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PART I. COMPARISON OF 1,2~ AND
1,3-ELIMINATION REACTIONS



INTRODUCTION

A vast amount of knowledge has evolved from the extensive
studies conducted in the large field of displacement and 1,2~
elimination reactions. The mechanism of these reactions has
been studied in detall, The factors which influence the rate
of the reactlion and the distribution of products have been the
subject of many investigations, In fact, the study of these
processes has contributed greatly to our present day under=-
standing of the nature of orgenic reactlons,

The less widely known and much less frequently occurring
1,3=elimination reactions have received very little attention,
however, even though the resulting cyclopropyl system 1is of
considerable theoretlical and some practical importance.

Previous dlscussions of 1,3-=elimination reactions, of
necessity, have been based almost entirely upon an unproven
analogy to the corresponding 1l,2-case, It was the purpose of
this thesis to elucldate the general features of this reaction,
and to compare it directly with the much studied 1,2-ellmina-
tion by means of a simple system iIn which both reactlions can

occur In direct competlition with each other.
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HISTORICAL REVIEW

Whenever one wishes to study an elimination reaction, 1t
is always necessary to consider the possibillity of a concur-
rent displacement reaction. It is for this reason that these
reactions will be considered to some extent whenever they
appear to be important in this review, even though the pri-
mary purpose of this thesls does not involve a study of dis-
placement reactions.

The subject of elimination and displacement processes has
been extensively studled over a considerable period of time,
Undoubtedly the largest contribution to the great mass of in-
formation has been made by Hughes and Ingold.l Since all this
informatlion has been very recently compiled and discussed by
Ingold,2 it 1s appropriate to dlscuss these contributions
mainly on the basis of this excellent discussion,

Previous to the work of these authors, two opposing
schools of thought had developed to explain nucleophilic sub-

stitution at a carbon atom. One, originally proposed by

1cf. E. D, Hughes, C, K. Ingold, et. al,, J. Chem. Soc.,
2093 (1948), for leading references.

2¢. K. Ingold, "Structure and Mechanism in Organic Chem=~
istry*, Cornell University Press, Ithaca, New York, 1953,
Chapters VII and VIII.
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LeBel,3 and restated by Lew.’r.s,)+ favored the introduction of the
entering group and the expulsion of the leaving group as a si-
multansous process. The other, proposed by Lowry,5 maintained
that the process occurred in two steps., The process was as-
sumed to be initlated by an lonlzation process to form & posl-
tively charged ilon which then combined with the nucleophic re-
agent., In 1927, Hanhart and Ingold6 published the first of
the long serles of papers In which they showed a duality of
mechanism which embodied both of the previous concepts. They
also proposed mechanisms for the concurrent elimination re-
actions and proceeded to study the processes on this basis.
_The pilcture of the bimolecular elimination process which

evolved from these studles may be summarized as follows:
- 5 - S- -
B + H-CRy=CRy=X —> [B--H—-CRZ==CR2--XJ-—+ BH + CR57=CR, + X

The base, B, attacks a hydrogen situated beta to a leaving
group, X. In the transition state both the C~H bond and the
C~X bond are stretched giving rise to some bond character to

the new C~C bond. In other words, the process 1is a concerted

3J. A. LeBel, J. Chim. Phys., 9, 323 (1911).

uG. N. Lewis, "Valence and the Structure of Atoms and
Molecules", Chemical Catalog Co., New York, 1923, p. 113.

ST. M. Lowry, Inst, Inter., Chim. Solvay, Conseil Chim,
(Brussels), 130 ?19

L]

. Hanhart and C. K. Ingold, J. Chem. Soc., 997 (1927).
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one, in which both the hydrogen and the leaving group help in
forming the new bond. The mechanism for nucleophilic substi-
tution differs only in the respect that the negative charge

1s dlspersed over lewer atoms.

R
5 \/R 3-
HCRz

The mechanlisms outlined above were supported by several
facts., The dependeﬁce upon the presence of a strong base was
demonstrated by the second order kinetics of the reaction.

The mere demonstration of second order kinetlcs does not make

the mechanism of Hughes and Ingold unique, since a prior equi=-
librium between the substrate and its conjugate base, followed
by elimination of the leavling group would give the same depen-~

dence upon base concentration.

- fast o slow -
Since any kinetic procedure would not differentiate between
the two mechanisms, Skell and Hauser7 have demonstrated by an
isotopic method that the latter mechanism does not operate.

By reacting 2-phenylethyl bromlde with sodium ethoxide in

TP, S. Skell and C. R. Hauser, J. Am, Chem, Soc., 67,
1661 (1945).
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deuteroethanol they showed that there was no deuterium ex-
change between the ethanol and substrate, which would be the
case 1f the above mechanlsm were operating. Therefore, by a
combination of kinetlc and isotopic evidence, the only con=
cluslion that may be drawn 1s that the mechanlism 1s concerted
as was proposed by Hughes and Ingold, if only these two me=
chanism are to be conslidered,

This is not the case, however, as a third mechanism must
be considered also. A two step process with the first step
rate-determining must also be consldered, since this type of

mechanism would alsoc fit the previous data,

- slow . fast -

B +H-CR2-CR2-X e CRZ-CRa—X.+BH —_ CRP:—‘CRZ-FX

It has been repeatedly reported that hydrogen halides
are eliminated at different rates when the halogen 1s varied
in the substrate molecule. These data very clearly eliminate
this possibility, and leave only the concerted mechanism,
The following evidence 1is an example of some recent work on
this subject.

The first and second order elimination reactions with
several alkoxides in the corresponding alcohol on t-amyl

halides have been investigated by Brown.8 The second order

( SA?H' C. Brown and I. Moritani, J. Am. Chem. Soc., 76, 455
1954) .




- ] -

elimination reaction could be made predominant at sufficliently
high base concentrations, enabling them to compdre the bi-
molecular elimination rates of t-amyl chloride, bromide, and
iodide. It was found that the rate varied markedly with the
particular halogen present in the molecule. This fact led
Brown to the conclusion that tertiary halides also reacted
bimolecularly by means of a concerted mechanism. It was also
observed that the rate of ellmination decreased as the cor-
responding base and solvent passed through the series: me-
thanol, ethanol, 1sopropanol, and t-butanol.

