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Abstract: Ab initio molecular orbital calculations have been performed to investigate the structural, energetic, and electronic
properties of the 2- and 4-R-pyridines, with R including the isoelectronic saturated groups CH3s, NH,, OH, and F and the un-
saturated groups CaoH3 (vinyl), CHO, and CN. The equilibrium geometry of the pyridine ring is essentially unchanged in the
equilibrium structures of the 2- and 4-R-pyridines, independent of the nature of the substituent and its position. In all cases,
the 2-R-pyridines are more stable than the corresponding 4-R-pyridines. Except for substitution of F in the 4 position, substitu-
tion in the 2 or 4 position of a @ donating group has a stabilizing effect in pyridine relative to benzene, while substitution of the
m withdrawing groups CN in the 2 or 4 position or CHO in the 4 position has a destabilizing effect relative to benzene. Analy-
ses have also been made of substituent effects on electron distributions, n and 7 orbital energies, and dipole moments of the

substituted pyridines.

Introduction

Recent developments in experimental methods have led
to the determination of the strengths of organic bases in the
gas phase.!3 Comparisons of the gas-phase and solution data
have highlighted the important role which the solvent may play
in mediating the intrinsic strength of a base toward a particular
acid,* ¢ and have emphasized the need for reexamining the
traditional theoretical arguments concerning base strengths.
Ab initio molecular orbital calculations on free bases and on
associated acid-base pairs are particularly well suited for
providing some of the fundamental data required for this
reexamination.

An important series of organic bases for which experimen-
tally measured base strengths in the gas phase are now avail-
able are the monosubstituted pyridines.® While a few ab initio
molecular orbital studies of these bases and their association
with acids have been reported,®-# there has not yet been a
systematic study of the structural, energetic, and electronic
properties of these bases; therefore, such a study has been in-
itiated in this laboratory. Pyridine has already been investi-
gated,? and the present study is concerned with a set of 2- and
4-monosubstituted pyridines (2- and 4-R-pyridines) with the
substituents including the isoelectronic saturated groups CHj,
NH3, OH, and F and the unsaturated groups CoH; (vinyl),
CHO, and CN. This study has three specific aims: (1) to de-
termine the equilibrium structures of the 2- and 4-R-pyridines
and to analyze substituent effects on these structures, especially
on the geometry of the pyridine ring; (2) to compare the rela-
tive stabilities of the 2- and 4-R-pyridines and the energetic
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effects of substitution in pyridine relative to benzene; (3) to
investigate substituent effects on electron distributions, n and
7 orbital energies, and dipole moments, which are important
properties that influence base strengths.

Method of Calculation

Wave functions for the singlet ground electronic states of
the 2- and 4-R-pyridines have been expressed as single Slater
determinants ¥:

V= [Yi(1Y1(2) - . . (20 = DYa(2n)| /V(Zn)!

each consisting of a set of doubly occupied molecular orbitals
(MOs). The MOs y; are expressed as linear combinations of
atomic basis functions ¢, (the LCAO approximation):

‘)bl' = Z cuid)u
u

with the expansion coefficients c¢,; determined variationally
by solving the Roothaan equations.!® The basis set used for the
MO expansions is the minimal STO-3G basis set with standard
scale factors.!!

The 2-R-pyridines were assumed to have C; symmetry. In
these molecules, an in-plane hydrogen atom (H’) bonded to
X (X is the first-row atom of the substituent bonded to C; see
Figure 1) has been oriented so that X-H is s-cis to N,-C,. For
the 4-R-pyridines, the pyridine ring was assumed to have Cy,
symmetry, with the C4-X bond to the substituent coincident
with the C; symmetry axis of the ring. When Ris NHj, F, or
CN, the overall molecular symmetry is Co,; in all other cases,

