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ABSTRACT: The molecular and electronic structures of the
2,2′-bipyridine containing series of group 14 compounds (a)
[MF4(bpy)]

0; (b) [MCl2(bpy)2]
2+/0 (c) [MCl2(bpy)]

0; (d)
[M(bpy)2]

2+/0; (e) [Si(bpy)3]
1+,0,1−,2−; and (f) [M(bpy)3]

0 (M
= C, Si, Ge, Sn, Pb) have been calculated using density
functional theory (DFT). Where possible, geometry optimized
structures are compared with their experimentally determined
structures. In general, good to excellent agreement is observed.
It is shown that the three successive one-electron reductions
within the experimentally known series [Si(bpy)3]

1+,0,1−,2− are ligand-based and the Si center has a +IV oxidation state
throughout. Hence, these species have the electronic structures [SiIV(bpy•)3]

+ (S = 1/2), [SiIV(bpy•)2(bpy
2−)]0 (S = 0),

[SiIV(bpy•)(bpy2−)2]
− (S = 1/2), and [SiIV(bpy2−)3]

2− (S = 0). Similarly, it is shown that the crystallographically characterized
compound [Si(bpy)2]

0 (S = 0) possesses the electronic structure [SiIV(bpy2−)2]
0, which contains a tetravalent Si ion and two

(bpy2−)2− dianions. It should not be described as [Si0(bpy0)2]
0. For the heavier Ge, Sn, and Pb congeners the divalent state,

characterized by a stereochemically active electron pair, becomes increasingly significant and dominates in 4-coordinate Sn and
Pb species.

■ INTRODUCTION

In 1963, Herzog and Krebs reported the synthesis of a black, air
sensitive microcrystalline material formulated as [Si(bpy)3]

0

(bpy = 2,2′-bipyridine).1 It was described as a Si0 compound,
which implies that the three bpy ligands are neutral, and
reported to display a temperature-dependent magnetic moment
that varies between 0.31 μB at 82 K and 1.29 μB at 410 K.

2 The
latter was interpreted as deriving from an equilibrium between a
Si0 singlet ground state and a Si0 triplet excited state, and
although its use is wholly incorrect in such a scenario, the
magnetic data was successfully fit with the Heisenberg−Dirac−
van Vleck spin Hamiltonian (Ĥ = −2J·S1·S2; S1 = S2 = 1/2)
using a J-coupling constant of −374 cm−1. No further
spectroscopic or theoretical investigations of this material
have, to the best of our knowledge, been published since.
Interestingly, in 1979 the synthesis of a neutral black

compound containing only two N,N′-coordinated bpy ligands,
namely [Si(bpy)2]

0, was described.3 This compound was
obtained as a crystalline solid, along with one equivalent of
uncoordinated (bpy0), upon attempts to sublime [Si(bpy)3]

0 at
180 °C in vacuo.4 It was found to be diamagnetic (S = 0) at
ambient temperatures, and its structure was analyzed by X-ray
crystallography (reasonably good quality data was obtained).3

Once again, the authors described it as a zerovalent silicon
compound, from which the presence of two neutral (bpy0)
ligands are inferred. However, this electronic structure
assignment is questionable because the metrical parameters of
the bpy ligands in the crystal structure of [Si(bpy)2]

0 (see Table
3) imply a more reduced state.

In addition, in 1967 Herzog et al. reported that reduction of
[Si(bpy)3]

0 in tetrahydrofuran (THF) using Na+(bpy•)−

affords a very air-sensitive black salt Na[Si(bpy)3]·7THF,
whose μeff at ambient temperature of 1.71 μB is indicative of an
S = 1/2 ground state.5 The corresponding lithium salt
Li[Si(bpy)3]·3(bpy) was also prepared, but via an alternative
synthetic route involving reaction of SiCl4 with 5 equiv of Li+

(bpy•)− in the presence of a slight excess of (bpy0) (eq 1).

+ ⎯ →⎯⎯⎯⎯ · +•SiCl 5Li(bpy ) Li[Si(bpy) ] 3(bpy) 4LiCl4 (bpy )

THF
30

(1)

The same authors also described further reduction of the
monoanion [Si(bpy)3]

− by one electron to yield the dianion
[Si(bpy)3]

2− (eq 2). Black microcrystals of the latter were
found to be diamagnetic at ambient temperature. Beyond
measurement of their magnetic moments, the electronic
structures of the three-membered electron transfer series
[Si(bpy)3]

n (n = 0, 1−, 2−; Scheme 1) have yet to be
investigated in any detail.

+ ⎯ →⎯⎯⎯ ·−[Si(bpy) ] Li Li [Si(bpy) ] 8THF3 solid
THF

2 3 (2)

It should also be noted that the pale yellow or colorless
compound [Si(bpy)Cl4]

0 has been isolated from reaction of
SiCl4 with (bpy

0).1,6 The crystal structure of this compound has
yet to be reported, but those of the comparable species
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[SiIV(bpy0)(N3)4]
0 (S = 0)7 and [SiIV(bpy0)F4]

0 (S = 0)8 are
known, and are comprised of a {SiIV(bpy0)}4+ moiety
coordinated to four monoanions. Finally, a green microcrystal-
line product [Si(bpy)2Cl2]

0 was mentioned in reference 5, but
little characterizational data was provided. However, its two
electron oxidized form [Si(bpy)2Cl2]

2+ is well characterized,
and its X-ray crystal structure is known.27

In a series of recent papers we9 and others10 have shown that
on the basis of high-quality X-ray crystallography alone it is
possible to experimentally determine the oxidation level of a
bpy ligand in a given five-membered E(bpy) (E = transition
metal ion) chelate ring, with it being either neutral (bpy0), a
(bpy•)− π-radical anion, or a (bpy2−)2− dianion (see Scheme 2

and Table 1). In addition to a plethora of experimental
techniques, broken symmetry (BS) density functional theory
(DFT) calculations have proven to be invaluable in validating
these conclusions and highly reliable in terms of accurately
predicting the ground state electronic structures of such
complexes.9,10 As an extension of these studies, we have sought
to obtain insight into the electronic structures of the long-
overlooked silicon bpy compounds detailed above and
summarized in Scheme 1, by performing a DFT study of
these molecules, plus their germanium, tin, and lead congeners.
The questions we seek to answer pertain to assignment of the
physical oxidation states of the central group 14 element (+IV,
+II, or 0) and the supporting bpy ligands (Scheme 2), and
whether the principles that have been established for “low-
valent” transition metal bpy complexes are equally applicable to
p-block chemistry.

■ CALCULATIONS
All DFT calculations were performed using version 2.9 of the
ORCA software package.11 The geometries of all complexes
were optimized, in redundant internal coordinates without
imposing geometry constraints, and all subsequent single point
calculations were performed at the B3LYP level of theory.12 In
all calculations, the def2-TZVP basis set was applied to all
atoms.13 For compounds incorporating Sn and Pb ions the
zeroth-order regular approximation (ZORA) method was
implemented.14 In these calculations ZORA-TZVP replaces
the TZVP basis sets.14d Auxiliary basis sets, used to expand the
electron density in the calculations, were chosen to match the
orbital basis sets.15 The RIJCOSX and RIJONX approximations
were used to accelerate the calculations.16 The authenticity of
each converged structure was confirmed by the absence of
imaginary vibrational frequencies.
The self-consistent field calculations were tightly converged

(1 × 10−8 Eh in energy, 1 × 10−7 Eh in the density charge, and 1
× 10−7 in the maximum element of the DIIS17 error vector). In
all cases, the geometries were considered converged after the
energy change was less than 1 × 10−6 Eh, the gradient norm and
maximum gradient element were smaller than 3 × 10−5 and 1 ×
10−4 Eh Bohr

−1, respectively, and the root mean displacements
of all atoms were smaller than 6 × 10−4 and 1 × 10−3 Bohr,
respectively.
The B3LYP functional was selected after performing “test”

calculations using a range of functionals (i.e., BP86, BLYP,
B3LYP, and BHLYP) that incorporate varying amounts of
Hartree−Fock exchange. Their performance was assessed based
upon closeness of agreement between calculated and
experimental results. More specifically, the structural parame-
ters in geometry optimization structures of [Si(bpy)2]

0,
[Pb(bpy)2]

2+, and [M(bpy)Cl2]
0 (M = Ge, Sn) were compared

with previously reported X-ray crystal structures (see Tables
S12, S13, S15, S16, S21, and S29 in the Supporting
Information). In all cases, geometry optimization for all
functionals converged to approximately the same structures
(any exceptions are discussed below). There was a small but
noticeable decrease in bond lengths, particularly those in the
bpy unit, with increasing amounts of Hartree−Fock exchange,
and the best agreement with experimental structures was in
most cases obtained using the B3LYP and BHLYP functionals.
Additionally, electron−electron exchange coupling constants, J,

Scheme 1. Known Silicon bpy Compounds1−3,6,22

Scheme 2. Oxidation States of the bpy Ligand, Plus Averaged
Crystallographically Determined Bond Distancesa

aÅ, with error ∼ ±0.01 Å. Note, the intrachelate (Cpy−Cpy and C−N)
bonds highlighted are the focus of all subsequent ligand structure
discussions.