Several factors which influence the course of the re-
action have been studied extensively. It was recognized very
early by Hanhart and Ingold6 that the structure of the sub=
strate was important in determining the products, and led to
an explanatlion of the Hofmann and Saytzeff rules on the basls
of electromeric and inductlive effects, respectively. For ex-
ample, these authors showed 1In a study of the blmolecular
elimination of 'onium salts whers the Hofmenn rule holds,
that the following series could be constructed with respect
to the ease of olsflin formaﬁion.

primary > secondary ) tertiary
On the other hand, the ellmination of halides, where the
Saytzeff rule applies, glves the reverse order since the
transition state in this case 1s closer %o products than re-

actants, and the stability of the olefin formed 1s more
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important than the position of attack.9

The competition of substitution and elimination reac-
tions has been noted by many investigators. Hughes and In=-
g;old10 found that the acld hydrolysls of gec-octyl and iso-
propyl halides in 60 percent aqueous ethanol at 80° gave 10
percent ellmination in the portion of the reaction that was
first order, These authors found that in a series of El
processes, that the rate varied considerably, but the ratio
of elimination to total reaction remained constant under con=
ditions of constant temperature, solvent, and structure whille
varying the halogen. They also noted a larger difference in
rate between the acld hydrolysis of amyl chlorlde and bromide
than between the bromlde and iodlde.

In a criticism of Taylor'sll work, Hughes and Ingoldla‘
found that the rate of bimolecular elimination reactions de-
creased as the base concentration was increased in the same
reaction, Citing the work of Brussoff13 and that of

Segallerlu who reported opposite relative reactivities of

9%. R. Alexander, "Principles of Ionic Organic Reac=
tions"™, John Wiley and Sons, New York, 1950, p. 115.

10g, D, Hughes, C. K. Ingold and U. G. Shapiro, J.
Chem. Soc., 1277 (1937).

y, Tayior, ibid, 1962 (1937).

125, D, Hughes and C. K. Ingold, ibid, 899 (1940).
133, Brussoff, Z. Physik. Chem., 3L, 129 (1900).
1hD. Segaller, J. Chem, Soc., 103, 1430 (1913).
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secondary and tertlary hallides, these authors rationallzed
both results by assumlng that a change in kineties had
occurred as the concentration of the base was increased, and
as the dlelectric constant of the solvent was decreased., In
other words, the reaction changed from a unimolecular %o a
bimolecular mechanism as the concentration of base was in-
creased and as the solvating power of the solvent was de=~
creased.

Shreve and Bur'bsfield,lS in a Study of the amination of
alkyl bromides 1In liquid ammonia solution found that amina-
tion did not occur when the halogen was not in a primary po=
sition. Secondary and tertiary halides produced only olefins,
while in the primary case a mixture of olefin, primary, sec-
ondary, and tertiary amines was obtained. They also noted
that the rates of amination of the chlorlides were slower than
with the bromides and gave a larger ratio of olefin to amine,

16

Adamson and Kenner found that in the decomposition of
primary nitrites in liquid ammonia solution to form primary
amine, olefin, and secondary and tertiary alcohols, that Increas-
ing the chaln length from amyl to decyl resulted in a slight gen-

eral decrease in the amount of olefin from 30.1 percent for

amyl nitrite to 24.} percent for the nonyl nitrite. The

15M. K. Shreve and D. R, Burtsfield, Ind, Eng, Chem., 33,
218 (1941).

16,

. W. Adamson and J. Kenner, J. Chem. Soc., 838 (193}).
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yields of total substitution products were Iln doubt because
of the low recovery of primary amine. The yields of second~
ary alcohol decreased rapidly, however, as the serles was
agscended.,

French and co-workersl7 have studied the effect of con=
centration and strength of inorganic bases on the elimlna-
tion reactions of secondary and tertiary halides. The bases
employed varied from silver hydroxide to potassium hydroxide
in aqueous solution, It was found that an increase in the
ratlio of base to halide increased the yileld of olefin, and
that an increase in base strength also caused an increase in
the yield of olefin. The reacticn rate was observed to be
greater in the more dllute solutlons.

Vaughn, Vogt, and Niewlandl8 in a study of the prepara=-
tion of ethers in liquid ammonia from primary alkyl halldes
end sodium alkoxides, estimated that an average yield of
6=8 percent of olefin was formed along with considerable
amine.,

Hauserl9 has discussed the general mechanism of substie

tution and elimination reactions and has considered’the

174, E, French and A. E. Shaeffer, Je Am, Chem. Soc,,
57, 1574, 1576 (1935); H. E. French, et. al., ibid, 50,
1%&6 (1934).

187, H. Vaughn, k. R. Vogt and J. A, Nieuwland, ibid,

19¢. Hauser, ibid, 62, 933 (1940).
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possibilities of eliminations other than that of the normal
1,2 type. As an example, he clted the elimination of ¥ =-bro=
mobutyric acid to give the wr=-lactone.,

In 1898 Henry20 synthesized cyclopropyl cyanlde by dis-
tillation of rechlorobutyronitrile with dry potassium hy-
droxide and claimed 40-50 percent ylelds. Bruylants and

Stassensal

attempted the synthesis from r -chlorobutyroni-
trlle and potassium hydroxide in alcohollic solution and
obtained only the substitution product, r=-ethoxybutyronie
trile. By another method employing sodium ethoxide and
r-chlorobutyronitrile, Bruylantsaz obtained a mlxture of
cyclopropyl cyanide and the substitution product. Pyridine
and quinoline at water bath temperature gave only allyl
cyanide and no cyeclopropyl cyanide. Cloke and Anderson,23 by
using sodamide in ether solution, obtained a yleld of 75
percent cyclopropyl cyanide after 25 hours of reflux. No

other product was isolated.

Sommer, et. al.zh have observed 1l,3-elimination when

20p, Henry, Bull. Sci. Aced. Roy. Belg., (3) 36,
(1898); ibia, 13) 37 a7 (eooes Sk Bedfes () 32 3

2lp, Bruylants and R. Stassens, ibid, (5) 7, 702 (1921).
22p, Bruylants, ibid, (3) 6, 479 (1920).

237, B. Cloke, E, Anderson, and R. Anderson, J. Am,
Chem. SOG., 22, 2791 (1931)0

2)"‘L. Sommer, K. Van Strien, and F. C., Whitmore, 1ibid,
71, 3056 (1949). E—




¥=bromopropyltrimethylsilane was warmed with a catalytic
amount of aluminum chloride. A 92 percent yileld of cyclopro=-
pane was obtained. The chloroslilane gave only a 31 percent
yield of cyclopropane when heated with a solution of sodium
hydroxide in aqueous ethanol. When the reagents were inter-
changed in the above procedures, no cyclopropane was obtained,
In another experiment, 5-bromopentyltrimethylsilane failed to
give any cyclopentane, but gave l-pentene instead, as would
be expected.,

Ingold has investisated the competition among displace-
ment, 1,2- and 1,3-~elimination reactions by the action of
sodium carbonate and potassium hydroxide in methanol on the
a=bromoglutaric esters. His results are presented in Table I,

It is seen from Table I that the weak base in every case
gave mainly substitution with no detectable 1l,2-elimination
being observed. On the other hand, the strong base gave pre=-
dominantly 1l,3-elimination, with the strongest tendency to
cyclize belng observed as the degree of branching increased.

