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ABSTRACT: We report on a systematical reactivity study of β-diketiminate
zinc complexes with redox-active 2,2′-bipyridine (bpy). The reaction of LZnI
(L = HC[C(Me)N(2,6-iPr2C6H3)]2) with NaB(C6F5)4 in the presence of bpy
yielded [LZn(bpy)][B(C6F5)4] (1), with bpy serving as a neutral ligand,
whereas reduction reactions of LZnI with 1 or 2 equiv of KC8 in the presence
of bpy gave the radical complex LZn(bpy) (2) and [2.2.2-Cryptand-
K][LZn(bpy)] (3), in which bpy either acts as a π-radical anion or a
diamagnetic dianion, respectively. The paramagnetic nature of 2 was
confirmed via solution magnetic susceptibility measurements, and UV−vis
spectroscopy shows that 2 exhibits absorption bands typical for bpy radical
species. The EPR spectra of 2 and its deuterated analog 2-d8 demonstrate that the spin density is localized to the bpy ligand. Density
functional theoretical calculations and natural bond orbital analysis were employed to elucidate the electronic structure of complexes
1−3 and accurately reproduced the structural experimental data. It is shown that reduction of the bpy moiety results in a decrease in
the β-diketiminate co-ligand bite angle and elongation of the Zn−N(β-diketiminate) bonds, which act cooperatively and in synergy
with the bpy ligand by decreasing Zn−N(bpy) bond lengths to stabilize the energy of the LUMO.

■ INTRODUCTION
The redox-active bidentate ligand 2,2′-bipyridine (bpy) has
been extensively used in coordination chemistry,1−3 supra-
molecular and macromolecular chemistry,4−6 catalysis,7−9 and
photoelectrochemistry10,11 due to its electronic flexibility. bpy
can adopt three different oxidation states and serve as a neutral
bpy ligand (bpy0), a monoradical anion (bpy•−), and a
diamagnetic dianion (bpy2−) (Figure 1), and numerous main

group metal,12−18 transition metal, and f-block metal19,20

complexes have been reported. The stepwise reduction of
neutral bpy0 to the radical anion and dianion due to the
population of the π* orbitals (LUMO) with one or two
electrons not only affects the bonding metrics, i.e., a shortening
of the bridging C−C bond is observed, but also influences the
electronic properties of the bpy ligand. While both the neutral
bpy0 and the radical anion bpy•− are good σ donors but weak π
acceptors, the dianion bpy2− is a strong π donor.21,22 Due to
the poor π-acceptor properties of bpy, electron-rich metals are
unable to engage in π backbonding; thus, the bond metrics of
the bpy moiety are directly related to the oxidation state of the
bpy ligand. This allows for the identification of the specific
oxidation level of bpy using single-crystal X-ray diffraction.22 A

strong correlation between the bonding metrics and the
oxidation states of the bpy ligand was found by comparing
experimental and calculated bond lengths within multiple
series of metal complexes, i.e., [(Cp)2M(bpy)]n (M = V, n = 0,
+, 2+; M = Ti, n = −, 0, +, 2+; M = Zr, n = 0),
[(Cp*)2Ti(bpy)]

0, [(Cp*)M(bpy)]n (M = Co, n = 0, +; M =
Ru, n = −; Cp* = C5Me5), [(Cp*)Co(bpy)Cl]

n (n = 0, +), and
[Mn(CO)3(bpy)]

−, showing that the bpy bonding regime is
invariant to the type of coordinated metal.22 Moreover, a series
of group 6 and 7 metal complexes [M(bpy)3]

n (M = Mn, Tc,
Re; n = −, 0, +, 2+) and [Cr(tbpy)3]

n (n = 0, +, 2+, 3+; tbpy =
4,4′-tBu2-2,2′-bipyridine) in different oxidation states were
studied using a combination of experimental techniques and
density functional theoretical (DFT) calculations, showing a
linear dependency between bonding metrics and overall
charges.23,24 Comparable findings were reported for first-row
transition metal complexes [(mes)2M(bpy)]n (M = Cr, Mn, Fe,
Co, Ni; n = 0, −; mes = 2,4,6-Me3C6H2).

25,26

Although the redox-active character of bpy has been
demonstrated, there is still a high demand to produce further
structurally well-characterized examples of metal complexes of
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Figure 1. Variable oxidation levels of 2,2′-bipyridine.
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the reduced bpy ligands to elucidate their electronic structures.
Previously, both the radical anion bpy•− and dianion bpy2−

species have been suggested to be π-donating ligands in metal
complexes with vacant d orbitals (i.e., Cr, Ti, etc.) that may act
as π acceptors.21,22 Despite this possible π backdonation of the
reduced bpy ligands, the ability to form bpy complexes with
late-stage d-block metals such as Zn is well-known. However,
in most cases, bpy acts simply as a neutral bpy0 donor, and
although investigations on heteroleptic complexes containing
the Zn(bpy0) motif have been conducted, the electronic
structures of such complexes with reduced bpy ligands bpy•−

and bpy2− have, up until now, not been well-characterized.27

Here, we provide extensive experimental and computational
characterization of the neutral and reduced forms of the Zn−
bpy motif (Zn−bpy0, Zn−bpy•−, and Zn−bpy2−) in a
heteroleptic complex and elucidate their structural and
electronic characteristics. The noninnocence of bpy is
crystallographically and theoretically discussed, and a correla-
tion between the variable oxidation states of bpy and the
structural parameters is provided.

