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ABSTRACT: A detailed experimental and computational study of

a series of stannocene and plumbocene N-heterocyclic carbene

complexes is presented. This unique class of group 14 Lewis acid base adducts was obtained from reactions of the corresponding

metallocenes and N-heterocyclic carbenes (NHC), and were structu

rally characterized by single crystal X-ray diffraction. The ob-

tained structures show a perpendicular pose of the NHC with respect to the metallocene, hence precluding the maximal interaction
between the moieties. The nature of the Sn-CNHC and Pb-CN"C bonds have been investigated by applying Energy Decomposition
Analysis (EDA-NOCV). For the sake of comparison, known stannocene and plumbocene Lewis base complexes have been included

in the series. The attractive chemical bonding interactions are aroun
dispersion interactions play a determining role the bigger the substitu
of the carbene ligand into the empty p orbital of the metallocene.

d 50% electrostatic, 30% covalent and 20% dispersion. Indeed,
ents become. The covalent interactions derive from the donation

INTRODUCTION

Since the first isolation and structural characterization of a
persistent, “bottleable”, N-heterocyclic carbene (NHC) by Ar-
duengo and coworkers,® following the pioneering work of
Wanzlick,? these compounds have become one of the most im-
portant class of ligands throughout main group and transition
metal chemistry.® 4 In main group chemistry, numerous exam-

ples of NHC Lewis acid adducts have been reported. Particu-
larly, in low-valent p block chemistry, they have seen wide ap-
plication as strong o donor ligands, stabilizing and enabling iso-
lation of compounds, otherwise unstable and non-isolable in the
condensed phase. Among others, a well-recognized and partic-
ularly important class of such compounds are heavy tetrylene-
NHC complexes of the type NHC-ER; (E = Si, Ge, Sn, Pb),
which are known for various halo- and organo-substituted
heavy tetrylenes.>8

CHART 1. Different stannocene and plumbocene Lewis base complexes.
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Surprisingly, the reactivity of the longest known diorganotet-
rylene-type compounds, stannocene, and plumbocene, towards
NHCs is almost unexplored.® This might be because these me-
tallocenes are often not regarded as “true” tetrylenes, since they
lack any strong o donor abilities, but rather exclusively exhibit
Lewis acidic character. While complexes of plumbocene and
stannocene with nitrogen bases are known since the 1990s and
NHC complexes of group 2 and group 4 metallocenes have also
been described, the first isolation and structural characterization
of group 14 metallocene (tetrelocene) NHC complexes has only
recently been reported by the Schéfer group (Chart 1).1%2 It was
recognized early on that these complexes show much higher re-
activity than their reactants, resulting in low thermal stability,
requiring isolation and characterization at low temperatures in
some cases. Furthermore, these complexes all exhibit unusually
long metal-carbon bonds and the complexation energy of the
NHC to the metallocene is rather small. Consequently, these
complexes exist in a dissociative equilibrium in solution at
room temperature. In the present study, we give a thorough
analysis and description of the chemical bonding nature in these
species, using ab initio and DFT methods. The E-CNHC and E-
N interactions have been analyzed with Energy Decomposition
Analysis (EDA) in combination with the Natural Orbitals for
Chemical Valence (NOCV).

RESULTS AND DISCUSSION

Treatment of a corresponding stannocene or plumbocene
with a suitable NHC results in the formation of the correspond-
ing adduct (Scheme 1).

SCHEME 1. Synthesis of stannocene and plumbocene N-
heterocyclic carbene complexes, la-e, 2a-d, 3a-c.
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1a-e, 2a-d, 3a-c
la.E=Sn,R=iPr,R’=Me, R’ =H; 1b: E=Sn,R=Mes, R’ =
H,R”>=H;1c:E=Sn,R=Me,R’=Me, R”>=Me; 1d: E=Sn, R
=iPr,R’>=Me, R’ =Me; 1le: E=Sn, R=Mes, R’=H, R’ = Mg;
2a: E=Sn, R=Me, R’ =Me, R’ = u-SizMey; 2b: E=Sn, R = iPr,
R’ =Me, R” = u-Si2Mey; 2c: E=Sn, R=Mes, R>=H, R” = pu-
Si2Mes; 2d: E =Sn, R = Mg, R’ =Me, R”’ = u-Si2MeqO; 3a: E =
Pb,R=Mes,R>=H,R”=H; 3b: E=Pb,R=Me,R’=Me, R’ =
u-SizMesO; 3c: E =Pb, R = Mes, R’ =H, R”’ = u-Si2Me4O.

As described earlier, the stannocene and plumbocene NHC
complexes exist in a dissociative equilibrium in solution at
room temperature, but can be isolated as crystalline solids at
low temperatures. In addition to the already reported stanno-
cene- and plumbocene-NHC complexes, 1a-e, 2b-d, 3b,% ** we
were able to isolate and structurally characterize the 1,3,4,5-tet-
ramethylimidazole-2-ylidene-stannocene adduct, 2a, and, more
significantly,  1,3-dimesitylimidazole-2-ylidene-plumbocene
complexes 3a,c (Figure 1). The latter represent rare examples
of bis(cyclopentadienyl)lead(Il) carbene complexes and allow
for structural comparison to their previously reported tin ana-
logues. Structural features of 2a are similar to the other 1,3,4,5-

2

tetramethylimidazole-2-ylidene stannocene adducts, 1c, 2d, re-
ported previously.®
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Figure 1. Molecular structure of a) stannocenophane-NHC com-
plex 2a and b) plumbocene-NHC complex 3a in the crystal (dis-
placement ellipsoids at 50% probability level, H-atoms omitted for
clarity). Selected experimental bond lengths and angles: 2a: Sn-C1.:
237.6 pm, Sn-Cpeentroid: 260.5-266.3 pm, £Cp-Cp: 57.4°; 3a: Pb-
C1: 272.5 pm, Pb-Cpeentroid: 257 1-257.7 pm, £Cp-Cp: 41.7°.

