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PREFACE

The research work reported in this thesis deals mainly with
hydrogen bonding in various classes of organic compounds. It
has always been the author's intention to extend his knowledge
and experience in this field to biological situations where the
hydrogen bond appears to be all important. Lack of time, however,
precluded any experimental approach. In the introductory section,
therefore, the author should like to depart from tradition and deal
with the importance of the hydrogen bond in biological systems.
This decision receives support since the excellent review of
hydrogen bonding by TICHYl tackles the subject of intramolecular
hydrogen bonding in non-biological systems in a very comprehensive

manner,



INTRODUCTION

“The most fruitful application of H bridge
theory will be to a better understanding
of complicated organic substances.”

HUGGINS, J.Org.Chem.,1,405 (1936),

Deoxyribonucleic Acid (DNA), Ribonucleic Acid (BNA), and Related

Bio-~polymers.

Nucleic acids are long chain molecules of high molecular weight
in which five-membered rings of the sugars deoxyribose, or ribose,
are joined by phosphate estef links. Each of the sugars has
attached to it a purine or pyrimidine type base, which can be of
four different types (Figure 1). In DNA these are adenine, guanine,

thymine and cytosine; in RNA adenine, guanine, cytosine and uracil.

Both DNA and RNA appear to possess a secondary structure by
virtue of the fact that the purine and pyrimidine bases can undergo
hydrogen bonding with each other. In the case of DNA, this
secondary structure takes the form of a long highly ordered helix
composed of two strands held together by hydrogen bonds between the
bases.2-4 The model looks like a spiral staircase, in which the
bases form the steps and the phosphate ester chains provide the
banisters (Figure 2). These intermolecular hydrogen bonds are not
made indiscriminately, but are restricted to specific pairs of bases,
the adenine (A) always being bonded to thymine (T) and the guanine (G)

to cytosine (C) (Figure 3). !



It is nearly six years since the first integrated argument was
presented that RNA molecules possess secopdary structure, in the
form of helical regions embedded within a single polynucleotide
chain.5 The secondﬁry structure of RNA arises from intramolecular
interactions, It takes the form of DNA-like helical regions,
arising frdm hairpin tuéns of the polynucleotide chain. The base
pairs in the helical regions are only A-U and G-C. Maximal »
formation of the A-U and G-C pairs occurs because non—bonded residues
can loop out of a‘helical region, so that the properly boﬁded,

complementary bases fall into place (Figure 4).6

Conformation of DNA in Solution

- It is now firmly established that this secondary structure of
the DNA molecule plays an important role in reproduction in the
living cell (aqueous medium), by an "unzipping"” of the double helix
to form two separate daughter strands which acquire a newly ’
synthesised strand of the correct base sequence to reform two new

double helical structures,

The biochemist has studied this destruction of the secondary

structure by a variety of techniques such as titration,7-10

11,12 13

ultraviolet spectroscopy, biological activity, and

macromolecular analysis (light scattering, viscosity, and flow

dichroism).l4'15

.These denaturation studies are often quoted

as providing additional evidence for the hydrogen bond stabilization
of the secondary structure of DNA.7’10 STURTEVANT et al.,16
however, conclude that the conventional WATSON-CRICK model in

which hydrogen bonds are the sole source of stability is probably
not completely correct. This is not really surprising if note is
taken of the fact that the long intermolecular hydrogen bonds
postulated for the base-pairing scheme would be expected to be

weak, If these N-H++-+N and N-H....0 bonds indeed have lengths



of nearly 3:0 R assigned to them, they would be expected to be
weaker than the 0-H...:.N, O-H¢°*++0, and N-H....0 hydrogen bonds
formed between the bases and water in the random coil configuration,
and would be much weaker than the strong water-water hydrogen bonds
in liquid water. Thus something else must account for the stability
of the double helix in aqueous medium. FAIX et al.l7 have employed
infrared spectroscopy in a study of the h&dration of DNA. There
"are three molecular subgroups in DNA (the heterocyclic bases,
deoxyribose, and fhe diesterified phosphate groups) which provide
sites where water molecules can be adsorbed. The five possible
hydration sites, indicated in Figure 5; may, of course, contain more
than one water molecule and conversely one water molecule may be
‘attached to more than one site. These authors conclude that water
adsorbs on the sites provided by the PO; Na* (area 1) of the DNA
backbone between relative humidity (r.h.) O to 65%. The P-0-C
(area 2) and C-0-C (area 3) oxygens also become hydrated below 65% r.h.
Above 65% r.h. the C=0 groups and ring nitrogens (area 4) become
hydrated. The hydration process is complete by about 80% r.h. and
further hydration occurs with swelling. At 80% r.h., therefore,

all the hydration sites of the DNA molecule are filled, and the
conditions for the stability of an ordered helix are still satisfied.
What then causes the "unzipping” of the DNA helix in aqueous medium?
Is the known stability of DNA strengthened by solvent effects?

These questions and many others might well be answered by considering

smaller bio-polymers under similar conditions.

Recently SUTOR'® has remarked that the structure of DNA has to
. 2 19
be constructed with CH----0(phosphate) contacts of 2-88 A.
She has summarized the literature and reports that many heterocyclic
examples which appear to exhibit this close contact phenomenon
contain a purine or pyrimidine skeleton. She concludes "it is
tempting to speculate as to wheather the CH-...0 hydrogen bonds

play as an important a part in the structure of biological molecules



as the others kinds of hydfogen bonds do." These arguments,
however, apply to conformation in the solid étate and need not
necessaryily apply to the conformation of such molecules in

aqueous medium,

Conformation of RNA in Solution

A great deal of interest has been aroused by problems associated
with the structure and function of RNA. It is believed to take a
fundamental role in protein synthesis, such as helping to determine
the sequence of amino acids in the protein undergoing synthesis.

Is the hydrogen bond an essential part in the mechanism? The RNA
macromolecules vary in conformation depending on such conditions as

the ionic strength, temperature, and other parameters.20

The biologists and biochemists have turned to the association
of synthetic bio-polymers and oligonucleotides for guidance on

conformation with function.

Bio~polymers and Oligonucleotides

Infrared spectroscopy can be of considerable help when studying
hydrogen bonding in inert solvents such as carbon tetrachloride.
When dealing with nucleosides, nucleotides, etc., however, we are
compelled to use aqueous media from the solubility point of view as
well as that of having the system as close as possible to that in
the living cell. This means that the normal approach of determining
whether hydrogen bonding occurs or not is almost impossible since
the water absorptioné will mask the hydroxyl and amino fundamental

stretching vibrations.

KYOGOKU et a1.2l claimed that when they mixed in aqueous solution

equal proportions of adenosine and uridine a complex crystal was



obtained. A hydrogen bonded complex between i-methylthymine

and 9-methyladenine has already been demonstrated in the solid
state by the X-ray method (Figure 6).22 The infrared spectrum

of the mixed crystal of adenosine and uridine showed a strong band
in the infrared at 1700 cm.m1 which was not observed for the two
nucleosides by themselves. These author321 attributed this new
band to a structure resnlting from a proton transfer from the uracil

to the adenine residue such as:
QN NH»p [e) .
NJ_\{\ILH“— ......... N \}
R/’ N= 4>-N
O ‘\R

This pairing is said to involve a %X-electron localization in the
C=N bonds of the adenine residue, giving rise to the new band at
1700 cm.-l. A similar situation was observed between cytidine

and guanosine:

Here, then, is perhaps an infrared criterion for the base pairing
scheme in nucleic acid structures. Indeed a number of experimental
facts have been recorded which show that the 1710 em.”) band is
certainly characteristic of the secondary structure of nucleic
acids.ga'24 The question to be asked, however, is what scheme

in the secondary structure is responsible for the appearance of the
1710 cm.”!
then this would put the interchain attractive forces of nucleic
acids on a different basis from those generally accepted. The
electrostatic attraction by proton transfer would almost certainly

account for an important part of the molecular stabilization.

band.25 If proton transfer in nucleic acids does occur,




Does hydrogen bonding hold'together the polynucleotide chains?
The importance of hydrophobic forces in biological macromolecules

may well be another factor in stabilization.

LIPSEIT et 31.26 have continued with these studies by observing
complex formation between long-chain polynucleotides and oligonucleotides.
They attempted to evaluate the relative bond stabilities of the
different base pairs in DNA [(A-T),(G-C)] and RNA [(A-U),(6-C)]. .
They took as models the association of polyuridylic acid and

adenine oligonucleotides. Polyuridylic acid associates with members
of the three series, pApA......pA, ApAp......A, and ApAp......Ap, larger
then the trinucleotide to form three-stranded 2:1 complexes in

0.001 M MgCl2 and two-stranded 1:1 complexes in 0-1 M NaCl, The
relative strengths of the component bonds in such complexes were
determined by measuring the thermal stability of the complexes,

eg. the temperature at which they are half-dissociated (Tm).27

In all three series the dissociation temperatures, Tm’ were quite
similar and increased with increasing oligonucleotide chain length,
Polyuridylic acid forms complexes with pApApApU, pApApApApU, and
PAPApApAUp which are less stable then the corresponding oligonucleotides
without the terminal uridine residue, These unbonded "tails" of
uridylate at the end of each oligonucleotide are bent sufficiently

out of position so as not to block a position on the polyuridylic

acid chain (Figure 7).

The synthetic polynucleotides have aroused considerable interest
because of their close relation to the naturally occuring nucleic
acids, Both the natural and synthetic polymers are capable of
taking up more than one secondary structure, and a great deal of
attention has been focussed on these structural changes. In
suitable environments many polynucleotides are capable of forming
elongated, helical molecules in which successive groups have a

28
fixed position relative to each other. LANGRIDGE and RICH ~ have



reported an X-ray diffraction study of the helical form of
polycytidylic acid. According to these authors the stable helix
form of polycytidylic acid is hemi-protonated (Figure 8). They go
on to say that in contrast to polyadenylic acid29 the additional
proton which is added to stabilize the polycytidylic acid helix is
involved directly in hydrogen bonding, while in polyadenylic acid,
the contribution which the added proton makes to form the helix is
predominantly electrostatic in character. The helical structures
assumed by these pblynucleotides are very similar in nature to those
adopted by another group of biological important molecules, the
proteins and polypeptides, where inter;amide hydrogen bonds are
responsible for the secondary helical structure (Figure 9). KLOTZ
and FRANZEN30 have studied the association of N-methylacetamide in
aqueous solution using the first overtone vibrations of the N-II
fundamental stretching vibration. Their results with this model
system for proteins and polypeptides lead them to believe that
interpeptide hydrogen bonds cannot contribute significantly to the
stabilization of macromolecular organization, Here again other

forces must be involved besides the hydrogen bond (cf. DNA and RNA).

To continue with the association of the polynucleotides, MILES and
FRAZIER 31
polyadenylic-polyuridylic acid complex by infrared spectroscopy

have recently studied the helix strandedness in the

(solutions in D20). Their measurements and conclusions are based
on the fact that different complexes have different spectra in the
region 1600-1800 cm.-l, resulting from hydrogen bonding between
bases and protonation of the pyrimidine ring. The different

Polynucleotides have the following spectral bands:

a

v e® v e? v e? v €

Poly A 1628 1057
Poly U 1692 710 1657 1230

Poly (A+U) 1691 436 1672 544 1631 398

Poly (A+2U) 1696 567 1677 378 1657 599



In this way one can differéntiate between poly (A+U) and poly (A+2U).
Thus infrared spectroscopy provides a useful and convenient

method of analysis, However, the X-ray method is still of primary
importance in determining the type of helix taken up by

polynucleotides.32-34

Infrared demonstration of two- and three strand helix formation
between poly C and guanosine mononucleotides and oligonucleotides
has been reported recently.35 The infrared frequencies associated

with the various complexes are summarized in Table 1.

It seems reasonable, therefore, that the use of infrared
spectroscopy in a study of these complexes will not involve
traditional measurements on v(0H) and v(NH) in inert solvents,
but rather the changes involved when proton transfer and hydrogen
bonding alter the vibrations associated with the carbonyl and ring
vibrations of the purine and pyrimidine bases. Admittedly, there
are many questions still to be answered concerning the mode of action
of biological molecules and, in particular, the importance of the
hydrogen bond in nature. A systematic study of the complex
formation of nucleosides and nucleotides might well reveal the
importance and function of the hydrogen bond. The fact that two
elongated polymeric species wrap around each other (in solution)
to form a two-stranded helical molecule, i.e. poly (A+U), must
infer a very high degree of specificity in the molecular structure
of the two polymers, So far studies have been restricted to
simple systems similar to those described above. Perhaps much
more valuable information might be gained by looking at systems
with various bases specifically employed along the polymer chain
and seeing if the association is maintained or partially destroyed.
THACH and DOTY36 have recently described the enzymatic synthesis
of tri- and tetra-nucleotides of defined base sequence. These

compounds might well provide a valuable link in a systematic study



of base pairing, One way or the other it is only by a long and
detailed analysis that molecules such as DNA are likely to reveal
"what makes them tick",

10



Absorption

TABLE 1%

. . -1
Maxima in cm,

1

Band Assignments

Materialt Protonated Guanine Cytosine  Unprotonated Guanine
cytosine ring carbonyl carbonyl cytosine ring ring
vibration vibration vibration vibration vibration

5'-dGMP + 1581
poly C : two- - 1682 1652 1622 1586
‘stranded helix
5 ’—dGMP + ) ]
2poly C : three- 1707 1687 16562 1623 1382
stranded helix
GpGpGp + 1581
poly C ; two- - 1679 1650 1621 1561
stranded helix .
GpG + 2poly C :
three-stranded 1707 1684 1655 - 1580

. . 1568
helix

* Values taken from ref. 35.

+ 5'-dGMP, deoxyguanosine-5'~phosphate.

Poly C, polycytidylic acid.

