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The reaction of ethylenediamine (en) solutions of 2,20- and 2,40-bipyridine (bipy) with varying stoichiometric amounts
of potassium and rubidium metal resulted in the isolation of compositionally pure solids containing the respective
bipyridyl radical anions (2,20- and 2,40-bipy•-) and dianions (2,20- and 2,40-bipy2-). These species were structurally
characterized by single-crystal X-ray diffraction in K(2,20-bipy)(en) (1a), K4(2,20-bipy)4(en)4 (1b), Rb2(2,20-bipy)(en)2
(2), K(2,40-bipy)(en) (3), K4(2,4

0-bipy)2(en)3.5 (4), and Rb4(2,4
0-bipy)2(en)3.5 (5). The crystallographic results

obtained allow for interesting relationships to be drawn between the electronic structure of the bipyridyl moieties and
metric structural data. Further characterization of the solids by means of powder X-ray diffraction, elemental analysis,
electron paramagnetic resonance, and IR and Raman spectroscopy is also reported. These studies provide a
comprehensive overview of the structural and spectroscopic properties of these often-cited yet elusive air- and
moisture-sensitive species, helping to complement the existing data in the chemical literature.

1. Introduction

Of the three most readily available structural isomers of
bipyridine (bipy), the 2,20 isomer is by far themost extensively
studied because of its ability to chelate metal centers.1 As a
result, 2,20-bipy has been ubiquitously employed in coordina-
tion chemistry, and awealth of information is available in the
chemical literature regarding the electrochemical behavior
and spectroscopic properties of the ligand itself and of the
coordination complexes it forms. Similarly, 4,40-bipy has also
been extensively investigated because of its widespread use as
a linear linker in coordination polymers and metal-organic
frameworks.2 Finally, the 2,40 isomer is perhaps the least
studied of the three because of its inability to act as either a
bidentate chelate or an effective bridging spacer between
metal atoms. The three remaining isomers, 2,30, 3,30, and
3,40, are seldom employed in coordination chemistry, and
there is little information available in the literature regarding
their spectroscopic properties and reactivity despite the fact
that the two former isomers are the only known naturally

occurring forms of bipyridine.3 The relative “popularity” of
an isomer is similarly reflected in the amount of structural
data available for each species. A survey of crystallographi-
cally characterized compounds using the CCDC structural
database shows that while there are 5218 single-crystal X-ray
structures containing 2,20-bipy, there are 3127 for the 4,40
isomer and amere 44 for the 2,40 isomer (a search for the 2,30,
3,30, and 3,40 isomers yields 2, 19, and 3 hits, respectively).4

These numbers do not include functionalized bipyridyl-based
systems, of which there are many more examples in the
chemical literature, particularly for species containing the
2,20-bipy moiety.5

These observations are also manifested in the information
available on the chemically reduced forms of the isomers. It
has long been established that the chemical reduction of 2,20-
bipy can give rise to the 2,20-bipyridyl radical anion.6 A
further reduction of the radical species is also known to yield
the 2,20-bipyridyl dianion, which relatively recently was
crystallographically characterized as an alkali-metal salt
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and in a lanthanide coordination complex.7,8 Extensive IR,9

Raman,10 UV-vis,11 and electron paramagnetic resonance
(EPR)12 spectroscopic data are available for the radical-
anionic form of 2,20-bipy (2,20-bipy•-) in saltlike species
and in coordination compounds. Similarly, electrochemical
data for the 2,20- and 4,40-bipy isomers have also been
previously reported in the literature.13 However, an in-depth
analysis of the spectroscopic data available often reveals
contradictory reports, perhaps because of the difficulty
associated with the isolation of these highly air- and moist-
ure-sensitive species andwith the bulk characterization of the
samples. Furthermore, despite the relatively well-established
nature of these highly reduced species, structural data are
extremely rare, particularly for “charge-separated” species.
As a result, while the single-crystal X-ray structure of an
alkali-metal salt of the 2,20-bipyridyl dianion has been re-
ported,7 no such data exist for the radical anion. X-ray
structures for lanthanide coordination complexes of 2,20-
bipy, in which the coordinated ligand is formally assigned
to exist as a radical anion, arewell-known.14Research carried
out by Andersen and co-workers strongly supports such an
assignment in species such as (Cp*)2Yb(2,20-bipy) (Cp*=
C5(CH3)5

-) by coupling structural datawith crucialmagnetic
susceptibility studies.15 Furthermore, at least two transition-
metal complexes have also been reported in the literature,
where bond metric data seem to indicate that these species
could be formally discussed as complexes of a 2,2-bipyridyl
radical anion; however, in such cases, strong deviations in
bond distances from those of neutral bipyridine were argued
as evidence of extensive π-back-bonding to a π* orbital on
the ligand.16

It is worth noting that the wealth of information available
in the chemical literature on chemically reduced forms of 2,20-
bipy is in stark contrast with the lack of information on other

isomers, such as 2,40-bipyridine.17 Because of the incomplete
nature of the structural and spectroscopic data available on
reduced forms of 2,20- and 2,40-bipy, we set out to isolate and
characterize a family of alkali-metal salts of the radical
anions and dianions of these bipyridyl isomers. Building on
recent work published by our research group detailing the
isolation and structural characterization of the 4,40-bipyridyl
radical anion and dianion,18 we set out to employ similar
methodologies to study other structural isomers of bipyridine
and build up a database of bond metric and spectroscopic
data on the reduced formsof such familiar ligand systems, the
results of which are reported herein. We demonstrate that
bond distances of the reduced forms of the bipyridyl ligands
can be largely used to quantify the charge associated with
such species and provide spectroscopic data that complement
existing reports in the chemical literature.

2. Experimental Section

Because of the highly air- and moisture-sensitive nature of
the products, all reactions and product manipulations were
carried out under an inert atmosphere using standard
Schlenk-line or glovebox techniques (MBraunUNIlabglove-
box maintained at<0.1 ppmH2O and<0.1 ppmO2). Prior
to use, all solvents (diethyl ether, 99.9%, Rathburn; toluene,
99.9%,Rathburn) were dried using anMBraunMBSPS-800
solvent purification system. Ethylenediamine (en; 99.9%,
Rathburn) was purified by distillation over sodium metal.
All solvents were stored in gas-tight ampules under argon.
Toluene and diethyl ether were stored over activated 3 Å
molecular sieves (Acros). Potassium (99.95%, Aldrich) and
rubidium (99.9+%,Strem)were usedas delivered and stored
in the glovebox. 2,20-Bipyridine (2,20-bipy; >99%, TCI
Europe) and 2,40-bipyridine (2,40-bipy;>99%, TCI Europe)
were used as delivered after careful drying of the solids under
vacuum.

K(2,20-bipy)(en) (1). 2,20-bipy (0.144 g, 0.92 mmol) and po-
tassium metal (0.038 g, 0.97 mmol) were dissolved in approxi-
mately 4mLof en, instantly yielding a deep-purple solution. The
reaction mixture was stirred for approximately 24 h in a capped
sample vial in a nitrogen-filled glovebox. The solution was
filtered into a crystallization ampule while in the glovebox by
passing it through a Pasteur pipette containing packed glass
wool at the constriction. Prior to use, an ampule containing the
glass-wool-packed pipette was heated under vacuum to drive off
all traces of moisture and air. After filtration, the sealed ampule
was transferred to a Schlenk line, where it was layered with
toluene (approximately 20 mL). During layering, the ampule
was cooled in awater bath (8 �C) and then transferred to a fridge
(8-10 �C) to aid the crystallization of the product. Two poly-
morphic crystalline products formed after 4 days: K(2,20-bipy)-
(en) (1a) and K4(2,2

