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doubles (triples) MW microwave spectroscopy

DF dispersed fluorescence NBO natural bond orbital
spectroscopy PA proton affinity
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ED electron diffraction spectroscopy
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spectroscopy energy

. INTRODUCTION

The chemistry of phenols has attracted continuing interest in the last two centuries. Com-
pounds bearing this functional group have several applications indispensable in our daily
life, as discussed in the following chapters of this book. Let us mention one example: phe-
nols constitute, among others, an important class of antioxidants that inhibit the oxidative
degradation of organic materials including a large number of biological aerobic organ-
isms and commercial products. In human blood plasma, a-tocopherol, well-known as a
component of vitamin E, is proved to be the most efficient phenol derivative to date to
trap the damaging peroxy radicals (ROO*). Phenols owe their activity to their ability to
scavenge radicals by hydrogen or electron transfer in much faster processes than radical
attacks on an organic substrate.

In this chapter, we attempt to give an overview on the general and theoretical aspects
of phenols, including a brief history of their discovery. However, in view of the very
large wealth of related literature, the coverage is by no means complete. It is also not
intended to be a comprehensive review of all the theoretical work in the area, and there
are certainly many important studies of which we were unaware, for which we apologize.
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We refer to the compilation Quantum Chemistry Library Data Base (QCLDB)! for an
extended list of available theoretical papers.

The focus of this chapter is a presentation of representative physico-chemical and
spectroscopic properties of phenols revealed by quantum chemical calculations, many of
them carried out by us specifically for this chapter. In the discussion, the description of
methodological details will be kept to a minimum. Unless otherwise noted, all reported
computations were performed using the GAUSSIAN 982 and MOPAC-73 sets of programs.
The natural bond orbital analysis* was conducted using the NBO (natural bond orbital)
module’ of the GAUSSIAN 98 software package.? For the vibrational analyses, the force
constant matrices were initially obtained in terms of the cartesian coordinates and the
non-redundant sets of internal coordinates were subsequently defined®. The calculation of
potential energy distribution (PED) matrices of the vibrational frequencies’ was carried
out using the GAR2PED program?.

A. Summary of Key Physico-chemical Properties of Phenol

Phenol shown in Chart 1 is the parent substance of a homologous series of compounds
containing a hydroxyl group bound directly to the aromatic ring. Phenol, or PhOH in
shorthand notation, belongs to the family of alcohols due to the presence of the OH
group and it is in fact the simplest aromatic member of this family. The hydroxyl group
of phenol determines its acidity whereas the benzene ring characterizes its basicity. Thus,
it is formally the enol form of the carbonyl group (for a review, see ref. 9).

In this subsection we briefly outline the key physico-chemical properties of phenol. For
its other properties consult with the NIST data located at URL http://webbook.nist.gov.

Phenol has a low melting point, it crystallizes in colourless prisms and has a character-
istic, slightly pungent odor. In the molten state, it is a clear, colourless, mobile liquid. In
the temperature range T < 68.4 °C, its miscibility with water is limited; above this tem-
perature it is completely miscible. The melting and solidification points of phenol are quite
substantially lowered by water. A mixture of phenol and ca 10% water is called phenolum
liquefactum, because it is actually a liquid at room temperature. Phenol is readily soluble
in most organic solvents (aromatic hydrocarbons, alcohols, ketones, ethers, acids, halo-
genated hydrocarbons etc.) and somewhat less soluble in aliphatic hydrocarbons. Phenol
forms azeotropic mixtures with water and other substances.

CHART 1. Chemical formulae of phenol: C¢HsOH; early name: carbolic acid, hydroxybenzene;
CAS registry number: 108-95-2
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Other physical data of phenol follow below:

Molecular weight: 94.11 (molecular mass of C¢HsOH is equal to 94.04186).
Weakly acidic: pK,(H,O) = 9.94 (although it varies in different sources from 9.89 to
9.95).
Freezing point: 40.91°C.
Specific heats of combustion: C, = 3.06 Jmol™' K™!, C, = 3.07 Jmol~' K.
First ionization energy (IE,): 8.47 eV (experimental), 8.49 4+ 0.02 eV (evaluated).
Proton affinity (PA): 820 kJmol~' 10,
Gas phase basicity: 786.3 kI mol =10,
Gas-phase heat of formation A y Hyos: —96.2 £ 8 kI mol~! (experimental); —93.3 kJ mol~!
(theoretical)!!.
Solvation free energy:
Experimental: —27.7 kJ mol~' 12, —27.6 kI mol~'13.
Theoretical: —17.3, —20.2, —16.4 kJmol~' (AMBER parameter'#), —19.7, —23.8,
—12.1 kImol 1 13-16,
Gas phase acidity: Agciq Hzos:
Experimental: 1465.7 4 10 kJmol~''7-18; 1461.1 &9 kJmol~!13.19;
1471 4 13 kJ mol 120,
Theoretical: 1456.4 kJ mol~'%.
O—H bond dissociation energy D9s(Cs Hs O—H):
Experimental: 362 & 8 kI mol~!2!; 363.2 4 9.2 kJ mol~'??; 353 & 4 kI mol~!%3;
376 + 13 kI mol~'?*; 369.5 kI mol~'?%; 377 + 13 kJ mol~'20.
Theoretical: 377.7 kJ mol~'20.

What else is worth noting, in view of the present review on the theoretical aspects of
phenol, is that its electronic subsystem consists of 50 electrons and the ground state is a
singlet closed-shell state designated as S,.

Phenol can be considered as the enol of cyclohexadienone. While the tautomeric
keto—enol equilibrium lies far to the ketone side in the case of aliphatic ketones, for
phenol it is shifted almost completely to the enol side. The reason of such stabilization is
the formation of the aromatic system. The resonance stabilization is very high due to the
contribution of the ortho- and para-quinonoid resonance structures. In the formation of
the phenolate anion, the contribution of quinonoid resonance structures can stabilize the
negative charge.

In contrast to aliphatic alcohols, which are mostly less acidic than phenol, phenol
forms salts with aqueous alkali hydroxide solutions. At room temperature, phenol can
be liberated from the salts even with carbon dioxide. At temperatures near the boiling
point of phenol, it can displace carboxylic acids, e.g. acetic acid, from their salts, and
then phenolates are formed. The contribution of ortho- and para-quinonoid resonance
structures allows electrophilic substitution reactions such as chlorination, sulphonation,
nitration, nitrosation and mercuration. The introduction of two or three nitro groups into
the benzene ring can only be achieved indirectly because of the sensitivity of phenol
towards oxidation. Nitrosation in the para position can be carried out even at ice bath
temperature. Phenol readily reacts with carbonyl compounds in the presence of acid or
basic catalysts. Formaldehyde reacts with phenol to yield hydroxybenzyl alcohols, and
synthetic resins on further reaction. Reaction of acetone with phenol yields bisphenol A
[2,2-bis(4-hydroxyphenyl)propane].

The reaction in the presence of acid catalysts is used to remove impurities from synthetic
phenol. Olefinic impurities or carbonyl compounds, e.g. mesityl oxide, can be polymerized
into higher molecular weight compounds by catalytic quantities of sulphuric acid or acidic
ion exchangers and can thus be separated easily from phenol, e.g. by its distillation.
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Phenol readily couples with diazonium salts to yield coloured compounds. The latter can
be used for the photometric detection of phenol as in the case of diazotized 4-nitroaniline.
Salicylic acid (2-hydroxybenzoic acid) can be produced by the Kolbe—Schmitt reaction®®
(studied by the density functional method?’) from sodium phenolate and carbon diox-
ide, whereas potassium phenolate gives the para compound. Alkylation and acylation
of phenol can be carried out with aluminium chloride as catalyst; methyl groups can
also be introduced by the Mannich reaction. Diaryl ethers can only be produced under
extreme conditions.

With oxidizing agents, phenol readily forms a free radical which can dimerize to form
diphenols or can be oxidized to form dihydroxybenzenes and quinones. Since phenol
radicals are relatively stable, phenol is a suitable radical scavenger and can also be used
as an oxidation inhibitor. Such a property can also be undesirable, e.g. the autoxidation
of cumene can be inhibited by small quantities of phenol.

B. The History of the Discovery of Phenol

Phenol is a constituent of coal tar and was probably first (partly) isolated from coal
tar in 1834 by Runge, who called it ‘carbolic acid’ (Karbolsdure) or ‘coal oil acid’
(Kohlenolsiure)?8 3,

Friedlieb Ferdinand Runge (born in Billwirder, near Hamburg, 8 February
1795—Oranienburg, died on 25 March 1867) began his career as a pharmacist and, after
a long residence in Paris, became an associate professor in Breslau, Germany. Later,
he served in the Prussian Marine in Berlin and Oranienburg. Runge published several
scientific and technological papers and books (see References 31 and 32 and references
therein). He rediscovered aniline in coal-tar oil and called it kyanol. He also discovered
quinoline (leukol), pyrrole (wvppo), rosolic acid and three other bases.

Pure phenol was first prepared by Laurent in 1841. Auguste Laurent (La Folie, near
Langres, Haute-Marne, 14 September 1808 —Paris, 15 April 1853), the son of a wine-
merchant, was assistant to Dumas at the Ecole Centrale (1831) and to Brongniart at the
Sevres porcelain factory (1833-1835) in France. From 1835 until 1836, he lived in a
garret in the Rue St. Andre, Paris, where he had a private laboratory. In December 1837
Laurent defended his Paris doctorate and in 1838 became professor at Bordeaux. Since
1845 he worked in a laboratory at the Ecole Normale in Paris. In his studies of the distil-
late from coal-tar and chlorine, Laurent isolated dichlorophenol (acide chlorophénésique)
C>*H8CI*0? and trichlorophenol (acide chlorophénisique) C**H®C1°0?, which both sug-
gested the existence of phenol (phenhydrate)’>. Laurent wrote: ‘I give the name phéne
(patvw, I light) to the fundamental radical. ..’. He provided the table of ‘general formu-
lae of the derived radicals of pheéne’ where phenol (hydrate of phéne) was indicated by
the incorrect formula C*H'? + H*O? (=Cg¢HgO, in modern notation). In 1841, Laurent
isolated and crystallized phenol for the first time. He called it ‘hydrate de phényle’ or
‘acide phénique’3*. His reported melting point (between 34 and 35 °C) and boiling point
(between 187 and 188 °C) are rather close to the values known today. Apart from mea-
suring these elementary physical properties, Laurent also gave some crystals to a number
of persons with toothache to try it out as a possible pain killer. The effect on the pain
was rather unclear, but the substance was ‘very aggressive on the lips and the gums’.
In the analysis of his experiments, Laurent applied the substitution hypothesis that was
originally proposed by his former supervisor, Dumas. Apparently, however, Laurent went
further than Dumas and assumed that the substitution reaction did not otherwise change
the structural formula of the reactant and the product, whereas Dumas limited himself to
the claim that the removal of one hydrogen atom was compensated by the addition of
another group, leaving open the possibility of a complete rearrangement of the molecule™.
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The substitution hypothesis (especially in the form proposed by Laurent) was attacked
rather strongly by Berzélius, who claimed that a simple replacement of the hydrogen atom
by, for instance, the chlorine atom in an organic molecule should be utterly impossible
‘due to the strong electronegative character’ of chlorine®®37. According to Berzélius, the
very idea of Laurent contradicted the first principles of chemistry and ‘seems to be a bad
influence (une influence nuisible) in science’ (see also Reference 32, p. 388). Instead, he
reinterpreted all the results of Laurent by breaking up the reaction product into smaller
(more familiar) molecules, satisfying the same global stoichiometry. It looks as if Berzélius
was reluctant to accept the full richness of organic chemistry. He was unwilling to accept
the existence of new molecules, if the atomic count (and a few other obvious properties)
could be satisfied by known molecules. Dumas replied that Berzélius ‘attributes to me an
opinion precisely contrary to that which I have always maintained, viz., that chlorine in
this case takes the place of the hydrogen... . The law of substitution is an empirical fact
and nothing more; it expresses a relation between the hydrogen expelled and the chlorine
retained. I am not responsible for the gross exaggeration with which Laurent has invested
my theory; his analyses moreover do not merit any confidence’*® (see also Reference 32,
p. 388).

In 1843, Charles Frederic Gerhardt (Strasbourg, 21 August 1816—19 August 1856)
also prepared phenol by heating salicylic acid with lime and gave it the name ‘phénol’®.

Since the 1840s, phenol became a subject of numerous studies. Victor Meyer studied
desoxybenzoin, benzyl cyanide and phenyl-substituted methylene groups and showed that
they have similar reactivities’!. He subsequently published a paper on ‘the negative nature
of the phenyl group’, where he noted how phenyl together with other ‘negative groups’
can make the hydrogen atoms in methylene groups more reactive. In 1867, Heinrich von
Brunck defended his Ph.D. thesis in Tiibingen under Adolph Friedrich Ludwig Strecker
and Wilhelm Staedel on the theme ‘About Derivatives of Phenol’, where he particularly
studied the isomers of nitrophenol’!.

