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"EQUILIBRIUM AND KINETIC STUDIES IN
STRONGLY BASIC SYSTEMS"

ABSTRACT

Using OX{-cyanostilbenes as Lewis acids, Lewis
acidity scales have been established in the systems
DMSO-ethanol and DMSO-methanol cootaining the
appropriate 0.0lM sodium alkoxide and in the system

sodium methoxide-methanol. This scale, designated
Hp-, describes the ability of the solvent to add an
alkoxide ion to an alkene. The Hg- values range
from 11.73 in methanol to 21.74 Zn S5.77 more 7 DMSO
in ethanol,

The most acidic indicator used to establish the
scale was O(-cyano-2, 4-dinitrostilbene with a pK
of 12.73 in DMSO-methanol. The least acidic was

A -cyano-3-trifluoromethylstilbene with a pK of 21.98
in DMSO-ethanol.

The effects of substitueats in the two aromatic
rings of X -cyanostilbenes on the Léwis acidity of
these compounds has been measured. Using @ values,
an average [ of 2.2 was obtained for the [ -phenyl
ring in the various solvent systems studied. Using
O~ values, the R for o{-cyanostilbenes with
substituents in the L -ring is 4.77 in DMSO-ethanol
and 4.24 in DMSO-methanol. In the QA -phenyl ring
the 4-nitro group exhibits a greatly exalted sigma
value (1.75).

In order to compare the H,- and H_ scales in
one system, the H_ scale has been established in
sodium methoxide-methanol using various carbon acids
as indicators. The two scales are nearly parallel.

The rates of the base catalyzed isomerization
of X-cyano-cis-stilbenes were found to correlate
with the Hp-function. Plots of the logarithms of the
apparent first order rate constants (ky) for the
isomerization against the Hp- values gave excellent
straight lines with slopes ranging from 0.425 to 0.665
The slopes of these lines depend on the substituent
present in the O -phenyl ring and on the solvent
system. The slopes were shown to be a measure of how
closely the transition state for the isomerization
reaction resembles the carbanion formed by the
-equilibrium addition of alkoxide ion to an alkene.


http://CX.-cyanost.il.ben.es

The effect of substituents on the rate of
isomerization of ({-cyano-cis-stilbenes has been
determined. Using O~ values the (9 for substituents
in the O-phenyl ring is 3.07 in DMSO-ethanol and
2.82 in DMSO-methanol.

The activation parameters for the base catalyzed
isomerization reaction have been determined in
DMSO-methanol. The enthalpies of activation range
from 14.3 to 16.7 kcal. mole ~1 and, the entropies of
activation range from -9.3 to -13.7 e.u. depending on
the substituent.

The basé catalyzed isomerization of X -cyano-cis-
stilbenes is first order in base and first order in
reactant. The mechanism of this reaction is discussed
in terms of the kinetic-acidity function correlation,
the substituent effects, and the activation parameters.

The reactions of 1,1l-bis-(4-nitrophenyl) ethene
and 4,47-dinitrobenzophenone with hydroxide or alkoxide
ions in DMSO are described.
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ABSTRACT

DIETRICH J. KROEGER. KINETIC AND EQUILIBRIA STUDIES IN HIGHLY BASIC SYSTEMS.

Supervisor; Professor R. Stewart

- Using Cchyanostilbenes as Lewis acids, Lewis
acidity scales have been established in the systems
 DMSO-ethanol and DMSO-methanol containing the appropriate
0.01M sodiuﬁ alkokide.and in the system sodium methoxide-
methanol. This scale, designated Hp-, describes the
ability of the solvent to add an alkoxide ion to an
alkene. The Hg~ values range from 11.73 in methanol
to 21.7% in 93.27 mole % DMSO in ethanol.
| The most acidic indicator‘used to establish
the scale was Y=cyano=2,4~dinitrostilbene with a pK of
| 12.73 in DMSO-methanol. The least acidic was -
cyano-3-trifluoromethylstilberie with a pK of 21.98
in DMSO-ethanol.

The effects of substituents in the two
aromatic rings of Ol=cyanostilbenes on the Lewis acidity
of these compounds has been measured. Using g~
values, an average E) of 2.2 was obtained for the

F3-phenyl ring in the various solvent systems studied.
Using 07 values, the () for X-cyanostilbenes with
substituents in the (-ring is 4,77 in DMSO-ethanol
and 4.24 in DMSO-methanol. In the O~phenyl ring the
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Y-nitro group exhibits a greatly exalted sigma value
(1.7%).

In order to compare the Hg- and H_ scales in
one system, the H_ scale has been established in sodium
methoxide-methanol using various carbon acids as indicators.
The two scales are nearly parallel.

The rates of the base catalyzed isomerization
of Ol-cyano-cis-stilbenes were found to correlate with
the HR' function. Plots of the logarithms of the
apparent first ordervrate'constants (kl) for the 
isomerization against the Hp- values gave excellent
straight lines with slopes ranging from 0.426 to 0,665,
The slopes of these lines depend on the substituent
present in the Ql-phenyl ring and on the solvent system.
The slopes were shown to be a measure of how closely the
transition state for the isomerization reaction resembles
the carbanion formed by the equilibrium addition of
alkoxide ion ﬁo an alkene.

The effect of substituents on the rate of
isomerization of Ol-cyano-cis-stilbenes has been
determined. Using (J values the fD for substituents
in the Ol-phenyl ring is 3.07 in DMSO-ethanol and
2.82 in DMSO-méthanol.

The activation parameters for the base
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catalyzed isomerization reaction have been determined
in DMSO-methanol. The enthalpies of activation range

from 14.3 to 16.7 kcal. mole T

and the entropies of
activation range from -9.3 to =13.7 e.u. depending on
the substituent.

The base catalyzed isomerization of (X-cyano-
cis-stilbenes is first order in base and firsé\order in
reactant, The mechanism of this reaction is discussed
in terms of the kinetic-acidity function correlatibn,
the substituent effects, and the activation pafameters.)

The reactions of l,l-bis~(H-nitrophenYI)ethene
and 4,4'~dinitrobenzophenone with hydroxide or alkoxide

ions in DMSO are described.
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INTRODUCTION

A, Acids, Bases and Acidity Functions

Acids and bases have intrigued chemists for
centuries. From as early as 1663, when Boyle reported
~that acids gave a red color to the blue vegetable
coloring matter litmus (1), the study of acids and
bases has led to a fuller understanding of the
fundamentéls of chemistry.

The development of a definition for acids and
bases has paralleled the increased understanding of their
nature. Lavoisier, in the 1770's, noticed that when
elements like carbon, nitrogen and sulfur were burned
in oxygen, the products yielded acids in water. This
led him to postulate that oxygen was an element cbmmon
to all acids (1). With the discovery by Davy that hydrogén,
rather than oxygen was the element common to acids, Liebig
defined acids as those ". . . compounds containing
hydrogen in which the hydrogen can be replaced by metals"(1l).
The development of the theory of electrolytic dissociation
by Ostwald and Arrhenius in the 1880's (1) eventually
led to the Bronsted concept of acids and bases (2).
Accdrding to this definition, an acid is a proton

donor and a base is a proton acceptor.



Up until this time, definitions of acids
and bases were restricted to those systems which involved
the transfer of a proton. The realization that some of
the characteristic properties of acids and bases were
possessed by substances not containing protons led Lewis
to propose a broader, mbre inclusive definition of acids
and_baées. According to this concept, an acid is a
substance which can accept an electron pair and a base is
one able to donate an electron pair (3).

Although the Lewis definition is quite inclusive
and may include the Bronsted acids as a special case,
Gillespie feels that it is reasonable to regard proton
acids as a separate class with particular properties ().
In the Bronsted sense, acid-base reactions involve only
the transfer of a proton, no matter what the acid may be.
Since these proton transfer reactions are usually very
fast, they lend themselves readily to equilibrium
measurements. In one solvent system the strength of an
acid is dependent only on the degree of dissociation and
independent of the base with which it is reacting. No
such simple relationship exists in acid-base.reactions
when Lewis type acids are involved. In this latter case,
an acid-base reaction involves the complete molecule and
its strength as an acid depends on the base with which

it is reacting.



In order to measure the strength of acids,
measurements on the equilibrium involving at least two

acids are necessary (5a).
AE + B== 4 + BH 1

(Thevcharges have been omitted ih this_equation
in order to make it more general. In all cases the charge
oﬁ A will be one less than that on AH.) The thermo-
dynamicvequilibrium constant for this reaction is then

given by the expression *

(A) (BH)
(AH)(B)

K ()

Since equilibrium constants often_vary by many poweré of

ten, it is customary to use the definition

- pK . - log K , ' (3)

Although the above pertains specifically to Bronsted a01ds,
analogous equations can be derived for Lewis a01ds. '

In the case where water is the solvent and also
the base in equation (1), then the equilibrium constant

in equation (2) becomes

* The symbols (),[ ] and f will be used to denote
the activity, concentration and activity coefficient on

the ﬁolar,scale respectively.



) (B)gq (307 _ [] [H ole, £4%h0" .

where the subscript aq refers to the species solvated'by
water, ©Since in dilute aqueous solution, the activity of
water is effeotively unity when water is taken as.the
standard state (6), the term (Hp0) in equation (4) has
been included in K. When AH is an uncharged molecule,
-then the equilibrium constant in equation (4) is denoted
as Kpyyg and is known as the acid dissociation constant (7a).

Since equation (&%) involves the activities
of ions, Which cannot easlly be measured, the usual
practice is to neasure the dissociation constant

[4] E{3Oﬂ

Ke =.-"@—— | ’(5)_

which is the equilibrium constant using concentrations
rather than activities. The concentration measurements
are then made as a function of ionic strength and
extrapolated to infinite dilution (8). That this
procedure w1ll give the value for the thermodynamic

‘equlllbrium constant is evident from the expression
@ =[xy (6)

where X refers to any species. The activity coefficient



term fX

is a measure of how,far the behavior of X deviates
from ideality and will be equal to unity in the staﬁdard
state. On applying equation (3) to equation (&), the

_ latter becomes

(A)

pPK = =log
(AH)

- log (H30%) | (7)

In dilute aqueous solutions, -log (H3O+) is closeiy

approximated:by the pH, although pH is now defined en an
operational basis»(?b); Equation (7) allows one to
measure the ionization constants of acids and bases in
dilute aqueous solutions of low ionic strength. Since
the ionie strength must remain low, the pK values of
acids and bases measurable iﬁ aqueous solutions are
restricted to the pH range from 1 to 12.

Many weak acids and bases have pK values
outside the range of 1 to 12 and the measurement ofﬁ
these has been a difficult problem. One of the most
popular methods of overcoming this difficulty was
developed by Hammett and Deyrup (9). For acids which

ionize according to the equation

BH=—3B + H (8)

where the water of solvation and ionic charges have been

omitted, the pK is given by the expression



(B)(H) i (H)f
pPK = = log — = = log [:] - log B (9)

© (BH) [BH] foH
For any two acids, BH and CH, which ionize to a measurable
‘extent in the same solvent, the ApK is given by

. B| |CH B¢
ApK = pKpy -pKcg = = logE;LEgl- - lOg;EJEi_ (10)

N I
Since the ratios [B]/ E3I-ﬂ and [C]/ [CH] can be obtained
experimentally, one can then obtain, by this stepwise
process, lﬁpK values for a variety of acids which lonize
according to equation (8), provided the last term in
'eqﬁation (10) 1s close to zero. If one acid ionizes
in the pH range, then all the other pK values are based
on water as the‘étandard state and are thus true thermo¥
dynamic pK values. In addition to the pK values, a
meaSure of the acidity or basicity of the medium is also‘
obtained. This is given by the acidity function
defined és |

8] (H)fg

H = log =5 + opKpg = =log ———— - (11)

[ | Tey

The postulate that H is dependent only on the éolution

and independent of the particular indicator used to measure
it is based on the fundamental assumption that‘the ratio

of the activity coefficients, fp/fpy, is the same for



different acids in a given solution.
The Hammett acidity function‘was first developed

for systems which.ionizé according to equation (12)

Bt == B + H @2)
“in a highly acidic medium such as sulfuric acid‘(9).
Since the conjugate base in these cases is an uncharged
molecule, the appropriate acidity function wés designated
as H, where the subééript refers. to the charge on the |
conjugate base (9). Since the initial work of Hammett and
his co;ﬁorkefsh(é, 10), a considerable amount of work has °
been done using various concentraﬁed.acids. .The early
work on acidity functions was reviewed in 1957 by Paul -
and Long (11). A bibliography of acidity funétion values
repbrted since theﬁ has recently been published by Deno (12).

Although the early H, functions were based largely
_on amine indicators (9 - 11), it was hoped that one
function would hold for a variety of similar indicétors
which ionized'by protonation. That this ideal does not
héld for acids which differ substantially in structure has
since been conclusively showne. Whether or not the idh—
ization behavior of an acid follows the Hj function can
be determined by a plot of log [B]/ [ﬁHﬂ versus Hy.
If the ionization behavior of the acid follows H,, this

plot should give a straight line of unit slope. It has



been shown that for several classes of compounds, such
as ethers (13), pyrroles (14), azulenes (15), amides
(16 - 18), tertiary amines (19) and indoles (20), the
above criterion was not followed. This mist mean that the
Hammett postulate only holds for a narrow range of acids
which differ only slightly in structure. As a result,
separate and self-consisteﬁt HO functions'have]been |
established for the protonation of primary (21, 22) and
tertiary (19) amines, amides (23 - 25) and indoles (20).
Althqugh the above compounds all react, in acid
médium, according to simple protonation equilibria, carbinf.
ols do not. Instead, they react with sulfuric acid

| according to the equation
_ v N _
ROE + HpoSO, ==— R + Hy0 +  HSO,  (13)

For equilibria of this type, Gold and Hawes (26) derived
an acidity function called Jg. For mathematical convenience,
they factored equation (13) into three auxiliary steps

+

HpS0, = HSO,T + H o aw
ROH + H' = ROH, | | (15)
ROHp®™ == R' + Hp0 | o (16)

with equilibrium constants Kl’ K5, and K3 respectively.

The overall equilibrium constant Ky, was then



(®") (880,”) (H,0)

K = K.K,K, = - (17)
| 17273 (ROH) (H,S80y,)
By using the definition that
(H') fp
h = —— 2 (18)
0 oot
BH
equation (17), upon rearrangement, gave
(R+) (HQO) - from .
Krow = ¥ " (19)
(ROH) hofROHZ ’ .
Upon taking logarithms and rearranging, equation (19)
then became | ' '
- Rox] fROHp
H, + log(Hy0) = = pKpog + logT+ + log—=
: [R ] ; _ fR’*'-‘
(20)
From the definition that
| | [Rod] |
J, = =pKgog <+ log [ﬁﬂ - (21)

it followed that H, and JO were related by the equation

. frt
J = H_ + 1log(H0) + log ‘ (22)

o) o)
f +
ROH2
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By assuming that fR+/fROH2+ was unity in all soivents
considered, Gold and Hawes (26) were able to calculate
Jo values for sulfuric acid solutions using the known
Ho values and the measured activity of water in sulfuricv
acid sblutions. In testing this relationship they»found
vthat a piot of log lﬁfl/lhOd against.Jé for W,4',L4"-
trinitrotriphenylmethanol in 80 to 90% sulfuric acid
yielded a straight line of slope 1.16. |
Although the above aésumption was at first
acéepted by Deno,'Jaruzelski and Schriesheim (27),.they
later established a self-consistent acidity function in

sulfuric acid for the equilibrium (28)

R" + H,0 =="ROH + H (23)

The acidity function, Hp, was defined as

N ']

"‘(24)

H =  pKp = log+=—=
. + | f R+
= = log(H) + log(H0) + log-
fron
where the'difference between HR and Jo was shown to be
fR+ ’
HR =~ J, = log—— (25)

TROH,*
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By using 18 arylmethanols, they showed that the value
~of (Hy - J,) decreased gradually to a value of =5

at 82% sulfuric acid, above which it was stationary.

" This evidence indicated that the activity coefficient
ratio, fR+/fROH2 3 is not equal to unity below

82% sulfuric acid. The fact that Gold and Hawes tested
their postulate in 80 to 90% sulfuric acid and obtained
a straight line of near unit slope when plotting

log @f]/[hOﬁ] against the calculated J, values (26), is
in accordance with this later evidence.

By evaluating the Hr function in perchloric
and nitric acids, Deno et.al (29) were able to show that
the pKgr+ values are largely the same for a given alcohol,
even though:measured in different aqueous solutions. This
showed that for arylmethanols, the values of the activity
coefficiént ratio, fR+/fROH, are largely independent
of the arylmethyl group.

Closely connected with the Hp ac1d1ty function
is the arylolefin-arylmethyl cation equilibrium. This
was:investigated by Deno, Grover and Saines (30) for
several diarylolefins for which the equilibrium

protonation can be written as

where ol represents the olefin and R+ the corresponding
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methyl cation. From the equilibrium constant for
equation (26), the expression |

¥ ,
[R ] - frt
+ log

@i] fo1

(27)

pK'gt = - log(H+) +  log

can be obtained.‘ Combining equation (27) with equation
(24), with the assumption that fp+/frog and fr+/f,q are
equal, resuited in the definition for HR"as given in
equation (28).

o1
HR' = HR - lOg(H20) = pK'R+ + log [R-*:] (28)

The daté for the'six diarylolefins studied satisfactorily
fit equatioﬁ (28) rather than equation (24) or the
H, function (30). This evidence indicated that a separate
acidity function Hp' governs the protonation of olefins.
As can be seen from the above, the protonation
of neutral species has been thoroughly studied. In
contrast to this, comparatively little work has been
done on studying the protonation of negatively charged> N
species. According to the proposal of Hammett (9, 10),
the acidity function describing the medium in whiéh the
protonation of a negatively charged species takes place,

as described by the equilibrium

HA <= A~ + H (29)
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would be the H_ function. This is then defined by

=
"H_ = pKyg, ¢ log[—-;l-— - (30)

[arg

- log h_

where

(H*) £p= ' -
n_ — A (31)
i

1]

In order to study equilibria of the type
represented by equation (29) outside thé dilute aqueous
region, very strong acids in strongly acid medium‘(31, 32),
or conversely, weak acids and strongly basic systems (33)
must be empioyed; In,acidic medium, Phillips established
a H; scale for aqueous hydrochloric acid éolutions using
phosphate type indicators (31) and Boyd eétablished
a H_ scaié for éulfuric and perchloric acids using
cyanocarbon acids as indicators (32). In highly basic

regions,‘H scales have been establiéhed for a variety

of systems'émploying.a number of different types of
indicators (33). It is this latter area which will be
summarized here.

}Strongly basic systems can be established in

any one’of_three ways. One way is to increase the

concentration of the salt of the conjugate base of a
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protic solvent-in that solvent. H_ scales for ﬁhis type
of system have been developed for potassium hydroxide=
water (34), sodium hydroxide-water (34, 35), lithium

_ hydrOXide-water'(36), benzyltrimethylammonium hydrdxide-
watér (36), lithium (37), potassium (37, 38) and sodium
(37, 39 - 41) methoxide-methanol solutions. |

In dilute solutions, for example 0.01 to 1M

sodium hydroxide in water, the equation
H. = pK, + log [0H] (32)

holds fairly well (35). But at higher concentrations

- of hydroxide ion, the "effective pH" increaseé more

rapidly than the value of log @Hf] would indicate (35, 36),

thus giving rise to a H_ scale. il |
Schwarzenbach and Sulzberger (34) were fhe'

fifst télattgmpﬁ td set up a H_ scale. They used

cdncehtrated solutions of aqueous sodium and'potassium

hydroXides employing indigo derivatives (I) and substituted

| 5;:2\;:© |

glutacondialdehyde dianils (II) as indicators.
R-N=CH-CH=CH-CH=CH-NH-R
II
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In certain cases, some glutaéondialdehyde dianils
éhowed anomalous ionization behavior which was attributed
to hydroxide jon addition in contrast to protoﬁ removal.
Recéntly, Edward and Wang (35) have reinvestigated the H_
'scale in aqueous sodium hydroxide solutions using thio-
acetamidé:és an indicator. They confirméd the H_ scale of
the earlier.workers'and suggested thét the anomalous
behavior of the.giutacondialdehyde dianils was due to a
differetice in hydration rather than a different ionization
process.

Several workers have recently éttempted to
: apply'fhé rationalization of Bascombe and Bell (42), who
showed that the high acidities in concegtrated acid
sOiutions are mainly due to extensive désdl&ation of the
proton, to concentrated aqueous alkaline solutions (35, 43).

‘For the equilibrium
HA + OH == A + (p + L)H,0 (33)

~ where HA, OH and A” represent the hydrated species and p
represents the difference in'hydration number between
(HA + OH ) and A", Edward and Wang (35) derived the

expression

_[ﬁ—l . IKHA' ] (H,0)

[Ea] Ky

r-p=1

(34)
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using the approximation that
fuafor™

r log (H,0) =~ 1log

(35)
A plot (log EA—]./EM] - log E)H—]) versus log (HQO)

for thioacetamide in aqueous sodium hydroxide_solqtions
gave an approximately Straight line with the slope

(r=p-1) beihg equal to 3.2. Using this value, they

calculated the H_ values using the equation'
H. = pK, '+ log[0H| + (r-p-1) log(Hy0) (36

and found that the calgulated H_ values,agreed'reasonably
well with the experimental ones. More fecently, Yégil
and Anbar (43) carried out a similar treatment for -
aqﬁeous sodium and potassium hydroxide solutions..

 With the term (r-p-1) in equation (36) replaced by

-(n + 1) and using thé H_ values of Schwarzenbach and
Sulzberger (34), Yagil and Anbar found that the calculated
H_ wvalues agreed with the experimental ones only when n
was equal té 3. In thié treatment, n was regarded as the
number of water moleéules solvating the hydroxide ion
(43). These two treatments indicate that the increased
basiéity of.concentratéd alkaline solutions is primarily
due to a lessening of the degree of solvation of the
hydroxide ion due to its greater concehtration resulting

in an ion with a higher activity.:
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A similar treatment has fecently been attempted
by Rochester (41) for sodium methoxide solutions. Using

the equation
H_ = pKyoog *+ log[NaOMe] - (n + 1)log(MeOH) (37)

where @aOMQ was the stoichiometric concentration of
sodium methoxide and assuming that log(foMe=Typ/ Ty~
was approximate1y zero, he calculated values of n using
various phenols as indicators. The'average values of
n Wefe fairiy large, ranging from‘3.0 for pehtamethylphenol
to 5.6 for 2,6-~di-t-butylphenols. Not much significance
was attached to these figures because of the lack of -
knowiedge about the values of activity coefficients in
- methanolic solutions.
A second way in which strongly basic systems
can be established is by using a two component system
in which one component is of itself comparatively
basic and the other component usually being water. As
~the concentration of water is decreased, the basicity
increases., Using this type of system, H_ scales have
been developed for hydrazine-wéter (4%, 45), ethylene-
diamine-water (46) and 2-aminoethanol-water (47) systems.
The third method of obtaining highly basic

systems is to use protic-aprotic polar component systems.