Table 1. Comparison of Average Experimental Bond
Distances (± 0.01 Å) in Uncoordinated 2,2-bipyridine
(bpy)0 and Alkali Salts of the Corresponding Monoanion
(bpy•)− and Dianion (bpy2−)2−a

bond (bpy0) (bpy•)− (bpy2−)2−

1 1.49 1.43 1.40−1.36
2 1.35 1.39 1.44
3 1.34 1.34 1.34
4 1.38 1.38 1.38
5 1.38 1.40 1.43
6 1.38 1.36 1.36
7 1.39 1.43 1.45

aData taken from ref 4. A bond labeling scheme is provided with the
table.
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were calculated for [Si(bpy)3]
0 using the BS(1,1) methodology

via the Yamaguchi method (see below). The Jcalcd value
obtained using the B3LYP functional was found to display the
best agreement with experiment. Hence, given the relative
insensitivity of calculated geometry to experiment, the B3LYP
functional was judged to give the best approximation to
experiment and used throughout.
Throughout this study, our computational results are

described using the broken symmetry (BS) approach.18 The
following notation is used to describe the BS solutions, where
the given system is divided into two fragments. The notation
BS(m,n) refers to an open-shell BS state with m unpaired α-
spin electrons localized on fragment 1 and n unpaired β-spin
electrons localized on fragment 2. In this notation the standard
high-spin, open-shell solution is written as BS(m+n,0). The
BS(m,n) notation refers to the initial guess for the wave
function. The variational process does, however, have the
freedom to converge to a solution of the form BS(m−n,0), in
which the nβ-spin electrons effectively pair up with n < m α-
spin electrons on the partner fragment. Such a solution is then a
standard Ms ≅ (m − n)/2 spin-unrestricted or spin-restricted
Kohn−Sham solution. As explained elsewhere,19 the nature of
the solution is investigated from the corresponding orbital
transformation (COT), with the corresponding orbital overlaps
indicating whether the system should be described as a spin-
coupled or a closed-shell solution. Orbitals and density plots
were created using Chimera.20

■ RESULTS

1.1. Compounds [M(bpy)F4]
0 (M = Si, Ge, Sn, Pb).

Whereas the crystal structures of the diamagnetic neutral
compounds [M(bpy)F4]

0 (M = Si, Ge, Sn) have been
reported,8 the corresponding Pb compound is currently not
known. The former three display slightly distorted octahedral
MN2F4 polyhedra, in which the two bpy nitrogen donors are in
the equatorial plane. Unsurprisingly, in all three cases the Cpy−
Cpy and C−N distances of the N,N′-coordinated bpy ligands
(Supporting Information, Table S1) are unequivocally those of
a neutral (bpy0) ligand, and the central Si, Ge, and Sn atoms
have an oxidation state of +IV.
Other than a slight overestimation of the M−N and M−F

bond distances (≤0.09 Å), which is typically seen for the
B3LYP functional, the corresponding geometry optimized
structures of [M(bpy)F4]

0 (M = Si, Ge, Sn; S = 0) obtained
from spin-restricted Kohn−Sham (RKS) DFT calculations
display excellent agreement with experiment (Supporting
Information, Table S1). Consistent with expectations, the
qualitative frontier molecular orbital (FMO) diagrams of the Si,
Ge, and Sn compounds (Figure 1 and Supporting Information,
Figures S13 and S14, respectively) are effectively identical, with
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) in each case being a π-
and π*-orbital of the bpy ligand (≤1% M character),
respectively.
A stable RKS solution was also obtained for the hypothetical

molecule [Pb(bpy)F4]
0 (S = 0). Its geometry optimized

structure is isostructural with its Si, Ge, and Sn analogues, so
displays a long Cpy−Cpy bond of 1.491 Å that is characteristic of
a neutral (bpy0) ligand. Correspondingly, its electronic
structure is best described as [PbIV(bpy0)F4]

0 (Supporting
Information, Figure S15) Additionally, the average calculated
Pb−F distance of 2.045 Å is comparable to the terminal Pb−F

bonds lengths of 1.967 Å in PbIVF4.
21 (The latter has a sheet

structure containing PbIVF6 octahedra.)
1.2. Compounds cis-[M(bpy)2Cl2]

n (M = Si, Ge, Sn, Pb;
n = 2+ or 0). The diamagnetic complexes [Si(bpy)2Cl2]X2 (X
= Cl, I) have both been reported, but only the iodide salt has
been characterized by X-ray crystallography.22 This structure
exhibits an octahedral SiN4Cl2 polyhedron, in which the two
chlorine atoms are coordinated cis to one another and the
metrical parameters of the two equivalent bpy ligands
(Supporting Information, Table S2) correspond to a (bpy0)
oxidation state. As expected, its electronic structure is therefore
[SiIV(bpy0)2Cl2]

2+. Performing a RKS geometry optimization
provided a structure displaying excellent agreement with
experiment, albeit with a ∼0.06 Å overestimation of the Si−
N bond distances (Supporting Information, Table S2).
Importantly, these calculations yielded two degenerate
LUMOs, both of which are (bpy0)-centered π*-orbitals
containing less than 2% Si character (Figure 2).

Addition of two electrons to the aforementioned dication
yields the neutral species [Si(bpy)2Cl2]

0. Calculations per-
formed using the BS(1,1) formalism (S = 0) yielded a solution
5.5 and 0.5 kcal mol−1 lower in energy than the respective RKS
(S = 0) and S = 1 (UKS) variants (Supporting Information,
Table S3). Using the BS(1,1) geometry optimized structure, an
antiferromagnetic coupling constant Jcalcd of −84 cm−1 was
calculated via the Yamaguchi approach (eq 3). (The meaning of
the energies EHS and EBS and spin expectation values ⟨S2⟩ are
described in ref 23).

= −
−

⟨ ⟩ − ⟨ ⟩
J

E E
S S

HS BS
2

HS
2

BS (3)

Figure 1. Qualitative FMO diagram for [SiIV(bpy0)F4]
0 (S = 0).

