pz—0*(M-Cl) donation,

N corresponding to the LUMO, is worth 6 kcal/mol

Scheme 46. Schematic drawing of the (Scheme 46). This significant energy value should
N1p;~0%(M-Cl) donation in 15. have consequences on the resulting structure. As

the germanium-chlorine o*-orbital is occupied, the corresponding Ge-Cl bond should be
elongated. Related structures exclusively containing negatively charged ligands with
nitrogen donor atoms show similar Ge-Cl bond lengths. 125> Thus the Ge-Cl bond in 15

does not seem to be unusually elongated.

The consequences of a N1p;—0*(M-Cl) donation on the m-system are barely
detectable, if at all. The orbital coefficients of the pyrrole m-system in the LUMO are tiny
and in combination with the effect of the electron depletion via the N1s,2 lone pair that
additionally affects the electron density of the heterocycle, it is impossible to quantify

the consequences of the N1,7—0*(M-Cl) donation on the pyrrole C-C bond lengths. The
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fundamental requirement for this kind of interaction is an occupation of the LUMO. It is
located energetically in the bonding area with an orbital energy of -0.23 eV (Table 20).
This makes an occupation of the LUMO likely, however, the HOMO-LUMO gap of
approximately 5 eV unambiguously contradicts a possible LUMO occupation. It is still
most probable that the m-donation of an occupied pyrrole m-orbital towards the o*(Ge-
Cl) orbital causes the experimentally observed bond lengths.

Table 20. Frontier orbital energies of compound 15, computed using DFT calculations on the B3LYP?!/cc-
pVTZ%7 level of theory.

Orbital HOMO-2 HOMO-1 HOMO LUMO
Energy [eV] -6.429 -5.915 -5.300 -0.230

The crystal structure of compound 15 contains two intermolecular interactions that
have been identified using the Hirshfeld surface8? analysis of the Crystal Explorer8?
program (Figure 44). These contacts are n!-C-H-m
interactions. The first interaction is formed by a CH
moiety of a pyrrolidine side arm. The CH moiety is
located below the heterocyclic plane of a
neighboring molecule and points directly towards C4,
displaying a H6B-C4 distance of 276.3 pm and a
C6B-H6B---C4 angle of 157.1°. The second
interaction is formed by a pyrrole CH moiety being
located on top of a neighboring molecule, with the
C3A-H3A bond pointing directly towards CA4.
Independent from the H3A-C4 bond length of
283.1 pm and a C3A-H3A---C4 angle of 171.5° the

second interaction can considered to be stronger

than the first one as the C-H bond of pyrrole is by far ~ Figure 44. C-H-m interactions in the
crystal structure of 15.
more polarized than the C-H bond of a CH; fragment

from pyrrolidine.

To investigate this interaction in a more detailed way the ligand was modified. The
pyrrolidine side arms were replaced by dimethylamine moieties. This should give a
deeper insight into the influence of the side arm bulkiness on the electronic situation of
the m-system, as the intermolecular interactions like the C-H-m interaction should

change with varying bulkiness of the side arms.
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3.4.2.1 Germanium-chloro-{2,5-bis((dimethylamino)methyl)-pyrrolide} (16)

Figure 45. Crystal structure of germanium-chloro-[2,5-bis(dimethylamino)methyl)pyrrolide] (16).
Thermal ellipsoids are depicted at the 50% probability level, hydrogen atoms are omitted for clarity.

16 crystallizes in the monoclinic space group P21/c enclosing a whole molecule in the
asymmetric unit. The local geometry at the germanium atom as well as adjacent bond

lengths do not differ considerable from those in 15 as it is shown in Table 21.

Table 21. Comparison of selected bond lengths and angles of compounds 15 and 16.

Bond length [pm] or angle [°] {NNN}GeCl (15) {NNN}GeC(Cl (16)

N1-Gel 190.95(9) 191.56(8)
Gel-Cl1 230.69(5) 231.14(5)
N2-Gel 249.78(9) 236.24(9)
N3-Gel 238.01(10) 250.22(11)
C2-C3 143.48(14) 143.22(14)
N1-Gel-Cl1 98.49(3) 97.52(3)

The same is observed for the computed molecular orbitals of 16 (HF/cc-pVDZ).%7 The
orbital shape as well as the orbital coefficients at specific atoms are almost identical.
However, an investigation of the intermolecular interactions reveals that the crystal

structure of compound 16 (Figure 45) does not show a similar motif like compound 15.
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As expected the intermolecular C-H-m interactions differ considerably. In contrast to
15, there is only one intermolecular C-H-m interaction present in 16. A methyl group of
a side arm is located below the heterocyclic plane and an attached C-H moiety interacts
with the pyrrole m-system in a distorted n3-fashion (Figure 46). The H10A-m distance is
273.6 pm long, which is about 3 pm less than the shortest C-H-m interaction in 15.

However, this methyl-m interaction can be considered weaker than those C-H-m

Cl10)

i HI10A)
\7‘/

Figure 46. C-H-r interaction in 16. Left: View from the side; right: View from top.

interactions of a CHz-group or an aromatic CH moiety as observed in 15.8> Besides this
C-H-m interaction, the Hirshfeld surface8? of 16 showed numerous dispersive
intermolecular H-H interactions. There is an ongoing discussion in literature whether
these H-H interactions are structure determining in sum, or if they are a kind of weak
London dispersion forces. Due to these uncertain opinions it is not reliable to estimate

the energy benefit of those interactions.106.107

The investigation of the intermolecular interactions of 15 and 16 revealed that only
marginal differences have been induced by changing the bulkiness of the ligands side
arm. These changes neither affected the structure of the compounds nor the electronic
situation of their corresponding m-system. They remain almost untouched and only
slight changes in the bond lengths were observed (Table 21). By the comparison of 15
and 16 it was shown that the C-H-m does not influence the pyrrole m-system at all. The
observed C-C bond lengths within the pyrrole heterocycle result from the interplay of
the withdrawal of electron density by the germanium ion and the ligand—metal -

donation.
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3.4.2.2 Reactivity of the {NNN}germanium-chloride pincer complexes

RI
an energetically low lying LUMO and a lone pair located in

|
DN ‘ the HOMO-1 gives rise to the idea of a frustrated Lewis-pair

The frontier orbital situation at the germanium ion with

sited at a single atom. This orbital situation would be similar

to that of a germylene (Scheme 47). However, the frontier
orbitals in 15 are molecular orbitals resulting from the
metal ligand interaction similar to the frontier orbitals of the

digermyne and in contrast to the atomic orbitals (p and sp?)

R \\v Ge . of the germylene (chapter 1.3). When comparing the

R synthesis and handling of those known open shell main

group compounds like digermynes with 15 the synthesis
Scheme 47. Germylene-
isocyanide orbital interaction.

R=Ar* R’ = Bu.* need to be reduced and the yield is excellent as there are

and handling of 15 is rather convenient. The metal does not

only two reaction steps starting from pyrrole. Furthermore it is stable for years under

an inert gas atmosphere.

Scheme 48 describes the hypothetical interaction of
the frontier orbitals of 15 with the o-orbitals of I IE l I
hydrogen. The HOMO-1 of 15 containing the

germanium lone pair, interacts with the o*-orbital of ‘
L \ N
e

hydrogen. Simultaneously, the o-orbital of hydrogen ~ G

interacts with the LUMO (M-Cl o*-orbital) of 15. The \
described process is similar to an oxidative addition of I
hydrogen to a transition metal species and yields a .

germanium(IV) species. The questionable parameter in
Scheme 48. Hypothetical

interaction of germanium centered
HOMO-1 and the LUMO. It is computed to be 5.69 eV frontier orbitals with the molecular

orbitals of hydrogen.
(Table 20), which is slightly more than the ideal HOMO-

this proposed mechanism is the energy gap between the

LUMO gap estimated by Power.36

To explore the frontier orbital situation at the germanium atom in pyrrole based
pincer complexes in a more detailed approach, several reactions were run which are

described in the following.
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3.4.2.2.1 Germanium-chloro-[2,5-bis(dimethylamino)methyl)pyrrolidido]-
thione (17)

/N\ 0.125 Sq /N\
\N ) N/ B ———— \N ) N/
Cl S Ci

Scheme 49. Oxidation of compound 16 using elemental sulfur.

First of all, it was studied whether the germanium centered lone pair is chemically
active or not. As mentioned in chapter 1.3 descending group 14 the lone pair is of rising
s-character and is excluded from bonding. Analogously to the oxidation of phosphines,
compound 15 was treated with an equimolar amount of sulfur (Scheme 49). Storage of a
solution of the oxidation product at =28 °C yielded crystals suitable for single crystal X-

ray diffraction analysis after five days.

Figure 47. Crystal structure of germanium-chloro-[2,5-bis(dimethylamino)methyl)pyrrolidido]-thione
(17). Thermal ellipsoids are depicted at the 50% probability level, hydrogen atoms are omitted for clarity.

17 crystallizes in the monoclinic space group P21/c enclosing one molecule of 17 and
a toluene solvent molecule in the asymmetric unit. The geometry at the germanium
atom is slightly distorted trigonal bipyramidal with N1, S1 and CI1 forming the
triangular plane (sum of angles 359.71°). The N2-Ge1-N3 axis is slightly bent towards
the heterocycle forming an angle of 151.71(4)°. The absence of a sulfur bonded
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hydrogen atom and the Ge-S bond length, which is in perfect agreement with related

germanium-sulfur double bond lengths26 (208.07(6) pm), prove the obtained species

17 to contain germanium in the oxidation state +IV. The consequences of the metal

oxidation yielding a germanium(IV) species become apparent when comparing 17 with

the non-oxidized germanium(II) species (15). The higher Lewis acidity accompanied by

a larger electron withdrawing effect shortens the N1-Gel bond by about 5 pm and the

Gel-CI1 bond by about 13 pm. Another parameter that was changed by oxidizing the

germanium ion is the ion size. The smaller size of germanium(IV) (39 pm)27 compared

to germanium(II) (73 pm)?7 is displayed best by the pyrrolidine-germanium bonds. As

mentioned earlier in this chapter they are asymmetric with a difference in bond length

of about 11 pm in 15. In contrast, they differ by almost 24 pm in 17 (Table 22).

Table 22. Comparison of selected structural parameters of the germanium(II) species (15) and the
germanium(IV) species (17).

Bond length
ond length [pm] / {NNN}GeCl (15)
bond angle [°]

Gel-N1 190.95(9)
Gel-Cl1 230.69(5)
Gel-N3 238.01(10)
Gel-N2 249.78(9)
N2-N3 468.4
N1-Gel-Cl1 98.49(3)
N1-Ge1l-N3 74.44(3)
N1-Gel-N2 73.22(3)

Bond length
ond length [pm] / {NNN}Ge(S)Cl (17)
bond angle [°]

Gel-N1 185.03(11)
Gel-Cl1 217.12(5)
Gel-N2 219.48(12)
Gel-N3 243.21(13)
N2-N3 448.7
N1-Gel-Cl1 107.12(4)
N1-Ge1l-N2 78.30(5)
N1-Gel-N3 73.56(5)

However, the {NNN} tridentate coordination is still kept upright as it is shown by the

coordination geometry of 17. The more likely a bidentate coordination becomes, the

- I:C\(Q}
Figure 48. Crystal structure of {NN}AICI; - AlCls.
This compound has already been prepared within
my diploma thesis.6

larger becomes the corresponding Narm-—
Ge-Npy angle. In typical bidentate
coordination  motifs like in  the
{NN}AICI; - AICl3 compound (Figure 48),
the Narm—-Al-Npy angle with 88.63(19)° is
considerably larger than the reported
78.30(5)° for the Narm-Ge-Npy angle in 17.
Furthermore, the adjacent N1-Gel-N3

angle of the pending side arm would have
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been increased in a bidentate dominated coordination motif. However, this angle
changes only marginally from 73.22° to 73.56°. Thus the smaller germanium(IV) ion
increases the asymmetry of the {NNN} coordination concerning bond lengths but the
corresponding bond angles verify an almost ideal tridentate meridional coordination

motif (Figure 49).

The bond lengths of the heterocyclic
system are almost not affected by the
oxidation of the coordinated germanium
atom. With the formal C=C double bonds
being 137.68(19) pm and 137.39(19) pm
long and a C-C single bond length of
143.2(2) pm the Asgpg parameter is,
analogous to that in compound 15, 5.7 pm

(Table 23). The stronger electron

Figure 49. Superposition plot of 15 (light gray) withdrawing effect induced by the

and 17 (dark gray). germanium(IV) ion seems to Dbe

compensated by m-interaction. Nonetheless, it is impossible to quantify the contribution
of m-donation as the observed changes are marginal and do not indicate a significant
increase of the named effects. Another dissimilarity in 17 compared to the
germanium(II) species is the lack of the interaction of the pyrrole m-system with the
germanium centered lone pair. It was computed to be worth only about 1 kcal/mol in 15
by D. M. Andrada'® but it should be carefully taken into account when discussing very

small differences.

Table 23. Comparison of the bond lengths within the pyrrole moiety of compounds 15 and 17.

Bond length [pm] {NNN}Ge(Cl (15) {NNN}Ge(S)C1 (17)
C1-C2 137.74(13) 137.68(19)
C2-C3 143.48(14) 143.2(2)
C3-C4 137.91(13) 137.39(19)
Asp-pp 5.7 5.7

Like most of the pyrrole based pincer complexes the crystal structure of 17 contains
an intermolecular C-H-m interaction. A proton of the methylene linkers is located on top

of the pyrrole heterocycle of a neighboring molecule forming a dimer. The C-H-m
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distance is 266.6(3) pm, the C-H-centroid
distance is 273(2) pm and the C-H-centroid
angle is 159.7°. This interaction can be regarded
as an 1°-C-H-m interaction with the hydrogen
atom slightly shifted towards one of the formal
C-C double bonds of the pyrrole moiety as it is
indicated by the short contacts in Figure 50.

Figure 50. Hirshfeld surface of 17 including The successful oxidation of compound 15
the short contacts to a neighboring molecule. using sulfur confirmed the chemical activity of
the germanium lone pair. However, effects of the oxidation on the electronic structure of
the pyrrole heterocycle are marginal. The effects of a higher Lewis-acidity and the

missing lone pair seem to be counterbalanced by the ligand—metal t-donation.

3.4.2.2.2 Oxidative addition of hydrogen

With the successful preparation of the sulfur oxidized germanium species it could be
proven that the lone pair is chemically active. The next challenge was to confirm the
quasi open shell orbital configuration of the {NNN}GeCl compound as it was described
within this chapter. To prove this point, hydrogen was bubbled through a toluene
solution of 15 at the elevated temperatures (40 °C) (Scheme 50). After 15 Minutes the
hydrogen inlet was removed and the solvent was evaporated under reduced pressure.
NMR spectroscopic analysis of the obtained solid did not confirm the formation of the

desired species.

/N Toluene, H,, / \
N — N

- - | _
Cl H g H

Scheme 50. Oxidative addition of hydrogen to germanium-chloro-{2,5-bis((pyrrolidino)methyl)-
pyrrolide}

Instead, a mixture of the starting material and an unidentifiable decomposition
product was detected. The most probable explanation for this observation is a too large
HOMO-1/LUMO energy gap which does not fulfill the requirements for a quasi-open

shell orbital configuration.
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3.4.2.2.3 Ligand substitution reactions

The most promising way to modify this HOMO-1/LUMO gap is a variation of the
substituents bonded to the germanium atom. Preparation of the {NNN}GeH species
would provide a different reactivity as already shown by Roesky et al., who reported the
first stable germanium(II) monohydride species in 2001.127 In 2009, the activation of
carbon dioxide by using the germanium(II) monohydride species was reported28 and
subsequently, the activation of carbonyl groups and many related species was
discovered.12° Mechanistical studies revealed a nucleophilic attack of the germanium
hydride as the key step. As the reactivity of the hydride differs considerably from that of
the chloride, the molecular orbitals may be affected as well by the change from chlorine
to hydrogen. Unfortunately, there was not even one computational study containing a
proper investigation of the corresponding molecular orbitals. Thus, various attempts to
synthesize the {NNN}GeH compound were conducted (Scheme 51) with the aim of
comparing the molecular orbitals of the hydride species with those of the already known
chloride compound. Unfortunately, every single approach failed.

[ Y X, T=-80°Ctort /)

N N N . > 'Tl
7 N N
<; \G\e/ (:> Toluene <:/ TTGe Q
Cl H

X = LiAlH,4, NaBH,4, K-Selectride, DIBAL-H

Scheme 51. Synthesis of the {NNN}GeH compound.

Another substituent that will have an impact on the electronic situation at the
germanium species is the methanide anion. Roesky et al. reported the first synthesis of
such a compound in 2002 and described the oxidative addition of methyliodide to
germanium initiated by an increased nucleophilicity of the germanium lone pair.13% This
reactivity was absolutely unknown for the halide species and prompted Barrau et al. to
do a computational investigation of the germanium methanide species.!3! It turned out
that the energy values for the occupied frontier orbitals of the germanium methanide

compound are raised by almost 1 eV with respect to the chloride species.

//@\\ MelLi, Toluene, //@\\

N — N
OI\G\e/'D various T O\G\e/D
Cl Me

Scheme 52. Synthesis of the {NNN}GeMe compound.
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AN
i
Me Ge

N~

Scheme 53. Probable explanation for the
formation of the lithium pyrrolide 8 instead
of the desired {NNN}GeMe species.

Awkwardly, reacting the {NNN}GeCl
compound (15) with methyllithium exclusively
yielded the lithium pyrrolide species (8) under
any condition applied to the reaction (Scheme
52). An explanation can be found in the proposed
reaction mechanism of Scheme 53. The
pyrrolidine side arms are not bulky enough to

prevent the methyllithium molecule from

initiating a kind of cyclometallation that yields compound 8 and MeGeCl. However, the

aluminium compound 11 encourages to use bulkier alkyllithium species like

trimethylsilylmethyllithium (TMSMeLi) comprising a similar bulkiness than AlMes. The

increased bulkiness should prevent the alkyllithium compound from approaching the

amidic pyrrole nitrogen atom and therewith the formation of a lithium pyrrolide

compound.
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3.4.3 Tin-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (18)

As it was already mentioned in the introduction, the chemical behavior of tin is

different from that of germanium. A more dominant s-orbital character at the lone pair

makes sp3 hybridization less feasible. To evaluate these differences in a metal ligand

interaction a tin compound analogous to 15 was prepared.

Figure 51. Crystal structure of tin-chloro-[2,5-bis(pyrrolidino)methyl)pyrrolide] (18). Thermal ellipsoids
are depicted at the 50% probability level, hydrogen atoms are omitted for clarity.

18 crystallizes in the monoclinic space group P21/c with a whole molecule in the

asymmetric unit. The geometry at the tin ion is distorted trigonal bipyramidal with a

stereochemically active lone pair in the triangular plane. The distortion is caused on the

one hand by the lone pair which occupies more space (~169.98°) than the chlorine or

the N1 nitrogen atom (N1-Sn1-Cl1: 95.01(4)°)and on the other hand by the inability of

the linkers to provide a linear N3-Sn1-N2 (observed angle: 138.39(4)°) arrangement.

Apart from this distortion the size of the tin(II) ion seems to be well suited for the

coordination pocket of the used ligand system underlined by similar N-Sn side arm

/dlpp

—N
\

S
\ ./l

N\
dipp
Scheme 54. Tin

compound prepared
by Roesky et al.

donor bond lengths (N2-Snl: 257.68(12)pm; N3-Snl:
258.56(12) pm). The N1-Sn1 bond (211.83(12) pm) is one of the
shortest N-Sn bonds among related species32 containing an amidic
ligand which coordinates a Sn-Cl moiety. A selected example is the
complex of Roesky et al. (Scheme 54).125W [t contains two similar
amidic N-Sn bonds with bond lengths of 217.9 pm and 218.6 pm,

respectively. Unexpectedly, they are longer by more than 6 pm
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compared to the N1-Sn1 bond in 18. An explanation can be that in 18, the tin ion is
perfectly positioned for N1-Sn1 orbital overlap. The tridentate ligand with symmetrical
side arms usually coordinates in a meridional fashion with the metal ion in the
heterocyclic plane directly in front of the pyrrole nitrogen atom. The weakening of the
pyrrole metal interaction in a hypothetical bidentate coordination motif becomes
obvious when comparing the {NNN}AICl2 compound (10) with the four-fold coordinated
{NN}AICI; - AICI3 compound (19) and a literature known pincer compound’é
coordinating an AlCl; fragment in the {NNN} fashion (20) (Table 24). The N1-Al1 bond
length in the bidentate coordination motif is longer by 1.88 pm and 0.80 pm,
respectively (Table 24), which is caused by a poorer orbital overlap. At a given Lewis-
acidity of the metal ion, the ligand-metal bonds behave proportional to the coordination
number. This is because the Lewis-acidity has to be equalized by fewer donor atoms,
which then have to donate more electron density towards the metal ion. Consequently,
the ligand-metal bonds in low coordinate metal species should be shorter than those in
their high coordinate congeners.

Table 24. Selected bond lengths of compounds 10, 19 and 20, showing the differences in bond lengths
between a four-fold and a five-fold coordination motif.

Bond length [pm]  {NNNJAICL; (10)  {NN}AICL - AICl; (19)  {NNN}AIC (20)

N1-All 181.72(16) 183.6(4) 182.8
Al1-N2 225.21(11) 195.8(5) 221.1
Al1-N3 225.22(11) 225.6
All-Cl1 214.30(5) 210.3(2) 213.4
Al1-CI2 214.31(5) 211.9(2) 214.6

Bond lengths contained in Table 24 confirm the
assumptions made above. In 19, all bonds to the
aluminium ion are significantly shortened
compared to 10 and 20. Most apparent, the N2-Al1
bond is shortened by almost 30 pm indicating a

strong increase of N—Al donation. The aluminium-

chlorine bonds are slightly shortened by

Figure 52. Superposition plot of approximately 3 pm. Only the N1-All bond is
compounds 10 (light gray) and 19 (dark

gray). slightly elongated although it should be shortened
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like the other bonds. This can be explained only by a poorer orbital overlap between N1

and Al1 caused by the shift of the aluminium ion (Figure 52).

Besides the assumed perfect overlap between the N1-sp? lone pair and tin there is
another effect further fortifying the N1-Sn1 interaction the ligand-metal m-interaction.
To gain insight into this m-interaction a high level computational investigation was

conducted by D. M. Andrada.11?

HOMO-2 LUMO

-6.403 -6.006 -5.193 -0.647

Figure 53. Molecular orbitals of 18 at the 0.045 au isolevel and their corresponding orbital energy in eV,
computed using DFT calculations based on the M06133/cc-pVTZ%7 level of theory.

DFT calculations based on the MO06133/cc-pVTZ%” level of theory afforded the
molecular orbitals depicted in Figure 53. It turns out that the orbital overlap between
the pyrrole m-orbitals and the tin centered orbitals is barely visible at the given isolevel.
The NBO analysis® (Table 25) revealed that the m-interaction, which is exclusively -
donation from pyrrole to the tin atom, is worth 4.33 kcal/mol. This value divides into
0.63 kcal/mol for the LP(N1pz)=LP*(M) donation and 3.7 kcal/mol for the
LP(N1yz)—0*(M-Cl) donation which is just half of the value obtained for the
corresponding germanium compound (15).

Table 25. NBO results for compound 18. Partial charges (Q) (in au) and occupation numbers (LP) (in au),

Wiberg bond order (BO) and second-order acceptor-donor interaction energies (AE®) (in kcal/mol) are
given.

AE@LP(N1,;) AEGLP(N1y)
Q(M) LP(M) LP(N1) BO(N1-M)
SLP*(M) —0*(M-Cl)
1.190 1.986 1.525 0.390 0.63 3.7

The effects of a tin coordination on the bond lengths of the pyrrole heterocycle are
slightly less pronounced than in related metal complexes. The interplay of o- and n-
interaction afforded bond lengths of 137.8(2) pm and 138.1(2) pm, respectively, for the
formal double bonds of pyrrole and 143.0(2) pm for the corresponding C-C single bond.
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Table 26. Comparison of selected bond lengths of compounds 18 and 8.

Bond length [pm] {NNN}SnCl (18) Lithium pyrrolide (8)
C1-C2 137.8(2) 138.03(19)
C2-C3 143.0(2) 141.0(2)
C3-C4 138.1(2) 138.21(19)
Asp-pp 5.1 2.9

The bond lengths depicted in Table 26 indicate a considerable amount of ligand-metal
m-donation as this would elongate the C2-C3 bond (Scheme 6). Simultaneously, the C1-
C2 and C3-C4 bonds are shortened. However, the bond lengths for the C1-C2 and the
C3-C4 bonds do not reflect this shortening compared to the lithium pyrrolide
benchmark system. This is due to a compensation by the withdrawal of electron density
from the heterocyclic system towards the tin ion via N1-Sn1 o-interaction, which causes
an elongation of the corresponding bonds. Thus, only the C2-C3 bond is elongated, the
others remain almost untouched. The resulting Asgpp of 5.1 pm clearly indicates a

different electronic situation in the heteroaromatic system in 18 with respect to 8.
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3.4.4 Lead-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (21)

Figure 54. Crystal structure of lead-chloro-[2,5-bis(pyrrolidino)methyl)pyrrolide] (21). Thermal
ellipsoids are depicted at the 50% probability level, hydrogen atoms are omitted for clarity.

