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ABSTRACT

The keto—enol tautomeFic sysfﬁs Qf cyelic 1,3 diones have
‘gééhﬁéﬁgdied by the proton magnetic rééonance method. The pre-
sence of both Keto and enol forms were confifmed’in chloroform
.and'acetonitfile>sdutions..“From’the concentration dependence qf
OH proton éhemiéal shift, the equilibrium among, tﬁe three forms
has been suggevsted:. (Enol ), —Kvé- 286nol é 2 keto

A 1iﬁear relationship was found between the OH proton chemi-
cal shift and 1/(5: The chemical shift of the hydfogen bonded
OH proton was found to be -7uOrcpsg from T.M.S. at 60 M.c. by
extrapolation to infinite concentration, That of the non-
hydrogén bonded OH proton was found to be -MMQ cps,»ﬁhich gave
the most reaéonable equilibrium constant, K, , for all concentra-
tions.

The equilibrium constants were'obtéiﬁédﬁfrom the observed
OH chemical shift and from the rétio? of‘the areas under the
specific péaks for each specles. HMeasurements were also made in
the temperature range 3027K to 557°K_for cyclohexane i,3 dione

in chloroform. The overall heat of conversion from the dimer

enol form to the monomer keto from was found to be 2,054
'Kcal/mqle. | |

‘The proton magnetic resbnance spectfa of methyl pyridines
have been invéétigated both in ca¥bontetrachloride and trifluoro-

acetic acid. The broad triplets which were observed at the
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pyridine concentration of 6~Y8 mole % in trifluorocaetic acid

confirmed the“presence.of the pyriaineﬂcations; Almost all the
signals,sbifted to low field on'protonation. The faétors‘whiéh
affect fhe chemical shift were split‘into'several tefms én éhé
basis of Pople's theoryr.lg5 The chemical éhifts of the pyridine
and pvridihium”systems were é@mpared with the benzene system, '
meinating factors were fouhd‘to be; the inductive and anisotro-
pic effects of the nitrdgen-atdm or the ﬁfotonéted nitrogen atom,
the mesomeric efféct*of thefabovg, and the inductive and'aniso—
tropic effects of the'méthylfgrOups.v‘ﬁsing'these velues, which - -
were.obﬁained'frdm £he éimple‘COmpduhd§5 theVCheMicalvshifts_
weré calculated énd”chparéd with the bbsefved vélues, They
agféed in most bf‘the cases withint 5 cps at 60 M.c.

The ortho coupiing cénstants betWeén the 2 and 3 ring pré-
tons in the puridine systam.afe much smaller than those in~the~:"‘
benzene system., The slight increases in coupling constants'on‘
protonation were ohly ﬁnderstandéble considéring the pyridiniﬁm
cations as odd sequehces from the‘benéene énd pyridine systems.

It was observed that’the c!3.g! coupling a>n§ﬁants increased
" on protonation as é'fesult of the increase in the electrqnega—
tivity of the nitrogen atom. That is the s character in the

carbon atomic eorbiltal increassed on protonation.
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I.  INTRODUCTION

A. Study of Keto-Enol Tautomerism by N.M.R.

Keto-enol tautomerism involves the motion of a proton to a
carbonyl oxygen from an &X-carbon. This is illustrated in the

following equation.
5 0 - OH

P

- The existence of two forms was first recognized from the behav-

ior in chemical reactions.3 Presence of these isomers wass also
’ S s L o m 50,7
seen from the studies of I.R. ; U.V. , and H.M.R. gpectra.

In general, the carbonyl compounds exist éimost exclusively
in the keto formwunless there is any stabilizing factor for the.
‘enol form, The keto form is about 17 kcal/mole more stable7
than the.enol form from bond énérgy calculations., The relative
stability of these two forms is affected by factors such as reso-

nance, conjugation of C=C and C=0 double bonds, the formation of

a

hydrogen bonds to fhe enol proton and ofher structural features.
Equilibrium position also changes with different solvents.
The keto form is almost,infariably more pélar than.the enol form
and the keto-enol ratio for a given pair of tautomers'at equi-
‘librium Pnd solution depends markedly on the polarity of the s0l-

vent; and this ratio tends %6 be the greatest in the least



polar solvents.9 Acidic and basic solvents also vary the posi-
tion, both favouring the formation of the enol form. The hydro-

gen bond to the solvent molecule 1s also important.
' : 10, 34—
Tgutomeric systems have been analyzed by chemical, ﬁ_ ‘

‘ 13,14

_ ! : 12
‘ " refractive index and 1light absorption methods.

Proton magnetic resonance has been a useful method for

‘ PR .
. . 5 1 6 8,19,20,2
studying tautomerlc-syst@msp’ ,7,15,16,17,1€,19,20,21 because

*1t doesn't pertur® the system during measurements. The enolizsa-
tion of carbonyl compounds, 1in particular, p—diketones and @r
triketones; etc., are well known and much work has been done on
[ g
.o e A v s 5,0,7,15,
the factors which influence the position of equilibrium, _
A 1 o . . = y .
16,17,18,20 The first enolic compound studied by W.M.R. was the
: -
liquid acetylacetone.j’ The spectramof liquid acetylacetone
show five peaks which were assigned to two different methyls due

to the keto and to the enol forms, to CHz protons between the

two carbonvls in the keto Torm, to olefinic protons C=CH in the

Y -
o)

enol, and tduity H protons in the enol. Tne ratio of the keto
to the enol forms wexe determined from the measurements of sig-

nal intensities(= ratio of area under the peaks). The heat of

' keto-enol ratio ovér a range of temperatures. gy
was. thus found from the slope of a graph of 10@ KE versus 1/T.
Similar work has been done in different solvents to study the
effect of solvents on the system.

With certain assumptions1 the condition for coalescence of

two peaks)& and Jp arising from two non-equivalent protons which

1



may undergo exchange can be wriltten:
T< Zgn (- Va)
where 2T= (4= (&

T}== average lifetime of the proton at the site X,
from the above equation we can estimate the averagé lifetime of
the keto énd enol forms to be at least 0.07 sec.:

Triketones, such as cyclic @—trikefones,l5 dehydroacetic

R R . e 1
acid, diacetic and cinnamoyl acetoacetic esters and usnic

16

acid were found to be completely enolized in solutions and to
form intremolecular hydrogen bonds with unsymmetrical diketones,

such as-formyl ketones, with various substituents, several
enolic forms are possible, and there will alsc be a Tautomerism
. _ 4 -

between the two enol forms.

The study of the temperature dependence of the chemical

. : 3 '3 Y 19’20’21
shifts and spin-spin coupling constants in these com-

pounds will give additional information on the energetics of the
proton transfer in the enolic systems.

The large coupling constants observed between the hydrogen

19,22

bonding proton and the other protons in Schiff Bases ro-

vides strong evidence that the C%Tpounds exist exclusively in
~, :
~
the enaminoketone forms: | = W 1 Similarly some {-formvl
ketonss havs been shown to exist In only one specific enol
. N

[N

form.



B. Hydrogen Bond by N.M.R.

1. General'Descfiptions

The'following definition is sﬁggested for hydrogen bond by
Pimentel and McClellan.2

"A hydrogen bond exists between a functionél group A-H and
an atom or a group of atoms B in the same or a different mole-
cule'when (a) there is evidénce of, bond formation (assoclation
or che;ation),b(b)vthere is evidence, that this néw bond linking
A-H and B gpecifically involves the hydrogen atom already bonded
to A." Or in other words, the hydrogen bond is the interaction
which involveg two functional grdups in the same or different
molecules. One of these groups mwst be a proton.ddnor and the
other an electron donor, Most commonly the proton is donated by
a carboxyl, hyvdroxyl, amine, or amide groups to exygen in car-
bonvls, ethers, and nydroxyls, to nitrogen in amines and in
H-heterocyeclic compounds, and to halbgen atoms in particular
moleculer environments.u | |

The strength of the hydrbgen bond lies between that of
chemical bonds and Van der Waals interactions, and the. energy of
b;eaking 1s the order of a few kilocalories.2

The formation of a‘hjdrogen bond in a compound, eitner in
solutionvor ih the pure form, modifies a great many physical»and
é few chemical properties: molecular weight, shape, arrangement
Lbf atbms, frequency of I.R. and Raman bands, chaﬁge of freezing
point and boiling point,.solubility, W.M.R. shift, eﬁé.w

The hydrogen bond can be detected fairly easily by
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a-

practicelly any physicocnemical method. Other than spectrosco-
pic studies, dielectric measurements and gas imperfectibns are
the most f?equently used to give the maximum information.'

Together with H;M.Ry épectroscopy, I.R. and Raman spectro-
gcopy are excellent methods of detecting hydrogen bonds. Since
the restraining forces are simply related to chemical bond

orders, the vibrational spectra are significantly disturbed br

hydrogeﬁ bond formation. Evideﬂiﬁfébr this are; frequency shift
of-OH peak, broadening of the peak by hydrogenlbond formation;
intensity change;'and temperature, concentrétion, and solvent
dependence of these changes, ,

Other spectroscopilc studies such as U.V., visible,'fluores—
cence, ahd nuclear quadrupole resonance spectroscopy also give

information about the hydrogen bond.

2. Hydrogen Bonding Involving OH by N.M.R.

When a proton experiences a different magnetic shielding by
forming hydrogen bond, the chemical.shift will vary from the un-
assoclated state to associated state.

Marsha1123 gave é crude eQuation for the chemical shift of

protong considering an intermolecullar electric field E:
S - .84 L E2
T T 216 me2

wheré _
" 5 = the chemical shift

.54
i

mass of the proton

velocity of light‘

o
[}

a = the Bohr radius



Acoording}to this equation,ﬂénelectric field of 0.1L atémic
units, which woﬁld arise from a single electron at a distance of
about 1.k E, gives a shift of I ppm.

‘In addition to its primarily eiectrostatic character, the"
hydrogehvbond hag some covalent character, such as:

X—.;..H_Y'*

and the donation of electrons from ¥ molecule into the X+++-H
bond leads to indreased electron density on the hydrogen and a
shift to high field; However, usualiy, the electrostatic char-
acter is moreldominant and masks such effects, the result being
that the observed chemical shifts are usually to lower field
when a hydrogen bond is formed,l

" The HN.M.R. method is superior to the I.R; method in that it
is more sensitive to frequency shift and that water may be used
as a solvent.. If the lifetime of the hydrogen bond is very
short, we observelinvthe H.M.R. spectrum the time averaged chem-
ical shift of associated end unassociatedprotonsgu’25 instead
of the two overlapping, différent absorption, as in the I.R.
spéctrﬁm,

The changes in proton chemical shift in ammonia and water

26,27

were first demonstrated by@Ogg by measuring the proton

shifts in the liquid and gaseous states. A number of studies

have also been done, on the association of alconols and,

6,23,28,29,30,31,32,33, 34, 35,36,37,38

phenols, Somé of the

results of dilution chemical shift measurements were correlated

' ' obi 2 6
with the data obtained by the I.R. spectrosgopy. 9,35,3

Mo



Huggins, Pim%kel and Shoolery?9 have studied the hydrogen
bonding of phenol and substituted phenols. At the equilibrium
of rapid exchange of monomer-dimer system, the following equa-.

tion was applied to the observed chemical shift of OH proton.

