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SUMMARY

This thesis reports a quantitative assessment of the various factors
that contribute to the proton chemical shifts in 2,2'-, 3,3'=, and 4,4'~
bipyridyl and their mono- and di-cations. The effects of the neighbouring
ring current, nitrogen anisotropy and the nitrogen lone-pair on the chemical
shifts of the ring protons have been calculated as a function of the dihedral
angle between the planes of the two rings.

On the basis of these calculations, the experimental data suggested
a plager, trans conformation of 2,2'=-bipyridyl in inert solvents, but large
angles of twist for the 3,3'-=, and 4,4'-bipyridyls., The interaction of the
methyl groups in 3,3'-dimethyl-2,2'-bipyridyl was found to twist the mole-
cule approximately 550. The stereochemistry of these molecules was found
to be only slightly solvent dependent. Hydrogen—donor solvents, including
strong acids, caused only small increases in the dihedral angle. A study
of the ultraviolet spectra of these compounds was also carried out and the
results were found to be in agreement with the stereochemistry suggested by
the n.m.r, data.

Further studies were made on the stereochemistry of bridged biquater-
nary salts of 2,2'-bipyridyl. The interplanar angles in compounds of varying
bridge lengths were calculated from chemical shift data and the results com-
pared with estimated dihedral angles in singly bridged biphenyls. Evidence
for mobile and frozen conformations is also presented. Ultraviolet spectra
studies of these salts provided further support for the values of the

dihedral angles obtained from the n.m.r. study.
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The solvent dependence of the n.m.r. spectra of the pyridine
system in hydrogen-donor solvents has been investigated and the anomolous
variation in solvent shifts among the different ring protons interpreted
in terms of a relaxation of the nitrogen lone-pair effect. The importance
of the nitrogen anisotropy and lone-pair effects were also studied in
oxazoles, thiazoles, isoxazoles and isothiazoles. The magnitude of both
of these terms was found to be much smaller than in pyridine; the reduc-
tion of the lone-pair dipole effect being attributed to the lower basicity
of the nitrogen atoms in these systems. Solvation and protonation studies
further suggested a correlation between the magnitude of the solvent shifts
and the basicity of the nitrogen atom.

Finally, the proton shifts in the boron trihalide complexes of
alkyl-substituted pyridines were studied and rationalised in temrms of the
effects operating in the corresponding cations. In acetone solution
interesting solvation phenomena were detected which suggested the formation
of moderately stable 'acetone complexes!', Evidence regarding the conforma=-
tion of 2-ethyl and 2-benzylpyridine complexes was also obtained from the
nem,r. spectra, Chemical shift data of these complexes showed no correlation
with the relative acceptor strengths of the different boron halides, but
a correlation of 11.B-H coupling constants with the strength of the donor-

acceptor bond is presented.
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High resolution nuclear magnetic resonance (n.m.r.) spectroscopy
provides two basic parameters as probes of molecular structure, the
chemical shift and the spinespin coupling constant., Both of these quanm
tities have been treated from quantum mechanical considerations in order
to obtain usable expressions in terms of atomic electron orbitals. The
chemical shift parameter is directly related to the magnetic screening
constant 0}1 This arises from secondary magnetic fields experienced by
a nucleus under the influence of an external magnetic field which induces

inter- and intra~atomic electron currents, thus:
7 = Ho ( 1-0%)

where I-IA is the total fiéld at nucleus &, H0 the applied external field
and Oﬁ the magnetic screening constant, The Lamb formula2 describes
dismagnetic contributions to the screening constant arising from spherical
electron distributions whereas the calculations of R‘amsay3 include para-—
magnetic termms arising from non-spherical electron clouds, but neither are
really usable expressions, Saika and Slichter4 developed a theory of
chemical shifts in terms of an atomic breakdown of diamagnetic currents,
Pople5 later obtained similar results, and expressed the screening constant

0&', for an atom A as;

OgA represents the local diamagnetic currents, which turnsout to be

similar to the Lamb formula, ng is the local paramagnetic term for



which Pople6 has derived an expression in terms of the paramagnetic

susceptibility of atom & in the molecule for first-row elements, -2_ :OAB

k=)

refers to shielding effects from inter-atomic electron currents, If a

dipole approximation is adopted, OAB ' depends on the magnetic anisotropy

of neighbouring atoms or bonds:7
1 i
2
Gp = e E XB(1-3coin)
SRp N i=11,2,3

—
Here RAB is the vector Jjoining A and B and XE the molar magnetic susw

ceptibility of atom B. in the molecule which has three principal components
(i=1,2,3). ¥ is the angle between the direction of XB and % and N
is Avogrado's number,

The ring current term oe'lng was added to describe inter-atomic
ring currents in aromatic compounds, Various approaches have been made
on the basis of the ability of a cyclic Ti~clectron system to sustain a
superconducting ring current., The more common methods either equate the
effect of the current with a magnetic dipole at the centre of the ring8 or
divide the 4T ~electron current into two loops, above and below the plane of

9,10 Musher11 on the other hand disclaims any deshielding of

the ringe
ring protons due to ring currents and showed that the magnetic suscepti-
bility due to a ring current exactly equals the sum of the susceptibilities
of electrons localised in segments of the ring. His calculations however
involve the empirically estimated Pascal constants for aromatic carbon

atoms which would tend to make his argument circular since any effects due

to ring currents are naturally included in these constants. Dailey and
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oo-workers12 have calculated the chemical shifts for a nunber of poly-
cyclic aromatic hydrocarbons and heterocyclic compounds using the Johnson
and Bovey ring current approxima‘bion10 and found that the predicted
chemical shifts for ring protons were invariably too small, while the
predicted figure for the diamagnetic anisotropy of benzene gave chemical
shifts approximetely 60% greater than those observed. It was suggested
that the experimental anisotropy be reduced by a factor of 0.6 to

13

accommodate these dif.'ficulties.13 Recent calculations by Pople ~ have shown
that almost 30% of the diamagnetic anisotropy in aromatic systems cen be
ascribed to local paramagnetic terms on the carbon atoms due only to their
Sp2 hybridisation.

In aromatic molecules it has been accepted for some time that the
proton resonance shifts of the ring protons tend to reflect the Tf=electron

1h-21 Thus in

density on the carbon atom to which the proton is bonded,
substituted benzenes, a strong electron-withdrawing substituent decreases
the shielding of ring protons, whereas electron-releasing groups cause
increased shielding.,z2 Simple linear correlations were adopted to relate
the chemical shift O, with the local 'excess! electron charge Ap (located
14,23

on the carbon atoms), thus:
0 = kap

The empirically determined constant k, was found to have the value of 8-10
c14 15,14,2, .
parts per million (p.p.m.) per electronse & further study into the

quantitative nature of this empirical linear correlation was made by
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Schaeffer and Schneider,16 who pointed out the failure of this equation
25

in the pyridine molecule. Baldeschwieler and Randall™ had earlier
demonstrated that the nitrogen atom in pyridine gives rise to a magnetic
anisotropy which strongly contributes to the screening constant of the
nitrogen atom and ring protons., They suggested that this large paras-
magnetic contribution to the magnetic susceptibility was due to the low=
lying n-etT* transition.26 This point was later further considered by Gil

and Murrell27

who made a semimquantitative estimate of the importance of
this effect and further calculated the effect on the proton chemical shift
due to the change in the electric field which arises when a C~H group is
replaced by a nitrogen lone-electron pair., Gawer and Dailey28 later pub-
lished similar calculations except that in their method they failed to
celculate the magnitude of the nitrogen anisotropy term as a difference
between the magnetic susceptibility tensors of the carbon and nitrogen
atoms, i.e. the effect on the chemical shifts on replacing a ring carbon
by a nitrogen atom.

Because of the unique detail n.m.r. spectra can provide in the
determination of molecular structure, this technique has been widely used
in the elucidation of stereochemical problems. In particular, extended
conjugated systems constrained to non-planar conformations by steric factors
have attracted attention. Here both 13C and proton resonance spectroscopy
have been used to investigate such steric inhibition of conjugation. 123
chemical shifts have been used in compounds containing a carbonyl group,29
and proton shifts have been correlated with interplanar angles in benzoyl-

30 32 33

thiophenes, bipheny‘ls,31 1=prhenylcyclohexenes,” oO-nitroanilines,
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36

formanilides,

Sl 35 27

3=phenylpyridazine,”” tetraphenylnaphthalene, stilbenes,
aza‘biphenyls‘38 and 1-phenylpyrroles.39 In the first section of this work,
the theory of Gil and Murrell has been used to obtain information regarding
the stereochemistry of various bipyridyls. Of particular interest was the

2,2'=bipyridyl molecule (I) and some of its dimethyl derivatives,

(1) (11)

(I) is known to prefer a near planar configuration with the nitrogen atoms
trans to each o1;her.l"0m)+"3 The mono-protonated cation (II) on the other hand
is claimed to exist predominantly in the cis form,hh which is thought to be
due to hydrogenwbonding as shown above, A full analysis of the variation

of the chemical shift of the 3,3'=protons relative to the 5 ,Dt=protons due
to the nitrogen effects and ring current of the adjacent ring, as a function
of the dihedral angle between the two rings is presented in this worke These
results were then compared with the observed chemical shifts in various
solvents and approximate values of the dihedral angle thus obtained, Cal-
culations were also performed on the mono- and di~protonated bases and

their stereochemistry estimated. These calculations were repeated for the

methyl protons in 3,3'«dimethyl-2,2'-bipyridyl (III). The effect of the
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bulky methyl groups on the planarity of the system was thus dete mmined.

(1II)

Further comparisons were made by a study of the nemer. spectra of the
two other bipyridyl isomers, namely 3,3'~bipyridyl (IV) and 4,4'~bipyridyl

(V).

(V) ()

In these two compounds the effect of the nitrogen atom on the proton
shifts in the adjacent ring can be neglected,

The n.m.r. spectra of 2,2'=bipyridyl and other agabiphenyls have
38,4548

recently been reported by several workers, and a quantitative
calculation of the various effects responsible for the low~field shift

of the 3,3'-protons has been attempted. These reports appeared during
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the completion of this work but differ significantly from the calculations
presented here, A general comparison between these approaches will be
made in the discussion. In the calculations of the protonated bipyridyl
systems, both the nitrogen anisotropy and lone~pair dipole terms are
removed, but the effect of the positive charge in the neighbouring ring

must be calculated instead. Both Buck.:'Lngha.m)"'9

and Musher5 0 have obtained
semi~empirical expressions which relate the electric field E, associated

with a positive charge, with a change in the screening constant:

0 = --AE-Z - BEJZ

1 18

In Buckingham!s formula, 4 = 2 x 1072 and B = 10”7 and in Musher's,

A= 29 x 10"'12 ard B = 7,38 x 10"19. In this work Musher's expression
has been used to calculate the effect of the positive charge in one ring,
on the 3 and 5 protons in the adjacent ring. & correlation of these calw
culations with the observed chemical shifts in the cations thus enabled the
stereochemistry of these compounds to be determined,

These calculations proved also useful in the elucidation of the
stereochemistry of some bridged biquaternary salts of 2,2'wbipyridyl (VI)
and those of the dimethyl derivatives, in particular the 3,3'wdimethyl

isomer (VII)

\a( CHZ/n 2 Br~
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(VII)

Systems with bridge lengths from two to four carbons have been studied.

51

These salts were first prepared by Homer and Tomlinson” who later ine

vestigated the stereochemistry of these compounds from an examination of

52

their ultraviolet spectra and reduction potentialse. The bridged bi-
pyridyls are more suitable for n.m.r. analysis than the analogous bridged
biphenyl compounds. The presence of the electronegative nitrogen atom in
the aromatic ring produces relatively large chemical shift differences
between the ring protons so that the spectra can be satisfactorily analysed.
Some attention has also been given in this work to the ultra=
violet spectra of the various bipyridyl compounds mentioned, with partie
cular reference to the stereochemical problems involved. In a conjugated
system of type R~3, changes in steric conformations about the single bond
joining R and S are claimed to give rise to changes in the wavelength of
the absorption, its intensity or both.53 Suzuki has formulated an empirical
approach from the ultraviolet spectra data to estimate the degree of non-

54

planarity in such systems,” ' but in general the main difficulties in a

quantitative evaluation lie in the lack of detailed knowledge about the
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origin and precise location of the various absorption bands that make up
the total spectral pattern observed. For this reason an attempt has been
made to resolve the long-wavelength band system into separate components

by the method of Jaffe.55

Wavelength and intensity changes were then dis-
cussed in terms of the stereochemical features and compared with the results
obtained from the n.m.r. spectra,

The nem.r., studies on heterocyclic compounds were further pursued
along two lines, Firstly, in chapter III, a brief qualitative analysis
is made of the chemical shifts of protons in some 5S5-membered hetero-

aromatic compounds containing a pyridine-—type nitrogen. Oxazoles, thiazoles,

isoxazoles and isothiazoles were studied, (Fige 1).

0y 6y ) 0

oxazole thiazole isoxagole isothiazole

Fig, 1

There is already considerable n.m.r. data available in the literature on
these compounds, but no serious interpretation of the chemical shifts has
yet been attempted, As is the case with pyridine, Tfwelectron densitigs
alone do not account for the observed chemical shift differences between
the ring protons. This is also the case with furan and thiophen which
bear an obvious relation to the compounds studied here, In this work, the

accent has been placed on the effect of the nitrogen atom on the chemical
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shifts of the ring protons., The Gil and Murrell concepts have again been
invoked and the apparent observed deviations explained qualitatively.
Solvent shifts in the nem.r. spectra of nitrogen heterocyclic compounds
have been investigated, and the shifts in hydrogen=donor solvents exw
plained., A& series of phenyl substituted thiazoles, isothiazoles and isoxa-
zoles were also studied during the course of this work, The n.m.,r. data
of these compounds provided valuable information as to the degree of co-
planarity of the two rings, and a survey of these results including the
conclusions reached earlier from the bipyridyls systems suggested an
important factor in the general problem of co-planarity in biwaryl systems,
In the final chapter, the study of protonation effects in nitrogen-—
heteroaromatic systems was extended by an examination of the nem.r. spectra
of some Lewis acid complexes. The boron trihalides are powerful Lewis acids
and are known to form stable addition compounds with nitrogen'bases.56 A
nunber of such complexes with alkyl-substituted pyridines, thiazole and
isothiazoles were prepared and studied. Numerous nem.r, studies have been
reported for complexes of boron halides with organic bases, but invariably
they have been concerned with establishing some correlation between chemical
shift data and the order of accepting power in the boron halide series.
This order is known from heats of formation studies and is generally accepted

as being:57“6o

BBrB :> B 013;>> B F3

It was the purpose of this study to compare protonation effects with those

found in these complexes, and to determine whether neme.r. data provided any



guide as to the relative ability of the different boron trihalides to

form such compounds,



CHAPTER I

The ne.m.r, spectra and stereochemistry

of Tipyridyls.
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161 The interpretation of the n.m.r, spectra of pyridine and the

pyridinium cation.

Gil and Murrell in 1964 described for the first time in detail
the various factors underlying the anomalous chemical shifts in the pyri-

27 It had earlier been realised that the chemical shifts of

dine molecule,
the ring protons in pyridine cannot be directly correlated with ff7~electron
densities on the ring carbon atoms.16 This is evident from the 17=electron

densities obtained by Brown and Heffernan61 from a self-consistent field

calculation (I); and the observed chemical shifts in CC1, solution (II):18

0.981 =2,285
1.004 ~1.866
N 0.952 X ~3¢335
1.107

pPepolte from internal

CH,CClp
(1) (I1)

In order to account for this discrepancy, Gil and Murrell considered two
other factors to influence the chemical shifts in the pyridine molecule,

The first is the large paramagnetic contribution to the magnetic susceptiw

*
bility due to the low-lying n —Ti tnansition.25

rise to an absorption band at 4.5 éW.26 The second is the effect of the

This is known to give

electric field associated with the nitrogen lone-electron pair,

The effect of the paramagnetic contribution to the magnetic
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susceptibility was determined by first calculating the molar magnetic
susceptibility components of bhoth the nitrogen atom in pyridine and aroe
matic carbon atoms in benzene. Using Pople's equarl::‘l.on,6 the following

results were obtained (in pepem.):

Pyridine: (Xﬁ)xx = 10,85 Benzene: (Xg )ch = 7489
(XE )yy = 10,76 (Xg) 5 * 10,76
(XT),, = 6u6 (XE),, = 6.

The effect on the proton shifts was then calculated by using these wvalues

7

in the general McConnell's equations

1

i
ZXB( 1 -3 cos?Y)

i=1,2,3

OAB =
BﬁBN

-
RA‘{‘B is the vector joining & and B;XB the molar magnetic susceptibility
of atom B in the molecule (due to electrons around B) which has three
principal componentse. b/ is the angle between the direction ofXB and

—
%’ and N is Avogrado's number., The following results (in peReme) Were

found:

Pyridine: OE-IQN s 0,25 Benzene: anc = 0,08
OE'IBN = 0,06 OI_IBC s «0,05
%YN = «0,04 Q;IXC = =0,07

Analogous calculations were performed on the pyridinium system. The
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magnetic susceptibility tensors were found to be (in pepem.):

(X B = 75w (XE9), = 9695 (K0, = 6.

and the resultant effect on the proton shifts:

q{dN" = 0,05 ; q{BN* = =0s0k ; %YN"' s =0s05

These values show that the @-proton signal in pyridine is shif'ted to low-
field 0e¢33 pepem. and the X-proton to high-field 0,03 pepom. relative to
benzene, Hence the owproton is shifted 0.36 pepem. to low-field relative
to the ¥ ~proton and the results of the pyridinium ion show that this
difference is praqtically removed on protonation,
The effect of the electric field due to the nitrogen lone-pair
49

was calculated from Buckingham!s'™ expression relating magnetic screening

constants to electric fields:

cf . e -B E°

where EZ is the component of the electric field along the C-H bond, and E
the total electric field at the hydrogen nucleus, Values of Az 2 x 10_'12
and B = 10“18 were suggested by Buckingham, whereas Musher50 obtained

12

A=2,9x 10 and B = 7438 x 10“190

The electric field E is obtained from the expression:

Ez—i-l}— [3cos e [PH -~ [TI]]

Where: u is the dipole moment (in Debyes)

r the distance of the nucleus from the dipole centre.



[T?] the unit vector along the dipole.

q
[DP] the unit vector along the line joining the dipole centre

and the proton nucleus,

Using a value of 1.63 D for the dipole moment of the lone-pair and

Musher's constants, the following shifts were found for the ring protons:
UaE = -0.14—2 PoPollle H UBE = "0.19 PePelle GXE = —-0.1.’.{. PePelle

There appears to be an error in the original paper. The correct value of
0F & =042 and not ~0.52 as stated.
Correlation of the chemical shifts with 17 ~electron densities after

allowing for these two effects then give the following 47 welectron dis-

tribution:
0.974
1,020
N 0.955
1,076

which is in good agreement with the theoretical values obtained by Brown

and Heffernan quoted earlier.
1.2 Calculations of shielding parameters in the 2,2'=bipyridyl system.
In order to determine the stereochemistry of 2,2'-bipyridyl (III)

from the observed chemical shifts, it is first necessary to calculate as

a function of the dihedral angle (u!), the effect that each pyridine ring
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exerts on the 3~ and bwprotons in the adjacent ring,

(III)

These effects can be summarised as follows:

1o The ring current effect of the adjacent ring,
20 The magnetic anisotropy of the nitrogen atom in the adjacent ring.
Se The effect of the electric field from the nitrogen lone~pair in

the adjacent ring.