© 1979 American Chemical Society
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Table I. Structures of 2-R-Pyridines?
bond distances, A bond angles, deg
1-2 2-3 3-4 1-6 5-6 4-5 CH? 612 123 234 165 345 456 23H  34H 16H 65H
= 1.35 1.39 1.39  1.351.391.39 1.08 116 124 119 124 118 119 120 121 116 120
He¢ (1.3402) (1.3945) (1.3944)- (1.08) (116.8) (123.9) (120.2) (115.9)
CH; 1.36 1.39 1.39 1.351.391.38 1.08 115 124 119 125 119 118 120 121 115 120
NH,; 1.36 1.40 1.38 1.351.391.39 1.08 115 124 119 125 119 118 120 121 115 120
OH 1.36 1.39 1.38 1.351.391.39 1.08 115 124 119 125 119 118 119 120 115 120
F 1.36 1.39 1.38 1.351.391.39 1.08 115 124 119 125 119 118 119 120 115 120
C,H; 1.36 1.40 1.39 1.351.39 1.39 1.08 115 124 119 125 118 119 120 121 116 120
CHO 1.36 1.39 1.39  1.351.391.38 1.08 115 124 119 125 119 118 119 121 115 120
CN 1.36 1.39 1.39 1.351.391.38 1.08 115 124 119 125 119 118 120 120 115 120
Substituent Geometries9
R =H Cy-H 1.08 N;-Cs-H 116 F Cy-F 1.35 N,-C;-F 116
CH; C,-C 1.53 N,-C,-C 116 CiyH,; C,-C 1.51 N,-C,-C 113
C-He 1.09 H-C-He 109 c-C 1.31 C,-C-C 126
NH, C>-N 1.40 N;-C2-N 115 C-H/ 1.08 C-C-H/ 122
N-H’ 1.01 Cy-N-H’ 119 CHO C,-C 1.52 N,-C,-C 116
N-H” 1.01 Cy-N-H” 122 C-0 1.22 C,-C-0 123
OH C,-0 1.39 N,-C,-0 117 C-H’ 1.10 C,-C-H’ 114
O-H’ 0.99 C,-O-H’ 104 CN C,-C 1.47 N,-C,-C 116
C- 1.16

« Underlined variables and values are determined by symmetry or geometry constraints, and have not been directly optimized. # Ring C-H
distances assumed equal. © Computed structure from ref 9. Experimental data in parentheses from ref 12. 4 Hydrogens labeled H’ are bonded
to X such that X-H’ is s-cis to N, -C5 with respect to the C,-X bond. ¢ C-H bond distances and H-C-H angles assumed equal./ C-H bond

distances and C-C-H bond angles assumed equal.

the molecule has C; symmetry. Bond lengths and bond angles
in the 2- and 4-R-pyridines have been optimized cyclicly and
independently to £0.01 A and % 1°, respectively. All calcula-
tions performed in this study were carried out in double pre-
cision on an IBM 370/148 computer.

Results and Discussion

Structures. The computed equilibrium structures of the 2-
and 4-R-pyridines are reported in Tables I and 11, respectively.
Table I also reports the computed? and the experimental!?
structures of pyridine, which are in excellent agreement. As
evident from these structures, replacement of a C-H group in
benzene by a nitrogen atom leads to a decrease in the 1-2 bond
distance, decreases in the 6-1-2, 2-3-4, and 3-4-5 bond an-
gles, and an increase in the 1-2-3 bond angle, with a resultant
elongation of the pyridine ring as measured by the 1-4 dis-
tance. This geometry of the pyridine ring is essentially pre-
served in the monosubstituted 2- and 4-R-pyridines. No more
than a 0.01-A change in bond lengths nor more than a 2°
change in bond angles of the pyridine ring occurs upon sub-
stitution, independent of the nature of the substituent and its
position.

Although only small changes in bond lengths and bond an-
gles occur upon substitution in pyridine, some generalizations
can be made concerning these changes. In the 2-R-pyridines,
the N|-C; bond distance always increases by 0.01 A relative
to pyridine, while the N, -Cg, C5-Cg, and C-H bond distances
remain unchanged. Substitution in the 2 position of NH,, the
strongest 7 electron donating group, or C;Hj3, a weak 7 do-
nating group which conjugates well with the pyridine ring,
leads to an increase of 0.01 A in the adjacent C,-C; bond. In
the 4-R-pyridines, bond distances in the ring are insensitive
to substitution except when the substituents are once again
NH; and C;H3, in which cases the C5-C5 distance decreases
while the C3-C4 distance increases by 0.01 A. In 4-vinylpyri-
dine, a 0.01-A decrease also occurs in the N;-C, distance.