Weston,25 in order to prepare derivatives of l-phenyle
cyclopropylearboxylic acid, has prepared l-phenylcyclopropyl
cyanide in 51 percent yield by the reaction of phenylacetoni-
trile and sthylene bromide with sodamide in liquid ammonia.

Since the reaction proceeds stepwise, the second stage must

255 . W. Weston, J. Am, Chem, Soc., 68, 2345 (1946).




Table I

Product distribution In reaction of dilethyl glutarates with base

Substrate Basic Percent Percent Percent
conditions® olefin substi- ecycli-
tutlon zation

diethyl « -bromoglutarate A 0 95 3
diethyl « ~bromoglutarate B 3 16 L7
diethyl « ,at=dibromoglutarate A 0 90 10
diethyl « ,A'~dibromoglutarate B 0 10 90
diethyl:K-bromo-p-ﬁethylglutarate A 0 90 10
diethyl % =bromo-g-methylglutarate B 9 8 6l
diethyl & ~bromo=-p,p~dimethylglutarate B o 8l

8conditions A were 2N sodium carbonate with boiling for twenty hours and
conditions B were ON potassium hydroxide in methanol, with boiling for thirty
minutes,

-f'[-
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involve a 1,3=elimination reaction of r-bromo-d-phenylbutyro-
nitrile with a second equivalent of sodamide.

Ingold2 has generalized the effect of the solvent on
elimination reactions on the assumption that any observed
effect 18 due to a difference in solvation of the reactants
and the transition state. These effects for SN, and Ep re-
actions are listed 1n Table II.

Ingold2 has also investligated the effect of temperature
upon the competitive reactions and has stated that the elimi=
nation reaction has an Arrhenius energy of activation which
18 1.,3* 0.4 kecal/mole higher than that of substitution when
alkylsulfonium lons are used as substrate. He noted that
this appeared %o be a general rule., Therefore, one would
expect an Increase in temperature to increase the proportion
of olefin slightly since the elimination reaction would be
expected to have the larger temperature coefficlent.

Brown26 has recently obtained evidence which indicated
that the dlrection of elimination in sulfonlum and ammonium
ions may not be due to an inductive effect, but to the steriec
requlrements of the ion, They have shown that the elimina-
tion of alkyl halides may be somewhat controlled by careful

selection of the base. Hindered alkoxldes such as potassium

26H, C. Brown and I. Moritani, ibid, 75, 4112 (1953).



Table II

Predicted solvent effects on rates and proportions of
olefin formed in bimolecular reactlons

Disposition>of charges : Effect of more solvatlon
Heaction Initial Transition Effect of On rate On olefin
state state activation proportion
on charge
5 5-
SNo Y==R==X
- S Small Small
¥+ KX P _ Dispersed decrease decrease
E2 Y=~H==C==C=~X
3+ 5—
SN2 Y--R=--X ’
Large
Y + RX 5 - Increased inerease ?
E2 Y-=H==C=(C==-X
- 3t
SN2 Ye=R==X
-~ + Large
Y+RX . 5 Reduced decrease ?
E2 YweH==(Co=C==X
5+ o+
SNZ Y==-R=~X
+ Small Small
Y+ RX 5 5 Dispersed decrease decrease
E Ye=H==(C==C==X

-S'[..
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triethylcarboxide gave good yields of olefin with a terminal
double bond, while sodium ethoxide produced fairly good
yields of the more symetrical olefin. Brown has stated that
it 1s possible to control the eliminatlion by two other me-
thods also. Increasing the steric requirements of the alkyl
groups on the Inciplent double bond and increasing the sterle
requirements of the group undergoing elimination tend to
shift the elimination away from the product predicted by the
Hofmann rule,

Isotoplc studles on substitution and ellmination reac-
tions have been conducted by Shiner.27 He has measured the
rates of the bimolecular substlitution and elimination reac-
tlons of a-deutero~ andp~deutero=-isopropyl bromides in alco~
holic sodium ethoxlde and compared these with the rates ob-
 served for ordinary isopropyl bromide, The substitution rate
was almost the same for all three compounds, the ellimination
rate was the same for the ordinary and the x-deutero compounds,
whlle the p~-deutero one underwent elimination more slowly than
its protium analog by a factor of 6.7. He concluded that both
hydrogen and the halide lons are lost simultaneously in the
rate~determining step and that substitution and elimination
are essentially independent reactions proceeding simultane-

ously. These conclusions are thus iIn full agreement with the

27y, J. Shiner, Jr., ibid, 7l, 5285 (1952); ibid, 75,
2925 (1953); 1bid, 16, 1603'7‘195% . id, 2
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mechanism proposed by Hughes and Ingold,

The first order solvolysis rates of some deuterated t-
amyl chlorides have also been reported by Shiner. It was
found that deuteration of the methylene group was slightly
more effective in reducing the rate than deuteration of the
methyl group., Methylene deuteration reduced the olefin pro-
duction by a factor of nearly 1.5 while methyl deuteration
showed no significant effect. Octadeutero~t-amyl chloride
solvolyzed at a rate about two-fifths as fast as the normal
chloride, These facts led the author to propose that sol-
vation of the pg~hydrogens 1is important in the transition
state., Further observations of a secondary isotope effect
has strengthened Shinert's vliewpoint along these lines, and
he has proposed that his hypothesis of elimination type
driving forces for sclvolytic reactions suggests a reinter-
pretation of the effect of pg~branching on solvolysls rates
and of the polar effects of alkyl groups in ionlc reactions,
which are usually explained on the basis of hyperconjugatlon.