The Raschig—Dow process of manufacturing phenol by cumene was discovered by
Waurtz and Kekule in 1867, although the earlier synthesis was recorded by Hunt in 1849.
Interestingly, Friedrich Raschig, working earlier as a chemist at BASF and known for
his work on the synthesis of phenol and production of phenol formaldehyde adduct, later
established his own company in Ludwigshafen.

It is also interesting to mention in this regard that in 1905, the BAAS subcommit-
tee on ‘dynamic isomerism’ was established and included Armstrong (chairman), Lowry
(secretary) and Lapworth. In the 1909 report, Lowry summarized that one of the types
of isomerism involves the ‘oscillatory transference’ of the hydrogen atom from carbon
to oxygen, as in ethyl acetoacetate (acetoacetic ester), or from oxygen to nitrogen, as in
isatin, or from one oxygen atom to the other one, as in para-nitrosophenol*®*!.

C. Usage and Production

Phenol is one of the most versatile and important industrial organic chemicals. Until
World War II, phenol was essentially a natural coal-tar product. Eventually, synthetic
methods replaced extraction from natural sources because its consumption had risen sig-
nificantly. For instance, as a metabolic product, phenol is normally excreted in quantities
of up to 40 mgL~! in human urine. Currently, small amounts of phenol are obtained from
coal tar. Higher quantities are formed in coking or low-temperature carbonization of wood,
brown coal or hard coal and in oil cracking. The earlier methods of synthesis (via benzene-
sulphonic acid and chlorobenzene) have been replaced by modern processes, mainly by
the Hock process starting from cumene, via the Raschig—Dow process and by sulphona-
tion. Phenol is also formed during petroleum cracking. Phenol has achieved considerable
importance as the starting material for numerous intermediates and final products.
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Phenol occurs as a component or as an addition product in natural products and
organisms. For example, it is a component of lignin, from which it can be liberated by
hydrolysis. Lignin is a complex biopolymer that accounts for 20-30% of the dry weight
of wood. It is formed by a free-radical polymerization of substituted phenylpropane units
to give an amorphous polymer with a number of different functional groups including
aryl ether linkages, phenols and benzyl alcohols*?. Most pulp-processing methods involve
oxidative degradation of lignin, since its presence is a limitation to the utilization of wood
pulps for high end uses such as print and magazine grade paper. Such limitation is due to
the photoinduced yellowing of lignin-rich, high-yield mechanical pulps and, as a result,
the photooxidative yellowing has been extensively studied in the hope of understanding
its mechanism and ultimately preventing its occurrence*> 3. Phenoxyl radicals are pro-
duced during the photooxidation of lignin and their subsequent oxidation ultimately leads
to quinones, which are actually responsible for the yellow colour.

Phenol was first used as a disinfectant in 1865 by the British surgeon Joseph Lister
at Glasgow University, Scotland, for sterilizing wounds, surgical dressings and instru-
ments. He showed that if phenol was used in operating theatres to sterilize equipment and
dressings, there was less infection of wounds and, moreover, the patients stood a much
better chance of survival. By the time of his death, 47 years later, Lister’s method of
antiseptic surgery (Lister spray) was accepted worldwide. Its dilute solutions are useful
antiseptics and, as a result of Lister’s success, phenol became a popular household anti-
septic. Phenol was put as an additive in a so-called carbolic soap. Despite its benefits
at that time, this soap is now banned. In Sax’s book Dangerous Properties of Industrial
Materials (quoted in Reference 44), one finds frightening phrases like ‘kidney damage’,
‘toxic fumes’ and ‘co-carcinogen’. Clearly, phenol is totally unsuitable for general use,
but the benefits 130 years ago plainly outweighed the disadvantages. However, because
of its protein-degenerating effect, it often had a severely corrosive effect on the skin and
mucous membranes.

Phenol only has limited use in pharmaceuticals today because of its toxicity. Phenol
occurs in normal metabolism and is harmless in small quantities according to present
knowledge, but it is definitely toxic in high concentrations. It can be absorbed through
the skin, by inhalation and by swallowing. The typical main absorption route is the
skin, through which phenol is resorbed relatively quickly, simultaneously causing caustic
burns on the area of skin affected. Besides the corrosive effect, phenol can also cause
sensitization of the skin in some cases. Resorptive poisoning by larger quantities of phenol
(which is possible even over small affected areas of skin) rapidly leads to paralysis of the
central nervous system with collapse and a severe drop in body temperature. If the skin is
wetted with phenol or phenolic solutions, decontamination of the skin must therefore be
carried out immediately. After removal of contaminated clothing, polyglycols (e.g. lutrol)
are particularly suitable for washing the skin. On skin contamination, local anesthesia sets
in after an initial painful irritation of the area of skin affected. Hereby the danger exists that
possible resorptive poisoning is underestimated. If phenol penetrates deep into the tissue,
this can lead to phenol gangrene through damage to blood vessels. The effect of phenol on
the central nervous system—sudden collapse and loss of consciousness—is the same for
humans and animals. In animals, a state of cramp precedes these symptoms because of the
effect phenol has on the motor activity controlled by the central nervous system. Caustic
burns on the cornea heal with scarred defects. Possible results of inhalation of phenol
vapour or mist are dyspnea, coughing, cyanosis and lung edema. Swallowing phenol can
lead to caustic burns on the mouth and esophagus and stomach pains. Severe, though
not fatal, phenol poisoning can damage inner organs, namely kidneys, liver, spleen, lungs
and heart. In addition, neuropsychiatric disturbances have been described after survival of
acute phenol poisoning. Most of the phenol absorbed by the body is excreted in urine as
phenol and/or its metabolites. Only smaller quantities are excreted with faeces or exhaled.
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Phenol is a violent systemic poison. Less irritating and more efficient germicides
(component of some plastics) replace phenol; nevertheless, it is widely used in the man-
ufacture of phenolic resins (e.g. with formaldehyde—see Chart 2, with furfural etc.),
epoxy resins, plastics, plasticizers, polycarbonates, antioxidants, lube oil additives, nylon,
caprolactam, aniline insecticides, explosives, surface active agents, dyes and synthetic
detergents, polyurethanes, wood preservatives, herbicides, fungicides (for wood prepara-
tion), gasoline additives, inhibitors, pesticides and as raw material for producing medical
drugs like aspirin.

Acetylsalicylic acid was first synthesized by Bayer in 1897 and named Aspirin in
1899%-47, Nevertheless, its analgesic and antipyretic effects had been known long before.
For example, in the 18th century, Stone discovered the medical effects of the salicin of
willow bark and, since that time, salicylic acid was recognized as the active ingredient.
Salicin is enzymatically hydrolysed to saligenin and glucose by B-glucosidase. Saligenin
is then slowly oxidized to salicylic acid in the blood and in the liver. As is well known, the
sodium salt of salicylic acid was used in the 19th century as a painkiller despite the fact
that it causes stomach irritations. In his search for less-irritating derivatives of salicylic
acid, the Bayer chemist Felix Hoffmann synthesized acetylsalicylic acid (Figure 1).

OH
OH
(0}
HOKo 0
®
OH Lk
[=1
8
Salicin, Assalix ©
2-(Hydroxymethyl)phenyl-
B-D-glucopyranoside OH
HO
Saligenin

2-Hydroxymethylphenol

P450 cat. | blood

oxid. & liver
(¢} OH (0} OH
(0} CHj; OH
T esterase
(¢}
Acetylsalicylic Acid Salicylic Acid

Aspirin
FIGURE 1. Salicin, saligenin, salicylic acid, and aspirin



1. General and theoretical aspects of phenols 11

The success of aspirin was terrific. In a 1994 article*® in the Medical Sciences Bulletin, it
was written that ‘Americans consume about 80 billion aspirin tablets a year, and more than
50 nonprescription drugs contain aspirin as the principal active ingredient’. The Aspirin
Foundation of America provides systematically scientific, regulatory, legislative and gen-
eral educational information about aspirin to the medical community and the public*’. In
1971, Vane™ discovered that aspirin interferes with the biosynthesis of prostaglandins.
In 1982 he was awarded the Nobel Prize in medicine in recognition of his work on the
mechanism of the action of aspirin. In 1994, Garavito and coworkers®" %2 elucidated the
mechanism of aspirin interference with prostaglandin synthesis.

The crystal structure of aspirin was first determined by Wheatley®® in 1964 and was
refined later, in 1985, by Kim and coworkers®*. Its crystal structure data can be obtained
from the Cambridge Crystallographic Database®. The key features of the crystal structure
of aspirin are shown in Figure 2. Quite recently, the potential energy surface of aspirin
was studied using the B3LYP/6-31G(d) method and all its nine conformational isomers
were located™®.

g o NS

FIGURE 2. Hydrogen bonding patterns and dipole alignment in the crystal structure of aspirin. Two
positions are shown for each of the hydrogen-bonded hydrogen atoms (A). Aspirin may also form
another conformation of the dimer structure, a sort of inversion-symmetric dimer, with a perfect
dipole—dipole alignment of the carbonyl groups of two ester functions (B). Actually, each aspirin is
partly involved in a dimer of A and B. This is shown in C. D demonstrates the arrangement of the
chains in the crystal. Adapted from Reference 56 with permission
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Phenol is mainly used in the production of phenolic resins (plastics). These resins are
important components of such items as appliance knobs, handles and housings, washing
machine agitators and electrical devices. One example of its commercial usage is the
phenol—formaldehyde polymer or phenol—formaldehyde resin called Bakelite (Formica,
Micarta), first made in the USA in 1909. It took its name from its discoverer Leo Baeke-
land who developed it commercially between 1905 and 1910, and it was actually the
first truly synthetic polymer. It is characterized by low cost, dimensional stability, high
strength, stiffness and resistance to ageing; it is much safer than celluloid. It has insulat-
ing properties and could be moulded easily. Bakelite was the ideal plastic for electrical
appliances, and in fact it was Bakelite which made possible the generation and distri-
bution of electricity; it made electrical appliances safer for home utilization. It is also
widely used in handles, table tops, cabinets and wall panels. The reaction between phe-
nol and formaldehyde is a typical reaction of condensation polymerization, shown in
Chart 2%7.

A phenol derivative, phenolphthalein is prepared by the reaction of phenol with phthalic
anhydride in the presence of sulphuric acid and used as an indicator for acidity or
alkalinity. Chlorinated phenol is much safer than phenol. Chlorine gas reacts with phe-
nol to add one, two or three chlorine atoms and to form, respectively, chlorophenol,
2,4-dichlorophenol and 2,4,6-trichlorophenol®®. The chlorination of phenol proceeds by
electrophilic aromatic substitution. The latter two molecules are less soluble in water than
phenol and appear to be a stronger antiseptic than phenol. Interestingly, in the first half
of the past century, a bottle of antiseptic chlorophenols was a common attribute as a
medicine in many homes. Its solution was used for bathing cuts, cleaning grazes, rinsing
the mouth and gargling to cure sore throats. Nevertheless, it was revealed that its solution
likely contains dioxins.

There are actually 31 different chloro- and polychlorophenols®’. One of them, 2.4-
dichlorophenoxyacetic acid (2,4-D), acts as a growth hormone. This makes it particularly
effective as a weedkiller against broad-leaf weeds, even in a tiny drop. Surprisingly, it is
actually a superb selective weedkiller for lawns and grain crops because it does not affect
grass and cereals. Sometimes, 2,4-D is used to trick plants into flowering. This is widely
used in Hawaii, where visitors are greeted with pineapple flowers during the whole year!
It is safe for animals in low quantity, but 35 g of it is likely a fatal dose for an average
person weighing about 70 kg. 2,4-D is quite inexpensive, effective, more selective than
other weedkillers and much safer than the sodium arsenate and sodium chlorate which
were popular weedkillers in the 1950s. In 1948, 2,4,5-trichlorophenoxyacetic acid (2,4,5-
T) came into the market** and contained larger quantities of dioxin than 2,4-D*°. It was
used as a killer for tough weeds and was so successful in killing woody plants that it
was deployed in the Vietham War. From 1962 to 1969, at least 50,000 tonnes of a 50:50
mixture of 2,4-D and 2,4,5-T (called defoliant and widely known as Agent Orange) was
sprayed from the air to destroy the dense foliage of trees covering the troops of the
Vietnam National Front of Liberation. Agent Orange was contaminated with ca 2—-4%
of dioxins and for this reason it caused birth defects in new-born babies in Vietnam.
It may also be linked to a form of acute myelogenous leukaemia, which represents 8%
of childhood cancers among the children of Vietnam veterans, as the US Institute of
Medicine (IOM) committee has recently reported®.

Interestingly, phenols from peat smoke are included in the flavours of Scotch whisky
to dry the malt*.

Complex phenols are widespread in nature, although the simple ones are relatively
uncommon. Phenol is particularly found in mammalian urine, pine needles and oil tobacco
leaves. Abundant natural substances such as thymol (1) and carvacrol (2) are derivatives
of phenols.
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Natural phenols®”-5!-62 arise in the three following manners®’:

(i) Poly-B-ketones, for example (3), derived from the acid RCO,H and three mal-
onate units, are intermediates (enzyme-bound) in phenol biosynthesis. Cyclization can
be envisaged as being similar to the aldol reaction (cf. 4) or the Claisen condensation
(cf. 5) yielding phenolic acids like orsellinic acid (6), R = Me, or phenolic ketones, e.g.
phloracetophenone (7), R = Me, respectively, after enolization of the carbonyl functions.
Modification processes may ensue or intervene. The reduction of a carbonyl to secondary
alcohol, away from the cyclization site, may thus afford a phenol with one less hydroxyl.
However, such a mode of biogenesis®~% leads to phenols with meta-disposed hydroxyls.
This character may be diagnostic of the origin.