GpGpGp, guanylyl—(3'55')-guanylyl -(3, 5‘)—guanoslne—3'—phosphate

GpG, guanylyl~(3',5')-guanos

ine.

a Predominantly v(C-O) in both protonated and unprotonated cytosines.
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[Adenine '|
NHjp
NJT N
&N N’u
E-il{“:' NHz ———— Pol
. olymer
iHOK _© CHZ\___ N N Y
tory  PH SN A CcH OH
HG OH | Ho—p= N
(i HO O"—}i)=
{OH ~~~~7°""7"TTTTE i
._O_}_{ ..... [ I;IIO OH
| Adenosine | '
| Adenylic _acid |
| Dinucleotide (ApAp) |
DNA lacks

FIGURE 1. Nucleic acids (3 stages). RNA shown,
the hydroxyl group in the sugar ring at position 2".



DNA Structure B

Hydrogen

Oxygen

Carbon in
phosphate-ester
chain

Carbon and
nitrogen in bases

Phosphorus

FIGURE 2. Double helix configuration of DNA. (Reproduced

from an original drawing by Pr
F.R.S.).

of. M.H.F. Wilkens
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OH | OH OH
O—P—O—CHy;—CH—CH — O—P—0O—CH;—CH—GH — O—P—O
IV S
2 2 o
\CH/ \/CH/ ‘
] H
Thymine o ~N&o SN .’J\Q Cytosine
| |3 3
P . H i 3
., B P & &
N<_N o!
3l M N‘[\/N\H
. N
Adenine lﬂ NS Guanine
| N lLN\
CH,_ _CH
(ﬁ (ng /O 0 CHy ”
O— P —O— CH— CH—CHy—O—P— O—CH—CH—CHy— O—P—0
OH , OH OH
FIGURE 3.

Base pairing scheme in the double helical structure
of DNA, '



FIGURE 4.

™= Paired bases

— Unpaired bases

A schematic diagram of the secondary structure of
RNA.

15



)i
o 40
9 >0
- e O/ \-O
----H—h CHz\C{-I
Iy
d CH C
0 Moo QCH2
° ',
@ 40
0 0 8
—=—==Q N CHa_ /
Yy / C

FIGURE 8. A schematic drawing of one strand of DNA containing
thymine and guanine bases indicating sites for possible
water adsorption. (Redrawn from ref. 17).



17

FIGURE 6.

Hydrogen bonded complex between l-methylthymine

and 9-methyladenine. (a) packing of the base

pairs in a layer parallel to (010). (b) the
molecular dimensions of the base pair. (Reproduced
from ref. 22).



FIGURE 7.

| I
U (L) .-oooA

T WY
Ueverenp
UesesessA—U
l',.......;[\

+.‘.. ...?

Two-stranded complex involving polyuridyliec acid
and pApApApAU. The non-matching uridylic acid
residue of pApApApAU does not occupy a position
in the helix. (Redrawn from ref. 26).
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FIGURE 8.
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H

\N——H---Oy _»Chain
T S o

N« .......H_}/

Chain O~ F N

o—-——

Proposed hydrogen bonding between cytosine bases
in polycytidylic acid. The cytosine on the right
has an additional proton, as indicated by the + sign.

-llowever, the positive charge is probably distributed

over the pyrimidine ring. It is likely that alternate
bases along a given polymer chain will tend to be
prontonated. (Redrawn from ref. 28).



Schematic diagram of the secondary structure of a
polypeptide adopted through inter-amide hydrogen

"bonds.,

FIGURE 9.
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HYDROGEN BONDING IN PHENOLS

HISTORICAL

The first case of intramolecular hydrogen bonding to be studied
spectroscopically was that of the 2-halophenols. PAULING® '

interpreteted the appearance of two hydroxyl étretching;frequencies

to an equilibriuh between possible "cis" and "trans" forms,

H
O/ H\O
o oy
"cis" . "trans"

the high frequency band resulting from the "trans" form, while
the lower bonded frequency band was due to the intramolecularly
hydrogen bonded "cis" form, In recent times BAKER38 has
re~investigated a series of halophenols and his results can be

summarized as follows:

-1
Halogen Av(OH) cm. e:b/ef
F 20 -
Cl 58 0.56
Br 74 0.38
I 93 0.14

Av = v(0H) free - v(0H) bonded.

He observed that the concentration of the bonded "cis" form
decreases on going from fluorine to iodine ( from eb/ef values ).

Another group of workers,39 however, has also made a study of

21
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2-halophenols and their reéults suggest that the order of strength
of the intramolecular hydrogen bonds formed is F>I>Br>Cl, ‘

BROWN et a1.40 have made a study of the buttressing effect of
alkyl groups on the 3- and 6-position in 2-bromophenols, In the
case of 2,4~dibromophenol and 2,4-dibromo-6-methylphenol the
bonded frequency is 3528 cm.-l. Introduction of a 6-t-butyl
group into such a system shifts the frequency of the bonded band
to 3509 cm.-l. Further substitution in the 3-position by a methyl
group causes the frequency to shift to 3500 cm._l. In this study,
therefore, noticeable buttressing effects occur only when bulky
alkyl groups like t-butyl are introduced next to the hydroxyl,
thereby enforcing the hydroxyl group to point towards the adjacent
bromine atom in the 2-position. A similar situation has been

observed in a study of 2—nit.rophenols.41

An interesting contribution to conformational analysis of
phenolic compounds emerged from a study of 2-aminophenol and
2-dimethylaminophenol by BAKER and SIIULGIN.41 The spectrum
of 2-aminophenol showed only a single free hydroxyl absorption,
while that of 2-dimethylaminophencl exhibited a single broad
bonded absorption (Av=245 cm.—l). In the case of 2-aminophenol
the free electron pair orbital is perpendicular to the aromatic
nucleus, a situation which is very unfavourable for hydrogen bonding.
Introduction of methyl groups on the nitrogen atom, however, brings
about steric interactions and the methyl groups take up skew
arrangements with respect to the phenyl ring. This situation
now brings the electron lome pair on the nitrogen into a position

suitable for intramolecular hydrogen bonding.

OKI et a1.42 have studied restricted rotation in 2-propenyl-
phenols. The spectrum of 2,6-dipropenylphenol exhibits two
hydroxyl stretching frequencies (3603 and 3546 cm.-l) indicating
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freedom of rotation of the‘trans—propenyl groups. The spectrum
of the corresponding 3,5-dimethyl-2,6~dipropenylphenol, however,
exhibits only a bonded hydroxyl band (3526 cm.fl) suggesting that

OH OH-".. OH--.
\/ﬁr\/_“\/\dr
=3
-1

3603 3546 3526 cn.

the methyl groups in the 3~ and 5-position effectively hinder free
rotation of the propenyl groups and enforce an intramolecular

hydrogen bonded conformation.

In the case of 2-(phenylalkyl)phenols OKI et al.43 found that

for phenyl group devoid of any electron releasing or attracting

OH ; Av
Oy ey R
= 2 61

= 3 -

substituents, intramolecular interaction is limited to those
ortho~phenylalkylphenols with not more than two separating

methylene groups, i.e. n=0, 1, 2,

WULF, LIDDEL and HENDRICKS®* were the first to note split
absorption of the hydroxyl stretch first overtones in 2-hydroxy-
diphenyl. OKI et al.45 demonstrated that the interaction must
be of the OH:.:+X type by studying the effect of a para-nitro
group on the acidity of the phenolic hydroxyl in 2-hydroxy-4-
nitrodiphenyl and on the basicity of the non-phenolic ring in
2-hydroxy-4'-nitrodiphenyl. The expected enhancement and

suppression of the intrabonded forms were observed.
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ve = 3597 ' ' ve = 3601

vy, = 3554 NO, : | v, = 3579

A /Ay = 13 on ou Ay/Ag =1
NO9

In 2,2'-dihydroxydiphenyl two bonded v(OH) absorptions are
observed (Av=43 and 103 cm.-l).46 The OH:..+X interaction
accounts for the band with Av(0H)=43 em.”l. The other bonded
form is an OH...-0H interaction. This latter bonded form occurs
to a much lesser extent than the OH++++X; the conformation
responsible may provide some degree of strain although the Av

value is greater,
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INTRODUCTION

Conformational analysis of fairly rigid molecules such as those
of the steroids and triterpenoids is well established, but
comparatively little attention has been given to the stereochemistry
of more flexible systems and of molecular aggregates in solution.

In the present study two main types of flexible phenolic éompounds
have been examined, namely, the polynuclear novolaks and o~hydroxy-
depsides. | .

The a\rauilability'47 of a number of polynuclear phenols of the
novolak type (flexible molecules, in which the phenolic nuclei
are linked by methylene bridges) has enabled a study of their
hydroxyl stretching absorptions under conditions of high resolution,
These molecules assume well-defined intramolecularly hydrogen
bonded conformations both as monomers and, in certain cases,

as intermolecularly hydrogen bonded dimers.

As an extension of the study of conformational analysis of
flexible systems the infrared spectra of o-hydroxy-depsides and
related compouAds have been studied to determine the extent of
the interéction of the hydroxyl group with the ester linkage.

A reaction of value in determining the structure of gallotannins
is methanolysis48 whereby these o-hydroxy-depsides are split at
the ester linkage by methanol at neutral pH. This section of

the work was undertaken in collaboration with Prof. R.D. Haworth

and Dr. E. Haslam of the Department of Chemistry, University of
Sheffield. ‘

The experimental approach49 distinguishes non-bonded from
bonded hydroxyl groupings by comparing the lowered hydroxyl
stretching absorption frequency of the latter with the non-bonded



value of about 3600 cm.-l; Further, hydroxyl absorptions
frequencies due to intermolecular hydrogen bonds differ from
those pertaining to the intramolecular type in being dependent
on concentration, agd the number of non-bonded hydroxyl groupings
may be inferred from the intensity of the 3600 band relative to
the intensity of the same band in simple phenols.50 Certain
stereochemical requirements have to be met by conformations for
which reasonably strong (VOH ca. 3300 cm.-l) hydrogen bonds
involving phenolic hydroxyls are postulated: approximate co-
planarity of the C-0-H bond with the benzene ring;50 an 0--.+0
distance of approximately 2-7 R; and the hydrogen atom must lie
somewhere near a line joining the two oxygens. [The exact
positioning is not certain. The lone pairs on the receptor
oxygen probably induce a pseudo-tetrahedral disposition with
respect to the latter, though there is likely to be more trigonal
character in phenolic bonding than that of alcohols owing to
electron delocalization involving the aromatic nucleus.] The
weaker, OH....benzene ring, type of hydrogen bond is unlikely

to compete, except in unusual steric situations.
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RESULTS and DISCUSSION

The results are presented in three parts - first of all, the
general survey of the polynuclear novolaks leading on to a detailed
study of a series of alkyl substituted dinuclear novolaks and

finally the work on the pyrocatechol monoesters and related compounds.

Polynuclear Novoléks

The cyclic tetranuclear novolak (1) represents, perhaps, the
simplest case of those listed in Table 2 and illustrated in
Figure 10, From an examination of the Dreiding model, it would
appear that the most stable conformation should be that having a
closed ring of hydrogen bonds, with each of the hydrogen atoms
between two oxygen atoms as indicated diagrammatically (C in
Figure 11). The absorption data are in complete accord as the
only hydroxyl absorption in dilute carbon tetrachloride solution
is the broad, intense, symmetrical band near 3200 cm.-1 (Figure 10a)
which was concentration independent over the range examined ( since
a closely similar band was observed in the solid state, the crystal
may well consist of an array of such basin-shaped molecules). Most
interestingly, the acyclic tetra-, penta- and hexa-nuclear
novolaks (2, n=2, 3, and 4) absorb in a similar manner and it would
seem, therefore, that in solution these molecules exist as the
‘eyclic' intramolecularly hydrogen bonded monomers D, F and G,
respectively (Figure 11). The similarity in absorption pattern
of the cyclic (1) and acyclic (2,n=2) tetra-nuclear novolak is
illustrated in Figure 10a. The increased width and asymmetry of
the band of the latter compound is probably a result of the increased
mobility of the molecular backbone. Dimeric association at the
low concentrations examined is conceivable but unlikely in view of

the ease with which the models of the monomers can be induced to
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take up the conformations illustrated (Figures 11 and 12),.

(3)

OH OH OH

(4)

Unlike the preceding compounds, the di— and tr-nuclear novolaks
(2,n=0 and 1) show concentration dependent absorptions implying the
existence of self-association even at very low concentrations. This
behaviour (Table 2 and Figure 10b,c) is almost certainly due to
monomer-dimer equilibria and arises from the inability of the di-
and tri-nuclear monomers (A and B, respectively in Figure 11) to
form closed rings of hydrogen bonds in the manner already discussed
for the monomers of the tetra-, penta- and hexa-nuclear compounds
(D, F and G, respectively). Examination of Dreiding models suggests
that relatively unstrained closed rings of hydrogen bonds are possible
for the di- and tri-nuclears dimers, the former species (E) being
closely analogous to the tetranuclear compound (D), and the latter
(H) to the hexanuclear compound (¢). Although both E and H
apparently persist to véry low concentrations (abOut 1 mM), the
trinuclear dimer (H) seems the more strongly associated on the grounds

of both vmax and the relative intensities of the monomer and dimer
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bands. The measurement of molecular weight in solution at these
concentrations would have helped considerably, but unfortunately
no further supplies of the novolaks for which dimerization is

posulated were available.

The effect of ortho-substitution of the terminal rings of the
trinuclear novolak has been examined. As anticipated, introduction
of the methyl groupings (compound 3, Figure 10b,c) greatly reduced
dimer formation, while no dimer at all could be detected in fairly
concentrated solution of the di-t-butyl compound (4). Models of
the type H dimer of compound (3) show pronounced interaction between
the ortho methyls and it is conceivable that other cyclic conformations
(for example, I and J), where some of the benzene rings are orientated
in opposing senses and the methyl groups are directed away from each

other, may be more stable,.

