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The major part of the exparimentsl work on bensotrissole was
dona duri;:g the summer and fall of 1849 and reported in the author's
Bachelor of Sclence thesis (1), The theoretlicsl treatment has
since besn extensively revised (2), and is lucluded herein to serve

as a basls of comparison for the newer work,

ALl of the work reported in this paper was supported by a
Frederick Cardner Cottrell Grant from the Hesesrch Corporation,
dew York, awssrded to Dr. Calen W, Hwing.

I want to express my sincere gratitude and epprecistion to Dr,
Bwing for making it possible for me, through & generous Research
Fellowship, to do this work. Our sssociation during the past two
years has indeed been profitable end memersble for me. I sincerely
hope that I shell prove worthy of the confidence snd faith he has
shown in me, and that I may some day be sble to repay him at least
in part for all he bas so unselfishly given me.

My thanks sre also due to Drs. John F, Flegg and Frank R. Mayo
who read and criticised a part of this work, and to &lbin J,
Eseszotarski who synthesized the sample of indasole,
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#ommw the rules of the gume are so simple that it can be
played heppily by almost snyone without suy knowledge of the
underiying principles involved,.®

. J. 8. Dewar (5)

--w 00 the theory of resonance



ABSTRACT

The ultraviolet absorption spectrs of benzotriaszole, 5, (8)-
ehloro—bc;wtrium}.o, bensimidasole, indasole, and indole have been
determined in agueous solutions of varying acidity in the regien
£10-500 mau, 4An attempt has been made to correlate the absorption
spectra of these compounds with their moleculer structure. The
scidic dissocistion constants of several of the compounds have been
determined grephically from the absorption data.
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INTRODUCTION

The 9§auonanon of ebsorption of electromsgnetic radiation (hereafter
referred to as "light" sbsorption) is indeed complex and sctually poorly
understood. Theorsticslly the cowplete elucidetion of this phenomenon
is poseible through the solution of the wave equations which describe a
particular absorbing melecule, btut unfortunately these extremely
complicated equations cannot be solved by sny methematicsl method yet
developed., Certsin ingenious epproximetion methods for the solution
of the wave egustions have been devised, however, snd the resulte of
meny of these app?axiuationa are in purprisingly good sgreement with
experimentul dets. Even the approximation methods are tedious and
time~consuming, however, and the results sre often unrelisble (that is,

they do not sgree well with experimentsl observations),

The methods employed in this study canpot yleld gquantitstive informa-
tion regerding the theoretical meture of the "light® sbsorption process,
but they are often particularly walusble in charecterizing the structure
of sbsorbing molecwles on & comparative basis. This type of structural
cheracterisation ig accomplished by compering the sbeerption epectrum
of the compound in gusstion with the spectre of compoundes of known
structure. It is inferred, snd corrchborsited empiricelly, that the
chromophores of the unknown 48 similer to thet of the known if their
respective sbsorption spectre ere similer, Informetion of thie kind
has often haelped solve structural probleme not reedily emcnsble to eny

other mode of attack.
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INTRULUCTION (cont.) »

The sttempted auerlation of structure with sbsorption spectra
presented in this peper ie based on the resontnce theory - not becsuse
this ubproaoh is the best possible in A study of this nature, but because
it is the only one with which the author is sufficiently femiliar, 4n
slternate, snd perheps more fundementelly sound, epproach ie based on
the molecular orbitel theory. 4 brief discussion of this theory ie
included in snother section of thie peper.

fhether or not the resonence theory approach to the alucidation of
¥light' wbsorption studies is meaningful eppesrs to be & somewbat moot
gquestion. In rueﬁ certein suthorities (4) teke the position thet the
use of terms such as resonance "merely tende to obscure the phenomsna®,
end that argusents based on such "vague and unsupported terms of doubtful
theoreticel slgnificance®™ are but a “play on words®™ und “may serve to

obscure rather then clarify the correlstions®.

