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’ INTRODUCTION

The redox-active behavior of 4,40-bipyridine has been well
established for over 50 years. Early electron paramagnetic
resonance (EPR) studies on organic radicals in solution were
the first to identify the 4,40-bipyridyl anion (4,40-bipy•�) as a
product of the reduction of pyridine, or 4,40-bipyridine, with
alkali metals.1,2 Further studies on the radical anion and dianion
were later conducted by several research groups employing a
combination of spectroscopic, electrochemical, and computa-
tional techniques.3�5 Electrochemical measurements on solu-
tions of 4,40-bipyridine reveal two consecutive chemically
accessible reduction steps, highlighting the possibility of forming
coordination complexes of these highly reductive species.3,4 The
use of 4,40-bipyridine in molecular squares exhibiting ligand-
centered mixed valency (LCMV) has been reported by Hupp
and others, who have demonstrated that the electrochemical
reduction of neutral supramolecular complexes can give rise to
isostructural species where negative charges reside on bridging
ligand moieties.6 However, despite the extensive research in this
area, to the best of our knowledge there are no structural data
available in the chemical literature for coordination complexes
with chemically reduced forms of the 4,40-bipyridyl ligand. Our
research group recently reported the isolation and crystallo-
graphic characterization of the 4,40-bipyridyl radical anion and
dianion as alkali metal salts,7 and herein we report a follow-up
study on the covalently bonded Lewis acid�base adducts of
these species.

Our interest in such complexes stems from reports that
transition metal complexes of open-shell “non-innocent” ligand
systems may exhibit unique reactivity when compared to closely
related complexes with ligand systems which are not redox-
active.8 Numerous examples of non-innocent ligands have been
reported in the literature and include semiquinone and phenoxyl
systems,9,10 dithiolates,11 R-diimines,12 R-iminopyridines,13 R-
iminoketones,14 tetrazenes,15 aminyl radicals,16 and imino- and
thio-phenolates.17 Similar “non-innocent” behavior has also been
established for the 2,20-isomer of bipyridine.8b�d

Herein we report the isolation and electronic characterization
of [Zn2(4,40-bipyridine)(mes)4] (1) as well as of the [K(18-
crown-6)]þ salts of the anionic, [K(18-crown-6) (THF)2][Zn2(4,40-
bipyridine)(mes)4] (2), and dianionic, [K(18-crown-6)]2[Zn2-
(4,40-bipyridine)(mes)4] (3), derivatives and apply single-crystal
X-ray diffraction, electron paramagnetic resonance (EPR), and
NMR spectroscopy and density functional theory (DFT) to
characterize their electronic structures. These physiochemical
measurements are consistent with the presence of a 4,40-bipyridyl
radical anion in 2, and of the 4,40-bipyridyl dianion in 3.

’EXPERIMENTAL SECTION

General Methods. All reactions and product manipulations were
carried out under an inert atmosphere employing standard Schlenk-line
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ABSTRACT: Addition of 1 equiv of potassium metal to a tetrahydrofuran
(THF) solution of Zn2(4,40-bipyridine)(mes)4 (1; mes =2,4,6-Me3C6H2) in
the presence of 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane) yielded
the radical anionic species [Zn2(4,40-bipyridine)(mes)4]

•�, which was char-
acterized by single crystal X-ray diffraction in [K(18-crown-6)(THF)2][Zn2-
(4,40-bipyridine)(mes)4] (2). A similar reaction employing 2 equiv of alkali
metal afforded the related complex [K(18-crown-6)]2[Zn2(4,40-bipyridine)-
(mes)4] (3). The [Zn2(4,40-bipyridine)(mes)4]

n� (n = 0�2) moieties present
in 1�3 are largely isostructural, yet exhibit significant structural variationswhich
arise because of differences in their electronic structure. These species represent
a homologous series of complexes in which the ligand exists in three distinct
oxidation states. Structural data, spectroscopic measurements, and density
functional theory (DFT) calculations are consistent with the assignment of 1,
2, and 3 as complexes of the neutral, radical anionic, and dianionic 4,40-bipyridyl ligand, respectively. To the best of our knowledge, species
2 and 3 are the first crystallographically characterized transition metal complexes of the 4,40-bipyridyl radical and dianion.
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or glovebox techniques. Toluene (99.9%, Rathburn Chemicals, Ltd.)
and hexanes (99.9%, Rathburn Chemicals, Ltd.) were dried using an
MBraun SPS-800 solvent purification system. Tetrahydrofuran (THF;
99.9%, Rathburn Chemicals, Ltd.) was distilled over potassium metal
under a dinitrogen atmosphere. All solvents were stored in gastight
ampules under argon. In addition, toluene and hexanes were stored over
activated 3 Å molecular sieves (Acros). Potassium metal (99.95%,
Aldrich) was stored under dinitrogen in an MBraun UNIlab glovebox
maintained at <0.1 ppm H2O and <0.1 ppm O2 and used as received.
4,40-Bipyridine (>99%, Acros) and 18-crown-6 (1,4,7,10,13,16-hexaox-
acyclooctadecane; 99%, Alfa-Aesar) were used as delivered after being
carefully dried under vacuum. Zn(mes)2 (mes = 2,4,6-Me3C6H2) was
synthesized according to a modified literature-reported procedure (see
Supporting Information for details).18