Strikingly, in the plumbocene-NHC complex, 3a, the coordi-
nation of the NHC to the lead atom is significantly different. In
all reported stannocene-NHC complexes, as well as in previ-
ously reported plumbocene-NHC complex 3b, a “side-on” co-
ordination of the carbene is observed. This has been rationalized
by the shape of the frontier molecular orbitals.® While the
HOMO and HOMO-1 in tetrelocenes correspond to the & sys-
tem of the cyclopentadienyl ligands, the LUMO exhibits a large
coefficient at the central atom in the shape of a p orbital, per-
pendicular to the Cp-E-Cp plane. In addition, the energetically
low lying lone pair spatial demand also contributes to this coor-
dination mode (see infra Figure 5). In contrast, in the plumbo-
cene-NHC complex 3a with the N-mesityl-substituted NHC, a
“face-on” coordination is observed which is counterintuitive on
the first glance. A similar, yet less pronounced “face-on” ar-
rangement of the NHC in complex 3c is observed (Figure 2).

Figure 2. Molecular structure of a) plumbocene-NHC complex 3a,
b) plumbocenophane-NHC complex 3c in the crystal (displacement
ellipsoids at 50% probability level, H-atoms omitted for clarity).

Other structural features in 3a,c are very long Pb-CN"¢ bonds
of 272.5 pm (3a) and 273.4 pm (3c), which, in case of 3a, is 26
pm longer than in the tin analogue, 1b. The Pb-Cp®"d djs-
tances in 3a,c are elongated compared to the corresponding
plumbocenes (257.1-257.7 pm in 3a vs 244.1-252.7 pm in
Cp2Pb; 256.0/259.0 pm in 3c vs 243.0/256.0 pm in p-
Si;Me,O(CsHa)2Pb), while the C-C bonding distances within
the Cp moieties remain relatively uniform, indicating a high de-
gree of aromaticity.™* The orientation of the NHC plane relative



to the Cp-Pb-Cp plane is 64° in 3a and 58.4° in 3c, which is
significantly smaller than in all tin-NHC complexes (around
90°).

In order to unravel the bonding situation of compounds 1a-e,
2a-d and 3a-c as well as 4 and 5a,b,*>1® we performed quantum
chemical calculations at the B3LYP+D3/def2-TZVP level of
theory (Figure 3). In general, the calculated E-CNHC bonds and
Cp-E lengths are ca. 10 pm longer than those experimentally
measured. This difference is usually observed in cyclopentadi-
enyl complexes since their coordination strongly depends on the
crystal structure environment (packing effects).!” As stated be-
fore, the tetrelocene-NHC complexes exhibit very long Sn-CNH¢
and Pb-CNHC honds. Thus, 2a with the shortest Sn-CNHC bond of
this series is slightly longer than in other Sn"-NHC complexes
reported elsewhere, for instance, NHC-SnCl, (235.8 pm).18 19
The computed Sn-CNHC bond lengths range 19.0 ppm, with
complex 1c being the one with shorter distance (250.1 ppm) and
le (269.1 ppm) the one exhibiting the longest distance of the
here studied series.

Figure 3. Calculated geometries of complexes 1-5 with selected
bond length (in pm) at B3LYP+D3/def2-TZVP (experimental val-
ues in parenthesis);® 15 6 Hydrogen atoms omitted for clarity.

Allin all the Sn-CNHC and Pb-CNH€ bonds found in these me-
tallocene-NHC complexes are along the longest ever structur-
ally characterized two-center-two-electron Sn-C and Pb-C
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bonds. As to be expected, the volume of the substituents on the
nitrogen atom of the NHC influences the E-CNHC bond dis-
tances. In case of the stannocene complexes, when R = Me the
bond is shorter while for R = Mes the bonds are longer. The
nature of the ansa-bridge on some of the tetrelocenophanes does
not have strong influence on the bond distances. The direct
comparison of the lead derivatives 3a-c reveals that the effect
of the substituent on the nitrogen atoms of the NHC holds true,
although there are only three examples, 3a-c, with two different
NHCs, the Pb-CNHC bond in 3b is significantly shorter (258.4.4
pm) than in 3a (272.4 pm) and 3c (273.4 pm). Noteworthy,
plumbocene-NHC complex 3a displays a different complexa-
tion mode, as it is apparently more flexible regarding the com-
plexation place of the carbene ligand, than the corresponding
stannocene complexes. While all the stannocene complexes,
la-e, 2a-d, display exclusively a “side-on” complexation of the
NHC ligand, the lead analogues 3a shows a “face-on” coordi-
nation, while 3b exhibits a side-on coordinated NHC ligand as
well and 3c is somewhat in between these two. This is a conse-
quence of many factors such as weak Pb-CN"C bonds, more
room on the metal of the metallocene due to longer metal-Cp
bonds in case of lead than in case of tin, and lower hybridization
of the Pb atom than of the Sn atom.

We analyzed the electronic structure of 1-5 by NBO analysis.
Table 1 gathers the calculated partial charges and Wiberg bond
orders of the E-CNHC and E-N"9%*"® (E = Sn, Pb) bonds. The
weakness of the bonding of the carbene ligands to the Sn and
Pb atoms is reflected by the Wiberg Bond order values (P). The
bond orders for complexes 1-3 range from 0.3 to 0.4 a.u., being
the highest P for the smallest ligands, in good agreement with
the shorter bond lengths.

Table 1. NBO results for 1-5 at B3LYP+D3/def2-TZVP level
of theory: Wiberg bond order (P), hybridization, and par-
tial charges (q).