Substitution in the 2 position leads to changes in bond an-
gles, including a 1° decrease in the C4-N,-C, angleand a 1°
increase in the Cs-C¢-N; angle. In addition, in all 2-R-pyri-
dines except 2-vinylpyridine, the C3-C4-Cs angle increases

o
/

H—"""C C C/H
/N
w
/N

Figure 1. The structure of 2-vinylpyridine.

while the C4-Cs-C¢ and N -Ce-H angles decrease by 1°
relative to pyridine. In 2-vinylpyridine, these angles are un-
changed.!? In the 4-R-pyridines, changes in internal angles
occur only in 4-methyl- and 4-vinylpyridine, in which cases the
C»-C3-C, angle increases by 1°, while the C3-C4-Cs angle
decreases by 2°.

Stabilities. Table 111 presents the relative stabilities (AE))
of the 2- and 4-R-pyridines, calculated as the energy of the
isomerization reaction

2-R-pyridine — 4-R-pyridine (M

The positive values obtained for AE| indicate that the 2 isomer
is more stable than the 4 in all cases. To understand the pref-
crence for substitution in the 2 position, and alse the energetic
effects of substitution in pyridine relative to benzene as pre-
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Table II. Structures of 4-R-Pyridines®

bond distances, A bond angles, deg
1-2 2-3 3-4 CH 612 123 234 32H 23H
R=H 1.35 1.39 1.39 1.08 116 124 119 120 120
CH; 1.35 1.39 1.39 1.08 116 124 120 120 120
NH, 1.35 1.38 1.40 1.08 116 124 119 120 120
OH 1.35 1.39 1.39 1.08 116 124 119 119 121
F 1.35 1.39 1.39 1.08 116 124 119 119 121
CaH; 1.34 1.38 1.40 1.08 116 124 120 120 119
CHO 1.35 1.39 1.39 1.08 116 124 119 119 121
CN 1.35 1.39 1.39 1.08 116 124 119 119 120
Substituent Geometries
R = CH3 Cy4-C 1.53 H-C-H? 108
C-H* 1.09
NH: C4-N 1.40 C4-N-H 121
N-H 1.01
OH C4-0O 1.39 C4-O-H 105
O-H 0.99
F Cy4-F 1.35
C5H; Cy4-C 1.50 C4-C-C 126
C-C 1.31 C-C-Hr¢ 121
C-H¢ 1.08
CHO Cys-C 1.52 C4-C-0 123
c-0 1.22 C4-C-H 115
C-H 1.10
CN C4-C 1.46
C-N 1.16

“ The pyridine ring was assumed to have C,, symmetry. See footnotes @ and b in Table |. # C-H bond lengths and H-C-H bond angles
assumed equal. < C-H bond lengths and C-C-H bond angles assumed equal.

sented in the next section, it is advantageous to consider the =~ Table IIl. Relative Stabilities and Isodesmic Energies (kcal/mol)

electron distribution in pyridine, and substituent effects on 7 AE,b
electron densities in monosubstituted benzenes. AE, @ TR-pyridine T R-pyridine
It is well known that the nitrogen atom is-a 7 electron ac-

ceptor in pyridine. As a result, the 7 electron densities at C, R = CH3 0.6 1.3 (1.5) 0.7 (0.9)
C4, and Cg are less than in benzene, whereas the densities at 852 2(2) ‘7‘; (gg) %(‘) (g-g)
Cs and Cs are greater. Therefore, it should be expected that P 2.8 2‘8 E3'2; 0'0 EO.“;
introduction of a 7 electron donor at the 2 or 4 position of C,H, 06 L4 (5'7) 0.8 (5'1)
pyridine should stabilize the molecule, whereas a 7 electron CHO 12 02 (2:9) 10 (1:7)
acceptor should have a destabilizing effect. Moreover, since CN 0.1 -2.1 (=2.0) ~22(=2.1)