Zn2(4,4
0-bipyridine)(mes)4 (1). Zn(mes)2 (300mg, 0.988mmol) and

4,40-bipyridine (77 mg, 0.494 mmol) were dissolved in THF (∼4 mL)
under an inert atmosphere and stirred for 5 h, forming a pale yellow
solution. The resulting solution was filtered and layered with hexanes.
Large colorless needle-like crystals of Zn2(4,40-bipyridine)(mes)4
formed overnight in good yields (240 mg, 63.6% crystalline yield). A
powder X-ray diffraction pattern was obtained which matched the
simulated diffraction pattern based on the single-crystal X-ray diffraction
data (Supporting Information, Figure S1). Anal. Calcd. for C46H52N2-
Zn2: C 72.34%, H 6.86%, N 3.67%. Found: C 72.25%, H 6.77%, N
3.58%. 1H NMR (299.9 MHz, d8-THF): δ (ppm) 8.57 (d, 4H, ortho-
4,40-bipyridyl, 3JH�H = 6 Hz), 7.71 (d, 4H, meta-4,40-bipyridyl, 3JH�H =
6 Hz), 6.73 (s, 8H, C6H2(CH3)3), 2.42 (s, 24H, ortho-CH3), 2.21
(s, 12H, para-CH3). The

1H NMR spectrum of 1 was assigned with the
help of a COSY 2-D experiment. 13C NMR (75.4 MHz, d8-THF):
δ (ppm) 152.59 (s, ipso-C6H2(CH3)3), 151.45 (s, ortho-4,40-bipyridyl),
147.05 (s, para-4,40-bipyridyl), 145.48 (s, ortho-C6H2(CH3)3), 136.52
(s, para-C6H2(CH3)3), 126.48 (s, meta-C6H2(CH3)3), 122.88 (s, meta-
4,40-bipyridyl), 27.42 (s, ortho-CH3), 21.58 (s, para-CH3).

13C{1H}
NMR resonances were assigned with the help of HSQC andHMBC 2-D
spectra. See Figures S2�S7 of the Supporting Information for NMR
spectra. IR (cm�1): 515 (w), 540 (m), 580 (w), 629 (s), 668 (w), 710
(w), 721 (w), 809 (s), 818 (s), 845 (s), 965 (w), 971 (w), 984 (w), 1005
(s), 1042 (m), 1070 (m), 1099 (w), 1215 (s), 1262 (w), 1285 (w), 1317
(w), 1412 (m), 1506 (w), 1525 (w), 1531 (w), 1539 (w), 1558 (w),
1570 (w), 1578 (w), 1602 (s). Raman (cm�1): 1637 (w), 1613 (m),
1605 (w), 1513 (w), 1381 (w), 1350 (w), 1298 (w), 1290 (m), 1290
(m), 1233 (w), 1176 (w), 1019 (m), 1015 (m), 944 (w), 770 (w), 658
(w), 580 (m), 552 (m), 397 (w), 332 (w), 298 (w). IR and Raman data
are provided in Supporting Information, Figures S8 and S9.
[K(18-crown-6)(THF)2][Zn2(4,4

0-bipyridine)(mes)4] (2).Amixture of
1 (100 mg, 0.131 mmol), potassium metal (5 mg, 0.130 mmol), and 18-
crown-6 (35 mg, 0.131 mmol) was dissolved in THF (5 mL) under an
inert atmosphere giving rise to a deep blue solution. The reaction
mixture was stirred overnight, filtered, and layered with hexanes. The
mixture was allowed to slowly diffuse at a temperature between 8 and
10 �C over the course of several days, ultimately affording dark blue
block-like crystals of [K(18-crown-6)(THF)2][Zn2(4,40-bipyridine)-
(mes)4] in good yields (115 mg, 72% crystalline yield). The crystals
obtained from the THF/hexane solvent mixture proved to be suitable
for single crystal X-ray diffraction and were found to contain two
crystalline phases of identical composition (2a and 2b). A powder
X-ray diffraction pattern collected on the solid isolated from this reaction
was found to only contain 2a and 2b (Supporting Information, Figure
S10). The X-band (9.3896 GHz) CW room-temperature EPR spectrum
of a solid sample of 2 revealed a strong resonance with a g value of
2.0039. Anal. Calcd. for C66H92KN2O8Zn2: C 65.42%, H 7.66%, N
2.31%. Found: C 61.60%, H 6.94%, N 2.73%. CHN elemental analyses
results consistently showed low concentrations of carbon and hydrogen.
IR (cm�1): 539 (w), 578 (w), 618 (m), 668 (w), 687 (w), 772 (m), 775

(m), 780 (w), 834 (w), 841 (m), 963 (s), 1020, (s), 1038 (w), 1103 (s),
1131 (w), 1171 (w), 1198 (s), 1220 (w), 1235 (w), 1248 (w), 1283 (m),
1350 (m) 1547 (w), 1592 (s). Raman (cm�1): 1630 (s), 1514 (s), 1352
(s), 1236 (s), 1047 (s), 1015 (m), 751 (m), 712 (w), 688 (w), 427 (w),
387 (w). IR and Raman data are provided in Supporting Information,
Figures S8 and S9.

[K(18-crown-6)]2[Zn2(4,4
0-bipyridine)(mes)4] (3). In a typical reac-

tion, a mixture of 1 (100 mg, 0.131 mmol), potassium metal (10 mg,
0.263 mmol), and 18-crown-6 (69.8 mg, 0.264 mmol) was dissolved in
anhydrous THF (5 mL) under an inert atmosphere. The reaction
mixture initially takes on a deep blue color which, when stirred over-
night, gives rise to a dark yellow/brown solution. The reaction mixture
was filtered and layered with hexanes. After several days dark brown
plate-like crystals of [K(18-crown-6)]2[Zn2(4,40-bipyridine)(mes)4]
were obtained in high yields (141 mg, 81.9% crystalline yield). Anal.
Calcd. for C70H100K2N2O12Zn2: C 61.34%, H 7.35%, N 2.04%. Found:
C 61.28%,H 7.20%, N 1.87%. 1HNMR (299.9MHz, d8-THF): δ (ppm)
6.50 (s, 8H, C6H2(CH3)3), 5.92 (d, 4H, ortho-4,40-bipyridyl,

3JH�H = 6
Hz), 4.51 (d, 4H, meta-4,40-bipyridyl, 3JH�H = 6 Hz), 3.57 (s, 48H, 18-
crown-6), 2.32 (s, 24H, ortho-CH3), 2.21 (s, 12H, para-CH3). The

1H
NMR spectrum of 3 also exhibits some resonances arising from a
[Zn(mes)3]

� impurity at 6.40 (s, 6H), 2.28 (s, 18H, ortho-CH3), 2.08
(s, 9H, para-CH3).