However, this was not the view taken by Lewis and

Boozer28

who have studled the solvolysis of 2=-pentyl bromide
and have found that the rate was retarded by substitution of
deuterium for hydrogen in the l- and 3- positions. The de~

crease In rate was attributed to a difference 1n the loss of

28E. S. Lewis and C. E. Boozer, J. Am. Chem. Soc., lé,
791 (1954).




zero point energy of vibration of the bonds of these hydro-
£ens between the reactant and the transition state. The
withdrawal of electrons to satisfy the electron deficlency
on carbon by hyperconjugation was belleved to be the cause
of this loss of zero point energy. They proposed that the
extent of rate retardation was a measure of the importance
of hyperconjugation and that the solvent and the leaving
group modified the resultant electron deficiency on carbon.
These authors did not exclude hydrogen bonding of the sol=-
vent to the p-hydrogens as an alternate explanation of the
observed secondary lsotope effect. But since they noted
that the lsotope effect was reduced with an increase in nu=
cleophilic character of the solvent, they felt it must re-
duce hyperconjugation and thus the actlon of solvent on the
a=-carbon must be more important than that on hydrogen.
Lew1s?d has investigated the solvolysls rates of d-p-
tolylethyl chloride which had been deuterated in the para
methyl position. A secondary isotope effect was found which
compared with that previously reported by Lewils and Boozer.,
The authors feel that thls latest evidence excludes the
elimination type driving force favored by Shiner27 in reac-

tions of this type. Hyperconjugative contributions such as

29E. 5. Lewis and G. M. Copplnger, Unpublished communi-
cation to J. Am, Chem. Soc., 76 (1954).




are also excluded.
Evidence for «= and p-~elimination from deutero alkyl

30

halides has been reported by Hauser and co=~workers, It

was found that 2-ethylbutyl bromide exhlbits only g-ellimina~
tion, while n-octyl halides exhiblt A=eliminatlion as well as
p~elimination. Hydrogen halide was eliminated more readily
than hydrogen deuteride, The mechanism of the x«g¢limination
was explained by a simultaneous removal of hydrogen and halo-
gen, with a shift of hydrogen from the g~ to the X -carbon

atom occurring at the same time., The mechanism of g~ and

X~glimination respectively, was plctured by the author as

followsa:

r"H H
{
B™——> H*—¢~C:J££ —> BH#+ X"+ ¢=9

H <-B Hé
) - }
H%—g‘;-g-x — BH+X™+ ¢=9

The necessity of an A~elimlination came from the observation
that a logs of deuterium iIn the A-position was observed. It
was established by recovering unreacted substrate that no

deuterium-hydrogen exchange took place during the reaction.

30p, 6. H11l, W. Judge, P. Skell, S. Kantor, and C.
Hauser, J. Am, Chem, Soc., 7L, 5599 (1952).
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EXPERIMENTAL

Ths Synthesls of Materilals

¥=Bromobutyronitrile was prepared from trimethylens bro-

mide according to "Organiec Syntheses".31 A solution of 1.2
moles of potassium cyanide in 100 milliliters of water and
350 milliliters of 95 percent ethanol was prepared in a two
liter three~necked, round-bottomed flask flitted with a tru~
bore stirrer, a reflux condenser, and an addition funnel.
One mole of Eastman Kodak White Label trimethylene bromide
was added and the mixture was refluxed for about two hours,

The solution was then cooled and dlluted with approxi-
mately 500 milliliters of water. The bromonitrile was col=-
lected by extraction with successive 50 milliliter portions
of chloroform. The chloroform solution was then washed with
100 milliliters of saturated calcium chloride solution, and
dried over anhydrous célcium chloride.

The majority of the chloroform was then removed by sim=-
ple distillation. The crude product was placed on a vacuum
column and fractionated at 30 millimeters pressure. The pure
¥-bromobutyronitrile, b.p. 110°,n§5 1.4.747, was obtained in

35.7 percent yield along with unreacted trimethylene bromide

31“0rganic Syntheses", Coll. Vol. I, edited by A. H.
Blatgéand H, Gilman, John Wiley and 3ons, New York, 1941,
p. 156.
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and a small amount of trimethylene dicyanids.

F=-Chlorobutyronitrile was prepared in the same manner

as the bromo-compound from Eastman Whlite Label trimethylene
chlorobromide. A ;6.3 percent yield of pure ¥y-chlorobutyro=
nitrile was obtalned by fractionation of the crude product
at four millimeters through a vacuum column. The pure ma=-
terial, n%s 1.4396, boiled at 51.5-53,0° at this pressure.

Cyelopropyl cyanido was synthesized by the method of

Cloke and Anderson.22 Sodamide was prepared by adding sodium
metal to a liquld ammonia solution containing a crystal of
ferric nitrate., When all of the sodium had reacted, ¥=-chlo=-
robutyronitrile was added dropwise. The solution was allowed
to stand several hours, at which time about 100 milliliters
of ether was added, and the ammonia was allowed to evaporate.
The sodium chloride was filtered off after the excess soda=-
mide was destroyed by the addition of ammonium chloride.

The ether solution was then placed on the vacuum column,
and the solvent was removed under partisl vacuum. The crude
cyclopropyl cyanide was then fractioned at 33 millimeters pres-
sure giving a 67 percent yield of pure material, n%g 1.4178,
boiling at 49°.

Allyl cysnide was prepared from allyl bromide by reac=-

tion with cuprous cyanide by a slight modification of the
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procedure given in "Organic Synthesis".32 A slight excess
of dry cuprous cyanlde was placed in a liter three-necked,
round~bottomed flask fitted with a Tru-bore stirrer, an effli-
clent condenser, and an addition fﬁnnel. A few milliliters
of redistilled Matheson allyl bromlide were added, and the
flask was warmed with a free flame. After & few minutes of
gentle heatlng the reaction started, and the solid turned
dark brown. The remainder of the allyl bromide was then
added dropwise at a rate sufficlent to produce rapid reflux.
The solution was then heated on a steam bath for several hours
to complete the reaction.

The crude allyl cyanide was obtained by distillation from
the reaction mixture. The product was then fractionated In a
zlass helix packed column. The fraction, n%co 1.4062, voiling
at 117.5° was collected in an 87 percent yleld.

Cls and trans crotononitrile were prepared from allyl

cyanide by the method of Bruylants.33 Dry hydrogen bromide
was prepared by the reactlon of bromine with tetralin in a
heated flask or was used directly from & cylinder. The gas
was passed into allyl cyanide, by means of a bubbler extending

to the bottom of a flask, until the liquid was completesly

21p14, p. 6.
33p. Bruylants, Bull. Soc. Chim. Belg., 31, 175 (1922).
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transformed into & mass of crystals. The composition of
these crystals was not ascertained, but 1t was noted that
they would decompose into a liquld and hydrogen bromide when
either heated or touched with a metal spatula. It seems
reasonable that the compound was a hydrogen bromide adduct
of p=-bromobutyronitrile, probably bound at the nitrile group,
and not an oleflin~hydrogen bromide adduct which is known to
exist at low temperatures. This conclusion 1is merely a con-
jecture, however, and 1s not supported by any strong evi=~
dence other than the observation that the crystals did not
form until the solution was fairly well saturated with hy=-
drogen bromide.