Since such systems are not inherently basic, it is
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necessary to add a certain amount of base, such ae}a"
salt of the conjugate base of the protic componenf, to
the system. The basicity of these systems can be incfeased
‘either by increasing the base concentration;»er,_more |
commonly, by keepihg the concentration of the base constant
and increasing the propoftion of the aprotic compeﬁenﬁ;A
H_ scales fof such systems have been established fof o
sulfolane-water (36, 48), pyridine-water (36), dimethyl-
sulfoxide-water (36, 49), dimethylsulfoxide-methanol (50)
and dimethylsulfoxide-ethanol (51) systems. |

Of all the systems studied, the most highly
basic system establlshed so far has been in dlmethyl-
sulfox1de (DMSO) containing O 011M tetramethylammonlum
hydroxide (36, 49). With this system, a maximum H_
value of 26 was obtained in 99 mole % DMSO-Watef (49).
The H_ values for the various other systems are 1isted.in
the recent review by Bowden (33) | |

A variety of indicators have been used 1n these"
studies in highly basic systems. The indlcators used by R
Schwarzenbach and Sulzberger (3%) and Edward‘and Wang (35)
have already been mentioned. Other workers in this field
have relied heavily on substituted arylamines as
indicators (36 = 39, 44+ - 50). Recently, highly hindered
phenols have also been used (40, 41, 52). In addition
to.these,vsubstituted fluorenes and-polyarylﬁethanes

have been employed in setting up H; scales (48, 51),
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Although Schaai and co—wofkérs:(53, 5k) have
measured the apparent pK values of some polynitrobenzenes
(II1), the mode of ionization of these compounds déﬁnot |
be a simple proton loss as given by equafion (29). InStead,

an ionization process such as

| | | o .0 o
. NO » Nt . NO3 -
+ OR™ r—-—-—"‘> <> A+ o (38)
Y NO> L O,N NO, O,N N
H OR - H OR '

III o . IV -

was visualized (53). That such a Meisenheimer type
complex (IV) (55) can be formed by polynitrobenzenes in.
_basié solutions has recently been shown with the aid

of NMR spectroscopy (56, 57). | a |

Since,equilibria of the type describea in

équation (38) do not follow a H_ function, a function |
designated J_ has been suggested (26, 585 f¢r such
processes. Rochester (58) considered the_addition of

base to an indicator in terms of the two reversible"

equilibria
AH ;;iE'H+ + A (K> QY
AT+ Hy0 === AHOH - (K,) - (ko)

2
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From these, by letting K = K1K2, the expression
- [anox] | | £0~
log——=— = =pK + H_ + log (H,0) + log—
[ad] : Tanon~
1) .
was obtained. With J_ defined as '
| [AHOH™] S
J_ = pKk + log——— (42)
[

the felationship between H_ and J_ was given-by'thetequétion

_— : . _ f,- A
J_ = H + log(H,0) + log A S M3)
RN |

The relationship between J_ and H_ is then analogous :
to that between J_ and H, (26). | |

. _Up'td the present, 6nly one J_ scale has been |
established. ﬁsing 2,4-dinitroanisole, 2,4%-dinitroaniline,
picric acid and 2,4,6-trinitroanisole, Rochester.attempﬁéd
to estéblish-a J_ scale for sodium methoxide.in*methénbl
(59). However, the two or three possible equilibfia |
involved in each case would tend to cast some-doqbt on.

the validity of a scale using such indicators.
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B. The Correlation of Kinetics with Acidity Functions

The correlation of the kinetics of acid catalyzed
reactions with acidity functions has been well documented
(60). In contrast to the work in acid regions, few
correiations‘of base catalyzed reactions with the approp=-
riate acidiﬁy function have been made.

The relationship between kinetics and acidity
functions in aqueous alkaline solutions for various types
of mechanisms has been discussed by Anbar et al (61).

They showed that the logarithm of the rate constant either
correlates with H_ or with H_ -+ log CH20, where CH2O
is the concentration of water not bound by solvation.

The case where a rapid pre-equilibrium is set

up followed by a slow unimolecular reaction was represent-

ed by the equations

SH + O = § + H' ()
- slow « _ |
S  —> products (W5
With the assumption that fgu/ft = f,./f,~, where AH

and A refer to the indicators used to establish the H_
scale and f* is the activity'coefficient for the

transition state in the reaction, it was shown that the
relation between k, the rate constant, and H_ 1is given

by the expression (61)

logk = H +  constant (4+6)
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An example of this type was first reported by Ridd et al
(62, 63). They studied the decomposition of chloroform
in sodium methoxide-methanol solutions. The slow step
in this reaction had previously been shown to be the
decomposition of the éonjugate base, CCl3—, to form the
carbene. Using the H_ scale which they had previously
established (39), O'Ferrall and Ridd (63) reported that
Nawplotbof log k versus H_ gave a reasonably straight line
with a slope of about 0.8. Another example of this type
is the cdrrelation between the rate of the base catalyzed
racemization of (+)=2-methyl-3-phenylpropionitrile and
the'baSicity of the medium, as measured by a H_ scale for the
DMSO=-methanol system containing 0.025 molar sodium
methoxide ‘as base (50). The excellent correlation between
log k¥ and H_, as evidenced by a straight line for a
basicity change of seven powers of ten with a slope of
0.87, was . used to argue in favor of a rapidvequilibfium
formation of an "asymmetrically solvated carbanion"
followed by a slow rate determining racemizing step..

When the sﬁbstrate SH is in rapid pre-equilibrium
with its conjugate base S, as given in equatibn (44),
which is followed by a bimolecular rate determinin%
reactioh of S with another reactant Y to form the products

- slow
S + Y —> products | ' (47)
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then the relatién betwéen the rate constant and H_ is
still given by equation (46) if the assumption that
fyfeg/fT = fag/fa-' is true (61). An example of this
was reported to be the reaction of émmonia with chloramine
in concentrated alkaline hydroxide solutions (615.’ The
kinetics'of this reaction was found to cérreléte with
H_ giving a slope of 0.90 (64).

In the case where the rate determining step -
is the nucleophilic attack of the hydroxide ion, either
in the ppoton removal or the substitution step; it was
shown that the kinetics should correlate with H_ + 1080H20
(61). In the base catalyzed elimination reaction of

dl-serine phosphate (V),

H,PO

5 3-O-CHQCH(NH2?CO2H

V-

which was shbwn by deuterium isotope effect to react

by a slow rate determining proton removal step followed

by a rapid deqomposition to products (65), the plot of

log k versus H_ + logCH2o gave a straight liné with a

- slope of 0.98 (61, 65). For the alkaline hydrolysis of
ethyl iodide, which goes by the Sy2 mechanism, it was shown
that a plot of log k versus H_ + 1ogCH20 gave a stréight
line with a slope of 1.03 (61). Similarly in the

hydrolysis of chloramine, which is thought to involve a
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slow nucleophilic attack of hydroxide ion on chloramine (66),
the plot of log k versus H_ + logCHZO gave a straight
line of slope 1.00 (61). These examples support the
proposals by Anbar et al (61).

Several less valid correlations of H_ with rate
data have also been reported. These include the degradation
of ﬁ;diﬁiéfobénzene (67), 2-dinitrobenzene (68), and 2~ and "
",H-chloronitrbbenzenes (69) in methanolic alkoxide solutions
and the hydroljsis of carbon disulfide in concentrated »
alkaline hydroxide sgLutions (70).,‘These studies have the
common feature that 1t is unlikely that the mechanisms
involve a fast eduilibrium ionization by the loss of a
proton to form an anion followed by akrate-determining
decomposition of the anion. Instead, these reactions
likely proceed either by a fast equilibrium addition of a
base molecule followed by a rate-determining decomposition
of the base adduct,'or by a slow rate-determining addition
of base.to the unséturated system. Because these rates.were
correlated with acidity scales derived by using indicators
_ ioﬁizing by a proton loss, there is doubt as to the mean=-
ing of such correlations. |

Such reactions as above should be correlated
with a J_ type acidity function. One such kinetic
correlation with a J_ scale has been attempted. Using

equation (43) with the assumption that log(fy /Tamor™)
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was zero and employing thévH_ values of Schwarzenbach
and Sulzberger (34) coupled with the activity of water
in aqueous sodium. hydroxide, Rochester correlated log k
for the disappearance of 2,4-dinitroanisole with J_ (71).
It was found that a plot of log k versus H_ + log(H2O),

or J_, gave a straight line with a slope of 1l.1l1l.

C. Base Catalyzed cis~trans Isomerizations,?

In order for nucleophilic reagents to réact with
carbon-carbon double bonds, the unsaturated system mist
be activated by:strongly electron withdrawing groups.' Such
‘activated carbon-carbon double bonds cah react with a
variety of nucleophilic reagents to give a variety of
products. A common characteristic of all these reactions
is that the first step_is the attack of the ﬂucleophilié
reagent on the positively polarized carbon resulting in
aﬁ‘ﬁhstable carbanion (72, 73). The fate of the carbanion
is dependent on the nature of the attached groups, the
nature of the solvent and other molecules present in the
solution which-may participate in the reaction in subsequent
stages (72). The various types of nucleophilic attacks
and the resulting products have recently been reviewed
by Patai and Rappoport in a book edited by Patai (73).

Of the reactions which activated carbon-carbon

double bonds can undergo with nucleophilic reagents, the
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. Simplest,is the_cis—trens-isomerization; ‘In thie‘simple
case, the nucleophiie addsvto the double bond forming the
_Avcarbanlon whlch 1s then free to rotate or invert, followed
' by the ellmlnatlon of the nucleophlle..n__

One of the earllest studies of base catalyzed
01s-trans 1somer1zatlons was that of the transformatlon

of methyl maleate to methyl fumaratef_'

V_CH_o.C\jf CO,CHy ~ CHR0,C_. H
32 0eal 23— T3 e (48)
o ®H B H  "CO,CH3

| Clemo'and Graham -(74) found'that this-transformation was
.catalyzed by prlmary and secondary amlnes but not by
tertiary amines. In-a. later study, Nozaki (75) found that
the peaction was first order in the unsaturetedvester and
- second order in amine;<;It was also found that the rates
oonrelaﬁed witn the beee'etrength (pKBH+) of‘the amine.

. The rate determining step was then postulated to be

- NR', OR
ROZ COR =
N /< - H _RO-C-0H  C=0
c=G. . . + 2R NR'% | = (%9)
/ \ TR H-(‘T‘———'(IJ-aH
NR's H

VI

where (VI), is the oorreoted structure for the "activated
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complex" given by Davis and Evans (76). Instead of structure

VI, Davis and Evans preferred structure VII,

VII

where the transition complex involves two actual or
incipient "dative" bonds (76). On the other:hand,
Rappoport, Degani and Patai (77) postulatéd that a four-
center(j@-addition was possible with primary and
secondary amines, as shown in equation (50), to form the

amine adduct VIII

R'5N » CHCO,R  _ R',NCH=COoR RO,C-CH
| —> RIGNH S © | + 2HNR',
H ¥ CHCO,R HCHCO,R HCCOLR
| VIII

(50)
Due to the presence of free amine molecules, a base-
catalyzed removal of amine was thought to be possible

to give fumarate. This explained the overall third-
order kinetics and also the correlation between the

reactivity of the amines and their respective proton

basicity.
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With more highly activated carbon-carbon

double bonds, such as in IX, the amine catalyzed cis-

Ar .COZCZH
=g 5

I

H™  CN

IX

traﬁs isomerization revefts from third to secon&-order
'kinetics, and ﬁertiary as well as priméry and secondary
amines catalyze the reaction (77). Not only amines ‘but
also other‘nucleophiles were found to enhance the rate of
'isomerizatiqn. ‘Hydroxide ion and~the carbanions of active
methylene compounds such as ethyl cyanoacetate and
malononitrile were strong catalysts whereas water and
ethanol were much weaker (78). |

The postulated mechanism for isomerizations,
using a varieﬁy of nucleophiles Y as catalysts, is

shown in the following scheme (77, 78):



29

Scheme I
Y .
Y ' |
| .
NC! COsC~H k "NC — =" CO,CoH
™ o —C02C2H5 1~ | 2275
H Y~ Ar ' =
x N X cis
' v ' - - kz k_2
| | Y
Ar N ' |
\/c=c\/C o+ Y K3 H00.C /@\ cN

-‘X trans

In the case where the attacking nucleophile Y was an amine,'
a zwitterionic interﬁediate was thought to be formed. In
this case, using the steady state approximation, it was
rationalized that the experimental first order rate |

donstant will be given by

Kopp = — | (51)

where,k~1:>k2 (77). If the same mechanism were to be
followed when nucleophiles such as hydroxide, ethoxide
or methoxide ions were acting as catalysts, then it may

be expected that the rate of isomerization might be
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correlated with an appropriate acidity function.

In the case of the amine catalyzed isomerization
of IX, Rappoport, Degani and Patai (77) found that the
energies of activation were in thé range from 2.7 to 5.0
kcal. lee“ and the entropies of activation_rahged from
~43 to =66 e.un., depending on the particular aminé used
as catalyst. The low energies of activation were rational=-

ized by applying the equation

Eexp

B o+ By - By (52)

where the subscripts refer to the individual steps in
reaction Scheme I., By taking values from the literature
for Ep as being in the order of 13 kcal. leenl, by

1 which

assuming that E_; was less than 30 kcal. mole™
is the normal value for base catalyzed éiimination-
reactions, and by assuming that Es was higher than 2 to 6
keal. mole"l;.which is the value for stericallj hindered
rotations, an.energy of activation was calculated which
agreed reasonably well with the experimental values.

| In a manner analogous to the above, the entropy
of activation was,given by

AgT =Asf + AsT - Asfl (53)

exp

The large negative entropy of activation was ﬁhought to
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be due to the relatively small &alue for ﬁﬁsg:compared with
the large positive value for AS_:E, due to two neutral
molecules beiﬁg formed from a zwitterion, and a large
negative value for stiﬁ as a result of a zwitterion being
formed from two neutral species (77).

| The assumption that k_i>ks, or that the
elimination is faster than the rotation, is in agreement
with the finding that in certain cases, vinylic.substitutions
occur with rétention of configuration (79, 80). |
Jones et al (80) found that the reéction of ethyl-@ - i
chloro-cis- and trans-crotonates with nucleophiles such
as thiocethoxide in ethanol, gave mainly products with
retention of configuration although some isomerization
took place. Similarly, Miiler and Yonan (79) found that
the early stages of the reaction of p-nitro-w-bromostyrene
with iodide proceeded largely with retention of configur-
ation. The results of such reactions have been ‘explained
on the basis of rotational energy barriers (80); If the
incoming'nuciéophile attacks,gg;ggndicular to the plane
- of the_doubie bond and the eliminated group leaves
similarly; then the group X can be eliminated from either
the carbanionic intermediate XII or XIII. The conformer
XII results from a 60° rotation in the primary intermediate

XI whereas the conformer XIII results from a 120° rotation.
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Scheme II
R
Rive(Y SLRe
i - _— 7
R , R2 R|/Q;\Y
XX X
y 1
. Y
RiveRs
g':/c . 2 ‘—_% ' R3 -RZ
I/ X R| X
X\
X |
X : ‘
o : | _R%Z;/’Ra
Re AR, —C
Y RIZ a "R
X 1

If the elimination is faster than the rotation, then the
vinylic substitution should go via XII, due to a lesser
amount of rotation resulting in less eclipsed forms,

with an overall retention of configuration (73).

In cases where a carbon-carbon double bond
system has. one -CHR2 group attached to it, base catalyzed
cis=trans isomerizatioﬁs can take place via an allylic
carbanion (81, 82). But this process depends upon the

acidity of the proton rather than the ease of nucleophilic

attack on the alkene bond.
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In one case, the mechanism of a base catalyzed‘
 isomerization was postulated to go through a vinyl
carbanion (81). Cram and Hunter studied the t-butoxide
catalyzed iéomerization of cis-stilbene, which was shown,
by deuterium exchange stﬁdies, to go through a vinyl

carbanion of structure XIV. This feaction is much slower

H -

~N
c=C
Ph”  Ph

- XIV

than.previously studied isomerizations as shown by

the fact that when cis=stilbene (0.67M) was heated with
potaséiam t-butoxide (0.255M) in t-butanol at 146° for
36.7 hours only 1% trans-stilbene was produced. This is
mich slower‘than the reactions studied by Patai and co-

workers (73, 77, 78).
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OBJECT OF THE PRESENT RESEARCH

This work was undertaken to develop a set of
iﬁdicators of appropfiate Lewis acidity in order to study
the Lewis bésicity of some highly basic systems. Several
workers (53, 58, 59, 83)‘have dttempted to study the Lewis
acidity of polynitréted benzenes and substituted benzenes
- as well as the Lewis basicity of such bases as hydroxide
(53, 58) and methoxide (59, 83) ions. Polynitfated
benzenes ére not the ideal choice for such a study
because of: |
the possibility of more than one place of attack,
the possibility of substitution giving nitrite ion (67, 68,
84) and the possibility of more than one type of ionization,
especially when polynitrated anilines are used (58, 59).

As é result,vindicators were désired which did not have
these disadvantages and yet involved a system in which the
Lewis'acidity could be changed substantially by altering

the substituents ih a phenyl ring. The system of indicators
which was finally chosen were substituted o{~cyanostilbenes

with the numbering system as indicated in XV,

3
4 2 2/ 3/
/
5 &=l 4
6 »/

XV
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In order to change the Lewis acidity of these indicators
various types of electron withdrawing and donating groups
could be placed in the phenyl rings.: Thus a study of
the relationship between the substituenﬁs and the ionization
" constants wés’possible.' |

| Since H_ scales had already been established in
DMSO=-alcohol (50, 51) and concentrated sodium methoxide-
methanol (37, 39 - 41) solutions, these systems were
thought to be the most promising in which to establish
a Lewis basicity scale. The Lewis basicity of aqueous
systems was also desirablej but, since the type of éompounds
uéed as indicators are subject to répid hydrolysis in
basic aqueous solutions (73, 85, 86) this was unattainable.

One of the ideas underlying the establishment

of acidity scales is their bearing on the mechanism of
acid or base catalyzed reactions. One possible reaction
which might be dependent on the Lewis basicity of the
medium is the base catalyzed cis-trans isomerization of
~substituted <x¥cyéno~cis-stilbénes. A study of this
reactioﬁ was undertaken in an attempf to correlate the
kinetics with the Lewis basicity of the system. In
conjunction with this, the effects of substituents and the
effect of é changé in the temperature on the rates were
also studied in order to gain further insight into the

mechanism of this reaction..
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METHODS OF APPROACH

The indicators used to develob the Lewis acidity
scale all absorbed energy in the ultraviolet or visible
region of the spéctrum; in addition, the wavelength of
maximum absorptidn of an ion differed considerably from
that for the correSponding molecule so thaf UV spectroscopy
could be.used to measure the concentration of the species.
Since the molecule‘s absorption was small or zero at the
wavelength of maximim absorption of the ion this_latter
abSofﬁtioh was used in all'cases,to measure the extent
of iénization of the indicators.

| Sinée the wavelength of maximum absorption and |
the extinction coefficient of the electronic spectra of
the trané—uscyandstilbenes differed substantially from
that of the cis= ol=cyanostilbenes, the wavelength of the
~maximum absorption of the trans-isomer afforded a-convehient
- means of following the kinetics of the base cataleed :
_ciswtréns isomerization. This method of analysis-was -

used in all the kinetic studies.
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EXPERIMENTAL

A. Purification of Solvents and Preparation of Solutions

1. Purification of dimethylsulfoxide (DMSO) (49)

' Baker.analyzed.grade DMSO was stirred over night
over éalcium'hydfide and then distilled from it under |
nitrogen at reduced pressufe'using a 34 cm Vigreux column.
Oniy'the center fractions were used in subsequént ﬁbrk.
:The‘purified DMSO was stored in glass-stoppered flasks

in a dry box.

2. Preparation of dry ethanol

Dry ethanol was prepared according fo Vogel
(87a). To one litre of absolute alcohol in a 2 1 flask
equipped withva reflux condenser and drying tube was
added 7 g of clean sodium. When this had reacted, 27.5 g
of ethyl phthalate was introduced and the mixture refluxed
for-twqihoﬁrs. ‘The purified ethanol was then distilled
under:ﬁitrogen usihg a 21 cm Vigreux column and the
_ cehter fraction collected in flasks each fitted with
a short sidearm and an appropriate rubber stopple. The

ethanol was stored under nitrogen until used.

3+ Preparation of dry methanol

Dry methanol was prepared according to the
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method of Vogel (87b). To 5 g of magnesium and 0.5 g

of iodine in a 2 1 round bottom flask equipped with a
water condenser and drying tube was added 50 to 75 ml

of methanol. This wasbwarmed slightly ahd after the
reaction had started, it was controlled by cooling. To
this,was added 900 ml of methanol and refluxed for 45
minutes. This was then distilled under nitrogen using

a 21 cm Vigreux column, and the center fraction collected

‘and stored as in the case of ethanol.

4, Preparation of a solution of sodium ethoxide

in ethanol

| To 45 ml of dry ethanol was added approximately
0.6 g of sodium. Prior tb the addition, the sodium was .
cleaned and allowed to react with clean ethanol for a
short time. After the reaction was complete, aliquots of
the stock solution were titrated with standard acid.
The.stock solution was kept under nitrogen and stored
in the refrigerator. In fhis way no decomposition

 occurred over.long periods of time,

5. Preparation of a solution of sodium methoxide

in methanel

This was prepared in the same way as described
for the sodium ethoxide solution. In this case, the

methoxide solution was not stored in a refrigerator.
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6o Preparation of DMSO-alcohol stock solutions

The DMSO-alcohol stock solutiohs were made up
according to weight for approximately every 5 moie
'pér'cent DMSO from O to 100 per cent DMSO. Dry botﬁles,
which had been flushed with dry nitrogen and equipped
with well fitting rubber stoppies, were weighed. Into
each of these wés_syringed the required_Volume‘of
~ purified DMSO under an atmosphere of nitrogen in a dry
‘box. The stoppered bottles containing the DMSO were
weighed again to give the weight of DMSO. To this was
then added the appropriate amount of alcohol. 'This was
- done vié syringe.through the rubber stopples, thus
- minimizing the contact with air and moisture.

