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ABSTRACT

The qhemicgl shifpvpf_protons in intramolecular
hydrogen bonds hgsvbeen measured'in ul ortho substituted
phenol type cqmpognds, ~The change in chemical shift
nAG, on formation of these hydrogen bonds is taken
as the difference between the infinite dilution chemical
shift of the parent phenol compound in Ccln solution and
the chemical shift measgred for the proton in the intra-
molecular hydrqgen bpndf_(This ghagge‘in chemical shift
is correlated“with the go?rgsponéing'frequency shift
" AY,, " in the -OH stretchiﬁg region of the infra-red
spectrum, L A _

The dilution chemical shift for the.-OH proton
in the o-halpphenolsvhag been investigated_ovér a concen-
tratiod range 1 - Sﬂmole %ﬂin‘csz and a temperature region
-53 to 107°C. Using the_infiniﬁeldilution shift values,
the equilibrigm Qon§tantslof the cis-trans conversion
were obtained. Values for S-CIS’ the chemical shift of

the completely hydrogen bonded form; the chemical

.5 TRANS’
shift of the unbonded form, and AH , the enthalpy of
formation of the"hyﬁrogep bond, were also calbulated.

From these results»a value forIABH, the enthalpy of formation
forlthe dimer was calpulgtg@, assuming that the major dimer

species in solution was fofmed from the combination of a

cis and trans bonded form.



Temperature studies of the change in chemical shift
of the -0H proton for 2,li,6-trihalosubstituted phenols is
also reported. The temperature range in this case was

0°C to 111°cC,

ABSTRACT APPROVED . . L] . L3 L] . . . . L] . . . L] [ ] *®
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1
'CHAPTER I INTRODUCTION.

1) General Considerations.
| The study_and 1ntérpr§tation'of factors which account
for the formation of a hydrogen bond has been of considerable
" interest to chemists for some years. Many expériméntal
techniques, inclﬁding diélectric constant ﬁeasurements,
vapour pressure studles and spectroscopic methods,'
particularly in the 1nfrared.region, have been adopted for
the'study of suéh bonding (1) (2) (3). .Since’1953; the
use of nuclear'magnetic resonance spéctroscopy as a means
of studying the hydrogen bond has indicated that this
relatively new method will equal, if not surpassgrother
means for obtaining information (lj). The recently published
work of’Pimenfel and McClellan (3) is particularly useful,
| since a general survey of all pérfinentvliterature on
'hydrdgen bonding fo 1956, as well as some to 1959, 1is
included as an appendix.
Pimentei.and McClellan define a hydrogen bond in the
fpllowing'mannerf : ‘ |
"A hydrogen bond exists between a functional group
-X-H and an atom or group of atoms Y in the same
or different molecule when |
(a) there is evidence of bond formation (association
or chelation) | |

(b) there is evidence that this new bond linking




-X-H and Y‘specifically involves the hydrogen
already bonded to X."

Using this definition, one must distinguish between
the two types of hydrogen bonding likely to occur; the
intermolecular, where the functionsl groups -X-H and Y
are in different molecules, and the intramolecular, where
both -X-H and Y are in the same molecule, with the
distance between them favourable to the formation of a
bond. |

| In 1953 Arnold and Packard (5) (6) discovered
that the chemical shift of the =-OH proton signal of ethyl
.alcohol was both concentration and temperature depeﬁdent.
Upon dilution in nénépolar solvents or upon an increase
in temperature the signal was observed to shift to higher
field. No similar shift was observed for the methyl or
methylene protons., | |

The lifetime of the hydrogen bond 1s very short
and the high field shift on dissociation of these bonds
is a time average of the varlous environments in the
solution (7) (8). The average shlelding parameter thus
increases as hydrogen bonds are broken in the system,
with consequeﬁt resonance at higher field for the proton
involved., Further studies on ethanol (9), various phenols
(10), and acetic acid (11) seem to confirm this inter-
ﬁretation. ‘ :

Pople and Marshall (12), in an attempt to explain

#S.C.Pimentel and A.L.McLellaﬂ, The Hydrogen Bond, W,.H.,
. Freeman & Co., San Francisco (1960), p.6 . - . .

g o
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.the low field shift of a proton on formation of a hydrogen
bond, considered the contribution to the chemical shift

of a hydrogen atom by an electric field E. The result

obtained
S- - & &> E° (1)
216 mceE .

the chemicgl shift

. where CS

m

mass of the proton

¢ w=. velocity of light

a = the Bohr radius
gives a shift of l p.p.m. for an electric field of 0.1l
atomic units, which is the field that would arise from a
single electron at a distance of 1.l A.

Pople, Schneider and Bernstein (13) also calculated
the contribution to the chemical shift produced by the
magnetic field induced by the Y atom on bonding, but
obtained a result which predicted a shift opposite to
that observed. Another term giving a similar result would
be the amount of covalent character of the bond X-...H -Y,
but this would be difficult to evaluate quantitatively.
Pople (12) concluded that electrostatic effects were of
considerable importance, since observed chemical shifts
~are always to lower field when a hydrogen bond is known
to be formed.

The major purpose of this work was to evaluate the
chemicai shift of the ~CH group (at low concentrations,

to reduce intermolecular effects) for compounds known to



contain an intramolecular hydrogen bond. The change in
chemical shift AO;“ from the infiﬁitef dilution chemical
shift of the parent compound was then correlated with the
change in frequency ZS\QH of the -OH stretchling frequency
in the infrared region. For some weakly bonded’species,
égstudy of the chemical shift as a function of temperature
'gnd concentration allowed the calculation of a heat of
formation AQAH for the hydrogen bond.

