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ABSTRACT: Pincer complexes of 2,5-bis{(pyrrolidino)-
methyl}-pyrrole with group 14 elements such as germanium,
tin, and lead were prepared and fully characterized by X-ray
single-crystal analysis, NMR spectroscopy, and mass spec-
trometry. The structures of the complexes were analyzed and
compared to the free and the lithiated ligand to gain insight
into the effects of metal coordination on the aromatic system.
A further aspect was to elaborate the capability of group 14
metals to interact with the pyrrole π-system. Therefore,
electronic structure calculations were carried out with group
14 complexes to better understand the bonding situation and
the trends among the group. The changes in the aromaticity of the pyrrole ring upon coordination have been rationalized
according to the interaction of the π-system with the metal. The unusual short bond distance observed between germanium and
the coordinated pyrrole nitrogen was also assessed.

■ INTRODUCTION
Over the last decades, pincer ligands have played an
increasingly important role in coordination chemistry. Reported
first by Moulton et al.1 and van Koten et al.2 in 1976 and 1978,
respectively, they nowadays occupy an increasingly widespread
field of application. They are used in inorganic coordination
chemistry,3 as well as in catalysis.4 This is due to their high
degree of flexibility concerning steric and electronic properties,
which have been reviewed earlier.5

The herein reported pincer ligand consists of three nitrogen
donor functions {NNN}, which are connected by saturated
methylene moieties (Chart 1). Different from our earlier work,6

the nitrogen atoms in the side arms display no aromatic
character7 and serve as pure σ-donors, while the central
nitrogen atom belongs to a pyrrole-heteroaromatic system. This
highly electron-rich π-system interacts strongly with the metal
fragments, displayed by short metal−pyrrole bond lengths for
all compounds prepared.
Chart 2 shows a simplified orbital diagram for the pyrrole π-

system, which will be used to rationalize the effect of metal

coordination. Molecular orbitals I and III can be neglected
because they lack the overlap with the metal ion. In II and IV, it
becomes apparent that there are two competing effects. π-
Donation from MO IV toward the metal will shorten the CC
double bonds and elongate the C−C single bond, whereas π-
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Chart 1. 2,5-Bis{(pyrrolidino)-methyl}pyrrole

Chart 2. Simplified Depiction of the Molecular Orbitals of
the Pyrrole π-System
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back-donation from the metal via the lone pair toward the
empty pyrrole MO II causes the opposite.4c This rather new
kind of ligand is perfectly suited to draw inferences from the
crystal structure about the metal−ligand interaction of main
group metals. However, there is almost no literature present
about the detailed investigation of these metal−ligand π-
interactions, although these interactions have a substantial
influence on the frontier orbitals of the complex and its
reactivity. Similar group 14 metal amido species have been
reported earlier;8−10 nevertheless, studying the metal−ligand
interactions in detail is considerably hampered in those species
because of the rather complicated π-system compared to the π-
system of the pyrrole-based pincer ligand reported herein.
Based on the bond lengths inside the heteroaromatic ring,

gained from X-ray single-crystal analysis, we will interpret the
electronic situation of the π-system and compare it with the
results of our theoretical calculations.

■ RESULTS AND DISCUSSION
The pincer ligand 2,5-bis{(pyrrolidino)methyl}pyrrole (1) was
prepared following a slightly modified procedure published by
Kim et al. in 1998 (Scheme 1).11

To obtain the metal complexes, 1 was lithiated first either by
Li(hmds) or by n-butyllithium. Treatment of lithium[2,5-
bis{(pyrrolidino)-methyl}-pyrrolide] (2) with 1 equiv of the
metal halide salt afforded the desired group 14 metal
complexes. An increase in yield and purity could be reached
by adding 1 to a solution of the metal halides and Li(hmds)
(ratio 1:1) (Scheme 2). The free ligand {NNN}H (1)
crystallizes in the orthorhombic space group Pbca. The
asymmetric unit contains one formula moiety (Figure 1).

The ligand’s shape is determined by the hydrogen bonding
pattern. It is formed between H1 and N2′. With a length of 226
pm, the hydrogen bond is considered to be of intermediate
strength.12 In the hydrogen bonding network, it becomes
obvious that the ligand molecules are arranged in a linear
fashion with the pyrrolidine groups pointing away from the

intramolecular NH unit to create sufficient space for
dimerization via N2′···H1···N1 intermolecular interaction
(Figure 2).