Figure 2. HOMO and two degenerate LUMOs of S = 0
[SiIV(bpy0)2Cl2]

2+.
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Hence, the neutral species possesses a BS(1,1) S = 0 ground
state. In this geometry optimized structure, which is an
octahedral cis-SiN4Cl2 polyhedron, the intrachelate Cpy−Cpy
and C−N bond lengths (1.421 and 1.392 Å, respectively) in the
two identical bpy ligands clearly indicate (Scheme 2, Table 1)
that they are (bpy•)− π-radical anions and, by extension, the
electronic structure of this molecule is best described as cis-
[SiIV(bpy•)2Cl2]

0. Indeed, in its qualitative FMO diagram
(Figure 3) two unpaired electrons of opposing spin reside in

two degenerate singly occupied molecular orbitals (SOMOs),
each of which are localized on a single bpy ligand (∼2% Si
character) and correspond to the two LUMOs in the dication
[SiIV(bpy0)2Cl2]

2+. This is reflected in the Mulliken spin
population analysis, which places 0.96 α-spins on one bpy
ligand, 0.96 β-spins on the other, and 0.00 on the Si atom.
Calculations have also been performed for the corresponding

germanium compounds cis-[Ge(bpy)2Cl2]
n (n = 2+, 0). As

expected, geometry optimization for the dication using the RKS
(S = 0) formalism yielded a solution with structural parameters
(Supporting Information, Table S5), in excellent agreement
with formulation as [GeIV(bpy0)2Cl2]

2+. Results for the
corresponding neutral species [Ge(bpy)2Cl2]

0 mirror those of
its Si analogue, with the BS(1,1) solution found to be 7 kcal
mol−1 lower in energy than the RKS one. Additionally, an
antiferromagnetic Jcalcd of −26 cm−1 was calculated, leading to
assignment of a BS(1,1) S = 0 ground state. Again the BS(1,1)
optimized structure clearly contains (bpy•)− ligands, as
evidenced by the average Cpy−Cpy bond length of 1.418 Å
(Supporting Information, Table S5). Based upon the qualitative
FMO and Mulliken spin density analysis (Supporting
Information, Figures S19 and S2, respectively), it is apparent
that the two weakly antiferromagnetically coupled unpaired
electrons are localized in two ligand-centered π*-orbitals (2%
Ge), one on each bpy ligand. Therefore, the electronic structure
of the neutral species is [GeIV(bpy•)2Cl2]

0. Note that although
both the dicationic and the neutral compounds of germanium-

(IV) have yet to be reported, they are computationally stable
and represent reasonable synthetic targets.
We have also calculated the dication [Sn(bpy)2Cl2]

2+ and its
neutral analogue [Sn(bpy)2Cl2]

0, both of which are currently
unknown. Geometry optimization of cis-[Sn(bpy)2Cl2]

2+ (S =
0), using the RKS formalism, reveals an octahedral cis-SnN4Cl2
geometry (Supporting Information, Table S3) with two neutral
(bpy0) ligands (the average Cpy−Cpy bond length is 1.483 Å).
Thus, as in the Si and Ge cases, the electronic structure is
[SnIV(bpy0)2Cl2]

2+ (Supporting Information, Figure S20).22

For the neutral species [Sn(bpy)2Cl2]
0, S = 1 and BS(1,1) S

= 0 solutions can be found. The average Cpy−Cpy distances of
1.425 Å in these solutions are indicative of the presence of two
(bpy•)− ligands (Supporting Information, Table S7), a notion
reinforced by the corresponding spin density plots (Supporting
Information, Figure S3), so the electronic structure description
[SnIV(bpy•)2Cl2]

0 is most appropriate for these neutral species.
Interestingly, the RKS (S = 0) solution is 26 kcal mol−1 lower in
energy than the two aforementioned solutions, and its
geometry optimized structure exhibits bpy intraligand bond
distances (Supporting Information, Table S7) that are typical of
(bpy0). Furthermore, it displays Sn−N distances of 2.8−3.2 Å,
which are much longer than the 2.202 Å Sn−N bond lengths
seen in the open shell solutions, and half of the N-donor atoms
do not point toward the Sn ion. In effect, two neutral (bpy0)
molecules have dissociated and gaseous SnIICl2 has been
generated (eq 4). This is presumably a result of the increasing
stability of the +II oxidation state as the group is descended.
Such an outcome could not be predicted from the qualitative
FMO of [SnIV(bpy0)2Cl2]

2+, in which the two degenerate
LUMOs are bpy-centered π*-orbitals (Supporting Information,
Figure S20).

→ +•[Sn (bpy ) Cl ] Sn Cl 2(bpy )IV
2 2

0 II
2

0
(4)

Attempts to calculate the hypothetical, neutral molecule
[Pb(bpy)2Cl2]

0 yielded a stable RKS (S = 0) solution 53 kcal
mol−1 lower in energy than the corresponding S = 1 one. (Note,
all BS(1,1) calculations converged to RKS solutions.) As was
the case for the Sn analogue, the RKS optimized geometry
(Supporting Information, Table S9) contains two (bpy0)
fragments and displays Pb−N distances (2.8−3.1 Å) that
correspond to extremely weak interactions (Supporting
Information, Figure S23). Thus, it appears that PbIICl2 and
two dissociated (bpy0) molecules represent the most stable
state in the gas phase.
In contrast, the analogous dication [Pb(bpy)2Cl2]

2+ (S = 0)
is a computationally stable species. The RKS geometry
optimized structure is a slightly distorted octahedron with
two neutral (bpy0) ligands, and average Pb−N and Pb−Cl
bond lengths of 2.384 and 2.441 Å, respectively (Supporting
Information, Table S3). Its electronic structure can therefore be
described as [PbIV(bpy0)2Cl2]

2+. It should be noted that the
LUMO calculated for the dication (Supporting Information,
Figure S22) is, in contrast to its Si, Ge, and Sn analogues, not a
bpy-centered π*-orbital. Instead, it is localized on the PbCl2
moiety (30% Pb character).

1.3. Compounds [M(bpy)Cl2]
0 (M = Si, Ge, Sn, Pb).

Calculations for the hypothetical neutral molecule [Si(bpy)-
Cl2]

0 (S = 0), using the RKS formalism, yields an optimized
structure with a tetrahedral geometry and Si−Cl bonds 2.06 Å
long, which is a comparable length to those experimentally
observed in SiCl4 (2.01 Å).24 Other than this, the most salient
structural feature of this molecule is that the bpy fragment

Figure 3. Qualitative FMO diagram for S = 0 cis-[SiIV(bpy•)2Cl2]
0 and

Mulliken spin density plots, plus spin density populations, obtained
from calculation of the S = 0 and S = 1 spin states using the BS(1,1)
and UKS formalisms, respectively.
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displays features characteristic of a (bpy2−)2− dianion (Table 2,
Chart 1).4c More specifically, the Cpy−Cpy and C−N

intrachelate bond distances of 1.373 and 1.440 Å correspond
to CC double and C−N single bonds, respectively. These
structural parameters are consistent with the SiIV-containing
electronic structure [SiIV(bpy2−)Cl2]

0. The qualitative FMO
diagram (Figure 4), in which the HOMO and LUMO are both
bpy-centered π*-orbitals (6% and 3% Si character, respec-
tively), confirms this assignment.

The synthesis of [Ge(bpy)Cl2]
0 and its characterization by

X-ray crystallography have recently been reported.25 The
authors provided a detailed DFT study, at the B3LYP/cc-
pvTZ level of theory, in which they found that the global
energy minimum of the isolated molecule in the gas phase (two
Cl ligands cis to one another) differs from the experimental
geometry of the monomer in the solid state (two Cl ligands
trans to one another). A geometry optimized structure
corresponding to the latter could be located (both structures
are depicted in Figure 5), but was found to be ∼10 kcal mol−1

higher in energy. Regardless, both isomers exhibit structural
parameters indicative of a neutral (bpy0) ligand and a
stereochemically active electron pair, typical of divalent
germanium, from which the electronic structure [GeII(bpy0)-
Cl2]

0 can be inferred.

Our own calculations using 4 different functionals (BP86,
BLYP, B3LYP, BHLYP) reproduced these results, with the
trans structure being ∼10 kcal mol−1 higher energy than the cis
structure in all cases (Supporting Information, Table S11). It
should be noted for the cis structure that using functionals
containing increasing amounts of Hartree−Fock exchange
caused elongation of one Ge−N bond to the extent that one
ring of the N,N′-coordinated (bpy0) ligand effectively
dissociates (Supporting Information, Table S12), thereby
lowering the coordination number from 4 to 3 (Figure 5).
Reid et al. attributed the discrepancy between the calculated
and experimental geometries to the nearest neighbor
interactions observed in the solid state (effective coordination
number = 4 + 2).25 Modeling of these interactions by
calculation of a tretramer yielded the observed solid state
trans-structure as the global energy minimum. Regardless, no

Table 2. Selected Bond Lengths Taken from RKS Geometry Optimized Structures of the S = 0 Compounds [M(bpy)Cl2]
0 (M =

Si, Ge, Sn, Pb)a

Ge Sn Pb

bonds Si cis trans cis trans cis trans trans exp.b

M−N(1) 1.720 2.948 2.139 2.717 2.362 2.824 2.495 2.494
M−N(2) 1.722 2.333 2.141 2.540 2.361 2.654 2.494 2.520
N(1)−C(1) 1.438 1.336 1.343 1.335 1.343 1.336 1.342 1.33
N(2)−C(2) 1.442 1.349 1.343 1.348 1.342 1.346 1.341 1.36
C(1)−C(2) 1.373 1.487 1.473 1.487 1.482 1.491 1.487 1.50
M−Cl 2.064 2.290 2.525 2.449 2.628 2.544 2.707 2.776
M−Cl 2.058 2.312 2.516 2.512 2.629 2.608 2.708 2.945

aAtom labeling scheme provided in Chart1. bValues are taken from ref 27; [Pb(bpy)Cl2] is a polymer with a (4 + 2) distorted pseudo-octahedral
coordination environment.