0-bipy)4(en)4 (1b). Both crystallized as large
purple/black blocklike crystals andwere found to be suitable for
single-crystal X-ray diffraction. Crystalline yield: 39.8%. Anal.
Calcd for C12H16N4K: C, 56.42; H, 6.32; N, 21.95. Found:
C, 56.62; H, 6.40; N, 21.86. Solid-state EPR measurements
recorded a g value of 2.0033. Solution EPR measurements
recorded a g value of 2.0035. IR (cm-1): 626 (m), 683 (s), 709
(s), 738 (w), 817 (w) 939 (s), 974 (s), 1005 (s), 1139 (m), 1155 (m),
1260 (s), 1282 (w), 1404 (m), 1495 (m), 1561 (w). Raman (cm-1):
343 (m), 626 (w), 972 (m), 1020 (w), 1029 (w), 1142 (w), 1157 (s),
1208 (w), 1259 (w), 1347 (m), 1461 (s), 1471 (m), 1495 (m),
1560 (w).
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Rb2(2,2
0-bipy)(en)2 (2). Sample 2 was prepared by the same

method as that employed for the synthesis of 1 using 2,20-bipy
(0.192 g, 1.23 mmol) and rubidium metal (0.221 g, 2.58 mmol).
Purple/black rodlike crystals of 2 suitable for single-crystal
X-ray diffraction were isolated from an en/toluene mixture
(crystalline yield: 35.0%). Powder X-ray diffraction studies
found that the bulk sample matched the calculated diffraction
pattern, as predicted from single-crystal data. Anal. Calcd for
C14H24N6Rb2: C, 37.57; H, 5.41; N, 18.79. Found: C, 37.56; H,
5.51; N, 18.70. Solid-state EPR measurements recorded a weak
resonance with a g value of 2.0033. IR (cm-1): 612 (vs), 639 (m),
668 (s), 675 (s), 708 (w), 755 (m), 801 (s), 830 (m), 867 (m), 887 (s),
902 (m), 928 (w), 980 (s), 1018 (m), 1039 (vs), 1090 (s), 1099 (s),
1149 (w), 1260 (s), 1290 (m), 1322 (w), 1363 (m), 1399 (s), 1560
(m), 1590 (m). Raman (cm-1): 327 (w), 433 (m), 464 (w), 589 (w),
607 (w), 642 (w), 709 (m), 916 (m), 957 (s), 989 (s), 1083 (s), 1108
(w), 1137 (m), 1154 (w), 1233 (s), 1303 (m), 1345 (w), 1434 (s),
1469 (m), 1493 (s), 1578 (s).

K(2,40-bipy)(en) (3). Sample 3 was prepared by the same
method as that employed for the synthesis of 1 using 2,40-bipy
(0.152 g, 0.97 mmol) and potassium metal (0.040 g, 1.02 mmol).
Dark-purple/black platelike crystals of 3 suitable for single-
crystal X-ray diffraction were isolated from an en/toluene
mixture after 4 days (crystalline yield: 11.7%). Powder X-ray
diffraction studies found that the bulk sample matched the
calculated diffraction pattern, as predicted from single-crystal
data. Anal. Calcd for C12H16N4K: C, 56.42; H, 6.32; N, 21.95.
Found: C, 56.36; H, 6.27; N, 21.86. Solid-state and solution-
phase EPR measurements recorded a g value of 2.0037. IR
(cm-1): 625 (w), 668 (w), 689 (m), 739 (m), 745 (m), 772 (w), 793
(m), 932 (m), 944 (s), 960 (w), 978 (m), 1016 (m), 1144 (s), 1202
(s), 1252 (m), 1267 (w), 1303 (w), 1426 (s), 1559 (s), 1586 (s), 1597
(s). Raman (cm-1): 335 (m), 429 (w), 590 (w), 598 (w), 741 (w),
982 (m), 1012 (s), 1028 (w), 1040 (m), 1087 (w), 1149 (m), 1204
(m), 1226 (m), 1260 (w), 1304 (w), 1348 (s), 1406 (w), 1427 (s),
1476 (s), 1504 (s), 1572 (m), 1597 (s).

K4(2,4
0-bipy)2(en)3.5 (4). Sample 4 was prepared by the same

method as that employed for the synthesis of 1 using 2,40-bipy
(0.149 g, 0.95 mmol) and potassium metal (0.078 g, 2.00 mmol).
Dark-purple/black needlelike crystals formed from an en/to-
luenemixture after 4 days. Crystalline yield: 81.4%.Anal. Calcd
for C27H44N11K4: C, 47.73; H, 6.53; N, 22.69. Found: C, 47.62;
H, 6.51; N, 22.66. Solid-state EPR measurements recorded a
weak resonance with a g value of 2.0035. IR (cm-1): 620 (w), 636
(s), 671 (w), 700 (w), 710 (m), 733 (m), 748 (m), 799 (s), 819 (w),
875 (m), 900 (s), 950 (vs), 981 (m), 1018 (m), 1050 (w), 1072 (m),
1114 (s), 1171 (s), 1208 (s), 1257 (vs, sh), 1290 (vs), 1366 (m), 1410
(w), 1433 (s), 1483 (m), 1502 (m), 1574 (s), 1607 (m). Raman
(cm-1): 331 (m), 407 (w), 566 (w), 712 (w), 953 (w), 981 (s), 1012
(w), 1025 (w), 1038 (w), 1072 (m), 1127 (m), 1169 (w), 1210 (m),
1226 (w), 1261 (m), 1344 (m), 1372 (w), 1384 (w), 1431 (m), 1446
(w), 1474 (m), 1504 (s), 1576 (w), 1605 (s).

Rb4(2,4
0-bipy)2(en)3.5 (5). Sample 5was prepared by the same

method as that employed for the synthesis of 1 using 2,40-bipy
(0.155 g, 0.99 mmol) and rubidium metal (0.178 g, 2.08 mmol).
Purple rodlike crystals suitable for X-ray diffraction formed
after 6 days from an en/diethyl ether mixture (crystalline yield:
58.2%). Powder X-ray diffraction studies found that the bulk
sample matched the calculated diffraction pattern, as predicted
from single-crystal data. Anal. Calcd for C27H44N11Rb4: C,
37.49; H, 5.13; N, 17.82. Found: C, 37.39; H, 5.07; N, 17.83.
Solid-state EPRmeasurements recorded a weak resonance with
a g value of 2.0038. IR andRaman data for sample 5were found
to be closely related with those recorded for sample 4. A
complete list of the vibrational data is provided in the Support-
ing Information.

X-ray Diffraction. Single-crystal X-ray diffraction data were
collected using an Enraf-Nonius Kappa-CCD diffractometer
and a 95 mm CCD area detector with a graphite-monochro-

mated Mo KR source (λ=0.710 73 Å). Crystals were selected
under Paratone-N oil before being mounted on fibers and
positioned under a nitrogen stream. Nitrogen-flow tempera-
tures were controlled by an Oxford Cryosystems cryostream.
Equivalent reflections were merged and diffraction patterns
processed with the DENZO and SCALEPACK programs.19

Structures were subsequently solved using direct methods and
refined on F2 using the SHELXL 97-2 package.20

Transmission powder X-ray diffraction patterns were re-
corded using a Siemens D5000 diffractometer in modified
Debye-Scherrer geometry equipped with an MBraun posi-
tion-sensitive detector. The instrument produced CuKR1 radia-
tion (1.540 56 Å) using a germanium monochromator and a
standard copper source. Data were recorded on samples in
flame-sealed capillaries under nitrogen. The capillaries were
mounted on a goniometer head and aligned so that rotation
occurred along the long central axis of the capillary. During
measurement, the capillary was rotated at ∼60 rpm in order to
minimize any preferred orientation effects that might occur.

Computational Methods. Unrestricted geometry optimiza-
tions were performed on all of the neutral and negatively
charged bipyridyl moieties using atomic coordinates as derived
from single-crystal X-ray diffraction experiments. Calculations
were performed using theGaussian03 package, revisionD.01, on
the University of Oxford’s “ORAC” cluster.21 All density func-
tional theory (DFT) calculations employed the Becke three-
parameter hybrid functional with the Lee-Yang-Parr correla-
tion (B3LYP) in conjunction with the 3-21+G* basis set.22,23

Isotropic Fermi contact coupling constants were calculated for
the optimized geometries of the 2,20- and 2,40-bipyridyl radical
species. The program MOLEKEL6 was used to prepare the
three-dimensional plots of electron density.24

Additional Characterization Techniques. IR data were re-
corded on solid samples in Nujol mulls. The mulls were made
inside an inert-atmosphere glovebox and the KBr plates placed
in an air-tight container prior to data collection. Spectra were
recorded on a Nicolet Magna-IR 560 spectrometer in absor-
bance mode (Happ-Genzel FT apodization) with a Ge/CsI
beam splitter and a liquid-nitrogen-cooled mercury-cad-
mium-telluride detector.

Raman spectra were recorded on solid samples under nitro-
gen in flame-sealed Pyrex capillaries using a Dilor Labram 300.
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, measure-
ments were obtained at 0.1%of the full intensity with a counting
time of 100 s. Calibration of the spectrometer was performed
before each measurement by referencing the 520.7 nm line of a
silicon wafer.

EPR spectra were recorded using a Bruker EMX X-band
continuous-wave EPR spectrometer. Solid-state spectra were
recorded on approximately 2 mg of the sample in flame-sealed
quartz capillaries. For solution spectra, en solutions with con-
centrations of approximately 0.5 mmol dm-3 were made and
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Preuss, H. Chem. Phys. Lett. 1989, 157, 200.
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portions of 1 mL of the solutions placed in an EPR tube sealed
with a Young’s tap. EPR simulations were calculated with the
EasySpin program,25 and fitting to the experimental spectrum
was achieved using a nonlinear least-squares fitting with the
Newton-Gauss-Levenberg/Marquardt algorithm.