The heteroaromatic system is planar with the methylene
linkers included in that plane. The bond lengths within the
pyrrole residue do not differ much from those in free pyrrole,
namely, 136 pm for the double bonds and 142 pm for the C−C
single bond.13 The 1H NMR room temperature spectra of 1
show very broad signals for the methylene linkers, as well as for
two carbon atoms (C6, C9, C11, C14) in each pyrrolidine
moiety, which leads to the assumption that the ligand is not
rigid in solution. This can be explained by a flipping-of-the-
envelope-like structure of the pyrrolidine. The broadening of
the linker signals can be explained by a rotation of the pyrrole-
linker bond, which exposes the linker protons to different
environments with respect to the heteroaromatic system. This
phenomenon is known for that kind of compound and has been
described elsewhere.14

Group 14 metal complexes (Figure 3) comprise coordination
motifs that are very much alike. The metal ion is located in the
plane of the heteroaromatic ring, exhibiting a short M−N bond
to the pyrrole and longer M−N bonds to the pyrrolidine
nitrogen atoms. It is coordinated in a distorted trigonal
bipyramidal polyhedron with both pyrrolidine nitrogen atoms
at the apical positions and the pyrrole-N, the chloride, and the
stereochemically active lone pair in the equatorial positions.
The germanium compound (3) forms two different N→M
donor bonds with pyrrolidine moieties. The radius of
germanium(II) is apparently too small compared to the ligands’
bite angle, and it is coordinated in an asymmetric fashion.
Consequently, the pyrrolidine donor bonds to germanium
differ by almost 12 pm. In compound 4, both metal pyrrolidine

Scheme 1. Synthesis of 1

Scheme 2. Route to Metal Complexes of 1

Figure 1. Solid-state structure of {NNN}H (1). Carbon-bound
hydrogen atoms are omitted for clarity. H1 was refined freely, and the
anisotropic displacement parameters are depicted at the 50%
probability level. Selected bond lengths (pm) and angles (°) C1−C2
137.70(18), C2−C3 141.96(17), C3−C4 137.51(17), N1−H1
85.4(19), N2′···H1 226.0(19), C1−C10−N3 113.95(10), C4−C5−
N2 111.94(9), N1−H1···N2′ 163.23.

Figure 2. Linear arrangement of 1 via hydrogen bonding.
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bonds are similar because the bigger radius of tin suits the
coordination pocket of the ligand better. Similar to 3, 5 is
asymmetric with respect to the N→M donor bonds to
pyrrolidine, and the considerably larger lead atom is still
coordinated in the {NNN} fashion similar to germanium and
tin. The reason for the asymmetry is that lead(II) comprises an
ion radius larger than the space provided by the ligand in the
coordination pocket. This coordination mode seems to be
favored in contrast to a symmetrical coordination with both
linkers in a rather tensed state.
Compound 3 crystallizes in the tetragonal space group I4 ̅

with a whole molecule in the asymmetric unit. The germanium
ion is located in the plane of the heteroaromatic ring, and the
Ge−N1 bond is 190.97(7) pm long. Both germanium
pyrrolidine bonds are considerably longer by ∼48 and ∼59
pm, respectively. These Ge−N bonds are assumed to be weaker
as they are regarded to be donor bonds. An interesting fact is
that the C−C−N(2,3) angle at both methylene linkers
decreases from ∼111° in 1 to ∼107° in 3. This decrease is
necessary to coordinate smaller and harder ions like
germanium(II) in the {NNN} fashion and displays the
flexibility of the CH2-linker system. The length of the
germanium pyrrole bond of 190.97(7) pm is one of the
shortest Ge(II)−N bonds reported in the CSD15 so far,

indicating a strong ligand−metal interaction that includes σ-
and π-interactions, as shown in the computational section.
Most of the compounds that comprise shorter germanium
nitrogen bonds than 3 contain a germanium(IV) atom or show
coordination numbers lower than four, resulting in a further
bond shortening. The effects of the germanium coordination on
the heteroaromatic system are mirrored by the bond lengths of
the heteroaromatic ring. With bond lengths of C1−C2
137.76(10), C2−C3 143.45(10), and C3−C4 137.91(10) pm,
there are significant changes compared to the free ligand (1)
(Table 1). The increase in the C2−C3 bond length is
counterintuitive for the population of an unoccupied pyrrole-

Figure 3. Solid-state structures of group 14 metal complexes of (3) (a), (4) (b), (5) (c) and a superposition plot of all three metal complexes (d).
Hydrogen atoms are omitted for clarity. Anisotropic displacement parameters are depicted at the 50% probability level. Selected bond lengths (pm)
and angles (°): (a) {NNN}GeCl (3) N1−Ge1 190.97(7), N2−Ge1 249.75(7), N3−Ge1 238.00(8), C1−C2 137.76(10), C2−C3 143.45(10), C3−
C4 137.91(10), N1−Ge1−Cl1 98.49(3), N1−Ge1−N2 73.22(3), N1−Ge1−N3 74.44(3), N2−Ge1−Cl1 93.726(17); (b) {NNN}SnCl (4) N1−
Sn1 211.83(12), N2−Sn1 257.68(12), N3−Sn1 258.56(12), C1−C2 137.8(2), C2−C3 143.0(2), C3−C4 138.1(2), N1−Sn1−Cl1 95.01(4), N1−
Sn1−N2 69.22(4), N1−Sn1−N3 69.50(4), N2−Sn1−Cl1 93.97(3); (c) {NNN}PbCl (5) N1−Pb1 220.00(17), N2−Pb1 261.62(18), N3−Pb1
268.04(19), C1−C2 138.2(3), C2−C3 142.0(3), C3−C4 138.1(3), N1−Pb1−Cl1 90.02(5), N1−Pb1−N2 68.64(6), N1−Pb1−N3 67.46(6), N3−
Pb1−Cl1 95.72(4).