EEIPFA

4

i

where x = total moles of phenol

m = moles of monomer

é%= chemical shift of monomer

§= chemical shift of dimer |
Knowing ¢§4and é;, and measuring 5', the equilibrium constants
of the monomer-dimer system of phenol derlvatives have been
obtained. _ _

The concentration dependence of OH‘shift in dilute solutioﬁ

lwas interpreted in terms of a dimer—monomef equilibriﬁm'and the
following relation between the slope and the equilibrium con-

stant was: derived:

(“5 )0 = 2K4j

‘ dz
where i‘(é_) = the limiting slope
e (&) - : o
: ‘ K = equilibrium constant
41D‘=: é&"ém

C. Proton Exchange

1. QGeneral Description

- The shape and the width of N.M,R. signals are sensitive to



a time dependent process, 'Fdr a slow'pfocess on the time scale
of the Larmor fréquency difference in distinct environments;
spectra sppear as‘éeparate lines for each enviromment. For
rapid pn?%%éé?, the»spectra are determined by the time average
environm;nt of the nuclel under ihvestigation. When the life-
time in distinct sites is of the order;

V2/2m( Yh-1e) x 10°< T <NZ/2m( )),4— Va) x 10% ' .
where ()4 -Yp ) 1s the frequency differeﬁbe in two sites, N.M.R.
spectrogcopy can be a valuable tool in quantitatiﬁe rate inves—
tigations.

The Bloch equations,39

wnich describe the appearance of a
O .
resonance signal, have been modified by GutowskyLL tc obtain a
quantitative relatidn between the line shépe and the rapid ex-
change rate for a number of chemical systems. This methoZd of
solving the Bloch equations under the Influence of chemical ex-
L 1,2, h3 ) :
chenge has been extended to a number of reaction-rate
i .
problems. McConnelTL"has generalized the Bloch equations to
include theveffebt of chemical exchange and reduced the equa-
39,41,42,03

tions to simple algebraic form. They considered a
simple chemical éxchange system in which a nucleus X is tfans? '
ferring backrand forth between two molecular environments A and
B, The components of the X nuclear magnetization were written

. ‘
ag ; the sum of those in A and B systems.

E

u = Ug + Upg
v = VA + Vg
Mg = Mg + M



where v = compone’nfs in phase with the effective
rotating component of the mpf, field
v = component of out of phase with the above

rotating I‘f field
Mz = comoonent in the direction of the large
- stationary field

Then the modified equations sare:

Ug g = "UAf,, *
U, = —UB/'G.B +. U,
Va = -V4 /'Q AT
Vg = "'VB/TZB +

. _ A

MzA - Vg = Mg /T,s -
fig8 - wi vg = 1,8/T,g - ¥

Tp = the first order lifetimes of X in A and B

Mg and M2 & equilibrium z magnetizations of X in A andiB

| wh = v H

1. 1, 1

Tay Tiae)  T4®)
1 - 1o+ 1

)

’I",A and T)g the longitudvin‘al relaxation times of X in -

A and B

1l

To4 and Typ = the transgverse relexation times of X in
A and B
The modified equations are easily solved in the slow passage

case, with negligible,i}fr:;-f'; saturation, and were used to show how
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rapid exchaﬁge rates can be measured in solutions where the X
relaxation times are relatively long in one system, A, and short
in the other, B.

One ‘example of a rate process whiéh modifies the nuclear
- resonance spectrum is a system In which the individual nuclei
are moving from one position to another, Some of the protons in
a mizture of water and alcohél will be‘exchanging between water
molecules and the hydroxyl position,beﬂthe alcohol.)“LE The pro-

ton exéhange has been found to be greétlv accelerated in the

presence of strong acids or bases in thls system. In aqueous

solutions of mineral acids, a very. fjoid exchangze occurs between
the protons of acid and those of tHcrsolvent water molecules,
resulting in a single sharp proton signal.

Studies on dissociastion equilibria in solutions df aqueous
electrolytes have been done. Gutowsky and Saikaul were the
first to apply N.M.R. to‘diésociation and daemibal exchange in
some minersal aclds and bases. Room temperature spectra of these
acids show a single proton resonance peak whose chemical shift
is an average for 211 Species in solution. The equilibrium in
aqueoﬁs solutions of th@@e acids may be written as: .

HA + Hp0 < Hz0' + A~
And the observed chemical shift is g1Ven by

5 SH3O + XgSHz
where X and X, are the fraction of protons in qso and Hzo
respectively., The concentration dependence of the c1emlcal

shift is determined by the dissociation of the acid. A linear
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relation has been found in dilute acid solutions bhetween the

+ L1
chemical shift. and the fraction of protons present as Hjz0 .25’4 ’

L7,8,L9 .
u6’47?+”’+? The slopesof the lines have been used to evaluate

' )
the dissociation constants of acids.*l’ué’u7
A similar study has also been done on trifluoroacetic acid
. , 0
as an example of a moderately strong acid.5 The proton and

fluorine resonances of the acid in different water concentra-=

tions show the influence of electrolytic dissociation 1f the
aéid mole) fraction is velow 0.5 and of hydration if it 1s above
0.5. The dissociatibn constant of the acid was estimated to be
about 1.8. Hood and Reillysl have extended these investigations
on the lonization of strong electrolytes to considering the tem-
ﬁerature coefficients of dissociation of HNO3 and HC104. |
Grunwald, Loewenstein and Meiboomu'2 have cérefully studied the
rates and‘mechaniéms of protolysis of the methyl ammonium ioh in
aqueous solﬁtion. From the exchange broadening of the water

signal they measured the mean lifetime of a proton on

water molecule, Thereforelit is pbssible to estimate the frac-
tion of protolysis that proceeds by;@roton transfer via water

molecules compéred to the direct profon transfer between methyl
ammonium groups. Similar studies of the unsubstituted, Himetﬁyl

52,53,

and trimethyl ammonium ion have also been investigated.

SJ—Ls'SSs 56

2. Protonation by Strong Acilds

Strpcture of the ion formed when compounds are protonated
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has been the subject of discussion since Hantzsch57 first pre-
sented evidence for oxygéh protonafion of benzamide 1n concen-
trated HZSO4 from vltra vibleﬁ absorption spectra studies. All
fhis preﬁiqus work has been summarized by Katritzky and Jones,58
whé concluded that amides.aré predominantly protonated at the
oXygen atom.

The T.M.R. spectrum of pure liquilid dimethyl formamide shows

59360 It‘g,

two peaks of equal area for the N-methyl groups.
concluded that the two methyl groups have different environments
because of restricted rotation about the 0OC-liMe, bond. Frankel

61,02 - .
? have shown that these two peaks remain uncheanged

and Nieman
in aQueous solutions of gtrong acids and in 100% HyO0 and 100%
D,804. TFrom this fact they concluded that the O-protonated -. -

form:

/RZ

H—0
: N \‘R3

R

dominates in these strong acid solutions from the evidence that

C —

\

the protonated molecule is still restricted in rotation around4

O0C-NMep bond. Similar results,have been obtained for N-methyl

: /
acetamide.o3

The rate of exchange of the captured -proton with the sol-
vent has been slowed down sufficiently using fluorosul furic
. 6"4” 65 . N ) . D) . v ] *
acid, which has the adventages of teing a strong ecid with
a low freezing point of '89'g5 so that a sepsrate signal for

~this proton ¢ould be observéa in the spectra at low temperatures.

The protonation of pyridineAhas been studied by Smith and
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V4

. 65
Schneider,

They obsérved fhe si@nals of the proton bonded to
nitrogen in the presence of excess trifluéroacetic acidy They
foﬁnd that thé largest low fileld shift of ring protons occurs

~ for - the X—prqton, and that for the‘3-protons the low field shift
is almost as lerge, while the corresponding shift forol-proton
i1s much smallér as a resﬁlt of protonation. Assuming a simple
proportionality betﬁeeﬁ the resonance shift and the electron
chargé deficiency on the carbon and nitrogen atom to which the
proton is bonded they estimated the local charge density in the

pyridinium ion.

—
eir

67,68

Danyluk and Schneider have studied azuleneé and th
conjugate acids in trifluoroacetic acid, They confirmed that
the protonation occurs at one position in»every case and found
the coupling constants beﬁwsen the methylene proton and the pro-

tons at two and three positions by first order analysis. They

also found that the protonation of the azulenes brings about

‘changes in the chemical shifts and coupling constants.

Pr

otonation mechanisms involving simple benzege deriva;
l:tiveség’?O Have also been studied in HF/BE3 mixtures at low tem-
pérature.' Stfuctures‘of protoﬁated purine and pyrimidine deriva-
tives have also been studied in trifluvoroacetic acid,7l and the
order of basicity was found to decreasé as%N ring>N amino >

oxygen.
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D. Carbon 13 - Proton Coupling

Although the ordinary carbon nuclei have no magnetic

moment, the isotope carbon 13 which has the spin quantum number

% and has a natural abundance of 1.1%. This abundance is suffi-

cient to observe the coupling between c'3 and protons,., Many

72,73, Tk, 75,76,77

coupling constants have now been obtained.

Lauterbur72 demonstrated the pos qlblli*“ OL Obue”V1Jﬂ the C
c 3

resonance directly in natural aoundance.‘

73,7, 75,78, 79,ﬂ,q1

stants are related to 8 character

and are

also sensitive to electronegativity of the substitﬁents on the
carbon. Sp3 hybridization at the carbon which has 25% s charac-
ter in each bohﬁ, gives. a J c'® - H'approximately 120 cps, sp?
gives ~460 cps and sp, »veuo cps. From the studles of J c'?. g
in substituted methanes an interpretation has been glven that
the distribution of s character among tﬁe carbon orbitals of the
four substituents lead to an additiv1tv relation based on the
assumption that the total s character is conserved.7p’82
Gutowsky gave the equatilion shown below!
Jen(CHKYZ) = Ty (CHaX) + JTeny(CH3Y) + Jgp (CHaZ) - 27y (CHg)

Te C'3 - H'miltiplets have been effectively used to obtain
the spin-spin coupling constants between equivalent‘hydrdgen
atomsBB’BLJr which are not normally observed.