CHNelemental analyseswere performed by StephenBoyer of
London Metropolitan University on 5 mg samples submitted
under vacuum in flame-sealed Pyrex ampules.

3. Results and Discussion

3.1. 2,20-Bipyridyl Radical Anion andDianion. Synth-
esis and Crystallographic Characterization. The direct
reduction of 2,20-bipy with an alkali metal such as lithium
or sodium has long been established as an efficient route
toward chemically reduced forms of bipyridine such as
A2(2,2

0-bipy) and A(2,20-bipy), where A= Li, Na.26,27

Species such as Na(2,20-bipy) were first generated in situ
in solution over 40 years ago and characterized by EPR
spectroscopy,12 revealing the existence of radical anions
in solution. However, these studies failed to offer any
information as to the structure of such salts. Electroche-
mical studies of neutral 2,20-bipy report chemically acces-
sible standard electrode potentials, making reduction
with alkali metals a viable synthetic route toward reduced
analogues of the neutral ligand.13 As mentioned earlier,
our research group has recently employed this approach
to access the 4,40-bipyridyl radical and dianion, both of
which were isolated and crystallographically character-
ized as en-containing adducts in Na(4,40-bipy)(en),
Na2(4,4

0-bipy)2(en)2, and Na2(4,4
0-bipy)(en)2.

18

Analogous studies with 2,20-bipy revealed that the
reaction of 1 equiv of potassium metal with 2,20-bipy in
en yields an intensely colored purple solution, fromwhich
we were able to isolate dark-purple air- and moisture-
sensitive crystals of the 2,20-bipyridyl radical anion, 2,20-
bipy•-. This species crystallizes as two compositionally
identical polymorphs, 1a and 1b (Figures 1 and 2, re-
spectively), both of which exhibit similar bond metric
parameters for the radical anion. Crystallographic data
and experimental parameters for these structures are
presented in Table 1. Species 1b appeared to be the
predominant crystallographic phase from a visual inspec-
tion of the bulk samples obtained whenever the reaction
between potassium metal and 2,20-bipy was carried out,
and on numerous occasions we struggled to observe even
trace amounts of the 1a polymorph. However, when the
crystals were ground to a powder in order to confirm the
bulk composition of sample 1 by powder X-ray diffrac-
tion, a loss of crystallinity occurred. This ultimately
prevented us from collecting a powder X-ray diffraction
pattern. Despite this, confirmation of the composition of
the bulk sample was corroborated by elemental analysis.
When analogous reactions employing a larger stoichio-

metric excess of an alkali metal (2 equiv) were carried out,
we found that the 2,20-bipyridyl dianion could similarly
be synthesized and isolated.We have crystallographically
characterized this species in 2, which was isolated as a

dark-purple crystalline solid (Table 1) in relatively high
crystalline yields. The bulk composition of sample 2 was
confirmed by powder X-ray diffraction (see Figure S1 in
the Supporting Information) and elemental analysis.
Sample 1a exhibits a single crystallographically unique

potassium cation in the asymmetric unit accompanied by
a 2,20-bipyridyl radical anion and an en molecule
(Figure 1a). The overall structure can best be described
as dimeric units of potassium cations (crystallographi-
cally related by symmetry), which are bridged by two 2,20-
bipyridyl radical anions (Figure 1b). These dimers are, in
turn, linked together via terminally binding en molecules,
giving rise to infinite one-dimensional chains. The chains
run parallel to the unit cell c axis and pack alongside one
another with no apparent interactions between neighbor-
ing chains (for a detailed packing diagram, see Figure S2
in the Supporting Information). Each of the two nitrogen
atoms of 2,20-bipy•-, N1 and N2, binds to two potassium
cations, K1 and K1A (generated by symmetry). Bond
distances between K1 and N1 and N2 are 2.820(2) and
2.841(2) Å, respectively, and can be largely considered as
σ interactions with the nitrogen lone pairs. The distances
between K1A and N1 and N2 are both 2.960(2) Å and
arise from interactions with the radical π system, judging
by the geometric disposition of the cation and anion.
There are also two relatively short contacts between K1A
and theC5 andC6 atoms of the 2,2-bipyridyl radical, with

Figure 1. (a) Thermal ellipsoid representation of the atoms in the asym-
metric unit of 1a. Anisotropic displacement ellipsoids pictured at the 50%
probability level. (b) Interactions between atoms of the asymmetric unit to
buildupaone-dimensional chainlike structure.Hydrogenatomshavebeen
omitted for clarity.

(25) Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42.
(26) Constable, E. C. Homoleptic Complexes of 2,20-Bipyridine. In

Advances in Inorganic Chemistry; Sykes, A. G., Ed.; Academic Press: San
Diego, 1989; Vol. 34, p 1.

(27) (a) McWhinnie, W. R.; Miller, J. D. Adv. Inorg. Chem. Radiochem.
1969, 12, 135. (b) Herzog, S.; Taube, R. Z. Chem. 1962, 2, 208.
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distances of 3.337(2) and 3.314(2) Å, respectively. Each
dimer is linked to its nearest neighbor by bridging en
molecules, which bind to atom K1 via N1E, 2.851(3) Å,
and to K1A from the nearest dimeric unit via N2E,
2.892(2) Å. In this crystal structure, as in all of the others
that wewill discuss in thismanuscript, enmolecules play a
significant role in network bonding because of their
ability to act as polydentate Lewis bases. The flexibility
of the ethylene backbone allows the molecules to act as
both linkers and chelates, making them versatile “build-
ing blocks” in the isolation of crystalline samples. This
structural plasticity has also been found to give rise to
numerous polymorphs for compounds of a given chemi-
cal composition (e.g., 1a and 1b). The influence of

ether-based Lewis acids over the solid-state structures
of alkali-metal complexes has been well documented in
the chemical literature,28 yet the role played by solvents
such as en in alkali-metal networks is less well studied
because there are fewer known structures.18,29 Crystals
for 1a were found to crack at temperatures below 200 K,
presumably because of the onset of a phase transition.
Similar reversible phase transitions have been previously
reported for related compounds such as Na2(4,4

0-bipy)-
(en)2.

18 The bond distances within the radical anion are
best discussed in the context of other neutral 2,2’-bipy
species and the dianionic species present in 2, which we
will address in detail below.
The structure of the second polymorph isolated from

the reaction of 1 mol equiv of potassium with 2,2’-bipy,
1b, appears slightly more complex at first glance, but
upon inspection, it becomes apparent that there are clear
similarities between 1a and 1b. The asymmetric unit of 1b
contains four crystallographically unique potassium ca-
tions, four 2,20-bipyridyl radical anions, and four termin-
ally bonding en molecules (Figure 2). These fragments
give rise to tetrameric building blocks that link together
via bridging en molecules to give rise to a two-dimen-
sional sheetlike structure. The two-dimensional sheets
run along the crystallographic ab plane and stack along
the c axis of the unit cell, giving rise to an extended
structure that exhibits no interactions between the two-
dimensional networks (a detailed packing diagram is
provided in the Supporting Information). The tetrameric
units are largely held together via interactions between
potassium cations and the π manifolds of neighboring

Table 1. Selected X-ray Data Collection and Refinement Parameters for 1a, 1b, and 2

compound K(2,20-bipy)(en) K4(2,2
0-bipy)4(en)4 Rb(2,20-bipy)0.5(en)

fw 255.39 1021.55 223.67
space group, Z P2(1)/c, 4 P2(1)/c, 4 P1, 2
a (Å) 9.7584(2) 14.7111(1) 6.2046(3)
b (Å) 15.2777(4) 18.6597(2) 7.6321(3)
c (Å) 8.9523(2) 21.5292(3) 9.5740(5)
R (deg) 90.000 90.000 96.819(2)
β (deg) 104.000(1) 118.910(1) 99.593(2)
γ (deg) 90.000 90.000 104.053(2)
V (Å3) 1295.02(5) 5173.38(10) 427.60(4)
Fcalc (g cm-3) 1.310 1.312 1.737
radiation, λ (Å) Mo KR, 0.710 73
temp (K) 200 150 150
μ (mm-1) 0.394 0.395 5.728
reflns collected 4435 22852 3363
indep reflns 2264 11654 1932
R(int) 0.0164 0.0320 0.0420
R1/wR2,a I g 2σ(I) (%) 4.24/11.38 4.00/9.25 3.98/10.22
R1/wR2,a all data (%) 5.15/12.12 7.54/10.43 4.16/10.41

aR1= [
P

)Fo|- |Fc )]/
P

|Fo|; wR2= {[
P

w[(Fo)
2- (Fc)

2]2]/[
P

w(Fo
2)2]}1/2; w= [σ2(Fo)

2+ (AP)2+ BP]-1, where P= [(Fo)
2 + 2(Fc)

2]/3 and theA
and B values are 0.0708 and 0.5042 for 1a, 0.0424 and 1.6659 for 1b, and 0.0603 and 0.3478 for 2.