_'An ortho substituent on a phenol or napthol-is
favourably situated for the formation of an intramolecular
bond with the -0H group of the compound, The study was

confined to compounds of this type.



(11) Infrared and Dipole Moment Studies of Intramolecular
' Hydrogen Bonds in Phenols.,

A

Evans (1l) has reported an estimated barrier to
rotation for the ~0H group in phenol of 3.7bkcéi./mole.
Upon placing a subgtitﬁent capable of hydrogen bond
formation in the ortho position the fWo sites would no
longer be equivaient and the relative population of the
unbonded to the bonded form (trans/cisjvwould:depend on
the strength of the hjdrogen bond forﬁed, neglecting
intermolecular effects. In the -OH stretching region two
bands are observed due to the trans and cis forms, If
intensity measurements are used, an-estimate of the |

equilibrium constant may be made.

» One Of‘the first such studies was made by Wulf and
Liddel in 1935 (15) (16). TUsing dilute solutions of
6-chlorophenol in carbon tetrachloride they observed two
bands (7050 em-' and 6910 cm?') in the infrared which were
attributed by Pauling (17) to the frequency for a free
~0H (trans) and a bonded =-OH (cis). Several éther workers
studled éimilar compounds, but most of the work priér to
1953 was discounted by Rossmy, Littke and Mecke (18), who
made new measurements on carefully purified o-chloro,
o-bromo and o-iodophenol and stated that all earlier
quantitative measurements were in error due to the fact
that no special care had béen taken by earlier workers to

remove the phenol which ﬁas‘invariably present. Their



values for the trans/cis ratio (25° C) in o-chloro,
ofbromb énd'o-iodophenol in carﬁon té%rachloride solﬁtion
were' 1/ll;, 1/37, and 1/12 respectively. Calculated
values of AH were 1.l kcal/mole for oeiodophenol and
2.1 kecal/mole for o-bromophenol. It was stated that the
value for o-chlorophenol would be higher.

Probably the most reliable, and the most domplete,
infrared data on the -OH stretching region of o-substi-
tuted phenols is that obtained by Baker and co-workers
(19-22). For the o-halophenols, after purifipation by
‘several passes through a gas chromatograph, Baker obtained
aceurate -0OH stretching frequencies and from the band
intensities calculated trans/cis ratios of 1/56, 1/38 and
1/13.5 for o-chloro, o-bromo and o-iodophenol respectively
at 25°'C. Subsequently, he investigated the change in
frequency ( AV, ) relative to phenol for a series of
o-substituted phenols and concluded that A, is
roughly a measufe of the strength of the hydrogen bond,'

. formed. He further studled 2,l,6-trihalosubstituted
phenols where two bands are observed 1f the halogens at

the 2,6 positions are different.‘ Jones and Watkinson (23),
in their studies of o-halophenols, obtained results |
markedly different from Baker's,

‘Richards and Walker (2&527) have investigated a
series of similar orﬁhc-substitutéd compounds in various

solvents and, where possible, have attempted to correlate



their dipole moment measurements with the infrared data -
of Baker. They have measured the trans/cis ratios for
the o-halophenols (26) in carbon tetrﬁchloride, cyclo-
hexane, benzene and_dioxan; The order 1in cyclohexane and
carbon tetrachloride was found to be I>F>Br and C1;

in benzene I2Br> Cl and F; and in dioxan I>Br>ClL>F.
A prévious &ipole moment study in carbon tetrachloride

by Angilottli and Curran (28) gave the order F>» Cl>»Br

for the three o-halophenols‘studied.-



CHAPTER II. - EXPERIMENTAL PROCEDURE.
i) Preparation of Samples.

A “ Commercially available compounds (1i.e. Eastmén
Kodak or Aldrich Chemicals) known to contain an intra-
molecular hydrogen ﬁond of the type -OH--Y were purified
by fractional distillation or recrystallization from
suitable solvents such as cyclohexane,'chloroform, ether,
alcohoi or ascetone. The synthesized 2,4 ,6~trihalo-~
substituted phenols were purified by recrystallization
from_n-heptane or pentane. For ﬁﬁéhfemperature studies,
o~-chloro, o-bromo and o-fluorophenol were purified by
two passes through a Beckman Megachrom gas chromatbgraph.

Reagent grade carbon tetrachloride and carbon
disulphide which had been dried over phosphorus pentoxide
and distilled Wefe used as solvents in the preparation
of semples. In each case approximately one mole % of
internal standard (cyclohexane or tetramethyl siléne) was
added to the freshly distilled solvent, which was stored
in glass ether bottles.

All solutions were made up by weight using a
standard Mettler analytical balance and the mole fraction
of phenol calculated, In most cases solutions of

approximately 5 ml. volume were made up and a portion of

the solution transferred to 5 mm. pyrex tubes which had

been dried and stored in a dessicator over phosphorus



pentoxide. The tube was tranferred to a vacuum system,
the solution-was frozen in liquid nitrogen, and the tube
sealed after air over the sample had been pumped off.
Two tubes of each solution were made.

For the work on correlation of chemical shift with
infrared stretching frequency, carbon tétrachloride was
used as solvent, but since its melting point is too high
- for low temperature work (-23° C), carbon disulphide was
used for the subsequent temperature studies (m.p. -108°C).
Benéene, acetone, chloroform, or similar Solﬁents are
unsuitable for this type of study, since hydrogen bonding

with solvent moleéules would occur.
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i1i) Synthesis of 2,l,6 tfisubstituted halophenols.