OH
OH
@ ?)
o)
COSCoA
RCOCH,COCH,COCH,CO,H
3)
0 ) R
0
@)
o SCoA OH HO OH
<0 COH
R COR
o o HO R OH
5) (6) (@)

(ii) Aromatic rings may be hydroxylated in vivo by mono-oxygenases. Such reactions
are often encountered in aromatics derived from the shikimate—prephenate pathway®.
Phenylalanine (8) is thus p-hydroxylated to tyrosine (9) by phenylalanine mono-oxygenase
using molecular oxygen. Cinnamic acid (10a) can be hydroxylated to p-hydroxycinnamic
acid (10b), and on to di- and tri-hydroxy acids like, for instance, caffeic (10c) and gallic
(10d) acids, with adjacent hydroxy functions. A useful list of micro-organisms and higher
plant mono-oxygenases and phenolases is given elsewhere®’. Hydroxylations such as
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COH R CO,H
NH, NH,
R HO
) )
R? X - CO.H
Rl
RZ

(10) (a) R'=RZ=R3>=H
(b)R!'=0H,RZ=R3*=H
(©)R'=R?=0H,R3*=H
(dR'=R?=R3>=0H

(8 — 9) may be accompanied by proton rearrangements as (8, R =D) — (9,R =D),
the so-called ‘National Institute of Health’ (‘NIH’) shift, whose mechanism® % is dis-
played in Chart 3. Related ‘NIH’ shifts have been observed in vitro for various synthetic
arene oxides and in oxidation of aromatics by permanganate and by chromyl compounds’®
such as CrO,Cl, and CrO,(OAc),.

(iii) Alicyclic rings with oxygen functions may be dehydrogenated to phenols. Com-
pounds 1 and 2 are likely derived from monocyclic monoterpenes carrying a 3- or
2-oxygen function. Phenolic steroids like, for instance, estrone and equilenin can be
derived in a similar way. This route to phenolic products is not yet well understood.

Phenol moieties are present in salvarsan (11) and neosalvarsan (12) synthesized by the
German scientist Paul Ehrlich (1854—-1915), considered as the father of chemotherapy for

R H, R Hy
S —— O
H, H,
Rate-determining
step
R Hyp R H, R H,
- Hy
OH (6] o

CHART 3. Mechanism of the so-called ‘NIH’-shift



1. General and theoretical aspects of phenols 15

use in syphilis treatments prior to the discovery of penicillin. He received a Nobel Prize
in 1908 for his work.

H,N NH,

an

"\ I

N CH,—C—ONa

oo

12)

Phenol serves as a basic unit of larger molecules, e.g. tyrosine residues in proteins. The
phenoxyl radical is treated as a model system for the tyrosyl radical whose formation via
abstraction of the hydrogen atom from the hydroxyl group of tyrosine is a typical feature
of oxidative stress in the physiological pH range’" 2.

Phenols are an extremely important class of antioxidants whose utilization in living
organisms and synthetic organic materials reduces the rate of the oxidative degradation
which all organic materials undergo by being exposed to air’>~77. The antioxidant property
can be related to the readily abstractable phenolic hydrogen as a consequence of the
relatively low bond dissociation enthalpy of the phenolic O—H group [BDE(O—H)]. A
large variety of ortho- and/or para-alkoxy-substituted phenols have been identified as
natural antioxidants, such as «-tocopherol (13), which is known as the most effective
lipid-soluble chain-breaking antioxidant in human blood plasma, and ubiquino-10 (14),
both present in low-density lipid proteins. The mechanism of action of many phenolic
antioxidants relies on their ability to transfer the phenolic H atom to a chain-carrying
peroxyl radical at a rate much faster than that at which the chain-propagating step of
lipid peroxidation proceeds’>~77. Natural phenolic antioxidants can be also isolated from
plants” such as sesamolinol (15), from sesame seeds and coniferyl alcohol (16), one
of the three precursors for the biosynthesis of lignin. For example, Vitamin E (17) is a
chain-breaking antioxidant that interferes with one or more of the propagation steps in
autooxidation by atmospheric oxygen”.

Phenolic compounds are also known to suppress the lipid peroxidation in living organ-
isms. Furthermore, they are widely used as additives in food technology.

Regarding the production of phenol, small quantities of phenol are isolated from tars
and coking plant water produced in the coking of hard coal and the low temperature
carbonization of brown coal as well as from the wastewater from cracking plants. Most
of the past and currently employed phenol syntheses are based on using benzene as a
precursor which, however, is known as a volatile organic carcinogen. About 20% of the
global benzene production is used for the manufacture of phenol®®. By far the greatest
proportion is obtained by oxidation of benzene or toluene. Although direct oxidation of
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benzene is possible in principle, the phenol formed is immediately further oxidized. It is
worth mentioning that a recent study®' performed a thorough computational study of the
potential energy surface for the oxidation reaction of benzene in the lowest-lying triplet
state (equation 1)

C¢Hg + OCP) Products 1)
followed by a kinetic analysis using the Rice—Ramsperger—Kassel-Marcus (RRKM)
reaction theory®? based on the electronic structure calculations employing the MP4/6-
31G(d)//HF/6-31G(d) and B3LYP/cc-pVDZ computational levels. Below we outline the
key results of this work.

Reaction 1 has a large number of energetically feasible product channels. In Figure 3,
we display the theoretical triplet potential energy surface (PES) for reaction 1. The reaction
initially proceeds via the addition of OCP) to benzene, and this first step is exother-
mic by —37 kImol~! and characterized by a barrier of approximately 21 kJ mol~'. The
chemically activated adduct reacts on the triplet PES in forming a number of products.
The two lowest barriers lead to the formation of phenoxyl radical (—14 kJmol~!) and
formylcyclopentadiene (—8 kJmol~!, both barriers taken relative to the reactant)’!. The
reaction route resulting in phenol is exothermic (—33 kJ mol~!8!). However, it has a rather
high barrier of 100 kJ mol~!. The calculated enthalpy of the reaction of the formation of

kJ mol ™!
80T

80

—40 T

-80 T

-120

FIGURE 3. The potential energy profile of triplet products and transition structures in reaction 1.
Adapted from Reference 81 with permission
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phenol amounts to —433 kJ mol~!, which agrees fairly well with the experimental value
of —428 kJmol~'3!. The theoretical singlet—triplet splitting of phenol (352 kJmol~') is
also very close to its experimental value of 341 kJmol~!. One may conclude that such
high activation is likely sufficient to overcome the barrier in order to form phenoxy radical
(372 kImol™!), and therefore one might expect that the formation of the latter dominates
on the singlet PES. This concurs with the flame data of Bittner and Howard®? indicating
that a direct reaction route to phenol is not possible.

It has been recently revealed that ZSM-5 zeolite exhibits an extremely high catalytic
selectivity for the oxidation of benzene to phenol. The high reactivity of the zeolite
should be ascribed to iron impurity arising in the intermediary steps in the zeolite
synthesis®®. A surface oxygen (O) or a-oxygen, generated on Fe-ZSM-5 zeolite during
N,O decomposition®* 83 (equation 2)

zeolites (O) + N2 (2)

N,O

takes part in the formation of phenol via equation 3

(O) + Cg¢Hg C¢HsOH 3)
Reactions 2 and 3 have been thoroughly studied theoretically at the B3LYP computational
level. In particular, a sound model of a-oxygen has been proposed®>#. According to
Reference 87, Solutia has recently developed a one-step technology producing phenol
directly from benzene and N,O. Due to the fact that such a process provides a very high
yield and can use waste N,O from the production of adipic acid, it is now considered to
be a rather promising technology in the new millennium.

Therefore, alternative routes must be chosen for the production of phenol, e.g. via
halogen compounds which are subsequently hydrolysed or via cumene hydroperoxide
which is then cleaved catalytically. The following processes were developed as industrial
syntheses for the production of phenol®:

1. Sulphonation of benzene and production of phenol by heating the benzenesulphonate
in molten alkali hydroxide®.

2. Chlorination of benzene and alkaline hydrolysis of the chlorobenzene.

3. Chlorination of benzene and catalytic saponification by Cu in the steam hydrolysis
of the chlorobenzene®®®! (Raschig process, Raschig—Hooker, Gulf oxychlorination).

4. Alkylation of benzene with propene to isopropylbenzene (cumene), oxidation of
cumene to the corresponding fert-hydroperoxide and cleavage to phenol and acetone
(Hock process).

5. Toluene oxidation to benzoic acid and subsequent oxidizing decarboxylation to phe-
nol (Dow process).

6. Dehydrogenation of cyclohexanol—cyclohexanone mixtures.

Among these processes, only the Hock process and the toluene oxidation are important
industrially. The other processes were discarded for economic reasons. In the Hock pro-
cess acetone is formed as a by-product. This has not, however, hindered the expansion
of this process, because there is a market for acetone. New plants predominantly use the
cumene process. More than 95% of the 4,691,000 my*1 (m = metric tonnes) consumed is
produced by the cumene peroxidation process. Phenol’s consumption growth rate of 3% is
primarily based on its use in engineering plastics such as polycarbonates, polyetherimide
and poly(phenylene oxide), and epoxy resins for the electronic industry. The Mitsui Com-
pany is, for instance, the world’s second largest producer of phenol. Japan’s production
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output (in thousands of metric tonnes) is shown below®2.

Chemicals/Year 1996 1997 1998 1999 2000 Change
1999-2000

Phenol 768 833 851 888 916 3.2%

Phenolic resins 294 303 259 250 262 4.8%

The cumene process is based on the discovery of the oxidation of cumene with oxygen
to cumene hydroperoxide and its acidic cleavage to phenol and acetone published in
19443, This reaction was developed into an industrial process shortly after World War 11
by the Distillers Co. in the United Kingdom and the Hercules Powder Co. in the United
States. The first plant was put into operation in 1952 by Shawinigan in Canada and had an
initial capacity of 8000 ty~! of phenol. Today, phenol is predominantly produced by this
process in plants in the USA, Canada, France, Italy, Japan, Spain, Finland, Korea, India,
Mexico, Brazil, Eastern Europe and Germany with an overall annual capacity of 5 x 10°
tons** %> In addition to the economically favourable feedstock position (due to the progress
in petrochemistry since the 1960s), the fact that virtually no corrosion problems occur and
that all reaction stages work under moderate conditions with good yields was also decisive
for the rapid development of the process. To produce cumene, benzene is alkylated with
propene using phosphoric acid (UOP process) or aluminium chloride as catalyst.

The phenol-forming process via toluene oxidation developed originally by Dow
(USA)%-8 has been carried out in the USA, Canada and the Netherlands. Snia Viscosa
(Italy) uses the toluene oxidation only for the production of benzoic acid as an intermediate
in the production of caprolactam® 1%, The process proceeds in two stages. At the first
stage, toluene is oxidized with atmospheric oxygen in the presence of a catalyst to
benzoic acid in the liquid phase. At the second stage the benzoic acid is decarboxylated
catalytically in the presence of atmospheric oxygen to produce phenol. This is a
radical-chain reaction involving peroxy radicals. The activation energy of the exothermic
oxidation of toluene to benzoic acid is 136 kJ mol~'%°.

Most of the phenol produced is processed further to give phenol—formaldehyde
resins. The quantities of phenol used in the production of caprolactam via
cyclohexanol—cyclohexanone have decreased because phenol has been replaced by
cyclohexane as the starting material for caprolactam. The production route starting from
phenol is less hampered by safety problems than that starting from benzene, which
proceeds via cyclohexane oxidation. Bisphenol A, which is obtained from phenol and
acetone, has become increasingly important as the starting material for polycarbonates
and epoxy resins. Aniline can be obtained from phenol by ammonolysis in the Halcon
process. Adipic acid is obtained from phenol by oxidative cleavage of the aromatic
ring. Alkylphenols, such as cresols, xylenols, 4-fert-butylphenol, octylphenols and
nonylphenols, are produced by alkylation of phenol with methanol or the corresponding
olefins. Salicylic acid is synthesized by addition of CO, to phenol (Kolbe synthesis).
Chlorophenols are also obtained directly from phenol. All these products have considerable
economic importance because they are used for the production of a wide range of consumer
goods and process materials. Examples are preforms, thermosets, insulating foams, binders
(e.g. for mineral wool and molding sand), adhesives, laminates, impregnating resins, raw
materials for varnishes, emulsifiers and detergents, plasticizers, herbicides, insecticides,
dyes, flavours and rubber chemicals.

It is worth noting the recent work on the benzene-free synthesis of phenol'®!, which is
actually a part of longstanding efforts'” to elaborate the alternatives to benzene. This new
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alternative synthesis is based on the aromatization of shikimic acid which is now readily
available by the elaboration of a microbe-catalysed synthesis from glucose in near-critical
water, where phenol is the primary reaction product. An aqueous solution of shikimic
acid is heated to and maintained at 350 °C for 30 min yielding 53% of phenol.