- The bottles containing the stock solutions
were weighed for the final time giving the weight of
_ added alcohol. .Thesé stock solutions were kept under
nitrogen and storéd‘in‘a desiccator over siliCa'gel.
The DMSO—ethanol and the DMSO-methanol solutions were

- made up in the above manner.

7. Preparation of stock solutions of indicators

or reactants

An accurately weighed quantity of the indicator,
~or reactant, was placed in a 10 ml volumetric flask. In

a dry box, under nitrogen, an appropriate amount of DMSO,



40

or other solvent, was added to the sample which was then
transferred to a small brown bottle which was fitted with
a rubber Stopple. This'afforded'an easy means of withe
"drawing 30 rl bf stock solution via syringe without

exposing it to the air or moisture.

- Bs Equilibria Measurements

, A1l equilibria measurements were made using a
Bausch and Lomb spectrophotometer, Model No. 502 with the
cells thermosfated at 25° + 0.1° by means of water paésing
through a mefal block from a constant temperature bath.

| .The.general procedufe in making the measurements
was as foliows. Thevquarté UV cell was fitted with a
- Nebprene stopper which'was easily punctured by syringe
'needles; HTWO'needles,‘one connected to a nitrogen cyiinder
and the other serving as an outlet, were both inserted
through the stopper a short distancé into the cell. The
:celllwas then flushed with dry nitrogen for a short time;
after which 2.47 ml‘of the desired DMSO-alcohol solution
was added through the stopper via'a needle and 5 ml
syringe equipped with a channey adaptor. Dry nitrogen
was then bubbled throﬁgh the DMSO-alcohol solution for
about 10 minutes. To this was added, in the same way, 30
rl of the indicator stock solution using a 50 Fl Hamilton
syringe with a fixed needle and channey adaptor. The

solution was then allowed to equilibrate for a short time



41

in the cell block of the spectrophotometer.

The cells containing the indicator and the
reference cell were handled identically except that the
 reference cell did not contein the 30 ul of DMSO indicator
stock solution. - The speetrum of the molecule was recorded
and the zero absorption line adjusted in the region of
.maximum,absorptioh of the ion. Using a 50 rl syringe
“with a fixed needle, the appropriate amount of alkoxide
solution (35 Vl of sodium methoxide solution or 36r1
of sodium ethoxide solution) was added by inserting the
- needle a short distance through the stopper. The spectrum
was then recorded at least at two different times to
ensure that the ion was stable. If the ion Were.not
stable, the absorbance was measured as a function of time
_and'extrepolated back to zero time. This, then, gave
the absorbance'of the"ion.af»the wavelength of its
_ maximm absorption.

| The spectral data'for the various compounds
are giveh'in Tables I ; ITII. The wavelengths of maximum
absorption and the molar extinction coefficients are
listed for many of the molecular and ionic forms of the

indicators and reactants.

C. Treatment of the Spectral Data in the Equilibrium

Measurements

The absorption data for indicators which ionize
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according to the equation
A + HOR= AOR" + H' (54)

can be treated in the usual manner. If A is the fraction
ionized, and if the solutions are dilute enough so that

Beer's Law is followed (88), then

bw] e -e& R
(4] 1 -k Caor~ €

' Where:.Ez.is the molar extinction coefficient at.the
wavelength of the measurement in a solution in
which the indicator is partially ionized;

€s is the molar extinction coefficient of the
unionized molecule; and
H eAOR;iS the molar extinction coefficient of the
ion.

Since“in many cases the’absorbance of the molecule was

'negligible ét the wavelength at which the measurements

were takén,(aqcoﬁld be neglected. This resultéd in the

simpler expression.

X €

T -« - o = ' o (56)
b= Caor-— € |
Since the same concentrations of indicators were used for

each measurement, the molar extinction coefficient € was

replaced by the absorbance A,
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The ionization data for the various indicatofs
have been recorded in Tables IV - VIi. These data have
' been recorded in the form of'log I values for the various
en hor7]/[A] . 1n the case
of the carbon acids, the data for I = 'Af]/[éﬁ] have

solvent_compoéitions]where I

been recorded:in-the Tables'VIII and IX., -

D; Kihetié'Mbasurementsi

In measuring the kinetics of the base .catalyzed
cis~trans isomerization of cx-cyano-cis-stilbenes, the
procedﬁre in making up the solutions in thé-quartz uv »
céllgﬁﬁééfthe same as that already described in the case for
equiliﬁria meésurements; The only difference was in the
length of time allowed for the solutions,to come to
thermél equilibrium. In the kinetic measurements, before
"~ the édditidn-of the alkoxide solution, the solution.in
the UV cells was allowed to come to thermal equilibrium
for apprOXimately 30 mimutes. |

Mahy of the kinetic measurements were made using -
a Beckman’DUlSpectropn§pom§terAModel_2400 ﬁith ﬁhermospacers.
After thermal equilibrium had been attained the absorbance
of theicié~isomerbat the wavelength of the maximum
absorption of thebtrans-isomer was measured. After the
_addition of the alkoxide solutibn to the reference cell,

the reference energy was balanced. Then the same amount of



iy

alkoxide solution was added to the sample cell and~tne
absorbance recorded as a function of time.

In studying the effect of a change in temperature
on the rate of isomerization, a Bausch and Lomb Model No.
502 spectrophotometer was used because of better thermal
contact between the constant temperature block and the
cells.j_The procedure was,31m11ar-to that used with the
Beckmen'DU Spectrophotometer. The temperature of the cell
blook wasvmeasured by means of a copper~iron constantan
'tnermocouple placed‘in a brass probe in the constant
temperature_block, with the reference thermocouple in an
ice bath, using a Honeywell Model No 2732 Potentiometer.
The thermocouple had previously been calibrated against a
mercury thermometer using a’oonstant temperature water
bath. The averaging of several emf readings as measured
by the potentiometer during the course of the reaction
and the subsequent 1nterpolat10n from the appropriate
’ cd11bratlon curve gave the average temperature at which

the reaction took place.

E, Treatment of the Kinetic Data

For a bimolecular reaction of the type

X + C—>Y + C (57)

where C is‘a true catalyst and is regenerated, the rate

expression is given by
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day

= ky(X)(C) | , (58)
dt ‘ | R

‘where kp is the second order rate constant. If the
concentration of the catalyst is in large excess, equation

(58) simplifies to an apparent first order reaction with
the rate expréssion'

dd

— - & (1 - o (59)

where A is the relative proporticn of Y present and
ki is the apparent first order rate constant. The
integration of this yields

!

1n - = kot | - (60)
1 - -

If X and Y are the only species absorbing at a particular

wavelength, then i1t can easily be shown that

| € — € |

o= =X (61)
. €y — €x |

and

N < |
1 A = —Eiyf:—gsz , | v(62)
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where: €X is the molar extinction coefficient of the
reactant X3 |
E}‘is the molar extinction coefficient of the
product Y; and | ‘
:€f is~the'molaf extincetion coefficient of the solution
at a time t, all taken at one particular wavelength.
- If the solutidns-are'sufficiently dilute so that Beer's
'Law“hblds,,theﬁ the molar'extinction coefficients can be
. feplééed by abéofbéhces; Since the absorbance of the
reactant will be given by that at time zero, it follows
that €x can be replaced by Ay, and since the absorbance
cf the.product will be given by that at the completion of
the reactibn, then €Y can be replaced by Aco, then the

rate expression is given by the equation

1n = Kyt * (63)

In this case, a plot of log(hoo = Ag)/(hgo = At) versus
time will give a stfaight line with the apparent first
order réte constant kq being equal to 2.3026 times the
slope. All the kinetic data were treated in the above
manner. When the second order rate constants were
desired, as in the temperature study, k; was divided

by the concentration of the base.
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F. Preparation of Indicators and Reactants

1. 1,1-Bis-(ik-nitrophenyl)ethene

: 1‘l-Diphénylethahe was prepared from benzene
~and stryene accordlng to the method of Szmant and Yoncoskie
(99)., This. was then nltrated with fumlng nitric ac1d
below lO° to glve 1,1~ blS (H«nltrophenyl)ethane (90),
whlch in turn was: bromlnated w1th N-bromosuccinimide in
, carbon.tetrachlorldesu31ng benzoyl peroxide as catalyst.
,,The erude bromlde'wae‘ﬁhenvdehydrohalogenated according
to Szmant and Deffner (90) by re?lux1ng in pyﬂldlne to
give 1,1- bis- (h-nltrophenyl)ethene. This was ‘then -
: recrystalllzed from methanol and from ethyl acetate to glve.
yellow—orange platelets meltlng at 174 - 5° (llt. value:
175 - 176.5° (90) ). |

12; CXuCyeno-2,h-dihitrostilbehe,

To-a solution of-O.7:g of'2,4-dlnitrobenzyl
eyanidé,vprepered acéording‘to'Feirboufne‘and FawSon'(9l)
and O. L g of benzaldehyde in 20 ml of ethanol was added 4
drops of plperldlne and the mlxture was refluxed for 16
nours. The solutlon was cooled, ‘some of the ethanol was
evapefated.and‘the dark colored eolid filtered to yield'
O.6'g-of crudé material for a 60% yield. This was recrystalu.

lized from acetic acid to a constant melting point of 160 - 161°.

Analysis: : _ carbon hydrogen mnitrogen
| calculated 61.02 3.07 14.23
found : - 60493 342k 14,17
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3. X=Cyano=W,4'=dinitrostilbene

c(-Cyano-h,%i-dinitrostilbene was prepared by
condensing 4;nitrobenzyl cyanide with Y-nitrobenzaldehyde
in ethanol using biperidine as the catalyst according to
the,method of Mérckx (92). The product was recrystallized
from aéetic‘acid to a constant melting point of 21k - 215°,

(1it. value: 211 - 212° (92) ).

4., O =Cyano=3'-chloro=l-nitrostilbene

To a solution of 1.6 g Y4=nitrobenzyl cyanide
and 1.4 g 3—chlofobenzaldehyde in 50 ml of ethanol at
50° was added 10 drops of 1N sodium ethoxide-ethanol
. solution. After 15 to 20 minutes, the solutibn was cooled
and the resulting crystals were filtered and washed with
ethanol to giﬁe 1.8 g of material for a yield of 63%.
Thié was recrystaliized from'ethanol énd ffom acetic
acid to a constant melting point of 168 - 168.5°.
(lit. value: 161.5° (93) J. |

5., ol =Cyano=k-nitrostilbene

To a solution.of 2 g Y4enitrobenzyl cyanide
and 1.25 ml of benzaldehyde in ethanol was added a small
amount of-a 1N sodium ethoxide solution and heated at 50°
for about 10 mimites. Upon cooling, the solid'product

was filtered collecting 1.0 g of product for a yield
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of 31%. This was recrystallized from ethanocl to a constant

melting point of 176 - 176,5°, (lit. value: 175.6° (94) ).

6, CKaCYandah'mmethyluHmnitrostilbene

The condensation of Yenitrobenzyl cyanide and
HnméthylbeﬁZaldehyde iﬁ ethanolic sodium‘ethoxide, accord-~
ing to the methodvof Schonne, Braye>anderuylants (9%),
gave the correéponding O -cyanostilbene in 84% yield. This
was recrystdllizéd.ohce from ethanol and twice from
petroleum ether (fraction boiling at 64 - 110°) to give
slightly yellow.crystals melting at 146 - 147°, (1lit,.
value: 146 - 147° (95)v).

7. c(nCyanONH'%methoxy-h-nitrdstilbene

The cohdensation of Y=nitrobenzyl ecyanide and
p-anisaldehyde in ethanolic sodium ethoxide, according
to the method of Schonne, Braye and Bruylants (S4%), gave
the corresponding substituted Ol~cyancstilbene in 85%
yield. This‘wanrecrystallized from acetic acid to a-
constant melting point of 162 - 163°, (1lit. value:

165° {95) ).

8. Ol=Cyano-k'~dimethylamino=bt-nitrostilbene

This was prepared by condensing Y4-nitrobenzyl

cyanide with Wb-dimethylaminoberzaldehyds in ethanol using
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piperidine as the catalyst according to the method of
Merckx (92). The product Wés recrystallized to a constant
melting point of 244.5 - 245,5°, (1it. value: 244 - 246°
(92) ). o |

9. A,4-Dicyano-k'-nitrostilbene

haCyanobenzyl cyanide was prepared in low yield
ffom L.cyanobenzyl bromide and potassium cyanide in ethanol
and water according to the method of Gabriel and Otto (96).
The h—cyénobenzyl cyanide was recrystallized from water
to give slightly pink crystals melting at 99 - 100°,

(1it. value: 100° (97) ).

The purified U4-cyanobenzyl cyanide was condensed
with H-hitrobenzaldehyde in ethanol using piperidine as
catalyst, according to the method of Merckx (92), to give
a 56% yield of X,4-dicyano-4'-nitrostilbene. This was
recrystallized from acetic acid to give fine yellow needles

melting at 212 - 212.5°.

Analysis: carbon hydrogen nitrogen
calculated 69.81 3.30 15.27
found - 69.58 3.98 15.14%

10. \,4-Dicyano-3'-chlorostilbene

4-Cyanobenzyl cyanide, prepared as described
above, was condensed with 3-chlorobenzaldehyde in ethanolic

sodium ethoxide at 40° according to the method of Schonne,
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Braye and Bruylants (94%). The product, collected in 63%
yield, was recrystallized from ethanol and acetic acid to

a constant melting point of 195 - 195.5°.

Analysiss: . carbon hydrogen nitrogen
calculated 72 .60 3.43 10.58
_ found . 72.76 3.55 10.62

11. o,4=Dicyanostilbene

The condensation of Lt=-cyanobenzyl cyanide,
prepared as described above, and benzaldehyde in ethanolic
sodium ethoxide at 50°, according to the method of Schonne,
~ Braye and Bruylants (94), gave the CK,H—dicyanostilbene
in 89% yield. This was recrystallized from ethanol to
give colorless crystals melting at 14k.5 = 145.5°. (1it.
value: 145° (98) ).

12. O,3-Dicyanostilbene

The condensation of 3-cyanobenzyl cyanide,
which was prepared in the manner described by Ipatieff
et al (99), with benzaldehyde in ethanolic sodium ethoxide
yielded the Ol,3-dicyanostilbene in 95% yield. The
product‘was recrystallized from ethanol to give colorless
crystals melting at 148 - 149°.
Analysis: carbon hydrogen nitrogen

calculated 83.46 4.3 12.17
found 83.72 L. 22 12.04%
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13. Ql=Cyano-2-nitrostilbene

The condensation of 2-nitrobenzyl cyanide,
which was prepared in the manner described by Pschorr
and Hoppe (100), with benzaldhyde in ethanol with
piperidine as the catalyst gave the Ol-cyano-2-nitrostilbene
in 54% yield. The product was recrystallized from ethanol
to a constant melting point of 114 - 11k.5°. (1it.
value : 115° (101) ).

14, Ay3-Dicyano-t-chlorostilbene

3-Cyano-k-chlorotoluene was prepared from
3~amino~4-chlorotoluene by the Sandméyer reaction
according to the method described by Vogel (87c). The
3-cyano-bt-chlorobenzyl bromide was prepared by brominating
6.4 g of 3-cyano-4-chlorotoluene with 9 g of N-bromo-
succinimide in 125 ml carbon tetrachloride using benzoyl
peroxide as the catalyst by refluxing for 3.5 hours.
After removing the carbon tetrachloride, the crude product
was dissolved in 100 ml of ethanol and reacted with 2.6 g
of potassium cyanide in 20 ml of water. After refluxing
for 45 minutes, the ethanol was evaporated and the
resulting 0il was extracted with ether. After evaporating
the ether, the o0il solidified and was recrystallized from
water; 0.3 g of material was obtained. This was condensed

with 0.1 g of benzaldehyde in 5 ml of ethanol and a few
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drops of a 1N ethanolic sodium ethoxide solution at Lo°,
This gave a 78% yield of CK,3-dicyano-4-chlorostilbene _b
which was recrystallized from ethanol to a constant

melting point of 156 - 157°.

Analysis: carbon hydrogen nitrogen
calculated - 72.60 3.43 10.5
found 73.83 4,06 10.30

15. O{=Cyano-2-chloro-k-nitrostilbene

This indicator was prepared according to the
method of Meerwein, Buchner and van Emster (102). To
the filtered solution of the diazonium salt of 2-chloro-
b-nitroaniline, prepared according to the method deseribed
by Vogel (87d), was added 3.5 g of sodium acetate, 2.1 g
of cinnamonitrile in 19 ml of acetone and 0.68 g of
cupric chloride in 2 ml of water. The aqueous solution
in the distillation flask was decanted and the residue
taken up in acetone and passed through an alumina column
using benzene as the elutent. The resulting dark colored
product, left after evaporating the benzene, was recrystal-
lized from acetic acid, using charcoal to decolorize it,
to give a small amount of yellow crystals meiting at
174 - 175°, |
Analysis: carbon hydrogen nitrogen

calculated 63.28 3.19 9.84
found 63.61 3.65 10.01
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16. X-Cyano-3-trifluoromethylstilbene

3- Trlfluoromethylbenzyl cyanide was prepared

~in 787 yield from 3=-trifluoromethylbenzyl chloride and
potassium cyanlde in an ethanol-water solution according

to the method of Rosenkrantz et al (103). The 3-trifluoro-~
methylbenzyl cyanide was condensed with benzaldehyde in
ethanolic sodium ethoxide solution at 55° according to.

the method described by Schonne, Braye and Bruylants (94%)

" to give a 70% yield of the corresponding Ae+=cyanostilbene.

- The product was recrystallized once from ethanol and

twice from methanol to give colorless crystals melting

at 80 - 81°,

Analysiss ' carbon hydrogen nitrogen
calculated 70.33 3.69 5.13
found 70.54 3.68 5.02

17. O{=Cyano-3-nitrostilbene

3-Nitrobenzyl cyanide was prepared in 60% yield
from the reaction of 3-nitrobenzyl chloride with sodium
cyanide in an ethanol-water solution according to the
" péthod described by Bent et al (104). The produét
distilled at 144 - 145° at 0.7mm (1lit. value: 160 - 165°
at 3mm (104%) ) and melted at 55 - 56°., The 3~nitrobenzyl
cyanide was condensed with benzaldehyde in an ethanolic
sodium ethoxide solution according to the method described

by Schonne, Braye and Bruylants'(94) to give the (X~-cyano-
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3-nitfostilbene. The product was recrystallized from
ethanol to a constant melting point of 165 - 166° (lit.
value: 165° (94%) ).

18. Cﬁ-Cyano«3-chlorostilbene

~'This was prepared by condensing 3-chlorobenzyl
cyanide with benzaldehyde in an ethanolic sodium ethoxide
solution according to the method described by Schonne,
Braye and Bruylants (94%). The product was recrystéllized
from ethanol to a constant melting point of 95 - 96°

(1it. value: 9% - 95° (105) ).

19. O{-Cyano-l-chlorostilbene

The condensation of 4-chlorobenzyl cyanide with
benzaldehyde in anlethanolic sodium ethoxide solution,
according to.the method described by Schonne, Braye
and Bruylants (94), gave the A-cyano-l-chlorostilbene in
80% yield. The product was recrystallized from ethanol
to a constant melting point of 112 - 113°, (1lit.
value: 110 - 112° (105) ). | |

20. A -Cyano-cis-stilbene

X -Phenyl~trans-cinnamic acid was prepared by
condensing phenylacetic acid with benzaldehyde in tri-

ethylamine and acetic anhydride according to the method
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of Buckles and Brémer (106). After one’fecrystallizatibn
from ethanol and water, a 54% yield of product was obtained
melting at 169.5 - 170.5°. (lit. value: 172 - 173° (106) ).
X -Cyano-cis=stilbene was prepared accordiﬁg
to the method of Codington and Mosettig (107). A solution
of 10 g of O{-phenyl-trans-cinnamic acid in 15 ml thionyl
chloride was heated to solution and then refluxed for 40O
minmites, followed by the evaporation>of the thionyl
chloride., The resulting oil was dissolved in 100 ml of
dry benzene and ammonila was passed through the solution.
After filtering the ammonium chloride,‘the benzene was
eyaporated and the resulting oil solidified and was
récrystallized from acetone giving 5 g of material melting
at 112 - 122°, A mixture of 5 g of the crude amide, 10 g
of phosphorus pentoxide and 25 ml of xylene was refluxed
for one hour with stirring. The hot xylene soluﬁion waé
decanted and the residue was further extrécted with 10 ml
of hot xylene. The xylene was then distilled and the
residue distilled under reduced pressure; l.6 g.of yellow
material boiling at 114 - 115° at 0.15mm was collected
(1it. value: 90 - 100° at 0.05mm (107) ). This was
redistilled and then further purified by vapoprhase
chromotography using a 10 foot silicon column with the

column temperature at 220°.
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21. of=-Cyano-cis-t-chlorostilbene

- 4~Chlorophenylacetic acid was prepared by hydro-
lyzing 4-chlorobenzyl cyanide in sulfuric acid in the manner
described by Vogel (87e). The product was recrystallized
from high boiling petroleum ether.

X =(4=Chlorophenyl)~trans-cinnamic acid was
prepared, as described by Codington and Mosettig (107), by
condensing the sodium salt of hY-chlorophenylacetic acid with
purified benzaldehyde in redistilled acetic anhydridé. Thé
‘product was recrystallized from ethanol to give a 51% yield
of product melting at 173 - 178° (1lit. value: 180 - 181°
(107) ). The amide was»preﬁared by reacting the acid chloride,
prepared from the reaction of O~(4%-chlorophenyl)-trans-

- cinnamic acid with thionyl chloride, with ammonia in

- benzene (107). ‘The dehydration of the amide with
phosphorus pentoxide in xylene, as described by Codington
and Mosettig (107), resulted in the Ol-cyano-cis-k-chloro-
stilbene. This was recrystallized from methanol and low

boiling petroleum ether to a constant melting point of

55.5 - 57.5°. (lit. value: 56 = 57.5° (107) ).