21 crystallizes in the monoclinic space group P21/c containing a whole molecule in
the asymmetric unit. The geometry at the lead ion is somewhere halfway between
distorted trigonal bipyramidal and distorted pyramidal. The N1-Pb1-Cl1 angle with
90.02(5)° substantially deviates from the ideal 120° of a trigonal bipyramid.
Simultaneously, the N2-Pb1-N3 angle with 136.05(6)° is drastically narrowed
compared to the 180° of an ideal trigonal bipyramid. The free space provided by this
coordination motif is occupied by a bulky lone pair, which consumes about 179.96° of

space in the former triangular plane (Sn:169.98°; Ge:163.02°).

The lead ion is coordinated in a slightly asymmetrical fashion by the side arms. With
bond lengths of 261.62(18) pm and 268.05(19) pm for the N2-Pb1l and the N3-Pbl
bond the bond lengths differ roughly by 7 pm. An explanation can be the size of the
lead(Il) ion. With 119 pm1%4 it seems to reach the upper limit of the ion size scale of

those who are still suited for a {NNN} coordination by this ligand.
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As the lead ion was shown not to participate in m-bonds*2 the same was assumed for
compound 21. High level computations performed by D. M. Andrada were expected to

confirm this assumption.11?

HOMO-2 HOMO LUMO

-6.637 -5.968 -5.081 -0.952

Figure 55. Molecular orbitals of 21 at the 0.045 au isolevel and their corresponding orbital energy in eV,
computed using DFT calculations based on the M06133/cc-pVTZ?7 level of theory.

The molecular orbitals perfectly reflect the reluctance of lead to undergo a -
interaction with the heteroaromatic system of pyrrole (Figure 55). The frontier orbitals,
which contain the pyrrole m-system, do not even show a slight orbital overlap between
the N1,z orbital and the lead centered orbitals. An additional NBO analysis®® then
challenged the inferences drawn from the molecular orbitals (Table 27). The
stabilization energy of a hypothetical m-overlap between N1 and Pb1l is worth
4.11 kcal/mol, which is similar to the value of the tin compound, but should be close to
zero according to previously performed computations investigating the nature of formal
multiple bonded lead-lead species.*2
Table 27. NBO results for compound 21. Partial charges (Q) (in au) and occupation numbers (LP) (in au),

Wiberg bond order (BO) and second-order acceptor-donor interaction energies (AE®) (in kcal/mol) are
given.

AE®LP(N1,;) AE®LP(N1,)
QM) LP(M) LP(N1)  BO(N1-M)
SLP¥(M)  —o*(M-Cl)
1.190 1.987 1516 0.390 0.51 3.6

To find a solution for this mismatch within the computational results the
experimental bond lengths in the pyrrole heterocycle were examined. They confirm the
molecular orbitals which do not show any kind of m-interaction reflected by the relevant
bond lengths in 21. The C-C bond lengths in pyrrole do not differ significantly from
those of the lithium pyrrolide compound (8) (Table 28). The C1-C2 and C3-C4 bond
lengths are identical in both compounds merely the C2-C3 bond is elongated by 1 pm.
This could be due to a weak N1,7—Pb m-donation. This would shorten the C1-C2 bond
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and the C3-C4 bond and elongate the C2-C3 bond. The shortening could have been
compensated by the effect of electron withdrawal by the lead atom and the combination
of those effects yields the obtained bond lengths. As already mentioned for the tin
compound it is not possible to quantify the change in bond length caused by each
specific effect. However, it is possible to state that the influence of the m-interaction is
rather weak if present at all. Otherwise, the difference between the C2-C3 bonds would

have been more distinct (Table 28).

Table 28. Comparison of selected bond lengths of compounds 21 and 8.

Bond length [pm] {NNN}SnCl (21) Lithium pyrrolide (8)
C1-C2 138.2(3) 138.03(19)
C2-C3 142.0(3) 141.0(2)
C3-C4 138.1(3) 138.21(19)
Asp-pp 3.9 2.9

As lead chloride complexes are known to form p-Cl bridged compounds, the crystal
structure was investigated with a focus on long distance lead-chlorine interactions. The
Hirshfeld surface®? analysis revealed a rather short Pb-Cl interaction in addition to the
Pb1-CI1 bond (Figure 56). A chlorine atom of a neighboring molecule is located on top of
Pb1 forming a dimer which further polymerizes by u-Cl bridging ending up with long
coordination polymer chains. The Pb1-Cl1’ interaction is 300.56(7) pm long and the
Cl1’-Pb1-CI1 angle is 173.99(2)° wide. With approximately 300 pm the Pb-CI1’
interaction is located well within regular Pb-CIl bond lengths as a CSD search for Pb-Cl

bond lengths revealed.

Pb1-Cl1

|

Pb1-CI1*

l

EI:%E'OII istance |_i&]E o0
Figure 56. Left: Hirshfeld surface of compound 21 showing the Pb-Cl close contact to a neighboring

molecule. Right: Result of a CSD search for Pb-Cl bond lengths. The Pb1-Cl1 and the Pb1-Cl1’ bond
lengths are labeled within the diagram.
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Scheme 55. Crystal structure of
the lead compound (22) reported
by Jurkschat et al.

In 2003 Jurkschat et al. reported a similar compound
(22) that comprises an almost identical structural feature
at the lead atom (Scheme 55).134 The CI-Pb-CI1’ angle is
169.59° wide and therewith slightly narrower than in 21.
Due to the less bulky side arms in 22, the single
molecules can approach further than in 21 which
comprise the pyrrolidine side arms proven to be
stereochemically active. Thus, both Pb-Cl bonds are more
alike with bond lengths of 279.5pm and 290.1 pm,
respectively. This Cl1-Pb1-Cl1’ interaction via the lead

lone pair would drastically weaken a possible pyrrole-lead m-interaction and exclude

the lone pair from other interactions or at least significantly weaken other lead m-

interactions.
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3.4.5 Structural comparison of the prepared group 14 species

In the first decade of the 21st century many discoveries were made in the area of low
valent heavy group 14 compounds and their specific dissimilarities were investigated in
a very detailed process, as described in the introduction. However, besides the reactivity
towards small molecule substrates or intermetallic orbital interactions, the interaction
with the ligand carrying such a metal species was neglected although it could provide
useful information about the nature of these metal species in general and not merely
towards selected molecules. Having a well-studied m-system like pyrrole embedded in
the ligand makes a study of the m-interactions feasible.

Table 29. Comparison of selected structural properties of the prepared group 14 halide species and the
lithium pyrrolide 8.

Bond length [pm] {NNN}Ge (15) {NNN}Sn (18) {NNN}Pb (21) Lithium pyrrolide (8)

N1-M 190.95(9) 211.83(12)  220.00(18)
C1-C2 137.74(13) 137.8(2) 138.2(3) 138.03(19)
C2-C3 143.48(14) 143.0(2) 142.0(3) 141.0(2)
C3-C4 137.91(13) 138.1(2) 138.1(3) 138.21(19)
P 5.7 5.1 3.9 2.9
N-M 187.2/ 2087/ 2222/
in M[hmds] 187.8135 209.5136 226.0136

Table 29 summarizes selected structural properties of the prepared group 14
metal(Il) species. Most eye-catching is the decrease in the Asg.pp value the heavier the
element gets. This effect is the result of an elongation of the C1-C2 and C3-C4 bonds
along with a shortening of the C2-C3 bonds when descending group 14. The Lewis-
acidity among these metal(II) species should be in a similar scale and thus should not be
primarily responsible for the different Asg-pp values observed. A m-donation from the
N1,z orbital towards metal centered orbitals would elongate the C2-C3 bond and
shorten the formal double bonds. Thus, this m-donation seems to be an explanation for
the observed differences in bond lengths. Assumption of an increasing degree of this -
donation ascending group 14 would be in good agreement with the obtained bond
lengths. Bond lengths observed in compound 8, which does not show significant
amounts of m-interaction, further confirms the theory of an increasing m-donation going
from lead to germanium. Without this assumed loss of electron density via the N1,z—M
donation the C2-C3 bond in 8 is quite short and the C1-C2 and C3-C4 bonds are in a

similar range like in the group 14 complexes. The electron withdrawal effect which
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should be considerably weaker for lithium than for the group 14 metals seems to be
decreased in the same magnitude as the lacking m-donation. Thus the C1-C2 and C3-C4

bonds have approximately the same length in all the species described in Table 29.

The N1yz—M donation would further shorten the N1-M bond as bonding orbitals in-
between N1 and M are populated (HOMO-2 of compound 15). Comparison with the
M(hmds)2 species, which form rather short N-M bonds with a coordination number as
low as two, confirms group 14 pincer complexes to form short bonds between pyrrole

and the metal ion.

As can be seen in Figure 57 the

HOMO-2 HOMO-1 HOMO

molecular orbitals suggest a stronger
interaction between germanium and
pyrrole than for its heavier homologues.
In the germanium species, the orbital
overlap is clearly visible at an isolevel of
0.045 au. In contrast, there is hardly any
overlap detectable for the tin species,

however, the orbitals at N1 and Snl

Figure 57. Frontier molecular orbitals of the prepared have the same algebraic sign and would

group 14 species, computed at the M06133/cc-pVTZ?’ overlap at a lower isolevel. Within the

level of theory.119

lead compound, there is no m-overlap
detectable, even at a very low isolevel. Remarkably, the ordering of the molecular
orbitals is changed. This is due to a decrease in energy of the lone pair going from
germanium to lead. For germanium it is mainly located in the HOMO-1 (-5.915 eV). In
the tin and lead species, it is located in the HOMO-2, with energy values of -6.403 eV and
-6.637 eV, respectively. This observation is not surprising as the ability of the heavier
elements to undergo sp hybridization decreases with increasing atomic number of the
tetrele element ending up at lead with an energetically low lying lone pair with mainly s-
character This has already been observed by Lappert et al. in 2007 when comparing a
three coordinate lead species with its lighter congeners.137 They computed the orbital

character of the metal centered lone pair in a LPbCI (50918, p0.082) [,Sn(Cl (s9-861, p0-139) and

LGeCl (s0816, p0.184) species.
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With the increasing divergence of the C-C bond lengths within the pyrrole heterocycle
when ascending the group of the tetrele elements, the aromaticity should be reduced. To
quantify the differences in aromaticity the NICS(1)zz values, computed by D. M. Andrada,
have been taken into account.l’® They confirm the hypothesis that an increased
divergence of bond length (Asg.pg) decreases the aromaticity of pyrrole, however, the

differences are marginal (Table 30) and can hardly be used as an evidence.

Table 30. Computed NICS(1)zz values for the prepared group 14 species.

Compound NICS(1)zz [ppm]
{NNN}Ge (15) -25.0 /-249
{NNN}Sn (18) -25.2 /-251
{NNN}PD (21) -25.6 / =255

The NBO analysis? in contrast creates a picture with more distinct differences
between each element. Most noticeable are the obtained values for the acceptor-donor
interaction energy AE(?) (Table 31). For the metal—ligand m-back donation the obtained
energy values are not significant and are neglected in the investigation. The donation
from the N1pz orbital towards the metal centered orbitals, however, clearly display the
expected differences of the investigated species. The m-interaction within the lead
compound is worth 4.11 kcal/mol. Going to tin the ligand—metal m-interaction is
increased by 5.36% and further increased by 72.27% going from lead to germanium.
Surprisingly, the values for the tin and lead compounds are almost identical. That is in
sharp contrast to the experimentally observed results as well as to the computed
molecular orbitals. This may be due to the intermolecular Pb-Cl interaction in 21 which
was not taken into account for the computational investigations and could have had an
influence on the experimentally observed bond lengths in 21.

Table 31. NBO results for compounds 15, 18 and 21. Partial charges (Q) (in au) and occupation numbers

(LP) (in au), Wiberg bond order (BO) and second-order acceptor-donor interaction energies (AE®) (in
kcal/mol) are given.

AEPLP(N1,;) AE®LP(N1p)
Compound QM) LP(M) LP(N1) BO(N1-M)
—LP*(M) —0*(M-Cl)
{NNN}Ge (15) 1.042 1978  1.544 0.456 1.08 6.0
(NNN}Sn (18) 1.190 1.986  1.525 0.390 0.63 3.7

(NNN}Pb (21) 1190 1.987  1.516 0.390 0.51 3.6
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Figure 58. Extract from the 'H-NMR spectra of the prepared group 14 compounds in the oxidation state
+2 and the lithium pyrrolide compound (8), focusing on the signal of the pyrrole C-H protons.

Among the methods used above for explaining the ligand-metal interactions there is
another very useful experimental tool to prove the capability for metal ligand n-
interaction of each single group 14 metal. The chemical shift of the protons at the 3- and
4- position of the pyrrole moiety directly depends on the m-electron density of the
heterocycle. The ring current effect is deshielding the protons, however, loss of electron
density in the pyrrole m-orbitals weakens this effect and the corresponding protons are
high-field shifted. Figure 58 shows extracts from the 'H-NMR spectra of the prepared
compounds {NNN}Ge (15), {NNN}Sn (18), {NNN}Pb (21) and the lithium pyrrolide (8).
The spectra have been recorded using crystalline material of the corresponding
compounds, dissolved in toluene-ds. The chemical shift of the protons in 3- and 4-
position of pyrrole is in perfect agreement with the inferences drawn from the
experimentally observed bond lengths in the heteroaromatic cycle. Most remarkable,
displaying a chemical shift of 6.13 ppm the signal for the tin compound is much closer to
the chemical shift of the germanium compound (6.09 ppm) than to the lead species
(6.27 ppm). The chemical shift of the lead compound on the other hand is similar to that
of the lithium pyrrolide species (6.30 ppm). The same trend but much less pronounced
is witnessed for the 13C-NMR spectra. Although the concentrations of the samples vary
(Sn vs Li) which could affect the resulting chemical shifts, the observed differences

between the single compounds are too distinct to be caused by a different sample
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concentrations. The computational results concerning the tin and lead species are
somehow in contradiction to the experimental results, which have been proven by the
high resolution X-ray data and by NMR spectroscopy. With some limitation the NICS(1)zz
values confirm the experimental results as well. However, the NBO analysis® does not
fully support these results which may be due to some problems with the model in
particular as the intermolecular interactions have not been taken into account, which

may affect the final result.23

Finally, it can be stated that the pyrrole-metal m-interaction decreases descending
group 14. However, the change is not proportional to the atomic number of the
corresponding elements. According to the discussed experiments it decreases in the

following order Ge > Sn > Pb (= Li).
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3.5 Group 15 Metal Pincer Complexes

3.5.1 Antimony-dichloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (22)

@0 cl2)

Figure 59. Crystal structure of lead-chloro-[2,5-bis(pyrrolidino)methyl)pyrrolide] (22). Thermal
ellipsoids are depicted at the 50% probability level, hydrogen atoms are omitted for clarity.

After the observation of the dominant donation of electron density from the pyrrole
heterocycle into the antibonding metal-chlorine bond, a species containing two metal
chlorine bonds, orientated coplanar to the pyrrole m-orbitals should be prepared. The
element of choice is antimony as the lightest metal in group 15. The resulting compound
(22) crystallizes in the monoclinic space group P21/n with a whole molecule in the
asymmetric unit. The geometry at the antimony ion is distorted octahedral and the
stereochemically active lone pair is located in the {NNN} plane. The distortion is caused
by the ligand creating convex shaped N2-M-N3 geometries (N2-Sb1-N3: 144.59(6)°)
being unable to a provide perfectly octahedral coordination pocket. Furthermore, the
lone pair forces the chlorine atoms to bent slightly towards the pyrrole heterocycle
(C11-Sb1-Cl2: 173.997(19)°). The antimony(III) ion seems to be slightly too small to fit
perfectly into the coordination pocket provided by the ligand which is indicated by a
slightly asymmetric coordination pattern of both side arms. However, this could be
expected as the ion radius of antimony(Ill) is only 3 pm bigger than that of

germanium(II).27

In 2001, Anderson et al.115" reported about the trans-effect!!> in metal compounds and
gave the example of an antimony(IV)chloride compound including an additional solvent

molecule. The Sb-Cl bond lengths vary between 227.1 pm and 243.7 pm which confirms
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the validity of the trans-effect for main group metals as well. In 22 both Sb-Cl bonds are
unusually long accompanied by a rather short N1-Sb1 bond. This phenomenon was
found for many related amidic ligand species coordinating a Sb-Cl; fragment.138 The Sb-
Cl bonds are always orientated perpendicular to the ligand’s m-system if the ligand
consists of an aromatic system. Unfortunately, the antimony atom is too heavy to
compute the molecular orbitals for compound 22 in accurate manner using the Crystal
Explorer8® program. Thus, merely the experimental bond lengths are available for an

analysis of the ligand metal interaction.

Table 32. Selected bond lengths of compound 22.

Bond lengths [pm] {NNN}SbCl;
C1-C2 137.2(3)
C2-C3 142.5(3)
C3-C4 137.5(3)
N1-Sb1 202.87(17)

Sb1-CI1 258.05(7)
Sb1-CI2 259.35(7)

Besides the trans-effect a ligand-metal m-donation could be the reason for the
observed bons lengths. It would shorten the N1-Sb1 bond and elongate the Sb-Cl bonds.
With 142.5 pm the C2-C3 bond is not unusually elongated (Table 32) which hints to a
ligand—metal n-donation (N1pz—0*(Sb-Cl)) similar to the other main group complexes
reported within this thesis and is too weak to explain the long Sb-Cl bonds. The m-
donation must be ranked in between tin and germanium, probably superior to tin as the
Sb1-Cl1 bonds are arranged perfectly coplanar to the N1pz-orbital. Finally, the trans-
effect is reponsible for the major part of the Sb-Cl bond elongation and the ligand metal

nm-donation seems to have only minor contributions to the Sb-Cl bond elongation.
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3.5 Transition Metal Pincer Complexes

3.5.1 Nickel-chloro-{2,5-bis((tertbutyl-thiolato)methyl)pyrrolide} (23)

: / \
s 7\ s 1) n-BulLi //O\\
% \/Q\/ A( - \\/S\N’Tji/s\//
H 2) NiCl, - dme &

Scheme 56. Synthesis of compound 23 making use of the transmetallation reaction.

After the successful preparation and analysis of the main group compounds, proving
them to participate in m-donor acceptor interactions with the heteroaromatic ligand, a
related transition metal compound was prepared. It should display the landmark for
strong metal-ligand m-interaction. Therefore a transition metal with d8-configuration
was chosen with empty d-orbitals as m-acceptor and occupied ones, suitable for m-back
donation. As the nickel(Il) ion is regarded to be a rather soft Lewis-acid, the pincer
ligand comprising the soft Lewis-bases as side arm donor atoms namely sulfur were

used in the synthesis.

Figure 60. Crystal structure of nickel-chloro-{2,5-bis((tertbutyl-thiolato)methyl)pyrrolide} (23). Thermal
ellipsoids are depicted at the 50% probability level, hydrogen atoms are omitted for clarity.

23 crystallizes in the orthorhombic space group Pbcn with half a molecule in the
asymmetric unit. It is completed by a C2-axis located in the N1-Cl1 axis. Due to the
considerable longer methylene-sulfur bonds (183.09(12) pm) in comparison to the

previously described methylene-nitrogen bonds (147.62(12) pm/147.60(14) pm) in 15
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the donor-metal-donor arrangement becomes more linearly shaped. Thus, the
geometry at the nickel(II) ion is almost perfectly squared planar with N1-NI1-Cl1 and
S1-NI1-S1A angles of 180.0° and 170.375(17)°, respectively.

Investigating the crystal structure of
! 23 it becomes apparent that the N1-
Nil bond is significantly shortened
compared to other nitrogen
coordinated Ni-Cl fragments (Figure
61). With a bond Ilength of
182.20(13) pm the Ni-Cl bond is
almost as short as the N-Al bond in 10,

tld=. although the aluminium(IIl) ion has a

2 2.100 2.200
N-NI distance [&]

Figure 61. Result of a CSD search for N-coordinated Ni-  drastically smaller ion radius. Thus,
Cl fragments. additional interactions with respect to
the N-Al interaction must be present in 23. As the nickel(II) ion contains filled and an
empty d-orbital, a N-Ni =z-donor-acceptor interaction becomes likely. Structures
comprising a similar N-Ni bond length than 23 all consist of a m-system, involving a
nitrogen atom.139 Within those, the compound reported by Yamamoto et al. stands out
(Scheme 57).13% The crystal structure includes a pincer compound (24), very similar to
that in 23 but with a fully delocalized m-system between the {SNS} donor atoms. Bond
lengths within the pyrrole heterocycle of H H
24 clearly indicate a m-back donation from Q/NYQ\\(N\©
the nickel atom into the unoccupied pyrrole S\[\'“/S
m-orbital. With C1-C2 and C3-C4 bond Sl
lengths of 140.6pm and 141.3pm, Scheme 57.Crystal structure of the {SNS}NiCl
respectively, and 138.9 pm for the C2-C3 pincer complex (24) prepared by Yamamoto et al.
bond, the bonding situation in the pyrrole moiety has been inverted. This is in sharp
contrast to the situation in 23. The heterocyclic C-C bonds resemble the motif already
observed in the main group complexes reported earlier in this thesis. The C1-C2 bond is
138.23(16) pm, and the C2-C2A bond 142.4(3) pm long. Hence, 23 does not comprise a
considerable amount of m-back donation. Another approach was conducted by Wayland

et al. They studied the impact of a coordinated transition metal species (palladium and

platinum) on the pyrrole m-system of the 2,5-bis(a-pyridyl)-pyrrolate (PDP) ligand
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(Scheme 58).3¢ PDP displays quite a rigid type of
pincer with a delocalized m-system including the
entire backbone and all donor atoms. Compound (25)
displays a medium m-back donation in comparison

with 23 and 24. The C-C bond lengths of the pyrrole

Scheme 58. Crystal structure of the
moiety in 25 are 140.2(8) pm and 140.0(13) pm for [PDPIPdClcomplex (25) prepared by

Wayland et al.
C6-C7 and C7-C7A.

Table 33. C-C Bond length in the pyrrole moieties in 23 and related compounds from literature (24 and

25).

Bond length [pm] {SNS}NiCl (23) {SNS}NICl (24) [PDP]PdCI (25)
C1-C2 138.23(16) 140.6 140.2(8)
C2-C3 142.4(3) 138.9 140.0(13)
C3-C4 141.3
N1-C1 136.88(13) 135.8 134.1(6)
As-p 4.2 ~2.05 -0.2

Table 33 summarizes the C-C bond lengths of the compounds discussed above. It is
apparent that there is almost no metal—ligand m-back donation from the nickel(II) ion
present in 23 as the C2-C3 bond is elongated and not shortened compared to the lithium
pyrrolide species (8). Nonetheless, all Npyrroe-metal bonds have similar lengths. This
must be to a counterbalancing effect. A stronger o- or m-donation from the ligand
towards the nickel atom could be the reason for the N-Ni bond shortening. This
additional interaction, with respect to 24 and 25, is possible as the negative charge is
concentrated in the pyrrole moiety in 23 and cannot be delocalized towards the side
arms. The C2-C3 bond in 23 is slightly elongated compared to the lithiated compound
(8) hinting to a weak ligand—metal m-donation. A quantification of the o-donation is
considerably more challenging than for the m-donation. Basically, the N1-C1 bond length
can give a hint as it is directly bonded to the o-donating pyrrole nitrogen atom and in
fact the N1-C1 bond is longer in 23 than in the related compounds (Table 33). Thus, the
withdrawal of o-electron density caused by N1sp2—Nil donation affects the N1-C1 bond
in a more severe way than in 24 and 25. In combination, the rather weak m-donation
together with the stronger o-donation compensates the m-back donation present in 24
and 25 and equalizes the pyrrole-metal bond length. Taking the N-C bond length in

pyrrole into account can be misleading. It seems to work fine for compounds 23, 24 and



104 Transition Metal Pincer Complexes

25, however, the aluminium compound
(10) comprises a shorter N1-C1 bond
length although it is much more Lewis-

acidic than nickel(II) or palladium(II).

The reason for the absence of the m-
back donation in 23 can be found in the
molecular orbitals computed on the

HF/6-31g* level of theoryl14 (Crystal

Figure 62. LUMO+8 of compound 23, computed
using the HF/6-31g* level of theory.!14 Explorer)80. The unoccupied m-orbital can

be found in the rather diffuse LUMO+8. It is too high in energy to have any kind of
interaction with the metal centered d-orbitals. The related compounds 24 and 25 show
that a derivatization of the ligand backbone or the side arm residues can affect the

orbital energies and therewith provide the requirements for a m-back donation.