Bach of these terms, which are assumed to be additive, have been calculated
as a function of the dihedral angle. Castellano, Gunther and E‘”I:Jer'sole)""5
published similar calculations during the completion of this work, Their
method and conclusions however differ significantly from that presented in
this thesis, In particular, these authors assumed that Van der Waal's

6261

dispersion forces between the 3-proton and the lone-pair in the ade
Jjacent ring significantly deshield that proton. They estimated this effect
to be as large as =.,21 to =¢29 pepem. In view of the results obtained here,

this figure appeared too large and in order to test the validity of the use

of a Van der Waal deshielding term, the Gil and Murrell calculations were



performed for the methyl protons in 2= and 4epicoline., The result of

these calculations are summarised in Table 1.1,

TABLE 1.1

Deshielding of the methyl protons in 2= and L4~picoline due to the nitrogen

atom,
2-picoline k=picoline
N.--anisotropy: =0,200 PePellle YY) ~0,000 PePellia
Nedipole terms:e0o127 PeDelle OO0 «~0,072 papemmo
Total effect: w0327 DPePeMe «04072 pepPelie

These calculations show that the 2-methyl protons are deshielded =0.255
Pepem. relative to the 4-methyl protons due to the effect of the nitrogen
atom, whereas the observed difference was found to be =0¢217 pepole (CClu
solution). The close agreement between these two sets of results suggests
that Van der Waal's dispersion forces between protons and lone-electron
pairs do not appear to have a major effect on the chemical shift of those
protons., Castellano's calculations are thus already open to serious
criticism,

The following parameters are used in the calculations performed
in this work, In the absence of experimental figures for the diamagnetic
susceptibility of the pyridine ring this was assumed to be equal to that
of benzene for which the experimental figure of 59.7 x 10"6 was usecl.65

The values for the magnetic susceptibility tensors of the aromatic nitrogen
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and carbon atoms are those of Gil and Murrell listed earlier. For the
electric field effect, Musher's coefficients were chosen and the value
of the lone-pair dipole moment taken as 1.63 D placed O.AAP out from the
nitrogen atom. (Gil's figures)., In all calculations, the pyridine rings
in bipyridyl were assumed to be regular hexagons with the following bond

distances (in.Ao) obtained from Sutton's 1:able:66

H
1.09

/ 1.09
C

1.50 152

1.40

The results of these calculations are graphically displayed as a function
of the dihedral angle\P'in figure 1.1 More detailed tables of all cal~
culations in this work are listed in the Appendix.

It is interesting to note that the nitrogen anisotropy effect
(Oﬁ) produces a negligible contribution to the shielding at proton 3,
whereas the dipole term is very significant for planar or near planar
trans-conformations, falling to a negligible value sbove Y = 60°, The
ring current function is obviously symmetrical about'yf = 900, and
dominates the total deshielding experienced at proton 3.

Castellano and co-workers obtained the following values for the

deshielding of proton 3 in a trans-—planar conflormation (in pepem.):
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B M
Anisotropy of ring - 0; ~0449 oo =049
Anisotropy of N 058 Oﬁ ~0,16 oo =0.16
Dipole effect o q& 0,25 es =0.33
Van der Waalls forces oo a, «0.29 o =0e21
Total deshielding qr 1,19 «t,19

The figures listed under B and M refer to the use of Buckingham's or
Musher's coefficients in the calculation of the electric field term,
Their smaller value of 0}, is a consequence of the use of Johnson and
Bovey's tables10 for ring current effects, but the value for Oﬁ is cer-
tainly too largee. This is due to the use of an average value ofxll\;
for the nitrogen atom, whereas a value of only 0.06 pep.m. results if the
calculations are performed using the three components cﬁ'){ﬁ along the
X, ¥, and z axis, In the calculation of the dipole temm, Castellano
placed the dipole on the nitrogen atom and used the dipole moment of the
pyridine molecule, which as Gil pointed out, is erroneous since part of
this is due to the polarisation of the 7 =electrons and part to the O=
electrons, This results in the much smaller value for q& obtained. If
it is further considered that their Van der Waal's deshielding factor is
invalid, then no reliance can be placed on their final conclusions.

The calculations were repeated for the methyl protons in both 3,3'=-

(I¥) and 5,5'-dimethyl-2,2'=bipyridyl (V).
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Included in these calculations is an estimate of the effect of the G‘»-CH3
bond anisotropy as suggested by Gar’bisch.52 The results are shown in
Fig, 102¢ The N anisotropy term Gﬁ is not included since it was found
to be negligible,

1.3 Application of experimental data with theorye

The stereochemistry of 2,2'«~bipyridyls.

In order to avoid complications arising out of solvent interace

tions, only the results of spectra obtained in CCl, solution are considered

4
at this stage, The n.m.r. parameters of 2,2'«bipyridyl and the dimethyl
derivatives are given in Table 1.2, The spectra were satisfactorily

analysed as either ABMK or ABX spin systemsss7

and the results agree well
with those obtained by other workers, The spectra of 2,2'-bipyridyl is
shown in Fige 1.3 and that of the 3,3'«dimethyl isomer in Fig. 1.4s The
spectra of the methyl compounds are interesting because of large spine

spin coupling between ring and methyl protons (0e7=1.0 ¢/s). This is

clearly illustrated in Fig. 1.4 at the L4~proton.



TABLE 1,2

Chemiocal shifts of 2,2'wbipyridyls in GClz‘_

(in cyoles/sec. from TMS at 60 Mc/sec.)
Bipyridyl Hea3 Hely Heb 6 365
2,2'=bipyridyl: 5072 46341 43065 514e7 7647
3,43t wdimethyle : 129.7 45144 42640 503.2 -
L 4t =dimethyle= : 4971 14506 42043 50ke7 768
5,5'~dimethyle : 496,.8 LhBe3 138.9 501.5 -

Coupling constants (in Cycles/sec.)

Bipyridyl: J 3=l Jh4=H J5~6 J3=5 Jhmb J3m=6
2,2 ~bipyridyl: 7,68 7456 Le77 1.40 1,86 0,93
3,3 ' wdimethyle : - 7.60 500 - 2,00 -
L, =dimethyl~ : - - 5.01 1640 - 0.80
5,5t =dimethyle : 8620 - wa - 2,40 0. 70



Fig. 1.3

n.m.r. spectra of 2,2'-bipyridyl

in CClA
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To obtain an estimate of the deshielding effect on proton 3 caused
by the various factors outlined in the previous section, it is necessary
to compare the chemical shift of this proton with that of the S-proton, since
the latter is also situated Perelative to the nitrogen atom, as well as
being along the axis of rotation. Rotation about this axis should have
little effect on the chemical shift of proton 5. In diiute CClz+ solution P~3
lies 76.7 c/s or 1,278 pepem. to low-field of P=5, this value being beyond
the maximum calculated (-1,058 pep.m. at |/ = 0°)., It is realised however
that the calculations involve considerable approximations not the least of
which is the precise location of the lone-pair dipole, For instance, with
the dipole located 0.6 4° out from the nitrogen atom instead of O.4 Ao, a
value of 1,267 pepom. is obtained at ¥/ = 0°. As it is felt that the ring
current calculations, which involve experimental anisotropy data are
probably fairly reliable, it would appear that the lone-~pair dipole tem has
been underestimated by approximately 0.2 peDemm.

What appears certain from these figures however is that 2,2'-
bipyridyl prefers a trans, near planar conformation in an inert solvent,
which is in agreement with observations made from other physical data.40~45
It is interesting to note that biphenyl on the other hand is considered to
be highly twisted or possibly freely rotating.je’g It follows therefore
that the nitrogen atoms exert significant forces that maintain a co=-planar
conformation, a point which is further considered in Chapter III,

The case of 3,3'-dimethyl-2,2'~bipyridyl is important because the
steric interaction of the bulky methyl groups is expected to force the two

rings out of plane., An intra-molecular comparison of chemical shifts is
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not possible in this system, but a reasonable estimate of the deshielding
of the 3-methyl protons can be made by a comparison with the chemical shif't
of the methyl protons in the 5,5'~isomer, It is then found that the 3,3'-
methyl protons are in fact shielded by 9.2 c/s (0.153 PePelMs)s Reference
to the calculated curve (Figure 1.2) then yield two possible solutions,

650 cis or trans. This arises because of the symmetry of the curve near

‘Vf = 900. The high degree of steric interference caused by the methyl
groups is thus clearly illustrated and is in accordance with results

5k 468 The results for the 4 ,4'

obtained for o,o-~bisubstituted biphenyls.
and 5,5'=-dimethyl compounds are identical with that of 2,2'~bipyridyl
itself as expected, Although it is realised that no great importance can
be attached to the absolute values of the dihedral angles obtained, the

generel features of the stereochemistry of these systems are quite clear and

in accordance with previous conclusions by other workers.

1.4 Solvent shifts in the nem.r. spectra of heterccyclic compouvnds.

During the study of the ne.m.r. spectra of the bipyridyls in differ-
ent solvents, interesting solvent shifts were observed in strong hydrogen-
donor solvents which prompted an examination of the general problem of such
effects in nitrogen heterocyclic compounds. This was considered essential
before the stereochemistry of the bipyridyls is determined in these media.
To examine these effects the n.m.r. spectra of 24 %y and 4=picoline were
studied in a number of solvents. The results are shown in Table 1.3, All

spectra were calibrated relative to internal tetramethylsilane (TMS) except
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those in D20 solution which were measured relative to an internal dioxan
reference, 1In a separate experiment the dioxane signal in water was found
to have a T =value of 6,17, and not 6,30 as suggested by Jones and co-
workers.

The chemical shifts in Table 1.3 show trends which are not satis—
factorily explained by the reaction field theory of Buckingham,49 es—
pecially those for the a~protons. According to this theory, chemlical
shifts in such polar molecules should be markedly dependent on the di-
electric constants of the media which is not observed for the &-protons
and only very irregularly for the other protons, In.DQO solution fairly
large downfield shifts (approx. 16 c/s) are observed for the B~ and ¥ =
protons, whereas the a~protons are little affected (approx. =2 c/s). The
internal separations between the a~protons and the P~ and ) ~protons (also
listed in Table 1.5) are thus markedly reduced in water, and their absolute
values very similar to those in methancl solution,

This phenomenon is reminiscent of the protonation shifts in these
compounds also included in the sbove table, It appears therefore that the
explanation of these solvent shifts may be found along the same lines as
the theory outlined by Gil and Murrell to explain the protonation shiftse.
This will be discussed in detail in a later section of this chapter, but

the basic factors may be summarised as follows:

1e The change in the N-magnetic anisotropy on protonation.
2e The removal of the deshielding due to the lone~pair dipoles

3e Bffects due to the positive charge in the molecule.



2=picoline
He3

Hely

H=5

He6

A 4,6

J=picoline
H=2

Hels

H=5

H-6

A b6

A 5,6

h~picoline
He=2,6
H=3,5
A 5,6

TABLE 1.3

Chemical shifts of 2=, 3=, and L4~picolines

(in cycles/sec. from TIiS,)

CDG1, MAcetone  MeOH D,0 CF,C00D
L27.4 431.0 4363 437.5 47843
452.7 456.8 4bhe2 465.9 512.6
42ho 4 k277 L3246 4335 L7he9
508.7 506.1 5045 50409 5175
5640 4363 403 3960 4o9
50649 5045 502,0 50062 51749
bhie7 452,6 459.8 45942 512,0
42946 43203 43741 439.0 482,2
504l 502.3 499.6 500.2 5179
56,7 49.7 39.8 41,0 5.9
Tho8 70,6 6245 61,2 3567
50649 504.5 50340 506.3 5179
425.1 429,2 L33e5 L39eks 4766
81.8 1563 70.0 66.9 k1.5
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The effects of the first two factors are experienced most intensely at the
o~protons, so that the overall downfield shift on protonation is quite small
compared to the P- and Y ~protons. It is here suggested that solvation of
the nitrogen lone-pair by strong hydrogen donor solvents such as methanol
and water, partly or wholly remove the dipole term due to this lone~pair

and probably influence the N-anisotropy term as well, The normal downfield
shifts are thus opposed by the upfield shifts arising from the removal of
the dipole terms., These upfield shifts are greatest at the a-protons, which
thus account for the small solvent shifts of this proton compared to the
other ring protons. It is interesting to note that changes in the ultra~
violet spectra of pyridine in water compared to inert solwvents are also

very similar to those produced on protonation,70

71

and that the dipole moment
of pyridine in water is considerably reduced. This solvent shift theory
was further studied and verified in a number of other nitrogen heterocyclic

compounds discussed in chapter III, An interesting correlation of these

shifts with the base strength of the nitrogen atom was found,

145 Solvent effects in the 2,2'~bipyridyl system.

The n.m.r., spectra of 2,2'-bipyridyl was further studied in a
nunber of different solvents to determine whether the trans-coplanar
conformation is retained in such polar solvents as methanol and water,

The chemical shift data in a range of seven solvents is shown in Table 1edio
It is immediately obvious from these figures that proton 3 undergoes

unusually large upfield shifts in both methanol and water, These were also



TUBLE 1.k4e

Chemical shifts of 2,2'-bipyridyl in different

solvents (cycles/sec. from TMS).

Proton oo, CDG1, CH_01, CH, I gﬁzt«_  CHOH D0

Hee3 5072 5044 505 o4 50540 509.5 4977 47943
Hedy 46361 4679 468,0 468.6 LT7he5 47540 47545
H=5 43045 4369 43763 437.0 Li3e7  hhded 448,0
Heb 514e7 52065 51865 51745 520,2 51844 515.3
A 5,6 8.2 8346 81.2 80.5 76.5 735 7340
A 3,5 76.7 675 6841 68,0 65.8 5248 31.3

A 2.{.’6 51 06 5206 5005 4809 L|"507 43.)4' 39.8
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observed by other workersl‘L5 »38 who attributed them to large increases in

the angle of twist in these solvents, The spectrum in D, 0, in which bi-

2
pyridyl is only sparingly soluble is shown in Fig. 1.5, If the shift
differences between protons 3 and 5 are directly applied to fig. 1.1, then
indeed large increases in yf are evident, but this approach is invalid
considering the solvent effects outlined in the previous section. There
it was shown that the lone~pair deshielding term is practically removed in
strong hydrogen~donor solvents, and proof that this effect also operates
in bipyridyl is illustrated by the negligible shift of P-6 compared to P=H
in both methanol and water, The curve in Fig. 1.1 is therefore not valid
for the system in methanol or water since the dipole term must be removed
from the calculations, Such a curve is shown in Fig. 1.6, and applying
the observed chemical shift difference between protons 3 and 5 (52.8 c/s
in methanol and 31.3 c¢/s in water) to this curve it is found that this
molecule still prefers a co=planar conformation in these solvents with
only a slight twist (200) in water, Because of the symmetry of the curve
no firmm conclusion can be reached whether a c¢is~ or trans-conformation is
preferred, To investigate this problem the spectra were recorded in
various D,20-acetone solvent mixtures., The results are shown graphically
in Fige 1.7 which also includes the results for an identical study of 4 -
picoline as a reference system, In no case line broadening was observed,
which could be interpreted as a slow stereochemical inversion from cis to
trans, but the shifts in fact show a gradual trend, with P-5 moving to low-

field on increasing the water concentration and P=3 to high~field due to

the gradual relaxation of the dipole~effecte It can be concluded therefore
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that the conformation of 2,2'«bipyridyl in water remains predominantly cis.
These conclusions are at variance with those of Castellano, but additional
evidence from ultraviolet spectra studies outlined in & later section
suggest the results presented here to be correct. The chemical shifts in
the other solvents used give no clear indication as to any change in
stereochemistry, It would be unrealistic to relate the small changes

observed with variations in the dihedral angle of the molecule.

1.6 Nemor. spectra and stereochemistry of 3,3'= and 4,4'~bipyridyl.

It was considered useful to supplement the n,m.r, studies of the
2,2'=higyridyl system with an analysis of the spectra of the other two

isomeric compounds, namely 3,3'«bipyridyl (VI) and 4,4'-bipyridyl (VII).

(V1) (VII)

In both these systems the effect of the nitrogen atom on the chemical
shifts of protons in the other ring can be considered to be small, so that
only ring current terms need to be considered in estimating the stereow
chemistry,s The n.m.r. spectra of (VI) appeared as a well separated ABMX
spin system (Pig. 1.8) and that of (VII) as a clear 4 X, case (Fige 165)

The chemical shift of the ring protons in various solvents are shown in
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Table 1.bs The most reliable information for an estimation of the dihedral
angle in (VI) is the chemical shift difference between P-2 and P=6 since
both are oa~protons., In CClh_ solution P=2 is found 12,7 ¢/s to low-field

of P=6 and if this difference is wholly attributed to a ring current effect,
an approximate value of 55o is obtained for the dihedral angle, It is thus
apparent that considerably more rotational freedom exists in (VI) compared
to the 2,2'«isomer., &s will be shown later, this conclusion is further
substantiated by a study of the wltraviolet spectra of these molecules,

In D20 solution the resonance lines of Pw~2 and P-6 overlap which
implies that P=2 is now little affected by the neighbouring ring current.
This thus suggests a further easing of the rotational freedom in DZO s Which
is further confirmed by the slight upefield shift of P=} from its value in
CGlll_ solution (rather than the down-field shift usually observed)., The
solvent shifts in the other solvents do not justify any serious consideration
in terms of stereochemistry,

In (VII), there is no wey in which intra-molecular shift differences
can be used directly., It was considered best to compare the chemical shift
of the 5= and 6~protons in (VII) with those in 2,2'~bipyridyl, since at
least they are similarly located with respect to the nitrogen atames In 2,2'w
bipyridyl, the difference between the chemical shifts of P~6 and P=5 in CClh
solution is 72.6 c¢/s, whereas in (VII) this is 84.2 c¢/s, Approximately
therefore, P-5 in (VII) is deshielded only 11.6 c¢/s by the neighbouring
ring current, This value is close to that found in (VI) so that in this

case too, considerable rotational freedom exists, a conclusion again backed



Chemical shifts of 3,3'~bipyridyl (cycles/sec.

from TMS) .

Proton OCll‘_ CDC:l3 Aheetone MeOH D20

H-2 52640 53069 53k4o1 53101 514.0
Hedy 468,9 437.8 485.9 489.5 L7455
H=5 43846 VIV ) L49.6 45349 L48.9
Heb 513.3 519,3 51842 51641 (513)
Ab5,6 Y/ ko8 6846 6242 65.1
A 2,6 127 11.6 15.9 15,0 2,0
A 4,6 4okt 45.5 3263 26.6 28¢5

Chemical shifts of L4 ,4'«bipyridyl:

Proton GGlh_ (}DGl3 Acetone MeOH ]D20
He3 :5 Lh7e2 4524 46502 )-\\-6807 )4-71 9
H=2,6 520,1 52lal; 5234 52145 525,0

A 5,6 72.9 72.0 5842 52.8 5361



Fig. 1.8

ne.m,r, spectra of 3,3'-bipyridyl in cCL,
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Fig. 1.9

n.m.r, spectra of 4,4'-bipyridyl in CC
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by ultraviolet spectra data. The solvent shifts in DZO are very

similar to those observed in 4—picoline,which sugzests little change

in the stereochemistry of this already highly twisted molecule,

In conclusion therefore,the n.m.r. studies indicate a planar
conformation only in the case of 2,2'-bipyridyl. Both 3,3'= and L,4'=-
bipyridyl are more analogous to the biphenyl system in that they
possess consideraﬁle freedom of rotation. The effect of strong hydrogen-
donor:solvents such as water only marginally affect the dihedral angle;

causing a small increase in each case.