(a) 2-Fluoro-l,b6-diiodophenol and 2-Chloro-
ly,6-diiodophenol
The procedure followed was essentially that

outlined by Baker (21). Eight grams of potassium
hydroxide and 0,10 mole of the ®-halophenol were
dissolved in 150 ml. of water. In a second beaker,
5k gm. of pulverized iodine were dissolved in a
cold solution of 26 gm. of potassium hydroxide in
400 ml. of water.and immediately added to the
phenol solution. Cold, 25% sulphuric acid was
added dropwise until a pH 6f 7. was reached. The
excess of lodine was removed by the addition of
so0lid sodium thiosulphate. The o0il which formed
solidified on cooling in ice and was recrystallized
twice frbm n-heptane. |

melting pt.(obs.) reported (21)

(corr.) |
2-fluoro-l,6-diiodophenol 56-56.5° C: 56-57° C
2-chloro-u,6-diiodophen01 93-95° ¢ 96° ¢

(b) 2-Fluoro-l,6-dibromophenol and 2-Chloro-u,6—
dibromophenol .

Prepared by the method of Raiford and Le Rosen(29).
Twenty ml. of glacial acetic acid and 0.10 mole of the
ortho halophenol were cooled in ice and 12 ml. of

bromine were slowly added. The solution was left
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for one hour and was then poured into ice water,
A 20% solution of sodium bisulphite was added to
remove excess bromine. The crude product was
dissolved in a 5% solution of sodium hydroxide,
decolorized with‘charcoal, and filtered. The
resulting solutlon was acidified with dilute
sulphuric acid to precipitate the product, which
was recrystallized twlce from n-heptane.

m.p. (obs.) m.p.(reported)
(corr.) . .

2-Fluoro-li,6-dibromophenocl 33-3&~5°C- 3=35°¢
2-Chloro-l,6-dibromophenol 70-71°C -
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111) Measurement of Chemical Shifts.

A standard Variau L0 Mc/sec VU300 High Resolution
Spectrometer was used for ell measuremente, except where
noted. In Onuer to achieve the base line stability-
required'fOr measurements at’cencentrations ef one'mole~%,
a twelve volt battery was placed in‘parallel with the ‘
filament supply to the V-4310 Varian RF unit. Chemical
shifts were measured using the side band technique, and
slde band frequencies were measured simultaneously by
adopting the circult recommended by Varlan NMR Instrument
Owner Bulletin, February 1, 1960, which allowed the
Hewlitt Packard model 522B Electronic Frequency Counter to
continuously monitor the side bands apﬁlied. A Hewlitt
Packard 200 CD Oscillator was used to supply side bands.
The variabiehﬁemperature apparutus'was that described by
Reid and Connor (30). }

For the work on correlation of chemical shifts with
-0H stretching frequency, the measurements were made by
superimposing a sideband for the internal cyclohexane
standard upon the phenol ~OH band using a Dumont type
30l AR Oscilloscope. Two measurements on each of the two
samples were considered sufficient. The estimgted accuracy
is X 1.5 cycles/sec, or 0.0l p.p.m. Since chemical shifts
were required to ¥ 0.1 cycles/sec for the temperature

_studiesg, another technique was adopted. The phenol -OH band
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was recorded onfchart paper with side bands before and after
it, using a Speedomax model H recorder (see figure 1). The
side band was switched off and changed while sweeping'through
the -OH band., The distance between side bands was from
10-l2icycles/sec and sweep rates were such that the length
on the chart paper was approximately 1 ecm./cycle. Five to
eight measurements were taken for each sample at all
temperatures., The internal standard for theao-halophenols
was cyclohexane, while for the 2,lj,6 trisubstituted halo-
rhenols tetramethyl silane was used and the values reduced
to that for cyclohexane. As measured in this laboratory,
the cyclohexane signal is 57.6 cycles/sec (40 Mc/sec RF)

or 1l.l; pepem. to low field from tetramethjl silane. The

- average standard deviation for o-chloro andto-bromophehol
measurements was T O.l.cycles/sec.; for o-fluorobhepoi

¥ 0.2 cycles/sec. and for the trisubstituted phenols

*+ 0.5 cycles/sec.



Figure 1,

148.2 . /s )
sideband 156.2 c/s

sideband

A

Representatlve pmr spectrum of o-halophenols showing
sidebands applied before and after the phenol -OH
resonance peak, The sample in this case was o—chloro-
phenol (2 mole%) at 27 C The sweep rate was

.86 cn. /cycle. ‘ Ly . .

-0H peak 159.7 c/s
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-CHAPTER III EXPERIMENTAL RESULTS.

i) Correlation of Chemical Shift With infrared stretching
frequency.

The values for the chemical shift at 1nfinite
dilution and the -OH stretching frequency for the parent
compounds phenol, l-naphthol and 2-naphthol are given in

Table 1 below:
TABLE 1

o ( . (1) (2) (3)
ompound (referred to
infinite dilution in CClu)( €My °") (CY ) \C;
' (Observed) (Corrected)

PeP.mm, PeDelms cm~}
phenol | 3.12 2.80 3604
l-naphthol _ 3.78 2.86 3594
2-naphthol 3.9 2,66 3601

Column 1 gives the observed infinite dilution shift of the
compound while column 2 gives the chemical shift
corrected for ring current using the model of Pople (31).
The circulating'TTelectrons of the benzene ring lead to

an additional megnetic field at the protons near the

ring which reinforces the main field H,, leading to
resonance at lower values of Hy than would normally be

the case. This leads to an approximate correction for

the chemical shift, given by:
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AO—:: - ez az
2mc* R

where: e charges on the electron

m = mass of an electron

o
n

radius of the benzene.ring (l.L A)

¢ o veloclity of light

distance from the proton under consideration
to the centre of the ring

Ao = the change in chemlcel shift due to the
_ influence of the -IT electrons.