Figure 2. Thermal ellipsoid representation of the atoms in the asym-
metric unit of 1b. Anisotropic displacement ellipsoids pictured at the 50%
probability level. Hydrogen atoms have been omitted for clarity.

(28) For example, see: (a)McGarrity, J. F.; Ogle, C. A. J. Am. Chem. Soc.
1985, 107, 1805. (b) Bates, R. B.; Ogle, C. A. Carbanion Chemistry; Springer
Verlag: Berlin, 1983. (c) Jackman, L. M.; Lange, B. C. Tetrahedron 1977, 33,
2737. (d) Wardell, J. L. In Comprehensive Organometallic Chemistry;
Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon Press: Oxford, U.
K., 1982; Vol. 1, p 43.

(29) (a) Buchholz, S.; Harms, K.; Marsch, M.; Massa, W.; Boche, G.
Angew. Chem., Int. Ed. 1989, 28, 72. (b) Giese, H. H.; Habereder, T.; Knizek, J.;
N::oth, H.; Warchhold, M. Eur. J. Inorg. Chem. 2001, 1195. (c) Wang, C.;
Haushalter, R. C. Inorg. Chem. 1997, 36, 3806. (d) Jones, C. D.W.; DiSalvo, F. J.;
Haushalter, R. C. Inorg. Chem. 1998, 37, 821. (e) Rabe, G.W.; Heise, H.; Yap, G.
P. A.; Liable-Sands, L. M.; Guzei, I. A.; Rheingold, A. L. Inorg. Chem. 1998, 37,
4235.
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bipyridyl radicals. In these tetrameric units, each potas-
sium cation binds to a single chelating 2,20-bipyridyl
radical via two σ interactions with the nitrogen atom lone
pairs. Thus, K1 binds to the two nitrogen atoms of a 2,20-
bipyridyl moiety, N11 and N12. Similarly, K2 binds to a
different 2,20-bipy•- via N21 and N22. Finally, K3 and
K4 also interact with two crystallographically unrelated
bipyridyl radicals via N31 andN32 and via N41 andN42,
respectively. The lengths of these σ interactions vary
between 2.765(2) and 2.951(2) Å, with a mean value of
2.829 Å. In addition to these σ interactions, there are also
a substantial number of close interactions between po-
tassium cations and the π systems of neighboring 2,20-
bipy•-moieties. These interactions have been highlighted
as thin dashed lines in Figure 2. The distances between the
potassium cations and the nitrogen atoms with which
they make “side-on” contact vary between 3.090(2) and
3.360(2) Å, with amean value of 3.197 Å. A certain degree
of bonding may also be inferred by the interactions
between the potassium cations and the carbon atom
backbones of neighboring 2,20-bipyridyl radicals. These
distances were found to lie between 3.015(2) and 3.450(2)
Å, with a mean value of 3.236 Å. These interactions have
also been highlighted as thin dashed lines in Figure 2 (all
distances between potassium cations and carbon atoms
greater than 3.5 Å were ignored). These tetrameric units
give rise to two-dimensional networks via terminally
binding en molecules, which link them together. Each
potassium cation binds to two en molecules, which bind
terminally as monodentate linkers. The remaining nitro-
gen atom of each en molecule terminally binds to an
adjacent tetrameric cluster. Thus, the potassium cation
K1 from one tetramer and the potassium cation K2 from
an adjacent tetramer are linked via two en molecules.
Similarly, K3 and K4 from adjacent tetramers are also
linked via bridging en molecules. The bond distances for
these interactions vary between 2.876(2) and 2.951(2) Å.
A closer inspection of the extended structure of 1b reveals
that the structure may also be interpreted as zig-zag one-
dimensional chains (similar to those observed in 1a) in
which there are clear interactions between adjacent chains
(see Figure S3 in the Supporting Information).
During the course of these studies, we also managed to

isolate the 2,20-bipyridyl dianion as a rubidium salt in 2
(Figure 3). This dianionic species was first crystallogra-
phically characterized by Bock, Lehn, and co-workers in
three different sodium-containing species, all of which
were obtained by the direct reduction of 2,20-bipy with an
alkali metal.7 Species 2 exhibits a single crystallographi-
cally unique rubidium cation in the asymmetric unit, Rb1,
which is accompanied by half of a 2,20-bipymoiety and an
en molecule. These building blocks give rise to a two-
dimensional layered structure that has sheets running
along the crystallographic ab plane. Such two-dimen-
sional networks stack along the crystallographic c axis
with no interactions between adjacent layers (for a de-
tailed packing diagram, see Figure S5 in the Supporting
Information). In species 2, the 2,20-bipyridyl dianion,
2,20-bipy2-, adopts a trans conformation, with the nitro-
gen atoms pointing in opposite directions, arguably be-
cause of the partial localization of the negative charge of
the more electronegative nitrogen atoms. Interestingly,
the three structures reported by Bock and Lehn all exhibit

cis conformations, implying that the thermodynamic
benefit of having the nitrogen atoms opposite to one
another may not be that substantial and that crystal
packing effects may play a much greater role. The trans
conformation in 2 allows each dianionic fragment to
bridge rubidiummetal centers via σ interactions. Bridging
en molecules connect these units, giving rise to one-
dimensional chains. Each en molecule bridges two rubi-
diummetal centers via both nitrogen atoms as a chelating
bridge. As a result, N1E and N2E bind to one rubidium
cation with distances of 3.081(3) and 3.164(3) Å, respec-
tively, and to a neighboring rubidium cation with dis-
tances of 3.180(3) and 3.110(3) Å, respectively. Further
interactions between the π manifolds of bipyridyl dia-
nions and adjacent rubidiummetal centers ultimately give
rise to the two-dimensional networks observed through-
out the structure. These interactions have been high-
lighted in Figure 3, and a more detailed packing
diagram is provided in the Supporting Information. The
two different interactions between N1 and Rb1 exhibit
comparable bonding distances of 2.946(3) and 2.976(3) Å,
respectively. Further evidence of the interactions of the
alkali-metal cations with the dianion π system can be
observed between Rb1 and carbon atoms C4, C5, and
C5A (generated by symmetry), which exhibit “bonding”
distances of 3.225(3), 3.236(3), and 3.131(3) Å, respec-
tively.

Electronic Structure and Bond Metric Parameters.
Close inspection of the crystallographic structures re-
corded for 1a, 1b, and 2 shows a clear correlation between
the bond metric parameters of the 2,20-bipyridyl moieties
and the charge associated with each species. As would be
expected upon reduction of 2,20-bipy, its lowest unoccu-
pied molecular orbital (LUMO) would become the singly
occupied molecular orbital (SOMO) of the 2,20-bipyridyl
radical, and, in the absence of a degenerate orbital, the
highest occupied molecular orbital (HOMO) of the
dianion. This orbital corresponds to a nondegenerate
π*-antibonding orbital, pictured in Figure 4b. Upon
occupation of this orbital by the electron(s) donated by
an alkali-metal reagent, one would expect the in-phase π
interactions to have a greater bonding character, which
would be manifested in shorter bond distances, and the
out-of-phase interactions to become more antibonding,
manifested in longer bond distances. Consequently, if we

Figure 3. Thermal ellipsoid representation of the repeating structural
motif in 2. Anisotropic thermal displacement ellipsoids pictured at 50%
occupancy.Only the crystallographically unique non-hydrogen atoms are
labeled.
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employ a bond numbering scheme such as the one pic-
tured in Figure 4a, upon successive reduction steps, we
would expect bonds 1 and 6 to shorten and bonds 2, 5, and
7 to elongate. This is indeed the case, and we clearly
observe substantial changes to these particular bipyridyl
C-C and C-N bond distances as a direct result of the
chemical reduction of the neutral parent species (a com-
plete list of pyridyl ring bond distances for compounds 1a,
1b, and 2 is given in Table 2). Furthermore, it is also
apparent that, upon a second reductive step, reduction of
the 2,20-bipyridyl radical to the 2,20-bipyridyl dianion,
these effects are even more pronounced, indicating the
additional occupation of this orbital by a second electron.
This effect is most prominent for the interpyridyl ring
distance labeled as bond 1 in Figure 4a. This bond shrinks
from a single bond in the neutral compound, with a
distance of 1.490(3) Å, to a much shorter partially π-
bonding interaction for species 1a and 1b, which exhibit
distances of 1.431(3) and 1.429(2) Å, respectively. Finally,
following reduction to the dianion, this bond effectively
adopts a double-bond character, exhibiting a bond dis-
tance of 1.399(6) Å, an effective variation of 0.091 Å, or a
6% change compared to the neutral parent compound.
The value observed for the interpyridyl ring bond dis-
tance of the dianionic species 2 is very much in line with
those reported by Bock and Lehn for the three 2,20-
bipyridyl-dianion-containing species that they isolated,
which exhibited values of 1.375, 1.382(av), and 1.376 Å.7

It is also very similar to the value of 1.407(av) Å repor-
ted for [{Yb(μ2-N2C10H8)(THF)2}3].