The ldng—range coupling befween prbtons and carbon has also
been observed in compounds containing a natural abundance of c'3

85, 86,87,88

and in enriched compounds and the linear relationship

between the percentage s character of c'® atomic orbitsl and
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Jn 13 ! N 87 ‘ s
C ~-C-H has been found. For the longer range coupling con-
stant (90" -C-H') a linesr relationship to JH-C-C-H has been
found., This indicates an anélogy with the conformational depen-

e . f ©
dence of JH-C-C-H vicinal coupling constants.39
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II. OBJECT OF THE PRESENT STUDY

A. Xeto-Enol Tautomerism of Cveclic 1,37D13nes‘

Cyclohexans 1,3 dione and 5,5' dimethyl cyclohexane 1,3

90,91 2

\ . 7 - 92

dione have been shown by I.R. and U.V. measurements to
exist almost entirely in the enol form both in solid and in con-
centrated solutions. From the structural considerstions of the
cyclohexane ring, the molecules must exist mostly in the hydro-
gen vonded dimer form when they are enolized.

Polarity and some other solvent properties have also been

' .4 em s 92
shown to affect the position of keto-enol equilibrium. For
example, cyclohexane 1,3 dione has been found to associate with
s as . 90

the solvent molecule in dioxane oy I.R. measurements.

The present study 1s mainly concerned with the tautomeric
study of cyclohexane 1,3 ‘diones in chloroform and acetonitrile
by I.M.R. measurements which have the advantages of distinct -
signals for both tautomers and.of sensitivity of proton chemicsal

shift chénge to formation of hydrogen bonds.

B. Pfotonation of Pyridines

. : 2
W.M.R. spectra of some methyl substituted pyridinesg)’gu’

' ' 100
95,96,97,98,99 and pyridine dtself have been analyzed and
proton chemical shifts and coupling constants have been obtained.
Methyl groups do not appreciably affect the chemical shifts and
. . 94,98,99
coupling constants in the aromatic ring. The strong

solvent dependence of ring proton chemicel shifts in heterocyc-

: - 101 _
lic compounds have been studied =~ and the @-proton chemical
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shift is the most sensitive‘to solvent change. The solvent
‘ - 102

dependence of methyl protons has also been studied.

In the present study an investigation of the effect of pro-

tonation on chemical shifts and coupfing constants in methyl

pyridines has been made.
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" IIIs: EXPERIMENTAL

A. Preparation of Samples

Commercially available cyclohexanevl,B’ﬁione, 5,5} dimethnyl
cyclohexane 1,3 dione, and cyclohexane 1,u%§ione (L.Lignt & Co.,
Ltd.;rEéstman Organic Chémicals) were purified by recrystaliza-
tion from benzene. Spectrdscopic grade chloroform was, one day
before use, shaken with concentrated sulfuric acid, washed with
distilled water, and fractionally distilled in order to remove
éthanol. .It was kept over CaCl; in a dark place. Reagent grade
acetonitfile was fractionally distilled and kept over CéClz.

A1l the commercially aveilable pyridines (K&K Labolatories Inc.)
of reagent grade were fractionally distilled from over Bal, ~
which had been baked ﬁﬁ%nty—four hours under vacuum, onto BaO
and kept under refrigeration and in a nitrogen atomosphere.
rifluoroacetic acid waé purified by fractional distillation
immediatelv before use and a few drops of trifluéroao@tic
anhydride were added to remove the trace of water. aBeagent
grade carbon tetrachloride was fractionally distilled and kept
over CaCly,. All the other solvents were reagent grade and used
without further purification.

Ali golutions for both keto-enol study and protonation
study were prepared by ﬁeighing out into small vials and sealed
in 5 mm 0.D. N.M.R. tubes after thoroughly degassing by freezing
wilth 1liquid nitrogen under vacuum.

A s¥ell amount of magnesium perchlorate for thne chloroform
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solutions, and sodium sulfate for acetonitrile solutions were

added to keep the solutions dry throughout the measurements.

B. Measurements

Varian A—ég N.M.R.'Spectrometer was used for all.measure—
ments. For chemical shift and couﬁ}ing constant measurements,
_accprate'c&librations were ébtained by using 2 Hewlett-Packard
Wide Range Audio Oscillator externally connected to a model
522B Electronic Freduency‘Counter and to the A-60 Spectrometer.

For high temperature regulation, a V-éOS? Variable Tempera-
tufe Instrument was attached to the A-60. The temperatures were
calibrated from the separation of ethylene glycol signals.

For‘the reference standard; a small amount of internsal
fetramethylsilane (T.M.S.) was used for chloroform, acetonit-

. rile, and cérbon tetrachloride.solutions, and extefnal‘T.M.S. in
carbontetrachloride was usea for acid solutions. The correé—
tions for volume diamagnetic susceptibility were made after-
waﬁds. |

To obtain the ratio bf keto to enol, the signals (see Table
1) were swept at the’sléwest rate (500 sec/50 cm), on the nar-
rowest width (50 cps/SO cm), and with the spectrum amplitude not
exceeding the linear response region of the instrument. The
‘abSorption'signals were integrated by carefully tracing the sig-

nals onto good quality bond paper and then weighingﬁthé-pupfouts




20

Table 1

The Signals Used for the Ahalysis

1,3 cyclonexane dione in CHClg

keto:  CH,'betweeh:ithe::
.{enol: OH
1,3 cyclbhexane dione in CHzCH
keto: CHp between the cérbonyls
{enols olefinic proton
5,5' dimethyl cyclohexane 1;3 dione

L, and 6 CH, signals for both the keto and the enol.

The volume susceptibilities;were corrected by applying the

meﬁhod, proposed by Bernstein, s follows: A tube with a

sphere of about 2.5 mm in diameter and a cylindriceal capilary
which contain cyclohexane were inserted in an ordinary N.M.R.
tube as shown in Figure 1, and the outer tube was filled with
sol#ents‘of which'magnetic susceptibilities ﬁere required. From

the separation of the two signals, wnich is lineerly dependent
on the volume susceptibility of the.sampie contained in the

tube, as'expressed by the follbwing‘equation:

Seyl(ret) - Sspn(rot) = [?Yl - s

The volume susceptibilities were obfained for acid solutions of

pyridines..

Al

where 8

N

" chemical shift in PPMm

= volume susceptibility in cgs units
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.8f= geometricél constant depending on.the shape of the
éommon interface of referencé and surrounding sam-
plé tube. This constant was determined by calibra-
tion using such solvent whose susceptibilities are

known and, the value of 2.7 was obtained for

(g%yl - Fspn).
'3 -H' coupled multiplets in dilute solutions were detected

by sweeping slowly, with high gain and lowest noise damping,

a

several times and verying the spinning rate of the samples. The

sweep width was 250 cps per 50 cm..

I PLASTIC RING

PLASTIC SPINNER

<<—— A60 TUBE 5 mm o.d.

b—— (0.5 mm o0.d.

_;/f-—— SPHERE 2.5 rm o.d.
3 " CENTERED I
S~ RECEIVER COIL

FIGURE 1

Sample Tube Containing a Cylindrical and a Spherical Reference Tube
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IV, RESULTS

A. Keto-Enol Tautomerism of Cyclic 1,3 Diones

B ."{ a

1. Cyclohexane l,3?ﬁﬁone in i¢hloro form

The solﬁbility limit in chloroform was found to be approxi-
mately 16 mole %. Figure 2 shows a spectrum of cyclohexane 1,3
dione in chloroform st a concentration of 16.0 mole %. |

Apart from the solvent signel, there were observed two
_peaks, each of unit intensity, at ~-703 cps and -329 cps rog-
pectively; and a complex series'of-signéls at high field between
-110 and =155 cps with respect to T.M.S. with fotal intensity
gix. As the concentration wés decreased, there appeared, as 1s
shown in Figure 3, a new peak at -205;cps. The low field sig-
nal, circa ~763ﬁfcpsvwas found to be concentratioq dependent,
shifting to high fleld on dilution., This was not found to be so
for the other signals. The concentration dependence of the .
chemioa}_shift of this signal is shown in Pigure L.
TﬁéﬁconCeﬁtration dependence of this signal&&?d%cated the

presence of a hYdrogen bond and the signal ca. - T03 cps was

assigned to ¥ Q@Qprroton;j? 7&%?3329gcp§y31n“a‘region

where olefinié protons sre usually found, was assigned to the
olefinic proton in the enoi form. The intensity of this signal
was the same as that of OH proton signal. he signel whidh was
found only in dilute solution at -196 cps was assigned to the
methylene broton between the two carbonyl groups in the keto

form., This signal was not found in elther hydrochloric acid{bn
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FIGURE 5

Cyclohexane 1, 3 dione in C»VHC‘I;A .05 mole %

” 4, 6-CH,

-200 o ~100
CHEMICAL SHIFT  ops from TM.S. at 60M.c.
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Table 2

Cyclohexane 1,3 Dione in Chloroform

c R oy ovs’ oy 2(C-Cp) K, K,
(x10) (x10) (109 (2109 (xlﬁs
0.75.-0.905 .0.L9L 602 0,460 LS 5.17 7,80 .1.13
0,77 0,800 0,L73 505 Q.50  L.,25 5.9 7.00 1.40
0.92 1.10 0,632 616 0.1l 5.2 6,0 7.hh 1.1L
1.18 1.h2 . 0.870 631 0.363  6.31 6.2 7.24 0.983
1.3 1,96 1.05 635 0.350  7.35 6.0 7.88 0.618
1.0 2.02 1.12 60 0.333 77 5.6 7.4h 0.750
1.85 2,81 1.57 65 0.286 8,98 5.6 7.28 0.625
2,05 3,90 1.82 657 0.277 10.1  L.6 T7.72 0.L455
2.71 .05 - 2.39 669 0.237 11.3 6.L 7.0L  0.565
3.03 L.69  2.7h 673 0.224 12.3 5.8 7.0k 072
3.10 L.53  2.79 675 0.217 12.1 6.2 6.76 0.513
3.72 5.8 . 3.3 679 0.203 13.9 5.8 7.12 0,118
Average  7.31 x 10 %

€ = Concentration in unit of moles per liter

S = Chemical shift in unit of cps from T.M.S. at 60 I.C.

(ol ), —=
K

2(Gt)

= 2(ketd)

2
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Table 3
Cyclohexane 1,3 Dione .in Chloroform aﬁ High Temperatures

0.235 mole/liter as units of dimer

AT L s
302 3.31 3.30 1.88 -1.726
317 3.15 2.0 3.36 =170
328 3.05 1.6l 6,73  ~ -1.172
335 2.98 . 1.43 8.30  -1.081
31,8 2.87 0.87 19.7 -0.706

2.80 0.58 28.6 0.5l

357
K: overall equilibrium constént (mole/liter)

RT
"2.303
4AH=> 2.05 Kcal/mole

4QH= -RT 1ln K = log K

byridine.with Both concentrated and dilute sdlutions.v

The set of peaks lying between -110 and -155 cps arise from
the protons at the l,5 and 6 pdsitioné on the rihg.' By gompar?g
ing:%he sets_of'peaks at high and Tow concentrations, the shaded
peéks ariée from thg signalé from the keto fofm. Spectra of a
solutionvof 0.235 moles/liter dimer in chloroform were taken at
temperatures betWeen’302°K and 357°K.