22, A -Cyano-cis=3-chlorostilbene

The sodium salt of 3-chlorophenylacetic aéid,
prepared by reacting 10 g of 3-chlorophenylacetic acid with

1.35‘g of sodium in methanol and then evaporating the
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methanol, was condensed with 6.2g of purified behzaldehyde
in 39 ml of distilled acetic anhydride by heating-at 100°
for 17 hours (107). This solution was poured into 100 ml
of water and heated to boiling with #igoraus.stirring.
After cooling, the solid was filtered and recrystallized

| from ethanol to give 9.2 g.of product for a 61% yield.

| To the A =(3-chlorophenyl)=-trans-cinnamic acid,
from above, was added 15 ml éf thionyl chloridej the
mixture was heated to effect solution and then was refluxed
for 40 minutes. The éxcéss thionyl chloride was distilled
and the resulting oil dissolved in benzene which was then
saturated with ammonia. The benzene was evaporated and
the resulting oil recrystallized from petroleum ether-
ethanol to give the desired amide. A mixture of 3.7 g of
this amide, 6.5 g of phosphorus pentoxide and 25 ml of
xylene was refluxed with stirring for one hour. The xylene
was decanted and the reéidue was extracted with a further
10 ml of hot xylene. The xylene was then distilled
giving the crude CXacyanQ-cis-3-chlorQstilbene as an oil.
This was purified by micro distillation followed by
passage through a short carbon-celite column and, finally,
by vapor phase chromotography using a 10 foot silicon
column with the column temperature at 220°. In the infrared

1

spectrum, a peak at 2200 em™ indicated the presence of

the cyano group.
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Analysis: carbon hydrogen
calculated 75.16 4.20

found 74 .85 4.20

23. OA-Cyano-cis-k-methoxystilbene

CX-(H-Methoxyphenyi)-trans—cinnamic acid was
prepared by condensing 25 g of Y-methoxyphenylacetic acid
with 16 g of purified benzaldehyde in 15 g of triethylamine
and 71 ml of distilled acetic anhydride by refluxing for
48 hours according to the method of Cadogan, Duell and
Inward (108). The product was recrystallizéd once from
an ethanol-water mixture. |

The‘crude cinnamic acid (27.7 g) from above was
dissolved in 70 ml of thionyl chloride by heating and then
refluxéd for a furfher 35 minutes. The excess thionyl
chloride was distilled and the resulting oilidissolved
ih benzene which was then saturéted with ammonia. The
ammonium chloride was filtered and the benzene filtrate
was_evaporated leaving an oil which crystailized on
standing. - This was recrystallized from carbon tetrachloride
to give 5.7 g of the amide. A mixture of this amide, 10 g
of phosphorus pentoxide and 35 ml of xylene was refluxed
with stirring for 1.25 hours. The hot xylene solution was
decanted and the residue was further extracted with 20 ml
of hot xylene. ‘The xylene was distilled under reduced

pressure leaving the crude K -cyano~-cis~-tt-methoxystilbene
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as an oil. This was further purified by a micro distillation
followed by passage through a short carbon-celite column
and finally by vapor phase chromotography using a 7 foot
silicon gum rubber column with the column temperature at
'220°, 1In the infrafed spectrum, a peak at 2200 em™t

indicated the presence of the cyano group.

Anélysis:. : carbon hydrogen
o calculated 81.68 5.57

found 81.24% 5.54

2%, X-Cyano-cis-3-nitrostilbene

3-Nitrophenylacetic acid (13.3 g), prepared by

hydrolyzing 3-nitrobenzyl cyanide in sulfuric acid (87e),
was condensed with 7.8 g of purified benzaldehyde in
9.7 g of triethylamine and 45 ml of distilled acetic
anhydride by refluxing for 48 hours according to the
method of Cadogan, Duell and Inward (1082. The product
was recrystallizedvfrom ethanol giving 5.8 g of fairly
crude X ~(3~nitrophenyl)-trans-cinnamic acid.

The 5.8 g of acid from above was dissolved
in 10 ml of thionyl chloride by heating and the solution
refluxed for a further 40 minutes. The excess thionyl
chloride was distilled and the resultant solid dissolved
in 75 ml of benzene which was then saturated with ammonia.
The resulting solid was filtered and the benzene filtrate

evaporated to dryness giving very little product. The
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solid material was then heated with ethanol, filtered and
the ethanol filtrate evaporated giving a solid which was
recrystallized from benzene to give 4.0 g of the amide
melting at 151 - 155°. A mixture of 4.0 g of this amide,
7.0 g of phosphorus pentoxide and 30 ml of xylene was
refluxed with stirring for 1.25 hours. The hot xylene
solution was décanted and the residue was further extracted
with 15 ml of hot xylene. The xylene solution was distilled
uﬁder reduced pressure leaving 2.9 g of Cx-cyano-cis-3-nitro-
stilbene as a solid; This was recrystallized from ethanol
to a constant melting point of 121 - 122°. The infrared
spectrum had a sharp band at 2200 cm"l indicating the

presence of the cyano group.

Analysis: carbon hydrogen nitrogen
calculated 71.99 4,03 11.20
found 71.95  4.39 10.88

25. O\=Cyano-cis-4-nitrostilbene

X - (4-nitrophenyl)-trans-cinnamic acid was
prepared by condensing the sodium salt of Y-nitrophenylacetic
acid with purified benzaldehyde in d;gpilled acetic
anhydride according to the method of échmid (109). The
crude prodﬁbt was recrystallized once from acetic acid
giving yellow crystals melting at 221 - 223°, (1it. value:
227 - 228° (109) ).
A =(4-Nitrophenyl)-trans-cinnamic acid (1%.9 g)
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was dissolved in 50 ml of thionyl chloride by heating

and then refluxed for a further 45 minutes. The excess
thionyl chloride was distilled under reduced préssure
‘leaving a solid which was dissolved.in 190 ml of benzene

- which was then saturated with ammonia. The resulting solid
was recrystallized from ethanol and 6.6 g of yellow crystals
melting at approximately 210° was collected.b A mixture

of 6.6 g of this amide, 11.5 g of phosphorus pentoxide

and 70 ml of xylene_was refluxed with stirring for 1.25
hours. The hot xylene Solution.was filtered and the
resultant filtrate distilled under reduced pressure

leaving the cx-cyano-cis-%-nitrostilbene as a yellow solid.
This‘was recrystallized from ethanol to a constant

melting point of‘l35 - 136°. 1In the infrared spectrum, a
peak at 2200 em™t indicated the presence of the cyano

group.

‘Analysis: carbon hydrogen nitrogen
calculated 71.99 4.03 11.20 -~
found 72.10 5.04% 10.93

26. o(-Cyano- O{'-methoxy-cis- and trans-stilbenes

O\ -Cyanodesoxybenzoin was pfepared by reacting
benzyl cyanide with ethyl benzoate in benzene and
potassium acco:ding to the method described by Wislicenus,
Butterfass and Kbken (110). This was recrystalliied from

carbon tetrachloride to give the purified O(-cyanodesoxy=-
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benzoin.

- The two isomers of Oh-cyano- X' -methoxystilbene
were prepared by the reaction of CX—cyanodesoxybenzoin
with alkaline dimethyl sulfate according to the methodvof
Matti and Reynaud (111). The two geometrical isomers
were-éeparated by fractional recrystallization as descfibed
by Matti and Reynaud (111). The lower melting isomer
melted at 84 - 856 and the other at 105 - 106°. (1it.
values: 8%.5 and 106°.(lll) ).

27. 4,4'-Dinitrotriphenylmethane

4,4'-Dinitrodiphenylmethyl bromide was prepared
by brominating 10 g of #,h'-dinitrodiphenylmethaﬁe with
2 ml of bromine in 160 ml of carbon tetrachloride using
0.6 g of benzoyl peroxide as catalyst according to the
method of Wragg; Stevens and Ostle (112). After evaporating
“the solvent and recrystallizing tﬁe product from carbon
tetrachloride, 7.7 g of material-ﬁas obtained for a yield
of 59%. To 7.7 g of 4,4'-dinitrodiphenylmethyl bromide
dissolved in 100 ml dry thiophene free benzene was added
6.1 g of aluminum chloride and the mixture was then
refluxed with stirring for two hours during which a
fhick black tar separated. The benzene solution was
decanted and evaporated to dryness. The small amount
of Y4,4'~dinitrotriphenylmethane (1.8 g) was recrystallized

repeatedly from toluene to a constant melting point of
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175 - 176°,
Analysis: carbon hydrogen nitrogen
' calculated . 68.26 4,22 8.38
found 68.52 4,51 8.31

G. Reactions of 1,1-Bis-(4%-nitrophenyl)ethene

1. With hydroxide ion in DMSO

Purified 1,l-bis-(4-nitrophenyl)ethene (1 g) was
diSsolved in 300 ml of purified DMSO in a short—hécked
flask fitted with a rubber stopple. After passing nitrogen
through the solution for one hour, 6.5_ml of a 10% tetra-
methylammonium hydroxide-water solution was added via
é syringe; thus not exposing the syétem to the air. After
about one minute, the reaction was quenched by the addition
of 6 ml of acetic acid. The resulting solution was poured
onto 1.5 1 of ice water whereupon a fine suspension formed.
Sodium chloride was added to aid in breaking up the
sﬁspension and the yellow solid which separated was filtered
and washéd well with water. The resulting solid was
recrystallized from benzene-acetone to yield O.43 g of

product with a melting point of 188 - 189°,

Analysis: hydrogen carbon nitrogen mol. weight
calculated 3.9 60.21 10.03 5&& '
found L.07 60.23 10,04 5 _

The calculated values are for di-1,l-bis-(4-nitrophenyl)-

. ethyl ether (XVI), and the molecular weight was determined
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OaN@ -CH-CH2-Q-CH2-CH-— @ NO,

2 XVI 2

by the Rast method.

2. With sodium methoxide in DMSO

" To 0.5 g of 1,1-bis-(4-nitrophenyl)ethene in a
shbrt-necked flask fitted with a rubber stopple was added
200 ml of purified.DMSO. Nitrogen was bubbled through the
solution for one hour and then 6 ml of épproximately 1N
sodium methoxide solution'was added via a syringe and
needle. After 10‘minutes, the reaction was quenched by
the addition of .6 ml of glacial acetic acid. The solution
was pouréd onto ice and the breaking up of the emilsion
was aided by the addition of sodium chloride. The solid
was filtered, washed well with water and recrystalliZed
from ethanol and a petroleum ether-ethanol mixture to a

constant melting point of 118 - 119°.

Analeis: carbon hydrogen nitrogen
calculated 59.60 .67 9.27

The calculated values in the analysis are for 1,l-bis-

(4-nitrophenyl)-2-methoxyethane (XVII),

2

XVII
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The NMR spectrum of this compound dissolved in
hot tetrachloroethylene was obtained. This shows a éinglet
at 6.56(, a doublet at 6.06 and 5.95T with a coupling
constant of 6 cps, and an obscure triplet centered at |
5.48 ¢ with an approximate coupling constant of 6 cps. |
The areas of the singlet:doublet:triplet are in the ratio’
of 3:2:1. The aromatic portion of the spectrum has two
doublets, one at 2.487 and 2.63 T and the other at
1.7 and 1.847, each with a coupling constant of 9 cps.
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TABLE I

Coefficients for O|-Cyanostilbenes in DMSO-Ethanol

Substituent

4 L'-dinitro
3'-chloro-#—n1tro

Lonitro

4temethyl-k~nitro
L' ~methoxy-t=-nitro
Yecyano-k'-nitro
4'~dimethylamino-k-nitro #56
Y-cyano-3'-chloro

LY-cyano

cyano=k-chloro

-cyano

3=

3-
3-trifluoromethyl
3 .

-nitro

" 3=chloro

- Lechloro
hydrogen

Yemethoxy .

L-nitro
3-nitro
3=chloro
Lechloro
hydrogen
Lk -methoxy

o0 o d

>Vnax¢wo €
A - Cyano-trans -stilbenes

336 32,500
332 28 000
336 27, 7600
350 28, ’ 600
372. 29, 7800
336 30,100

38, 1400

321 29,500
326 30,000
318 26 000
315 23 000
316 22 400
311 25 2ooC
315 23, 21400¢
318 25, 8ood
318 - 21,800°
333 2k, ’800¢

Observed Values

X ~Cyano-cis=-stilbenes

309
277
290
296
261
313

12,200
17,200
13,100
1%, 700
13,100

10,700

In 0.002M methanolic HC1L

In alcohol

From isomerization of the cis~isomer

In methanol

d.

Reported Values

?Vna%hTD c
336 30,0002
334 26,5002
348 18, 2OOa
370 26,500%
Ll 5 41,700b
316 27,500
312 25,700
295 15 800
295 16,600

ref.

95
95
95
95

92

107
107

107
107
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TABLE II

Absorption Maxima and Molar Extinction

Coefficients for the Anions AOR™

Substituent - In DM50-Ethanol In DMSO-Methanol

>\ma merJ) € >\ma x&r,u) €

oAl -Cyanostilbenes

2,4~ dlnltro L 480 27,100

4 J4'=dinitro . 553 42,100 553 41 100

3'-chloro-4-nitro 547 43 700 547 42 600

Lonitro 547 42 600 548 42 4700

H'-methyl—h-nltro 547 42 800 - 548 L2, #OO

4t -methoxy=-t-nitro 547 42 500 549 4o ,300

Y-cyano-t'-nitro : 393 44 000 395 44 200

- Ytedimethylamino=bk-nitro 552 43 300 552 43 1400
Y~cyano=-3'=-chloro 402 47 200

- h-cyano Lo2 47 400 L02 47,700
2-nitro 603 7,630
3-cyano=k-chloro 374 33,600
3=cyano ' : 363 28,500
3-trifluoromethyl ' 353 23 700
2-chloro=kt-nitro 550 hO 500

Others

1,1-bis-(4-nitrophenyl) 710 25,700
ethene
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TABLE TIII
Absorption Maxima and Molar Extinection
Coefficients for Indicator Anions of Carbon Acids

in Sodium Methoxide-Mbthanol Solutions

Indicator ~ Observed Values Reportéd Values

7\maxcm‘o € >\max(mrl> € _ ref,

methyl fluorene- 387 4,220 389 4,690% 51
9-carboxylate -
b, Lt LM otpinitro- 530 25,600 650 20,0000 i
triphenylmethane _ 707 19,300 51
4,4'~dinitro- - 93k 28,000 570 45,7000 uk
diphenylmethane 70%  L0,600° 51
Yonitrobenzyl 530 30,700 528 28,700 39
cyanide -
2-nitrobenzyl 546 10,200
cyanide
Y,41~dinitro- 506 20,900
triphenylmethane _

a In ethénol
b In aqueous hydrazine solutions
¢ In DMSO-ethanol solutions



Mole %
DMSO in
Ethanol

0098 .

1.99

3.51

5.63
10.82
15.54%
20,09
25.09
30.09
35.07
40,16
45,22
50,27
55.03
59,62
64,59
69.26

4,4 '-dinitro
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| TABLE IV |
Values of log EL&OR—] /[&] for the {-Cyanostilbenes

-Used as Indicators to Establish

the Hr~ Scale in DMSO~Ethanol

3'=chloro-
Yenitro

Linitro

-0827
-.500
-0169
+.182
+.528
+o878

4'-meth

yl-
-nitro

L

-8l

"’0516
""0180
+,185
+,517
+.886

Lt _methoxy-
Lonitro

'-nitro

4_cyano-

-0869
-'532
-0196
+4173
+.543
+,907

Lt dimethyl-
amino=4-nitro

".860
"050)"’
-.153
+,207
+.611
+.938
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3'~chloro

Y4_cyano-
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TABLE iv (Continued)
(o)
£
1 O
@] o O e}
(&) & a.q o
« + © O ]
> - > >
(3) o o+ ($)
4 N h h
-.883
- 523
-.152 =1.035
+o281 -0599 -0815
+ 08)+l - 0108 - 3)+O
+.,422 +.,188 -,936
* +.743 -.297
+.,274

3-trifluoro-
methyl

-.854
-0218
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TABLE V
Values of log EAOR-j /[A] for the AA-Cyanostilbenes
Used as Indicators to Establish

the HR" Scale in DMS_O-Methanol

8' 4?3 i | :L, o)
ho = o S ) B
o e} o P (®] L4 g4 O
3 T 98 B od  oF =
Mole % T - O | — £ 1 g i g_'-
DMSO in - JE08 d4 O 3
Methanol « 4 " 4 4 4 =
0068 "'0898
2.32 =.695
5.39 =.362
8.75 -.,005
15,30 +.618 -1.011
20,60 -.560
25,54 =,138 -.767
30.47 +,308 -.358
35,14 +,715 +,040 -.706 =1.042
39.88 +. 4y 274 -.631
49,95 : +.59% +,231 -.181 =-.981
54479 o +,991 +,644 +.244 -,565
59.61 +1,029 +.676 ~,1h4lk

69.63 +,72%
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TABLE V (Contimued)

0
&~
4
1ol ' !
—~ o 0 o)
Mole % 24 5 £ g
DMSO in o o2 o o &3 o A o
Methanol Eﬁ 5? g B g.cc): % hales
ol = >y > s >l > M Q
Id om o £ o M + 8
4 =+ -+ Ql o™ o o
59-61 "0736. "0882
64.32 -0312 "o)+6)+
7%.26 +.626 +.458 -.Lo5
78.52 +1,081  +,954 -.056 <,990
83052 +.526 "o)+29 "‘0609
88.24 +,178 ~.,007 ~1.120
93.98 - +1.022 +.747 - ,195 =,687

97.61 . , + 724 +4332
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TABLE VI
Values of log E&OR—]/ [A] for the (~-Cyanostilbenes
Used as Indicators to Establish

the H_ - Scale in Sodium Methoxide~Methanol Solutions

R .
o
&
)
o] I o
) & | — <
& -+ ! ! > > 1
') o 00 — O X O S
‘ - c g & B & O & L
o ol QL ) P P Q O
soatam  d % 4d B %3 ¥E 2%
fethoxide 1 7z §4 O ® 40 4 W&
(mole 1) o & ™ = Ey ey Ey
0,010 =-.84%2
00056 : -0087
0.115 +.253 |
0,229 +,616 -.813
0,697 -.075 =-.686
1-19 +o)+82 —.153 "0808
1.48 +,836 +.164 -,504 -,858
1078 ) +o)+76 "'021)'*" ‘0568 -0979
2.07 +o809 +0091 -.289 -.686
2.36 +.402 +,016 . -.385
2065 +.722 +o332 _'009]"’ :
2093 +0652 +.22O -.917
v 3.2)"" ’ +0582 "0680
3.51 +1,000 =-,425
3.82 -.160
4,08 +.116
4.73 +.613



75
TABLE VII

Values of log IZ\.OR—J/[A] for Lewis Acids
Not Used ﬁo Establish the HRm Scale in DMSOwEthanol

 Mole %

DMSO in X ~cyano-2=-chloro- 1,1-bis=(4-nitro-
Ethanol L-nitrostilbene phenyl)ethene
15.5% - =1,025

20,09 - . 607

25.09 -.250

30,09 o +.135

35.07 | +.500

%40.16 +.913

59.62 -.798
64.59 e
69.26 | . +.020
74.15 . +.498

79.11 +1.037
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TABLE VIII

Values of log &Xj / QXH] for Various Carbon Acids
Used as Indicators to Establish the H_'Scale

in Sodium Methoxide-Methanol Solutions

o}
! & 2
Q@ .G a
(R P g
[OJ] — o @ — [
S > as > o w
35 : gl : B
Sodi ot g8 s 83 27
odium . = O -
Methoxide 5O Bs .o Bg T &
R L L L
' g ey 4 o\
e
0.056 +.18y
Oo)i%g +0988 -.)"'].5 ""og?t '-’100)"["9
0. -
0.464 +,141 -.591
00697 +o)+21 +.O9)+ "0271
0.952 " +,748 +.052
0.977 +o343
1.19 +.706 +,308
1.78 +o902 _.1.070
2007 "07)'"‘)‘*'
2,10 - /02 -
2.36 -423
20)+O ’ “0363"'
2.22 ~.122
2 «,03
2.93 +.199
2.97 +.284%
3.2 +,567
3.51 +.81k%
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TABLE IX

Values of log @i]/[é@ for Various Carbon Acids

Mole %

DMSO in
Bthanol

2;nitrobenzyl
cyanide

§
w
Il

r

+,052
+.405
+.780

Studied in DMSO=Ethanol

triphenylmethane

triphenylmethane

Y, '~dinitro-

-.752
i o)+27
"‘0180
+.116
+,363
+.612

o) ]

-] o °

B 8a

[ i @

o w o

&~ 8 [

+ 4 o

o e~

(ol el 1

— O 173N

° ~ G

25 TS

4 ripa

& —

"“0663
""248
+.,146
+4 594

+1.009 - o485

"’o.l)+6

+,304

+.760
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RESULTS

A. The Hp- Function

The ionizafion behavior of indicators which
ionize in highly basic systems by the addition of base
to the unsaturéted system, rather than by an abstraction
‘ of‘a proton by the base, will not follow a H_ function.
Such indicators will generate a separate acidity scale,
termed Hp= in this thesis. If A is an unsaturated Lewis
acid, then.ﬁhe addition equilibria between A and a Lewis
basé such as thelmethoxide or ethoxide ion (OR ) can
be formlated as in equation (54%). For analysis sake,

equation (54) can be factored into the two equilibria:

A + OR =—= AOR (6k4)
HOR — H* + OR™ | (65)
‘where ' |
(AOR™) |
K* = —— (66)
(A)(OR )
and
i (HY) (0R™) ,
Kpog = -~ ' (67)
Then if K .= K'Krpg, then
. (AOR™) (H™) _ [a0R7] £, og=(ET) 6)

(4) (HOR) (2] £, (HOR)
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From this HR- can be defined as
+ —
(H )fy0oR- [a0g] |
Hp= = -log = pK + log (69)
(HOR) £, ° [a]
where
(H") £4ap-
(HOR)fA

B. Equilibria Studies in DMSO=-Alcohol Solutions

4 In DMSO-alcohol solutions containing 0.01M
sodium alkoxide, the ratio of the ionized to unionized
indicator concentrations (I = [AORi]/E&]) was
measured as described in the previous section. After
plotting log I, for each indicator, as-a function of the
solvent composition in mole % DMSO, a smooth curve was
drawn through fhe points for which log I was between 1 and
-1. This corresponded to using only that part of the
ionization curve for which the indicator was between
10 and 90% ionized. The plots of log I for the various
indicators used versus fhe solvent composition in mole
% DMSO are given for DMSO-ethanol in Figure l,:and for
DMSO-methanol in Figure 2. The numbers on the plots refer
to those of the indicators iisted in Table X. Using
Hammett's method (10), pK values were then obtained by

a graphical technique. For any two indicators, i1 and j,



FIGURE 1.

PLOTS OF LOG{}ORf]/[}] VERSUS MOLE % DMSO FOR THE SYSTEM:
DMSO~ETHANOL-SODIUM ETHOXIDE (0.01M) AT 25°

~HUMBERS REFER TO THOSE IN TABLES X AND XIII

| | I l | | I

20 30 40 50 60 70 80 - 90
. MOLE % DMSO IN ETHANOL

100

08



FIGURE 2.