8 Similarly, the inter-

pyridyl ring bond distances of 1.431(3) and 1.429(2) Å
observed for the radical anion complexes 1a and 1b are
also very much in line with the values of 1.429(4),
1.436(9), 1.425(av), and 1.417(3) Å observed for
(Cp*)2Sm(2,20-bipy),14 (Cp*)2Yb(2,20-bipy),15a Mo-
(OiPr)2(2,2

0-bipy)2,
16a and (η6-Tol)Fe(2,20-bipy) (Tol =

toluene),16b respectively, all of which can formally be
discussed as complexes of the bipyridyl radical anion.
These arguments can be extended to the rest of the C-C
and C-N bond distances of the 2,20-bipyridyl moieties of
compounds 1a, 1b, and 2 and can be observed in the bond
metric data provided in Table 2.
The bond metric values observed are consistent with

those calculated for the optimized geometries of the
neutral, radical and dianionic species using standard
computational methods. DFT studies on neutral 2,20-
bipy reveal an accessible nondegenerate LUMO such as
the one pictured in Figure 4b, which is comprised of π-
orbital contributions from the majority of the heterocyc-
lic atoms. Additional calculations on 2,20-bipy•- and 2,20-
bipy2- reveal an orbital identical with SOMO and
HOMO, respectively. Furthermore, the bond distances
calculated for the optimized geometries for all three
species are also consistent with the trends observed in
the crystallographically characterized complexes. These
data are also provided in Table 2.
An additional measure of the reduced character of a

given bipyridyl moiety may also be sought in the torsion
angle between pyridyl rings. Upon reduction, the inter-
pyridyl ring bond, bond 1, becomes more strongly π
bonding, and as a result, the two pyridyl rings should
adopt a coplanar geometry. However, this phenomenon
is not strongly manifested in the case of the 2,20-bipyridyl
isomer for several reasons, themost important of which is
the chelating character of neutral 2,20-bipy. In most
complexes, this species acts as a chelating ligand that
requires a fair degree of pyridyl ring coplanarity to
achieve optimum bonding. As a result, the torsion angle
values observed by single-crystal X-ray diffraction for
species containing the neutral 2,20-bipy ligand are rela-
tively small. A search of the CCDC revealed a mean
torsion angle of 4.4�.30 A comparison of this value with
those of 5.6�, 1.8�, and 0� observed for 1a, 1b, and 2,
respectively, reveals no significant variations, and as a
result, this metric cannot be used diagnostically.

Spectroscopic Characterization. EPR measurements of
solutions of 2,20-bipy in the presence of alkali metals such
as lithium or sodium provided the first spectroscopic
evidence for the existence of the 2,20 radical anion.12

The ability of this highly sensitive technique to register
the presence of trace amounts of a paramagnetic species
provided a useful probe that allowed for the early char-
acterization of this and many other organic radicals in
solution.Naturally, our first spectroscopicmeasurements
on sample 1 were solution and solid-state EPR measure-
ments in order to confirm the presence of 2,20-bipy•-.
Both measurements unequivocally prove the existence of
the radical anion in the sample and exhibit g values very
close to that of the free electron (g=2.002 319). Solution
EPR measurements registered a g value of 2.0035, with a
characteristic hyperfine splitting pattern arising from the

Figure 4. (a) Numbering scheme employed to discuss metric bond data
for all of the 2,20-bipyridine-derived species. (b) 2,20-bipy LUMO high-
lighting the alternating bonding and antibonding interactions of the π
system.

Table 2. Bond Lengths [Å] for 2,20-bipy and the 2,20-bipy•- and 2,20-bipy2-

Moieties in Species 1a, 1b, and 2a

2,20-bipy•- 2,20-bipy2-

bondb 2,20-bipyc 1a 1b
d

2

1 1.490(3) [1.494] 1.431(3) 1.429(av) [1.436] 1.399(6) [1.400]
2 1.346(2) [1.357] 1.388(3) 1.388(av) [1.403] 1.436(4) [1.442]

1.391(3)
3 1.341(2) [1.350] 1.338(3) 1.337(av) [1.341] 1.343(4) [1.339]

1.336(3)
4 1.384(2) [1.397] 1.374(3) 1.382(av) [1.405] 1.381(5) [1.412]

1.372(3)
5 1.383(3) [1.397] 1.403(4) 1.404(av) [1.419] 1.429(5) [1.440]

1.405(3)
6 1.385(2) [1.395] 1.366(3) 1.364(av) [1.382] 1.358(5) [1.376]

1.363(3)
7 1.394(2) [1.407] 1.428(3) 1.428(av) [1.438] 1.452(4) [1.453]

1.427(3)

aData in brackets correspond to the bond lengths [Å] obtained from
the optimized geometries using the computational methods described in
the manuscript. bBond numbering scheme, as indicated in Figure 5a.
cBond metric data taken from ref 16a. dAverage values given for the four
crystallographically unique 2,20-bipyridyl radicals present in the asymmetric
unit of 1b.

(30) Average of 4192 hits from CSD, version 5.30 (Nov 2008).
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coupling of the unpaired electronwith the nuclear spins of
14N (I=1) and 1H (I= 1/2). The isotropic Fermi contact
coupling constants, as calculated by DFT, were found to
be in very close agreement with those obtained following
a least-squares fitting of the experimentally determined
spectrum of the radical anion. DFT calculations predict a
coupling constant of 8.74 MHz for the coupling of the
spin magnetic moment with the 14N nuclear spins and
values of-4.65,-0.98, 14.54, and 2.42MHz for coupling
to the proton nuclei in positions 3-6, respectively. The
coupling constant values obtained following a least-
squares fit of the experimentally determined spectrum
were 9.03 MHz for coupling to 14N and -4.32, -1.77,
-15.9, and 0.32 MHz for 1H couplings (a plot of experi-
mentally determined and calculated EPR spectra is pro-
vided in Figure S6 in the Supporting Information). These
values are in good agreement with similar literature
values reported for the 2,20-bipyridyl radical.12

Similarly, EPR measurements on a solid sample of 1
also showed an EPR resonance with a similar g value of
2.0033 (see Figure S8 in the Supporting Information).
This resonance exhibits a certain degree of anisotropy,
which we believe may arise from one of two possible
scenarios. The first possibility is that the anisotropy of the
resonance observed for 1 is a consequence of having a
mixture of two solid products, 1a and 1b. These species
could conceivably exhibit two slightly different reso-
nances that overlap, giving rise to an asymmetric signal.
The second possibility is that the resonance anisotropy is
a result of a single solid product (we believe species 1b is
the predominant crystalline product) that has different
parallel and perpendicular contributions to the overall g
value. This would be consistent with the highly ordered
crystal structure exhibited by 1b, which clearly shows that
all bipyridyl radicals are stacked perpendicularly to the ab
plane. Regardless of the origin, these measurements
provide unequivocal proof of the existence of the radical
anion both in solution and in the solid state. Interestingly,
EPR measurements on a solid sample of the dianion (2),
which we would expect to be diamagnetic, also show
evidence of a very weak resonance in the EPR spectrum.
This resonance has a g value of 2.0033 and is extremely
weak by comparison to sample 1. We believe that this
resonance may arise from trace amounts of the radical
anion in the lattice of 2, giving rise to a structure of
nominal composition Rb2-x(2,2

0-bipy2-)1-x(2,2
0-

bipy•-)x(en)2. This is unsurprising considering the highly
sensitive nature of EPR as a characterization technique,
which is capable of registering the presence of paramag-
netic centers at concentrations as low as 10-9 M.31