13C NMR (125.8 MHz, d8-THF) δ/ppm: 161.48
(s, para-C6H2(CH3)3), 145.20 (s, ortho-C6H2(CH3)3), 139.78 (s, ortho-
4,40-bipyridyl), 132.88 (s, ipso-C6H2(CH3)3), 124.92 (s, meta-C6H2-
(CH3)3), 105.45 (para-4,40-bipyridyl), 104.42 (s, meta-4,40-bipyridyl),
72.01 (broad, s, 18-crown-6), 27.56 (s, ortho-CH3), 21.56 (s, para-CH3).
The 13C NMR spectrum of 3 also exhibits some resonances arising from
a [Zn(mes)3]

� impurity at 170.05 (s, para-C6H2(CH3)3), 145.31
(s, ortho-C6H2(CH3)3), 131.14 (s, ipso-C6H2(CH3)3), 124.55 (s, meta-
C6H2(CH3)3), 72.01 (broad, s, 18-crown-6), 26.73 (s, ortho-CH3),
21.75 (s, para-CH3).

13C{1H} NMR resonances were tentatively
assigned with the help of HSQC and HMBC 2-D spectra. See Figures
S11�S16 of the Supporting Information for NMR spectra. IR (cm�1):
668 (w), 722 (m), 801 (s), 841 (m), 934 (w), 949 (w), 962 (w), 983
(m), 1031 (w), 1109 (s), 1170 (w), 1197 (m), 1216 (w), 1252 (w), 1260
(w), 1284 (w), 1351 (m), 1506 (w), 1539 (w), 1559 (w), 1577 (w),
1608 (w). Raman (cm�1): 1612 (s), 1507 (s), 1349 (s), 1233 (w), 1077
(w), 1046 (s), 1007 (w), 989 (w), 742 (w). IR and Raman data are
provided in Supporting Information, Figures S8 and S9.

[K(18-crown-6)(THF)][Zn(mes)3] (4). THF (∼5 mL) was added to a
sample vial containing Zn(mes)2 (100.1 mg, 0.329 mmol), potassium
metal (∼13.0 mg, ∼0.332 mmol), and 18-crown-6 (90.4 mg, 0.342
mmol) in a glovebox. This initially formed a colorless solution, which
became pale brown after about 5 min. This was stirred overnight before
filtering off a dark precipitate (assumed to be elemental Zn), and the
remaining light brown solution was layered with hexanes. After several
days colorless block-like crystals of [K(18-crown-6)(THF)][Zn(mes)3]
formed, suitable for single crystal X-ray diffraction (111.1 mg, 42.3%
crystalline yield). A powder X-ray diffraction pattern was obtained which
matched the simulated diffraction pattern for 4 based on the single-
crystal X-ray diffraction data (Supporting Information, Figure S17).
Anal. Calcd. for C39H57KO6Zn (4-THF): C 64.47%,H 7.91%. Found: C
64.08%, H 7.67%. (Note: There is a THFmolecule present in the crystal
structure which is believed to be lost on sealing the solid sample under
vacuum). 1H NMR (299.86 MHz, d8-THF): δ (ppm) 6.41 (s, 6H,
C6H2(CH3)3), 3.57 (s, 24H, 18-crown-6), 2.28 (s, 18H, ortho-CH3),
2.09 (s, 9H, para-CH3).

13C NMR (125.80 MHz, d8-THF) δ/ppm:
170.05 (s, para-C6H2(CH3)3), 145.31 (s, ortho-C6H2(CH3)3), 131.14
(s, ipso-C6H2(CH3)3), 124.55 (s, meta-C6H2(CH3)3), 72.01 (broad, s,
18-crown-6), 26.73 (s, ortho-CH3), 21.75 (s, para-CH3). See Figures
S18 and S19 of the Supporting Information for NMR spectra.
X-ray Diffraction. Single-crystal X-ray diffraction data were col-

lected using an Enraf-Nonius Kappa-CCD diffractometer and a 95 mm
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CCD area detector with a graphite-monochromated molybdenum KR
source (λ = 0.71073 Å). Crystals were selected under Paratone-N oil,
mounted on MiTeGen loops and quench-cooled using an open flow N2

cooling device.19 Data were processed using theDENZO-SMNpackage,
including unit cell parameter refinement and interframe scaling (which
was carried out using SCALEPACK within DENZO-SMN).20 Struc-
tures were subsequently solved using direct methods, and refined on F2

using the SHELXL 97-2 package.21

Transmission powder X-ray patterns were recorded using a Siemens
D5000 diffractometer in modified Debye�Scherrer geometry equipped
with an MBraun position sensitive detector. The instrument produced
Cu KR1 radiation (λ = 1.54056 Å) using a germanium monochromator
and a standard Cu source. Data were recorded on samples in flame-
sealed capillaries under dinitrogen. The capillaries were mounted on a
goniometer head and aligned so that rotation occurred along the long
central axis of the capillary. During a measurement the capillary was
rotated at ∼60 rpm to minimize any preferred orientation effects that
might occur.
NMR. 1H and 13C NMR spectra were acquired at 299.9 and 75.4