All the results are shown in iable 2 and 3. -
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C)/c.lohexcme |, 3 dione in CHCls
at various tempemtures

H = 2.05 kcal/mole
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>, [Cyclohexens) 1,3 Dione in Acetonitrile
The acefonitrile peak overléps the broad reglon of peaks at-
high field. However, even thogh the solubility limit is mueh
less than in chloroform, the presence of the keto form was evi-
dent showing a signal at -317 cps. The %bsition of this signal
‘wag noticeably shifted to hilgher field from thaet in chloroform,
and was also concentration dependent. The keto 2-C methylene
- signal has a chemlcal shift of -201 cps comparednto -205_éps.in
chiorofbrmlbut the @OH signal appeared somewhat broadened and
‘was strongly concentration dependent. vThe results which were

obtained from the ratio of the signals are shown in Table L.

3, 5,5‘i%imethyli}ﬁgﬁgﬂgégégg l,3§§none in Chloroform
This cémpound ié less solubie than cyclohexane 1,3 dione
thus placing an ﬁpper limit on the concentratibn dependencé
studies. Tﬁe_spectrum consisted of signals circa -60, -63,
-133, =150, =198, -230 cps, and -‘another peak, whose position
varied with.concéntration, at lower field. The relative inten-

sities of the signals lead to the following assignment:

k¥eto form: enol-form:
methjl e 60 cps methyl - 63 cps
1,6 ring -150 cps L,6 ring -133 cps
2 ring -198 cps ~Yolefinic  -230 cps
OH lower field’

OH pesk was somewhat bréad and concentration dependent. The
results obtalned from the ratic of keto and enol form by com-

parison of l,6 ring proton peak are shown in Table 5.
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Table L .
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Cyclotiexdre 1,3 Dione in Acetonitrile

C R Cy ‘p . kK
x 10) ( x 10) ( x 10)
0.568 0.29 0.33 1.0
0;699 0.38 0.57 S 1.01
1.37 0.951 0.7 0.90 0.988
1.56 0.9uﬁ 0.54 i.oz 1.1h
2,11 1.062 0;68v 13 1.28
Ky Wil4brium constant (moles/liter)

Conééﬁtrations in unit of moles/liter dimer

Teble S

®

5,5' Dimethyl Cyclohexane 1,3 Dione in Chloroform

C

M K

0.87

0.h26

¢ R p
0.57 0,222 1.7 x10° 4.0 x 102 9,17 x 10 °
0.63 0,235, 2.0 " Sz 9.15
0,670 0.3 2.7 Lo w 5.06 "
0.82 0.136 3.8 Ly, 5.15
1o .6 n 5;25v n

K: overall equilibrium constant

Concentrations in unit of moles/liter dimer
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B. Protonation on Pyridines -

1. Change of Spectrag on Protonation

All the chemical shifts and the coﬁpling constants in
unprotonated and protonated methyl pyridines are shown in Table
6 and 7. Almost all the signals shifted to lower field in the
protonated species. The largest low-field shift occurred for
the X—prétons, that for the @—protons is almost as large, while
that forC(—protons was rmuch smaller. This is similar to results
obtainedvfor ungubstituted pyridine.66 The low#ﬁé&d&shift of
methyl protons seems independent of the position at.which the
methyl group iIs located.

The coupling constents between ring prot?ns obtained from
first érder analysis are found to increase in protonation.

4

s CH3
3 methyl pyridine ? 2

The proton resonance spectrum of 3 methyl pyridine consists

o

of three groups of signals which correspond to the methyl, 2,6
ring, and 1,5 ring protons. The ¥ -proton signal was found to
high field of theX -proton signal. They were analyzed as ABXY
spectrum by first order approximation. On protonation, the

chemical shift between the 2,6 ring protons and 4,5 ring protons

decreased. Couﬁling éonsténts between the ring protons were
also obtained together with the one between the)’—proton and the
methyl protons. The largest change in cou@lihg_constaht on pro-
tonation was found for that between the protons at positions 5

and 6.
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CHy

s—@B

I methyl pyridine g NE

The Figure 7 éhows the P.M.R. spectra for 8.3 mole percent
of the compound iﬂvcarbontetrachloride, end 5.8 mole percent in
trifluoroacetic acid. The spectra were easily analyzed and the
coupling constants between the ring protpﬁs, and between the
methyl protons and the @—proton were found. ThHe latter constnt
could not be dbtained for the protonated species. The chenical
shift between fhecx- and{S—protbns decreased on protonation; and
‘thec(—protdn slignael showed further splitting by coupling from
the proton vonded to the nitrogen, giving approximatei&fa tri-
let, the coupling constant being almost equal to Jz2-3.

4

5 3
2,6 dimethyl pyridine H&Biéjcﬂs

The ring protons showed a typical AB, spectrum consisting
of two groups of signals which approximately appeared as a quar-
tet and doublet,cbrr¢3ponding to the - and.P—protons respec-
tively. The spectrum was analyzed from relative spacings of the '

lines using the diagram of an AB, case constructed from the

available value All the resonance positions were shifted to

low.field-byvprotonation without significant change in relative
signal ‘shape.
4

| o O
3,5 dimethyl pyridine X2

Te ring proton signels showed two sgparate, slightly
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FIGURE 7
Spectra of 4Methy( P)/r:dme + Its Catmn .
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broadened signals, dve to coupling from the methyl protons. As
the concentration of acid was increased,”tHe X-proton signal was
split into a doublet by coupling from the proton bonded to the

ni&rogen atom. One of the doublet peaks was completely over-

lapped by the(S-proton singlet (Figure 8). The coupling con-
stants from the methyl protons to the ring protons were found to

be approximately the same for all cases (~0.7 cps) of unproto-

nated specles.

CH;
5F~3

2,11 dimethvl pyridine 6~ CHs

The signal of the 3 and 5 ring protons showed almost the 7,
same chemical shift both at higher field than the one for the 6
proton. The Signal of the 5 proton showed a doublet by coupling
to the 6 proton. On protonation the spectrum of P-protons
remained almost the same, wﬁile the proton signel showed further

splitting by coupling from the proton bonded to nitrogen.

CH3
! 6 i ‘]l yI' di O
2, 2 trimeth i ne

The spectrum showed three singlets corresponding to the

méthyl protons, at the two different position, and to the p-ring
protons. The(}—proton signal was broadened (half width~!.5 cps)
because of coupling to both methyl protons. No cdu%ling was

found at éll both in cérbontetrachloride and in trifluoroacétic
acid. The whole spectrum was chemically shifted by protonation,

the individual structure remainihg unchanged.
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4 FIGURE 8
}-LC(\/ICH3 e
(::) Ring Proton Spectra of 3,S”Dimethy1“2y?idine
N .

at\Varioﬁs“Acid Concentrations
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4

- SOCHg
2,3,6 trimethyl pyridine H§ N~-CH;

The two methyl protons.at positions 2 and 6 showed the same
chemical shift ih carBontetrachlo%ide about 10 cps to low field
of the one at the P-position;'although.the pure compound showed '
tWwo geparate signais. The ring protons showed an AB spectrum
consisting of two identicel doublets. On protonation the

P—proton gignel was broaden%ﬂ to about L cps (hﬁﬁf width) .

2. Concentration Devendence of Chemical Shiftswand

ing ‘Constants

For . methyl pyridine and 2,6 dimethyl pyridine the spectra
at different acid concentrations were taken and the cﬁgnges in
chemical shift and coupling constant with varying acid conceng
tration were obtained. Some of the compounds showed only small
chemical shift and coupling coﬁstant changes at different con-
centrations, while the others showed appreciable dependehce.

The slopes of tﬁe chémical shift versus céncentrations were
found fo elmost identical for the p-protons in both, theol-protm
in the former, the f -proton in the latter, and for the methyl

protons at the Y and{- positions.

. methyl pyridine

i the &{-proton shift showed almost no

As shown in Pigu

concentration dependence, while the'@—proton and the X—methy_
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proton signals shifted towards lower field elmost linearly es
“the acid‘cohcentration increased giving é&ﬁ= -1.99.1 cps,
S}H=v—u60.8 cps, éi%= -150.0 cps at the infinite dilution
with respect to T.M.S. The coupling constants between the X-
and p-protons and between the proton bonded to hitrogen and the
aéproton were found to be invariant with the concentration in
the . range of mole percent pyridine concentration from 5.8 to
21.l1 and 5.8 to 1273 respectively. With the higher pyridine
concentfation than 12.3 mole percent; the coupling conétant
between theO(fproton and the'proton'bonded to nitrogen was not

observed.

2,6 dimethyl pyridine

The chemical shift of the {—protdn 18 almost invariant,
that of'thecl—methjl proton is slightly dependent, and that of
the @-protons shdwéd.twice as ruch variation as the o(-methyl pro-
tan?Thegslopéof{%Héy P—prgton was found almost the same as that
in I} methyl pyridine. The coupling constant between the(%- and

{-protons was also unchanged.

3,5 dimethyl pyridine

The cbupling ® nstant between the proton bonded to hitrogen
and the.ring protons varied as shown in Figure 10; suddénly

decreasing from the pyridine concentration of 1l mole percent.

3.' Signal of Proton Bonded to Nitrogen'

As the -acid concentration was increased, the broad signal
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of ﬁhe carboxyi,group of the trifluoroacetic acid became sharper
.and moved toward higher field. In_thebpresence of a large
excess of acid, it has been pbssib&e, with a very high spectrum
amplitude, to observe a triplet signal, characteristic of a pro—v
ton bonded to nitrogen, within 100 cps to low field of the acid
signal. The typical triplet is reproduced in Figure 11. This
confirms the presence of the pyridinium'ion. (The triplet ari-

g 14

ses from spin coupling with tThe D nucleus, which has a spin
gquantum number 1). The concentrations at which those signals
were observed were sbout b ~ 8 mole percent of base. With lower

ecid concentrations the signals could not be observed probably‘?;

because of their short lifetimes on the nitrogen atom; and with

B

higher concentrations the signals were not observable. The high

field triplet peak was not seen well becsuse 1t was located at
the foot of the large trifluoroacetic acid signel. The coupling

constant between nitrogen 1l and the attached proton was found

chemical shift which was taken from the centre of the middle

. signal seemed to move slightly to higher fileld as the concentra-
tion of acid ihcreased following the acid signel, whicn &lso
moved to high field with increasing acid concentration. The

observed chemical shifts are listed in Table 6.

L. ¢! Couvpling Constants in CHg

. » . - '3 o ) .
The multiplets caused by coupling from C to the vroton in
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all the methyl groups were observed both for unprotonated and -
protonated pvridines. -As shown in Table T, the values of the
‘coupling constants were found to be 1206 - 127 cps except for the

methyls at ﬁhel¥&RQSiﬁiQQ§$nw2,3f< randiwere

independent of the position of the methyl groups;, The ¢ 1311
coupling constants in protonated pyridines were found to be
.increased-by 3 - 5 cps in most of the cases being also indepen-
dent of the position of,the mé@hyl grouvps. The ¢c'®.m! coupl ing

constants in methyl groups in methyl amines ere also shown in

the table together with the values in trifluoroacetic acid.


http://irifluoroa.ee

3k

Table 6
Chemical Shifts cps from T_.M;s. at 60 M.c.