■ RESULTS AND DISCUSSION
β-Diketiminato ligands have been extensively used in the
assembly of a wide variety of metal complexes in various
oxidation states.28,29 Although the oxidative redox non-
innocence of the β-diketiminato ligand has been spectroscopi-
cally and theoretically identified,30−32 the reductive redox
behavior is limited to a specific ligand, HC[C(Ph)N-
(SiMe3)]2.

33 We, therefore, reacted LZnI (L = HC[C(Me)-
N(2,6-iPr2C6H3)]2) with NaB(C6F5)4 in the presence of 2,2′-
bipyridine, yielding [LZn(bpy)][B(C6F5)4] (1) (Scheme 1),

with 2,2′-bipyridine serving as a neutral (bpy0) ligand.
Compound 1 is soluble in polar solvents, i.e., THF, CH2Cl2,
and fluorobenzene, but only slightly soluble in n-hexane and
toluene. The 1H NMR spectrum of 1 in CD2Cl2 shows the
characteristic resonances of the β-diketiminate ligand, i.e.,
singlets at 1.85 and 5.15 ppm of the Me groups and the γ-CH
proton, two doublets (0.72 and 1.18 ppm) and one septet

(3.11 ppm) of the iPr group, while resonances at 7.78, 8.22,
and 8.61 ppm belong to bpy0 (Figure S2).
To investigate the formation of different oxidation states of

the bpy ligand, LZnI was reacted with 1 equiv of KC8 in the
presence of 1 equiv of bpy in toluene. Black crystals of 2 were
isolated from the resulting black solution in a yield of 38.8%
(Scheme 1). The 1H NMR spectrum of 2 in THF-d8 shows
broad resonances typical of a paramagnetic species.34 The
paramagnetic character of 2 was confirmed by solution
magnetic susceptibility measurements via the Evans method.35

The room-temperature magnetic susceptibility of 2 was
measured as 1.76 μB, indicating the presence of a single-
unpaired electron, which is consistent with the single-crystal
structure and electron paramagnetic resonance (EPR) spec-
troscopy (see below). Compound 2 is stable at ambient
temperature under an inert gas atmosphere but thermally
decomposes at 200 °C. As expected, the oxidation of 2 with
[Ph3C][B(C6F5)4] led to the quantitative formation of 1
(Figure S25).
The reaction of LZnI with 2 equiv of KC8 in the presence of

bpy and [2.2.2]cryptand in THF (Scheme 1) as well as the
reduction of 2 with KC8 in THF (Figure S27) yielded complex
3 as dark violet crystals. The 1H NMR spectrum of 3 in THF-
d8 shows the resonances of the β-diketiminate ligand (δ 4.48
(γ-CH), 1.56 (Me), 1.16, 1.37, 3.47 (CHMe2)) and the
[2.2.2]cryptand (2.52, 3.51, and 3.55 ppm), whereas
resonances of the bpy ligand could not be detected. Likewise,
the 1H NMR spectrum of 3 in CD3CN shows the same
phenomenon (Figure S23). In contrast, the 1H NMR spectrum
of 3 in CD2Cl2 shows the expected resonances of the β-
diketiminate and bpy ligands as well as the [2.2.2]cryptand.
The relative intensity of the resonances of the cation and anion
deviates from the expected 1:1 ratio, which is probably due to
the partial reoxidation of bpy2− to bpy0 caused by its reaction
with CD2Cl2. This is further supported by various 2D NMR
analyses of 1 and 3 in CD2Cl2 (Figures S4, S5, S21, and S22).
The different 1H NMR spectra of 3 in THF-d8 and in CD2Cl2
indicate a dynamic behavior of 3 in these solvents. We,
therefore, performed a variable temperature 1H NMR analysis
of 3 in THF-d8 in the temperature range from −60 to +50 °C,
but no change was observed except that the resonance of the
[2.2.2]cryptand was displayed at 3.53 ppm at −60 °C (Figure
S28). In addition, we reacted an isolated sample of 3 with
[Ph3C][B(C6F5)4] in a 1:2 molar ratio in THF. This reaction
quantitatively yielded compound 1 (Figure S26), proving the
presence of bpy in the solution of 3 in THF. Moreover,
recrystallization experiments of 3 from solutions in toluene and
n-hexane/THF gave the same molecular structures (Figures
S31 and S32). The EPR spectrum of compound 3 in THF
closely matches the relatively strong signal of compound 2 in
THF (Figure S40), indicating partial oxidation of 3 to 2.
Because the UV−vis spectra of compounds 2 and 3 are also
similar (see the UV−vis Spectra section), we conclude that
compound 3 in THF at least partially forms complex 2
(bpy•−), and these residual quantities of 2 significantly
influence the NMR resonances corresponding to the bpy
moiety due to the fast electron exchange as well as contributing
characteristic π → π* absorption bands in the UV−vis
spectrum.