The variation of the donor atoms seems to have no effect on the m-system. Going from
nitrogen donor atoms to sulfur atoms does neither increase the energy of an occupied
pyrrole m-orbital nor does it lower the energy of the LUMO of the pyrrole m-system.
Furthermore, its effect on the energy level of the metal centered d-orbitals is marginal as
well. As could be shown by compound 24 an enlargement of the heterocyclic m-system
or a substitution of the metal bonded chlorine atom are the methods of choice to control

the HOMO-LUMO gap.
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3.5.2 Palladium-dimethylamino-chloro-{2,5-bis((dimethylamino)methyl)-
pyrrolide} (26)
Unfortunately, the synthesis of a palladium analogue of compound 23 for a direct
comparison of the nickel and palladium interactions with the pincer ligand bearing the
sulfur donor atoms failed. Therefore the lithium pyrrolide {NNN}Li 7 was reacted with

palladium(II)chloride.

Figure 63. Crystal structure of Palladium-dimethylamino-chloro-{2,5-bis((dimethylamino)-
methyl)pyrrolide} (26). Thermal ellipsoids are depicted at the 50% probability level, hydrogen atoms
are omitted for clarity.

Surprisingly, the obtained compound was not the expected {NNN}PdCl species.
Instead, a dimethylamine molecule replaces one of side arms ending up in a
{NN}Pd(HNMe2)Cl type structure. However, the source of the dimethylamine molecule is
questionable. The free ligand was distilled in the purification process (5 x 10-2 mbar,
~100 °C), thus possible dimethylamine contaminations should have been removed.
Nonetheless, a cleavage of one of the side arms from the pyrrole moiety is possible and
would explain the presence of dimethylamine in the reaction solution and therewith in
the crystal structure. 26 crystallizes in the monoclinic space group P21/c with the whole
molecule enclosed in the asymmetric unit. The coordination geometry at the
palladium(II) ion is slightly distorted squared planar (N2-Pd1-N4: 175.11(5)°, N1-Pd1-
Cl1: 175.25(4)°). The palladium bonded dimethylamine moiety is connected with the
pending side arm via a N-H---N hydrogen bond (N-:-H distance: 189.7 pm, N-H---N angle:
170.24°), which is the shortest non-covalent interaction of this whole thesis and can
considered to be quite short in comparison to other N-H:N hydrogen bondings

reported in the CSD so far (chapter 3.1.1).
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This structural feature is an evidence for the flexibility of the pyrrole based pincer
ligand. Besides the coordination of metal ions with a wide ion size distribution (39 pm
(Ge(IV)) to 119 pm (Pb(II))), the ligand can act as a hemi-labile species!4?in the

presence of suitable substrates like dimethylamine.

Table 34. C-C Bond length in the pyrrole moieties in 26, 23 and 8.

Bond length [pm]  {NN}Pd(HNMe;)Cl (26)  {SNS}NiCl (23) Lithium pyrrolide (8)

c1-C2 138.2(2) 138.23(16) 138.03(19)
C2-C3 141.5(2) 142.4(3) 141.0(2)
C3-C4 139.0(2) 138.21(19)
Asp.ps 2.9 4.2 2.9

The N1-Pd1 distance is, different from the N1-Nil bond in 23, not unusually short.
The bidentate {NN} coordination mode decreases the o-overlap between N1 and Pd1.
The effect of a decreased pyrrole-metal o-interaction upon a shift of the metal ion
towards one of the side arms has been discussed investigating the tin compound in
chapter 3.4.3. The C-C bond lengths in the pyrrole heterocycle indicate a weak m-back
donation (Table 34). The average bond lengths of the formal double bonds of pyrrole are
the longest of all species investigated within this thesis and the C2-C3 bond is, besides
the lithium pyrrolide (8), the shortest observed in this thesis. With a Asg.pg value of 2.9 it
cannot be compared to the nickel and palladium species discussed in the previous
chapter as they show Asg.pg values of -2.05 (24) and -0.2 (25), respectively. Thus the -
back donation must be rather weak. Additionally, the ligand—metal m-donation cannot
be strong as the C2-C3 bond is not elongated compared to compound 8. Together with
the weakened o-interaction, the resulting N1-Pd1 bond is, uncharacteristic for metal-
pyrrole bonds in pyrrole based pincer complexes, of average length compared to other

N-PdCl bonds reported in the CSD.

An interesting structural property of 26 was revealed after a closer investigation of
the intermolecular interactions. 26 contains exactly the same intermolecular C-H-m
interactions as the germanium(IV) species (17). It dimerizes due to the orientation of a
methylene proton (H5B) on top of the pyrrole m-system of a neighboring molecule and
vice versa (Figure 64). No structural feature could be detected for these two compounds

that is absent in all the others and therewith probably responsible for this similarity.
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Figure 64. Hirshfeld surface of compound 26, including

the short contacts to a neighboring molecule.

The H-m distance is 246.7(2) pm (H-
centroid: 249.7 pm) long and the C-H-
centroid angle is 169.1° wide. These
values reflect the probable strength of
this interaction, when compared to
compound 17 but also regarding the
structures reported in the CSD,
containing C-H-m interactions (Figure
28). Furthermore, this C-H-m
interaction may be the reason for the
short C2-C3 bond and the slight
elongation C1-C2 and C3-C4. A loss of

electron density in the HOMO caused by a C-H-m interaction would cause exactly these

changes. On the other hand, the free ligand 6 contains a N-H-m interaction which is

considered to be much stronger than the C-H-m interaction in 26 and the C-C bond

lengths in the pyrrole moiety of 6 do not even indicate a marginal loss of electron

density in the HOMO. Unfortunately, the molecular orbitals could not be calculated due

to the computational expense. Thus, it cannot be stated whether the m-back donation or

if the C-H-m interaction is responsible for the bonding situation in the pyrrole

heterocycle. However, a weak m-back donation is most probably the reason for the

unfamiliar bonding situation in the pyrrole moiety.
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4  Synthesis and Structure

4.1 General

All reactions were carried out with strict exclusion of air and moisture under nitrogen
or argon atmosphere using modified Schlenk-techniques or in an argon dry box.141 All
solvents were dried using standard laboratory procedures and were freshly distilled
from sodium/potassium alloy prior to use. Solvents used for the synthesis or further
reactions of the germanium and silicon compounds were degassed according to
standard laboratory procedures. All employed reactants were commercially available or

reproduced according to the given literature procedure.

4.1.1 Spectroscopic and analytic methods

Nuclear Magnetic Resonance

All samples were prepared and filled into Schlenk-NMR-tubes inside an argon dry box.
The NMR-tube was sealed-off to exclude any impurities. Solvents were dried with
potassium. Spectra were recorded at variable temperatures at a Bruker Avance 300,
Bruker Avance 400, or a Bruker Avance 500 NMR spectrometer. All chemical shifts 6 are
given in ppm, relative to the residual proton signal of the deuterated solvent.

Assignments of the shifts were checked by two-dimensional correlation spectra.

Mass spectrometry

El-spectra were recorded with a MAT 95 device (EI-MS: 70 eV). Peaks are given as a
mass to charge ratio (m/z) of the fragment ions, based on the molecular mass of the

isotopes with the highest natural abundance.

Elemental analysis

Elemental analysis was performed as a combustion analysis by the Analytischen Labor
des Institutes fiir Anorganische Chemie at the Georg-August Universitat Gottingen with an

elementar vario EL III device.
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4.2 Synthesis

4.2.1 2,5-bis((dimethylamino)methyl)pyrrole (1)

1 was prepared along a modified protocol of Elsenbaumer et al’* At 0°C,
dimethylamine-hydrochloride (50.0g, 613 mmol) was added to a solution of
formaldehyde (36% in H20, 46.0 mL, 613 mmol) and stirred at that temperature for 15
minutes. Subsequently, pyrrole (21.4 mL, 306 mmol) was added drop wise. After
completed addition, the cooling bath was removed and the solution stirred for 12 h at
room temperature. Afterwards, the solution was treated with aqueous NaOH-solution
(2 M), until the pH reached a value of 10. The layers were separated and the organic
layer was washed with water (2 x 50 mL). The organic layer was then treated with
aqueous HCl-solution (2 M) until the pH value was below 4. The layers were separated
and the organic layer was extracted with water (2 x 50 mL). The combined aqueous
layers were again treated with aqueous NaOH solution (2 M) until the pH value was
approximately 10. Diethylether (100 mL) was added and the layers were separated. The
aqueous layer was extracted with diethylether (2 x 50 mL) and the combined organic
layers were dried using anhydrous Na:SOs. The solvent was removed under reduced
pressure and the residue was distilled (0.05 mbar, 100 °C) yielding a colorless oil

(43.8 g, 242 mmol, 79%), tending to crystallization after one day.

IH-NMR (300 MHz, THF-ds): & (ppm) 9.87 (sbr, 1 H, pyrrole-NH), 5.74 (d, / = 2.6 Hz,
2 H, pyrrole-CH), 3.28 (s, 4 H, linker-CHz), 2.12 (s, 12
H, NMey).

13C-NMR (75 MHz, THF-ds): S (ppm) 127.0 (pyrrole N-C), 104.7 (pyrrole CH),
55.73 (linker CH3), 42.36 (NMey).

MS (EI, 70 eV): m/z (%) 181 (24), 137 (97), 93 (100), 58 (99).

4.2.2 2,5-bis((pyrrolidino)methyl)pyrrole (2)
Compound 2 was prepared along a modified protocol published by Elsenbaumer et
al.7* Pyrrolidine (14.2 g, 200 mmol) was added to glacial acetic acid (12 mL) and cooled
to 0 °C. Formaldehyde (37% in MeOH, 15 mL, 200 mmol) was added followed by 10 mL

of water. Stirring was continued for 1 h at 0 °C. Then pyrrole (7.2 mL, 100 mmol) was
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added slowly and the mixture was allowed to warm up to room temperature. The
mixture was then stirred for 18 h at room temperature. Chloroform was added (100 mL)
and the pH was adjusted to approx. 10 using aq. NaOH (2 M). The organic layer was
separated and the solvent removed under reduced pressure. The residue was dissolved
in hexane and the desired compound (15.4 g, 65.9 mmol, 66%) was obtained as colorless

crystals after storage for three days at -80 °C.

1H-NMR (300 MHz, Tol-ds): 0 (ppm) 9.42 (sur, 1 H, pyrrole-NH), 6.02 (d, ] = 2.6 Hz,
2 H, pyrrole-CH), 3.41 (s, 4 H, 2 linker-CH3), 2.37 (m, 8
H, N-CH: (pyrrolidine)), 1.58 (m, 8 H, N-CH:-CH:
(pyrrolidine)).

13C-NMR (75 MHz, Tol-ds): 6 (ppm) 129.7 (2 C, pyrrole N-C), 106.7 (2 C, pyrrole
CH), 54.17 (2 C, linker CH:), 53.44 (4 C, N-CH:
(pyrrolidine)), 23.89 (4 C, N-CH2-CH: (pyrrolidine)).

MS (EI, 70 eV): m/z (%) 233 (16), 163 (62), 93 (100), 70 (20).

Elemental Analysis Anal. Calcd for C14H23N3: C, 72.06; H, 9.93; N, 18.01.
Found: C, 71.93; H, 10.12; N, 18.03.

4.2.3 2,5-bis((3,5-dimethylpiperidino)methyl)pyrrole (3)

3 was prepared along a modified protocol of Elsenbaumer et al’% 3,5-
Dimethylpiperidine (rac., 10.0 mL, 75 mmol) was added to glacial acetic acid (10mL).
The resulting mixture was stirred for 30 minutes and after cooling to room temperature,
formaldehyde (37% in MeOH, 5.6 mL, 75 mmol) was added. The resulting mixture was
stirred for 2 h Then the solution was treated with aqueous NaOH-solution (2 M) until
the pH reached a value of 10. The layers were separated and the organic layer was
washed with water (2 x 50 mL). The organic layer was then treated with aqueous HCI-
solution (2 M) until the pH value was below 4. The layers were separated and the
organic layer was extracted with water (2 x 50 mL). The combined aqueous layers were
again treated with aqueous NaOH solution (2 M) until the pH value was approximately
10. Diethylether (100 mL) was added and the layers were separated. The aqueous layer

was extracted with diethylether (2 x 50 mL) and the combined organic layers were dried
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using anhydrous NaS04. After removal of the solvent, a highly viscous yellow oil was

obtained (8.83 g, 27.8 mmol, 73%).

1H-NMR (300 MHz, CDCl3): S (ppm) 8.54 (sbr, 1 H, pyrrole N-H), 591 (s, 2 H,
pyrrole C-H), 3.46 (s, 4 H, linker CHz), 2.79 (m, 2 H, H-
2e + H-6¢ (cis)), 2.36 (m, 2 H, H-2. + H-6, (trans)), 2.03
(m, 2 H, H-2, + H-6¢ (trans)), 1.90 (m, 2 H, H-3 + H-5
(trans)), 1.75 - 1.60 (m, 3 H, H-4. + H-3 + H-5 (cis)),
1.43 (m, 2 H, H-2a + H-6a (cis)), 1.29 (m, 2 H, H-4
(trans)), 0.95 (d, 6 H, CH3 (trans)), 0.84 (d, 6 H, CH3
(cis)), 0.53 (q, 1 H, 4-Ha (cis)).

13C-NMR (75 MHz, CDCl3): S (ppm) 128.5 (2 C, pyrrole N-C), 106.9 (2 C, pyrrole
C-H), 61.34 (2 C, C-2 + C-6 (cis)), 61.22 (2 C, C-2 + C-6
(trans)), 55.73 (2 C, linker CHa), 42.26 (1 C, C-4 (cis)),
39.14 (1 C, C-4 (trans)), 31.24 (2 C, C-3 + C-5 (cis)),
27.46 (2 C, C-3 + C-5 (trans)), 19.63 (2 C, CHz (cis)),
19.13 (2 C, CHs (trans)).

MS (EI, 70 eV): m/z (%) 317 (8), 205 (50), 112 (100), 93 (27).

4.2.4 2,5-bis((tertbutyl-thiolato)methyl)pyrrole (5)

‘Butyl-mercaptan (2.0 mL, 17.8 mmol) was dissolved in THF (15 mL). Subsequently,
sodium hydride (0.43 g, 17.8 mmol) was carefully added and the resulting mixture
stirred for 30 minutes. The resulting mixture was added to a suspension of 4 (4.14 g,
8.9 mmol) in THF (20 mL), according to a literature known procedure.”* The combined
mixtures were stirred at 66 °C for one hour. After cooling to room temperature, the

solvent was removed and the residue was dissolved in diethylether (50 mL). The
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resulting suspension was filtered and the filtrate was dried over anhydrous NazSOa.
After removal of the solvent, the product was obtained as yellow oil (1.94 g, 7.2 mmol,

819%).

TH-NMR (300 MHz, CDCl3): 6 (ppm) 10.58 (sbr, 1 H, pyrrole-NH), 5.74 (d, 2 H,
pyrrole-CH), 3.67 (s, 4 H, 2 linker-CHz), 1.27 (s, 18 H,
Stbu).

13C-NMR (75 MHz, CD3CN): 0 (ppm) 129.4 (2 C, pyrrole N-C), 108.2 (2 C, pyrrole
C-H), 57.32 (2 C, CCH3), 45.62 (2 C, linker CH2), 31.44
(6 C, CH3).

MS (EI, 70 eV): m/z (%) 271 (16), 182 (98), 126 (100), 93 (20).

4.2.5 2,5-bis((thiophenolato)methyl)pyrrole (6)

Thiophenol (1.82 mL, 17.8 mmol) was dissolved in THF (15 mL). Subsequently,
sodium hydride (0.43 g, 17.8 mmol) was carefully added and the resulting mixture
stirred for 30 minutes. The resulting mixture was added to a suspension of 4 (4.14 g,
8.9 mmol) in THF (20 mL), according to a literature known procedure.”# The combined
mixtures were stirred at 66 °C for one hour. After cooling to room temperature, the
solvent was removed and the residue was dissolved in diethylether (50 mL). The
resulting suspension was filtered and the filtrate was dried over anhydrous Na;SOs.
After removal of the solvent, the crude product was obtained which was then
recrystallized from hexane (20 mL) yielding compound 6 as colorless crystalline solid

(2.12 g, 6.8 mmol, 76%).

1H-NMR (300 MHz, Tol-ds): 6 (ppm) 8.22 (sbr, 1 H, pyrrole-NH), 7.30 - 7.18 (m, 10
H, 2 x Ph), 5.87 (d, /] = 2.6 Hz, 2 H, pyrrole-CH), 4.09 (s,
4 H, 2 x linker-CH2).

I3C-NMR (75 MHz, Tol-ds): 0 (ppm) 135.7 (2 C, Cipso-Ph), 130.2 (2 C, pyrrole N-C),
128.8 - 126.6 (10 C, (o, m, p)-Ph), 107.9 (2 C, pyrrole
CH), 32.10 (2 C, linker CHy).

MS (EI, 70 eV): m/z (%) 311 (4), 202 (100), 93 (55).
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4.2.6 Lithium][2,5-bis((dimethylamino)methyl)pyrrolide] (7)

2,5-Bis{(dimethylamino)methyl}pyrrole (1.00 g, 5.52 mmol) was dissolved in n-
hexane (20 mL) and cooled to 0°C. A solution of n-butyllithium (n-hexane, 6.0 M,
0.92 mL, 5.52 mmol) was added drop wise and the solution was stirred for 1 h at 0 °C.
Subsequently, the ice bath was removed and the solution stirred for 15 h at room
temperature. The precipitated white solid was filtered off, washed with cold n-hexane
(10 mL) and dried in vacuo. Recrystallization from diethylether (10 mL) at -28°C
yielded single crystals (0.89g, 4.75mmol, 86%) suitable for X-ray diffraction

experiments.

1H-NMR (400 MHz, THF-ds): & (ppm) 5.73 (s, 2 H, pyrrole CH), 3.95 - 2.75 (svr, 4 H,
linker CH2), 2.11 (s, 12 H, NMey).

4.2.7 Lithium[2,5-bis((pyrrolidino)methyl)pyrrolide] (8)
2,5-Bis{(pyrrolidino)methyl}pyrrole (1.00 g, 4.29 mmol) was dissolved in toluene
(20 mL) and cooled to 0°C. A solution of n-butyllithium (n-hexane, 6.0 M, 0.71 mL,
4.29 mmol) was added drop wise and the solution was stirred for 1h at 0 °C.
Subsequently, the ice bath was removed and the solution stirred for 15 h at room
temperature. Evaporation of all volatile materials afforded 8 as a white powder (0.92 g,
3.86 mmol, 90%). After recrystallization from diethylether, single crystals suitable for X-

ray diffraction experiments were obtained.

1H-NMR (300 MHz, Tol-ds): S (ppm) 6.33 (s, 2 H, pyrrole CH), 3.72 (swr, 4H,
linker CHz), 2.47 (sur, 8 H, N-CH2 (pyrrolidine)), 1.40
(m, 8 H, N-CH2-CH: (pyrrolidine)).

13C-NMR (75 MHz, Tol-ds): 0 (ppm) 138.7 (2 C, pyrrole N-C), 105.7 (2 C, pyrrole
CH), 59.55 (2 C, linker CH:), 54.14 (4 C, N-CH:
(pyrrolidine)), 23.79 (4 C, N-CHz-CH? (pyrrolidine)).

’Li-NMR (117 MHz, Tol-ds): 6 (ppm) 2.01 (s).

MS (EI, 70 eV): m/z (%) 239 (14), 169 (66), 99 (100), 70 (18).
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4.2.8 Lithium[2,5-bis((3,5-dimethylpiperidino)methyl)pyrrolide] (9)

2,5-bis((3,5-dimethylpiperidino)methyl)pyrrole (1.00 g, 3.15 mmol) was dissolved in

toluene (20 mL) and cooled to 0°C. A solution of n-butyllithium (n-hexane, 6.0 M,

0.52 mL, 4.29 mmol) was added drop wise and the solution was stirred for 1 h at 0 °C.

Subsequently, the ice bath was removed and the solution stirred for 15h at room

temperature. Evaporation of all volatile materials afforded 9 as a white powder (0.88 g,

2.71 mmol, 86%). After recrystallization from diethylether single crystals suitable for X-

ray diffraction experiments were obtained.

H H

TH-NMR (300 MHz, CD3CN):

13C-NMR (75 MHz, CD3CN):

MS (EIL 70 eV):

0 (ppm) 5.76 (2 H, pyrrole C-H), 3.36 (svr, 4 H, linker
CHz), 2.73 (m, 2 H, H-2¢ + H-6¢ (cis)), 2.33 (m, 2 H, H-
2¢ + H-64 (trans)), 1.98 (m, 2 H, H-2, + H-6¢ (trans)),
1.84 (m, 2 H, H-3 + H-5 (trans)), 1.73 - 1.52 (m, 3 H,
H-4. + H-3 + H-5 (cis)), 1.38 (m, 2 H, H-2, + H-6, (cis)),
1.27 (m, 2 H, H-4 (trans)), 0.92 (d, 6 H, CH3 (trans)),
0.81 (d, 6 H, CH3 (cis)), 0.48 (q, 1 H, 4-Ha (cis)).

0 (ppm) 126.5 (2 C, pyrrole N-C), 107.8 (2 C, pyrrole
C-H), 62.51 (2 C, C-2 + C-6 (cis)), 61.85 (2 C, C-2 + C-6
(trans)), 56.77 (2 C, linker CHz), 43.46 (1 C, C-4 (cis)),
40.36 (1 C, C-4 (trans)), 32.47 (2 C, C-3 + C-5 (cis)),
28.76 (2 C, C-3 + C-5 (trans)), 20.33 (2 C, CH3 (cis)),
19.90 (2 C, CH3z (trans)).

m/z (%) 323 (8), 211 (46), 112 (100), 99 (21).
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4.2.9 Aluminium-dichloro-{2,5-bis((3,5-dimethylpiperidino)methyl)-
pyrrolide} (10)

Lithium[2,5-bis((3,5-dimethylpiperidino)methyl)pyrrolide] (0.50 g, 1.54 mmol) was
dissolved in toluene (25 mL) and subsequently aluminiumtrichloride (0.21 g 1.54 mmol)
was added. The resulting mixture was stirred for 24 h at room temperature and was
then filtered through Celite. The residue was washed with cooled toluene (2 x 5 mL) and
the volume of the combined filtrates was reduced under reduced pressure to
approximately 10 mL. Cooling of this solution to -28 °C yielded colorless crystals of 10
(0.12 g, 0.29 mmol, 19%).

1H-NMR (300 MHz, Tol-ds): 0 (ppm) 6.04 (2 H, pyrrole C-H), 3.62 (s, 4 H, linker
CH2), 2.86 (m, 2 H, H-2¢ + H-6. (cis)), 1.85 - 1.62 (m, 3
H, H-4. + H-3 + H-5 (cis)), 1.45 (m, 2 H, H-2, + H-6,
(cis)), 0.84 (d, 6 H, CH3 (cis)), 0.56 (q, 1 H, 4-Ha (cis)).

13C-NMR (75 MHz, Tol-ds): S (ppm) 128.6 (2 C, pyrrole N-C), 108.9 (2 C, pyrrole
C-H), 65.74 (2 C, C-2 + C-6 (cis)), 59.38 (2 C, linker
CHz), 45.43 (1 C, C-4 (cis)), 35.87 (2 C, C-3 + C-5 (cis)),
21.98 (2 C, CH3z (cis)).

MS (EI, 70 eV): m/z (%) 413 (9), 378 (16), 301 (48), 266 (64), 154
(18), 112 (100).

4.2.10 2,5-bis((pyrrolidino)methyl)-1H-pyrrole - 2 trimethylaluminium
(11)
2,5-bis((pyrrolidino)methyl)pyrrole (2) (0.50 g, 2.14 mmol) was dissolved in toluene
and cooled to 0 °C. Afterwards, a trimethylaluminium solution (hexane, 1.5 M, 1.43 mL)

was added drop wise. After completed addition, the solution was allowed to warm up to
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room temperature and was stirred for 12 h at room temperature. The volume of the
solution was then reduced under reduced pressure and stored at -28°C, yielding

colorless crystals (0.24 g, 0.64 mmol, 30%).

1H-NMR (300 MHz, Tol-dg): 6 (ppm) 7.57 (s, 1 H, N-H), 5.77 (d, ] = 1.6 Hz, 2 H,
pyrrole C-H), 3.46 (s, 4 H, linker CHz), 2.92 (svr, 4 H, N-
CHz (pyrrolidine)), 2.36 (sor, 4 H, N-CH:
(pyrrolidine)), 1.31 (s, 4 H, N-CH2-CH:
(pyrrolidine)), 1.06 (s, 4 H, N-CH2-CH:
(pyrrolidine)), -0.53 (s, 18 H, AlMe3).

13C-NMR (75 MHz, Tol-ds): 6 (ppm) 132.6 (2 C, pyrrole N-C), 112.7 (2 C, pyrrole
C-H), 53.02 (4 C, N-CH: (pyrrolidine)), 52.15 (2 C,
linker CH2), 24.21 (4 C, N-CH2-CH: (pyrrolidine)),
-8.46 (6 C, CHz).

Elemental Analysis Anal. Calcd for CyoHs1AlI:Ns3: C, 63.63; H, 10.95; N,
11.13. Found: C, 63.39; H, 10.70; N, 11.34.