All measurements were made ca. 5 mole percent
or extrapdlated to infinite dilution.
The values without bracket are in CClg.
" The vlaues with bracket are in CFzCOOH.
Volume dlamagnetic susceptibility corrections
: were Made for extdrnal standard.
‘I. Ring Protons

Chemical Shift a4
Compound o« B r ad (5 X
~520 SIEE SILY SN IPTS P G
(=535) | (=1496) | (-530) | <15
~509 “ye2. | -hho.2 0. |-45.2] -56.1
(| -509) | (-h67.6)| (-L98.4) )
-501.0 [:-418.2 +1.9|-l2.6 | —
1(-199.1) | (-4160.8) '
L Aol 6 | o-n3g.0 | — [-36u | Ly
| (-Lh2.6)| (-182.5)
e CHy | 187 .1 uogiy || vo.8] — | -sa.s
E i (0) i e 0 | (-1187.9) |
: 3 .
-492.6 | -uo7(3) -7.1]-35(3)
v L)Oﬁw —‘ug; 0 2 — » —
NS (-5 '.\;) (_}LL:LE"QZS)  _35(5) .
o | ( LLLLO '
- -397.6 — |-2b6.2 —
(fh23.8) —
| -boh.z | <27l — [-3h.3 | -LB.a

(-483.5) | (-L475.5)

% Takxen from 100 and recalculated.
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Table 6 continued

IT. Methyl ‘Protons and Proton on I‘»-Ti_trogeri

5, Chemical Shift . as T
Compound o B r el o B | r
Pyridine | — — _ 830 || — | — | —
- S137.7 | | =796 || -9
' (-147.3)
: | -138,1 | =779 ~11.9
A B | S| (=150.0) — | — ’
o ~146.0 _ | -T762 S-S N
LT l(-15).0) | _
v | -135.0 | -748 1 -3.1
ool T 3| T — —
v | -135.3 | -759 | -9.3 -11.8
(-147.1) |
VI | -131.8 |-7u8 | +1.0 1.7
e -123.h | =730 [-19.0 |-10.8
ViI (-135.2)| — ° —

3% Taken from 100 and recalculated.
w3 Both CH3z ato( position have the same S .



Table 7
Coupling Constants cps .
The values without bracket are in CClg.

The values with bracket are in CFgCOOH.

I. Cdupling Constants between Protons

5-6 -5 J("’“*' J I 325 'Other J's
2.3 T3 ek T3 Y26 Y36 :
pyridine| 5.5 7.5 1.9 1.6 0.h 0.9
L.5 7.8 1.7 —— =8 0.8 Jop -l= 0.7
I | (6.0) (6.2) (1.9) (~0) (2 BT (0l9)
5.2 _— —_ ~0 o l.ﬁ’). JCH -3’:‘:)7
. (6.1) ' (~0) (7 dpe-2 = 6.9
i I 3 - .
III (871).
ey - L ~0) ‘
S (.7
T ,
N (8.3)
| 5.0 7.8 200 14 0.8
Ql. 8.0 -
NN o
Benzene f~9 23 ~0

% Taken from the reference 100,

%4 Teken Irom the referencs Y9.
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Table 7 continued.

The velues without bracket are for pure compound.
The values with bracket are in CF;COOH.

II. Coupling Constants between the Carbon 13 and Proton
in Methyl Groupsicps)

J | | aJ

Compovnd X ) Y X [3 Y
127 | +3
T (130)  — | — | —
127 _*3
T o {130)
_ 126 +5 e
_ . 127 o +3 S
w (130) =
v 127 - 126 +1p - *3
o (131) (129) '
| 126 127 +1 45
I (130) (132)
12&)(2) .126) +7 (2)
(131) (1319 S ' o _
VII ) 123 (6) +6 (6) +5
(129) '
' CHgNH; 1337 (1lhlh) +11
(CH3), NH 132%(113) +11
(CHz } ¥ 131%(1L45) +1.
-Toluene 126"
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V. DISCUSSION

A. Keto-Enol Tautomerism of Cyclic 1,3 Diones

1. Cyclohexane 1,3 Dione in Chloroform

The low field signal whose chemical shift was foﬁnd to be
concentration dependent indicates a strongly hydrogen bonded
proton, This_must arise from the enol form of the molecule and
is suggesﬁivé of similar chemical shifts in intramolecular

A [l
hydrogen bonded enol systems.s’o’l/

Enolization is also indi-
cated from thebappearancevof another signal at -329 cps from
T.4.8. in a reglon where>olefinic'protons are usually found.

The intensities of these two resonances are the same., The for-
mation of an>intpamolecu1ar hydrogen bond in the molecule of
cyclohexene 1,32aione is sterically excluded so that intramolecu-
lar hgdrogen bonding must be involved in the enol form. 1In

| 90,91,92

agreement with previous suggestions a dimeric unit of

the structure suggested below seems likely:

Tote that the carbtonyl oxygen is trigonal with respect to
two non-bonding g~ lone pair‘orbitais gnd a C-0 o bond.
Steric repulsion of the olefinic hydrogen atoms in the
dimer is avoided and linearity of the hydrogen bond ié pre-

served by use of one of the lone pairs in the carbonyl oxy-

gen atom,
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The high fiield shift of hydroxyl proton by dilution also indi-

cates the fact that the enolized molecules exist partly in non-

hydrogen bonded forms; so that the observed chemical.shift 1s -

the averaged chemical shiﬁt of the non-hydrogen bonded svecies
and the hydrogen bonded ones. A linear relationship was found

between the chemical shifts and l/{ﬁ; where C 1s the concentra-

tion in units of moles per liter of dimer. This 1s shown in

Figure 5.
. The chemical shift of tﬁe hydrogen bonded”ﬁroton in the
dimer form ﬁas obtained by extrapolation to infinite concentra-
tion, The chemical shift was -7li0 cps. The - and 6- profons
of the enol form appear to be equiv%lent as there is only one
resonance sigﬁ@l. Thils suggests that the hydrdxyl function.is
equelly probgble at the 1- and 3- carbon atoms and that a rapid
intercénversidn of these two forms%@ccurs, Such rapid intercon-
version has already been noted in ;cetylacetones which ﬁas an
intramoleéular hydrogen bond. |

The system is consideréd to involve three spscies, i.e. the
enol fdfm which exists in the intermolecualrly hydrogep bonded
dimer, the enol form in the non—hydrogén'bonded mononer, and the

keto monomér.b-In equilibrium the system will be expressed by

the following,equation:

keto-Monomer

Dimer —c_—-le enol -Monomer é

Cp(l-ot) - - 20cp 2(C—QD)


http://di.ln.tion
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initial total concentration expressed in

11

where C

units of dimer

il

- Cp Initial concentration of dimer
oL

Then the equilibrium constants are !

1}

degree of dissociabtion.

holcy  LelCp )
Cp(1-0) (1) ' '
2(¢c-cp) . (¢-Cp)

K, = = (2)

20Cp dCp
The value of Cp will be ebtained from the knowledge of the

ratio of signal areas for enol to keto.

i.e, . ' C (3)
Cn = T o e s e 3
D 1 N él :
. [(Eno1] . :
R = Eﬁgzgj—, e e e ()

The degree of dissociation,ol, will be obtained byithe observed
nydroxyl proton chemical shift.

Sobs;

Xp = fraction of dimer OH proton
- ) K )
- 20p(1l-o) + 20X

i

Xpdp * X9y

1i

Xy = frection of monomer OH proton

—

~. 2Cp o S
= ~7L0(1-0) +d 4

714.0 -'5obs.
T 7ho -25u

\" 9
(o]
o
6]
i
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By substituting the values obtained‘by equation (3) and (L) into
equation (1) and (2), the equilibrium coﬁstants were obtained.
The reﬁébnable qhemical.shift of monomer enol hydroxyl proton
wnich makes (1) approximately constant for 2ll concentfations
was found babefﬁQQﬁ?sf The reéults of calculation ere tabula-.
ted in Table 2. | |

The possible factors which cause the équilibrium'constants
to depend on the concentrations are: 1) impurities contained in
chloroform which might have hydroxyl groups. This factor
increagses the area of OH pfoton signal and gives smaller K
values at lower concentrations. 2) the saturation under very
high gain'on the A 60‘spectrometef might broaden the signals and
thé difficulty of findiné the correct base line usually give /i
rise to'smaller areas than ﬁhat one would expect. As regards
factor 1), the spectrum of chloroform at the highest gain was
carefully checked and it was confirmed that there existed no
detectable impufity. In 211 cases the CH proton signal was
broader than the OH pfoton signal. This indicates the possfﬁﬁ”’
bility of én error in measuring areas particularly at low con-
centrations. ‘Also.the.fact that these two kinds of prétons
might have slightly different relaxation timésé&ould give incor-

" rect ratios.

2. Cyclohexane 1,3 Dione in Acetonitrilse

The OH enolic signael appeared somewhat broadened and.  

strongly concentration dependent. Uncertainties in the*?f;f,l



b2
concentration dépendeﬁce and the broédening of the signal was
assighed to the presence 6f-fraces of waterlnot removéd by the
anhydrous sodiumsﬁiféte tfeétment.l h The system at QQuilibrium
will be expressed by fhe same_equatién as for'éhldroform;» AsSum—
ing that the presencé of the monomer_enoi'form is negligibly
small, the overalllequiiibrium constant between the dimer enol
and monomer keto forms will be: |
u(C-CDf

CD'

wwhepe the symbols stand for the same as in the éhloroform case.
Tne results are shown in Table'u; The congtancy of the equili-
brium éohstant under this assumption supports its correstness
within the cohcentration'regionygﬁudied. _in this case, both of
the deviation factors 1) and 2), ﬁentiqned for the chloroform
case, can Be thought to be important in the calculations; These
two factors appear to have cancelléd out each dther.