Q(E) Q(C™"/N) Q(ECp;) | P(E-C®™®/N) Hyd (E)
lc | 098 013 -0.24 0.42 5’5390..37://;))
d | 106 011 021 0.36 s’f?;.gl://;)
le | 113 0.13 -0.17 0.30 5’5(93?91://5)
2a | 116 0.10 -0.18 0.32 55554.'73%)))
2d | 106 110 -0.22 0.37 s;?ggl://s)
3a 1.15 0.12 -0.15 0.25 s;?(?glo"//oo))
3b | 116 0.09 -0.18 0.30 s;?lfsg;/oo))
3¢ | 121 0.11 -0.15 0.24 ;((%99153
5b 119 | -0.43/-0.42 -0.08 0.08/0.06 S’E?(?I-Zfi;/oo))




Examination of the overall charge distribution by Natural
Partial Atomic (NPA) charges reveal that the ligands are donat-
ing to the metallocene moiety around 0.2 e. For the plumbocene
complexes, the NPA values are slightly lower: 0.15 e for 3a
0.18 e for 3b. The NBO orbitals (Figure 4; Figures S3-S16)
show a lone pair on the carbene carbon atom and a lone pair on
the metal center. For some complexes, NBO localized E-CN"¢
single bonds which are strongly polarized towards the carbene
carbon atom are observed. The selection of a donor-acceptor
representation leads to a non-Lewis occupancy of 2.1% com-
pared to the 1.9% for the former representation (Table S2). The
lone pairs on the Sn and Pb atoms are mostly s hybridized,
which counts 90 to 95% for Sn, and 98 to 100% for Pb. These
hybridization differences might be one of the main reasons for
the counterintuitive face-on complexation that is observed in
case of 3a,c since there is no directional Pauli repulsion. Sec-
ond-order perturbation theory within the NBO framework sug-
gest a two-electron stabilization of the carbene lone pair into the
vacant p orbital of Sn and Pb. Our calculations estimate values
of around -35 to -46 kcal mol? for E = Sn and, -35 kcal mol*
for E = Pb. The stronger interaction for Sn than Pb goes in line
with the computed occupancy. Thus, tin exhibits higher p occu-
pancy (0.41 e) than lead (0.31 €). Note that 1c has the strongest
stabilization interaction (62 kcal mol™?) in line with the shortest
bond (250.1 pm) of the series.
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NBO 1 NBO 2 NBO 3
LP(C ) LP(Sn) LP*(Sn)

Occ=1.75¢ Occ=199e¢ Occ=04le
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© ’ { :
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Occ=1.79¢ Occ=199¢ Occ=031e
5(46.1%) p(53.9%) 5(99.4%) p(0.6%) $(0.1%) p(99.9%)
3a

Figure 4. Selected NBO orbitals of compounds 1b and 3a at the
B3LYP+D3/def2-TZVP level of theory. Hydrogen atoms were
omitted for clarity.

To examine the strength of the E-CNHC (E= Sn, Pb)) bonds in
NHC complexes 1a-e, 2a-d, 3a-c, we have computed and com-
pared the dissociation energies of this complex series. Table 2
gives the bond energies at the BP86+D3(BJ)/ZORA&TZ2P
level of theory using the optimized structures. The computed
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bond dissociation energies (D in Table 2) suggest a small
change on the strength of the bond for the different complexes.
Despite the small difference, stannocene complexes show a
clear trend, which depends on the size of the carbene substitu-
ents. Remarkably, opposite to the observation of the bond dis-
tances, sterically less demanding carbenes with smaller substit-
uents on the nitrogen atoms exhibit weaker bonds (e.g. 1c: -16.7
kcal mol?), whereas sterically more demanding carbenes carry-
ing larger groups on the nitrogen atoms are more strongly
bonded (e.g. 2c: -27.9 kcal mol?). This goes in line with exper-
imental observations that 1c is only marginally stable at room
temperature and decomposes within minutes to hours in solu-
tion, while 2c is stable at ambient conditions for longer periods.®
Lead complexes show stronger bonded NHC ligands than the
tin complexes regardless the bond distances are longer. Thus,
the bond length does not directly correlate with the bond-
strength. This fact has previously been observed for other Lewis
pairs.?® 2 Indeed, this result hints at the relative importance of
the dispersion interactions in order to stabilize these metallo-
cene complexes, explaining, for instance, the carbene position
in compound 3b. It has been demonstrated by Schreiner et al.?2
and Power et al.?® that bulky groups do not only provide kinetic
stability but also thermodynamic stability by their attractive in-
teractions. Further dissection has been performed by Energy
Decomposition Analysis (EDA),?*?® for a more in-depth under-
standing of the interactions between the metallocenes and the
ligand molecules. EDA has proven to be a powerful tool for im-
proving the understanding of chemical bonding in main-group
compounds and transition metal compounds.5 22 Within this
method the bond formation between two or more interacting
fragments is divided in three steps (see Computational Details).
In the first step, the fragments, which are calculated using the
frozen geometries within the entire molecule, are placed into
the molecule disposition without electronic relaxation to yield
the electrostatic interaction (AEesta). In the second step, the
wave function is antisymmetrized and renormalized giving the
Pauli repulsion within the fragments (AEpaui). In the third step,
the molecular orbitals relax into the final state to yield the sta-
bilizing orbital term (AEqm). Also, the stabilizing dispersion in-
teraction can be computed (AEdisp). The sum of all the terms
gives the total interaction energy AEix. The dissociation energy
can be calculated by combining the interaction energy together
with the preparation energy (AEprep), Which is the energy needed
to promote the fragments from their equilibrium geometry to
the geometry and electronic state in the compounds.

As the first approach, we have performed EDA calculations
selecting the fragments CpE (E = Sn, Pb) and the different car-
benes. The numerical results are presented in Table 2. The in-
teraction energy between the two fragments ranges from -30.1
to -42.3 kcal mol™. The bond dissociation energy (D) of stan-
nocenes follows the same trend since the preparation energy
only involves the deformation of the o-donating ligand and the
metallocene moieties. The total preparation energies are around
10 kcal mol™, which accounts for the deformation of the stan-
nocene to give room to the interacting carbene. The fact that the
plumbocene NHC complexes exhibit stronger bonded NHC lig-
ands than the tin analogues is a consequence of a lower prepa-
ration energy penalty, which is only 5 kcal mol* since the po-
tential energy surface of Cp.Pb is more shallow than that of
Cp2Sn. Further partition of the interaction term shows that the
Pauli repulsion in stannocene complexes is stronger than in
plumbocene complexes, in line with the shorter bond length.



