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The gas-phase electron diffraction structure of 2,2’-bipyridine has been determined.
Both static and dynamic models have been applied. The dynamic model is used to
study the large-amplitude motion about the inter-ring C—C bond. The structure
parameters (r,/ A and £,/°) for the dynamic model were found to be: r (C—C),,. =
1.389(2), r(C—N),,. = 1.352(4), r (C2—C2’) = 1.496(3), r (C~H),,. = 1.108(3), and
ZC2'C2N1 = 116.1(5), £C2N1C6 = 116.2(7), £N1C6C5 = 124.6(6), £C2'C2C3 =
120.9(3). The numbers in parentheses are one standard deviation as given by least-
squares refinement using a diagonal weight matrix. The most abundant stable confor-
mation is the anti form. However, a less abundant conformation rotated about 120°
from the anti form is indicated by both the static and dynamic models. The results
obtained by the electron diffraction method are in good agreement with results both
from X-ray and ab initio calculations. Experimental evidence suggests that the
potential energy function for internal rotation about the inter-ring bond is different in
the gaseous and liquid states, with a stronger stabilization of the syn form in the liquid

state.

The chemistry and physical properties of bipyridines have
been reviewed by Summers' up to mid-1982. Among the six
different bipyridines, 2,2’-bipyridine has been most exten-
sively studied. 2,2'-Bipyridine has found a wide range of
applications in preparative and analytical chemistry owing
to its ability to form metal complexes. The photophysics
and photochemistry of these complexes are under active
investigation, with particular interest in their application to
solar energy conversion,” and as modelling intermediates in
transition-metal catalyzed reactions.>* Bipyridines are also
of interest in connection with their applications as the basis
of herbicides,’ their use in obtaining new biologically active
materials® and their use in medicine.” Finally, the im-
portance of 2,2'-bipyridine as a building block in supra-
molecular chemistry® should be mentioned.

The properties of 2,2'-bipyridine are closely related to its
structure and conformation. 2,2'-Bipyridine is found to
have a planar anti conformation in the solid state,’ while it
takes a syn conformation in the complexes of transition
metals. Mono- and dications of 2,2'-bipyridines are non-
planar,' and this is supported by theoretical calculations.'®
In solutions the dipole moment of 2,2’-bipyridine is non-
zero,' and this has been interpretated by assuming a non-
planar’ structure. The interpretation of the NMR spectra is
in accordance with an anti-like conformation.' However, a
mixture of anti and syn conformations with a free energy

*To whom correspondence should be addressed.
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difference larger than 7.1 but less than 40.1 kJ mol~! has
been proposed.'! An early electron diffraction study finds
the anti conformation as the most stable form, a shallow
minimum at a non-planar gauche form and a maximum for
the potential energy function at the planar syn form.!?
Ab initio calculations'>" and semiempirical calculations’®
predict the anti conformation to be the most stable form
and a second gauche-like conformation as a less stable
form.

We have previously successfully determined the molec-
ular geometry and potential energy function for internal
rotation for several biphenyl derivatives.'-*' A natural ex-
tension of this work is to incorporate ortho-substituted
biphenyls and also biheterocyclic compounds such as bipy-
ridines. The main purpose of this study is to gain further
information about the molecular structure and potential
energy function in the gaseous state for this important
molecule.

Experimental

2,2'-Bipyridine was obtained from Aldrich and used with-
out further purification.

The electron diffraction experiments were carried out
with the Oslo apparatus® for nozzle-to-plate distances of
476.61 and 196.66 mm, using Kodak Electron Image plates
and a nozzle temperature of 125°C. The wavelength of the
electron beam was 0.06373 A (estimated standard devia-




tion of 0.1 %), as calibrated against diffraction patterns of
benzene using r,(C—C) = 1.3975 A® as standard. Six and
five plates, respectively, were used for the long and short
camera distances. The optimal densities (D) were recorded
on a Joyce Loebl densitometer, and the densities were
processed?* using a blackness correction of 1+0.03D +
0.09D2 + 0.03D?. A modification function s/ |f"¢|* was ap-
plied, and a background subtraction program was used to
subtract the background on the modified form. The pro-
gram works essentially in the same way as that described by
Hedberg.” The modified molecular intensity curves were
averaged for each of the two camera distances, and these
two average curves were used simultaneously in the least-
squares analysis. The intensity data used in the structural
analysis cover the range of 1.50 <s=<19.50 A~! with data
intervals As=0.125 A~! for the 48 cm camera distance,
and 7.50 <5 <44.00 A" with As =0.25 A~ for the 20 cm
camera distance.

