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A well-defined intermolecular toluene complex of lead(Ir)
supported by a pincer-type saNHC (saturated N-heterocyclic
carbene) ligand was prepared through deprotonation of the
bis(imidazolinium) salt with Pb[N(SiMe;),], or metalation of
the free carbene and subsequent salt metathesis with TI(OTf),
followed by crystallization from toluene. Combined
computational and experimental results indicate that
noncovalent interactions with the lead atom (o-hole type
interaction, dispersion) and the diisopropylphenyl side
groups of the ligand (dispersion) stabilize the complex.
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Arene complexes of transition metals, such as di(benzene)-
chromium,! are textbook examples in organometallic chemistry.
The bonding between arenes and transition metals is described
by the Dewar—Chatt-Duncanson (DCD) model (see Online
Supplementary Materials, Figure S1, structure S1).2 Inspired by
the transition metal-like behavior of some p-block compounds,
there is increasing interest in the chemistry of the main group
elements.® This is particularly true for the heavy p-block
elements, which, in analogy to the transition metals, switch
redox states readily and are hence in principle suitable for redox-
catalysis.* Also, arene complexes of the heavy p-block elements
are known, although examples remain scarce.® In lack of
d-orbitals of appropriate energy, the DCD concept is not
applicable for the p-block elements.® Thus, ‘Menshutkin-type
complexes’ (see Online Supplementary Materials, Figure S1,
structure S2) may arguably be understood through the interaction
of an arene donor orbital with a vacant acceptor orbital of the
metal.” However, ‘non-covalent interactions’ (NCls), i.e.
electrostatic-, n—n, dispersive or hydrophobic effects may be in
many cases equally important. NCls have been invoked in bio-8°
and supramolecular chemistry,1® but have recently also found
widespread attention in organic® and inorganic chemistry.2 It
has been recognized that steric bulk, associated with comparably
strong dispersive interactions, is an excellent strategy to stabilize
otherwise transient compounds such as, for instance, multiple
bonded heavy p-block compounds.'® Thus, for the bonding in
arene complexes of p-block metals, the attractive interaction
between o-holes in the p-block element with the aromatic system
of the arene has been invoked (see Online Supplementary
Materials, Figure S1, structure S3).1* This interaction is mostly
electrostatic in nature. Others emphasized instead the importance
of dispersion, which should be increasingly important for the
heavy metals. However, additional computational studies on
different BiR3--C4Hg compounds (R = Me OMe, Cl) outlined
that the influence of substituents of the metal on the strength of
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the dispersive interactions is more significant than the metal
itself. For instance, the interaction in Me;Bi---C¢Hg is purely
dispersive, whereas in Cl3Bi---CgHg also donor—acceptor
interactions, exerted from charge transfer from benzene = orbitals
into BiCl; o* orbitals, are almost equally important.’®
Experimental studies on intermolecular arene coordination
compounds were dedicated to a handful of tin(1)'® and
thallium(1)17 complexes.

Polymeric lead(1r) 1 with coordinated benzene has been reported
by Amma et al. in 1974 (Figure 1). Yet, examples of well-defined,
electron-rich, monomeric n® Pb" complexes with intermolecular
arene interactions remain scarce. Rare examples with structural
proof comprise compound 2 which coordinates toluene in an n?2
fashion, as well as complex 3.18 Also examples for arene bonding
of bismuth(iir) have been described!® and the stabilization due to
toluene coordination was predicted to be 22 k] mol=1.2° Thereby,
the *bond’ was rationalized by an orbital ‘c + 27’>@) interaction.
Similar studies with electron-rich, monomeric lead compounds
have not been reported to the best of our knowledge.