{To the resder not thoroughly familisr with the underlying prin-
ciples of the theory of resonsnce, it must be pointed out snd emphasized
that the theory is asctually but & figment of the imeginstion - devised
to ald one in visualizing the physical significance of the guuntum
mechanical weve egustions which quantitatively describe the absorbing
molecule in guestion. HResonance structures for a particular molecule
are drawn when & single ®classical structure® does not fully describe
the chemicsl properties of that molecule. These structures are merely
the best plotures of the actusl structure of the molecule that cun be

put on paper. The actual structure of the molecule is quite definite,



INTRODUCTION (cont,) Page 3

whatever it may be, bnﬁ it cannot be represented by sn ordinary
etructural formule; it is represented as a hybrid of all the resonsnce
structures. that cun be draus. |

One must constantly be on gusrd lest he sttach resl significance
to the resonance structures he drews. They exist only in his imagine-
tion &nd serve merely to eld him in forming a mentel pieoture of &
perticuler molecule,)

Certeinly there ie mmch %o be sald for the argumente sgainst the
resonance theory approsch, but nonetheless it is interesting gud of ten
worthwhile to speculate on the neture of the absorption phenomenocn
&ud Lts correlstion with the resonunce structures one say draw for &
given abegorblng species. The resulting srguzents are, to be sure,
ot even ceml-quentitative; but an empiricel formula which ensbles one
to expleln further experimentsl observetions is better than no formuls

at all, While we mweit & rigorous theoreticsl correlation of &bgorption

with structure, the pragmetic point of view seess justifiable. In the
mesutive we are collecting more date which may prove of value in the

fersulation uné testing of & yigorous theory.
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HISTORICAL (ef, ref. 1)

T?o first report of the existence of & relstlonshlp between "light"
ubanrptianianm moleculir structure sppecred in the first volume of the
famous Germen journsl Berichte der Dsutschen Chemischoen Cesellschafd
(648)s 1t had earlier bsen recognized that cortuin physical properties
of substances are intimstely related to their moleculsr structure.
Whereas quarts, for example, exhibits the phenomenon of opticsel rotatiocs,
non-crystalline silica does nolj but eertaln orgenic compounds exhibit
optical activity in the liquid and geseous states es well &s in the
s0li6é state. Clesrly then the observed opticel ectivity in these
organic compounds must be cue (0 some Luberent property of the indivicual
molecules &nd mot merely to their physicel wrrungemest in ey perticular

state.

Bimilar cbeervelions were mede regarding tue phenomenon of "lightt
absorption (7}, se it is mot surprieing that & correlssion of sbsorp-
tlon with molecular structure wus atteupted. Une of thae earliiest and

probebly most significent of such atiempts wes made by Wity (5,8).

Briefiy, Witt postulated thet in order for & substence to exhibit
Selective sbsorption of "light" it must possess certsin chemically un-
setursted groups. Representeilve of such groups, to which Witt applied
the name chromophores, are the carbon - carbon doubie bond, the sarbon
- oxygen double bond, ete., He further postulated that certuin other
groups, such &s ~0H, -ilg, ete. ~ which he cslled suxochrones - have



HISTORICAL (cont.) Page &

the effect of intensifying the absorption of the chromophores, although
these suxochromic groups themselves do not exhibit selective sbsorption,

Witt's theory, although entirely empirical, is nonetheless quite
useful - as much so today, in fact, as it was seventy-five years ago
when first presented. While not sctually explaining the phenomenon
of "light® sbsorption, it does successfully corrslate sbsorption with
certain structursl characteristics.

A populer method currently used in the elucidation of sbeorption
cheracteristice was first esployed by Bury (9) in 1828, In his now
well known paper he made the first sttempt to explaln the bporption
ptienomencn by & combinetion of Witt's swwochrome theory snd the theory
of resonance (10). He shiowed Low the presence of the suxoehromic
groups in certain organic dues introduced the poseibility for increased
resvnence in the absorblng molecule, thue expleining the cbserved
Spectral shifts produced by the addition of the suxochrome to the parent
molecule.

It has aleo been found poseible to sxplaln sand prediet the
absorption charecteristics of many different ccmpouadtlon & semie
quantitetive bssis, Thiz is achieved thfnugh the spproximuate sclution
of the wave equations which accurstely describe & partioular molscule.
4s mentioned earlier, however, this quantum mechanical approach is
txtrqmely complicuated and tedious, so that only & relatively few
workers are properly equipped to use it, Becawse of this the Bury or
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reson&nce theory appro&éh, although fundamentally lese sound, remeins
in favor with meny workers in the field.