the presence of a 7 electron donating group in a monosubsti-
tuted benzene increases the 7 electron density at the ortho
position more than the para,'4 it may be expected that sub-
stitution of a 7 donating group at the 2 position in pyridine
should be more favored than at the 4 since the nitrogen atom
can better accommodate an increased 7 density. The positive
AE values for reaction 1 when the substituent is a = donating withd'rawing group CHO’ th? T density at the nitrogen.atom
group are consistent with these expectations. Moreover, the ~ remains unchanged in 2-pyridinecarboxaldehyde relative to
AE values are larger when the substituent is one of the strong ~ pyridine, while it decreases in 4-pyrldmecarb.oxaldehyde. The
7 donating groups NH,, OH, and F, and smaller when the greater t.otal anq 7 electron density gt_the pltrogen and a fz'a-
substituent is CH; or C;H3, which are weak 7 donating groups. vorab}e interaction between the pyridine nitrogen and H.’.m
There are undoubtedly other factors which influence the rel-  the 2 isomer contribute to the 1.2 kcal/mol increased stability
ative stabilities of these 2- and 4-R-pyridines. In particular, ~of the 2 isomer relative to the 4. On the other hand, when the
interaction between the pyridine nitrogen and the in-plane  substituent is the stronger 7 withdrawing group CN, the sta-
hydrogen (H’) bonded to X should be important in stabilizing bl!ltles of the 2 and 4 isomers differ by only 0.1 kcal/.mol‘ In
the 2 isomer relative to the 4. In the case of 2-hydroxypyridine, ~ this case, the greater loss of total electron density by nitrogen
this hydrogen is most acidic, and the N-H interaction is a  tends to offset the smaller loss of nitrogen 7 density in 2-cy-
contributing factor in stabilizing 2-hydroxypyridine by 6.2  anopyridine compared with 4-cyanopyridine.'¢ _
kcal/mol relative to 4-hydroxypyridine.!3 lsodes.mic' Engrgies. Another way of analyzmg.the'ene.rgetlcs
As indicated above, T electron withdrawing substituents like ~ of substitution is to compare the effect of substitution in pyr-
CHO and CN should be expected to have a destabilizing effect ~ idine relative to benzene. This can be done by computing the
on substituted pyridines. It might also be anticipated that ¢ energy AE; for the isodesmic reaction!”
and 7 withdrawal from the 2 position would be more unfa- _
vorable than from the 4 since tl?e substituent in the 2 position (CsHaN)R + CoHe = CsHsN 4 CeHsR 2)
would directly compete with nitrogen for electron density. A positive value of AE; implies that the substituent stabilizes
However, 7 electron withdrawal from the 2 position further  pyridine relative to benzene. Unfortunately, the energies of the
polarizes the 7 density of the ring toward the nitrogen and the  corresponding monosubstituted benzenes'# which are available
substituent. As a result, when the substituent is the weaker @ for calculating AE; have not been obtained for fully optimized

# AE) is the energy of the isomerization reaction (1). » AE,is the
cnergy of the isodesmic reaction (2) with benzene. Uncorrected values
arc in parentheses,
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Table IV. Mulliken Population Data for Substituted 2- and 4-R-Pyridines
w densities total densities

N, C, Cs Cq Cs Csq N, ring¥
R=H 1.048 0.988 1.004 0.967 1.004 0.988 7.241 41.075
CH; 2) 1.069 0.956 1.025 0.960 1.020 0.979 7.248 41.030
4) 1.060 0.982 1.022 0.941 1.022 0.983 7.247 41.026
NH,; (2) 1.144 0.929 1.094 0.941 1.069 0.959 7.280 40.979
4) 1.105 0.965 1.091 0.915 1.091 0.965 7.268 40.977
OH (2) 1.131 0.957 1.059 0.944 1.046 0.964 7.284 40.938
4) 1.084 0.967 1.076 0.947 1.054 0.968 7.255 40.935
F (2) 1.095 0.988 1.049 0.950 1.028 0.969 7.258 40.877
4) 1.069 0.973 1.042 0.976 1.042 0.973 7.246 40.876
C,H; 2) 1.061 0.973 1.013 0.963 1.012 0.983 7.243 41.020
4) 1.050 0.991 1.011 0.956 1.008 0.991 7.245 41.024
CHO 2) 1.048 0.996 0.988 0.966 0.996 9.986 7.238 40.998
4) 1.039 0.989 0.997 0.979 0.986 0.988 7.233 40.995
CN 2) 1.038 1.036 0.985 0.963 0.983 0.982 7.217 40.894
4) 1.028 0.986 0.983 1.021 0.983 0.986 7.224 40.891