The absorptions ascribed to the monomers (species B) of the
three trinuclear novolaks merit some comment. First, the trend
in the free hydroxyl frequencies: no ortho substitution 3596,
ortho methyl 3606 and ortho t-butyl 3622 cm.-l. The values for
the corresponding cis-conformations (OH direéted towards the alkyl

50-53 __
are

grouping) of single ortho-alkyl substituted phenols
3612, 3621 and 3647 cm.—l, respectively. [The ortho methyl value
given is that for 2,6-dimethylphenol since only a single unresolved
band at 3613 cm.‘-1 is observed for 2-methylphenol itself.] The

lower values of the novolak monomers undoubtedly register the electronic
effect54.of the intramolecular hydrogen bond on the terminal hydroxyl.
The same effect can be detected in the data given by COGGESHALL®®

and GODDU.56 Secondly, the broad bands assigned to the intra-
molecular bonded hydroxyls show some sign of sub-structiure and

indeed, frequency differences might be efpected between the two

hydroxyl groups involved. KUHN and BOWMAN®? sought .an indication

of such behaviour in their somewhat parallel study of simple acyclic

triols.
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It is interesting to coﬁpare the hydrogen bonding shifts, Av,
for the monomers of the series of novolaks (2,n=0,1,2,3, and 4)
given in Table 3, The considerable increase in Av on going from
(2,n=1) to (2,n=2) must certainly reflect the increaéed effectiveness
resulting from the formation of the cyclic system (D) of hydrogen
bonds. The simple addition of a fourth oxygen to the first three
would otherwise be of little consequence, Numerous workers4g—51’57
have discussed the nature of the association equilibria present
in solutions of aicohols and of phenols, Both cyclic (for example,
K) and acyclic (for example, L) hydrogen'bonded species have been
proposed. In the case of phenol itself the bands at 3485 and 3350
cm.-1 (Table 2) are generally held to be due to dimers (L) and
trimers, respectively, and on steric grounds it seems likely that
the latter might well be cyclic (K). On the other hand, the hydroxyl
region of a concentrated (2.5 M) solution of phenol in carbon
tetrachloride closely resembles that of a very dilute solution
(Figure 10c) of a trinuclear novolak where the acyclic monomer
predominates, and it is tempting to propose that the phenol trimer
is also acyclic. This argument is unsatisfactory, however, as the
novolaks are more closely analgous to the ortho alkyl substituted
phenols for which different values for v .[dimer] and v, [trimer]

50,53

are quoted. In fact, the Av values for phenol are dimer,

(equivalent to species A, Table 3) 126 em.”! and trimer 261 cm.”l.
The relatively large increase from 126 to 261 cm.-1 is 'a strong
indication that the band centred at 3350 cm.-'1 is mainly due to
cyclic trimer, Acyclic trimer or higher polymers may well be

present, but a cyclic tetramer could not be a major contributor,
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TABLE 3.

Av Values for the Novolaks 2, n=20,1, 2, 3, and 4.

n ‘ 0 1 2 3 4
Species assigned (Figure 11) A B D F G
No. of hydroxyls involved 2 3 4 5 6
av em.”) 141 217 307 411 421

4v = v [non-bonded] - voglbonded].
= 3611 - v [bonded].
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3600 3400 3200 3000 2800
Cm.--:l

Hydroxyl stretching absorptions in carbon tetrachloride

of the novolaks 1, 2 (n=1 and 2), 3, and 4.

Concentrations: (a) ca. 0.3 mM; (b) ca. 15 mM except

for 2 (nal) saturated solution; and (c) ca. 0.5 mM.

Cell paths: (a) 20 mm.; (b) 0.5 mm.; and (c) 20 mm,
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FIGURE 11. Summary of assignments for the novolaks (1) and

(2, n=0-4).
measurements in cm,

Valueglquoted are the frequency
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Indicates the C-H bonds of the
I methylene groups directed upwards.

u Indicates the C-H bonds of the
methylene groups directed downwards.

0
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FIGURE 12,

Planar projection of the Dreiding molecular model
of the postulated conformation (D) of the acyclic

tetranuclear novolak (2, n=2). The large and
small circles indicate the oxygen and hydrogen
atoms of the hydroxyl groups respectively. The
dotted lines indicate hydrogen bonds. The para-
t-butyl groups have been omitted.
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Alkyl Substituted Dinuclear Novolaks

COGGESHALL®® and, later GODDU’® have examined the hydroxyl
stretching region of a number of alkyl substituted dinuclear
novolaks (bis-phenylol alkanes) related to (2, n=0) but the
concentration and frequency ranges covered were narrow and these
workers did not elucidate the monomer-dimer relationships
established in the previous section on polynuclear novolaks,
However, it is cleér from COGGESHALL'S data for an ortho-di-t-
butyl substituted novolak that dimeric aséociation-is absent in
quite concentrated (0:5 M) solutions in carbon tetrachloride
(cf. 2, n=0). The cis and trans forms postulated by COGGESHALL55
to explain the non-bonded and bonded hydroxyl absorptions are now

55,56

unnecessary, but the peculiar effect reported for the dinuclear

novolaks substituted on the central aliphatic carbon requires

elucidation,

(s) | (6) (7)
2
"a, 11{=32=H- b, RI=H, R°=CH;
- e, R,/=, Roscyclohexyl; 1

d R1=H, R“:Yhenyli 5, R=

stcua; f, R=Cl,y, B =Et.
Four alkyl substituted dinuclear novolaks (5, 6, 7b and Te)

have been compared., . Compound (5) is representative of the type

of dinuclear novolak already discussed in the previous section of this

thesis when it was found that in the absence of ortho substituents

OH.+.+0H intra-bonding is dominant at low concentrations, but is

superceded by dimerisation (involving a complete ring of four

hydrogen bonded hydroxyls) at higher concentrations. The ortho-di-




substituted dinuclear novolak (6) exemplifies the type of heavily
hindered phenol for which intermolecular association is difficult,
and which permits an assessment of the competing intramolecular
situations, In the isomeric, but more heavily hindered dinuclear
novolak (7e), this latter situation is further'emphasised. The

degree of substitution of novolak (7b) is of intermediate extent.

Compound (5) [Table 4, Figure 13] shows the presence of three

hydroxyl absorptions in CCl Following the previous results

v 4°
the band at 3476 cm.-'l is assigned to an intramolecular OH--.-0H
hydrogen bond; the appearance of an unhindered hydroxyl group at

3611 t:m._1 (sa approximately equivalent to that for one phenolic

38

OH group) adds support to this assignment. The broad, concentration

dependent, band at 3300 cm.'-1 is assigned to the closed ring of
hydrogen bonds which results from dimeric association in the
manner already discussed., In chloroform solution where some
interaction with the solvent is to be expected the absorption
bands (Table 4, Figure 13) broaden and decrease in frequency and

the amount of interbonding is reduced.

Compound (6) [Table 4, Figure 13] has a more complex spectrum,
though introduction of the ortho-di-t-butyl groups prevents.self-
association, The shoulder at 3450 cm."1 (in 0014) is assigned
to the intramolecular OH-...0H bond (cf. compound 5, 3476 cm.-l).
Support for this assignment is adduced from the presence of the
absorption at 3639 cm._1 (in 0014), which is characteristic of a
hindered free hydroxyl group where the OH group is directed
towards a t-butyl group (ea equivalent to approximate}y half
that for one free hydroxy150). The sharper band at 3516 cm.
is assigned to an intramolecular OH-:::-benzene ring (oH...+x type)
hydrogen bond. OKI and IWAMURA58 have already shown that this

sort of bonding situation pertains in ortho-hydroxydiphenylmethane

1

(o-benzylphenol), where (in 0014) the OH-::-® bond absorbs at 3560 cm.”

1
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with Avg = 56 cm.-l. The unsubstituted phenyl ring is formally
more free to rotate than the corresponding heavily substituted

benzene ring of compound (6), but the band is about the same width.

Several conformers may be in equilibrium. Thus for CCl4,

the following conformations might be present:-

G(i) A conformer involving an intramolecular OH::-<OH hydrogen
bond (3450 cm,‘l) with the 'free' hydroxyl group (3639 cm.-;)
directed towards the ortho-t-butyl group}

ﬁ(ii) A conformer involving an intramolecﬁlar OH:+ .+« hydrogen bond
(3516 cm.“l) with the other hydroxyl group free, but not
necessarily directed towards the ortho-t-butyl group (this
would explain the slight shoulder at 3620 cm.-l).

6(iii) A conformer involving two similar intramolecular OH:...%
bonds (3516 cm.”)). |
6(iv) A conformer with both hydroxyls free (3639 cm."1 and 3620sh

em. 1),

OH OH

6(iii) 6(iv)
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The conformer(s) involving the intramolécularfOH'-ooﬂ type of
hydrogen bond is favoured in CCl4 (according tofea values).
In n-hexane solution, however, this conformation is more favoured
as can be seen by the increased intensity of the band at 3517 cm.—1
(Figure 13) at the expense of the other absorption bands. It is
interesting that the frequency of this band is practically the same
in all three solvents (Table 4). This fact gives support to
conformer 6(iii) since the 7M-bonded hydroxyl groups in this
conformation would be relatively inacessible to solvent molecules.
This trend of solvent behaviour might be énticipated on the grounds
that non-polar solvents will favour conformations in which alkyl
groups are directed towards the solvent cage and polar groups such
as hydroxyls are directed into the interior of the molecule. The
reverse situation would apply in polar solvents such as CHCl3 and
the exposed OH....0H arrangement could be directly solvated by
chloroform molecules. In summary, therefore, the intramolecular
OH:+-+X hydrogen bonded conformation(s) of 6 is strongly favoured in
n-hexane, but is less favoured in CCl4 and especially CH013, but

the exact.congtitution of the equilibrium mixture remains in

doubt,

Compound (7b) [Table 4, Figure 13] exhibits only two hydroxyl
absorptions in n-hexane, CCl4 and CHCI3. The high frequency
band, which must correspond to a free hydroxyl directed towards
an ortho-alkyl groupso, falls in frequency but increases in intensity
on going from n-hexane through CCl4 to CHCl3. The second band is
assigned to an intramolecular OH--++X hydrogen bond of the type already
discussed for compound (6), though the band is shifted to a slightly
lower frequency. The intensity data require that the dominant
conformer in n-hexane and CCI4 is the doubly Ol....%T hydrogen bonded

system [cf. 6(iii)]. The free hydroxyl absorption must arise from

conformer(s) corresponding to 6(ii) and 6(iv).
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Finally, compound (7e), the most heavily substituted of the
four novolaks studied in this section, has a single intense.VOH
absorption (Table 4, Figure 13). The bulky ortho alkyl substituents
prevent intermolecular association at all concentration levels
as was fully confirmed by molecular weight estimation in CCl4.
The molecular weight (vapour pressure method) was found to be
367 + 5 (theoretical 368). The single narrow absorption band
at 3484 cm.-'1 indicates that both hydroxyls must be similarly
hydrogen bonded intramolecularly to the ad jacent benzene rings
[cf. 6(iii)]. The only other possiblity would be the arrangement,
already suggested\by COGGESIIALL55 for these compounds, which involves
paired hydroxyls, g:g‘. However, such an association would seem
to have no precedent and is, in any case, sterically impossible
without twisting the OIl bonds out of the plane of the benzene rings.
The narrowness of the absorption band 40 at 3484 cm._l, as observed
in all solvents, implies a rigid58 well-defined complex. The only
conformation which would seem to fit the data is illustrated
in Figure 14. Methyl substitution of the centrai aliphatic
carbon (6—+7b-*7e) evidently interferes sterically with the
formation of the OHe-:+0H intramolecular hydrogen bond. Examination
of the Dreiding model of (7e) shows that one of these methyl groups
rotates into the line of the OH-+++0l intra bond as the 0+ev+.0
distance nears 27 8. On the other hand, these bridge methyls
are quite distant in the OH¢:++'X bonded conformer (Figure 14).

Some data for novolaks of type (7) [including (7b) and (7e)
discussed above] have been recorded by COGGESHALL55 and later
coppy°® (Table 5). In view of the present results the bonded
band in each case can be assigned to an OH::::X intramolecular
hydrogen bond. From the data in Table 5 it would seem that a
single bulky substituent such as cyclohexyl (7c) is sufficient

to enforce complete OH---+X bonding.
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Literature data (in CCI4) for three Ol-:.+.X intramolecularly

58,59

bonded compounds and data for compounds (7b) and (7e) are

presented in Table 6. A reference point is provided by WEST60
for phenol in benzene as solvent (3564 cm._l; the bonding shift,
Av = 47 cm.-l). The absorption characteristics displayed by
compound: (7e) -~ the bonding shift (Av = 163 cm."l), the half-band
width (Avi = 22 cm.-l), and the integrated absorption intensity

(A x 10-42= 9.8) - can only be explained by a particularly well-
defined and relati§ely strongly bonded conformation (Figure 14)
with a very limited range of internal movement. It is especially
interesting that the total integrated absorption intensities,

A x 10—4, per hydroxyl for (7b) and (7e) are respectively 3 and 4

times that observed for the other compounds.

To test the stability of this rigid conformation adopted by
compound (7e) all four novolaks (5, 6, 7b and 7e) have been
examined in basic solvents, In diethyl ether (Table 7) compounds
(5), (6) and (7b) exhibited very broad bands centred around 3350 cm,--1
a8 expected for OH-o-'O(Et)2 intermolecular association, though
in the case of compound (7b) the 3484 cm."1 band remained to some
extent, Compound (79), however, showed only the sharp intense
band at 3483 cm;—l, demonstrating that the intramolecularly
hydrogen.bonded conformation (Figure 14) is undisturbed in solution
in diethyl ether. Again, when compounds (™) and (7e) were examined
in pyridine, which is a much more basic solvent than diethyl ether,
compound (7b) exhibited a very broad band as expected for OH---NCsﬂs,
i,e, OHe+++X conformation broken, while compound (7e) still showed
a band at 3482 cm.” .

conformation is undisturbed in a solvent which is such a good

"It is quite remarkable that the intra-bonded

acceptor for hydrogen bonding, and it is the introduction of the
second methyl group which seems to be important. However, the
increased half-band width (Avi = 65 cm.-l) for (7e) as compared
with that in ether (Av; = 24 ;m.-l) can be explained by some slight

degree of interaction with neighbouring pyridine molgcules.
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The spectra of (7e) in the solid state (Kc1 disc) and in
solution (0014) were virtually superposable over the regions
examined [(3650-1600 cm.-l) and (1500-1000 cm.-l)]. Compounds
(5) and (6), howéver, exhibited marked differences, especially
in the fingerprint region (new bands and differences in relative
intensities). The conformation of (7e) in the crystal is
therefore presumed to be the same as that assigned from the

solution data (Figure 14).