Solid State Structures. The solid-state structures of 1−3
were determined by single-crystal X-ray diffraction. Compound
1 was recrystallized from n-hexane/fluorobenzene, and 2 was
crystallized from toluene. Single crystals of compound 3 were

Scheme 1. Synthesis and Conversion of 1−3a

aReagents and condition: (i) NaB(C6F5)4, n-hexane; (ii) KC8,
toluene; (iii) 2 KC8, [2.2.2]cryptand, THF; (iv) [Ph3C][B(C6F5)4],
CD2Cl2; (v) 2 [Ph3C][B(C6F5)4], THF-d8; and (vi) KC8, [2.2.2]-
cryptand, THF-d8.
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grown from toluene (3) and n-hexane/THF (3#). Since both
structures are comparable, only the structural parameters of 3
are discussed. Compound 1 crystallizes in the monoclinic
space group P21/n, while 2 and 3 crystallize in the triclinic
space group P1̅ (Figure 2). The zinc atoms in 1−3 adopt

distorted tetrahedral coordination geometries. The plane
defined by Zn, N1, and N2 is approximately perpendicular
to the bipyridyl plane (88.99°, 1; 89.34°, 2; 88.29°, 3). The
C−C bond lengths in the bpy moiety clearly reflect the
different charges of the bpy ligand, resulting from the stepwise
population of the π* orbitals of the bpy ligand. The bridging
C34−C35 bond lengths decrease from 1.485(2) Å in 1 to
1.4269(16) Å in 2 and, finally, 1.384(4) Å in 3, which agrees
with previously described changes in the bpy bond lengths as a
consequence of the reduction of the complex.23−26 Moreover,
in the five-membered Zn(bpy) chelate, the stepwise reduction
results in an elongation of the neighboring C−N bonds from
1.348(2) Å in 1 to 1.384(14) Å in 2 and, finally, 1.430(4) Å in
3, whereas a shortening of the Zn−N bond lengths from
2.064(14) Å in 1 to 1.997(10) Å in 2 and 1.958(3) Å in 3 is
observed. As a result of the bond length variation, the N3−
Zn−N4 angle of the bpy ligand increases stepwise from
80.11(6)° to 86.23(11)° in 1−3, as was previously
reported.22−26 However, the Zn−N bond lengths within the
β-diketiminate ligand steadily increase from 1.949(13) (1)
over 1.977(10) (2) to 2.024(3) Å (3), while the N1−Zn−N2
bond angle of the β-diketiminate ligand steadily decreases from
100.70(5)° in 1 to 97.89(4)° in 2 and 94.82(11)° in 3,
respectively.
EPR of 2. The room-temperature Continuous Wave (CW)

X-band (∼9.45 GHz) spectrum of 2 is centered near the free
electron value ge = 2.0023 and is approximately 30 G wide
(Figure 3). The EPR spectrum of 2 has a large number of
resolved hyperfine features and is similar to the previously
reported alkylzinc-2,2′-bipyridyl (bpy) radical complex [(bpy)-
Zn(Et)] (Et = ethyl),36 suggesting that 2 possesses a similar
localized radical bpy ligand with various 1H hyperfine
couplings.

To experimentally confirm that the radical is localized to the
bpy ligand and to refine the 14N hyperfine couplings, the fully
deuterated bpy analog (2-d8) was prepared and measured via
EPR (Figure S38). In 2-d8, the equivalent 2H hyperfine
couplings scale by the gyromagnetic ratio ∼1/6.5, yielding
significantly diminished 2H couplings compared to the 1H
couplings in 2. 2-d8 exhibits a five-line spectrum arising from 2
equiv 14N(I = 1) nuclei, confirming that the radical is bpy
centered. This, in turn, eliminates the possibility of large
hyperfine contributions from the 14N atoms of the β-
diketiminate co-ligand to the EPR spectrum and allows for
the further refinement of 1H bpy hyperfine couplings.
Ultimately, the multiline spectrum of 2 can be accurately

simulated using a complex hyperfine regime, whereby the
magnitude of the isotropic 14N and 1H hyperfine interactions
(aiso) may be simulated in equivalent atomic pairs across the
two pyridyl rings (Figure 1) and small additional hyperfine
couplings from 2 equiv 14N nuclei on the β-diketiminate co-
ligand (aiso ∼1.62 MHz). The aiso values obtained from the
simulated spectrum and DFT calculations for the radical
complex 2 (Figure S39) are detailed in Table S2 alongside the
calculated hyperfine couplings for the free bpy radical anion.
The trends in the DFT calculated hyperfine couplings are in
good agreement with the values obtained from the simulated
spectrum, allowing for atomic assignments to be made, which
are in agreement with those made previously.31 DFT also
calculates small 14N hyperfine couplings for the two β-
diketiminate 14N nuclei (N,N′{β-diketiminate}DFT = 1.91
MHz), which is in agreement with the simulation of the
experimental spectrum.