In recent years, the amount of spectroscopic data
available for the 2,20-bipyridyl radical has proven a useful
resource for researchers who have questioned ligand
oxidation states in low-valent coordination compounds
of 2,20-bipy. Particular attention has been paid to the
work by Nakamoto and co-workers, whose IR spectros-
copy studies have proven to be an extremely useful
diagnostic tool.9 In their frequently cited paper, they
argue that two particular regions of the IR spectrum
can be employed to ascertain whether a coordination

complex formally corresponds to a complex of neutral
2,20-bipy or of the radical anion, 2,20-bipy•-. The first of
these regions is between 900 and 1000 cm-1, where there
are no absorptions observed for neutral 2,20-bipy. Inter-
estingly, reduced species such as Li(bipy) 3 nTHF show a
peak corresponding to a ring deformation mode in this
region (944 cm-1 for Li(bipy) 3 nTHF). An IR sample of
compound 1 revealed an absorption peak at 939 cm-1,
which is consistent with this analysis. The second diag-
nostic region is the CdC and CdN stretching region
between 1475 and 1625 cm-1. According to Nakamoto, a
complex of neutral 2,20-bipy should exhibit a relatively
strong absorption band between 1600 and 1610 cm-1

while a complex of the radical anionwould exhibit several
medium-to-strong intensity bands in the 1490-1575
cm-1 region. This is also observed for compound 1, which
exhibits two bands at 1495 and 1561 cm-1. Two coincid-
ing peaks were also observed in the Raman spectrum at
1495 and 1560 cm-1, which are also consistent with the
values of 1486 and 1554 cm-1 reported in the literature for
the resonance Raman spectrum of Li(bipy).10,16a The IR
and Raman spectra observed for compound 1 are com-
plicated because of the presence of absorption peaks
corresponding to the vibrational modes of the en mole-
cules present in the crystal lattice; however, a comparison
with the literature-reported data shows many common
features.
In contrast to the 2,20-bipyridyl radical, there is a

dearth of spectroscopic data available in the chemical
literature for the 2,20-bipyridyl dianion, 2,20-bipy2-. Dur-
ing the course of our studies, we collected the IR and
Raman spectra for sample 2, which contains the anti or
trans isomer of the 2,20-bipyridyl dianion (a comprehen-
sive list of this data is presented in the Experimental
Section). The trans conformation of the 2,20-bipyridyl
dianion belongs to the C2h point group, which contains a
center of inversion. As a result, the mutual-exclusion rule
applies and there should be no coincidental peaks ob-
served in the corresponding IR and Raman spectra. This
is observed in the spectra of 2 because both the IR and
Raman spectra are notably different. A very small num-
ber of peaks that appear in both spectra presumably arise
from the en solvent molecules present in the crystal
structure. The IR spectrum reveals several diagnostic
peaks for the dianionic species. There are two strong
peaks at 1560 and 1590 cm-1 arising from CdC and/or
CdN stretches. These are much more intense and have
been shifted to higher wavenumbers than those observed
for the radical anion. There are also several peaks be-
tween 800 and 900 cm-1, which are absent from the IR
spectra of the 2,20-bipyridyl radical and neutral 2,20-bipy,
that may be used diagnostically to recognize the presence
of the dianion. These occur at 801, 830, and 867 cm-1 and
are unique to the IR spectrum of the dianionic species.
The Raman spectrum of 2 reveals three intense peaks at
1434, 1493, and 1578 cm-1 in addition to several other
very strong peaks at 433, 709, 957, 1083, and 1233 cm-1.
Of these, the resonance at 957 cm-1 seems diagnostic of
the dianion, as has been previously reported for Li2-
(bipy).10c

3.2. 2,40-Bipyridyl Radical Anion andDianion. Synth-
esis and Crystallographic Characterization. Employing a
method analogous to that used for the synthesis of the

(31) Weil, J. A.; Bolton, J. R. Electron Paramagnetic Resonance: Elemen-
tary Theory and Practical Applications, 2nd ed.; Wiley: Hoboken, NJ, 2007.
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2,20-bipyridyl radical anion and dianion, we were also
able to isolate the corresponding 2,40-bipyridyl conge-
ners. The reaction of 1 equiv of potassium metal with
2,40-bipy in en was found to yield the 2,40-bipyridyl-
radical-containing species 3 (Figure 5). This species can
be obtained in moderate crystalline yields by layering
crude reaction mixtures with toluene or ether. The bulk
composition of the crystalline sample was confirmed by
powder X-ray diffraction and elemental analysis, reveal-
ing a clean conversion to a single crystallographic phase
(see Figure S13 in the Supporting Information for pre-
dicted and experimental powder X-ray diffraction
patterns).
Similar reactions with greater excess of an alkali-metal

reagent (2 mol equiv or above) were found to yield the
2,40-bipyridyl dianion. This species was isolated as two
isostructural salts of potassium and rubidium in A4(2,4

0-
bipy)2(en)3.5 [A = K (4), Rb (5)]. Both species exhibit
largely the same structural properties, as evidenced by
a comparison of their asymmetric units, pictured in
Figures 6 and 7 for potassium and rubidium, respectively.
Crystallographic data and collection parameters for these
structures are presented in Table 3. The compositional
purity of the samples was determined by elemental ana-
lysis for both samples, and a powder X-ray diffraction
patternwas also collected for sample 5 in order to rule out
the presence of other possible, compositionally identical,
crystalline phases (see Figure S14 in the Supporting
Information).
The crystal structure exhibited by 3 displays a single

2,40-bipyridyl radical anion in the asymmetric unit ac-
companied by a charge-balancing cation, K1, and an en
solvent molecule, as pictured in Figure 5. The sample
crystallizes in the orthorhombic space group P2(1)2(1)2-
(1) and exhibits an extended three-dimensional structure
with interactions between the alkali-metal cations and
both the nitrogen atom lone pairs and the π manifold of
the bipyridyl radicals. Interestingly, the three-dimen-
sional nature of this structure relies exclusively on bond-
ing between the nitrogen in position 40 of the bipyridyl
radical, N2, and the potassium metal cations, with en
molecules also acting as bridges between metal centers.
No active role in network bonding is played by the

nitrogen atom in position 2 (N1). In the crystal structure,
each N2 atom acts as a bridge between two different,
symmetry-related, potassium cations via what appears to
be a largely σ-bonding interaction between the nitrogen
atom lone pair and one potassium metal cation and an
interaction to another cation via the π system. The
representation of the asymmetric unit of 3, shown in
Figure 5, clearly shows the π-manifold interaction be-
tween K1 and N2 as a thin dashed line. The distances for
these two different interactions are 2.800(2) and 3.249(2) Å
for the σ interaction and the “side-on” contact, res-
pectively. The nitrogen atoms from each en molecule,
N1E and N2E, also act as bridges between potassium
cations, with each one of the two nitrogen atoms bonding
terminally to different metal cations. As a result, N1E
binds to K1 with a bond distance of 2.798(2) Å and N2E
binds to a different, crystallographically related cation,
with a distance of 2.882(2) Å. These interactions ulti-
mately give rise to a three-dimensional distorted dia-
mondoid network, where each potassium metal cation is

Figure 5. Thermal ellipsoid representation of the atoms in the asym-
metric unit of 3. Anisotropic displacement ellipsoids pictured at the 50%
probability level.

Figure 6. Thermal ellipsoid representation of the repeating structural
motif in 4. Anisotropic thermal displacement ellipsoids pictured at 50%
probability level. Hydrogen atoms have been omitted for clarity. Only the
crystallographically unique non-hydrogen atoms are labeled.

Figure 7. Thermal ellipsoid representation of the repeating structural
motif in 5. Anisotropic thermal displacement ellipsoids pictured at 50%
probability level. Hydrogen atoms have been omitted for clarity. Only the
crystallographically unique non-hydrogen atoms are labeled.
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pseudotetrahedrally coordinated by four nitrogen atoms
[N1E, N2E, N2 (via lone pair), and N2 (via π-manifold)]
from substituents that act as bridges to four different,
but crystallographically related, potassium cations (for
a more detailed bonding diagram, see the Supporting
Information). Because of the lack of strongly direc-
tional covalent interactions, the flexible character of
the bridging en substituents and the different lengths
of bridging en and bipyridyl moieties, the three-dimen-
sional structure is highly distorted from an ideal
diamondoid network. This can be observed in the bond
angles of the nitrogen substituents around a given potas-
sium metal cation, which vary between 79.58(6)� and
165.90(6)� for N2-K1-N2E and N1E-K1-N2, respec-
tively. The average value for all six tetrahedral angles
is 108.00�. In addition to the bonds discussed, there is
also some evidence for a short metal-carbon interaction
arising between K1 and the carbon atoms labeled as C6
and C7 from one 2,40-bipyridyl radical moiety (K-C
bond distances of 3.078(2) and 3.348(2) Å, respectively)
and between K1 and C10 from an adjacent bipyridyl
moiety [3.381(2) Å]. Bond distances within the 2,40-bipyr-
idyl radical moiety are best discussed in relation to those
of the neutral parent compound and the dianionic species
isolated in compounds 4 and 5 and will be discussed in
depth below.
Because of the isostructural nature of compounds 4