PLOTS OF LOG E—&OR_J / [A] VERSUS MOLE % DMSO
DMSO=-METHANOL~-SODIUM METHOXIDE (0.01M) AT

' NUMBERS REFER TO THOSE IN TABLE X

| | | I | I

FOR THE SYSTEM:

25°

20 30 40 50 60 70
MOLE % DMSO IN METHANOL

90 100
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which iohize to an appreciable extent in a given solvent,

the ApK value is given by the expression
ApKk = logI;y = log Iy : (71)

where I; and Ij refer to the ionization ratios of the
two indicators in a solvent of one particular composition.

By interpolating log I values for indicators
i and j from Figures 1 and 2 at regular intervals of
sélvent composiﬁion, a rumber of ApK values were obtained
by using equation (71). These were then averaged to obtain
the ZﬁpK value between indicators i and j. ‘

Since X-cyanostilbenes are readily hydrolyzed
in basic aqueous solutions, the pK of no indicator cbuld
be determined in aqueous buffer solutions. Due to this
‘difficulty, an arbitrary pK value of 14.42 was given
to the indicator -cyano=i,Lt'-dinitrostilbene which
was then used as a standard to which all other pK values
were referred. The value of 14.42 was arrived at by
assuming a Hg=- value of 14.00 for a 0.01M sodium ethoxide
solution in ethanol, which is the same as the H_ value
repdrted by Bowden and Stewart (51) when carbon acids
were used as indicators. It was reasoned that the Hp-
and H; values should be nearly identical in dilute basic
solutions. Then by inserting the experimental value of
-0.42 for log I for O{-cyano-4,4'-dinitrostilbene in the

above solution into equation (69), the pK value of
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14.42 was obtained.

The pK values of a number of substituted Cx-éyano-
stilbenes were measured relative to the arbitrary standard,
The values obtained in DMSO~-ethanol and DMSO-methanol
are listed in Table X.

- By subétituting the pK values from Table X and
the experimental log I values into equation (69), Hp- Values
were calculated for-the various DMSO-ethanol and DMSO—
methanol solutions. Due to the overlapping of the
ionization curves of indicators, several HR— values were
often obtained for a solvent of a particular composition.
The averaged Hp- values for the DMSO-ethanol solvent
system containing 0.01lM sodium ethoxide are listed in
Table XI and those for the DMSO-methanol solvenf system -
containing 0.,01M sodium methoxide are listed in Table XII.
The graphical representations of how the Hg~ values vary
with the solvent compositions are given in Figures 3 and
4 for DMSO-ethanol and DMSO~methanol respectively.

The pK values of two indicators, which were not
used to establish the Hr- scale, were measured in the
DMSO-ethanol system. The pK values were estimated to be
equal to the values of Hp- for the solutions in which
the indicators were half ionized. Because a plot of
log I versus Hg- for the indicator (-cyano-2-chloro-
H-nitrostilbene did not give a line of unit slope, this

indicator was not used to establish the HR‘ scale.



TABLE X

pK'Values of A=Cyanostilbenes Used As Indicators to Establish

Indicator

Number

P
= OO 00~ OV F N

e
FLo o

the Ep- Scales in the DMSO-Ethanol, DMSO-Methanol and

Sodium Methoxide~Methanol Systems

Substituent

2,4=dinitro

b, 4tdinitro .
3'~chloro=Lt-nitro
LYenitro -
4iemethyl=-t-nitro
Y'emethoxy-t=nitro
Yecyano=t'-nitro
4iedimethylamino=k=-nitro
Y-cyano=3'~chloro
Y-cyano

2-nitro
3-cyano=t=chloro
3-cyano
3=trifluoromethyl

pK in
DMSO=

Ethanol

14,42

15.20 .

15.95
16.31
16.7%
17.38
18.07
18.23
19,20
20,11
20.3%
21 .44
21.98

" pK in

DMS0-
Methanol

12.73
14 42
15.08
15.81
16,17
16.59
17.38
17.97
18.13
19,08
20,02
20.23

21.20

21.54

pK in Sodium
Methoxide-
Methanol

12.96
14,42
15.06
15.73
16,10
16,52

17.76

8
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TABLE XI

Hg= Values for the DMSO-Ethanol System at 25°

Containing 0.01M Sodium Ethoxide

Mole % DMSO Hp-  Ave. Dev. Indicators®
from the Mean

0.98 14,00 - 2

1.99 14,05 - 2

3.51 14,21 0.01 2, 3

5.63 14,38 0.01 2, 3
10.82 14,78 0.01 2, 3
15.54 15.13 0.01 2 -k

- 20,09 15.45 0.01 3 =75

25.09 15.79 0.01 3 -6
30,09 16,14 0.01 3 -6
35,07 16.48 0.02 b = 7
40,16 16.84% 0.02 b - 7
45,22 17.20 0.01 5 -8
50.27 17.57 0.03 6 -9
55.03 17.92 0,01 7 -9
59,62 18.29 0.02 7 = 10
64.59 18.68 0,01 8 - 10
69,26 19,06 0.C5 8 - 11
74,15 19,50 0.03 10 - 12
79,11 20,01 0,03 10 - 12
84,12 20,52 0.02 11 - 13
89.17 21,12 0. 0% 12 - 1k
93.27 21.7 0.03 13, 1k

a Numbers refer to those in TABLE X
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TABLE XIT

Hg- Values for the DMSO-Methanol System at 25°

Containing 0.01M Sodium Methoxide

Mole % DMSO Hp= Ave. Dev. Indicators®
from the Mean

0,00 11.73 - by extrapolation
2.32 12.03 - 1

5¢39 12.37 - 1

8.75 12.72 - 1
15.30 13.38 0.03 1, 2
20,60 13,87 0,01 1, 2
25.54 14,29 0.02 2, 3
30.47 v 14,72 0,01 2 - 4
35.1% 15.12 0,01 2 - 5
39,88 15.53 0.01 3 -5
44,05 15.89 0.01 3 -6
49,95 16,40 0.01 b -7
54,79 16,82 0,02 L - 7
59,61 17.25 0,02 6 - 9
64,32 17.63 0.05 7 - 9
69,63 18.1% 0,03 7 - 9
74,26 _ 18.59 0.01 8 = 10
78.52 19.05 0,03 8 - 11
83,52 - 19.61 0,02 10 - 12
88.24 20.17 0.09 11 - 13
93.98 21.1% 0.17 12 - 1k
97.61 21.65 0.27 12 - 14

a Numbers refer to those in TABLE X



-~

FIGURE 3. Hp=- VALUES FOR DMSO-ETHANOL SOLUTIONS CONTAINING
0,01M SODIUM ETHOXIDE
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'FIGURE 4., Hp- VALUES FOR DMSO-METHANOL SOLUTIONS CONTAINING
0.01M SODIUM METHOXIDE
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In the case of l,l-bis-(#-nitrophenyl)ethene, a plot of

log I versus Hr- gave a fairly good straight line of near
unit slobe. This indicator was not used to establish the
Hp=- scale because it was desirable to keep the indicators
used to set up the scale as structurally similar as possible.
The pK values for these two indicators eare listed in

Table XIII.

TABLE XITII

pK Values of Indicators in DMSO-Ethanol
Not Used to Establish the Hr~ Function

Mole % DMSO-EtOH pK in

Indicator ' in which DMSO-
Number Indicator half-ionized Ethanol
15 A =cyano-2~chloro-L- 28 .40 16,06

nitrostilbene
16 1,1-bis=(%-nitrophenyl)- 69.05 19.08

ethene
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Ce Equilibria Studies in Concéntrated Sodium Methoxide
Solutions

Using the pK value of 14.42 for OX-cyano-k,L'-
dinitrostilbene as the standard, pK values for a number
of substituted X-cyanostilbenes were determined, as
described previously, in concentrated sodium methoxide
solutions. The plots of log I as a function of the
methoxide ioh concentration for the various indicators
are given in Figure 5. The pK values for the indicators
used to establish the Hr- scale have been included in
Table X.

Usihg equation (69), Hgp- values were calculated
from the pK values listed in Table X and the experimental
log I values. The averaged Hp- values for the various
concentrations of sodium methoxide in methanol are
listed in Table XIV.

In order to compare the Hp- scale with a H_
scale in the same solvent system, the latter was developed
using carbon acilds aé indicators. Thé method of determining
the pKppvalues was the same as described above. The plots
of log I as a function of the methoxide ion concentrations
are given in Figure 6.

By using a pKy, value of 12.88 for methyl
fluorene~-9-carboxylate, as reported previously by
Bowden and Stewart (51), the pKya values of the other

indicators were determined by the graphical method and



FIGURE 5,

PLOTS OF LoG [40R™] /(4] VERSUS THE CONCENTRATION OF
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TABLE XIV

HR- Values for the

Sodium Methoxide-Methanol System at 25°

Sodium Methoxide Ave. Dev. a
-1 HR" Indicators
Conc. (moles 1 ) from the Mean
0.01 12.12 - 1
0.0562 12.87 - 1
0.115 13.23 0.02 i, 2
0.229 13.59 0.01 1, 2
0.464% 14,06 - 0,02 2, 3
0,697 14.36 0,01 2, 3
0.952 14,64 : 0.01 2, 3
1.19 14,91 0.01 2 - 4
1.48 15,23 0.02 2 - 5
1.78 15.53 0.01 3 -6
2.07 15.83 0,03 3 -6
2.36 16.13 0.01 3 -6
2.65 1644 0.0L L - 6
2.93 16.75 0,01 5, 6
3.24 17.12 0,05 5, 6, 8
3.51 17.43 0,10 6, 8
3.82 17.60- C - 8
4,08 17.88 - 8
4,73 18.37 . - 8

a Numbers refer to those in TABLE X, page 8k



FIGURE 6.

PLOTS OF L0G [a™]/ [AH FOR CARBON ACIDS VERSUS
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are given in Table XV. This table also includes previously

reported pKyg, values where found in the literature.

TABLE XV
pKyp Values of Indicators
Used to Establish the H_ Scale

in the Sodium Methoxide-Methanol System

Indicator ' ' Lit. value

Number Indicator Ky PKya

1 methyl fluorene- 12,882 12.88 (51)
9=-carboxylate

2 Yenitrobenzyl 14,2k 13.45 (45, 48)

i cyanide X

3 L4t WMetrinitro-- 14,56 14,32 (51)
triphenylmethane

Ly 2-nitrobenzyl 14 .94
cyanide

5 4, '=dinitro~ 16.89 15.85 (51)
diphenylmethane :

a Starting value taken from reference (51)

Using the pKyp values listed in Table XV and
the experimental log I values, H_ values were calculatedf'
using equation (30), for the various concentrations of

sodium methoxide in methanol. The average H_ values
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are given in Table XVI. For easier comparison, the
graphical representations of the Hr- and H_ scales are
both plotted in Figure 7 as a function of the cohcentration

"of sodium methoxide in methanol.

De Ionization Behavior of Carbon Acids in DMSO-Ethanol

Sdlutions

Because of some large discrepancies in the
determined pKHA values listed in Table XV with those
found in the literature, a check on the pKy, and H_
values in DMSO=ethanol solutions containing 0.01M
sodium ethoxide was attempted. The indicators used
for this study are listed in Table XVII . While the
ionization data for the indicators, reported as log I
values for the various DMSO=ethanol solvent compositions,
are listed in Table IX, the graphical representation is
shown in Figure 8. Because of the non-paralled slopés of
the ionization curves for the various indicators, neither
the pKyp values for the indicators nor the H_ vélués of
the medium could be calculated with any degree of

certainty;
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TABLE XVI

H_ Values for the

Sodium Methoxide-Methanol System at 25°

Sodium Methoxide ~ Ave. Dev. a
l> H_, Indicators

Conc. (moles 17 from the Mean

0,01 12,26 - 1
0.02% 12.71 - 1
0.0562 13,06 - 1
0.115 1344 0.02 1, 2
0.229 13.86 0.0k 1 -k
Oo)"l‘éo 1)‘|"o35 - 3

0., 464 14.36 0.02 2, 4
0.697 14.66 0.01 2 - 4
0.952 14,99 0.0 2, 4
0.977 14.90 - 3
1.19 15.26 0,01 3, L4
1.78 15.83 0.01 Lk, 5
2007 16015 - 5
2,10 16.19 - 5
2036 16047 bt 5’
2.40 16.53 - 5
2.69 16.77 - 5
2,66 16.85 - 5
2.93 17.09 - 5
2.97 17.17 - 5
3.2% 17 .46 - 5
3.51 17.70 - 5
L,01 18,18 - 5

a Numbers refer to those in TABLE XV
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TABLE XVIT

Indicators Used in an Attempt

To Establish a H_ Scale in DMSO-Ethanol

Indicator
Number Indicator
1 2-nitrobenzyl cyanide
2 Lyht, 4" -trinitrotriphenylmethane
3 Y,4'~dinitrotriphenylmethane
4 4,4 ?-dinitrodiphenylmethane
5 l,labis~(H-QitPOphenyl)ethahe

E. Estimate of Error

| In any determination of pK and H values by the
Hammett overlap method (10), it is very difficult to
estimate the absolute error. Errors in pK values for
two overlapping indicators are usually in the order of
+0.02 to #0.05. But since these errors may accumlate
on going from the most acidic to the least acidic indicators,
it i1s difficult to estimate the error in pK for the léss
acidic indicators. For these it is estimated thatlthe,;
error in pK is in the order of +0.2 to x0.3. Thus,
although the pK values are listed to two figures, the

second significant figure is meaningless unless the
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pK values of two overlapping_indicators are compared. The
accumulation of errors in pK and H values can be minimized.
by using a large number of indicators so that a large
number of points of overlap may be obtained. This

reduces the dependence of the value of H on any one
indicator. As can be seen from Tables XI, XII, and

XIV, HR“ values for one solution have been calculated

from as many as four indicators. The situation was not

as fortunate in the calculation of the H_ values. Thus

the error in the H_ values:is likely greater:than that

in the Hr- values.

F. Kinetics of the Base Catalyzed Cis-=trans Isomerization

of Substituted {=Cyano-cis-stilbenes in DMSO-Alcohol

Solutiong

The kinetics of the base catalyzed isomerization
of a number of substituted =-cyano-cis=-stilbenes was
studied in the DMSO-ethanol and DMSO-methanol solvent
systems. Since in all cases the A-cyano-trans-stilbenes
absorb at a higher wavelength and have a larger molar
extinction coefficient than the cis-isomers, following the
change in absorbance at the wavelength of maximum absorption
of the trans-isomer was a convenient way of following the
kinetics. Because approximately 1000 fold excess base

was used, first order plots of log (Agp = A )/(Ago =~ Ayg)
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versus the time gave good straight lines with the apparent
first order rate constant being equal to é:3026 times the
slope. A representative plot is shown in Figure 9. This
clearly shows that the reaction is first order in the
CA~cyano-cis-stilbene.

In order to establish the order of the reaction
with respect to the base, the isomerization of NA~-cyano-
cisw4anitrostilbene was studied in methanol using various
amounts of base. Table XVIII gives the apparent first
order rate constants as a function of the base concentration.
The second order rate constant k2 was calculated by
dividing the apparent first order rate constant by the
concentration of the base. The constancy of these second
order rate constants indicates that the reaction is first
order in base.

The extent to which the cis to trans isomerization
goes to completion was checked by means of the UV spectra.
In the case of Ol=cyano=ltenitrostilbene, the trans-isomer

4 at

has a molar extinction coefficient of 2.7% x 10
335 mP Using a solution in which the concentration ofvthe
cis-isomer was 2.97 x 10~ ~> moles 1 l, the absorbance at
335 mr.at the end of the reaction was O 805 resulting in
an extinction coefficient of 2.71 x lO « In another
kinetic run, the concentration of the cis-~isomer was

2,91 x 10"5 moles l“’"l° The absorbance at 335 mv\at the

end of the reaction was 0,792 resulting in an extinction
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FIGURE 9.

KINETICS OF THE BASE CATALYZED
ISOMERIZATION OF X=CYANO-
CIS=STILBENE IN 44,05 MOLE %
DMSO IN METHANOL CONTAINING
0,01M SODIUM METHOXIDE

AT 25° ‘
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TABLE XVIII

Kinetics of the Base Catalyzed Isomerizatioﬁ»

of O=cyano-cis-lt-nitrostilbene in Methanol at 25°

Sodium Mephoxigg -1 S R |
Conc., (moles 17~) kqmin ks, 1 moles = min
0.00548 | 0.138 25.2
0.0107 0.263 24 .5
0.0212 0. 50k 23.8

0.0412 0.962 23.3

coefficient of 2.72 x 104. In these cases, a coﬁparisdn of
the two extinction coefficients at the end of the reactions
(2.71 x 10% and 2.72 x 10%) with the extinction coefficient
for Ol-cyano-trans-it-nitrostilbene (2.74% x 104) indicates
that these isomerization reactions went essentially to
completion. .

When the changesin UV spectra of the reactions
were followed as a function of time, very good isobestic
points were observed. This shows that no substantial
side reactions occur in these isomerization reactions.

Since the kinetic study was undertaken to
determine the relationship between the rates and the

Hp- function, the rates of the base catalyzed isomerization
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of various substituted Q{-cyano-cis-stilbenes were étudied
at 25°.in the DMSO-ethanol and DMSO-methanol solvent
systems containing the appropriate 0.01lM sodium alkoxide
as base. Table XIX contains the logarithms of the
apparent first order rate constants, log kqy, for the
isomerization in the DMSO-ethanol solvent system. The
analogous rate data forfhe isomerization in the DMSO-methanol
solvent system are contained in Table XX. The graphical
representations of the data in Tables XIXiandeX in the
form of plots of log kl versus HR- are given in Figures

10 and 11 for the DMSO-ethanol and DMSO-methanol solvent
systems respectively. The slopes of the plots of log kj
versus Hgp- were determined by a least square analysis.
These slopes, as well as the correlation coefficient r

and the standard deviation of the siope SP are contained
in Table XXI for the two solvent systems.

In an attempt to gain further insight into the
isomerization mechanism, a study of the effect of a change
in temperature on the rate was carried out. Using Q{-cyano-
cis=stilbene and O~cyano=-cis-3-chlorostilbene, the rates
of isomerization in 41.12 mole % DMSO in methanol containing
0.01M sodium methoxide were studied at five temperatures
between 10 and 45°. Using (A-cyano-cis-stilbene and o{~cyano-
cis=lt-methoxystilbene, the rate of isomerization in 64.21

mole % DMSO in methanol containing 0.01M sodium methoxide
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TABLE XIX

1

for the Base Catalyzed

Isomerization of Substituted X{~Cyano-cis=stilbenes

in DMSO-Ethanol Containing 0.01M Sodium Ethoxide at 25°

Mole
%

DMSO-E#OH Hp=

0.98
3.9
5,53

10.82

15,54

20,09

25.09

30,09

35,07

10,16

45,22

50,27

55.03

59,62

5% .59

69.26

74,15

79,11

8L .12

89,17

R

14,00
14,05
14,21
l)+038
14,78
15.13
15.45
15.79
16,14
16.48
16,84
17.20
17.57
1792
18.29
18.68
19,06
19.50
20,01
20,52
21,12

4-NO,

0,029

O.1k1
0,212

0.395

3=N0,

-0.91k%
"'O . 852
-0,810
-'Oo 72)"'
"’O L] 501
-0,330
-0,198

Substituent
3=C1l L-Cl
"'1 ° 878
-1.783 =2,115
"l ° 560 -l o 92""" ,
-1.377 =1.730
«1l.,169 -=1,538
-0.986 =~1.339
-0.,718 ~1.126
-0.,486 =0,875
=0,307 =0,686

~0 442

H

-2,182
-1.963
-1.739
"10507
=1.030
-0.771
-0,608
=-0,307

4~OCH3

2,063
-1,800
-1.612
-1.398
-1,100
«0,853
«~0,551
-0,226
+0,.11%
+0,.558
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BLE XX

Values of log kq for the Base Catalyzed

Isomerization of Substituted ({~=Cyano-cis-stilbenes

In DMSO-Methanol Containing 0.01M Sodium Methoxide at 25°

Mole

(4
DMSO-MeOH Hp~

QO U O ~JWw i O

11.83
12,03
12.37
12,72
13.38
13.87
14,29
14,72
15,12
15.53
15.89
16.40

L4-NO,

-0.551
-0, 492
=0.343
=0,202
+0.076
+0.318

3-N0,

'10495
-1.422
"'1 0266
-1.14%7
-0.835
=0.591
-00380
-0.093

Substituent
3~-C1 4-C1
-1.981
"10""‘30 "'10818
-10197 "l . 591
-00957 -1.3)+7
-0.724 =1.158
-0.490 -0.898
-0.,279 -~0.682
"O 039)“‘
-0.117

H

~1.913
-1.662

-1.486

-10136
-0,918
-0.673
-0.402
-0.121

#-OCH3 ‘

-1.993
-1.490
-1.227
~-0.906
~0.630
-0.37%
+0.,035
+0.427
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- FIGURE 10.

PLOTS OF LOG k, VERSUS Hg- FOR
THE ISOMERIZATION OF SUBSTITUTED
(~CYANO-CIS-STILBENES IN DMSO-
ETHANOL CONTAINING O,.0lM SODIUM
ETHOXIDE AT 25°
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FIGURE 11.

PLOTS OF LOG ki VERSUS Hp- FOR
THE ISOMERIZATION OF SUBSTITUTED
Ol-CYANO-CIS-STILBENES IN DMSO-
METHANOL CONTAINING 0.01M SODIUM

METHOXIDE AT 25°
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TABLE XXI

Correlation of log ky with HR-
for the Base Catalyzed Isomerization of
Substituted (X~Cyano~cis~stilbenes at 25°
d(log kq)
Substituent = Slope = ———— Standard Dev. Correlation

d(Hg~) of the Slope Coefficient
.

DMSO=Ethanol
)-t-ﬂ-nitI'O Oo)‘q‘6)+ 00058 00995)4'

3=nitro 049k 0.013 0.9984%
3=chloro 0.607 0.011 0.9989
Yechloro 0,602 0,008 0.9992
hydrogen 0.646 0.008 _ 04999k
Y emethoxy 0.665 0,006 0.9999

DMSO=Methanol ‘ _
honitro 0.426 0.009 " 0.9989

Jenitro 0475 0,01k 0.9972
3=-chloro 0.54%9 0,012 0.9986
Lechloro 0.574% 0,008 0.9994
hydrogen 0,595 0.007 0,999k
Yemethoxy 0.638 0,007 0.9994
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weré studied at five temperatures between 10 and 45°.