UV−Vis Spectra. The UV−vis absorption and associated
time-dependent DFT-calculated spectra for complexes 1−3 are
shown in Figures S34−S37. Complex 2 exhibits a characteristic
intense π → π* transition on the bpy•− moiety at ∼26 100
cm−1 (ε = 2.24 × 104 M−1 cm−1) and a less intense π* → π*
transition at ∼19 500 cm−1 (0.59 × 104 M−1 cm−1), which are
in agreement with the values previously reported for
[Na+bpy•− (THF)] and [Cr(CO)4(bpy

•−)].37,38 In bpy0, the
π → π* transition occurs at a much higher energy of 35 700

Figure 2. Molecular structures of 1 (top), 2 (bottom, left), and 3
(bottom, right) with thermal ellipsoids at the 30% probability level. H
atoms and solvent molecules are omitted for clarity.

Figure 3. Experimental (black) and simulated (red) room-temper-
ature solution X-band CW EPR spectra for 2. Simulated parameters
for 2: giso = 2.00236, aiso(N,N′{bpy}) = 9.08 MHz, aiso(H6,6′) = 1.62
MHz, aiso(H5,5′) = 9.83 MHz, aiso(H4,4′) = 5.92 MHz, aiso(H3,3′) =
2.57 MHz, and aiso(N,N′{β-diketiminate}) = 1.62 MHz, line-width
(peak-to-peak) = 0.54 gauss.
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cm−1 as the π* orbital is further destabilized when completely
unpopulated.37 However, in 1, this absorption band is at a
slightly lower energy of 31 700 cm−1. 3 in THF exhibits a UV−
vis spectrum with less intense absorption bands that are similar
to those for 2, suggesting that some bpy•− species (2) are
formed upon dissolution of 3 in THF (Figure S34B), as
discussed above. Finally, 3 in CH2Cl2 yielded no measurable
radical signal by EPR spectroscopy (Figure S40), in agreement
with the absence of bpy•− absorption features.
Quantum Chemical Calculations. Geometry-optimized

structures of 1−3 are in excellent agreement with the
experimental structures (Figure S41) and accurately reproduce
the tetrahedral distortion of the ZnN4 first coordination sphere
of 1 upon reduction to 2 and then 3. The optimized structures
reproduce the shortening of the Zn−N(bpy) bond lengths
upon reduction from an average of 2.063 Å in 1 to 2.003 Å in 2
and, finally, 1.958 Å in 3 (Table S3 and Figure 4). DFT also

captures the alterations to the N−C and C−C bond lengths
and bond angles of the bpy fragment, which are expected due
to the filling of bpy π* orbitals upon reduction and the
concomitant rearrangement of the π-bonding structure of the
neutral ligand. This is generally characterized by a large
decrease in the bridging C34−C35 bond length, calculated as
1.484 Å in 1 and decreasing to 1.428 and 1.401 Å in 2 and 3,
respectively (Figure 4b).25

DFT also reproduces the changes in bond metrics pertaining
to the Zn−β-diketiminate fragment, which responds in
opposing fashion to the Zn−bpy fragment. The mean of the
two Zn−N(β-diketiminate) bond lengths of the DFT-
optimized structures increases upon reduction of 1 from
1.981 Å to 2.015 Å in 2 and 2.051 Å in 3. Second, there is an
incremental decrease in the N−Zn−N angle of the Zn−β-
diketiminate fragment from 101.68° to 94.94° in 1−3, which
along with the decrease in Zn−N(β-diketiminate) bond
lengths are in line with the crystallographic data.
Crystallographic and computational analyses of R2Zn

complexes with N-donor co-ligands [e.g., Me2Zn(bpy)]
showed that a 10.0° decrease in the C−Zn−C bond angle
can lead to Zn−N bond lengths shortening by up to 0.06 Å.39

Between complexes 1 and 3, the β-diketiminate N−Zn−N
angle decreases by only 6.7°, but the bpy Zn−N bond lengths
decrease by 0.07 Å, showing that the effects of angular
distortion about the Zn atom on the Zn−N bonds of the co-
ligand are not limited to dialkylzinc complexes but are also
apparent in complexes with N4 first-coordination spheres.
Considering there is a simultaneous reduction of the bpy

ligand, the changes in the Zn−bpy bond metrics are not solely
attributed to the angular distortions of the Zn−β-diketiminate
motif but are also subject to the changes in the electronic
structure of the bpy ligand. The single-point energies of 2 and
3 are calculated to be ca. 2.6 and 5.0 eV higher than 1,
respectively, showing a consistent energy increase with
reduction. A comparison of the frontier molecular orbitals
(MOs) shows that the cationic species 1 has a highest
occupied molecular orbital (HOMO) with electron density
distributed across the supporting β-diketiminate ligand (Figure
5). Meanwhile, the LUMO of 1 consists of an aromatic bpy

moiety. In contrast to 1, the SOMO of 2 and HOMO of 3 are
MOs exhibiting electronic delocalization on the bpy, with
noticeable nodes occurring on the C30 and C39 positions of
the rings. The SOMO and corresponding spin density plot of 2
shown in Figure S42 make the magnitude and signs of the 1H
hyperfine couplings (Table S2) apparent, where the largest are
at C31/C38 and C32/C37 and the weakest at the effective
nodes of spin density at C30 and C39.
We have additionally performed natural bond analysis40