Table 1. Bond Lengths within the Pyrrole Heteroaromatic
Ring and the Average Difference between Single and Double
Bonds (ΔSB−DB)

bond lengths

compound
C1−C2
(pm)

C2−C3
(pm)

C3−C4
(pm)

ΔSB−DB
(pm)

{NNN}H 1 137.7 142.0 137.5 4.4
{NNN}Ge 3 137.8 143.5 137.9 5.7
{NNN}Sn 4 137.8 143.0 138.1 5.1
{NNN}Pb 5 138.2 142.0 138.1 3.9
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MO by the lone pair of germanium because this would shorten
the C2−C3 bond. This elongation can be attributed, however,
to the donation of electron density from MO IV (Chart 2) to
the germanium ion via π-interaction. Depletion of electron
density in MO IV would elongate the C2−C3 bond, which is in
good agreement with the observed bond length changes of the
free ligand relative to the tetrele metal complexes. Compound 4
crystallizes in the monoclinic space group P21/c with one
formula moiety in the asymmetric unit. The Sn(II) ion seems
to fit perfectly into the bonding pocket of the ligand, which is
underlined by two almost identical tin pyrrolidine bonds and
almost ideal tetrahedral angles at the linker CH2 fragments
(C1−C10−N3 109.21(11), C4−C5−N2 109.51(11)). With a
length of 211.83(12) pm, the N1−Sn1 bond is shorter
compared to other Sn(II)−N bonds reported in the CSD,16

and this is evidence for strong interaction between pyrrole and
tin. It can considered a rather strong interaction, although there
are shorter tin nitrogen bonds present in the CSD for the same
reason already explained when discussing compound 3.
Inspection of the bonding within the pyrrole moiety indicates
that π-donation from the heteroaromatic ring toward Sn1 is
weaker than in the germanium compound 3. A consequence of
less MO IV metal interaction is a slight decrease in ΔSB−DB,
emulating an increase in aromaticity in terms of bond distance
equalization. The 119Sn NMR spectrum shows a signal at δ =
−217.1 ppm. Unfortunately, there is not even one example in
the literature showing a similar four-coordinate motif to the one
found in 4. The reported three-coordinate tin compounds show
a similar 119Sn NMR shift range. Starting from δ = −198 ppm
([Sn{N(SiMe3)C(Ph)C(SiMe3)-(C5H4N-2)}Cl])

8e going to δ
= −224 ppm ([HC(CMeNAr)2SnCl], Ar = 2,6-iPr2C6H3),

8w δ
= −236 ppm ([HC(CtBuNDip)2SnCl], Dip = 2,6-iPr2C6H3),

10c

up to δ = −281 ppm ([HC(CMeNPh)2SnCl]).
9g Therefore,

the 119Sn NMR signal obtained for 4 can considered to be
rather high field shifted.

The lead complex 5 crystallizes in the monoclinic space
group P21/c with one molecule in the asymmetric unit. The
coordination is less strained than expected from an ion radius
that large. As it has been already mentioned above, similar to 3,
the lead ion is coordinated in an asymmetrical fashion. The π-
system of pyrrole remains almost unaffected compared to the
protonated ligand. This could be due to a less pronounced π-
interaction or, alternatively, to a counterbalancing effect in the
pyrrole metal coordination. The 207Pb NMR spectrum shows a
signal at δ = 1524 ppm. For some reason, related structures are
published without a 207Pb NMR measurement. There is just
one example of a related four-coordinate lead compound
containing a 207Pb NMR shift of δ = 1816 ppm ({{2-
[(CH3)2NCH2]C6H4}(SiMe3)NPbCl}2).

17

More detailed information can be obtained from the
following electronic structure calculations.

■ COMPUTATIONAL RESULTS

To obtain a deeper insight into the electronic structure and the
aromaticity character of the pyrrole moiety in the ligand rather
than to judge on distances,18 electronic structure calculations
were carried out on the compounds 3, 4, and 5. Four different
methods were used for geometry optimizations, namely, the
density functional B3LYP19 (with and without dispersion
corrections)20 and M06,21 as well as the local correlated
method LMP2.22 The basis set used was triple-ζ quality
(explicated in the Computational Details and will be
subsequently referred to as VTZ). Density fitting approx-
imations were used throughout and the “DF-” prefix will be
dropped for convenience. All of the methods describe the
complexes in good agreement with the X-ray data but with
slightly overestimated metal−nitrogen bond lengths (see
Figures S1, S2, S3, and Table S1 in the Supporting
Information). In this regard, LMP2 and M06 calculations
predict the closest geometry to the experimental data. Figure 4
shows the crystal structure values for selected bond distances,

Figure 4. Comparison between the solid state and theoretical structures (M06) [LMP2] of compounds 3, 4, and 5. Selected bond distances are
shown in pm. For a clearer reading, the M−N1 distance is given in the top right corner of each compound.