An attempt has been made, with only limited success, to find
further evidence bearing on the conformation adopted by compound
(7é) by examining the molecule in other ways (n.m.r., u,v., and
g.l.c.). Since this rigid conformation involving two intramolecular
OH+- . <X hydrogen bonds exists at all concentrations examined
(01 M to 0-3 mM in CCl4) it was possible to determine the chemical
shift of the hydroxylic proton in this conformation by the n.m.r.
technique. It was found to be a single sharp, concentration
independent, signal at 5-1 tau. Addition of D20 caused this
signal to disappear slowly over a peroid of a few minutes.

[It is difficult to draw comparisions with other OH-:-*X intra-
bonded molecules since they usually require to be recorded at very
low levels of concentration to ensure no interbonding present].
There were no marked differences in the u.v. spectra for compound
(7e) and other phenols under consideration recorded in cyclohexane
paralleling the infrared measurements in n-hexane, Phenols
exhibit a high intensity band around 270 mu which is assigned to

a X — ©* transition, Both 2,6-di-t-butyl-4-methylphenol and compound
(5) have twin peaks in this region - 278 and 284 mu (€=2000) and
280 and 285 mu (&=4650), respectively. On the other hand, however,
compounds (6) and (7e) each have a single flat-topped peak -

285 mu (€=4650) and 284 mu (e=5100), respectively. COGGESHALLSS,
however, has found marked variations in the degree of ionization

of the different novolaks in solvents containing dissolved base.
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Compound (6) ionizes readiiy whereas compound (7e) undergoes very
little ionization [i.e..less acidic then (6)]. This information

is in keeping with the conformation assigned to compound (7e)
(Figure 14) where the hydroxyls are protected by steric congestion. .
The coﬁparative shielding from the environment experienced by the
phenolic groups in compound (7e) is furthgr illustrated by the
g.l.c. data reported in Table 8. Compound (6), which is isomeric
with (7e) but possessing much more exposed phenolié hydroxyls, shows
a more than three-fold increase in retention time on changing from
the non-polar hydrocarbon phase (Apiezon‘L) to the highly polar
polyester phase (phenyldiethanolamine succinate). By contrast,
compound {7e) under the same conditions has the same retention time
on both phases: such behaviour is in keeping with inhibition of
hydrogen bonding between the phenolic hydroxyls of the solute

molecules and the basic sites of the polar phase.

The alkyl substituted bis—phenylol alkanes (5, 6, 7b and 7e)
illustrate in rather a clear way how progressively increasing
steric congestion can affect the conformations of molecules and
their ability to associate intermolecularly with other molecules
of the same type or with those of the solvent.  Thus:-
(a) The lightly substituted bis-phenylol alkane (5) associates
tenaciously to form a ring of four hydrogen bonds (3200 cm.-l in
CC14). In very dilute solution the conformation of the monomer
involves a fairly strong O0I..<0H intramolecular hydrogen bond
(3476 cm.”! in ccl,).
(b) Introduction of twin bulky ortho alkyl substituents (6)
prevents self-association but not association with basic solvent
molecules, such as ether or pyridine. In solvents such as n-hexane,
carbon tetrachloride and chloroform the monomer is present as more than
one conformer and these involve OH-«¢:7 intré-bonds as well as OH...0H.

The least polar solvents (n-hexane>>CCI4>>Cu013) favour the conformers

bhaving OHee+-+% bonds.
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(¢) A single methyl substituent (7) on the central aliphatic
carbon greatly increases the dominance of the conformer(s)
involving OH...+%x intra-bonds but the hydroxyls are still

capable of association with basic solvents, One remarkable
featuré is the conformational control exerciséd by the solvent,

In n-hexane compound (7b) must be almost entirely in the completely
bonded OH::-% conformation {cf. 6(iii)]; im CHCl3

of conformer(s) with a free hydroxyl is greatly increased at the

the proportion

expense of the OH: -+ +% intra-bonded conformétion; in CCl4 the effect
is intermediate.

(d) Introduction of the final methyl substituent (7e) forces the
molecule to adopt a single very restricted conformation (Figure 14)
having two identical OH..:«R intramolecular hydrogen bonds

(3484 em.”} in 0014). The hydroxyls are buried within the molecule
" and their stretching frequencies, v(0H), are almost unaffected by

even strongly basic solvents,

Finally, the spectrum of (7e) in the solid state shows the same
well-defined v(OH) absorption at 3484 (:m.-1 asvin solution and
the conformation in the crystal is therefore presumed to be the
same as that observed in solution. Support for these findings
concerning the "narcigsistic" conformation of compound (7e)'coﬁld
come from an X-ray analysis of a suitable heavy atom derivative.
Such a spiral conformation is formally capable of optical resclution
provided the strengih of the two intramolecular hydrogen bonds
is sufficient to maintain the conformation under the conditions
employed in the attempted resolution. Should this prove to be
the case, this molecule, or a suitable derivative, would be the
first example of optical activity where asymmetry is largely

maintained by intramolecular hydrogen bonding.
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Hydroxyl Stretching Absorptions of Compounds (5, 6, 7b and 7e).

n-hexane CCl4 CHC1
Compound Assignments
v Avi e v Avi 2 v sz e?
2 2 : )
5 Insoluble 3611 26 170 3600 40 190 '‘Free'
3476 100 125 3450 br 140 OH...-0H intra
3300 br - OH+---0Il inter
6 3647 - 85 3639 32 100 3631 32 165 'Free' hindered
3620 shb - 3620 shb - Free ’
3517 38" 330 3516 58 210 3515 -~ 85 OH....% intra
3470 sh 100 3450 sh - 3440 - 85 OH.«..0H intra
7b 3647 - 25 - 3634 - 40 3626 18 100 Free hindered
3500 36 665 3499 50 385 3500 82 245 QH+-+-%X intra
Te 3483 15 1650 3484 22 1000 3486 40 630 Qs+« intra

All absorptions were found to be concentration independent over
the range studied except those for compound (5).

and cell paths are given in Figure 13.

— Not measured.

sh Shoulder.

br Broad band.
b Half-band width measured by reflection of undisturbed wing.

Concentrations
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TABLE 5.

55,56

Literature Data Recorded for Hydroxyl Stretching

Absorptions of Compounds of Type (7).

v(0H) absorptions in CCl
Compound R R 4 &p ¥ s Ref.
v(OH) free v(OH) bondedt Ep + &

Ta H H 3636 3500 69.7 55
b H ol 3636 3500 81.7 55
Te H  cyclohexyl 3480 100 55
7d H  phenyl 3636 3500 92.3 55
Te CH, CH, 3480 100 55,5
1 CH, C,H, 3480 100 55

T Assigned to OH:--+X in the present work,
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TABLE 6.

Summary of Hydroxyl Stretching Absorptions and Integrated

Absorption Intensities for Various Phenols in CCI4.

- Compound v Avi e® Av* A x 10—4 Assignment
)
p-cresol 3612 17 200 - 1.25 Free
o-hydroxydiphenyl 3607 18 25 - 0.18 Free
3565 17 200 46 1.17 OH+«+-«m intra
2,2'-dihydroxy- 3599 18 55 - 0.30 Free
diphenyl 3554 19 390 57 2.28 OH--++X intra
o-hydroxydiphenyl- 3611 17 - 0.87 Free
methane® 3560 56 51 0.80 OH:---% intra
K 3634 - 40 - 0.25 Free
3499 50 385 148 - 6.90 OH....T intra
Te 3484 22 1000 163 9.80 OH++-+T intra

 All samples examined in 2 cm. cells (ca ,0-01 M). Areas

calculated according to RAMSAY'S method .

T Av = v(0I) free - v(0H) bonded The value for v(OH)

free has been taken as 3611 cm.  except for,7b and Te where
the value of 2,6-di-t-butylphenol (3647 cm.” ) has been
adopted.

* Results taken from ref. 58. In this reference QKI and
IWAMURA quote a value of 0.20 and 1.28 for A x 10° for the
free and bonded hydroxyl absorptions of o-hydroxydiphenyl
respectively. 4



Hydroxyl Stretching Absorptions for Compounds (5, 6, b
and 7e) in Diethyl Ether and Pyridine.

TABLE 7.

Solvent Compound Molarity v sz 'E Assignment
Diethyl ether 5 0.13 (3350) br - OH-.--o(Et)2
6 0.10 (3350) br - 0H--~0(Et)2
b 0.05 3484 - 160% OH....w intra
(3300) br - OII----O(Et)2
Te 0.04 3483 24 1070 OH---+% intra

Pyridine b 0.04 (3200) br - OH- + » NC,II
Te 0.06 34821 65 800 OH-+++T intra

Cell thickness 0.5 mm,
* Apparent peak height use
from overlapping 3300 cm.

Values in parenthesis are approximate.
? without substraction of contribution
band.

+ There is extemsive broadening at the base of the peak which
may correspond to a little intermolecular association.



Retention Times for Compounds (6) and (7e).

TABLE 8.

Column Conditions: Compound Rt mins,

0.5 % Apiezon L n-Docosane (022) 7.8

at 175° and

30 ml./min. 6 20.3
Te 9,05

2 4% Phenyldiethanolamine ‘n-Octacosane (028) 14,05

Succimate at 175 and

20 ml./min. 6 72.50
Te 9.05
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Cm.-l
FIGURE 13, Hydroxyl stretching absorptions for solutions of

compounds (5, 6, 7b and 7e) in n-hexame («--:+),
carbon tetrachloride (~——— ), and chloroform

----- ). Prequency values quoted are for CCl,.

Cell paths: n-hexane and CHCl,, 0.5 mm; CCl4, 2 cm;

Concentrations: n-hexane, ca. 5 mM, CCl4, 1 mM,
CHCly, 3 mM, ‘




FIGURE 14.

(i

Planar projection of the Dreiding molecular model

of the single conformation assigned to compound (7e).
The large and small circles indicate the oxygen and
hydrogen atoms of the hydroxyl groups respectively.
The dotted lines indicate the hydrogen bonds. The

front edge of the molecule is depicted by heavy lines.
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Pyrocatechol Monoesters and Related Compounds

The infrared spectra of various o-hydroxy-depsides of the
type (8) and related compounds (9 and 10) in several solvents
have been examined in an attempt to determine the extent of

interaction of the o-hydroxy group with the ester linkage.

oH 1 R OH
EZ]OCOR ' E:]ocoph : E:]OR
] , ‘ ;

(8) (9) : (10)

The effect of ortho-substitution in phenyl benzoate by groups
other than hydroxyl was first examined (type 9, Table 9) and,
in general, a small increase in the carbonyl stretching frequency,
v(C-O) (in CCl4), was noted; the obsérved shifts could not, however,
be correlated with the corresponding Taft o* valnes62 of the
substituent groups. There was no indication of split bands of
the-type encountered in the ortho-substituted benzoate series,

where they have been attributed to conformational isomers

(11a, 11b).63 One compound, guaiacol benzoate (9, R=0Me),
R .
O//R o o
(11a) (11b)

was examined in several solvents and the carbonyl absorption
(Table 10) showed the expected63 fall with increasing solvent
polarity, In chloroform there was evidence of slight splitting
which could be explained in terms of the existence of more than
one conformation of the ester molecule or, more precisely, of its

solvated complex with chloroform molecules.
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In contrast to the abové results, two distinct carbonyl bands
were observed with the introduction of a hydroxyl group into
the ortho-position of a phenyl ester. The rethts for compounds
of this type (8) are listed in Table 11, and illustrated in
Figure 15. At low concentrations in carbon tetrachloride where
any intermolecular associations, other than with the solvent
molecules, have been eliminated, the effect is concentration
independent and is readily explicable in terms of two intra-
.molecularly hydrogén bonded species (e.g. 8a and Sb). Species (Sa),
for which the carbonyl absorption is slightly displaced to a
higher frequency relative to those of the reference compounds
(Table 9; 9,R=H and OMe), is analogous to that suggested by
HENBEST and LOVELL64 in a study of the acetates of cis-3,5-
dihydroxy-steroids, and to the five-membered hydrogen bonded
conformation of pyrocatechol65 and of other pyrocatechol derivatives
discussed below. Species (8b) exemplifies the seven-membered ring
type of intramolecular hydrogen bond: carbonyl and hydroxyl
absorpiions are both markedly lowered but the breadth of the latter

H ...O H O ?H
e \ X _He-N=CCH
o8 o /\};R o) /C“ O—CR o~ 3
O\ o o o o
CIfR:; A5 ﬁn
o) o)
(Sa) (Sb) (Sc) (8d) (Be)
Yor 3590 3380 3607 3600? 3365 cm. )
Yeo 1753 1712 1750 1745 cm.
suggests considerable molecular flexibility. The ester grouping

-1
cannot be planar in this conformation. The shoulder at ca., 3607 cm.

indicates the presence of a small proporfion of a conformation bearing
a free hydroxyl group, for example (8c), though species (8d) would

also explain this absorption.
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Similar conclusions caﬁ be drawn for the other two compounds
shown in Table 11, For the protocatechuate derivative (8; R1=Ph,
R2u002Me) the methoxycarbonyl group accounts for a part of the
carbonyl absorption at 1726 cm.-l. There is a higher proportion of the
lower frequency carbonyl band in the O-acetate (8; R1=Me, R2=H):
this might be ascribed to the greater basicity of the acetate than
of the benzoate carbonyl, though the changed proportions do not

seem to be reflected in the hydroxyl region.

These assignﬁents are supported by meésurements for the benzoate
(8; R1=Ph, R2=H) at different temperatures (Table 12) and in solvents
of varying polarity (Table 13). In tetrachloroethylene increase
in temperature results in the expected increase in the ratio (R)
of the intensities of the high frequency bands [already ascribed to
‘the less strongly bonded form (8&)} to the low frequency bands, The
solvents shifts for the carbonyl group showed a rough parallel with
those of the model compounds (Table 10) except for the behaviour in
acetonitrile where the intermolecularly bonded species (8e) undoubtedly
predominates (cf. the solvent shifts for benzophenone and phenol
listed in Tables 16 and 15, respectively, and the ensuing discussion).
The intramolecularly bonded species (8a and 8b) persist in chloroform
solution and it may be noted, in accordance with other experience,
that the solvent shift of the intrabonded carbonyl (that of 8b)

is relatively small.