1.7 Ultraviolet spectra studies of bipyridyls.

It was considered useful to supplement the n.m.r. studies of
the bipyridyls with an investigation of their ultraviolet spectra,
Ultraviolet spectroscopy has been extensively used in the vast in the
study of steric effects in conjugated systems.72,Braude and Sondheimer
first claimed that a reduction in i%ax with little or no hypsochromic
shift of ;%ax 1s assoclated with minor deviations from planarity; and
if both hypsochromic and hypochromic shifts are obsefved then appreciable
interference from co-planarity is assumed. In those cases in which zm-ax
is reduced without a concurrent hypsochromic shift (less thaﬁ 5mp ),
the following equation was derived:

24’ 2

== cos ©

50
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Efchere refers to a planar reference compound. The oscillator strenghts
of absorption lines in the spectra of some ortho-substituted dimethyl=-
anilines have been found to follow such a relationship. Suzukisq
obtained an expression in terms of changes in ;}ax’ but his equation
contains many empirical terms,most of which are difficult if not im-
possible to determine with any accuracy. Murrell*predicts the direction
of the steric shifts from a consideration of the molecular orbitals
that involve the bond being twisted. According to'this theory,if the
value of the resonance integral across the bond being twisted is reduced,
than those orbitals which have a node across this bond will be decreased
in energy,whereés those that have no nodes across this bond will increase
in enérgy. The energy of an orbital will thus be decreased if the noded
bonds are twisted,and increased if the non-noded bonds are twisted.
The direction 6f the shift is thus predictable provided the absorption
bands involved are clearly resolved and assignable to calculated trans-
ition frequencies , |

Unfortunately it is very difficult to obtain reliable information
from the complex spectra of the compounds studied here. The spectra are
showvn in Figs.1.10 to 1.12 . An attempt was made at resolving the broad
complex long-wavelenght tail of the spectra. The resolutions were done
using Jaffe's methodss,commencing from the long-wavelenght side assumed
symmetric and unperturbed by other transitions. The resolutions are also

shown on the diagrams,and the data is tabulated in tables 1,6 to 1,8,

* J,N.Murrell, 'The theory of the electronic spectra of organic

molecules',(John Wiley and Sons: New York) p.238
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The oscillator strenght f”was calculated from the expression?8
fEth5x1d@f£dJ
where-(j:dJ is the integrated band area which for symmetrical curves
approximates to Ema%\)’ AJ, being the width of the band at % gmax'
In the process of resolving the bands it was assumed that the
long-wavelenght tail is unperturbed by other transitions. This assumption
has really little validity and the uncertainties involved in the process
renders little significance to the results,except th%t it helps to
locate some of the maxima in the spectra.

It is tempting to associate the long~wavelenght Band-envelope with
a fT-?iT*transitiog along the long-axis of the molecules,and then
predict deviations from planagity in the case of 3,3'-and 4,4'-bipyridyl
from the wavelenght of band A compared to that in 2,2'-bipyridyl.
However, this approach must be rejected for the following reasons:

1) The long-wavelenght band is complex,and any accurate assign-
ment to a particular band is thus extremely difficult and -
ambigous.

2) There is as yet no accurate information available on any
pafticular assignment in the spectrum of the bipyridyls.
i.e. positive identifications of observed lines with calcu-
lated transitions,

3) Comparisons of the three spectra is further complicated by
the fact that the three compounds have in fact quite different
symrietry properties, Thu:%;:ctor alone may account for some

of the wavelenght and intensity shifts.
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TABLE 1.6

Ultraviolet spectra analysis of 2,2'w=bipyridyl

I Cyclohexane solution,

Band >\ maxe (mp) i meXe {

A 28343 12,700 0,238
B 267k 8,560 0,074
C 25769 54300 0.053
D 28040 2,800 0,033

ITI Methanol solution.

i A max, (mp) Z max, f

A 2831 12,900 0.218
B 266,9 9,000 0,096
c 25448 5,500 0,056
i 280,0 3,360 0,043

ITIT Water solution.

. A max, (mp) Z max, f
285 o4 9,100 0,157
B 26645 5,800 0,077
c 25047 5,000 0,064
D 281,7 2,000 0,017
B 50545 3,000 0,041



TABIE 1.7

Ultraviolet spectra analysis of 3,3'=bipyridyl

I Cyclohexane solution.

SEEs A max, (mp) 2 max, f
A 26869 75900 0,218

ITI Methanol solution,

Band A mex. () 2 mex. ][
A 268.9 8,100 0a17k
B 238,7 11,260 0.312

ITTI Water solutione

Band N max, ) < max. f

A 2695 9,400 0,200

B 23648 12,130 00380
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TABIE 1,8

Ultraviolet spectra analysis of L4,4'~bipyridyl

I Cyclohexane solution,

Bend A max, (mp) 2 mex, f

A 25949 5,700 0,118
B 23649 13,560 04334
c 28047 2,500 0,040

ITI Methanol solution.

Band A maxe (mp2) fmax. ](
A 26449 6,130 0,159
B 238 11,080 0,351

ITI Water solutione

Band "N maxe (mp) Z mex. f

A 26146 9,310 06257

B 23809 11,800 0.277
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Gondo76 has calculated excitation energlies and intensities

associated with transitions from the ground state in 2,2'-bipyridyl,
but his re?ults for the absorption above 250mp appear inadequate and
do not satisfactorally explain the observed spectra., Little can further
be deduced from the solvent shifts in the spectra,particularly with
regard to intensity changes. Pyridine itself for instance, shows very
large intensity changes in water compared to cyclohexane solution.

In conclusion therefore,it seems that insufficient information
is as yet available to draw any religble conclusion from the ultraviolet
spectra. The data however may prove to be useful when more is known about

the assignment of the bands in relation to calculated spectral’ absorption

frequencies.
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1.8 The stereochemistry of the bipyridyl cations.

2,2'-bipyridyl,being dibasic,can give rise to a mono- and di-
cation,so that both systems must be considered here., It is well
known that the diprotonated base is not easily formed,very strong
aclids being necessary for diprotonation to ‘occur. Krumholz74 has in
fact shown that the ratio of the two ionisation constants KI/KZ is
of the order of 105. Baxendale and (:‘:e_org;em+ regarded the effect of
hydrogen bonding in a cis_ conféémation (VIII) to stabilise the
mono-cation and Beattie and \’ile’rzs’t:e:a:'l+LPc reached similar conclusions
from hydration studies of (VIII) and the 1,10-phenanthroline cation

(IX).



(VIII) (X)

In this work nemer, spectroscopy is again used to deduce the
stereochemistry of these systems., The effect on the chemical shift of
proton 3 due to protonation of the adjacent ring was first calculated
theoretically, and these results then compared with the experimental data.

ks mentioned in section 1,4, the basic terms arising in these calculations

are:

1e The change in the N magnetic anisotropy.

26 The removal of the electric field associated with the nitrogen
lonew~pair,

3 The effect of the positive charge.

In the Gil and Murrell calculations the values of the magnetic susceptibility

tensors for a protonated pyridine nitrogen are:

(X§+)mc & 7o5h; (X§+)w = 9469 ;3 (7(§+)ZZ = 6.6

These values are very similar to those for an aromatic carbon atom.
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N\

Changes in magnetic shielding due to the replacement of a € function
N\

by an N+--H group can therefore be regarded as small and unimportant,
/

The lone~pair effect can also be omitted from the calculations since the
lone-pair is removed on protonation. Only the effect of the positive charge
in the adjacent ring need therefore be considered. This was calculated from

the electric field associated with a positive charge, given by: 20

+

5% & 4,803 x 10710 Bg.cos

2
1

Where Ry is the distance of the proton from the charge Aq, and @ the angle
between the line joining the charge with the proton and the C< bond, The
location and value of the charge A q were taken from the 4T ~electron den-

sities in the pyridinium cation as calculated by Brown and Heffernan (2():61

0.17
BExcess positive 0.07
charge + Joan
N
0.47

X)

The effect of the positive charge delocalised in the ring was considered
as a resultant dipole, a value of 2,29 D located in the centre of the ring,
being obtained by taking moments of the excess positive charges in the

@, B, and ) -positions about the centre. This dipole effect on P-5 in

the adjacent ring was found to be negligible, but the deshielding due to
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the BY term (Ob+) is considerable; a constant =,165 pepem. for all values
of'V/. From results obtained in Chapter IIL in which bridged bi~quaternary
salts are considered, it appears that 05+ is in fact not completely inde-
pendent of yf, but that the full value is only realized at large angles

of twist, Admittedly, this term is small and quantities of this nature
could well be accounted for by the inherent approximations involved in this
approach, but in order to comply with the observed facts found in the next
Chapter, a linear variation of 05+ was used in the calculation ( from
0,000 pepeme at V/= 0%, to =0.155 pepem. at Yf= 90°). Although the final
conclusions are not altered by this approximation, the resultant calcula=
tions better accommodate the magnitude of the chemical shift differences
observed, The final curve of A 3,5 versus‘Vfis shown in Figure 1.13 but

is only valid for the diprotonated molecule; for the monoprotonated system
in aqueous sulphuric acid, the positive charge calculations must be averaged
between the deshielding in water and that in the di~cation. The results

are also shown in Fig. 1,13, and those of identical calculations for the

methyl protons in 3,3'-dimethyl-2,2'-bipyridyl in Fig. 1.%4.

Experimental,

The chemical shifts of the protons in 4,4'-dimethyl-2,2'«bipyridyl
in various concentrations of agueous sulphuric acid are shown in Fige. 1.15,
This compound was studied rather than 2,2'-bipyridyl itself in order to
facilitate the spectra analysis. Spectra were recorded for solutions of
constant concentration with respect to base and calibrated relative to an

external dioxan reference, A&4s only shift differences between protons were
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required this was considered adequate. An interesting phenomenon occurred
in the spectra for a 0.5 N solution, which was not observed for any of the
other isomeric bipyridyls nor for the spectra of the 3,3'=dimethyl deriva-
tive, The spectra at this concentration appeared as a broad unresolved
band covering a region of nearly 100 c/se (Pige 1.16)s This is in cons=
trast to the much sharper peaks obtained in higher acid strengths. The

relevance of this phenomenon will be treated in the following discussion.

Discussion,

The experimental data required to determine the stereochemistry
of the mone~ and diwcations are the differences in chemical shif'ts between
the 3-proton and 5~proton ( A 3,5)e PFor the mono-cation this difference
was obtained from a plot of A 3,5 versus acid strength, as shown in Fig. 147,
The central, level portion of the curve was taken as the required value
for the mono-cation., Applying this value (=12.5 c/s) to Fige 1.13 then

results in two solutions of the dihedral angle:

a) V = 38° trans b) Y = 53° cis

Both these values are considerably smaller than the values suggested by
Castellano (80~100°), but an examination of the ultraviolet spectra data
of Kr'umholzw+ shows that the mono~cation absorbs as far as 300 mp which
is in better agreement with the smaller angles cbtained here, Chemical
shift data cannot differentiate between the two solutions obtained from

Fige 1.13, but the problem may possibly be resolved from the broadening
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effect observed earlier in 0,5 N acid., It was suggested that this phenom~
enon was due to a slow stereochemical inversion under these conditions, as

shown below:

\/

This suggestion was confirmed by cooling the solution to near freezing. It
was then found that the spectrum sharpened up considerably as shown in Fig.
1.16, If it is assumed that the conformation of the free base in water is
trans, then these arguments imply a cis-conformation of the mono-cation in
aqueous acid in agreement with the original conclusions of Baxendale and
George.hh It may be argued that the broadening effect observed is due to
slow proton exchange between the two rings, but this appears unlikely since
this effect was not observed in the other bipyridyl isomers in acid strengths
down to 0.25 N, nor was it observed in 3,3'=dimethyl-2,2'~bipyridyl.

In 18 N sulphuric acid the value of A 3,5 is only 9.1 ¢/s. Both
rings are expected to be protonated in this solvent and reference to Fig.
1.13 suggests angle of twists of uo° trans or 62°.gg§. The trans value
appears more attractive because of the strong electrostatic repulsions
between the two positive charges in a cis-conformation. Because of the

approximations involved in these calculations, the dihedral angles obtained
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are indicative rather than conclusive. The results tend to show that pro-
tonation of 2,2'=bipyridyl causes some relaxation of the forces that constrain
the free base to a co-planar conformation and further suggest a twisted cis-
conformation flor thé mono-protonated base,

The chemical shift wvariation of the methyl protons of 3,3'-
dimethylm=2,2' =bipyridyl in different acid strengths is shown in Fig, 1.18.
The molecule appears to be mono-protonated in 4 N acid and a comparison
with the methyl frequency of the 5,5'=dimethyl compound in 4 N acid shows
the former to be at higher field by 23 c/s.. This according to Fige 1.14
implies a near right angle between the two rings in the mono-cation of the
3,3'=dimethyl isomer.

The stereochemistry does not appear to be altered in the di-~cation.

The shift difference between the 3=~ and H-methyl protons in 18 N acid is
still 21 ¢/s which acco%ding to Pige 1.14 again suggests a value of about

90o for the di-cation, Both these results are consistent with the general
pattern of conclusions reached in this work., As was shown earlier, the 3,53
dimethyl compound is already highly twisted in the free base so that a
further relaxation of co-planarity produces the large dihedral angles found

here,

Protonation effects in 3,3'~ and L4,4'-Bipyridyls

Both 3,3'~ (VI) and 4,'=bipyridyl (VII) are stronger bases than
the 2,2'~isomer, in particular with regards to the second protonation step
)
as Krumholz's experimental7+ figures indicate, (Table 1,9,) The di-

eations in these bipyridyls are thus easily formed and will only be



TABLE 1,9
Lcid dissociation constants of bi~pyridinium cations
in water,
K, K,
2,2'=bipyridyl 3.6 x 10”.5 =
3,3' <bipyridyl 2.5 x 10~ 1 x 107
L4, 4t wbipyridyl 1.5 x 1072 6.8 x 107

discussed here.

Table 1.10.

The chemical shifts in CF.,CO0D solutions are shown in

3

TABLE 1,10

Chemical shifts of 3,3'-= and 4,4'~bipyridyl in CFBCOOJD/

3,3' <bipyridyl

L yli! =bipyridyl

solution. (Cycles/sec, from TIS),

Hes2 He3 Hely He5 Heb
56l - 546l 50443 546 ol
55046 515.7 - 515.7 55066

In (VI), P=2 is 18 c/s downfield from P=6, but calculations showed that

as much as 15.5 c/s of this amount can be attributed to the effect of the

positive charge in the adjacent ring on P=2 for \’In 900. This leaves
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only a small ring current contribution to the deshielding at Pe2 which
from the previous ring current calculations implies a very large dihedral
angle for the di-cation of (VI)s The same conclusion can be drawn for the
protonated form of (VII). The protonation shifts here were found to be
almost identical with those in Ywpicoline (Table 1,3) which implies no
major change in stereochemistry on protonation. In conclusion therefore
the di-cations of both (VI) and (VII), like the free bases themselves
enjoy considerable rotational freedom about the long axis of the molecules.
It is interesting that the ultraviolet spectra data of Krumholz show no
abnomally large wavelength shifts on protonation, in good agreement with

the conclusions reached here,
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261 Introduction.

A set of compounds which are of particular relevance to the cal-
culations performed in Chapter I, are the bridged biquaternary salts of

2,2' =bipyridyl (XI), These salts were first described by Homer and

'I!‘omlins.on51 in 1958, and the stereochemistry of these compounds, i.c.

the dihedral angles between the planes of the two rings, was later inves-

tigated by these authors from a study of their ultraviolet spectra and
52

reduction potentials., The analogous bridged biphenyl compounds have been

54,79 31c,d,f,g, spectroscopy, but the

studied both by ultraviolet and n.m.Tre
difficulty of analysing the complex n.m.r. spectra of the phenyl ring pro-
tons precluded quantitative correlations with interplanar angles, This is
not the case with the bridged biquaternary salts studied here, since the

presence of the electronegative nitrogen atom in the aromatic ring produces

relatively large chemical shift differences between the ring protons, The
spectra can thus be satisfactorily analysed as ABMX spin systems to give

precise values for the chemical shif'ts and coupling constants,
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The stereochemical problem in these salts is more clearly defined
than in the compounds studied in Chapter I, since the bridging group locks
the molecule in a cis conformation with a dihedral angle which is expected
to increase with the length of this bridge, A further point of interest
is the amount of freedom for the enantiomeric conformations to suffer
interconversion, Such conformational stability has been extensively
studied in the bridged biphenyl compounds where a number of singly bridged
molecules with bulky ortho groupings have been resolved into their optical
isomers.j‘Ic No singly bridged biphenyl unsubstituted in the aromatic ring
has been resolved, and the magnetic equivalence of the bridge protons in
9,10-dihydrophenanthrene (XII), the oxepin (XIII) and the ketone (XIV)

indicate a rapid conformational inversion.3 Te,d.

' 28 :sg}!z

('XII) (XI11)
2 CH, 2 HO S
!!!\r !! :
(xv)
° ()

Little is known about the conformational stability of systems with bridge

lengths greater than 2 atoms, but a preliminary report of yet unpublished
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work indicates that the oxepin (XIII) shows magnetic non-equivalence of
the methylene protons at low temperature, the energy barrier for the
inversion being approximately 9.6 kcal/mole.80 A poorly resolved AB
quartet was also obtained for the bridge protons in the thiepin (XV) .310
Magnetic non-equivalence of the methylene protons in the bridging group

is good evidence of conformational stability, since in a locked conformation
these protons subtend different angles at the aromatic rings,

In this work the conformational stability of these systems was also
investigated. A&s well as (XI), with n=2,3 and L, the bridged salts of the
3,3'=dimethyl- (XVI), 4,4 -dimethyl= (XVII) and 5,5'-dimethyl-2,2*'-bipyridyl
(XVIII) were prepared and studied. In addition, through the kind assistance

1
of Dr. Calder,8 compounds (XIX, XX) and the oxepin (XXI) were also availsable,
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1
BHC\}{C\ Pl
/C\ H 2 Br 2 Br
HO OH
(Xx) (XxT)
262 Analysis of n.m.r. spectra,

The assignments and analysis of the n.m.r. spectra of all the
compounds studied were straightforward, and marked changes in the appear-
ance of the spectra on increasing the chain length of the bridging-group
from two to four carbon atoms are apparent, This is illustrated in the
spectra of (XVII) with n= 2,3, and 4, shown in Figures 2.1 to 2.3, The
spectra were satisfactorily analysed as ABMX spin systems for the unsub-

stituted bipyridyls, and as ABX systems for the methyl substituted com-

pounds, The n.m.r, data is summarised in Table 2,1, Spectra were recorded

in D20 solution at approximately constant molar concentration (0.1M), but
dilution shifts were found to be negligible, Magnetic non-equivalence for
methylene protons in the bridging group was observed in (XIX) where the
signal due to these protons appeared as a clear AB quartet (Fig. 2.5) and
also in (XVI) n=2 which appeared as an AB, pattern (Fige 2.4)s Such
multiplicity was also observed for the bridge protons in (XI, XVI, XVII,
XVIII) with n=3 and 4, but these patterns could not be fully analysed

because of their complexity and the superposition of the HOD signal on
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the multiplet assigned to the methylene protons & to the pyridinium nitrogens

263 Discussion.

The theory relating the chemical shift difference between the 3 and
the 5 proton ( A 3,5) as a function of the dihedral angle\[/ , has been fully
treated in Chapter I and will therefore not be expanded here, The calcu~
lations appliceble in these systems are of course those for the di-protonated
bases as illustrated in Fig. 1.13. The dibromide salts studied here behave
as typical ionic compounds and are almost completely dissociated in water,

It has been shown that in the pyridinium hydrohalides, the nature of the
counter ion produces small variations in the chemical shifts of the ring
protons in solvents of varying dielectric constan'l:.,82 but these effeects are
probably of importence only for intimate ion-pairs, and not for the dis-
soeciated salts, Polarization of solvent molecules by the chargedbiquaternary
bipyridyl will produce an electric field at the heterocyclic ring protons ,49
but since it is difficult to estimate its magnitude or direction, it is
assumed in the present series of compounds that the effect on proton 3 is
the same as that on proton 5 and that any change in the magnitude of this
effect with increasing dihedral angle will be cancelled by internal compari-
son of the shifts of these protons,

The calculations carried out previously should fully account for
the range of values of A 3,5 found in these compounds. In this regard

some comments are required in retrospect to the theory outlined earlier,

The data in Table 2.1 shows that values of A 3,5 range between =40 c/s and



Fig, 2.1
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Fig, 2.2
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Fige 2.3
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Fig. 2.4

n.m.r. spectra of methylene protons

in XVI n=2

HOD reduced gain.

l

\

Fig, 2.5

D.m.r, spectra of methylene protons in XIX,
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T.able 2.1
A Chemical shifts of ring protons in bridged biquatemmary 2,2'=-
bipyridyls; ABMX analysis (Cycles/sec. from TiS.)