Table 2. Energy decomposition analysis (EDA-NOCV) of the E-CNC bonds (E =Sn, Pb)
BP86+D3(BJ)/ZORA&TZ2P level of theory. Energy values are given in kcal mol™?.

in compounds 1-3 at

la 1b lc 1d le 2a 2b 2c 2d 3a 3b 3c
AEint -30.5 -35.8 -30.1 -31.1 -33.2 -30.2 -33.7 -42.3 -31.7 -32.9 -29.6 -36.5
AEpauli 87.5 72.6 99.4 92.4 69.0 95.9 87.2 88.3 89.5 55.4 58.9 60.2
AEeiad® -62.2 -52.0 -74.6 -65.1 -48.0 -72.4 -62.5 -63.3 -65.8 -40.9 -44.7 -43.9
elstat (52.7%) (48.0%) (57.6%) (52.7%) (46.9%) (57.5%) (51.7%) (48.5%) (54.3%) (46.3%) (50.5%) (45.4%)
-17.2
AEdi? -16.5 -22.3 -11.0 -17.4 -22.5 -10.8 -17.9 -25.4 -15.3 -23.1 (19.5%) -26.2
disp (13.9%) (20.6%) (8.5%) (14.1%) (22.0%) (8.6%0) (14.8%) (19.4%) (12.6%) (26.1%) i (27.1%)
AEqrs? -39.3 -34.0 -43.9 -41.1 -31.8 -42.9 -40.5 -41.9 -40.1 -24.3 -26.6 -26.6
orb (33.3%) (31.4%) (33.9%) (33.2%) (31.1%) (34.0%) (33.5%) (32.1%) (33.1%) (27.5%) (30.1%) (27.5%)
AE b -29.4 -24.6 -34.8 -30.5 -23.0 -33.8 -29.7 -29.4 -30.2 -16.9 -19.0 -18.1
orb o-don (74.6%) (72.3%) (79.2%) (74.3%) (72.3%) (78.9%) (73.4%) (70.1%) (75.3%) (69.4%) (71.5%) (68.2%)
AE b -10.0 -9.4 -9.1 -10.5 -8.8 -9.0 -10.8 -125 -9.9 7.4 -7.6 -8.4
orb rest (25.4%) (27.7%) (20.8%) (25.7%) (27.7%) (21.1%) (26.6%) (29.9%) (24.7%) (30.2%) (28.5%) (31.8%)
AEprep 9.3 11.2 134 10.2 9.2 11.8 10.5 144 10.1 5.2 6.7 5.9
AE (-De) 21.2 24.6 16.7 20.9 24.0 18.4 23.2 27.9 21.6 21.7 23.0 30.6
d(E-CNHC) 260.9 265.5 250.1 258.9 269.1 251.3 260.5 257.8 258.6 282.1 279.4 279.4

2 The values in parenthesis give the percentage contribution to the total attractive interactions AEeistat + AEorb + AEdisp.

parenthesis give the percentage contribution to the total orbital interactions AEorb.

deformation densities

interacting occupied and vacant orbitals

1b

AE,, o-do

orb

3a

!
we

n=-24.6; |v,|=0.54

AE,,, o-don=-19.9; |v,|=0.45

AE,, o(+,-)-don=-3.2; |v,|=0.21

HOMO (£=-4.69 eV)

HOMO (e=-4.73 eV)

Vv,=-0.32

v,=-0.21

LUMO (£=-2.91eV)

Vv,=+0.35

LUMO (g=-2.48eV)

v,=+0.23

HOMO-1 (e=-5.01eV)

v,=-0.09

LUMO (e=-2.06 eV)

v,=+0.11

HOMO (e=-4.77 eV)
v,=-0.05

LUMO+1 (e=-2.21eV)

Vv,=+0.04

b The values in

Figure 5. Left: Isodensity plots of deformation densities Ap (isovalue 0.001 a.u.) of the pairwise orbital interactions between Cp2E (E = Sn,
Pb) moiety and the coordinating ligand (L = NHCMes, tmeda) for 1b, 3a and 4, and associated energies AE (in kcal mol™) and eigenvalues v
(in a.u.). Red color shows charge outflow and blue color shows charge density accumulation. Center & right: Isodensity plots of the most

relevant interacting occupied and vacant orbitals (isovalue 0.05 a.u.) of the fragments.
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EDA results also suggest that the bonding interactions are on
average 60% ionic and 30% covalent with 10% attractive dis-
persion interactions for the tin compounds, while in the lead
compounds the dispersion interactions have higher relevance,
with the bonding interactions on average being 50% ionic, 30%
covalent and around 20% dispersion interactions. The AEqisp
term values correlate with the bond energy (De) for each series,
Sn and Pb (Table 3). For instance, in the tin complexes, values
of -22.3 to -25.4 kcal mol™ are calculated as dispersion interac-
tion for complexes with mesityl substituted NHCs, -17.0 kcal
mol? for complexes with NHCs carrying isopropyl groups and
only -10.8 to -15.3 kcal mol™ for complexes with methyl-sub-
stituted carbenes. This highlights the importance of the disper-
sion interaction for the stability of the complexes. On the other
hand, the covalent contribution, which is ca -40.0 kcal mol? in
case of the tin complexes and -25.0 kcal mol in case of the lead
complexes, which represents ~33% and ~28% of the stabilizing
interaction, respectively. A more detailed insight into the nature
of the covalent interactions available from the EDA can be
gained in combination with Natural Orbitals for Chemical Va-
lence calculations (EDA-NOCV).2%% This method decomposes
the orbital term AEq, into components AEom o) that provide the
energetic estimation of a given deformation density pg which
is related with a particular electron flow channel, and also the
amount of charge transferred Aqg = |vg| for the bonding be-
tween the interacting fragments (Table 2). For compounds 1-3,
the main deformation densities are associated with the main or-
bital interactions (Figure 5; Figure S17). The eigenvalues v, are
a measure for the amount of electrons flowing from one orbital
to the other (pairwise). According to this data the main contri-
butions in case of 1b and 3a are associated with the donation of
the lone pairs into the vacant p orbitals of the stannocene and
plumbocene moiety. The corresponding energies represents
around 75% of the total orbital interaction energies. The re-
maining orbital interactions are attributed to polarization ef-
fects. Noteworthy, there is no significant contribution of n-back
donation in these NHC complexes, which has been suggested
before based on the solid state structures of stannocene NHC
complexes,® as the carbene ligands relative positions make an
interaction between the stannocene lone pair the formally empty
p orbital of the NHC impossible. We have recently observed
such a behavior when low energy gain by n-backdonation is
combined with steric hindrance.™®