4.2.11 Indium-dibromo-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (12)
Lithium[2,5-bis((pyrrolidino)methyl)pyrrolide] (8) (0.50g, 2.08 mmol) was
dissolved in toluene and indiumtribomide (0.46 g, 2.08 mmol) was added. The resulting
mixture was stirred for 24 h at room temperature and was then filtered through Celite.
The residue was washed with cooled toluene (2 x 5 mL) and the volume of the combined
filtrates was reduced under reduced pressure to approximately 10 mL. Cooling of this
solution to -28 °C yielded an unidentifiable brownish precipitate. From this precipitate

tiny crystals suitable for single crystal X-ray diffractions experiments could be isolated.

4.2.12 Silicon-dichloro-hydrido-{2,5-bis((pyrrolidino)methyl)-pyrrolide}
(13)
Lithium[2,5-bis((pyrrolidino)methyl)pyrrolide] (0.50 g, 2.08 mmol) was dissolved in
toluene (25 mL) and cooled to 0 °C. Subsequently, trichlorosilane (0.21 mL 2.08 mmol)

was slowly added to the stirred solution. The resulting mixture was stirred for 24 h at
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room temperature and was then filtered through Celite. The residue was washed with
cooled toluene (2 x 5 mL) and the volume of the combined filtrates was reduced under
reduced pressure to approximately 10 mL. Cooling of this solution to -40 °C yielded
colorless crystals of 13 (0.26 g, 0.78 mmol, 38%). In another approach similar in the
synthetic procedure, the solvent was removed completely and the yellowish and highly
viscous oil was stored at room temperature for two days, yielding crystalline solid of

compound 13a (0.34 g, 1.02 mmol, 49%).

1H-NMR (300 MHz, Tol-ds): 0 (ppm) 6.01 (s, 2 H, pyrrole C-H), 3.54 (s, 4 H, linker
CHz), 2.50 (sbr, 8 H, N-CH: (pyrrolidine)), 1.42 (Sbr, 8
H, N-CH2-CH: (pyrrolidine)), 0.19 (s, 1 H, Si-H).

13C-NMR (75 MHz, Tol-ds): S (ppm) 137.1 (2 C, pyrrole N-C), 108.6 (2 C, pyrrole
C-H), 54.57 (2 C, linker CH2), 54.26 (4 C, N-CH:
(pyrrolidine)), 23.52 (4 C, N-CH2-CHz (pyrrolidine)).

29Si-NMR (59 MHz, Tol-dg): S (ppm) -90.3 (s)

MS (EI, 70 eV): m/z (%) 331.1 (14), 261.1 (36), 260.1 (47), 191.0
(98), 163.2 (100), 84.1 (65), 70.1 (39).

Elemental Analysis Anal. Calcd for Ci4H23Cl2N3Si: C, 50.60; H, 6.98; N,
12.64. Found: C, 47.78; H, 6.20; N, 12.19.

4.2.13 Germanium-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (15)
[LiN(SiMe3)2] - Et20 (1.00 g, 4.14 mmol) was added to a mixture of GeCl; - dioxane
(0.96 g, 4.14 mmol) in toluene (20 mL). The resulting solution was cooled to 0 °C.
2,5-Bis{(pyrrolidino)methyl}-pyrrole (0.97 g, 4.14 mmol) was added and the solution
was stirred for 15 h at room temperature. Filtration of the suspension and reducing the
volume of the resulting filtrate yielded crystals of 15 (1.10 g, 3.23 mmol, 78%), suitable
for single crystal X-ray diffraction experiments after storage of the solution at -28 °C for

some days.

1H-NMR (500 MHz, Tol-ds): 6 (ppm) 6.09 (s, 2 H, pyrrole CH), 3.67 (d, 2 H, linker
CH2), 3.37 (d, 2 H, linker CHz), 2.77 (sbr, 4 H, N-CH>
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13C-NMR (126 MHz, Tol-dg):

MS (EI, 70 eV):

Elemental Analysis

(pyrrolidine)), 2.44 (svr, 4 H, N-CH2 (pyrrolidine)),
1.57 (m, 8 H, N-CHz2-CH> (pyrrolidine)).

6 (ppm) 132.8 (2 C, pyrrole N-C), 104.5 (2 C, pyrrole
CH), 54.67 (2 C, linker CH:), 54.54 (4 C, N-CH:
(pyrrolidine)), 23.77 (4 C, N-CH2-CH: (pyrrolidine)).

m/z (%) 341 (16), 339 (12), 337 (7), 271 (58), 161
(100), 93 (34), 84 (23).

Anal. Calcd for Ci4H22ClGeNs: C, 49.39; H, 6.51; N,
12.34. Found: C, 49.03; H, 6.67; N, 12.14.

4.2.14 Germanium-chloro-{2,5-bis((dimethylamino)methyl)-pyrrolide}

(16)

[LiN(SiMe3)2] - Et20 (1.00 g, 4.14 mmol) was added to a mixture of GeCl, - dioxane

(0.96 g, 4.14 mmol) in toluene (20 mL). The resulting solution was cooled to 0 °C.

2,5-Bis{(dimethylamino)methyl}-pyrrole (0.75g, 4.14 mmol) was added and the

solution was stirred for 15 h at room temperature. Filtration of the suspension and

reducing the volume of the resulting filtrate yielded crystals of 15 (1.00 g, 3.46 mmol],

84%), suitable for single crystal X-ray diffraction experiments after storage of the

solution at -28 °C for some days.

1H-NMR (300 MHz, Tol-dg):

13C-NMR (75 MHz, Tol-dg):

MS (EI, 70 eV):

Elemental Analysis

6 (ppm) 6.05 (s, 2 H, pyrrole CH), 3.42 (d, 2 H, linker
CHz), 3.08 (d, 2 H, linker CH2), 2.07 (s, 12 H, Me).

0 (ppm) 132.4 (2 C, pyrrole N-C), 105.3 (2 C, pyrrole
CH), 57.43 (2 C, linker CH2), 44.98 (4 C, Me).

m/z (%) 291 (18), 289 (39), 287 (28), 285 (18), 245
(95), 135 (100).

Anal. Calcd for Ci10H1s8ClGeNs: C, 41.65; H, 6.29; N,
14.57. Found: C, 40.69; H, 6.10; N, 13.82.
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4.2.15 Germanium-chloro-[2,5-bis(dimethylamino)methyl)pyrrolidido]-
thione (17)
Germanium-chloro-{2,5-bis((dimethylamino)methyl)-pyrrolide} (16) (0.20 g,
0.69 mmol) was dissolved in toluene (20 mL). Elemental sulfur (22 mg, 0.69 mmol) was
added and the resulting suspension was stirred for 18 h at room temperature. Filtration
through Celite afforded a colorless solution. The volume of the filtrate was reduced to
approximately 10 mL. After storage of the resulting solution for three days at -28 °C, a

colorless crystalline solid was obtained after filtration (0.21 g, 0.65 mmol, 94%).

1H-NMR (300 MHz, Tol-ds): 0 (ppm) 5.93 (s, 2 H, pyrrole C-H), 3.18 (d, 2 H, linker
CHz), 3.05 (d, 2 H, linker CH2), 2.18 (s, 9 H, NMe>).

13C-NMR (75 MHz, Tol-ds): S (ppm) 129.31 (2 C, pyrole N-C), 106.21 (2 C, pyrrole
C-H), 56.46 (2 C, linker CH2), 45.86 (4 C, NMe2).

Elemental Analysis Anal. Calcd for Ci10H18ClGeNsS: C, 37.48; H, 5.66; N,
13.11; S, 10.01. Found: C, 40.88; H, 6.05; N, 11.28; S,
9.78.

4.2.16 Tin-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (18)
[LiN(SiMe3)2] - Et20 (1.00 g, 4.14 mmol) was added to a mixture of SnClz (0.79 g,
4.14 mmol) in toluene (20mL). The resulting solution was cooled to 0 °C.
2,5-Bis{(pyrrolidino)methyl}-pyrrole (0.97 g, 4.14 mmol) was added and the solution
was stirred for 15 h at room temperature. Filtration of the suspension and reducing the
volume of the resulting filtrate yielded crystals of 18 (1.11 g, 2.86 mmol, 69%), suitable
for single crystal X-ray diffraction experiments after storage of the solution at -28 °C for

some days.

1H-NMR (500 MHz, Tol-ds): 0 (ppm) 6.13 (s, 2 H, pyrrole CH), 3.65 (d, 2 H, linker
CHz), 3.39 (d, 2 H, linker CH2), 2.34 (svbr, 8 H, N-CH2
(pyrrolidine)), 1.48 (Sbr, 8 H, N-CH2-CH>
(pyrrolidine)).
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13C-NMR (126 MHz, Tol-dg):

1195n-NMR (187 MHz, Tol-ds):

MS (EI, 70 eV):

Elemental Analysis

6 (ppm) 133.5 (2 C, pyrrole N-C), 104.8 (2 C, pyrrole
CH), 55.40 (2 C, linker CH:), 54.47 (4 C, N-CH:
(pyrrolidine)), 23.69 (4 C, N-CH2-CH: (pyrrolidine)).

0 (ppm) -217.1 (s)

m/z (%) 389 (7), 387 (19), 385 (14), 317 (60), 161
(100), 93 (15), 84 (18).

Anal. Calcd for Ci14H23CIN3Sn: C, 43.50; H, 5.74; N,
10.87. Found: C, 43.21; H, 5.62; N, 10.87.

4.2.17 Lead-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (21)
[LiN(SiMes)2] - Et20 (1.00 g, 4.14 mmol) was added to a mixture of PbCl2 (1.15g,

4.14 mmol) in toluene (20mL). The resulting solution was cooled to 0 °C.

2,5-Bis{(pyrrolidino)methyl}-pyrrole (0.97 g, 4.14 mmol) was added and the solution

was stirred for 15 h at room temperature. Filtration of the suspension and reducing the

volume of the resulting filtrate yielded crystals of 21 (1.06 g, 2.24 mmol, 54%), suitable

for single crystal X-ray diffraction experiments after storage of the solution at -28 °C for

some days.

1H-NMR (300 MHz, Tol-dg):

13C-NMR (126 MHz, Tol-dg):

207Ph-NMR (63 MHz, Tol-dg):

MS (EIL 70 eV):

Elemental Analysis

8 (ppm) 6.27 (m, 2 H, pyrrole CH), 3.70 (svr, 4 H,
linker CHz), 2.55 (Svbr, 8 H, N-CH2 (pyrrolidine)), 1.51
(sbr, 8 H, N-CH2-CH: (pyrrolidine)).

0 (ppm) 138.3 (2 C, pyrrole N-C), 105.7 (2 C, pyrrole
CH), 56.61 (2 C, linker CH2), 54.32 (4 C, N-CH:
(pyrrolidine)), 23.75 (4 C, N-CH2-CH2 (pyrrolidine)).

0 (ppm) 1524 (m).

m/z (%) 475 (16), 474 (7), 473(7), 405 (44), 161
(100), 93(23), 84 (19).

Anal. Calcd for C14H23CIN3Pb: C, 35.40; H, 4.67; N,
8.85. Found: C, 35.31; H, 4.38; N, 9.15.
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4.2.18 Antimony-dichloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (22)

Lithium[2,5-bis((pyrrolidino)methyl)pyrrolide] (0.50 g, 2.08 mmol) was dissolved in

toluene (25 mL) and subsequently, antimonytrichloride (0.47 g 2.08 mmol) was slowly

added to the stirred solution. The resulting mixture was stirred for 24 h at room

temperature and was then filtered through Celite. The residue was washed with cooled

toluene (2 x 5 mL) and the volume of the combined filtrates was reduced under reduced

pressure to approximately 10 mL. Storage of this solution at -28 °C yielded colorless

crystals of 22 (0.22 g, 0.52 mmol, 25%) after three days.

1H-NMR (300 MHz, Tol-ds):

13C-NMR (75 MHz, Tol-ds):

MS (EI, 70 eV):

Elemental Analysis

0 (ppm) 6.06 (s, 2 H, pyrrole C-H), 3.78 (svbr, 4 H, N-
CH: (pyrrolidine)), 3.76 (s, 4 H, linker CHz), 2.29 (Svbr,
4 H, N-CH: (pyrrolidine)), 1.66 (svr, 4 H, N-CH2-CH-
(pyrrolidine)), 131 (sbr, 4 H, N-CH2-CH:
(pyrrolidine)).

S (ppm) 131.48 (2 C, pyrrole N-C), 106.32 (2 C,
pyrrole C-H), 55.71 (4 C, N-CH: (pyrrolidine)), 54.84
(2 C, linker CH2), 23.02 (4 C, N-CHz-CH:
(pyrrolidine)).

m/z (%) 425 (1), 389 (35), 387 (30), 355 (5), 319 (4),
250 (7).

Anal. Calcd for Ci4H22Cl2N3Sb: C, 39.56; H, 5.22; N,
9.89. Found: C, 39.25; H, 4.98; N, 10.13.

4.2.19 Nickel-chloro-{2,5-bis((tertbutyl-thiolato)methyl)pyrrolide} (23)
[LiN(SiMe3)2] - Et20 (0.50 g, 2.07 mmol) was added to a mixture of NiCl; - dimethoxy-
ethane (0.45 g, 2.07 mmol) in toluene (20 mL). Then 2,5-bis((tertbutyl-thiolato)methyl)-

pyrrole (0.56 g, 2.07 mmol) was added and the solution was stirred for 15 h at room

temperature. Filtration of the suspension and reducing the volume of the resulting

filtrate yielded purple crystals of 23 (0.61 g, 1.78 mmol, 86%), suitable for single crystal

X-ray diffraction experiments after storage of the solution at -28 °C for one day.
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1H-NMR (300 MHz, Tol-dg):

13C-NMR (75 MHz, Tol-ds):

MS (EI, 70 eV):

6 (ppm) 5.90 (s, 2 H, pyrrole C-H), 3.52 (s, 2 H, linker
CHz), 3.12 (s, 2 H, linker CHz), 1.38 (s, 9 H, tbu), 1.16
(s, thu).

0 (ppm) 137.4 (2 C, pyrrole N-C), 105.4 (2 C, pyrrole
C-H), 51.47 (2 C, C-CH3), 34.22 (2 C, linker CH2), 30.07
(6 C, CH3).

m/z (%) 363 (20), 307 (10), 215 (15), 181 (27).

4.2.20 Palladium-dimethylamino-chloro-{2,5-bis((dimethylamino)methyl)-

pyrrolide} (26)

[LiN(SiMes)2] - Et20 (0.50 g, 2.07 mmol) was added to a mixture of PdCl; (0.37 g,
2.07 mmol) in toluene (20 mL). Then 2,5-bis((dimethylamino)methyl)-pyrrole (0.38 g,

2.07 mmol) was added and the solution was stirred for 15h at room temperature.

Filtration of the suspension and reducing the volume of the resulting filtrate yielded

yellowish crystals of 26 (0.36 g, 0.97 mmol, 47%), suitable for single crystal X-ray

diffraction experiments after storage of the solution at -28 °C for five days.

1H-NMR (300 MHz, Tol-dg):

13C-NMR (75 MHz, Tol-ds):

MS (EIL 70 eV):

Elemental Analysis

6 (ppm) 8.25 (s, 1 H, HNMe), 6.18 (d, 1 H, pyrrole C-
H), 6.11 (d, 1 H, pyrrole C-H), 3.14 (s, 4 H, linker CH3),
2.35 (s, 3 H, HNMe), 2.33 (s, 3 H, HNMe>), 2.19 (s, 6 H,
linker-NMe>), 1.81 (s, 6 H, linker-NMez).

6 (ppm) 129.20 (2 C, pyrrole N-C), 110.34 (1 C, pyrole
C-H), 102.87 (1 C, pyrrole C-H), 66.81 (1 C, linker
CHz), 58.87 (1 C, linker CH2), 50.87 (2 C, HNMe:),
43.63 (2 C, linker-NMe), 42.42 (2 C, linker-NMe).

m/z (%) 368 (5), 366 (5), 365 (3), 323 (26), 285 (5),
241 (38), 136 (100).

Anal. Calcd for Ci2H2sCIN4Pd: C, 39.25; H, 6.86; N,
15.26. Found: C, 39.97; H, 6.38; N, 15.63.



Crystallographic section 123

5 Crystallographic section

5.1 General

Single crystals were selected from a Schlenk flask under argon atmosphere and
covered with perfluorated polyether oil on a microscope slide, which was cooled with an
inert gas flow (nitrogen, +25 °C - =100 °C) using the X-TEMP2 device.1#? An appropriate
crystal was selected using a microscope equipped with polarization filter, mounted on
the tip of a MiTeGen©MicroMount or glass fiber, fixed to a goniometer head and shock

cooled by the crystal cooling device.

The data collections were carried out on Bruker APEX2 Ultra or Quazar
diffractometers equipped with Bruker TXS Mo, Incoatec IuS Mo or Incoatec IuS Ag
sources.!43 The dataset recorded with Cu-Ka wavelength was collected on a Bruker
SMART®6000 diffractometer. The data collection strategy was calculated with the APEX
plugin COSMO44 or entered by hand.

The unit cell was indexed with the tools in the Bruker APEX2 software suite.4> The
intensities on the raw frames were integrated with SAINT 7.68a.146 The orientation
matrix was refined in several integration runs and the maximum resolution was

adjusted so that only useable data with a maximum Rin of 0.20 were integrated.

The software SADABS 2012/1147 was used for absorption correction and scaling.
TWINABS148 was used in the cases of non-merohedral twins. XPREP149 was used for the
examination of data statistics and preliminary space group determination. The program
SHELXS!50 was used to create a structure solution which was refined using SHELXL-

2012151 within the SHELXLE-GUI.152

All non-hydrogen-atoms were refined with anisotropic displacement parameters. The
C-bound hydrogen atoms were refined isotropically on calculated positions using a
riding model with their Uiso, values constrained equal to 1.5 times the Ueq of their pivot
atoms for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms. The N-
bonded hydrogen atoms were refined freely from the residual density map and
constrained to 1.5 Ueq of their pivot nitrogen atom. Disordered moieties were refined

using bond lengths restraints and isotropic displacement parameter restraints.26
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5.2 Determined Structures

5.2.1 2,5-Bis((pyrrolidine)methyl)pyrrole (2)

C(9)

Asymmetric unit of compound 2. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms besides H1 are omitted for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

928751

C14 H23 N3
233.35
100(2) K
0.71073 A
Orthorhombic

Pbca

a=8.903(2) A
b=16.681(3) A
c=18.058(3) A
a=90°

B =90°

y=90°

2681.8(9) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma()]

wR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

8
0.070 mm™1

1024
0.2x0.1x 0.1 mm3
2.256 to 30.028°.
61880

3914 [R(int) = 0.0481]
99.4 %
3914 /3 /158

1.102

0.0426

0.1283

0.380 and -0.205 e.A3



Crystallographic section

125

Selected bond lengths [pm] and angles [°] of (2)

N(1)-C(4)
N(1)-C(1)
N(D)-H(1)
C(1)-C(2)
C(1)-C(10)
C(2)-C(3)
N(2)-C(9)
N(2)-C(5)
N(2)-C(6)
N(3)-C(10)
N(3)-C(14)
N(3)-C(11)
C(3)-C(4)
C(4)-C(5)
C(6)-C(7)
C(9)-C(8)
C(8)-C(7)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)

C(4)-N(1)-C(1)
C(4)-N(1)-H(1)
C(1)-N(1)-H(1)
N(D)-C(1)-C(2)

137.38(13)
137.59(13)

85.2(17)
137.69(15)
149.00(15)
141.98(15)
146.69(13)
146.84(13)
147.18(13)
145.84(14)
145.97(14)
146.34(14)
137.46(15)
149.27(14)
153.31(16)
153.27(14)
154.22(16)
152.64(16)
154.18(18)
152.72(17)

109.73(9)
123.9(11)
126.0(11)

107.31(9)

N(1)-C(1)-C(10)
C(2)-C(1)-C(10)
C(1)-C(2)-C(3)
C(9)-N(2)-C(5)
C(9)-N(2)-C(6)
C(5)-N(2)-C(6)
C(10)-N(3)-C(14)
C(10)-N(3)-C(11)
C(14)-N(3)-C(11)
C(4)-C(3)-C(2)
N(1)-C(4)-C(3)
N(1)-C(4)-C(5)
C(3)-C(4)-C(5)
N(2)-C(6)-C(7)
N(2)-C(5)-C(4)
N(2)-C(9)-C(8)
C(9)-C(8)-C(7)
C(6)-C(7)-C(8)
N(3)-C(10)-C(1)
N(3)-C(11)-C(12)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
N(3)-C(14)-C(13)

122.17(10)
130.43(10)
107.85(9)
112.14(8)
103.14(8)
113.89(8)
113.85(9)
111.99(9)
104.29(8)
107.22(10)
107.89(9)
121.41(9)
130.56(10)
103.08(9)
111.99(8)
103.02(8)
104.07(9)
104.62(9)
113.93(9)
104.57(9)
104.55(10)
104.41(10)
103.54(9)



126

Determined Structures

5.2.2 2,5-bis((thiophenolato)methyl)pyrrole (6)

H(100)

Asymmetric unit of compound 6, containing a half molecule. Thermal ellipsoids are depicted at the 50%
propability level, hydrogen atoms besides H100 are omitted for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C18 H17 N S2
311.44
100(2) K
0.71073 A
Orthorhombic

Pnma

a=6.532(2) A
b=32.631(3) A
c=7.345(2) A
a=90°

B =90°

y=90°

1566.3(7) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
0.332 mm’L

656

0.15 x 0.1x 0.1 mm3
1.248 to 25.337°.
7618

1447 [R(int) = 0.0641]
99.7 %

1447 /0 / 100

1.038

0.0378

0.0882

0.320 and -0.241 e.A”3
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Selected bond lengths [pm] and angles [°] of (6)

S(1)-C(4) 176.9(2) C(4)-S(1)-C(3) 104.54(10)
S(1)-C(3) 182.6(2) C(2)A-N(1)-C(2) 109.6(3)
N(1)-C(2)A 137.8(3) C(2)-C(1)-C(1)A 107.91(13)
N(1)-C(2) 137.8(3) C(1)-C(2)-N(1) 107.3(2)
C(1)-C(2) 137.3(3) C(1)-C(2)-C(3) 130.6(2)
C(1)-C(1)A 140.9(4) N(1)-C(2)-C(3) 121.9(2)
C(2)-C(3) 148.7(3) C(5)-C(4)-C(9) 119.3(2)
C(4)-C(5) 139.6(3) C(5)-C(4)-S(1) 115.65(17)
C(4)-C(9) 139.7(3) C(9)-C(4)-S(1) 124.97(17)
C(5)-C(6) 138.0(3) C(2)-C(3)-S(1) 107.41(15)
C(9)-C(8) 138.6(3) C(6)-C(5)-C(4) 120.6(2)
C(8)-C(7) 138.4(3) C(8)-C(9)-C(4) 119.4(2)
C(7)-C(6) 139.0(3) C(7)-C(8)-C(9) 121.1(2)
C(8)-C(7)-C(6) 119.5(2)

C(5)-C(6)-C(7) 120.0(2)
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5.2.3 Lithium-2,5-bis(dimethylamino)methyl) pyrrolide (7)

Asymmetric unit of compound 7. Thermal ellipsoids are depicted at the 50% propability level, hydrogen

atoms are omitted for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

C20 H36 Li2 N6
374.43

100(2) K
0.71073 A
Monoclinic

P21/c

a=12.793(3)A
b=9.709(2) A
c=18.672(3) A
a=90°

B =94.31(3)°

¥ =90°

2312.6(8) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4

0.065 mm™1

816

0.1x0.1x0.1 mm3
1.596 to 53.895°.
417443

28447 [R(int) = 0.0529]
100.0 %

28447 / 0/ 261
1.091

0.0386

0.1338

0.582 and -0.212 e.A3
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Selected bond lengths [pm] and angles [°] of (7)

N(1)-C(4)
N(1)-C(1)
N(1)-Li(1)
N(1)-Li(2)
C(1)-C(2)
C(1)-C(5)
C(1)-Li(1)
Li(1)-N(4)
Li(1)-N(2)
Li(1)-N(5)
Li(1)-C(11)
Li(1)-C(5)
Li(1)-C(15)
N(2)-C(6)
N(2)-C(7)
N(2)-C(5)
C(2)-C(3)
Li(2)-N(4)
Li(2)-N(6)
Li(2)-N(3)
Li(2)-C(4)
Li(2)-C(14)
Li(2)-C(18)
Li(2)-C(8)
N(3)-C(10)
N(3)-C(9)
N(3)-C(8)
C(3)-C(4)
N(5)-C(17)
N(5)-C(16)
N(5)-C(15)
N(4)-C(11)
N(4)-C(14)
C(4)-C(8)
N(6)-C(19)
N(6)-C(20)
N(6)-C(18)
C(11)-C(12)
C(11)-C(15)
C(12)-C(13)
C(13)-C(14)
C(14)-C(18)

C(4)-N(1)-C(1)
C(4)-N(1)-Li(1)
C(1)-N(1)-Li(1)
C(4)-N(1)-Li(2)
C(D)-N(1)-Li(2)
Li(1)-N(1)-Li(2)