The solld adduct was then decomposed and the pg-bromo-
butyronlitrile was decomposed by the addition of a slight ex=
cess of two equivalents of quinoline, follcwed by distilla-
tion of the crude nitriles, The yleld of crude crotononi-
triles was practically quantitative if the solid adduct was
formed before elimination.

The crude c¢rotononitriles were then placed on a vacuum
column, and rapidly fractionated at 60 millimeters pressure,
The lower bolling cis isomer, n%o 1.4177, was collected @
41.5°, Since the trans isomer was quite unstable even at
this temperature, only a small amount of falirly pure material
could be obtained by fractionation,

The melting points of the two isomers allowed a further
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purificatlion at dry ice temperature. The trans lsomer re=-
portedly melts at =-51°, while no melting point 1s given for
the c¢cls isomer. By a crude fractional crystallization pro=-
cess, consisting of merely pouring off any liquid remaining
upon freezing the impure trans isomer in dry ice, a material,
ngo°l 1.4193, boiling at 51° at the above pressure, was ob-
talned. An iInfra-red spectrum of each isomer was taken and
is reproduced in Figures I and II.

y-Piperidylbutyronitrile was obtained by the reaction

of r-bromobutyronitrile with piperidine. Excess piperidine
was used as solvent. Since the reactlon was extremely vigor-
ous, the wv-bromobutyronitrile was added dropwi§e to the plperi-
dine at room temperature., The piperidine hydrobromide was
filtered off and the product fractionated in a vacuum column
at 2 mm. pressure giving a product, ng3 1.4650, which boiled
at 59-60°, The literature values are correspondingly n%S
1.4665, and b.pepg lhB-SOO.Bu

Lithium N-methylanilide was prepared by the action of

n-butyl lithium on N-methylaniline. The n-butyl lithium was
prepared in one of a pair of 500 milliliter three-necked
flasks to which a medium porosity glass sintered disk had

been sealed into the bottom thereof. A stopcock was also

ip. c. whitmore, et. al., J. Am. Chem. Soc., 66, 725
(19h4) . - =



Figure I. Cis crotononitrile. Cell length: 0.1 mm,
Note particularly the bands at 9.6 and 9.8

Figure I1. Trans crotononitrile. Cell length: 0.1 mm,
Note again the intensities of the 9.6 and 9.8 bands,

and compare them with Figure I.
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sealed on below the sintered diak to allow a reaction to be
conducted in the flask, and then filtered into an ldentical
flask without ever having been exposed to the atmosphers.
n-Butyl bromide, purified by drying over Drierite followed

by distillation, was placed in the flask with anhydrous ethyl
ether, and a slipht excess of lithium wire was added while
flushing the system with dry nitrogen.

After the reaction was complete, it was filtered into
the other flask by application of a slight vacuum on the
lower flask and a slight nitrogen pressure on the upper
flask., An equivalent of purified Ne-methyl aniline was then
added to the ether solution and the solutlon was stirred for
about three hours. The yellow-orange solution was then evap=-
orated to near dryness leaving an orange precipltate. No
suitable solvent could be found to recrystalllze the precipil=-
tate, which may or may not have been the desired lithium salt,
Since the pure salt could not be 1solated, so as to distin-
gulsh its basic propertles from n-butyl lithium, 1t was not
used as a base,

Sodium triphenylmethide was prepared by the reaction of

triphenylmethyl chloride with sodium amalgam. The sodium
amalgzam was prepared as a two percent solution by the pro-

cedure given in Organic Reactions.35 Recrystallized Matheson

35“0rganic Reactions®, Vol. I, Roger Adams, Editor-in-
Chief, John Wiley and Sons, New York, 1942, p. 284.
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triphenylmethyl chloride was dissolved in anhydrous ether
and added to the sodium amalgam 1n a 250 milliliter three-
necked flask equipped with a reflux condenser and a Tru-bore
stirrer. After about two hours of stirring, the character-
istic deep red color of the triphenylmethide ion developed.
The stirring was continued for about Cive hours longer, at
whiich time the solution was allowed to settle overnight.

Tri-p-nitrophenylmethane was prepared by the nitration

of triphenylmethane.36 Kastman White Label triphenylmethane
was recrystallized from absolute ethanol, dried and powdered
in a mortar. The nitric acid - sulfuric acid mixture was
placed in a two=-necked liter flask equlpped with a Tru-bore
stirrer and cooled in an ice=-salt bath, The triphenylmethane
was added slowly in portions keeping the temperature as low
as possible. The reaction mixture was allowed to stir at
lce-bath temperature for two hours. The temperature was
allowed to rise slowly to room temperature, at which time
the mixture was poured onto cracked ice and the yellow pre=-
cipltate was collected on a Buchner funnel.,

Ihe precipitate was boiled with 75 percent acetic acid
until the remalning precilpitate was reduced to a yellow=-green
fluorescent crystalline material., The crude tri-p-nltrophenyl-

methane was recrystallized with a minimum of chlorocform to

36J. Shoesmith, C. Sosson, and A, Hetherington, J. Chem,
Soc,, 2227 (1927).
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which enough anhydrous ether was added to clarify the solu=-
tion. The solution was cooled in an ice bath for two hours,
and the crystals collected on a filter and dried. The pure
material, m.p. 213.5°, was obtained in a 42.6 percent yield.

Sodium tri-p-nitrophenylmethide was prepared by reacting

an equivalent amount of sodium hydroxide with a pyridine solu-
tion of the nitrated hydrocarbon. The solid salt was obtalned
by evaporation of the pyridine solution.

The solvents, for the most part, were purifled by frac~
tionation in a Hell-pak column which was tentatively rated at
more than one-hundred theoretlcal plates. In each case, only
the constant boiling fraction was collected, When possible,
as in the case of benzene, the purified solvent was stored

over sodium chips.

The Klnetics of the Heaction

In order to establlish that the reaction under study was
truly bimolecular in nature, the kinetics of the reaction of
¥=bromobutyronitrile with sodlum ethoxide in ethanol were
studied, Approximately l.6 grams of sodium metal were welghed
and reacted with ethanol which had been previously dried by re-
action with magnesium turnlngs and distilled from the magnesium
ethoxide. The sodium ethoxlde solution was then diluted to 500
milliliters and the solutlon was brought to Zho In a constant
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temperature bath.

