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INTRODUCTION

The correlation of the reaction rates and equilibrie of meta end pare
derivatives of benzene with substituent groups has been successfully under-
taken by the Hammett equation. The applicability of this empirical
squation in meny resction series is a wellwastablished fect.

There ere certain other cases, however, in which the Hammett relation~
ship is not quite so applicable. 1In particular, it is necessary to
assign two values of the substituent constent to the Eaggynitro group, one
for the resctions of phenols snd another for the reaction of other
benzene derivatives.

A diffsrent cleass of reasetions which show snomalous behavior with
the Hammett equation is the solvolysis of benzyl chlorides. The studies
perteining to this series of reactions nave not bsen extensively nor
systematically carried out with respect to the correlation of substituent
of foct and resction velocity. Since this clasa offers a new and promising
approach to the anmlysis of the lemmett squation, ar investigation was
undertaken to scrutinlize the equation. In particuler, a study of
substituted bemzyl tosylates was made because of the crystalline nature
and unambipguous solvolyses of these compounds.

The solvolysis of benzyl tosylates and the saponification of ethyl
benzoates represent two resctions of opposed charge requirements.
¥Whereas the solvolysis of bengzyl tosylate is facilitated by electron~
repelling substituents the saponification of ethyl benzoats is retarded
by these same groups. ‘The extent to which substituents promote the

solvolysis of benzyl tosylate will depend on the ability of the



substituent to stabilize the transition state. The magnitude of the
stabllization may be expected to De measursd by the deviation of the
substituent from the Haummett reletionship.

%ith this inberprotation in mind an investigation was initiated to
determine the relative conjugative aptitudes of the carbon ~ carbon
double bond and triple bond. From a very qualitative consideration of
moleculsr orbital theory, one msy expect the triple bond to conjugate
as well as, 1Y not better than, the doudble hond with an aromatic svsbem.

Tolane snd Stilbene were chossn &s the basic sysbems to ba studled.



HISTORICAL

The Effect of Substituents on Chemical Reactivity

Early atbtempts to correlate structure with chemical reectivity and
physical properties provided a stimulus for the development of modsrn
theoretical orgenic chemistry. In this respect the interpretation and
correlation of efiects produced by substituent groups in orgenic compounds
have been one of the foremost problems confronting organic chemists.
Numerous empirical rules devised for clessifying these effects before
the successful application of electronic theory to chemistry by Lewis!
have been adequately summarized by Watson® and Remick®. Subsequent
studies from varied aspects of mechanistic orgenic chemistry contributed
greatly to the coalescing of fundamental oonceptions4. Thus, concurrent
studies of orientation in aromatic substitution, dipole moment measure-
ments, reaction rates in solvolysis, equilibrium determinations of acid -
base systems and oxidation - reductlon potentiels of orgenic compounds
helped to corroborrate and strengthen the theory.

The basis for the analysis of the problem of substituent effects can
be found in the nature of the interaction of a series of substituents, 8,

with a parent molecule, k. In such a series of compounds, R-S, it is

1g.4. Lewis, J. Am. Chem. Soc., 38, 762 (1918).

2y, fiatson, "Modern Theories of Organic Chemistry", Second Edition,
Oxford University Press, New York, H.Y., 194l.

3

A. Remick, "Electronic Interpretations of Organic Chemistry”, Second
Edition, John Wiley end Sons, Inc., Hew York, k.Y., 1949.

4, Ingold, Chem. Revs., 15, 226 (1934).



importent to realize the type and megnitude of the perturbation effected
by 8 meross the R=3 bond. Of the number of systems of this type thet
can be studied the benzenold aromatic system, where K is benzene or its
derivatives, has proven to be the most amenable to empirical end theoret-
ical treatments. In subsequent discussion, for the sake of convenlence
and without too much loss of generality, we shall restriet ourselves to
this interesting system.

The influence of substituents on the reactivity of orgenic compounds
has been interpreted in an illuminating menner by the theory of electron
displaesmantss. In essence, the theory accounts for two distinet types
of electronic effects, termed the inductive effect and eleoctromeric
effect. Each perturbation is considered to be independent and no attempt

is made to relate the dependence of one on the other.

Inductive effect

Studies on the resting state of a molecule by means of dipole
measurements have been used to measure quantitatively the permenent
polarization of a molecules. This affect is characterized by the electro~
static interaction of an existing pala7 (electric change) or dip0168 with

other centers in the molecule, thus causing an unsymmetrical distribution

5. Ingold, Aun. Rpbts. Prog. Chem., 23, 140 (1926).
‘K. Robinson, J. Uhem. Soc., 1445 (1932).

55, Glesstone, "Textbook of Physicel Chemistry®, Second Edition,
De Van Hostrand Co., Ine., Hew York, N.Y., 1941, p. 543.

7¢. Ingold, Ann. Epts. Prog. Chem., 23, 129 (1926).

%. Waters, d. Chem. Soc., 1584 (1933).



o,

of slectrons around these centers. The magnitude of this effect is

given by the following equations:

. A 1

‘ Py u(l + 5c0329)§ )

Fpole B F&ipoleﬁ . 1
ﬁr2 Ir

where I is the field induced by charge e or dipole u at a distance r in a
medium of dielesctric constant D. Thetas is the angle the dipole makes with
the line connecting it and the reaction center. If d\is the polariz-
ability of & bond, defined by m = XF = u induced , then’the electrostatio
energy due to the field will be

By = & F°. (2)
Thus, for a pole, the induced electrostatic energy in a polarized bond
will vary as e and fof a dipole as gz. For a particular polarized bond
having a dipole moment u the magnitude of the induced charge, 2 e, is equal
to u/rgy, where r_, is the bond length. From equations (1) it is seen
that the transmission of the effects of a pole or dipole fall off rapidly
with distance, the decrement depending on the polarizability of the lnter-
vening bonds. From values of K it hes been calculated that the electro-
statically induced energy of & saturated carbon bond is 0.02 times the
energy of the previous bond, while for an unsaturated double bond the
factor is 0.59. In the cage of an induction of charge by a pole or
dipole across empty space the term direct or field effect has been

applie&lo.

%%, Waters, "Physical Aspects of Organic Chemistry", Fourth Edition,
Ds Van Nostrand end Co., Inc., New York, N.Y., 1960, p. 283.

10¢, Ingold and R. Vass, J. Chem. Soc., 401 (1926).



This effect differs from the inductive effect only by the medium through

which it acts.

Eleotromeric effect

The apperent ancmelies in the orientetion in aromatic substitutions

11

on the basis of relative inductive effects™™ together with inexpliceble

dipole moments of arometic compounds and lonizetion constants of substi-
tuted benzoio aoidsl? led to the postulation of the second electronic
effect. The electromeric (mesomeric or tautomeric) effect was found to
be operative only in conjunction with multiple bonds between atoms.
Using the carbonyl group as an example, the effect prescribes that there
exists a certain tendency for a pair of electrons comprising the double
bond to be associated exclusively with oxygen, the more electronegative
atom. Thus, in the resting stete of the carbonyl system the wvalency of
carbon was oonsidered to be somewhere between four and three, and that of
oxygen betwesen one and two. The C«0 bond thus possesses nelther double
nor single bond character, but an intermediate one.

4 theoretical basis for the semi-empirical electronic theory of orgenic
chemistry has been invoked through the introduction of a more deductive

13

end guantiteative theory based on guentum mechanlcs™, The fundemental

concepts, however, remain much the same. The theory of the interaction

¢, Ingold and E. Ingold, J. Chem. Soc., 1310 (1926).
12

1

He Watson, et al., ibid,, 893 (1933).

SJ. Van Vleck and A. Sherman, Rev. Mod. Phys., 7, 167 (1938).
L. Pauling, "Nature of the Chemical Bond , Second Edition, Cornell
University Prese, Ithaca, N.Y., 1940.



of substituent groups with unsatureted hydrocarbon radicals to which they
are attached is now considered from a more fundamental standpoint
involving the nature of the interaction of atomic snd molecular orbitals.
Because of its simpler form snc adaptability to quantitative calculations,
the method of molecular orbitals has been the one most frequently applied
to quantum-mechanical formuletions of the complex orgenic systems14.

In goueral, the new theory envisages the interaction of groups in
two ways:

i) The electric field of the substituent may polarize the radical

ii) The group mey form a T-bond with the carbon atom to which it
is attached. This effect may have repercussions on the TT~-bond already
present in the radical, i.e., the group participates in a molecular
orbital with the ocarbon atom of the radical.

The polarization of ths slectric field has been visualized In two
ways. Firstly, it is regarded as & purely selectrostatic interaction as
plotured in the clessical inductive ef'fect. This effect is considered
to perturb the localized o-bonds onlyls. Secondly, the electrostatic
interaction can also occur with the T~bond system of the radical in which
case the field of the substituent causes changes in the T-bond order of
the radical. This effect hes no counterpart in the classlenl inductive
of fact. doreover, these two sffects are not independent since a

distortion o¢f the o-framework by inductive polarization will change the

14g, Brown, Quart. Revs., 6, 63 (1952).

15y, price and A. Walsh, Proc. Roy. Soc., London, A191, 22 (1947).




field in which the more or less nonlocalized Ti~electrons move. Since
the polarizability of the T~bonds is greater then that of the o-bondsl®
the effsct of these latter forces are longer in range.

The classical mesomeric effect has been reinterpreted as a resonance
phonomanan17 in the light of wave mechanics, to include the nonlocalized

~bond interaction of the unsatureted radical with the substituent group.
The substituent can provide s e, orbital, perpendicular to the benzene
ring, which will extend the conjugation path of the Ti-eslectrons in Ar-X
(é,g,, form new molecular orbitals). As this Pg orbital will in general
be occupied by one or two electrons {or can have the same symmetry ~
hypareonjugatianla) the change in the number of 7-electrons will ceause
resulting changes in the T-electron energies. Since the non-classical
inductive effect and resonance effect both operate on the Ti~electron
system, they are not independent. Electron distribution in the § -bond
will, thus, affect the T«bond energy as well.

The development of sn empirical correlation between chemical and
physical properties and structure may be conveniently reviewed in the
light of the theories which were developed from them. A study of the
resting state of the molecule has been provided by dipole moment studies
and Investigations of the infre~red spectra for vibrational and rotationsl

anargieslg Further empirical correlations have been made with the

164, Walsh, Quart. Revs., 2, 73 (1948).

17, Whelend, "The Theory of Resonance®, John Wiley and Sons, Inc.,
New York, N.Y., 1944,

18;, wulliken and C. Rieks, J. Am. Chem. Soc., 63, 41 (1941).
E. Berliner and F. Berliner, T’m T2, 222 (1580).

19;, Ingold, et al., J. Chem. Soc., 912 (1986).



photochemicel excited stete utilizing informetion obtained from ultraviolet
spectra. Equilibrium studies on the correlation of structure and re-
activity have been provided by acid ~ base systems and reversible

oxidation - reduction potentials. The study of activation processes
involving rates of reactions, orientation in aromatic systsms anu moleo-
ular rearrangements heve provided another tool for the examination of
these effects.

Studies in dipole moments provided e quantitative means of investi-
gating substituent effects. One of the first successful quantitative
applications of substituent effects was mede by Nathan and Watsonao, who
utilized the dipole moments of substituted methanes to obtain ionization
constants of the corresponding scetic acids. The empirical equation
was formulated as:

log K = log K® ~ C{u -« u2) (3)
where the K's represent ionization constents, eand ¢ and X are empirical
constants. The equation was subsequently extended to aromatic systems.
Kegular correlations, however, could not be obtained with some para=-
substituted aclds (e.g., p-methoxybenzoic)s The failure of this corre-
lation®l for these acids was ettributed to abnormal mesomeric interaction
in the acid, which was not present in the parent compound. Similar
discrepancies occurred when attempts were mede to apply dipole measure-

ments %o the constants and actlvebtion energies for the saponification

204, watson and B. Nathsn, J. Chem. Soc., 438, (1983).

213, Watson, Trams. Faraday Soc., 34, 165 (1938).
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of esters. Studies by Sutton?z on mesomoric moments bore out these
suspicions. Audsley and Goss?d have been able to relate the mesomeric
moments of halobenzenes tc the atomic number of the halogen.

The study of chemical equilibria end equilibrium constants as a
function of substituents is important and convenient for several ressons:

(i} The equilibrium zonstant is independent of the reaction path

(i.e., the mechanism of the process), being a function only of the
difference in the free energy ol the reactants and the products.

(ii) The egquilibrium constant is independent of the time of the
reaction. A& knowledge of the equlilibrium constants, thus, enables a
study of the variation of substituent groups. From a standpoint of
chemicel equilibrium, two classes of reactions have beon extensively studied,
viz,, acid -« base prototropy snd oxidation - reduction potentials of quinones.

Several empirical rules for the determination of ionization constants
of non-aromatic aclids are glven by Branch and ualvin24. Their method
has been generalized to apply to aromatic scids by MoGowan®5.,  The
equation he used is:

F=«ETln K = A + By (4)

where Q is a constant for the substituent and A and B are oconstants.

The equation has recently been expanded to correlate rsaction rates>S,

221,, Sutton, Proc. Hoy. Soc., London, 133A, 668 (1931).

23&. Audsley and F. Goss, J» Chem. Soc., 497 (1942).

243, Brench end M. Calvin, "The Theory of Orgenic Chemistry”,
Prentice~iall, Inc., New York, ¥.Y,, 1941, p.183.

265, McGowan, Chem. and Ind., 632 (1548).

26;. licGowan, J. Soc. Chem. Ind., 68, 265 (1949).




1

Another empirical equation that has met with limlted success is
attributed to Hixon and Johns®'

log K = Q(e®P _ ) (5)
where X represents the ionization comstant of a substituted ecid, x is e
substituent - constant, known as the electron ~ sharing ability, and Q,
&, b and ¢ are empirical constents. The applications and limitations
of this equation have recently been reviewed?5,

A more theorstical approach to the problem has been treated by
WOSthaimerzg. He considers protonic ionization as a problem of the
electrostatic interaction of a dipole field of a substituent with the
ionizing proton. In this treatment Westheimer considers the free
energy diff'erence in ionization between substituted and unsubstituted
aromatic acids as the work required to remove the ionizable proton from
an electrostatic field due to the dipole of the bond between the ring and
the substituent. By considering the solute as occupying an ellipsoidal
cavity in the solvent, the effective medium through which the electrical
field operates consists of the bulk solvent and the molesule. The
difference in free energy is then given for para-substituted benzoie

ncids as:

aMcosé

Eel. = = 2.308 log K/g (6)

R™De

27p. Hixen and I. Johns, J. Am. Chem. Soc., 49, 1786 (1927).

28?. Schultsz, Unpublished Doctoral Dissertation, Ames, lowa,
Iowa State College Library, 1350.

2%, Westheimer, J. Am. Chem. Soc., 61, 1977 (1939).
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where M is the dipole woment of the subsbituent, K the distance separating
the dipole from the proton, the angle between the dipole ancd the line
Joining its center to the proton and Dp the effective dielectic constant,
which takes into account the size and shape of the solute molecule and
the nature of the medium separating the dipole and the proton. Since
the benzene ring introduces the poculiarities mentioned previously, this
purely electrostatic treatment has bsen found to apply well for all sub-
stituents in the case of phenylacetic acids only. Good corgpelations
were obtained with most para-substituted benzoic acids, the exceptions
being p-methoxybenzoic and p-hydroxybenzoic acids. Phenols and anilines
fitted well with experimental values; discrepancies, however, occurred
with the p-cyano end p-nitro derivatives. In general, acids, phenols
and enilines deviating were those in which the dipole moment of the mole-
cules was not the sum of the dipeoles of the constituent perts. The dis-
crepancies were ascribed to the ususl resonsnce intersctions shown below.
0355=<:>: o ° 0):{: i,
OH 0
The Westheimer-Kirkwood treatment of ionizetion constants was applied
by Sarmousakis®® to meta-substituted aromatic acids, where resonesnce
interactions are not considered to be s¢ important. Instead of using

the prolate spheroidal model of Kirkwood and Westheimer to describe the

90;, sermousskis, J. Chem. Phys., 12, 277 (1944).
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gsolute cavity in the solvent, Sarmousakis resorted to the more difficult
oblate spheroidal model. In form the equation he obtained was similar

to the results obtained by the previous investigators,

1 —s]ugjcos(uai,?) -e]u¢|cos(u¢§,§)
log K/Kc» i} 2 ) 2
20303kT r Ei rDy
where Diand BQ are effective dielectric constants corresponding to the

dipole components ug and ug « The application of this equation to
meta-substituted aromatic acids yielded good correspondence with
experimentel values. An interesting application of this general formula
was found for the para-substituted ecids. The theoretically ocalculated
and experimentally determined values of log K/ko showed differences,

A log K/Ko, which may be considered a measure of the resonance snergy
operative over the electrostatic energy in the para-acids. The median
values of the log K/ko showed very little mean deviations in different
solvents, which varied from pure alcohols and dioxane to binary solutions
with water. Judson and KilpatricESI have sxtended the treatment further
to apply to meta~- and para-substituted phenols with good results.

It has been pointed out by Shorter and Stubbs®? that the change in
ionization constents by two or mors substituents in benzoic acid is wery
nearly the algebraic sum of the effects of the individual groups. This
principle of additivity has been applied to a number of di~ and tri-

substituted benzoic mcids with surprising success. Although a uniformity

31g, Judson and . Kilpatrick, J. Am. Chem. Soc., 71, 3117 (1949).

32J. Shorter end F, Stubbs, J. Chem. Soc., 1181 (1949).
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of deta was not slways possible (thus precluding discussions of small
deviations) such compounds as 3-nitro-4-methoxy-, B-nitro~-3-hydroxy-4=
methoxy, and b-nitro-dwhydroxy-3-methoxybenzoic acids showed smell
deviations from the expected values. Particularly unpredictable were
the 213« and Zi16=-substituted acids.

Another aspect of chemical equilibrium and substituent effect has
been the investigation of the reversible oxidation - reduction potentials

of substituted quinones. Fieser>Y

stated empirically that groups which
lower the potential of quinones facilitate substitution in the benzene
ring. This was rationslieed in terms of the old electronic theory.
Analyzing the situation from a more modern viewpoint, Branch and Celvind4
ettribute the driving force (li.e., free energy difference) to a gain in
resonance energy in the aromatic hydroquinone system over the quinoidal
syestem. Borliner®® nas shown that the potentials of many quinones are
effected by changes in substitution in a menner fairly well predictable
by means of the resonance and inductive effect of the substituent groups.
8ince the oxidation - reduction potential is a measure of the free energy
change of quinones to hydrogquinones, an examinatlon of the imntrinsic
differsnce bestween the two compounds was considered necessary. e

considered the difference in empirical resonance energy of quinones aad

hydroquinones as an adequate index. & plot of the diff'erence in

¥

53L. Fieser, J. Am. Chem. Soc., 57, 401 (1935).
34z, Braneh end M. Calvim, ref. 24, p. 304.