¢ Includes all atoms except those in the substituent.

structures, but for standard-model geometries.!® Since the
standard-model geometry of benzene is its optimized geometry,
the error introduced into AE; from using a standard-model
energy for the substituted benzene will bias AE in a positive
direction. Before any meaningful comparisons can be made
from the available data it is necessary to estimate the magni-
tude of this error. This can be done by analyzing the effect of
geometry optimization on the energies of pyridine and sub-
stituted 4-R-pyridines, as indicated below.

It should be noted that the only significant difference be-
tween the standard-model and the optimized geometries of
pyridine is in the internal angles of the ring. Although these
differ in the two geometries by no more than 4°, the optimized
molecule is computed to be 6.6 kcal/mol more stable than the
standard-model pyridine, and this is a significant difference.
Therefore, a set of 4-R-pyridines has been constructed using
the optimized geometry of pyridine for the ring and the stan-
dard-model geometry for the substituent. Since the pyri-
dine ring geometry is essentially unchanged by substitution,
the difference between the energies of this structure and the
fully optimized structure for a particular 4-R-pyridine should
be a good estimate of the difference between the energies of
the corresponding standard-model and fully optimized sub-
stituted benzene, assuming that the geometry of the benzene
ring also remains essentially unchanged by substitution. This
cnergy difference is then an estimate of the correction to be
applied to the computed value for AE,. The data obtained
show that the correction is dependent on the substituent. When
R is CHj;, NH3, F, or CN, the correction is quite small at 0.2,
0.2, 0.4, and 0.1 kcal/mol, respectively. However, when R is
OH, C;H3, or CHO, it increases to 1.5, 4.3, and 2.7 kcal /mol,
respectively.!? The corrected and the uncorrected values of
AE, are reported in Table I1I.

The corrected AE; values indicate that substitution in the
2 position of the 7 electron donors CH3, NH,, OH, F, and
C,H; stabilizes pyridine relative to benzene, as anticipated.
Except for F, substitution of these same groups in the 4 position
also has a stabilizing effect in pyridine.2? The effect of F sub-
stitution at the 4 position in pyridine appears to be similar to
the effect of F substitution in benzene. On the other hand,
substitution of the strong m withdrawing group CN in the 2 or
4 position or of the weaker m withdrawing group CHO in the
4 position of pyridine has a destabilizing effect relative to
benzene. The small corrected AE; value for 2-pyridinecar-
boxaldehyde and the large estimated error for benzaldehyde
make somewhat tentative the prediction that CHO substi-
tution in the 2 position of pyridine has a small stabilizing effect
relative to benzene.

Other Properties. It is well known that substituents on an

aromatic ring alter the electron density of the ring. For pyri-
dine, the changes depend on the nature and position of the
substituent, as shown by the Mulliken population data?! re-
ported in Table 1V. The saturated substituents and the un-
saturated group C,Hj are 7 electron donating and ¢ electron
withdrawing groups relative to H, with the ¢ effect being
stronger than the 7. The substituents CHO and CN withdraw
both ¢ and 7 electron density relative to H. Thus, for the entire
set of 2- and 4-R-pyridines, the pyridine ring loses total and
o electron density upon substitution.