137.44(4)
137.51(4)
204.47(8)
212.05(10)
138.75(5)
149.54(5)
274.75(9)
207.09(10)
211.46(8)
213.06(9)
271.08(10)
274.76(9)
278.99(9)
146.26(5)
146.39(6)
148.06(5)
142.22(5)
203.56(8)
210.31(9)
211.47(8)
264.14(9)
269.76(9)
274.06(8)
275.41(8)
146.61(5)
147.13(5)
148.15(6)
138.83(5)
146.31(6)
146.54(6)
148.56(6)
137.36(4)
137.57(4)
149.25(5)
146.40(5)
146.71(6)
148.44(5)
138.72(5)
149.30(6)
142.39(6)
138.62(4)
149.49(5)

105.65(2)
145.11(3)
105.23(3)
95.82(2)
129.53(3)
76.49(3)

N(1)-C(1)-C(2)
N(1)-C(1)-C(5)
C(2)-C(1)-C(5)
N(1)-C(1)-Li(1)
C(2)-C(1)-Li(1)
C(5)-C(1)-Li(1)
N(1)-Li(1)-N(4)
N(1)-Li(1)-N(2)
N(4)-Li(1)-N(2)
N(1)-Li(1)-N(5)
N(4)-Li(1)-N(5)
N(2)-Li(1)-N(5)
N(1)-Li(1)-C(11)
N(4)-Li(1)-C(11)
N(2)-Li(1)-C(11)
N(5)-Li(1)-C(11)
N(1)-Li(1)-C(1)
N(4)-Li(1)-C(1)
N(2)-Li(1)-C(1)
N(5)-Li(1)-C(1)
C(11)-Li(1)-C(1)
N(1)-Li(1)-C(5)
N(4)-Li(1)-C(5)
N(2)-Li(1)-C(5)
N(5)-Li(1)-C(5)
C(11)-Li(1)-C(5)
C(1)-Li(1)-C(5)
N(1)-Li(1)-C(15)
N(4)-Li(1)-C(15)
N(2)-Li(1)-C(15)
N(5)-Li(1)-C(15)
C(11)-Li(1)-C(15)
C(1)-Li(1)-C(15)
C(5)-Li(1)-C(15)
C(6)-N(2)-C(7)
C(6)-N(2)-C(5)
C(7)-N(2)-C(5)
C(6)-N(2)-Li(1)
C(7)-N(2)-Li(1)
C(5)-N(2)-Li(1)
C(1)-C(2)-C(3)
N(4)-Li(2)-N(6)
N(4)-Li(2)-N(3)
N(6)-Li(2)-N(3)
N(4)-Li(2)-N(1)
N(6)-Li(2)-N(1)
N(3)-Li(2)-N(1)
N(4)-Li(2)-C(4)
N(6)-Li(2)-C(4)

111.15(3)
118.93(2)
129.88(3)
45.89(2)
153.34(3)
74.21(2)
102.66(3)
87.14(3)
127.88(4)
139.54(4)
88.58(3)
116.38(4)
127.53(3)
29.724(18)
133.68(4)
59.29(2)
28.875(13)
114.24(3)
58.81(2)
154.70(4)
143.94(3)
60.03(2)
113.32(4)
32.240(15)
148.52(3)
136.69(3)
31.583(14)
130.87(3)
58.41(3)
141.44(3)
31.690(19)
31.457(15)
159.64(3)
165.79(3)
109.88(3)
109.95(3)
109.85(3)
119.74(3)
108.54(4)
98.13(3)
106.00(3)
89.80(3)
137.14(4)
120.34(3)
101.25(3)
118.48(4)
90.62(3)
129.02(3)
123.45(4)
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N(3)-Li(2)-C(4)
N(1)-Li(2)-C(4)
N(4)-Li(2)-C(14)
N(6)-Li(2)-C(14)
N(3)-Li(2)-C(14)
N(1)-Li(2)-C(14)
C(4)-Li(2)-C(14)
N(4)-Li(2)-C(18)
N(6)-Li(2)-C(18)
N(3)-Li(2)-C(18)
N(1)-Li(2)-C(18)
C(4)-Li(2)-C(18)
C(14)-Li(2)-C(18)
N(4)-Li(2)-C(8)
N(6)-Li(2)-C(8)
N(3)-Li(2)-C(8)
N(1)-Li(2)-C(8)
C(4)-Li(2)-C(8)
C(14)-Li(2)-C(8)
C(18)-Li(2)-C(8)
C(10)-N(3)-C(9)
C(10)-N(3)-C(8)
C(9)-N(3)-C(8)
C(10)-N(3)-Li(2)
C(9)-N(3)-Li(2)
C(8)-N(3)-Li(2)
C(4)-C(3)-C(2)
C(17)-N(5)-C(16)
C(17)-N(5)-C(15)
C(16)-N(5)-C(15)
C(17)-N(5)-Li(1)
C(16)-N(5)-Li(1)
C(15)-N(5)-Li(1)
N(2)-C(5)-C(1)
N(2)-C(5)-Li(1)
C(1)-C(5)-Li(1)
C(11)-N(4)-C(14)
C(11)-N(4)-Li(2)
C(14)-N(4)-Li(2)

60.96(2)
31.174(16)
29.821(15)

59.99(2)
151.64(4)
114.64(3)
145.70(3)

60.07(2)
32.424(14)
151.94(3)
108.88(3)
131.64(3)
31.898(14)
131.79(3)
138.34(3)
32.150(17)

59.02(2)
32.030(13)
161.60(3)
162.30(3)
109.56(3)
109.71(3)
109.35(3)
123.83(3)
104.99(3)

98.42(3)
106.14(3)
109.71(4)
110.63(3)
109.87(3)
119.65(4)
106.94(3)

99.42(3)
110.82(3)

49.63(2)

74.20(2)
105.79(3)
140.39(3)
102.80(3)

C(11)-N(4)-Li(1)
C(14)-N(4)-Li(1)
Li(2)-N(4)-Li(1)
N(1)-C(4)-C(3)
N(1)-C(4)-C(8)
C(3)-C(4)-C(8)
N(1)-C(4)-Li(2)
C(3)-C(4)-Li(2)
C(8)-C(4)-Li(2)
C(19)-N(6)-C(20)
C(19)-N(6)-C(18)
C(20)-N(6)-C(18)
C(19)-N(6)-Li(2)
C(20)-N(6)-Li(2)
C(18)-N(6)-Li(2)
N(3)-C(8)-C(4)
N(3)-C(8)-Li(2)
C(4)-C(8)-Li(2)
N(4)-C(11)-C(12)
N(4)-C(11)-C(15)
C(12)-C(11)-C(15)
N(4)-C(11)-Li(1)
C(12)-C(11)-Li(1)
C(15)-C(11)-Li(1)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
N(4)-C(14)-C(13)
N(4)-C(14)-C(18)
C(13)-C(14)-C(18)
N(4)-C(14)-Li(2)
C(13)-C(14)-Li(2)
C(18)-C(14)-Li(2)
N(5)-C(15)-C(11)
N(5)-C(15)-Li(1)
C(11)-C(15)-Li(1)
N(6)-C(18)-C(14)
N(6)-C(18)-Li(2)
C(14)-C(18)-Li(2)

101.90(3)
131.83(3)
77.81(3)
111.04(3)
118.42(3)
130.52(3)
53.00(2)
136.47(3)
78.15(3)
109.86(3)
110.21(3)
109.63(3)
113.90(4)
114.49(3)
98.14(2)
111.26(3)
49.43(2)
69.82(3)
111.09(3)
117.65(3)
131.15(3)
48.38(2)
140.58(3)
77.19(3)
105.98(3)
106.20(3)
110.94(3)
118.47(3)
130.59(3)
47.38(2)
148.16(3)
75.63(2)
110.48(3)
48.89(2)
71.35(3)
110.95(2)
49.43(2)
72.47(3)
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5.2.4 Lithium[2,5-Bis((pyrrolidine)methyl)pyrrolide] (8)

Asymmetric unit of compound 8. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity. 8 contains a disorder caused by a flipping of the envelope conformation of
the pyrrolidine moiety containing N2 (site occupation factor: 0.89)

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C28 H44 Li2 N6
478.57

100(2) K
0.71073 A
Monoclinic

P21/n

a=9.746(2) A
b=25413(3) A
c=11.319(2) A
a=90°

B =10555(2)°
y=90°

2700.8(8) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma()]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
0.070 mm™1

1040

0.2x0.15x 0.15 mm3
1.60 to 27.13°.

59475

5982 [R(int) = 0.0323]
99.8 %

5982 / 78 / 353

1.046

0.0444

0.1260

0.317 and -0.269 e A3
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Selected bond lengths [pm] and angles [°] of (8)

N(1)-C(4)
N(1)-C(1)
N(1)-Li(1)
N(1)-Li(2)
Li(1)-N(4)
Li(1)-N(2)
Li(1)-N(6)
Li(1)-C(15)
Li(1)-C(1)
C(1)-C(2)
C(1)-C(10)
N(2)-C(10)
N(2)-C(14)
N(2)-C(11)
N(2)-C(14A)
C(2)-C(3)
Li(2)-N(4)
Li(2)-N(5)
Li(2)-N(3)
Li(2)-C(4)
Li(2)-C(18)
Li(2)-C(19)
Li(2)-C(5)
N(3)-C(9)
N(3)-C(6)
N(3)-C(5)
C(3)-C(4)
C(4)-C(5)
N(4)-C(18)
N(4)-C(15)
N(5)-C(23)
N(5)-C(20)
N(5)-C(19)
C(6)-C(7)
N(6)-C(28)
N(6)-C(25)
N(6)-C(24)
C(7)-C(8)
C(9)-C(8)
C(11)-C(12)
C(11)-C(124)
C(15)-C(16)
C(15)-C(24)
C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)

137.35(17)
137.44(17)
201.9(2)
208.3(3)
207.2(3)
213.4(3)
216.8(3)
267.2(3)
275.0(3)
138.04(19)
149.7(2)
147.88(17)
148.7(2)
149.19(17)

154.5(19)
141.1(2)
201.3(3)
206.6(3)
207.9(3)
263.7(3)
272.5(3)
277.6(3)
277.8(3)
147.99(17)
148.42(17)
149.25(18)
138.2(2)
149.4(2)
137.03(17)
137.31(17)
147.78(17)
147.96(17)
150.06(18)
153.92(19)
147.14(18)
148.04(17)
148.10(17)
153.6(2)
153.57(19)
150.6(2)
155.9(9)
138.16(19)
149.62(19)
142.2(2)
138.37(19)
150.29(19)
153.75(19)
152.8(2)
153.0(2)

C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(12)-C(13)
C(13)-C(14)
C(124)-C(134)
C(13A)-C(14A)

C(4)-N(1)-C(1)
C(4)-N(1)-Li(1)
C(1)-N(1)-Li(1)
C(4)-N(1)-Li(2)
C(1)-N(1)-Li(2)
Li(1)-N(1)-Li(2)
N(1)-Li(1)-N(4)
N(1)-Li(1)-N(2)
N(4)-Li(1)-N(2)
N(1)-Li(1)-N(6)
N(4)-Li(1)-N(6)
N(2)-Li(1)-N(6)
N(1)-Li(1)-C(15)
N(4)-Li(1)-C(15)
N(2)-Li(1)-C(15)
N(6)-Li(1)-C(15)
N(1)-Li(1)-C(1)
N(4)-Li(1)-C(1)
N(2)-Li(1)-C(1)
N(6)-Li(1)-C(1)
C(15)-Li(1)-C(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(10)
C(2)-C(1)-C(10)
N(1)-C(1)-Li(1)
C(2)-C(1)-Li(1)
C(10)-C(1)-Li(1)
C(10)-N(2)-C(14)
C(10)-N(2)-C(11)
C(14)-N(2)-C(11)
C(10)-N(2)-C(144)
C(14)-N(2)-C(144)
C(11)-N(2)-C(144)
C(10)-N(2)-Li(1)
C(14)-N(2)-Li(1)
C(11)-N(2)-Li(1)
C(14A)-N(2)-Li(1)
C(1)-C(2)-C(3)
N(4)-Li(2)-N(5)
N(4)-Li(2)-N(3)
N(5)-Li(2)-N(3)

153.9(2)
153.7(2)
152.2(2)
152.4(2)
152.2(3)
157(2)
149.2(10)

105.33(11)
143.03(12)
106.77(11)
97.32(10)
128.71(11)
76.32(10)
102.89(11)
87.21(10)
121.48(12)
129.28(12)
89.09(9)
127.74(12)
127.71(11)
30.43(5)
130.37(11)
60.29(7)
28.58(5)
114.42(10)
58.70(7)
148.24(11)
144.73(10)
111.20(12)
118.24(12)
130.54(13)
44.64(8)
151.36(12)
75.89(9)
111.85(12)
110.46(11)
105.43(12)
112.8(8)
21.9(7)
122.2(6)
99.67(10)
121.15(13)
108.11(10)
100.4(8)
106.10(12)
89.05(10)
130.92(13)
124.51(12)
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N(4)-Li(2)-N(1) 102.70(11) C(20)-N(5)-C(19) 109.84(11)
N(5)-Li(2)-N(1) 120.33(12) C(23)-N(5)-Li(2) 115.21(11)
N(3)-Li(2)-N(1) 90.32(10) C(20)-N(5)-Li(2) 115.36(11)
N(4)-Li(2)-C(4) 129.34(11) C(19)-N(5)-Li(2) 101.00(10)
N(5)-Li(2)-C(4) 126.51(11) N(3)-C(6)-C(7) 106.17(11)
N(3)-Li(2)-C(4) 61.25(7) C(28)-N(6)-C(25) 103.40(11)
N(1)-Li(2)-C(4) 31.11(5) C(28)-N(6)-C(24) 112.49(11)
N(4)-Li(2)-C(18) 28.96(5) C(25)-N(6)-C(24) 112.35(10)
N(5)-Li(2)-C(18) 60.09(7) C(28)-N(6)-Li(1) 120.85(11)
N(3)-Li(2)-C(18) 147.28(11) C(25)-N(6)-Li(1) 109.28(10)
N(1)-Li(2)-C(18) 115.90(10) C(24)-N(6)-Li(1) 98.74(10)
C(4)-Li(2)-C(18) 147.00(10) C(8)-C(7)-C(6) 104.70(11)
N(4)-Li(2)-C(19) 59.44(7) N(3)-C(9)-C(8) 106.67(11)
N(5)-Li(2)-C(19) 32.05(6) C(7)-C(8)-C(9) 104.24(11)
N(3)-Li(2)-C(19) 153.91(11) N(2)-C(10)-C(1) 111.06(11)
N(1)-Li(2)-C(19) 111.80(10) N(2)-C(11)-C(12) 108.17(13)
C(4)-Li(2)-C(19) 135.67(10) N(2)-C(11)-C(12A) 89.4(8)

C(18)-Li(2)-C(19) 31.70(5) C(12)-C(11)-C(124) 26.1(8)

N(4)-Li(2)-C(5) 129.21(11) N(4)-C(15)-C(16) 110.94(12)
N(5)-Li(2)-C(5) 141.73(11) N(4)-C(15)-C(24) 117.25(11)
N(3)-Li(2)-C(5) 31.85(5) C(16)-C(15)-C(24) 131.74(12)
N(1)-Li(2)-C(5) 58.68(7) N(4)-C(15)-Li(1) 49.86(8)

C(4)-Li(2)-C(5) 31.89(5) C(16)-C(15)-Li(1) 139.61(11)
C(18)-Li(2)-C(5) 158.16(10) C(24)-C(15)-Li(1) 79.10(9)

C(19)-Li(2)-C(5) 166.76(10) C(15)-C(16)-C(17) 105.99(12)
C(9)-N(3)-C(6) 102.02(10) C(18)-C(17)-C(16) 106.30(12)
C(9)-N(3)-C(5) 112.01(11) N(4)-C(18)-C(17) 110.73(12)
C(6)-N(3)-C(5) 109.35(10) N(4)-C(18)-C(19) 118.09(11)
C(9)-N(3)-Li(2) 121.45(11) C(17)-C(18)-C(19) 131.17(13)
C(6)-N(3)-Li(2) 111.10(10) N(4)-C(18)-Li(2) 45.35(8)

C(5)-N(3)-Li(2) 100.83(10) C(17)-C(18)-Li(2) 148.36(11)
C(4)-C(3)-C(2) 106.42(12) €(19)-C(18)-Li(2) 76.03(9)

N(1)-C(4)-C(3) 110.94(12) N(5)-C(19)-C(18) 110.35(11)
N(1)-C(4)-C(5) 117.93(12) N(5)-C(19)-Li(2) 46.94(8)

C(3)-C(4)-C(5) 131.13(13) C(18)-C(19)-Li(2) 72.28(9)

N(1)-C(4)-Li(2) 51.58(8) N(5)-C(20)-C(21) 106.13(11)
C(3)-C(4)-Li(2) 135.99(11) C(22)-C(21)-C(20) 104.62(12)
C(5)-C(4)-Li(2) 79.25(9) C(21)-C(22)-C(23) 104.89(12)
C(18)-N(4)-C(15) 106.03(11) N(5)-C(23)-C(22) 107.70(12)
C(18)-N(4)-Li(2) 105.69(11) N(6)-C(24)-C(15) 112.07(11)
C(15)-N(4)-Li(2) 139.54(11) N(6)-C(25)-C(26) 105.06(12)
C(18)-N(4)-Li(1) 131.78(11) C(27)-C(26)-C(25) 105.17(12)
C(15)-N(4)-Li(1) 99.71(10) C(28)-C(27)-C(26) 102.79(12)
Li(2)-N(4)-Li(1) 76.67(10) N(6)-C(28)-C(27) 102.98(11)
N(3)-C(5)-C(4) 110.25(11) C(11)-C(12)-C(13) 102.92(14)
N(3)-C(5)-Li(2) 47.32(7) N(2)-C(14)-C(13) 104.60(14)
C(4)-C(5)-Li(2) 68.85(9) C(11)-C(12A)-C(13A) 111.7(11)
C(23)-N(5)-C(20) 102.95(11) C(14A)-C(13A)-C(124) 105.5(13)

C(23)-N(5)-C(19) 112.77(11) C(13A)-C(14A)-N(2) 98.1(12)
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5.2.5 Lithium-[2,5-bis((3,5-dimethylpiperidino)methyl)pyrrolide] (9)

c(23) Cl(22)

Asymmetric unit of compound 9. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity. The whole molecule is disordered (site occupation factor: 0.83) due to a
flipping of the chair conformation of the six-membered rings involving N5 and N2. This disorder is not
shown for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C40 H68 Li2 N6
646.88

105(2) K
0.71073 &
Monoclinic

P21/c

a=13.864(3) A
b =30.460(3) A
c=9.851(2) A
a=90°

B = 105.18(2)°
¥ =90°

4014.9(13) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(])]

WwR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4

0.062 mm™L

1424

0.2x0.2x 0.2 mm3
1337 to 26.416°.
56034

8229 [R(int) = 0.0376]
99.9 %

8229 /1151 / 851
1.060

0.0455

0.1186

0.260 and -0.202 e.A3
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Selected bond lengths [pm] and angles [°] of (9)

Li(2)-N(1)
Li(2)-N(4)
Li(2)-N(2)
Li(2)-N(5)
N(1)-C(1)
N(1)-C(4)
N(1)-Li(1)
N(2)-C(14)
N(2)-C(18)
N(2)-C(13)
N(3)-C(7)
N(3)-C(6)
N(3)-C(5)
N(3)-Li(1)
C(1)-C(2)
C(1)-C(5)
C(2)-C(3)
C(3)-C(4)
C(4)-C(13)
C(6)-C(10)
C(7)-C(8)
C(8)-C(12)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(14)-C(15)
C(15)-C(16)
C(15)-C(19)
C(16)-C(17)
C(17)-C(18)
C(17)-C(20)
Li(1)-N(4)
Li(1)-N(6)
N(4)-C(21)
N(4)-C(24)
N(5)-C(38)
N(5)-C(34)
N(5)-C(33)
N(6)-C(26)
N(6)-C(30)
N(6)-C(25)
C(30)-C(29)
C(31)-C(27)
C(21)-C(22)
C(21)-C(33)
C(22)-C(23)
C(23)-C(24)
C(24)-C(25)
C(26)-C(27)

203.9(5)
207.8(5)
230.6(5)
236.8(5)
137.2(3)
137.8(3)
201.3(8)
147.8(4)
147.8(3)
148.9(4)
147.4(2)
147.6(3)
149.9(3)
226.5(7)
138.6(4)
147.9(4)
140.0(4)
137.4(4)
148.2(4)
153.0(3)
153.0(2)
152.3(3)
152.6(3)
152.5(3)
152.9(4)
146.8(9)
152.8(4)
153.5(4)
153.5(3)
151.6(4)
153.1(3)
206.8(6)
220.7(9)
137.7(3)
137.7(3)
146.7(4)
148.7(3)
149.3(3)
147.4(2)
147.7(2)
148.3(2)
152.2(3)
153.7(4)
138.0(4)
150.1(4)
141.3(4)
137.2(3)
150.0(3)
151.8(3)

C(32)-C(29)
C(27)-C(28)
C€(28)-C(29)
C(34)-C(35)
C(35)-C(36)
C(35)-C(40)
C(36)-C(37)
C(37)-C(39)
C(37)-C(38)

N(1)-Li(2)-N(4)
N(1)-Li(2)-N(2)
N(4)-Li(2)-N(2)
N(1)-Li(2)-N(5)
N(4)-Li(2)-N(5)
N(2)-Li(2)-N(5)
N(1)-Li(2)-C(4)
N(4)-Li(2)-C(4)
N(2)-Li(2)-C(4)
N(5)-Li(2)-C(4)
N(1)-Li(2)-C(21)
N(4)-Li(2)-C(21)
N(2)-Li(2)-C(21)
N(5)-Li(2)-C(21)
C(4)-Li(2)-C(21)
C(1)-N(1)-C(4)
C(1)-N(1)-Li(1)
C(4)-N(1)-Li(1)
C(1)-N(1)-Li(2)
C(4)-N(1)-Li(2)
Li(1)-N(1)-Li(2)
C(14)-N(2)-C(18)
C(14)-N(2)-C(13)
C(18)-N(2)-C(13)
C(14)-N(2)-Li(2)
C(18)-N(2)-Li(2)
C(13)-N(2)-Li(2)
C(7)-N(3)-C(6)
C(7)-N(3)-C(5)
C(6)-N(3)-C(5)
C(7)-N(3)-Li(1)
C(6)-N(3)-Li(1)
C(5)-N(3)-Li(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(5)
C(2)-C(1)-C(5)
N(1)-C(1)-Li(1)
C(2)-C(1)-Li(1)
C(5)-C(1)-Li(1)

152.3(3)
152.5(3)
153.1(3)
152.8(3)
152.3(4)
152.4(3)
152.8(4)
152.5(4)
152.7(3)

98.75(18)
89.57(16)
118.87(18)
119.44(19)
88.85(17)
137.35(17)
31.06(10)
119.92(18)
60.03(13)
135.27(17)
120.9(2)
30.98(14)
133.1(2)
59.80(15)
148.7(2)
105.7(2)
106.9(3)
136.1(4)
129.6(3)
99.2(2)
81.79(18)
105.9(3)
111.1(3)
109.3(3)
111.5(3)
125.4(3)
92.8(2)
109.19(14)
110.78(16)
112.40(17)
110.84(14)
118.48(19)
94.4(2)
110.2(3)
118.2(2)
131.3(2)
44.53(17)
144.7(3)
76.96(15)



136

Determined Structures

C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(3)-C(4)-N(1)
C(3)-C(4)-C(13)
N(1)-C(4)-C(13)
C(3)-C(4)-Li(2)
N(1)-C(4)-Li(2)
C(13)-C(4)-Li(2)
C(1)-C(5)-N(3)
N(3)-C(6)-C(10)
N(3)-C(7)-C(8)
C(12)-C(8)-C(9)
C(12)-C(8)-C(7)
C(9)-C(8)-C(7)
C(10)-C(9)-C(8)
C(9)-C(10)-C(11)
C(9)-C(10)-C(6)
C(11)-C(10)-C(6)
C(4)-C(13)-N(2)
C(15)-C(14)-N(2)
C(14)-C(15)-C(16)
C(14)-C(15)-C(19)
C(16)-C(15)-C(19)
C(15)-C(16)-C(17)
C(18)-C(17)-C(20)
C(18)-C(17)-C(16)
C(20)-C(17)-C(16)
N(2)-C(18)-C(17)
N(1)-Li(1)-N(4)
N(1)-Li(1)-N(6)
N(4)-Li(1)-N(6)
N(1)-Li(1)-N(3)
N(4)-Li(1)-N(3)
N(6)-Li(1)-N(3)
N(1)-Li(1)-C(1)
N(4)-Li(1)-C(1)
N(6)-Li(1)-C(1)
N(3)-Li(1)-C(1)
N(1)-Li(1)-C(24)
N(4)-Li(1)-C(24)
N(6)-Li(1)-C(24)
N(3)-Li(1)-C(24)
C(1)-Li(1)-C(24)
C(21)-N(4)-C(24)
C(21)-N(4)-Li(1)
C(24)-N(4)-Li(1)
C(21)-N(4)-Li(2)
C(24)-N(4)-Li(2)

106.7(2)
106.7(3)
110.7(3)
131.5(3)
117.7(3)
137.6(3)
49.78(19)
80.6(2)
110.40(19)
115.53(15)
114.88(15)
111.32(17)
110.07(18)
109.87(15)
113.55(18)
111.3(3)
109.29(18)
110.6(3)
113.8(3)
115.6(3)
107.8(4)
113.6(4)
113.3(3)
110.5(3)
112.0(2)
109.5(3)
112.5(3)
113.4(3)
99.9(2)
130.3(2)
86.1(3)
85.9(4)
132.4(2)
125.33(19)
28.55(16)
116.3(3)
147.22(18)
57.4(2)
116.2(2)
28.31(15)
57.8(2)
148.6(2)
140.3(2)
105.7(2)
140.1(4)
106.3(3)
98.0(4)
129.0(4)

Li(1)-N(4)-Li(2)
C(38)-N(5)-C(34)
C(38)-N(5)-C(33)
C(34)-N(5)-C(33)
C(38)-N(5)-Li(2)
C(34)-N(5)-Li(2)
C(33)-N(5)-Li(2)
C(26)-N(6)-C(30)
C(26)-N(6)-C(25)
C(30)-N(6)-C(25)
C(26)-N(6)-Li(1)
C(30)-N(6)-Li(1)
C(25)-N(6)-Li(1)
N(6)-C(30)-C(29)
N(4)-C(21)-C(22)
N(4)-C(21)-C(33)
C(22)-C(21)-C(33)
N(4)-C(21)-Li(2)
C(22)-C(21)-Li(2)
C(33)-C(21)-Li(2)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(23)-C(24)-N(4)
C(23)-C(24)-C(25)
N(4)-C(24)-C(25)
C(23)-C(24)-Li(1)
N(4)-C(24)-Li(1)
C(25)-C(24)-Li(1)
N(6)-C(25)-C(24)
N(6)-C(26)-C(27)
C(26)-C(27)-C(28)
C(26)-C(27)-C(31)
C(28)-C(27)-C(31)
C(27)-C(28)-C(29)
C(30)-C(29)-C(32)
C(30)-C(29)-C(28)
C(32)-C(29)-C(28)
N(5)-C(33)-C(21)
N(5)-C(34)-C(35)
C(36)-C(35)-C(40)
C(36)-C(35)-C(34)
C(40)-C(35)-C(34)
C(35)-C(36)-C(37)
C(39)-C(37)-C(38)
C(39)-C(37)-C(36)
C(38)-C(37)-C(36)
N(5)-C(38)-C(37)

79.5(2)
108.1(3)
109.9(4)
108.1(3)
111.9(3)
125.5(3)

91.5(3)

109.06(14)
108.33(17)
109.22(16)
110.31(15)
120.77(17)
98.17(17)
112.49(15)
110.5(3)
117.0(4)
132.2(4)

51.0(3)
137.9(5)

81.0(3)
106.4(3)
106.6(3)
110.7(3)
131.2(3)
118.1(3)
148.0(3)

45.4(2)
76.02(19)
111.6(2)

112.78(15)
110.41(16)
109.0(3)
111.8(3)
111.84(19)
110.83(17)
109.79(16)
111.6(2)
114.1(5)
113.4(3)
113.5(3)
110.1(3)
112.2(3)
110.3(3)
110.1(3)
112.8(3)
109.0(3)
113.2(3)
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5.2.6 Aluminium-dichloro-{2,5-bis((3,5-dimethylpiperidino)methyl)-
pyrrolide} (10)

Asymmetric unit of compound 10. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity. Half a molecule of 10 is contained in the asymmetric unit, together with a
non-disordered toluene solvent molecule.