853, Berliner, J. Am. Chem. Soc., 68, 49 (1946).
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resonance energy with oxidetion potentisls yielded a smooth correlation.
ki and Takayamnaﬁ have spplied a more theoretical treatment to the
hydroquinone«quinone equilibrium. They visualized the process as

involving the following equilibria:

HZQ_V—_*_ H"’Q’“H«t‘_—-_—‘_ 2H+ + er_:Q + 20 == QQO .
1 2 3 4

By aasuming that the substituents affected only equilibria 2 and 3, i.e.,
by determining the amount of double bond character in the C=0 bond, they
were able to calculate the difference in oxidatione-potentials of sub-
gtituted and unsubstituted gquinones.

A gquantum mechanical study of the oxidation - reduction potentials
of quinones was undertaken by Evans, Gergely snd deHeer®’, They epplied
the basic hypothesis of Branch and Galvin34, to evaluate the energies of
the 10T and 8«7 electrons in hydroquinone and quinone, respectively.

The resonance or delocalization energy of the two was then calculated

a8 a function of the elsctronegativity of the oxygen atoms and the bond
energy of the carbonyl liny. This molecular orbital method, however, wes
restricted to gquinone end golynuclear quinones. Extension of the method
to substituted quinones is possible if a consideration of the S-bond and
T=bond perturbations by substituent groups is taken into account.

In the light of a new and less quantitative molecular orbital theory

867, Ri end M. Takeyams, Rev. Phys. Chem. Japan, 13, 163 (1945);
Coh., 44, 2872 (1950)

37y, ﬁvana, Jo Gergely and J. delieer, Trans. l'araday Soc., 45, 312
(1949).
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the substituent effect has been restated by Evans and deﬁeersa. Although

the overall result is not known, they believe that inductive and resonsnce
effects must be included in the treatment. They suggest e suitable
method of attack as consisting of:

(1) Variation of the position of the substituent to determine the
role of the inductive effect;

(3i) Variation of both position and nature of the substituent ot
determine the importance of the resonance effect. Since the stabili-
zation of the quinone is given by the degree of conjugation, such para-
meters as the electronegativity of the attached center and the resonance
integrel between the p, orbital of the center and the carbon of the ring
are included.

The ultreviolet absorption spectra of a series of substituted
benzenss have been examined by Loub and Vandenbeltsg in an effort to
correlate structure with the displecement of several bands in bengene,
viz., the primary band (203 mu) and the secondary band (280 mu). They
studied the regulsrity in the amount of displacement of both the primery
and secondary bends in the derivatives relative to those in benzene.
They pintufed the absorption of many meta- and para-substituted benzene
compounds &5 & progression of at least three bands, which, regardless of
the degree of displacement, maintained a relatively regular wavelength

relationship. The displacement of the primary band of bengens by

58y, Evans and J. deHeer, Quart. Revs., 4, 101 (1960).

59.. Doub and J. Vendenbelt, J. Am. Chem. Soc., 69, 2714 (1947).



17

substitution waes attributed to the electronic interaction of groups with
the bengene nucleus, thus lessening the constraint or force holding the
electrons responsible for the sbsorption of light. The greatest dis-
placement was observed for those groups capable of the greatest electronic
interaction across the ring (ortho:para group versus mets group) and least
for those groups capable of least interaction across the ring (SIEEEJEEEE

group versus orthoipara, meta versus meta).

A quantity, SA., of the substituent was assigned as a measure of the
electron~atiracting or electron-repelling power of the substituent.

From numerous empirical observations they deduced the following formulas

SN = A, = 2m0s (ANo) (8)

where AN, is the displacement of the primary bend of bengene by disubst-
tution, and §), and §), are the corresponding displacements of each group
separately in monosubstituted benzenes. Despite the limitations inherent
in such an empirical correlation the results look impressive. The method
was oxtended40 to the same type of substituents in the ortho and meta
positions. The resulting equation was found to be applicable in these

cases:

ANy = a + b ( Sk; + SXJ)
(9)

The success of this correlation was discussed in terms of the resonmnce

stabilization of the ground state relative to the excited state and the

40L. Doub and J. Vandenbelt, J. Am. Chem. Soc., 71, 2414 (1949).
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nature: of the effsct of the substituent on both states.

matsen41

has combined molecular orbital theory snd perturbation
theory to derive general expressions for resonance energies, resonance
(mesomeric) moments, intensities and frequencies of ultraviolet ab-
sorption bands and the directing power of substituents and applicable
to aromatic systems. He used an experimentallyobtainable parameter,g
( & measure of the electronegativity of the substituent), whose value is
estimable from ionizetion energiss of the simple compounds containing
the substituent. In many of the compoundsvhe considered (gﬁﬂ., phenol),
resonance interaction between the ring end the substituent was so im-
portant thet other weak effects such as the inductive effect, were
neglected. On that basis spectral properties could in general be corre-
lated with differences in lonization energies of substituted benzenes
end benzene itself. The smaller the difference in ionization energy the
greater was the poerturbation of the benzene levels and longer the wave-
length and greater the intensity of the neer ultraviclet absorption band.
Howewver, in the case of the halogenobenzenes e rsverssl occurred from
the expected intensities of the bands. An introduction of a new
parameter,é}, {a function of the electron affinity of the substituent),
into the Hamiltonian rectified the order.

sklar®® nas analyzed the intensification of the ultraviolet ab-

sorption bands of substituted benzenes over benzene on the basis of the

lp, Matsen, Jo Am. Chem. Soc., 72, 5245 (1960).

42, sklar, J. Chem. Phys., 7, 984 (1939).
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destruction of the 6~-fold symmetry of benzene by partial migration of
non=bonding electrons from the substituent into the ring and by charge
redi#tribution by induction of the c-eleetrons. The electric moment
produced by the migration of charge was calculeted by the method of antie
symmetrical molecular orbitals, considering parameters invelving the
ionization potentisl of the substituent, number of non-bonding electrons
on the substituent and the distence of the substituent from the ring.
Thespectra of fluorobenzens, aniline, phenol and toluene were discussed
on this basis.

The term “spectrosoopic moment"™ has been applied by Platt43 to the
concept introduced by Sklar to describe the induced charge separation in
the excited state by substituents in benzens. Platt has inspected the
available intensity data for a large number of compounds in order to

determine the spectroscopic moment of various substituents. The spectro-

scopic moments my were obtained from the equations
2

I~-1,=Kn" monosubstituted (10)
= K(maz + mb2 + Zmamb) para-gubstituted {11)

2 2
= K(mh + m © - mom,)  ortho- or meta-substituted, (12)

where I, is the unsubstituted intensity and I the substituted intensity;
K is the proportionality factor. The m; values have been related to the
directing power of the substituent in the aromatic substituents as well
ag to the mesomeric moments obtained from dipole measurements. Rigorous

correletions were not obtained due to the fact that the spectroscopic

435, Platt, J. Chem. Phys., 18, 263 (1951).
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moment involves the study of the ground and excited states of a molecule,
while dipole measurements deal exclusively with the ground stete;
directive abilities, on the other hand, involve ground state and inter-
mediate complex perturbations. HNotable deviations occurred with fluorine
and iodine, where mj and u wers of equal mugnitude, and with the alkyl
groups, where these quantities were in opposite sequence.

Further theoretiecal calculations of substituent effects on the
spectra of benzene derivatives have been made by Price?® and Herzreld?P,

The last mspect of substituent effects which we shall review is the
sctivation process. The argument is essentially that treated by
Glasstone, Laldler and Eyringéa in their theory of rate processes. The
esgsontial feature of this theory is based on the concept that a chemical
reaction is charscterized by an initial configuration (reactants) which
proceeds by continuous chenges into the finel configuraetion (products).
The mechanism by which this process occurs is further characterized by
some intermediate confipuration, an activated complex or transition-
state, which is oritical for the process in that it is situated at the
highest point of the most favorable reaction path on the energy surface.
The attainment of this complex usﬁally represents a high probability of

the reaction going to completion. The study of reaction processes is

44y, price, Chem. Revs., 41, 257 (1947),
45,

U« Herzfeld, ibid.’ 280.

468. Glasstone, K. leidler, H. Eyring, “"The Theory of Rate Processes".
Mo Graw~Hill Book Co., Inc., New York, W.Y., 1941.
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centered to a great extent on the requirements for the attainment of
this complex.

Orientation in aromatic substitution represents a fertile ground on
which to study the eff'ects of substitution on the free energy of
sctivation. The broad outlines have been reviewed recently47. Farly
studies by Ingold and aa«workersés on competition reactions in aromatic
substitutions, utiliging partliel rate factors, have been extensively
reviewed®?,  These studies led to the early empirical rules based on the
electronic theory.

The most fruitful mode of attack on the orientation problem has been
aochieved by the application of quentum mechanics. In a classic paper

Wheland sund ?auliﬂgso

applied the molecular orbitel epproximation.  They
worked on the assumpbtion that the rate ol sromatic electrophilic substi-
tution at & particular nuclear carbon atom increases with incressing
negative ciarge on that carbon atom as the anionoid reagent approaches it
in the transition state. They took into account permeneut charge dis-
tributions in the ring produced by induction end resonance, as well as
polarizability factors of the attacking reagent in the transition state.

They first made & calculation ol the relative electron densities

resulting from different slectron affinities oi the atoms in the systems

47y, Ferguson, Chem. Kevs., 00, 52 (1982).

48;. Ingold, et al., J. Chem. Soc., 2918 (1927).

QQEO Remick, ref. 3§, Pe 367,

C. Price, Chem. Revs., 29, 37 (1941).

50¢, Wheland end L. Pauling, J. Am. Chem. Soc., 57, 2087 (1936).
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(induotive effect) and then explicity included all T -orbitals of the
system (resonance effect). A small perturhation,5 » was then pleced on
each carbon atom at a time (in addition to that due to permenent polari-
zations) and the result of these charges on the electron densities at the
various carbon atoms were calculated. 1t waes found that in cases where
strong inductive iniluenees are present (enilinium ion) the externel
perturbation has little or no effect on the orientation. However, in

ceses such as the halobenzenes, it was found that the ortho and para

positions are more polarizable than the meta position.

heland®! has improved on the underlying assumptions of this treet-
ment by consi@ering‘more fully the nature of the btransition state. ‘here-
as early work included only perturbations by the attacking reagent, the
more refined treatment focused attention on the cnsrgles of structures
contributing to the activated complex, in which a covalent bond is

formed between the aromatic system and the reagent as shown below.

Here $ is positive, negative or neutral depending on whether the attacking
speeiea is elesctrophilic, nucleophilic or free radical. The activation
enerzy ls discussed in terms of a polarization energy, which is the change
in the Ti-electron energy between reactants and the transition complex.

52

Coulson® prefers to call this "localization energy”. Thus, he pictures

51, Wheland, J. Am. Chem. Soc., 64, 907 (1942).
52

Ge Coulson, Hesearch, 4, 307 (1961).



23

this quentity as the energy required to localize two, one or zero
T~aleotrons at the tetrahedral carbon while leaving the remsinder of the
T-gloctrons undisturbed. Uslng the values of this polarization energy,
aw, Wheland predlcted the most likely position in the ring to be substi~
tuted by the various reagents. For example, the following values for
nitrobenzene were calcouleted for aw in terms of ﬁ(resonance integral for

the ~C bond):

aw ()

Point of attack electrophilic unucleophilic free radical
ortho 1.886 1.783 1.834
meta 1.862 1.862 1.852
pars 1.861 1.787 1.60%

Applying the assumption that the smaller the calculated value of aw for a
given position, the more repidly reaction proceeds at thet point, it cen
be seen that these predictions do hold.

Extensive valense~bond calculations of the effect of substituents
have recently been carried out by the French schaolEs. The essence of
their calculations involves modifications of the nature of the pertur-
bation by substlituents on the aromatic ring inherent in the valence~bond
approach.

Ri aend Eyrings4 approached the problem from the transition state

theory oi raste processes. They assumed that ia the trausition state of

524, Pullman, Compt. remd., 222, 392 (19463

A. Pullmen, Bull. soc. chim., France, 13, 392 (1546);
J. Ploquin, ibid., 15, 646 (1948); 16, 369 (1949);
C. Sendorfy, ibid., 16, 616 (1949).

54?- Ri end H. Eyring, :.Lc Chem. Ph"z’agg g, 433 (1940).
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the resction the difference in iree energy between substituted bensenes
and bengons lay in the electrostatic interaction of the induced cherge at
a position in the ring with the charged attacking species. Calculating
the charge distribution in the ring of the substituted compound due to
the inductive effect and resonance effect of the substituent to be e,

y
the electrostatic eunsrgy was detsrmined to be

6.0
an F =28, (13)
rp

where e, is the charge on the atlacking species and r and D are suitably
chosen values for the distence separating the cherges end the dielsctric
consbent threugh which the charges act in the transition state, respec~
tively. ‘The ratio of the rate constants for reactions at any cerbon
atom y in the substituted compound and benzene is then
ky
“x

This theory was checked by competitive nitration studies.

=9y 04 Dk T

Assuming thet the nature of an intermediate iomlec complex is impor-
tant in arometic ionic substitution reactions, Prioes5 has attempted to
determine the effects of substituents on the stability of this complex.
He has introduced the ™polarizing force™ of the substituent as one of the

determining factors in the stability. The nature of the force is

5%;. price, J. Am. Chem. Soc., 78, 5833 (1951).
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described as electrostatic, being evaluated by the equation

6%
b s

r

where €y is the charge oun carbon etom b in the ring, e, is the charge on

atom s on the substituent, and r is the distance separating the charges.

The megnitude of the charge was obteined from velues of the bond moments,.
The importance of & consideration of the transition state for aro-

matlec systems has been polnteu out by Bordwell and Rohdess. Their

deductlons proceedod from au observation oi the ortho-pars nitration

of the negatively substituted side chailn of styrene. A similar

attention was placed by Wators®?

on the roles of the mctivated complex in
detsrmining aromatic orientations. IHe esvalusted the energy difference
between the ground anu traunsition stetes of a bimolecular resction process
by assuming a quinoidal configuration of the activated state. by
assigning a large amount of bond locallzation Lo The guasi-quinocidal
complex, he deduced (from oxication - reduction potentials of the corree
sponding quinones} the effects of polar substituents on tie relative
anergy levels oi the wverious quinoldal sysiewms.

£
Westheimer "

has applied the Kirkwood - liestheimer treatment oi
electrostetic influence to the rate oi reactions of para-substituted

aromatic compounds. Assuming that the reaction proceeds viae an activated

56y, Bordwell and K. Rohde, J. Am, Chem. So0., 70, 1190 (1950).
T, Viaters, J. Chem. Soo., 727 (1948).

58y, Westheimer, J. Am., Chem. Soc., 62, 1892 (1940).
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complex, the effeet of a dipolar substituent on the reaction velocity in
e bimolecular reaction involving one charged species is:

: eM cos O
log k = log k = (18)

2.303 kTRZDE

where k and k, represent the rate constant of the para-substituted and
unsubstituted compounds, respectively. Application to the saponification
rates of phenylécetata and hydrocinnamate esters was successful. 1In the
‘case of benzoates, cinnemates snd benzamides deviations were found with
p~methoxy and peamino substituted compounds. He attributed these dis~
crepancies to the stability of the esters relative to the transition

state as shown below:

+ == /0“ o 0
E!=<;:>=C N‘-Q-é-omt .
HoN=__ okt Holi=\ -

Attempts to caleculate the amount of.resonance interactlion were made by
determining the relastive rates of hydrolysis of ethyl 3,b=dimethyled-
dimethylaminobanzoaﬁe and ethyl 3,5~dimethyl-4-aminobenzoate59.

¥ihen o bimolecular reaction occurs between two uncharged molecules,
the free energy change is related as

254 M
12 , (7)

log k =
2,303 kTRSDi

where Ml is the moment of the substituent end ﬁe is the moment at the
time of the resction in the transition state. Di is the internal

dielectric constant.

59, Westheimer, J. Am. Chem. Soc., 63, 1341 (1941).
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Of all the empiricel, semi-quantitative or purely theoretical treat-
ments of structure of aromatic systems and chemical resctivity we have
discussed, the Hammett aquatiango is by far the most versatile. The
wide applicability of this equation is indiceted by its utility in
kinetics and equilibria of reversible and non-reversible reactiouns,
respectively, of heterolytic as well as homolytic types. The equation,
however, has been limited to meta- and para=-substituted derivatives.
Complications from gzzggﬁ(steric or entropy) effects are well-known in
~ orgenic reaotionsﬁl. The theoretical basis for the Hammett equation
shows the necessity of excluding these effects®®, It is for this reason
that the equations are not applicable to ortho-substituted compounds.

The equation iz expressible in the forms

log k = log k, = pC (18)
0= log K - log K, , (19)
where k and k, represent the rate or equilibrium constents for the
substituted and unsubstituted compound, respectively, and K and K,
represent the ionization constants of the substituted and benzoic acids

in water at 25°. The physical relevance of ¢ is appareant from equation

(19), 1% is a constent depending on the neture of the substituent group.

80, Hammett, "Physical Orgenic Chemistry”, MoGraw-Hill Book Co.,
Ince., New York, N.Y., 1940, P 186,

8y, Evans, Trans. Faraday Soc., 47, 40 (1961);
J. Baker, J. Chem. Soc., 796 (1941),
P. De LaMare, ibid., S, 2873 (1949).

621, Hammett, ref. 60, p. 118.
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Similarly, C as defined by equation (18), is a constant for a reaction
series and is independent of the substituents.

In sddition to the fifty-seven reactions listed by Hammett whioh
include the saponification rates of esters, dissociations constants of
phsnols and anilines, and the‘hydrolysis of bengyl chlorides, in recent

years such diverse reactions as the Friedel=(rafts reaction of aromatic

63 64

compounds with acetyl chloride °, alkylations with ethyl arylsulfonates

scid~catalyzed anionotropic rearrangements of alcoholsa5, oxidation-

reduction potentials of substituted quinones66

s polarographic half-wave
potentials of benzaldehydes and aoetophenonesﬁ? end homolytic cleavages
of aroyl paroxidas68 heve been correlated. The validibty of the Hammett
equation is, thus, well established. Before 1940 there w#ere 1763 re-
actions applied to ity of these 332 showed a median deviation of only

18% between the caloulated and observed valuassg.