The scattering amplitudes and phases were calculated
using the partial wave method® based upon analytical
Hartree-Fock potentials for C and N atoms, and the best
electron density of bonded hydrogen for the H atoms.”’
The inelastic scattering factors were those of Tavard er al.?

Structural analysis

The numbering of the atoms for 2,2’-bipyridine is shown in
Fig. 2. The following independent structural parameters
were selected to describe the molecular geometry:
r(N1-C2), r(N1-C6), r(C2—-C3), r(C3—C4), r(C4-C5),
r(C5-C6), r(C2—C2'), r(C—H),,., £C2'C2N1,£C2'C2C3,
ZC2N1C6, ZN1C6C5 and ©. The dihedral angle © about
the central C2—C2’ bond is defined as 0° for the anti
conformation. We have supposed the anti conformation to
have C,, symmetry, syn to have C,, symmetry and all
non-planar forms to have C, symmetry. Further, we have
assumed that all the C—H bond distances are equal, and
that each C—H bond bisects the adjacent CCC bond angle.

The structural analysis was carried out for both static and
dynamic models. For the static model the torsional motion
about the C2—C2’' bond distance was treated conven-
tionally as a small-amplitude motion. The physical inter-
pretation of the dihedral angle, ©®, determined by this
model is an average angle which does not necessarily corre-
spond to the minimum of the potential energy function
about C2—C2’. The dynamic model treats the torsional
motion as a large-amplitude motion where the potential
energy function is explicitly included in the analysis.?"*

According to the ab initio calculation the anti conforma-
tion is the most stable form. We therefore chose to express
the potential energy function as a Fourier series [eqn. (1)],
which has extremum points at © = 0° (anti) and © = 180°
(syn). The interval between 0 and 180° was divided into ten
sub-intervals, and the population in each sub-interval was
calculated from V (©).

The asymmetry parameters x for the bond distances were
estimated®® according to x = au*/6 assuming® a=2.0 A~
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Table 1. u-Values (A) for some interatomic distances in 2,2'-
bipyridine.

r, Calculated Static Dynamic

N1-C2 1.35 0.0459 0.051 ] 0.051]
N1-C6 1.35 0.0456 0.051 0.051
C2-C3 1.39 0.0464 0.052 ) 0.052 (1)
C3-C4 1.39 0.0464 0.052 0.052
C4-C5 1.39 0.0464 0.052 0.052
c2-Cc2’ 1.50 0.0486 0.054 0.054
C-H 111 0.0770 0.085 (3) 0.085 (3)
Nt---C2' 242 0.0640 0.062 0.061
N1---C3 2.41 0.0631 0.061 0.060
N1---C5 2.42 0.0552 0.055 0.052
Cc2---C3 251 0.0638 0.063 @) 0.061 @
C2---C4 2.40 0.0560 0.055 0.053
C2---Cé 2.29 0.0555 0.055 0.052
C3---C6 2.38 0.0571 0.057 0.054
C4---C6 2.38 0.0557 0.055 ) 0.054 |
N1---C4 2.81 0.0614 0.054 0.056
C2---C5 2.73 0.0609 0.054 ; (4) 0.055 ¢ (5)
C3---Cé 2.70 0.0629 0.056 0.057‘
c2---C4' 377 0.0651 0.071 ®) 0.074} ®)
C2---C6’ 3.64 0.0655 0.071 0.074
C2--C5' 422  0.0669 0.072 (7)  0.070 (6)
N1---C5" 498 0.0895 0.091 () 0.093 6)
C5---C3' 5.06 0.0904 0.092 0.094
C5---C4’ 6.41 0.0878 0.099 ©) 0.095 ©)
C6---C5 6.29 0.0876 0.098 0.096
C5--C5' 6.95  0.0811 0.081 (2) 0.080 (2)

and using calculated u-values. The x-values for all non-
bonded distances were ignored.