Compound Bridge Chemical shifts;

H=3 He-l H-5 H-6 345
(xT) ~(c,) 2 546e8  5k1.7  509.2 55946  37.6
(x1) —(CH2)3- 518.9  541.7 511.7 56342  Te2
(x1) -(cH2) N B12.7 539.1 516,0 568.,0 =3.3
(xv1) —(CHZ) 5= 165.9 531.8 5001 554l -
(X1) ~(Ci,) 5= 155.1  535.5 503.3 553.1 -
(V1) -(CH,) )~ 1479 5315 507.1 560.5 =
(xvII) ~(CH,) 5~ 533.5 17640 U945  543.5 3940
(xv1I) ~(CH,) 5~ 503ek  17he7 4960 5451 Tk
(XvII) -(GHZ) e 496.5 173.6 500.0 551,2 =3.5
(XVIII) -(cm:z) o~ 534e7  524e2 1665 547.0 -
(XVIIT) ~(CH,) 5~ 505.8 527.7 166.5 550.8 -
(Xv1II) -(CH2) R 499e2 525¢4 167.8 557.,8 =
(xX) -(Ca,c(0D) 20&12)- 527.1 5471  515.7 565.5 11.4
(xx) -(CHGI{3C(OD)ZG[i30I1)- 5235 5Shhe3  516.5 562,41 7.0
(Xx1) ~(CH ,0CH ) - 53kel  553.3 522.3 575.7 11.8
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Table 241
(contd)
B Coupling constants for ring protons (Cycles/sec) ABMX or ABX
analysis.

Compound Bridge I3, JIh,5 J5,6 J3,5 Jh,6 J3,6
(XI) -(G:Iz) 2"' 8.2 705 600 1.9 105 009
(x1) -(CH,) 5= 81 To7 5.9 1.8 1k 0.7
(x1) -(Ciy), = 8.4 7.7 5.9 1.8 1.5 0.6
(xvI) -(GH2)2- - 8.0 5.7 - 1.2 -
(X1) ~(aH,) 5= - 8k 57 = 15 -
(XV1) -(at,) - - 8.3 5.8 - (le) =
(XvII) -(mz) = - - 6.3 1.5 - (0.8)
(XvII) -(CH2) 35~ - - 6o 1.6 - (0.8)
(Xv1II) -(G—Iz)h_- - - 6e3 1.8 - (1.1)
(XvIII) -(CHZ) o~ 8.6 - - - 1.4 0.9
(XVIII) ~(aH,) 5" 8,2 - - - 1.6  (0.7)
(XVIII) -(CH2) L 8e3 - - - (2.0) (0.8)
(X1IX) -(aﬁzc(on)zcx{z)- 7.8 7.6 5.8 149 14 -
(XX) -(GHGHBC(OH) 2m3mi)- 7.8 7.9 5.8 1.5 1.4 -

(XXI) —(Q'IZOCHZ)- 708 708 5.9 107 105 0.7
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+345 ¢/s (or =0.667 and +0.058 p.p.m.), but this range must be accommodated
between approximately 20 and 90° s since from molecular models the two~
membered bridge compounds are twisted at least 200. If the deshielding
effect due to the positive charge on P-5 in the adjacent ring (0'+5) is
treated nomally, then the theoretical curve does not satisfactorily
accommodate the experimental range of A 3,5. It is here suggested that in
a planarconformation o* 5 is sharply attenuated, since in this conformation
the 5 proton is in fact well shielded from the positive charge by the
intervening ring structure, At larger values of Vf , the nitrogen atom is
lifted above the plane of the adjacent ring and a more direct contact with
P-5 is possible. The only experimental evidence that might be accounted for
by this hypothesis is the gradual down-field shift of P-5 in a given series
(which is not accounted for in the calculations since c* 5 is constant for all
V). The actual value of this shift is about 7 c/s between n=2 and n=k,
which compares well with the calculated value of O’+5 (10 ¢/s). In order to
allow for the observed shift of P-5 in the calculations, a linear variation
is assumed for the value of 0'+5 between V: 0° (0'+5 = 0) and 1": 900 (0'+5 =
-10 ¢/s)e This approximation does not alter the final conclusions to any
extent, but the calculations then account better for the range of A3,5
found and also gives reasonable values of the dihedral angle in the two-
membered bridge compounds from a direct application of A 3,5 to Figure 1.13.
Actual values of the dihedral angle VI, in these compounds are thus

obtained by applying the experimental value of A 3,5 to Figure 1.13, and

for compounds (XVI) to Figure 1.14. In (XVIII) A 3,5 is not obtainable
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from an intra-molecular difference, but here the chemical shift of P=3 was
compared with the shift of P-5 in (XVII). The values of ¥ so obtained
still agree remarkably well with those obtained in the other cases, The
final results are shown in Table 2.2, Estimated dihedral angles in a
number of bridged biphenyls obtained by a number of workers are shown in

Table 2,3 for comparison,

Table 242
Estimated dihedral angles in bridged biquaternary

salys of 2,2'-bipyridyl.

Compound Number of bridge atoms

ne2 ns3 nely
(X1) 26° 64° 82°
(XvI) 55 68 90
(XviI) 23 6l 82
(XvIII) 21 61 77
(X1IX) - 60 -
(XX) - 65 -

(XXT) - 56 -




Table 2.3,
Estimated dihedral angles in biphenyl derivatives.

X
References Interplanar angle
X= = 0 NMe CH, co S (C:Hz) 5
31c 15.3°  14.1° 15.8° 50.,6°  52.4° 56,60 -
83 20 50 - 50 - - 60°
8l 20 - - L6 - - 60

The interesting and encouraging aspect of the results obtained in
this work is the remarkable agreement between compounds with similar bridge
lengths, and also the general agreement with dihedral angles obtained in the
biphenyl system,

It is interesting to note however that in every case the values
obtained here are somewhat greater than those estimated in the biphenyls.
This is not unreasonable if it is considered that the electrostatic repul-
sion between the positive charges on the nitrogen atoms would exert addi-

tional forces and slightly twist the two rings further out of plane,

The value of 58° in the oxepin (XXI) is smeller than the average
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value for the three-membered carbon bridge compounds which is consistent
with the smaller size of an oxygen atom compared to a carbon atom. The
results for (XVI) are particularly interesting because it clearly illus-
trates the steric crowding caused by the two methyl groups in the 3-
position, In (XVI) n=2, this steric interference increases the dihedral
angle to 550, but for the compounds with n=3 and n= the values of }V are
only slightly greater than those in the compounds unsubstituted in the 3-
position. The large twist already caused by the bridging group must re-
lease the interaction between the two methyl groups thus allowing‘vfto
assume a normal value,

As mentioned earlier, some evidence was obtained regarding the
conformational stability of these salts. This wes obtained from an examina~
tion of the n.m.r. spectra of the bridge protons in these compounds, and is
best illustrated by the appearance of the n.m.r. signal of the methylene
protons in (XVI),n=2, as showm in Fig. 2.4, and those in (XIX) as shown in
Fig., 2.5, It is obvious in the case of (XVI) that the methyl groups are
responsible for the locked conformation since the analogous compounds unsub-
stituted in the 3-position show only a single sharp peak due to rapid inter-
conversion between the two equivalent conformations.

The appearance of the methylene protons signals in the three-~ and
four-membered bridged compounds also suggests that they prefer a frozen
conformation, but the complexity of the patterns and the superposition of the
HOD signal on the multiplet assigned to the methylene protons «¢ to the pyri-
dinium nitrogen made further analysis imposible. Those spectra which showed
magnetic non-equivalence for the bridge protons were further run at tempera-

tures up to



-76-

90°,which is about the limit for aqueous solutions, Up to this
temperature however,no change in the appearance of the spectra could
be detected,which implies reasonable rigidity for the structiire of those

compounds,

2.4 The ultraviolet spectra of the bridged biquaternary salts of

2,2'-bipyridyl.

The'ultraviolet spectra of the bridged biquaternary salts were
also examined in this work,and a band resolution carried out as in
section 1.7, As explained earlier,no theoretical significance can be
assigned to them. The spectra are shown on Figs. 2.6 to 2.8, and the
data is summarised in table 2.4.

It is immediately clear from table 2.4 that changes in the
wavelenght of the absorption bands dominate the effect on the electronic
spectra with an increase in bridge lenght,although there also appears
to be a slight attenuation of the intensity of the long-wavelenght
band envelope. However,even though symmetry problems are largely
eliminated in these systems,one can only still speculate that the
hypsochromic shift observed is directly a consequence of the increase

'in the dihedral angle with increase in bridge lenght. In order to

determine -wheilier an empirical relationship existis between the
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ultraviolet spectra and the n.m.r. results,the wavelenght of
absorption band A in these systems was plotted against the dihedral
angles calculated from the n.m.r. studies. The results are shovn in
figs. 2.9 and 2.10. Reasonable straight lines are observed in any
given series which 1s particularly interesting particularly if we
consider the agreement of compounds XIX,XX and X4I in Fig. 2.9 and
also the line obtained for the series of the 3,3'-dimethyl derivative.
There is thus interesting inforﬁation,which may prove to be useful

in future theoretical considerations of the ultraviolet spectra

of such systems,
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Table 2,4
Ultraviolet spectra data of the bridged biquaternary salts of 2,2'=bipyridyl

Band A maxe (mp) < max, f
(XI) n=2 A 3141 17,710 0.18
B 298,1 10,770 0.06
c 288,7 4,520 0,024
D 279.8 2,260 0,010
(XI) n=3 A 28749 15,460 0,190
B 2737 3,390 0.023
c 264..6 2,070 0,013
(XI) n=b A 27h-ok 13,070 0,169
B 26349 1,250 0,006
c 25545 2,910 0,023
ok
(XVI) n=2 A 304940 15,950 04199
B 29046 55390 0,031
c 28145 3,050 0,01
(XVI) n=3 A 298,0 14,800 0,163
B 271.0 4,580 0,047

c 257 2,600 0,018



(XVI) el

(XVII) n=2

(XVII) n=3

(XVII) n=l4

(XVIII) n=2

(XVIII) n=3

«80~

Table 2.4 (contd.)

Tag A maxe(m) 2 max, f
A 279 14,180 Ou 11
B 26745 5,560 0,045
c 25745 4,580 0,024
ks
A 3115 19,380 0.159
B 29742 15,630 0,088
c 28645 8,150 0 Ol
A 28347 1,770 0,182
B 26640 3,580 0,030
A 27046 12,330 0,160
B 25245 4,000 0,038
P L]
4 325.7 20,190 0e174
B 309.6 13,750 0,113
c 295 ot 5,550 0,026
A 29647 10,270 0.137
B 278.2 2,260 0,018
c 267.0 2,760 0,017



(XVIII) n=4

(xx)

Table 2.4 (contd.)
Band A maxe (mp) — Zmax, f
A 2817 11,190 0,164
B 259 ol 5,380 0,043
EE L
A 28949 15,650 0,203
B 27043 4,090 04041
ke
B 268,2 4,410 0,045
c 251 ol¢ 8,090 0,082
L 2L
A 295.6 15,530 0,208
B 276 o4 34690 0,030
c 26544 2,460 0,011
D 257.6 2,380 0,012

L 22
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CHAPTER III

The n.m.r, spectra of some five-membered

heterocyclic compounds,
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341 Introduction,

With the underlying factors determining the proton resonance
spectra of pyridine now well established, it is surprising that the general
concept has not yet been extended to other heterocyclic systems containing
a pyridine-type nitrogen atom. It is disconcerting in fact that in many
cases crude correlations of proton shifts with local 17 -electron densities
are still attempted without reference to the basic theory already available,
8,87,88 It was for this reason that an investigation was commenced on a
number of such nitrogen heterocyclic compounds, even though extensive n.m.r.
data for some of these compounds have been, and still are being, published.,
The compounds chosen form a group of five-membered heterocyclic aromatic
compounds containing two different heteroatoms, namely oxazoles (xx11) ,
thiazoles (XXIII), isoxazoles (XXIV) and isothiazoles(XXV)., The parent

menmbers of this group are shown below with the numbering of the ring systems

included,
( \ \
5[_0»2 5C)2 5/0/N 5/3)\1
(XX11) (XX111) (XxX1V) (xxv)

The study reported here, is confined to the effects of the nitrogen
atom on the chemical shifts of the ring protons in terms of the theory of

Gil and Murrell, Since the effects of the oxygen and sulphur atoms are not
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as yet fully understood in furan and thiophen, no attempt is made to evaluate
the contribution to the chemical shifts by these atoms in the compounds stu-
died here,

The n.m.,r. spectra of oxazoles and thiazoles have been reported by

89 90 9,92 4

Bak and coworkers, Heake and Miller,”  Staab and coworkers

93

Clarke and Williams, Comprehensive data is already available on the

recently synthesised isothiazole ring system?h, e.g. the work by Staab
and Mannschreck,95 Anderson96, and Olof‘sen,97 but no systematic studies
have been reported for isoxazoles,

In this work a number of unsubstituted and methyl-substituted
members of this set of compounds have been synthesised and their nem.r.

spectra re-examined, in particular with regards to solvent and protonation

effects,

362 Results of n.m.r. spectra.

The compounds studied together with the resonance frequencies of
the various protons are listed in Table 3.1, and the nem.r. spectra of the
unsubstituted compounds shown in Figs, 3.1 to 3.4 The oxazole spectra

92

shown is taken from the work by Staab and coworkers, Interpretation and
analysis of the spectra was straightforward in all cases and the assignments
of the ring protons confirmed by the spectra of the methyl compounds, Spectra
recorded in GFBCOOD solution tended to be broad, thus reducing the accuracy

of the chemical shifts to + 1 ¢/s¢ Although dilution shifts were found to

be negligible (less than 0.5 c¢/s), the spectra were all recorded at the same

concentration, Coupling constants are shown in Table 3.2,



Fig. 3.1

n.m.r, spectra of oxazole

)
470
H=2

459
H-5

( eycles/sec. from TMS )

]
426
H-4

-98—



Fig. 3.2

n.m.,r. spectra of Thiazols

in CCl4
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Fig. 3.3
n.m.r spectra of isoxazole

in CC1l 4
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Fig. 3 04

n.m.r. spectra of isothiazole
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T'able é 01

Chemical shift data of oxazoles, thiazoles, isoxazoles, and

isothiazoles (Cycles/sec. from TM3)

Compound Solvent He2 H=3 Help H-5
2-methyloxazole CC1i ) 144.8 - 412,0 7.2
D0 15046 - 426.8  468,6
L-methyloxazole CCll._ 461,9 - 130.7 439.5
D20 489,.1 - 133.8 L61,7
GF300® 5674 - 1500 481,.8
thiazole 0014 52542 - 473.0 439.5
CF3000D 599 - 507 493
2-methylthiazole CCll‘_ 16145 - 151.5 423%,0
GE‘3COOD 187.1 - 48h oLt L7%e2
4=methylthiazole GCl}+ 51545 - 148,0 408,9
D20 53644 - 15046 43249
GE'3000D 585.5 = 16344 463.1
5-methylthiazole cc1, 508.5 - W7.3  149.9
CF ,CO0D 582.2 - 482,6 164.7

3
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Table 3.1 (contd).

Compound Solvent H=2 H=3 H-4 H-5
isoxazole CCll'._ - 4914 3793 506,0
D20 - 51446 398.2 52642
CF ;0O - 507.9  393.3  513.8
3-methylisoxazole CClh_ - 13649 36644 4949
CFBCOOD - 148.1 390,.1 507.9
isothiazole c:cll+ - 508,0 433.8 517.8
DZO - 520.,8 450,6 54245
CF 500D - 5487  468.8  57he6
3-methylisothiazole CClh_ - 152.5 421.5 51247
DZO - 153.8 43445 531.7
GB‘BCOOD - 1738 450.7 56145
L~methylisothiazole CClh_ - 491.5 1,04 488,3
DZO - 50603 15307 5'“0-07
CF,C00D - 532.8 1546 5483

3

k%%
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Table %24

Coupling constants in oxazoles, thiazoles, isoxazoles, and
isothiazoles (Cycles/sec.)

(n.obs, = Coupling not observed)

Compound Solvent J2,4 J2,5 I3 4 J3,5 Jh,5
2-nmethyloxazole CGl)... NeObSe nNeObS, - - 0.8
D20 n,obs, Nneobs, - - 0.9
GE‘3COOD N.obs. n.obs, - - 1.3
L4~methyloxazole CClh_ (0.5) 244 . . 1.2
D,0 (0.6) 244 - - 1.4
%COOD/ n.ObS. 2.4 - b 1 .l‘-
thiaZOJ.e 0014 005 1 08 - - 3.1
CP,C00D 0.9 2.2 - - 346
2-methylthiazole CCll+ n.obs, - n,obs, - - Sekt
D20 Nn.obs. N.obs, - - 345
GFBCOOD NeObSe N.0Obs, - - L4e1
4~methylthiazole cel, (Oel) 1,9 . 2 - 1.0
D-20 (0el) 2.1 - - 1.0

@;COOD e Obso 205 - - 009
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Table 3.2 (contd,.)