(NBO) to formalize the localized orbitals that describe the
molecular bonding pattern of electron pairs (or of individual
electrons in the open-shell case) in an optimally compact form
for complexes 1−3. Bond hybridization, type (σ−σ*/π−π*),
and polarization for each atom pair within the bpy fragments
are given in Tables S4−S6. The natural charges (NCs) for each
atom are obtained from the natural population analysis41

(NPA) and are shown in Table 1. The natural electronic
configuration of the Zn atom of complexes 1−3 are identical:
[Ar]4s0.33 3d9.97 4p0.02 4d0.01 with 10.30 valence electrons, in

Figure 4. (a) B3LYP/def2-TZVP calculated SOMO in 2 (isopropyl
groups and hydrogen atoms omitted for clarity). (b) Bond length
changes across the bpy ligand in complexes 1−3. (c) Schematic view
of the Lewis structures of the neutral, radical anionic, and dianionic
bpy ligands in 1−3. Hydrogen atoms and isopropyl residues omitted
for clarity. Figure 5. HOMO/SOMO and LUMO energies for 1, 2, and 3.

Isosurfaces are plotted with a value of 0.05. Certain isopropyl residues
are omitted for clarity. Legend: zinc, blue-green; nitrogen, blue;
carbon, gray; hydrogen, white.
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line with the previously reported Zn-radical species.42 The
NPA shows that the NC on the Zn atoms remains consistently
at a value near +1.66 (Table 1), confirming that the reduction
of 1 does not influence the local electronic structure of the
Zn(II) ions. Similarly, the coordinating N atoms of the
supporting β-diketiminate ligand do not exhibit significant
changes in their NCs, remaining redox innocent. Conversely,
the NC decreases significantly on both of the bpy nitrogen
atoms as the complexes are reduced. There is a uniform
decrease in the NCs across all other atoms on the bpy
fragment; the consequence of singly and then doubly
populating the π* orbital in 2 and then 3, respectively. This
shows that both electrons reside within the same MO on the
dianionic bpy ligand, in agreement with the DFT-calculated
HOMOs (Figure 5). Ultimately, the analysis of the NCs for 1−
3 concludes that a reduction of 1 and 2 is localized to the bpy.
The formal d10 Zn center is unable to partake in π-

backbonding between the Zn d-manifold and the bpy π*
orbitals, limiting the Zn−bpy and Zn−β-diketiminate inter-
actions to σ-type interactions and electrostatic forces only.
This effect has also been reported in a range of heteroleptic
first-row transition metal complexes of bpy.24,25

The frontier orbitals exhibit solely ligand character and Zn d
character is absent, demonstrating how low the Zn d manifold
is in energy relative to the valence ligand orbitalssimilar to
other pyridine- and pyrrole-coordinated Zn(II) complexes.43

Thus, based on the structural evidence, the interactions
between the Zn atomic-like orbitals and the bpy MOs can
be thought of as mostly electrostatic, increasing in strength
with increasing negative charge on bpy.
The NBO analysis shows that complexes 1−3 also exhibit a

so-called lone vacant non-Lewis-type orbitals on the Zn(II) ion
with natural occupations of only ∼0.165 electrons. Although
no Zn−N bonds are found within the NBO analysis, this Zn
σ* orbital, possessing the zinc 4s character, highlights the weak
Zn−N interactions and σ-accepting character of the Zn
center.44

The bonding regime across the bpy fragments of 1−3 can be
deduced from the NBO analysis by the observation of the
position of π/π*-bonding interactions between donor−accept-
or atom pairs (Figure 4). The NBO analysis shows that in all
three complexes, the more electronegative N3 and N4 atoms

of the bpy ligand possess a polarized σ-bonding orbital with the
adjacent C30 and C39 atoms, respectively, which are
composed of ∼60% N character. However, unlike in 1, there
is no accompanying π-bonding orbital to the N3−C30 and
N2−C39 σ bonds. In the cationic species 1, this degree of
polarization is calculated for the N3−C30/N4−C31 σ-bonding
NBO as well as for the corresponding π-bonding NBO. As
shown in Figures 1 and 4c, the π interactions on the bpy
fragment vary across the redox series. According to the NBO
analysis: cation 1 exhibits typical aromatic delocalization, with
the N3 and N4 atoms forming π interactions with the C30 and
C39 atoms, respectively. However, for 2 and 3, these nitrogens
are not involved in any π interactions with the adjacent
carbons, but rather the ring-linking C34 and C35 atoms form a
π bond. This is symptomatic of the dearomatization of the bpy
as a result of sequential one-electron reductions and is in
strong agreement with both the present structural data and
previous studies in other transition metal complexes of
bpy.22,24,25,45 Our observations are also in line with the
investigations into first-row transition metal complexes of bpy
made by Wieghardt and co-workers22,24,43 as well as the
subsequent analysis of a series of heteroleptic first-row
transition metal complexes of bpy by Irwin et al.25