Table 2. MCI (in au), NICS(1)zz and CMO-NICS(1)zz Values (in ppm) for the Free Anion Ligand Compounds 3, 4, and 5.
Latter Values Are Shown for the HOMO, HOMO-1, and HOMO-2 Orbitals (See Figure 5)27

CMO-NICS(1)zz

compound MCI NICS(1)zz HOMO HOMO-1 HOMO-2

{NNN}− 0.038 (0.038) −30.2 (−29.8)
{NNN}Ge 0.023 (0.023) −25.0 (−24.9) −3.6 +3.6 −2.1
{NNN}Sn 0.026 (0.026) −25.2 (−25.1) −3.9 −5.2 +7.2
{NNN}Pb 0.026 (0.026) −25.6 (−25.5) −4.3 −6.2 +9.7
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together with M06 and LMP2 results. The LMP2/VTZ root-
mean-square deviation values relative to the crystal structures
were 15.5, 13.5, and 18.4 pm for compounds 3, 4, and 5,
respectively (14.0, 10.6, and 25.7 pm in the case of M06). The
asymmetry in the bonding of the pyrrolidine rings to the metal
of compound 3 (and to a lesser extent in 5) is also reproduced.
In an attempt to understand the effect of metal coordination on
the aromaticity of the pyrrole ring, we have computed two
different descriptors of aromaticity based on electron-sharing
and magnetic properties, namely, MCI (Multicenter Index)23

and NICS(1)zz (Nucleus Independent Chemical Shift).24

Values have been computed for the pyrrole ring in compounds
3−5, and including also the free anion ligand for comparison.
The calculations were performed at the M06/VTZ and
B3LYP/VTZ levels of theory,25 and the results are shown in
Table 2. Both aromaticity index values are in good agreement
with those published for different pyrrole derivatives.26

The pincer ligand shows the strongest aromatic character of
all the compounds with 0.038 au for MCI and −30.2 ppm from
NICS(1)zz, which is well within expectations. Upon coordina-
tion to the metal, there is a change of roughly 5 ppm in terms
of NICS(1)zz values and 0.015 au in terms of the MCI for all
compounds studied. In fact, there is little to no change in the
NICS(1)zz value when comparing the different metals. There is
only a very slight increase in the value in going from Ge to Pb,
but given the uncertainty of the method, it would be ill-advised
to establish a trend for the metal complexes based on these
results.24b It is clear that the coordination leads to a decrease in
aromaticity, but there is little to no effect in changing the metal
within the heavier group 14 series that were considered.
We have also dissected the NICS(1)zz contributions from the

highest energy-lying canonical molecular orbitals (CMO-
NICS(1)zz).

24b,28 As one can observe in Figure 5, these orbitals

correspond to the π-system of the pyrrole ring interacting with
the lone pair of M, as well as the bonding orbital between M
and the chlorine atoms.29 One should note that in the case of
Ge, the ordering is different from the one observed in Sn and
Pb (HOMO-1 and HOMO-2).10a,30 Two of these orbitals
contribute to the aromatic character of the pyrrole ring, and the