MHz, respectively, on a VarianMercury-vx 300NMR spectrometer. The
13C NMR spectrum of 3 was recorded at 125.8 MHz on a Bruker AVII
500 spectrometer equipped with a 13C cryoprobe. 13C and 1H spectra
were referenced to d8-THF (δ 25.37 ppm) and to the most shielded
residual protic solvent resonance (THF δ 1.73 ppm), respectively.
Diffusion and NOE experiments were performed on a Bruker AVII
500 spectrometer equipped with a TXI inverse probe regulated at 298 K.
Diffusion experiments utilized the BPP-LED stimulated echo sequence
with diffusion times (Δ) of 50 ms, bipolar diffusion-encoding field
gradient pulses of total duration 4 ms (δ) and longitudinal eddy current
delays (LED) of 5 ms.22 Additional 0.6 ms purging gradients were
applied whenever magnetization was longitudinal. All gradient pulses
were of half-sine profiles with effective diffusion-encoding gradient
strengths ranging from 0.5 to 20.5 G cm�1 (corrected for half-sine
profiles). Data analysis was performed using Bruker TOPSPIN software.
1D NOESY spectra were recorded using a single pulsed field gradient
selective excitation scheme utilizing a 40 ms selective Gaussian inversion
pulse and with a NOE mixing time of 0.8 s.
Computational Methods. All calculations presented in this paper

were carried out with the Gaussian 09 program package at the DFT level
of theory.23 Geometries of the complexes 1�3 were fully optimized
without imposing any symmetry constraints (C1 symmetry), employing
theM05�2X hybridmeta exchange-correlation functional developed by
Truhlar and co-workers.24 The M05�2X functional has been recom-
mended for use with Zn compounds and in the present study afforded
slightly better geometries compared to B3LYP. All stationary points
were confirmed to be genuine minima by analytical calculation of their
harmonic vibrational frequencies. Ahlrichs’ TZVP basis set was used on
Zn and all coordinating atoms (N and C1 of mesityl groups), while the
SVP basis set was used on the remaining atoms.25 The topological
properties of electronic densities, obtained at the same level of theory,
were characterized using the Atoms InMolecules (AIM) theory of Bader
with the AIM2000 program package.26,27

1H chemical shifts were calculated with the Gauge-Independent
Atomic Orbital (GIAO) method,28 using the geometries calculated at
the M05�2X/TZVP/SVP level, as described above. These calculations
were done with the B3LYP functional,29 with a basis set optimized for
shielding constants, aug-pcS-2 (triple-ζ quality) on the hydrogen atoms
of the bipyridine moiety and one mesityl group,30 which was used as
internal standard. For the remaining atoms the same basis sets as defined
above were used (TZVP on Zn and coordinating atoms, SVP for all
other atoms). Relative chemical shifts (δ) were obtained by referencing
the nuclear magnetic shielding constants of the probe atoms against the
arithmetic mean of the isotropic magnetic shielding constants of the
ortho-methyl protons. These appear as an intense singlet in the experimental

NMR spectrumwith a chemical shift of 2.42 and 2.32 ppm for complexes
1 and 3, respectively. Nucleus-Independent Chemical Shifts (NICS)
values were calculated at the same level using the GIAO method as
recommended by Schleyer et al.31 TheNICS probes (ghost atoms) were
placed 1 Å above the centers of the rings (defined as the average of the
Cartesian coordinates of the ring atoms). The NICS(1) values largely
reflect the influence ofπ-electrons, and are therefore a better indicator of
the ring current (aromaticity) than the values at the center, where
σ-bonding contributions are also of importance.
Additional Characterization Techniques. IR data were re-

corded on solid samples in Nujol mulls. The mulls were made up inside
an inert atmosphere glovebox and the KBr plates placed in an airtight
container prior to data collection. Spectra were recorded on a Nicolet
Magna-IR 560 spectrometer in absorbance mode (Happ-Genzel FT
apodization) with a Ge/CsI beam splitter and liquid nitrogen cooled
Mercury Cadmium Telluride (MCT) detector.

Raman spectra were recorded on solid samples under dinitrogen in
flame-sealed Pyrex capillaries using a Dilor Labram 300 spectrometer.
The excitation radiation was produced by a 20 mW helium�neon laser
operating at a wavelength of 632.817 nm. Optical density filters could be
inserted into the beam to reduce photon flux, decreasing the likelihood
that photochemical reactions would take place during the measurement.
Typically measurements were obtained at 1% of full intensity with a
counting time of 120 s. Calibration of the spectrometer was performed
before each measurement by referencing to the 520.7 nm line of a silicon
wafer.

CW EPR experiments were performed using an X-band Bruker
BioSpin GmbH EMX spectrometer equipped with a high sensitivity
Bruker probe head. Experiments were conducted with 2�10 mW
microwave power, 0.1 mT modulation amplitude, and a modulation
frequency of 100 kHz. The magnetic field was calibrated at room
temperature with an external 2,2-diphenyl-1-picrylhydrazyl standard
(g = 2.0036). Solid state spectra were recorded on approximately
2 mg of sample in flame-sealed quartz capillaries. Solution phase spectra
were recorded on 0.1 mM solutions in dry THF.

CHN elemental analyses were performed on 5mg samples submitted
under vacuum in flame-sealed Pyrex ampules.