Compound Solvent J2,4 J2,b J3,4 J3,5 Jh,5
Senmethylthiazole GClA_ 0.6 N.0bs, - - 1.2
D20 0.6 n.ObS. - - 102
CFBCOOD 1 'Y 1 n.ObS. b bl 1 .2
I3,k d3,5 Jh,5
isoxazole CCll._ 1.5 n.obs, 1.6
D20 2.0 n.obs, 1,8
GE‘5COOD 2.0 n.obs, 1.8
3-methyliscoxazole GClh_ 0.5 (0.3) 1¢7
D,0 (0.5) 0.6 1.7
05'300013. spectrum very broad
Isothiazole CCl)+ 1.7 neobs, 5,0
D20 1.8 n.obs, 4.8
CFBCOOD 2.6 n.obs, 5.5
3-methylisothiazole CCll+ n.obs, Ol Lol
D20 Ne0Obs, Ool. L6
D20 n.obs, n.obse 5.5
L-methylisothiazole cey, (0e4) neobs, 1,0
D0 (0.L) n.obs, (1.0)
CF,COD n.obs, n.obs, (1.0)

k%%
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Table 3.3
A, 17 -electron densities in oxazole, thiazole, isoxazole and
isothiazole,
1.031 1.169 1.103 14328
1.205 [ 1.155 1.070 ( 0.977
0 S
16439 1.522
ref. 98 ref .99
B 1.090 __ 0.82 1,144 1,050
{ N1, 1.016( N 1,28
1.80 1.51
ref. 100 ref .99
B. Chemical shift separations between ring protons due to differences
in fl-electron densities. (using 10 p.pem. per electron).
D calculated A found $
Oxazole A 2, - 74 cfs + 4 ofs ~ 118 ¢/s
A 2,5 + 30 ofs + 12 ¢/s + 18 ¢/s
Thiazole A 2,4 + 76 cfs + 53 ¢/s + 23 cfs
A 2,5 + 56 ¢fs + 86 c/s - 30 ¢/s
Isoxazole D 3.k + 162 ¢/s + 112 ¢/s + 50 c/s
A 3,5 + 2 - 15 ¢/s + 39 ¢/s
Isothiazole A 3,4 + 56 c/s + 75 ¢/s - 19 c¢/s
A 3,5 - 21 ¢/s - 10 ¢/s - 11 ¢/s

L2 2



33 Discussion,

The observed chemical shifts shown in Table 3.1 are clearly not
satisfactorily explained by variations in local 1T —electron densities
alone, as is evident from the data and calculations listed in Table 3.3.
Because of the large discrepancies between chemical shifts and 17 -electron
densities and the unknown effects of the oxygen and sulphur atoms, the only
real estimate of the effectiveness of the nitrogen anisotropy (Gi\I) and lone-
pair dipole (O'D) terms can be made from changes in resonance frequencies on
protonation or solvation in strong hydrogen-bonding solvents such as water,
As was shown in Chapter I, protonation of the nitrogen atom removes the
paramagnetic shift of both of these effects; the protons & to the nitrogen
are most affected and changes in the chemical shift of these protons on
protonation are thus considerably smaller than those for the other ring
protons, The magnitude of the O'N and Ob terms can thus be estimated from
the relative changes in chemical shifts of the various ring protons on
protonation, The main difficulty involved in this approach however is that
possible changes in 1T —=electron distributions can seriously affect the
relative shifts, It seems more profitable therefore to examine first the
solvent shifts in agueous media, as it was shown earlier in this work that
hydrogen-bonding of solvent with the nitrogen lone-pair also causes a
relaxation of the dipole deshielding term. The total shift in resonance
frequency of each proton on protonation (A H+) and on solvation in water

(a H20) are shown in Table 3.4 and 3.5. For comparison, the data for the

picolines are included in these tables,
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A comparison of the O HZO values with those of the picolines show
that the solvent shifts in the five-menbered heterocyclic series are con-
sistently greater than those observed in the picolines in particular for
protons adjacent to a nitrogen atom. The 0 HY values follow & similer
pattern, with large values of O H* for protons adjacent to a nitrogen atom
compared with those observed in the pyridine system. The unusually small
values of O HY for the isoxazoles seem to indicate that they are in fact
not protonated in CFBCOOD. and these values are therefore of no use in any
comparison,

The above observations suggest that the O'N and Ob terms are much
less effective in these compounds than in pyridine, a conclusion which is
not in conflict with the theory proposed by Gil and Murrell, since they can

be explained qualitatively as follows:

1) (fN:— The magnitude of O’N in pyridine is a consequence of the
low-lying n—Ti * transition found at 4.5 eV26 (or 276 mp).
The ultraviolet spectra of the compounds studied here have
been studied by & number of workers and is summarised in
Table 3.6 This shows that the position of the n—)ﬂ*
transition must be much higher than 4.5 eV since in no

case is there absorption above 240 mp, This must therefore

imply a reduction in the Oﬁ term relative to pyridine.

2) 0]’3:— The magnitude of this effect should correlate with the
donating property of the lone-pair, i.e., with the basicity

of the nitrogen atom. From the available pKa date in
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Table 2.&

AHY values, calculated from CF,COOD and CCl, solution data (Cycles/sec,)

3 b

(figures marked * are for protons & to a nitrogen atom)

Compound H-2 H-3 Help H-5 CH

3
2-methyloxazole - - L9.7* 41.8 31.3%
L~methyloxazole 105.5* - - 42.3 19,3%
thiazole T4* - BL% IN -
2-methylthiazole - - 32.9* 51.2 25.6%
L~methylthiazole 70,0% - - 54.2 15:4%
5-methylthiazole 73.7% - 35.3% - 1448
isothiazole - Lo, 7* 35,0 56,8 -
3-methylisothiazole - - 29,2 48,8 21,3*
L-methylisothiazole - L41,3% - 60,0 14,2
isoxazole - 16.5¥  14.0 7.8 -
3-methylisoxazcle - - 23,7 13.0 11,2%
H-2 H=3 H-y H-5 H-6
2-picoline - 509 59.9 50.5 8.8¥%
3=picoline 11,0% - 6l4e3 52.6 13,5%
Y~picoline 11,0% 51.5 - 515 11.0%

whkEkY



A H20 values, calculated from D

(figures marked* are for protons @ to a nitrogen atom).

2

0 and CC1

L

solution data (Cycles/sec.)

Compound H=-2 H-=3 H-4 H=5 G 3
2-methyloxazole - - 1L,8% 214 5.8%
L-methyloxazole 27.,2% - - 22,2 3.1%
2-methylthiazole - - 11,1% 2446 4 5™
L-methylthiazole 20,9% - - 24,0 2.,6%
5-methylthiazole 22,2% - 14, 3% - 2.7
isothiazole - 12,8%¢ 16,8 2L 7 -
3-methylisothiazole e - 13,0 18.0 1e3%
4~methylisothiazole - 14..8% - 26 4. 343
isoxazole - 23.2¢ 18,9 20,2 -
3-methylisoxazole - - 22,0 19.7 T 7%
H-2 He3 H=4 H=5 H-6
2-picoline - 1703 1844 16.5 1. 7%
3=picoline ~0,3* - 16,2 15.6 1. 7%
L4-picoline 5ei¥ 20,7 - 20.7 5.1%

*h%
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Table 3.6

Ultraviolet spectra data for oxazole, thiazole, isoxazole

and isothiazole,

Compound UJV. absorption bands. A\ , in mp.
A B Solvent Reference
Oxazole Little or no absorption above 220 mp 101
Thiazole 23145 209 n-hexane 102
Isoxazole absent 211 ethanol 103
(£= 3981)
Isothiazole 241.5 not - 99
(£=6577) reported
Table 3.7
pKa data of pyridine, thiazole and isoxazole in agueous
solution. 104
PKa Temperature
Pyridine 5.25 25°
Thiazole 244 20°
Isoxazole 1.3 25°

b d b



aqueous solution (shown in Table 3.7) it is obvious that these compounds are
much weaker bases than pyridine, If it is assumed that reduced basicity
implies a lower dipole moment for the lone-pair, then it follows that the
Gb term in these compounds is much smaller than the value in pyridine,

From this last argument an important point follows, since AHZO
values, and possibly AH* values, should then reflect the basicity of the
nitrogen atom in these compounds; the smaller the value of AH20 , for
protons & to the nitrogen atom, the greater the basicity of the nitrogen
atom. Inspection of Table 3.5 gives the following order of A H20 values

(discounting the values for H=-2 in oxazole and thiazole):
isoxazole > oxazole > isothiagole >thiazole > pyridine
and Table 3,4 gives the following order of AHY values:
oxazole > isothiazole > thiazole > pyridine

The order of basicity in these compounds as suggested by the above argument

then is:

pyridine > thiazole > isothiazole > oxazole >isoxazole
From the known basicity of pyridine, thiazole and isoxazole (Table 3.7)
and the fact that isoxazole is obviously a weaker base than either oxazole

or isothiazole since it failed to protonate in CFBCOOD, the known order of

basicity can be written as:

pyridine > thiazole > isothiazole> oxazole > isoxazole

The oxder suggested by both AHZO and AH' is this in excellent agreement
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with the known experimental data,

In conclusion it can be said therefore that the effect of the
nitrogen atom on the chemical shift of the ring protons in these five-
membered heterocyclic compounds are still satisfactorily explained by the
theory of Gil and Murrell. The smaller magnitude of the Oﬁ ande terms
in these compounds is a reflection of the smaller basicity of the nitrogen
atoms in these ring systems compared to pyridine., More extensive studies
of the phenomenon may therefore prove it to be valuable in the estimation
of pKa data,

It is not possible at this stage to obtain quantitative estimates
of the 0& and Qb values in these compounds because of the many other factors
that contribute to the chemical shifts, The very large dipole moment of
isoxazole (3.01 D in dioxan105) for instance may well partly account for
the anomalous low=field chemical shift of both H=3 and H-5 in this compound
and this effect probably also operates in isothiazole as well. Ring current
contributions are also difficult to estimate, but from the fact that the
chemical shifts of H=5 in oxazole and thiazole, and H=4 in isoxazole and
isothiazole are not very different from those in similar positions in
furan106 (XVI) and thiophen107 (XXVII), it cen be concluded that ring
currents in these molecules are probably not very different than the

corresponding furan or thiophen.
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Chemical shifts of ring protonse.

375 c/s. 418 c./s.
(/ 0 \S 438 ¢/s Z/ g \S 429 c./s.

¢/s. from TMS.
(XXVI) (Xxv1I)

ek N.m.r, spectra and stereochemistry of phenylthiazoles,

isothiazoles and isoxazoles,

During the n.m.r. study of the five-membered heterocyclic compounds
described in the last section, a number of readily accessible phenyl deriva-
tives of thiazole and isoxazole were also prepared and studied., As a result
of this study interesting evidence was obtained regarding the co-planarity
of the two rings in these compounds which was further investigated using
the results of phenylisothiazoles published recently by Olofson and co-
workers.97 From this study, and from the conclusions reached earlier
regarding the stereochemistry of various bipyridyls, an important factor
was established in the gemneral problem of the stereochemistry of aryl-
substituted nitrogen heteroaromatic compounds.

The chemical shifts and coupling constants of the 2=, 4-, and 5=~

phenyl thiazoles, 3-phenylisoxazole and L4,4'-bithiazole studied here,

together with the data obtained by Olofson are shown in Table 3.8+ The
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spectra in general were complicated by the wide spread of the signals due
to the phenyl protons, but the heterocyclic ring protons could be assigned
without difficulty.

Because of the complexity of the spectra in GFBCOQD, and the
insolubility of the phenyl compounds in water, no useful informetion could
be obtained about the anisotropy of the nitrogen atom. However, important
evidence regarding the planarity of the two rings was obtained from two
independent observations. The first of these was a comparison of the
chemical shifts of protons ortho to the phenyl group with those in the
unsubstituted molecule., In a co-planar conformation of the two rings, these
protons in the phenyl compounds will be considerably deshielded by the ring
current of the phenyl group, whereas in non-planar conformations they will

be less affected,

Table 3.8
Nem.r, spectra data for phenyl substituted thiazoles, isoxazoles,
and isothiazoles. (0014 solution)

A Chemical shifts. (cycles/sec., from TMS)

Compounds H-2 H-3 Heli H-5 Phenyl  Phenyl

(average) (spread)

2-phenylthiazole - - 465.9  432,0 458 50
L-phenylthiazole 523.7 - - 468.8 1458 50
S=phenylthiazole 516.6 - L478,0 - Lh3 4 2k
5=-phenylisoxazole - 488.2 38449 - L8 25

4, =bithiazole 52343 - - 471.0 - -
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Table 3.8 (contd.)

Compound He-2 H=3 H=4 H-5  Phenyl Phenyl
(average) (spread)

Olofson's data: (in CDClB)
3-phenylisothiazole - - ININ 528 471 57
L-phenylisothiazole - 506 - 516 440 LO
5-phenylisothiazole - 509 ? - 449 30
Be Coupling constants (Cycles/sec.)

Compound J3 .4 JL 5 J2,5

2-phenylthiazole - 363 -

4-phenylthiazole - - 1.9

S5-phenylthiazole - - -

5=phenylisoxazole 1.8 - -

3=~phenylisothiazole 5.0 - -

4~phenylisothiazole = - -

S5=phenylisothiazole 2.0 - -

L 4 =bithiazole - - 2.0

1%

Secondly, a similar phenomenon must be expected for the ortho protons in

the phenyl ring due to contributions from the heterocyclic ring.

The

estimated stereochemistry of each compound can be summarised as follows:



COMPOUND

B
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Conformation

near-planar

near-planar

non~planar

non-planar

Evidence

very large spread of

phenyl protons (50 c/s)

H-5 shifted =29 ¢/s
relative to thiazole,
Very large spread of

phenyl protons (50 c¢/s)

H-4 shifted only -5 c/s.
relative to thiazole,
Spread of phenyl protons

only 24 c/s.

H-4 shifted only -5 c¢/s.
relative to isoxazole,
Spread of phenyl pro-

tons only 25 c/s.
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COMPQUND Conformation Evidence
Ph near-planar a) H-4 shifted =26 c¢/s
/ \J relative to isothiazole, |
g b) Spread of phenyl pro-

tons as much as 57 c/s.

P non-planar a) H-3 shifted only -8 c¢/s,
/ \ and H~5 only «6 c/s
S)] relative to isothiazole,
b) Smaller spread of phenyl
protons (40 c¢/s) com-
pared to 3-phenyl
isomer,
non-planar a) Phenyl protons spread
ﬂ only 30 c¢/s.
Fh S b) H-4 overlapped by
phenyl protons. Upper

limit of shift 26 c/s.

near-planar a) H-5 shifted -32 c/s
(assume trans) relative to thiazole.

b) H=2 not shifted.
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Ultraviolet spectra of such systems are also markedly dependent
on the degree of planarity as was found in Chapters I and II, Such data

is available in the literature and is shown in Table 3,9.

Table 3.9

Ultraviolet spectra of phenyl-substituted thiazoles, isoxazoles,

and isothiazoles. (only the long-wavelength band is listed)

Compound N mox, log = References
L~phenylthiazole 252 mp Lol 108
S5=phenylthiazole 275 mp hel1 108
3-phenylisoxazole 240 mp 409 109
4-phenylisoxazole 236 mp 4,08 109
5=phenylisoxazole 260 mp 426 109
3=~phenylisothiazole 291 mp 3.81 97

283 mp 3499 (shoulder)

270 mp k.18
4~phenylisothiazole 266 mp Golly 97
5~phenylisothiazole 266 mu 3490 97

L 2
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An inspection of this table shows that only in the isothiazole series
does the ultraviolet absorption data appear to agree with the n.mer. conclue
sions, but it is possible that other factors may play a role in determining
the position of the long-wavelength band,

The important conclusion that can be reached from the results of the
nem.r, study is that only in those compounds where the phenyl group (or
heterocyclic ring) is substituted @ to the ring nitrogen atom are the two
rings held in a planar or near-planar conformation. This conclusion is in
accordance with the results of the bipyridyls studied in Chapter I, where it
was found that only 2,2'-bipyridyl preferred a planar conformation with the
3,3'= and 4,4'~isomers both enjoying a considerable amount of rotational
freedom. 3-Phenylpyridazine (XXVIII) has also been assigned a planar conw

Sl

formation by Crossland,”  a result in agreement with the above hypotheses,

N=N
\ /7
(XVIII)

It appears evident therefore that a heterocyclic nitrogen atam,
probably through the influence of its lone-pair is possible to hold any
aromatic ring ortho to it in a co-planar conformation. Substitution at other
positions immediately results in greater rotational freedom.

This hypothesis may prove to be useful in the prediction of the

stereochemistry of such compounds, and also in the interpretation of their
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nem.r. and ultraviolet spectra. A much wider application of this concept,
both experimentally and theoretically, is needed at this stage in order to

gain a full insight into the entire problems



CHAFTER IV

The nuclear magnetic resonance

spectra of pyridine=boron trihalide complexes
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4o Introduction.

In the previous chapters it has been shown that important infor-
mation regarding the interpretation of chemical shifts in nitrogen hetero=-
cyclic compounds can be obtained from the relative changes in chemical
shifts of the ring protons on protonation. It was regarded of interest to
examine in this light the chemical shift changes in the formation of some
pyridine complexes, where the H' function is replaced by a powerful Lewis
acid such as a boron trihalide., The acidity of boron trihalides can be
regarded as being due to the possession of the boron atom of an unfilled
low-lying orbital, and to some formal positive charge which the atom bears
because of the polarity of the B - X bonds, Pauling110 suggested that
besides the more conventional structure (A) of the boron halides, other
structupes involving polar contributions (B,C, and D) could be expected

to contribute to the resonance structure,

(1] o.. '-. 00= + : :X X+
SX\B /K O+ \ B_/.X. ¢ \B/“ e \54.0
| I n .
s X : X4 tX s £

This is due to the fact that boron possesses a fourth stable orbital which
can be used for bond formation,
As a result of this, the boron halides are powerful complexing

agents with organic molecules, in particular amines, carbonyls, nitriles,
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and ethers.111-1“'" Of particular interest has been the relative acceptor
power of the boron halides towards organic bases, It was originally thought

on electronegativity grounds that boron trifluoride (BFj) was the strongest
113

Lewis acid of the group, but more recently, thermodynamic data of the

115

formation of such complexes suggested a reverse of this order. The now

accepted order of acidity in the boron halide series is:

B‘f{i‘).‘t‘5 > B015> B‘.El‘3

Brown ahd HoZl.mes115 postulated that structures involving back co-ordination
(e.g. Structures B, C, and D) explain the observed order., They reasoned that

back co-ordination is more favourable with BF3 than in the other halides as

suggested by the much shorter B - F bond 1ength,110 and that this results in

a reduction of the net positive charge on the boron atom as well as satura-

ting the spare orbital, Cotton and Leto116 have calculated the reoganiza-

3

tion energies for the boron halide molecules on changing from sp2 to sp

hybridisation., These were found to be:

BB
BF3 BCl3 :I:‘3
4843 kecal/mole 3003 kcal/mole 26.1 kcal/mole

They thus concluded that unless the reorganised BF—,, molecule forms a complex
with the release of 18 kcal/mole more energy than is released when reor-
ganised B()l3 forms a bond to the same donor, it will be the weaker Lewis
acid, A number of experimental techniques have been employed to substantiate
the relative acceptor strengths117-119 and in particular, changes in the

chemical shift parameter of protons on the ligand group on complex formation
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have been correlated with acceptor strengths.120-1 25 The validity of this
approach is questionable, since the underlying theorxy of such a correlation
has never been established., It is also clearly erroneous to interpret
chemical shift data of the complexes in terms of properties of the un-
bonded boron halides, Arguments relating such data with the nature of the
donor-acceptor bond are more meaningful, but no such specific correlation
has as yet been presented,

Numerous n.m.r, studies of the boron halide complexes of wvarious
nitrogen bases are recorded in the literature, Gates and co-workers123
studied triethylamine and some pyridine complexes, and Miller and Onyszchuk
those of aceton:i.trile121 and trimethylamine.120 A number of amine complexes

124 122

were studied by Coyle and Stone, Heitsch, and Greenwood, Hooton and

1
Walker . 25

Heitsch concluded that 11B resonance date gives a poor criterion
of complex stability, whereas chemical shifts of protons on either the boron
atom or on the ligand can be correlated with enthalpies of formation pro-
vided the variations in structure of the compounds are held within narrow
limits., The fundamental question regarding the exact nature of such a
correlation with n.m.r. data however still remains, Chemical shifts are
strongly influenced by many factors such as local electron densities and

the presence of local shielding or deshielding groups or bonds., It is
possible that variations in any of these terms between the different com-
pounds are responsible for the effects observed by these workers, In this
work as well as making a comparative study of the chemical shifts in

pyridine=boron halide complexes with those in the protonated base, an

attenpt is made to clarify the relationship between n.m.r, spectra and
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donor-acceptor bond strength.

bhe2 The n.m.r, spectra of boron halide complexes of some alkyl-

substituted pyridines.