Chart 1. Intrachelate Atom Labeling Scheme

Figure 4. Qualitative FMO diagram for [SiIV(bpy2−)Cl2]
0 (S = 0).

Figure 5. Geometry optimized structures of trans- and three
coordinate cis-[GeII(bpy0)Cl2]

0 (top and middle, respectively)
obtained using the B3LYP functional, and a four coordinate cis-
[GeII(bpy0)Cl2]

0 (bottom) calculated using the BP86 functional.
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evidence was found in any of the aforementioned calculations
for the electronic structure [GeIV(bpy2−)Cl2]

0 (see the
qualitative FMO diagrams in Supporting Information, Figures
S24 and S25). It is, therefore, clear that this germanium
compound contains GeII and that the +IV oxidation state is not
accessible.
Similarly, calculations for [Sn(bpy)Cl2]

0 also converged to
energy minima corresponding to the chloride ligands adopting
both cis- and trans-positions relative to one another, with the
former isomer once again being ∼10 kcal mol−1 lower in energy
than the latter for all four functionals mentioned above
(Supporting Information, Table S14). In contrast to the Ge
case, this is in agreement with the geometry observed in the
crystal structure.26 However, agreement between the calculated
and observed Sn−N and Sn−Cl bond distances for the cis-
isomer is very poor (Supporting Information, Table S15),
presumably because our calculations do not incorporate the
two additional weak chloride-to-tin interactions observed in the
solid state (i.e., the effective coordination number is 6, not 4).
On the other hand, it is clear both computationally and
crystallographically that in this compound a neutral (bpy0) is
N,N′-coordinated to a central SnII ion, which displays a
sterochemically active electron pair (Figure 6). In other words,

it has the electronic structure [SnII(bpy0)Cl2]
0. This is the case

in both the cis- and trans-isomers and is reflected in their
qualitative FMO diagrams (Supporting Information, Figures
S26 and S27, respectively), in which the HOMOs are centered
on the SnCl2 and contain significant Sn character (44% and
28%, respectively), and the LUMOs are essentially bpy π*-
orbitals (≤1% Sn character).
Once again, RKS calculations for the neutral molecule

[Pb(bpy)Cl2]
0 (S = 0) affords both a cis- and a trans-isomer,

with the former being 10.6 kcal mol−1 more stable than the
latter. The structural parameters are consistent with a neutral
(bpy0) ligand (Table 3) and a stereochemically active inert pair

of electrons (Figure 6), which lead to an oxidation state
assignment of +II at the Pb center and the ground state
electronic structure cis-[PbII(bpy0)Cl2]

0. Notably, in the cis-
isomer both the calculated Pb−N and Pb−Cl bonds (Table 2)
are elongated with an average length of 2.74 and 2.58 Å,
respectively. The X-ray structure of [PbII(bpy0)Cl2]

0 has been
published.27 It is a polymer with bridging chloride ligands, a
coordination number 6 at the PbII ion, and a long Cpy−Cpy
bond of 1.50(2) Å indicative of the presence of a neutral (bpy0)
ligand.

1.4. Series [M(bpy)2]
n (M = C, Si, Ge, Sn, Pb; n = 2+, 0).

Calculation of geometry optimized structures for the neutral
diamagnetic compound [Si(bpy)2]

0, which has been charac-
terized by X-ray crystallography,3 were performed for the S = 2
(UKS), 1 (UKS), and 0 (RKS) states. (All BS(1,1) calculations
converged to the RKS solution.) The single-point energy of the
singlet state was found to be 24 and 53 kcal mol−1 lower in
energy than the triplet and pentet states, respectively, so all
subsequent discussions focus on the singlet state.
Other than the greater distortion away from tetrahedral

symmetry in the experimental relative to the RKS calculated
structure, which is evident in the respective angles between the
two Si(bpy) planes of 72 and 84° (it is 90° in a regular
tetrahedron), agreement between their structural parameters is
excellent (Table 3). Most pertinently, the bpy units exhibit
short Cpy−Cpy and long C−N bonds (1.36 and 1.44 Å,
respectively) characteristic of N,N′-coordinated (bpy2−)2−

dianions (Table 1). This notion is confirmed by its qualitative
FMO diagram (Figure 8) containing two degenerate bpy-
centered HOMOs (7% Si character), which correspond to
doubly occupied π*-orbitals, and lead to formulation of its
electronic structure as [SiIV(bpy2−)2]

0 (resonance structure C,
Figure 7). It should be highlighted that there is no support,
experimental or computational, for the [Si0(bpy0)2]

0 electronic
structure suggested by the original authors.3

The computational results for the hypothetical carbon
containing compound [C(bpy)2]

0 are very similar. More
specifically, the RKS (S = 0) geometry optimized structure
exhibits bond lengths indicative of the presence of two
(bpy2−)2− dianions (Table 3), which implies that central
carbon atom is tetravalent, and the dihedral angle between the
two C(bpy) planes of 89° is consistent with the presence of a
sp3-hybridized central carbon atom. This equates to the
electronic structure [CIV(bpy2−)2]

0 (S = 0), which is depicted
pictorially by resonance structure B (Figure 7). Application of
the oxidation formalism to carbon compounds may seem
somewhat alien because of the high levels of covalency in C−C
and C−H bonds, but the minimal contribution of the central
carbon atom to the two bpy-centered HOMOs of this
compound (Supporting Information, Figure S30) combined
with the large electronegativity between C and N render such
an electronic description reasonable. Though [C(bpy)2]

0 has
not been reported, other crystallographically characterized
species containing a similar tetrahedral N4C central moiety
are known.28 For example, [C(N(CH3)2)4]

0 (tetrakis-
(dimethylamido)carbon), which has an average C−N bond
length of 1.473 Å.28b The comparable Si compound
[SiIV(NHCH3)4]

0 (tetrakis(methylamido)silicon) has also
been structurally characterized, and exhibits an average Si−N
bond length is 1.720 Å.29 These C−N and Si−N bond
distances are in close agreement with the average values of
1.462 and 1.736 Å calculated for [C(bpy)2]

0 and [Si(bpy)2]
0, all

of which are typical of single bonds.

Figure 6. Geometry optimized structures of diamagnetic [SiIV(bpy2−)-
Cl2]

0 (top), [SnII(bpy0)Cl2]
0 (middle), and [PbII(bpy0)Cl2]

0 (bot-
tom).
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Oxidation of [Si(bpy)2]
0 in silico affords the dication

[Si(bpy)2]
2+. The S = 0 RKS solution was found to be ∼4.7

kcal mol−1 higher in energy than those from the S = 1 and S = 0
BS(1,1) calculations. The latter two states are virtually
isoenergetic, with a vanishingly small Jcalcd of +3.7 cm−1 being
obtained. While the average calculated Si−N bond length in the
neutral and dicationic species (1.747 Å in both cases) are
unperturbed by oxidation of the former to the latter, the effect
upon the structural parameters of the bpy units is much greater
(Table 3). For example, the average Cpy−Cpy bond length
increases from 1.389 Å in the neutral compound to 1.422 Å in
the dication and, conversely, the average calculated intrachelate
C−N bond length decreases from 1.440 to 1.404 Å. The
calculated bond lengths in the bpy moieties in the neutral
species are typical of (bpy2−)2−, but those in the dication closely
resemble those of (bpy•)− π-radical anions. Thus, the dication
is most correctly defined as [SiIV(bpy•)2]

2+ (resonance
structure E) and is likely to have an S = 1 ground state and
a singlet diradical excited state. This model is corroborated by

the qualitative FMO scheme shown in Figure 9, containing two
degenerate bpy-centered SOMOs (≤2% Si character), and the