We have taken compounds 4 and 5a,b to compare the coor-
dination mode. NBO results in Table 1 reveal that the metallo-
cene moieties bear less negative charge than in complexes 1-3.
The hybridization indicates that two valence electrons of the
metal center are in an s orbital and hence the p orbital is able to
participate in donor-acceptor interactions. The EDA-NOCV
values are summarized in Table 3, while the deformation den-
sities assigned to the orbital interactions are shown in Figure 5.
The computed dissociation energies (De kcal mol?) for 4 and
5a,b are around 10 kcal mol™? higher than those reported by
Armstrong et al.!® Comparison with the carbene complexes 1-3
suggest even weaker interactions by around 2 kcal mol™. As in
the former complexes, the lead complex 5a exhibits a stronger
bond than its tin analogue 4. Further inspection is given by the
preparation and interaction energies. In this case, the energy
penalty to deform the fragment to get into the interacting struc-
ture is very low and comparable, namely, 4.1 and 4.0 kcal mol
for 4 and 5a, respectively. The small binding energy difference
comes from the interaction energy (4.7 kcal mol™). The EDA
dissection results in higher Pauli repulsion for the lead complex
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but also higher stabilization interactions. Herein, dispersion in-
teraction contributes with 30% to the total stabilization interac-
tion, while the electrostatic and orbital contribute around 45%
and 25%, respectively. Interestingly, these complexes present
two main orbital contributions which come from the positive
combination of the nitrogen atoms lone pairs (+,+) combination
which interact with the one of the empty p orbital of the metal-
locene, and a (+,—) lone pair combination that donates electrons
into the other vacant p-orbital (Figure 5). These orbital interac-
tions are possible due to the low hybridization degree of the
stannocene and plumbocene metal centers. Note that the orbital
interaction is slightly higher in line with the shorter Pb-N dis-
tances (Figure 3).

Table 3. Energy decomposition analysis (EDA-NOCV) of
the E-N"#"d pond (E = Sn, Pb) in compounds 4,5 at
BP86+D3(BJ)/ZORA&TZ2P level of theory. Energy values
are given in kcal mol™.

4 5a 5b
AEm 201 248 21.0
AEraun 312 35.9 29.9

214 276 242
AEeistat®
(41.7%) (45.5%) (47.5%)
s 162 174 135
.
'Sp (31.5%) (28.6%) (26.6%)
s 138 157 132
b
o (26.9%) (25.9%) (25.9%)
5.7 77 73
AEorb ++) c-donb
(48.9%) (48.8%) (55.2%)
32 37 23

AEorb (+,) o-don”

(23.0%) (23.7%) (17.3%)

39 43 36
AEorbrestb

(28.2%) (27.6%) (27.5%)
AEore 41 40 17
AE (D7) 16.0 208 193

@ The values in parenthesis give the percentage contribution to
the total attractive interactions AEeistat + AEorb + ABdisp.  The values
in parenthesis give the percentage contribution to the total orbital
interactions AEorb.

As aforementioned, the tetrelocene-NHC complexes are sig-
nificantly more reactive than their initial reactants. This is re-
lated with a general observation of longer Cp-E bond lengths
upon complexation of the NHC to the metal center or any other
ligand. To understand the origins of this observation, we have
used a model where the side substituents on the nitrogen atoms
are replaced by hydrogen atoms. This is the smallest substituent
possible for the NHC ligands. Note that in this case, the carbene
disposes in a different manner since the steric hindrance is re-
duced significantly. Our calculations suggest Cp-E dissociation
energies of 549.3 and 526.0 kcal mol for stannocene (Cp,Sn)
and plumbocene (CpzPb), respectively. Upon complexation
with NHC, the dissociation energy is reduced by more than 100
kcal mol?, i.e. 411.0 and 404.8 kcal mol for Sn and Pb com-
plexes, respectively. In terms of bond distances, the Sn-Cp bond
length is elongated from 246.9 to 279.7 pm upon complexation,
while Cp-Pb is lengthened from 254.7 to 266.4 pm. Notably,
this affects more strongly the stannocene complexes than the



plumbocene complexes. These observations have been ascribed
to the donation of the lone pair into the p orbital of the metal
center which has antibonding interaction with the Cp groups.®*
We have used EDA on the metal center and Cp group interac-
tion to unravel the origins of such a change. Thus, we have con-
sidered a fragmentation scheme where one of the fragments is
the E2* or (E-NHC)?" and the other is (Cp’). (Scheme 2, Table
S4). Our results are in good agreement with previous calcula-
tions by Rayon et al. on metallocenes chemical bonding.® The
bonding for metallocenes is 70% ionic and 28% covalent with
a small dispersion interaction contribution of 2%. The main or-
bital terms are related to the electron donation of the Cp- groups
to the E2* element. Our results suggest that the lowering of the
dissociation energy comes primarily from a weaker interaction
energy 4Ein. The stabilization interaction decreases upon com-
plexation since the electrostatic and orbital interactions are
weaker. On the one hand, the electrostatic interaction energy
decreases by around 70 kcal mol* since the metal center re-
ceives electrons from the carbene ligand. On the other hand, the
orbital interaction decreases by ca. 50 kcal mol due to weaker
donations to the p orbitals of the metal center.