Il. MOLECULAR STRUCTURE AND BONDING OF PHENOL
A. The Equilibrium Structure of Phenol in the Ground Electronic State

Until the mid-thirties of the 20th century electron diffraction or microwave studies of
phenol had not yet been conducted and so, rather peculiarly, the equilibrium configuration
of phenol remained uncertain although some indirect evidence suggested its ground
electronic state S, to be certainly planar. The first X-ray structural data became avail-
able by 1938 for several phenolic compounds'®. At that time, it was suggested that the
C—O bond is about 1.36 A, that is by ca 0.07 A shorter than the C—O bond in aliphatic
alcohols. This was accounted for by the decrease in the effective radius of the carbon atom
due to the change of hybridization from sp® to sp?, even though some degree of electron
delocalization across the C—O bond could be assumed. Such increase in double-bond
character favours a completely planar equilibrium configuration of phenol in its ground
electronic state.

This character results from quinonoid resonance structures in addition to the more
important Kekulé-type structures'™ and tends to cause the hydrogen atom to be placed in
the molecular plane. This leads to two equivalent configurations with the hydrogen of the
OH group being on one side of the other of the C—O bond'®. It implies the existence
of the activation barrier V, of the OH torsion motion around the C—O bond estimated in
the mid-thirties as equal to 14 kJmol~!.

The molecular geometry of phenol was later determined experimentally by microwave
spectroscopy'%~198 and electron diffraction'® (ED). In 1960, MW experiments'® of some
phenol derivatives showed that their equilibrium configurations are planar (C; symme-
try). In 1966, two possible r,-structures were determined by examining four new isotopic
modifications of phenol'%, and three years later a partial r,-structure was presented on the
basis of the six monodeuteriated species'”’. The full r,-structure of phenol was reported!%®
in 1979 and is presented in Table 1'®°. Generally speaking, the structure of the phenyl
ring in phenol deviates only slightly from the regular isolated phenyl ring. This is shown
in Figure 4. All C—H distances are nearly equal, within the experimental uncertainties,
although the para-distance seems to be shorter than the other ones. The CCC bond angles
are slightly perturbed, viz. the bond angle C;C;Cs is larger than 120° whereas the C;CsC,y
angle is smaller than 120°. The angle between the C¢O; bond and the C;-C, axis was
reported equal to 2.52°'%. Our calculation performed at the B3LYP/6-31+G(d,p) compu-
tational method predicts it to be equal to 2.58°.

Since the first quantum mechanical calculation of phenol performed in 1967 using the
CNDO/2 method'!?, the phenol geometry was considered at a variety of computational
levels'!'=12 ranging from the HF to the MP2 method of molecular orbital theory and den-
sity functional theory (DFT) employed with several basis sets, mainly of the split valence
type as, e.g. 6-31G(d,p) and 6-31+G(d,p). These computational results are summarized in
Tables 1-3 and Figure 4. It seems noteworthy that the semi-empirical geometries listed
in Table 1 are rather close to the experimental observations. Also, to complete the the-
oretical picture of the phenol molecule, its theoretical inertia moments calculated at the
B3LYP/6-314+G(d,p) level are equal to 320.14639, 692.63671 and 1012.78307 a.u.

Table 3 summarizes the key properties of phenol'’~!3°, Inspecting its rotational con-
stants collected in Table 2, we may conclude that fair agreement between experiment and
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Present calculations B3LYP/6-31+G(d, p):

Dipole moment (D):
pe=1.391 p,=0.117
Paota = 1.396

Quadrupole moment (D. A):
Qux=35.911 Qyy =38.426 Q,, = 45.608

Qxy =4.554 Q)(z = Qyz =0

Octapole moment (D. A%):

Quxx = 0.595 Q= —6.921 Q,,, = 13.329
x  Quy=-5.677Qy,,=0.146 Q,,, = -5.796

szz = nyz = Qxyz =0

Hexadecapole moment (D. A3):
Q,xxx = 283.505 nyyy =500.357
Q,,,,=55.514 Q,(,(,(y =0.991
Qyyyx =36.133 Qyyy = 121.589
Quxzz = 68.116 Qyy,, = 108.221
Qyzxy = 0.269

QXXXL = nyyL = QZZZX = QZZZy =

xxyz = Nyyxz =

Polarizability (a.u.):
o, = 89.57
oy, =43.06
a,,=82.94

FIGURE 4. Key properties of the planar B3LYP/6-314+G(d,p) phenol molecule in the ground elec-
tronic state including the position of its centre of mass (c.m.), Mulliken charges and the direction of
its total dipole moment

theory is provided by the MP2 and B3LYP methods (the mean absolute deviations are less
than 0.2%) and the B3P86 method (<0.6%) whereas the HF and BLYP methods predict
rather large values (ca 1.3% and ca 1.5%, respectively)'?*. The latter methods have well-
known shortcomings, viz. the HF bond distances are too short while the BLYP distances
are too large. Regarding in particular the length of the C—O bond, note that BLYP/6-
31G(d) gives 1.384 A although the corresponding MP2/6-31G(d) value of 1.396 A is
larger by 0.012 A.

B. Molecular Bonding Patterns in the Phenol Sg

Let us start this subsection with somewhat simple arguments about the bonding in the
phenol molecule. We may consider the two o bonds of the oxygen atom as constituted
of trigonal hybrids'3'. The third coplanar hybrid accommodates one sp? lone pair while
the pure p orbital is also conjugated with the other p electrons of the phenyl ring.

Speaking at a higher theoretical level, the closed-shell electronic ground-state phenol
molecule is described by the 25 occupied molecular orbitals whose 3D patterns are partly
pictured in Figure 5. These 25 occupied MOs are partitioned into two classes, the first
comprising the seven core orbitals (/s atomic orbitals on the carbon and oxygen atoms)
and the second including 18 valence orbitals. The latter represent six ¢ C—C bonds (all
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1. General and theoretical aspects of phenols

TABLE 3. Dipole moment of phenol. Experimental data are partly reproduced from
Reference 128¢

Experiment Theory
(D) Phase of solvent” T(°C) (D) Method
1.40 £0.03 gas 20 1.73 CNDO/2!10
1.41 gas 175 1.418 B3LYP/6-31+G(d,p)'?°
2.22 lig 20 1.16 HF/MiDi'3°
1.45 B 25 1.52 SM5.42R/HF/MiDi'3°
1.45 B 25
1.45 B 30
1.46 B n.s.
1.47 £0.02 B 20
1.5 B 70
1.53 +£0.03 B 20
1.53 B 26
1.54 B 20
1.54 B 25
1.57 B 20
1.59 B (22)
1.65 B 25
1.72 B 25
1.75 B 20
1.80 D 20
1.86 D 25
1.92 D 20
1.39 CCly 30
1.40 CCly 20
1.46 £0.03 CCly 10-60
1.49 CCly 20
1.50 CCly 20
1.53 CCly 25
1.55 CCly 27
1.37 c-Hx 30
1.324£0.03 c-Hx 20
1.33 £0.03 c-Hx 20
1.39 c-Hx 30
1.43 c-Hx 25
1.37 Hp 20
1.44 Hp 20
1.86 Hp 20
1.44 —1.53 Tol 0-75
1.46 Tol 30
1.38 CS, 20
1.39 CS, 30
1.64 CS, 25
2.14 Ether 25
2.14 Ether 20
2.29 Ether 20
1.45 CIB 20
1.53128 B

“See also Figure 4.
bB = benzene, D = dioxan, ¢-Hx = cyclohexane, Hp = n-heptane, Tol = toluene, CIB = chlorobenzene;
n.s. = not specified.

25
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102’ 11
e=-20.57eV £=-120.28eV

124’ 13a’ 14a’
e=-17.19eV e=-16.58 eV

152

18a 19a” 20a”
e=-11.70 eV e=—-11.32eV e=-10.80eV

FIGURE 5. Some molecular orbital patterns of the electronic ground state of the phenol molecule.
Due to the C,; symmetry of phenol, its MOs are characterized by the a’ or a” irreducible represen-
tations of this group; & denotes the corresponding orbital energy in eV
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21a’ 22a’ 234"

24a” 25a”-HOMO 26a”-LUMO
e=-7.10eV e=-633eV e=-051eV

274’ 28a”
e=-0.12eV e=-0.09eV

FIGURE 5. (continued)

of @’ symmetry), five ¢ C—H bonds (also all of ¢’ symmetry), the C—O o bond (one
a’ orbital), the oxygen o-type lone pair (one a’ orbital), the oxygen p-type lone pair (19
a” orbital) and, finally, the C—C m-bonds (three a” orbitals, namely 23a”, 24a” and the
HOMO 25a”). In addition, three unoccupied 7 molecular orbitals, the LUMO 26a”, 274’
and 28a”, are also shown in Figure 5.

In Table 4, we collect the natural atomic charges (nuclear charge minus the summed
natural populations of the natural atomic occupancies, NAOs, on the atom) and the total
core, valence and Rydberg populations on each atom. Table 4 presents a slightly larger
positive charge on the hydroxyl hydrogen atom H,; relative to other atoms, arising due to
the proximity of the electronegative oxygen atom. The other hydrogen atom Hg next to
the hydroxyl group is characterized by the lowest positive charge. This feature originates
from electron donation from the ring to the corresponding C—H antibonding orbital taking
place in order to decrease the electrostatic repulsion between the neighboring C—H and
O—H bonds.

The HOMO and LUMO are of particular interest. As seen in Figure 5, the shape of
the HOMO is generated by the out-of-phase overlap of the p, AOs localized, on the one
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TABLE 4. Natural atomic orbital (NAO) occupancies, natural population of the MOs, summary of
natural population analysis and Mulliken atomic charges of the electronic ground state of phenol

NAOs
N Atom N Im Type(AO) Occupancy Energy (eV)
1 C ls Cor(1s) 1.998 -9.95
2 C ls Val(2s) 0.947 —-0.16
3 C Ls Ryd(3s) 0.000 1.63
4 C 1 px Val(2p) 1.170 —-0.05
5 C I px Ryd(3p) 0.004 L11
6 C 1 py Val(2p) 1.114 —-0.04
7 C 1 py Ryd(3p) 0.005 0.97
8 C 1 pz Val(2p) 1.049 —0.10
9 C 1 pz Ryd(3p) 0.000 0.80
10 C 2s Cor(1s) 1.998 —10.04
11 C 2s Val(2s) 0.832 —-0.15
12 C 2's Ryd(3s) 0.000 1.58
13 C 2 px Val(2p) 1.105 —0.06
14 C 2 px Ryd(3p) 0.006 1.03
15 C 2 py Val(2p) 0.762 —0.04
16 C 2 py Ryd(3p) 0.008 1.01
17 C 2 pz Val(2p) 0.991 —-0.12
18 C 2 pz Ryd(3p) 0.001 0.80
19 C 3s Cor(1s) 1.998 —-9.96
20 C 3s Val(2s) 0.944 -0.17
21 C 3s Ryd(3s) 0.000 1.63
22 C 3 px Val(2p) 1.165 —0.06
23 C 3 px Ryd(3p) 0.004 1.12
24 C 3 py Val(2p) 1121 —0.06
25 C 3 py Ryd(3p) 0.006 0.94
26 C 3 pz Val(2p) 1.087 —0.11
27 C 3 pz Ryd(3p) 0.000 0.79
28 C 4s Cor(1s) 1.998 -9.96
29 C 4s Val(2s) 0.944 —0.17
30 C 4s Ryd(3s) 0.000 1.62
31 C 4 px Val(2p) 1.179 —-0.05
32 C 4 px Ryd(3p) 0.005 1.14
33 C 4 py Val(2p) 1.100 —-0.04
34 C 4 py Ryd(3p) 0.004 0.94
35 C 4 pz Val(2p) 0.989 -0.10
36 C 4 pz Ryd(3p) 0.000 0.79
37 C 5s Cor(1s) 1.998 -9.95
38 C 5s Val(2s) 0.943 —-0.16
39 C 5s Ryd(3s) 0.000 1.63
40 C 5 px Val(2p) 1.070 —0.04
41 C 5 px Ryd(3p) 0.005 0.84
42 C 5 py Val(2p) 1.208 —-0.05
43 C 5 py Ryd(3p) 0.004 1.24
44 C 5 pz Val(2p) 1.041 -0.10
45 C 5 pz Ryd(3p) 0.000 0.80
46 C 6s Cor(1s) 1.998 -9.96
47 C 6s Val(2s) 0.946 —-0.16
48 C 6 s Ryd(3s) 0.000 1.63
49 C 6 px Val(2p) 1.178 —-0.05
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TABLE 4. (continued)
NAOs
N Atom N Im Type(AO) Occupancy Energy (eV)
50 C 6 px Ryd(3p) 0.005 1.15
51 C 6 py Val(2p) 1.104 —0.04
52 C 6 py Ryd(3p) 0.004 0.93
53 C 6 pz Val(2p) 0.986 —0.10
54 C 6 pz Ryd(3p) 0.000 0.79
55 o 7 s Cor(1s) 1.999 —18.81
56 (0} 7 s Val(2s) 1.664 —0.93
57 (0} 7 s Ryd(3s) 0.000 3.22
58 (0} 7 px Val(2p) 1.628 —0.30
59 (6] 7 px Ryd(3p) 0.000 1.79
60 (0} 7 py Val(2p) 1.467 —0.29
61 o 7 py Ryd(3p) 0.001 1.62
62 (0} 7 pz Val(2p) 1.850 —0.29
63 (0} 7 pz Ryd(3p) 0.000 1.48
64 H 8 s Val(1s) 0.765 0.06
65 H 8 s Ryd(2s) 0.001 0.71
66 H 9s Val(1s) 0.757 0.09
67 H 9s Ryd(2s) 0.000 0.70
68 H 10 s Val(1s) 0.757 0.09
69 H 10 s Ryd(2s) 0.000 0.70
70 H 11 s Val(1s) 0.756 0.09
71 H 11 s Ryd(2s) 0.000 0.70
72 H 12 s Val(1s) 0.745 0.09
73 H 12 s Ryd(2s) 0.001 0.71
74 H 13 s Val(1s) 0.546 0.05
75 H 13 s Ryd(2s) 0.001 0.82
Natural population of the MOs
Core 13.990 (99.9319% of 14)
Valence 35.927 (99.7975% of 36)
Natural Minimal Basis 49.917 (99.8352% of 50)
Natural Rydberg Basis 0.082 (0.1648% of 50)
Summary of natural population analysis
Atom N Charge Core Valence Rydberg Total
Cl1 —0.252 1.999 4.234 0.018 6.252
C2 0.315 1.998 3.662 0.022 5.684
C3 —0.284 1.999 4.267 0.018 6.284
C4 —0.183 1.999 4.165 0.018 6.183
C5 —0.236 1.999 4218 0.018 6.236
CcCo6 —0.182 1.999 4.165 0.017 6.182
07 —0.678 1.999 6.665 0.013 8.678
H38 0.200 0.000 0.797 0.002 0.799
H9 0.204 0.000 0.793 0.002 0.795
H 10 0.206 0.000 0.791 0.002 0.793
H 11 0.204 0.000 0.793 0.002 0.795
H 12 0.217 0.000 0.780 0.002 0.782
H 13 0.467 0.000 0.528 0.004 0.532
<Total> 0.000 13.994 35.863 0.142 50.000