It is clear that increasing the negative charge on bpy is
significantly strong enough to modulate the Zn−N bond
lengths via increased covalent interaction in the dative
coordination bonds. Additionally, secondary effects, such as
acute geometric distortions in the bite angle of the β-
diketiminate co-ligand, are thought to act constructively;
decreasing the energy of the LUMO, and thus increasing the
Lewis acidity of the Zn(II) center. Constraining either the
Zn−Nbpy bond lengths or the β-diketiminate N−Zn−N angles
in 1 showed that the energy of the LUMO can be modulated
by as much as ∼495 or 615 cm−1 by increasing these bond
lengths or angles from 1.96 to 2.04 Å and 90 to 100°,
respectively (Figures S43 and S44). The more stable 90° N−
Zn−N of the β-diketiminate ligand was also accompanied by
longer Zn−N bond lengths, which is what is observed in the
crystal structure. Thus, these synergistic effects combine to
decrease Zn−bpy bond lengths, meaning that the changes in
the bond metrics pertaining to the bpy ligand are diagnostic of
a purely bpy-centered reduction that results in dearomatiza-
tion. This is both observed in the crystallography and
accurately captured by the NBO analysis, which identifies
the loss of C−N π bonds and decreasing C34−C35 bond
length in the singly and doubly reduced bpy complexes 2 and
3. Overall, the bonding between the Zn and bpy moieties
consists primarily of electrostatic interactions between
positively charged Zn(II) ions and the in-plane nitrogen sp2

lone pairs of the bpy.

■ CONCLUSION
In summary, three β-diketiminate-supported zinc complexes of
2,2′-bipyridine were synthesized, in which the oxidation state
of the 2,2′-bipyridine moiety is varied from 0 to −2. This
provides a homologous series of examples to view the redox
behavior of noninnocent 2,2′-bipyridine ligands and how this is
manifested by the overall structural and spectroscopic
properties of the complex. The bond distances and angles
correlate with the charge of the bpy ligand in a linear fashion,
providing an insight into the mechanism of interaction
between the zinc(II) center and ligand. Theoretical calcu-
lations echo the experimental results and demonstrate that the

Table 1. Atomic Natural Charges from the Natural
Population Analysis (α and β Spins Combined)

atom charge

1 2 3

Zn1 1.664 1.666 1.667
N3 −0.586 −0.681 −0.785
N4 −0.589 −0.679 −0.804
C30 0.063 0.052 0.051
C31 −0.222 −0.313 −0.430
C32 −0.131 −0.193 −0.261
C33 −0.201 −0.215 −0.249
C34 0.164 0.096 0.027
C35 0.170 0.097 −0.004
C36 −0.197 −0.211 −0.243
C37 −0.125 −0.191 −0.284
C38 −0.223 −0.308 −0.439
C39 0.062 0.054 0.037
N1 −0.78 −0.750 −0.73
N2 −0.78 −0.748 −0.73
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gain and loss of electrons are localized to the bpy ligand, while
the LZn moiety assumes the role of a spectator and Lewis acid.

■ EXPERIMENTAL SECTION

General Procedures. All manipulations were carried out
under an atmosphere of dry argon or nitrogen using the
Schlenk line and glovebox techniques. Toluene and n-hexane
were dried using a Braun solvent drying system and degassed
prior to use. Fluorobenzene was dried over CaH2. Deuterated
benzene and THF were dried by refluxing over sodium/
potassium under an argon atmosphere prior to use, while
deuterated dichloromethane was dried over CaH2.

1H, 13C,
19F, and 11B NMR spectra were recorded on Bruker Avance II
400 and 600 MHz spectrometers. Elemental analyses were
performed at the Elementaranalyse Labor of the University of
Duisburg-Essen. UV−vis spectra were collected on a Shimadzu
UV-2600i UV−vis spectrophotometer. IR spectra were
recorded using a Bruker ALPHA-T FTIR spectrometer
equipped with a single-reflection ATR sampling module.
Commercial reagents were purchased from Aldrich, Acros, or
Alfa-Aesar Chemical Co. and used as received. NaB(C6F5)4

46

was prepared according to the literature, and LZnI (L =
HC[C(Me)N(Ar)]2, Ar = 2,6-iPr2C6H3)