The alkyl-substituted pyridines studied here were chosen rather
than pyridine itself in order to simplify spectra interpretation and analy-
sis, In addition valuable data is also available from the chemical shifts
of the alkyl protons, The study at first was confined to the complexes of
o, B, and Y=~picoline, and the 2-ethyl and 2~-benzyl-pyridines added later
to investigate interesting steric and solvation effects. The chemical shifts
of the various protons in the free base, the boron halide complex and in the
cation are listed in Table 4.1, The spectra were analysed as either ABMX
orA,ZX2 spin systems, and although the approximations involved in many cases
is appreciated, the method was considered adequate because of the broad
nature of the spectra, The estimated accuracy of the chemical shifts is
+ 1 ¢/s.

The spectra of the complexes were recorded both in chloroform and
acetone solution, and in a number of cases, interesting solvent effects
were cbserved in acetone solution, This phenomenon was most marked in the
2-substituted pyridine complexes and was further investigated in detail,

The data listed in Table 4.1 however is that of the true complex, recorded
immediately after the preparation of the solution. The spectra of each
complex was checked carefully using freshly prepared samples, but no

noticeable variations were observed. Because of the solvation effects, it
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was decided not to recrystallise the complexes., The complexes were pre-
pared by adding the boron halide to a solution of the base in carbon
tetrachloride, The precipitated complex was then washed with excess solvent
and dried under vacuum, Analysis data confirmed the presence of 1:1 com~
plexes in all cases, The BBIB complex of 2-~benzylpyridine were too unstable
in solution and the spectra could not be interpreted. Similar difficulties
were found for the BF3 complex of 2-benzgylpyridine in chloroform solution
and of 3-methylpyridine in acetone.

Appreciable spin-spin coupling was found between a=protons and the
11B nucled inBCl3 and.BBEB complexes, Boron exists predominantly as either
1O.B or 11]3 s the natural abundance being approximately 1:4 respectively.126
Both isotopes are n.m.r. active, but only coupling with the more abundant

B nuclei was clearly visible, The observed coupling constants were all
found to be about 3.4 c/s, and an example of this phenomenon is shown in
Fig. 4e1e Coupling could not be clearly resolved in the 3-picoline complexes

due to the overlap of the H-2 and H-6 signals,

Le3 Discussion of chemical shift data,

An interpretation of the chemical shifts in the pyridine complexes

must take into account the following factors:

1, Removal of the nitrogen anisotropy and lone-pair dipole effects,

2e Deshielding to any positive charge on the nitrogen atom in the
complexes,

51C Shielding or deshielding contributions from the BX, group.

3
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(a)

AN

(b)

Fige 4.1
(a) n.m.r. spectra of H-2,6 in
4-methylpyridine; BCl3
(b) nem.r. spectra of H-6 in
2-methylpyridine: 3013
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Because of the many unknown parameters involved, a quantitative determina-
tion of the last two factors is not possible, It is possible however to
discuss the problem qualitatively by a comparison with protonation effects
in the pyridine system. In order to make such a study it is necessary to
carry out a suitable breakdown of the chemical shift: data in Table 4.1.
Two empirical methods were here adopted. Table 4.2 shows the changes in
chemical shifts of the various protons on complex formation ( & H), using
the data of both free base and complex in chloroform solution, FProtona-
tion shifts are also included and are for GchOOD solutions. The A H values
for H-5 and H-6 are of special interest since they are positions common to
all the compounds studied. Table 4.3 lists ratios of A H values between
protons in the same molecule (R). These were calculated to compare relative
changes in chemical shifts within a molecule on complex formation with those
due to protonation., Because of the complicating factors arising fram the
presence of the BX.3 group, only R values between protons non-adjacent to

the nitrogen atom can give a reasonable comparison. Thus the value of R5 ,6
in a given complex is approximately equal for the 3- and 4f-methylpyridines,
but is sharply attenuated in the 2-substituted compounds., Only in the case
of 131*"3 complexes is RB,G comparable to the protonation value which implies
strong deshielding contributions from the BCl3 and BBr, groups since an R

3

value between two protons non-adjacent to the nitrogen atom e.ge. R5 L2
>

remains surprisingly constant between the different acid functions used

and also between the different pyridine compounds studied, although a

definite small increase of Ry ), 1s apparent between protonation and complex
»

formation with BB‘JI‘B. Basically these observations point to the fact that
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the electronic changes in the pyridine molecule on complex formation and
on protonation are closely related.

The actual magnitude of these electronic changes appear to be much
smaller in the complexes than in the cation as is evident from the A values.,
Three main points are evident from Table 4.2. Firstly, the A values for
protonation are considerably greater than those for complex formation,
Secondly, the A values for the different boron halides used are of the same
order of magnitude, with small but definite increases between BFj and BBr,,

and lastly the A values for the 2 and 6 protons in the BCl3 and BBr, com-

3
plexes are unusually large, particularly “im 2-substituted pyridines.
Regarding the first point, it seems that this is a reflection of a diff-
erence in positive charge distribution between the cation and the complex,
In the cation a full positive charge is distributed in the ring, but since
the complexes are zwitterionic, the deshielding due to the positive charge
is partly neutralised. The second observation shows that there are no
major differences in the electronic chenges of the pyridine ring on com=-
plex formation with the different boron halides, and lastly it is very
clear that the BCl3 and BBJJ:'3 groups have large deshielding characteristics
compared to the BF3 group, This point is also evident from the unusual

R values involving protons 2 or 6 in the BCl3 and BBr3 complexes, It is
possible to estimate the magnitude of the deshielding due to the BX5

groups at the a~protons by using the R values for protonation to calculate

the theoretical value of AH-2 or A H-6, The difference between this value

and the observed one then can be attributed to the BX‘3 anisotropy. The
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results of these calculations are summarised in Table 4.4 It is encouraging
to note that the anisotropy term calculated for each halide is nearly iden-
tical in each compound except at H~-6 in 2-substituted pyridine complexes

for which this term is considerably larger. A possible explanation of this
phenomenon may be found along the lines of the "buttressing effect" postu-
lated by Ada.ms.127_1 29 According to this theory the interaction between

the 2-substituent and the BX_3 group forces the two groups slightly apart,
thus pushing the BX.3 group closer to the 6 proton as shown in Fig. 4.2.

The closer proximity of H-6 to the BX, group then accounts for the extra

3

large AH-6 value in these complexes. The effect of this steric strain

130

caused by a=-substituents has also been studied by Brown and Holmes from
the heats of formation of these complexes, Their results show that bulky
a~-substituents significantly decrease the strength of the donor-acceptor

bond. In the free bases this "buttressing effect" may also explain the

H ;I/ B
e
x —
K/ \X
Fig, 4.2

gradual downfield shift of H~6 on increasing the size of the 2-substituent,

as well as the fact that the A values for H-6 on protonation become
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progressively smaller as illustrated in Table L4.5.

Table 4.5e
Chemical shifts of H=6 in substituted pyridines and their

cations. (in cycles/sec, from TMS)

Substituent
L—methyl 2-methyl 2=-ethyl 2=benzyl
H~6 (cnc13) 507 509 511 512
H-6 (CFBCOOD) 518 518 518 517
A H-6 11 9 7 5

The steric repulsion of the lone-pair from the 2-substituent increases the
deshielding to these electrons at the 6-position, and since this dipole temm
is removed on protonation, the resonance frequencies of H-6 become nearly

identical in the cations of these compounds.

From the discussion so far, the following points have thus emerged:

1. The A values of the pyridines on complex formation parallel those
due to protonation, but are of smaller magnitude due to the
zwitterionic character of the complexes,

2e The diamagnetic anisotropy of the BF3 group is quite small, unlike

that of the BCl3 and BBJ:'3 groups which cause large downfield shifts

of the a-protons.
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S Considerable steric interference exists between 2-substituents and
the BX3 groups which shows itself by further downfield shifts of

the opposite e~proton.

It follows therefore that the chemical shifts of the boron trihalide-—
pyridine complexes interpreted in the light of the above mentioned points
then give no indication as to the relative strengths of the donor-acceptor

bonds.

Lok Conformational aspects in the complexes of 2-ethyl and 2-benzyl-

pyridine,

In 2-ethyl and 2-bengzylpyridine considerable rotational freedom
can be expected for the 2-ethyl and 2-benzyl groups in the free base, but
a severe restriction of rotation about the C2--GE(2R bond must occur in their

complexes, Thus two extreme conformations can be drawn for these complexes

as shown in Pig. 4.3.

: |
R

+ / + 7
NZ C ---H N/ c”
i | LT

R H

X X X

X X

Fige 4e5e

(a) (o)

Conformation (b) is expected to be sterically more favourable, and evidence
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that this conformation is in fact preferred is given by the n.m.r, spectra
of these complexes., In conformation (b) the methylene protons are in very
close contact with the ij
downfield shif't than the methyl protons in 2-methylpyridine. Inspectiocn

group and should therefore experience a larger

of the A values of the BCl3 and BB:c'3 complexes in Table 4.2 shows this to
be the case, In 2-ethylpyridine complexes, further information is
available from the very small downfield shift of the -GI-I3 protons (8.6 c/s
and 11,0 c/s for the BCl3 and BBr_3 complexes respectively), as much larger
values would be expected for these protons in conformation (a). Very
interesting informstion regarding the stereochemistry of 2-benzylpyridine
complexes was obtained from inspections of the signal due to the phenyl
protons and the resonance frequency of the 3-proton. The signal due to the
phenyl protons appeared as a narrow line about 5 o/s wide and only slightly
shifted from its position in the free base, Furthermore the 3-proton

absorbs at much higher field than the 5-proton, which is consistent with

the conformation shown in Fig. Lol
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With the phenyl ring at right esngles to the pyridine ring for minimum steric
interaction, proton 3 is situated in the shielding region of the phenyl ring
thus accounting for the upfield shift of H-3 compared to H-5, The phenyl
protons in this conformation are also removed from the influence of the

BX3 group, thus explaining the appearance and position of their n.m.r,
signal, Little steric rigidity is apparent in the cations or BF3 complexes,
The chemical shifts, & values and R values involving H-6, H-3 and the
methylene protons appear normal, and the resonance lines due to the phenyl
protons in the cation are spread over about 25 c¢/s. The much smaller steric
requirements of the proton and B}.i‘3 groups are therefore insufficient to

prevent free rotation of the 2-substituent.

L4e5 Solvation effects of the complexes in acetone solution,

Strong solvation effects were observed during the recording of the

spectra of the BClj and BBr3

on standing showed gradual changes in the n.m.r. spectra together with the

complexes in acetone solution. The solutions

formation of a white precipitate in the sample tube, The spectra of a
fresh solution shows a signal due to the a-protons at very low field on
which 1113 - H coupling is clearly visible, This signal on standing slowly
diminished in size, re-emerging at much higher field but without the B - H
coupling, The phenomenon is illustrated in Fig, 4.5. These solvation

effects were most pronounced with the 2-substituted pyridine complexes and

were investigated in detail in the BCl, complex of 2-ethylpyridine,

3



Fig. 4.5 (a)

n.m.r. spectra of 2-ethylpyridine:BCl3 in acetonse.

Recorded immediately after preparing solution,

| } ] 1
' 521 487 483
H=3 H=5

577
Hel

H~6
( cycles{sec. from TMS )



Fig. 4.5 (b)

n.m.r, spectra of 2-ethylpyridine:B013 in acetone,
Recorded after 30 min., of preparing the solution,

I
o 14 A

1 1 i |

1 1 ]
528 521 487 483
H=6 H-4 H=3 H-5

( cycles/sec. from TMS )
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Several gram of the 2-ethylpyridine BCl, complex was dissolved in

)
acetone and the white precipitate that resulted on standing filtered and
carefully dried under high wacuum at room temperature, The material,
which appeared to be only moderately stable, was found to be highly in-
soluble in both acetone and water, but very soluble in acetone containing
a small quantity (5-10%) of water., The n.m.r. spectra of such a solution

made up in acetone-D,0 was identical with that shown in Pig. 4.5 (b),

2
except that an additional signal appeared in the region 300-400 c¢/s from

IMS, the exact location depending on the concentration of DO used. This

2
signal gradually increased in size, with the final intensity proportional
to the amount of D20 used, An identical sample prepared in acetone -1-120
produced a similar signal which showed no change in intensity. It is clear

from this study that this signal is due to H O protons, and that a fairly

2

rapid H-D exchange between the acetone and B_O is taking place, The pre-

2
cipitate itself was suspected to be a solvated acetone complex, e.g.
(pyridine :ij) :n(acetone) .

No suitable solvent was available to verify the acetone moiety in
this molecule, but a sample of this material was decomposed by hot D20 in
a sample tube, taking care to avoid loss of vapours, The n.m.r., spectra
of the resulting solution was then recorded and showed a sharp acetone
signal which slowly diminished in size , with a corresponding increase in
the signal due to the water protons. Total integration of both of these

signals amounted to six protons per mole of pyridine base, which shows the

complex to be solvated with one mole of acetone.



The donor-acceptor bond in the solvated complex has clearly been
aff'ected since both the B-H coupling and the large BX3 anisotropy effects
are removed on solvation. Solvation of the 2-ethyl and 2-benzylpyridine
complexes also have conformational consequences, The methylene protons in
both cases are shifted appreciably upfield and the 3~proton in the 2-benzyl
complexes assume resonance frequencies comparable to that of the 5-proton.
It is thus apparent that the structure of the pyridine-Bl% complexes are

considerably affected on solvation, but the exact nature of these changes still

remain obscure,

1
Leb 1B-H spin-spin coupling in BX.3 complexes.

As pointed out in earlier parts of the discussion, spin-spin coupling
was observed between the 11B nuclei and o~protons in the pyridine ring in
BCl3 and BBr3 complexes, 11B has a spin mmber of 3/2, so that coupling
with protons causes each proton line to be split into an equal quartet,

The 1QB nucleus is also nem.r. active having a spin number of 3, thus
splitting proton lines into seven equal lines, but such coupling is diffi-
cult to detect because of the low abundance of this isotope. Because of
the broad nature of the signals, accurate values of the B-H coupling con-
stants were not obtainable in this work, but those recorded were found to
have a value of 3.4 ¢/s. Such coupling in BE‘3 complexes was not clearly

visible and if present must be quite small, The phenomenon is well docu-

mented in the literature, but considerable confusion exists at present

about the presence of B-H coupling in BF3 complexes of nitrogen bases,



126w

123

Gates and co-workers stated that the o~resonance signals of pyridine
-BX.5 complexes were complicated by coupling to either “"N, 11B, or the
10B nuclei, but gave no further details or illustrations of this effect.
Miller and Onyszchu.kJ| & reported the methyl resonance of (Me) BI\I:BIE"3 in
chloroform solution as a slightly broadened singlet, whereas H«eit:s.c:h‘I e
described the spectra of the same compound in acetonitrile solution as an
approximate 1=3=h=l=f=li=t~s~3-1 decet due to coupling of the methyl protons
with both the 11B, 1OB, and F nuclei, He also reported a similar pattern
for (021{5) 3N:B]i‘3 and further commented on the failure of previous workers
to observe these splittings, suggesting that this was due to a lack of
spectrometer sensitivity. On a careful inspection of the original papers
of these authors however, this conclusion seems to be unfounded. On the

other hand, Greenwood, Hooton and Walker1 2

did find B-H coupling in a
number of primary and secondary amine B}S‘3 complexes in agqueous solution.

The mechanism of this B-H coupling and the factors affecting it have
so far remained obscure, Miller and Onyszc:.huk1 20 have suggested that re-
stricted rotation about the B-N bond is necessary for such coupling to be
apprecisble., This appears to be an unlikely explanation since primary and
secondary amine BF‘3 complexes clearly show coupling whereas in the sterically
unfavourable tertiary amine this is disputed. It was shown in the last sec-
tion that solvent interaction caused the removal of B-H coupling which

suggests that the nature of the solvent: used may well influence the ob-

servance of coupling with the boron atom.
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Spin-spin coupling is transmitted predaminantly through the 0=bond
framework of molecules, and is strongly influenced by the nature of chemical
bonds and the presence of strong electron withdrawing or releasing sub-
stituents, For instance in the olefinic series it has been shown that the
vicinal coupling constant across the double bond is markedly decreased by
electron-withdrawing gt:oups.1'31 A possible explanation of the B-H coupling
effects observed here may thus lie in the nature of the B-N bonds, The

stronger BCl, and BBr, complexes show B-H coupling in all cases reported

3 3
both in the literature and in this work, whereas the weaker (thermodynami-
cally) BF—3 complexes show, if at all, very much smaller coupling constants,

The reported values in the (C}H})}N:BX complexes are:

3
2 Msm
o 122
(CHB)BN.BFB o 1.5k ¢/s
. 2
(01—15) 3N.Bcl31 2.7 ¢/s
(cit,) ;N8B . 2.8 c/s

This order agrees well with the observed order of B-N bond strengths.
Furthermore, the sterically more favourable methylamine and dimethylamine
BB‘3 complexes show coupling constants of 2.0 and 1.8 ¢/s respectively,122
greater than the value for the trimethylamine complex listed above, The
solvated pyrid.ine:B}(3 complexes discussed earlier also showed no coupling,

which may be due to the weakening of the B-N bond by the acetone, but since

the exact structure of this system is still uncertain no reliable informa-

tion can be obtained from this phenomenon.
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It does appear however from the above observations, that the factors
influencing the presence and magnitude of B-H coupling in these complexes
include strong contributions from the amount of orbital overlap in the
donor-acceptor bond, i.e., from the actual strength of this bond., This
shows that coupling constants and not chemical shif't data can be correlated
with the heats of formation of these complexes., A more comprehensive study
of this effect including the effects of solvents on the B-H coupling con-

stants will prove valuable in the full interpretation of this phenomenon,

Le7 Boron halide complexes of thiazoles and isothiazoles.

In order to further test the conclusions reached in this chapter,
the boron halide complexes of some of the heterocycles studied in Chapter
III were prepared and studied. Some methyl-substituted thiazoles and iso-
thiazoles were chosen in this study because of the inert behaviour of the
sulphur atom towards the boron halides, e.g. thiophen itself showed no
ability to farm complexes whereas furan at room temperature reacted vio-
lently, Table 4.7 1lists the chemical shifts and Tables L8 and 4.9 the

A and R values respectively.