Mulliken spin density analysis, which places 0.91 unpaired spins
on each (bpy•)− ligand and only 0.18 at the central SiIV ion.
Calculations for [C(bpy)2]

2+ yield an analogous outcome,
with the S = 0 RKS solution being >5 kcal mol−1 higher in
energy than the S = 1 and S = 0 BS(1,1) states. However, in this
case, the latter two solutions are not fully isoenergetic, and a
significant ferromagnetic Jcalcd = +71 cm−1 was found. As
observed for its Si congener, in the S = 1 ground state the
average Cpy−Cpy and intrachelate C−N bond lengths (1.408
and 1.392 Å, respectively) are typical of (bpy•)−; the average
C−N distances of the CN4 polyhedron (1.466 Å) are near
identical to that of [CIV(bpy2−)2]

0; its qualitative FMO diagram
(Supporting Information, Figure S29) contains two bpy-
centered SOMOs (≤4% central C atom character); and the
Mulliken spin density analysis places minimal spin density on
the central C atom (Supporting Information, Figure S4).
Hence, the electronic structure of the dication is best described
as being [CIV(bpy•)2]

2+ (resonance structure D, Figure 7), with
an S = 1 ground state and a BS(1,1) excited state. The
orthogonality of the bpy ligands in [CIV(bpy•)2]

2+ and
[SiIV(bpy•)2]

2+ prohibit antiferromagnetic coupling of the
ligand radicals, so result in positive J-values, and the larger
interaction between the unpaired spins in the former is simply a
consequence of greater orbital overlap with the central atom
that mediates it.
It is now interesting to explore the molecular and electronic

structures of the corresponding Ge, Sn, and Pb analogues
[M(bpy)2]

2+/0 (M = Ge, Sn, Pb), for which the divalent
oxidation state of the central atom is expected to become
increasingly prominent. Indeed, the [Pb(bpy)2]

2+ dications in
the X-ray crystal structures of the diamagnetic (S = 0)
compounds [Pb(bpy)2](PF6)2

30a and [Pb(bpy)2][B12H12]
30b

have been found to display a stereochemically active electron
pair indicative of a +II oxidation state. Geometry optimization

Table 3. Selected Experimental3 and Calculated Bond Distances (Å) in [Si(bpy)2]
2+/0 and [C(bpy)2]

2+/0a

[Si(bpy)2]
0 [Si(bpy)2]

2+ [C(bpy)2]
0 [C(bpy)2]

2+

bonds exp. calcd. calcd. calcd. calcd.

bpy(1) M−N(1) 1.728(9) 1.745 1.747 1.462 1.466
M−N(2) 1.711(9) 1.745 1.747 1.462 1.466
N(1)−C(1) 1,44(1) 1.441 1.404 1.426 1.393
N(2)−C(2) 1.44(1) 1.440 1.404 1.426 1.393
C(1)−C(2) 1.35(1) 1.389 1.422 1.364 1.408

bpy(2) M−N(1) 1.73(1) 1.745 1.747 1.462 1.466
M−N(2) 1.71(1) 1.745 1.747 1.462 1.466
N(1)−C(1) 1.44(1) 1.440 1.403 1.426 1.392
N(2)−C(2) 1.43(1) 1.440 1.403 1.426 1.392
C(1)−C(2) 1.34(1) 1.389 1.421 1.364 1.408

aAtom labeling scheme provided in Chart1.

Figure 7. Dominant resonance structures for [CIV(bpy2−)2]
0 (B),

[SiIV(bpy2−)2]
0 (C), [CIV(bpy•)2]

2+ (D), and [SiIV(bpy•)2]
2+ (E).

Figure 8. The two degenerate HOMOs of [SiIV(bpy2−)2]
0 (S = 0).

Figure 9. The two degenerate SOMOs of S = 1 [SiIV(bpy•)2]
2+.
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of the dication [Pb(bpy)2]
2+ using the RKS formalism (no BS

solution could be found and the S = 1 state is 65 kcal mol−1

higher in energy) converged to a very similar structure (Figure
10), in which two neutral (bpy0) ligands (Table 4) are N,N′-

coordinated to a central PbII ion exhibiting a streochemically
active lone pair (Supporting Information, Figure S36). Thus,
both experimentally and computationally, its electronic
structure is [PbII(bpy0)2]

2+.
For the neutral species [Pb(bpy)2]

0, calculations for the S = 1
(UKS) and 0 (RKS and BS(1,1)) states were performed. The
RKS solution was found to be ∼2 kcal mol−1 higher in energy
than the S = 1 and BS(1,1) states, and to exhibit a significantly
different geometry optimized structure. In the RKS case, one of
the bpy ligands completely dissociates and has bond lengths
typical of (bpy0), whereas the other remains N,N′-coordinated
and is a (bpy2−)2− dianion (Table 4). In contrast, the S = 1 and
BS(1,1) geometry optimized structures retain the general
structure of [PbII(bpy0)2]

2+, possessing a sterochemically active
electron pair, but the average Cpy−Cpy bond length of 1.430 Å
is indicative of two (bpy•)− radical anions being present (Table
4 and Supporting Information, Table S31). The Mulliken spin
density plots and population analyses (Supporting Information,
Figure S6) confirm that one unpaired electron resides in each
of the bpy-centered SOMOs, and that there is no significant
spin density at Pb. Furthermore, a ferromagnetic Jcalcd of +38
cm−1 was calculated, which suggests that the neutral molecule

has a S = 1 [PbII(bpy•)2]
0 ground state. Given that the RKS

solution is very close in energy, experimentally {[PbII(bpy2−)]0

+ (bpy0)} is an equally feasible outcome.
Calculations for [Sn(bpy)2]

2+/0 yielded very similar results to
those for [Pb(bpy)2]

2+/0. The RKS optimized geometry for the
S = 0 dication exhibits a stereochemically active electron pair,
an average Cpy−Cpy distance of 1.482 Å (Supporting
Information, Table S27), which is typical of two neutral
(bpy0) ligands, and its qualitative FMO contains a HOMO with
48% Sn character and two near-degenerate bpy-centered
LUMOs (Supporting Information, Figure S34). In other
words, its electronic structure can be described as
[SnII(bpy0)2]

2+. Additionally, for the neutral complex [Sn-
(bpy)2]

0 the lowest energy solutions were the near degenerate
S = 1 and BS(1,1) states (Jcalcd = +31 cm−1), with the RKS
equivalent ∼3 kcal mol−1 higher in energy. The structural and
electronic descriptions of these various states are effectively
identical to those described above for [Pb(bpy)2]

0. Therefore,
although both of the structures [SnII(bpy•)2]

0 and
{[SnII(bpy2−)]0 + bpy0} are considered to be feasible, the
central Sn atom has a +II oxidation state in both scenarios.
Interestingly, unlike its Si, Sn, or Pb analogues, the structure

obtained from geometry optimization of [Ge(bpy)2]
2+/0 was

found to be highly dependent upon the starting point. When
starting geometries displaying distortions associated with a
stereochemically active lone pair were used similarly distorted
GeII optimized structures were obtained, but in several
instances calculation using a tetrahedral starting point
converged to a tetrahedral GeIV optimized geometry (Support-
ing Information, Table S25). However, for all states calculated
the geometry optimized structures with a stereochemically
active electron pair were found to be significantly lower in
energy (Supporting Information, Table S24), and only these
GeII solutions are discussed hereafter. Beyond this unique facet,
the results of the calculations summarized in Figure 11 and
Table 4 are quite similar to those found for the corresponding
Sn and Pb compounds. For example, the ground state of the
dication contains two neutral (bpy0) ligands and a GeII center
(its HOMO has 48% Ge character, Supporting Information,
Figure S31), so its electronic structure is best described as
[GeII(bpy0)2]

2+ (S = 0).
Calculations of BS(1,1) and S = 1 (UKS) states for the

neutral species [Ge(bpy)2]
0 yield a very similar distorted GeN4

Figure 10. Calculated (left) and experimental30a (right) structures of
[PbII(bpy0)2]

2+ (S = 0).