By employing the density measurements of Lindberg (113)
at various temperatures, the concentration of the
methoxide ion was corrected for the expansion or contrac-
tion of the solution. Using these temperature corrected
conéentratiéns of methoxide ion, second order rate
constants were calculated. The appropriate rate data
are contained in Table XXII and the plots of log k,
versus 1/T°K are shown in Figure 12. A least sﬁuare
analysis of the plots of log k, versus 1/T°K gave the
slopes. With these, the energies of activation Eq

were calculated using the relation (114)
E;, = k4.576 x slope (72)

The enthalpies of activation O HY were then determined using

the equation (114)

Au* = E, - BRI (73)

a .
where R is the gas constant and T is the absolute
temperature. Then by using the transition state theory
equation (114)

KT R
k = —e e (7%)
h

(A" Ag*
RT
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TABLE XXII

Rate-temperature Data for the Base-=Catalyzed
Isomerization of Substituted {-Cyano-cis=

Stilbenes in DMSO-Methanol

Substituent Mole % DMSO Temp.°K k(1 moles™! secTl)
3=chloro 41.12 284,26 0.158
291.59 . 0.308
298,10 0.54%0
308.3k% 1.226
317.39 2,522
hydrogen 41.12 284,34 0.,0092%
' 291.56 0.0201
298.21 0.0358
308.37 0,089k
317.42 0,204
hydrogen 6L4.21 284,26 0,164
291,58 0.323
298.10 0.571
308.34% 1.310
317.4k1 2.770
b-methoxy  64.21 284,34 0.0208
291.60 0.045%
298.19 0.0861
308,36 0.220

317.41 0.511

log ko

-0.800
-0.511
-0,268
+0,.088
+0,402

-2,034
-1,043
-0.691

-0.784%

-0 .2k
+0.117
+0 442

-1,682

~1.353

-0.657

‘-O L] 291
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where: K is the Boltzmann constant,

h is Planck's constant, and

T is the absolute temperature,

the entropies of activation A s¥ were calculated, for T

equal to 298°K. The activation parameters are summarized

in Table XXIII.

TABLE XXIII

Activation Parameters for the Base Catalyzed

Isomerization of Substituted K-Cyano-cis-stilbenes

Mole

Substituent %
DMSO
3=chloro 41.12
hydrogen 41.12
hydrogen  64.21

homethoxy 64,21

in DMSO-Methanol

E

14,93
16.59
15.21
17.32

moles™ )

s (kcal.

0.05
0.25
0.0k
VO.O9

A H¥ (xcal., As*

moles”

14,34
16.00
14,61
16.72

l>

(e.u.)

-13.7
-13.5
-12.6
- 9.3
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Ge. The Reaction of c&eCyano-CXJ-methoxy-cis; and trans-

stilbenes in DMSO-Methanol Solutions

In order to establish that the base catalyzed
isomerization of the Ol-cyano=cis-stilbenes did not take
place by proton removal, the two isomers of {~-cyano- ' -
methoxyéstilbene were prepared. A prelimiﬁary study
was carried out on the isomerization of the lower melting
isomer, taken to be the cis-stilbene. In 74.26 mole %
DMSO in methanol, the lower melting isomer had a maximum
absorption at 290 mr. When sodium methoxide was added
to the solution, the wavelength of maximum absorption
changed gradually to 287 mr and the absorbance increased
somewhat. On the other hand, in 74.26 mole % DMSO in
methanol, the higher melting isomer had a.maximum
absorption at 286 mr. When sodium methbxidé was added to
| this, the wavelength of maximum absorption shifted to

287 mr.and the absorbance dropped somewhat.

H. The Reaction of 1,1-bis~(4-nitrophenyl)ethene in

Highly Basic Systems

The electronic spectra of l,l-bis-(h—nitrophenyl)—
ethene in DMSO-methanol has an absorption maximum at
306 m#. When enough sodium methoxide solution was added
to make a 0.01M solution, the absorbance at 306 mr_

decreased and a peak with a maximum absorption at 710 mV
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was formed. On making the solution acidic by the addition
of acetic acid, the absorption at 710 mTLdisappeared with
the peak in the region of 282 to 306 mF.reappearing, the
exact location of the latter depénded on the mole % DMSO
used. As the concentration of DMSO was increased from 60
to 90 mole %, the wavelength of maximum absorption of the
species formed when the reaction was quenched with'acetic
acid decreased from 299 mia to 282 muwith a fairly

good isobestic point at 294 %p.-

I. The Reaction of %,4‘-Dinitrobenzophenone in Highly

Basic Systems

When tetramethylammonium hydroxide was added
to a solution of Y,4'-dinitrobenzophenone in DMSO, an
absorption peak with a maximum at 434 qﬂ developed very
quickly. When acetic acid was added, this péak disappeared
virtually instantaneously.

It was also found that the anion of 4-nitrophenol
had a maximum absorption at 434 mP in DMSO with a molar

L

extinction coefficient of 3.38 x 10'. Since the concentra-
tion of Y4,4'=dinitrobenzophenone was 2,88 x 1072 moles 1“1,
if one mole of p-nitrophenolate ion was produced per mole
of 4,4'~dinitrobenzophenone, then the expected absorbance
at 434 m}Lwould be 0.973. Since the observed ébsorbance
at W34 mp was 0,900, the ratio of the observed to the

calculated absorbances was 0,900/0.973 = 0,925,
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It was also noted that at lower concentrations of DMSO
in water, the rate of increase in the absorbance at 434

m,.« occurred at a measurable rate.
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DISCUSSION

A, The Validity of the Hgr- Function

The Hp~ function has been developed tq,describe
the basicity of a solution in which the base adds to an
unsaturated system to form the negatively charged species.
The (~cyanostilbene system of indicators was chosen as
an appropriate system to study suéh an equilibrium
addition of base. This eQuilibrium.is described in the

equation

%zCH@ + HOR AQ %}@ H+ (75)

That the equilibrium studied was that described
in équation (75) 1s fairly certain. There are several
other.possible methods of ionization which will now be
discussed.

Instead of ionizing by an equilibrium addition
ofvthe Lewis base a proton might be abstracted by the

base. Then the equjllbrlum

@c:m@ + OR — <ch c@ HOR  (76)
NC

XVIII

would give rise to a H_ function. That such an ionization
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is possible in the case of stilbenes was shown by Hunter
and Cram (8l) by deuterium exchange studies. By using
potassium t-butoxide in t-butanol they showed the half
life for the deuterium exchange at 116° to be approximately
100 hours. This shows that the deuterium exchange is very
slow and that the equilibrium, as expressed in equatidn
(76), mst be far to the left. In addition, Zinn et al
(115) were able to show that while ethyl cinnamate,
ethyl /3 pheny101nnamate, chalcone and trans- cinnamonitrile
underwent deuterium exchange at the O ~position in
deuberloethanol with catalytic amounts of sodium ethoxide,
~ ethyl CX phenylclnnamate did not undergo any deuterlum
.exchange at all. These two pieces of evidence strongly
suggeét that the ionization does not involve the removal.
of the proton from the f3-carbon to a significant extent.
Spectral evidence is aléo in support of the
ionizaﬁion by equation (75) rather than by equation (76).
It would be expected that the electronic spectra of the

anions XIX and XX would be very similar. In fact the
OZN

oy
Ho -0n
: CN

XIX ' XX

electronic spectra of XIX has a maximum at 548 m}xin DMSO-
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methanol and XX has a maximum at 540 uftin 95 mole %
sulfolane in water (116) with the general shape of the
spectra being similar as well. Such a close similarity
would not be expected fof the electronic spectra of
. structures XVIII and XX.

The effect of substituents on the equilibrium
(vide infra) also strongly supports alkoxide addition
rather than proton removal.

Another equilibrium which is possible in basic
solutions is the proton removal from the alcohol addition

product}

Ho QR . @\—OR |
@9‘?@ + R = ,C-¢© + HOR  (77)
| NC H N H

This equilibrium is always possible for all the indicators
used to establish the Hi- scale; but, whether it is
important or not depends on the relative pK values for
equilibria (75) and (77). If Y=nitrobenzyl cyanide -can
be taken as a model compound for the réaction shoun in
equation (77), then we can obtain some idea as to the
relative pK values for the fwo processes., The pKyy

value most often quoted for L4-nitrobenzyl cyanide is

13.45 (45, 48). This value can be taken as a rough

estimate even if the ionization behavior of Y-nitrobenzyl
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cyanide is in doubt (116). The estimated pK value for the
addition of ethoxide ion to O{=-cyano=lt-nitrostilbene is
15.95 in DMSO-ethanol. At a HR= value of 14.95, the ratio
of the ionized to unionized forms of X-cyano-ht-nitrostilbene
would be 0,10, This is approximately the lower limit of
possible measurements. If the Hr= and H_ values-are
approximately equivalent in this region, Lonitrobenzyl
cyanide would be 97% ionized. This indicates that only

a small amount of the alcohol adduct was present at any
time and that the equilibrium measured was really that in
équation (75).

Spectral evidence also supports the above
argument, The alcohol adduct does not absorb to an
appreciable extent in the region where the C(ucyano—'
stilbene absorbs. Thus if equation (77) made an appreci-
able contribution to the overall equilibrium, no isobestic
point would be observable. The fact that a reasonable
isobestic point was obtained again indicates that the
reactioﬁ shown in equation (77) does not make an appreci-
able contribution to the overall equilibrium.

The use of the Hammett postulate (9, 10) to
establish an acidity scale HR" using a series of
structurally similar indicators seems to be justified.

The Hammett postulate (9, 10) stipulates that the value

of (log Ii ~ log Ij) be constant for two overlapping
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indicators when measured in the same solution. This
implies that the activity coefficient ratio in equation
(10) is close to unity. The close parallelism between
lines for overlapping indicators when log I was plotted
against solvent composition can be seen from Figures 1,
‘2 and 5. This conforms to the basic Hammett postulate.
This is also shown, in a different way, in the small
relative error in the values of Hr=- calculated for one
solﬁtion from the ionization data for several indicators
(see Tables XI, XII and XIV).

The Hammett postulate also implies that thev
pK values should be independent of the solvent system.
In cases where a Lewis base is involved, this must be
restricted to the same base in different solvent systems
(4). That this holds fairly well for DMSO-methanol and
sodium methoxide-methanol solutions can be seen from
Table X. On cleoser inspection of the pK values in DMSO~
methanol and sodium methoxide-methanol, it can be seen
that apart from indicators 1 and 8, the other indicators
differ, at the most, by 0.08 pK units in the two solvent
systems, This is a good indication that the pK values
for the equilibrium addition of methoxide ion to
Ol=cyanostilbenes is independent of the solvent in which
measured.

The difference in the measured pK values for
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Ql=cyano=4'-dimethylamino-t-nitrostilbene in DMsouméthanol
and sodium methoxide-methanol is 0.20 units. This indicator
was the last one used in the sodium methoxide-methanol
system., Because of this there was doubt as to whether the
indicator was completely ionized in the most basic
solution used. As a result, theldifference in the pK
values for this indicator in the two solvent systems is
likely an experimental error.

The difference in the pK values for O-cyano-
2,4=dinitrostilbene of 0.23 ﬁnits in the two solvent
systems is more serious. Since the pK of Cchyano-h,h'—
dinitrostilbene was taken as an arbitrary starting point
in all solutions, the difference in A pK between the
two indicators due to solvent change is a direct reflection
on the reliability of the experimental measurements.

Tt should first of all be noted that the ApK value
between the two indicators was found to be 1.69 in
DMSO-methanol. This is nearing the limit for effective
overlap. As thé amount of overlapping in the ionization
curves of two indicators decreases, the error in the

leK values increases because, in the first place, of a
smaller number of experimental points over which the ZﬁpK
values can be averaged. The increased error also arises
from the fact that the most accurate spectral measurements

are possible when the indicator is between 10 and 90%
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ionized. As these limits are reached, errors in.individual
spectral meaéurements increase and are reflected in the
error of the ZSpK measurements. Associated with these

two causes is the rapid rise in HR— at low concentrations
'of sodium methoxide in methanol. It was felt that these
causes of error were enough to explain the difference of
0.23 units in the pK values for indicator number 1 in the

two solvent systems.

B. Interpretation of the Lewis Basicity of the Solutions

The addition of DMSO to ethanol or methanol
containing 0.01M sodium alkoxide was found to have a
profdund effect on the ability of the alkoxide ion
to act as a Lewis base. The Hp- values were found to
increase from 14.00 in 0.98 mole % DMSO in ethanol to
21.7% in 93.27 mole % DMSO in ethanol and from 11.73
in methanol to 21.65 in 97.61 mole % DMSO in methanol.
In the first case, the Lewis basicity of the ethoxide
ion increases by approximately 7 powers of 10 and in the
second case, the Lewis basicity of the methoxide ion
increases by about 10 powers of 10. This shows that DMSO
has a substantial effect on the Lewis basicity of the
alkoxide ions. |

From equation (69), with the aid of equation

(65), the expression
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f

Hg- + log Kgog = log (OR7) + log—2— (77

fpor™

can be obtéined.v From this, it can be seen that the value
of Hg- is dependent on two terms: the logarithm of the
activity of the alkoxide ion and the logarithm of the
activity coefficient ratio. Because little is known about
v activity coefficient behavior in alcohol solutions, to
a first approximation, it can be assumed that the last
term in equation (77) makes only a small contribution
to the Hgy- value. If this is so, then the increase in
the Hr~ value must be due to an increase in the activity
| of the alkoxide ion.

The activity of the alkoxide ion could be
increased by desolvation. If the alkoxide ion is somewhat
like the hydroxide ion (35, 43) then it is likely that the
aikoxide ion has around it a sheath of solvating protic
solvent molecules. The number of methanol molecules
solvating the methoxide ion have been estimated to range
from 3 to 5.6 for wvarious hindered phencls (41). Thus,
as‘the proportion of DMSO is increased, the amount of
alcohol available to solvate the alkoxide ion will be
decreased. This may account for the rise in the HR-
value as the amount of alcohol present becomes small,

It has also recently béen proposed that the
increase in activity of the methoxide ion as DMSO is

added could be the result of a breakdown of the methanol

)
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solvent structure (117). The structure of methanol has
been considered to be psuedo polymeric (118). That the
addition of DMSO to methanol has a disruptive effect on
the‘solvent structure of methanol can be seen from the

NMR spectrum (119). On adding DMSO to methanol, the proton
resonance is shifted to a higher field. This was regarded
as meaning that the hydrogen bond between two methanol
molecules is stronger than that between a methanol and a
DMSO molecule. The disruptive effect of DMSO on the
structure of methanol is also evident from viscosity
measurements. The viscosity of DMSO-methanol mixtures

was reported to show negative deviations, although small,
from what would be expected from additive considerations
(113). A greater fluidity than expected on the

addition of DMSO is in agreement with a breakdown of

the structure of methanol.

C. The Validity of the H_ Scales

There appears to be some doubt as to the
validity of the H_ scale in sodium methoxide-methanol
solutions. Some evidence points towards it being a valid
self~consistent scale whereas other evidence is not as
favorable.

On looking closely at the ionization behavior
of the indicators used, it can be noted from Figure 5

that the plots of log I versus the concentration of
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sodium methoxide are quite closely parailel. This, then,
points towards the Hammett posfulate applying in this
case. The small relative error in the H_ wvalue calculated
for one solution from the ionization data for several
overlapping indicators (see Table XIV) is also in
agreement with the above Hammett postulate.

On the other hand, the discrepancies between
the determined pKy, values and those found in the
literature are, to say the least, disturbing. A large
discrepancy exists between the determined pKy, value
for Y4-nitrobenzyl cyanide (14.2%) and that reported
in‘the literature (13.45) (45, 48). But this may be
misleading since it was found that 4-nitrobenzyl cyanide
was half ionized in 0.38M sodium methoxide containing
0.67 mole % DMSO whereas O'Ferrall and Ridd (39) reported
it -to be half ionized at approximately 0.5M sodium
methoxide. ©Since the small amount of DMSO would tend to
increase the H_ value by approximately 0.1 unit; the
two results are fairly close considering that the
difference in H_ values between 0.38M and 0,50M sodium
methoxide is 0.2 units.

An even larger discrepancy exists in the case
of 4,4'-dinitrodiphenylmethane. In sodium methoxide~
méthanol solutions, the ZﬁpKHA value between methyl
fluorene=-9=carboxylate and 4,4'-dinitrodiphenylmethane

was found to be 4,01 pKHA units whereas Bowden and Stewart
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(51) reported a value of 2.97 in the DMSO-ethanol solvent
system. This amounts to a difference of over a ﬁnit in
the ZBpKHA values on going from methanol to DMSO-ethanol.
These differences may be due to a solvent effect. In
the ma jority of cases, the differences in the kaK values
on going from one solvent to another, for example on
going from water to methanol to‘ethanol, are not large
vbut differences as great as 1 pK unit are not uncommon
(120a). For example, the ZSpKBH+ value between Y4-nitro-
and 4-fluorocanilines in methanol was reported to be |
4.199 and in.ethanol to be 4%.759 (121). This results
in a difference of 0;56 pK units in the ApKBH+ valu;s
determined in methanol and ethanol.

In order to further check the differences in the
ZXpKHA values as measured in methanol and ethanol, the
previous work in DMSO-ethanol was repeated. The ionization
behaviér of the various indicators 1s illustrated in
Figure 8. This figure clearly illustrates that the plots
of log I versus solvent composition for 4,4',4”-trinitrb—
triphenylmethane and W4,4'-dinitrodiphenylmethane are
neither parallel nor do they overlap to any extent.
Both parallelism and good overlapping are of paramount
importance in the establishment of a H_ scale. In order
to achieve the overlap, 4,4'=dinitrotriphenylmethane

was prepared. Although a plot of log I versus solvent
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composition for k4,4'-dinitrotriphenylmethane overlapped
with that for 4,k',4"-trinitrotriphenylmethane and 4,u4'-
dinitrodiphenylmethane, the ionization behavior of #;4'-
dinitrodiphenylmethane was not parallel to that of the.
other tWo, which were parallel between themselves.
Furthermore, the maximum absorption of the electronic
spectra of the anions of both 4,4',4"—trinitrotriphenyl—
methane and 4,4'-dinitrotriphenylmethane underwent such
drastic shifts in wavelength as the DMSO content was
increased -- shifts of around 100 ny&to higher wavelengths
were observed -- that attempts to correct for these shifts
were impossible. With such large éhifts5 there was no
assurance that the extinction coefficients did not change
as well as the wavelength of maximum absqrption with a
change in solvent. This clearly indicaées that indicators
like W,4' ,4"-trinitrotriphenylmethane and 4,4'-dinitro;
tfiphénylmethane cannot be used to establish a H_ scale -
in DMSO~ethanol solutions. This df course also points to
the necessity of redetermining the H_ scale for carbon
acids in DMSO-ethanol solutions.

The difficulties encountered in the equilibria
measurements using carbon acids in DMSO-ethanol were not
encountered in sodium methoxide-methanol solutions. Thus
it is reasonable to expect that the H_ scale for
carbon acids in the sodium methoxide-methaﬁol system

is a self=-consistent one with some validity.
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D. The Comparison of the HRn Scales with other Scales

Before comparing the Hgr- scales with other scales,
it is necessary to‘explain the choice of Hp- as a symbol
for the acidity function describing the equilibrium
addition of base to an unsaturated system. Rochester has
already used the symbol J_ for such an acidity function (58)
in which thé_relationship between J_ and H_ was given
by equation (43). This relationship is the same as that
between J, and Hg, which was given by equation (22). 1In
both cases, the activity coefficient term was assumed to
be unity.  In the acid region, Deno, Jaruzelski and
Schriesheim (28) were able to:show that the activity
coefficient ratio was not unity and thus established the
acidity function Hg giveﬁ by equation (24). Since h_ was

given by equation (31) and hgy~ by equation (70), then

he=  faor™ fam (78)
h_ (HOR) £,f,~ |
and
Fran— f
Ho- - H_ = log(HOR) - log—ob AH  (59)
fpfa— '

By using equations (43) and (79), the relationship between



130

Hr- and J_ is given by the expression

Hp- =~ J = log (80)

From this it can be seen that the relationship between
Hp- and J_ is identical to that between Hy and Jg.
Therefore the‘symbol Hp~- was chbsen in keeping with the
symbolism developed by Deno et al (29) and now in general
‘use.

Ify, in the first approximation, the activity
.coefficient term in equation (79) can be neglected, then
fdr acids having approximately the same solvation require-
ments, the H_ scale should rise faster than the Hgr- one asthe
activity of the alcohol decreases. That this is not so
for the acidity scales established so far in highly basic
‘solutions containing DMSO can be seen from Figure 13.

In referring to equation (79), it is reasonable to assume
that the activity coefficient ratio for neutral species,
fag/fas would be close to unity. Then, for the Hp- scale
to rise faster than the H_ scale as the DMSO content. in
the system is inéfeaéed suggests that the activity |
coefficient term fyog~ for the base adduct for carbon-
carbon unsaturated systems must decrease more rapidly_than
the activity coefficient term f,- for anions from nitrbgen

or oxygen acids. This may be due to carbanions having



FIGURE 13. A PLOT OF H VALUES VERSUS MOLE % DMSO IN METHANOL
CONTAINING 0.01M SODIUM METHOXIDE FOR VARIOUS

INDICATORS

MOLE % DMSO IN METHANOL
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greater solvation requirements than nitrogen or oxygen
anions.
In the DMSO-ethanol solvent system, the Hp-

and H_ scales for carbon acids (51) cannot be compared
since it was pointed out previously that the validity
of the H_ scale for.carbon acids was in doubt.:

| '_ The Hp- and H_ scales were both determined in
the sodium methoxide-methanol solvent system. For greatér
ease of comparison, these two scales have been plotted on
one graph in Figure 7. At low concentrations of sodium
methoxide, the H_ scale risés more Quickly than the
Hp- scale; .but from 0.8 ﬁo 4,0M sodium methoxide, the
two scales are almost parallel. Tpe comparison of the
Hyp- and'H_ scales, by using the activity values for ~
methanol in sodium methoxide solutions reported recently

by Freeguard, Moodie andlSmith (122), is given in Table
XXIV. Because the two scalgs have slightly different
starfing'points, the differences (HR" - H_) were adjusted
so thét it is zero at the lowest methoxide ion concentration
used. By inserting the experimental values for HR—, H_
and log(CH3OH)‘into equation (79), it is possible to
calculate valuéé of log faoR-/f; and faor=/fp-+ These
values_are givén in the last two columns of Table XXIV.
From this, it can be seen that the assumption thap

faor-/fp- 1s close to unity is obeyed to a ?easonqble

extent for these two scales. This is in contrast f& the
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relationship between the Hp and J, scales in sulfuric acid
solutions where the difference between the two scales

(Hg - Jp) was found to decrease to a value of =5 ét

82% sulfuric acid (28).