Shrinkage is incorporated in the analyses by refining a
consistent r,-structure.*

Calculation of u- and K-values. The force field given by
Neto et al.,* excluding the interactions between out-of-
plane and torsion, was used to calculate the root-mean-
square amplitudes of vibration,* u-values, and the perpen-
dicular correction coefficients, K-values. A program writ-
ten by Hildebrandt et al.® was used for these calculations.
For the static model the contribution from the torsional
vibration is included, while the contribution from the tor-
sional vibration is subtracted for the dynamic model to give
framework u- and K-values, which were calculated for each
of the ten sub-intervals. The calculated and observed
u-values for the refined interatomic distances are given in
Table 1.

V(®) = 0.5V,(1-cos ®) + 0.5V,(1-cos20) 1
+ 0.5V(1-cos3@) M

Results and discussion

The final results for the static and dynamic models are
given in Table 2 together with the optimised geometry from
ab initio" calculations, and structural parameters in the

P
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Table 2. Structural parameters? for 2,2’-bipyridine.

Static Dynamic Ab initio** X-Ray®
r(N1-C2) 1.352 ) 1.352 @) 1.359 1.35
r(N1-C6) 1.352 1.352 1.350 1.37
r(C2—C3) 1.389 1.389 1.396 1.41
r(C3—-C4) 1.389 @ 1.389 @ 1.383 1.40
r(C4—C5) 1.389 1.389 1.386 1.37
r(C5—-C6) 1.389 1.389 1.388 1.37
r(C2—C2') 1498 (3) 149 (3) 1512 1.50
r(C—H) 1105 (3) 1.108 (3) 1.082-1.087
ZC2'C2N1 116.1 (5) 116.1  (5) 116.4 116.1
ZC2N1C6 1166 (7) 1162 (7) 1162 116.7
£ZN1C6C5 124.3 (6) 124.6 (6) 124.3 1243
£C2'C2C3 1211 (3) 1209 (3) 120.7 121.4
o, 180 (27) 00 0.0 0.0
0, 124 (16) 121 ~140
% anti 93.1 (5.2
% gauche 6.9 (5.2)
v, 9.2 (11)
v, 57 (10)
V, 142 (10)
R 433 435

aDistances are r, (A) and angles are £, (°). Potential energy
coefficients V in kJ mol~'. Standard deviation (o,,) from the
least-squares refinements when correlation among data and
uncertainty in the electron wavelength are not included.

PR =100[=w; A?/Z/?(obs)]"?, where A, = /(obs) — /(calc) and w;
is a weight function.

solid state.” The correlation matrix corresponding to the
dynamic model is given in Table 3. The modified molecular
intensity curves for the dynamic model are shown in Fig. 1,
and the corresponding radial distribution curves are shown
in Fig. 2. An accurate molecular structure of the anti con-
formation corresponding to the dynamic model in Table 2
is shown in Fig. 3. Attempts to refine the four intra-ring
C—C bond distances and the two C—N bond distances

2,2’ -Bipyridine
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s/A
Fig. 1. Experimental (dots) and theoretical (full line) intensity
curves, and the difference curves for 2,2'-bipyridine.

simultaneously and independently were not successful.
Therefore the four C—C intra-bond distances were as-
sumed equal, and the two C—N intra-bond distances were
also assumed equal. Comparison with the ab initio results
in Table 2 shows these assumptions to be reasonable.