Table 4. Selected Calculated Bond Distances (Å) and Angles (deg) for the S = 0 Compounds [M(bpy)2]
n (M = Ge, Sn, Pb; n =

2+, 0)a

[M(bpy)2]
2+b {M(bpy) + (bpy0)}b [M(bpy)2]

0c

bonds Ge Sn Pb Pb exp.d Ge Sn Pb Ge Sn Pb

bpy(1) M−N(1) 2.115 2.336 2.540 2.553 1.922 2.150 2.203 2.082 2.279 2.496
M−N(2) 2.230 2.431 2.452 2.518 1.922 2.162 2.316 2.231 2.378 2.391
N(1)−C(1) 1.359 1.355 1.347 1.339 1.398 1.393 1.388 1.395 1.389 1.377
N(2)−C(2) 1.347 1.347 1.352 1.328 1.400 1.392 1.384 1.373 1.375 1.386
C(1)−C(2) 1.476 1.482 1.486 1.488 1.399 1.411 1.420 1.421 1.426 1.429

bpy(2) M−N(1′) 2.126 2.337 2.449 2.518 2.086 2.281 2.390
M−N(2′) 2.306 2.434 2.538 2.532 2.252 2.382 2.500
N(1′)−C(1′) 1.358 1.355 1.353 1.328 1.337 1.338 1.339 1.394 1.389 1.386
N(2′)−C(2′) 1.346 1.347 1.347 1.339 1.338 1.338 1.339 1.371 1.375 1.378
C(1′)−C(2′) 1.475 1.482 1.487 1.488 1.491 1.491 1.490 1.421 1.425 1.429

N(1)−M−N(1′) 161.5 150.3 146.1 139.8 159.5 150.0 146.9
N(2)−M−N(2′) 92.2 90.5 91.6 72.8 93.5 90.5 91.0

aAtom labeling scheme provided in Chart1. bRKS calculation. cBS(1,1) calculation. dTaken from ref 30.
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polyhedron (Figure 11), and an electronic structure
[GeII(bpy•)2]

0 containing a GeII ion and two (bpy•)− radicals
is identified (Supporting Information, Figure S7). In contrast to
its Sn and Pb analogues, the RKS solution (S = 0) is ∼6 kcal
mol−1 lower in energy than the open-shell solutions, so
represents the global energy minimum, but it retains a similar
structure composed of one dissociated neutral (bpy0), and a
[GeII(bpy2−)]0 fragment composed of a GeII ion N,N′-
coordinated by a single (bpy2−)2−dianion (Supporting In-
formation, Figure S32).
1.5. Series [M(bpy)3]

n (M = Si, Ge, Sn, Pb; n = 1+, 0, 1−,
2−). Calculations for the dianion [Si(bpy)3]

2− yielded a closed-
shell ground state (the S = 1 state was 18.5 kcal mol−1 higher in

energy and no BS could be found) whose structure contains
three equivalent bpy ligands N,N′-coordinated in a nearly
regular octahedral fashion (it exhibits a twist angle Θ of ∼53°,
and that of a regular octahedron is 60°). The short average
calculated Cpy−Cpy bond length of 1.371 Å and the long
average intrachelate C−N bond distance of 1.428 Å (Table 5)
are very similar to those observed in structures of alkali metal
salts of (bpy2−)2 dianions4c (Scheme 2, Table 1). Congruently,
its qualitative FMO diagram (Supporting Information, Figure
S42) contains three doubly occupied bpy-centered HOMOs
(≤3% Si character), which inexorably leads to the electronic
structure assignment [SiIV(bpy2−)3]

2−.
Geometry optimization for the monoanion [Si(bpy)3]

− (S =
1/2) using the UKS formalism (no BS solutions were found)
yielded a similar octahedral structure (Θ = 54°) containing
three nearly equivalent bpy-ligands, but with a slightly longer
average Cpy−Cpy bond length of 1.384 Å and a slightly shorter
average C−N bond of 1.413 Å (Supporting Information, Table
S37). These bond length changes indicate that one electron
oxidation of the dianion to the monoanion is a ligand-centered
process, which implies that the ligand oxidation level in the
latter is {(bpy)3}

5−. Accordingly, a Mulliken spin population
analysis places 0.46 spins on one bpy ligand, 0.28 and 0.27 on
each of the other two, and only 0.01 on the central SiIV ion
(Supporting Information, Figure S9); and the qualitative FMO
diagram (Supporting Information, Figure S41) contains two
degenerate bpy-centered HOMOs (3% Si character) and one
bpy-centered SOMO (1% Si character). Thus, the electronic
structure of the monoanion is most correctly described as
[SiIV(bpy2−)2(bpy

•)]−. Note, our calculations yield a structure
in which the unpaired electron is delocalized over the three bpy
ligands, but delocalization of charge is a known bias of DFT,9

so a localized electronic structure with the unpaired electron on
a single bpy ligand cannot be excluded. Indeed, performing the
same calculation with the inclusion of the conductor-like
screening model (COSMO) for water yielded a structure in
which the single unpaired electron is almost fully localized on a
single bpy ligand (Table 5 and Supporting Information, Figure
S9).

Figure 11. Geometry optimized structures of [GeII(bpy0)2]
2+ (top

left), [GeII(bpy•)2]
0 (top right), and {[GeII(bpy2−)]0 + (bpy0)}

(bottom) obtained from RKS (S = 0), UKS (S = 1), and RKS (S = 0)
calculations, respectively.

Table 5. Selected Bond Distances (Å) from Geometry Optimized Structures of [Si(bpy3)]
n (n = 1+, 0, 1−, 2−)a

n, S, method

bond 1+, 1/2, BS(2,1) 0, 0, BS(1,1) 1−, 1/2, UKSb 2−, 0, RKS

bpy(1) Si−Ni 1.907 1.872 1.884 1.907
Si−N(2) 1.913 1.878 1.880 1.917
N(1)−C(1) 1.388 1.410 1.427 1.428
N(2)−C(2) 1.388 1.411 1.423 1.428
C(1)−C(2) 1.415 1.390 1.376 1.371

bpy(2) Si−N(1) 1.912 1.930 1.879 1.916
Si−N(2) 1.908 1.930 1.886 1.907
N(1)−C(1) 1.387 1.389 1.423 1.428
N(2)−C(2) 1.388 1.389 1.427 1.428
C(1)−C(2) 1.414 1.410 1.376 1.370

bpy(3) Si−N(1) 1.913 1.912 1.961 1.918
Si−N(2) 1.913 1.903 1.960 1.919
N(1)−C(1) 1.387 1.400 1.390 1.427
N(2)−C(2) 1.387 1.397 1.390 1.427
C(1)−C(2) 1.413 1.400 1.407 1.371

average Si−N 1.911 1.904 1.908 1.914
average C(1)−C(2) 1.414 1.400 1.386 1.371

aAtom labeling scheme provided in Chart 1. bCalculation performed including the conductor-like screening model (COSMO)31 for water.
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Calculations were performed for the S = 1 (UKS) and 0
(RKS and BS(1,1)) states of the neutral species [Si(bpy)3]

0.
The BS(1,1) solution was found to be 2 kcal mol−1 lower in
energy than the RKS one and 1.5 kcal mol−1 lower in energy
than the S = 1 state. Thus, the electronic structure of the
neutral species may be described as a singlet diradical, and using
the Yamaguchi method (eq 3) a coupling constant Jcalcd of
−490 cm−1 was obtained, which is in good agreement with the
experimental value of −374 cm−1.2 Based upon the calculated
average Cpy−Cpy bond length of 1.400 Å, a collective bpy
oxidation level of {(bpy)3}

4− can be deduced, which leads to
the electronic structure assignment [SiIV(bpy•)2(bpy

2−)]0 (S =
0). The qualitative FMO and the spin density plots shown in
Figure 12 corroborate this assignment, but suggest that the

excess electron on the (bpy2−)2− is partly delocalized over one
of the (bpy•)− ligands. As a further point of interest, a fully
localized structure is obtained when the geometry optimization
is performed using the BHLYP functional (Supporting
Information, Figures S8 and S40), which contains a larger
amount of Hartree−Fock exchange. Using this functional, the
BS(1,1) solution was found to be 14 kcal mol−1 lower in energy
than the RKS one (Supporting Information, Table S32).
However, the Jcalcd value of −139 cm−1 obtained is in poorer
agreement with experiment than that from the corresponding
B3LYP calculation.
In the case of the monocation [Si(bpy)3]

+ calculation of the
S = 1/2 state converges to a BS(2,1) solution that is ∼1 kcal
mol−1 lower in energy than the S = 3/2 excited state. A single-
point calculation of the corresponding Yamaguchi exchange
coupling constant, using the BS(2,1) optimized structure,
yielded a Jcalcd value of −179 cm−1. The aforementioned
optimized structure is again octahedral (Θ = 54°), and contains
three fully equivalent bpy ligands whose Cpy−Cpy bond
distances are typical of (bpy•)− anions (Table 5). This picture
is supported by its qualitative FMO diagram (Figure 13), which
contains three bpy-centered SOMOs (≤3% Si character), and
Mulliken spin density population analyses for the S = 1/2
ground and 3/2 excited states, both of which place
approximately one full unpaired spin on each ligand and
<0.01 on the Si atom. In other words, the monocation contains
three π-radical monoanions (bpy•)− and a central SiIV ion, so
has the electronic structure [SiIV(bpy•)3]

+ (S = 1/2).