’RESULTS AND DISCUSSION

Synthesis. The complex Zn2(4,40-bipyridine)(mes)4 (1) was
synthesized by direct reaction of 4,40-bipyridine (4,40-bipy) with
Zn(mes)2 (mes = 2,4,6-Me3C6H2) in a 1:2 ratio in anhydrous
tetrahydrofuran (THF). A compositionally pure white crystalline
solid can be isolated in high yields (>60%) by layering a THF
solution of 1 with hexanes. The purity of 1 was confirmed by
multielement NMR spectroscopy, powder X-ray diffraction (see
Supporting Information), and elemental analysis. No other
products were observed for this reaction. Single-crystal X-ray
diffraction measurements reveal two dimesitylzinc moieties that
are bridged by a 4,40-bipy ligand (Figure 1a). Crystallographic
data and experimental parameters for the structure are presented
in Table 1. There are numerous Zn/4,40-bipyridine complexes in
the field of coordination polymer/metal�organic framework
chemistry;32 however, discrete two-to-one species in which two
zinc nuclei are bridged by a single 4,40-bipyridine ligand are much
rarer.33 Rarer still are 4,40-bipyridine-bridged homoleptic orga-
nometallic zinc complexes, none of which have been structurally
characterized to date.34

Reduction of 1 with 1 equiv of potassium metal in THF in the
presence of 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane)
was found to yield a dark blue solution fromwhich [K(18-crown-6)-
(THF)2][Zn2(4,40-bipy)(mes)4] (2) was isolated.Thecompositional
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purity of a solid sample of 2 was confirmed by powder X-ray
diffraction. The results obtained from elemental analyses show
lower carbon and hydrogen content than would be expected,
perhaps because of a noncrystalline contaminant or the poor
combustion of sample 2. 2 can be obtained as a mixture of two
polymorphic crystalline samples (2a and 2b) by layering a THF
solution of 2 with hexanes. Both species contain an anionic
moiety, [Zn2(4,40-bipy)(mes)4]

•�, which is the result of a single
electron reduction of the neutral parent compound. The radical

anion is accompanied in the lattice by a [K(18-crown-6)(THF)2]
þ

countercation. The anion exhibits a very similar structure to that of
complex 1 (see Figure 1b). Bimetallic complexes in which metal
centers are bridged by a 4,40-bipyridyl radical anion have been
previously proposed in the chemical literature;35 however, to our
knowledge, 2 represents the first example of such a species for which
X-ray structural data is available.
A similar reaction as used for the synthesis of 2, but using 2

equiv of potassium metal, was found to yield a dark brown
solution from which [K(18-crown-6)]2[Zn2(4,40-bipy)(mes)4]
(3) was isolated. The crystal structure of 3 reveals a dianionic
[Zn2(4,40-bipy)(mes)4]

2� species (Figure 1c) which is accom-
panied in the lattice by two [K(18-crown-6)]þ cations. Species 3
was shown to be compositionally pure in the solid-state by
elemental analysis and powder X-ray diffraction. Solution NMR
spectra of this sample also show that the dianion is relatively
stable to decomposition although trace amounts of a minor
impurity, consistent with the presence of the [Zn(mes)3]

�

anion, were observed in the 1H and 13C NMR spectra. The
dianion exhibits a very similar structure to that of the Zn2(4,40-
bipy)(mes)4 moieties present in 1 and 2. A comparison of bond
metric parameters for all three samples 1�3 is provided in
Table 2.
During the course of these studies it was also observed that the

direct reduction of Zn(mes)2 with potassium metal in the
absence of 4,40-bipyridine yielded the previously reported anio-
nic species, [Zn(mes)3]

� (Figure 2), in high yields.36 The
trimesitylzinc(II) anion was isolated from solution as a salt of
[K(18-crown-6)(THF)]þ, in [K(18-crown-6)(THF)][Zn(mes)3]
(4).
Bond Metric Data. Complexes 1�3 all contain [Zn2(4,40-

bipy)(mes)4]
n� (n = 0, 1, 2) units in which two dimesitylzinc(II)

centers are bridged by a 4,40-bipyridyl moiety. The most pro-
nounced structural changes to these three species are observed
for the interatomic Zn�N distances which are 2.183(av), 2.043-
(av), and 1.977(2) Å for compounds 1, 2, and 3, respectively.
This is consistent with an increased degree of electrostatic
character to the Zn�N bond and has the effect of moderately
weakening the bonds between the Zn(II) centers and the
strongly σ-donating mesityl substituents (manifested in a length-
ening of the Zn�C bonds). A similar effect, albeit less pro-
nounced, has been reported by our research group for the Fe/
2,20-bipyridine systems [Fe(2,20-bipy)(mes)2]

n� (n = 0, 1).37

The second most pronounced structural change, and the most
meaningful, is to the bond distances between pyridyl rings of the
4,40-bipy moieties. These distances are significantly shortened on
going from the neutral complex (1.482(av) Å) to the radical
(1.420(av) Å) and dianionic (1.373(4) Å) analogues. The degree
of contraction of this C�C bond is very similar to that observed
in recent studies on the reduction of the 2,20- and 4,40-isomers of
bipyridine to the corresponding anions and dianions.7,38 The
lowest unoccupiedmolecular orbital (LUMO) of 4,40-bipyridine,
which becomes occupied upon reduction, is a π* antibonding
orbital with an in-phase relationship between the p orbitals on
the carbon atoms linking the two rings (as pictured in Figure 3b).
This in-phase relationship implies a greater degree of double
bond character in the reduced species. Because of the ubiquitous
use of 4,40-bipyridine in the field of metal organic framework
chemistry it is also worth highlighting that reduction of the ligand
has a cumulative effect on the Zn�Zn distances in these systems
which shorten from 11.435(av) Å in 1, to 11.232(av) Å for 2, and
finally to 11.187(1) Å in 3.