CCDC no. - A 4
Empirical formula C34 H50 Al CI2 N3 Absorption coefficient 0.136 mm™L
Formula weight 598.65 F(000) 1288
Temperature 100(2) K Crystal size 0.13x0.12x 0.1 mm3
Wavelength 0.56086 A Theta range for data collection 1.146 to 26.416°.
Crystal system Monoclinic Reflections collected 28217
Space group C2/c Independent reflections 3948 [R(int) = 0.0363]
Unit cell dimensions Completeness to theta = 25.242° 100.0 %
a=13.574(3) A Data / restraints / parameters 3948 /0 /187
b=8631(2) A Goodness-of-fit on F2 1.091
c=28.142(3)A R1 [I>2sigma(D)] 0.0371
a=90° WwR?2 (all data) 0.0845
B =94.60(2)° Extinction coefficient -
Y =90° Largest diff. peak and hole 0.347 and -0.296 e.A™3
Volume 3286.4(11) A3 Absolute structure parameter -



138

Determined Structures

Selected bond lengths [pm] and angles [°] of (10)

Cl(1)-Al(1)
C(1)-N(1)
C(1)-C(2)
C(1)-C(3)
N(1)-C(1)A
N(1)-Al(1)
Al(1)-CI(1)A
Al(1)-N(2)A
Al(1)-N(2)
N(2)-C(8)
N(2)-C(4)
N(2)-C(3)
C(2)-C(2)A
C(4)-C(5)
C(7)-C(10)
C(7)-C(6)
C(7)-C(8)
C(6)-C(5)
C(5)-C(9)
C(11)-C(12)
C(11)-C(16)
C(11)-C(17)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)

N(1)-C(1)-C(2)
N(1)-C(1)-C(3)
C(2)-C(1)-C(3)
C(1)A-N(1)-C(1)
C(1)A-N(1)-Al(1)
C(1)-N(1)-Al(1)
N(1)-Al(1)-CI(1)

214.30(5)
136.37(15)
137.82(18)
150.00(17)
136.37(15)
181.72(16)
214.31(5)
225.21(11)
225.22(11)
149.25(16)
150.17(15)
151.02(16)
143.8(3)
153.00(17)
152.71(18)
152.96(18)
153.15(17)
152.57(18)
152.81(18)
138.3(2)
138.9(2)
150.6(2)
138.5(3)
138.5(4)
138.3(3)
137.7(2)

108.67(11)
112.26(11)
138.90(12)
109.44(15)
125.28(7)
125.28(7)
123.872(18)

N(1)-Al(1)-CI(1)A
Cl(1)-Al(1)-CI(1)A
N(1)-Al(1)-N(2)A
Cl(1)-Al(1)-N(2)A
CI(1)A-Al(1)-N(2)A
N(1)-Al(1)-N(2)
Cl(1)-Al(1)-N(2)
CI(1)A-Al(1)-N(2)
N(2)A-Al(1)-N(2)
C(8)-N(2)-C(4)
C(8)-N(2)-C(3)
C(4)-N(2)-C(3)
C(8)-N(2)-Al(1)
C(4)-N(2)-Al(1)
C(3)-N(2)-Al(1)
C(1)-C(2)-C(2)A
C(1)-C(3)-N(2)
N(2)-C(4)-C(5)
C(10)-C(7)-C(6)
C(10)-C(7)-C(8)
C(6)-C(7)-C(8)
C(5)-C(6)-C(7)
C(6)-C(5)-C(9)
C(6)-C(5)-C(4)
C(9)-C(5)-C(4)
N(2)-C(8)-C(7)
C(12)-C(11)-C(16)
C(12)-C(11)-C(17)
C(16)-C(11)-C(17)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(15)-C(14)-C(13)
C(16)-C(15)-C(14)
C(15)-C(16)-C(11)

123.871(18)
112.26(3)
77.63(3)
95.90(3)
97.81(3)
77.63(3)
97.81(3)
95.90(3)
155.26(6)
108.79(9)
111.01(10)
109.72(10)
115.27(8)
108.67(7)
103.21(7)
106.61(7)
107.15(10)
114.65(10)
111.47(11)
109.45(11)
109.95(10)
111.45(11)
112.23(11)
109.64(11)
109.69(11)
114.74(10)
118.71(15)
120.33(15)
120.96(14)
120.20(18)
120.36(18)
119.87(17)
119.35(18)
121.51(16)
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5.2.7 2,5-bis((pyrrolidino)methyl)-1H-pyrrole - 2 trimethylaluminium (11)

C(16)

ca7)

Asymmetric unit of compound 11. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms besides H1 are omitted for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

C20 H41 AI2 N3
377.52

100(2) K
0.71073 &
Monoclinic

P21/c

a=11571(2) A
b=13.830(3) A
c=14.767(3) A
a=90°

B =95.15(2)°

¥ =90°

2353.6(7) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(])]

wR?2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
0.131 mm1

832

0.2x0.15x 0.15 mm3
1.767 to 40.361°.
113567

14792 [R(int) = 0.0251]
100.0 %

14792 / 0/ 236

1.043

0.0307

0.0983

0.613 and -0.253 e.A™3
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Selected bond lengths [pm] and angles [°] of (11)

Al(1)-C(15)
Al(1)-C(16)
Al(1)-C(17)
Al(1)-N(2)
C(1)-N(1)
Cm-C2
C(D-C(3)
N(1)-C(4)
Al(2)-C(20)
Al(2)-C(18)
Al(2)-C(19)
Al(2)-N(3)
C(2)-C(3)
N(3)-C(10)
N(3)-C(14)
N(3)-C(11)
C(4)-C(3)
C(4)-C(10)
C(5)-N(2)
C(6)-N(2)
C(6)-C(7)
C(-C®
C(8)-C(9)
C(9)-N(2)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)

C(15)-Al(1)-C(16)
C(15)-Al(1)-C(17)
C(16)-Al(1)-C(17)
C(15)-Al(1)-N(2)
C(16)-Al(1)-N(2)
C(17)-Al(1)-N(2)
N(1)-C(1)-C(2)
N(1)-C(1)-C(5)

197.59(7)
198.59(6)
198.68(7)
204.48(4)
137.61(6)
138.01(6)
149.38(6)
137.31(6)
197.52(6)
198.38(7)
199.04(6)
203.76(5)
142.04(6)
150.57(6)
151.23(6)
151.23(6)
138.13(7)
149.29(6)
151.05(6)
151.08(6)
152.08(8)
152.65(9)
152.05(7)
151.11(6)
152.09(8)
152.45(9)
151.76(8)

116.27(3)
112.52(3)
113.82(3)
103.69(3)
103.30(2)
105.59(2)
107.14(4)
122.37(4)

C(2)-C(1)-C(5)
C(4)-N(1)-C(1)
C(20)-Al(2)-C(18)
C(20)-A1(2)-C(19)
C(18)-Al(2)-C(19)
C(20)-A1(2)-N(3)
C(18)-Al(2)-N(3)
C(19)-Al(2)-N(3)
C(1)-C(2)-C(3)
C(10)-N(3)-C(14)
C(10)-N(3)-C(11)
C(14)-N(3)-C(11)
C(10)-N(3)-Al(2)
C(14)-N(3)-Al(2)
C(11)-N(3)-Al(2)
N(1)-C(4)-C(3)
N(1)-C(4)-C(10)
C(3)-C(4)-C(10)
C(1)-C(5)-N(2)
N(2)-C(6)-C(7)
C(6)-C(7)-C(8)
C(9)-C(8)-C(7)
N(2)-C(9)-C(8)
C(4)-C(10)-N(3)
N(3)-C(11)-C(12)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
N(3)-C(14)-C(13)
C(4)-C(3)-C(2)
C(5)-N(2)-C(6)
C(5)-N(2)-C(9)
C(6)-N(2)-C(9)
C(5)-N(2)-Al(1)
C(6)-N(2)-Al(1)
C(9)-N(2)-Al(1)

130.45(4)
110.45(4)
116.74(3)
111.98(3)
114.13(3)
104.59(2)
104.66(2)
102.90(2)
107.59(4)
112.45(3)
110.81(4)
105.94(4)
107.65(3)
108.97(3)
111.04(3)
107.09(4)
121.51(4)
131.35(4)
116.19(3)
105.95(4)
102.51(4)
101.47(4)
105.88(4)
117.08(4)
105.86(4)
102.72(4)
101.63(4)
105.85(4)
107.73(4)
111.73(3)
111.34(3)
105.91(4)
108.48(2)
109.15(3)
110.21(3)
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5.2.8 Indium-dibromo-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (12)

C(22) K

C(23)

2 C(20)

2=
NS A g, c119)
cii) cr24) -
® Co X cy CM2)
= N A)
@ ) X
B N(3)
Cl2 N\ &> Bri) NI 2
ca P ) >C3)
& T Cl4)
Ci14)-
= (R
e SON4 Br(2) N
L N2EPcig)
C18) £
cii6) e e ci8)
ci17) Cer'y
cn<=

Asymmetric unit of compound 12. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity.

CCDC no. A 4
Empirical formula C24 H36 Br2 In N5 Absorption coefficient 4135 mm’L
Formula weight 669.22 F(000) 1336
Temperature 106(2) K Crystal size 0.04 x 0.02 x 0.02 mm3
Wavelength 0.71073 A Theta range for data collection 1.511 to 23.253°.
Crystal system Monoclinic Reflections collected 14823
Space group P21/c Independent reflections 3375 [R(int) = 0.0251]
Unit cell dimensions Completeness to theta = 25.242° 74.2 %
a=13.687(3) A Data / restraints / parameters 3375 /0/ 289
b=11.538(2) A Goodness-of-fit on F2 0.999
c=16.193(3) A R1 [I>2sigma(D)] 0.0350
a=90° wR2 (all data) 0.0800

Volume

B=100.11(3)°
y=90°

2517.5(9) A3

Extinction coefficient
Largest diff. peak and hole

Absolute structure parameter

0.546 and -0.498 e.A3
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Determined Structures

Selected bond lengths [pm] and angles [°] of (12)

N(1)-C(1)
N(1)-C(4)
N(1)-In(1)
In(1)-N(4)
In(1)-N(3)
In(1)-Br(2)
In(1)-N(2)
In(1)-Br(1)
C(1D-C(2)
C(1)-C(19)
N(2)-C(6)
N(2)-C(5)
N(2)-C(9)
C(2)-C(3)
N(3)-C(13)
N(3)-C(10)
C(3)-C(4)
N(4)-C(15)
N(4)-C(14)
N(4)-C(18)
C(4)-C(5)
N(5)-C(24)
N(5)-C(23)
N(5)-C(20)
N(5)-C(19)
C(6)-C(7)
C(7)-C(8)
C(9)-C(8)
C(10)-C(11)
C(10)-C(24)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(20)-C(21)
C(21)-C(22)
C(22)-C(23)

C(1)-N(1)-C(4)

C(1)-N(1)-In(1)
C(4)-N(1)-In(1)
N(1)-In(1)-N(4)
N(1)-In(1)-N(3)
N(4)-In(1)-N(3)

N(1)-In(1)-Br(2)
N(4)-In(1)-Br(2)
N(3)-In(1)-Br(2)

127.2(8)
139.1(9)
209.4(5)
234.3(5)
239.1(6)

259.07(10)
262.5(6)

264.32(10)
138.0(8)
142.9(9)
135.2(8)
155.0(8)
162.8(9)
136.4(10)
135.5(7)
156.8(10)
133.2(8)
140.0(8)
146.6(9)
169.3(10)
138.1(10)
138.3(7)
143.2(8)
156.3(8)
178.8(9)
172.7(11)
131.0(9)
158.4(10)
147.0(10)
149.4(8)
146.4(10)
159.9(11)
164.9(11)
158.3(9)
169.7(12)
145.4(9)
171.9(11)
151.2(8)
178.0(10)

105.7(5)
134.6(5)
119.6(4)
174.64(17)
98.9(2)
77.8(2)
86.83(14)
96.32(13)
75.86(11)

N(1D)-In(1)-N(2)
N(4)-In(1)-N(2)
N(3)-In(1)-N(2)
Br(2)-In(1)-N(2)
N(1)-In(1)-Br(1)
N(4)-In(1)-Br(1)
N(3)-In(1)-Br(1)
Br(2)-In(1)-Br(1)
N(2)-In(1)-Br(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(19)
C(2)-C(1)-C(19)
C(6)-N(2)-C(5)
C(6)-N(2)-C(9)
C(5)-N(2)-C(9)
C(6)-N(2)-In(1)
C(5)-N(2)-In(1)
C(9)-N(2)-In(1)
C(3)-C(2)-C(1)
C(13)-N(3)-C(10)
C(13)-N(3)-In(1)
C(10)-N(3)-In(1)
C(4)-C(3)-C(2)
C(15)-N(4)-C(14)
C(15)-N(4)-C(18)
C(14)-N(4)-C(18)
C(15)-N(4)-In(1)
C(14)-N(4)-In(1)
C(18)-N(4)-In(1)
C(3)-C(4)-C(5)
C(3)-C(4)-N(1)
C(5)-C(4)-N(1)
C(4)-C(5)-N(2)
C(24)-N(5)-C(23)
C(24)-N(5)-C(20)
C(23)-N(5)-C(20)
C(24)-N(5)-C(19)
C(23)-N(5)-C(19)
C(20)-N(5)-C(19)
N(2)-C(6)-C(7)
C(8)-C(7)-C(6)
C(8)-C(9)-N(2)
C(7)-C(8)-C(9)
C(11)-C(10)-C(24)
C(11)-C(10)-N(3)
C(24)-C(10)-N(3)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
N(3)-C(13)-C(12)

74.0(2)
109.5(2)
172.35(17)
100.69(11)

96.03(14)
80.92(14)
104.78(12)
176.91(3)
79.05(11)
109.1(6)
117.7(5)
133.0(6)
116.8(5)
89.1(6)
114.9(5)
118.3(5)
92.9(4)
127.3(3)
110.2(6)
104.1(5)
112.8(5)
141.0(4)
102.3(6)
92.0(5)
113.7(5)
117.8(5)
112.4(4)
105.5(4)
113.5(4)
130.0(7)
112.7(6)
117.2(5)
117.1(5)
99.0(5)
105.8(5)
99.8(5)
115.8(5)
118.2(5)
115.8(5)
115.6(5)
106.3(7)
113.1(5)
97.3(6)
124.2(7)
115.6(5)
120.2(6)
100.0(7)
111.6(6)
108.6(6)
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N(3)-C(13)-C(14) 114.5(6) C(1)-C(19)-N(5) 120.6(5)
C(12)-C(13)-C(14) 136.9(5) N(5)-C(20)-C(21) 111.0(5)
N(4)-C(14)-C(13) 115.8(5) C(22)-C(21)-C(20) 102.2(5)
N(4)-C(15)-C(16) 97.4(6) C(21)-C(22)-C(23) 103.5(6)
C(15)-C(16)-C(17) 111.2(5) N(5)-C(23)-C(22) 110.4(5)
C(18)-C(17)-C(16) 102.8(6) N(5)-C(24)-C(10) 113.5(5)

C(17)-C(18)-N(4) 101.5(6)
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Determined Structures

5.2.9 Silicon-dichloro-hydrido-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (13)

Asymmetric unit of compound 13. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms besides H1 are omitted for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C14 H23 CI12 N3 Si
332.34

106(2) K

0.71073 A
Monoclinic

P21/c

a=8.029(2) A
b=15.775(3) A
c=12.026(3) A
a=90°

B =101.75(2)°
y=90°

1491.3(6) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4

0.510 mm-!

704

0.2x0.2x 0.1 mm3
2.16 to 30.08°.
31662

4379 [R(int) = 0.0306]
100.0 %

4379 /0/ 184
1.098

0.0376

0.1076

1.137 and -0.335 e.A3
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Selected bond lengths [pm] and angles [°] of (13)

cl(1)-Si(1)
Si(1)-N(1)
Si(1)-N(2)
Si(1)-N(3)
Si(1)-Cl(2)
Si(1)-H(1)
N(1)-C(1)
N(1)-C(4)
C(1)-C(2)
C(1)-C(10)
N(2)-C(6)
N(2)-C(9)
N(2)-C(5)
C(2)-C(3)
N(3)-C(14)
N(3)-C(11)
N(3)-C(10)
C(3)-C(4)
C(4)-C(5)
C(6)-C(7)
C(8)-C(9)
C(8)-C(7)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)

N(1)-Si(1)-N(2)
N(1)-Si(1)-N(3)
N(2)-Si(1)-N(3)
N(1)-Si(1)-Cl(1)
N(2)-Si(1)-CI(1)
N(3)-Si(1)-Cl(1)
N(1)-Si(1)-Cl(2)
N(2)-Si(1)-Cl(2)
N(3)-Si(1)-Cl(2)
CI(1)-Si(1)-C1(2)
N(1)-Si(1)-H(1)

228.42(7)
174.72(14)
206.88(14)
207.23(14)
229.47(7)
139(2)
135.21(19)
135.67(19)
138.2(2)
149.9(2)
150.57(19)
150.99(19)
152.38(19)
143.5(3)
150.07(19)
151.36(19)
152.21(19)
138.1(2)
149.9(2)
153.2(2)
153.0(2)
154.2(2)
154.1(2)
154.2(2)
152.9(2)

82.66(6)
81.97(6)
164.61(5)
91.27(4)
87.53(4)
93.55(4)
90.58(4)
93.06(4)
86.36(4)
178.11(2)
178.9(9)

N(2)-Si(1)-H(1)
N(3)-Si(1)-H(1)
Cl(1)-Si(1)-H(1)
Cl(2)-Si(1)-H(1)
C(1)-N(1)-C(4)
C(1)-N(1)-Si(1)
C(4)-N(1)-Si(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(10)
C(2)-C(1)-C(10)
C(6)-N(2)-C(9)
C(6)-N(2)-C(5)
C(9)-N(2)-C(5)
C(6)-N(2)-Si(1)
C(9)-N(2)-Si(1)
C(5)-N(2)-Si(1)
C(1)-C(2)-C(3)
C(14)-N(3)-C(11)
C(14)-N(3)-C(10)
C(11)-N(3)-C(10)
C(14)-N(3)-Si(1)
C(11)-N(3)-Si(1)
C(10)-N(3)-Si(1)
C(4)-C(3)-C(2)
N(1)-C(4)-C(3)
N(1)-C(4)-C(5)
C(3)-C(4)-C(5)
C(4)-C(5)-N(2)
N(2)-C(6)-C(7)
C(9)-C(8)-C(7)
C(6)-C(7)-C(8)
N(2)-C(9)-C(8)
C(1)-C(10)-N(3)
N(3)-C(11)-C(12)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
N(3)-C(14)-C(13)

97.1(9)
98.3(9)
89.8(9)
88.3(9)

111.31(13)

124.34(11)

123.71(11)

107.66(14)

112.30(13)

139.58(15)

101.25(11)

111.46(12)

108.05(11)

113.08(9)

116.23(9)

106.73(9)

106.65(13)

101.29(11)

111.14(12)

108.66(11)

112.32(9)

116.40(10)

106.99(9)

107.08(13)

107.29(14)

111.91(13)

140.64(14)

106.57(12)

106.83(12)

104.33(12)

105.20(13)

105.28(12)

107.70(12)

105.61(12)

103.95(13)

105.57(13)

107.20(12)



146

Determined Structures

5.2.10 Silicon-dicloro-hydrido2,5-bis(pyrrolidino)methyl)pyrrolide (13a)

Asymmetric unit of compound 13a. Thermal ellipsoids are depicted at the 50% propability level,
hydrogen atoms besides H1 are omitted for clarity. The silicon bonded substituents are disorded due to a

mixture of tetrachlorosilane,

trichlorosilane and dichlorosilane in the

trichlorosilane (site occupation factors: 0.01, 0.88, 0.11).