The discussion of these results follows from that developed in
section 4.3 Isothiazole itself has two protons non-adjacent to the nitro-
gen atom and the R value for these two protons is remarkably constant in
all cases, thus verifying the basic similarity between protonation and complex
formation in this system. The R%’A.values again clearly demonstrates the

BX.3 anisotropy temms, but its actual magnitude, calculated by the method
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Spectra of H-3 and H-5 in Spectra of H-2 in 4-methyl-

4-methylisothiazole:BBrj thiazole: BC1, (acetone)

Fige 4.6

H-5

48

n.m.r. spectra of isothiazole:BCl; (acetone)

Fig. 4-2
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described earlier, is smaller than that found in the pyridine system
(Table 4.10), This however is reasonable considering the different geo-
metry of a five-membered ring which allows slightly greater separation
between the BX3 group and the 3-proton.

h~=Methylisothiazole complexes closely follow the pattern of
isothiazole itself as expected, but the 3-methyl isomer due to the steric
interaction of the methyl group is more analogous to the 2-substituted
pyridine complexes. It also very clearly shows the solvation effects for
the BCl3 anc'lﬁBBr_3 complexes in acetone solution. The complexes of 4—
methylthiazole show spectral features typical of the sterically hindered
systems and do not appear to be anomalous in any ways.

B~H coupling was again clearly detected in theiBCl5 and BBIB

complexes (Fig. 4.6) but not in the BF., complexes. The coupling constants

3
are listed in Table 4.11s It is interesting to note that these coupling
constents are appreciably smaller than those found in the pyridine com-
plexes, which agrees with the hypothesis put forward in the last section
regarding the relationship of B-H coupling constants and the strengths of
the donor-acceptor bonds since thiazoles and isothiazoles are weaker bases
than pyridine., Furthermore B-H coupling constants in f-methylthlazole are
somewhat greater than those in the isothiazole complexes which correlates
well with the order of basicity in these compounds, Of some interest is
the long range B-H coupling observed between H-5 and 11B in the BCl3 and

BBr, complexes of isothiazole, This is illustrated in Fig. 4.7.

3

In conclusion therefore the present work indicates that the

behaviour of chemical shifts on complex fommation in the heterocyclic
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compounds studied show a close similarity with the changes that occur in
these systems on protonation., A full interpretation of the chemical
shifts in these complexes show that they bear no relation to donor-
acceptor bond strength, whereas 11& -~ H coupling constants appear to
correlate well with such bond strengths. A full investigation into the

nature and theory of this relationship would be of considerable interest,



Chemical shifts in substituted pyridines.

BX, complexes,

~132-

Table Lel.

Free bases, cations and

(cycles/sec. from internal TMS)

Substituent. ’ Protons
He=2 H-3 Hely H-5 H-6 ~GH,-R
(&) Free bases~ in CDC1,
L=methyl 5069 42541 - 425,.1 506,9 140,2
3-methyl 506.9 - Lh7.7 42946 504 138.9
2-methyl - 427.4 L52.7 42k b 5087 153.1
2-ethyl - 428,2 45560 42k .8 510.9 169,8
2-benzyl - 3301 45366 429,.8 512.0 24945
(B) Free bases— in Acetone
L4~methyl 504.5 429,2 - 429,2 504..5 -
3-methyl 50Lo5 - 15246 43203 502,3 .
2-methyl - 431.0 456.,8  426.7 506,1 -
2=-ethyl - 432.0 458,0  429.3 506,01 -
2-benzyl - 431.8 458.8  428.3 508,9  246.3
(C) Cations= in GFBCOOD
4-methyl 517.9 4766 - 47646 517.9  167.6
3-methyl 517.9 - 512,0  482,2 517.9  160.7
2~methyl - 4783 5126 L4749 5175 17501
2-ethyl - 47946 514..8 476.0 518.2 19303
2-benzyl - 477.6 513.5 L73.0 516,8 271.8
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Table 4.1 (contd,)
Substituents Protons
H-2 H=3 H-ly H-5 H-6 ~CH ~R
(D) BF; Complexes~ in ch:13
L-methyl 5132 455.5 - L53.5 51302 15640
3-methyl 511.9 - 485.6 462.0 5119 151.5
2-methyl - L53.9 48505 453.9 527.2 172.1
2-ethyl - 458.5 4900 4548 52741 196.1
2-benzyl - Sample too unstable
(®) BF Complexes- in Acetone
4~methyl 516.7 468.9 - 468.9 516,7 -
3-methyl Sample too unstable
2-methyl - 4770 509,17  473.0 52805 -
2-ethyl - L78.7 511.8 L7408 528.8 189.6
2-benzyl - 476.0 5139 47840 5309  273.0
®) 13013 Complexes— in c:Dcl3
L~-methyl 54609 45844 - 458,14 54649 15902
S3-methyl 546.9 - 490.5 46749 542.5 156.1
2-methyl - L61.7 49004 459.0 581.6 196.8
2-ethyl - 45ke5 4933 L6347 579.2 225.5
2-benzyl - L43.0 482,0 454.0 583.3 303.9
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Table 4.1 (contd.)

Substituent. Protons
He2 H-3 H-4 H-5 H-6 ~CH R
(@) BCl, complexes— in Acetone
4-methyl 5514 L75.6 - 475 .6 551.4 -
3-methyl 55103 - 505.1 4,80,8 551.3 “
2-methyl - L4781 507.0 L4745 581.7 207.0
2-ethyl - 487.0 521,0  483.2 577.0  222,0
* 2-benzyl - 480,0 517.5 4834 528.7 27647
(H) BBr3 Complexes=— in cncl3
4~methyl 562,0 46065 - 14,60,5 562,0  160,0
S-methyl 56349 - 487.8 L66,6 56309 157.0
2-methyl - 461,3 491.,0  461.3 601.0  203.2
2-ethyl - 46904 496,.7 1614 5946 227.9
2-benzyl Sample too unstable
(1) BBr3 Complexes— in Acetone
L=methyl 5612 4764 - L7604 56402 =
3-methyl 56345 - 506.2  481.7 56345 -
2-methyl - 80,0 507.7 47605 598.4  202.1
2-ethyl - 486,0 51845 47549 595 ok 227.9
2-benzyl Sample too unstable

- o o e s R E s e G S e e e S e e G e e e s e e e

* Data for solvated complex= Spectrum changed too fast for

unsolvated complex to be measured, except:

H-6 : 583

~CH_-R : 303
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Table 4,2

A Values in chloroform solutions (in cycles/sec.)

A= 0y (complex) = 0y (free base)

A He?2 AH-3 D Hely A H=5 b H-6 A-CHZ-R

(&) Protonation (HY)

L~methyl 11,0 51.5 - 51.5 11.0 27 oy
3-methyl 11,0 - 6ko3 52,6 1305 21,8
2-methyl - 509 59.9 5045 8.8 22,0
2~ethyl - 514 59,8 51.2 73 235
2-benzyl - Lho5 59.9 4342 4.8 22,3
(B) BF; complexes
L-methyl 6.3 2844 - 28,04 6.3 15,8
3-methyl 5.0 - 37.9 32.4 745 12.6
2-methyl - 26,5 32,8 29.5 1845 19.0
2=ethyl - 30k 35.0 3040 1602 26,3
2-benzyl - IV 55.1 49.7 22,0 26.7

(acetone)
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Table 4.2 (contd.)

A He2 AH=3 A H=l AH«5 A H=6 A -CHZ—R

(c) BCl; complexes

L-methyl 40,0 33.3 - 33,53 40,0 19,0

3"methy1 L}-Ooo - l|-2.8 3803 38.1 17.2

2-methyl L 3)4-03 3707 3)+o6 7209 4307

2-ethy1 - 26.3 38.3 3809 68.3 5507

2-benzyl o 9.5 2804 242 71 o3 Shol
(D) BBr; complexes

L~methyl 5541 35elk - 354 5541 19.8

B-metllyl 5700 b w01 37.0 59.5 1801

2-methyl - 33,9 38,3 3649 92.4 50,1

2-ethyl - 1.2 WM 366 83.7 58,1

2=-benzyl - - - - - -



Ly

Table 4.3, -

R values of pyridines on protonation and complex

formation in chloroform solutions. (R.x’y » 2;1:;)
R5,6 R5 ,CH,~R RS,k
(&) Protonation
4-methyl 4,68 1.88 -
3=methyl 3.90 2.41 0,82
2~methyl 574 2.29 0.84
2-ethyl 7,01 2,18 0.85
2-benzyl 9,00 1.9 0.72
(B) BFBCOmplexes
L-methyl 451 1.80 -
3-methyl L4e32 2.57 0.86
2-methyl 1.59 1.55 0450
2-ethyl 0ok7 114 0,86

2-benzyl 0.40 - -



(©) BC1,

Y-methyl

complexes

3-methyl
2-methyl
2-ethyl

2-benzyl

(D) BBr; complexes

L-methyl
3-methyl
2-methyl
2-ethyl

2=benzyl

~158=

Table 4.3 (contd,)

R5,6 R5 ,CH,-R R5,4
0,83 1,75 =

1,01 2.23 0,89
Ool47 0.79 0,91
0,57 0.70 1,01
0.3k 0.45 0,85
0,64 179 =

0.62 2.05 0.92
0,40 Oo 74 0,96
Oolidy 0,63 0,88
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Table 4ol
Calculation of the deshielding effect of the BX; group at the 6
protons. (in cycles/sec.)
R5,6 O H-6 AH-6 ij
protonation value calculated observed anisotropy

(&) BFj complexes
L4-methyl 4,68 6.1 603 0.2
3~methyl 3.90 8.3 | 1.5 -
2-methyl 5¢7hk 501 1805 134
2-ethyl 7.01 bo3 16,2 11.9
2-benzyl 9400 5.5 22,0 16.5

®) BCl3 complexes
L-methyl 4,68 7.1 40,0 32,9
3-methyl 390 9.8 38,1 2843
2-methyl 5074 6.0 72.9 6669
2-ethyl 7,01 5.6 68,3 62.7
2-benzyl 9.00 2.7 1.3 68,6

(c) BBy complexes
4=methyl 4,68 7.6 55.1 4705
3-methyl 3,90 ' 9.5 5905 50.0
2-methyl 5.74 6oly 9204 86.0
2-ethyl 7.01 502 83.7 78.5

2-benzyl 9,00 - - -
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Table kobe

Chemical shift data for solvated complexes, Only values for

H-2, H-6, and for -CH,_-R could be accurately

2

determined, (in cycles/sec. from TMS)

H-2 H-6 =CH Z—R

(&) BClﬁ- complexes

L-methyl 52945 529.5 166

3-methyl not clearly observable

2-methyl - 526,2 -

2-ethyl - 528,2 193

2=benzyl - 528.7 276.7
(B) BBry complexes

L-methyl not clearly cbservable

3-methyl not clearly observable

2-methyl not clearly observable

2-ethyl - 528 193

Z-benzyl - - -
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Table 4.7
Chemical shift data for some methylesubstituted thiazole and isothiazole

boron trihalide complexes, (in cycles/sec. from TMS)

H=2 H-3 Heely H--5 CH

]
&) BF 3 complexes (CDGlj)
Isothiazole - 527.8 450,3 543.8 -
3~methylisothiazole - s 430,0 53303 16449
4=methylisothiazole - 51heb6  w 518,5 147,0
Lemethylthiazole 5604 - - 439.9 157.9
(B) BPF, complexes (acetone)
3
isothiazole - 539.2 U462,6  569.7 =
3-methylisothiazole - - 449,9 558.2  166.2
4-methylisothiazole - 525,9 = Shhe3  147.5
L-methylthiazole Sample too unstable
(e) BCl, complexes (in CDCL,)
b 3
isothiazole - 551.0 453.,9 551,0 -
3-methylisothiazole - - 439.1 5340 180.6
L-methylisothiazole . 535,7 = 528.0  149.4

Y=methylthiazole 602,8 - - 4B8,0 176.8
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Table 4.7 (contd,)

He2

He3

H-l

H-5

3

(D) BCl; complexes (in acetone)

isothiazole - 560.5 L467.9 583,0 -

3-methylisothiazole - v 456,9 565,2 -

L-methylisothiazole - 549,2 = 558.8 -

4~methylthiazole 618, = = [ 7 R
(=) BBIB complexes (in CDClj)

isothiazole - 56302 456.2 556.4 -

3wmethylisothiazole - - 437.9 53603 187.6

4~-methylisothiazole e 548.,5 = 534he3  149.5

h~me thylthiazole 620,8 - r 9.8 133.8
®) BBr; complexes (in acetone)

isothiazole - 571.6 471,56 589,6 -

S5-methylisothiazole - - 462.2 566.7 186,5

Lh-methylisothiazole - 560,6 = 566.5 -

h-methylthiazole 633.4 - - 482.1  198.5
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Table 4.8

A values of isothiazole and thiazole complexes measured in

chloroform solutions

(&) Protonation:
isothiazole
3emethylisothiazole
Y=methylisothiazole

4-methylthiazole

(B) BF3 complexes:
isothiazole
3-methylisothiazole
Y-methylisothiazole

4~methylthiazole

(e) BCl; complexes:
isothiazole
5-methylisothiazole
Y~methylisothiazole

4-me thylthiazole

(D) BBr; complexes:
isothiazole
3-methylisothiazole
4-methylisothiazole

4-methylthiazole

(in cycles/sec,)

A H=2 A Ha3 A Hely A Ba5 A CH3
b 34e9 31,0 52.8 v
. b 2992 )+8.8 21 03
- 3903 — 49.6 “l-o}
6207 - — 1!»8.2 13.2
- 14,0 12,5 22,0 -
- ] 895 2006 120’4-
bl 1509 L 2500 607
3706 had g 2501 7-7
- 37.2 16,1 29,2 -
- - 17.6 21,3 3801
- 37.0 - 3b4eb 9.1
80,0 - - 331 26,6
- 4944 184 3o 6 -
- - 1644 13.6 3501
- 49,8 = 40,8 9.2
9800 - - 3409 3306
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Table 4.9
B values of isothiazole and thiazole complexes
isothiazole R34 BA.,5
a* 1,13 0659
BF3 1.12 0.57
BC‘-13 2.31 0,55
B]Ba::3 2,69 0e53
S=methylisothiazole By ,5 By ,GH'3
BFB Oo)-l-1 0. 69
BCl, 0083 046
BBry 0.89 0.46
Ye~methylisothiazole R3,5 B3 ,CH 3
0 0.79 2,75
BF‘3 0,64 2.38
BGL, 1,07 4,07
BB I‘B 1 ™ 22 5 oll-z
L~methylthiazole R2,5 RS, 5
' 1.30 3465
BF3 1.50 3426
13015 2042 1.25
BRr 2e 81 1 ooliv

3
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Table 4,10

Calculation of deshielding effect of B)K3 group in isothiazole and thiazole

complexes. (in cycles/sec.) (using R values for protonation)

Proton A Calous A found BXS
ftated anisotropy
BF 3 complexes:
isothiazole Hea3s 1401 14,0 0
4~methylisothiazole He3s 18,4 15.9 245
hrmethylthiazole He2: 32.6 37.6 5.0
Bclj complexes:
isothiazole Ha32 18,1 37.2 19,1
4~methylisothiazole Hes3: 25,0 37.0 12,0
4emethylthiazole H-2: 43,0 80,0 37,0
B]BSJ:'3 complexes:
isothiazole Hee3:2 2007 49.4 28,7
4~methylisothiazole H-3: 25.3 49,8 245
4-methylthiazole He2: L5 o4 98,0 56,6
Table ko1l
! 1B = H coupling constants in isothiazole and thiazole complexes
Bc}'} somplex BB rj complex
isothiazole H-33 2,2 ofs 2.6 ¢fs
H-5: 0.8 ¢/s 0.8 cfs
4~methylisothiazole He3: 1.9 c/s 2.16 ofs
Ha5: 0.7 ¢/s -

4~methylthiazole H=-2; 2.5 c¢/fs 2.8 c¢/s
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(&) Instrumentation,

Nem.r, spectra: = Al1l1 n.m.r. spectra were determined on Varian
DP60 and DA6OwIL spectrometers operating at 60 Mc/s., Tetramethylsilane
was used as internal standard for all solvents except deuterium oxide
(D20) where dioxan ( § = 3.83) was used, Calibration of spectra recorded
on the DP60 spectrometer was by the usual side band technique, using a
Muirhead-Wigan D~890A audio-oscillator. At least eight separate determina=
tions with increasing and decreasing magnetic field were recorded under
slow-scan conditions, Spestra obtained using the DA60-IL spectrometer
werg measured directly with the aid of a R.A.C.A.L. 3A535 frequency
counter, Chemical shifts are believed to be accurate to + 0,005 pe.pem.
unless otherwise stated, and coupling constants to at least 0.2 cycles/sec.
Variable temperature studies were performed on the DP60 instrument using
the special probe assembly supplied by the Varian company. &1l solvents
used were of spectroseopic grade and carefully purified and dried before

use,

Electronic spectra:= These were determined in ea. 0.5 x 107 M
solutions on a Unicam SP700 spectrophotometer, For the curve resolutions
the spectra were recorded at scan rate 2 and a chart speed of 120" per
hour, Each spectra was calibrated using a holmium oxide glass filter at

the wavelengths 278.5 and 286.4 mu.
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(®B) Preparation of compounds.

1. Preparation of bipyridyls.

2,2'=bipyridyl and its 4,4'= and 5,5'=dimethyl derivatives were

prepared by the action of degassed raney nickel catalyst (W7-J) on

132 or the appropriate picoline.-’7 The three bipyridyls were ob-

133

pyridine
tained as colourless crystals; 2,2'=bipyridyl me.p. 69.5-70.50 (1it,
MmePo 6945), kybt~dimethyle2,2'«bipyridyl m.p. 170--1720 (lit.T] MmePo 170w

172, and 5,5'-dimethyl2,2'=bipyridyl mep. 14k=115° (Lito'!

1159,

3,3'=dimethyl=2,2'=bipyridyl was obtained by heating 2«bromos3-
134

MePo 11‘!4-05"

methylpyridine with copper bronze, The product was obtained as a coloure

less liquid b.p. 166-1700/18 nm (1it°13h'

o
bep. 293-298").

3,3'-bipyridyl was prepared by oxidation of pephenanthroline
followed by decarboxylation of the di-carboxylic acid.1‘35 The product was

135

obtained as a colourless o0il bop. 285-295° (lit. oPe 291-292°),

L\ =bipyridyl resulted from the action of sodium on pyridineu“"

and was obtained as colourless needles, m.p. 113—111...50 (13'.1‘..133 111+°).

20 Preparation of the bridged biquaternary salts of 2,2'=bipyridyl.

52

The general method described by Homer and Tomlinson”~ was used for
the preparation of all the biquaternary salts described below, REBquimolar
amounts of the appropriate 2,2'-bipyridyl or dimethyl derivative amd the @,w =

dibromo<alkane were heated for 4 hours at 120-180° in o=-dichlorobenzene
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(rather than nitrobenzene as suggested by the above authors), The pre=
cipitated salts were filtered, washed with acetone, dissolved in methanol
and treated with chareoal, The filtrate was reduced to half its volume by
distillation and the biquaternary salts precipitated by the addition of
acetone, Several recrystallisations from methanoleacetone gave the pure

salts,

Compounds (XI) ns2 (9,10-~dihydrow8a,10a~diazoniaphenanthrene dibromide),
MePe 320-3300 (deco), (XT) mn=3 (7,8-dihydro-6ﬁadipyrido[1 p2=a:2! ,1'-c]~
[1,4] diazopidtinium dibromide), mepo 300°, and (XI) nmk (6,7,8,9-tetra=
hydrodipyrido [1 s2waz 2 o1 '-c] [1 R ]diazocinidiinium bromide) mep. 261;.—2650
have been reported by Homer and Tomlinson5 2 and the data above agrees with

the results obtained by these authors, |

Compounds (XXI) (6,8-dihydrodipyrido [1 92=c22' 11 -e] [1 »3 ,6] oxadiazepidiinium
dibromide), (XIX) (7,8-dihydro-7,7-dihydroxy~SHedipyrido[1,2-a:2" ,1'~g]-
[1,4]aiazepidiinium dibromide), and (AX) (7,8=dihydro=7,7-dihydroxy=6 ,6
dimethyl=6H-dipyrido[1,2-a:2" ,1%=c] [1,4] diazepidiinium dibromide) were
prepared by Dr. 1.C, Calderm in this department and kindly supplied for

the study in this work,

(WI) n=2 (9,10-dihydroml S=dimethyl=8a,10a=diazoniaphenanthrene dibromide)

Prepared from 3,3'=dimethyl=2,2'-bipyridyl and 1,2-dibromoethane,

Colourless crystals, m.p. 350o (lri.‘t;.,52 3800).,
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(XVI) ne3 (7,8-dihydros! 4 3wdinethyl~6H-dipyrido (1 2=a:2% 4%=c |1 4]~

diazepidiinium dibromide)
Prepared from 3,3'-dimethyl-2,2'-bipyridyl and 1,3=~dibromopropane.