47 was prepared in a
modified synthetic procedure.
CW X-band (∼9.5 GHz) EPR spectra of 2 and 2-d8 and 3

were collected on a Magnetech 5000 EPR spectrometer at
room temperature. Samples were prepared under an argon
atmosphere in a glovebox and sealed in glass capillary sample
tubes (50 μL) using Hirschmann sealing wax purchased from
Fisher Scientific. The room-temperature CW X-band spectrum
of 2 was collected with 100 kHz field modulation at 0.1 G
amplitude and a 240 s sweep time for four repeat scans. For 2-
d8, the experimental parameters were kept constant, except for
an increase to 0.5 G amplitude and the use of five repeat scans.
For the qualitative and quantitative analyses of 2 and 3 in
toluene, THF, or CH2Cl2 solutions, the samples were prepared
at 1 mM concentration and the spectra were collected using
100 KHz field modulation at 0.5 G amplitude and a 60 s sweep
time. A digital RC filter was applied with an effective time
constant of 0.05 s. All EPR data were processed and analyzed
in Matlab 2019b and simulated using the EasySpin package (v.
6.0).48 Simulation parameters are given in figure captions.
Synthesis of LZnI. An equimolar mixture of LLi and ZnI2

was suspended in n-hexane at −20 °C and stirred for 24 h. The
resulting suspension was filtered, and the filtrate was
concentrated in vacuo and stored at −30 °C, yielding colorless
crystals after 24 h. Yield: 90%. 1H NMR (400 MHz, C6D6) δ =
1.18 (d, 3JHH = 8.0 Hz, 12H, CHMe2), 1.41 (d, 3JHH = 8.0 Hz,
12H, CHMe2), 1.72 (s, 6H, CMe), 3.15 (sept, 3JHH = 8.0 Hz,
4H, CHMe2), 5.04 (s, 1H, CH), 7.15−7.21 (m, 6H, C6H3).
Synthesis of 1. LZnI (250 mg, 0.41 mmol), 2,2′-bipyridine

(64 mg, 0.41 mmol), and Na[B(C6F5)4] (288 mg, 0.41 mmol)
were suspended in n-hexane (40 mL) at ambient temperature
and stirred for 12 h. The resulting light-yellow suspension was
filtered and the filtrate reduced in vacuo to yield a light-yellow
solid. Yield: 480 mg (88.8%). Colorless crystals were obtained
by layering n-hexane on top of a solution of 1 in fluorobenzene.
Melting point: 204 °C (dec). Anal. calcd (%) for
C63H49ZnN4BF20 (Mr = 1318.27): C, 57.4; H, 3.75; N, 4.25.
Found: C, 56.3; H, 3.53; N, 4.22. 1H NMR (600 MHz,
CD2Cl2): δ = 0.72 (d, 3JHH = 6.0 Hz, 12H, CHMe2), 1.18 (d,
3JHH = 6.0 Hz, 12H, CHMe2), 1.85 (s, 6H, CMe), 3.11 (sept,

3JHH = 6.0 Hz, 4H, CHMe2), 5.15 (s, 1H, CH), 7.00−7.16 (m,
6H, C6H3), 7.78 (sept, 3JHH = 6.0 Hz, 4H, H-bpy), 8.22 (d,
3JHH = 4.2 Hz, 2H, H-bpy), 8.61 (d, 3JHH = 4.2 Hz, 2H, H-
bpy). 13C{1H} NMR (150 MHz, CD2Cl2): δ = 24.2, 24.4, 24.5,
29.0, 96.0 (γ-CH), 123.4, 124.5, 126.8, 128.8, 142.4, 143.0,
143.6, 149.5, 149.6, 171.7 (CN). 19F NMR (565 MHz,
CD2Cl2): δ = −133.5(m, 8F, o-F), −163.3 (t, 3JFF = 22.6 Hz,
4F, p-F), −167.3 (m, 8F, m-F). 11B NMR (192 MHz, CD2Cl2):
δ = −16.6. 1H NMR (600 MHz, d8-THF): δ = 0.76 (d, 3JHH =
6.0 Hz, 12H, CHMe2), 1.20 (d, 3JHH = 6.0 Hz, 12H, CHMe2),
1.87 (s, 6H, CMe), 3.20 (sept, 3JHH = 6.0 Hz, 4H, CHMe2),
5.23 (s, 1H, CH), 7.03−7.05 (m, 6H, C6H3), 7.92 (sext,

3JHH =
6.0 Hz, 2H, H-bpy), 8.35 (sext, 3JHH = 6.0 Hz, 2H, H-bpy),
8.56 (d, 3JHH = 4.2 Hz, 2H, H-bpy), 8.72 (d, 3JHH = 4.2 Hz,
2H, H-bpy). 13C{1H} NMR (150 MHz, d8-THF): δ = 24.1,
24.5, 24.6, 29.3, 96.2 (γ-CH), 124.5, 124.8, 127.2, 129.4, 142.8,
143.6, 144.3, 150.2, 150.4, 171.8 (CN). ATR-IR: ν 2965, 1643,
1513, 1459, 1385, 1313, 1267, 1086, 1027, 975, 803, 766, 755,
682, 660 cm−1.