-
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THEORY (ef. ref, 1)

The absorption of radisnt energy in the visible and ultreviolet
regions af*tha electromagnetic spectrum is aspsocisted with certsin elec~
tronie trensitions in the absorbing molecule., Specificelly it is
believed ithat the energy of the absorbed radistion ceuses the excitation
of outer or valeace siscirous of the absorbing molecule to orbitels of
higher eunergy thaen srs normally occupied in the ground state. Acocord-
ing % an equation developed by Bohr, the difference in enorzy between
the ground and excited state orbitals is proportional to the freguency
of the raclation kb&orbad.

In addition to thsse electroniec trausitions, certain rotetionel and
vibrational transitions of lower energy are also associated with the
absorption phenomenon in the visible and ultraviolet regions. Therefore
the sbeorption spectra of most atoms end molecules are quite complex,
belng & series of closely spaced lines or bands, esch line corresponding

to & particular energy transition.

It is obvious of course thet not &ll molecules undergo the same
electronic transitions. Some compounds, for exesmple, are colored
(sbsorb in the visible regicm of the spsctrum) wheress others are not.
fhat then governs whether or not & given electronic transition is

pozeible?

The answer to this guestion lie# in the quantum theory of stomic
and amoleculer structurs. By way of illustration, let us consider the

absorption characteristies of several orgenic compounds.
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THEORY (Wﬂtt}

Ethylene, for exwmple, is colorless, bul when exsmined in the
ulmviola; region of the spectrum it revealps & definite absorption
pesk at spproximately 180 mmu. No such behavior is exhibited by com-
pounds such as ethans, pentans, hexsne, ete, (the saturated hydro-
carbons). Presusably then, the absorption phenomenon and chemical
unseturation sre somehow related; that is, the energy differsnces
hutnaxg the gr&mﬂ and exclted state orbitals of the valency electrons
in the patursted hydrocarbons must be apprecisbly greater then the

corresponding evergy differenceg in the unsstureted hydrocerbons,

That this should be the cese is evident upon exsmining the
theoreticsl nasture of the cerbon ~ cerbon molecular orbitels in each

type of compound (11).

The carbon - carbon single bond is formed by the overlapping of
hybrid sp® atomic orbitsls., The resulting molecular orbital ("sigea®
type bond) is perticulerly steble asnd relatively high energies are
required for the excitation of &n slectron to the next higher molecular
orbital, Hence the setursated hydrocarbone absorb only in the far
uitreviolet (methane, 120 meu.; ethane, 140 mmu.).

One link of the carbon - carbonr double bond is formed by the over-
lapping of hyorid @2 stomie orbitels to form & "aigme® type bond of the
ttae nature ap the csrbon - carbon simgle bond, The other link, however,

is not equivalent to the first one, but is formed by the overlapping of
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sarbon &p orbitals to éive & "pi™ type bend. The electrons in & Wpi®
type bond are significsntly more mobile than "sigma®™ slectrons and are
oxaitéd to molecular orbitals of highu? energy relatively sasily (ef,
the absorption maxima of methane und ethane with ethylens),

It is obasrved that compounds containing conjugated unssturatad
linkages abgorb at stlll higher wavelengtha than the simple unsstursted
ecompounds, Butadiens, for sxampls, shows en absorption maximum st £10
wie This mesns thet the "pi¥ slectrons in butediene are even morse
wobile then the corresponding “pi® electrons in, say, ethylens. The
saplanstion for ihis fuet llss in the possibility for carbon £p
orbitals to overlap in several different weys, For exsmple, these
orbitels may overlsp so &8s to form & double bond between the central
carbon atoms of the molecule, they may overlap to form double bonds
between the terminel and central cerbon atoms, or they may overlap in
such & wey as to encempesy all four cerbon stoms simulteneously.

The result of these different overlapping possibliities tends to
reduce the difference in energy between the ground stete snd excited
state molecular orbitels -~ hence, according to the Bobr relation, the
frequency of the sbsorbed radistion will be less then in the case of
non-conjugsted molecules. Further conjugetion tends to reduce even more
the energy difference between possible transitlon states, so that beta~
earotens, for exsmple, with sleven conjugeted double bondg, absorbs in
the vialble region of the spectrum and hence is colored,
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Instead of using the molecular orbitel theory, it ie often possible
to arrive &t similsr conclusions by meene of the resonsnce approech.
The ln.btar', although of "doubtful thooﬂuoal significance®, is essler
to hendle than the moleculsar orbitel epprosch, perticulsrly in the
cuse of more complicated structures than the relatively simple ones
thus fer discussed. The genersl technique employed in the resonsnce
trestment will be evident upon reading the following theoreticsl
speculations in regurd to the spectral behavior of bensotriasole,
bensimidazole, ete,
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THEORY (eont. )
Part Two

The M&mmm relation of sbsorption photometry, the Beer-Lsubert
law, relates the frection of the incident monochromatic radiation
sbsorbed to the pumber of sbsorbing molecules present in the pata of
the incident beem (12). In mathematicsl terms:

¢I/1 = Kdn
where | is the intensity of the wonechromstic redistion, § & propor-
tionality consient, snd n the number of absorviug molecules.