The kinetlc run was made by placing a weighed sample of
approximately 0.1 mole of y-bromobutyronitrile in a 250 mil=-
liliter volumetric flask, rapidly adding sodium ethoxide solu=-
tion, and diluting the solution to the mark. A point, arbi=-
trarily designated as zero time, was taken lmmedlately after
the solution was shaken thoroughly by pipetting a 10 milli-
liter aliquot from the reaction mixture and titrating for
free base wlth standard acid. Further points were determined
by titration of allquots every thirty minutes over a period
of seven hours, at which time the reaction was approximately
50 percent complete., The data of a typical run are listed in
Table III and the second order dependence 1s shown in Figure
III.

Since almost equimolar quantities of substrate and base
were used in this study, the integrated rate expression re-
duces to equation (1), where x is the molar concentration of
reactant remaining at any time t, x° 1s the initial concentra=-

tlon of reactant, and k2 the second order rate constant,

Kot = (1)

1.
X

Hll-—‘

0

A plot of time in hours versus x-1 gave the rate constant

k2 = 0.331 liter mole~™1 hour=l,
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Table III

Kinetic data for reaction of equimolar
¥ =bromobutyronitrile and sodium
ethoxide in ethanol at 240

Time Acid titer Molar concentration
in hours in ml., sodium ethoxide
0 19.15 0.438
0.5 17.90 0.409
1.0 16.70 0.382
1.5 15.55 0.358
2.0 14.70 0.338
2.5 14.00 0.320
3.0 13.30 0.30l
.o 12,30 0.282
L.5 11.95 0.273

7.12 9.80 0.22




Flpure III, v~Bromobutyronitrile with sodium methoxide
in methanol @ 2l.°,
Ordinate - x™1 in liter mole™t.

Abscissa « time in hours.
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Product Analysis

The chemical method

An extensive preliminary investigation was conducted in
order to find & reliable analytical procedure for the deter-
mination of product distribution in the reactlion mixture. A
refinement of the procedure outlined by Sigg1a37 was used,
since crotononitrile 1s a conjugated olefin and is brominated
with difficulty.

Sigslats bromination procedure utilizes a mercuric sule-
fate catalyst and uses potassium bromate as an analytical
source of bromine, It was found that in order to obtain con~
sistent results, a very rigld technique must be developed.

The order of addition of reapgents and the concentration of
reagzents were extremely critical in this system. For example,
if the olefin was added before the catalyst had been complexed
with free bromine, little or no bromination occurred,

A procedure which gave consistent and accurate results
to within one percent error, 1f followed rigorously, consisted
in placing an estimated one hundred percent excess of potas-

slum bromate solutiocn 1n an iodine flask and evacuating the

37s, Siggia, "Quantitatlive Organic Analysis via Func~-
tional Groups", John Wiley and Sons, New York, 1949, p. 34.
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flask with an aspirator. A slight excess of hN sulfuriec acid
was then sucked into the flask and time was allowed for com=
plete liberation of the bromine. Four milliliters of a 0.2N
mercuric sulfate solution in LN sulfuric acid was then added,
followed by enough water to wash in all of the catalyst solu-
tion,

The flask was shaken, the sample to be analyzed was then
added and washed in with distilled water. The flask was
again shaken for at least fifteen minutes. A freshly pre-
pared solution of potassium lodide was then added and the
flask again vigorously shaken. No careful control of the
amount of potassium iodide was made, but care was taken to
add an excessa,., The salt was also tested to insure that no
potassium lodate impurlty was present before belng used to
‘destroy excess bromine.

The vacuum was then released from the lodine flask, and
a small piece of dry ice, about one-~half gram, was added and
the apparatus was rinsed with distilled water. The liberated
lodine was finally titrated with stendard sodium thiosulfate
solutlon to a starch~iodine endpoint. It was observéd that
a starch solution not stabllized with a mercuric salt would,
upon standing, give a poor endpoint.

It was possible by this procedure to differentiate be=
tween allyl cyanide and crotononitrile., Allyl cyanlde bro-

minated readily at ice bath temperature, while crotononitrile
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was unaffected., It was hoped, at one time, that a complete
analysls could be effected by bromination of a mixture of
allyl cyanide, crotononitrile, and cyclopropyl cyanide at
different temperatures. Cyclopropyl cyanide would not react
with bromine at room temperature, but a solution would take
up bromine at elevated temperatures when acetic acld was used
to give a homogeneous solution, It evolved, however, that
even in a dark flask, mercurlc sulfate catalyzed a reaction
with acetic acid, since very little reaction occurred with

no acetic acld present.

The extreme catalytic abllity of mercuric sulfate proved
to 1limit the usefulness of thls procedure drastically. It
was found that alcohols and ethers reacted sufficiently to
forbid its use when alkoxides were used as bases in the com~-
petltive elimination and displscement reactions.

Efforts were then dlrected towards finding a method of
changing solvents after the reaction was run. A serles of
azeotropic distillations was devlised, but it was quickly
ascertained that a mixture of cyclopropyl cyanide and crotono=-
nitrile decomposed materially even when the solvent was re-
moved at low temperatures, It was for this reason that the

method was abandoned in favor of an infra-red analysis.
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The infra-red analysis

Origzinally an attempt was made to use a Model B, Baird
infra~red recording spectrophotometer in order to analyze
reaction mixtures. However, when 1{ was discovered that a
change of solvent was impractical, little hope was held for
any success along this line, since the solvents to be used
in the elimination study were not 1ldeally suited for infra-
red work,

The availability of a Model 112 Perkin-Elmer recording
spectrophotometer changed this picture since 1t was dils-
covered that the nitrile bands of crotononitrile and cyclo-
propyl eyanide, which occur between l..2-4.8 microns, were
sufficlently resolved to enable an analysis of a mixture
when calcium fluoride optics were used. The background of
several potentlal solvents were such that the method seemed
feaslble even though 1t would require matching the unknown
solution with carefully prepared known mixtures because of
an overlap of the two partially unresolved bands,

The method was never utilized, however, because of the
discovery of several bands which obeyed the Beer-Lambert Law,

and which could be resolved from interferring solvent bands

on the Model 13, Perkin-Elmer direct ratio infra-red spectro-

photometer using sodium chloride optics and 0.1 millimeter

matched cells,
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The bands utilized in each of the solvents are summar-
ized in Table IV, Calibration lines were constructed from
curves obtained from five standard solutions for each solvent.
In the case of benzene, standard solutions were run with 1M
alcohol present in the standard solution and in the reference
cells since the alcohols had interferring bands close to the
analytical bands.

Selected examples of the callbration lines obtained are
presented in Flgures IV and V and the infra-red spectra of
eyclopropyl cyanlde and allyl cyanide are presented in Flgures
VI and VII.