Results for some related compounds of type (10) are given in
Tables 14-16 and illustrated in Figures 16 and 17. 2-o-Hydroxy-
phenoxybenzophenone is of special interest as here there are at
least three, and possibly four, electron-rich sites for intramolecular
bonding by the phenolic hydroxyl group. The absorptions have been
assigned to the three conformations (12a, 12b and 12¢) by comparison
with the results in Figure 16 and Table 14, and in the 1iterature.49
The confofmations (12a and 12b) are analbgous to (8a and 8b), though
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the predominant one, (12b), involves a hydrogen bond closing a

9-membered rather than a 7-membered ring. It is often assumed that

CHyC=N

ISP

ﬁm@rﬁm 5 &

(12a) - (12v) (12¢) (124d)
voy 3561 3274 3531 . 3364 cm. -
v 1670 1657 1670 1667 cm._l

Cco

intramolecular hydrogen bonding closes only 5- or 6-membered rings;
such bonding is certainly common but there ¢an be little doubt

that formal ring s8ize is not the most important criterion for
successful intramolecular hydrogen bounding. The molecule must be
free to adopt a conformation in which the'hydroxyl group and the
basic centre are favourably placed with respect to both distance

and orientation from one another. The propoftion of molecules in

- this form will, of course, depend on many factors, for example, the
number of alternative conformations and their energy content, the
nature of the solvent, and the temperature of the solution. Systems
involving relatively rigid units such as the benzene ring are often
fairly restricted as to the number of distinct conformations they can
adopt. In such cases, conformers (e.g. 12b) may be detectable
which involve intramolecular hydrogen bonds between centres at first

sight widely separted.

The behaviour (Figure 17 and Tables 15 and 16) of compound (12)
in various solvents is much like that already described for the

benzoate (8; Rl-Ph, R2-H). The intramolecular hydrogen bonds are
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broken (only partially with 12) in acetonitrile, but not in
chloroform, as can be seen from the comparative values provided
for phenol and benzophenone. The carbonyl band of 2-o0-hydroxy-
phenoxybenzophenone (12) at 1650 em.” ! (in acetonitrile) is
assigned to the intra-bonded conformer (12b) in equilibrium
with (124). ' |

The conformational equilibria revealed in this work must play
some part in detefmining the reactivity of the compounds concerned,
It is particularly interesting that the infrared method permits some
evaluation, admittedly very qualitatively, of the change in the
proportions of the various conformers with change of solvent and
of temperature.  Further studies with a greater variety of
substances and solvents would be of value; thus measurements in
methanolic solution should show the effect of solvent on the
carbonyl absorption of o-hydroxy-depsides of type (8) and lead to
an understanding of the easy methanolysis, Recently HANSEN66
has reported the kinetics of alkaline hydrolysis of catechol
monoacetate (in methanol).. The hydrolysis of catechol monoacetate
(pKA = 8.56) was found to be 500 times faster than expggted from
a consideration of the inductive and resonance effects. This
author attributes the fast rate of hydrolysis to intramolecular
hydrogen bonding between the phenolic hydroxy and the ester oxygen
facilitating cleavage between the ester oxygen and the carbonyl

function,



Carbonyl Absorptions of Some ortho-Substituted

TABLE 9.

Phenylbenzoates (9) in cel,.

R v(C=0) avy e
3
H 1746 13 665
Me 1746% 14 690
Cl 1753 14 730
Br 1751 11 760
OMe 1748 14 655
N02 1756 14 720
Solutions ca. 1.5 mM in 5 mm. cells.

* Asymmetric peak,
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Carbonyl Absorptions of Guaiacol Benzoate (9; R=0Me)

TABLE 10.

in Various Solvents.

Solvent : v(C=0) ave e?
n~hexane 1754 10 820
CCl4 1748 14 655
CHC1, (1740%*) 26 430
CH3.CN 1740% 17 530

Solutions ca. 30 mM examined in 0.51 mm cells,
except for n-hexane (15 mM in 0.51 mm cell),
Values in parenthesis are approximate.

* Asymmetric peak.
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TABLE 11.

Hydroxyl and Carbonyl Absorptions of Soﬁe ortho-Hydroxy

phenyl Esters (8) in CCl4.

1 2 a a a a
Compound (8) R R You Av% > Yo Av% £
0O-Benzoyl- Ph H 3607 sh - 1753 17 460
pyrocatechol 3590% 24 85 1712% 22 165
(3380) (240) 25
0-Acetyl- Me H 3606 sh - 1778 20 240
pyrocatecholt 3585% 23 95 1736 16 230
(3410) (220) 25
Me 3-0-Benzoyl- Ph  COMe 3598 sh - 1755% 15 n
protocatechuate¥ 3577 25 1726* 15 s
(3350) (290) w 1712  sh -
Cell paths for the hydroxyl and carbonyl region were
5 cm. and 2 cm, respectively, and solutions were ca.
0.3 mM. Measurements were made at several molarities
and the absorptions above found to be concentration
independent.
* Asymmetric peak. -1 a -1
+ Ph acetate:_y(cozl(in c014) 1768% cm.” ", Avy 13 em.”",

e® 560 1.mole cm. .

£ Me benzoateilv(cozl(in CCl4) 1730 cm.”
€ 900 l.mole ~ cm. .

For other symbols see Tables 9 and 10.

1 1

, Av% 11 em. ~,
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TABLE 12,

Hydroxyl and Carbonyl Absorptions of O—Benzoylpyrdcatechol
(8; R'=Ph, R2=H) in C,Cl, at Various Temperatures.

a a a a
Temp. Yol Av% € R vcO Av% € R

26 3606  sh - 1754 14 470, .
3587 23 60 3.0 1711* 19 180 d
(3395) (235) 20 y

50° 3604  sh - 1754 14 435
3587 23 60 , , 1712 20 160 .
(3385) (235) 15 :

80° 3611 sh - 1754 14 405 . .
3589 23 55 . . 1713¥ 20 130 :
(3385) (250) 10 : :

Hydroxyl frequencies determined for ca. 10 mM solutions
in 3 mm, cells, Carbonyl frequencies determined for

ca. 5 mM solutions in 3 mm. cells. R = ea(high frequency
band)/ea(low frequency band).

For symbols see Tables 9-11.



Hydroxyl and Carbonyl Absorptions of 1-0-Benzoylpyrocatechol

TABLE 13.

(8; r! - Ph, r? . H) in Various Solvents.
a a a a
Solvent VoI Av% € Voo Av% €
n~-hexane - - - 1757 11 s
1715% 14 W
cc1, 3607 sh - 1753 17 460
3590 24 85 1712% 22 165
(3380) (240) 25
CHC1, 3583* 37 65 1746% 22 385
(3420) (245) 10 1710¥  (30) 100
CH,CN 3365% (180) 105 1745 21 515

Solutions ca. 25 mM, except for n-hexane (saturated

solution), in 0.5 mm. cell.
For symbols see Tables 9-11,



TABLE 14.

Hydroxyl Absorptions of Guaiacol and Related Compounds (10)

in CCl4.
‘ a a )
Compound Yol Avy € Assignments
12 3561 28 30 Intra Oll-+++0
3531 56 20 Intra OHe+s.%
3274 208 135 Intra OH-.-:-0=C
0-H0.CcH, ,0,CgH, .CH,Ph~o 3559% 26 120 Intra OH-::+0
< 3516% 32 85 Intra OH-:..X%
10; R=Ph 3562 22 180 Intra OH....0
10; Re=Me ‘ 3558 24 185  Intra Oll<-+-0

.Solutions ca. 1.5 mM examined in 2 cm. Cells.
For other symbols see Tables 9-~11,



TABLE 15.

Hydroxyl Absorptions of 2-o-Hydroxyphenoxybenzophenone (12)

and Phenol in Various Solvents.

2-o-Hydroxyphenoxy- Phenol
benzoghenong a a
Solvent vOH Av% € Av vOH Av% € Av
n-hexane 3570 - w 3621 14 - 0
3538 - 8
3286% 145 8 0
cCl 4 3561% 28 30 3612 17 205 9
3531 56 20
3274% 208 135 12
CHCla 3552*% 36 40 3599 32 150 22
3240% 250 100 46
CH30N 3364% 160 115 ~-78 3413 140 175 208

64

Concentrations and cell thicknesses: for 2-o-hydroxyphenoxy-
benzophenone in n-hexane saturated, 0.5 mm., in CCl, 1.6 ml,

20 mm,, in CHC1
for phenol in n-hexane saturated, 0.5 mm., in CCl, 5 mM,
5 mm., in CHC1l, 50 mM, 0.5 mm,, and in CH_,CN 50 mM,

For symbols see Tables 9-11.

20 mM, 2 mm,, and in CH_CN 20 mM,

.0 mm.;

0.5 mm.
Solvent shift values, Av = v(n-hexane) - V(solvent) in cm.”
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TABLE 16.

Carbonyl Absorptions of 2-o-Hydroxyphenoxybenzophenone (12)

and Benzophenone in Various Solvents,

2-o0-Hydroxyphenoxy-

benzophenone Benzophenone
a a a a
Solvent Yeo ; Avi € Ay Veo Av% € Av
n-hexane 1670 sh - 0 1671 8 695 0
1660 . 9 - 0
ccl, 1667  sh - 3 1666 10 595 5
1657 11 690 3
CHCI3 - sh - - 1658 18 490 13
1651 18 500 9
CHacN 1667* 19 300 3 1661 10 550 10

1650% 14 250 10

Concentrations and cell thicknesses: for 2-o-hydroxy-
phenoxybenzophenone in n-hexane saturated, 0.5 mm.,
in CC1, 1.6 mM, 5 mm., in CHCla, 20 mM, 0.5 mm., and
in CH.CN 20 mM, 0.5 mm.

For symbols see Tables 9-11.



FIGURE 15.

3400 3200 1800 1700

Hydroxyl and carbonyl strefching gbsorptions of
O-acetylpyrocatechol (8; R =Me, R =) in carbon
tetrachloride solution (1.65 mM) examined in

2 cm. and 0.5 cm. cells, respectively.
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FIGURE 16,

3600 3400 3200

-1

Hydroxyl stretching absorptions of phenol and of
certain derivatives of pyrocatechol in earbon
tetrachloride.

(A) 2-o-Hydroxyphenoxybenzophenone (12); (B)
o~(o-~benzylphenoxy)phenol; (C) o-phenoxyphenol;

and (D) phenol. Solutions (ca. 1.5 mM) examimed
in 2 em. cells,

',



FIGURE 17.

1600

Hydroxyl and carbonyl stretching absorptions of
2-o-hydroxyphenoxybenzophenone (12) in various
solvents.

(A) n-Hexane; (B) carbon tetrachloride; (C) chloroform;
and (D) acetonitrile,

Concentrations and cell thicknesses are given in
Tables 15 and 16,
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INFRARED STUDIES
OF
TERPENOID COMPOUNDS

INTRODUCTION

A great deal of attention and research in this department is
devoted tﬁ natural product chemistry with particular emphasis on
the terpene family. The presence or absence of intramolecular
hydrogen bonding in natural products can frequently be inferred
from an examination of the hydroxyl stretching frequencies obtained
with ditule solutions in inert solvents.67 Such information can
have considerable diagnostic value but there are few instances in
the literature where spectral data refer to molecules of precisely
known stereochemistry, The complete structure of the degraded
026 triterpene’cedrelone68 and the diterpenoid lactone rosololactone69
have been determined by the X-ray crystallographic method, and the
present work deals with spectra-structure correlations for these
compounds and related members, The study of cedrelone and related

compounds was carried out in collaboration with Dr. S.G. McGeachin

who specially prepared and purified the compounds for the infrared
study. In the case of the study of rosololactone and related
diterpenoid lactones the compounds were isolated and purified by
Drs. A.I. Scott and D.S. Young. '

In addition, a group of sesquiterpenoid lactones have been studied
in an attempt to resolve the reason for the complexity observed in
the carbonyl stretching region, The lactones studied were provided

by Drs. K.H. Overton, R.P.M. Bond and J.D. Connolly. °



RESULTS and DISCUSSION

Cedrelone and Related Compounds

The results are detailed in Tables 17 and 18 and summarized
in Table 19, One important structural feature of cedrelone and
its close relatives (13) is that ring C is held in the boat
conformation, Other related compounds (14)'have the more favoured

chair conformation in ring C and are referred to as isocedrelones.

H HO CO,CHj

(17)



In both cedrelone methfl ether,(13; I=Me) and cedrelone acetate
(13; R=Ac) the presence of a conjugated enone system in ring A
and in ring B is characterized by a single, intense, symmetrical
absorption at ca. 1700 cm. t (in CCl,; Table 17). The high
extinction coefficient of this absorption accords with the presence
of two carbonyl groupings. Introduction of an epoxide grouping
at positions 1 and 2 as in 1,2-epoxy-cedrelone acetate (13; R=Ac,
1,2-epoxy) splits the carbonyl absorption into two well-defined
bands; the higher'frequency band at 1722 cm.‘l(in CCl,; Table 17)
is attributed to the carbonyl adjacent to the epoxide group in
ring A, and the lower frequency absorption at 1708 cm.fl(in 0014)
is assigned to the ring B carbonyl. Saturation of the double bond
in ring A (13; R=Ac, 1,2-dihydro- and hexahydro-) slightly reduces
the absorption frequencies of both carbonyl groups as compared with
those observed for the 1,2-epoxy—compound.70 Even so, the ring A
carbonyl frequency for the 1,2-dihydro-compound is somewhat higher
(1714 em.”! in CHCI3), than that previously described for a
4,4—dimethy1-3—oxo-5a—system.71 LEHN, LEVISALLES, and QURISSON

conclude that ring A in such systems exists as a deformed chair -

72

a decision reached after taking into account the interactions between
1,3-diaxial methyl groups. The X-ray analysis68 of cedrelone
iodoacetate, however, revealed that ring A possessed a boat-like
conformation rather than the alternative half-chair; the former
presumably minimizes the non-bonded interactions between the

4-methyl groups and the bulky 6-substituent. The same argument
should apply to cedrelone and its simplé derivatives whether the
particular molecule is in a crystal lattice or is surrounded by
relatively inert solvent molecules, There is no marked change in
the carbonyl absorptions (Table 17) on passing from carbon tetra-
chloride to chloroform solution, only the expected lowering in
frequency (by 5-10 cm.-l) and the increased breadth of the band. |
Preferential solvation of the a-epoxy-group may explain the unusually

small shifts recorded for the two compounds having this grouping.