The trend recently
has been to analyze the equation critically and to apply it to the study
of reaction mechanisms and substituent effects.

The Hammett equation has been compered from en empirical standpoint

684, MoDuffie and G. Dougherty, J. Am. Chem. Soc., 64, 297 (1942).
64M, Cretcher and L. Morgan, ibid., 70, 375 (1948).

854, Braude and E. Stern, J. Chem. Soc., 1096 (1947).

86y, Evens and J. deleer, Quart. Revs., 4, 108 (1960).

87F. $chulz, ref. 28, pe 78.

€8¢, Swain, W. Stockmayer and J. Clarke, J. Am. Chem. Soc., 72, 6427
(1960); J. Cooper, dJ. Chem. Soc., 3106 T(1961)%

69, swain and ¥. Langsdorf, ibid., 73, 2813 (1951).



29

by MeGowanvo who has susceedsd in correlating it with the empiricsl
constants of the previously cited equation (4). Similar comparison
studies have been made with the Hixon-Johns treatment of the electron-
sharing abilities of aubstituants71.

Price72 has applied the concepts developed by Ri and Eyring to
derive "theoretically” the liammett equation. In a series of reactions
he sssumes the difference in mctivetion energy betwesn the substituted

and unsubstituted compound to be

60. 9()

AaEg = ’ (20)

r
where e and e are the parameters defined by Ri and Eyring. The
applieation'of the Arrhenius equaﬁion leads %o
&g er

1n kfy = . =qp -
2.303  rRDT

Utilizing Heammett's g-values, Jaffe73 has succeeded in applying the
molecular orbital method to derive a consistent set of parameters
(Coulomb integral) and (}(resonance integral) for a series of meta- and
para-substituted benzene derivatives. These parameters were used to
calculete with good results electron densities at various positions in

the ring, the absorption frequencies, and resonance moments ol these

703, MoGowan, J. Soc. Chem. Ind., 68, 254 (1949).

Ty, Schulz, see ref. 67.
720. Price, Chem. Revs., 29, 37 (1941).

784, Jaffe, J. Chem. Phys., 20, 279 (1952).
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compounds. KRecently Jatfe'® has extended the treatment to predict
unknown ¢ constents oi substituted biphenylcarboxylic acids.

The application of the Hammett equation in its kinetic form has
led some investigetors to speculate on the transition state of certain

reactions. VWalling snd co—workers75

correlated the equation with the
bimolecular radical copolymerizatlon of substituted styrene with methyl
methacrylate and styrene. From the variation of the { constant with
the relative resctivities of various substituted styrene monomers with
étyrene, they were eble to speculate on the importance of polsr inter-
actions betwsen substituted styrenes and growing radicals in the trans-
ition state, and also on the effect of the substituents on the stabllity
of the transition state. Similarly they accounted for deviations of
p~methoxystyrene in its copolymerization with methyl methacrylate by

the importance of non-bonded polar structures in the activated complex

as shown below:

‘CH

Coon

An analogous reasoning was applied by Swain, Stockmayer and Clarke68
to the unimolecular radical decomposition of substituted benzoyl per-

oxides. By elimineting radical induced decomposition by the addition of

?4H. Jaffe, Presented before the Buffalo Mgeting of the American
Chemical Society, April, 1962, p. 8i abstracts.

8. Walling, E. Briggs, K. Wolfstirn and F. liayo, J. Am. Chem. Soc.,
70, 1537 (1348). —
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inhiblitors, they obtained reasonable fits of the logarithm of the uni-
molecular rate constant with §. The weakening of the 0=0 bonc was
attributed to the importance of electron-repelling groups in contri-

buting to the creation of two opposed dipoles in the transition state.

O‘ 0~
+ /= ] | = +
ctgd=( " )=teom0-6=( )= o

Swain and Langsdorf76 have interpreted the ” constant in displace-

ment reactions in terms of the extent of bond-forming and bond-breaking
processes in the transition state. The interdependence of Q and ¢ is
shown in the case of the reaction of substituted benzyl chlorides with
amines., A similar argument was applied by Braude and Stern77 to the
acid-catalyzed anionotropic faarrangemant of arylpropenylcarbinols and
styrylmethylcarbinols.

In recent years the Hammett equetion has also been frequently
utilized to assess electronic influence of substituent groups in aromatic

rings. Roberts78

s on the basis of the comparison of the sigma constants
éhtained from the apparent ionization constents of meta- and pars-tri-
methylsilylbengoic acids anc the reection rates of these acids with
diazodiphenylmethene, together with some dipole moment data, concluded
that the effect of the trimethylsilyl group was due largely to the

electropositive or electron-releasing properties of silicon relative to

78¢, Swain and W. Langsdorf, J. Am. Chem. Soc., 73, 2816 (1951).

77E. Braude aend E. Stern, J. Chem. Soc., 1098 (1947).

78], Roberts, E. McElhill snd R. Armstrong, J. Am. Chem. Soc., 71,

2923 (1949).
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cerbon. It seemed that no important resonance intersction occurs
between the ring and the substituent group.

‘FPurther studies by Roberts and so-workers79 in determining the sigma
constant for trifluoromethyl-substituted anilines and bengoic acidse led
them to conclude that an important efiect of the group can be shown as,

F!

\
i

F

A purely classical inductive effect was attributed to the trimethyl-
smmonium group on the basis of similaer studlies . Corresponding

81,82, 8:
investigations of the electrical effects of methylsulfonyl 1,82, 5,

81,82 1

mmthylsulfonesz, methyl sulfide » acetyls » and cyan084 groups have

been mede.

The Solvolyses of Benzyl Systeums

The benzyl system has been used extensively by early workers to

gtudy the effeots of side chain reactlons of substituted benzene deriva-

793, Roberts, R. Webb and E. McElnill, J. Am. Chem. Sos., 72, 409
(1950). -_

8. Roberts, R, Clement and E. McElhill, ibid., 72, 409 (1960).
81y, Bordwell and G. Cooper, ibide, 74, 1059 (1952).
82:. Price and J. Hydook, ibid., 74, 1943 (1962).

%34, Kloosterziel and H. Backer, Rec. trav. chim., 71, 295 (1962).

84, Roberts and E. McElhill, ibid., 72, 628 (1950).
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tives. In most cases the unimolecular solvolyses85 were carried out in

binary solutions of acetone or ethanol and water. Studies included those
6 and Bennett and Jonesg7

by Oliviera of bensyl chlorides in acetone-water,

ethanolysis of benzhydryl chlorides by hughes, Ingold and Taher88 and
hydrolysis of benzyl bromides in aqueous alcohol by Shoesmith and

Slaterag. An interesting observation was made by ililler and Bernstoing

0
who found that the hydrolysis of benzyl fluorides in ethanol-water
golutions wes scidwcatalyzed. The trend for the substituted fluorides
seemed to be that the more reactive ones showed a higher degree of acid-
catalysis. Particular attention was paid by many workers in this field
to the abnormal reactivity of p-fluoro- and p-methoxybenzyl compounds.

4 detailed study of the solvolysis of benzyl chlorides and benzyl

nitrate in dioxane-water solutions was made by Hammett and co—workersglz

. Ly k N . + -
CshﬁeﬁéCI +y320___14.06H5QH20H + nso + 1

/
. e X1 . Lot -
06H59H20N02 + Hzﬂ __l_»GGHSCHZOH + H30 + N03 .

86g, Hughes, Trans. Faraday Soc., 37, 603 (1941).
E. Hughes, Quart. Hevs., b, 246 (1951).

S. Olivier, Rec. trav. chim., 49, 996 (1930).

Ue Bennett end B. Jones, J. Chem. Soc., 1815 {1935).

88y, Hughes, C. Ingold eand N. Teher, EEEQ., 950 (1940).

8%:. Shoesmith and T. Slater, ibid., 221 (1926).

@iller and Js Bernstein, J. Am. Chem. Soc., 70, 3600 (1948).

91g, Beste and L. Hammett, ibid., 62, 2481 (1940).
G. Lucas end L. Hemmett, ibid., B4, 1928 (1942).



Both reactions showed a pronounced selt effect. The following tebles

show the percentage increase of the rate of solvolysis due to added solutes.

Table 1

Solvolysis of Benzyl Chloride

Solute®™ Percent Increase

Benzyl chloride ~He9
Benzyl alcohol “le7
Lioxans =0,6
BC1 -2.9
HC1 and benzyl aleohol «7.0
NaCl g3
HaOAc -8

NaCl0, +7.6
HC1O4 +8.0

®0.76 M. ester end 0,05 M. salt.

Table 2

Solvolysis of Bengzyl Hitrate

Solute® Percent Increase
NaCl0y 15.62
H6104 15.51
ENQ 2.61

3

a'O'.Zt M. aster and 0.1 k. salt.



The authors suggested a possible mechanism for the solvolysis to be:
' 3 low . & %, + =
Csﬂﬁﬁhzcil elow \leﬁﬁ(xﬁz + (1

O HpCHy + HyO 2l CoH CHyOH + Hg0'

+ vy ™ &U{ ™ ]
0635032 + 01 — LGHELHQCI

CggCHy + OAc™ fuie CgHECHnOAC .
Studiss on the astion of salts, however, indicated that the intermediate
formetion of a carbonium ion was doubtful. A more suitable mechanism
iz suggested by Swain's hypothesis of termolecular displecemont re-
actions?,
Additional studies by Hammett and McClearygs on the reaction of ethyl
tosylate with water and halide ion yielded the relative reactivities with

the corresponding halides.

TsOBt + 2H,0 —~ Ts0™ + BYOH + H0"

TsQEt + X~

T80™ + EtX
The order of reactivity was given as:
EtOTs: EtI : BtBr :EtCl in a ratio 5.5 : 1.0 : 0.,96: 0.048.
No salt and litt;e common~-ion effect was found.
B&ker94 has attempted to analyse the varistion in reactivity of
substituted benzyl helides by considering the nature of the difference

between the ground state and the transition state of the solvolysis.

S20. swain, J. Am. Chem. Soc., 70, 1119, 2989 (1948).

934, MoCleary and L. Hammett, ibid., 63, 2254 (1941).

94J. Baker, Trans. Faraday Soc., 37, 636 (1941).
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Table &

Solvolysis of Ethyl p-Toluenesulfonate

2

Solute Percent Increase
ExOTs w(eb
Na0104 0

Hall -68.0

KBr -8.0

¥I 12.56

80.1 M. ester end 0.1 M. salt
On the basis of qualitative reasoning he has assgigned quantitative values
of the contributions of the inductive and mesomeric effects to the energy
levels of substituted benzyl chlorides, both in the transition state and
in the ground state. The differences of the summed effects were directly
related to the reactivity of the side chain.
A more quantibative interpretation of sidse chain effects has been

treated by Swein and Langsdarfgs. From enalysis of the rho constant
from the Hammett equation they discuss the ceviation of p-methoxybenzyl

chloride in its reaction with smines. A consideration of the wvarious

bond orders in the transition stete of the reaction was given.

e M NS ap—
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A Comparison of Ethylenes snd Acetylenes

The reactions involving acetylenic linkages have been well docu-
mentadge. The comparison of the acetylenic bond with ethylenic bond
may be conveniently mede from two aspects, chemical reactivity and
physicel properties end the theorises deduced from them.

The earliest study of these two unsaturated systems was made by

Baker, Cooper and Ingold97

who analyzed the relative amounts of the
verious isomers resulting from the quantitative nitration oi phenyl-
proplolic and cinnamic acids and their ethyl esters. They found the

percentage of the isomers to be:

Comp ound ortho meta pars
propiolic acid 8 85 a7
othyl propiolate 6 68 36
cinnemic acid ortho-para exclusively
ethyl cinnemate " " " .

56

Keoently Bordwell and Hohde“° have interpreted the directivity of
the bete-substituted side chain in terms of the transition state of the

reachtion.

965, Johnson, "The Chemistry of Acetylene Alcohols", Hdward Arnold
Co., London, 1948,
A. Johmson, "The Chemistry of Acetylene Acids™, Edward Arnold Co.,
London, 1950,

7). Baker, K. Cooper and C. Ingold, J. Chem. Soc., 427 (1928).



A kinetic analysis of the rearrsapement of non-conjugated unsetu-

- , : b .
rated alcohols was made by Braude and Jones 8. After establishing the
first-order acid~catalyzed rearrangements of these systems, they postu-

lated the following mechanism:

+
RjRoC = C(Rg) - ?(34) wCc=cH 8 RiRyC = C(Ry) = ?(34) - (==CH

OH ‘*0112
slow kl
5,0
+
o ) " = - == % fa.s‘b - . ‘... 4 - 0T=0
nluzc; - C(Eg) = C{R,) - C=0x 4_,.[1111{29,..(:(&3) = 0(Ry) - © -__QH} .
oH OH, od,

They obtained the ratios of the first order rate constents, k;, for
several substituted isomers of the acetylenic alcohol and the analogous
ethylens compound. The results were:

Kyinyl
k

12,000 , K's all H
sthynyl 3,000 , Ry and Rg = be
They accounted for this variation in the ratio of rate constents by
attributing smeller slectron-attrecting powers to the vinyl group as
compared to the ethynyl group. Thus they state:
the higher the multiciplicity of the linkege, i.s., the greater
number of electrons shared, the grester is the electron
deficiency of the constituent atoms and thus the negative

inductive effect of the acetylenic group would be expected
to be much greater than that of the ethylsnic group.

985, Brauds and B, Jones, J. Chem. Socc., 129 (1946).



39

Table 4

Rates of Hearrangement and lonization Constants

Compound 10%, Acid 10%;
CHg~CH=CH~CH(0H)«C=CH 0.11 HO=C=CO0H 1400
CHgmCH=CH~CH{OH J=C2CuC 4 H 16.6 C 4ilg=(=C~CO0H 140
CHgmCH=Cli=CH( OH J=CH=Cii, 346 CHg=CH-COOH 6.5

Further evidence for this was cited in listing the ionizetion constents
of several acids.

ﬂippng has arrived at a similer conclusion to this by inspecting tune
K;'s of various acids. On compering acetylenes with ethylenes, he states,
"....the greater the degree of unsaturation the more pronounced the
intrinsic attraction for slectrons becomes™. The obscurity of this
interpretation has been pointed out by Burawoyloo.

Hennion and Malonelel have ettempted to determine the stebilitlies
of structures such a§ I and I1 in the transition stete of the solvolysis

of 3=chloro-3-methylbutyne-1.

993, Dippy, Chem. kevs., 25, 179 (1959).

lOOA. Burawoy, Vol. Commemoratif Vietor Henri, Liege, 1948, p. 78.

1016. Hennison and D, lialoney, J. Am. Chem. Soc., 73, 4736 (1961).
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CH . CH, |,
Hs>(2a0=ﬁﬁ H5>c-cscﬂ
CHyg Cilg
1 II

The values for the unimolecular processes at 26°C. are compared for

similar compounds.

Table &

Ionization Constants of Unsatursted Acids

Acid 105,
C gl =C EC~COOH 590
CgHlg=CH=CH~COOH 3465
C gHig=CHy=CH, ~COOH 1.67
GH;;-CEC-CO‘OH 222.8
CHy=CH=CH~COOH 2,03
CHgmCHy=CHy=COOH 1.54

Although solvolyses have not been carried out on analogous olefinic

102

compounds, Young and Andrews heve determined the solvolysis rate at

26°C. of the nor-3-methyl compound under slightly different conditions.

102y, Young end L. Andrews, Je Am. Chem. Soc., 66, 421 (1944).
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Table 6

Solvolyses of Unsaturated Alkyl Chlorides

Compounds Conditions k(hr3l)
3«Chloro-3-methylbutyne=1 807% EtOH = Hy0 Ted x 10"4
80j EtOH = Hy0 4.5 x 10~%
60% acetone ~ 1,0 1.93 x 10°°
l1-Chloro«3-methylbutadiene-1,2 80% EtOH - Hy0 0
t-Amyl ohloride 80% EtOH - Hy0 5.65 x 1072
Table 7

Solvolyses of Unsaturated Alkyl Chlorides

Compound Conditions x(hr3l)
3-Chlorobutene-1 50% EtOH = H,0 411 x 107
100% EtOH 2.11 x 1074
1-Chlorobutene~2 §0% EtOH - Hy0 5.32 x 102

100% EtOH 2.20 x 10~
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Fobertson and co-worker3103

studied the bimolsculer addition of
bromine to a series of olefins and their acetylenic analogs. An inter-
esting interpretation of the relative effects oi substituents on the
reectivities of the unsaturated compounds was given.

The guantum=mechanical representation of ethylenic and acetylenic
bonds has been deseribed lucidly by Coulsonl®%,  In brief, the ethylenic
bond is considered to consist of & c-bond, composed of two overlapping
spz etomic orbitals of trigona;ly hybridized carbon atoms, together with
8 W-bond resulting from the overlap of two p~W atomic orbitals. In
acetylene, the 6verlap of two sp hybrid orbitals of digonelly hybridiged
carbon forms a o-bond, which is supplemented by two pairs of p~W orbitals,
P, and py. to form two mutually perpendicular We-bonds.

The far-ultraviolet absorption spectra of these unsaturated systems
have been theoratically resolved by Welsh!®®,  The Wl ionization potential
of ethylene has been found to be 10.50 volts, which compares with 11l.41
volts for acetylene. The larger ionization potential of acetylene was
interpreted as a consequence of the larger s character, end hence tighter
binding of the g-slectronsl®, of the c-bond in acetylene (sp=sp) as
compared to ethylene (spz-spz). Thus, the repulsion between these

g=electrons and the W~electrons is considered to be less in the case of

103p, Robertson, W. Dasent, P. Milburn and W. Oliver, J. Chem. Soc.,
628 (1950). )

104, Coulson, Quart. Revs., 2, 144 (1947).

106,, Welsh, Ann. Rpts., 44, 52 (1947).

106

A+ Welsh, Disc. Faraday Soc., 2, 19 (1947).
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acetylenes than in ethylenes. loreover, the tighter bindin; of the
T=electrons in acetylene, as a result of this, led Walsh to postulate a
smaller conjugating power with other unsaturated systems. Thus, the
shift in the absorption maxima of various systems iss

o

Compound max. (A) Kegion (K)
benzens 1,790 2,000
phenylacetylene 1,210 2,390 - 2,200
styrene | 1,980 2,400 - 2,300

Pullmen and Pullman107

observed a similar shift in the longer wave-
length region. The following velues are listed for the near-ultraviolest

absorption spectras

Compound max, ()
styrene 282
stilbene 296
phenylacetylene 278
tolane 279

The correlation between atom hybridization and electronegativity

has been further clarified by Walshloa.