The Beer=-Lambert lines were constructed by a procedure
which differed somewhat from the conventlonal manner. First,
a point on the spectrum was chosen so that all of the partic=
ular serles, including the unknown mixturs, could be shifted
on the graph to the same relative posltion. This polnt,
desiznated as a reference point, was chosen at a wave length
at which the sample and the refersnce beam were of equal in-
tensity, so that the initial light intensity, I,, was at a
maximum., In other words, the curve at this polnt should
have indicated one-hundred percent transmission, but for some
reason ﬁsually did not. The highest transmission at this
point in the series of spectra was arbltrarily chosen as a
standard, and the difference in transmission of the remaining
spectra was then applied as an additlive correction for the

I, and I values read from these spectra.
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Table IV

Infra-red absorption bands? used for analysis of
crotononitrile and cyclopropyl cyanide

Solvent Crotononitrile Cyclopropyl
cyanide
benzene 10.54 9.1,2 9.6, 10.76
nitrobenzene 10.54 9.6, 10.76
benzonitrile 6.1, 10.54 10.76
n-butanol 6.1 10.76
sec~-butanol 6.1 9.6,P 10,76
t-butanol 6.1 10.76
dimethylformamide 10.54 10,76

8411 wave lengths are given in microns,

bApparent extinction coefficient was very low.



FPigure IV. Calibration lines,
A. Crotononitrile in benzonitrile, 10,5} « band.
B. Crotononitrile in benzonitrile, 6,1 _« band,
C. wy=Piperidylbutyronitrile in benzene.
Ordinate = 52 (log scale).
I

Abaclssa -« molar concentration,

Figure V, Cyclopropyl cyanide callbration lines.
A. 10,76« band in benzonitrile.
B. 9.6 _«band in nitrobenzene,
Ce 9.y _«bend in benzene.
Ordinate = I (log scale).
I

Abseclssa -~ molar concentration
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Flgure VI. Allyl cyanide, Cell length: 0,1 mm.
Note the strong band between 10 and 1l microns where

both crotononitrile and cyclopropyl cyanide absorb.

Figure VII. Cyclopropyl cyanide. Cell length: O,1 mm.
The broad band between 9.2 and 9.6 microns resolves into

two bands, 9.4 . and 9.6 «.
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Then, two stable points on either slde of the band to be
analyzed were chosen 1n order to define a base line. These
points were chosen with particular reference to the spectrum
of the unknown mixture. The wave length of maxlimum absorp-
tion in the band under question was then determined. The in-
tensity I, was determined by adding the correction to the
transmission observed at this point. Io was determined simil-
larly by adding the correction to the transmission at this

wave length on the base line. The ratio Iy was calculated,
T

and log I, plotted against the molar concentration of the
I“

standard solutions. Excellent linear plots were obtalined 1n
every case. The method 1s 1illustrated in Figures VIII, IX,
and X,

It should be pointed out that a molar extinction coef-
ficlent obtained by this method would not have the same value
as one obtained ln the conventlonal manner. For thls reason,
the extinetlon coefficlent was not used as a measure of the

sensitivity of the band to changes 1n concentration.

The competition reactions

The competitive reactions were run under as nearly
equivalent conditions as the nature of the reactants would

allow., A standard procedure was set up since the method was



Figure VIII. Crotononitrile and cyclopropyl cyanide mixture in n-~butanol.
The numbers are counter markings and should not be confused with wave
lengths. he sharp band on the right 1s at 6.1 _«, the band marked at
right center is at 9.6 «, and the one at left center 1s at 10.76_«.

The zero point is marked at 9.5 counter reading. Both components are

ca., 0.9 in this solution.
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Figure IX. Cyclopropyl cyanide
and crotononitrile in benzene.
Compare the Intensitles of these
bands with those in Figure X.
Cyclopropyl cyanide is 0.562 M
and crotononitrile ia 0.1803 M.

Flzure X. Cyclopropyl cyanide
and e¢rotononitrile.

he analytical bands are marked.
Reading from left to right, they
are 10.76, 10.54, 9.6, and 9.k
microns. Cyclopropyl cyanlde is
0.422 ¥ and crotononitrile is
0.180 H.
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such that variations in procedure could have led to discrepan-
cies in the results.

When an alcohol was used as solvent, 1.10 grams of po-
tassium metal was welghed as accurately as possible under
mineral oil on a triple beam balance and added to a 50 milli-
liter three-necked, pear-shaped flask contalning 17 milli-
liters of the alcohol. The flask was previously dried thor-
oughly in an oven at 110° and the system flushed with a
stream of dry nltrogen connected through a drylng tube to
the flask, A reflux condenser contalning another drying tube
which was used as an outlet, and a small Tru~bore stirrer
completed the apparatus. A variac controlled oll bath was
placed under the flask, so that the formation of the alkoxlde
could be assisted by higher temperatures., When solution of
the potassium metal was complete, enough of the halonitrile
was added to the alkoxide solution to give an approximately
one molar solution when the total volume after reaction was
25 milliliters. The reaction mixture was then stirred at
room temperature untlil the reaction was complete. In the
case of vy-bromobutyronitrile the reactlon mixture was allowed
to stand approximately twelve hours, while in the case of
¥=-chlorobutyronitrile the reaction mixture was allowed to
stand an average of three days.,

The potassium halide was then filtered off by very gentle

suction, and the flask was rinsed and the precipitate was
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washed carefully with small portions of enough fresh solvent
to dilute the reaction mixture to 25 milliliters. The infrae
red analysis was then carried out as previously described.
The extent of total reactlion was determined by dilution of
the potassium halide to 250 milliliters to give an approxi-
mately O0.1N solutlon, followed by titration of an aliquot by
the Volhard method for hallde 1on.

When benzene was used as solvent, 3.00 grams of alcohol
were welghed out on a triple beam balance and reacted with
the potassium metal, Benzene was added from time to time in
order to keep a homogeneous solution. When all of the po=
tassium had reacted, the solution was diluted to approximately
18 milliliters with benzene, and treated as described pre=-
viously. In the remainder of the cases, just enough benzene
was added in order to obtain a complete reaction with the po-
tassium. The benzene was then completely removed under
vacuum. The system was thoroughly flushed with nitrogen,
and the solvent was added.

Since benzonitrile and dimethylformamide reacted slowly
with the alkoxldes, the halobutyronitrile was added immedi=-
ately in order to minimize this reaction. The reactivity of
nitrobenzene was too great to allow its use when an alkoxide
was to be used as the base. For this reason, 1t could be
used only 1n the case of the weak base, piperidine. Even

though dimethylformamide could be used as a solvent with
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¥ =bromobutyronitrile, its use was discontinued when 1t was
discovered that even a potassium bromide saturated solutlon
would etch the Infra-red cells.' The use of methanol and
ethanol as solvents was prohiblted for the same reason,

The dielectric constants of the pure solvents employed
are listed in Table V. It should be pointed out that these
values were not the exact dlelectrlc strengths of the medium,
particularly near the end of the reaction., The various slco-
hols were regensrated during the reaction, elther raising or
lowering the dlelectric strength of the medium depending upon
its initiai value., Similarly, the amblent lonilc strengths
varied as the reactions progressed.