Some interesting but not unexpected patterns of changes in
electron populations of atoms in the ring are observed upon
substitution. In both the 2- and 4-R-pyridines, the total and
the m electron densities of atoms N, Cs, and Cs increase when
R is a 7w donor. The 7 densities of atoms C4 and Cg in the 2-
R-pyridines and C; and Cg in the 4-R-pyridines decrease when
R is a w donating group except in 4-vinylpyridine. The total
electron density of the atom directly bonded to the substituent
(Cyin the 2 isomer and C4in the 4) always decreases relative
to pyridine. The 7 density of this atom also decreases except
when the substituent is F, CHO, or CN.

The electronic effects of substituents also alter n and = or-
bital energies, as evident from the data of Table V. To under-
stand the changes which occur in the two highest energy = and
the highest energy o occupied orbitals, the nature of these
orbitals in pyridine should be considered. The highest occupied
w orbital in pyridine has a; symmetry, with a node through N,
and C4. The second = orbital has b; symmetry, with large
coefficients for the p-m atomic orbitals on Ny and C4. The
energies of the a; and b; orbitals are —8.18 and —8.71 eV,
respectively. The highest occupied o orbital in pyridine has a,
symmetry, with an energy of —9.20 ¢V. This is the n orbital
associated with the nitrogen lone pair of electrons.

The data of Table V show that substitution of a ™ donating
group in the 2 position destabilizes the highest occupied 7 or-
bital. While this orbital no longer has a node at the nitrogen,
it is similar to the pyridine a; orbital, but is also delocalized
onto the substituent. Both delocalization and & donation by
the substituent lead to the destabilization of the highest oc-
cupied 7 orbital. On the other hand, when the substituent is
CHO or CN, 7 electron withdrawal from the 2 position tends
to stabilize the highest occupied 7 orbital. In 2-pyridinecar-
boxaldehyde, the = withdrawing effect and the effect of de-
localization are apparently balanced, with the result that the
energy of the highest occupied = orbital is the same as in pyr-
idine. In 2-cyanopyridine, the = withdrawing effect is domi-
nant, so that only in this case does substitution stabilize the
highest occupied 7 orbital.

In the 4-R-pyridines, the highest occupied m orbital is also
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Table V. Orbital Energies (eV) and Dipole Moments (D) of Substituted Pyridines

2-R-pyridine 4-R-pyridine
Ist 2nd w n m Ist 2nd w n m
R=H —8.184 —-8.714 -9.20 2.06 —8.184 —8.714 -9.20 2.06
CH; —7.84 —8.61 —9.14 1.85 —8.11 —8.33 —9.06 2.37
NH, —6.39 —8.52 —9.04 1.69 —6.74% —-8.10 —8.78 3.50
OH -7.29 —8.87 —9.56 1.36 —~7.746 —8.36 -9.19 2.11
F —7.89 —9.04 —9.55 2.70 —8.33% —8.49 —-9.43 1.11
C,H3 —7.28 —8.63 —9.26 1.92 —7.62°% —8.23 -9.14 2.30
CHO —8.18 —-8.93 -9.04 2.39 —8.42 —8.67 -9.24 1.45
CN —8.60 -9.37 —10.10 4.90 —8.86 -9.03 -9.92 1.34

“ The first and second 7 orbitals of pyridine have a; and by symmetry, respectively. # The highest occupied 7 orbital corresponds to the pyridine

b, orbital.

destabilized relative to pyridine except when the substituent
is F, CHO, or CN. However, substitution in the 4 position has
very different effects on the energies of the a; and b; orbitals.
Substitution of a 7 donor alters the a; orbital energy to a rel-
atively small extent, destabilizing this orbital by 0.08 eV in
4-aminopyridine and stabilizing it by 0.31 eV in 4-fluoropy-
ridine. There is little (in molecules with C; symmetry) or no
(in molecules with C,, symmetry) delocalization of the pyri-
dine a, orbital onto the substituent. On the other hand, the b,
orbital of pyridine is greatly affected by substitution at the 4
position, becoming highly delocalized onto the substituent. As
a result, the by orbital is destabilized in all 4-R-pyridines except
4-cyanopyridine, in which case it is stabilized but by only 0.32
eV. Substitution destabilizes the b; orbital to the extent that
in 4-amino-, 4-hydroxy-, 4-fluoro-, and 4-vinylpyridine the b,
orbital is the highest occupied molecular orbital. This implies
that the nature of the first  ionization is dramatically different
in these molecules than in the remaining 4-R-pyridines and the
2-R-pyridines. Although the highest occupied 7 orbital in a
2-R-pyridine is less stable than the highest occupied 7 orbital
in the corresponding 4-R-pyridine, the b, orbital in the 4-R-
pyridine is less stable than the b, orbital in the corresponding
2-R-pyridine.