These corrections were also made for the compounds
containing intramolecular hydrogen bonds. The experi=-
mentélly observed values, along with corrected values fof
O~ are given in Table 2. Column 3 gives the value of AT,
~ (corrected) from.the parent compound while column h givgs
the change in frequency AYe, (em~1). A graph of AV,
‘against AG;, 1is given in figure 2, the numbers on the
graph referring to the compounds in Table 2 (32). Infrared
data were obtained on a Perkin Elmer model 21 Double Beam
infrared spectrometer using 3mm. or lmm. sodium chloride
celln. All measurements were checked, where possiblé, with

those of Baker (20) (21). With the exception of ZX’Y:“

for o-nitrophenol, where Baker's value of 346 cm™' disagrees

with our value of 36l em=', there was good agreement. The
2,h,6 trihalo substituted phenols, where the 2,6 positions
contain different halogens, are not included in figure 2,

since two bands are observed in the infrared, corresponding
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to the two different bonds formed. As stated previously,
the magnetic resonance signal observed is an average of

these two forms (8).
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TABLE 2.
Cémpound o (sﬁf—-ﬁgg (O - TL) AG,, ‘IA‘(“
L | T o
1. Salicylaldehyde -9.51 -8.83 6.71 471
2, 5-Nitrosalicylaldehyde -10,05 -9.37 7.25 500
3; 5-Bromosalicylaldehyde -9.38 -8.70 - 6.58 L5l
lfo o-Nitrophenol -9.,14 -8.16 6.3l *326,
. 36k
5.‘2,u Dinitrophenol -9.6l -8.96 6.8l 388
6. Methyl Salicylate -9.12 -8.4) 6.32 395
7. o-Bromo Benzoic Acid -11,25 ~10.70 8.58 552,
8. o-Chlorophenol -3.97 -3.27 1.17 61
9. 2,4 Dichlorophenol -3.99 -3.31 1.19 63 -
10. 2,l,6 Trichlorophenol L. 20 -3.52 1,140 75
11. o-Bromophenol . -3.95 -3.27 1.15 92
12. 2,h~-Dibromophenol | -3.98 -3.30 1;18 83
13. o-Iodophenol -3.68 -3.00 0.98 105
1ly. o-Methoxyphenol - -3.98 -3.30 1.18 60
15. 2,6 Dimethoxypheﬁol -3.82 -3.14 1.02 56
16. o-Allylphenol -3.87 -3.19 1.07 63

17. o-Cresol -3.12 2.4y 0.32 -8

¢ ¢f., ref., 20.



Compound

18.

19.

20.

21,

22,

°§*<§:2f°¥4
HE=N~<TD

(W

| °*.H

HeaN,

18

TABLE 2 (cont'd)
( (3"/C32a5 i S - <3;n)

corrected corrected

PePells

12,49

-11.27

-11.13

©Z;°~,H 40D
H =N\(QH‘L)3/N:C-H |

0\ H H/O

o \-\.C= Ndwc-n

-11,36

-11.03

PePom,

-11.5k

-10.59

-10.45

 210.68

-10.08

N

PeDoll

9.42

8.47

8.33

8.56

AY,,

em~ !

(Overlaps
(-c-H

(stretich
( 3000cm=?

Skl

532

531
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TABLE 2 (contfd)

Compound ( o - (5") (O - G..’ AT, AV,

ppum, | COTTESted corrected
23. 1-Nitro;2-naphthol -10.53 -9.70 T.04 538
2h. 2,k Dinitro-l-naﬁhthol -11.20 -10.28 7.42 sh3
25. 2,5 Dichlorophenol -h.02 | -3.34 +1.22 65
26. o-Fluorophenol -3.62 -2.94 0.82 18
27. o-Phenylphenol -3.67 ' -2.99 0.87 45
28. l-Chloro-2-nitrophenol  -9.06 -8.38 6.26 35l .
29. 2-Bromo-li-phenylphenol  -3.93 | -3.25 1.13 75
30. l-Bromo-2-naphthol =145 -3.62 1.79 82
31. 2,l-Dibromo-l-naphthol  -L.L40 -3.48 1.5l 89
328 o(Methylthio)phenol -4.67 -3.99 1.87 194
P2 Methyl_égMethyégzigi -5.20 ~4.52 2.0 208
342 o-(isopropylthio)phenol -5.18 -4.50 2.30 205
35. 2,3,l,6-Tetrachlorophenol-l.l3 -3.75 1.63 80
36. 2-Chlor04h,6-dibromophenol ' , -

.27 -~3.59 1.47 -
37. 2-Chloro-l,b-diiodophenol-ly. 32 ~3.6l 1.52 -
38. 2,l,dichloro-6-iodophenol-l, 28 -3.60 1.48 -
39. 2-Fluoro-li,6-dibromo- |

phenol -3.85 -3.17 1.05 -

Lo, 2-Fluoro-l,6-diiodophenol-k.06 -3.38 = 1.26 -
b1. 2,L dibromo-b6-1iodophenocl -l.27 -3.59 1.7 -

(a) I wish to express my thanks to Dr. A.W. Baker for supplying
these compounds.
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ii) Temperature Studies of o~Halophenols.

The results of the chemical shift measurements
(relatiﬁe to cyclohexane) at various temperatures ére
given in tables 3 to 6, along with the values of J;” ,
the'extrapolated~infinite dilution shift. The graphical
results for obtaining cﬁgg,are given 1n figﬁre 3 for-
o-chlorophenol, figure L for'o-bromophenol, and figure 5
for o-iodophenol and o-fluorophenol. Figure 6 shows a
plot of cﬂq&, agalnst temperature for é-bromophenol,

which was used to obtain a trial value for é& the

g
chemical shift of the phenol -O-H when completely
hydrogen bonded. Similar plots‘were made for o-chloro
and o-iodophenol (see discussion). The solid points on
the graph for o-fiuorophenol (fié. 5) represent data
obtained by L. W. Reeves at 60 Mc/s éuring a visit to the
'National Research Council in the summer of 1961. The

measurements were reduced to L0 Me/s for inclusion in the

same figure,



Values of chemical shift éi‘in cycles/sec from cyclohexane
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Table 3.

obtained at various concentrations and temperatures for

o-chlorophenol, along with the extrapolated values for

obtained from Figure 3.