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C14 H23.1 C11.9 N3 Si
329.00

100(2) K

0.71073 A
Monoclinic

P21/n

a=9.000(2) A
b=10.087(2) A
c=17.928(3) A
a=90°

B =102.07(2)°
Y =90°

1591.6(2) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

commercially available

4

0.461 mm1

698

0.13 x 0.12 x 0.09 mm>
2323 to 34.661°.
43019

6762 [R(int) = 0.0271]
99.9 %

6762 /210 / 211
1.074

0.0279

0.0793

0.587 and -0.235 e.A3
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Selected bond lengths [pm] and angles [°] of (13a)

Si(1)-N(1)
Si(1)-N(2)
Si(1)-Cl(3)
Si(1)-Cl(2A)
Si(1)-Cl(2)
Si(1)-Cl(1)
N(1)-C(4)
N(1)-C(1)
C(1)-C(2)
C(1)-C(5)
N(2)-C(9)
N(2)-C(5)
N(2)-C(6)
C(2)-C(3)
N(3)-C(10)
N(3)-C(14)
N(3)-C(11)
C(3)-C(4)
C(4)-C(10)
C(6)-C(7)
C(8)-C(9)
C(8)-C(7)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)

N(1)-Si(1)-N(2)
N(1)-Si(1)-CI(3)
N(2)-Si(1)-CI(3)
N(1)-Si(1)-CI(2A)
N(2)-Si(1)-CI(24)
Cl(3)-Si(1)-CI(2A)
N(1)-Si(1)-Cl(2)
N(2)-Si(1)-Cl(2)
N(1)-Si(1)-Cl(1)

177.24(7)
204.47(7)
208.5(16)
209.2(18)
210.35(4)
217.64(3)
139.56(10)
139.79(10)
136.79(11)
149.22(11)
149.54(10)
149.62(10)
150.51(10)
142.65(12)
145.90(10)
146.17(10)
146.32(10)
137.10(11)
149.30(11)
153.79(12)
152.50(12)
153.96(13)
153.17(12)
154.47(13)
153.49(12)

81.62(3)
116.5(8)
87.7(7)
104.8(15)
84.7(16)
136.3(18)
112.64(3)
88.80(3)
99.02(2)

N(2)-Si(1)-CI(1)
Cl(3)-Si(1)-Cl(1)
Cl(2A)-Si(1)-Cl(1)
Cl(2)-Si(1)-Cl(1)
C(4)-N(1)-C(1)
C(4)-N(1)-Si(1)
C(1)-N(1)-Si(1)
C(2)-C(1)-N(1)
C(2)-C(1)-C(5)
N(1)-C(1)-C(5)
C(9)-N(2)-C(5)
C(9)-N(2)-C(6)
C(5)-N(2)-C(6)
C(9)-N(2)-Si(1)
C(5)-N(2)-Si(1)
C(6)-N(2)-Si(1)
C(1)-C(2)-C(3)
C(10)-N(3)-C(14)
C(10)-N(3)-C(11)
C(14)-N(3)-C(11)
C(4)-C(3)-C(2)
C(3)-C(4)-N(1)
C(3)-C(4)-C(10)
N(1)-C(4)-C(10)
C(1)-C(5)-N(2)
N(2)-C(6)-C(7)
C(9)-C(8)-C(7)
C(6)-C(7)-C(8)
N(2)-C(9)-C(8)
N(3)-C(10)-C(4)
N(3)-C(11)-C(12)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
N(3)-C(14)-C(13)

178.97(2)
91.3(7)
95.9(16)

91.694(19)

107.05(6)

137.26(5)

115.62(5)

109.77(7)

134.92(7)

115.01(6)

112.56(6)

102.94(6)

110.28(6)

116.33(5)

104.34(5)

110.49(5)

106.33(7)

112.62(6)

114.13(6)

103.95(6)

108.50(7)

108.32(7)

127.20(7)

123.32(7)

103.48(6)

106.57(6)

104.24(7)

105.47(7)

105.09(6)

110.10(6)

102.93(6)

104.05(7)

104.53(7)

103.75(7)
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5.2.11 Germanium-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (15)

Asymmetric unit of compound 15. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity. 15 crystallizes as a racemic twin in the tetragonal space group /4.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

928750

C14 H22 Cl Ge N3
340.38

105(2) K
0.71073 A
Tetragonal

14

a=21.087(4) A
b=21.087(4) A
c=6.392(3) A
a=90°

B =90°

y=90°

3039.7(18) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

8
2.182 mm1

1408

0.12 x 0.12 x 0.08 mm3
1.321 to 40.278°.
61670

9581 [R(int) = 0.0374]
99.9 %

9581/0/173

1.043

0.0176

0.0422

0.340 and -0.196 e A3
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Selected bond lengths [pm] and angles [°] of (15)

Ge(1)-N(1)
Ge(1)-CI(1)
Ge(1)-N(3)
Ge(1)-N(2)
N(1)-C(4)
N(1)-C(1)
C(1)-C(2)
C(1)-C(5)
N(2)-C(6)
N(2)-C(5)
N(2)-C(9)
C(2)-C(3)
C(3)-C(4)
N(3)-C(14)
N(3)-C(10)
N(3)-C(11)
C(4)-C(10)
C(6)-C(7)
C(7)-C(8)
C(9)-C(8)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)

N(1)-Ge(1)-CI(1)
N(1)-Ge(1)-N(3)
CI(1)-Ge(1)-N(3)
N(1)-Ge(1)-N(2)
Cl(1)-Ge(1)-N(2)
N(3)-Ge(1)-N(2)
C(4)-N(1)-C(1)

C(4)-N(1)-Ge(1)

190.95(9)
230.69(5)

238.01(10)
249.78(9)

137.07(12)
137.12(12)
137.74(13)
149.19(14)
147.56(14)
147.62(12)
148.07(13)
143.48(14)
137.91(13)
147.57(12)
147.60(14)
148.44(13)
149.48(13)
152.37(16)
153.87(17)
153.44(14)
153.20(16)
153.90(18)
152.41(17)

98.49(3)
74.44(3)
88.85(3)
73.22(3)
93.73(2)

147.59(3)

108.67(7)

125.88(6)

C(1)-N(1)-Ge(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(5)
C(2)-C(1)-C(5)
C(6)-N(2)-C(5)
C(6)-N(2)-C(9)
C(5)-N(2)-C(9)
C(6)-N(2)-Ge(1)
C(5)-N(2)-Ge(1)
C(9)-N(2)-Ge(1)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(14)-N(3)-C(10)
C(14)-N(3)-C(11)
C(10)-N(3)-C(11)
C(14)-N(3)-Ge(1)
C(10)-N(3)-Ge(1)
C(11)-N(3)-Ge(1)
N(1)-C(4)-C(3)
N(1)-C(4)-C(10)
C(3)-C(4)-C(10)
N(2)-C(5)-C(1)
N(2)-C(6)-C(7)
C(6)-C(7)-C(8)
N(2)-C(9)-C(8)
C(9)-C(8)-C(7)
N(3)-C(10)-C(4)
N(3)-C(11)-C(12)

C(11)-C(12)-C(13)
C(14)-C(13)-C(12)

N(3)-C(14)-C(13)

125.09(6)
108.81(8)
115.73(8)
135.07(9)
113.65(8)
104.82(8)
112.58(8)
110.98(6)
100.50(5)
114.63(6)
106.97(8)
106.46(8)
113.04(9)
104.53(8)
113.12(8)
116.27(6)
106.41(6)
103.22(7)
109.08(8)
114.94(8)
135.85(8)
108.33(7)
102.37(8)
103.91(9)
105.25(8)
105.05(9)
107.73(8)
105.23(9)
105.41(9)
103.87(9)
103.07(9)
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5.2.12 Germanium-chloro-{2,5-bis((dimethylamino)methyl)-pyrrolide} (16)

cio) c3)

C(5)

C(7)

CI(1)

Asymmetric unit of compound 16. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C10 H18 Cl Ge N3
288.31

100(2) K
0.71073 A
Monoclinic

P21/c

a=15.246(3) A
b=6.024(2) A
c=14.348(3) A
a=90°
B=103.52(3)°
y =90°

1281.2(6) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
2573 mm1

592

0.15x0.12 x 0.1 mm3
1.374 0 36.311°.
38876

6128 [R(int) = 0.0298]
100.0 %

6128 /0 / 140

1.040

0.0199

0.0527

0.550 and -0.269 e.A3
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Selected bond lengths [pm] and angles [°] of (16)

Ge(1)-N(1)
Ge(1)-CI(1)
Ge(1)-N(2)
Ge(1)-N(3)
C(1)-N(1)
C(1)-C(2)
C(1)-C(5)
N(2)-C(7)
N(2)-C(6)
N(2)-C(5)
C(2)-C(3)
N(3)-C(9)
N(3)-C(10)
N(3)-C(8)
C(4)-N(1)
C(4)-C(3)
C(4)-C(8)

N(1)-Ge(1)-CI(1)
N(1)-Ge(1)-N(2)
Cl(1)-Ge(1)-N(2)
N(1)-Ge(1)-N(3)
Cl(1)-Ge(1)-N(3)
N(2)-Ge(1)-N(3)
N(1)-C(1)-C(2)

191.56(8)
231.14(5)

236.24(9)

250.22(11)
137.32(11)
137.97(13)
149.10(13)
147.30(12)
147.41(11)
148.59(12)
143.22(14)
147.00(11)
147.10(12)
148.20(12)
137.10(11)
137.86(12)
149.64(12)

97.52(3)
74.94(3)
89.99(3)
72.81(3)
93.81(2)

147.74(3)

108.79(8)

N(D-C(1)-C(5)
C2)-C(1)-€(3)
C(7)-N(2)-C(6)
C(7)-N(2)-C(5)
C(6)-N(2)-C(5)
C(7)-N(2)-Ge(1)
C(6)-N(2)-Ge(1)
C(5)-N(2)-Ge(1)
C(D-C2)-¢(3)
C(9)-N(3)-C(10)
C(9)-N(3)-¢(8)
C(10)-N(3)-C(8)
C(9)-N(3)-Ge(1)
C(10)-N(3)-Ge(1)
C(8)-N(3)-Ge(1)
N(1)-C(4)-C(3)
N(D-C(4)-C(8)
C(3)-C(4)-C(8)
N(2)-C(5)-¢(1)
N(3)-C(8)-C(4)
C(4)-C(3)-C(2)
C(4)-N(D-c()
C(4)-N(1)-Ge(1)
C(1)-N(1)-Ge(1)

115.01(7)
136.17(8)
110.01(7)
110.41(7)
110.45(7)
116.39(6)
103.81(6)
105.50(5)
106.76(8)
110.37(7)
109.94(7)
111.03(7)
113.21(6)
110.25(5)
101.78(5)
108.83(7)
115.61(7)
135.32(8)
107.80(7)
108.51(7)
106.88(8)
108.74(7)
126.29(6)
124.79(6)
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5.2.13 Germanium-chloro-[2,5-bis(dimethylamino)methyl)pyrrolidido]-thione
(17)

Cl)

Asymmetric unit of compound 17. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity. The site occupation factor of the toluene molecule in the asymmetric unit is
0.5. This explains the empirical formula given in the table. Instead it should be written C10 H18 Cl Ge N3 §,

0.5 (C7 H8).

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C13.5H22ClGeN3 S
366.44

100(2) K

0.56086 A
Monoclinic

P21/c

a=8.460(2) A
b=17.142(3)A
c=11.487(3) A
o =90°

B =95.92(2)°

v =90°

1657.0(7) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
1.117 mm!

756

0.1x 0.08 x 0.08 mm3
1.690 to 24.745°.
33310

5749 [R(int) = 0.0496]
99.9 %

5749 /81212

1.019

0.0254

0.0569

0.418 and -0.496 e.A3
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Selected bond lengths [pm] and angles [°] of (17)

Ge(1)-N(1)
Ge(1)-S(1)
Ge(1)-Cl(1)
Ge(1)-N(2)
Ge(1)-N(3)
N(1)-C(1)
N(1)-C(4)
N(2)-C(7)
N(2)-C(6)
N(2)-C(5)
N(3)-C(10)
N(3)-C(9)
N(3)-C(8)
C(1)-C(2)
C(1)-C(5)
C(2)-C(3)
C(3)-C(4)
C(4)-C(8)
C(11)-C(12)
C(12)-C(13)
C(12)-c(17)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)

N(1)-Ge(1)-S(1)
N(1)-Ge(1)-CI(1)
S(1)-Ge(1)-CI(1)
N(1)-Ge(1)-N(2)
S(1)-Ge(1)-N(2)

Cl(1)-Ge(1)-N(2)
N(1)-Ge(1)-N(3)
S(1)-Ge(1)-N(3)

CI(1)-Ge(1)-N(3)

185.03(11)
208.07(6)
217.12(5)
219.48(12)
243.21(13)
137.12(17)
137.24(17)
148.38(17)
148.50(18)
150.13(17)
147.44(18)
147.96(19)
149.04(19)
137.68(19)
149.54(19)
143.2(2)
137.39(19)
149.8(2)
145.1(13)
138.0(9)
140.1(9)
138.5(9)
141.4(10)
137.6(10)
137.1(9)

133.53(4)
107.12(4)
119.055(15)

78.30(5)
102.28(4)
94.00(3)
73.56(5)
99.09(3)
91.60(3)

N(2)-Ge(1)-N(3)
C(1)-N(1)-C(4)
C(1)-N(1)-Ge(1)
C(4)-N(1)-Ge(1)
C(7)-N(2)-C(6)
C(7)-N(2)-C(5)
C(6)-N(2)-C(5)
C(7)-N(2)-Ge(1)
C(6)-N(2)-Ge(1)
C(5)-N(2)-Ge(1)
C(10)-N(3)-C(9)
C(10)-N(3)-C(8)
C(9)-N(3)-C(8)
C(10)-N(3)-Ge(1)
C(9)-N(3)-Ge(1)
C(8)-N(3)-Ge(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(5)
C(2)-C(1)-C(5)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
N(1)-C(4)-C(3)
N(1)-C(4)-C(8)
C(3)-C(4)-C(8)
C(1)-C(5)-N(2)
N(3)-C(8)-C(4)
C(13)-C(12)-C(17)
C(13)-C(12)-Cc(11)
C(17)-C(12)-Cc(11)
C(12)-C(13)-C(14)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(17)-C(16)-C(15)
C(16)-C(17)-C(12)

151.71(4)
110.14(11)
122.43(9)
127.43(9)
109.22(11)
110.93(10)
109.23(11)
114.34(9)
106.91(8)
106.02(8)
109.03(12)
111.16(12)
108.99(11)
113.25(9)
112.14(8)
102.08(8)
107.65(12)
114.05(11)
138.16(12)
107.19(12)
107.39(12)
107.63(12)
113.96(11)
138.36(13)
105.92(10)
107.06(11)
118.1(6)
122.5(7)
119.4(6)
122.4(8)
119.2(7)
117.6(9)
123.2(7)
119.5(7)
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5.2.14 Tin-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (18)

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

928753

C14 H22 CIN3 Sn
386.48

100(2) K
0.56086 A
Monoclinic

P21/c

a=11.645(2) A
b=14.595(3) A
c=9.281(2) A
a=90°

B = 99.28(2)°

Y =90°

1556.7(5) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

Asymmetric unit of compound 18. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity.

4
0.957 mm™L

776

0.2x0.1x 0.1 mm3
1.398 to 26.464°.
47581

6540 [R(int) = 0.0352]
100.0 %

6540 /0 /172

1.053

0.0226

0.0549

1.969 and -0.381 e.A™3
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Selected bond lengths [pm] and angles [°] of (18)

Sn(1)-N(1)
Sn(1)-Cl(1)
Sn(1)-N(2)
Sn(1)-N(3)
N(1)-C(1)
N(1)-C(4)
C(1)-C(2)
C(1)-C(10)
N(2)-C(5)
N(2)-C(9)
N(2)-C(6)
C(2)-C(3)
C(3)-C(4)
N(3)-C(11)
N(3)-C(10)
N(3)-C(14)
C(4)-C(5)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(8)-C(9)
C(8)-C(7)
C(7)-C(6)

N(1)-Sn(1)-CI(1)
N(1)-Sn(1)-N(2)
CI(1)-Sn(1)-N(2)
N(1)-Sn(1)-N(3)
Cl(1)-Sn(1)-N(3)
N(2)-Sn(1)-N(3)
C(1)-N(1)-C(4)

211.83(12)
245.87(5)
257.68(12)
258.56(12)
137.16(19)
137.43(17)
137.8(2)
150.0(2)
147.8(2)
147.91(18)
148.81(17)
143.0(2)
138.1(2)
147.79(17)
147.87(18)
148.13(17)
150.0(2)
152.0(2)
154.3(2)
153.8(2)
152.0(2)
154.0(2)
154.0(2)

95.01(4)
69.22(4)
93.97(3)
69.50(4)
84.65(3)
138.39(4)
108.35(12)

C(1)-N(1)-Sn(1)
C(4)-N(1)-Sn(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(10)
C(2)-C(1)-C(10)
C(5)-N(2)-C(9)
C(5)-N(2)-C(6)
C(9)-N(2)-C(6)
C(5)-N(2)-Sn(1)
C(9)-N(2)-Sn(1)
C(6)-N(2)-Sn(1)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(11)-N(3)-C(10)
C(11)-N(3)-C(14)
C(10)-N(3)-C(14)
C(11)-N(3)-Sn(1)
C(10)-N(3)-Sn(1)
C(14)-N(3)-Sn(1)
N(1)-C(4)-C(3)
N(1)-C(4)-C(5)
C(3)-C(4)-C(5)
N(2)-C(5)-C(4)
N(3)-C(10)-C(1)
N(3)-C(11)-C(12)

C(11)-C(12)-C(13)
C(14)-C(13)-C(12)

N(3)-C(14)-C(13)
C(9)-C(8)-C(7)
C(8)-C(7)-C(6)
N(2)-C(6)-C(7)
N(2)-C(9)-C(8)

126.64(9)

124.40(10)
109.39(13)
115.95(12)
134.43(14)
112.74(11)
112.63(11)
103.47(11)
103.69(8)

112.89(8)

111.73(8)

106.44(13)
107.12(12)
113.55(11)
103.97(10)
113.27(11)
114.27(8)

106.84(8)

104.73(8)

108.70(13)
116.18(13)
134.95(13)
109.51(11)
109.21(11)
102.52(11)
104.00(12)
105.11(12)
104.26(11)
104.18(13)
105.02(12)
104.45(12)
102.92(11)
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5.2.15 Lead-chloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (21)

C(10)

Cl1)_g

Asymmetric unit of compound 21. Thermal ellipsoids are depicted at the 50% propability level, hydrogen

atoms are omitted for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

928752

C14 H22 CIN3 Pb
474.98

100(2) K
0.71073 &
Monoclinic

P21/c

a=10.050(2) A
b=14313(3)A
c=10.965(2) A
a=90°

B = 94.38(2)°

Y =90°

1572.7(5) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
10.889 mm™1

904

0.10 x 0.05 x 0.05 mm>
2.032 to 27.875°.
30844

3750 [R(int) = 0.0264]
100.0 %
3750/0/172

1.068

0.0136

0.0326

0.808 and -0.392 e.A™3
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Selected bond lengths [pm] and angles [°] of (21)

Pb(1)-N(1)
Pb(1)-N(2)
Pb(1)-N(3)
Pb(1)-Cl(1)
N(1)-C(4)
N(1)-C(1)
N(2)-C(9)
N(2)-C(5)
N(2)-C(6)
N(3)-C(14)
N(3)-C(10)
N(3)-C(11)
C(1)-C(2)
C(1)-C(10)
C(2)-€c(3)
C(3)-C(4)
C(4)-C(5)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)

N(1)-Pb(1)-N(2)
N(1)-Pb(1)-N(3)
N(2)-Pb(1)-N(3)
N(1)-Pb(1)-Cl(1)
N(2)-Pb(1)-CI(1)
N(3)-Pb(1)-Cl(1)
C(4)-N(1)-C(1)

C(4)-N(1)-Pb(1)

220.00(18)
261.62(18)
268.05(19)
275.58(7)
136.7(3)
136.8(3)
147.6(3)
148.1(3)
148.6(3)
147.1(3)
147.7(3)
148.0(3)
138.2(3)
149.6(3)
142.0(3)
138.1(3)
149.5(3)
153.3(3)
153.9(3)
152.4(3)
152.8(3)
155.7(3)
152.7(3)

68.64(6)
67.46(6)
136.05(6)
90.02(5)
82.30(4)
95.72(4)
108.85(18)
125.29(14)

C(1)-N(1)-Pb(1)
C(9)-N(2)-C(5)
C(9)-N(2)-C(6)
C(5)-N(2)-C(6)
C(9)-N(2)-Pb(1)
C(5)-N(2)-Pb(1)
C(6)-N(2)-Pb(1)
C(14)-N(3)-C(10)
C(14)-N(3)-C(11)
C(10)-N(3)-C(11)
C(14)-N(3)-Pb(1)
C(10)-N(3)-Pb(1)
C(11)-N(3)-Pb(1)
N(1)-C(1)-C(2)
N(1)-C(1)-C(10)
C(2)-C(1)-C(10)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
N(1)-C(4)-C(3)
N(1)-C(4)-C(5)
C(3)-C(4)-C(5)
N(2)-C(5)-C(4)
N(2)-C(6)-C(7)
C(6)-C(7)-C(8)
C(9)-C(8)-C(7)
N(2)-C(9)-C(8)
N(3)-C(10)-C(1)
N(3)-C(11)-C(12)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
N(3)-C(14)-C(13)

125.85(14)
112.55(17)
104.47(17)
113.75(17)
114.34(13)
107.24(13)
104.35(12)
113.09(17)
103.14(17)
114.35(17)
109.56(13)
104.78(13)
112.05(13)
108.6(2)
117.18(18)
133.9(2)
107.0(2)
106.9(2)
108.7(2)
117.57(19)
133.4(2)
110.55(17)
103.64(17)
105.41(19)
105.03(19)
103.98(18)
109.72(18)
102.51(17)
104.52(18)
104.05(18)
103.82(17)
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5.2.16 Antimony-dichloro-{2,5-bis((pyrrolidino)methyl)-pyrrolide} (22)

Asymmetric unit of compound 22. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms are omitted for clarity.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C14 H22 CI2N3 Sb
422.99

100(2) K

0.56086 A
Monoclinic

P21/n

a=8453(2)A
b=21.043(3) A
c=8.901(2) A
a=90°

B =92.95(2)°
y=90°

1581.2(6) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4

1.097 mm1

848

0.12 x 0.08 x 0.08 mm>
1.527 to 23.648°.
26921

4823 [R(int) = 0.0408]
99.9 %

4823/0/181

1.049

0.0266

0.0540

1.038 and -0.738 e.A3
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Selected bond lengths [pm] and angles [°] of (22)

Sb(1)-N(1)
Sb(1)-N(3)
Sb(1)-N(2)
Sb(1)-Cl(1)
Sb(1)-Cl(2)
N(1)-C(4)
N(1)-C(1)
N(2)-C(5)
N(2)-C(9)
N(2)-C(6)
N(3)-C(11)
N(3)-C(14)
N(3)-C(10)
C(1)-C(2)
C(1)-C(5)
C(2)-C(3)
C(3)-C(4)
C(4)-C(10)
C(6)-C(7)
C(7)-C(8)
C(8)-C(9)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)

N(1)-Sb(1)-N(3)
N(1)-Sb(1)-N(2)
N(3)-Sb(1)-N(2)
N(1)-Sb(1)-Cl(1)
N(3)-Sb(1)-CI(1)
N(2)-Sb(1)-Cl(1)
N(1)-Sb(1)-CI(2)
N(3)-Sb(1)-CI(2)
N(2)-Sb(1)-Cl(2)

202.87(17)
240.19(18)
247.39(18)
258.05(7)
259.35(7)
136.6(3)
137.0(3)
148.5(3)
148.6(3)
149.0(3)
149.2(3)
149.6(3)
150.2(3)
137.2(3)
148.8(3)
142.5(3)
137.5(3)
148.9(3)
152.7(3)
154.4(3)
151.5(3)
153.3(3)
154.4(3)
152.8(3)

72.73(7)
71.89(7)
144.59(6)
87.64(6)
93.49(5)
83.73(5)
86.35(6)
84.83(5)
94.29(5)

Cl(1)-Sb(1)-CI(2)
C(4)-N(1)-C(1)
C(4)-N(1)-Sb(1)
C(1)-N(1)-Sb(1)
C(5)-N(2)-C(9)
C(5)-N(2)-C(6)
C(9)-N(2)-C(6)
C(5)-N(2)-Sb(1)
C(9)-N(2)-Sb(1)
C(6)-N(2)-Sb(1)
C(11)-N(3)-C(14)
C(11)-N(3)-C(10)
C(14)-N(3)-C(10)
C(11)-N(3)-Sb(1)
C(14)-N(3)-Sb(1)
C(10)-N(3)-Sb(1)
N(1)-C(1)-C(2)
N(D)-C(1)-C(5)
C(2)-C(1)-C(5)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
N(1)-C(4)-C(3)
N(1)-C(4)-C(10)
C(3)-C(4)-C(10)
N(2)-C(5)-C(1)
N(2)-C(6)-C(7)
C(6)-C(7)-C(8)
C(9)-C(8)-C(7)
N(2)-C(9)-C(8)
C(4)-C(10)-N(3)
N(3)-C(11)-C(12)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
N(3)-C(14)-C(13)

173.997(19)
109.54(17)
124.86(14)
125.59(14)
111.68(17)
112.66(17)
103.47(16)
106.17(12)
112.40(13)
110.60(13)
102.54(16)
112.21(17)
109.72(16)
111.17(12)
114.39(13)
106.91(12)
108.03(19)
116.01(18)

135.6(2)
107.27(19)
106.99(19)
108.16(19)
115.31(18)

136.3(2)
109.24(17)
103.57(17)
105.10(18)
105.12(18)
104.30(18)
108.31(17)
105.89(17)
104.84(17)
104.83(17)
104.76(17)
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5.2.17 Nickel-chloro-{2,5-bis((tertbutyl-thiolato)methyl)pyrrolide} (23)

N(1)

C(2)

c(

Asymmetric unit of compound 23, containing a half molecule. Thermal ellipsoids are depicted at the 50%
propability level, hydrogen atoms are omitted for clarity. The data for 23 was collected with support of M.