Herein, we present the synthesis of a toluene complex of
lead(1r), which is embedded in a CNC pincer-type saNHC
(saturated N-heterocyclic carbene) ligand. The computational
analysis suggests that the bonding interaction should be weak
and mostly due to dispersive interactions with the metal as well

Figure 1 Known arene lead complexes.
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as to some extent the bulky arene substituents of the ligand.
In the search for strongly polarized multiple bonds, namely
vicinal zwitterions with low radicaloid character,? we started to
investigate lead complexes. We were aiming at pyridine bridged
NHC? complexes, which should provide favorable steric
properties as well as stability. Note that pincer-type ligands have
proven useful for the stabilization of reactive p-block
complexes,? although NHC congeners have not yet received a
lot of attention.?* Treatment of known?®> imidazolinium salt 4
with Pb[N(SiMe;),], cleanly afforded the lead(ir) complex 6 in
quantitative yield (Scheme 1). Equally, generation of the free
biscarbene through deprotonation with two equivalents of
KN(SiMe;), in the presence of PbBr, gave, after workup, the
same complex 6 in 76% yield, respectively. Compound 6
represents, to the best of our knowledge, the first example of a
n-acidic saNHC coordinated lead complex. In its 'H NMR
spectrum, two sets of signals are discernible for the eight protons
of the backbone of the saNHC at 4.32 and 4.09 ppm, and the
triplet for the proton in para-position of the pyridine moiety
appears at 8.17 ppm. Further, the diisopropylphenyl (Dipp)-CH
signal shows up as a septet at 3.14 ppm. The 'HNMR
spectroscopic analysis indicates the formation of a C, -symmetric
complex at the time scale of the NMR experiment. Interestingly,
the 13C signal at 246.2 ppm, which was assigned to the
imidazolidin-2-ylidene carbene carbon atoms, shifts slightly
more downfield than in the free carbene 5 (243.8 ppm). In the
207ph NMR spectrum, a signal at 187 ppm was observed.

Salt metathesis of compound 6 with two equivalents of TIOTf
quantitatively gave 7 according to the NMR spectroscopic
analysis. All TH NMR signals (except for the aliphatic Dipp-
signals) are shifted downfield in respect to 6. Most prominently,
the 13C NMR spectrum showed a significant downfield shift of the
carbene signals to 252.4 ppm. Additionally, a new signal was
observed in the °F NMR at —-77.7 ppm. The signal in the
207ph NMR shifted from 187 ppm in 6 to —430 ppm, which we
assign to the lead triflate compound 7. To the best of our
knowledge, no other (pseudo)octahedral NHC-supported lead(1r)
compounds are known. The 2°’Ph NMR signal of 7 is shifted
downfield in comparison to reported three-coordinate (anionic)
NHC/MIC complexes (1619, 1675 and 2841 ppm, respectively).?
The same applies to three-coordinated ferrocene derived
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Scheme 1 Reagents and conditions: i, Pb[N(SiMes),],, THF, =78 = 20 °C,
16 h; ii, KN(SiMej3), (2 equiv.), toluene, =40 - 20 °C, 30 min; iii, PbBr,,
THF, room temperature, 16 h; iv, TIOTf (2 equiv.), THF, room temperature,
16 h; v, PhMe, crystallization.
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Figure 2 Solid-state structure of complex 7-PhMe shown (a) from the
front and (b) from the side. Ellipsoids are shown at the 50% probability
level; co-crystallized hexane and hydrogen atoms are omitted for clarity. For
selected bond lengths and angles, see Online Supplementary Materials.

plumbylene-NHC complexes (2403 ppm,?’ 1395 ppm?). Only
an NHC coordinate plumbocene was reported to shift more
downfield with —4344 ppm.?® Subsequently, colourless needles,
suitable for single crystal X-ray diffraction analysis, were obtained
through condensing hexanes into a saturated solution in toluene.