The presence of substituents also affects the energy of the
n orbital. As noted previously, the substituents which are 7
electron donating are also ¢ electron withdrawing. Since m
donation tends to destabilize the n orbital by lowering the ef-
fective nuclear charge at the nitrogen while o withdrawal tends
to stabilize the n orbital by reducing the nitrogen electron
density in the plane of the ring, changes in n orbital energies
upon substitution of a = donating group reflect a competition
between these two effects.?? The effect of = donation is most
evident in 2- and 4-aminopyridine, since the n orbital is de-
stabilized by 0.16 and 0.42 eV, respectively, relative to pyri-
dine. On the other hand, when the substituent is the strong o
and 7 electron withdrawing group CN, substitution leads to
a stabilization of the n orbital by 0.90 and 0.72 eV in 2- and
4-cyanopyridine, respectively. However, it should be noted that
the ¢ and 7 effects of substituents are not the only factors
which influence n orbital energies. A comparison of n orbital
energies of corresponding 2- and 4-R-pyridines shows that the
largest differences occur when the substituents are OH and
NH;. These large differences may be attributed to the in-
creased stability of the n orbital in the 2 isomer due to the in-
teraction between the pyridine nitrogen and the substituent
hydrogen (H’). Moreover, the data of Table V show that the
norbital in the 2 isomer is more stable than in the 4 in all 2- and
4-R-pyridines except for 2- and 4-pyridinecarboxaldehyde. In
these isomers, interaction between the n orbital associated with
the pyridine nitrogen and that associated with the carbonyl
oxygen leads to two delocalized n orbitals, which have energies
ol —9.04 and —9.96 eV in the 2 isomer and —9.24 and —9.94
¢V in the 4.

The dipole moments of the 2- and 4-R-pyridines are also
reported in Table V. The change in the pyridine dipole moment
upon substitution is readily understood from the polarity of the
substituent and the orientation of the substituent dipole mo-
ment vector (as deduced from the corresponding substituted
benzene) relative to the dipole moment vector of pyridine, and
from the electron redistribution which occurs upon substitu-
tion. Substituents which enhance the dipole moment in the 2
isomer lower it in the 4, and those which lower the dipole mo-
ment in the 2 isomer enhance it in the 4. Among the 2 isomers,
incredses in the dipole moment occur when the substituents are
F, CHO, and CN, with the enhancement being greatest in
2-cyanopyridine, which has a computed dipole moment of 4.90
D. Among the 4 isomers, the dipole moment of 3.50 D for 4-
aminopyridine is largest. In 4-cyanopyridine, not only is the
dipole moment reduced, but the dipole moment vector is re-
versed relative to pyridine.

Conclusions

Ab initio molecular orbital calculations have been performed
to determine the structural, energetic, and electronic properties
of the 2- and 4-R-pyridines, with R including the isoelectronic
saturated groups CH3, NH,, OH, and F and the unsaturated
groups C;H3, CHO, and CN. The data obtained support the
following statements.

1. The equilibrium geometry of the pyridine ring is essen-
tially unchanged in the equilibrium structures of the 2- and
4-R-pyridines, independent of the nature of the substituent and
its position.

2. The 2-R-pyridines are more stable than the corresponding
4-R-pyridines in all cases. When the substituent is a strong 7
donor, the difference in the stabilities of the two isomers is
greater than when the substituent is a weak = donor ora 7
clectron withdrawing group. The largest difference in the
stabilities of the isomers is found for the hydroxypyridines, in
which case the interaction between the aromatic nitrogen and
the hydroxyl hydrogen is important in stabilizing 2-hydroxy-
pyridine.