We have also performed calculations for the theoretical
neutral compounds [M(bpy)3]

0 (M = Ge, Sn, Pb) using the
same protocol. In the case of [Ge(bpy)3]

0 we found that the
BS(1,1) solution is 2.9 and 3.5 kcal mol−1 lower in energy than
those from the S = 1 and RKS calculations, respectively. Similar
observations were made for [Sn(bpy)3]

0, with the BS(1,1)
solution being 0.1 and 5.2 kcal mol−1 lower in energy than the S
= 1 and RKS solutions. From single-point calculations
antiferromagnetic exchange coupling constants Jcalcd of −216
and −54 cm−1 were obtained for the Ge and Sn compounds,
respectively. The progressive decrease in the magnitude of the
antiferromagnetic Jcalcd upon moving down the group from Si to
Ge to Sn is presumably a consequence of the accompanying
decrease in orbital overlap with the central group 14 atom,
which mediates the interaction between the unpaired spins of
the two (bpy•)− ligands. Overall, the molecular (Table 6) and
electronic (Supporting Information, Figures S43 and S44)
structures of the Ge and Sn compounds are the same as that
determined for their Si counterpart. More specifically, they

Figure 12. Qualitative FMO diagram and Mulliken spin density plot,
plus spin density populations, for S = 0 [SiIV(bpy•)2(bpy

2−)]0.

Figure 13. Qualitative FMO diagram and Mulliken spin density plot,
plus spin density populations, for S = 1/2 [SiIV(bpy•)3]

+.

Table 6. Selected Bond Lengths (Å) Taken from BS(1,1)
Geometry Optimized Structures of the S = 0 Compounds
[M(bpy)3]

0 (M = Ge, Sn, Pb)a

bonds Ge Sn Pb

bpy(1) M−N(1) 1.960 2.159 2.416
M−N(2) 1.967 2.154 2.547
N(1)−C(1) 1.411 1.405 1.389
N(2)−C(2) 1.413 1.405 1.376
C(1)−C(2) 1.390 1.403 1.430

bpy(2) M−N(1) 2.045 2.212 3.338
M−N(2) 2.048 2.210 3.588
N(1)−C(1) 1.384 1.383 1.339
N(2)−C(2) 1.385 1.383 1.339
C(1)−C(2) 1.417 1.425 1.491

bpy(3) M−N(1) 2.014 2.152 2.500
M−N(2) 2.006 2.155 2.437
N(1)−C(1) 1.400 1.406 1.380
N(2)−C(2) 1.395 1.406 1.384
C(1)−C(2) 1.404 1.402 1.430

aAtom labeling scheme provided in Chart 1.
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possess the singlet (S = 0) diradical ground states
[GeIV(bpy•)2(bpy

2−)]0 and [SnIV(bpy•)2(bpy
2−)]0.

Calculations for [Pb(bpy)3]
0 revealed that the RKS solution

is ∼3.5 kcal mol−1 higher in energy than those for the BS(1,1)
and S = 1 states. In contrast to the previously detailed
[M(bpy)3]

0 compounds, a ferromagnetic coupling constant
Jcalcd of +26 cm−1 was obtained, which suggest that the triplet
state is the most stable electronic configuration. Additionally,
subsequent to geometry optimization none of the aforemen-
tioned solutions retained the octahedral [Pb(bpy)3]

0 starting
geometry. Instead, in the open-shell structures one (bpy0)
ligand has dissociated (eq 5), whereas in the RKS solution two
(bpy0) ligands have dissociated (Supporting Information, Table
S45). This presumably reflects the greater stability of the +II,
relative to the +IV, oxidation state, which structurally manifests
as a stereochemically active electron pair. The other notable
feature of the S = 1 geometry optimized structure is that the
average Cpy−Cpy bond length of 1.430 Å (Table 6) is typical of
(bpy•)− π-radical anions. From these facts, plus the
corresponding FMO diagram and spin density plot (Supporting
Information, Figures S12 and S45), a {[PbII(bpy•)2]

0 + (bpy0)}
(S = 1) ground state electronic structure can be inferred.
However, given the close energetic proximity of the RKS
solution, {[PbII(bpy2−)]0 + 2 (bpy0)} (S = 0) cannot be
completely ruled out.

→ +•[Pb(bpy) ] [Pb (bpy ) ] (bpy )3
0 II

2
0 0

(5)

■ DISCUSSION

As detailed above, the three lightest members of the series
[MIV(bpy0)F4]

0 (S = 0; M = Si, Ge, Sn, Pb) are known and
have been crystallographically characterized, but [PbIV(bpy0)-
F4]

0 (S = 0) is at present only hypothetical. The agreement
between the three experimental structures and the correspond-
ing DFT calculated structures is excellent (Supporting
Information, Table S1). In each case an octahedral geometry
containing four fluoride anions, a neutral N,N′-coordinated bpy
ligand and a central tetravalent ion are identified. Given that
molecular SiIVF4 and GeIVF4 (tetrahedral geometry), and
polymeric SnIVF4 and PbIVF4 (sheet structures composed of
octahedral SnF6/PbF6 polyhedra, in which the four equatorial
fluorides are μ2-bridging and two axial fluorides are terminally
bound21) exist, the corresponding [PbIV(bpy)F4]

0 species
represents a feasible synthetic target. It should be noted that
the Cpy−Cpy and intrachelate C−N bond distances of the N,N′-
coordinated planar bpy ligand in these compounds are near
identical (Supporting Information, Table S1), irrespective of
the identity of the central MIV ion, and are characteristic of a
neutral (bpy0) molecule.4a

Unsurprisingly, the same holds true for cis-[SiIV(bpy0)2Cl2]
2+

(S = 0), with both the experimental and the geometry
optimized structures containing two N,N′-coordinated (bpy0)
ligands, and the Si atom possessing a +IV oxidation state.
Calculation of the hypothetical two-electron reduced congener
[Si(bpy)2Cl2]

0 unambiguously shows that the two additional
electrons are located in bpy-centered SOMOs (Figure 3),
which yields the electronic structure description
[SiIV(bpy•)2Cl2]

0. Structurally, this manifests as a respective
shortening and elongation of the Cpy−Cpy and C−N bonds to
distances very similar to those determined by X-ray
crystallography for alkali metal salts of the (bpy•)− π-radical
anion (Table 1).4b

Geometry optimization for the hypothetical Ge analogues,
[Ge(bpy)2Cl2]

n (n = 2+, 0), yields similar conclusions. More
specifically, the octahedral dication possesses a cis-
[GeIV(bpy0)2Cl2]

2+ (S = 0) ground state containing a GeIV

ion, two neutral (bpy0) ligands and two cis-coordinated chloride
ions. Addition of two electrons to give the neutral octahedral
species [GeIV(bpy•)2Cl2]

0 (S = 0) is again bpy-centered, so two
π-radical (bpy•)− anions are formed and Ge retains its +4
oxidation state.
Interestingly, while hypothetical [Sn(bpy0)2Cl2]