(continued overleaf)
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TABLE 4. (continued)

Mulliken charges on atoms

1C —0.186
2C 0.295
3C —0.223
4C —0.184
5C —0.195
6C —0.185
70 —0.607
8H 0.173
9H 0.187
10 H 0.182
11H 0.187
12H 0.199
13 H 0.357

hand, on the carbon atoms C;, C, and Cg, and, on the other hand, on C4 and the oxygen
atom. The LUMO shape is quite different and composed of the out-of-phase overlap of the
p. AOs on the C,, C3, Cs and C¢. Both HOMO and LUMO possess two nodal surfaces
perpendicular to the phenolic ring. Both frontier orbitals have negative orbital energies:
eromo = —6.33 eV and e ymo = —0.51 eV. According to Koopmans’ theorem!3> 133, the
Koopmans ionization potential, which is simply the HOMO energy taken with the opposite
sign, might be in general considered as a good approximation to the first vertical ionization
energy. Therefore, in the case of phenol, egomo must be interpreted as the energy required
to remove a 7 electron from phenol to form phenol radical cation PhOH** (cf. 18 for
one of its many possible resonance structures). As seen in Section 1, the experimental
value of the adiabatic first ionization energy IE, of phenol is equal to 8.49 + 0.2 eV and
settled to 8.51 eV or 68639.4 cm™! 13135 or 68628 cm~' . Interestingly, it is lower by
nearly 71 kJ mol~! than IE,(benzene) = 74556.58 & 0.05 cm~!!¥7, Summarizing, we may
conclude that Koopmans’ theorem is rather inadequate for phenol, even in predicting its
vertical ionization energy (for a further discussion see Reference 131, p. 128).

_H

+0

(18)

In order to theoretically determine the ionization energy of phenol, the same
method/basis should be employed for both parent and cation. Table 5 summarizes the
optimized geometries and the energies (including ZPVE) of phenol and phenol radical
cation calculated using the B3LYP method in conjunction with 6-31G(d,p) and 6-
311++4G(d,p) basis sets. It is interesting to notice a rather drastic change in the geometry
of phenol radical cation compared to the parent phenol molecule (Table 5), especially
in the vicinity of the carbonyl group, whereas the difference between IE,. and IE,q is
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TABLE 5. The B3LYP data of phenol and phenol radical cation®?

Geometry Phenol Phenol radical cation
6-31G(d,p) 6-311++G(d,p) 6-31G(d,p) 6-311++G(d,p)
C—-C, 1.399 1.396 1.433 1.431(40.035)
C,—C3 1.396 1.394 1.371 1.368(—0.026)
C3—Cy 1.395 1.393 1.425 1.423(—0.030)
C4—Cs 1.398 1.396 1.418 1.416(4-0.020)
Cs5—Cg 1.393 1.391 1.372 1.369(—0.021)
C,—Cs 1.399 1.396 1.438 1.435(4-0.039)
C;—0y 1.368 1.370 1.312 1.310(—0.060)
0O;—Hj3 0.966 0.963 0.975 0.972(+0.009)
C,07H;3 108.9 109.7 113.6 113.8(+4.1)
—Energy +307
0.478469 0.558732 0.183858 0.252608
—Energyye+ 307
0.176780 0.245650
ZPVE + 65
0.765 0.229 0.745 0.295
IEad
8.016 8.333
7.03 HF/DZP'!?
8.70 MP2/DZP''3
8.15 B3LYP/DZP'3
IEyert 8.209 8.519

“The phenol radical cation have recently been studied theoretically!!'3 138140 See different properties in
Reference 139.

YBond lengths are given in A, bond angle in degrees, energies in hartree, ZPVE in kJ mol~' and ionization energy
in eV. The atomic numbering is indicated in Chart 1. Deviations in the bond lengths of phenol radical cation from
those of phenol are shown in parentheses.

“The energy,.,, of phenol radical cation is determined at the corresponding geometry of the parent phenol.

rather small. The potential energy surface of the ionized phenol will be discussed in a
subsequent section.

C. Atom-in-Molecule Analysis

In this subsection, we briefly review the use of the function L(r) of the electronic
ground-state phenol which is defined as minus the Laplacian of its electron density,
V2 p(r), fully in the context of Bader’s ‘Afoms in Molecule’ (AIM) approach!*!- 42 (the
electronic localization function is discussed below). The topology of L(r) can be almost
faithfully mapped onto the electron pairs of the VSEPR model'** 1**, The topology of
the one-electron density p(r) (see, e.g., Reference 145 and references therein for the
definition) is fully understood within the AIM theory resulting in its partition which
defines ‘atoms’ inside a molecule or a molecular aggregate via the gradient vector field
V, p(r). Such a vector field is a collection of gradient paths simply viewed as curves in the
three-dimensional (3D) space following the direction of steepest ascent in p(r). Therefore,
the meaning of a gradient path is absolutely clear: it starts and ends at those points where
V, p(r) vanishes. These points are called critical points (CPs). The CPs of p(r) are special
and useful points of the corresponding molecule.

The classification of the critical points is the following'#?. There are three types of CPs:
maximum, minimum or saddle point. In 3D, one has two different types of saddle points.
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CPs of the 3D function p(r) can be classified in terms of the eigenvalues A; (i = 1,2
and 3) of the Hessian of p(r), which is defined as V?p(r) and is actually a 3 x 3 matrix
evaluated at a given CP. Therefore, a given CP is classified by an (r,s) pattern, where r is
the rank of this CP equal to the number of non-zero eigenvalues of the Hessian matrix and
s is the signature equal to the sum of the signs of the eigenvalues. One example is worth
discussing. One type of saddle point has two non-zero negative eigenvalues and one which
is strictly positive, so its rank » = 3 and its signature s = (—/)+ (—1)+ 1 = —1, and
therefore this CP is denoted as (3, —7) CP. Such a CP is called a bond critical point
because it indicates the existence of a bond between two nuclei of a given molecule. The
bond critical points are linked to the adjacent nuclei via an atomic interaction line. This
line in fact consists of a pair of gradient paths, each of which originates at the bond CP
and terminates at a nucleus. The set of all atomic interaction lines occurring in a given
molecule constitutes the molecular graph.

The AIM analysis of the electron density and the Laplacian of the electron density have
been performed at the B3LYP/cc-pVDZ level using the MORPHY suite of codes'“®. The
resulting AIM charges are given in Table 6. In Figures 6 and 7, we display the molecular
graph L(r) from different views of the one-electron density of the electronic ground-state
phenol. Thus, the regions of local charge concentration correspond to the maxima in
L(r) and the regions of local charge depletion to minima in L(r). Figure 6 shows the
geometric positions of all the critical points in the valence shell charge concentration
(VSCC) graph of phenol. The graph contains 87 CPs in total, 27 (3, —3) CPs, 41 (3, —1)
CPs and 19 (3, +1) CPs. The (3, —3) CPs in L(r) can be separated into three subsets: the
two non-bonding maxima of oxygen; the bonding maxima between two carbons, oxygen
and carbon, carbon and hydrogen and oxygen and hydrogen; the nuclear maxima, each
virtually coincident with the hydrogen nucleus. The (3, —1) CPs in general have a function
which is analogous to a bond critical point, i.e. to link maxima. We trace the gradient
paths in L(r) starting from the (3, —1) CPs. Usually, these would be expected to connect
maxima and this is the case for the overwhelming majority of (3, —/) CPs for phenol
but, as may be seen occasionally in p(r)'4?, we observe two (3, —1) CPs connected in
the vicinity of the oxygen atom. The presence of this unusual connectivity, generally
only observed for ‘conflict’ structures, means that a planar graph cannot be drawn for
the VSCC.

Figure 7 displays the geometric positions of all the CPs in the valence shell charge
depletion (VSCD) graph of phenol. The graph contains 55 (3, —1) CPs, 80 (3, +1) CPs
and 22 (3, +3) CPs. The VSCD graph is considerably more complex than the VSCC one

TABLE 6. AIM charges of the ground-state phenol

Charge Dipole, Dipole, Dipole,
Cl1 0.506 0.025 0.661 —0.000
C2 —0.014 0.086 0.014 0.000
C3 0.016 0.037 0.037 0.000
C4 0.000 —0.004 0.078 0.000
C5 0.014 —0.042 0.050 0.000
C6 0.004 —0.122 0.021 0.000
H8 —0.020 0.111 —0.074 0.000
H9 —0.002 0.114 0.065 0.000
H10 —0.005 —0.000 0.133 0.000
H11 —0.001 —0.115 0.064 0.000
Hi2 0.015 —0.117 —0.063 0.000
o7 —1.111 0.254 0.100 0.000

H13 0.600 0.158 —0.057 0.000
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FIGURE 6 (PLATE 1). The VSCC graph for phenol. The oxygen atom is marked in red. The green
spheres therein are the CPs (3, —3) (maxima) in the phenolic L(r) while the violet ones determine
the (3, —1) CPs. The yellow spheres correspond to the (3, +17) CPs. The domain interaction lines
(in light gray) link two (3, —3) CPs via a (3, —1) CP

and encompasses the whole molecule. In reality, of course, the separation of the VSCC
and VSCD graphs is artificial; however, it allows for a much easier visual understanding
of the significance of the two. The gradient paths belonging to the VSCC graph define
the connectivities of the charge concentration maxima (attractors); the gradient paths
belonging to the VSCD graph indicate the extensions of the basins of these attractors.
Finally, the principal AIM properties of the atoms of phenol are collected in Table 7.
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FIGURE 7 (PLATE 2). The VSCD graph for phenol. The oxygen atom is marked in red and the
hydrogen in white. The brown spheres therein are the CPs (3, +3) (minima) in the phenolic L(r)
while the purple ones determine the (3, —7) CPs. The yellow spheres correspond to the (3, +1) CPs.
The (3, +1) CPs link the (3, +3) CPs via a pair of gradient paths shown in white, each of which is
repelled by a (3, +3) CP

D. Vibrational Modes

The phenol molecule has 13 atoms, and is therefore characterized by the 33 normal
vibrational modes. Their overtone and combination bands are infrared active. The proper
assignment of the fundamental vibrational modes of phenol in its electronic ground state
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TABLE 7. The AIM properties of the ground-state phenol

Total volume 3727.90

Total molecular dipole moment 0.5124

Average L()"41:142 —0.34E-03

Total K(2)!41:142 304.76268

Total E($2)!41142 —307.49493

E(wave function) —307.49478

Total charge —49.999416285

Z + Q(total)!41:142 0.000583715

Total dipole (in components) —0.0001 0.3853 1.0577

has a long history that started in 1941 by assigning the observed Raman bands'¥’ of
phenol confined to the region above 600 cm~! followed by a study on the changes of its
vibrational spectra under association'*®. The first examination of the phenol—OD infrared
spectra was performed in 1954—1955'4% 150 In the electronic ground state S,, the assign-
ment of all fundamental vibrations of phenol was based on the earlier studies!>' =133, The
lowest vibrational mode, a so-called mode 10b, had been assigned to 242 cm™! in 1960'>!
and to 241 cm™! one year later'®? from the Raman spectra of molten phenol. In 1981,
a slightly lower mode at 235 cm~! was observed!>* by Raman spectroscopy in the gas
phase. The frequency of the mode 10b in phenol and phenol-d1 were determined!> at
2252 and 211.5 cm™!, respectively, and this led to the conclusion that the assignment of
Reference 153 might be incorrect. Interestingly, during the last two decades, this mode
and its correct value have not received much attention because the values predicted by a
variety of ab initio methods appear to be lower than the experimental ones!! =153,

The vibrational modes of the ground-state phenol were examined by a number of
spectroscopic techniques including UV-VIS!34 1560-138 TR for the vapour!>!: 152 159: 160 and
the IR and Raman spectra in the solid and liquid phases!>! 152 159. 161, 162 “and microwave
spectroscopy !9 107:163 see also References 164—166. They are collected in Table 8, where
both nomenclatures by Wilson and coworkers'>* and Varsanyi'®’ are used. Recently, the
vibrational modes of phenol have become a benchmark for testing ab initio and density
functional methods!!'!: 124 168-170 The Hartree—Fock calculations of the vibrational spec-
trum of phenol were first performed using the 6-31G(d,p) basis set'??. An MP2 study
with the same basis set was later carried out'?!. A combination!'? of three methods, viz.
HF, MP2 and density functional BLYP, in conjunction with the 6-31G(d,p) basis was
used to study the phenol spectrum and to make the complete and clear assignment of its
vibrational modes (see Table 9).