For the high temperature measurements, thé 0oH protén chemi-
cel shifts of dimer enol and monomér enol for each temperature
were not avaeilable. So that the rough calgulations were made for
Tigure 0 shows the graohs of

o
o

overall equilibrium constants. Thae

i
log X versus 1/T. From the slgpe,>(fj

oz K-

neat of conversion, from the enol dimer into the keto ronomer,
was found to be apvroximately 2.05 kecal/mol using the équation:
RT

44 = -——log K
2.303
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This valve was in the same order of magnitude a8 was found for

aoetvlacetone,6 wnioh was 2.7 kcal/mol.-

3. 5,51 Dimothyl‘CyclohéxanelDiono_;n Chiorogorm

| The same assumptlons were appL}ea:to tnis éystem and the
eqnilibrium constant was calcﬁlated. }Tho:oalsulation‘showed an
incrense of the values as the concent?ation decreased as shown
in Table 5. This indicates the existence‘of a more than negli-
gible amount of monomer onol form where tme amountxof monomer
depends on the concentration. The same consideration shoule be
made for the error sources as was made for the system of cyclo-
hexane 1,3 dione in chloroform. However, as the signals which
wore compered were from apnroximétolv.tnoAééné kind Of'pfotons‘
and the number of protons involved in them were larger, the
errors from the saturation or from the &ifforgnce of relakation
times should he less, ‘ _ |

The overall equilibrium constant-(="Kj“ Ki )Vfof tho'ovclo-

hexane 1,3 diona in chloroform was found to be in the same order
of magnitude as those for this’ svstem. :Theso were roughlyrcal-

culated,
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V. - DISCUSSION

B. Protonation on Pyridines

1. Chemical Shifts of Ring'Protons*(SQe Page 062)

If the nucleus is in a molecule, the electrons are not free
to move in circles around thé direction of the applied magnétic
field. The general expression for the chemical shift in an iso-

: ' 105
lated molecule was first derived by Ramsey. The secondary
field H” due to the induced currents will be;

B = !

where.H is the appliedﬁgniform magnetic £ield, and ¢ is a'seoond—
rank tensor characteristic 6f the position of the nucleus in the
molecule. However, the posgition of the nuclear resonance sighal
in 1iquids is determined by the mean component of H’/alonﬁ the

direction of H averaged over many rotations.

125

Pople split the screening constant for a nucleus in a

molecule as follows:

= g AA AA AB ' A
. Ga = 0" Op *'B;ZAg— M ojﬁ”? T e
bThgbinterpretation of the various terms belng:

(1) QZAA 1is .the contribution to the secondary megnetic field at
nucleus A due to diamagnetic currents eround the nucleus A.

(2) OFAA is the contribution due to the paramagnetic-type cur-
rents on atom A which give'the susceptibility tefm.;ﬁg. To eval -
.uate this ferm, 1t would be necessary to have detailed knowledge

of the énergies and wave functions of all the excited electronic

. . 1 4
states. A rather simpler form is obtained by replacing all.the




electronic excitation energies) En --Eol by an average value 4E,

the matrix elemxxts now being teken over the ground state only:

U—-M e ’ <OIZ ] ) ?2 I0> o . s & o » (1)
T e O R Bgan R

(3) g™#Bis the contribution to the screening of nucleus A by the

atomic circulations on nucleus B. If the magnetic effects of
these ueighbouring currents are treated in a dipole approxima-
tion, this £erm involves only the local anisotropy of the locél
éusoeptibility'on the atoch. Anﬁapproximaté relation for an
axially symmefrical grouo of electrons, G, hes becn'derived by

103
McConnell:

(G') (Bwszes;s/)d.x . C e . (2,}

-= the distance between the proton and the electrical

“centre of gravity of G.
6 = the acute angle which ) makes with the syrmetry axis.

the difference in the trensverse and longitudinal =

N
x
I

susceptibilities. ‘ _ v
(L) O—A,ring is the conﬁribution to the screening due to ring
currents which oannot be localized on any atom o
(5) OEA is the conmributlon due to the electric polarlzatior of

K

';the bond Joining nacleus A to the molecule caused by a permanent
molecular electric dipole Bucki ham 107,114 made oalcufatlons
on an electric f;eld effecf-due to polar molécules. As sucgesQ
ted by.Réﬁcev,lOS a chemical shift mav change in an electric |

field because tae resultant polarlzatior of bondlrﬂ electrons



causes chenges 1n the paramagre tic correction term. The effect
is eatinated as:

o E* —

0= -2 k/o"zEz -

where '.0;4='£he chanee 1n the proton screening constent of
‘ | | an X—H bond

E

Ez = the componert of F in the bond direction.

il

electric field

The chemical shift changes for the ring protons with benzene,
methyl benzenes, pyridine, methyl pyridines, and corresponding

pyridinium ions (See FigurelZ) will bve discussed separateiy.

a. _Changes'between Benzene and Methyl Benzenes
The substituent effects on the ring proton chemical shifts'

a _
79 It nas been concluded that

haveéﬁeen studied for pyridines,
the changes in the chemical shilfts arise mainly from the induc~
tive effect'of the‘substituent group. Fcr example a nitro group
at theci-posifien3 by withdrawing electrons from the p—carbon,
mekes the chemicel shift between the @- and ¢ -protons smaller:

then in the-unsubsituted pyridinesf~-Here,~the effects of a

methvl group will be discussed in terms of the dlam gnetic aniso-

tropy effect *5erd tne inductive =ffect.,  The inductive
~effect is reflected in terms 02 and gg, for a ring proton affec-
ted bv the addition of a methvl groups. The electric dipole of
a C—H bond is sufflcientlv different from the zero value expec-
ted in a C-C bond to cause small chanpes in chemical shift duve

to an electric field effect.lm7
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‘:i,. Dianaﬁnetlc Anlsotronv Effect of Methyl Groups
This effect arises at specific protons mostlv from the ani—
sotropy of the C-C single bond between tne‘methyl carbon and car-
bonvin the benzene ring. It Was.assumed‘tﬁat:the diamagnetic
anisotropy‘of the C-H vond wae negligible. ‘The diamag netic ani-
sotreijeffects of the C-C_éingle bond to the orthoy meta-, and

.para—protons in toluene wére caleuletediusine equetion (2). The

centre of the C-C 31nﬁle bond was Laken as the approximate cen- .

[Necr,

tre of grav1ty.

' ; -30 PM _ 10!
The AX value, 8.3 x 10 cr? /molecule, which Musher Ll' sugges-

ted was used in the calculatidn. The chemical shift changes due
to tbe diamagnetlc enlsotropy effect of a methyl groun were:
-11.0, +3.0, and +3.5 cps at 60 M.c. from benzene for the orbbc*}

meta- and para-protons respectivelry.

11, Inductive Effect of Methyl Groups
The chemical manifestations of wmet hyl subsltitution are
usually lableed 'inductive effect'. From the pointof view of

the chemicel shift, these effects represent the change in the.
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static electron dénsity at the nucleus'in question, the change. -
being transmitted vie: the sigma bonds. Presumably inductijc con_
tributions\operate_through both the og'and the Ggﬁterms, the -
first representing the total electron charge around. the nucleus,
and_thg éeccnd its distrlbution'or polarization In the bond.

For a slightlv electrcpositive substituent ‘guch éé the methyl
grcup, 1t might be ex pected that the inductive effect results in
a'small high field shift for the ring'protcns; relative to ben-
zene référence, the effect being the greatest at pfotons ortho
to the sulstituent. The chemical shifts of the ring protons of.
toluené, ortno-, meta-, and péra—iylenes with respect to-bencene
in 5 w/w % cérbontetrachloride solutions were measured. The
-ring'brotcns of toluens show only one sianai at 10 cps to hign
field of the benzene proton sipnal at 60 M.c. Tnis indicates‘
that the diamagnetic anisotropy efiect and the indnctive effect
are added together and make the chemical shift of +10 cps for
all the protons at different'positions relative to‘thc-methyl
group . | _

In dimethyl benzenes it Uas assumed tnatvthe total effect
_from each methvl group was addltive. Subtracting the caleculated
anisotropv part leaves the inductive contribution fof a methyl B
substituent, the values being +21.0, +7.0, and +6.S'cps at'60.ﬁ%7'

s

‘M.c. for the ortho-, meta-, and vara-protons respectively.

yrtdine, and Pyridinium Ion.

b. - CHahgss’be twedn BEHE:

All the above effects are operative, and in additlon there



Table :8

by

Calculéted aﬁd Obéerved Chemical Shifﬁ

with respect to Benzene

(cps at 60 M.C.)

o e - | v
Compound | Cal., Obs. Diff,| Cal., Obs, Diff,| Cal. Obs. Diff.
1T -3 1| 7 sl 7 | 42 -6 8

, II | -74 -63 11 +7 +18 11 —
11 #17 31 14 | +12 -3 15
IV | -6L -5l 13 +12 +7 5
V. -6l -57 7 +17 (+26 9 —
o +29 12
VI +27 +39 12 —
vz ¥27 +33 6 | +22 49 13

is a largé resonance effect caused by the introduction of the

hétefo—atom into the ring. - This results in long range JF.-ele

‘tron density changes.,

ji}‘ Resonance or Mesomeric Effects
vIt‘hés long been th9 amﬁition of chéﬁiét3~to—%orrelate the
chemidal shifts oftprbtonshattached to conjugated fing systems
with the ﬂ-electron charge density af the riﬁg carbon atpms.

Spiesecke and Schneiderl21 have shown that such a correlation

oxists at the para position in mono-substituted benzenes, where



Table 9

Calcuiated and Obserred}Chemical Shift

with respect to Corresponding Methyl Benzene

(cps at 60 M.C )

50

| X | 4
Compound | Cal. OBg. DIff.|.Col. Oby. Diff. | Cal. Obs. Diff.
o ety 83 1 | w3 o+ 7 | -8 a6 8
oI ee 78 9 | -3 +8 1 | |
Lo | —— -3 +9 12 | -8 =25 17

v -8l -73 11 -8 -15 7
v o8y 79 8 | -3 (4 7
{+7~10
VI —_— 3 +2 5 |
VII | -3 +6 9 -8' =17 9

cormplicating factors due to inductlve, anlsotropy and electric

fie1d effects ave absent,

eloud of_the ring, and the g bond joining the proton to the ring,

The interaction between then‘-eiectron

as ovidenced in the chemical shift oorrélatioh, and also in the

E.8.R. hvperfine splitting correlation, 1s presumebly through

oonfiﬁurqtion interaction at the cﬁrbon atom.

In terms of the

previons nomenclatnre the mechanism of proton-shieldino via tho

n-electronq is- through the neiﬁhbor anisotropv tornm o'a*

Theoretioal calceulations have been made of tmeTT-electron



- Table lb

Calculated and Observed Chemical Shift

with respect to Pyridine

(cps at 60 M.C.)

(5( :

ions.

are:

o 2 10
Katritzky's °

| compound | ¢al. Obs. Diff.| Cal. Obs. Diff.| Cal. {)bs; Diff.
I | +10 " +11 1 '3«10 +10 0 |+10 415 5
II[+10 419 9 |+10 s o | |
T | ' +20 '+\2_6 6 +20 +18  2 
W |+20 +33 13 — +20 +28 8
| V  1420 +27 7 +20 + 22 2 —_—
v | {+25 5
vi. _ +30. +35 5"
VII — £30 +28 2 |+30 +30 0
densities ih‘substituted benzenelos’109 and in spme‘éromatic

values for some heterocyclic systems
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Table "1l

Calculated and Observed Cheimical Shift

‘._with respect'to Behzene |

] & B 1 4
Ion Cal, Obs. Diff.| Cal. Obs, Diff., | Cal. Obs, Diff.
ST 69 <73 L | =30 =31 1 |<69 62 7
it | -69 65" L | -30 25 | 5 | -
ot | — -0 -7 3 |ex oar 6
| ,VI*  49 =50 1 C lo39 46 7
vo| che e6h 15 |0 (-6 4 | —
vt | —— | +20 119
vitt | —— $#10 -2 12  |-19. <40 21
whereae_for.pﬁridine’Ceulsoﬁ}l} celcﬁlated _
W - '1.1‘4‘7 . o~ 0,962 p- 0.987 ¥y - 0.955

and Brown end-H‘effer'n.anl_l'2 found |
'vII-1107.'Vo(-0952- (5 1.00L 'r-o'gal
For the P- and)’-protons in pyridine, the inductive, anisotrOpic .
and polar effects should be small, and thus thelr chemical shifts
relative to benzene should be determined malnlv by the carbon

Tlelectron densitv changes from benzene.