contribution increases from Ge to Pb. However, the HOMO-2
(HOMO-1 in the case of compound 3) has a strong
antiaromatic contribution, which also increases in about the
same magnitude, so that the two effects mostly cancel out.
However, one can immediately observe that the two resulting
orbitals from the pyrrole MO IV and the M lone pair confirm
our previous observations. Going down the group, the
interaction decreases gradually (in the case of Pb, the overlap
is strongly reduced). In order to better understand the
structural patterns observed in this series of compounds, as
well as the NICS results, we have applied the Natural Bond
Orbital (NBO) method31 to the three metal group 14
compounds. A particular focus on acceptor−donor interactions
has been placed in our analysis. This information together with
partial charges and Wiberg bond orders has been included in
Table 3. The NBO analysis clearly identifies a bond between
the metal and the N1 atom in all cases. The Wiberg bond
indices are relatively stable along the series (i.e., 0.456, 0.390,
and 0.390 au for complexes 3, 4, and 5, respectively). These
values agree with those published for monocationic Ge(II) and
Sn(II) systems32 and are consistent with the description of the
cations as being weakly stabilized by donor−acceptor
interactions. Interestingly, some clues about the minimal
change in the aromaticity character of the pyrrole ring can be
also observed from the occupation numbers33 of the N1 lone
pair and C1−C2, as well as C3−C4 bonds (around 1.5 e for the
lone pair and 1.8 e for the double bond), together with
significant acceptor−donor interactions between the occupied
orbitals in the ring and the antibonding C−C orbitals. This falls
in agreement with the NICS(1)zz results. Focusing on the
metals, little to no change is observed in their charge or the
occupation of the metal lone orbital LP(M) when descending
the group. The use of partial charges in this context, however,
can be somewhat misleading as donation to the pyrrole ring
and back-donation can have a balancing effect, together with
the interaction of the pyrrolidine nitrogen atoms. To separate
these effects, we have applied second-order perturbation theory
to compute the NBO acceptor−donor interaction energies
ΔE(2) involving the metal atom. The largest contributions are
due to the pyrrolidine nitrogen atoms. These values are given in
Table 3. Ge coordinates best with the side arms, but in
asymmetric fashion (shorter distance to N3). In the case of Sn,
the two nitrogen atoms from the pyrrolidine moieties interact
with almost the same energy, in agreement with the symmetry
on the distances aforementioned from Figure 3. Compound 5
shows an asymmetric coordination. An interesting point to note
is that the energies are, on average, similar to compound 4.
Because our NBO structure includes an M−N1 covalent

bond, the only interaction energies that can be obtained
involving the two atoms are a result of delocalization effects.
These interaction energies are relatively small compared with
the dative interaction discussed above. In this case, the π-
donation from the N1 lone pair to the antibonding orbital of
the M−Cl bond ((LPpz(N1)→σ*(M−Cl)) (Table 3) amounts
to 6.0, 3.7, and 3.6 kcal/mol for Ge, Sn, and Pb complexes,
respectively. In a similar way, the π-donation from the N1 lone
pair to the metal is even smaller being 1.08, 0.63, and 0.51 kcal/
mol for 3, 4, and 5, respectively.
The latter NBO values fall in line with the CMO-

NICS(1)zz dissection and the experimental observations. A
stronger π-donation lengthens the single bond and shortens the
double bonds, leading to an increased separation of the bond

Figure 5. Highest occupied KS molecular orbitals (isocontour 0.045
au) of compounds 3−5 (M06/VTZ). The values below each picture
represent the canonical molecular contribution to NICS(1)zz results.
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distances. The complexation of the ligand with the metal gives a
lowering in the aromaticity character.

■ CONCLUSIONS

We have synthesized group 14 metal complexes (Ge, Sn, and
Pb) bearing a pincer ligand based on pyrrole. This π-system is
rather convenient to study because of its simplicity and
localization within the ligand. Consequently, changes in the
pyrrole π-system were traced back to metal−ligand π-
interactions and could be studied in detail as these changes
could not be compensated for by adjacent π-systems. The
observed bond distances change within the pyrrole moiety and
hint to a decrease in metal−pyrrole π-interaction, descending
group 14. As a result, the degree of aromaticity of the pyrrole
ring rises simultaneously. This effect can be explained by a
model based on an MO framework, where the pyrrole π-system
interacts less favorably with the metal as the metal lone pair
increases in energy. Our NBO calculations have shown this
trend in detail. Between the metalated compounds, the
differences concerning the aromaticity and the occupancy of
the metal lone pair are only modest. Remarkably, there is a
higher fraction of π-donation from the pyrrole ring to the
germanium metal. This explains the unusual short Ge−N
distance, while the aromaticity in the ring decreases. The same
effect is less pronounced in the tin and lead complexes. The
ability for interacting with a π-system increases when ascending
group 14. The energy gained by interaction of the pyrrole π-
system with germanium is significantly higher than for its
heavier analogues, suggesting that the interacting orbitals are
more alike in energy than those in 4 and 5. This is remarkable
regarding the aptitude of germanium for catalytic applications
where energetically close-lying frontier orbitals are essential.34

To quantify the π-interaction, however, more investigations
with a wide variety of metal species attached to the pyrrole
moiety will be conducted.

■ EXPERIMENTAL SECTION
All experiments were performed under dry argon gas atmosphere by
using modified Schlenk techniques or an argon drybox. Solvents were
freshly distilled from sodium potassium alloy prior to use. 1H NMR,
7Li,13C, 119Sn, and 209Pb NMR spectra were recorded at room
temperature in dry toluene-d8 using a Bruker Avance III 300 MHz or
Bruker DRX 500 MHz spectrometer. All signals were assigned via
H,H−COSY and C,H-correlation spectra. EI mass spectra were
measured with a MAT 95 instrument. All starting materials were
commercially available or synthesized according to the cited literature
procedures. Elemental analyses were carried out in the Analytische
Labor der Anorganischen Chemie der Universitaẗ Göttingen.
Single-Crystal Structural Analysis. 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 a nitrogen gas flow using the X-TEMP2 device.35 An appropriate
crystal was selected using a polarizer microscope, mounted on the tip