In Figure 8 we display the normal displacements and in Table 10 we provide the
corresponding vibrational assignments. Let us start from the end of Table 10 and Figure 8
where the stretching vog mode is placed and its normal displacement is shown. It is a pure
localized mode'!" 12, Furthermore, it is a well-known mode subject to numerous studies
related to the hydrogen-bonding abilities of phenol'”3. Its second overtone in phenol and
the phenol halogen derivatives has been studied experimentally'”*.

The OH group of phenol participates in two additional modes, in-plane and out-of-
plane bending vibrations. The latter is also called the torsional mode 7oy observed near
300 cm~! (see Table 8) in the IR spectra of phenol vapour and of dilute solutions of
phenol in n-hexane!>2. In the associated molecules, it appears as a rather broad featureless
band in the region of 600—740 cm™'!#°_ It results from the hydrogen-bonded association.
The spectra of liquid and solid phenol-OD also exhibit a variety of broad bands near
500 cm~!. The first overtone of the Toy was found at 583 cm™! in the IR spectrum
of phenol vapour'>?. This assignment of the torsional mode allows one to model the
torsional motion of the OH group of phenol by assuming that it is described by the
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TABLE 8. Experimental (infrared and Raman) and theoretical vibrational spectra of phenol

Nomenclature Sym Expt.
Wilson and Vars IR"3 IR!71.172 IR IR!69 HF/6- MP2/6-
coworkers'>*  anyi'® Raman*  Raman'®’ Raman'!! 31G(d,p)!'? 31G(d,p)''?
v A v v v v A v A
11 10b a” 244 241 242 2254 256.2 5 226.8 0.8
7(OH) a’ 309 47 300 310 3142 141 327.5 126
16a a’ 409 0.0 410 410 404> 4612 0.3 403.3 0.9
18b 15 a” 403 5 408 420 440.6 11 4049 10
16b a’ 503 26 500 503 504> 568.2 7 522.0 3
6a a” 527 5 526 526 526 574.3 2 535.1 1
6b a’ 619 617 618 618 678.6 0.3 632.6 0.3
4 a’ 686 50 688 687 686"  767.8 13 464.8 4
10b 11 a” 751 52 749 752 846.7 83 736.0 78
10a a” 817 0.0 825 823 924.2 0.0 814.3 0.2
12 1 a” 823 20 810 810 820 892.0 20 837.1 18
17b a” 881 12 881 881 996.0 13 849.7 0.7
17a a” 973 1.0 958 956 1090.1 0.0 904.8 0.5
5 a” 995 5 978 973 11114 0.6 913.4 0.1
1 12 a’ 1000 999 999 999 1085.2 3 1024.8 0.3
18a a’ 1025 8 1026 1026 1026 1122.8 4 1064.5 5
15 18b a’ 1072 10 1071 1070 1176.9 10 1117.0 12
9 a’ 1151 38 1145 1150 1197.0 33 1205.6 10
9a a’ 1169 70 1167 1176 1282.1 04 1218.1 0.5
B(COH) a’ 1177 80 1207 1197 1174 1291.0 85 1221.0 157
Ta 13 a’ 1261 62 1259 1261 1261 14044 114 1320.3 66
3 a’ 1277 0 1313 1361 1488.6 36 1388.2 22
14 a’ 1343 31 1354 1344 1349  1370.5 53 1478.5 12
19b a’ 1472 23 1465 1472 1635.2 29 15319 22
19a a’ 1501 54 1497 1501 1505 1671.2 76 15672 54
8b a’ 1610 1596 1604 1797.8 45 1681.2 27
8a a’ 1603 70 1604 1609 1810.6 66 1695.6 39
13 a’ 3027 3030 3021 33264 16 32419 12
7b a’ 3049 3044 3046 3343.7 0.2 32614 0.1
2 a’ 3063 3048 3052 3354.1 29 3269.6 16
20b a’ 3070 3076 3061 3370.9 28 3284.3 15
20a a’ 3087 3001 3074 3379.6 7 3290.6 5
v(OH) a’ 3656 50 3623 3655 4197.2 84 3881.8 53

“Determined from the first and third overtone and the combination band with the mode 1a.
bCalculated from the first overtone of these normal modes.
“Present work (see page 37).

potential V; (1 — cos28)/2!32. Here, 6 is the torsional angle and V;, is the corresponding
barrier height. Within this model, the reduced moment of inertia can be chosen equal to
1.19 x 1074 gcm?.

The Bcon is the in-plane bending of the OH group placed at around 1175-1207 cm™".
It is observed at 1176.5 cm™! in the IR spectrum of phenol vapour'>>~134, This band is
shifted to ca 910 cm™! in dilute solution under deuteriation'>* and gives rise to a broad
absorption ranging from 930 to 980 cm™! in the spectrum of crystal. The first HF/6-
31G(d,p) calculations'?? predicted it at 1197.3 cm™' (the scaled value is 1081 cm™' 7).

Twenty-four vibrational modes of phenol are well assigned to the phenyl ring modes
because they are not so sensitive to the nature of the substituent'’®. On the other hand,
the six modes which involve a substantial motion of the phenyl and CO groups are rather
sensitive to the isotopic substitution of OH by OD. These are the following modes'>?:
1260 (1253), 814 (808), 527 (523), 503 (503), 398 (380) and 242 (241) cm~! for phenol
and phenol-OD (in parentheses), respectively.
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TABLE 8. (continued)

Theor. Expt.

BLYP/6- B3LYP/6- B3LYP/6- B3LYP/6- Expt-Phenol-d; Phenol-ds
31G(d,p)''? 31G(d,p)'®*  3114++G(d,p)'?*  311++G(2df2p) IR!53 IR!53

v A v A v A v A
225.4 0.2 234 227 229.5 1 232 2

384.6 108 365 338 338.4 100 246 5 307 30
406.6 0.9 405 403 406.4 10

394.0 9 421 414 21.7 1 382 6 386 3
499.2 6 518 508 514.9 14 503 15 431 20
520.7 1 536 537 537.5 2 522 3 513 2
616.1 0.3 633 633 634.3 0 617

674.8 8 699 667 690.7 18 687 35 550 25
732.2 44 761 745 761.6 69 751 50 625 10
788.9 0.0 834 828 827.3 0

805.0 17 822 816 830.5 21 805 8 754 2
846.2 3 884 834 894.0 6 881

911.1 0.0 955 948 970.1 0

939.5 0.1 981 969 986.5 0 997 4 960
982.7 2 1013 1012 1017.6 3

1017.4 3 1051 1043 1045.0 5 1025 2

1069.8 10 1102 1094 1095.0 14

1156.6 8 1183 1177 1177.8 36 1150 5

1165.7 5 1197 1191 1191.9 90 1168 20

1173.3 146 1200 1192 1193.4 32 917 44 1179 802
1254.0 64 1305 1275 1280.4 89 1257 90 1187 75
1329.7 7 1365 1349 1347.5 7 1021 15
1349.3 29 1378 1369 1375.2 23 1309 4 1300 12
1468.8 28 1514 1500 1505.3 23 1465 1372 40
1495.5 34 1547 1528 1533.2 53 1500 65 1405 40
1589.5 37 1654 1636 1636.0 48 1609 1578
1602 32 1668 1646 1646.7 38 1603 60 1572 40
3079 19 3163 3152 3152.0 13 3024 2262
3100.2 0.2 3183 3069 3170.1 0 3051 2283
3107.9 27 3191 3178 3178.5 16 3060 2295
3123.9 27 3207 3192 3192.1 15 3073 2302
31314 7 3214 9198 3198.5 3 3087 2313
3664.2 25 3827 3839 3835.2 62 2699 2700 35

Early work on the near-IR spectra of phenol has been focused on the study of the influ-
ence of the solvent or hydrogen-bond formation on the frequency of the first overtone of
the voy stretching vibration!”’~17%, The frequency of the voy vibration for the vibrational
quantum numbers v = 0 to v = 5 has been reported, based on the photoacoustic spectro-
scopic measurements'3’. Recently, the near-IR spectrum between 4000 and 7000 cm™! of
phenol in solution has been investigated by conventional FT-IR spectroscopy'8!. Vibra-
tional transitions in this range have also been detected by non-resonant two-photon
ionization spectroscopy'®? and some of the transitions have been assigned to combinations
involving mainly the voy vibration and other fundamental modes of phenol. The interest-
ing problem in this area is to resolve the origin of the cluster of peaks around 6000 cm™!
which were observed in solution and assigned to the first overtone of the vcy vibra-
tions of phenol—OH because their fundamental vibrations are placed at 3000 cm~' 181, 182
(Figure 9). The vy absorptions of phenol-OH and phenol-OD and their first and sec-
ond overtones are studied by a deconvolution procedure and the near-IR spectra are
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TABLE 9. Theoretical assignments of the vibrational modes of phenol!!?. Potential energy distri-
bution (PED) elements are given in parentheses, frequencies in cm~!, IR intensities in km mol~'¢

Q1 11 a” 13 ring(52) + 1, ring(18) + yCO(17) + 7; ring(10)

Q2 OH torsion a”  t(O—H)(100)

Q3 18b a  §CO(81)

Q4 16a a” 1 ring (76) + 3 ring (24)

Q5 16b a"  yCO®6) + 13 ring (30) + 7 ring (13)

Q6 6a a & ring def.(77) + v(C—0) (12)

Q7 6b a’ 83 ring def.(83)

Q8 4 a” 7 ring (90)

Q9 10b a”  yC4H@31) + yCO(23) + yC3H(15) + yCoH(12) + yCsH(11)

Q10 10a a"  yCH(53) + yCeH(22) + yCsH(17)

Q11 12 a v(C—0)(25) + 8, ring def.(19)
4+ v(C1—Cy)(17) 4+ v(C;—Cs)(17) + 8, ring def.(14)

Q12 17b a"  yCgH42) + yC4H(26) + yCoH(21) + yC3H(17)

Q13 17a a”  yC3H(52) + yCsH(22) + yC¢H(17) + yC,H(12)

Ql4 5 a"  yCsH(44) + yCyH(22) + 7 ring(13) + yCgH(12) + y C3H(10)

Q15 1 @ 8 ring def.(65) + v(C;—Cg)(10)

Ql6 18a a  v(Cs—Cy)(32) + v(Cy4—C3)(26) + SCH(25)

Q17 15 a’ v(C3—C2)(22) + v(Cs—Cs)(19) + SCcH(13) + v(C4—C3)(11)
+ §C4H(11) + 8C,H(10)

Q18 9b a 8C4H(36) + 8CsH(23) + SCeH(12) + SC3H(11)

Q19 9 a  8C3H(27) + 8C,H(26) + 8CH(14) 4 SC5H(10)

Q20 OH bend a’ SOH(55) + v(C;—C¢)(13) + 8CcH(10)

Q21 Ta a v(C—-0)(52) + v(C—-C)(20)

Q22 3 @ SCH(18) + 8CeH(18) + 8CsH(18) + 8C3H(14) + SC4H(12)

Q23 14 @ v(C—C)(56) + SOH(21) + 8CsH(22)

Q24 19b @ 8C4H(25) + 8C3H(13) + 1(Cs—Cs)(13) + v(C3—C,)(13) 4 SCcH(10)

Q25 19a @ 8CsH(19) + 8C,H(16) + v(Cs—C3)(13) + 8C3H(12)

Q26 8b a  v(C—C)(25) + v(Cs—Cy)(22)

Q27 8a a’ v(C1—=C6)(21) + v(Cs—Cs)(17) + v(C3—C5)(16) + v(C4—C3)(14)

Q28 13 @ v(Ca—H)(90) + v(C3—H)(10)

Q29 7b a v(C5—H)(52) 4+ v(C4—H)(26) + v(C3—H)(13)

Q30 2 ad  v(C3—H)(58) + v(Cs—H)(28)

Q31 20b a v(C4—H)(50) + v(Cs—H)(33) + v(C;—H)(17)

Q32 20a a v(C¢—H)(61) 4+ v(C4—H)(19) + v(C5—H)(18)

Q33  OHstetch o  v(O—H)(100)

“See footnote of Table 10.

reassigned!®. At a concentration of 0.1 M, dimers of phenol and its higher associates
might be present in solution. In the fundamental region, there appears a weak band at
3485 cm™! in phenol-OH and at 2584 cm™! in phenol—-OD which originates from the
dimer'!!. Weaker and broader bands around 3300 and 2500 cm~! are assigned to higher
associates of phenol. In the near-IR spectrum, a very weak absorption band at 6714 cm™!
refers to the dimer.