Integrating this equation between the limits I, to I and 0 to s
in I/L,= Kn  or  log 1o/I = kn

AL constant lemperature, the number of absorbing molecules is pro-
portional tw the concentration and the amount of absorbing saterial
present (that 18, the length of path through the sbsorbing wedium).
The law way then be ptated in ite usuel forms

| log Io/1 = sgbe = Ag

where g is the concentration aud b is the length of path.

The logurithm term is giveu the name abgorbsney, sptical density,
or extinetion; snd the correspouding symbols Ags D, or B The first
term 18 a part of the new terminoclogy in use by the Hational Bursau
of Stendards (13). This terminology will be followed in the present

work,
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THEGRY (Mntu)
Part Two

-

The units of the proportionality constent are clearly dependent
on the units chosen for the concentration and path length., (Since we
are here concersned only with ebsorption in solution, the puth length
corresponde to the lnside dimension of the cell used to hold the solution,
and will hereafter be referred to simply &s the cell length,)

Almost without exception the centimeter is chogen as the unit of
cell length, but no such uniformity of ussge ils true regsrding the
unite of concentration. MAmong the several possibilities, two of the
more widely used are grams per liter snd gram-moles per liter, The
latter is, of course, the more fundsmentsl snd will be used herein,

The proportionality constent is numerically equal to the absorbaney
of a solution of unit concentration conteined in & cell of unit lengih,
If centimeters snd grame per liter sre chosen a&s the units of cell
length and concentrstion reaspectively, the proportionality constsnt is
given the symbol &g or }_ and 1s known as the absorbancy index or the
specific extinction coefficlent.

If centimeters and gram-moles per liter s&re chosen &8 the units,
the proportionality constant is given the symbol By or the Greek
"epsilon® and is known &8 the molar sbsorbaney index or the moler

extinction coefficient.
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EXPERIMENTAL

The spectre were determined with & Model DU Becikman Spectro-
photometer (14), Serisl No, 2210,

The instrument was set at minimum sensitivity for all deterninations,
thus «llowing meseurements to be made st wevelengths as low 8s 210 mam,
Blit widths were varied from approximately 1.6 to 0.2 m; Except in the
lower wavelength region, the nominal bsnd width isolated was BPPIOX~
imately 1 mmu,

Readings were taken at wavelength intervels no greater then 5 mau,
In the vicinity of the maxime and minims readings were teken every 1

JCiiv i

Matched, fused-silica, cells of square cross-section, 10 mm. -

0.01 mm, on the inside, were used,

Kelting polnt determinations were made with & calibreted Thiele
apperatus. ALl buffer solutions were checked with & glass-electrode
ﬁ meter.,
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‘ EXPERINERTAL (cont.)
l‘repuratiog of the Compounde
1. Bengotriasole.

The materisl used in this study was obtsined by benzene extraction
from a photogrephic anti-foggant, Orthasite, mesnufectured by the Edwal
Leborstodes end purchased from & retail photographic desler,

ifter extraction, the material wes recrystallized from bensene
until & sbarp melting point wes obtained. The melting point of the
white product, &fter drying in yacuo et 77° C, wes 88-98° C (corr.).
Literature values sre 98,5° ¢ (15) and 98-97° ¢ (18).

2+ 8,(8)~Chlorobensotriasole,

The chloro-terivetive was synthesiszed from 4~chloro-g-phenylenediamine
by dissotization wnd self-coupling, by adeptation of the procedure (16)
for the synthesis of bensotriasole from g-phenylenedismine,

The crude meterial was recrystallised from xylene. After drying
An vaguo at 100° C, the white product melted at 166-157° € (eorr.).
Literature value is 186° ¢ (17).

&, Bensimidasole.