Colourless crystals, m.p. 310=313° (Pound: G, 4h.69; H, 5.02; N, 7.27;
BI" 40,5, 015H18NZB!'20 %320 requires c, )1-4057; H, )+°99; NJ 6093; BI‘,
39.6%) .

(XVI) n=h  (6,7,8,9=~tetrahydro=1,1h=dimethyldipyridel1,2=a:2" 4! =c][1 4]~

diazocinidiinium dibromide)

Prepared from 3,3'=dimethyl2,2'-bipyridyl and 1,4~dibromobutane.
Colourless hygroscopic solid which could not be recrystallised, & satise

factory sample for analysis could not be obtained.

(XVII) n=2 (9,10-dihydro=3 6-dimethyl=8a,10a~diazoniaphenanthrene dibromide)

Prepared from 4,4'-dimethyl~2,2'-bipyridyl and 1,2«dibromoethane,

Light green crystals, m.p. 265-2700 (lit°52 268-2700).

(XII) n=3 (7,8-dihydrom2,12-dimethylebH-dipyridol 1,2a:2! ;1" =c]| [1 4]~

diazepidiinium dibromide)
Prepared from L4 ,4'-dimethyl-2,2'«bipyridyl and 1,3~dibromopropane,

Colourless erystals, m.p. 335-340° (deco) (Found: C, 45.61; H, 5.11;
N, 6.74; Br, 40,7 015H18N2’Brzo ']"HZO requires C, 45.59; N, 4.85; N, 7.09;
BI‘, 1-0-005%)0
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(XVIT) n=b (6,7,8,9=tetrahydro-2,13-dimethyldipyrido[1,2=a:2' J4'=a|[1,4] =

diazocinidiinium dibromide)

Prepared from 4 ,4'edimethyl-2,2'~bipyridyl and 1,4~dibromobutane,
Colourless crystals m.p. 255-260° (dec.) (Found: C, 44.86; H, 5.62;

N, 6.26; Br, 37.1. 016H20N2Br2. %Hzo requires, G, 44.98; H, 5.42; N, 6.56;

Br, 37.4%).

(XVIII) n=2 (9,10-dihydro=2,7=dimethyl-8a,10a~diazoniaphenanthrene dibromide)

Prepared from 5,5'~-dimethyl=2,2'=bipyridyl and 1,2-~dibromoethane,

Green needles, m.p. 330=340° (dec.) (1it.22 330-335° (deco) )e

2masi!

drow3 s14-d imethyl=6H-dipyride|d

(XVIII) n=3

diazepidiinium dibromide)

Prepared from 5,5'-dimethyl=2,2*-dipyridyl and 1,3«dibromopropane,
Colourless crystals, m.p. above 300° (dec.) (Pound: C, 44o66; H, Lo76;

N, 6,60; Br, 39.2. Cy5H gl BT, H,0 requires C, 4h57; H, 4.99; N, 6.93;

Br, 5906%) °

(WILI) n=b (6,7,8,9=tetrahydro-3,12-dimethyldipyrido[1,2-a:2" 1'=c][1,4]~

diazocinidiinium dibromide)

Prepared from 5,5'-dimethyl-2,2'=bipyridyl and 1,4~dibromobutane,
Colourless crystals, mop. 300-3020 (dec.) (Pound: C, 47.60; H, 5.19; N, 6.63;

Br, 40,0. C;cH, NBr, requires C, 48,01; H, 5.03; N, 7.00; Br, 39.9%).



e Preparation of the oxazoles, thiazoles, and isoxazoles,

The various compounds studied in this group were all prepared by

established methods and their physical properties were in agreement with

those recorded in the literature,

They are summarised as follows:

MoePs O boPe Refer=

Compound appearance Found lit, ences

2-~methyloxazole colourless 87--88o 87--88o 136
liquid

Y~methyloxazole colourless 87~89° 87~89° 137
liquid

thiazole colourless 11h~117° 116,8o 138
liquid

2-methylthiazole colourless 128-130° 129-130° 139
liquid

Y-methylthiazole colourless 153,5-130o 133-13&9 140
liquid

Semethylthiazole colourless 57-60%/32 mm  70-72°/ 140
liquid 44 mm

isoxazole colourless 95-96° 9#.8?/ 141
liquid 769 mm

3~methylisoxazole colourless 118~119° 118° 142

ligquid
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MoPo OF DePe

Compound appearance pegers
Found lit, ences

2-phenylthiazole colourless 265=275° 267-269%/ 14,3
oil 732 mm

4~phenylthiazole colourless 52-54° 52° 138
oil

S5ephenylthiazole colourless Whi-346° I.|.5-l..6° 13
plates

S5ephenylisoxazole colourless 241-25 o° 2)...6-2480 (198
oil,

L,h'=bithiazole colourless 169171 © 170=171 - 145
arystals

%

Isothiazole, 3-methylisothiazole and 4-methylisethiazole were kindly

donated by Dr, F, Hubenett of the Hans J, Zimmer Verfahrenstechnik,

4o Preparation of the boron trihalide complexes of alkylesubstituted

pyridines, thiazoles and isothiazoles,

A1) complexes were prepared by the direct addition of the boron
trihalide to a solution of the base in carbon tetrachloride which was first
carefully dried over potassium hydroxide pellets and then filtered. The

BF, was added by bubbling the gas (Fluka) through the solution, but BCI.

3 3
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and BBr5 were added as chloroform solutions.

The reactions are strongly exothermic and were controlled with the
aid of an acetone-dry iee-bath where necessary, The complexes precipitated
on standing and after several washings with carbon tetrachloride. were
dried in vacuo at room temperature, Because of the strong solvation effects
observed, they were not further purified but satisfactory analysés were

obtained except for a number of BF, complexes which were too unstable.

3
They are listed in the following table,

Complex, &nalysis data,
f~methylpyridine:BF, Pound: €, 42.97; H, 4.55; F, 33.0.

3
061-171\{.135*3 requires: C, 4ho77; H, 4.38; P, 35.42%%.

Lemethylpyridine:BCl Pound: C, 35.56; H, 4.19; N, 7.89; B, 5.46,

)
c6H7N:Bc:15 requires C, 34.26; H, 3.35; N, 6.66; B, 5.1.%.

hemethylpyridine:BB Found: C, 20,51; H, 2,20; N, 3.95; B, 3.30.

r
5
(26H.,N:BB1'3 requires C, 20.96; H, 2.05; N, 4.08; B, 3.15%.

3-methylpyridine;:BF Found: C, 44.00; H, L4.46; B, 5.4; F, 35.4.

5
CEH N:BF, requires C, kko77; H, 40o38; B, 6.72; F, 35.42%.

3-me1;hy1pyr:i.dine:B‘El3 Pound: €, 35.54; H, 3.92; N, 6.82; B, 5.42.

06H7N:3013 requires C, 34.26; H, 3.35; N, 6.66; B, 5.14%.

3-methylpyridine:BB Pound: €, 21.77; H, 2.44; B, 2.92,

r
3
(2:6H7I\I:BB::'3 requires C, 20.96; H, 2.05; B, 3.15%.
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Complex, Analysis data,
2-methylpyridine:BF Found: C, 39.73; H, 4.83; B, 6.1; F, 33.9.

06H7N:BF3 requires C, 4h.77; H, 4.38; B, 6,72; P, 35.42%.

2-methylpyridine:BCl 3

C6H7N:3013 I'equires c’ 3‘-!-026; H, 3035; B, 5.1“%.

Found: C, 35.6; H, 3.96; B, 5.23.

2~-methylpyridine:BB r3

CGH7N:BBr3 requires C, 20,96; H, 2.,05; B, 3.15%.

Found: C, 21.57; H, 3.17; B, 2.79.

2~ethylpyridine:BF, Found: C, 47.37; H, 5.67; B, 6.3; F, 32.9.

C7H9N:BF3 requires C, 4,8.05; H, 5.19; B, 6.18; P, 32.58%,

2=cthylpyridine :BCﬁl‘3

G7H9N:B013 requires C, 37.47; H, 4.04; B, 4.82; Cl, L47.41%.

Pound: €, 37.23; H, 4.48; B, 5.15; Cl, 45.5.

2-ethylpyridine:BBsr3 Found: C, 24,69; H, 2,95; B, 3.02,
C7I{9N:BB>‘r3 requires C, 23.50; H, 2.54; B, 3.02%.

2—benzy1pyridine:BF3 No crystalline sample could be obtained for
analysis,

2—bt':znz;y‘lpyridine:BCl3 No crystalline sample could be obtained for
analysise

Isothiazole:BFj Sample too unstable,

I.¢.=501'.h:i.azole=:BGl3 Pound: €, 18.,16; H, 1.76; S, 15.45; B, 5.5.

GBHBI‘E:'BGIIB requires C, 17.,81; H, 1.,49; 8, 15.85; B, 5.35%.
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Complexe_ Analysis data,

Is.o1;hizaLzole:]3]3;1:'3 Pound: C, 10,50; H, 0,81; N, 4.35; B, 3.50,
CBI-I}I\E:BBr requires C, 10,73; H, 0.90; N, 4.17; B, 3.2%%.

3

‘3---methylis.o1.:hiazole:]31'*‘3 Found: C, 27.77; H, 3.31; N, 7.22,
C,H;NS:BF; requires C, 28,77; H, 3.02; N, 8¢3%.

3-me1;hy1i.sothia.zole:}3(213 Found: C, 21,78; H, 2.23; S, 14.37; B, 5ede
CA_HSI‘B:BClj requires C, 22.21; H, 2.33; S, 14.82; B, 5,004,

j-methylisothiazole:BBrj Found: C, 14.28; H, 1.50; 8, 9.10; Br, 68635 -
C,HNS:BBry requires €, 13.74; H, 1.44; S, 9.17; Br, 68.55%.

l«-rnethyl:i.scothiazole::BF3 Sample too unstable,

l..-methylisothiazole:BClj Pound: C, 21.71; H, 2.39; 5, 14.60; B, 5.10,
04H5P3:3013 requires €, 22.21; H, 2.33; S, 14.82; B, 5.00%.

lu-«me‘i;hw,'lis.:rt:hiazole:]3]3;1::3 Pound: C, 13.89; H, 1.74; S, 9.14; Br, 67.5.
C HgNS:BBr,; requires €, 13.74; H, 1.44; S, 9.17; Br, 68.55%.

ly-methylthiazole:BFj Found: C, 27.79; H, 3.48; N, 8,18; F, 33.3.
CLHENS:BF} requires C, 28,77; H, 3.02; N, 8.39; F, 34.13%.

lp-metharlthiazole:BClj Found: C, 22.46; H, 2.71; S, 14.53; Cl, 47.5.

C,H;NS:BC1, requires C, 22.21; H, 2.33; S, 14.82; G, 49.1%%,

hnmthylthiazole:BB.rB Found: C, 14.56; H, 1.73; S, 10.05; Br, 67.3.

CAHBI\B:BBrj requires €, 13.74; H, 1.44; S, 9.17; Br, 68,55%,

L 2 1 J
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Summary of calculations outlined in Chapter I.

1) Deshielding due to point-dipoles.

Opg = ==mmmp—em Z XB (1-3cos X)

3 RAB i=
R—A)B is the vector joining A and B;XB the molar magnetic suscepti-
bility of B. X is the angle between the direction ofXB and ﬁ:B’
and N is Avogrado's number,
2) Deshielding due to electric fields ( E ):
0% =-2.9x107RE, - 7.38x 107" 52
where EZ is the component of the electric field along the C~H bond,

and E the total electric field at the hydrogen mucleus.

3) The electric field is obtained from the expression:

= B ' TN
E = -;3 [Bcos g [D—f_.l - [u] ]
where u is the dipole moment in Debyes, r the distance of the mucleus
from the dipole centre, I"Tf] the unit vector along the dipole, and
[‘13?] the unit vector along the line joining the dipole centre and

the hydrogen nucleus., }Zf is the angle between [ﬁ?]and [-'I?] .

4) The electric field due to en electronic charge is given by:

| 10 Aacosg
E = 4.803 x 10 e

3
By

where R; is the distance of the proton from the charge Aq, and
& the angle between the line joining the charge with the proton and

the C-~H bond.
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to Tables A-1 and A=2,

Table A-1, The 2,2'-bipyridyl system Fig.

I Ring current effect (H~3 - H-5), 1.1

II Lone-pair dipole effect at H-3, 1.1

III  N-anisotropy effect at H-3, 1.1

v Total effect I + II + III., (free base) 1.1

v Total effect I + III, (free base in water) 1.6

VI  Effect of positive charge (N') on H-3,

VII Effect of positive charge (N') on H-5.

VIII Effect of delocalised positive charge on H-3.

IX  Total effect I + VI + VIII ~ VII (for di-cation% %

X Total effect (V + IX)/2 (for mono-cation) 1.13

Table A-2 The 3,3'-dimethyl-2,2'-bipyridyl system

XI Ring current effect (H-3 - H-5), 1420

XII Effect of C—CH3 bond anisotropy on H-3, 1.2

XIII Lone-pair dipole effect on H-3 . 1.2

XIV Total effect XI + XII + XIII, (free base) 1.2

Xv Effect of positive charge (N*) on H-3

XVI Effect of positive charge (N*) on H-5

XVII Effect of delocalised positive charge on H-3

XVIII Total effect XI + XII + XV + XVII - XVI. 1.14
(for di-cation)

XIX Total effect (XIV - XIII + XVIII)/2 1414

(for mono-cation)

e

Page
19
19
19
19
33

52
52

20
20
20

20

53

53



I II 111 v v VI Vil VIII I X

0 -0.517 =0.480 =0,060 =1,057 -0.576 +0,146 =0,000 +0.,032 =~0.339 -0.458
10 =0.498 =0.430 =0,058 =0,987 -0.556 +0,135 -0,019 +0.031 -0.313 -0.435
20 -0.445 =0.8397 -0.055 -0.898 -0,500 +0,114 =-0.038 +0,028 =0,265 -0,382
30 =0.370 -0.290 -0.055 =0.725 <=0.435 +0.080 <=0.057 +0.022 =0.211 -0.324
40 =0.260 -0,183 =0,052 0,495 =0.,312 +0,040 -0.,076 +0.014 =-0.130 -0.220
50 ~0,154 =0.085 =0,050 =~0.290 =0,205 =-0,020 =~0,095 +0.005 -0.074 -0,138
60 =0.053 =0,055 =0.050 =0,158 =Q.103 =0,040 =-0,114 ~0,006 +0.015 -0.043
70 +0.029 -0.008 -0.045 +0.025 =0,017 -0.060 -0.133 =-0.019 +0.083 +0.033
80 +0,083 +0,028 =0,043 +0,068 +0,040 =0.090 =0.152 -0.032 +0,113 +0.077
90 +0.,102 +0,028 -0.042 +0,090 +0.062 -0,112 -0.,165 =0,045 +0,110 +0.085
100 +0.083 +0,022 -0,040 +0.065 +0,043 =0,126 =0,152 =0.059 +0,050 +0,047
110 +0.029 +0,025 -0.037 +0,017 -0,008 =0,136 =0,133 =0.072 -0.048 -0.028
120 -0.053 +0,022 =0.035 =-0.067 =-0.083 -0.146 -0.114 -0.08, =0.169 -0,128
130 -0.154 +0,020 -0.033 -0.168 =0.188 =0.151 -0.095 -0.095 =0.305 -0.247
140 -0.,260 +0.020 =-0,032 -0.272 =0.297 -0,156 =0.076 -0.104 -0.444 -0.367
150 -0.370 +0,020 =0.030 =0.390 =0.410 =0,159 =0.057 =0.112 =0.58, -0.496
160 =0.445 +0.020 =-0.030 =0.457 -0.475 =0.161 =-0,038 =-0.118 -0.686 -0,580
170 -0.498 +0.018 =0,028 -0.509 =0.526 =-0,162 =0,019 -0.121 =0.762 -0.643
180 -0.517 +0.001 =0.027 -0.530 -0.540 -0.162 =-0,000 =-0.123 -0.802 -0.674

(*ued+d ut ) wegsis
TApTaédTg-,2¢2 2U3 JO SUOTIBTNOTRO

L=V oT9®L
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XI XII XIII  XIV XV XVI XVII  XVIII XIX

0 -0.482 0.000 -0.163 =-0.645 =0.250 0.000 =0.047 —-0.777. =0.630
10 04455  0.000 -0.142 0597 =0,250 -0,016 =0,050 -0.739 ~0.596
20 =0,377 04000 =-04095 =0.472 ~0.,240 ~0.,032 -0,053 =0.637 -0.506
30 -0.258 0,000 -0.046 =-04304 -04240 -0,048 =-0,056 =-0.50, -0.380
40 -0.112 0,000 -0.010 -0,122 -0,240 =-0.054/ -0,059 -0.353 =0.232
50 +0.043 0,000 +0,007 +0,050 ~0,240 -0.,070 -0,061 -0.188 ~0,072
60 +0.185 +0.010 +0,015 +0.210 -0.,230 -0,086 -0,062 —0.007 +0.093
70 *0.313 +0.,014 +0,015 +04342 -0.220 -0,102 -0,062 +0.153 +0.240
80 +0,387 +0.020 +0,020 +0.427 -0.210 —0.118 -0.062 +0.260 +0.333
90 *0.413 +0.030 +0.009 +0.452 -0,210 —0,134 -0.,062 +0.333 +0.388
100 +0.387 +0.040 +0,005 ~04432 =-0,200 -0,118 -0,069 +0.28, +0.355
110 +0.313 +0.055 %0.002 +0.378 -0.190 —0.102 =-0,076 +0.216 +0.292
120 +0.185 +0.068 -0,001 +0.252 -0,180 -0.086 -0.083 +0.067 +0.160
130 +0.043 +0.073 -0,006 +0,110 -0.180 -0.,070 -0.091 -0.083 +0.017
140 -0,112 +0.055 =0,003 -0.060 -0.180 =-0.054 -0.098 =0.283 -0.170
150 -0.258 -0,008 -0.006 =-0.271 -0.180 -0.048 -0,102 —0.500 -0.38
160 =0.377 -0.140 -0.006 =-0.523 =-0,180 -0.032 -0.105 —-0.767 =0.641
170 804455 -0.295 =0.006 ~0.756 =-0,180 0,046 ~0,110 =1.035 =0.893
180 -0.482 -0,375 -0.006 -04863 -0.180 =0.000 -0,115 =1.165 -1.010

(*wed*d ur) TLprasdTg~,z¢z-TAyqemtp~,cfc

woqsfs ey JO SUOTYRTNOTEY
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