Bond distances and angles. The geometrical parameters
given in Table 2 for the static and dynamic models are
almost identical, and the very small differences are well
within the experimental uncertainties. They are also in
excellent agreement with both the results of the ab initio
calculations™ and X-ray results.” The average intra-ring
C—-C bond distance, r,=1.389 A, is found to be about
0.01 A shorter than in benzene,? r,=1.3975 A, and in
pyridine,” r,=1.397 A, while the average C—N bond dis-
tance, r,=1.352 A, is about 0.01 A longer than in pyri-
dine,”” r,=1.342 A. The inter-ring C—C bond distance,

Table 3. Correlation matrix (x100) for the dynamic model for 2,2'-bipyridine. Only elements larger than 30 are included.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1V 100
2 v, -96 100
3V -34 100
4 r(C-C),. 100
5 r(C2-C2) 100
6 r(C—H) 100
7 £C2'C2N1 36 78 -44 100
8 <C2N1C6 96 86 100
9 «N1C6C5 -86 -75 -93 100
10 £C2'C3C3 -72 -74 -73 71 100
11 r(C-N) -98 35 -81 -95 84 74 100
12 u,? -95 -78 -92 8 71 95 100
13 u 85 80 91 -91 -72 -84 -79 100
14 u, 48 49 -42 -57 -48 -46 43 100

2uy, Uy and u, represent groups 1, 3 and 4 in Table 1.
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Fig. 2. Numbering of the atoms and experimental (dots) and
theoretical (full line) radial distribution curves, and the difference
curve for 2,2'-bipyridine. The artificial damping constant is
B=0.0020 A2. Theoretical intensities have been used below
s=1.50 A", Locations of some of the most important torsional
independent distances are given in Table 1.

r,=1.496 A, is similar to the inter-ring bond distances
found in nine biphenyl derivatives,'" which vary from
1.480 to 1.513 A with an average value of 1.498 A.

All the bond angles determined by the electron diffrac-
tion method are in very good agreement with the results of
the ab initio calculations and with X-ray results,’ as shown
in Table 2. The ZCNC and £NCC in pyridine* are 116.1
and 124.6°, respectively. Comparison of the values found
for 2,2'-bipyridine, 116.2 and 124.6°, indicates no major
changes in these angles due to substitution of another pyri-
dine ring. There is a significant difference between the two
angles ZC2'C2N =116.1 and £C2'C2C3 = 120.9°, which
gives a tilt of the two pyridine rings in relation to the
inter-ring C—C bond.

Fig. 3. An accurate molecular structure of the anti conformation
corresponding to the parameters for the dynamic model given in
Table 2.

61"
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Potential energy function. The static model gives two con-
formations with average torsional angles, ©; =18.0(2.7)
and ©, = 124(16)°, and relative abundances of 93(5) and
7(5) %, respectively, for the anti and gauche conforma-
tions. A value for ®,>0° does not necessarily mean a
non-planar anti geometry. The average torsional angle for
the nitro group in p-bromonitrobenzene® is 18.8(2.3)°,
where as nitrobenzene is found to be planar by microwave
spectroscopy.** The average torsional angle can be calcu-
lated from the potential energy function as:

180 180
e.. = | er(@)de / [ P(@)de
0 0

where P(®)=exp [—V(©)/RT]. Use of the Fourier co-
efficignts given in Table 2 gives an average torsional angle
0f18.8°, in excellent agreement with the value found from
the static model. A second conformation corresponding to
a gauche-like form is suggested from the experimental data
by both the static and dynamic models and in agreement
with ab initio calculations.'> However, the experimental
uncertainties are too large for a definitive conclusion to be
reached. These large uncertainties are of course closely
related to the energy difference between the two conforma-
tions. A large energy difference gives low population and
accordingly little information in the electron diffraction
data. An increase in the nozzle temperature would increase
the relative abundance of the less stable form.

V(@)

wlh i

Il

30

20

1 1 1 1 1
30 80 90 120 150 o s 180
Fig. 4. Potential energy function about the inter-ring C—C bond
for 2,2’-bipyridine. Curve | is derived from electron diffraction
data, and curves I and |ll are ab initio results from Refs. 13 and
15, respectively.
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Table 4. Some quantities? related to the potential energy function of internal rotation about the inter-ring bond for 2,2’-bipyridine.