Scheme 2. Cp-E (E = Sn, Pb) dissociation energies (De) of
metallocenes and metallocene-NHC complexes at
B3LYP+D3/def2-TZVP.
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Aside from the metallocene-NHC complexes, dispersion in-
teractions have previously also been described to be very im-
portant in case of Si[2]stannocenophane, as the compound ex-
ists as a dimer in the solid state, which is believed to be caused
by attractive dispersion interactions, rather than a “classical”
Sn-Sn bond, as indicated by solution and solid state CP-MAS
11950 NMR spectroscopy.®® The °Sn Masshauer spectrum of
the sila[2]stannocenophane recorded at 6 K (Figure 6) supports
this assumption. The spectrum is well reproduced with a single
signal at an isomer shift of & = 3.734(6) mm s, subjected to
electric quadrupole splitting of AEq = 1.00(1) mm s™. The ex-
perimental line width parameter of /7= 1.08(2) mm s is
slightly enhanced.

D, = 549.3 kcal mol”!

D, = 526.0 kcal mol!

D, = 411.0 kcal mol”!

D, = 404.8 kcal mol”!

relative transmission

velocity / mm-s-1

Figure 6. Experimental and simulated 1°Sn Mdsshauer spectrum
of sila[2]stannocenophane at 6 K.

Although, as aforementioned, the crystal structure contains
two crystallographically independent tin sites, they cannot be
distinguished in the 11°Sn Madsshauer spectrum. Both tin sites
exhibit an almost similar electronic environment and the enve-
lope is observed. This is expressed by the slightly enhanced line
width parameter. Significantly, the isomer shift of sila[2]stan-
nocenophane is close to that reported for stannocene (6 =
3.73(6) mm s71),%" %8 which means sila[2]stannocenophane does
not exhibit any covalent Sn-Sn bond and can be regarded as a
divalent tin compound.® The electric quadrupole splitting pa-
rameter for sila[2]stannocenophane is increased, compared to
that of stannocene (AEq = 0.65(6) to 1.00(1) mm s7).% This is
a consequence of the tilt of the Cp ligands due to the ansa-bridg-
ing, leading to a more asymmetric electron density at the tin
nuclei in sila[2]stannocenophane.

We have performed EDA-NOCYV calculations to understand
the physical factors controlling the interaction between the two
sila[2]stannocenophane units (Table S5). EDA suggest that dis-
sociation energy for the dimer is indeed very weak, namely -7.6
kcal mol. The dissection of the interaction energy discloses
that the main contribution is dispersion interaction (63.1%)
while the electrostatic and covalent contribution are very small,
19.4% and 17.5%, respectively. To examine the origins of the
dispersion interaction, we have performed energy partitioning
within the local correlation methods.® We have generated po-
tential energy plot by the displacement of the sila[2]stannoce-
nophane monomers away from each other from 300 to 700 pm
(Chart 2, Figure 7).

Chart 2. Si[2]stannocenophane dispersion-dimer

Me,si—<=1 o~ sivte,
| Sn ------- # Sn |
MeZSi\.@ @/SiMez

Note that HF/cc-pVTZ predicts no interaction between the
monomers. This is in agreement with the EDA calculations
which show weak electrostatic interaction. The effect of corre-
lation is given by the difference of the calculated curves to the
HF curve. The SCS-LMP2/cc-pVTZ* curves predict an equilib-
rium distance of 460 pm, while the LMP2/cc-pVTZ gives shorter
distance, i.e., 440 ppm. This is expected, since MP2 tends to over-
estimate dispersion interactions.**” The curves nevertheless are
very similar, with an energy of -3.6 kcal mol-* and -2.3 kcal mol*,
but a shorter equilibrium distance.
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Figure 7. Potential energy curve of the interaction between the
sila[2]stannocenophane units. The energy values are given as a
function of the Sn1-Sn2 distance.

The local character of occupied and virtual orbitals in the lo-
cal correlation treatments offers the possibility to dissect intra-
molecular effects (double excitations from occupied orbitals of
one unit into virtual orbitals of the same unit) from intermolec-
ular ones (excitations involving orbitals from both units).*> Ad-
ditionally, the intermolecular correlation effects can be decom-
posed according to different excitation classes: dispersion ef-
fects originate from simultaneous mono-excitations at each
unit, exchange-dispersion is similar but the mono-excitations
are from the occupied space of one unit to the virtual space of
the other and vice versa; ionic contributions come from mono-
excitations from the occupied space of both units into the virtual
space of only one of them. The different classes have been dis-
cussed in detail by Schiitz et al.**-*%4® In Figure 7, together with
the energy curves, each intermolecular contribution term is also
displayed as a function of the distance between the tin atoms.
These curves show a continuous favorable interaction with de-
creasing distance. The main contribution interaction to the cor-
relation energy is the dispersion (-6.6 kcal mol*) while the ionic
excitation and exchange dispersion effects are -0.01 and -2.0
kcal mol?, respectively.

CONCLUSION

In this work, a series of stannocene and plumbocene N-heter-
ocyclic carbene complexes have been studied experimentally
and computationally. Their key chemical bonds have been de-
scribed by Energy Decomposition Analysis. The results suggest
that the binding is coordinative having a strong dispersion in-
teraction contribution. The orbital interaction occurs mainly
from the donation of the carbene lone pair into the empty p or-
bital of tin or lead. Remarkably, the carbene ligand disposition
towards the main metal center is dominated by the volume of
the group on the nitrogen atoms, which preclude the n-back-
donation. The complexation weakens the interaction of the
metal with the cyclopentadienyl moieties by ca. 100 kcal mol?
and lengthen the E-Cp bonds significantly, by up to ~25 pm.
This has been ascribed to the occupation of the LUMO which
has an antibonding interaction nature with the cyclopentadienyl
groups. Dispersion interactions are also the ruling effect to form
stannocene dimers for the Si[2]stannocenophane derivatives,
where no chemical bond has been found between the tin atoms.
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EXPERIMENTAL SECTION