3. Except for substitution of F in the 4 position, substitution
of a 7 donor at the 2 or 4 position has a stabilizing effect in
pyridine relative to benzene. Substitution of the strong =
clectron withdrawing group CN at the 2 or 4 position, or the
weak 7 electron withdrawing group CHO at the 4 position, has
a destabilizing effect in pyridine relative to benzene.

4. Although substitution of a  donating group increases the
total and 7 electron densities of the aromatic nitrogen atom,
substitution at the 2 or 4 position of pyridine leads to net de-
creases in the total and the ¢ electron densities of the ring.

5. The electronic effects of substituents are manifest in the
changes in orbital energies which occur upon substitution.
Substitution of a w donating group tends to destabilize the first
and second w orbitals of the 2- and 4-R-pyridines relative to
pyridine. In 4-amino-, 4-hydroxy-, 4-fluoro-, and 4-vinylpyr-
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idine, the pyridine b, orbital is destabilized to the extent that
it rather than the a, orbital is the highest occupied molecular
orbital. On the other hand, only substitution of the strongest
m electron donating group NHj leads to a significant desta-
bilization of the pyridine n orbital.

6. The change in the dipole moment which occurs upon
substitution in pyridine is determined by the polarity of the
substituent and the orientation of the substituent dipole mo-
ment vector relative to that of pyridine, and by the electron
redistribution in the molecule. Those substituents which en-
hance the dipole moment in the 2 isomer lower it in the 4, and
vice versa. In 4-cyanopyridine, the dipole moment vector is
reversed relative to pyridine.
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Intramolecular Electron Transfer from
Pentacyanoferrate(Il) to Pentaamminecobalt(II1I) Mediated
by Various 4,4’-Bipyridines!2
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Abstract: The reactions of Fe(CN)sOH,3~ with Co(NH3)sL3* (L = bis(4-pyridyl)methane, bis(4-pyridyl)ethane, bis(4-pyri-
dyl)propane, bis(4-pyridyl)ethylene, and bis(4-pyridyl) ketone) produce binuclear complexes (NC)sFel!LCol'!(NH;)s that
exhibit iron ty, to ligand m* charge transfer bands at (same order) 370, 365, 360, 500, and 555 nm. Comparison of these values
with those for the corresponding Fell{f CN)sL3~ complexes (370, 365, 360, 460, and 520 nm) suggests that the electron-with-
drawing effect of the Co(l11) moiety attached to the remote N is transmitted to the ring adjacent to the Fe(l1) via 7 interac-
tions, and that saturated hydrocarbon groups connecting the two pyridine rings insulate electronically the iron and cobalt cen-
ters. Rate constants for the formation and dissociation of the binuclear complexes have been measured and a dissociative mech-
anism is clearly indicated by the LFER of slope —1.0 between rate constants and equilibrium constants for the formation reac-
tions. The rate constants for intramolecular electron transfer from Fe(11) to Co(111) in the binuclear complexes have been mea-
sured. At 25 °C, u = 0.10 M, the values are (same order of ligands) <0.6 X 1073,2.0 X 103 4.8 X 1073, 1.4 X 1073, and <0.1
X 1073 571, It is suggested that conjugation between the two pyridine rings is essential for electron transfer mediated by the
ligand. When the two rings are separated by insulating methylene groups, electron transfer through the ligand is precluded,
but ligands that permit close approach of the metal centers lead to intramolecular, outer-sphere electron transfer.

It was previously reported? that the redox reaction be-
tween 4,4’-bipyridinepentaamminecobalt(I1l) and aquopen-
tacyanoferrate(11) proceeds via the detectable binuclear pre-
cursor complex i. The rate constants for the formation and
dissociation of this intermediate (krand kqineq 1) and the rate
constant for intramolecular electron transfer (k. in eq 2) were
measured.? In view of the importance of measuring intramo-

0002-7863/79/1501-6189%01.00/0

(‘o(NH;);.N@——@N“ + Fe(CN),OH,"”
.
S 111 1
= INH),Co N@—@NFeI(CN)5 M

© 1979 American Chemical Societv