Method Ref. Opnax V(Ona) Orin V(Opin) V(syn)
ED This work 67.7 215 1211 11.3 23.4
Ab initio® 13 95 279 140 21.7 29.1
Ab initio® 15 98.7 29.3 136.8 229 39.7
Ab initio 14 26.7
NDDO®¢ 16 100 23.9 138 209 26.7
Exp. 41 49-85

Exp. 11 7.1-40.1

2The quantities refer to the potential energy function shown in Fig. 3. Units are ° and kJ mol~'. ®Personal correspondence.
‘Interpolated values using cubic spline functions with parabolic endpoints on nine values calculated by the NDDO method.

The potential energy function from the dynamic model is
shown in Fig. 4 together with the functions calculated by ab
initio methods."* Quantities related to the potential
energy function are summarized in Table 4. The overall
agreement is good, but the theoretical calculations estimate
the torsional angle for the second conformation to be about
15-20° larger than the electron diffraction results. Further,
the potential energy curve from electron diffraction is much
steeper around the anti conformation compared to the the-
oretical calculations. From the curvature of the potential
energy function a torsional force constant can be calcu-
lated. Agresti et al."? calculated the torsional frequency to
be 37.5 cm™!, which should be compared to the experi-
mental* frequency of 73 cm™'. In the vicinity of the anti
conformation the relative population of molecules with
small torsional angles is high. Therefore there is informa-
tion about the curvature in the electron diffraction data,
and indeed a steeper potential energy function as shown in
Fig. 4 would give a higher torsional frequency, in better
agreement with the experimental value. The torsional force
constant, kg = [dV (©)/d®]g_,, calculated from electron
diffraction data, is 0.133 mdyn A rad~?, which gives a
calculated frequency of 81.0 cm™', whereas calculated from
the ab initio calculation of Barone et al.' it is 0.040 mdyn A
rad™?, giving a torsional frequency of 56.9 cm™'. The tor-
sional force constant used by Neto et al.* is 0.105 mdyn A
rad?, which give a torsional frequency of 74.8 cm™'. The

observed torsional frequency® is 73 cm™".

Dipole moment. Because a non-zero dipole moment (0.6
0.9 D) has been found in solutions it has been suggested
that the anti conformation is slightly non-planar.! Others*
have explained the non-zero dipole moment by assuming
anti and syn conformations, and they have found the free
energy difference between these two conformations to be
between 4.9 and 8.5 kJ mol™! depending on the solvents
used in the measurement of the dipole moment. A crude
estimate of the dipole moment can be estimated from: p =
UoXop + Mi20X 120, Where X, and X, are the molar ratios, and
o and p,, the dipole moments at 0 and 120°, respectively.
Using the composition found in the gaseous state and as-
suming p,=2.7 D gives a dipole moment of 0.2 D.
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Another way of estimating the dipole moment would be to
calculate the dipole moment from its variation with the
torsional angle and the potential energy function [eqn. (2)].

180 180
n= | w@exp[-V(OYRTId® [ [exp[-V(@)RTId® (2)
0 0

u(®) is not known, but its general form can be estimated
by using a third-degree polynomial with the following
constraints: u(anti) = 0 D, p(syn) = 3.6 D, [dw/d®],,; =
[dw/d®],,, = 0. Using the potential energy function derived
from electron diffraction and a temperature of 20°C gives a
value for the dipole moment of only 0.003 D. The above
considerations therefore suggest that the large non-zero
dipole moment found in solution cannot be explained by a
mixture of an anti and non-planar gauche conformations in
solution alone. However, the relative abundance of the two
conformations in solutions can be strongly influenced by
interaction with the solvent, as Pawelka and Sobczyk* have
shown. Benedix et al.*? have found from NDDO calcula-
tions that a strong stabilization of the syn form can be
expected in solution. Therefore the potential energy func-
tion can be quite different in the gas phase and in solution.
If V(©) is multiplied by a factor of 0.2, i.e. stabilization of
the syn form is assumed, the calculated dipole moment
from the expression above would be 0.44 D.
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