TEMPERATURE
107°¢
829
68°q
27°cC
. -1%

-53°¢

CONCENTRATION

0
151.2
152.6
153.3

156.1

159.2

1,22

151.5

153.2

158.6

159.7

2.02
152.3
153.5
154.7
159.6
161.5

17606

3 018

152.6

154.0

155.5

160,0

163.5

185.9

(MOLE % )

4.03
153.1
154.6
155.9
161.1

165.5

L.99
153.4

155.3

162.3

d

Moo

166.9

196.9



CHEMICAL SHIFT (cvcLeS/SECONE. FROM CYGLOMEXANE)

20 o 1y,

1.0 2.0 30 40 50

CONCENTRATION (moLE %)

Figure 3. Dilution chemical shifts at six temperatures for
the -0-H proton in o-chlorophenol at 1-5 mole % of
~the phenol in carbon disulphide. The numbers
refer to cyclohexane as an internal standard.
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Table 4.

Values of chemical shift-éi,in cycles/sec from cyclohexane
obtained at various concentrations and temperatures for
o-bromophenol, along with the extrapolated values for d;md:

obtained from Figure kL.

CONCENTRATION (MOLE %)

TEMPERATURE 0 1.16 2,02 3.13  3.7h 4.6l
107°¢c 150.4 - 151.5 - 152.0 152.8
82°¢ - 152.4 153.1 153.3 154.1 154.3

680¢ 152.7 153.2 153.7 154.0 154.7 155.3
279C 154.5 155.5 156.2 157.2 157.9» 159.0
-1%¢ 155.4 156.8 158.1 159.4 160.7 161.9
-189C 156.0 157.8 159.0 161.6 - 164.1

-539¢ 156.6 162.5 167.9 173.0 177.L 183.5
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2 - BROMOPHENOL

166
168

170

74

CHEMICAL SHIFT (CYCLES/SECOND FROM CYGLOHEXANE)

178

178

180

182

CONCENTRATION (MoLE%)

Figure L. Dilut.iorj- Achemica-l sﬁift_s at six temperatures for
the -0-H proton in o-bromophenol.



Table 5.

Values of chemical shift-cigin cycles/sec from cyclohexane
- at various concentrations and temperatures for o-iodophenol,

along with the extrapolated values fbr'ciqwobtained from

Figure 5.
CONCENTRATION (MOLE %)
TEMPERATURE O 1.37 2.11  3.00  4.21  4.78
1079¢ 141.5  142.2 - 142.6  143.5 143.6

82°¢ 142.8  143.4  143.6 143.9 1kk.5  145.0
680G - - o L8 5.7 146.6
27°C 145.8  147.0 147.6 148.2 149.9  150.7
-1°¢ 146.5 148.4 149.85 151.2  153.2  154.7
-220¢ - 152.4 '152.3 154,.6 160.0 161.6

-530¢ - 157.8  16L.9 168.6 179.5 182.7
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Table 6.

Values of chemical shift Qw in cycles/sec from cyclohexane
obtained at various concentrations and temperatures for

o-fluorophenol,
CONCENTRATION (MOLE %)
TEMPERATURE 0.966 1.91 2.85 3.62 5.35

a27°¢ 138.5 1lhkh.6 149.5 152.6 160.9

_lOC - 15608 16601 17107 182.6
-180¢ - 165.1 178.3 183.2 186.9

2 Data obtained by L.W. Reeves at 60 Mc/sec while at the
National Research Council, Ottawa, in August 1961. Values

are reduced to those for 4O Mc/sec for comparison.
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154

9-I0DOPHENOL

156 -

140]

CHEMICAL SHIF T (cYcLES/ SECOND FROM CYCLOHEXANE)

| 2-FLUOROPHENOL
* (NOTE CHANGE OF ECALE)

PR TR GO TR [ URE SR D, EUTUN NP SRS S
1.0 2.0 30N, 40 5.0
CONGENTRATION (MOLen%,)

Figure 5. Dilution chemical shifts. for the -O-H proton in
: o-iodo and o-fluorophenol.
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 Figure 6. The values of Qj,g,0btained from Figure li plotted against temperature.
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11i) Temperature Studies of 2,l,6-Trisubstituted Phenols.

_ Chemicgl shift measurements over the temperature
range 0 to 110° C for 2-fluorb-h,6rdibromophenol,
2-fluoro-l,6-diiodophenol, 2-chloro-l,6-dibromophenol, and
2-chloro-).|.,6-diiodophenol are given in table 7. In these
cases the chemical shifts were independent of conéentration
in the range studied (to lf mole %). Figure 7 is a graph

of these results plotﬁed against>ﬁemperature.
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TABLE 7

Values of chemical shift cgﬂin cycles/sec from cyclohexane
for some 2,lj,6-trisubstituted phenols at various
temperatures., The chemical shift was independent of

concentration in the range studied.

COMPOUND - » TEMPERATURE
’ 0% 25°¢ 51°c 73° 111°C

' 2~Chloro-li,6-diiodophenol 174.6 173.6 171.6 169.1 168.9
2-Chloro-l,6-dibromophenol 174e3 172.3 167.0 167.0 -

2-F1uoro-u,6-aiiodophenol 168.3 161.5 155.0 152.6 149.9
2-Fluoro-l,b6-dibromophenol 165.2 154.0 150.0 145.7 147.6
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CHAPTER IV, . DISCUSSION.