Table 12

Calculated‘an& Observed Chemical Shift‘

with respect to Corresponding Methyl Benzene

"Ton | Cel. Obs. Diff.| Cal. J%s. Diff. | Cel. Obs. Diff.
T -79 -83 ly L0 T 1 59 -72 3
17 | 2790 <73 6 | -hn =35 5

I1I . -39 ~27 3 -53 -69 .10

-
<t
1
C
D
1
-~J
w
=
i
I
pS s
1
O~
o
Nel

@ Wt

VI+ Ty "'?7 C-2h
+ ' o
VII S — =20 =28 - =66 17

1i. Anisotropy Effects of the Heterocyclic atom
TrHere exists a large local paramagnetic .contribution to the
ding at the nitrogen atom in pyridine dvue to the relative

* - » . ]
anezgs of the n-— T transition energy,dE. Protonation oi

the mitrogen atom in pyridine to form the pyridinium ion results

)]

3t tran-

e
]
@

n the. removsl of the lone pair, and incresses the lowes

o0
[y a8y

sition energy,dE , from IL.5 eV for vyridines! n— T process

to anout 10 eV for the ﬂlﬁﬂT*,'n_yq-*excitations in the pyridi-

nium ion. The conssquent decrease in the paramagnetic shielding

. . - o0~ R , ..
cauvses a high field shift of 123 ppuw for the N zgonance in

>

{7



N

‘Table lé"

~ Caleculated and Observed Chemical Shift

with respect to Pyridine

R I IR CHRE I R
Ion ‘Cel. Obs. Diff, Cel. Obs. Diff. | Cal. Obs. Diff.
.'I*.‘,+18 #11 7 | -27 -35 8 | -50 -1 9
It 418 vzl 3 | -27 -29 2 -
it | —— | -7 -1 oy -3 -2 L
VI | +38-43h L =30 «25 5
vl 38 #2018 - 7 (=10 3
E -1l 7
» -
VI — | +13‘;$.8 5 ,
virt | —— | %13 -6 19 | -10 -19 9

e | ' 06 .. ' »

the pyridinium ion over pyridine.llo-_This large paramagnetic
'cohﬁribution‘to7fﬁe maﬂnetic suséeptibilitv at the N atom in’
pvrldine lMDlieS a 1ar@e aplootropv centre,>affecting'the'néigh;_

bovrmu;&@ring protons

;?111;  Ring Currnnt Effect _ ‘

Calcnlutlons by Halfrgo workerc 13 eﬁé-the pvridlne ring
current usinvvan emplrlcal elecbroneaat1v1tv parameter for the
nitrowen atom suggest changes in the ring current of onlv lp

from benzene, This represents a neﬂllmlole proton smift chance
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Table 1

.v Calculatedvénd'Observea.Chémicél Shift
with res?ect'tq Correspoﬂﬂing Pﬁridines
B e
Jon Cal. Obs. Diff, Cal. Obs. Diff, | Cal. Obs, Diff.
8 0 8 |37 -5 8 |60 56 4
Ii+' w8 +2 6 37 .-MB_T ﬁ64 - |

"»111": -27 =36 9 =50 -l 6
v | +18 41 17 - — V—SO .—53_ 3
vl +18 -7 o “_'27'_» -35 8 S

"Vf+ -»ﬁ? R _17.'_26 o | f—;;;
virt | —— A7 -3 17 |40 48 8

due to this effect.

iv; Inductive and_Intramole¢uidr'PolaffEffects'"
| Forﬁpyfidine it:may be}assﬁﬁed that_indﬁdtive'effects from
the nitfogéﬁzétdm_are'trénsmittédjpnlytas.far'as théCX protoné;
| The positive 6hénge on the pyridiniﬁm io£ makés'the sigma pola--
riéationAmuéh:less clear. In eny event,.itrseemé that an alter-
natihg7f~éleétfonbdensity in a cbnjﬁgatéd.moleculé isﬂacéompa;
 ﬁied by a éblarization of. the Oiéore.l23  |

: ' o L , RS =
‘Pyridine has a total .electric dipole moment of 2.ll_D_'LL



‘ f ‘Tablefigzlﬂ

Calculated and Observed Ghemical Shlft

with respect to Pyrldinlum Ion F»l-

o "-'lgfl?;;aﬁ o J,‘;f

Ton | Cal. Obs. Diff.| Cal. Obs. Diff.| Cal. Obs. Diff.

7" [ +20 416 L | +20 +19 1 |+20 422 2
gt | e20 s26 6 | v20 w25 5 | —
| —— | 4h0 #5313 |+Lo +37 3
| +ho '+38.. 2 | | };-f;-m_'_l.fuo f+38,;':2l
7| ko 25 15 | 4o {+uo,o PR

| S

vt | —— |0 w2

vt | ——— | %60 +48 12 [+60 4Ly 16 |

localized ﬁainlv at the nitrogenvlone pairvend;ﬂﬁefrﬁybeexbected'»—
to polarlzewthe CH bonds. An abprox1mate dlpole estlmation of
this Qg effect shows it to result in a Shlft to low fleld of the

a}protons ov some O 5 opr, with: almost negllgible effect at the

other p051t10ns.

’gv{isjvent Effects
The effect of the solute molecular magnetlc anlsotropv of .
these disc molecules w111 be small at low concentratlons 1n car-

bontetrachlorlde or trifluoroacetic a01d The reactlon fleld
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effect back on'tﬁe‘solute'molécule by pdlarization of the .sol-
vent wiﬁh'a stronﬁlv polar'solutéllh is shali in the case of

rbontetrqchlorldD solvont with 1ow dlolectrlc conuﬁaut bﬂt
may'betexpected to make small contributibns to the ring_prgton_
shifts in'the‘case of the pyridinivm lon in tfifiﬁoroacetic'acid.

Iﬁ'is‘éoﬁcluded that the ring vroton éhifts at the p- and

{—'positioné in vyridine and the oyridipiuA ion are affected
mostly by feéohance effects around the.ring.. Comparison of the
experimeﬁtél values of these shifts frém benzene wiﬁh_the calcu-
lated.K?eiectron‘densities Vields a-rdughly similar correlaﬁion,
the fatradé%sbelnv spproximately L.l x 102 cps/M-electron. A%
thecx4pOsition, this Qorrelétiqn may be_used to estimate the
total efloct of'the rémaininﬁ termé (inductive, polar, aniso- |
tropv q%ﬂ solvmht) These @ffects ere found to totel -76 cps at
60 h.c., out of the total low fler oﬂlft of 8} cps at the
C(—p roton in pyridine LPOM'”en7en

—8@ iy (1 -0 81) 0% = =76 cps

c.ﬂ'Qbah 28 between Pyridine and: hotbvl Pvrl ine

fAésuming that the Pln? of methvl Dyrldlnes are regular
hexagons,wifh the_éame bond lengths as in methyl benzenes, the_
diamagnetié aﬁisotropy'effect of the méthyl gfouﬁs wili béi 
léﬁﬁﬁbiiﬁafely:the seme as in me thvl benzenps.‘vIt is aésumed

tﬁat'(l) the'induﬁﬁiVe elfect of the methyl groups is the same

as for the.methyl benzenes, and that (2) the T-electron density,
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. t’aé inductive anisotr’oﬁy effects of -.ﬁhe.nitfogen atom and the
" ring current are the saum.e:as those of ,pyridi_rié;  With these
assumpti'dn‘sv,_'using .the velues obtaine_d‘ previously for ‘theSe
effects, the chemical shift changes of the bring protons in methyl
"pyridines with respect to pyridine, corresponding.methffl ben-
" zenss, and benzene were c"l.ialculated. Actual values for the
efTocts in cps at 60 H.c. i1l be summarized: o
TheUE- , inductive. and anis.otrop.ic eff_ec.ts of the
nitrogen atom e | |
{ =76 cps at the O(-proton
| '{zero at the (j— and y -protons
Mesomeric effect of vthé riitrogene.’;pm:

Joox 102 cps per 7T'.—_eiectr'on.

.'Th‘e' inrluc':;cive effect of 'vtfj_e methyl groups
= +"21 .0 Cps-.at'.the 0 -proton -
-lt-'."T.O eps at the m-proton
+ 6.5 cps at fﬁﬁ-le_ p-proton
Diarﬁagnetic anisotropy effect of the methyl groﬁ_ps:
| -11.0 cps at the o-proton
+ 3.0 cos at the m-proton =
+ 3.5 cps at the p—‘préto_n

" Effect of change in the ring current is negligible,

d. Chénge between Methyl P;,rridines‘ and the Methyl
Pyridinium Tons - |
Because of the increase of the excitation energy,dE, of

P TEEAET s L
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the prétonated nitfogen atom compared to the nitrogen atom wﬁich'
| has lone‘pair electrpns, the peramagnetic. shielding at the nitro-
gen and the anisotropy effect at the ring protbns'are dQCréased.

The indu¢tive effect wili_bé increased_more thah the_decréase of

the anisotrdpié effect.

Comparing the.ringlproton chemical shifts of methyl;pyri?
dine and the protonated methyl pyridine with those‘of eridine, 
1t was found that the effect of the methyl}group; ilcludlnm hoth
the inductive and the diamagnetic anisotropic effect, 1ncreased
by a faétor of two in most céées. The total inductive end ani-
~ sotropy effécts of the nitrogcn aton qt the o{-position of the
pyridinium ilon was‘estimated in the same way as in the case of
pyridine. The value was found to be -79 cps.. The linearity
between the difference of M-slectron densify and the.chemical
shift, and the other factors, were éssumed to be the same as in
the case of the pyridinium ion. | | | »

The cﬁemiqal ghifts of the ring-prot6n3‘in‘the metﬁyl pyri-
dinium ion from thoSe of'corresponding methvl pvvidinés,.the_
pyridinium ion, pyrldine, the corresnondlné methyl benzenes and
benzene werse caluulated. The resuvlts are shown in Table 8-~ 15
together w;th the observed values. ‘A few examples of the calcu-‘
latiQn:ﬁillvbe shown; A.