The bensimidasole used in this study was purchased from the
Eastman Kodsk Company (Orgenic Chemicsl #28%1). After twice re-



Page 16
EXPRAIMBNTAL (Cont.)
Prapurnt&qy of the Compounds

erystallising froe water apd drying st 100° O, the winits product melted
st 170-171° ¢ {corr.). DLitersture walue for the melting point is
170-172° € {24).

%+ indesole.

The sample of indazole was Yurnished by Albin J. Rssszotarski
(28), Dept. of Chemistry, Union College, who synthesized it mccording
to the procedure of Bsrelay, Csmpbell, and Dodds (28).

The melting point of the white product was 147-148° € {eorr.).
Litersture value given for the melting point is 148% ¢ (18).

S. Indole.

The C. P, material used was purchased from Bimer and Amend (Lot
#484728), The melting point of the ssmple &8 received was 52-58° C
(corr.), and the boiling point 258° ¢ st 760 mm. The picrate (red
needles when wet with bengene) melted at 175.8-176,5° C (corr.).

Literature velues of these coustsnts aret melting point 52-88° Cp
boiling peint (78% mm.) 2562° C; melting point of the plerate 176° C (26),.
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EXPERIMENTAL (cont.)
Preparation of Solutions.

Solutions of all the compounds veried in concentration between
approxizetely 10 end 18 mg. per liter. The refersree liquid vwesed in
sach determination wes from the seme beteh of solvert used in vreparing

the solution,

Becvuse of the extremely limited solubility of 5,(6)~chloro-
bensotriasale in agueoue buffers, it wss found expedlient to affect
solution of the compound by first dissclving it in a few nl, of ethenol,

No solvent effect on the spectra was observed.

Except in the pH range k-6, the Clark snd bubs buffers wers found
ideslly sulted se solvents for the present work., (In the renge excepted,
& bipbthalste salt which sbsorbe below 300 mau, renders these buffers
unguituble,) Sovensen's glyeine-hydrochloric scld buffers werve found
to possess the pecessery transparency in the range not covered by the
Clark sud Lubs buffers, but there is some evidence that the glycine
component of these buffers ewxerts en undesireble "salt affect®™ on the

spactre,

It was not possible to determine the absorpticr of indole in
either strongly scidie or besic solutions, The compound undergces
pPolymerisation in strong seids (red-orange solution), and is
éssentlally completely insoluble in strong slkeli.
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DISCUSBION
Bengotriazole.

The ultraviolet sbsorpticn of bensotriszole was determined
initielly in solvents of vurying polarity. Ae wmay be seen in Fig. 1,
& bethochromic sbift secompanies the chenge from nep-poler t¢ poliar
solvents, This may be expluined by assuaing thot the move polsr
solvent tends tc isolate separated charges in the exclted etate of
the melecule, heunce lowering the energy relative to the ground stete.
Such a decresse in the energy difference between the ground snd
excited states results in the observed buthochromie shift, '

Upor exsmining the spectra of benzotriagole in solutions of
widely vurying pH (Figa, £-%), two fundemental spectral types are
noteds The spectre of etronmgly seidic sud basic sclutions exhibit a
tingle meximum, wheress the spectra of milély seific and peutral
solutions exhibit twe maxime,

It is assumed thet the princip:i gontributing forws of the
molscule in neutrsl, scidic, snd basic sciutlons sre, respectively,
the nentral wolecule (1), the catlon (I1), aad the snlonm (III).
(Komen nuserals refer to the teble of resonsnce structures in the
Appendix,) It is further sssumed, by suslogy with the known spectra
of benzeus 8ud g-quinone, that the lower wuvelengih absorption baund
is characterissic of the bensenoid chromophore (such &s I, II, or IIi),
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DISCUBSION (cont.)
Bensotrissole (cont.)

&nd that the higher wavelength band is cheracteristic of the guinoid
(sueh ss IV or V) or semi-quinoid (such as VI or VII) chromophore.

(The term *semi-quinoid® ie used hersin for want of & bstler

designation. He relation with the free radical seslguinons is
interded or implied.)

The purpose of the following is to inguire which oif the nany
pogaible resonsnce structures of the various moleculer forms most
closely approximates the actusl structure of each form, It is to be
emphasized, however, thet the attempted correlation between resonance
structures of the ground state and the observed spectre Ls smpirical

in the main snd may well prove to be insdeguabe in the Iinal usnelysis,

It is observed that the sbsorption meximum of basic solutions
oceurs in the higher wavelength region (274 wau.). In accordance
with the previous postulations, this meens that the resonssce structures
of the ground state of the anion which most closely spproximute the
actuel structure sre quinoid (such as V) or semi~-guinoid (such ss VI)
rather than benzenoid (such ss II1I).