107), pullmen and B. Pullman, Disc. Faraday Soc., 9, 51 (1950).

108, Walsh, ibid., 2, 21 (1947).
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Table 8

Properties of Some Hydrocarbons

¢ Atom &) 10”5 (cH) E(CH)
Valency Hybride 1oy (ayne/cme)  (kcal./mole)  Dipole
CH redical p 1.120 4.09 80 ¢ttt
‘ C* b
cH, sp° 1.094 4.79 104 ¢'”
2 g - s+
C,H, sp 1,087 5410 106 ¢’” H
b St
CoH, sp 1.059 5.85 121 " m

Two fundamental principles are stated by Walsh:

(1) The more s character in e carbon valency, the more
electronegative is the carbon etom in that veleney,

(1i) If a group X, attached to carbon, is replaced by a
more electronegative group Y, then the carbon valency
toward Y has more p character then it had toward X.

Matuqnlog has applied s simplified molecular orbital theory to cal-

culate the wave-length of maximum absorption of styrene and phenyle

ascetylene.

In his caloulations he assumed that in acetylene only one p«W

orbital interacts stroagly with the benzene ring at a time, as in styrene.

The difference in the two arose in the calculstions from the difference in

bond order between the algha and beta carbon atoms of the side chaing

these bond orders are two in ascetylens and one in ethylens.

are given as:

109, iatsen, J. Am. Chem. Soc., 72, 5256 (1950).

The results
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Frequency 1 - v/vg
Compound (am.“I) calc. obs.,
gtyrene 34,761 0.14 04087
phenylscetylene 36,370 0.098 0,045 ,

where vy and v represent the frequencies of the 0-0110 band in benzene

and substitubted benzene, respectively.

lloF. Matsen, J. Ams Chem. Soc., 72, 5245 (1950).
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EXPERIMENTAL

The Preparation of Substituted Stilbenes and Tolanes

Preparation of 3« and 4~carboxystilbene

The 4=oarboxystilbene wes prepared by the method of Heerwein,
Buchner and Emsterlll, which involves the resction of cinnamic acid with
4~carboxybenzenediazonium acetate. The ylelds, based on several atteméts,
were not as good as that reported in the literaturell?,  yield - 12%.
Melting point - 248,1-248.4°C.

The corresponding 3-carboxy~isomer was prepared in an analogous
manner using the J-carboxybenzenediazonium salt. The maximum yield from

several attempts was 6%. Melting point - 197.0-197.5°C.

Preparation of 3- and 4-carboxytolane

To a suspension of 1.6 g. of 3~carboxystilbene in 160 ml. carbon
tetrachloride, a solution of 1;5 ml. of bromine in 25 ml. of carbon
tetrachloride wes added dropwise. The solution was then warmed on a
water bath at 70°C. and allowed to react for twenty minutes, cooled and
filtered. The resulting light yellow colored sclid wes reerystallized
from absolute ethanol. The colorless dibromide, obbtained in 87% yield,
melted at 246~248°C.

To & solution of 60 g. of potassium hydroxide in 100 ml. absolute

ethanol was added 2.4 g. of 3-carboxystilbene dibromide, in order to

11lyeerwein, Buchner and Emster, J. prakt. Chem., 152, 237 (1939).

1125, Fuson and H. Cooke, Je Am. Chem. Soc., 62, 1180 (1940).
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effect dehydrobromination. After the solution was refluxed for twenty
hours, it was poured into & slurry consisting of 200 g. crushed ice and
600 ml. water. Twenty percent hydrochloric acid was then slowly stirred
in until the solution was acid to litmus. The orude 3-carboxytolane
was recrystallized several times from aqueous ethanol solution.

Yield -~ 78jis lielting point « 160-161°%.

Preparation of 4wcarboxytolane
The preparation‘of 4=carboxytolane was carried out in a similar

manner. Seventeen grams of 4-carboxystilbene was suspended in 500 ml.
carbon tetrachloride. A solution of 5.2 ml. bromine in 200 ml. carbon
tetrachloride was then mdded slowly. The mixture was then heated on a
water bath for one-half hour, cooled and filtered, and then washed twice
with boiling ethanol. The white crystalline dibromide in the form of a
fine powder melted at 267-269°C. It was obteined in 91% yield. To

dehydrohalogenate the dibromids, 20 g. wes treated with a solution of
| 80 g. potassium hydroxide in 140 ml. absolute ethanol and refluxed for
thirty-sixz hours. The solution was then filtered and the flltrate
aolidified in the usual menner. The erude, flocculent 4~-carboxytolane,
after recrystallizetion from ethanol, twice, melted at 220.5=-221.,0°C,

Yield -~ 74%.



Table 9

Physical Constants of the Unsaturated Acids

leutralization Anelysis ()P
lielting Point Equivalent® Calculated Found
Acid (°c.) Calc.  Found ¢ H c H
4«-Carboxystilbene 248,1-248,.4 224.,3 22646 80.33 b5.39 8007 5429
S-Carboxystilbene 187.0-197.5 224.3 223.8 80433 D39 T8.85 5.38
4=Carboxytolsne 220.6-221.0 222.3 z222.2 81.08 4,54 80.8C 4.T1
S~Carboxytolans 160 161 . 22343 223.9 Bl.06 4.b4 B80.60 4.66

8%

%The neutralization equivalents wers obtained potentiometrically.

bThe analyses were supplied by Strauss and Veiler, Oxford, England.
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The preparation of 3= snd 4ecarbethoxystilbene

The 4-carbethoxystilbene was preparad by the procedure given by
Fuson and Cooke. It involved the Meerwein reaction using 4-carbethoxy-
bengenediazonium acetate. The product was obtained in poor ylelds of
about 13.7%. It melted at 108.5-109.0°C,

The preparation of 3~carbethoxystilbene was not successful using the
nethod described above. This compound wes preparecd by the Fischer
esterification. Five and two-tenths grams of Z-carboxystilbene was
&iss@lved in 50 ml. absolute ethanol. (ne milliliter concentrated
sulfuric acid was added and the solution was refluxed for seventy~two
hourss The hot solution was then poured quickly into 900 ml. water,
and the oily suspension extracted successively with 500 ml. and 200 ml.
ether. The combined ethereal extrects were then washed with 5% sodium
bicarbonate until the wash solution, on aclidification, showed no solid
acide. The cowbined weight of the recovered acid was 0.8 g.

The ethereal scolution was washed with water twice and then dried
with Drierite. The residue from the evaporation of the ether was a
slightly colored oil. The short path distillation of this oil gave a
¢olorless liquid which solidified on cocling. The solld was recrystal-
lizec from Skelly A twice. The melting point of the ester, couwpound I,
was 63.2-64.0°C. When the combined mother liquors were chilled in a
dry-ice acetone bath, & second crop of crystals, compound 1I, was
obtained. This compound, however, melted when it warmed to room temp-
srature, Evaporation of the Skelly 4 solvent from the resulting mother

liguor led to & third maberiasl, compound I1l. In appearance, it wes a



BO

yellow solid of no definite melting point. It appears to be a mixture
of the first two compounds mentioned, and it probebly represents a
mixture of ois~trans isomers. The yield of the ester melting at 63°C.

wWaAS 2.0 B

The preparation of 3= and 4-carbethoxytolane

The 3-sarbethoxytolene was prepared by the Fischer esterification
of the acid., Five end sixe~tenths g. S-carboxytolene was dissolved in
76 mle absolute ethanol and 2 ml. of concentrated sulfuric ecid, and then
refluxed for 756 hours., The subseguent trestment of the solution was the
same as that for the dihydro compound. The combined weight of the re-
covered acid was 0.4 g« The evaporation of the ether left a yellow
colored oil. fhe microdistillation of this o0il could not be effected
satisfactorily. At a pressure of 1.2 mm. and bath temperature of 230°C,
the viscous liquid could not be distilled without f{looding the column.
A partisl separation, however, was obtained into six fractions. The

corrected refractive indices at 29°C. were as followss

Fraction Volume of Distillate Refractive Index
- (ml.)
i Qa3 _ 1.6108
11 03 -
IIX Oe2 1.6122
Iv Oed -
v 0.2 -

VI 0.1 1.6126



Table 10

Physical Constants of the Unsaturated Esters

Saponification Analysis (%)°
Melting Point Equivelent® Cale. Found
Ester (°c.) Calc. Found C H c B
3-Carbethoxystilbene 63,2~ 64,0 262.3 253 80.92 6.39 8l.29 6.14
4-Carbethoxystilbene 108.5-109.0 252.3 251 80.92 6.39  80.44 6.36
3-Carbethoxytolene 1iquial 260.3  255% 81,58 5.63  81.37 5.76
3-Carbethoxytolane liquid® 260.3 - 81,68 5.63  Bl.4l 5.63
4-Carbethoxytolane 8345~ 84.0 260.83 250 81.58 5,63  8l.556 5.60

nFraction 11X
b
Fraction V

®Praction IV

dSaponification equivalents determined as steted in = later section.

®Carbon and hydrogen analyses determined by Strauss and Weiler, Oxford, England.

18
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Subsequent studies on the ssponification rate of the ester showed that
fractions III and VI were the same compound.

The esterification of 4.0 g. 4=carboxytolane was carried out in
76 ml. absolute ethanol and 1.8 ml. concentrated sulfuric scid. The
solution was reiluxed eighty hours. It was treated in a manner similaer
to the previous synthesis. The recovered tolanecarboxylic acid
amounted to 0.6 g. A light yellow solid was obtained from the ethereel
solution after the solvent was evaporsted. Heorystallization of the
orude 4-carbethoxytolans yielded 3.0 g. of ester melting at 83.5-84.0°C.

The physical constents of these esters ars given in Table 10.

The preparation of - and 4~hydroxymethylstilbene

To 3.8 g+ powdered lithium aluminum hydride suspended in 175 ml.
ebsolute ether in s three-neck round bottom flask attached with a
Trubore stirrer, condenser and gradusted dropping funnel, was added drope
wise a solution of 2.4 g. 4~carboxystilbene in 60 ml. absolute ether.
The solution wes added at a rate which maintained the refluxing of the
ether. After the addition was complete the suspension was refluxed for
sn edditional five hours. The {lask was then cooled in an ice bath and
water added dropwise cautiously, through the dropping funnel. iihen the
violent evolutions of gas were no longer evident 50 ml. of water was added.
This was followed by 20 mle. of 106 sulfuric acid added portionwise. The
two layers were then transferred to a separatory funnel and shaken. The
aqueous phase was extracted sgain with 50 ml. ether. The combined ether
extracts were treated three times with 26 ml. 10% sodium bicarbonate and

then twice with 256 ml. portions of water. The ethereal solution was
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dried overnight over Drierite end filtered. The evaporation of the
ether left 4=hydroxymethylstilbene which on two recrystallizations from
Skelly D melted et 170.0~170.5°C. Yield » 3.0 g« The sodium bicarbo=-
nate extracts did not yield any acid on acidification with sulfuric ecid.
In a manmmer similar to the previous synthesis, 3.1 g. of 3-carboxy-
stilbene was reacted with 4.0 g. lithium aluminum hydride. The evap-
oration of the ether scolution in vacuo yislded a light yellow solid.
This crude 3d-hydromethylstilbene was recrystallized three times from
Skelly De The colorless platelets melted at 97.8-98.5°C. Acidifi-
cation of the bicarbonate extracts gave no aciace The yield of the

ester was 25 g

The preparation of 3- and 4-hydroxymethyltolane

The reduction of 4=-carboxytolane (10.3 g.) with 5.0 g. lithium
aluminum hydride was effected similarly to its stilbene analog. Three
recrystallizations of the orude 4~hydroxymethyltolene yielded colorless
platelets melting at 125,8«126.5°C. Yield - 9.2 g.

The 3J-carboxytolane was treated similarly. The reduction of 1l4.1 g.
of acid with 4.0 g lithium aluminum hydride produced 10.1 g. of 3«
hydroxymethyltolane, which, reocrystallized twice from Skelly DI, produced

9.1 g« colorless platelsts melting at 47.5-48.5°C.
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The Determination of Apparent lonization Constants
of Substituted Benzoic Acids

Solvents « ethanol and water

Stockroom grade absolute ethanol was used without further purifi-
cation. Carbon dioxide=free water, prepared by the usual boiling

process, was used in all the solutions.

Aquecus alcoholic bicarbonate-free sodium hydroxide (0.IN)

A concentrated squeous solution of sodium hydroxide (I:I by weight)
was filtered through a fine grade sintered glass crucible. The appro=-
priate volume of this solution was dissolved in e medium consisting of

75 wvolumew~peroent ethanol in water.

Benzoic acids

The sources and properties of the benzoic acids used are listed

in Table 12.

The titration

The titration was performed with a Beckmenn Hodel G pH meter. All
acid solutions were prepared to the same moler concentration by welghing
out the required amount of acid. This precaution was necessitated by the
sensitivity of the pH meter end the ionization constants of the acids to
the ioniec strength of the solution. It was found that a ten perocent
difference in the acid concentration (et 0.0079 M.) did not affect the pH
appreciably et the midpoint of the titration.

A weighed amount of acid was transferred quantitatively to a 100 ml.

volumetric flask and washed down with a small emount of ethanol. Twenty-



Table 12

Sources and Properties of Benzole Aeids

Mol. Wt.% Helting Point ("xt:.)h o

Acid Cale. Found Literature Found Source
Benzoic 122.1 122 121.7 122 .8-123.4 Merck purified
Anisie 162.1 151 182=4 182.7-183.4 Eastman white
Toluie 136.1 137 179-80 179.1-179.4 Eastman white
p-Bromobenzoic 201.0 200 281-3 252 - 253 Bastman white
m-Iodobenzole 248.0 248 187-8 186 - 186 Bastman white
m-Nitrobenzoic 187.1 167 140-1 139 - 140 Matheson reagent
p-Nitrobenzoie 167.1 168 2402 241 - 242 Matheson reagent
4-Carboxystilbens 224.3 222 248.0-248.4 This thesis
3-Carboxystilbene 224.3 222 194-56 197.0-197.5 This thesis
4-Carboxytolane 223.3 221 220.6-221.0 This thesis
3-Carboxytolane 223.3 220 160 - 1861 This thesis

&The molecular weight is based on the titration curves obtained potentiometrically.

LIV melting points are uncorrected.

They were obtained from s Fisher hot stage block.

Srech acid was sublimed under vacuum before use.

ag
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five milliliters of weter was pipetted into the flask and ethanol added
to the mark. The solutions were allowed to equilibrate overnight, and
the levels readjusted. The composition of the medium was dictated by the
solubility of the most insoluble acid, 4-carboxystilbene. The maximum
solubility of this acid at 26°. is only 100 mg./100 ml. in this medium.

Fifty milliliters of the acid solution was pipetted into the
titratibn cells The cell was attached to the air-driven stirrer and
electrode assembly. A five milliliter cepacity microburette calibrated
in 0.0l ml. units was then inserted through the stopper. The contents
of the cell were, in this way, exposed to 2 minimum amount of atmosphere.
The whole essembly was immersed in a thermostated bath maintained at
26.3 + 0,019°C. and the potentiometric titrations were carried out within
one-half hour. The electrodes were immersed before and after each run
in a buffer solution. In all cases, the pH meter maintained e steady
balance throughout the titration. Particular attention was paid to the
buffered region and the end-point during the titration. In all ocases
the end-point was ascertained to within 0.07%. Moreover, the pH
readings should be acceptable to 0.02 pH unit.

The titration curves were plotted for each acids. In each case
values of the pH were plotted against the corresponding burette readings.
The end-points were determined by means of the familiar differential

method. The apparent pK,'s of the various acids were obtained with the
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Table 13

Appearent pK's of Substituted Bengzoic Acids

Volume of =pKg
Acid 0.1043 N, NeOH /3 1/2 2/3 Average pKa
p-Methoxybenzoic 3,786 7.06 T7.02 6.97 =7.,02
p~fBromobenzole 2.673 6.25 6.23 6.22 -6.24
meNitrobenzoic 3.856 6.50 b5.48 5.46 ~5.48
p-Methylbenzois 5.871 6.86 6.88 6.80 =683
m-lodobenzoic 3.780 6.11 6.06 6.09 -6.09
p~Nitrobenzoic 3.760 5.28 b5.28 5.30 -5.29
Benzoie 3.810 6.50 6.57 6.62 ~-6.57
3-Carboxytolane 8.728 6.41 6.35 6.32 -6.36
3-Carboxystilbens 3.719 6.66 6,52 6,51 -~6.53
4-Carboxystilbene 2.340 6.70 6.69 6.67 ~6.69
4-Carboxytolane 3.689 6,36 6.31 6.29 «6.39
Table 14

Variation of pK, with Constitution of ledium

Vol Hy0/100 ml, Vol. base used
Solution (mls) Apparent pK
26 2.200 -6.60
26 3.970 -6.59
80 3.692 -5.69

65 3.975 -6.16
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aid of the Henderson equationllsz

[(sa1t) + (%))
{ﬂacid) - (H+)]

where A is a constant. C is a function of the particular eanion and u

pH = pK, + log - A(u)% + Cu

is the ionlc strength. The first approximation for dilute solutions,
such as were used in these titrations,.is to meke C a constent for all
the acids. Furthermore, tha low icnic strength of the solutions may
Justify elimination of activity ccefficient terms altogether. The
hydrogen ion terms (H') may be dropped altogether in comparison with the
selt and undissociated acid concentrations for acids with pK's approx-
imately equal to 10"% in water. Thus
pH = pK, + log (salt)/(acid) .

That these epproximetions are valid is apparent from the values listed
in Teble 13. Here the pK, values were obtained from the titration
curves at one~third, one-hsalf and two~-thirds neutralization.

Under slightly different experimental oonditions, the pKy's were
determined as a function of water concentration end acid concentration in

the case of benzoic secid only. The results are shown in Teble 14.

1153. Glasstone, “Introduction to Electrochemistry”, D. Van Nostrand

Cos., Rew York, N.Y., 1940,
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The Ester Saponifications

Acetone

Stockroom grede acetons was treated with potassium permenganate
(1 g por liter) and Drierite (10 g. per liter) for two days et room
temperature. The liquid was filtered and then distilled through a five-
foot helix packed, vaocuum jJacketed still., A two hundred milliliter
forerun was rejected. Two and a half liters boiling at 56.1°C. was

collected.