In comparing the Hp and J, functions, the
activity coeffiéiéht fR+:refers to a carbonium ion
whereas the activity coefficient fROH2+ refers to a
species with the positive charge residing on the oxygen.
The two species R* énd.ROH2+ then likely have different
solvation requirements resulting in the ratio of the
activity coefficients being different from unity. |
However, in comparing the HR- and J_ functions, the
negative charge in the carbanions AOR  and A resides on
a carbon atom in each case. In this case, the two |
negatively charged species are quite similar and therefore
the ratio of the activity coefficients would likely
be close to unity. |

Accérding to the above evidence, it is likely
.ﬁhat Rochester's_J_ values in sodium hydroxide solutions
(71) are reasonably close to the Hp- values, if these
could be determined in the aqueous system. One ddubtful
point remaining.is that the H_ values used by Rochester (71)
were based on nitrogen indicators and this scale may not

be entirely applicable to carbon acids.
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TABLE XXIV

log (CH3OH)

0,000
~-0.001
~-0,00%
-0.008
-0,018

- ~0,027

-0.053
-0.095
-0,115
0,142

-0,168

-0.19%
-0.223
-0.250
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-0.05
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-0016
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"'0020
“'0019
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-0.20
-0.13

Taken from Reference (122)

log (CH30H) -

o)

- +0,049

+0,066
+0,122
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+0.133
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E. A Comparison of pK Values

A comparison of the pK values for the various
indicators in Table X, shows that the pK values determined
in the DMSO-ethanol system are, with one exception, all
larger than those determined in the DMSO-methanol system.
This may reflect a solvent effect on the pK values. It has
already-been mentioned that differences as great as 1.
pK unit in the leK values between two indicators on going
from one solvent to another are not uncommon (120a). |

A solvent effect on the pK values, however,
does not give the complete picture. When studying the -
equlllbrlum addition of alkoxide ions to unsaturated
systems, the complete base molecule is involved in the
carbanion. It is therefore not necessary, and hardly
expected, that the pK values for one indicator using two
different bases should be identical. | o

The pK values for the equilibrium addition of
ethoxide ion to two unsaturated compounds were measured
but were not used in the calculation of the Hp- scale..
The indicator X(=cyano-2~-chloro-t-nitrostilbene was not
used to calculate the Hr- scale because the plot of
log I versus the solvent composition is not parallel
to that of the other indicators. This may be due to
impure material since insufficient material was obtained

for complete purification. In any case, it is interesting
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that the pK value, determined from the Hp- valuevof the
solution in whiéh the indicator was half ionized, is
higher than that for CX—cyano-#-nitrostilbene. This may
reflect a steric effect of the ortho-chloro group.‘ In
this regard it can be noted that Ql-cyano-2-nitrostilbene
- was found to have an abnormally high pK value of 20,11
when compared to a pK value of 15.99 for ({~cyano=k-
nifrostilbene in DMSO-ethanol solutions. These results
cannot be eXplained on the basis of electronic effects
since these would be expected to be nearly the same for
the aitro group in the two positions., Here again, a
steric effect of the ortho group may explain the results.
The substituents in the ortho position may bhe cauéing the
phenyl ring to twist to some degree. This would cause
the amount of resonance interaction between the nitro
group and the (~carbanion center to be reduced. Since
the nitro group strongly stabilizes an (Ql-carbanion by
resonance interaction, any reduction in this resonance
interaction will increase the pK value of the indicator.
Other cases where an ortho-nitro group exhibits
a Weaker acid strengthening effect than the para-nitro
group are known. Forvexample, the pKyy for 2-nitro- |
diphenylamine (17.91) is greater by 2.24% units than that
for Y-nitrodiphenylamine (15.67) (49). Similarily, the
pKyy for 2-nitrophenol (7.22) is 0,07 units greater than
that for L4-nitrophenol (7.15) (8). The greater pKygp values
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for the ortho-nitro acids in these two cases can be
attributed to a hydrogen bonding effect. However; this :
argument cannot be used to explain the higher pK value
for X~-cyano-2-nitrostilbene as compared to that for
X~cyano-k-nitrostilbene. In the equilibrium addition of
ethoxide ion to an alkene; no hydrogen bonding effect is
possible.

Although the ionization curve for.l,l-bis-(#-
‘nitrophenyl)ethene is parallel‘to that for the other
indicétors, the structure of this indicator is qﬁite
different from that of the other indicators used to
establish the Hp- scales. None the less, this ethene 
appeared to be‘a good indicator and its reactions in |

basic systems will be discussed later.

F. Correlation of Structure with Lewis Acidity . .

An inspection of Table X shows that the Lewis
acidities of substituted O{-cyano-stilbenes are very
sensitive to the type of group present in the phenyl
rings. One of the most widely used methods of quantita;
tively estimating this sensitivity is the Hammett Ojb '
correlation (120b). This correlation was carried out for
a number of substituents in two or threé.éolvent systems.
These are shown in Figures 14, 15 and 16. All the slopes -

were determined by the method of least square analysis (123)
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and these are recorded in the figures along with the’
correlation coefficients r (123).
When substituents were placed in the B-ring of

X{~cyano=k-nitrostilbene (XXI), the pK values

) ¥

C=
Ne ™

XXI

Were found to correlate with the respective J values.

A plot of the pK values, when Z was %'—nitfo,‘3'-chlqro,
hydrogen, 4'-methyl, 4'-methoxy and 4'-dimethylémino,
against the respectiVe g~ values (120c) gave reasonably
straight lines with P and the correlation coefficient r
being equal to 2.27 and 0.996 in DMSO-ethanol, 2;21 and
0.992 in DMSO-methanol and 2.09 and 0.993 in sodium
methoxide-methanol respectively.

The fact that the pK values for XXI correlate
with the respective O- values shows that there isvlittle
resonance interaction between the substituent in the

B-ring and the anion formed in the equilibrium addition
"of alkoxide ion. O~ Values are determined by measﬁring
the ionization constants of substituted benzoic acids
and ih the anion of benzoic acid, represented by

structure XXII, there is no way of drawing a resonance



22

21

20

139

FIGURE 1k. HAMMETT CORRELATIONS OF THE LEWIS
ACIDITY OF CX—CYANOSTILBENES‘IN

DMSO-ETHANOL
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FIGURE 15. HAMMETT CORRELATIONS OF - THE LEWIS -
ACIDITY OF X~-CYANOSTILBENES IN
DMSO-METHANOL
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FIGURE 16.

HAMMETT CORRELATION OF THE LEWIS ACIDITY OF

CXnCYANOSTILBENES IN THE SODIUM METHOXIDE-

METHANOL SYSTEM
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structure with the negative charge residing in the ring.

c .4’8
~

XXII

Therefore, G- values essentially measure the inductive
effect of substituents (5b). That the appropriate
value for the 4'-nitro group in XXI is 0.78 (120c¢),
rather than the G-~ value of‘l.27 (5b), clearly indicates
that only as much resonance interaction is occurring
between the substituent in the @-qdng and the anidn}
formed from the alkoxide addition to XXI as ther¥ is in
the case of the anions of substituted benzoic acids.

The above evidence also sheds further light
on the mode of ionization of the (-cyanostilbenes. If
the ionization took place by a proton removai, as ”'_
indiceted in equation (76). then the nitro greup in the .
41 position would undergo a strong resonance interaction

with the resultant anion as shown below.

NOo : - NO,>
@ N © o
- L E—> =C= =N__
NC/C ¢ @NOZ NC/C @ n

XXIIT
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In other words, structure XXIII would.be expected to make
a large contribution to the overall resonance hybrid. |
If this were the case, the appropriate sigma value for
the 4'-nitro group should be the O~ value of 1.27. The
0 value reférs to the interaction between a substituent
and an anion where resonance interaction is possible és
in the case of the ionization of phenols. That the.
appropriate sigma value for the 4'-nitro group is 0.78
rather than 1.27 strongly'suggests that the ionization
described by equation (76) is unimportant.

The magnitude of fD for the ionization of XXI
gives a quantitative estimate of the sensitivity of the
Lewis acidity on the'electroﬁic effects of groups in: ‘
the égfring. A f) vélue of about 2.1 for this eqﬁilibrium,
. the exact value of which is dependent on the particular‘
solvent system used, can be compared with f) valués of: .
1.00, 2,11 and 2.77 for the ionization of benzoic acids,:
phenols and anilinium ions respectively in water ét 25° .
(1204), a value of 4.07 for the ionization of diphenyl-
amines in DMSO-water (h9), and a value of 1.88 for the

ionization of 2,%,6-trinitrodiphenylamines (XXIV)
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in aqueous solutions (52). This comparison shows thét
the Lewis acidities of X(~cyano=t-nitrostilbenes are
~about as dependent on the electronic nature Ofvsubstit-.
uents in the ‘g-ring as are the acidifies of phenol arid
-anilinium ions. |
A‘plot of the pK values for CX,%-dicyénOstilbenes
(XXV), where Z was 4'-=nitro, 3'-chloro and hy@rogeﬁ;'. .

against the respective O~ values yielded f> and r values
- CN

iy
XXV : |

of 2.33 andi0.999 in DMSO-ethanol and 2.17 and 0.996 in
DMSO-methanol respectively. Since only three points were
used in each case, the reliabilify of these FD values

is not great. But they do show that the F) value for the.
ionization of XXV is very similar to that for the .
idnization of XXI. .

In the ionization of Ql-cyanostilbenes (XXVI)

€ A

C=
nNe”

XXVI
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vwith substituents in the {=-ring, a plot of the pK véiués
versus the respective O~ values (5b) for the substi?uents
Y-cyano, 3=cyano=kt-chloro, 3-cyano and 3-trifluoromethyl
gave F’ and r values of 4.77 and 0.994% respectively in |
DMSO-ethanol and 4.24 and 0.985 respectively in DMSO-
methanol. Because only four points were used to detefmine:
the F)-values, the error in fD may~be high. Neveﬁthéiess,
it appeafs that this F) value is slightly higher than
the value of 4.07 for the ionization of'diphenylamines 
(49). The high positive F> value and the fact'thét the
appropriate sigma value for the 4-cyano group is the O~
value of 1.00 indicates fhat structures such as XXVIII
make a considerable contribution to the structure of the

base adduct XXVIT.

CN

' @K) el OO

XXVIT XXVIII

Considering ﬁhe fD values of 2.11 for the ion-
_izatioﬁ of phenolé (120d) and %.07 for the ionization of
diphenylamines (49), one might have anticipated a much
higher F) value for the equilibrium addition of alkoXide
ions to CX—cjanostilbenes. A P value as high as ten

has been estimated for the ionization of toluenes (49).
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However, the ability of the (X-cyano group to effectively
stabilize the negative charge would tend to have a
"swamping" effect. This recalls the reduced (3 value
observed for the ionization of 2,4%,6-trinitrodiphenyl-
amines (XXIV), 1.88, compared to that for the
ionizatién of diphenylamines, 4%.07.

From Figure 14, it can be seen that the
- value for the equilibrium addition of ethoxide ion to.
XXI or XXV averages out to 2.30, whereas the-P value for
the éddition to Oincyanostilbenes with the substituents
in the O{~ring is 4,7%5 This means that the 63 value
for the €3-ring, where the substituted phenyl rihg is
removed by one carbon atom from the site of the carbanion,
is 0.48 of the (3 value for the O-ring where'the‘
substituted phenyl ring is adjacent to the carbanion.
This compares closely with the ratio of the f) values for -
the 1onlzatlon of substituted benzoic and phenylacetlc
acids. The fD value for the 1on1zat10n of.ben201c
acids is 1.00 and that for the ionization of phenylaéétic
acids is 0.49 (5b). In pheﬁylacetic acid, the phenyl
ring is one carbon atom farther away from the carboxyl
group than in benzoic acid.

It is also evident from Figures 14 and 15 that
the L4=-nitro group is exceptionally good in stabilizing the.
negative charge of the anion formed from the equilibfium

addition of alkoxide ion to O{=cyano-it-nitrostilbene.
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In these plots of pK versus Q- , effective sigma values
of 1,70 in DMSO-ethanol and 1.81 in DMSO-methanol had

to be attributed to the 4-nitro group in order to bring
it onto the straight line Jjoining the other four points.
While this analysis used only a small number of substituents,
it is ciear that an exalted O value is required for |
the para-nitro group. There are other cases where‘an
exalted O- value has been reported for a para-nitrb group.
In the ionization of diphenylamines, Dolman found an
effective O~ value of 1.65 for the Y-nitro group (49).
Fisher, Riddols and Vaughan (124) have reported

.values of 1.70 and 1.81 for the 4-nitro group in the
ionization of substituted l-naphthols and in the‘metth-
étion of lénaphthoxide ions respectively. A comparison
of these exalted U~ values with those of 1.27 for the
ionization of phenols and 0,78 for the ionization of..
benzoic acids implies that sfructures such as XXX must
make a greéter contribution to the carbanion XXIX than\
structures such as XXXII do to the anion XXXI forméd from

the ionization of “-nitrophenol.
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XXXI ' XXXII

G. The Correlation of Rates with the Hp- Function -

One of the underlying purposes of establishing-
an.acidity function is to aid in the elucidation of the
mechanisms of acid or base catalyzed reactions (60).
However, the prospect that different aéidity scales
exist for each narrow class of structurally Similar
’compoﬁnds in the highly acid regions (125) has cast a
wave of uncertainty on the interpretations'of kineticv
correlations with acidity functions. Because of this;
great care mist be exercised in interpreting such
correlations in cases where the reactants used in the
kinetig study are structurally quite different from the
indicators used to establish the acidity scale.

Ih the case where the reactants used in the
kinetic study and the indicators used to set up the; |
acidity scale are structuraiiy very similar the
interpretation of the kiﬁetics—acidity function

correlation should be on firmer ground. Such a case
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_eXists here. The substifuted cx-cyanOwtrans-stilbénes
usedwto:estéblish the Hp- scale are nearly identical

to the substituted A-cyano-cis-stilbenes used in the
kinetic study of tbe'base catalyzed iéomerizatioh.. The
only differences are the substituents in the phenyl rings
and the geometrical érrangement. Soivation differences |
in the samé solution should be reduced to a minimum.

The existence of‘a good linear relatioh‘between
the logarithm of the apparent first order rate conétant,
log ky, and the acidity scale Hp~ is evident frdm Figurés
10 and 11. The closeness'to linearity of this correlation
is also reflected in Taﬁlé XXI. The correlation coefficient.
r gives a measure of how good a straight line is produced
by the experimental points. The closer r is to one, the
better the straight line (126). From Table XXI, it can
be séen that all the values of r are-greater than 0.995.
-This shows that very'good straight lines are obtained
- when values of log kq were plotted against the respective -
Hp- values in both DMS0-ethanol and DMSO-methanol.
vAlthough the lines are straight, the slopes are far from
unity. | -

In the acid region there are cases when a log
k=-acidity function correlation results in slopes of
less than unity for reactions involving a slow proton
transfer step. Kresge and Chiang (127) found that for
the loss of tritium ion from l,3,5~trimethoxy— —2-H3]-
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benzene iﬁ'aquecus perchloric acid, a plot of log

k versus Hy gave a straight line of slope 1.07.

exchange
But the protonation of 1,3,5-trimethoxybenzene should
follow the HR' function and in the region in which the

kinetics were measured, the expression
2H, = Hg' v (81)

holds approximatély (127). The slope of the plot of
1og Kgxchange Versus HR' would then-be 0.,53. It was also
shown that the hydrogen exchange in 1,3,5-trimethoxy-
benzene followed the Bronsted catalysis relation with X
béing equal to 0,518 with a standard deviation of 0.007
(128).

| Noyce and co-workers have studied-the'aEid
catalyzed isomerization of cis-benzalacetophenone (129),
cis-cinnamic acid (130 - 132) and cis—stilbenes (133).
They found that the kinetiés of the isomerization of the
cis-cinnamic acids paralleled the acidity function Hy
with nearly unit slope (130, 131) and that a plot of‘
log k versus H, for the isomerization of cis-stilbene
" gave a slope of 1.25 (133). 1In both‘cases; a s;ow proton
addition was'propoSed as the first step on the basis of
a substantial solvent isotope effect (132, 133) and a
large negative f) value (131, 133). If one considers
that the Hp' function should be applicable rathef than
the H, function and that equation (81) holds, then the
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slopes of the log k-=Hp' correlation would be approximately
the same as that found by Kresge and Chiang (127). | |
The results of Kresge and Chiang (127, 128) and
those of Noyce and co-workers (130 - 133) suggest that
when the proton ié tranéferred in the rate detérmihing_
stage, a pldt of log k versus the appropriate acidity
functionvgives a slope of less than unity; The éame may
apply to base catalyzed reactions. |
When an alkoxide ion acts as a nucleophile and
adds to an unsaturated syspem in the rate determining
step, the appropriate correlation of the kinetics is
with the Hg~- function. The mechanism for the base -
~catalyzed isomerization of X-cyano-cis-stilbenes can

be represented by the equation
C + OR == COR =T + OR - (82)

where C, T, and OR represent the cis -and trans isomers
and the base respectively. The rate of the reactioh can

then be given by the expression

v ) —fcfor™

where v is the rate of the reaction, -d[b]/dt, ky is

the apparent first order rate constant, k2 is the second
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order rate constant and £¥ is the activity coefficient
for the transition state. If the transition state for the
cis~-trans isomerization has a structure intermediate
between that of the structures of C + OR  and COR—,
then.the activity coefficient of the transition state
can be written in terms of the activity coefficients of
‘the two limiting forms (134). |

1-K X

- | -
£ = (£fgp™) (foor™) (84)

Here X is a measure of the degree to which the transition
state resembles the intermediate COR_, and as such should

have a value between O and 1. By using equation (84%),

equation (83) becomes
X
fAf

Kk, =k, oRJ(—COR | (85)
Toor™ -

The activity coefficient term in equation (85) can be
expressed in terms of an acidity function. For the
equilibrium

TOR == T + OR (86)

an acidity function b_ can be defined as
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£fr(OR ) TOR
b = S . K [ ]. i (87)
fror™ [T] j

where K is the equilibrium constant for equation (86).

From equation (87) one can obtain the expression

fpfog= D

foop~ LR

(88)

Since T and C differ only in geometric arrangement, the

c mst

be almost identicalj; and, since the activity coefficient

corresponding activity coefficient terms fr and T

terms fpor~ and fCOR' refer to virtually identical
intermediates, the activity coefficient term in’
equation (85) can be replaced by a measurable quantity.

Equation (85) then becomes

b

1 = kol =—— (89)
] e\ o) 7

By using equations (70) and (87), the expression

K
b = __HOR (90)
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can be obtained Where KHOR is the ionization constant for
the solvent. Using this expression, equation.(89) then
becomes

A

kl L Kyor |
— = =  ko| = (o7)
. E)R :l hR"‘ . . _ o1

[or”]
Upon taking logarithms and simplifying, the equation,
log ky = O(Hg- + constant (92)

is obtained since k, and Kygp are constants and in the |
-solutions in_which the equilibria  and kinetics were-studied,
the concentration of the élkoxide ion was kept constantf
This analysis shows that the slope of a plot of log k
_versﬁs the appropriate acidity function gives an indication
of how closely the transition‘state‘resembles the inter-
mediate anion in cases where the base concentratioh is
kept-consﬁant. |
- On inspection of Table XXI, it can be seenv

that the kinetics.of the base catalyzed isomerization of

X-cyano-cis=stilbenes correlate very well with the
acidity function Hp- with slopes of between 0.426 and
0.665. This implies that the transition staté for the
isomerization has a structure approximately half way

between that for the starting material (C + OR )
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and the intermediate anion (COR ).

It is also evident from Table XXI that as the
substituents become more electron withdrawing, the élope
decreases in Valﬁe. This suggests that the fractional
displaceﬁent of thé transition state along thé reaction
coordinate'is lessened as electron withdrawing substituents
are placed in the ring.

| In addition to this, the slopes of the kinetic-
Hg- correlation were found to be greater for each reactant
wheh éthoxide ion was the base than when methoxide ion
was the catalyst. If these slopes.can be taken as an.
ihdication‘of the extent of the bond formation in the
transition sﬁate between the reactant and.the alkoxide, as
proposed above, then the extent of the bond formation in
the transiﬁion state when ethoxide 1is the base must be.
greater than in the case when methoxide ion is the base.
Due to an additional methylene group, the ethoxide ion |
is larger sterically than the methoxide ilon. The greater
size of thé ethoxide ion may necéésitafe a greater
decoﬁpling of the 77-electrons in the carbon-carbon
double bond before the isomerization can take place5
- The kinetics of certain aromatic nuclebphiiic
displacements in concentrated sodium methoxide solutions
~were found to correlate with the appropriate Hg=- function.
Schaal and Peure (67) studied the alkaline degradation

of Y4-dinitrobenzene in sodium methoxide-methanol sdlutions
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and the slope of the log k versus Hy plot was near unity.
The HM scale had previously been determined by Schaal
and Lambert (37) and is based on methanol as the o
standard state using mainly substituted anilines  |
and diphenylamines as indicators. Using the kinetic
data of Schaal and Peure (67), a plot of log k versus
HR' gives a good straight line of slope 0.80. More
recentiy, Schaal and Latour studied the alkaline decomposi-
tion of 2-dinitrobenzene in sodium methoxide-methanol
solutions. Here again a‘plot of log k versus HM gave a
straight line of near unit slope (68) while a plot of
log k versus Hp~ gives a slope of 0.81. On looking at
the indicators used to establish the Hy and Hgy~ scales,
one would expect that aromatic nucleophilicvsubstitutions
should correlate better with the Hp-~ than with the Hy
scalé° The slightly less than unit slopes for the

log k-Hp- correlations may be due ﬁo experimeﬁtal errors,
This is ‘in favor of a mechanism with a pre~equilibrium

- followed by the slow rate determining step.

H Substituent Effects on the Reactivity

In order to determine the effect of substituents
on the rates of isomefization, it is necessary to compare
the rétes at one Hp- value or in a solvent of fixed
composition. From Figures 10 and 11, it can be seen that.

this comparison was only possible with extrapolation
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in some cases. By using the slopes calculated by the
method Qf least squére analysis and recorded in Table XXI,
it is possible to caiculate‘log kl values for thefvarioué
substituted (X-cyano-cis-stilbenes at a Hp- value'of
.16.00 in DMSO-ethanol and DMSO-methanol solutions. The
‘results of.these calculations are recorded in Table XXV,
Using the log ki values recorded in Table XXV,

a plot of the log ki values for the base catalyzed '
isomerization of substituted o&~cyano-cis-stilbehes versus
the respectivé T values gave reasonably straight lines.

These plots are recorded in Figure 17. The f) values,

TABLE XXV
Calculated iog k, Values for the ISomerizatiqn of
Substituted X-Cyano-cis-stilbenes in DMSO-Ethanol
énd DMSO-Methanol at a Hg= Value of 16.00

Substituent log ki in DMSO-Ethanol 1log kq in DMSO-Methanol

Monitro +0.963 +1.208
3-nitro +0,087 40450
3-chloro : -0.817 - -0.242
Y.chloro | -1.187 -0.616
hydrogen -2,049 | - -1.394‘

L -methoxy -2.882 —2.271
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FIGURE 17.