Figure 1. Thermal ellipsoid plots of (a) one of the two crystallogra-
phically unique Zn2(4,40-bipy)(mes)4 units present in the asymmetric
unit of 1; (b) one of the [Zn2(4,40-bipy)(mes)4]

•� radical anions
present in 2a; (c) the [Zn2(4,40-bipy)(mes)4]

2� dianion present in 3
(a crystallographic center of inversion sits between C13 and C130). All
hydrogen atoms have been omitted for clarity. Anisotropic displacement
ellipsoids are pictured at the 50% probability level.
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We have optimized the geometries of complexes 1DFT (S = 0),
2DFT (S = 1/2), and 3DFT (S = 0) in the indicated electronic
states. For complex 3DFT we have also located an excited triplet
state, which has not been considered further, because of the high
energy separation (þ43 kcal mol�1) from the ground state. In all
cases, the optimized geometries obtained using DFT were found
to be in line with the crystallographically determined data (see
Table 2). The C�C and C�N bond distances are within(0.01 Å
of their experimental counterparts, while the Zn�N and Zn�C
interactions are typically overestimated by 0.02�0.06 Å. Upon
reduction of the neutral species to the anionic and dianionic
forms, the Zn�Ndistances contract from 2.24 to 2.07 and 1.97 Å

(for complexes 1DFT, 2DFT and 3DFT, respectively) compared to
2.18, 2.04, and 1.98 Å for 1, 2 and 3, respectively. At the same
time the Zn�C interactions are weakened (2.01, 2.03, and
2.06 Å). The C�C bridge between the two pyridyl rings of the
4,40-bipyridine ligand also contracts considerably upon reduction
from 1.48 Å to 1.43 Å and 1.38 Å, as a result of successive
occupation of the LUMO of the neutral ligand (Figure 3). Thus,
the character of this central bond changes from a single to a
double bond in the dianionic species. The same trend is apparent
for bond 2 (according to the numbering scheme employed in
Figure 3), although the contraction is less pronounced compared

Table 1. Selected X-ray Data Collection and Refinement Parameters for [Zn2(4,40-bipyridine)(mes)4] (1),
[K(18-crown-6)(THF)2][Zn2(4,40-bipyridine)(mes)4] (2a and 2b), [K(18-crown-6)]2[Zn2(4,40-bipyridine)(mes)4] (3), and
[K(18-crown-6)(THF)][Zn(mes)3] (4)

compound 1 2a 2b 3 4

formula C46H52N2Zn2 C66H92KN2O8Zn2 C66H92KN2O8Zn2 C70H100K2N2O12Zn2 C43H65KO7Zn

Fw 763.64 1211.26 1211.26 1370.46 798.42

space group, Z P1, 4 P1, 4 P1, 6 P2(1)/c, 2 Pbcn, 8

a (Å) 11.3857(1) 19.7748(3) 20.6965(1) 11.7304(2) 33.6475(2)

b (Å) 19.2169(2) 20.6378(3) 20.8215(1) 13.8528(2) 10.7686(1)

c (Å) 19.5817(2) 21.1360(3) 27.0298(1) 22.4989(4) 24.2059(1)

R (deg) 83.461(1) 118.439(1) 76.111(1) 90.0 90.0

β (deg) 80.452(1) 109.127(1) 81.897(1) 92.474(1) 90.0

γ (deg) 73.809(1) 98.547(1) 61.729(1) 90.0 90.0

V (Å3) 4047.15(7) 6666.9(2) 9953.6(1) 3652.6(1) 8770.7(1)

Fcalc (g cm�3) 1.253 1.207 1.212 1.246 1.209

radiation, λ (Å), temp (K) Mo KR, 0.71073, 150(2)

μ (mm�1) 1.218 0.833 0.837 0.828 0.700

reflections collected 35531 41137 89021 15136 19056

independent reflections 18473 23111 45306 8264 9975

R(int) 0.0286 0.0403 0.0261 0.0329 0.0250

R1/wR2,a I g 2σI (%) 3.88/9.62 4.78/12.41 4.71/11.66 4.54/9.98 4.07/10.37

R1/wR2,a all data (%) 5.51/10.45 7.04/13.61 7.08/13.09 7.85/11.25 6.45/11.37
aR1 = ∑||Fo| � |Fc||/∑|Fo|; wR2 = {∑w(Fo

2 � Fc
2)2/∑w(Fo

2)2}1/2; w = [σ2(Fo)
2 þ (AP)2 þ BP]�1, where P = [(Fo)

2 þ 2(Fc)
2

]/3 and the A and B
values are 0.0505 and 1.62 for 1, 0.0674 and 1.62 for 2a, 0.0588 and 6.40 for 2b, 0.0476 and 1.95 for 3, and 0.0551 and 4.67 for 4.

Table 2. Mean Bond Distances [Å] and Angles [deg] for the
[Zn2(4,40-bipy)(mes)4] Moieties Crystallographically Char-
acterized in 1�3 and the Optimized Computed Geometries

neutral radical dianion

bonda 4,40-bipyb 1 1DFT 2a 2b 2DFT 3 3DFT

1 1.335 1.342 1.33 1.361 1.359 1.36 1.379 1.38

2 1.377 1.383 1.39 1.363 1.366 1.37 1.354 1.36

3 1.386 1.394 1.40 1.426 1.425 1.43 1.465 1.47

4 1.484 1.482 1.48 1.417 1.423 1.43 1.373(4) 1.38

Zn�N N/A 2.183 2.24 2.043 2.043 2.07 1.977(2) 1.97

Zn-mes N/A 1.975 2.01 1.987 1.992 2.03 2.004 2.06

torsion 17.23 35.25 38.2 2.83 2.40 0.0 0.00 0.0

N�Zn�C N/A 103.32 100.1 111.12 111.44 109.6 114.33 117.1

C�Zn�C N/A 153.26 159.8 137.69 137.05 140.9 131.33(10) 125.8
aBond numbering scheme as indicated in Figure 3a. bData taken from a
survey of the 3197 crystallographically characterized species containing
4,40-bipyridine for which metric data is reported in the Cambridge
Structural Database at the time of preparation of this manuscript.