There spe two probsble forms of the cations the 1,2~ and the
ly8~, Since the spectrs in strongly scidic snd busic eolutions are

cbserved to be similar, it seems reasousble tv sssume thet the
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DISCUBBICH (conts)
Benaot}iasale {cont.)

structures of the cetion and anion ere slso gimilsr. Upon exsmining
typicel resonsnce structures of emch form ol the cation and cemaparing
thew with the resonspce mitructures of the smion sud weutrsl meleouie;

it is noted that the priumciple structures of tbe 1,k Iorm &re similer
to thuge of the anion (guinoid), wherese the structures of the 1,8~

form (VIII, 1X) sre similar to those of the neuirsl wolecule (bensenoid).
Therefore the conclusion is thai the cation existse in the i,k- rether

then the 1,8~ form,.

Evidence in support of the postulation of & mono-acid form in
strongly scidic solutions wae obteined by aneiysing sumplie of betso-
trissole hydrocticride (18). The hydrochloride wes dissoived in water
snd passed through & eation exchenge colusn satursted with hydrogen
ious, The effluent was then titruted with stendard base, Witain
the ldsits of sxperimentsi eyror, one squivalenl of hydrogen lou was
found per eguivelent of bensctriazcle, ludicetiug the sslt to be

moao-hydrochlorice,

Iu both mildly scidic and neutrsl solutions, two absorption mexlus
of upproximately equal intensity sre observed. The inference is that
the actual structure of the ground stute of the molecule in these media



Pege &)
DISCUSEION (oont.)
Bensotriusols (cont.)

is most closely approximated by the bensencid rescnance structures
(such ws I), This conclusion 18 in sgreement with that of other
investigutors (18,19). It also seems posaible that tautomeriam of I
to the quinoid structure X nay occur to some extent, thus sccounting
for the asppesrance of the higher wavelength meximum asz well ss the

lower,
8,(6)~Chlorobensotriagole, .

The absorption spectra of 5,(8)-chlorcbensotriszole (Figs. 5-8)
exhibit roughly the same shape and veriation with pH as do the spectrs
of the pareant compound, The elight differences observed are presumably
the result of the weighting, inductive, or resonsnce effects of the
chlorine,

With reference to the first of the three effects, it is generally
observed that increasing the weight of & chromophore leads to both
batho- and hyperchromic spectrel shifts, although the exsct nature of
the effect of the added weight ou the electronic energy levels is not

readily appsrent.,

The inductive effect of the chlorine should tend to stabllise
those resonance structures which bear negative formsl charges on the
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DISCUSSION {eonts)
s,(s)céhlntobonaotriaaole {cont.)

benzene ring, particularly at the 5« or 8- position (such as VII).

If it is sesumed that these charge-sepsrated structures are among

the principle resonsnce contributors to the excited stete of the
neutral molecule, then the added stabilisstion due to the inductive
effect of the chloriue will decrease the euergy diiference between the
ground snd excited states, thereby resulting in the observed batho-
coremic shift, Similer ressoning may alse sccount for the cbaserved
shift in besic end ecidie selutiops, slthough the elucicstion of the
exclited states of Lbe anion and catiou appeers lapracticsbls,

The resonence effect 1s not imwediately evident, for the chlorine
cannot easily resonate with the ring, It should be noted, however,
that the presence of the chlorine destroys the eguivalence of structures
euch us VI and XI, thersby incressing the energy of the ground stste
of the anlom. Thls inereused caergy of the ground state {(essusing
the energy of the excited states remelns constant) would sgcount for
tue obeerved bathoshromle shlit on passing fros meutral to basic

sodutions,
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DISCUSSION (cont.)
Bonnimidliole’(ef. ref, £8)