2+ (S = 0) is
computationally stable, this is not the case for its two electron
reduced neutral form. Geometry optimization of [Sn-
(bpy)2Cl2]

0 converged not to an octahedral structure, but led
effectively to dissociation of two (bpy0) molecules and
formation of a gas phase SnIICl2 molecule. Similarly, whereas
hypothetical [Pb(bpy)2Cl2]

0 is not stable in silico, with
geometry optimization resulting in formation of PbIICl2 and
two uncoordinated (bpy0) molecules, the corresponding
octahedral dication cis-[PbIV(bpy0)2Cl2]

2+ is computationally
stable. The latter is a rare example of a PbIV compound (PbII is
the dominant oxidation state). Of interest in this regard is the
recent report of the synthesis and structural characterization of
the bpy-containing octahedral PbIV complex [PbIV(bpy0)-
(Ph)2Cl2]

0, in which the two phenylate anions are coordinated
trans to one another and the N,N′-coordinated bpy ligand
possesses structural parameters indicative of a (bpy0) oxidation
level (Cpy−Cpy = 1.487 Å; average intrachelate C−N = 1.350
Å).32

The series of neutral [M(bpy)Cl2]
0 (S = 0) compounds (M

= Si, Ge, Sn, and Pb) are interesting because, in principle, the
two limiting electronic structures [MIV(bpy2−)Cl2]

0 and
[MII(bpy0)Cl2]

0 are equally plausible. As detailed above, the
silicon species exhibits a tetrahedral geometry with two bound
chloride ions and an N,N′-coordinated dianionic (bpy2−)2−

ligand, which displays near identical Cpy−Cpy and C−N bond
distances to alkali metal salts of this dianion. Thus, the central
silicon ion is tetravalent and the electronic structure is
[SiIV(bpy2−)Cl2]

0. It should be pointed out that the calculated
Si−N bond length of 1.721 Å is very similar to the value of
1.701 Å observed in the X-ray structure of [Si(NHCH3)4]

029

and corresponds to a Si−N single bond without appreciable
Si−N double bond character, which implies minimal π-
donation by the amido nitrogen atoms.33 Additionally, the
calculated Si−Cl bond length of 2.061 Å is in close agreement
with the average bond length of 2.008 Å in solid SiCl4.

24

In contrast, the corresponding Ge, Sn, and Pb [M(bpy)Cl2]
0

compounds are all calculated to contain a neutral N,N′-
coordinated (bpy0) ligand, which renders the central ions
divalent. In all three cases, two geometry optimized structures
could be located, with the Cl−M−Cl unit being bent (cis-
isomer) in one and nearly linear (trans-isomer) in the other.
The cis-isomer was calculated to be the global energy minimum
for all three, and whereas this conforms to the experimentally
observed structure in the Sn case,26 the X-ray structure of the
Ge compound possesses a trans geometry.25 In summary, in the
[M(bpy)Cl2]

0 series the Ge, Sn, and Pb compounds all possess
a divalent central ion, and only the Si species is tetravalent.
The electronic structures of the series [M(bpy)2]

0 and
[M(bpy)2]

2+ (M = C, Si, Ge, Sn, Pb) display a number of
interesting trends. The calculated structures of the molecule
[CIV(bpy2−)2]

0 (S = 0), which has yet to be reported, and its
crystal lographical ly characterized si l icon analogue
[SiIV(bpy2−)2]

0 (S = 0) are both tetrahedral and exhibit bpy
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structural parameters characteristic of (bpy2−)2− dianions. In
addition, the C−N and Si−N bond lengths in these compounds
are comparable to those in the crystal structures of [CIV(N-
(CH3)2)4]

028b and [SiIV(NHCH3)4]
0,29 and are typical of single

bonds. On the basis of the aforementioned data, [CIV(bpy2−)2]
0

and [SiIV(bpy2−)2]
0 are perhaps best thought of as coordination

compounds with a central C4+ and Si4+ ion.34 This notion is
supported by the minimal contribution of the central
tetravalent atom to the two degenerate bpy-centered
HOMOs observed in both cases. The same can also be said
of the corresponding hypothetical dications [CIV(bpy•)2]

2+ and
[SiIV(bpy•)2]

2+, which are most correctly described as being
diradicals with triplet ground states. The aforementioned
unpaired electrons reside in bpy-centered π*-orbitals (the
Mulliken spin population analysis reveals that the central Si and
C atoms bear <0.04 unpaired spins), and the C−N and Si−N
bonds are once again single bonds.
It is worthy of note that Norman and Russell et al.35 have

recently reported X-ray crystal structures and DFT calculations
for [BIII(bpy•)Cl2]

0 (S = 1/2) and [BIII(bpy0)Cl2]Cl (S = 0).
Based upon the experimentally observed Cpy−Cpy and C−N
bond distances, the oxidation states of the bpy ligands can be
unambiguously assigned as (bpy•)− in the former case and
(bpy0) in the latter. Hence, the central boron ion is trivalent in
both compounds. These electronic structure assignments were
supported by DFT calculations, with the Mulliken spin density
analysis for the neutral compound placing ∼95% of the
unpaired spin on the bpy ligand and only 0.15% on the boron
atom. Electron paramagnetic resonance (EPR) spectroscopy
corroborates this picture. In addition, the diamagnetic
compound [BIII(bpy0)2]I3,

36 and the paramagnetic species
[BIII(bpy2−)(bpy•)]0 (S = 1/2)37 and [BIII(Ph)2(bpy

•)]0 (S =
1/2)38 have been synthesized, but have yet to be structurally
characterized. The presence of (bpy•)− radical anions in the
latter set of compounds was confirmed by EPR spectroscopy.
The electron transfer series [Si(bpy)3]

n (n = 1+, 0, 1−, 2−)
all display octahedral geometry optimized structures, whose
average Si−N bond distances were calculated to fall in the
narrow range 1.904−1.914 Å (Figure 14) and are consistent

with single bonds in all cases. Their electronic structures are
b e s t d e s c r i b ed a s [ S i I V ( bpy • ) 3 ]

+ (S = 1/2 ) ,
[SiIV(bpy•)2(bpy

2−)]0 (S = 0), [SiIV(bpy•)(bpy2−)2]
− (S = 1/

2), and [SiIV(bpy2−)3]
2− (S = 0). Thus, the successive one

electron reductions associated with moving from the
monocation to the dianion are all bpy-centered, and the Si
ion retains a +IV oxidation state throughout. The stepwise
reduction of the bpy ligands manifests as a linear decrease of
the average Cpy−Cpy bond length, and conversely a linear
increase of the average intrachelate C−N bond length dianion
(Figure 14). Such behavior has been observed in multiple
instances for tris(bipyridine) complexes of transition metal
ions.9

Interestingly, whereas the [M(bpy)3]
0 compounds of Ge and

Sn are also computationally stable and give S = 0 BS(1,1)
[MIV(bpy•)2(bpy

2−)]0 ground state electronic structures,
geometry optimizations for [Pb(bpy)3]

0 always proceed with
dissociation of at least one (bpy0) ligand. Indeed, the latter
converge to the same Pb-containing species as those obtained
for the corresponding calculations for the bischelate compound
[Pb(bpy)2]

0. The computational instability of [Pb(bpy)3]
0

reflects the inherent instability of the +IV oxidation state for
Pb and suggests that, unlike its Ge and Sn analogues, this
compound is not likely to be synthetically accessible.
In summary, this DFT study has allowed assignment of

ground state electronic structures of several experimentally
known “low-valent” silicon bpy compounds, plus those of a
series of closely related hypothetical species of the other group
14 elements. The computational stability/instability of the
latter has allowed identification of several intriguing non-
innocent main group species that appear to be synthetically
viable. It should be noted that although a small number of true
SiII and Si0 compounds have now been prepared,39 all the “low-
valent” Si compounds in this study are correctly described as
containing SiIV and reduced bpy ligands. Additionally, as might
be expected, descending group 14 leads to enhanced stability of
the divalent state, which is associated with a stereochemically
active electron pair and results in heavily distorted structures.
Lastly and most crucially, many of the core observations that
we9 and others10 have made regarding bpy noninnocence in
transition metal complexes are equally applicable to p-block
chemistry in cases where the elements in question are
significantly less electronegative than the N-donors of bpy.
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