Example: 3methyl pyridine
A -proton
(1) from pyridine ‘ }

(+21.0 - 11.0) = +10 cps
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'(/2')v."’.'from toluene -

x (-0.019) x”lO.z = =8 cps

(_0.019),x 1o? + 21.0 -’11.0‘? -?h cps.
As is seen in Table B~15, the Qlaculé.tedv'valu'es are in good
agl”eement.wit’n the observed values. MNost of ﬁ’nem agreed within
tg cps’ at 60 M.c.( = 0.08 pom). Greater discfe‘paﬂcies were 4
found. for theo(—p’r*otons of the 9 sl dumetqyl pyridinium ion and
for tne F}- and X—-protons of 2,),0 t; lmetb*l pyridinium ion. The
methvl oroups et the d.—puSithl’l senm to afi‘ect the other protons
.dlffor‘entlv from those qt the P- and)/-bos:Ltlon, presumably due
to- non- adbltlve effocts wnen the hetero atom and the subs tituent

_ 6
. are ortho to one 511'101:1.’163?.:."2 -

| 2.‘-Chemica1 Shifts of Methyl Protons

The methyl pﬂoton chemlcal S“lItS at various *oosmtlons with
respect to the nltrogon atom were compa“ef‘ w:Lth the correspond—
| ing me"thyl'benz‘enes-. ‘Those &t ‘the P- and f—bOSltions were only
1~9 cps shif‘ted to high flf—‘ld whlle toose at tleO(.—posu:Lon
._wer’e shlfted 8N10 -cps to low Lleld at 60 M.c. The :'Lnductive
and dlamagnltic anlsotropv effects caused by the otner methvl
prrowms in di- and tri- subs ultuted methyl pyridines and the
effect of t"le slight caange of theﬂ-electron charge distribu-
"tlon on the ring carbon atoms as a result of replac:mg >CH by
-¢N: are almost nepll"lble on the matrwl Orotons. The 1ow_field;

shift of the methyl proton at the OC—positlon indicates thaf; t_he.



inducfive a4d anisotropic effects of the Plbro~en atom is the
onlv anreciable factors to 1nfluence the chemlcal shifts of the
methyl protons at‘thecx—p031tlon. |
b‘Thefmethylgprotoh chemiCal Shifts-Of.the protonated pvri—
‘dlpes were slso combqr@ﬂ w1th the corr spondln” nethyl ber“cnes.
Low: fleld snlfts by amounts of ~8 cps and ~11 cos have been

h

:found for thefgf.amg.r—'methVI f 0?onu.‘ The@%-wﬂth"1 nrotons
héve'aISOfbeen found to be shifted ;kuhe o low field by ~18
@ps.v-it is reaéonablé.tb  si"n the low fié]d shift at theI@-
X—metbvl protons to the gres ter dacroaoe of T{-electron denéity
at these positiohs th an Lﬂ the neutral p”fld7l . The further
lowlflel shift et *deCK—met l protons must erise mainly from
the'chanﬁ@ of the aﬁisobronv api 1nduct1ve effects of the nitro-

zen atom by protonatlon.‘.The anlsotropy effect results in a

high field‘ hift and the' ﬂduCtive effect in a low field shift.

 The sum of then is ‘to low field..

L)

C'on'c.e.ntr'_atioh Depéndénce of Chemical Shifts

As°um1 ng that there is a ra oi4 ex chénge'between the neutrel
pyridines and the positivéfpyridinium iqhs, the observed chemi-.
cal shifts ﬁﬁst'be Ehe averagedxchémical'shift of the two gpe-

cies. At higher acid concéntrations, the time the acid protons

—4

spend on the nltrogen atom shouli be _ongervthan in the less con-
centrated solUtion, so that the frgction of the pyridiniuvm ion
is larger at the . higher acild concentration. This explains the

'81ight{depéhdéhpe}bf;éhemical:shift»on7thé'acidcconCentratidn as

-



shdwn in_FigUre 9. The chemical shliusvof‘the'p—»and)’— protons
change bv rmich larﬁor'amount than that Of the X-proton on proto-

'

nation. This is glso showm by the re 1an1 »ﬂlopes of the con-
centration dependent chemical shift curves, The slopes of the
@— and ¥ -proton chemical Shift'versusiCdncéntration curves wer

larger than that of the-proton, which was alwmost nwcln wged in

=

the region of 0. to approximately 20 mole % r"r idine concentra-

L. Sienal of the Proton Which is Bonded %to the Witrogen Atom

The significant broadenin ng. of thu triplet has deen abtribu-
ted‘to.a‘shorter Ty relaxation tine of thefprotons which ars
‘nttacaod to “the nitrogen atom This onortow relexstion time, Ty,

is cauoed by the nuclear qvadrnpole folﬂvauwoq effects of the i 4

.

r 7
i

b0 . . e e s
- nucleus, - The concentTatlon debmnaence of the pOSlElOivOf this
triplet is strorng avidence for h*lrowen bond_betw en the nitro-

‘gen atom and the oxyzen ztom in ur¢fluoroacet1c 801d molecule.,




5. Coupling Constants

o 1.8

a. General Considerations

Several factors affecting the coup 1 ng conastents between

e

nuclei have heen considered. As mentioned in the introduction

o !3 I

the coupling constants between and H ' nave been found to be

relsted linearly to the s character of the carbon atomic orbi-
B2 . . . .
tals.73’74’7b’?8’““ The C'S—H' coupling constants in substitu-

8 , , ,
ted methqnes7 have been found to be dependent on the electro-

’

. / . -
ty of the svbstituents, dve to rearrangement of s, charsc-
r) H

1ac

ter in the C orbitals. Schaefer

negativi

MBS
also found that all ethyle-
nic H+H coupling constants decreased linearly with increasing

electronegativity of the substituents. An electronegative sub-

stituent X increases the p-cheracter of the C-X bond at the car-

&3]

bon atom by withdrawing 0-electrons, thus increcasing the
scter of the other carbon T=bonds, This 5 character increase

has been elegantly demonstrated by Gutowslty and Juan. An

electronegative substituent not onl¢ decreases the T-electron
dGDSLtv in the bond but aloo increases. the polarity of the bond.
Same distortion of the ULbond system.may also result from
indirect interaction with the T -electron system. In previous
considerations of the proton-proton coupling constantsag the
polarity of the g-bonds and the effeot‘of the TN-electron distri-
bution have been excluded, Thus MoCormell116 has suggested that

in the aromatic system the coupling constents between protons

around the ring sre dominated by the U=electron contributions.



b, Benzene and Pyridine
The coupling constants between the ortho-protons in substi-
tuted benzenes are 7~9 cps, those between the meta-protons are

_ : - 16
1~3 cps, and those between the para-protons are ~0 cps.l’l ’

117,116,119 In pyridine the ortho coupling constants between 2
and 3 ring protons are much less (L.5~5.5 cps) than those
betwsen 3 and L ring protons (7.3*«?;8 cps). The latter is
almost the same‘as in benzene. The meta coupling constants

be tween 2,l1,6 ring protqps are‘almost negligible, while those
between 3 and 5 ring protons are appreciable., At first inspec-
tion those couplings which include the X-proton are much smaller
than those in the benzene systems. On protonation all the cou-
pling constanté were Iincreased.

CompariSOn of the T\-electron densitiss and the coupling
constants in the pyridine and'pyridinium systems shows the lat-
ter to bé'independent of the Y-electron densities at the carbon
atoms to which the the protons are bonded. From this, it'can be
._éoncluded that the ring proton coupling constants in pyridines
are mainly dependent on the’gbbbnds end not on the TI- bond sys-
tem. Therefore one of the main factors which decreases the cou-
pling constants must be the decrease of g-electron densities in
the bond through which the protons interact. When a nitrogen
. atom réplaces ;;CH, the electronegative nitrogen aggm withdraws
the U= electrons from the bonds. Decrease of the g- electron den-
ity in the bonds causes the decrsase in the coupling constants

in the pyridine system relative to the benzene system. This is



o

. ' . 120
what 1s expected from Schaefer's correlation. The inductive

effect of the nitrosen atom rmust be smaller in the 03-04 hond

than in the Cz—qg hond bececuse the former is further seperated

641

from the nitrogen atom.  Thus the ortho coupling constant
between 3 and I ring protons in the pyridine system are less
reduced. tWﬂn t‘ose between 2 and 3 ring protons compared to the

benzene system.

3 . . . <
All the ¢® -m! coupling constants 1in methyl groups in the
78

pyridine sysbtem (~ 126 cps) are the same sz that of toluene.
The s character in the carbon atomic or‘itql znd the coupling
constants increase proportionslly; indicating that the nature of
the C-E g-bonds are not changed by the inductive effect of the
nitfogen atem, It 1s Turther indicated that the C-C 0=bhond

emalns

hetween the ring carbhen and the methyl
- - . . ¢ qs 4
unchanced, The P~C'3—JI coupling conatant in pyridine (~1EGcps)

is e8lso the zame as thait of benzen@.((’llV It ia therefore con-

o

cluded thet the nitrozen storm in the ring only aflects the 0=

bonds within the ring systern.

c. Pyridinium Cation Systems
‘s . U R 4.
In the pyridinium ion system the T -H  coupling constants

in the benzerne swstem.

s
o
&
2
-

nerallyv srialle:

around the ring are g=
However, thev are larger than in the oyridine system. The elec-
trone vit v of the positively charged nitrogzen atom 1s expec-

ted to be craater than that of the new bral nitrogen ator. There-

fore the inductive =2ffects through the U*bonls cannot be tThe



only factor which causes variation in the g g coupling con-
stants. Thg proton-proton coupling constants decrease in the
order, bhenzene, pyridinium ion, pyridine. Possible exvlanations
may be souvght in terms of:
(1) Isoelectfonicity. The pyridinium ions are the only
charged species, so that the comparison maj not be fair. It nay
be better to compare the’pyridinium ion J's with, say, thozse of
the simiiar&ly charged aniliniuvm ilon.
(2) 1Inductive effects due to strong resonance perturbation of
theTT—electroh charge density. There 1s some evidence that
elternation of Ti-electron density in conjuzated syatem polarizes

123 :
the 0= bonds, The releatlve order of Jy-electron densities at
the o - and{3—carbons is altered from pyridine to the py;idinium
ion. In pyridinium ions this would have the effect of reducing

: ! H

the inductive polerization in the C,-Ca bond. Ther if the C-¢’
coupling is determined by the polarity of the C-C bond, the
. sequence ﬁoted in this study becomes readily understandable.

'3 gl coupling constants are about 5 cops larger at the

The C
X-and y-position and 3 cps larger at the p-position then that of
toluene., These increases indicate larger s character in the C-H
bonds and confirm an inérease of inductive effects on protona-
tion. The increases are smaller here than in methyl amines
because of the larger number of O=bonds available Tor inductive
effects to travel through.

Unfortunately the ring C'S—H'coupling constants could not

be measured owing to the small ‘concentration ol the pyridiniun



o7

the apsctral comwlication. However, they are exvected

be larger than those in pvridines.
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