1) Correlation of Chemical Shifts with Infrared
Stretching Frequency. .

An ortho-substituted phenol or naphthol is
favourably situated for the formation of an intra-
molecular hydrogen bond with the -OH group of the phenol.
If the possibility of a strong hydrbgen bond exists, the
measured chemical shift will be that of the hydrogen
bonded species (33) (34), but for‘the weakly bonded

compounds, an equiiibriﬁm of the type

| H
R | @
o == @ N\

% 3
Trans Cis
will exist, ghd the chemical shift will be a weighted
average of the two forms (8). If the chemical shift is
measured in a noﬁ polar solvent at low concentrations
(~1 mole”%) the value obtained will be very nearly

that of the cémpletely hydrogen bonded form. _
Plotting the values obtained for AT, , the

change in chemical shift, against AY, , the change
in infrared stretching frequency, showstthat there 1is

a degree of correlation (figure 2), in spite of scatter.
One may say that the greater the change in chemical

shift, the greater the change in stretching frequency,
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and’the‘stronger fhe bond formed.

/ Upon examination of figure 2, one can see that
thevcompounds measured fall into three main classes.
The first class consists primarily of five membered

hydrogen bonded rings of the type:

x

O—H
where X can be 0, C1, Br, I or F. The second group
consists of five mémbefed fingsuconfaining an -0-H...S
bond, which-appears to be stronger than the previous
serles. It is possible that the larger sulphur atom
makes the ‘distances for bonding more favourable. The
third class consists of six memberéd_rings with the
hydrogen bonded to an oxygen or nitrogen atom, e.g.
o-nitrophenol. The larger size of the ring and the
directional nature of the donor orbitals favours a
stronger hydrogen bond providing one assumes that the
predominant term is electrostatic (35) (36).

J. R. Merfill(38) has recenély_published a
corrélaﬁion of C&(S;H With Zl\&;‘ for severai substi-
tuted o-hydroxybenzophenones, and Gutowsky (39) has
established a similar correlation of AG,, with ,A){‘o’
the change in carbonyl stretching frequency, for a series

of compounds, with fesults similar to those in figure 2.
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Two exceptions to the classes given above must be
noted. o-Allylphenol has a 6} membered ring with the
hydrogen bond formed with the T/ electrons of the allyl
group and is found in the weakly bonded first class.

The large éhemical shift obtained for o-bromobenzoic acid
is believed to be due to the formatlon of a hydrogen
bonded dimer rather than an intramolecular bond with the
bromine. The chemical shift is approximately that which
“would be expected for a dimer (37) (11) and the infrared
spectrum shows frequency shifté of'§6 énd 570 cm™!
respectively. The first, a very weak bond, is that which
would be expected for an -O-H...Br bond (21) (table 2),
while the second is that expected for a éimer'(ll). One

may conclude that even at concentrations of one méle %

there is little formation of an intramolecular bond.
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i1) Calculation of Enthalpies of Formation for the
Intramolecular Hydrogen Bond in o-Halophenols.

The observable chemical shift for a compound
containing a strong Intramolecular hydrogén bond is that
of the hydrogen bonded species (33) (3k4) (38), and the
chemlical shift 1s independent of cénéenﬁration as long
as there are no intermolecular contributions. However,
for a weakly bonded species (the first class discussed
in the previous section) at any concentration there will

exist an equilibrium

Trans Cis
which will céntribute to an average chemical shift.l
A further coﬁtribution will be obtained from any
intermolecular bonding. By measuring the chemical shift
( Cﬂm ) over a range of concentrations one is able to |
obtain an extrapolsasted infinite dilution shift ((SM°° )
which may be attributed to the equilibrium as in (1),
since the extrapolation will eliminate intermolécular

‘effects, Using the analysis of Gutowsky and Saika (8),

one may express the infinite dilution shift <§A«,as:

C§’ = :X:T'C§; + f)cc.CS; fz?

Meo
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5

[}

H

(]
xS
-t

"

mole fraction of the phenol in the
trans form. ‘

mole fraction of the phenol in the
cis form.

=

6_‘_ = chemical shift of the trans form,
CSC_ = chemical shift of the cis form.
6¢ and (&_ are assumed to be invariant.
The equilibrium expression for (1) at any temper-

ature méy be written

TRANS) ¥ ) b =-%] 5
Kn(‘r) = [CIS] = {_Kc‘] = (Xc] T

- since X.‘. + )(c.: 1. From (2), one obtains

_ émw—— Cg-r (4)
AU B

Substituting for Xc. in (3), an expression for the
equilibrium constant Kl(;)” at any temperature (T) is

obtained in terms of ¢§r s &c and {Mw:

SM;— gc.
& ~ Sue

ém is known from the extrapolations of figures 3, L

K\('r) = (5)

and 5 for the compounds o-chlore, o-bromo and o-iodophenol.

If one observes the slopes of the lihes for o-fluorophenol



32

(figure 5), it is evident that they differ from those of
the prevlious three compounds and in fact resemble the
curve one obtains for phenol (33), where there is no
possibility of an intramolecuiar‘hydrogen bond being
formed. This was taken as evidence that the intra-
molecular bond formed, if any, is so weak that the
previous analysis would not apply, since intermolecular
effects are still considerable at 1 mole %, which is
the limit of sensitivity for the spectrométer used.