HAMMETT CORRELATIONS OF THE RATES OF ISOMERIZ-
ATIONS OF SUBSTITUTED X~CYANO=-CIS-STILBENES

IN DMSO-ETHANOL AND DMSO-METHANOL AT A Hp~

VALUE OF 16,00 AT 25°
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as determined by the method of least square analysis, are
3.07 and 2.82 in DMSO~ethanol and DMSO-methanol reépectively.
This shows that_cOnsiderable}negative charge‘is developed
in the transition state. These F) values can be compared
with a value of 2.54 for the saponification of ethyl
benzoates in 85% .ethanol at 25° (1204) and a vaiue of
3¢3 for the nucleophilic substitution by ethoxide ion of
4~substituted~2-nitrophenylbfluorides in ethanol at |
© 49.6° (135). Although the f} valﬁe for the isomerization
is not as high as that for the aromatic nucleophilic 
substitution, it is higher than thatvfor the. saponification
of éthyl benzoates. | | . .
The 63 &alug for the isomerization of CX-cyano- 
cis-stilbenes can also be compared with the (3 value for the
equilibrium addition of alkoxide ions to X=cyanostilbenes.
In DMSO=-ethanol, the ratic of the 63 Value for the isomer-
- ization to that forvthe equilibrium addition of'ethéxide
ion is 0.64, and in DMSO-methanol, the correspoqding‘
ratio is 0.66. The values of these ratios indicéte'that
~the ionization constants are mch more Sensitive‘to
substituentbeffeCts than are the rates of isomerization.
It is also interesting'to note théf the values of these
ratios are 1in approximate agreement with the slopes of
the kinetic-acidity function correlation. |

Figure 17 shows that the point for the L-nitro
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substituent falls off the line Joining the other five
points regardless of whether the U~ or G~ value is ﬁsed.
The aVerage effective O~ value for the L-nitro substituent_
was calculated to be 0.95. ‘This suggests that the resOn—
ance 1nteractlon of the 4-n1tro group is reduced but not
-completely ellmlnated.

Trans-stllbene has a cbplanar structure whereas
cis-stilbene cannot assume such a structure because the
ortho-hydrogens would overiap. As a result; one df.the
phenyl rings is forced to rotate out of the plane of the
rest of the molecule (136). It is very likely that the
same situation'exists in the.case of CK-cyanoecis-stilbenes.
- It is thue'ﬁessible that the'resonance intefactionﬁof the
anitfo substituent with the reaction site is reduced
 because of the twisting of one of the phenyl rings out
ef the plane of the rest of the molecule. This weuld
‘explain the effective'CP value of 0.95 for the Y-nitro

group in the*isomerization of Ckucyanoécis-stilbenesg

I, Activation'Parameters

In any kinetic study, it is desirable to heee
an estimate of the activation parameters. By cemparing
the experimehtal values with the values.-found in the-
literature, some mechanisms may be favored while others

‘may be discounted.
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The activation parameters in Table XXIII show
that the rate increase for the isomerization of CX-cyeno-
cis-stilbene on geing from 41.12 to 64.21 mole % DMSO
in methanol is'due_largely to a decrease in the enthalpy
of activétien_ZXHfﬁ aided slightly by an increasé in the
entropy of aetivation ZBS*fi The dependence of the
-rate increase, on going to higher DMSO concentrations, on
'the decrease iheZSH* is in agreement with the results of -
Cram et al (137) for the base catalyzed racemizatien”of
(t)«2—methyl-3;phenylpr0pionitrile in DMSO-methanol
solutions and the results of Kingsbury (117) for the
reaction of C6H50H2S_K+ with b-fluoronitrobenzene in
DMSO-methanol solutions. Both Cram et al (l37)iand
"Kingebury'(ll7), however, reported decreases in ZSS*asiv
| the concentration of DMSO was increased. Roberts (138),
on the other hand, reported that in the hydrolysis of various
esters in aqueoﬁsvDMBO solutions, the ZﬁS*’tended tot
.increase as'the‘proportion of DMSO increased. These'
results suggest that no general trend in ZXS#:can be
expected as the DMSO content is increased.

In general the entropy and enthalpy of
activations listed in Table XXIII are approximately‘in'
line ﬁith.those'for a bimolecular reaction between a
charged ion and a neutral molecule. For.example; in the

nucleophilic substitution of methyl bromide by ethoxide
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'ion at 55°, the entropy of activation is =13.9 e.a. and the
energy of activation is 20.0 kecal. mole™r. In the
ahalOgous reaction of ethyl.bromide, the entropy of
activation is -11.6 e.u. and the energy of activation

is 21.0 kcal;'moleul'(139). " These values are fairly close
to the entropy of activation of -13.5 e.u. and the energy
of activation of l6 6 keal. mole™l for the methoxide'ion‘
catalyzed isomerization of Cx-cyano-01s -stilbene 1n

41,12 mole % DMSO in methanol at 25°,

On the other hand the actlvatlon parameters
llsted in Table XXIII are quite different from those
»reported by Rappoport, Degani and Patai (77) for the amine
catalyzed 1somer1zat10n of ethyl Cxecyano F?-Z-methoxy-'
.phenylacrylate (XXXIII), These workers reported energles

H3C OQ :
o ~C0xCoHy

c=C
- NeN

XXXITI

of‘activation (Ea) in the range of 5.06 to 2.71 kcal. mole-}
-with the ekact Value depending on the particular amihef

used as catalyst. Accompanying these low values fcr Ea

were very negative values for ZlS#E ranging from =43 to'

~66 e.u. These low values for Ea and high negative

values for ZSS*'were explained in terms of a zwitterionic
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intermediate or transition state. This shows that the
replacement of the hegétive methoxide ion as a'base by

a neutral'amine has an extremely large effecf on the
activation parameters even though the two mechanismsvﬁay

be similar in other respects.

Jde. H‘Furthér Discussion ofbthe Isomerization Mechanism -

"It'haé already been pointed out‘that_the:baée
_catélyzed”isomérization‘of {~cyano-cis-stilbenes is first
order in vase and first order in reactant. In addition,
it has.also been shown that the base catalyzed |
.fisbmerizationS-go}to'completion, and that ho substantiai
éide feacfions 6ccur.

A mechanism, similar to that proposed by
Rappoport, Degani and Patai (77) can then be pfoposed,for

 the base catalyzed isomerization of (X-cyano-cis-stilbenes.

Scheme III
- oR
Ph  _Ph . _ Kj - _ ‘
- =C\ ' + OR < NC- ‘P_h '
vee # . H~""ph
XXXIV | XXXV cis
| | kai rk-aA
Ph,_ H _ k-3 Ph Hoo
= -~ + OR <—— NC-- -Ph
- ne” C\Ph | kg - ?Eifi h
. | OR

XXXVI. o - XXXV trans
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‘In thiS'mechanism,>thé first step is the reversible
>attack of the nucleophile on the unsaturated system
-forming tﬁe cis-carbanion’(XXXV cis). Since the hindrance
to the rotation around the c&-FB carbon bond in XXXV, or
to the‘fapid inversion of the carbanions, should not be
gréat, a rapid equilibrium should be establishedvbefwéen.
| XXXV cis and’XXXV trans. The last step in the reaction
then ihﬁblves ﬁhé.elimination of the nucleophile from'XXXV
trans tb.form the Cx-cyanoftrans-stilbene (XXXVI).v

| "A steédy state treatment of the above scheme then;»-

.gives the expression

—9[—.T.] = ky ki, (o] [B] - k—lk-2k-3 bl :

St kgky o+ kgkp 4 Kok

(93)
':'wherelT3 C and B refer to the tfahs-iéomer,_the cisf_'
isomer and the base respectively; Since ﬁo reactioh was
observed With'the.trans;iSOmer under the conditioﬁs'usedv'
_ to'study the isomerization of the O{~cyano-cis~stilbenes,
this mst ﬁean‘that the.equilibriumAlies far towards the
trans-isomer. This means that kykpky mist be greater than
' k_lk_zk_3., It has previously been suggested that‘the
rate.%f attack of a_nucleophile on a cis-isomer is
,approximately'the Same as that on a trans-isomer (77).

This means that ki and k 5 are essentially equal and that
S that kg and k3 f
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k2k3:>k_lk_2. The experimental rate constant kexp in'

equation (93) then reduces to

SN R _
s = - » —— (9%)
o K 1+ k'—l/kZ + k‘—lk-z/k2k3 |

'Since k k3 is con51derably greater than k_lk_g, then
k_lk_z/k k3 can be ignored with respect to unity and
equation (94) is redueed to thevexpre551on

Ky

ey = i N 02
R 1+ kp/kg | o

”eif'this ehalysisbwere correct, then aceerding,te Rappoport,
:-Deganl and Patai (77), there are three possibie situations:
(a.) When ‘the ellmlnatlon step is faster than
theirotatlon, then k_1>k, and the equat;on

keiﬁ .% ‘Eiﬁg_f S : .'.(96)

S _1 _

results.
(b.) When the rates of eliminetion ahderotation
are approximately. the seme, then k_1?8k2 and
equation (95) applies.

(c.) When the rate of rotation is faster than the
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elimination, then k2)>k_l resulting in the
~equation

Kexp = ¥y | - o (97)

In the preéent case, equation (96) can be
eliminatedfbecausQ ﬂhe first possibility implies thé
existence of'é pfe-eduilibrium. In a mechanism with a
pre-equilibrium, the activity coefficient of thé transition |
staté,’f*,.would either resemble that of fhe cis-éarbanion
(xxxv éis)'or some intermediate form between that of
XXXVncisiand XXXV trans. In such a case, since the
activity coefficients for XXXV cis and XXXV trans shouid
be'neérly identical, thé correlation of the kinetics
- with the HR-‘function should give a straight line of -
unit slope; Sinée_unit‘slopes were not obtained.the
Cfirst pcssibilitchan_be_réndered unlikely.
| . The avaiiable data cannot distinguish betwéen
. the other two possible situations.  In bbth_casés, the
eXperimenfal»ratevconstant would hot be far different
from kl'-‘ | |

| The wvalues for the energy'of activation fof the
isomerization (Table XXIII) are in the range of 1k.9 to
~17.3 kcal.‘moie-l. These compare very closely with.the
values of 11.7, 13.1 and 16.2 keal. mole™  for the base

catalyzed hydrolysis of H-methoxybenzylidenemalonénitrile,
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ethyl ercyano-ﬁ ~4-methoxyphenylacrylate and cxfcyanb-

p ~Lt-methoxyphenylacrylamide respectively (86).. In these
cases the rate determining step was considered to be the
attack of the hydroxide ion on the carbon-carbon double
bond. In the base- catalyzed hydrolysis of chalcone,
values of 20.0 kecal. mole-l and ~10.6 e.u. were reported
for the enérgy of actiﬁation and the entropy of activatibn
fespectively (lHO). Here again the attack by the

hydroxide ion on the carbon-carbon double bond was
considered,tovoccuf»in the rate determining step. From
this compariéoh it can be seen that the activation parém~
eterslfor thé base'catalyzed isomerization of O{-cyano-cis-
stilbeneSVCOrfespond quite closely to those found in cases
involving‘a slow réte détermining addition of a nucleophile
to a cafbon~carbdn double bond. This supports the
COnﬁention that the experimental rate constant is governed
largely by the rate constant for the first step (kl){

The activatidn parameters in Table XXIII can
also be:compéred with‘those‘for_the cyanoethylatioh of
alcohols. Feit and Zilkha (141) repoftéd anlenergy
of activation of'18.7 kecal. mble“:L and an entfopy of
activation of -7.2 e.u. for the cyanoethylatibn of
‘methanol. The rate determining step was considered to be
the attack of the methoxide ion on acrylonitrile. The
higher energy of activation for the cyandethylation

reaction than for the isomerization may be due to a less
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activated double bondvin acrylonitrile than in C{~-cyano=-
cis-stilbene. ©Similarily, the less negative entropy of
activation for the cyanoethylation reaction maybwell.be
due to.a less hindered unsaturated system in acrylonitrile
than in ﬁhe case of<ancyane-cis—stilbenes. This again
supports the view'that KoypSky « o

From'ﬁhe‘previous discussion, it is seen that
the effects of substituents on the rate of isomerization
of OL-cyanofcie-stilbenes are twofold. Figure 17 shows
that the P value is fairly large and positive for the |
isomerizatioh, indicating that a considerable amount of
ﬁegetive charge is developed en the X=carbon atom inv
the transition etate. From Table XXI it can be seen that
the substituents alsc have an effect on the slopes of
theylog kq-Hp~- correlation. This sloﬁe, termed X in
equationu(92), was shown to be a measure of how closely
the transition state resembled the intermediate carbanion.
In the structure of the carbanion intermediate frem'the
addition of methexide ion to mecyano~cis—sti1bene, one
unit of negative charge can be represented-es residing
on the O{-carbon atom even though it is realized that N
the greater portion of the charge must be delocalized |
into the phenyl fing and the CX-cyano group. The trans-
ition state in the methoxide ion catalyzed isomerization

oft Ql-cyano-cis-stilbene can then be represented by
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structure XXXVII

- XXXVII

The portion of the negative charge residing on the o
.carbon in XXXVII, i.e. in the CX-portidn of thé-mdleculé,
would be about half‘that of the total negative chargé in
the transitién staté.' As 'the éubstituents in the CK-phenyl
- ring become ﬁore-electron withdrawing, fhe-pfopbrfion |
of the negaﬁivé charge residing in the C{-portion of the
molecule in’the:tfansition state beéomes less. Thé' |
evidence for this is the observed decrease in the slope
fof the log k-HR- correlation as the substituents in'the'
C(-pheﬁyl ring become more electron withdrawing. With o
| strohgly electfon withdrawing groups in the Cx-phenyi.ring,
the double bond chéracter of the(jfﬁ carbon bdnd may be
-lessened due to some contribution of resonancé structureé
. such as XXXVIII to the total structure. In such a_cése,
a smaller amount of bond formation between the methoxide
ion and the (3-carbon atom may be necessary before rotation
abbut the Cx-@ carbon bond 1s possible. This would"
explain the decrease in the slope X as the substituents

become more ‘electron withdrawing.
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XXXVIII

_ In addition to the mechanism proposed in Scheme
111, anothér.possibility exists. Hunter and Cram (81)
found that cis-stilbene underwent base catalyzed
iéomerization as weil as deuterium exchange through>
a vinyl carbanion. This suggests that the isomerization
of {=cyano-cis=stilbenes may take place by a proton'
removal reaction giving a transitidn state of structure
similar to XVIII. If this were the mechanisﬁ;-then'
ercyéno-(30»methoxy~cis~stilbene should not isomerize
under basic conditions. Since it was shown‘that CX-cYano-
Cx'-ﬁethox&—cis»stilbene did isomériZe in DMSO-methanol
contaihing O;OlM.sodium methoxide, this must mean that‘the‘
isomerization mechanism does not take place through_a
vinyl carbanion of structure XVIII, This is supported
by the finding by Zinn et al (115) that ethyl O~phenyl-
cinnamate did not undergo deuterium exchange when treated

with catalytic amounts of sodium ethoxide in deuterioethanol.
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K. The Reaction of 1,1-Bis-(4-nitrophenyl)ethene in
Highly'Basic Systems

_ When 1,1-bis~(4~nitrophenyl)ethene (XXXIX)
was reaéted with tetramethylammonium hydroxide in DMSQ,F
the,isolated productv had a molecular weight of 544, as
défermihed.by the Rést method, and the analyéis corresponded
to‘that}caldulafed for the compoﬁnd with structufe XVI.
»_Thisvcompoﬁnd can be accounted for by the following

reaction route:

(4-NO,Ph),C=CH, + OH = Q+;N02Ph)26-CH20H |
XXX BN
(4NOpPh)CH-CHRO™

(4=NOoPh)oCH=CHpO +  (4=NO,Ph),C=CH, ————>

(4=NO,Ph) 5 ~CH~CH, 0CH,~C= (Ph-1-N05 )2

acetic acid

(4—N02Ph)2=CHmCH

,0CH=CH=(Ph-}-N0,),

XVI

The isolation of the diether (XVI) illustrates the
complications which can arise when attempting to use
hydroxide ion.as a Lewis base. Once the hydroxide ion

has been added to an unsaturated system. the proton
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can shift from the oxygen to the carbon atom. This
leaves ah alkoxide'ion as base which can undergo further
‘reactions as a Lewis base.

When XXXIX was reacted with methoxide ion in
'DMSO, the produét iSoléted had a NMR spectrum dand analysis
in agreement with the structure of l,l;bis-(h-nitrophenyl)-
2—ﬁethéxyethane (XVII). In the NMR spectrum,.the
singlet at 6.56C is in the region associated with that
of ‘a methoxy group (142);_ The integrated peak*heights-of
the.triplet, doublet and singlet were in the ratio of
1:2:3,. This iS‘aléo in agreement with structure XVII.
The triplet can be aésigned to the single proton at the
cx-position,_thé doublet to the two protons at the Fg-
position and'the_singlet to the three protons in thé
methoky'group. ‘ , v
| | Fﬁrther insight into the reaction of XXXIX with
alkoxide ions'in_DMSO was obtained from the electronic
spectra. When sodium ethoxide was added to a soluti6n of
the ethene (XXXIX)Vin about 90 mole % DMSO in éthanol,'
an ébsorption péak centered}at 710 gy‘was evident. This
was likely due to the anion formed by the addition of
ethoxide ion to the ethene sincebthe anion of U4,4'-dinitro-
diphenylmethane has a maximum absorption at.70h 3)4(51).
It would be expected that the two ions Would have'very
similar absorption:spectra. The addition of acetic acid

caused the absorption at 710 Hvkto disappear. This
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supports the contention that this peak'was due to the anion.
However, the addition of acetic acid did not fegenerate the
ethene; instead, a mixture of the ethene and the a1coho1"
addition product was formed. The proportion Of.each of:
 thése preéent dépended on'thevextént of ionization
.prior‘tb the éddition of acetié acid. As the solutions
became moré‘basic due to6 an increased concéntrafion'of

DMSO, the addition of éthdxide ion to the ethene became
more compléte as_evidehced by the increase in the absorption
ét}7lO'ﬁ94with the position of the absorptioh maximum |

of the acidified solution being shifted from 306

to 282 gy. It is noteworthy that thg}electronib spectfum
of XVII has a maximum absorption at 283 g}&in DMSO
solﬁtion.‘ Sihcg fhe replacement.of a methoxy groupvby

Ian ethoxy groﬁp shoﬁld have little effect on the electrdnié
. spedtra,,the product from the reaction of XXXIXvwiﬁh
sodium ethoxide in DMSO followed by the addition of{

acetic acid isvlikeiy'1,l;bis-(hmnitrophenyl)2~eth6xy-'
ethane (XL). | | |

(4-NO,CgHy) 2CH.-CH2~OCH2CH3 |
XL

The reaction of XXXIX with sodium ethoxide in

- DM50=-ethanol solutions'can be illustrated by the scheme:
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| (4-NO,CgH),0=CH, + OBt == (4-N0,CqHs),C=CHp=0CH,CH;
o | o acetic acid
XXXI1X o ko or ethanol
: . ' ‘ : ‘ K_Z
(hnN0206H5)Z-CH—032-00H20H3

<L .

An idea as fo the relative imporfance of the two equilibria
in_this scheme can beyobtained from an estimate Of the
pK values for XXXIX and XL. XXXIX was, according to
~ spectral meaéurements, half ionized in 69 mole % DMSO in
ethanol while 1,1-bis-(%-nitrophenyl)ethane, as a model
for XL, was haif ioniZed»in 56 mole % DMSO in ethanol.
This suggests that-the second equilibrium (ky/k_p) may |
make some contribution to the overall equilibria,
‘especially’at lower DMSO concentrations when JXXIX

would be only partially ionized.

L. . The Reaction of 4,4'-=Dinitrobenzophenone with

Hydroxide ion in DMSO

The study of the reaction bf 4,4'~dinitro-
benzophenone with hydroxide ion in DMSO-water solutions:
was'preiiminary in nature. The spectfal evidence |
outlined previously gﬁggests that 4=-nitrophenol is one.

of the products in this reaction. The production of
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Y-nitrophenol in such a reaction could arise by the

following route:

. : / . i.' " -o‘
O por o = e Y THT
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SUGGESTIONS FOR FURTHER WORK

In this thesis it has been shown that ethoxide
and methoxide ions catalyze the isomerization'of ercyano-
cisestilbénes.. Other nucleophiles such as thioalkoXides

‘and fluoride lons may also catalyze this isomerization.
The reactiVity of small anions, such as the fluoride ion,
is gréaterAiﬁ:polar aprotic‘solvents than in protic |
ones (143). The catalytic strength of such nucleophiles
;as:well as how_their catalytic behavior changes'on |
incfeasing thé proportion of a poiar aprotic solvent,
. such as DMSO, ih a protic solvent may be a fruitful
area of study.’ | | |

| It may'alsolbe possible to measure the Lewis
'bésicify3bf éome édditional*anions using X=-cyanostilbenes
vas indicators. |

}Compdﬁndé such as X=cyanostilbenes are known
to hydrolyze readily in aqueous. base (73,‘85; 86). The
rates of the base-catalyzed‘hydrolysis of 'CK~cyano-cis-
and'transnstilbenes may furnish some idea of the Lewis
basicity of the.hydroxide ion and how this varies with
an increase in the DMSO content in aqueous solutions.

A preliminary study was reported on the reaction
of 4,%'—dihitrobenzophénone with hydroxide ion in aqueous

DMSO solutions. - An analysis of the UV spectrum indicated
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that 4-nitrophenol was one of the products. This is
peculiar in that cleavage of ketones usually results
" in a mole of acid and a mole of hYdrocarbonvbeing
fdrmed (144 - 146). A complete produét analysis and
kinetic study of this reaction should help in,
elucidatiﬁg the mechanism. -

In this thesis results were presented
which.suggest-that thefH_ scale in DMSO-ethaan,solutiOns
for cafbon‘acids, as determined by Bowden and Stewart
(51),‘may need to be redetermined using indicators
for;whiéh the elecprdnic spectra are not éolVent dependent.
The substituted 9-phenylfluorehes (XLI) with the .

substituents'in'the phenyl ring may be a promisihg system.

24<;::> CO2H
L=CH
| NC .

- XLI | XLII

A H.. scale has recently been reported for

carboxylic substituted anilines and diphenylamines (14%7).
‘Similarily, a Hp= scale may be of interest using -
indicators such as carboxylic substituted' X -cyano-

stilbenes (XLII).
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