E. Three Interesting Structures Related to Phenol

Before ending the present section, we would like to briefly discuss the following three
structures closely linked to the S,-state phenol molecule.

It is well known that aliphatic carbonyl compounds with the hydrogens on C, to the
carbonyl group may undergo tautomeric transitions from the keto to the enol forms. The
most stable tautomeric form of the S,-state phenol molecule is in fact the enol form'34-186,
The reason why the enol form of phenol is favoured over the keto form is quite simple!3!.



1. General and theoretical aspects of phenols 39
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FIGURE 8. The normal displacements of the vibrational modes of phenol according to the Wilson’s
nomenclature. The B3LYP/6-314+G(d,p) method is employed. The assignments of the vibrational
modes of phenol are presented in Table 10

On the one hand, due to the virtual absence of the electronic delocalization in the keto
form, it has a larger intrinsic stability which can easily be accounted for in terms of
the sum of the bond energies (ca 59 kJmol~!). On the other hand, the enol form is
characterized by a larger resonance energy, by ca 126 kJmol~!, compared to that of
the keto form. Therefore, the enol form is more stable by ca 67 kImol~!. Such simple
arguments are pretty well confirmed by the B3LYP/6-31+G(d,p) calculations performed
in the present work (cf. also Reference 186) resulting in that the enol-keto tautomeric
energy difference amounts to 69 kI mol~! after ZPVE. In Figure 10 we display the most
stable keto form of phenol (cyclohexa-2,5-dienone) together with its most characteristic
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FIGURE 8. (continued)

vibrational modes. Interestingly, the keto form possesses a total dipole moment of 5.0 D
and thus it is more polar than the favourable enol form. The standard heats of formation
of both cyclohexa-2,4- and -2,5-dienones have recently been re-evaluated as —31 and
—34 kJmol ™!, respectively, in better agreement with theoretical estimates'®’.
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17a 5

FIGURE 8. (continued)

In Figure 11 we display two other theoretical structures. The TS, structure is the
transition state governing the torsional motion of the OH group of phenol between its equi-
energetical structures shown in Chart 4. The energy difference between this structure and
the S,-state phenol molecule determines the torsional barrier V, as equal to 13 kJ mol~!
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FIGURE 8. (continued)
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FIGURE 8. (continued)
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vOH

FIGURE 8. (continued)

after ZPVE at the B3LYP/6-311++G(d,p) computational level. The MP2/cc-pVTZ cal-
culation recently performed yields 15 kJmol~'!?%. Note that the imaginary frequency
characterizing this saddle point is predicted at 343 i cm™!.

The second structure shown in Figure 11 is the saddle point of second order lying
113 kImol~! above the phenol molecule at the B3LYP/6-314+G(d,p) level taking ZPVE
into account. As a second-order saddle structure, it has two imaginary frequencies, 1222 i
and 1150 i cm~!. The former describes the in-plane hindered rotation of the OH group
whereas in the latter its rotation is perpendicular to the phenyl ring. We suppose that both
these structures are directly linked to the gas-phase bond dissociation enthalpy (BDE) of
phenol defined (see, e.g., Reference 188 and references therein) as the enthalpy change
for the reaction

C¢HsO0 —H CHsO™ + H” )

where the bond indicated by the horizontal line breaks, yielding the radicals as the prod-
ucts. The experimental and theoretical determination of the BDE of phenol and phenol
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TABLE 10. Harmonic vibrational frequencies, IR intensities and assignments for phenol?

No. Freq. IR Sym. Assignment, PED(%)
1 227.8 1 A" 1rg(65), 11rg(12)
2 311.4 111 A" tOH(93) Expt: 310°, 310¢
3 405.1 11 A’ BCO(77), B3rg(11)
4 416.8 1 A" 731g(83)
5 508.8 14 A" 71g(38), yCO(37), yC4H(11)
6 536.0 2 A’ Borg(77)
7 632.6 0 A’ Bstg(85)
8 668.5 10 A" 711g(69), yCO(12)
9 749.5 85 A" yC4H(27), yC,H(16), yCO(15), T1g(12),
yCsH(11)
10 819.5 0 A" yCyH(44), yCeH(25), yCsH(20)
11 827.4 23 A’ vCO(26), Borg(20), Birg(16)
12 878.1 5 A" yCeH(33), yC,H(24), yC4H(17)
13 951.9 0 A" yC3H(53), yC4H(18), yCqH(10)
14 971.8 0 A" yCsH(54), yC4H(18), yCgH(16)
15 1012.6 2 A Birg(65)
16 1043.1 6 A’ vC4Cs(31), vC3C4(24)
17 1093.0 15 A’ vC,C3(18), vCs5Ce(15), BCcH(12), BC4H(11),
vC3Cy(11), BCH(10)
18 1176.5 26 A’ BC4H(26), BCsH(16), BCcH(11), BC3H(10)
19 1190.5 2 A’ BC,H(26), BCsH(17), BC3H(15), BCgH(11)
20 1192.0 128 A BOH(41), vC;Ce(13), BC3H(12), BC4H(10)
21 1274.9 91 A’ vCO(52), Birg(12)
22 1348.4 6 A vC,C3(14), vCs5Ce(14), vC3C4(14), vC4Cs(13),
vC;Cy(11), vCCe(10)
23 1368.3 28 A’ BCsH(22), BOH(18), BC3H(16), BCcH(13),
BC,H(10)
24 1499.4 23 A’ BC4H(26), BC3H(13), vCyC3(13), vCsCe(12),
BCsH(10)
25 1526.8 59 A BCsH(19), BC,H(16), vC3C4(12), BC3H(12)
26 1635.4 49 A’ vC;Cy(24), vC4Cs(21), vC5Cq(10)
27 1645.9 39 A’ \)C1C6(23), UC3C4(17), UC2C3(13), VC5C6(13)
28 3149.0 14 A vC,H(88), vC3H(10)
29 3167.4 0 A’ vCsH(51), vC4H(27), vC3H(11)
30 3176.0 17 A’ vC3H(56), vCsH(26)
31 3190.0 16 A’ vC4H(41), vCgH(41), vC3H(16)
32 3196.6 4 A’ vCeH(47), vC4H(24), vCsH(21)
33 3836.0 62 A vOH(100)

“Present calculations performed at B3LYP/6-31144G(d,p) computational level. Values taken from Reference 244
with permission. Frequencies in cm~!, IR intensities in kmmol~!. Glossary of vibrational mode acronyms: v,
stretch; B, in-plane bend; y, out-of-plane bend; t, torsion; rg, ring; f1, B2 and B3, ring deformations and 7y, 72
and 73, ring torsions. PED elements > 10% only are included.

bThe gas-phase IR experiment'”!.

“The IR experiment in solution'”2.

derivatives has been a matter of enormous interest!?> 140:189-19 The BDE of phenol is
rather low and is estimated experimentally at 356.9 kJmol~' (NIST Standard Reference
Database), 365.3 + 6.3 kImol~'"®', and 371.3 + 2.3 kImol~!'* while the accurate the-
oretical estimations fell within 363.2 kJ mol~! (DFT) and 364.4 kJ mol~!!4?. Note finally
that the BDE of phenol gives the reference value for all phenolic antioxidants!'4% 197-201,
This property and the relevant reaction will be discussed in a subsequent section.
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FIGURE 9. Vibrational spectrum of jet-cooled phenol measured by the non-resonant ioniza-
tion-detected IR spectroscopy!®? fixing vyy to 34483 cm™!. All peaks are attributed to the vibrational
transitions of the phenol molecule in its ground electronic state S,. The strongest peak at 3656 cm™!
is assigned to the fundamental of the voy stretch. The cluster of peaks around 6000 cm™! is assigned
to the first overtone of the vcy modes. The sharp peaks at 7143, 10461 and 13612 cm™! are assigned
to the first (2von), second (3voy) and third (4voy) overtones of the voy stretch, respectively. Repro-
duced with permission from Reference 182

103.9

FIGURE 10. The keto tautomeric form of phenol viewed at the B3LYP/6-314-G(d,p) computational
level. Bond lengths in A, bond angles in degrees

1.081

TS, Saddle

FIGURE 11. Calculated transition structure TS, (B3LYP/6-3114+G(d,p)) and the second-order sad-
dle structure (B3LYP/6-31+G(d,p)). Bond lengths are given in A, bond angles in degrees
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lll. STRUCTURES AND PROPERTIES OF SUBSTITUTED PHENOLS

During the 160 years since the discovery of phenol, thousands of studies were conducted
on halophenols, partly due to their significance in the theory of hydrogen bonding; indeed
their hydrogen bonding abilities can be varied nearly continuously over a wide pK, range
from 10.2 to 0.4202-211,

A. Intramolecular Hydrogen Bond in ortho-Halogenophenols

One of the most remarkable moments in the history of mono-halogen-substituted phe-
nols occurred in 1936 when Pauling!® 212 suggested the co-existence of two inequivalent
rotational isomers (rotamers or conformers) of the ortho-Cl-substituted phenol in order to
explain the experimental splitting of the first overtone of its voy vibrational mode observed
in the CCly solutionm*z”. Instead of phenol whose first overtone vOH is sharply peaked
at 7050 cm™!, 0-CIC4H4OH reveals a doublet at 7050 and 6910 cm™! resulting in a band
spllttmg AvOH = 140 cm™! and having the former band placed at the same wavenum-
bers as in phenol. Almost two decades later, a splitting of the fundamental vog mode by
83 cm™! was observed in CCl, solvent>'8. What then lies behind Pauling’s suggestion?

Let us consider Figure 12, which displays two conformers cis and trans of 0-CIC¢H,OH
(computational details are given elsewhere?!%22%), The former possesses the intramolecu-
lar hydrogen bond O—H - - - CI whereas the latter does not. This makes (as long beheved)
the cis conformer energetlcally favoured, with a gain of energy A jc_sransE oo =
12.5 kImol~!. Pauling’s estimation of the corresponding free energy difference derived
from the ratio of the areas of the peaks was 5.8 kJmol~!'!% in CCl, solution (a more
precise value is 6.1 kJ mol~!!"°; another value is 7.5 kJ mol~!22"). Our calculated energy
difference agrees fairly well with the free energy difference of 14.2—16.3 kImol~! in
the vapour??? bounded by 16.3 & 3.0 kJ mol~'??* and 14.3 & 0.6 kJ mol~'2?*. However,
there is yet another feature that distinguishes cis and trans conformers from each other:
the trans form is more polar (3.0 vs 1.04 D). The directions of the total dipole moments
of the cis and trans conformers are shown in Figure 12. Nevertheless, the gross differ-
ence between the cis and trans conformers consists, as mentioned, in the presence of the
intramolecular hydrogen bond. Hence, A js_trans Eomno can be interpreted as the energy
of its formation. Indeed, it looks rather weak for cis 0-Cl1C¢H4OH.

Inspection of Table 11, which gathers the harmonic vibrational modes of both con-
formers with the corresponding potential energy distribution patterns, reveals that the
trans voy is calculated at 3835.4 cm™!, which is almost identical to voy of phenol in
Table 10, while its cis partner is red-shifted (as expected according to the theory of hydro-
gen bonding®>?2%) by A js_sransVon = 69 cm~!. This calculated value lies rather close
to the experimental red shifts ranging from 582%7 to 60??® and 63 cm~'%?22% depending
on the solvent. On the other hand, we note that our red shift is smaller, by 91 cm™!,
compared to that observed by Wulf and coworkers?!? for ug]} that might be attributed to
anharmonic effects?®. After all, it is worth mentioning another indication of the rather
weak intramolecular hydrogen bond in cis 0-CIC¢H4OH, namely the value of the cor-
responding hydrogen bridge stretching vibration v, (mode 2 in Table 11) compared to
mode 2 in its trans partner.