of a MiTeGenMicroMount or glass fiber, fixed to a goniometer head,
and shock cooled by the crystal cooling device. The data for 1, 3, 4,
and 5 were collected from shock-cooled crystals at 100(2) K. The data
sets of 1 and 5 were collected on an Incoatec Mo Microfocus source36

with mirror optics and APEX II detector with a D8 goniometer. The
data set of 3 was measured on a Bruker TXS-Mo rotating anode with
mirror optics and APEX II detector with a D8 goniometer. Both
diffractometers use Mo Kα radiation (λ = 71.073 pm). The data set of
4 was collected at 100(2) K on SMART APEX Quazar with
INCOATEC Ag Microfocus source with mirror optics (Ag Kα, λ =
56.086 pm) and an APEX II detector with a D8 goniometer. The data
of 1 and 3−5 were integrated with SAINT,37 and an empirical
absorption correction (SADABS)38 was applied. The structures were
solved by direct methods (SHELXS-97) and refined by the full-matrix
least-squares method against F2 (SHELXL-2012)39 within the
SHELXLE-GUI.40 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-bound hydrogen atom in 1 was refined freely
from the residual density map and constrained to 1.5 Ueq of their pivot
nitrogen atom. Disordered moieties were refined using bond length
restraints and isotropic displacement parameter restraints.41 Crystallo-
graphic data (excluding structure factors) for the structures reported in
this paper have been deposited with the Cambridge Crystallographic
Data Centre. The CCDC numbers are 928751 (1), 928750 (3),
928753 (4), and 928752 (5). Copies of the data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_re-quest/cif or from the corresponding author.

Computational Details. All compounds were fully optimized
using B3LYP,19 B3LYP-D3,20b,42 M06,21 and LMP222 levels of theory.
The B3LYP and LMP2 calculations were performed using the
MOLPRO 2012.143 software program package. The M06 DFT
calculations have been performed with the GAUSSIAN 0944 suite of
programs.

Density fitting (DF) approximations have been used in the B3LYP,
B3LYP-D3, and local Møller−Plesset perturbation theory calcula-
tions.45 The cc-pVTZ46 basis set was used for carbon, nitrogen,
hydrogen, and chlorine atoms, while for germanium, tin, and lead
atoms the Small-Core Dresden/Stuttgart Pseudo Potentials (MDF)
10, 28, and 60 together with def2-TZVPP basis set were used,
respectively.47 In all density fitting calculations reported in this paper,
we used the cc-pVTZ/JKJIT and cc-pVTZ/MP2FIT auxiliary fitting
basis sets48 in the HF as well as DFT and LMP2 calculations,
respectively. Furthermore, the localized orbitals required for the local
correlation methods were generated via the Pipek−Mezey method.49

The orbitals domains were defined using a NPA criteria TNPA = 0.03.50

Additionally, analytical Hessians were computed to confirm that the
geometries obtained correspond to energetic minima.

For the measure of the aromaticity of the pyrrole rings, we used
different indicators. As a magnetic descriptor of aromaticity, we used
the Nucleus Independent Chemical Shift (NICS) index, proposed by
Schleyer and co-workers.24a,b NICS is defined as the negative value of
the absolute shielding computed at a ring center or at some other
interesting point of the system. Rings with large negative NICS values
are considered aromatic. In particular, the gauge-including atomic
orbitals (GIAO) method51 has been used to perform calculations of

Table 3. NBO Results for Compounds 3, 4, and 5a

ΔE(2)

compound Q (M) LP (M) LP (N1) BO (M−N1) LPpz (N1)→LP* (M) LPpz (N1)→σ* (M−Cl) LP (N2)→ LP* (M) LP (N3)→LP* (M) RD (%)

{NNN}Ge +1.042 1.978 1.544 0.456 1.08 6.0 28.9 36.1 1.23

{NNN}Sn +1.190 1.986 1.525 0.390 0.63 3.7 18.9 20.5 1.10

{NNN}Pb +1.190 1.987 1.516 0.390 0.51 3.6 16.5 25.1 0.96
aPartial charges (Q, au) and occupation number (LP, au) for the metal atom, Wiberg bond orders (BO, au), percentage of non-Lewis electrons
(RD), and second-order acceptor−donor interaction energies (ΔE(2), kcal/mol) are given. All the calculations were performed at the M06/VTZ
level of theory.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic401192x | Inorg. Chem. 2013, 52, 9539−95489544

www.ccdc.cam.ac.uk/data_re-quest/cif
www.ccdc.cam.ac.uk/data_re-quest/cif


NICS ring critical point NICS(0), which is determined by the
nonweighted mean of the heavy-atom coordinate and at 1 Å above and
below the ring taken into the NICS(1) analysis. It has been postulated
that NICS(1) better reflects aromaticity patterns because, at 1 Å, the
effects of the π-electron ring current are dominant and local σ-bonding
contributions are diminished.25c,28,52 We have also analyzed the out of
plane component of NICS(1), NICS(1)zz which was found to be the
best NICS-based indicator of aromaticity.24c,52 Furthermore, as
electronic-based aromaticity descriptor, we have applied the Multi-
center Index (MCI).23 MCI is a particular extension of the Iring
index.24c,53 MCI gives a measure of the electron sharing among all
atoms within the ring. The more positive the MCI values, the more
aromatic the rings.25c,26a