Granitzka.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C14 H24 CIN Ni S2
364.62

100(2) K
0.56086 A
Orthorhombic

Pbca

a=9.431(2) A
b=14.118(3) A
c=12.527(3) A
a=90°

B =90°

y=90°

1667.9(6) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
0.812 mm™1

768

0.1x0.1x 0.1 mm3
3.121 to 25.548°.
35723

3174 [R(int) = 0.0521]
99.5 %

3174 /84 /91

1.026

0.0239

0.0593

0.504 and -0.642 e.A3
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Selected bond lengths [pm] and angles [°] of (23)

Ni(1)-N(1)
Ni(1)-CI(1)
Ni(1)-S(1)
Ni(1)-S(1)A
S(1)-C(5)
S(1)-C(6)
N(1)-C(1A
N(1)-C(1)
C(6)-C(9)
C(6)-C(7)
C(6)-C(8)
€(2)-C(1)
C(2)-C(2)A
C(1)-C(5)

N(1)-Ni(1)-CI(1)
N(1)-Ni(1)-S(1)
CI(1)-Ni(1)-S(1)
N(1)-Ni(1)-S(1)A

182.20(13)
218.33(6)
222.14(5)
222.15(5)
183.09(12)
186.85(12)
136.88(13)
136.88(13)
152.49(18)
152.85(17)
152.95(18)
138.23(16)
142.4(3)
149.01(17)

180.0
85.188(9)
94.812(9)
85.188(9)

Cl(1)-Ni(1)-S(1)A

S(1)-Ni(1)-S(1)A
C(5)-S(1)-C(6)
C(5)-S(1)-Ni(1)
C(6)-S(1)-Ni(1)
C(1)A-N(1)-C(1)
C(1)A-N(1)-Ni(1)
C(1)-N(1)-Ni(1)
C(9)-C(6)-C(7)
C(9)-C(6)-C(8)
C(7)-C(6)-C(8)
€(9)-C(6)-S(1)
C(7)-C(6)-S(1)
C(8)-C(6)-S(1)
C(1)-C(2)-C(2)A
N(1)-C(1)-C(2)
N(1)-C(1)-C(5)
C(2)-C(1)-C(5)
C(1)-C(5)-S(1)

94.812(9)
170.375(17)

103.62(6)
98.74(4)
107.44(4)
108.62(13)
125.69(7)
125.69(7)
110.43(10)
111.38(11)
110.52(11)
112.23(8)
105.28(8)
106.79(8)
106.80(7)
108.89(11)
115.91(10)
135.20(11)
108.33(8)
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5.2.18 Palladium-dimethylamino-chloro-{2,5-bis((dimethylamino)methyl)-
pyrrolide} (26)

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

C12 H25 CI N4 Pd
367.21

100(2) K
0.56086 A
Monoclinic

P21/c

a=11622(3)A
b=10.422(2) A
c=13.166(3) A
a=90°

B =96.56(3)°

Y =90°

1584.3(6) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

Asymmetric unit of compound 26. Thermal ellipsoids are depicted at the 50% propability level, hydrogen
atoms besdes H4 are omitted for clarity.

4

0.705 mm™L

752

0.12 x 0.1x 0.08 mm3
1392 to 23.625°.
48620

4823 [R(int) = 0.0437]
99.9 %
4823/0/169

1.011

0.0216

0.0479

0.580 and -0.510 e.A3
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Selected bond lengths [pm] and angles [°] of (26)

Pd(1)-N(1) 202.84(13) C(1)-N(1)-C(4) 107.02(13)
Pd(1)-N(4) 204.66(13) C(1)-N(1)-Pd(1) 111.82(10)
Pd(1)-N(2) 209.35(13) C(4)-N(1)-Pd(1) 141.13(11)
Pd(1)-Cl(1) 233.36(6) C(2)-C(1)-N(1) 110.19(14)
N(1)-C(1) 138.26(19) C(2)-C(1)-C(5) 132.80(14)
N(1)-C(4) 138.60(19) N(1)-C(1)-C(5) 116.98(13)
C(1)-C(2) 138.2(2) C(6)-N(2)-C(7) 109.02(12)
C(1)-C(5) 148.7(2) C(6)-N(2)-C(5) 108.65(12)
N(2)-C(6) 148.5(2) C(7)-N(2)-C(5) 110.10(12)
N(2)-C(7) 148.9(2) C(6)-N(2)-Pd(1) 116.08(10)
N(2)-C(5) 150.63(19) C(7)-N(2)-Pd(1) 108.47(9)
C(2)-C(3) 141.5(2) C(5)-N(2)-Pd(1) 104.38(9)
C(3)-C(4) 139.0(2) C(1)-C(2)-C(3) 106.29(14)
N(3)-C(9) 146.6(2) C(4)-C(3)-C(2) 107.73(14)
N(3)-C(10) 147.2(2) C(9)-N(3)-C(10) 110.47(14)
N(3)-C(8) 148.1(2) C(9)-N(3)-C(8) 111.87(13)
C(4)-C(8) 149.3(2) C(10)-N(3)-C(8) 109.96(13)
N(4)-C(11) 148.31(19) N(1)-C(4)-C(3) 108.75(14)
N(4)-C(12) 148.70(19) N(1)-C(4)-C(8) 124.83(14)
C(3)-C(4)-C(8) 126.05(15)
N(1)-Pd(1)-N(4) 94.70(5) C(11)-N(4)-C(12) 110.70(12)
N(1)-Pd(1)-N(2) 81.62(5) C(11)-N(4)-Pd(1) 111.90(10)
N(4)-Pd(1)-N(2) 175.11(5) C(12)-N(4)-Pd(1) 114.80(10)
N(1)-Pd(1)-CI(1) 175.25(4) C(1)-C(5)-N(2) 108.46(12)
N(4)-Pd(1)-CI(1) 89.57(4) N(3)-C(8)-C(4) 114.89(13)

N(2)-Pd(1)-CI(1) 94.23(4)
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6 Conclusion and outlook

Within this thesis two new ligand species namely the {NNN}-pyrrole based pincer

ligand with increased steric demand and the {SNS}-pyrrole based pincer ligand could be

prepared and were proven to be highly suitable for the coordination of a variety of metal

species.

These complexes with metal ions as small as
germanium(IV) (39 pm) and big as lead(II) comprising
an ion radius of 119 pm, convey the coordination
flexibility of this type of ligand. Consequently, the
distance of both side arm nitrogen donor atoms varies
between 440.0 pm for aluminium(IIl) (10) and
491.2 pm for lead(II) (21) (Figure 65). The ligand
flexibility is further mirrored by the variable
coordination mode which can be tridentate or
bidentate in the presence of another Lewis-acidic

molecule as shown in the palladium compound (26).

Figure 65. Superposition plot of
compounds 10 (dark gray) and 21

(light gray).

An example for this coordination diversity

1} /-\ is the dimeric lithium pyrrolide species (7-9).
. The pyrrole nitrogen atom coordinates to both
LI lithium ions in the p»-bridging mode. This

23.39 kcal mol

atoms 153 as they comprise a tetrahedral

0 Rrjmwkcavmo' could be expected for sp3-hybridized nitrogen

\/ geometry, however, this coordination mode

Figure 66. Pyrrole—lithium interaction in
compound 7. Energy values depicted in the

was not explained for aromatic nitrogen atoms

showing a similar tetrahedral motif.°? High

ﬁgure belong to O0- and 7r- interaction reSOlution X-I‘ay diffraction data fOI‘ Compound

energies of N1 in compound 7.

7 together with an extensive computational

study confirmed the assumption of a lithium-m interaction in dimeric structures of

aromatic lithium amides (Figure 66).

Apart from the prove of ligand flexibility, it could be shown that the alkyl chains

bonded to the side arm donor functionalities are stereochemically active. Even the slight
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increase in steric bulk from dimethylamino- to pyrrolidino-groups drastically affects the
reactivity of Npyrrole bonded atoms. In compound 11 the bulkier pyrrolidine groups, with
respect to dimethylamine, prevent the pyrrole N-H from being deprotonated by the
rather basic trimethylaluminium compound. Replacing the pyrrolidine groups by
dimethylamine moieties leads to a quantitative deprotonation of the pyrrole
heterocycle. Both products could be confirmed by crystallization. The N-metallated
species symbolizes the thermodynamic product and the N-protonated compound,
forming a C-H---N interaction between pyrrole and a trimethylaluminium molecule

represents the kinetic product.

This reactivity can be transferred to the

{NNN}GeCl species (15). Reacting 15 with

ATON
methyllithium exclusively yielded the [{NNN}Li]2 Li N
lithium pyrrolide species (8) (Figure 67). By | |

Me Ge
increasing the size of the lithiumorganic N 4

mpoun from  methyllithium TMS-
compound ° ethyllithiu to S Figure 67. Intermediate species in the

methyllithium which is similar in size to  reaction of 15 with MeLi, explaining the
. L. . . formation of compound 8.
trimethylaluminium it should be possible to

synthesize the desired {NNN}Ge-alkyl species.

Further investigation of the tetrele complexes afforded an absolutely unknown
phenomenon in metal organic chemistry. The silicon compound {NNN}HSiCl;
crystallizes in two different connectivity modes. Depending on the crystallization
conditions, the ligand can coordinate as a tridentate ligand yielding an octahedral
environment at the silicon atom or the ligand can act as a bidentate species with a
trigonal bipyramidal surrounding at the silicon atom. This observation of
thermodynamic vs. kinetic crystallization product was confirmed by a computational

investigation showing a difference in energy of only 7.8 k] /mol for both isomers.

Descending group 14 the interaction of the heavier elements with the pyrrole -
system was focused on. By analyzing the C-C bond lengths of the pyrrole heterocycle in
combination with a computational investigation and a NMR-spectroscopic study on the
heavy group 14 pincer complexes a decreasing interaction of the pyrrole m-system with
the tetrele element going from germanium to lead was noticed. It could be clearly

pointed out that within the heavy tetrele elements, tin is much more similar to
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germanium than it is to lead. Lead does not show a significant interaction with the m-
system. Evaluation of the data yielded a similar metal-m interaction for lead than for

lithium in 7 and 8.

Unexpectedly, none of the prepared group 14 compounds contained a metal-ligand
m-back donation. To visualize the consequences of a m-back donation on the pyrrole 7-
system a transition metal complex with nickel(II) was prepared. The molecular orbitals
computed for this compound do not comprise an overlap between the unoccupied
pyrrole m-orbital and a d-orbital of the nickel(II) ion. Related compounds3¢<13% hint to
the fact that the empty pyrrole m-orbital is too high in energy which could be an

explanation for the lacking m-back donation in the tetrele complexes as well.

HOMO-1 LUMO

Figure 68. Molecular orbitals of {NNN}GeCl (15). HOMO-1 clearly shows the metal centered lone pair,
whereas the empty pyrrole m-orbital shows only small orbital coefficients in the LUMO. It seems to be
higher in energy, indicating an even larger gap between the metal centered lone pair and the empty
pyrrole m-orbital.

A way to tune the orbital energies is to replace the remaining metal bonded
substituent. It was shown, that replacement of chlorine by methyl elevates the HOMO
and thus narrows the HOMO-LUMO gap by approximately 1 eV. Another approach can
be the substitution of the side arms as the compounds with pyridyl side arms3¢ clearly
show. By enlarging the pyrrole m-sytem they contain a LUMO with equal contributions of
the pyrrole m-system and a metal centered d-orbital (Figure 68). By varying the metal
bonded substituent it should be possible to obtain pyrrole based pincer ligands
containing a rather small HOMO-LUMO gap, which makes m-back donation likely. Those
species will contain new properties with a quasi-open-shell orbital configuration and a
stronger metal ligand bond. This stronger ligand metal bond should make new reactions
feasible, like the reduction of a metal species, yielding germanium in the oxidation state
+1, which was not possible with compound 15. These yet unknown properties will open
a new field of chemistry in the area of pyrrole based pincer ligands. With the properties

of the Frustrated Lewis Pairs57 combined at a single atom, similar to the metalylenes but
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rather convenient to synthesize, they comprise high potential in molecule/bond

activation.
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7 Crystal structure determination in

collaborations

7.1 Structures determined for Dr. Tim Hungerland (Prof. Dr. Dr. h.

c. L. F. Tietze)

7.1.1 CM_THD391

Asymmetric unit of CM_THD391. Hydrogen atoms besides H100 have been omitted. H100 has been freely
refined and the thermal ellipsoid was modeled isotropic.

The structure has been published in “Palladium-catalyzed domino carbopalladation/C-H activation for the
synthesis of tetrasubstituted alkenes bearing five- and seven-membered rings.” L. F. Tietze, T. Hungerland, C.

Depken, C. Maass, D. Stalke, Synlett, 2012, 23, 2516.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

881349
C24 H17 CI3 04
475.73

100(2) K
0.56086 A
Triclinic

P1

a=8.061(2) A
b=9.785(2) A
c=13.815(3) A
a=93.21(2)°

B =100.01(3)°
y = 105.82(3)°

1026.3(4) 43

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

2
0.250 mm™1

488

0.2x0.1x 0.05 mm3
1.19 to 21.38°.

19632

4721 [R(int) = 0.0459]
99.9 %

47210/ 284

1.021

0.0362

0.0838

0.405 and -0.284 e A3
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7.1.2 CM_THD398

c2n c2s)

Asymmetric unit of CM_THD398. Hydrogen atoms besides H100 have been omitted. H100 has been freely
refined and the thermal ellipsoid was modeled isotropic.

The structure has been published in “Palladium-catalyzed domino carbopalladation/C-H activation for the
synthesis of tetrasubstituted alkenes bearing five- and seven-membered rings.” L. F. Tietze, T. Hungerland, C.

Depken, C. Maass, D. Stalke, Synlett, 2012, 23, 2516.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

881350
C25 H22 02
354.43
100(2) K
0.56086 A
Monoclinic

C2/c

a=34.504(3) A
b=6.390(2) A
c=17.026(2) A
a=90°
B=101.39(2)°
y=90°

3680.0(13) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma()]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

8

0.051 mm™1

1504

0.2x0.2x 0.1 mm3
0.95 to 21.97°.
38666

4721 [R(int) = 0.0459]
99.9 %

47210/ 284
1.021

0.0362

0.0838

0.405 and -0.284 e. A3
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7.1.3 CM_THDDWYV7NK

Asymmetric unit of CM_THDDWV7NK. Hydrogen atoms have been omitted. The crystal was non-
merohedrally twinned. The structure was refined against HKLF5 data, including both domains, with a
batch scale factor of 0.51.

The structure has been published in “Palladium-catalyzed domino carbopalladation/C-H activation for the
synthesis of tetrasubstituted alkenes bearing five- and seven-membered rings.” L. F. Tietze, T. Hungerland, C.
Depken, C. Maass, D. Stalke, Synlett, 2012, 23, 2516.

CCDC no. 881351 Z 4
Empirical formula C24 H18 02 Absorption coefficient 0.083 mm™L
Formula weight 338.38 F(000) 712
Temperature 100(2) K Crystal size 0.2 x 0.04 x 0.04 mm3
Wavelength 0.71073 A Theta range for data collection 2.23t0 23.26°.
Crystal system Monoclinic Reflections collected 13216
Space group P21/n Independent reflections 4429 [R(int) = -]
Unit cell dimensions Completeness to theta = 25.242° 99.0 %
a=9.392(2) A Data / restraints / parameters 4429 /0 /235
b=16.481(3) A Goodness-of-fit on F2 1.102
c=11341(2) A R1 [I>2sigma(D)] 0.0403
a=90° WR2 (all data) 0.1045

Volume

B =105.26(2)°
y=90°

1693.6(6) A3

Extinction coefficient
Largest diff. peak and hole

Absolute structure parameter

0.312 and -0.206 e.A3
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7.1.4 CM_THD533B

Asymmetric unit of CM_THD533B. Hydrogen atoms have been omitted.

The structure has been published in “Efficient Synthesis of Helical Tetrasubstituted Alkenes as Potential
Molecular Switches: A Two-Component Palladium-Catalyzed Triple Domino Process.” L. F. Tietze, T.
Hungerland, C. Eichhorst, A. Duefert, C. Maass, D. Stalke, Angew. Chem. Int. Ed. 2013, 52, 3668.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

911711
C30H17 N 04
455.45
100(2) K
0.71073 A
Monoclinic

P21/c

a=9.454(2) A
b=21.390(3) A
c=10.709(2) A
a=90°

B =94.75(2)°
y=90°

2158.1(7) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma()]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
0.094 mm™1

944

0.12x0.1x 0.1 mm3
1.904 to 27.487°.
48344

4944 [R(int) = 0.0495]
99.9 %

4944 /306 / 316
1.056

0.0434

0.1125

0.282 and -0.334 e A3
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7.1.5 CM_THD563

Cl(2)

cM CI(1)

Asymmetric unit of CM_THD563. Hydrogen atoms have been omitted. The dichloromethane molecule is

cl2)
&

not disordered, however, the position is not fully occupied with a site occupation factor of 0.92.

The structure has been published in “Efficient Synthesis of Helical Tetrasubstituted Alkenes as Potential
Molecular Switches: A Two-Component Palladium-Catalyzed Triple Domino Process.” L. F. Tietze, T.
Hungerland, C. Eichhorst, A. Duefert, C. Maass, D. Stalke, Angew. Chem. Int. Ed. 2013, 52, 3668.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

911712

C31.92 H19 CI1.84 N 02
513.81

100(2) K

0.71073 A

Monoclinic

P21/n

a=13.301(3)A
b=8518(2) A
c=21.991(3) A
a=90°

B =103.64(2)°
y =90°

2421.3(9) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
0.283 mm™1

1059

0.1x0.1x 0.05 mm3
1.638 to 25.411°.
38816

4450 [R(int) = 0.0665]
99.9 %

4450/ 0/ 334

1.013

0.0406

0.0979

0.281 and -0.246 e A3
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7.2 Structures determined for Dr. Tobias Schneider (Prof. Dr. D. B.
Werz)

7.2.1 CM_ST413b

Asymmetric unit of CM_ST413b. Hydrogen atoms have been omitted.

The structure has been published in “Rearrangements of Furan-, Thiophene- and N-Boc-Pyrrole-Derived
Donor-Acceptor Cyclopropanes: Scope and Limitations”]. Kaschel, T. F. Schneider, P. Schirmer, C. Maass, D.
Stalke, D. B. Werz, Eur. J. Org. Chem. 2013, 21, 4539.

CCDC no. 925485 A 2
Empirical formula C29 H33 N 06 Absorption coefficient 0.055 mm™1
Formula weight 491.56 F(000) 524
Temperature 100(2) K Crystal size 0.2x0.15x 0.15 mm3
Wavelength 0.56086 A Theta range for data collection 1.201 to 23.269°.
Crystal system Triclinic Reflections collected 35353
Space group Pi Independent reflections 7554 [R(int) = 0.0357]
Unit cell dimensions Completeness to theta = 25.242° 100.0 %
a=9.071(2) A Data / restraints / parameters 7554 /0 /330
b=10.908(2) A Goodness-of-fit on F2 1.029
c=14.325(3) A R1 [I>2sigma(])] 0.0409
a=69.14(2)° wR2 (all data) 0.1107
B =87.03(3)° Extinction coefficient
vy =77.38(3)° Largest diff. peak and hole 0.382 and -0.233 e.A™3

Volume

1292.0(5) A3

Absolute structure parameter
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7.2.2 CM_ST440d

Asymmetric unit of CM_ST440d. Hydrogen atoms, besides H1A, have been omitted. H1A was freely refined
with an isotropic thermal displacement parameter. The molecule fragment bonded to C2 shows a disorder
with a site occupation factor of 0.62.

CM_ST440d has not been published, however, it is deposited at the CSD with the number 949463.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

949463

C12 H18 N2 06
286.28

100(2) K
0.71073 A
Orthorhombic

P212121

a=7.844(2) A
b=10.274(3) A
c=17.229(3) A
a=90°

B =90°

¥ =90°

1388.5(6) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

4
0.110 mm1

608

0.2x0.1x 0.1 mm3
2.308 to 30.531°.
21067

4242 [R(int) = 0.0612]
99.6 %

4242 /94 / 217

1.056

0.0361

0.0971

0.382 and -0.218 e. A3



Crystal structure determination in collaborations

175

7.2.3 CM_ST4202b

Asymmetric unit of CM_ST4202b. Hydrogen atoms have been omitted.

The structure has been published in “Rearrangements of Furan-, Thiophene- and N-Boc-Pyrrole-Derived
Donor-Acceptor Cyclopropanes: Scope and Limitations” ]. Kaschel, T. F. Schneider, P. Schirmer, C. Maass, D.

Stalke, D. B. Werz, Eur. J. Org. Chem. 2013, 21, 4539.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

925486

C27 H29 N 04
431.51
101(2) K
0.71073 A
Triclinic

P1

a=8994(2) A
b=9.359(2) A
c=14.816(3) A
o =80.65(3)°

B =86.50(3)°

Y =76.62(2)°

1196.8(5) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(])]

WwR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

2
0.080 mm™L

460

0.15x 0.1 x 0.1 mm3
1393 to 28.312°.
27001

5926 [R(int) = 0.0345]
99.8 %

5926/ 0/ 294

1.031

0.0392

0.1023

0.338 and -0.241 e.A™3



176

Structures determined for Dr. Tobias Schneider (Prof. Dr. D. B. Werz)

7.2.4 CM_B3Al55

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

949461
C17 H14 02
250.28
100(2) K
0.71073 A
Monoclinic

P21/c

a=11.209(3) A
b=15.124(4) A
c=7.728(3) A
a=90°

B =103.83(3)°
Y =90°

1272.1(7) A3

Asymmetric unit of CM_B3AIl55. Hydrogen atoms have been omitted.

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

CM_B3AIS55 has not been published, however, it is deposited at the CSD with the CCDC-number 949461.

4
0.085 mm™1

528

0.2x 0.2x 0.1 mm3
1.871 to 30.032°.
38795

3702 [R(int) = 0.0275]
99.5 %

3702/0/172

1.047

0.0404

0.1136

0.402 and -0.208 e.A™3
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7.3 Structures determined for Dr. Johannes Kaschel (Prof. Dr. D.

B. Werz)

7.3.1 CM_]JKF73

Asymmetric unit of CM_JKF73. Hydrogen atoms have been omitted.

The structure has been published in “Rearrangements of Furan-, Thiophene- and N-Boc-Pyrrole-Derived
Donor-Acceptor Cyclopropanes: Scope and Limitations” ]. Kaschel, T. F. Schneider, P. Schirmer, C. Maass, D.

Stalke, D. B. Werz, Eur. J. Org. Chem. 2013, 21, 4539.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

925484

C10 H12 02
180.20
100(2) K
0.56086 A
Orthorhombic

Fad2

a=10.495(2) A
b=24.590(3) A
c=6.828(2) A
a=90°

B =90°

y=90°

1762.1(7) A3

A

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma()]

WwR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

8

0.062 mm™1

768

0.2x0.1x 0.04 mm3
2.615 to 20.493°.
4978

897 [R(int) = 0.0325]
99.8 %

897 /3/65

1.059

0.0316

0.0799

0.156 and -0.143 e A3
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7.4 Structures determined for Matrin Pawliczek (Prof. Dr. D. B.

Werz)

7.4.1 CM_PM411

Asymmetric unit of CM_PM411. Hydrogen atoms are omitted for clarity.

CM_PM411 is part of the manuscript “Pd-Catalyzed Domino Reaction of Propargylic Diynols to Dienol
Ethers: A Formal anti-Carbopalladation Process.” M. Pawliczek, C. Maass, D. Stalke, D. B. Werz, submitted.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

941402
C23 H24 02
332.42
100(2) K
0.71073 A
Monoclinic

C2/c

a=9.888(2) A
b=16.130(3) A
c=21.940(3) A
a=90°

B =91.46(2)°
y=90°

3498.2(11) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(D)]

WR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

8
0.079 mm-1

1424

0.15 x 0.15 x 0.05 mm>
1.857 to 25.678°.
26410

3315 [R(int) = 0.0283]
99.8 %

3315/0 /230

1.074

0.0358

0.0905

0.273 and -0.180 e.A™3
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7.5 Structures determined for Svenia C. Diifert (Prof. Dr. Dr. h. c. L.
F. Tietze)

7.5.1 CM_]JCLINOXEPIN

Asymmetric unit of of CM_JCLINOXEPIN, showing the crystal structure of (-)-S-Linoxepin. Hydrogen
atoms, besides H3, have been omitted. The absolute structure was determined using Cu-Ka radiation
(Flack x parameter: -0.05(8)) 1>

The structure has been published in “Total Synthesis of Linoxepin through a Palladium-Catalyzed Domino
Reaction” L. F. Tietze, S.-C. Duefert, ]J. Clerc, M. Bischoff, C. Maass, D. Stalke, Angew. Chem. Int.

Ed 2013, 52,3191.

CCDC no.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

913693
C21 H16 06
364.34
100(2) K
1.54178 A
Monoclinic

P21

a=4.845(2) A
b=15.655(3) A
c=10.918(3) A
a=90°

B =100.47(3)°
¥ =90°

814.3(4) A3

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 25.242°
Data / restraints / parameters
Goodness-of-fit on F2

R1 [I>2sigma(])]

WwR2 (all data)

Extinction coefficient

Largest diff. peak and hole

Absolute structure parameter

2

0.914 mm1

380

0.12 x 0.08 x 0.03 mm>
4.118 to 68.547°.
8931

2186 [R(int) = 0.0290]
99.3 %

2186/ 1/ 245

1.060

0.0265

0.0683

0.134and -0.214 e A3

-0.05(8)
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