Bicerbonate~free sodium hydroxide

A concentrated solubion of sodium hydroxide in water (57% by weight
water) was filtered through m fine prade sintered glass crucible. Five
and six~tenths milliliters of this solution was added to two liters of
carbon dioxide-free water in e paraffinelined bottle protected with an
Ascarite tube. The normality of this solution did not change through-
out the experiments (two weeks). This solution was used to make up
solutions for conducting the seponification rates.

A more dilute solution of sodium hydroxide than the one above was
made by dissolving l.1l ml. of a filtered soiution of sodium hydroxide
(50% by weight water) in two liters of COy~fres water. This solution

was used for titrating aliquots.

§ydroohlorio acid solution

Stockroom grade C.P. hydrochloric acid (7.6 ml.) was dissolved in
two liters of distilled water and allowed to stand two days before

standardizing.
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Potasslum ecid phthalate

Baker and Ademson C.P. minimum assey 99.9% potassium mcid phthalate
was dried in an oven for twenty~four hours at 1109C. It was stored in

a desiccetor and used for all subsequent standardizations.

Indicator

Cresol red solution was made by triturating 0.04 g. cresol red with
0s7 mls O¢lb N. sodium hydroxide and 10 ml. water. The resulting solution
was diluted to 100 ml. in a volumetric flask. Five drops of this indi-

cator were used in all the titrations.

Esters

Ethyl benzoate was Eastmen Kodak white label materiel. 7Two hundred
millilitefs of the ester was distilled through a short path still. A
fifty milliliter forerun was discarded. Haterial boiling at 99.0-
100.0°C. at 20.0 mm. pressure was collected. The total volume of
collected material was 50 ml.

Ethyl mebromobenzoete was pregarad* by the Fischer esterification of
mebromobenzoic acid, and distilled through a Claeisen heed. The ester
was purified by distilling through a semimicro~Vigreux column. 4 10 ml.
forerun wus rejected; material boiling at 100-100.5°C. at 7mm. was
collected. |

The stilbene anc tolane esters érepared previously were used without

further purification.

*Courtesy of r. F. Borduin of this Laboratory.
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The saponificetion rates of the esters

The procedure used here is essentially that of Hinshelwood and
Tormile!l%,  One hundred milliliters of approximately 0.04 I. sodium
hydroxide was pipetted into & 260 ml. volumetric flask. Acetone was
added to the mark with swirling end the solution allowed to equilibrate
overnight. The volume was adjusted with acetens and the flesk put into
a constant temperaturs bath maintained at 25.3°C, The ester was weighed
carefully into s 250 ml. standard taper round bottom flask attached with
a femele "“Trubore" assembly. One.hundrad milliliters of stock sodium
hydroxide solution was then quickly pipetted into the flask, the flask
corked and then immersed in the bath. Four runs were made simultaneously.
Eight points were taken and recorded in the usual manner.

A 10 ml. aliquot was pipetted out of the flask &t the designated time,
quenched with b ml. hydrochloric acid and then back~titrated with 0.01 N.
NaOH. In the case of the unsaturated esters it was found necessary to
edd a slight amount of ascetone to the quenched solution in order to effect
solution of the precipitated acid and/or ester.

An infinite~time titer was obtained by transferring the flask, after
the "Trubore" attachment was replaced by a standard taper stopper suitably
tied down, to a bath mainteined at 559C. Twelve hours was sufficient
to hydrolyze the esters completely. The stock solutions were titrated
before and after each run in order to be sure that no change in titer

gecurred,

114E¢ Tommile end C. Hinshelwood, J. Chem. Soc., 1801 (1938).
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The alkaline solutions were titrated before and after each run with
standard solutlons oi potassium acid phthalate. The hydrochloric acid
solution was in turn standardized with the sodium hydroxide solutions.
All titrations were reproducible to within 0.1%. The volumetric glass-
ware used in the experiments were within the limits of acceptable
tolerance (0.1%). Saponification equilavents were found in the usuel
menner. The rate constants for the saponification of esters are listed
in Table 15.

The second order rate constants were obtained from the integrated
eguation,

1 b« x a = X,

In | e -

kz(tz - tl) =
g « b b - X1 a - Xj.

where b and a are the initial concentretions of ester and sodium
hydroxide, respectively. The subscripts 1l and 2 refer to two different
points. In this menner, the rete constants were obtained between two

successive points. A representative experiment is given in Table 16.
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Table 156

Fate Constants for Saponification of the Esters

4
liol. Wt Infinite 107k,
Ester Cale. Found Titer (%) (liters/mole~sec.)
Ethyl benzoate 1560.2 100 31.8
100 30.6
100 31.8
100 32,6
Ave. 31.8 + 0.6
Ethyl m-bromo=- 229.0 100 192
benzoate 100 192
Ave. 192 + O
Bthyl 3S-carbethoxy- 252,35 2563 91.7 34.6
stilbene 97.2 37.0
100 34.1
1018 40.2
Ave. 36.2 : 1.1
Ethyl 4-carbethoxy- 252.8 £B1 106 24.2
stilbene 103 27.1
: 100 27.0
Ethyl 3-carbethoxy- 260.3 255° 99.4° 80.2
tolane 98.44 8047
Ave. B80.4 + 0.3
Ethyl 4-carbethoxy-
tolane 260,3 280 5746 107.8
5745 106.8
Ave. 107.3 + 0.5

%Compound Il
brraction IV
QFractioﬁ v

Qrraction II
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Table 16

Saponification Rate of Ethyl Benzoate at 25.300?

NeOH Titer (ml.)% Time og (b=xp) _ 1og 127222, 108
(0.01280 N, ) {min.) (b-xl) (a_xl)
2 404
3.22 . 00.0

4,03 41.7 5.76
4,53 77.7 5425
5.05 116.9 5.22
5.84 182,0 5.43
6.62 | 282.5 5.32
7.63 471.4 .22

10,03 infinite
Ave., b.29

®Initial base titer - 2,04 ml;
Pinal base titer « 10,03 mlj
Five milliliters 00,0383 N, HCl added to each aliquob;
Initial concentration of ester = 1,022 meq. per 100 ml;
Initial concentration of NaOH - 1.839 meq. per 100 ml.

bkz - 3246 x 10‘4 liters/mole-sec.
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The Solvolysis of Substituted Benzyl Tosylates

Acetone
Stockroom grede acetone was dried over Irierite for two days and then
distilled through a packed five~foot vacuum-jacketed column. Boiling

point, 55.0°C.

Lithium perchlorate

Lithium perchlorate (LiClO4.SHzo - G.F. Smith Co.) was dehydrated
in wvacuo for ten hours at 145°C. An aqueous lithium perohlorate
solution was made wp in a one-liter volumetric flask to 0.479 M. by

digsolving 51.0 g. of the anhydrous salt.

Potagsium nitrate

Potasgsium nitrate (KNO3 =~ Baker snd Adamson, reagent grade) was used

without further purifiestion.

p-Toluenesulfonyl chloride

p-Toluenesulfonyl chloride (Eastman Kodak, reagent grade) was re-
distilled in vacuo. Boiling point, 124-126°C. at 7-8 mm. Melting

point, 69.5-70.5°C.

Triethylamine

Triethylamine (Eastman Kodak, reagent grade) was refluxed over sodium
shavings for one-half hour and then distilled through the helix packed
column. From a 100 ml. semple, & 25 ml. forerun was separeted. Thirty

milliliters boiling at 88.0°C., was collected.



Indicator

A 0.1% solution of brom cresol green (Harleco) and 0.2% solution of
methyl red (Herleco) were prepared in acetone as solvent. A slight
amount of water (16% by volume) wes necessary to dissolve the methyl red
indieator. These twe solutions were mixed in equal volumes before use.

Bight drops of the mixed indicator was added to each run.

gydrochloric esid

A standard aqueous hydrochloric acid solution, epproximately 0.02 N.,
was made up in the usual manner. Its concentration was checked periode
ically by titration with sodiwm hydroxide standardized with potessium

acid phthalate.

The benzyl alcohols

Benzyl slcohol (Eestman Kodak, chlorine-free) was redistilled in

vacuo. Boiling point, 86,8-88.0°C. at 7 mm.

p-Nitrobenzyl eloohol was prepared by hydrolysis of p-nitrobenzyl

ehloride according to the method of Soderbaur and widmanll®,  yield 3The

m-Bromobenzyl alecohol was obtained by the lithium aluminum hydride

reduetion of Erbrcmobensoié acid. Boiling point, 266-257°C. at 738 mm.

p~Methoxybenzyl aleohol was also obtained by the lithium aluminum

hydride reduction of p-methoxybenzaldehyde. Boiling point, 106%C. at

£2 mm. Yield = 4(’7@0

1158. Soderbaum and Widmen, Ber., 25, 3290 (1892).



70

ngathylbenzyl alcohol was obtained from p-methylbenzoic acid via

the lithium aluminum hydride reduction. The oil on recrystallization
from water yielded fine white orystals melting at 61.0-62.1°C. Yield -
89%. In a previous attempt to prepare this compound, p-methylbenzaldehyde
(Matheson, reagent grade) was reduced with lithium aluminum hydride.

The o0il resulting from this synthesis did not crystallize after repeated
freezings. It showed a wide range in melting from 13 to =4%., although
- the liquid distilled at a constant temperature of 216-217°. at 721 mm.
Derivatization of the parent aldehyde with p~nitropheaylhydrazine and
oxidation of the aldehyde to the corresponding Efmefhylbenzoic acid

indicated that the aldehyde wes a mixture of the ortho snd para compounds’s

m-Methylbenzyl alcohol:-was prepared by the reduction of memethyl=

benzolic acid.  Boiling point, 217.5-219.5%. at 743 rm. Yield - 78%.

m-lMethoxybenzyl alcohol was obtained from the lithium aluminum

hydride reduction of the corresponding acid. Boiling point, 243-244°C.

ﬂt 734 111138 Yield - 74:%-

The unsaturated alcohols

The unsaturated alcohols, 3= and 4-hydroxymethylstilbene and 3« and

4-hydromethyltolane were used as such.

Preparation of substituted benzyl tosylates - general procedures

Miethod A: Benzyl tosylate. To 10 ml. (0.0966 moles) benzyl

alcohol, dissolved in 100 ml. of enhydrous ether, was mdded 2.4 g. (0.10

*Hork performed bty Dr. G. Hammond.
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moles) of sodium hydride. The mixture was stirred and refluxed for
twelve hours. The use of 6 mm. glass beads in conjunction with e paddle-
type stirrer was found to be helpful in crushing the sodium hydride in situ.
The suspension of the sodium alcoholate was cooled to =20°C. with e dry
iée bath and e solution of 19.5 g. (0.0974 moles) of p-toluenesulfonyl
chloride in 100 ml, of anhydrous ether was then added dropwise to the
suspension. In all operations caution was taken to exclude moist air
from the solutions. After the tosyl chloride solution was added, the
reaction mixture was stirred for two hours at -10°C. and then at room
temperature for one additional hour. The suspension was then repeat-
edly filtered with a minimum éxposure to air until a clear solution was
obteined. It was found helpful to use s medium grade sintered glass
funnel for the last filtration. When the clear ethereal solution was
cooled in e dry ice baﬁh, a copious precipitate of fine white needles was
obtained. The ecrystals were quickly filtered aund recrystallized several
times from dry Skeliy B. Yield - 20 g. (80%). The amount of tosylate
isolated depends greatly on the énhydrous neture of the reagents used

end the extent of their sxposure to the air. Pure benzyl tosylate

under Skelly B has been kept in a tightly ecorked flask in a refrigerator
for periods of over three months without apparent decomposition.

p-bethoxybenzyltosylate. The resctivity of p-methoxybenzyl tosylate

is much greater than that of the unsubstituted compound. The preparation
of this particular compound required extremely anhydrous conditions and
fecile manipulation. The sodio salt of the alcohol was prepared in the
usual menner, caution being taken to exclude all posasibilities oi moist

air entering the resction. An anhydrous solution of tosyl chloride was
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added to the salt suspension meintained at =709C, within five minutes.
The reaction was then allowed to rise to -309C. in one-helf hour. A
siphon arrangement was quickly attached to the system, and a vacuum
applied at the lower end. The filtration was carried out through a
pressure filter into a filter flask maintained at =-70°C. in a dry ice
bath. It was necessary to execute this process in a iew minutes.
After several minutes the grmethoxybenzyl tosylate began to crystallize
as fine white needles. Subsequent rates of solvolysis of this compound
were made directly with the crude material. Its isolation involved
filtration in the absence ol moist air on a sintered glass plate and
rapid removal to the solvolysis cell. The polymerization of the p-
methoxybenzyl tosylete proceeds even et -70°C; +the rate of the process,
however, depends greatly on the extent of its exposure to moisture. It
has kept at this temperature for a period of one hour without noticeable
degeneration. Frevious attempts to recrystallize the material in a
variety of solvents were futile. Even attempts to procure melting points
were unsuccessiul. In every cese the ilne crystels polymerized into a
redmass after o few minutes in its new environment.

Weothod B: p-Nitrobenzyl tosylate. Method A was found to be not

applicable to p-nitrobenzyl tosylate. This compound was made by the
method of Tipsonlls. Five grams tosyl chloride was dissolved in dry
pyridine (25 ml.) and cooled to 109, To this solution was added 317 g.

p-nitrobenzyl alcohol anu the temperature mainteined.  After. twenty

1165, tipson, J. Org. Chem., 9, 239 (1944).
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minutes fine c¢rystals began to sppesr; +ten minutes later 60 ml. 6 ¥.
sulfuric acid at ~10°C. was added. The temperature rose to 26°C. and an
amorphous yellow solid separated. The mixture was cooled to §°%. and
filtered. The hard crystals wers washed three times with 50 ml. portions
of Skelly I'» The orude tosylate was recrystallized five times from
Skelly D, yielding finally white leaflets melting at 103-104°C.

With the exception of penitrobenzyl tosylate all the alcohols were
treated by Method A, The variations in experimental conditions for the
various alcohols were: length of heating the alcohol with sodium hydride,
temperature and length of time in which the alkoxide was mixed with tosyl
chloride, end the temperature and length of time in which the two were
sti?red. For convenience these experimental conditions are listed in
tabuler form in Table 17.

Every tosylate, with the exception of pemethoxybenzyl tosylate and
dmhydroxymethylstilbene, was recrystallized from Skelly D' It was found
thet the temperature of the recrystellizing solvent should never be above
650°C.  Higher temperature led to the rapid polymerization of most of
the tosylates, especially the more reactive ones. The tosylate of 4-
hydroxymethylstilbene was always contaminated with the alcohol and could
only be isolated 85j pure. The partial purification procedure for this
compound consisted of dissolving the solid obtained from the chilled ether
gsolution (~f0°0.) in enhydrous benzene (approrimately 5 ml. benzene for
2 g. crude solid), The solution was filtered to remove the unreacted
aleohol. The clear benzene solution was then evaporated under vacuum,

without heating. The residual solid was then washed with Skelly D twice
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and used as such. The sole contaminent of the tosylate was the alcohol.
This was determined by hydrolyzing the tosylate in a medium consisting of
B0 volume~peroent squeocus acetone. The solution wes then titrated with
gtandard base to sssay the tosylate. Ths acetone ﬁas avaporated, and the
resulting aqueous mixture treated with ether. The etlier solution was
washed with water and the ether removed in vacuo. A melting point of
the residual solid was teken and in all cases, despite the assay of the
tosylate (which was sometimes as low as 35%), the residue melted within a
few degrees of 4-hydromethylstilbene. Its melting point was not de-
pressed by mixture with the authantic‘aloohcl, indicating that it was
fairly pure 4-hydroxymethylstilbene.

The identity of pemethoxybenzyl tosylate wes confirmed in a similar
manner. Although the assay was useless (because of the presence of
tosyl chloride)} the material obtained from the ether solution was sub-
jeoted to an infre-red analysis. The spectrum of this material was
identical in all respects with that of en authentic sample of pw-methoxy-
benzyl slcohol.

The ylelds from the verious preparations of the substituted benzyl
tosylates are tabulated in Table 18. The solvolysis equivalents were
determined by hydroyzing e weighed amount of tosylate in a medium of
650 volume percent acetone in water. The liberated acid was titreted
with standard hydrochloric acid solution. The quantitative sulfur

analyses were made on a semimicro scale (100 mg. sample) with a Parr



Table 17

Preparation of Substituted Benzyl Tosylates

Reaction TsC1

Time Reasction With Alkoxide
With KaH Mix Stir Wte Alcohol

Alcohol {hours) Teup. Time Temp. Time (hr.) {ge)
Bengzyl aleohol 12 -30 0.6 -0 2 10.5
p~Bromobenzyl alcohol 38 0 0.6 10 3 746
m-Bromobenzyl aleohol 16 «30 1 26 3.4 . 9.4
p-lethylbenzyl alcohol 12 -30 0.5 -20 2 4.1
m-Methylbenzyl asleohol 17 -30 0.8 oc 2 4.1
p~Methoxybenzyl alcchol 8 =70 0.2 «30 0.5 6.7
He-Methoxybenzyl alcohol 10 -20 1 16 2.5 4.4
4-Hydroxymethylstilbene 60 -60 1 15 2 1.8
3~Hydroxymethylstilbene 36 -30 2 26 3 2.1
4-Hydroxymethyltolane 38 «30 1 20 3 1.7

3-Hydroxymethyltolane 26 «30 1 3 3 2.1

gL



Table 18

Physical Constants of Substituted Benzyl Tosylates

Sulfur
Analysis b
Tosylate Mol., Wt. Yield M.pY Calc. Found S.E.
Benzyl 262.3 8% 58.5~ b8.8 - - 262
p~Nitrobenzyl 307.3 70% 106,0=106.5 10.39 10.43 308
p=Bromobenzyl 341.2 59% 78.8= 77.5 9.40 9.41 340
m-Bromobengyl 341.2 83% 106.2-106.6 9.40 9.40 341
p~ilethoxybenzyl 292.4 - - - — -
m=Methoxybengyl 292.4 58% 83.7- 84.0  10.97 11.07 293
Ejﬁuthylbansyl 276.3 41% 57 .9« £58.56 - - 276
m-{ =Styryl)-
bengyl 564 .6 44% 104.0~104.3 8.80 8.67 362
p~( =Styryl)-
benzyl 364.5 30% 150 -— - -
1w (Phenyl-
acotylenyl )-
bengyl 364.4 57% 79,0~ 79.5 8.86 9.4b6 368
p~{(Phenyl-
acetylenyl )-
benzyl 362.4 61% 115.2»116.9 8.85 9.38 382

®ilelting points are uncorreoted.

bSolvolynia eguivalent.
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bomb117. The precipitated barium sulfate was filtered and weighed on a
fine grade sintered glass crucible. All determinations were made in

duplicate and the listed values represent the averepe sulfur contents.