All manipulations were carried out under an inert gas atmosphere
(argon 5.0), using either Schlenk line techniques or a glovebox. 1,3,4,5-
tetramethyl-imidazol-2-ylidene,* 1,3-dimesityl-imidazol-2-ylidene,>
Si[2]stannocenophane® and plumbocene® were prepared following li-
terature known procedures. Deuterated benzene was purchased from
ABCR and dried over 400 pm molecular sieves. NMR-spectra were
recorded on Bruker Avance 111 300 (solution NMR), Bruker Avance Il
400 (solution NMR) and Bruker Ascend 400WB (solid state NMR)
spectrometers. *H and *C NMR spectra were referenced using the sol-
vent signals. 2°Si, 11°Sn and 2°’Pb NMR spectra were referenced using
external standards (8%°Si(SiMes) = 0; &1°Sn(SnMes) = O;
5?"Pb(PbMes) = 0). Elemental analysis were performed with an Ele-
mentar vario microcube. Single crystal X-ray diffraction analyses were
carried out at low temperatures on a Bruker AXS X8 Apex CCD and
Bruker AXS D8 Venture diffractometer operating with graphite mon-
ochromated Mo Ka radiation. Structure solution and refinement were
performed using SHELX.%* The '°Sn Mdssbauer spectroscopy was
performed with a Ca''*™SnOs source. Ca. 240 mg of the sample was
placed within a thin-walled PMMA container. A palladium foil of 0.05
mm thickness was used to reduce the tin K X-rays concurrently emitted
by this source. The measurement (10 d total counting time) was con-
ducted in a continuous flow cryostat system (Janis Research Co LLC)
at 6 K. The spectrum was fitted with the NORMOS-90 software pack-
age.®
Synthesis of 2a.

2 mL of toluene, precooled to 193 K, were added to a mixture of
Si[2]stannocenophane (200 mg, 551 pmol) and 1,3,4,5-tetramethylim-
idazole-2-ylidene (68 mg, 548 umol). The resulting mixture was stirred
for 10 min at 193 K. Storage of this solution at 248 K yielded yellow
crystals of stannocenophane carbene complex 2a.

Yields: 22 mg / 8%.

Elemental Analysis for C21H32N2Si2Sn: calculated: 51.75% C, 6.62%
H, 5.75% N; found: 51.41% C, 6.91% H, 6.04% N.

'H-NMR (400.13 MHz, 296 K, CeDs) & = 0.54 (s, 12 H, Si-CHs), 1.28
(s, 6 H, C-CHs), 3.05 (s, 6 H, N-CHs), 6.14 (t, 3Jun = 2 Hz, 4H, Cp-H),
6.42 (t, 3Jun = 2 Hz, 4H, Cp-H); BC{*H}-NMR (100.62 MHz, 296 K,
CsDs) 5 =-2.6 (Si-CHs), 8.0 (C-CHs), 33.5 (N-CHzs), 114.6 (Cp), 114.7
(Cp), 115.9 (C=C), 117.7 (Cp); ZSi{'H}-INEPT-NMR (79.49 MHz,
296 K, CsDs) & = -27.0; No signal could be detected in the °Sn NMR
spectrum in the range of -1650 to -2650 ppm, presumably due to ex-
treme signal broadening.

Synthesis of 3a.

15 mL of toluene were added to a mixture of plumbocene (100 mg, 300
pmol) and 1,3-dimesitylimidazole-2-ylidene (90 mg, 300 pmol). The
solution was stirred at room temperature for 10 min and then stored at
248 K overnight, yielding yellow crystals of plumbocene carbene com-
plex 3a.

Yields: 110 mg / 57%.

Elemental Analysis for Ca1HzsN2Pb: calculated: 58.01% C, 5.34% H,
4.36% N; found: 56.79% C, 5.39% H, 4.13% N (carbon value was re-
peatedly reproducibly low, even upon analysis of highly crystalline ma-
terial).

'H-NMR (400.13 MHz, 296 K, CsDs) & = 2.09 (s, 12H, 0-Mes-CHz),
2.13 (s, 6H, p-Mes-CHzs), 5.86 (s, 10H, Cp-H), 6.24 (s, 2H, NC-H), 6.79
(s, 4H, m-Mes-H); 2C{*H}-NMR (100.61 MHz, 296 K, CsDg) & = 18.1
(0-Mes-CHs), 21.0 (p-Mes-CHs), 110.8 (Cp), 121.0 (C=C), 129.4
(Mes), 135.1 (Mes), 137.6 (Mes), 138.3 (Mes), 226.9 (carbene-C);
BC{IH}-CP/MAS(15 kHz)-NMR (100.65 MHz, 296 K) & = 17.6 (Mes-
CH3), 21.2 (Mes-CHs), 24.3 (Mes-CHs), 109.5, 120.9, 122.1, 128.8,
131.2, 132.4, 133.1, 134.6, 139.2, 239.0 (carbene-C); 2"Pb{‘H}-
CP/MAS(13 kHz)-NMR (83.37 MHz, 296 K) 6 = -4118.

Synthesis of 3c.

A solution of plumbocenophane (100 mg, 214 umol) in 2 mL of toluene
was added to a solution of 1,3-dimesitylimidazole-2-ylidene (66.0 mg,
217 pmol) in 2 mL of toluene and storage of the solution at 248 K
yielded yellow crystals of plumbocenophane carbene complex 3c.
Crystals suitable for XRD are obtained from a thf solution at 248 K.