For the other three phenols, lower temperatures
will shift the equilibrium so that the concentration of
the cis form is increased. At sufficlently low temper-
atures the phenol will be almost 100% cis form, which
will give a value for c{ e - In order”to obtaln a value
for éc R c{,\m for each pheﬁol was plotted against
temperature as in figure 6, and an extrapolation to the

maximm value made. The results were also fitted to an
equation of the type

. 2

5 = A 4+ BT «+ CT (6)

Moo o . o
where T = temperature °K
A, B, C are constants to be determined.

It was possiblé to fit experimental values of dﬂ~°to
equation 6 within * .1 cycles/sec for o-bromo and

o-chlorophenol and to within * .2 cycles/sec for

o-iodophenol. The equations obtained were:
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for o-bromophenol,

- 4,2
Jmo = 151.6 + §5.75 x 10°H)T  _ fl.éo x 10 )T

for o-chlorophenol,

ém= 153.6 4 (6,83 x 10”4 T - (2.00 x 10'4)T7"

and for o-iodophenol,

S,

™Mo

7. 4 (2,41 % 107)T  ~ (9.86 x 107%)T*

Using these equations, one may obtain an estimated
value for &c , 8ince it is possible to determine the

value for which the equation is a maximum; that is, when

280
ATy

Having found the temperature at which Jmis a maximum,

‘one can substitute back into the equation to obtain

C(moe (max.)  ywhich is approximately equal to 6

The reéults of this method are glven below:

o-bromophenol: Jma(max.) X cSc = 156.8 cycles/sec at 172°K
o= chlorophenol' cfmo(max. de = 159.5 cycles/sec at 1719K
o-iocdophenol: é',,m(max.)« Sc = 148.9 cycles/sec at 121°K
'I'hus, in order to determine values for the equilibrium
constant K.I.(r) s it remains to evaluate JT’ the chemical
shift of the trans form. In order to do this, one may

make use of the following relationship:

AF = AW - TAS =-RT L K, @
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According to Jaffe (38), entropy terms for these systems

are very close to zero, so one may write

AH == AF = =RTAn Ky )

A reasonable_va}pqwfpr ﬁ;rw;ll be that which makes (8)
approximately constant for all measured temperatures.

In addition, one then obtains a value for A H, the
énthalpy‘qf fo?@étion of the hydrogen bond,.which should
be reasonablyhgogqf”.Theurégults\pf thls analysis for
the three o-halophenols studiedré?e‘given in Table 8.

Values of K at:2SQC agree reasonably well with

()
t@ose_of Béker;ﬁ21)3 and a}sglwith_thqse of Rossmy,
Liittke and Mecke, but not with those of Jones and
Wétkinson (23). 'Howeyer, p.@.r._data do~not supﬁort
, Baker's_cgnteppiohvphat phe fQ—H,.Flbonq.is stronger

then the -0-H...I bond in thése phénols.
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TABLE 8.

Values of K )and OH for o-chloro, o-bromo and

1(x
o-iodophenol.

0o=Chlorophenol

Temp., °K K\ ¢v) AH (cal mole~!)
380 1/23 233
355 1/27 2320
34 1/30 | 2308
300 1/56 2392
272 1/91 232

mean value AH = 2356 cal mole”
Jc = -159.5 | cycles/sec  from cyclohexane
ér = +34 | cycles/sec  from cyclohexane

o-Bromophenol

Temp.; °k W K\ ny AH (cal mole~')
T 380 1/l 2011 *
341 - 1/22 2095
300 1/38 2161
272 1/58 2182
253 1/87 225l

mean value ONH = 2141 cal mole ™
3 Jc = =-157.2 cycles/sec - from cyclohexane

] é'\'_ - 51.9 cycles/sec from cyclohexane
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TABLE 8 (conttd)

o-Iodophenol
Temp., °K K\ ) AE (cal mole™')
380 1/7.6 1529 '
355 1/9.5 1581
300 - 1/19 1748
272 1/26 1746

mean value AH = 1650 cal mole~

C{ - -148.9 cycles/sec from cyclohexane
&r: - 8.9 cycles/sec from cyclohexane

% In order to obtain more reasonable values for
6-bromophenol, it was found necessary to change.the
value of Jc by 0.l cycles/sec to -157.2 cycles/sec.
This is within the error in extrapolation. The
fralue in &- is extremely sensitive to small"changes

in C{c , 8ince K is so small. However, AH 1is

1r)
not appreciably altered by this, and therefore the

values for ~AH are more reliable than those for C{T'
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1ii) Calculation of Enthalpies of Formation of the
Cis-trans Dimer for o-Halophenols.,
If one assumes that the change in chemical shift
from the extrapolated infinite dilution shift cg;aaat
low concentrations is dué principally to the formation

of dimers of the type

' N M
Qa + Q= QYL
x.-‘H ~ x...Hl

| cIs - | TRANS | CIS....TRANS
‘a furtﬁéf analysis may beuﬁédé to obtain enthaiﬁies of
formation for thése dimers. It i1s considered fhat the
concentration of the trans-trans dimer is always very much
less than that of the cis-trans_dimer, since the concen-
‘tration of the trans form is low, as shown by the values

for K y in table 8. One further assumes that this

vt
value of K \¢v) 1s applicable at concentrations of

one mole %.
If there are initially 'a' moles of phenol and

'mg! moles of CSzs and one lets 'mg' = number of moles

of cis form and 'my' = number of moles of dimer, one
may write as the number of moles present at equilibrium

for each form:
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Moles Mole Fraction

(a-mc-md)

Trans (a=m_-m,) - .
| el (2 - my) + mg
(mg - my) (1)
Cis (m, - A) ; mc < — .
. . (a - md)a-ms
m
Cis...trans m, : 4
dimer (2 = md)-»ms

One can then define an equilibrium constant Kzu—) in

mole fraction units:

feis...trans] = my (a - my+mg) (2)