Figure 2. Thermal ellipsoid plot of the atoms present in the asymmetric
unit of 4. All hydrogen atoms and minor component arising from some
crystallographic disorder of the THF molecule have been omitted for
clarity. Anisotropic displacement ellipsoids are pictured at the 50%
probability level.
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to the interpyridyl bond. Conversely, bonds 1 and 3 follow the
opposite trend, lengthening upon reduction. The higher degree
of π overlap in the central bond also enforces coplanarity of the
two pyridyl moieties, the optimum torsion angle being reduced
from 38.2� in 1DFT to 0.0� in both 2DFT and 3DFT. A spin density
plot for the radical anionic complex 2DFT is provided in the
Supporting Information, Figure S20.

’MAGNETIC RESONANCE STUDIES (NMR AND EPR)

EPR spectra were recorded for samples 2 and 3. The EPR
spectrum of a solid sample of 2 reveals a strong resonance at
room temperature with a g value of 2.0039 (Figure 4). This
resonance is relatively sharp as would be expected for an organic
radical anion and is very similar to that observed for solid samples
of the alkali metal salts of the 4,40-bipyridyl radical anion such as
Na(4,40-bipy)(en) (g = 2.0043 in the solid state).7 The spectrum
of a solid sample of 3 reveals amuch weaker resonance at a similar
g value which we attribute to trace amounts of the 4,40-bipyridyl
anion present in the sample. 3 is extremely air- and moisture-
sensitive, and we believe that in recording the EPR spectrum
some sample decomposes to give rise to the radical anion.

The solution phase EPR spectrum of a THF solution of 2
reveals a complex asymmetric resonance exhibiting extensive
hyperfine coupling (Supporting Information, Figure S21). All of
our attempts tomodel this resonance have thus far proven unsuc-
cessful. We believe that the observed spectrum is a composite of
two resonances arising from two distinct paramagnetic species.
The most significant component of such a resonance is the [Zn2-
(4,40-bipy)(mes)4]

•� radical anion present in the crystal struc-
ture of 2. Diffusion NMR data for the neutral analogue 1 (vide
infra) indicate that the bipyridyl-bridged structure observed in
the solid state is largely intact in solution; however, a minor
amount of ligand dissociation is also likely to be present. At the
high dilution limits required for solution phase EPR spectro-
metry the degree of dissociation of [Zn2(4,40-bipy)(mes)4] to
Zn(mes)2 and 4,40-bipyridine is expected to be more pronounced

(an increased effective concentration of THF is likely to favor
heavily solvated Zn(mes)2). Such dissociation is also likely to be
present for sample 2 and 3. In the case of a THF solution of 2, this
would give rise to an additional contribution to the EPR
spectrum arising from the free 4,40-bipyridyl radical anion. The
spectrum of the 4,40-bipyridyl radical anion has previously been
reported by us and others and found to have a g value of
2.00439.1,2,7 The overlap of both such resonances gives rise to
the asymmetric spectrum we have recorded. Because of the
extensive hyperfine coupling which is expected for both con-
tributing species, deconvolution and modeling of the observed
spectrum has proved unviable. These results were reproducible
and observed on each occasion a solution phase sample of 2 was
studied.

1H and 13C{1H} NMR spectroscopic studies of a d8-THF
solution of 1 indicate that the two-to-one structure which is
observed in the solid-state remains intact in solution with little
evidence of ligand dissociation. The 1H NMR spectrum of 1
reveals five resonances at 8.57, 7.71, 6.73, 2.42, and 2.21 ppm.
The two resonances at 8.57 and 7.71 ppm correspond to the
ortho- and meta- 4,40-bipyridyl protons, respectively. These
resonances are shifted with respect to free 4,40-bipyridine (8.69
and 7.67 ppm). As would be expected, the resonances arising
from the mesityl moieties occur at very similar chemical shifts to
the Zn(mes)2 precursor (6.71, 2.45, 2.20 ppm). To confirm that
the structure of 1 remains intact in solution and that there is no
significant ligand dissociation, a one-dimensional NOESY spec-
trum on a d8-THF solution of 1 was conducted. The resonance
arising because of the mesityl ortho-methyl groups (2.42 ppm)
was selectively inverted which resulted in the enhancement of the
signal intensities for the mesityl meta-protons and the 4,40-
bipyridyl ortho-protons, consistent with the bridged structure
remaining intact in solution. The resonance arising from the 4,40-
bipyridyl meta-protons was enhanced to a much lesser degree
than those in the ortho-positions indicating that they are more
distant from the ortho-methyl groups of the mesityl functional-
ities. Additional room-temperature (298 K) diffusion experi-
ments on Zn(mes)2, 4,40-bipyridine and 1 were also conducted
to establish the structure of 1 in solution (Supporting Informa-
tion, Figure S7). The diffusion coefficient values (D) determined
for 1 show that those arising from 4,40-bipyridyl resonances
(1.132 � 10�9 and 1.133 � 10�9 m2/s for the ortho- and meta-
protons, respectively) are very close inmagnitude to those arising
from the Zn(mes)2 moieties (1.027 � 10�9, 1.021 � 10�9, and
1.031 � 10�9 m2/s, for the meta-protons, the ortho-methyl, and
para-methyl substituents, respectively). The small discrepancy in
the values obtained for the diffusion coefficients indicates that if
there is any dissociation of 1 to give 2 equiv of Zn(mes)2 and 4,40-
bipyridine in solution, the equilibrium lies strongly shifted
toward species 1. This assumption is further supported by the
observation that the observed D values are significantly different
to those obtained for a solution of 4,40-bipyridine of the same
molarity (1.911 and 1.913� 10�9 m2/s for the ortho- and meta-
protons, respectively).