The kinetics of the tosylate solvolysis

The rate of solvolysis was investigeted using the rapid intermittent
titration method®, The arrangemént was modified slightly by the
insertion of a glass and s calomel electrode into the cell to supplement
the visual indicator. Preliminary comparison studies with visual
indicators showed that the response of the glass electrode was sufficlently
sensitive in the medium to messure pi changes of the order of one unit per
second. The advantages of the glass electrode over the visual indicator
for detecting end-points lis in its convenience and in the freedom from
personal factors. The pH changs caused by dilution during the run, can
be minimized by adjusting the ratio of the titrant to the solvolysis
golution to a minimum. In most cases the total volume of the titrant
added wes mpproximetely 4 ml. This represents a dilution of four psrcent
at the end of the run.

The folléwing procedure was used. A weighed amount of tosylate (0.5~
1.0 meq. ) was transferred to the reaction cell and washed down with 50 ml.
(pipet) of anhydrous acetone. The cell was fitted with the electrodes,
thermometer, burette and stirrer, then equilibrated in a constant temper-

ature bath meintained at 25° + 0,03°C. 1In the meantime 40 ml. of

117pgrr Instrumental ianuel No. 121, Parr Instrument Co., Moline, Ill.

1185 Bartlett end C. Swain, J. Am. Chem. Soc., 71, 1406 (1v49).
W. Peters and S. Welker, Blochem. d., 17, 260 (1923).
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0.478 iis lithium perchlorate was pipetted into a modified fast delivery
separatory funnel equipped with a thermometer. This eylinder was
immersed in an ice bath until the tempersture of the solution cooled to
13°C., & value which had been calculated to give no temperature rise due
to heat of solubtion when the salt solution was added to the acetone
solution. The delivery from the cylinder was rsproducible to within
0,03 ml. 7The addition of the lithium perchlorate solution was followed
by the addition of eight drops of the indicator solution. The titrant
consisted of a solution of triethylemine in the solvolysis medium, 55.6%
agueous acetonaf The base maintalined its strength for several deys after
standardization with aqueous hydrochloric ecic to the indicator end-point.
The remainder of the procedure is similar to the method of Bartlett and
Swain, except for the use of the potentiometric determination of the end-
points.

Since the majority of the tosylates could not be kept for prolonged
periods {a few days), it was necessary to prepare and identify the come
pounds immediataly’befora use. In order to maintain reproducible
experimental conditions, benzyl tosylate was uged as a control standard.
It was solvolyzed at warious times to be sure that the conditions were
the same in all cases.

The unimolecular rete constants were obtained from the integrated
form oif the rate equation:

a-xl

.

a - xz

A typical run is shown in Table 19. In Teble 20 are listed the rates of
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Table 19

The Solvolysis of Benzyl Tosylate in 76.6 lole Psrcent VWater
in Acetone at 25.3°C. and Constant Ionic Strength

Vol. Titrent Added® Time Increment 105k

(mle) (sec.) (sect%)
1,066 113.5 102.1
14276 161 106.9
1.480 163 10646
1,706 184 108.2
1.896 165 106.9
2,094 179 10646
2.306 198 107.7
24509 198 108.8
2,704 200 109.7
2,904 216 ©108.8
3.119 241 111.2
3.501 222 108.1

Average - 108.4

&Weight of sample solvolyzed « 225.2 mg.
Hormality of triethylemine solution « 0,1351.
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Table 20

Solvolyses of Substitubed Bsnzyl Tosylates

5 Keaction Total
W, Used kx 10 Followed Reaction
Tosylate (mg.) (secTl) g %
p-Nitrobenzyl 162.0 .224 57 95.6
174,56 245 75 977
m-Bromobenzyl 174.8 «880 52 101
170.7 +880 67 99.8
215.4 «583 77 100
p=Bromobensyl 201.1 4.30 96 100
306.3 4.40 97 100
R-liethoxybenzyl 296.1 64850 63 100
220.0 6.48 67 99,7
307.5 6.60 81 97.1
Bengyl 144.2 11.0 66 100
303,.7 10.7 70 100
315.8 10,3 99 99.1
meliothylbenzyl 273.9 18.7 91 98.4
310.0 18.7 84 101
piethylbenzyl 266.6 318 97 98.6
377.7 320 98 99.8
m- «Styrylbenzyl 113.2 5.38 81 97.8
107.7 5.37 79 98.9
108.1 .38 83 972
p~ =Styrylbenzyl B4.4 75432 98 31.2
112.9 74.5% B1 86.1
89.9 74.28 49 63.0
32.0 71.4% 92 9143

%Yalues for rate constants are determined in 44.8 mole percent
aqueous acetone solutions.
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Table 20 (continued)

Reaction Total
Wt. Used k x 105 Followed Rkeaction
Tosylate (mg.) (se07l) % %
mePhenyle
acetylenylbenzyl 5642 1.66 &6 9743
102.0 1,66 71 98.3
118.1 1.46 73 96.9
p~FPhenyl-
acotylenylbenzyl 84,6 16.1 93 ‘ 99.6
108.2 14.7 92 98.4
84.0 14.1 48 96,6
100.4 14.8 88 86.0
n-Methoxybenzyl - 480" - -
- - 450P - -

" Yalues of the rate constant are determined in 13.5 mole percent
agueous acetone.

the solvolyses of the benzyl tosylates.

Rates of solvolyslis of the very reactive tosylates in the bulk
medium (76.6 mole percent water in acetone) were much too rapid to
measure, Iin order to measure the rates of these compounds there were
two feasible alternatives which could be followed. These two alter-
natives are:

(1) The solvolysis could be carried out at lower temperatures.

(1) The rates could be measured in media of lower water concen-
tration. The latter recourse was chossn.

The rates of solvolysis of benzyl and p-methylbenzyl tosylates were

obtained as a function of the water concentration of the solvolyzing
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medium as follows:

To the weighed amount oi tosylate dissolved in 50 ml. acetone was
added an aliquot of lithium perchlorate solution at the prescribed time in
the usual manner, The aqueous lithium perchlorate solution was calcu-
lated to be of such a concentration that when it wes added to the acetone
solution, the ionic strength of the resulting solution would be the same
as that in the previous runs. An illustrative example is shown in
Table 21 for a 10 ml. aliquot.

The date were recorded in the usual wanner. When the desired
number of points (b or 8) had been recorded, another aliquot of aqueous
solution of lower lithium perchlorate concentration, was added and
several additional points obtained. This procedure was repeated until
the desired final wabter concentration had been attained. In this manner,
a series of rate comstants could be obtained from one run. A typical
series of such a run is shown in Teble 22.

The solvolysis of the benzyl tosylates was found to be neither acid
nor base catalyzed. This was determined by slternately allowing the
solvolysis to proceed in basic and acldic solutions. In ell ceses, ao
ecorrelation between the rate constent and presence of sither scid or bhase
could be found.

“he rates of solvolysis of the resctive tosylates as a function of
the water concenbtration of the solvolyzing medium ere listed in Table Z3.
These tosylates included benzyl, p-methyl, p- -styrylbenzyl, p-phenyl-
acetylenylbenzyl and p-methoxylbenzyl tosylates. In the cass of

pemethoxybenzyltosylate the rate constant was obtained in only one medium
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Table 21

Adjustments of lonlc Strengths

Volunme Volume Total Vol. Total Amt. Holarity

Aocetone Salt Soln. Solution Salt Salt Soln.
(mls) {ml.) (ml.) {meq.) {meq./liter)
&0 10 5845 10.44 1.04
50 15 63.0 11.24 0.16
bO 20 67.6 12.08 0.186
50 2b 72.2 12.90 0.17
50 30 76.9 13.74 0.16
B0 36 81.7 14.82 0.16
6O 40 86.5 16.6 0.18

Table 22

The Solvolysis of p-Methylbenezyl Tusylato in Aqueous Acetone Liedla of
Various Vater Concentrations at 25.3%°C. and Constant Ionic Strength

Time Vol. LiClO, lMolarity
Vol. Titrant® Increment Soln. Added LiC1l04 Soln. k x 100
Added {sec.) {ml.) (¥.) secTl)
04549 42 10,00 1.04 9.17
0.650 41.5 9.21
0.749 42 8,98
0.853 44,4 9.02

%ormality of basic titrant - 0.1567.

bwaight of sample solvolyzed - 518.5 mg.
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Table 22 {(continued)

Time Vol. LiC10, lolarity

Vol. Titrant® Inorement Soln. Added LiC104 Soln. k x }0
Added (sec.) (mla) (1.) (s007t)P
1.073 52.0 : 9.26
1.149 30.0 10,03
1,201 28.0 2.10
1.607 113.4 9.52
1.880 17.6 26.4
2,016 28.56 26.7
24140 21.2 2545
24275 2o 24.4
2.378 18.0 26.4
2,503 22.8 : 24.6
2.604 2043 22,8
2,723 13.2 2848
2.864 25.1 24.3
5,736 86 5.00 Q.16 BO.7
4,4416 58.3
4,594 19.4 52.6
4.716 13.9 51.2
42987 30.8 5343

Fefill buretie
0.540 40.4 54,7
0.800 31.8 53 .6
0.913 14,9 51l.1
1.0869 19.2 62 .4
1.224 21.9 53.2
1.788 E4 5.00 0.16 78.6
2.019 19.0 97.5
2.203 15.8 97.5
2339 12.2 98,3
2 487 13.8 96,8
2,770 26.1 100.8
34886
4,001 36,8 5.00 0.186 140.0
4,254 21.8 168.5
4.480 £1.0 160.1

4,656 18.6 167.7
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Table 23

Rate Constants for the Solvolyses oif Some Substituted Denzyl Tosylates
as a Function of Water Concentration

k., x 105 (seetl)
Kole Percent® 1 ~Phenyl-
Nater p~lethyl~ pe -8tyryl- acetylenyl- p=liethoxy

% Benzyl benzyl benzyl benzyl benzyl
13.5 f— - - - 465
29.0 0.103 1.98 - -— -
44.8 0.415 9.40 T4.7 - -
56.0 1,02 26.1 189 - -
62.0 1.98 54,1 366 2.38 -
67.0 .06 98.2 - - -~
711 4.81 154 - 6.66 -
Téel 7.50 230 - 10.1 -
7646 10,7 319 - 14.7 -

%A1l runs were made at 26.39C. and constent ionic strength
(1.83 u. 14C10,).

(13.5 mole percant water in acetone or 2.0 ml., water per £0 ml. acetons).
Even in this medium the rate was much too fast to be followsd by one

\ . *
operator. The coordinated efforts of several persons wsre required.

*The generous help by Dr. ¢. Hammond and Mr. G. Lucas in this and
other rapid runs is acknowledged.
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Since the reactivity of p-methoxybenzyl tosylate precluded careful
technique, the rate constant for this compound represented in Table 23,
is reliable only to within 0.0005 sect!

The effect of added electrolyte on the solvolysis is tabulated in
Table 24. In general, it appeared that thelrate was feirly independent
of the salt concentration when the selt was lithium perchlorste. 1In
the oase of potassium nitrate and lithium chloride, however, & pronounced
salt effect was observed. This efiect was retardation rather than
acceleration as one might expect in a unimoleculer solvolysis. It wes
noted that in every case where the abnormal ealt effect was operative,
the finel titer of the base titrant after a suiteble length of time did
not correspond to ocomplete reaction. This effect was later attributed
to the mass effect described by Hammett end Beste’>. Thus, for s

particular potassium nitrate run the reaction may be formulated as the

following:
C.ECHOTs —L o HCH' + OTF
gt Hy slow ~g 5 g s (a)
a=(x=y)
+ +
GBEECHé + 3320 EE;E* CGHEGHQOH + H30 (b)
(x)
" -
CgHgCHy + NOg f;;g*'6635032N03 _ (c)
(y)
] - +
CgHCHyNO, + 2H,0 x> C_HCHO + G _H OH OH + NO7 + HNO, + H.O (a)
For this éystam
dx
= =iyla- (x+y) (1)

dat
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Table 24

The Effect of lonic Strength and Electrolyte on the Rate Constant of the
Hydrolysis of Benzyl Tosylate at 25.3°C.

iole Percent Kleetrolyte k x 104 Percent
Water (meq./ml,) (secTl) Reaction
76.5 2,21 11010, 1.10 100
76.6 1.85 LiC10, 1.07 100
76.5 no salt added 1.02 97.2
7645 2.21 KNO, 1.05% 85.7

aﬂaloulated, see texb.

If we assume step (d) to be negligibly slow as compared to (a), then the
relative amounts of benzyl nitrate and benzyl aloohol formed may be
approximated by the ylelds of each after a suitable length of time (com-
pared with other runs using Liclcé solutions). Letting p equal the

percent acid formed, on the basis that the added tosylate was pure, then

pex = (100 = p).y or (x +y) = . (11)
P
The integration of equation (i) leads to,
P pea = 100x;
1n =k (ty = ty) . (411)

100 pea - 100x,

This value of k; was found to be in good egreement with that obtained

in lithium perehlorate solutions, as shown in Table 24.
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The activation energies for the hydrolysis of the tosylates in
76.6 mole percent aqueous acetone were determined by the standard procedure.
The rates were determined at 25.3%, 31.4° and 40.1°C. These values are

listed in Table 25 for benzyl, p-bromobenzyl and m-bromobenzyl tosylates.

Table 26

The Activation Energies of Tosylate Solvolysls in 76.6 iole
Percent Aqueous Acetone

x x 10% (sec3l) E
Tosylate 26.3° 31.4° 40.1° (Kkcal./Mole)
Benlyl 1.07 1.93 4.61 18.5
p-Bromobenzyl 0.436 - 2.08 19.6
m-Bromobenzyl 0.0881 - 0.395 17.9

The Ultraviolet Speotra

Ethanol used to make up the solutions was purified by treating 3.1
of 95% stockroom grade ethanol with 19 g. NeOH and 30 g. AgNOz. The
mixturs wes refluxed for three hours and then distilled through a 30 onm.
Vigreux columm; a 200 ml. forerun was discarded. The middle fraction
boiling at 77.7°%. was collected.

Solutions of the compounds were prepared by dissolving the appro-
priate amounts of compounds in ethanol in 100 ml. volumetric flasks.

The concentrations were adjusted on the basis of the extinstion
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The selient feabtures of the spectra obtained from & Cary Model 12

Recording Spscirophotometer are rscorded in Teble 26.

This table lists

the maxima and extinction coefficients of the compounds.

Table 26

Ultraviolet Spectra Characteristics

Band?
A B ¢ D
, A Oraxs o A A e
Compound max “max max “max max max max ®max

Tolane 2780 2.63 2845 2.10 2967 2.28 3024 0.817
4«~Carboxytolane 2936 3.19 - - 3107 2,79 - -
S~Carboxytolane 2790 2,30 - - 2936 2,03 - -

A E L
$tilbene 2940 2.71 3070 2.82 3209 1.868
4-Carboxystilbene 3078 2.86 3186 3.04 3338 2.00
3-Carboxystilbene 2980 2.88 3044 2.54 3192 1.66

®Extinction coefficients, ®max, ere memswred in 10% liter/mole-cm;
8 = Q/ﬁd, where D is the optical density, m is the molar concen-

tration and 4 is in om.

bTha assignment of the bands was arbitrary.

’\max

values sare recorded in A.
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The Infre-red Spectra

A Tew repregentative infre-red apectra* of the derivatives of stilbens
and tolane are shown in Figure 2. It is interesting to note that the
stretehing bands of the triple end double bonds are missing in the
tolane and stilbene derivatives, respectively. This abnormml effect has

been previously observed for neerly symmetricel alkynesllg and octenaslzo.

*Kindly provided by Mr. R. Hedges of this Laboratory.

V1%, Wotiz and F. Hiller, J. Am. Chem. Soc., 71, 3442 (1949).

120y, kietz snd A. Summer, J. Chem. Soc., 1466 (1948).
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RESULTS AND DISCUBSION

The apperent ionization constents of the substituted bensoic acids
have been plotted against the respective sigma constants as shown in
Figure IV.  The value for the rho constant obtained from the slope by

the method of least squares was 1.60 with a probable error, r, of 0.063
for seven points (n = 7).

& similer spplication of the date presented by Hinshelwood and
Tommilallé, and Tommilalzl, for the saponificetion of ethyl benzoates in
squeous scetons to the sigma constants gave rho equal to 2.373, r = 0,048,
n = 19 as shown in Figure V. This result corresponds to rho equal to
24373, r = 0.051, n = 7, obtained by ﬂammettl22 from a consideration of
the date of Hinshelwood and Tommila elome.

The two determinations of the gigma values for m- and 2¢ﬁ~styry1 and
m- and p-phenylacetylenyl groups from these graphs are listed in Teble 27.

The rate constants for the solvolyses of pemethoxy and E:Q~styry1-
benzyl tosylate were obbained by extrapolating velues obtained in media
containing lower water concentrations than thet used f'or the other
tosylates. In Figure VI the rate constants of the solvolyses of several
tosylates have been plotted as a function of the water concentration of
the solvolyzing medium. The apparent similarities in the series of
curves can be readily seem. In fact it is possible to superimpose the

curves on ons another without %oo much show of discrepancies. The upper

121y, Tommila, Arm. Acad. Sci. Fenmicee, Ser. AB7, No. 13, 3 (1941).

122y, Hammett, ref. 60, p. 191.
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Table 27

Sigma Values for Pwstyryl and Phenylacetylenyl

Substituent

T ester Tpk Tave.
g?ﬂﬁﬁsﬂﬂﬂﬂﬁu 0.020 0.030 0,025 + 0.008
p=C gHgOH=CH- ~0.031 -0.070 -0.060 + 0.020
Erﬂﬁﬂﬁgfﬁw 0.180 04140 0,160 *+ 0.020
p=C gl 0= O 0.215 0.165 0.190 + 0,026

and lower dashed curves for pemethoxy and grﬁnstyryl benzyl tosylete
represent the greatest deviation of all the curves, andare probably a
good indication of the error in the rate constants for these two compounds.
That these extrapolations are valid is given further justificstion by the
investigabions of Winstein and Grunwaldlg& end Braudel??,

Winstein and Grunwald have shown that the rate constant, (ky), for
the unimelecular solvolysis of alkyl helides, btosylates and brosylates
can be correlated with the constitution of the medium by the equation,

log k3 = mY = log kg,

where Y 1s a measure of the lonizing power of the solvent. Log k, by an

arbltrary designation is the rate of solvolysis in 80% ethanol-water

123¢  vwinstein and Z. Gruowald, J. Am. Chem. Soc., 70, 846 (1:48).