In this regard, the more than two decades following the appearance of Pauling’s work'®
deserve to be recalled. Indeed, on the one hand, they were full of criticism??’ of the
earlier experimental results?'3~2!7 because it was believed that the higher frequency band
appears ‘more likely due to a trace of phenol impurity than to the presence of trans
isomer’2'® and the new experiment demonstrated the ratio of the absorptions being much
smaller and equal to 1/56 &~ 17.9 x 1073, which anyway is about three times larger than
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cis ortho-FC¢H,OH cis ortho-CIC;H,OH cis ortho-BrC(H,OH

FIGURE 12. The portion of the potential energy surface of 0-CIC¢H4OH governing the cis—trans
conversion is displayed at the top. Numbering of atoms follows Chart 1. Five-member sub-ring
sections of the cis ortho-halogenophenols with the intramolecular hydrogen bond are shown at the
bottom. Bond lengths are in A, bond angles in degrees. Adapted from Reference 220 with permission

our theoretical magnitude. On the other hand, these years were also characterized by a
further development of the Pauling model®!"?3? and its further experimental support?!?
although, alas, the ‘unsatisfactory state of affairs’ in the area of the cis—trans doublet
paradigm?!” remained at that time. Paradoxically, it still remains nowadays, even widening
the gap between the experiments originating at the end of the 1950s and modern high-level
theoretical studies??°. This particularly concerns o-fluorophenol.

In 1958, it was verified experimentally??’ that the cis—trans doublet could not be
detected for o-FCqH4OH: the trans voy band was suggested to be too weak to show
up in IR experiments and A js_ransVon t0 be too small (<20 cm™'; it is estimated
at 18 cm™'%2). Our prediction is A js_rans Evo = 11.4 kImol™!, which demonstrates
that indeed the intramolecular O—H - - - F hydrogen bond in 0-FC¢H,OH is weaker (by
1.09 kJ mol~!) than its analogue in 0-CIC¢H4OH. Furthermore, as follows from Table 12,
the theoretical splitting A j¢_sransVon = 30 cm™" is larger than 20 cm™', as predicted
by IR experiments. We also note that the dipole moment of trans o-FCcH4OH (2.95 D)
exceeds that of the cis form (1.0 D) by almost a factor of three.
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Regarding the transition state between the cis and trans isomers of 0-FC¢H4OH, we
obtain that it has nearly the same slope as in the case of Cl, viz. 347 i cm™!, although its

barrier VX = 20.3 kJ mol ™" is by 2.2 kJ mol~! smaller than V. Since A i 1rans Ebmo <

Acis—trans ESio» We might expect that the equilibrium constant k%, ., is larger than
kSt —1yans» Which is indeed found to be true: k5 _.,.,, = 10.1 x 107>, On the contrary, no

known IR experiment has ever revealed a cis—trans transition in 0-FC4H4OH?23-22%,233-235

The question is: Why?

The disparity between the older IR experiments and modern high-level theory becomes
even sharper if we turn to the o-Br-substituted phenols whose harmonic vibrational modes
are presented in Table 13. It is then easy to obtain Acis—trans"gf{ =94 cm™!, which
agrees with the experimental values ranging from 74 to 93 cm™!2!3:224.229 (Tables 1 and
5 of Reference 222). On the other hand, the calculated A .j¢_rans Enrm = 12.9 kI mol™
(the experimental free energy difference in the vapour is 13.1 £ 14.6 kI mol~!??*) implies
that, first, the intramolecular hydrogen bond is slightly stronger with Br than with Cl,
which surely contradicts the common order of the hydrogen bond acceptors !> 171:236.237
and, second, the equilibrium constant k%_., . =52 x 107% < kS, although the
experiments show the reverse trend>>3 23, Altogether, this was dubbed as an ‘anomalous’
order in the strength of the intramolecular hydrogen bond??3 224 229.231,238-240, he ‘state
of affairs’ was summarized by Sandorfy and coauthors?? in their 1963 work: ‘Nothing
emerges from our work, however, to explain this order. ... For a more thorough treatment
we shall likely have to wait until the next stage in the development of quantum chemistry’.
What modern calculations might tell us in this context is briefly outlined below:

(1) Under the assumption that A.js_srans Eame (X =F, CL, Br) defines the energy of
formation of the intramolecular hydrogen bond in cis ortho-X-substituted phenols, the
order of its strength in the gas phase (in kJ mol)~! appears to be that given in equation 5.

Br~ cl'YF. )

The numbers in equation 5 indicate the corresponding difference (in kJmol~!) in the
energies of formation of the intramolecular hydrogen bond between the left-hand complex
and its right-hand one. This order is confirmed to a certain extent by the order of red
shifts A js_zransVou (in cm™') given in equation 6.

Br2ClIYF. (6)

By comparing equations 5 and 6 it is seen that Acis—[ransv())(H is not proportional to
Acis—trans EXZ2. The order in equation 6 more likely resembles the van der Waals radii
of the halogen atoms: Br(1.85A) > Cl(1.75A) > F(1.47A) rather than their electroneg-
ativity trend (in Pauling units): F(3.98) > CI(3.16) > Br(2.96), which is usually chosen
to differentiate the strength of the conventional intermolecular hydrogen bonds??> 226,
Both equations 5 and 6 unambiguously imply that in cis ortho-XC¢H4OH, the strength
of the O—H - - - X intramolecular hydrogen bond decreases as Br &~ CI > F (cf. Table 2 in
Reference 236), which is completely opposite to that widely accepted for usual intermolec-
ular hydrogen bonds??>2%%, Such variance was in fact a matter of numerous investigations
in the past'>>23%237 Here, we could offer an explanation®® relying on the geometrical
criteria of the hydrogen bond??>2%6 that are simply expressed in terms of the elongation of
the O—H bond length and the value of the ZO—H - - - X bond angle: the larger they are the
stronger the hydrogen bond???240, The fact that the strength of the intramolecular hydro-
gen bond in cis ortho-X-substituted phenols exactly follows the order of equations 5 and 6
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is clearly seen in Figure 12: due to a larger van der Waals radius, the Br atom slightly bet-
ter accommodates the intramolecular bond, even ‘overcoming the innate lower H-bonding
tendency to Br’?*? than Cl which, in turn, does better than F. Such a conclusion is also
supported by the inequalities in equation 7.

OH bond length (A): Br'2' c1’¥*F %)
/O—H---X(deg): BrCIZF
(ii) The gas-phase theoretical equilibrium constants kX _,.,.. follow the order in
equation 8,
F2c1'Y Br 8)

where the quantity above the inequality indicates the ratio of the equilibrium constants
between the left-hand complex and the right-hand complex. Such order in the equilibrium
constants is mirrored in the order of the calculated cis—trans barriers VrX (equation 9):

F'2 a1’ Be ©)

It would be expected that the trans/cis ratio follows the order of equation 5 for the
hydrogen bond energies, but surprisingly the opposite is known. It has even been argued??’
that ‘the fact that both the trans/cis ratio and the Av shift increase in the same order
appears to argue against the applicability of Badger’s rule’*! which stated that the pro-
gressive shift to lower frequencies is an indication of increasing strength of the hydrogen
bond. If the rule is valid here ...".

In order to resolve the longstanding controversy between experiment and theory, let
us first suggest that the dipole moments of the cis and trans forms and their polar-
izability might play a key role, bearing in mind that all aforementioned experiments
were conducted in a solvent although its role in theory was underestimated. This is
clearly seen from the inequalities between the trans/cis ratio of the total dipole moments:
2.95p > 2.87¢ > 2.77g,. A similar ratio was also determined elsewhere??* 23 (for a dis-
cussion see Reference 229). By analogy, we have the corresponding trans/cis ratio for
the mean polarizability o = (otx, + oty + o;2)/3 (in a.u.) in equation 10.

92.19 84.63 71.60

> > (10)

91.778: 84.00c 71.13F
The experimental data for the equilibrium constants in CCly solution (equation 11)233:234,
Br'Y 1 (11)

are in complete disagreement with the theoretical expectations based on equations 8 and
9. In order to explain this discrepancy, one must take into account a stabilizing effect of
the solvent on the trans form?)!, and we propose the following model*?°.

The presence of the ortho-halogen atom in a phenol generates two distinct cis and trans
conformers and changes the shape of the torsional transition barrier V;, making it partly
asymmetric. Within the cis form, the halogen atom is capable of forming an intramolecular
hydrogen bond, rather bent and quite weak. Its formation has a stabilizing effect on the cis
(particularly in the gas phase) over the trans form. On the other hand, due to the larger
polarity and larger polarizability of the trans 0X-C¢H4OH, the latter conformer might,
in some rather polar solvents, be favoured over the cis form. We suggest that solvent
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TABLE 14. AMI1 and SM5.4/AM1 data on ortho-XC¢H4OH (X = F, ClI
and Br) and their cis—trans transition state (TS) including the heat of for-
mation AH (kJ mol~"), free solvation energy AG**" (kJmol~!) and voy
stretching frequency (in cm™!)

cis ortho-XCgH,OH

rou (A) LO—H- - - X(deg) rix(A)

F gas phase 0.970 111.2 2.325
solvent 0.979 110.5 2.335
Cl gas phase 0.970 117.1 2.506
solvent 0.975 116.3 2.524
Br gas phase 0.971 119.8 2.617
solvent 0.975 119.0 2.634
Gas phase CCly
—AH VOH —AH —AG*N VOH
cis 0-FCcH,OH 280 3431 300 22 3316
trans 0-FC¢H4OH 273 3452 297 27 3309
cis-trans TS 266 289
cis 0-CIC¢H4OH 120 3420 144 25 3350
trans 0-CIC¢H,OH 112 3451 142 32 3313
cis-trans TS 105 133
cis 0-BrC¢H,4OH 61 3407 96 28 3346
trans 0-BrC¢H,OH 61 3448 94 35 3311
cis-trans TS 54 85

“Compare with the free energy of hydration: AM1-SM2: —20 kJ mol~!; PM3-SM3:
—20 kI mol~! (Reference 243). Values are taken from Reference 220 with permission.

stabilizes the frans more strongly than the cis and hence decreases A jo_sransEios
thus making it more accessible than in the gas phase.

In order to describe theoretically the cis and trans ortho-XC¢H4OH in a solvent mim-
icking CCly, we invoke a rather simple but accurate computational model**?. Its results
are summarized in Table 14, which displays the following three key effects of the solvent.
First, the solvent reduces the gas-phase A ;c_trans véﬂ to 7, 37 and 35 cm~! for F, Cl and
Br, respectively. We think that this is a satisfactory explanation of why the cis—trans vou
doublet in 0-FCcH4OH was not observed in CCly. Second, the solvent strongly stabilizes
the frans form so that the cis—trans gap A pjo_trans Eamo aPPeArs to be equal to 3.4, 2.8
and 2.0 kI mol~! for F, Cl and Br, respectively. This straightforwardly implies an increase
in the equilibrium constants kX, ., in the series of F, Cl and Br equal to 0.25, 0.33 and
0.45, respectively with respect to that in the parent phenol. Third, the solvent reduces the
cis—trans barrier V; to 11.8, 11.4 and 11.7 kJ mol~! for F, CI and Br, respectively. Alto-
gether, we may conclude that even a rather simple modelling of solvent is able to resolve
the aforementioned controversial ‘state of affairs’ in the ortho-X-substituted phenols.

B. meta- and para-Halogenophenols

The corresponding substituted phenols are displayed symbolically in Figure 13 and their
characteristic vibrational modes, showing a rather strong dependence on the X substitution,



58 Minh Tho Nguyen, Eugene S. Kryachko and Luc G. Vanquickenborne

H
o—H o
Hs o H Hs o H
Iy I \‘ I Iy
ry \13 ry \13
1 \
\ o
H X H X
H H
cis m-XCgH4OH trans m-XCgH4OH

cis—trans differences of some geometrical parameters in m-XCcH4OH

Aa (deg) AB (deg) Ar A) A A A A) Ay A

X=F 1.2 -1.0 0.002 —0.003 -0.021 0.004
X=Cl 1.2 -1.1 0.002 —-0.002 -0.021 0.004
X=Br 1.1 -1.1 0.002 —-0.002 -0.021 0.004
o—H
H H
H H
X
p-XC6H4OH

FIGURE 13. The minimum energy structures of cis and trans meta- and para-XC¢H4OH (X = F,
Cl and Br). Bond lengths are in A, bond angles in degrees. Adapted from Reference 220 with
permission

are presented in Tables 11-13 and 15-20%*. Note that the spectra of p-CICsH,OH and
p-BrC¢H,OH have been analyzed critically on the basis of DFT computations!’® 24 It
follows from these Tables that, first, a para substitution by fluorine downshifts the tor-
sional vibrational mode 7oy by 29 cm™! in perfect agreement with the experimental red
shift'”? of 30 cm™'. In m-XCgH4OH, the mode 7oy is placed higher than in the corre-
sponding para-halophenols. This observation is partly supported by the NBO analysis,
demonstrating a strong conjugative interaction of the p-type oxygen lone pair with the
m-antibond of the ring, viz. n, — 7*(C;-C,), a little increased in all meta structures,
resulting in upshifting of the 7oy in m-XC¢H4OH with respect to p-XCgH4;OH. This
concurs with the earlier experimental findings'7.

Furthermore, one obtains certain subtle features in the spectra of m-XCgH4;OH whose
origin can only be explained by the co-existence of two very slightly inequivalent con-
formers of the cis and trans types. This is seen, for example, from the magnitude of
Acis—trans Exea ranging from —0.8 kJmol™ for F to 4+0.08 kJ mol~" for Cl, and finally
to 40.04 kJmol~! for Br. If the difference is extremely small for Cl and Br, F is then an
exception. Contrary to Cl and Br, we obtain that the trans conformer of m-FCcH,OH is
a little more stable than its cis conformer. The cis—trans differences in the geometrical
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