The 1H NMR spectrum of sample 3 (which is contaminated
by a small amount of 4) reveals a significant shift of the 4,40-
bipyridyl resonances with respect to the values observed for the
neutral parent compound 1 from 8.57 and 7.71 ppm to 5.92 and
4.51 ppm for 1 and 3, respectively. A comparison of the 1HNMR
spectra of 1 and 3 is provided in the Supporting Information,
Figure S16. The chemical shift values observed for 3 are
consistent with those previously reported for the only known

Figure 3. (a)Numbering scheme employed to discuss metric bond data
for all of the 4,40-bipyridine containing species. (b) The 4,40-bipyridine
LUMO which clearly shows antibonding interactions for bonds 1 and 3
and bonding interactions for bonds 2 and 4.

Figure 4. X-band (9.3896 GHz) CWEPR spectrum of a solid sample of
2 recorded at 296 K.
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example of a complex of the 2,20-bipyridyl dianion, [{Yb(μ2-
N2C10H8)(THF)2}3], which were reported at 6.54, 5.28, 5.02,
and 4.01 ppm.39 The lower chemical shift values of the bipyridyl
resonances observed in the 1H NMR spectrum of 3 are con-
sistent with a significant reduction in the aromatic character of
the bipyridyl ring system and a greater degree of localized alkene-
like character to the bond between the carbon atoms to which the
protons are bonded. No paramagnetic resonances were observed
in the 1H NMR spectrum of a d8-THF solution of 2. They are
presumably broadened and lost in the baseline of the spectrum.

To verify the link between aromaticity and the changes in 1H
NMR chemical shifts, we have computed these parameters using
DFT, along with the Nucleus Independent Chemical Shifts
(NICS) 1 Å above the center of the bipyridine rings. The
calculations reproduce the significant shielding of the aromatic
4,40-bipy resonances: δcalc = 8.51 and 7.40 ppm in 1DFT and 6.20
and 4.66 ppm in 3DFT. A full list of computed and measured
chemical shifts is given in the Supporting Information, Table S1.
The NICS methodology has emerged as a sensitive probe of
aromaticity because the electronic environment of the NICS
probe ghost atom (see Experimental Section for details) is highly
sensitive to the ring currents characteristic of aromatic systems.
For 1DFT, the strongly negative values calculated for the pyridyl
rings, �9.78 ppm, are indicative of substantial aromatic char-
acter, and are in fact identical to the values computed for the free
ligand at the same level of theory (NICS(1) =�9.82 ppm). The
aromaticity as measured by NICS is diminished by the addition
of one (2DFT, NICS(1) =�1.88 ppm) and two (3DFT, NICS(1)
=þ4.08 ppm) electrons to the π-system of the ligand. The value
for 3 is in fact close to that for the free dianionic bipyridine
(þ4.94 ppm), and clearly reflects the antiaromatic character of
the rings of the dianion.

The topology of the electron density in 1DFT, 2DFT, and 3DFT,
analyzed using the atoms in molecules (AIM) methodology,
provides an alternative perspective on the changes in the bonding
of the rings. Full details of the analysis are presented in Support-
ing Information, Table S2. The ellipticity at the central C�C
bond critical points is a sensitive measure of π-character: values
close to zero indicate a cylindrical symmetric (i.e., σ) bond, while
deviations away from zero indicate increasingπ-character (values
in the range 0.18�0.22 are found for aromatic C�C double
bonds with partial π-character). The ε value for the bridging
bond increases dramatically from 0.04 in 1DFT to 0.34 in 3DFT,
again strongly supporting the formulation of the central C�C
bridge as double bond. Similarly, the ellipticity of bond 2 within
the pyridyl rings increases from 0.22 to 0.37 upon two-electron
reduction.

All attempts to measure the standard potentials for the
reduction of the neutral complex 1 to the radical anion, [Zn2(4,40-
bipy)(mes)4]

•�, and dianion, [Zn2(4,40-bipy)(mes)4]
2�, were

severely hindered by the extreme air- and moisture-sensitivity of
all three species. Such data would have strongly complemented
our experimental observations and provide an interesting com-
parison with respect to the electrochemical data available for 4,40-
bipyridine.3,4 Despite numerous attempts at recording cyclic
voltammetry measurements for 1 we were unable to observe
any meaningful signals because of sample decomposition. De-
spite extensive purging of predried solvents with dinitrogen and
the transfer of solutions under an inert atmosphere, we invariably
found that samples decomposed prior to the application of an
electrical potential. The 0.1 mM solutions required for such
measurements are presumably too dilute to allow for the

manipulation of the samples on the bench, even under an inert
atmosphere.

’CONCLUSIONS

We have isolated and characterized a homologous series of
isostructural bipyridyl-bridged dimers, [Zn2(4,40-bipyridine)-
(mes)4]

n� (n = 0 (1), 1 (2), 2 (3)), containing neutral, radical
anionic and dianionic forms of the 4,40-bipyridyl ligand, respec-
tively. Species 2 and 3 represent the first crystallographically
authenticated examples of complexes containing the chemically
reduced forms of the 4,40-bipyridyl ligand. The rich redox
chemistry of this common ligand may be exploited in coordina-
tion polymers and metal organic frameworks giving rise to
“switchable” materials where the redox chemistry of ligands
and metals are finely matched to facilitate electron transfer
between them.
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