3
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In the spectrum of cedrelone itself (13;R=H) there are two
peaks in the carbonyl region (1695 and 1678 cm.-1 in CCI4; Table 17)
and one band in the hydroxyl region (3417 em.} in CCl,; Table 18).
The data for dihydrocedrelone (13; R=H, 1,2-dihydro;Figure 18)
reveal that the higher band, that at 1695 cm.-l, in the spectrum
of cedrelone is to he attributed to the ring A carbonyl.
Incidentally, this absorption moves about 9 cm._1 to lower frequency
when ring B is five-membered, presumably as a result of bond-~angle

changes at the A/h ring junction,

The carbonyl and hydroxyl absorptions of the diosphenol system
in cedrelone and derivatives are typically both lew in frequency
and insensitive to solvation.78 A planar projection of a Dreiding
model of dihydrocedrelone (13; R=H, 1,2-dihydro) is illustrated
in Figure 19. The intramolecular diosphenol hydrogen bond is in
the form of a planar ring with an 0-+-.0 distance of ca, 2.8 R and
the angle subtended at the carbonyl oxygen atom by the proton of
the hydroxyl group is 80°. This is a particularly well-defined
conformation and the intra-bonded v(OH) absorption is unusually

40
narrow,

Attention is now focussed on the isocedrelones (14) which have
the more favoured chair conformation in ring C. In the case of
isocedrelone diacetate (14; R=R1=Ac) the enone systems in rings
A and B are characterized by a very strong absorption at 1698 cm,”
(in CCI4; Table 17). Replacement of one of the acetate groupings
by a hydroxyl group (14; R=Ac, R'<H, 1,2-dihydro) causes the
formation of a seven-membered hydrogen bond invelving the ring B
carbonyl (shift to 1672 cm.‘"1 in CCl4) and the ring D hydroxyl
(Tablee 17 and 18; Figure 18). When both acetate groupings
are replaced by hydroxyls, as in dihydroisocedrelone (14; R=R1=H,
1,2—dihydro), the ring B carbonyl absorption appears to shift to
much lower frequency (1623 cm.-1 in CC14) and two hy&roxyl

1
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absorptions are observed at 3415 and 3166 cm,”) (Pigure 18), and
hence both hydroxyl groups require to be intramolecularly bonded
to the carbonyl function in ring B, This is illustrated im the
planar projection of the Dreiding model shown 'in Pigure 19. The
planar five-membered ring hydrogen bond of the diosphenel group
exists as it does in dihydrocedrelone (13; R=H, 1,2-dihydroe;
Figure 19), but the seven-membered ring formed by the intramelecular
hydrogen bond involving the ring D hydroxyl must be twisted.
Measurements with.the model give an Q«++.0 distance for this laiter
hydrogen bond of ca. 28 X the dihedral‘angle formed by the bends
linking 8(17), 0(15) and 0(4) as 45° , and the angle made by the
0-H bond with the line joining the two oxygen centres as 15°,
Once again the stereochemistry must be favourable to hydrogen-bond
formation, although the breadth of the absorption band is much
greater than that of the diosphenol system, suggesting a greater
degree of conformational freedom.58 However, the ring B carbonyl
is actually at a slightly lower value when bonded singly by the
ring D hydroxyl rather than by the diosphenol hydroxyl itself
(e.g. 14: R=Ac, Rlaﬁ, and 13; R=H, respectiveiy; a more closely
matched pair of compounds was not available). An interesting and
related example of a hydrogen bond closing a seven-membered ring
has been provided by WALL et 31.74: the compound is a sterscid
derivative, 3B8-acetoxy-4'~hydroxy-2'-methyl-16,17-butano-5a—
androsta-1',3',16-trien-12-one, and the oxygen atoms of the phemolic
hydroxyl and the cyclohexanone-type carbonyl are held by the rigiﬁ
framework, The hydrogen bond is quite strong [V(OH) = 3235 em*‘l
and v(C0) = 1685 cm.”! in CS,) in spite of the emforced aplanarity

of the carbon-oxygen bonds.

Also illustrated in Figure 18 are the results obtained with
bromoform solutions (broken lines). These measurements support
the view that the strong band at 1623 cm. "1 (in CClé) exhibited
by dihydroisocedrelone (14; RannH, i,2-dihydro) corresponda
to the carbonyl (ring B) which is hydrogen bonded by both hydrexyls,



If the bands at 1658 and 1623 cm."1 has been mutally involved

in Fermi resonance or vibrational coupling, then change of solvent
would have altered their relative intensities.?5 The band of
medium strength at 1658 cm.“1 ( in CC14) is assigned to a double-~

bond stretching vibration (see below).

Absorption data have been obtained for solutions of hexahydro-
cedrelone (13; R=H, hexahydro) and of isocedrelone acetate (14;
R=Ac, RI-H) in carbon tetrachloride-diethyl ether solvent mixtures
(up to 50% ether by volume). No marked changes were observed in the
intensity, breadth, or position of the hydroxyl and carbonyl
absorptions. Diethyl ether normally behaves as a Lewis base,76
but it is evident that the intramolecular bonded hydroxyls in these
particular molecules are not readily accessible; in compound
(13; R=H, hexahydro) the methyl groups on position 4 lie very
close to the diosphenol hydroxyl and may well prevent approach of
the solvent molecules while in both compounds the intramolecular
hydrogen bonds confer some degree of solvent insensitivity. Even
80, some indications of intermolecular hydrogen bond formation
could be discerned at the higher ether concentrations; thus, there
was a new, very broad and low frequency absorption in the hydroxyl
region and there was some reduction in the intensity of the intra-

bonded carbonyl of ring B relative to that of the ring A carbonyl.

Contraction of ring B to a five-membered system, as in compound
(15), raises the carbonyl stretching frequency to 1758 cm._1 ( in
0014), but introduction of a hydroxyl into ring D, as in compound

(16; ReH; Table 17 and Figure 20), gives rise to another seven-
membered intramolecular hydrogen bond and v(C0) falls to 1718 cm.”
" with v(0H) at 3470 em.”! (all in cc1,).

1

Several different intramolecular hydrogen bonds are possible in

compound (17; Tables 17 and 18, and Figure 20). The tentative



conclusion is that the riﬂg B hydroxyl is bonded to the carbonyl

of the ester grouping while the ring D hydroxyl is "free".
Similarly it is concluded that compound (18; Tables 17 and 18,

and Figure 20) shows the presence of a five-membered intramolecular
hydrogen bond between.the hydroxyl group and carbonyl of the

lactone ring.

In summary, the values quoted in Tables 17 and 18 and summarized
in Table 19 illustrate the constancy of both v(CO) and v(0H) when
certain intramolecular situations are held relatively constant.
Similarly, certain minor changes in molecular structure produce
consistent changes in v(C0) and v(OH), in so far as overlapping
permits accurate assignment of bands. Two types of intramolecular
hydrogen bond provide the chief interest: the planar five-membered
diosphenol system, and the twisted seven-;embered system, In both
cases, the small solvation shifts may be due to the inability of
the solvent molecules such as chloroform and diethyl ether to
approach the acceptor sites. The small, but definite, upward
shift (CCl4 to CHCI3) of the diosphenol hydroxyl frequency is’
especially intriguing as the shift is normally downward for a

phenolic¢ hydroxyl, for example.76

The assignments for the stretching absorptions of the carbon-
carbon double bonds, v(C=C), are less complete than those of the
carbonyl and hydroxyl groups (Table 18). The A1’2 absorption:
has not been located and it is presumed to be of low intensity;
the ring A enone system is known77 to be non-planar, By contrast,
the absorption due to A5’6-diosphenol double bond is quite prominent
(medium strength, where a carbonyl is termed strong) and is at about
1627 (& ca. 150), 1612 (e ca. 100), and 1622 cm.”}
diosphenol itself, the acetate, and the methyl ether, respectively.

for the cedrelone

The same absorption is harder to locate in the isocedrelone series

where is an additional double bond in the 13,17 position, The
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medium-strength absorptioﬁs near 1637 cm.-1 in the ring B and D
~diacetate is presumably due, in part, to the 5,6-double bond, but
in the free hydroxy-compounds the 7-ketone carbonyl absorption
moves into this region and definitive assignments are not feasible.
Conceivably, the band near 1658 em.”! could represent the at3 17

bond, with the A5’6 absorption hidden within the strong carbonyl

band at 1623 cm.” ).
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TABLE 19.

Assignments for Stretching Absorptions due to Carbonyl and
Hydroxyl Functions.

79

Average Values

Grouping ! 1
v em. Av¥ cm.”

3-Ketone in ring A 1720
3-Ketone in ring A, 1,2-epoxide 1722 2
3-Ketone in ring A, A1’2 and six-membered 1698

ring B
3-Ketone in ring A, A1’2 and five-membered 1689 9

ring B
7-Ketone of diosphenol 1679 1
7-Ketone of diosphenol and bonding by 1622 3

15~-hydroxyl
7-Ketone of diosphenol methyl ether 1696 4
7-Ketone of diosphenol acetate, cedrelones 1704 3
7-Ketone of diosphenol acetate, isocedrelones 1698 5
7-Ketone of diosphenol acetate, and bonding 1672 6

by 15-hydroxyl
6-Acetate of diosphenol acetates, ring B 1769 7
15-Acetate, ring D 1743 14
8-Hydroxy of diosphenol in ring B 3416 -8
15-Hydroxyl in ring D, bonding to 7-ketone 3460 45

All data drawn from Tables 17vand 18,

* Av

v(C0) values * 3 cm.

= Vel

-V
CHCl 3

Typical variation amongst
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FIGURE 18.

3600 3200 1750 1650

Absorptions in the hydroxyl and carbonyl stretching
regions. A, Dihydrocedrelone §13; R=H, 1,%—dihydro);
B, dihydroisocedrelone acetate (14; R=Ac, R =H, 1,2-
dihydrog; and C, dihydroisocedrelone (14; R=R"=H, 1,2-
dihydro) in carbon tetrachloride (full line) and
bromoform (broken line). Solutions in carbon tetra-
chloride in 2 cm. (hydroxyl) and 5 mm. (carbonyl)
cells; bromoform, 0.47 mm, cells, Concentratio?s:
for compounds (13; R=Il, 12-dihydro) and (14; R=R =H,
1,2-dihydro) in carbon tetrachloride, 1.5 and 1.3 mM
respectively while the rest were saturated solutions,
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FIGURE 19.

Projections of Dreiding molecular models of
compounds (13; RaH, 1,2-dihydro) and (14;
R=R =H, 1,2-dihydro). Thickened lines
indicate nearest side of the molecule and
dotted lines the hydrogen bonds,
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FIGURE 20. Ahsoiptions in the hydroxyl and carbonyl stretching

regions. A, The norketone (16; R=H); B, iso-
cedrelone acid lactone (18); and C, methyl iso-
cedrelonate (17). Solutions in carbon tetrachloride
in 2 cm. (hydroxyl) and 5 mm. (carbonyl) cells.
Concentrations for compounds (16; R=H), (18) and (17)
were 1.67, 1.72, and saturated respectively,
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Rosololactone and Related Compounds

The results are summarized in Table 20. In all four diterpenoid
lactones, rosololactone (20), rosenonolactone (21), rosonolactone (22a),
and 9-deoxyrosenonolactone (22b) the presence of a Y~lactone system
in ring A is characterised by an intense symmetrical absorptions
at ca. 1780 em.”’ (in CCl,, Table 20). The extinction coefficients
accord with the presence of one such lactone grouping per molecule.

It is interesting\to note that these absorptions are all sharp

(Avi ca. 16 cm.—l) in contrast to the Y-lactones discussed in the
folfoWing section i.e. no Fermi resonance involved. The ‘ketonic
grouping at C, as in rosenonolactone (21) absorbs at 1719 em.”!
(in'CCI4). Introduction of the ketonic carbonyl grouping at C6’
however, as in rosonolactone (22&) increases the frequency of
absorption tb 1727 cm.—l. This increase of 8 cm..1 may well be
a result of dipole interaction of a carbonyl grouping at 06
whereas the carbonyl group at C7 in unable to participate in an

interaction of this kind,

(22)  a, R=0
b, Rell
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In the spectra of rosololactone (20) and dihydro-rosololactone
there is no evidence for the presence of any intramolecular hydrogen
bonding involving the hydroxyl group, and the iactonic carbonyl or
ester oxygen, in spite of the fact that both groupings lie on the
same side of the ring junction A/B.  Although the OIl--«-0=C distance
of 2.8 & is favourable no intramolecular hydrogen bond is formed.
This situation must reflect the unsuitability of the p—orbitals of
both the carbonyl and the alkyl oxygen with respect to the s-orbital
of the proton of the hydroxyl group. This lack of intramolecular
hydrogen bonding although, on first sighf, the arrangement seems
favouable indicates that the stereochemistry of such an arrangement

is the most important factor in décidiqg whether or not bonding occurs.