From 2 to 1. Equimolar amounts of 2 and [Ph3C][B-
(C6F5)4] were dissolved at ambient temperature in CD2Cl2 in
an NMR tube, resulting in an immediate color change to
yellow. An in situ 1H NMR spectrum showed the quantitative
formation of 1.

From 3 to 1. A 1:2 molar ratio of 3 and [Ph3C][B(C6F5)4]
were dissolved in THF-d8 at ambient temperature in an NMR
tube, resulting in an immediate color change to yellow. An in
situ 1H NMR spectrum showed the quantitative formation of
1.

Synthesis of 2 and 2-d8. LZnI (610 mg, 1 mmol), 2,2′-
bipyridine (156 mg, 1 mmol), and KC8 (135 mg, 1 mmol)
were suspended in toluene (50 mL) at ambient temperature
and stirred for 12 h. The suspension was filtered, and the
resulting black filtrate concentrated to 5 mL and stored at 4
°C. Dark black crystals were formed within 24 h. Yield: 250 mg
(38.8%). Melting point: 200 °C (dec). Anal. calcd (%) for
C39H49ZnN4 (Mr = 639.23): C, 73.3; H, 7.73; N, 8.76. Found:
C, 73.2; H, 7.84; N, 8.60. ATR-IR: ν 2958, 2922, 2868, 1544,
1512, 1489, 1456, 1436, 1398, 1312, 1292, 1269, 1177, 1095,
1006, 959, 936, 853, 792, 758, 715, 656, 455, 413 cm−1. The
deuterated analog 2-d8 was prepared in a similar method using
bpy-d8 as the precursor.

Synthesis of 3. THF (30 mL) was added to a mixture of
LZnI (150 mg, 0.25 mmol), 2,2′-bipyridine (38 mg, 0.25
mmol), [2.2.2]cryptand (92 mg, 0.25 mmol), and KC8 (66 mg,
0.5 mmol) at −78 °C, and the resulting suspension was
warmed to ambient temperature within 12 h. The solvent was
removed in a vacuum, and the resulting residue was extracted
with toluene (40 mL). The filtrate was concentrated to 5 mL
and stored at 4 °C. Dark orange crystals formed within 24 h.
Yield: 105 mg (40.5%). Melting point: 207 °C (dec). Anal.
calcd (%) for C57H85ZnN6O6K (Mr = 1054.82): C, 64.9; H,
8.12; N, 7.97. Found: C, 64.7; H, 8.32; N, 7.50. 1H NMR (600
MHz, d8-THF): δ = 1.16 (d, 3JHH = 6.0 Hz, 12H, CHMe2),
1.37 (d, 3JHH = 6.0 Hz, 12H, CHMe2), 1.56 (s, 6H, CMe), 2.31
(s, 3H, toluene), 2.52 (m, 12H, crypt-CH2), 3.47 (m, 4H,
CHMe2), 3.51 (m, 12H, crypt-CH2), 3.55 (s, 12H, crypt-CH2),
4.48 (s, 1H, CH), 6.96−7.20 (m, 11H, C6H3, toluene).
13C{1H} NMR (150 MHz, d8-THF): δ = 21.5, 25.7, 25.8, 54.9,
68.5, 71.4, 123.5, 124.5, 126.1, 128.9, 129.7, 138.5, 143.7
(CN). 1H NMR (400 MHz, CD2Cl2): δ = 1.13 (d, 3JHH = 8.0
Hz, 12H, CHMe2), 1.24 (d,

3JHH = 6.0 Hz, 12H, CHMe2), 1.62
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(s, 6H, CMe), 2.34 (s, 3H, toluene), 2.53, 3.51, 3.58 (m, crypt-
CH2), 3.54 (m, 4H, CHMe2), 4.67 (s, 1H, CH), 7.10−7.34
(m, 16H, C6H3, toluene, H-bpy), 7.82 (sext,

3JHH = 8.0 Hz, 1H,
H-bpy), 8.43 (d, 3JHH = 4.2 Hz, 1H, H-bpy), 8.65 (d, 3JHH =
4.2 Hz, 1H, H-bpy). 13C{1H} NMR (150 MHz, CD2Cl2): δ =
21.7, 24.2, 24.9, 25.9, 28.1, 68.1, 71.0, 93.0, 121.3, 123.6, 124.3,
124.5, 125.8, 128.7, 129.5, 137.4, 138.5, 144.1, 146.5, 149.7,
156.6, 166.6. ATR-IR: ν 1854, 2863, 2809, 1516, 1456, 1434,
1406, 1352, 1317, 1281, 1258, 1176, 1098, 1077, 963, 950,
924, 788, 756, 725, 672, 621, 521, 396 cm−1.
From 2 to 3. A 1:1:1 molar mixture of compound 2, KC8,

and [2.2.2]cryptand were suspended in an NMR tube in THF-
d8 at ambient temperature, resulting in an immediate color
change to dark green. An in situ 1H NMR spectrum showed
the quantitative formation of 3.
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