The solid-state structure’ of complex 7-PhMe reveals that the
lead atom shows a pseudo-octahedral coordination geometry
with a Pb—N(pyridine) bond distance of 2.5416(18) A, which is
slightly elongated in comparison to the previously reported
lead(1r) pyridine complexes [2.466(6) A].%° The ligands are not
distributed equally, i.e. the lead(i) is coordinated in a
hemidirected®® fashion with Pb—C(1) and Pb—C(2) bond lengths
of 2.554(2) and 2.570(2) A. The Pb-C(carbene) bonds are
elongated in comparison to the previously reported ‘conventional
NHC’ lead compounds, where the average bond length amounts
to 2.517 A (see Online Supplementary Materials, Table S3).
Lead complexes with the only marginally m-acidic mesoionic
carbene (MIC) ligands show bond lengths of 2.367(9), 2.351(10),
2.393(9) and 2.397(10) A.26 For the only other lead complex
with a significantly =-acidic carbene ligand, namely a
benzimidazolin-2-ylidene (benzNHC), a comparable bond
length of 2.586(7) A was found.32

Further, we note that the nitrogen atoms of the saNHC are
devoid of pyramidalization [Zy;): 359.99°; Zy): 359.68°%;
)y 359.32°; Ty sy 359.26°; X = 360° for a perfectly planar
NR; group] resulting in an unusual planar imidazolidine ring
(Z_c@-N@-c)-N@)-c@)- D39:74° Z_c(10)-N(a)-C(9)-N(E)-C11)-:
537.08°; X = 540° for a perfectly planar imidazolidine ring).
This indicates enhanced n-donation from the amines’ lone
pairs into the formally vacant carbene =-orbital. The Pb-C
bonds to the toluene molecule vary significantly with bond
distances ranging from 3.728 to 4.398 A (average: 4.070 A),
which is longer than the reported Pb-toluene bonds in 2
(3.616 A).18@

T Crystal data for 7-PhMe. Cg;H,sFsNsOgPbS,: C;Hg-0.5C¢Hy,
(M =1176.31), monoclinic, space group P2,/cat 100 K: a = 20.6674(12),
b= 13.1044(7)and c = 18.8317(10) A, 8 = 98.208(2)°, V = 5050.5(5) A3,
Z=4,dgye = 1.547 g cm3, u(MoKar) = 3.50 mm-~1, F(000) = 2372. Total
of 224327 reflections were collected (15425 independent reflections,
Rt = 0.056) and used in the refinement, which converged to wR, 0.0509,
GOOF 1.062 for all independent reflections [R; = 0.0241 was calculated
for 15425 reflections with | > 20(1)]. The X-ray diffraction analysis was
carried out on a Bruker Kappa Photon 2 |uS Duo diffractometer (MoKa.
radiation, A = 0.71073 A, graphite monochromator). Data were corrected
for Lorentz and polarization effects; semiempirical absorption corrections
were performed on the basis of multiple scans using SADABS.3® The
structure was solved by direct methods (SHELXT)3* and refined by full-
matrix least-squares procedures on F2 using SHELXL 2018/3.3° OLEX2
was used to prepare material for publication.36

CCDC 2074842 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.
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To elucidate the nature of the lead—toluene interaction,
quantum chemical calculations were performed. Among various
functionals (BP86,%” B3LYP,38 PBE0?) investigated, PBEO gave
the best fit (Table S4) with the geometric parameters obtained
from the XRD analysis. Using the PBEO-D3/ZORA-def2-
TZVPP//PBEO-D3/ZORA-def2-SVP level of theory (lead:
SARC-def2-TZVPP), the reaction of 7 and toluene was predicted
to be slightly exergonic (AE = -68 kJ mol, AG = -7 kJ mol1)
in the gas-phase, yet isoergic in benzene or toluene solutions
(CPCM; AE =-64 ki mol-t, AG=0kJmol?) assuming 1M
concentration of both reactants. Also, in more polar solutions,
such as chloroform, the formation of complex 7-PhMe was
predicted to be isoergic (CPCM; AE=-63kJmol?,
AG =0 kJ mol?). Indeed, the 'H NMR spectroscopic analysis
(Figure S9) indicated the dissociation of toluene upon dissolution
of crystals of 7-PhMe in CDCl,.