Fhereas the spectra of bonzotriaaoia exhibit 1lttle or no fine
etructure, the spectra of bensimidasole (Fig. 7) show pronounced fine
structure, even in squeous solutions, in the E70-£60 mmu, region, In
sceordsnce with the "loose-bolt® hypothesis of Lewis and Celvin (27),
this may be interpreted &s evidence that the H-C-H linkege ia
bensimidesole (XII) ie someshet streined relative to the H-N-i liukege

in benzotriaaole, ik

(Fine structurs in an absorption spectrum is the result of certain
rotationsl-vibrational trensitions superimposed on the principle elec-
tronie trensitions. Lewie snd Celvin have postulated that large, loosely
held groups in an absorbing melecule sre akin to locse bolts in e pilsce
of mechinery in that they are shle to dissipste energy by entering into
low frequency vibrations. 4 rigld or constrained moleculs without any
"loose-bolts® cannot dissipate energy sbeorbed in an electronic¢ transi-
tion & well ms & flexible molecule with "luocse~bolts®., Hence the
molecule as & whole is set inte vibrution, the result sppearing &

fine structure in the absorption epectrum,)

It ia observed that the spectral behavior of bensimidasole on
Passing from nentrsl to acidic and basic solutions L{s roughly analogous
to the behuvior of bensotriszole under similer conditions (Fig. 8).
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DISCUSSICE (econt,)
Benzimidazsole (cont,)

The following structural speculations sre therefors based on assump-
tions similar to those employed in the discussion related to benszo-
triszole.

The ebsorption spectrs of bensimidezole and bensotrismole in
strongly basic solutions are quite similar; a single maximum in the
£70-280 mmu, region, Therefore it seems reasonsble to postulate that
the structures of the anions of each compound &re also similar. Upon
examining some typical resonance structures of the benzimideszole snion
(XIII, XIV, etc.), it is noted that they sre exactly snslogous to
comparable benzotrissole resonance structures. The inference drawn,
then, is that the actusl structure of the bensimidazole anion is best
eépproximeted by the quinoid or semi-guinoid resonance structures,

The sbsorption spectrs of bensimidezole in strongly acidic sclu-
tions suggest that the structure of the cation is somewhat different
than that of the anion, The significant absorption in the lower wave-
length region (24% mmu.) would lead one to believe that the benzenoid
resopance structures (such ae XV) are more importsnt contributors to
the actual ground structure of the bensimidasole cation than are the
compsrable bensotriszolium structures to the sctual structure of the
bensotriasole cation. That this might be true is also suggested by
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LISCUSSION (cont.)
Bdnninidaaélo (cont.)
the resonance structures ome can draw for the bensimidasole cation.

It is observed that all of the resvnsnce structures of the quinoid
or semi~quinoid type (such as XVI) involve separated cherges wheress
the structures of the benzenoid type (XV) do mot. The conclusion then
18 that the sctusl structure of the benzimidasole catlon is less gquinold
than that of the anion, but somewhat more so than that of the neutral
molecule -~ which presumsbly is best represented &s & bensenoid structure
(XII) (by comparison of both the spectrs &nd resonance structures ot-

benzimidaszole and benzotriezole in neutrsl solutions).

It is also moted that the absorption spectrusm of R-aminoben#imi-
dazole (48) in seidic solutions is essentislly identical to the spectrum
of bemgotriaszole in basic solutions. Since the resonance structures
of the cation of E~umino-bensimidazole snd the snion of benzotrisscle
are anslogous, this is taken as further evidence in support of the

structural-spectrel correlation theory presented herein.
Indazole

There has been much discussion in the past iu respect to the
locution of the acidic hydrogen stom in the pyrasole ring of indazole,
Chemicel evidence, in fact, suggests that the Lydrogen is on the
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DISCUBEBION (cont.)
Indagole (cont.)

1~ nitrogen in some cases and on the Z- nitrogen in other ceses
(isoindazole snd indazole, respectively), &lthough it has been found
impossible to isolate two distinct forms of the compound (alkyl
derivatives of indasole can, however, be prepared in both the l- und
&~ forms), Barelsy, Cempbell, snd Dodds (25) have shown on the basis
of cryoscopic data that the "old distinction between iscindezole and
indugola is no longer valid®. The preseunt interpretetion of the .
wltraeviclet absorption spectra of indazole counfirms this viewpoint,

On the basis of the fine structure resclved in the absorption
spectra of indazole, it would seem that the strain in the N-N-C link-
age is intermediate between that of the N-N-N linksge in benso-
triszole and the N-C-N linksge in benzimidasole. The spectrum of
indazole in ethsnol (85%) shows significent fine structure (Fig. 9),

but most of thie ig smoothed out on passing te agueous seolutiona,

The spectral behavior of indaszole is such that it seems reason-
&ble to postulate & tautomeric eguilibrium between the l~ and ¥-
forms of the compound., In neutral and acidic solutions, two pro-
nounced absorption maxime are observed. In strongly bssic solutions
there is some diminution in the height of the lower wavelength maxlmum,
but 1t is still significant (Fig. 10).
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DISCUSSION (cont.)
Indazole (cont,)

Following the assumptions previocusly outlined, this suggests
that the sctusl structure of the neutral molecule in the 1- form ie
best spproximeted &s benszenocid (such se XVII), wheress the actusl
structure of the &~ form is beet spproximated &s quinold (AVIII).