Se Winstein, E. Grunwald end H. Hones, ibid., 73, 2700 (1951).

124y, Braude, J. Chem. Soc., 443 (1944).
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solution. The value of m is a functlon of the particuler compound being
solvolyzed and is a constant for various solvolyzing media. In the case
of binary solvents there exists a smooth function of the Y~-wvalue with the
water composition of the medium. This fact implies a correletion of
log k with the water concentration.

Breaude has given a similar type of correlation for the unimolecular
scid~catalysed resrrangement of unsaturated alcohols as a function of the
dielectric congbant of the medium. In the caese of acetone~water solutions,

125 for the variation in

an examination of the date of Harned and Owen
dielectric constent with water concentration reveals that a amooth monow
tonic function can be drawn for the plot of dielectric constant with the
mole fraction of the water in solution.

From a consideration of the above investigations it appears that the
extrapalétion of the rate constants is justified in the case of the
solvolysie of benzyl tosylstes.

The logerithms of the rate constants for unimolecular solvolysis of
benzyl tosylates have been plotted ageinst the sigme values for the
corresponding substituents in Figure VII. An examination of this graph
reveals a rather indefinite linear relationship which characterizee a
poor Hammett correlation. 4 close scrutiny of the date, however, discloses
a fair linesr relationship. 1If one excludes the followling pointe:
p~methoxy, p-methyl, p-(~styryl and to a certain extent p- and m-phenyl-

acetylenyl end m~styryl, ‘the values of the rho constant for the six

120y, Herned and B. Owen, "The Physicel Chemistry of Electrolytio
Solutions”, Heinhold Publishing Corp., New York, N.Y., 1943, p. 118.
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remaining points evaluated by the method of least squares is -2.20 with
e probsble error of 0,07 (n = 6), The inclusion of m- and p-phenyl-
scetylenyl and Eyﬁpstyryl in the celculations of rho yields, = «2,19
and r = 0,87 (1 = 9). The rho value, thus, is not changed by the
inclusion of these latter points. It is the probable error for this
velue that suffers mest. If one wssumes a rho value of -2.19, the most
roasonable figure, the values for p-methoxy, p~methyl and gr@pstyryl all
guffer from want of decent correlation.

The deviation from a linear reletionship is shown up more clearly
in Figure VIIl in whiock the logarithm of the rate constent for the
solvolysis has been plotted against the logarithm of the rate constant for
the seponification of the ethyl ester of the corresponding escid. The
least squares method (assuming an egual error in both vnriables)lz? was
applised to all the points except p-methoxy, p-methyl and Efﬁ-styryl to
obtein the best straight line shown in the Figure.

That the velue assumed for rho is & reasonabls one is shown by
exemining the date of OIiviarlzs, and Bennett and Jone887 for the
solvolysls of substituted benzyl chlorides. The logarithms of the rate
constants from these data have been plotted against the sigms constants
in Figures IX and X, The data reported by Olivier appear to be more
complete since he obtained rete constents in different media and at

seversl temperatures as shown in Figure 1X. A sbtriking similarity in

1263, olivier, keec. trav. ohim., 56, 247 (1987).

127, Vorthing and J. Geffner, "Treatment of Experimental Pata",
J. Wiley and Sons, Ine., 1943, p. 2568.



99

Rate of Solvolysis of Substituted
Benzyl Tosylates vs.

Hammett G Values
+ 1.0
S -
p~Me({|
0.0 —
5
-10
54
LOG ki Do-siyry!
~2.0—
s
~-3.0-
5
mMﬁQ)—A |
-P-Acetylenyl
- 40
m-Styryl @ €M~ MeO
s p-Br\®
m-P-Acetylenyl
-5.07
5]
] p-NO,
~6.O<i|- T v . vl T v T T T T T T L
22 20 48 -6 44 42 10 8 6 4 2 do 2 A +& -8
g
Figure VII. Rate of Solvolysis of Substituted Benzyl Tosylates

vs., Hamuett Sigma Values.



100

\

\
0-13 ~}e0

0- \
A\

-1.0 \
\

® p-Styrvl

o p~phenylecetylenyl

')4-00
-phen f- _
-EOC __1'!2 p .
ace¥YIenyl oﬁiif
—60 T T . : . '
100 105 200 rj") 3.0 3.
Log kestelsx 1()4' .
FipureVIIT

Log k .
2 ester Vs Log ktosylate



He NS o w

@ 23 03 Q

1ol

pﬁe mﬁe F

CA F’
i I
I I 1 T T I
"t} "02 "01 Q .1 . -2 03 ol*' 05 06 -7 08

Slgma
Solvolysils of Benzyl Thloride vs, Slgma

® 50 % aquaous acetone € 69,8°
® %0 % aqueous acetons €@ 58,4°

Figure IX



102

the disposition of the points around the best straight line in each case
is exhibited for all the curves of benzyl ohlorides (Figures IX and X) as
well a8 that of bengyl tosylates (Figure VII). It is apparent that in
all the ocases shown, the compound containing the p~methyl substituent
deviates from the linsar correlation of the logarithn of the rate constant
and sigma shown by the others. A more apperent correspondence between
the solvolysis of bensyl chlorides and the solvolysis of bensyl tosyletes
is shown in Figure XI, in which the logarithms of the rates of solvolysis
of the chlorides have been plotted against the corresponding values for
the tosylates., In the figure the values for the benzyl chlorides have
been corrected to 25.3%C. using the activation energies listed by
Qlivier12§. The slight differencs in sclvent composition in the two
sories (44 volume-percent for benzyl tosylate and 50 volume-percent for
the benzyl ahloride)ahauld have little or no effect on the slopes of this
curve. vfhis is & result of the similerities in the curves obtained from
the varistion in the rate constants for several tosylates with water
composition. It appears, thus, that whatever deviations do exist for
the solvolyeis of benzyl chlorides applicable to the tosylates as well,
and are, therefore, e function of the bensyl system exclusively.
Deviations Irom the Hammett relationship were pointed out early in
the studies of this equation. The most well-discussed case is the
deviation of p-nitrophenol and p-nitrosniline in the relationship between
the ionizetion constants of phenols and anilines, respectively, and the
sigma constants for the substituent groups. In these compounds it was

necessary to assign two values of sigms to the penitro function, one
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value for anilines and phenol derivatives and another value for the

128 nave pointed out this

other benzene derivatives. Eranch and Calvin
anomaly, and have attributed the “abmormal” behavior of p-nitrophenol and
p-nitroaniline to the strong resonsnce interaction of the subsitiuent,
p-nitro, with the ring. .Th@y generalized by stating,
oo Hammett equation.....is a fairly close aspproximation for meta
and para-substitution, except when a pare-substituted group
resonates sc as Yo put a positive charge in the ring. In such
cases it is necessary to use two values of sigma for the group
in the pars position, one when the atom from which the proton
dissociates resonstes directly with the aromatic nucleus and the
other for acids in which the benzene resonances are less directly
concerned with the dissociation.
In addition, such substituents as p~COOR, p~CH, p~CHgCO, p~CHz80 end p-FiC
showed this abnormal behsvior. Thus, in all these cases, it is believed
thet deviations from the Hammett sgquation {i:g,, assignment of two sigme
valuee} in the case of phenols was due to the additional resonance
stabiligstion of the anien. Para-nitrophenol may be used to typify the

cats a5 shown below.
' + -G\\
ﬁd&»@-@ﬂ:ﬁ i+ | 08 eo” < 1= -0
2 2 o

The extraordinary resonance stabilization of the anlon of p-nitrophenol is
not exhibited in the case of the meta-isomer nor in the case of the other

wallw=bohaved mete and para-substituents.

The differance in the two sigme values assignable to these substituents

1285, Branch and M. Calvin, Ref. 24, p. 249,
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may give an indicatlion of the extent of this additionel stabilization
in the anion. The delta siﬁﬁa values are listed for several substite
uents in Teble 28. These wvalues are the differences between the sigma's

of the phenols and the corresponding acids.

Table 28

Dielba Sigma Values for Phenols

Substituent T phenol Cacid (Y4
p-iitro 1,27 0.78 ~-0.49
p~Cyano 1.00 0.66 ~0.34
p-Acetyl 0.87 0.43 V.44
p~Methylsulfonyl 0.08 0.72 0.28
prTriflueromethyl 0,78 0.53 0.20

It ig not unreasonable to extend the interpretation of this abnormsl
behevior to other systems by steting thet any substituent which may
contribute stringly towards the stabilization of the products in an
equilibrium process (or the stabilization of the transition state, in a
rate process) &g a result of the freeing of an electron-pair in that
syshem, mey lead to almormel Hemmett correlations.

A lopical extension of this argument would leed one to state that a
system in which the vacating or an orbitel (formetion of en open sextet)

were importent in stabilizing the product of an equilibrium process or
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stabilizing the treansitlion state of a rate process would show a corre-
spondingly ebnormal behavior in the Hammett relationship. Noreover,
those substituents whioh can donate en electron-pair to the ring (i.e.,
accommodate & positive charge) would be expected to deviate. 1In
particular one might expsct p-amino to show such e beuavior beceuse of
the attractive resonence forms that may be important for this system as

shown below,

§ * s ga=( )=
ﬁ? o ux. HBH ‘X.

In order %o spply this interpretation to the zolvolysis of benzyl
tosylates and chlorides, it mey be profitable to understand more com-
pletely the nature of the solvelybic pricess for this system. There is

128 a8 to the exsct nature of the unimoieculer

still some controversy
solvolytic prosaess of tertiary and benszyl helides. The two mechanisms

for this process can bo formulated in the following menner:

s — + -
I REgq T Byi * %oz

* : £ o oy %
Rgq * Hp0 tast ROHgo o

I1 Riy o+ 0 SIOW_ (o0 Ry )Y+ XQ,

The first case is s twowstep process involving a rate-contrelling ioni-
zation of the solvated halide to form & solvated cerbonium ion, which
rapldly reacts in a followeup process with the solvent to form the
solvated [irst oonjﬁgaka ecid of the product. The second mechanism

pestulates sn attack by a solvent moleculs on the solvated halide molecule
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to form the protonated product direectly. Recent work by Cramt?® and

Winstein and co-workers 180,123

have given greater support to the former
mechanism. A close examination of the rate-determining esctivation
process (Xii*’ the heterolytic severance of the 0ld boud), however, shows
that these two mechanisms differ only in degree and not in kind. ior a
eritical analysis of the kinetics of the solvolysis we need consider only
the neaturse of the trassition state for the primery ionic dissociation

process,

For the solvolysis of benzyl tosylates the rete~limiting process

ArCH,0Ts ——> Arcﬁg + 0Ts

would be expected to be aided by electron-roepelling substituents ou the
eromatic system. The extent of this effect is indicated by the large
negetive value obtained for rho (Q = =2+19)e As it has been pointed cub
b

by Swain and Laug&dorfg s the large negative value of rho indicates that

B

in the transition state for the solvolysis of beuzyl tosylats, a lergs
formal chargs is place on the aromatio system (that is to say, there is a
large emount oi iomic character to the old tond).

The magnitude of the bondebreaking process in the transition state
depends not ouly on the sromatic system, but also on the nature of the

departing group. Since the rho constant for the solvolysis of benzyl

129, Grem, J. Am. Chem. Soc., 74, 2159 (1962); and earlier papers.

1305, winstein and K. Schreiber, ibid., 74, 2171 (1862); and
earlier pspers. -
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ehloridas ((’n «1,33) under similer conditions is found to be less than
that of the tosylates (r = «2,19), the indication is that there is a
more complete bresking of the olé bond wheu tosylate is the departing
group, and, therefors, a larger formal clarge is placed on the eromatio
system. The greater sensitivibty of the tosylates to the bond-breeking
process may be partly attributaeble to the more complete activation of the
tosylate anion.

The deviation of such para-substituents as msthoxy and methyl
indicates that in mdditlon to the large amount of lonic charmcter %o, aend
the normal rescnance stebilizabtlon of, the transition state of the
solvolysis of benzyl tosylates, there is an additional amount of ionic
choraeter (however smell it may be) ané resonance stzbilizetlon in the
cuse of pemothoxy anc p-methylbenzyl tosylete ascribable to tae faclle
rogonance interaction of these substlituent groups with the electron-

ceficient aromatic syebtem shown below.

MGG*-\ /~bh20‘18 —_—> iw()-@-—bﬁz -<+RQO=.=L-H£ 0fs

The extent of this additionel aid to the bond-breaking process (magnitude
of ggg) will depend greatly on the ability of the substituent group to
form a T-molecular orbital with the aromstic ring. That the lowering of
the activation energy and concomitent broadening of the plateau represen-
ting tho btrensition stete in the potential energy diagrem for the system
is dus priﬁarily to the type of pare~substituents described is shown by
the "normal" behavior of m-methoxy end m-methylbenzyl tosylate.

As pointed out by Swain snd Langsdorf, there exists a continuously
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varying function of rho with each substituent. The value of rho for
each substituent (or series of aubatitusnta)‘will depend greatly on the
ability of esch group to contribute to ths stability of tho lonic
transition state.

The "abnormal” bshavior of pemethoxy snd p-methylbenzyl tosylate was

predicted in part by the large mesomeric moment of E;nitroaniaolol31,

1

nucleophilic reactivity of anisole (toward bromine, for example 62), and

the large overlap integral of the Q«C bondtS®,

Byperconjugation had been
previously prescribed to account for the electron-releasing properties of
the p-methyl-substituent by Baker and Hathan and othersl®?,

On the basis of the foregoing interpretation, it appears that there
oxists a large differsnce in the conjugative ability between the carbon -
cerbon double bond and triple bond. This difference may be deduced from
the delta sigma velues given in Table 29.

The much lerger positive velues of delta sigma for the p-styryl grouwp
then for the p-phenylacetylenyl group indicetes that the conjugative

ability of the double bond is much larger than that of the triple bond

131&. Le Fevre, "Dipole loments", lenthuen Co., Ltd., London, 1948;
Trans. Faraday Soc., 30, Appendix IXX (1934).

152E. Huntress end S. ¥ulliken, “ldentification of Pure Organie

Compounds", J. Wiley and Sons, Inc., New York, k.Y., 1941, p. 526.
1885, wulliken, J. Am. Chem. Soc., 72, 4453 (1950).

134y, crawtord, quart. Eevs., 3, 226 (1949).
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Table 29

Delta Sigma Velues for Benzyl Tosyletes

Substituent tosylate dgcid AC
prilethoxy =2.0 =0.27 =1.7
E_»ﬁﬁthyl »0.63 «0.17 -0 .46
pB-styryl -1.0 -0.06 «1.0
p~Fhenylacetylenyl =0.08 +0.19 «0,22

with an electron~deficient sromatic system.

This effect shows up more clesrly in the case of the ionization

constants of the para-substituted acids previously listed in Table 27.

The indication, then, is that the carbonium ion contributing to the

transition state is more stable when it is ethylenic,

@ ~CH=CH~ @-cn; — CH=CH :G CH, @ .Eﬁ-cs=©=cxz

then when it ls scetylenioe,

" =g ¥ % k * t
@-L:&»@Aﬁia '*L“CO:C}% -~ @-wc@:mz

This effect was predicted, in part, from the analysis of the photochemical

excited states of the two systems by ¥Walsh™ .

From s comparison of the T

1

ionization potentisls of acetylens and

ethylene (1l.41 end 10.50 volts, respectively), it is evident that the pi
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eleotrons of acetylene are more firmiy'bouad to the nucleus than the
corresponding electrons of ethylens. The tighter binding of the pi
electrons (l.e., greater localization) of the triple bond can be attri-
buted to the larger s character of the sigma bond (spzosp) as compared to
the sigma bond of the double bond (spgvapz). The larger locelization of
the pi bond in acetylenes is a direet result of the decressed "repulsion”
between the sigma eleotrons and the pi electronsi®®, 1In particular the
relative conjugative abilities of the triple bond snd double bond would
be expected to be manifested when the conjugation is at the expense of
the delocalization of the pl electrons oi the triple or double bond.

The preceding analysis of the conjugative aptitudes of the triple
bond and double bond may also be made from a slightly diff'erent point of

view. The bond distance in tolane and stilbene given below are

reliable to within 0.01 A.135

N/ o CH l.aiﬁ..@
1.34

Since the magnitude of the overlap of orbitals between adjacent atoms

136

deponds on the distance separating the satoms™ ™, one would expect from

18§Ja Robertson, Proc. Hoy. Soc., Al64, 436 (1938).
Y. Dyatkina and M. Syrkin, "Structure of liolecules and the Chemical
Bond™, Interscience Publisnhers, Inc., New York, N.Y., 19560, p. 180.

186,, Walsh, J. Chem. Soo., 398 (1948).



113

only a consideration of the radial component of the orbitels that the pi
bond of' ethylsnes will be weaker than that of acetylenes. The magnitude
of this difference in energy may be calculeted by the msthod recently

published by Coulson and Altmannlﬁ?

for the compression energy required
in the theoretical description of bengzens.

The change in the character of the sigme bond mey, thus, be invoked
by both descriptions to eccount for the greater localization of the pi
electrons in the %triple bond than in the double bond. The decrease in g
character of the sigma bond not only increases the delocalization of the
pl electrons but also inoreases the bond lengths between the two stoms
comprising the double and triple bonds. It is not entirely cleer whether
the two descriptions are eguivalent, mubually dependent on one snother or
additive. The interdependence, equivalence or additivity of these
effects is not explicit in the quantum mechanical formulation of the
system.

The difference in the localization of tne pi electroms in the double
bond and triple bond is also spparent in the ionization constants of the
para~substituted acids previously listed in Table 27.

In pephenylacetylenylbenzoic acid the decreased repulsion between
the sigma electrons and the pi electrons in the acetylenic acid has
caused an increased ionization comstant (with respsct to benzoic acid)

due to the increased pi bond order of the alpha bond (between substituted

1370. Coulson and $. Albmenn, Trans. Faraday Soc., g§, 293 (1962 ).
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ring carbon and the substituent). It is to be noted that this increase
in the boad order of the alpha bond is at the expense oi the aromstic
systems This type of interaction of the substituent witn the ring is
consldered to be of & non-classical inductive effect operating on the pi

bong system.

. = - - - w3 ZC - - - - ¥
<::>-C-L Q /> CO0H —— <::> C=¢ <\ ) =00 + U

et
G=G =< S

In mephenylacetylenylbenzoic acid similar conslderations as those

proposed for the para-isomer lead to the description given below.