It is frequently assumed that intermolecular hydrogen bonding
is absent at concentrations as low as 0.01-0.001 M, except in special
cases such as the carboxylic acids, oximes and dimedone derivatives.78
Recently, however, this class of phenomenon has been extended to
include such compounds as cyclohexane-l,3-diols,79 steroidal
hydroxy--esters,8O 1abdane-80(,15-—diol,81 novolaks (a section of this
thesis), 3-acety1-5—hydroxybenzo{b]—thiophen,82 and 5B-B-nor-
cholestan-ao(,ﬁo{—diol.83 In the present work intermolecular
association of rosololactone molecules is also unusually persistent.
Progressive dilution from 20 mM to 0.2 mM clearly shows (Figure 21)
absorbance at 3535 (:m.-1 (in CCl4) due to an intermolecular hydrecgen
bond (band is concentration dependent). The lactonic carbonyl
absorption at 1778 cm.—1 also shows the presence of intermolecular
hydrogen bonding by the appearance of the shoulder at 1757 cm.QI.
There is, therefore, intermolecular hydrogen bonding between the
hydroxyl of one molecule and the carbonyl of another. The question
of the nature of this associated species is an important one, The
concentration range employed in this study has been such as to
ensure that a monomer-dimer equilibrium is in operation. This
postulation might well be invalid if, for example, the assocaiated

tetramer were more stable than the dimeric species. For the purpose



85

of this dicussion only the‘dimeric species is considered to be
present, Is it an open or closed dimer? To enable an assestment
of this problem the measurement of apparent molécular weight of various
solutions of rosololactone (20) in carbon tetracloride have been
correlated with their v(0H) absorptions. This correlation of
apparent molecular weight and v(0H) absorptions will give a clue

to the nature of the dimeric species existing in dilute solution.
From the molecular weight measurements the percentage of monomer

to dimer (open and closed) can be determined. A second set of
results for this equilibrium can also be calculated from the
intensities of the v(OH) free absorption figures, The resulting
inequality between the two sets derived from these two different
sources should be a measure of the equilibrium between open and
closed dimer, The results are summarized in Table 21. There

is, in fact, an equilibrium between the open and closed dimeric
species, The molecular arrangement for such an associated

species to exist at such low levels of concentration must be

highly specific (energy and stereochemistry). The values in
Table 21 illustrated that the open dimer is more favoured than

the closed.

If this dimeric equilibrium exists in very dilute solution
then the same dimer might be present in the solid state. The
solid state spectrum (Figure 22) of rosololactone (20) shows a
single v(0H) bonded absorption at 3523 cln."1 and two distinct
carbonyl absorptions at 1763 and 1710 cm.-l. The appearance of
a single fairly sharp bonded v(OH) absorption means that all the
hydroxyls appear to be similarly intermolecularly hydrogen bonded.
The carbonyl aBsorption at high frequency (1763 cm.“l) could
correspond to unassociatéd lactonic carbonyl groups and the
shoulder on the low frequency side of the band to dimeric association,.
The carbonyl absorption at 1710 cm.-l, however, is extremely low
for a bonded carbonyl group. This large shift from the free position
would seem to infer that the carbonyl is bonded to two hydroxyl

groups [cf. cedrelone twin hydrogen bond case]. This interpretation



seems to be the most feasible. On the other hand the explanation
may well lie in Fermi resonance effects, Examination of
rosololactone (20) as a nujol mull still showed the presence of
two distinct carbonyl bands (1763 and 1710 cm.”!) eliminating

the possibilty of a chemical change in the preparation of the

KC1 disc under high pressure.

In carbon tetrachloride solution both dihydro-rosololactone
and dibromo-rosolélactone exhibit the same dimeric equilibrium
established for the parent compound, rosololactone (20). Their
solid state spectra, howevr, are quite different in appearance
from that of the parent compound. Dihydro-rosololactone exhibits
a single bonded hydroxyl absorption at 3511 am._1 and a carbonyl
absorption at 1751 cm.m1 with a shoulder at 1768 cm.-l. In this
case the hydroxyl of one molecule might be bonding to the carbonyl
of another while the hydroxyl of the latter bonds to the barbonyl
of a third molecule and so on, or a closed dimer might the major
species, In the case of dibromo-rosololactone the solid state
v(OH) bonded absorption appears as a very broad band centred around
3400 cm.-l, with a broad carbonyl band at ca. 1760 em.”l.  The
X-ray examination of the packing adopted by the molecules shows

the presence of OH...:Br hydrogen bonds.84 The infrared evidence

is in keeping with this picture,

- Finally, examination of the 1000-1200 cm.-l reveals that there
is considerably overlap of the v(C—O) and X(CH) absorptions of
molecules with double bonds in the 15,16-position [cf. lactone

disccussion above],

86



" TABLE 20.

Absorptions of Rosololactone (20) and Related Compounds

87

CC1 ‘Solid state®
No. Compound Hydroxyl Carbonyl Hydroxyl Carbonyl
v Avi e? v Avi e? v Avi v Avi
2 2 2
20 Rosololactone 3633 12 120 1778 186 910 3523 80 1763 16
(3535)F br 15 1710 16
15,16-dihydro- 3633 12 120 1778 16 940 3511 70 1768 sh
rosololactone (3535)t br 15 1740 -~
15,16-dibromo- 3632 - - 3400 br 1766 sh
rosololactone (3530)f - - 1750 -
21 Rosenonolactone 1780 15 880
1719 12 . 500
15,16-dihydro- 1780 16 890
rosenonolactone 1719 12 550
22a 15,16-dihydro- 1788 15 1000
rosonolactone 1712 12 410
22b  9-deoxyrosenono- 1774 19 845
lactone
15,16~dihydro-9- 1773 18 860

deoxyrosenonolactone

Values in parenthesis are approximate,

Concentrations: CCl,, ca, 2.0 mM examined in 2 cms. cells [v(0I)]

and 5 mm, cells [v(éo)].
— Not measured.

+ Concentration dependent band.
For the nujol mull of rosololactone

the following bands were observed, 3521 (50), 1763 (10) and 1710 (12)

* Prepared as KC1 discs,

cm,
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TABLE 21.

Correlation of Molecular Weight with e? Values for Free

Hydroxyl Absorptions of Resololactone (20).

M.W,. Measurements Infrared Measurements
* .
Co?:i MW Obs. dCalc Calc. eaCalc. eaObs' eaOpen Dimer Open’ %Closed
3%1 * M ¢ "Monomer ‘Dimer Pree Free Free “Dimer Dimer
4

4.4 48815 46 64 56 80 24 38 26

1.8 4175 69 31 86 105 19 30 1

0.34 340 93 7 116 120 4 6.4 0.6

+ Measurements conducted above 5 mM concentration level are
accurate to within *5. Below this limit the errors will
be slightly higher.

Calculated from percentage monomer derived from molecular
weight study assuming 100% monomer has e® value of 125 at
infinite dilution,
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FIGURE 21,

89

3633

3600 13500 3400 1750

Cm.

Absorptions in the hydroxyls and carbonyl stretching
regions for rosololactone (20): A, 20 mM in 0.5 mm,
cells [v(0OH) and v(CO0)]; B, 2 mM in 5 mm. cells
[v(OH)S and 2 mm, cells [v(CO)E; C, 0.2 mM in 5 cm.

cells [v(OH)] and 2 c¢m. cells {v(CO)].
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FIGURE 22, Infrared spectrum of rosololactone (20), ca. 1 mg in

300 mgs. potassium chloride.
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v-Lactones

Lactones containing the basic system (A) almost invariably
exhibit carbonyl absorptions of complex shape,75 and Fermi

resonance85 involving the carbonyl stretching frequency and

(a) \i:

first overtone of the Y(CH) of the a-hydrogen has been postulated
by JONES and his colleagues.75 The relative intensities of the
observed pairs of bands are dramatically solvent-dependent and
the frequencies show much smaller and more irregular solvent
shift586 than do those of normal carbonyl groups.87

The availability88 of a number of sesq;iterpenoid lactones
has permitted a study of the carbonyl absorptions under conditions
of high resolution, and it has become.evident that the complexity
is not confined to the system (A), but is also displayed, though
to a lesser degree, by saturated five-ring lactones. Again, the
relative intensities of the various peaks and shoulders are
solvent-dependent and solution in the more polar or more powerful
hydrogen bonding solvents is accompanied by a shift of the

absorption centre to lower frequency.

The present work examines the solvent-dependence of the
absorptions occurring in the v(C=0) region between 1700 and 1800
cm.-l. The results, in general, support and extend the literature
findings.75 In the lactones examined (23-34), these absorptions
are complex and also markedly solvent-sensitive (Figure 23).
Bifurcate bands in the carbonyl region of compounds containing
a single carbonyl function can have their origin in conformational
eqnilibria,B6 solvent-solute interactions,89 hot transitions,go

Fermi resonance or vibrational coupling. Other explanations
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such as intermolecular hydrogen bonding through enolic forms and

by methylene groups = are at variance with normal experience.

An attempt has been made to establish the origin of the irregularly
shaped bands and these attempts, involving the effects of solvent,
temperature and of an additional solute, are discussed below, |

Some more general points are dealt with first,.

The lactones show the simplest carbonyl bands in n-hexane
solution, and if ihe approximate peak positions are compared
over the limited range of compounds examined, one can conclude
that it is not possible to distinguish saturated v-lactones from
their af~unsaturated counterparts by simple inspection of the peak
maximum, However, it is true that in the present series the
saturated lactones lie in the range 1806 to 1787 cm.—l while the
ag-unsaturated compounds absorb between 1791 and 1773 cm.-l. This
partial overlap is, of course, the result of the competing effects
of conjugation and strain.92 Where direct comparision is possible
between ag-unsaturated five-ring lactones and the corresponding
di-hydro~compound then, the latter does absorb slightly to higher
frequency, but stereochemical differences can also produce significant
frequency shifts, as for example, between lactones (29) and (30).
It is more difficult to compare the different lactoﬂes in carbon
tetrachloride and chloroform because of the more irregular
shapes, or even thersplitting, of the bands in the latter solvent,
However, if an approximate estimate of the position of the band
centre is made then, it is found that the shifts, n-hexane to
chloroform, range from 18 to 36 cm.-l, with the smaller shifts being
encountered with lactones (25), (26) and (29), where there might

be some grounds for assuming a steric inhibition to solvation.

Inspection of Figure 23 reveals that the general pattern is
such that some lactones show several shoulders, or even distinct

bands, in the carbonyl region and that these vary in intensity with
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change of solvent as the ﬁain carbonyl absorption moves through

the region, However, the overall intensity, as measured by the
approximate band area, over the carbonyl region is much the same

in the three solvents, no matter how split up the band, Only the
pair of gg-unsaturated lactones (23 and 32) bearing an a~hydrogen
show marked splitting in all three solvents, The other unsaturated
lactones (26, 27, and 28) show much smoother band contours rather
like those of the saturated lactones (24, 25, 29, 31, 33, and 34).

(20) (32)

O
(o}
(28) -
. O o) H H
(A Q% §6“ Choter
| (ha)"
O

(24) (27) (30)
H

H H
(25) - (28) (31) - (34)
Campholenolactone (32) exhibits the phenomenon most markedly, thus

H H

there is a shift of the main absorption band from 1786 cm."1 in

the n-hexane to around 1750 cm._'1 in chloroform. This direction

of shift is characteristic of that found for the stretching

absorption of an X3t o8- dipole, and is attributed to an inter-
molecular association of thej;ype,s9 X6t==06--~~-H0013. It is
conceivable that more than one band could result from the presence

of several solute-solvent species, but this seems unlikely in view

of the complexity shown in carbon tetrachloride, for which specifically

orientated complexes seem unreasonable. At this juncture, one might
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assign the absorption at 1786 cm. ™! (in n-hexane) to the stretching
absorption of the C=0 bond, However, the band at lower frequency
(1758 S
intensity at the expense of the higher frequency band, and it is

in n-hexane and 1759 cm.”) in CCl4) increases in

evident that the true position for v(C0) cannot be determined by

simple inspection, This transference of intensity in the 1700 to

1800 cm.”! region is further illustrated in Figure 24, The

remainder of the spectrum is practically unaltered by change of solvent
indicating that a.solvent—sensitive conformational equilibrium is

not present, since different conformers normally have several

different absorption bands. There is, however, a band at 881 cm.“1

(in n-hexane ), Avi = 8 cm.-l, et = 190, which progressively increases
in frequency as tﬁe polarity of the solvent is increased. This
absorption band is in the region expected for the out-of-plane
deformation vibration of the a-hydrogen attached to the double bond
and it is assumed that this is the correct assignment. Indeed
JONES and his collaborators have already suggested75 that Fermi
resonance with the first overtone, 27(CH), of this vibration might
be responsible for the bifurcate absorption reported for the
carbonyl regions of other lactones of type (A). The data reported
~in this thesis accords well with their findings, thus, in the case
of campholenolactone (32), the main band in the carbonyl region
decreases in frequency as the polarity of the solvent is increased,
while the band assigned to the Y(CH) of the a-hydrogen increases

in frequency; in the absence of Fermi resonance, the first overtone
of 2v(Cll) would be expected to lie near 1762, 1768 and 1788 cm.”1
in n-hexane, 0014, and CHCla, respectively. If it is assumed that,
for a solution of campholenolactone (32) in n-hexane, the intense
band at 1786 cm.”! and the small peak at 1758 em, 1 represent
largely unperturbed v(CO0) and 2Y(CH) absorptions, respectively,
then normal solvent-shifts of the former would bring it to about
1776 cm.”! in CCl, and 1756 em.”) in CHCl,. Fermi resonance

would then be maximal in 0014 where the two interacting frequencies

are closest — ca. 1776 and 1778 cm._l. Decreased interaction would
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be expected in chloroform where the two frequencies would again
be well separated, though now in the reverse order. Hence, in
the case of campholenolactone (32), Fermi resonance between v(CO)
and 2Y(CH) could account reasonably well for the observed solvent-
dependence of the absorptions in the carbonyl region. Solvation
undoubtedly does affect the a-hydrogen in some specific way as
indicated by the upward shift of the band assigned to Y(CH) in

the i.r. but also by the downfield shift of the signal due to this
proton in the n.m.r. When going from n—hexéne to CCl4 to CH013
only the triplet dure to this proton was seen to move appreiably,
thus: 7 (n-hexane) = 4.42, 7 (CCl,) = 4.37, 7 (CICl,) = 4.26,

Fermi resonance with 2Y(CH) can only be part of the answer, for
f-angelica lactone shows more complex absorption still and the
lactones which do not possess a-olefinic hydrogens also exhibit
irregular or partially split bands. However, there is no uniform
behaviour in the saturated lactones and some (e.g. 28 and 29) have
fairly sharp single peaks in all three solvents, - A simple
saturated v-lactone can have a high v(C0) frequency and a very high
apparent intensity (peak height) where the band is sharp, e.g. (33),
v(C0) = 1805 em.”! and €® = 1310, in n-hexane. In any case, a
single conformer should give a sharp carbonyl band in the‘absence
of Fermi resonance, but there is the complicating factor that
enhanced resonance could occur if the geometry of this single
conformer happened to be favourable. Other overtones and
combinations must be involved if Fermi resonance is indeed the
correct explanation, but there seems little hope of locating the
relevant fundamentals. The strong absorptions in the 1300-900 cm.-l
region, which are ascribed to v(C—O) modes, are possibilities, but
it was impossible to correlate their frequencies with those in the
carbonyl region, Each lactone displays several strong bands
(ea’ 150-500) but the region of strongest absorption are often
quite different, Thus, for lactones (27) and (28) the strongest
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bands are clustered around'IOOO cm.-l, for (31)and (32) they are

near 1240, 1100 and 950 cm."l, and for (24) there is only one intense
band near 1250 cm.-l, with weaker absorptions @ear 1030 cm._l.