(Figure 6) and 5 (Figure 7), their single-crystal X-ray
structures can be addressed simultaneously, and we will
limit ourselves to discussing the bonding interactions
present within 4. In addition to two 2,40-bipyridyl dia-
nions, the asymmetric unit of 4 also contains four
unrelated potassium cations and three and a half crystal-
lographically unique en molecules. This asymmetric unit
gives rise to an extended three-dimensional network that
is held together by interactions between potassium metal
cations and dianionic 2,40-bipyridyl moieties. As with
many of the crystal structures discussed previously, the
en molecules present in the lattice play an important role
in network bonding, acting as bridges between metal
centers.
The three-dimensional crystal structure of 4 appears

quite complex upon first examination; however, it can be

simplified by describing it as comprised of two-dimen-
sional sheets that run along the crystallographic ac plane
of the unit cell. These sheets ultimately give rise to an
extended three-dimensional network because of the role
played by two different bridging en molecules (labeled as
F and H in Figure 6) that terminally bind to potassium
metal cations from adjacent sheets, building up the
structure along the crystallographic b axis. (N1F binds
to K2, while N2F binds to K3; N1H bonds to two
crystallographically distinct K1 cations.) Each two-di-
mensional sheet involves extensive interactions between
the four potassium cations and the lone pairs and π
systems of the two crystallographically unique 2,40-bipyr-
idylmoieties pictured inFigure 6. In addition, there is also
an active role played by the en molecules labeled as E and
G in Figure 6. These molecules act as chelating bridges
between potassium cations, which along with the inter-
actions between potassiummetal cations andπ systems of
the bipyridyl dianions help extend the crystal structure
along one dimension. As a result, N1E and N2E both act
as linkers between K3 and K4, with distances ranging
between 2.941(2) and 2.986(2) Å. Similarly, N1G also
bridges K3 and K4, with bond distances ranging between
2.864(2) and 3.068(2) Å. (The bond distance between
N2G and K3 is too long to consider it a bridging inter-
action.) Of the four crystallographically unique potas-
sium cations, K1 and K2 exhibit a large degree of “side-
on” bonding interactions to the 2,40-bipyridyl dianions
pictured, as shown in Figure 6. K1 interacts with N11,
C15, C16, and C110 of one bipyridyl dianion with bond
distances that range between 2.832(2) and 3.259(2) Å and
with N22, C27, C28, and C29 from a different bipyridyl
moiety, with bond distances ranging between 2.998(2)
and 3.478(2) Å (all K-CandK-Ndistances greater than
3.5 Å have been ignored). A σ interaction with a bond
distance of 2.834(2) Å between N21 from an adjacent
2,40-bipyridyl dianion and K1 is also present, helping to
extend the structure in a second dimension. Similarly, K2
also sits between two bipyridyl dianions and exhibits
interactions to the π manifold through N12, C18, and
C19 with bond distances of 2.861(2), 3.067(2), and
3.157(2) Å, respectively, and through N21, C25, C26,
and C210 with distances ranging between 2.827(2) and

Table 3. Selected X-ray Data Collection and Refinement Parameters for 3-5

compound K(2,40-bipy)(en) K4(2,4
0-bipy)2(en)3.5 Rb4(2,4

0-bipy)2(en)3.5
fw 255.39 679.13 864.61
space group, Z P2(1)2(1)2(1), 4 P2(1)/c, 4 P2(1)/c, 4
a (Å) 6.9699(2) 13.6287(1) 14.0310(2)
b (Å) 9.3455(2) 20.0334(3) 20.3177(3)
c (Å) 19.0541(5) 13.7395(2) 13.5537(2)
R (deg) 90.000 90.000 90.000
β (deg) 90.000 118.718(1) 117.447(1)
γ (deg) 90.000 90.000 90.000
V (Å3) 1241.13(6) 3289.86(7) 3428.93(9)
Fcalc (g cm-3) 1.367 1.371 1.675
radiation, λ (Å) Mo KR, 0.710 73
temp (K) 150 150 150
μ (mm-1) 0.411 0.578 5.711
reflns collected 2811 14 414 15 302
indep reflns 2811 7497 7795
R(int) 0.00 0.0303 0.0456
R1/wR2,a I g 2σ(I) (%) 4.00/9.70 4.02/9.55 3.92/9.30
R1/wR2,a all data (%) 4.70/10.25 6.52/10.66 5.65/10.08

aR1= [
P

)Fo|- |Fc )]/
P

|Fo|; wR2= {[
P

w[(Fo)
2- (Fc)

2]2]/[
P

w(Fo
2)2]}1/2; w= [σ2(Fo)

2+ (AP)2+ BP]-1, where P= [(Fo)
2 + 2(Fc)

2]/3 and theA
and B values are 0.0511 and 0.2496 for 3, 0.0493 and 1.3650 for 4, and 0.0459 and 2.9749 for 5.
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3.268(2) Å. A σ bond between K2 and N11 from an
adjacent symmetry-generated bipyridyl dianion is also
present with a distance of 2.860(2) Å. Analogously to the
σ interaction between K1 and N21, this bond also serves
to generate the two-dimensional sheets. Cations K3 and
K4 are involved in clear σ interactions with the nitrogen
atoms in the 40 positions of the dianionic moieties. Thus,
K3 binds to N12 and K4 binds to N22 with bond
distances of 2.925(2) and 2.816(2) Å, respectively. Addi-
tional interactions between K3 and the π manifold of a
2,40-bipyridyl dianion are also present, with interactions
arising between K3 and N11, C14, C15, and C16 ranging
between 2.945(2) and 3.497(2) Å. Similarly, there are also
analogous interactions arising betweenK4 andN21, C21,
C25, C26, and C210, with distances that vary between
2.942(2) and 3.409(2) Å. To summarize, K1 and K2 form
σ bonds with the nitrogen atoms in the 2 position of the
2,40-bipyridyl moieties and, conversely, K3 and K4 form
σ bonds with the nitrogen atoms in the 40 positions. All
four metal cations partake in extensive bonding to the π
manifolds of the dianionic units, which ultimately gives
rise to a two-dimensional sheetlike structure. These
sheets are held together by terminally bridging en mole-
cules that extend the structure in a third dimension (a
diagrammatic representation of the bonding within this
structure is provided in Figure S16 of the Supporting
Information).

Electronic Structure and Bond Metric Parameters. As
we discussed previously regarding the chemically reduced
forms of 2,20-bipy, a clear correlation can be drawn
between the bond metric data obtained for the radical
(compound 3) and dianionic (compounds 4 and 5) forms
of 2,40-bipy and their frontier molecular orbitals. A
representation of the LUMO for neutral 2,40-bipy is
pictured in Figure 8b. DFT calculations similar to those
carried out on 2,20-bipy indicate that this is the same
orbital that acts as the SOMO for the 2,40-bipyridyl
radical and the 2,40-bipyridyl dianion HOMO. As a
result, the chemical reduction of neutral 2,40-bipy results
in large changes to the bonding or antibonding character
of the C-C and C-N chemical bonds of the 2,40-bipyr-
idyl moieties (a numbering scheme for the different bonds
of the bipyridylmoieties is provided in Figure 8a).32 From
inspection of this important frontier molecular orbital, it
is apparent that upon reduction one would expect bonds
1, 6, 9, and 12 of the 2,40-bipyridyl units to shorten upon
reduction. Similarly, bonds 2, 5, 7, 8, 10, 11, and 13 should
elongate. Inspection of Table 4 shows that this is, in
fact, what we observed experimentally. The most sub-

stantial changes occur to bonds 1, 2, 7, 8, and 13, while
bonds 6, 9, and 12 undergo very small, often statistically
meaningless, changes. Bond 1, which represents the
interpyridyl ring bond distance, shrinks substantially
from 1.484(av) Å for the neutral parent compound to
1.429(3) Å for 3 and to 1.385(av) Å for 4 and 5. Similarly,
there is also a dramatic change to bond 2, which varies
from 1.338(av) to 1.382(3) and 1.435(av) Å for the
neutral, radical, and dianionic forms of 2,40-bipy, respec-
tively. For a comprehensive listing of bond distances,
see Table 4. A comparison of bond distances with the
theoretical values obtained from DFT calculations
shows good correlations, and the same systematic
trends are observable (these data are also provided in
Table 4).