The cation is presumsbly more of & hybri¢ between the bensenold and
quinoid structures, The anion wust aleo be considered & hybrid, but
the spectrum in strongly basic solutions suggests that the quinaig
structures (such eas XIX) are more importent coutributors to resonance

than are the benzenoid structures (such as 3X).

The important poiat is that the hydrogen sbtom is probably in &
state of dynamic equilibrium betwesn the l- &and Z< nitrogen atoms,
8ince the principle resonance structures of the l- form sre bensenoid
whereas those of the &~ form &re quinold, this sgrees well with the
observed spectrel behevior of the compound in solutions of verying
acidity. The spectra further suggest that the tsutomeric equilibrium
is displaced in favor of the 2~ form as the medium becomes more

busie,
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DISCUSSION (cont.)
Indole -

Little fine structure is resclved in the spectra of indole in
agueous solutioms (Fig. 11). On the basis of the previcus srguments,
this suggests thet the H-C-C linksge is relatively free from strain.

It is observed that the absorption spectra of indole in solutions
renging from scidie to basic are &ll essentially identical; that ia,
there is no shift in the wevelength of maximum &bsorption on pessing
from neutral to scidic and basic medis as is observed in the case of
bengotriezole, benaimicdesole, ond indesole. That this should be true
is somewhat surprising, but it mey be explained on the basis of either

of two different sssumptions,

If the compound exhibits no tendency to react as either an seid
or & base in the mediz involved (0.2ZN HCL to 0.ZN N&OH), then the
structure of the absorbing entity will remain the ssme in all golutions
and its sabsorption characteristics will of course remain the same also.
(42 noted earlier, it wes not possible to exwmine the sbsorption of
indole in either strougly acidic or basic solutions. The compound
polymerises in strong scid (26), anc is insolubie in strong alkali,
This latter point may be taken &g further evidence that there ls little
or no tendency for the compound to ionize as an scid, even in stroagly

basic solutions,)
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DISCUSSION (comnt.)
Indole (cont.)

If it is assumed that indole does exhibit scidiec and baeic :

properties, it must be inferred that the structures of the neutral
molecule, the cation, and the anion sre essentielly ldentical.

Following the previous arguments, the neutral molecule is pre-
sumably best represented by & benszenoid structure (XXI), It is
spparent that the cation (XXII) also must have & bensenoid structure,
for eny structure of the guinoid or semi-guinoid type (such as .
IXII1) would involve & doubly charged nitrogen and hence would be
expected to contribute very little.

On the busis of the resonsnce structures one cen draw for the
anion (such as XXIV), it would seem that the sctual structure might
well possess some guinoid characteristics. If en anion does exist,
however, we must infer that it 1s principally benzenoid -~ otherwise
& spectral shift on paesing to basic solutions would be expected,

Which of the above arguments, if either, is correct is difficult
to asay., Very likely the true explanation involves & combinstion of
both,
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GRAPHICAL DETERMINATION OF THE ACIDIC DISSOCIATION CONSTANTS

According to Stenstrda and Goldsmith (20), 1t is possidble to
determine the apparent dissocistion constant of & compound by
measuring its sbsorption in solutions of varying scidity. In Figs,
12~15 the molar absorbaney index (ay) is plotted ageinst the pH of
the solutions, The epperent pK is eguel to that velue of the pH st
which oy is ni&wa& between its upper and lower limite.

The valueg of the dissoclation constants so determined agree
closely with potentiometrically determined values reported in the
literature (21,%4,%8).

It is noted that the chloriue substitution in benzotriasole
shifte the pK value in accordance with the expected inductive
influence of the chlorine.
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TABLE OF RESONANCE STRUCTURES (cont.)
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Erratum- Resonance structure XXIII is void (ten electrons around

the 1- nitrogen atom). Therefore no structure of the

quinoid or semi-quinoid type is possible.
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