Changes in ring strain, steric interactions, and bond hybridization
presumably engender the wide variations encountered within this region,
Incidentally, these strong, sharp absorptions, when they appear as low
as 900 cm.-1 in the spectrum of a y-lactone, are readily confused with

7(CH) absorptions for doubly-bonded carbon.

Further information has been‘sought by‘submitting two of the
lactones to a measurement at elevated temperatures and in the presence
of a second solute. The absorptions in the v(CQ) regions of
solutions (ca. 0.4 M) of g-angelica lactone (23) and campholenolactone
(32) in tetrachloroethylene have been examined at 30° and 75°.

No clearly defined changes were observed apart from the expected
slight reduction in peak height at the higher temperature and no
definite conclusions may be drawn though these results could be taken
as negative evidence in favour of the Fermi resonance explanation,
Addition of p-cresol to a solution of a lactone in n-hexane brings
about specific solvation of the lactone group by the p-cresol
molecules. The association (Figure 25) is of the type MeCGH50H-c-O=C,
as evinced by the low values for v(OH) and the 'carbonyl band' -

in the case of campholenolactone (32) ca. 3420 and 1744 cm.-l,
respectively. The shifting of the equilibrium towards the

complex with increasing p-cresol concentration is apparent from the
data in Figure 25 and there is clearly a general resemblance between
the carbonyl region observed for a p-cresol-lactone complex and that
for the lactone alone in the chloroform solution, This is in
keeping with the results for solution spectra of inter-alia

89,93 1na sulphoxides (see later section) Although

cyclohexanones
it would seem that the equilibrium has not been displaced as far as
complete complex formation the bands show fine structure indicative

of Fermi resonance, In the hydroxyl region, competing self-association
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of the p-cresol gives rise to cresol dimer, and trimer or polymer
~absorptions near 3500 and 3200 cm."1 respectively; at the 0.064 M
p-cresol concentration there may be some complex formation of the

type, ArOH-o--qH"°-O-C.
Ar

In 0014, Y(CH) for campholenolactone (32) is assigned to the
band at 884 cm,”: (Figure 24). Introduction of p-cresol into the
solution brings about the appearance of a shoulder at 890 (:m._1
which is accordingly attributed to the Y(CH) for the cresol-lactone
complex, Here, and in the case of chloroform Bolvation, the effect
is probably brought about by the shift of the X electrons of the
double bond which would accompany donation of electron density by

the carbonyl group to the phenolic proton,

In summary, carbonyl absorptions of complex shape seem to be
fairly common of Y-lactones, whether they possess afg-unsaturation
or not, Fine structure is especially prominent in those
af-unsaturated lactones which bear an a—hydrbgen and here Fermi
resonance with 2Y(CH) probably supplies part of the explanation.
The problem merits further study, particularly by isotopic
substitution and by the solvation complex approach.



‘TABLE 22.

Absorptions in the Carbonyl Stretching Region of the Lactones
(23-34) in Various Solvents.

98

n-hexane CC1 CHC1
N C d r S 2 a
o. ompoun v Av? e? v Avi € v Avy €
F) 3 2
23 B-Angelica 1800 sh 200 1802° sh 100 1804 - w
lactone . 1791 13 1120 1783 15 840 1784 22 230
1762 - 140 1765 11 445 1759 15 845
1741 12 325
24 y-Butrolactone 1801 16 500 1796 sh 415 1793 sh -
1787 sh - 1784 11 570 1774 19 630
25 Dihydrodrimenin 1798 sh - 1797 sh - 1770 26 480
) 1787 11 880 1779 13 800 1760 500
1758 sh -
26 Drimenin 1789 14 595 1781 15 705 1771 19 630
1772 sh 170
27 Isodrimenin 1773 10 730 1766 14 1095 1751 sh 500
1741 28 670
‘28 Confertifolin 1771 7 1000 1769- 14 1235 1750 27 930
29 Cis-dihydro- 1791 9 1000 1779 13 925 1772 22 685
confertifolin
30 Trans-dihydro- 1801 12 900 1792 15 680 1782 sh 420
confertifolin 1778 sh - 1770 27 620
‘31 Dihydro-camphol- 1791 11 870 1783 26 600 1757 27 650
enolactone 1775
32 Campholeno- 1786 9 1300 1783 18 1760 1782 23 180
lactone 1758 < 190 1769 14 575 1752 sh -
1744 24 700
33 - 1805 9 1310 1797 21 820 1777 27 530
1787 sh 610 1766 sh 370
34 1806 8 1370 1796 23 800 1780 o8 560
1786 sh 520 1772 520

Solutions ca, 10 mM run in 0.5 mm, cells,



99

eI eame,T,

1800 1750

0.D.

1800 1750

1800 1750

1800 1750

FIGURE 23,

Q
E-]
+
Lo =
(2~ o]
©
[~ -}
© b Q
.lamn
o O ord
[ Om
o~
~ 0 M
= - QO
=] -}
ot -t
= |1=7
Q Q
+ (]
)] o~
St =
Prar @ o
(] «
O =0
-t~
e ) ow
-l =
c ol o
-] ot
= 1 ¥
e = =
13} [
= [~]
Q- I
£
t\4’._
S’
2™ .
- | QO
el -
[ B~ BT B
Ener b ©
(-} S
pd O} i @
® Q. -
g o .
O & °
Q4 b *
289!
< -t

0.5 mm, cells.



1786

0.5

o n-Hexane

i -1 {1758

881

L1

0.D.

-+

1744

894

1
1500

2000

Ccm. !

FIGURE 24.

over the range 800-2000 cm. for ca,

tetrachloride, and chloroform.

1
1000

The spectrum of campholenolgitone»(32) recorded

' 0.05 M
solutions (0.1 mm. cells) in n-hexane, carbon

100



101

0.4-ﬂ

w
O -
N
1

0.D.

;

0.1} .
: 3500
'\ —\_—___/v\/\.—-

| ' M LTt bediuie - —— e ———— 1 L
3600 , 3400 1800 1750
Cm."1
FIGURE 25, Absorptions in the hydroxyl and carbonyl stretching

regions for solutions (ca. 0.015 M) of B-angelica
lactone (23) and campholenolactone (32) in n-hexane
alone (*+++++++¢+), and in mixtures of n-hexane and
p-cresol (=~ = = = = = , 0.016 M; and ——————, 0.064 }),
Absorptions are also recorded for n-hexane solutions

of p-cresol (———, 0.064 M; and - - - - - , 0.016 M).
All measurements in 0.5 mm. cells.



102

INFRARED STUDIES
WITH
SULPHOXIDES

INTRODUCTION

The stretching vibration, v(S=0), of the sulphoxide grouping
in simple alkyl and aryl sulphoxides is well known to occur near
1050 cm._l.92 Even though this is a region of the spectrum rich
in skeletal and other modes with which v(S=0) might couple, this
latter vibration is reputedly insensitive to substitution,92 the
reason given being that the sulphoxide grouping is approximately

tetrahedral.94

The present work examines the solvent dependence of the
sulphoxide stretching absorption in a series of simple sulphoxides -
the monosulphoxides. As an extension of this work a series of
disulphoxides has been examined since in a thian oxide system the
S=0 group might either be equatorially or axially orientated
and a difference in frequency of the v(S=0) might be anticipated
on analogy with the behaviour of the stretching vibrations v{(C-0),
v(C-D) and v(C~Halogen).95 All the compounds studied were
synthesised and purified by Dr. D.T. Gibson,
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RESULTS and DISCUSSION

Monosulphoxides

BELLAMY et a1.96 have already demonstrated that the stretching
vibration of the S=0 link of the sulphoxides exhibits a solvent

dependence which parallels that of the carbonyl link, in accordance

o+ b-

with the polar nature of the S"= 0" bond. The present work

examines the solvent dependence of the absorptions occurring in the

v(S=0) region between 1100 and 1000 cm.-l. The results, in general,

support and extend the literature t‘indings,gﬁ_98 but in several
instances they illustrate the application of the solvent-shift

procedure to the assignment of the sulphoxide stretching absorption.

N . () (>
|

ﬁ’
0 g | c|> , y)
(35) (36) (37) (38)

[a, R=Me; b, R=Et; ¢, R=i-Pr; d, R=t-Du; e, R=Ph],

In the sulphoxides examined (35-38) the bands near 1050 em.” ! are
the strongest in the spectrum, though in the case of diphenyl
sulphoxide (35e) the absorption is matched in intensity by the
C-H deformation modes (ca. 700 cm.—l) of the aromatic ring
hydrogens, The v(S=0) assignment is unambiguous for dimethyl
sulphoxide (35a) and agrees with the value of 1085 em, 1 (n-hexane)
reported by BELLAMY et al.96 SALONEN99 has already made use of
infraréd and Raman speétroscopy in a detailed study of the
assignments of both the fundamental and combination absorptions

for dimethyl sulphoxide. In the case of diethyl sulphoxide (35b),
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however, there are severai bands in the expected region, and their
solvent behaviour (Table 24, Figure 26B) is peculiar, The higher
sulphoxides (35c-e, 36, and 37) show similarly complex absorption
patterns (Figure 26),

The occurrence of several strong hands in the sulphoxide
stretching region of the spectra of compounds containing a single
sulphoxide function is likely to be caused by dipole-dipole
interaction, solvent-solute interaction, "hot" transitions,
conformational équilibria, vibrational céupling or Fermi
resonance, To establish the origin of the complex patterns observed
a detailed study was made of the effect of solvent, concentration,
and temperature, The results (Table 24, Figures 26C, 27 and 28)
obtained for di-isopropyl sulphokide (350), a representative

member of the sulphoxide series, are discussed in detail.

On going to chloroform solution there is a marked shift of the
main absorption band from 1067 cm._1 (n—hexane) to 1047 qm.-l.
This behaviour is typical of that normally associated with the
fundamental stretching absorption of an X6t==06- dipole, such
as that of the carbonyl grouping, and is attributed to an inter-
molecular association of the type x=o----H0013.89’97’98 ‘At this
juncture, it might seem reasonable to assign the absorption at 1067
cm.-l (n-hexane) to the fundamental stretching absorption of the
. S=0 bond. However, the band at lower frequency (1019 cm._1 in
n-hexane and 1012 in chloroform) increases in intensity (n-hexane
to chloroform) at the expense of the higher frequency band, and
it is evident that the true position of the v(8=0) absorption cannot
be determined by simple inspection, This transference of intensity
in the 1100 to 1000 cm."1 region is further illustrated in Figure 27,
The remainder of the spectrum is unaltered by change of solvent,
indicating that a solvent-sensitive conformational equilibrium is
not present, since different conformers usually have several different

absorption bands., The effect of temperature on the absorption bands
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in the v(S=0) region of di-isopropyl sulphoxide (35c) was twofold
(Figure 28). With increasing temperature the intensities of
both bands decreased and the half-band widths increased, but the
ratio of the areas of the two bands remained constant. This
behaviour would seem to exclude the "hot" transition explanation
[ef. KRAIHANZEL and WESTgO] as well as any form of conformational
equilibrium, Measurements carried out in a very polar solvent
such as acetonitrile (Table 24) illustrate the shift of the higher
frequency band while the lower absorption band remains at almost
exactly the same frequency as that observed in n-hexane, This
behaviour is the reverse of that expected for conformational isomers
where, not only would both absorption bands have been shifted to
lower frequency, but also the band at higher frequency would

have gained intensity.%?

It would seem reasonable to conclude that vibrational coupling
or Fermi resonance involving the v(S=0) mode originates the complex
absorption behaviour of the sulphoxides studied. For this reason
no single value for the position of the v(S=0) is immediately obvious
for any of these compounds with perhaps the exception of dimethyl
sulphoxide (35a) and tetramethylene sulphoxide (36)., Recently
DE LA MARE et al.loo have assigned certain bands between 1100 and
1000 t':m.—1 to the v(S=0) modes of the isomeric 1,4-~dithian-1,4-
dioxides. The spectra were recorded for the solid state, and these
workers do, in fact, comment on the presence of more than one
strong band in the expected region, and remark that the spectra
either exhibit crystal field effects or involve ring-stretching
vibrations, Solution data are more instructive (see discussion
of disulphoxides). Fermi resonance has already been established
between the v(S=0) and an aromatic absorption band near 1090 cm.-1
in diphenyl sulphoxide}lo1 From the results reported in this
thesis a similar additional interaction would appear to exist with
the aromatic vibration at 1022 cm.”l. In the case of the aliphatic

sulphoxides, however, the absorption bands which are involved in
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the vibrational coupling ar the Fermi resonance:with v(S=0) are
of less obvious origin. OTTING and NEUGEBAUER'?? in their study
of sulphoxides reported two bands near 480 cm.’;1 which they
ascribed to the bending vibration of the S-0 bond. It is
conceivable that Fermi resonance is taking place between v(S:O)
and a combination band or the first overtone of the S-0 bending
vibration, 26(30). On the other hand, in dimethyl sulphoxide
the band around 1016 em.”} (Figure 26A),