To further understand the nature of the weak interaction with
the toluene molecule, NOCV-EDA* (Natural Orbitals for
Chemical Valence — Energy Decomposition Analysis) at the
PBEO-D3/ZORA-def2-TZVPP//PBEO-D3/ZORA-def2-SVP
(lead: SARC-ZORA-TZVPP//SARC-ZORA-TZVP) level of
theory was performed.*>® The attractive interactions are governed
by dispersive interactions (-58 kJ mol-1), but also the combined
Pauli repulsive and electrostatic term is attractive (-39 kJ mol1).
Contrarily, the orbital interaction is repulsive by +27 k] mol,
whereas the preparation energy penalty (+2 kJ mol™) contributes
only marginally to the overall reaction energy (Table S1).
Additionally, ab-initio LED** (Local Energy Decomposition)
analysis using the Domain-based Local Pair Natural Orbitals
Coupled Cluster (DLPNO-CCSD(T)/def2-TZVPP) level of
theory was performed. The formation of the lead(i) toluene
complex is predicted to be exoergic in the gas phase by
-73 kI mol™. In addition to the geometric preparation energy
AEqge, prep OF +5 ki mol™, the LED analysis suggests a repulsive
HF interaction of +44 kJ mol-1, whereas the dispersive interactions
are calculated to be impressive —98 kJ mol~'. Non-dispersive
contributions as well as the triples correction account as well for
considerable attractive interactions (—24 kJ mol-1, Table S2).

To visualize the attractive and repulsive interactions in
complex 7-PhMe, we applied Yang’s non-covalent interaction
(NCI) method.*? The isosurface of the NCI plot is dependent on
both the electron density and its first derivative (Figure 3).%3 This
reduced density gradient is a dimensionless quantity that can be
used to describe the deviation from a homogeneous electron
distribution.** Consequently, this value will be very low in
regions of covalent and non-covalent interactions. The isosurface
can be plotted and the different types of interactions (i.e. changes
in the reduced density gradient) can be visualized using different
colors. Thereby, blue indicates an attractive interaction, whereas
green implies weak interactions, such as Van der Waals forces.
Conversely, brown or red coloring reveals medium to strong
repulsion [see Figure 3(a),(b)]. The plot corroborates attractive
interaction with the metal as well as with the Dipp substituents.
Also, the scatter plot indicates weak interactions (Figure S11).
Examining the electrostatic potential map of toluene-free
complex 7 showed significant positive polarization around the
lone pair of the central lead atom. This o-hole-type interaction
with the m-electrons of the toluene ligand (Figure S12, blue)
accounts to some extent for the stability of the arene complex
7-PhMe. To unambiguously clarify the importance of the Dipp
groups, calculations where the Dipp groups were truncated by
hydrogen atoms were performed. Intriguingly, the D3 correction
suggests for the latter compound overall only —25 kJ mol!
stabilization through dispersive effects. This is +33 kJ mol less
than obtained for 7-PhMe (-58 kJ mol-!; vide supra). This
confirms that both and the lead atom with its lone pair the
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Figure 3 NCI isosurface (isovalue: 0.5) for 7-PhMe, which is depicted
from the bottom (a) and front (b) to illustrate the interaction between lead
and toluene.

flanking Dipp groups contribute significantly to the overall
attractive interaction in 7-PhMe.

In conclusion, we have described the preparation and
spectroscopic analysis of an intermolecular lead(m) toluene
complex with a pincer-type saNHC ligand with ancillary
diisopropylphenyl substituents. According to computational studies
(non-covalent interaction NCI method, energy decomposition
analysis), the attractive interactions are largely due to weak
interactions with both the lead atom (c-hole-type, dispersion) as
well as the two flanking diisopropylphenyl groups (dispersion).
This finding will be useful for investigations in self-assembly,
sensing, and supramolecular chemistry with heavy metals.

D. M. thanks the Fonds der Chemischen Industrie im
Verband der Chemischen Industrie for a Liebig fellowship as
well as the German-American Fulbright Commission for
financial support through a Fulbright-Cotrell Award. We thank
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2021.07.011.
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