Yields: 127 mg / 77%.
Elemental Analysis for CssH14N20PbSi2: calculated: 54.45% C, 5.74 %
H, 3.63 % N; found: 54.83% C, 5.70% H, 3.42% N.
'H-NMR (400.13 MHz, 293 K, CeDs) & = 0.45 (s, 12H, Si-CHs), 2.04
(s, 12H, 0-Mes-CH), 2.17 (s, 6H, p-Mes-CHz), 6.02-6.05 (m, 8H, Cp-
H), 6.13 (s, 2H, N-CH), 6.81 (s, 4H, m-Mes-H); *C{*H}-NMR (100.63
MHz, 293 K, CsDs) & = 2.2 (Si-CHs), 18.0 (0-Mes-CHs), 21.1 (p-Mes-
CHa), 113.9 (Cp), 116.6 (Cp), 121.3 (C=C), 129.6 (Mes), 135.0 (Mes),
136.6 (Mes), 138.9 (Mes), 229.7 (carbene-C); *C{*H}-CP/MAS(13
kHz)-NMR (100.67 MHz, 297 K) & = 0.3 (Si-CH?3), 2.8 (Si-CHz3), 17.7
(Mes-CHg), 19.2 (Mes-CHzs), 23.3 (Mes-CHs), 108.4, 110.7, 112.5,
117.6, 121.6, 123.5, 124.3, 130.5, 133.0, 135.7, 140.2, 238.8 (carbene-
C); ®Si{*H}-INEPT-NMR (59.63 MHz, 296 K, Ce¢De) & = -7.0;
27ph{*H}-NMR (62.51 MHz, 295 K, CeDs) & = -4344.
Computational Details

All geometries were optimized without symmetry constraint within
the DFT (density functional theory) framework using the B3LYP56 57
and BP86 functionals®® % in combination with the Grimme Dispersion
corrections using the Becke-Johnson damping function D3(BJ)% 6 and
the Ahlrichs def2-TZVP basis function.®? These calculations were per-
formed using the Gaussian 16 A03 software suite.® The stationary
points were located with the Berny algorithm® using redundant internal
coordinates. Analytical Hessians were computed to determine the na-
ture of stationary points (one and zero imaginary frequencies for tran-
sition states and minima, respectively)® and to calculate unscaled zero-
point energies (ZPEs) as well as thermal corrections and entropy effects
using the standard statistical-mechanics relationships for an ideal gas.%
Unless otherwise stated, Gibbs energies have been computed at 298.15
K. The Wiberg Bond Indices (WBI)®” and NPA® 6 atomic partial
charges have been calculated at the BP86+D3/def2-TZVP level using
GENNBOS6.0 programs.”™ The nature of the chemical bonds were in-
vestigated by means of the Energy Decomposition Analysis (EDA)
method, which was developed by Morokuma?* and by Ziegler and
Rauk.?> ™ The bonding analysis focuses on the instantaneous interac-
tion energy AEint of a bond A-B between two fragments A and B in the
particular electronic reference state and in the frozen geometry AB.
This energy is divided into four main components (Eq 2).

AE,, =AE,q +AEp,,; + AE,, + AE,, €]

The term AEeist corresponds to the classical electrostatic interaction
between the unperturbed charge distributions of the prepared atoms (or
fragments) and it is usually attractive. The Pauli repulsion AEpaui is the
energy change associated with the transformation from the superposi-
tion of the unperturbed wave functions (Slater determinant of the Kohn-
Sham orbitals) of the isolated fragments to the wave function ¥ =
NA[a¥s], which properly obeys the Pauli principle through explicit
antisymmetrization (A operator) and renormalization (N = constant) of
the product wave function. It comprises the destabilizing interactions
between electrons of the same spin on either fragment. The orbital in-
teraction AEors accounts for charge transfer and polarization effects.’
In the case that the Grimme dispersion corrections®® ! are computed
the term AFEuisp is added to the equation 2. Further details on the EDA
method can be found in the literature.?®: 7 In the case of the dimers the
relaxation of the fragments to their equilibrium geometries at the elec-
tronic ground state is termed AEprep, because it may be considered as
preparation energy for chemical bonding. The addition of AEprep t0 the
intrinsic interaction energy AEint gives the total energy AE, which is -
by definition with opposite sign - the bond dissociation energy De:

AE(-D,) = AE;; +AE,, @)

The EDA-NOCV method combines the EDA with the natural orbit-
als for chemical valence (NOCV) to decompose the orbital interaction
term AEor into pairwise contributions. The NOCVs ¥ are defined as
the eigenvector of the valence operator, V, given by Equation (3).

VY, =v,"¥, ®)
In the EDA-NOCYV scheme the orbital interaction term, AE ., is given
by Equation (4),

AE,, =Y AE =" FT + K] @
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in which FT} _, and F; are diagonal transition state Kohn-Sham
matrix elements corresponding to NOCVs with the eigenvalues —vk and
vk, respectively. The AEQ™ term for a particular type of bond is as-
signed by visual inspection of the shape of the deformation density Apk.
The latter term is a measure of the size of the charge deformation and
it provides a visual notion of the charge flow that is associated with the
pairwise orbital interaction. The EDA-NOCV scheme thus provides
both qualitative and quantitative information about the strength of or-
bital interactions in chemical bonds. The EDA-NOCV calculations
were carried out with ADF2018.7 the basis sets for all elements have
triple-C quality augmented by two sets of polarizations functions and
one set of diffuse function. Core electrons were treated by the frozen-
core approximation. This level of theory is denoted
BP86+D3(BJ)/TZ2P.™ Scalar relativistic effects have been incorpo-
rated by applying the zeroth-order regular approximation (ZORA).”
We performed the second-order local Maller-Plesset perturbation the-
ory (LMP2)76% |evels of theory calculations by employing MOLPRO
2019.18 software program package. Density fitting (DF) approxima-
tions have been used in this local method.® The cc-pVTZ basis set was
used for carbon, silicon and tin while for hydrogen the cc-pVTZ basis
set was used.®” % In the density fitting calculations reported in this pa-
per, we used the cc-pVTZ/IJKJIT and cc-pVTZ/MP2FIT auxiliary fit-
ting basis sets43 in the DF-HF and DF-LMP2 calculations, respec-
tively. The LMP2 calculations were carried out using Pipek-Mezey lo-
calized orbitals.®® The domains were determined with the use of natural
population analysis criteria, with TNPA = 0.03.
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