The atomic overlap matrices were generated within Fuzzy-Atom
domains with the FUZZY program.54 Becke’s method55 for multi-
centric integration with Chebyshev and Lebedev radian and angular
quadratures has been used. MCI values were computed at the B3LYP/
def2-TVZPP&6-311++G(d,p) level of theory by using the ESI-3D
program.56

Conjugation interactions have been analyzed in terms of localized
molecular orbitals constructed within the Natural Bond Order
(NBO)32 method. The energies associated with the donor−acceptor
two-electron interactions have been computed according to the
second-order perturbational theory.
General Procedure. For the synthesis of group 14 metal

complexes 3, 4, and 5, [LiN(SiMe3)2]·Et2O (1.00 g, 4.14 mmol)
was added to a mixture of the group 14 metal halide (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 suitable for single-crystal X-ray diffraction experiments after
storage of the solution at −28 °C for several days.
Bis{(pyrrolidino)-methyl}pyrrole (1). Compound 1 was pre-

pared using a modified protocol published by Kim et al.11 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 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 approximately 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 4 days at −80 °C. 1H NMR (300
MHz): δ (ppm) 9.42 (sbr, 1 H, pyrrole NH), 6.02 (d, J = 2.6 Hz, 2 H,
pyrrole-CH), 3.41 (s, 4 H, 2 linker CH2), 2.37 (m, 8 H, N−CH2
(pyrrolidine)), 1.58 (m, 8 H, N−CH2−CH2 (pyrrolidine)).

13C NMR
(75 MHz): δ (ppm) 129.7 (pyrrole N−C), 106.7 (pyrrole CH), 54.17
(linker CH2), 53.44 (N−CH2 (pyrrolidine)), 23.89 (N−CH2−CH2
(pyrrolidine)). Anal. Calcd for C14H23N3: C, 72.06; H, 9.93; N, 18.01.
Found: C, 71.93; H, 10.12; N, 18.03.
Lithium{2,5-bis{(pyrrolidino)methyl}-pyrrolide} (2). 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-butyl lithium (n-
hexane, 6.0 M, 0.71 mL, 4.29 mmol) was added dropwise, 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.
Evaporation of all volatile materials afforded 2 as a white powder (0.92
g, 3.86 mmol, 90%). 1H NMR (300 MHz): δ (ppm) 6.33 (s, 2 H,
pyrrole CH), 3.72 (svbr, 4 H, linker CH2), 2.47 (sbr, 8 H, N−CH2
(pyrrolidine)), 1.40 (m, 8 H, N−CH2−CH2 (pyrrolidine)).

13C NMR
(75 MHz): δ (ppm) 138.7 (pyrrole N−C), 105.7 (pyrrole CH), 59.55
(linker CH2), 54.14 (N−CH2 (pyrrolidine)), 23.79 (N−CH2−CH2
(pyrrolidine)). 7Li NMR (117 MHz): δ (ppm) 2.01 (s).
{NNN}GeCl (3). Compound 3 was prepared following the general

procedure for the synthesis of group 14 metal compounds. The yield
was 1.10 g (3.23 mmol, 78% (crystals)). 1H NMR (500 MHz): δ
(ppm) 6.09 (s, 2 H, pyrrole CH), 3.67 (d, 2 H, linker CH2), 3.37 (d, 2

H, linker CH2), 2.77 (sbr, 4 H, N−CH2 (pyrrolidine)), 2.44 (sbr, 4 H,
N−CH2 (pyrrolidine)), 1.57 (m, 8 H, N−CH2−CH2 (pyrrolidine)).
13C NMR (126 MHz): δ (ppm) 132.8 (pyrrole N−C), 104.5 (pyrrole
CH), 54.67 (linker CH2), 54.54 (N−CH2 (pyrrolidine)), 23.77 (N−
CH2−CH2 (pyrrolidine)). MS (EI): m/z (%) 341 (16), 339 (12), 337
(7), 271 (58), 161 (100), 93 (34), 84 (23). Anal. Calcd for
C14H22ClGeN3: C, 49.39; H, 6.51; N, 12.34. Found: C, 49.03; H, 6.67;
N, 12.14.