?(;m = [cis]‘ [trans] ‘:& -me *'mJ] (mci'. m:\'

The followlng chemical shifts are needed:

S,

measured chemical shift at finite concen-
tration t'c!

i 6 chemical shifts of the trans and cis forms,
) Ve . respectively, as determined in section (ii)

61 J - chemical shifts of the trans and cis forms
4, V¢ in the dimer.

One may then write (8):
é"‘\c:: XT Cg-r + Xc c{c + XJ cg’ra + Xd &3 (3)

where x‘.) XC ) Xd are respectively the mole fractibné

of trans, cis and dimer forms. Substituting, one obtains:
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Assuming that the chemical shift of the cis proton in
the dimer is approximately equal to that of the free
cis proton; that is, 6 ~ JC » 1t 1s possible to

rewrite (li) as:

St ()R @

From the previous section,

(25204, + (394 ©

élv\oo as  way —3 0O

Aiso, JM

Since my 1is small, if one assumes that a - my%a

C

equation (5) may be rewritten as:

Swe® & (@G (F4)S,  7

Solving for Mys

Sune = Ses e
(&= &,)+(Sm.~ ot

my =

Let A

6"\:. - CSMeo ‘g
(STA - CST) +(£"'\c - CS‘““")
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Substituting in the expression for Kyyy  (2),

X = aAh (a - alA + me ) (9)

(a - me - ad) (mg - ad)

2()

From the previous section (ii),

m = a (10)
1+ K '

Substituting this in ( ), and neglecting terms in

r - -
(K 51 and (A) , which are small, the following

1 (T)
expression is obtained for chﬂ :

A (142K, a + mg (11)
Kz") = o K\c‘p) ) - a

With the exception of the chemical'shift for CS;J s all
values are known. From the work done in section (1),
a reasonable value for a proton in an -0-H..O0- hydrogen
bond would be approximately 8 p.p.m. or 320 cycles/sec.
Therefore, this value was used in calculating Kiz(T).
Values for cﬂncmmre taken from figures, 3, L and 5 at
one mole %. The analysis will not apply for the
higher teﬁperafures (108°C), since the concentration of
the trans form is appreciable, which will make the
assumptions made in deriving Kyyy 1nvalid.

By plotting log K 1(7)‘ against 1/T, one obtains

A H from the slope of the straight line formed.
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The graph of these results is given in figure 8. As
would be expected, AH for the dimer is more or less
independent.of a particular phenol, sinée the X
substituent would play little part in dimer formation.
The estimated accuracy is X .5 kal mole.  The values
of 5.8, 5.6, 5.l kcal-mole~™' for the o-bromo, o-chloro,
and o-lodophenol dimer are what would be expécted for

an -0-H...0 hydrogen bond.
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TABLE 9.
T t X
Compound _ empgﬁa ure L 2.67)
o-bromophenol 380 2.57
" 341 3.78
L 300 11,22
" 272 | 2.10
" 253 146.89
o-chlorophenol 355 li.5h
" ’ : 3“—1 7 . OL‘-
L 300 23.48
" 272 55.08
o-iodophénol ‘ 380 . 1.5
" 355 S 1.52
n 300 . 5.2

" 272 12,9
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iv) Variable Temperature Studies of 2,lj,6-trisubstituted
phenols.

As stated previously, the chemical shift 6f the -OH
proton of the 2,li,6-trisubstituted phenols was found to be
'independent of concentration in the range studied (2-& mole %).
This may be attributed to the fact>that the bulky effect of
the halogens prevents intermolecular assoclation.

It was thought that such compounds might also have a
chemical shift which would be independent of solvent, but a
study of 2,l,6-trichlorophenol showed that this was not the
case, since a shift was observed. Although the chemical
shift of the phenol proton is the same for inert solvents
such as CSp, CCl) and cyciohexane (-4.32 p.p.m.), there is
a shift in benzene to -3.83 p.p.m., in chloroform to
-4.2L p.p.m., and in acetone, to 8.94 p.p.m., indicating
that there 1s still solvent interaction.

In phenol itself there is a very strong concentration
dependence (10) but the infinite dilution shift should be
independent“ofvtemperature, since there is a symmetrical
barrier for the rotation of the hydroxy group about the C-0
bond (1li). This should also be true for ény phenol
symmetrically substituted at the 2,6 positions. However,
where the substituents at the 2,6 positions are different,
and there is a possibility of hydrogen bonding or steric
hindrance, the barrier to rotation will be unsymmetrical,

This should result in a temperature dependent chemical shift
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for the phenol proton, since the populations at each ortho
position will vary with temperature. If the difference in
energy between the two forms is larger, oﬁe should expect

a large temperature dependence; while a smaller dependence
would be expected if the'energy difference is small. At
higher tempefatures the chemical shift will tend to become
temperature independent.

An examination of the results for the four compounds
studied (figure 7) will show that this is the result obtained.
For 2-chloro-l,6-dibromphenol and 2-chloro-h,6-diiodophenol;
where the difference in energy bétween the two hydrogen
Bonded forms is small, the chemical shift becomes independent
of temperature at about 50° C. for 2-Chloro;u;6-dibrompphénol
and at about 70°C. for the other. Since the énergy differ-
ence is gféater for the chloro-iodo compbﬁhd, one would
expect a constant chemical shift to occur at a higher temper-
ature, as is the case.

For 2-fluoro-l,b-dibromophenol and 2-fluoro-l,6-
diiodophenol, where the difference in energy is much greater,
there is no indication that the measured chemical shift is
tending to a constant value in the range studied. Baker (21)
measured infrag-red intensities for these compounds at various

temperatures and reported similar behaviours.
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