SO0KE 0ou™

<\ />..csc-© —_ @»(zs:;.. +ut

] Coo~
O
g

in addition to the pi bond perturbetions that have been invoked for
the intersction of mn acetylenic substituent with the aromatic ring there
is another factor which must be taken inbto account. 1If one considers the
constitution of the sigma bond betwsen the acetylenioc side chain and the

2

aromatic ring as consisting of an sp™ orbital of benzene and an sp
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orbital of acetylene then the larger s character to the acetylene portion
of the bond indicstes the unsymmebrical distribution of the elsctrons in
the bond, i.e., the existence of a dipole oriented in the direction shown

below.

coo~ GO0

The situetion in scetylenic-substituted benzenes can be adequately des-
oribed on the basis of a dipole compounded of two effwcts reintforcing ome
another. The effect of an ﬁcatyleni@ substituent, thus, appears to be
similar to nitro or syano function, which have besn treated theoretically
by Westheimarzg and Sarmuuaakisao.

In the case of the corresponding ethylenic compounds the repulsion
between the sigma electrons and the pi electrons may cause a decrease in
the pi bond orcer in the beta link (comprising the double bond) and,
tharefore, an increase in the order of the alpna bond. This effect will

be felt especially when the aromatic system makes s cemand for electrons,

as is the case in the undissociated Rfﬁaatyrylbenzoic acid shown below.
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That this effect is real is apparent from the negative value of the sigma
constant (which indicates that the acid is weaker than benzoic) for the
p~ =styryl group.

The difference in the lonization constants of the para-substituted
acotylenic acld and the corresponding ethylenioc analog mey, thus, be
partly attributed to the greater localization of the pi-elsctrons in the
triple bond. It should be noted the sigma bond of the gégggﬂlink in the
ethylenls compounds is considersd not to be polarized since the component
orbitals are equivalent (sp®-spZ).

The ionization constant of gyﬁastyrylbanzoic acld is shown to be
larger then that of benzolc acid, indicating thet the Blgma constant of
tne(5«styryl group hes suffered a change in sign in going from the para
position to the meta position. That the grﬁwstyryl group should have a
positive sizma constant is not epparent from e consideration such as that
given previously.

This situation is akin Yo that attributed to the m~phenyl group.

It is nobt uncommon to find sbtatements in the literature attributing a
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positive inductive effect to the mephenyl group. Thus, the increesingly

large lonization constants of amcetic, phenylscetic and diphenylacetic have
been retionalized on these groundsgg. Recent investigations by Lichtin

and Glazer138 of the ilonization constants of biphenylyldiphenylchloro-
nethanes in suliur dloxide ylelded the following values for the equili-

brium constants:

61 1 ¢1
) I |
$ -9 #-be o ¢-b- g
i j :: ¢
P
4.08 x 1070 23.2 x 1070 3.12 x 1070

Keiffer and RumpflSQ have measured the basicity constents of substituted

anlline and have reported them to be as follows,

aniline 4.57
mephenylaniline 4,18
p-phenylaniline 4,29

The date on the saponification rates of phenyl-substituted ethyl
bengostes is not complete. In the case of the saponification of ethyl
Efphenylbanzoate in 50% aqueous sthanolléo, the value of the rate constant

corresponds to a value of +0.015 for the sigma constant, using the rho

138y, Lichtin and H. Gleger, J. Am, Chem. Soc., 73, 5537 (1951).

1393, Keiffer and P. Humpf, Compt. rend., 230, 1874 (1950).

140¢, Kindler, Anu., 452, 105 (1927).
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constant evaluated by Hammettl?2 to be 2.50. Similar studies by

Tommilalél

in 60} aqueous acetone lead to a sigma value of ~0.0156 for the
p-phenyl group. The average sigme value for p-pheayl is apparently zero.
The corresponding slgma values for m-phenyl are, unfortunately,
unuvailable; Further work along these lines is contemplated.

An oxaminatién of the gigma values given by hammott122 reveals that
the data are not completely reliable,l%?

From an ianspection of the data of Lichtin and Glazer and Keiffer and
Bumpf there appears to be an unresolvaeble anomaly. Thus, if we attribute
to the p-phenyl group a large ability ﬁo stabilize the carbonium ion
regulting fro@ the ionization of the chloromethans, anc attribute s
positive inductive effect to the m-phenyl group to account for the smaller
ionization constents of the n-biphenylylesloromethane as compared to
trityl chloride, then the order in the basiciby constants of the substi-
tuted anilines should be opposite to that reported above. A probable
resolution of this difficulty may lie in the reexamination of the lonie
zation constant of pephenylaniline.

s a?paara, thus, from the preceding discussion that a conceivable
rationalization of ths effect of thargrphenyl or mefl~styryl group lies in
attributing a certain amount of pi bond order to the bond linking the
substituent to benzoate anion or aniline of the %type prescribed for m-
and p-phenylascetylenylbenzoic acid. In grﬁ-atyryl bengzolc acid this

ef'fect is apparently over-shedowed by the resonance stabilization of the

Ser. A59, Ho. 9, 3 (1942).

142G. Burknerdt, L. Jenkins and U. horrex, de Chem. Soc., 1654 (1936).
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free acid. The foregoing analyeis is reasonable o1 the basis of the very
small effects that are found experimentally (sigma constants of Er@-styryl
and p=festyryl are +0.0256 and -0,080, respectively).

At thig yoint we must pause and attempt ‘o understand more fully the
nature of the devietions from the iemmett equation that we have observed
with respect to the solvolysis of bensyl tosylatss and ochlorides. In
particular it is necessary that we deliberate on the limitations involved
in the foregoing interpretations of the deviations which are exhibited by
such substituents as p-methoxy, p~methyl and Efﬁ-styryl on the solvolysis
of benzyl tosylates. Thus, a discussion of the continuously varying rho
funetion for these substituents snd accompenying speculation as to the
nature of the transition state for this reaction (with respest to the
bond-breaking process) presumes fundamentally that the system in question
obeys the lammett reletionship. That this is not slwavs the cnge is
pointed out subsequently. It ie our desire to retionalize the anomalous
behavior with the fundamental assumptions inherent in the iammett equation.

The limitations of the Hemmett equation have been explicitly
ardd

|nOUNC e In brief, for the process,

e F G— .+ -
Rxaq-__ Ran-~—+ Raq * kaq

ky .
the rate of the reaction is given by the rate-limiting step,

- K
h

Ky K"

1431, nemmett, ref. 60, p. 194.
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where the asterisk represents the trausition state, and the term, X, is
the eonstant for the sgquilibrium between the reactants and the activated

complex. The free energy of activabtion is given by,
e o s o 4o W - B .
AP’ = «BT ln & kg + af, = RT 1n fRXf/iﬁX 1)

and the heat of sctivation by,

d In K" d 1o fyyuffiy
2HY ® BT coeee = 2B + oKy + RT% Ex /M (2)
B
a7 ar

wharoAE; an&AE: ropresent the difference in the potential energy and zero
point energy of the reactants and the sctivated complex, respectively.
The terns, fo* and fRX’ represent the partition functions of the activated
complex and the resctents. The other symbols have their usual thermo-
dynamic significance.

As Lammett points out, the direct correlation of rates with
structural properties of ths system is feasible when an analysis can be
made in terms of potential and kinetic energy changes implied in the
squations above. lloreover, the interpretation of the efiect of substite-
uents on a molecule must be made with respect to the potential energy
change (the quantity that measures the internal energy change of the
molsoule). The correspondence between the rate of the remction and this
potential snergy cheange ovours only in limited cases.

if one vonsiders the fundamental thermodynamic equation,
AF* = af* o Tag* (8)

then a slmpliiying a&sumption,as* = 0 leads to aF* = ag*, From equetions
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(1) snd (2) this result leads to ln fyy./f = O and d 1n fere/f5x . o
aT

or fyy+ = f3y at all temperatures. The censtancy of the partition
functions of the reactent and the activated complex implies the ohange in
gerc point energy is zero. Thus, the simplifying condition a8* = O leads
to

AT* = AR = AE; . (4)

For a series of similarly constitubted compounds, & and b,

¥ *® B .§£ Eﬂl ¥ n* (5)
aFg = AFb = BT In Kg = »FT In ky, = A%e ~ Ampb
or
. . - %
Ink, = Ink_ = usdﬂpab , (8)

which is in the form of the Hammett equation. The value of CSAE;&b wa.s
taken by Hemmett to be measured by the variastion in the ionization constant
of benzolc acid with subgbituente.

The correlation of rates with the potential energy change wes, then,
made possible only by the simplifying assumption 48™ = 0. In the

reactions of meta end para-substituted benzene derivatives it Las been

found experimentally that the 28* ‘of many reascions is actually :zero, very
close te it, or constent.
The constant bterms of the Arrhenius equation,

~Bx/HT
2

-

kX = PZe (7)

where By is the empirically determined activation energy, have been
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releted to the entropy changes sccording to the formuls,

Padg

Pyly

ASy - AS% = ¥ 1n

Acscurate mpasurements of Ex have shown bthat its veriation with 1ln k is
very nearly ET in many caeses, as expected from sguation (7). liamnett
points out thet it is in just such cases as this that the equation has
b@én found to be most appliocabls.

The solvolysis of bengzyl chlorides is one of the several reachtions
which have been raported to show nonconstant 28" terms. LOowWever, &
close examination of the data of Ulivier, on the solvolysis of benzyl
ghlorides, shows that indeec there is & limited linear correlation
betweea L, and In k ss shovwn in Figure 1. This indicates a constancy
in PZ terms for several members of the series. Since the activetion
enorgies were detsrmined at only two temperstures, s small discrepancy
in its value must be overlooked. A striking misbehavior is apparent in
the case ol p-methylbensyl chloride, a misbehavior in the lHemmett rele-
tionship. The largo rate constant for the solvolysis of this compound
appears not ia the'eﬁergy of sactivation but in the entropy terms. Thus,
according to the basic hypothesis, it is not inexplicable to find p-methyl-
benzyl tosylete exhibiting an anowalous behavior.

in the previous discussions, the variation of the rho constent for
the solvolysis of benzyl tosylates end chlorides with substituents, such
ag p=methyl and p-methoxy, was consicered solely on the basis of the

lowering of the activation enorgy due to the stebilisgetion of the ionic
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trensition state. {ince we know that 8§ is no longer zero for the
reactions of these particular compounds, it is necessary to determine to
what extent the rho comstant can be ubilized to interpret the solvolytic
processses for these compounds. As will be subsegquently shown, a
necessary condition for the quelitative discussion of the rates on the
besie of activation energies alone is that there exists s correspondence
~ between the resonance energy and the activation entropy.

If one considers the process,

w¥
w‘aq—;f_gﬂ:} RX‘;&Q‘-—A- prbduet‘

5 u g Jt 55

, #
Rﬁg == RX g

where ag, g and s represent the solution, gas and solvation process,

respectively, then

x = *
F&q Fg * Fa

where Fa = F“a ~ ?Sl

t oy \ oy B
and Fag = Hg *+ He = T(Sg+ 5,) .
If one assumes that for a series of compounds, 1 and j, the differ-

snee in the heat of solvation between two unlonlzed resctants is gero,

i'gé’

w He =0
i 1j

then ﬁz + Eﬂ is approximated by the heat of activation. The difference
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for a serles is then,
(Mg + H)= Bp= (D+I-1L),

where ' i the heat of dissociatlon of R-X bond in the gaseous process.
I is the ionizetion potential of K, and L is the heat of solvation of R*.

Diagramatically this is represented below.

Potential

Energy Re + X

r
E=X

For a series of similar compounds the velues of (I' + I) will depend
teia large extent on the resonance atabilirzation of the carrssponding-free
redical and carbonium iont%¢, 1n general, the grester the stabiliszation
of the carbonium iom, the lower will be the energy for the overall dis~
sociation process. The valus of L for a series of compounds will depend
on the geometrical configuration end alsc the distribution of the charge

in the carbonium jon. Evanalés has shown that the diffsrence in the

1§4R. Ogg and M. Polanyl, Trans. Faradey Soc., 51, 604 {1935);
B. Baughen, M. Evans and M. Polanyi, ibid., 87, 377 (1941).

1484, gvans, ibid., 42, 719 (1946); “Reactions of Organic Lalides in
Solution”, Manchester University Press, Manchester, Creat Britain,
1948,
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solvation energy of btebutyl carbomium ion and methyl carbonium ion (if
one mssumes the oharge concentrated on the central éa{bon) lies in the
distance ol closest approach of the dipolar solvent molecules to the two
ions, being lsrger for methyl carbonium ion then for tebutyl carbonium ion.
The energy of the ion=dipole interaction, will, moreover, depend on the
magnitude of the sharge. If one assumes that the geometry of the substi-
tuted benzyl carbonium ions are approximately the same, the difference in
the solvation energy of s series of thess ions will vary inversely as the
diffusion of charge on each species. From the concept of resonance, the
ion possessing the grséta&h amount of resonance stebilization will be
expected to show the largest diffusion of charge (attributable to the
number of canonical forms thet cen be considered for the ion) and, there-
fore, the smallest energy of solvation.

The offect of the stabilizetion of the carbonium ion (in the transition
state) on the activation energy is shown im two opposing manners. On the
one hand, resonance stabilizetion of the ionic forms leads to the lowering
of the internal energy and, on the other hend, leads to a smaller energy
of solvetion of the quasi-ion. The combined effects are not predicable.
If one agsumes that the internal energies in the ground states of all the
species ere the same (i.e., the absence of resonance interactions), the

effects we have mentioned may be seen in the diagram below.
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The gaseous process oa or ob predicts that state a will be higher energy
than state b, if B* represents the ion possessing a larger amount of
resonance energy. There is at yet no reliable method of predicting the
position of ¢ or el, with respect to d, where oc (ocl) and od represent
the overall activation energies.

One may assume with a fair amount of confidence that the gas phase
process will involve ne difference or very little in the entropies of
sctivation for & series of similear compounds. This assumption seems to
be justified from a survey ol the extensive correlations of the liammett
equation. This internal entropy of activation can arise from the differ-
encee in the change in the vibrational and the rotational partition
funetions between the sctivated state and the ground state for a series

of compounds as the function of the alphe bond.
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= %

Thus, one would expect this differsnce, if present, to show up in the
saponification rates of ethyl phenylacetates and in the ionization
constants of phenylacetic acid, The adherence of these compounds to the
Hemnett rel&tianahip (r = 0,07 and 0,03, respectively) indicates that
this difference is small. That the entropy terms consist for the most
part of the solvatlon entropy was elso considered by Evuaal46. The
dependence of the entropy of solvation on the structure of R was dis-
cussed on the basis of following assumptions:

(i) In aqueous solvents the solvation entropy is due to the water
molecules,

(ii) The chauge in entropy as a {unction of the size of the ion was
determined by the extent of the “freezing" of these water molecules in
the first solvatlion shell.

(1ii) Vor an alphe substituent the amount of "freezing” of the water
molecules will vary inversely as the size of the substituent. Calcue
lations made on this basis, assuﬁing reasoneble values for the structural
parameters, ylelded results which wers in qualitative agreement with the
experimentally obteined entropies of activation. The values of the
entroples of sotivation, consisting for the most part of solvation terms,
may be obtained by studyling the solvolysis of the benzyl tosylates in

various aguecus media at different temperatures making the isodielectric

146A. Evang and 8. Hamann, Trans. Faradey Soc., 47, 25 (1951).
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sorrection.

The dependence of the entropy of solvation on the nature of the
intermediate cerbonium ion is in the same sequence ss the resonance
stebilization of the gaseous quasi-lon and in opposite sequence to the
energy of solvation of this ion.  Thus, one would expect that in the most
favorable case an increase ln entropy of solvetion on an ion would
correspond to an overall decresss in the activation energy. It must be
realized that all qualiﬁahi&w conclusions dreawn are velid only in thosge
cases in which solvatlon eff'ects and resonance sffects are considered
in the overall solvelytic process. It has been assumed thet internal
kinetic energy diffsrences for a series of compounds are negligible. A

schematic representation of the entropy veriation is shown below.
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The entropy of activation oc is considered to be smaller than od for all

cases. The eantropy of activetion for the gaseous process is the same for
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both cases. The overall entropy of activation hewever, is not, oc being
smaller in all cases than od.

The consideration of the above anslysis indicates thet the direct
gorrelation betwsen rates (and fres energy of activation) and the experi-
mental activation energy is not velid in the general case, because &
direct correlation between activation energy and entropy, i.e., proportione
ality of AS" with -aH* (cons.dered from aF* = aH* ~ T45*), does not always
axist. A more reasonable quantity which can be invoked is the resonance
energy of the quasliecarbonium lon. Figures 13 and 14 show that an
incresse in resonance energy (& in ¥igure 13) corresponds to a decrease
in activation entropy (dec in Figure 14j.

It is this qualitative correspondence between entropy terms and
resonance terms thet enables us to corrslate rho with the configuration of
the transition state in the cases in which the 48* term is not a constant.
Since the entropy and resonance energy terms vary in the opposite manner
{i.e., the difference in the increass in the activation entropy and the
difference in the devresse in resonance energy) the consideration of rates
on the basis of one term, usually the resonance energy, is qualitatively

valida
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correction.

The dependence of the entropy of solvation on the nature of the
intermediate cerbonium ion is in the same sequence as the resonence
steblilization of the gaseous quesi-ion and in opposite sequence to the
energy of solvation of this lon. Thus, one would expect that in the most
favorable cnse an increase in entropy of solvetion on an ion would
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in the overall solvolytic process. It has been assumed that internal
kinetic emergy differences for a series of compounds are negligible. A
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both cases. The overall entropy of activation however, is not, oc being
smaller in all cases than od.

The consideration of the above analyslis indioates that the direct
correlation between rates {and free energy of activation) and the experi-
mental activation ensrgy is not wvalid in the general case, because a
direct correlation between activation energy and entropy, i.e., proportion-
ality of AS* with -aH* (cons.dered from aF* = aH* - T48*), does not always
oxist. A more reasonable gquantity which can be invoked is the resonance
energy of the quasi-carbonium ion. Fligures 13 and 14 show that en
inorease in resonance energy (&y_ in Figure 13) corresponds to a decrease
in activation entropy (dc in Figure 14).

It is this qualitative correspondence between entropy terms and
resonance terms that enables us to correlate rho with the configuration of
the transition state in the cases in which the 48 term is not a constant.
Since the entropy and resonance energy terms vary in the opposite msnner
(i}g,, the difference in tie inocrease in the activeation entropy and the
difference in the decrease in resonance emergy) the consideration of rates
on the basis of one term, usually the resonance energy, is qualitatively

vallde.
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