{NNN}SnCl (4). Compound 4 was prepared following the general
procedure for the synthesis of group 14 metal compounds. The yield
was 1.11 g (2.86 mmol, 69% (crystals)). 1H NMR (500 MHz): δ
(ppm) 6.13 (s, 2 H, pyrrole CH), 3.65 (d, J = 13.4 Hz, 2 H, linker
CH2), 3.39 (d, J = 13.4 Hz, 2 H, linker CH2), 2.34 (svbr, 8 H, N−CH2
(pyrrolidine)), 1.48 (sbr, 8 H, N−CH2−CH2 (pyrrolidine)).

13C NMR
(126 MHz): δ (ppm) 133.5 (pyrrole N−C), 104.8 (pyrrole CH),
55.40 (linker CH2), 54.47 (N−CH2 (pyrrolidine)), 23.69 (N−CH2−
CH2 (pyrrolidine)).

119Sn NMR (187 MHz): δ (ppm) −217.1 (sbr).
MS (EI): m/z (%) 389 (7), 387 (19), 385 (14), 317 (60), 161 (100),
93 (15), 84 (18). Anal. Calcd for C14H23ClN3Sn: C, 43.50; H, 5.74; N,
10.87. Found: C, 43.21; H, 5.62; N, 10.87.

{NNN}PbCl (5). Compound 5 was prepared following the general
procedure for the synthesis of group 14 metal compounds. The yield
was 1.06 g (2.24 mmol, 54% (crystals)). 1H NMR (300 MHz): δ
(ppm) 6.27 (m, 2 H, pyrrole CH), 3.70 (sbr, 4 H, linker CH2), 2.55
(svbr, 8 H, N−CH2 (pyrrolidine)), 1.51 (sbr, 8 H, N−CH2−CH2
(pyrrolidine)). 13C NMR (126 MHz): δ (ppm) 138.3 (pyrrole N−C),
105.7 (pyrrole CH), 56.61 (linker CH2), 54.32 (N−CH2 (pyrroli-
dine)), 23.75 (N−CH2−CH2 (pyrrolidine)).

207Pb NMR (63 MHz): δ
(ppm) 1524 (m). MS (EI): m/z (%) 475 (16), 474 (7), 473(7), 405
(44), 161 (100), 93(23), 84 (19). Anal. Calcd for C14H23ClN3Pb: C,
35.40; H, 4.67; N, 8.85. Found: C, 35.31; H, 4.38; N, 9.15.
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H.; Herres-Pawlis, S.; Mahieu, B.; Jurkschat, K. Z. Anorg. Allg. Chem.
2011, 637, 211−223.
(30) Ullah, F.; Bajor, G.; Veszpremi, T.; Jones, P. G.; Heinicke, J. W.
Angew. Chem., Int. Ed. 2007, 46, 2697.
(31) (a) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1983, 78, 4066−
4073. (b) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1985, 83, 1736−
1740. (c) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88,
899−926. (d) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem.
Phys. 1985, 83, 735−746.
(32) (a) Xiong, Y.; Yao, S.; Inoue, S.; Berkefeld, A.; Driess, M. Chem.
Commun. 2012, 48, 12198−12200. (b) Li, J.; Schenk, C.; Winter, F.;
Scherer, H.; Trapp, N.; Higelin, A.; Keller, S.; Pöttgen, R.; Krossing, I.;
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3175. (b) Haẗtig, C. Phys. Chem. Chem. Phys. 2005, 7, 59−66.
(c) Weigend, F. Phys. Chem. Chem. Phys. 2002, 4, 4285−4291.
(49) Pipek, J.; Mezey, P. G. J. Chem. Phys. 1989, 90, 4916.
(50) Mata, R. A; Werner, M. J. Mol. Phys. 2007, 105, 2753−2761.
(51) Wolinski, K.; Hinton, J. F.; Pulay, P. J. Am. Chem. Soc. 1990,
112, 8251−8260.
(52) Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. V. R.;
Weber, J. Phys. Chem. Chem. Phys. 2004, 6, 273−276.
(53) (a) Giambiagi, M.; de Giambiagi, M. S.; dos Santos Silva, C. D.;
de Figueiredo, A. P. Phys. Chem. Chem. Phys. 2000, 2, 3381−3392.
(b) Cioslowski, J.; Matito, E.; Sola,̀ M. J. Phys. Chem. A 2007, 111,
6521−6525.
(54) Mayer, I.; Salvador, P. FUZZY, version 1.00; Girona, Spain,
2003.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic401192x | Inorg. Chem. 2013, 52, 9539−95489547

http://www.molpro.net
http://www.molpro.net


(55) Becke, A. D. J. Chem. Phys. 1988, 88, 2547.
(56) Matito, E. ESI-3D: Electron Sharing Indexes Program for 3D
Molecular Space Partitioning; Institute of Computational Chemistry:
Girona, Spain, 2006, http//:iqc.udg.edu/eduard/ESI.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic401192x | Inorg. Chem. 2013, 52, 9539−95489548

http//:iqc.udg.edu/eduard/ESI