Spectroscopic Characterization. A search of the chemi-
cal literature reveals a dearth of available spectroscopic
information on the chemically reduced forms of 2,40-
bipyridine. While such data are readily abundant for the
2,20-bipyridyl radical, no such reports are available for the
less widely used 2,40 isomer. Reports on the electroche-
mical behavior of the neutral parent compound are
available,17a as well as a study detailing the Raman
spectra of 2,40-bipy adsorbed on an active electrode sur-
face at various potentials.17b However, as with the struc-
tural data reported above, it appears that a
comprehensive study of the reduced forms of this bipyr-
idyl isomer has yet to be carried out. During the course of
our research, we decided to complement the structural
data that we obtained for compounds 3-5 with a series
of EPR, IR, and Raman measurements with the aim

Table 4. Bond Lengths [Å] for 2,40-bipy and the 2,40-bipy•- and 2,40-bipy2-

Moieties in Species 3-5a

2,40-bipy•- 2,40-bipy2-

bondb 2,40-bipyc 3 4 5

1 1.484(av) [1.489] 1.429(3) [1.431] 1.385(3) 1.387(5) [1.395]
1.384(3) 1.385(5)

2 1.338(av) [1.360] 1.382(3) [1.408] 1.430(2) 1.436(4) [1.452]
1.438(2) 1.436(4)

3 1.333(av) [1.350] 1.345(3) [1.343] 1.344(3) 1.341(4) [1.334]
1.344(2) 1.341(4)

4 1.362(av) [1.397] 1.383(3) [1.403] 1.372(3) 1.377(5) [1.417]
1.377(3) 1.376(5)

5 1.354(av) [1.398] 1.404(3) [1.422] 1.429(3) 1.425(5) [1.439]
1.427(3) 1.423(5)

6 1.370(av) [1.395] 1.371(3) [1.381] 1.353(3) 1.348(5) [1.376]
1.352(3) 1.352(5)

7 1.373(av) [1.405] 1.432(3) [1.435] 1.458(3) 1.451(5) [1.461]
1.455(3) 1.458(4)

8 1.385(av) [1.405] 1.430(3) [1.437] 1.465(3) 1.467(4) [1.467]
1.462(3) 1.471(5)

9 1.379(av) [1.395] 1.375(3) [1.384] 1.353(3) 1.352(5) [1.381]
1.360(3) 1.355(5)

10 1.325(av) [1.356] 1.360(3) [1.375] 1.388(3) 1.391(4) [1.389]
1.383(3) 1.381(4)

11 1.334(av) [1.358] 1.363(3) [1.380] 1.383(3) 1.368(4) [1.400]
1.371(3) 1.374(4)

12 1.376(av) [1.393] 1.369(3) [1.381] 1.359(3) 1.370(5) [1.376]
1.359(3) 1.358(5)

13 1.385(av) [1.406] 1.431(3) [1.436] 1.463(3) 1.469(5) [1.464]
1.467(3) 1.466(5)

aData in brackets correspond to the bond lengths [Å] obtained from
the optimized geometries using the computational methods described in
the manuscript. bBond numbering scheme, as indicated in Figure 8a.
cAverage bond metric data taken from ref 32.

Figure 8. (a) Numbering scheme employed to discuss metric bond data
for all of the 2,40-bipy-derived species. (b) 2,40-bipy LUMO highlighting
the alternating bonding and antibonding interactions of the π system.

(32) (a) Syssa-Magal�e, J.-L.; Boubekeur, K.; Palvadeau, P.; Meerschaut,
A.; Sch

::
ollhorn, B. CrystEngComm 2005, 7, 302. (b) Morimoto, M.; Irie, M.

Chem.;Eur. J. 2006, 12, 4275. (c) Tong, M.-L.; Ye, B.-H.; Cai, J.-W.; Chen, X.-
M.; Ng, S. W. Inorg. Chem. 1998, 37, 2645.
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of developing a simple diagnostic method capable of
spectroscopically distinguishing between the neutral, ra-
dical, and dianonic forms of 2,40-bipy.
Solution-phase and solid-state EPR measurements on

sample 3 clearly prove the presence of a radical anion in
the sample. The solution-phase spectrum displays a com-
plicated hyperfine coupling pattern as a result of the
coupling of the magnetic moment of free electron with
two inequivalent 14N nuclei and eight inequivalent 1H
atoms (a hyperfine splitting that should give rise to 2304
unique lines). The resonance is centered at a g value of
2.0037, which is very similar to the value of 2.0035
observed for the 2,20-bipyrdiyl radical and comparable
to that of the free electron. A nonlinear least-squares
fitting of the solution-phase EPR spectrum of the 2,40-
bipyridyl radical gave coupling constant values of 6.56
and 10.10 MHz for the interaction between the electron
spin and the two 14N nuclei. Coupling constants for
interactions with the eight inequivalent proton environ-
ments were determined to be -3.52, -2.88 -12.42, 1.28,
-1.15, -6.56, -7.99, and 1.21 MHz. These values are in
good agreement with the isotropic Fermi contact cou-
pling constants determined by DFT calculations (a list
assigning coupling constants for the radical anion is
provided in the Supporting Information).
Similarly, a solid sample of 3 also reveals a strong

resonance with a g value of 2.0037 with no hyperfine
coupling. This symmetrical resonance is consistent with
what would be expected from such a sample, and there is
no evidence of the asymmetry observed for sample 1 (see
the Supporting Information). As with the 2,20-bipyridyl
dianion, solid samples of 4 and 5 also give rise to very
weak resonances, presumably arising from nonstoichio-
metric compositions of formulas A4-x(2,4

0-bipy2-)2-x-
(2,40-bipy•-)x(en)3.5 (A = K, Rb). These resonances are
veryweak compared to that observed for a solid sample of
3 and may arise because of the presence of trace amounts
on the bipyridyl radical in the crystallographic sites
occupied by the dianion.
Aswith the 2,20 isomer, the IR spectrumof compound 3

reveals the presence of a unique ring deformation mode
for the radical anion in the 900-1000 cm-1 region. This
peak appears at 944 cm-1 for 3 and is clearly absent from
the neutral parent compound. The CdC and CdN
stretching region, however, is not as informative as that
of the 2,20-isomer radical. There is a stretching frequency
absorption at 1559 cm-1 for the 2,40-bipyridyl radical that
is absent from neutral 2,4’-bipy; however, the rest of the
region does not allow for a diagnostic assignment of
charge. Several strong bands that are present in the IR
spectrum of neutral 2,40-bipy are absent from the spec-
trum of the radical anion, and these may be used as an
additional diagnostic tool. These occur at 730, 773, 851,
1043, and 1066 cm-1 for the neutral species and are absent
from the spectrum of the radical anion.
The IR spectra of compounds 4 and 5 are largely

identical, as would be expected for two isomorphic species
that vary in the nature of the alkali-metal cations asso-
ciated with the 2,40-bipyridyl dianions. There are marked
differences between the IR spectra of these two com-
pounds and those of their neutral and radical counter-

parts. Two strong absorption peaks appear in the 900-
1000 cm-1 region that were not present in the spectrum of
2,40-bipy and where only one strong band was observed
for the 2,40-bipyridyl radical. These occur at 900 and 950
cm-1 and 902 and 951 cm-1 for 4 and 5, respectively. An
additional pair of strong peaks corresponding to in-plane
bending modes may also be observed at 1257 and 1290
cm-1 and 1255 and 1291 cm-1 for 4 and 5, respectively.
This region of the IR spectrum (between 1250 and 1300
cm-1) typically shows a single weak band for the radical
anion (1267 cm-1) and extremely weak peaks for the
neutral parent compound. As a result, it may also be used
diagnostically to establish the charge associated with a
2,40-bipyridyl moiety. The CdC and CdN stretching
region reveals the presence of two strong bands for 4
and 5, which appear at 1574 and 1607 cm-1 and 1576 and
1604 cm-1, respectively. While these peaks cannot be
employed reliably as a characteristic fingerprint, they
appear to be shifted to higher wavenumbers by approxi-
mately 10 cm-1 compared to those observed for the
radical species 3.
The Raman spectra recorded for compounds 3-5

are found to be in very good agreement with the corre-
sponding IR spectra. This is unsurprising considering
the Cs point symmetry of a planar 2,40-bipyriyl moiety,
which would make all possible vibrational modes both
IR- and Raman-active. The number of coincidental
IR- and Raman-active modes is high, particularly for
the 2,40-bipyridyl dianions 4 and 5, where a minimum of
12 bands common to both species were found to coincide
in the IR and Raman spectra. Additional vibrational
modes might also be observed to arise from the en
molecules present in species 3-5 and from trace amounts
of impurities.

4. Conclusions

During the course of these studies, we have developed a
versatile methodology for the synthesis of bulk samples of
compositionally pure salts of 2,20- and 2,40-bipyridyl radical
anions and dianions, which we have characterized in com-
pounds 1-5. These studies help to elucidate someof themore
obscure aspects of the chemistry of these highly reductive air-
and moisture-sensitive species. The crystallographic data
provided help to draw important correlations between the
electronic structure and bond metric data, providing one of
several diagnostic tools for the elucidation of the charge
associated with partially reduced bipyridyl moieties. This
area has proven contentious in the field of coordination
chemistry in the past, particularly when pertaining to the
assignment of the formal oxidation states of 2,20-bipyridyl
complexes of low-valent transition metals. Furthermore, the
spectrochemical studies that we have carried out help to
complement the existing data in the chemical literature and to
provide further analytical tools with which to determine the
presence of reduced forms of such prevalent ligand systems.
At present, we are investigating a series of mid-row and late-
transition-metal complexes of these ligand systems in which
the bipyridyl moieties exhibit a large degree of negative
charge on the ligand backbones, with the aim of developing
“switchable” materials capable of undergoing structural
changes when submitted to external stimuli.
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