The data for the competitive elimination reactions are
listed in Tables VI and VII. 7 =Chlorcbutyronitrile was used
in the runs followed by the letter C while ?7-bromobutyroni-
trile was used in the remalnder of the runs. The product
distributions listed in Table VII have been corrected for in-
complete reaction of the substrate. In the cases where no
indicatlion of a product was found upon examination of the
infra-red spectrum the yield of thls compound has been listed
as zero, even though the stolichiometry of the reaction may
have been poor,

Allyl cyanide was never observed to be present in any of
the product mixtures, which simplified the Infra-red analysis
conslderably as Figsure VI clearly shows. In order to deter-

mine how rapidly and how thoroughly allyl cyanide was



Table V

Dielectric constants of the pure solvents

Solvent Dielectric Temperature Reference
constant oc
benzene 2.28 20 a
t-butyl alcohol 11 19 b
sec~butyl alcohol 15.8 25 a
n-butyl alecohol 17.1 25 a
benzonitrile 25.2 25 a
dimethylformamide 37.65 20 c
nitrobenzene 3.8 25 a

8National Bureau of Standards Circular S5ll.
PInternational Critical Tables.

®G. R. Leader, and J. F. Gormley, J. Am, Chem. Soc.,
13, 5731 (1951).




Table VI

Variation in conditions of the reaction between wr-halobutyronitrile and base

Run Molar Base Solvent Approximate

concentration temperature
substrate oc
7 1.003 piperidine benzene 25
11 1.993 piperidine nitrobenzene 25
30 1,000 potassium n-butoxide benzene 60
31-C 1,000 potassium n-butoxide benzene 60
19 1.000 potassium n-butoxide n-butanol 25
27~C 0.998 potassium n-butoxide n=-butanol 25
2l 0.999 potassium n-butoxide benzonitrile 60
28-C 0.999 potassium n-butoxide benzonitrile 60
22 1,001 potassium sec-butoxide benzene 60
18 0.999 potassium sec-butoxide ggg-butanol 25
26=C 0.999 potassium sec-butoxide sec~-butanol 25
20 0.992 potassium sec-butoxide benzonitrile 60
29=C 0.993 potassium sec-butoxide benzonitrile 60

-25-



Table VI {Continued)

Run Molar Base Solvent Approximate

concentration temperature
substrate °c
23 0.999 potassium sec~butoxide dimethylformamide 60
12 1.003 potassium sec~octoxide benzene 60
10 1.001 potassium t-butoxide benzene 60
32-C 0.960 potassium t-butoxide benzene 60
16 0.990 potassium t-butoxide t-butanol 25
25=C 0.992 potassium t-butoxide t-butanol 25

- €5 -



Table VII

Product distribution in the reaction between r-halobutyronitrile and base

Run® Percent Percent Percent eliminationP
total reaction substitutionP

1,2- 1,3~
7 96.0 98.0 o o
11 9.0 90.0 0 0
30 97.7 0 c,d c,d
31-C 83.2 0 c,d c,d
19 96.0 0 74 15
27-C 82.2 0 29 53
2l 97.5 0 T 27
28-C 7h .0 0 0 L6

&The runs followed by the letter C contained w-chlorobutyronitrile while the
remainder contained v-bromobutyronitrile.

bThe percentages reported here have been corrected for incomplete reaction.
CThese rung could not be analyzed quantitatively.

drefer to the discussion section for the qualitative analysis of these runs,

]
b8
]



Table VII (Continued)

Run® Percent Percent Percent eliminationb
total reaction substitutionb

1,2- 1,3~
22 98.0 0 63 67
18 97:2 0 L3 48
26-C 89.2 0 Lo 81
20 9347 0 Sl 49
29-C 56. 0 07 6l
23 83.8 d,e d,e d,e
12 99 .0 0 0 100
10 98.0 0 0 91
32~C 8.6 0 0 100
16 98.0 0 o 9l
25=C 95.8 0 0 87

drefer to the discussion section for the gualitative analysis of these runs,.

®The use of dimethylformamide was discontinued before a quantitative analysis
was obtained.
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tautomerized by base, a standard solutlon of allyl cyanide in
sec~butanol was prepared and allowed to stand for twelve
hours in the presence of a small amount of potassium sec=
butoxide. An infra-red analysis showed that the solute had
completely lsomerized to crotononitrile. For this reason, a
8light excess of base was employed in each case, and no

analysis for allyl cyanide was made,
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DISCUSSION

The data presented in Tables VI and VII summarize the
effect of base strength and solvent upon the product distri-
bution for both the bromo- and the chloronitrile. The data
are arranged In the order of 1increasing base strength. For
each base, the solvents have been listed in the order of in-
creasing dleleciric strength.

The first general observation that should be made in
reference to Table VII, 1s the absence of any substitution
product when a strong base was used in the reaction. On the
other hand, wv=plperidylbutyronitrile was the only product
cbserved when the relatively weak base, piperidine, was em-
ployed. This is surprising in view of the fact that

Bruylantszz

reported that only allyl cyanide was produced
when pyridine or quinoline was reacted with‘x;chlorobutyro-
nitrile at steam bath temperature. It should be remembered,
however, that the band utilized in the analysis of these runs
was very near that of crotononitrile, which could have been
present in too small a concentration to be detected. The
difference in temperature could easlly account for a smaller
difference 1n products, but the absence of olefin must be
attributed to other causes, The difference between bromine

and chlorine as a leaving group does not provide a ready ex~

planation, since again the observed product difference is too
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great. A possible explanation may arise from the fact that
allyl cyanide could easlily have been produced from an inter-
mediately formed quartenary ammonium salt.

The results observed in this work are much easier to
explain than that of Bruylants. Since piperidine or pyridine
and quinoline are nitrogen bases, the nucleophilicity of the
molecule outwelghs its basicity,* and a much greater tendency
for the displacement reaction should be observed,

Considering now the remainder of the runs listed in
Tables VI and VII, in which an alkoxide was used as base, 1t
is seen that 1in no case was any displacement product observed.
These observations are completely in accord with the above
reasoning, since in these cases the baslcity of the attacking
species 1s by far the controlling factor.

In fact, these bases all fall in the category of very
strong bases by conventional standards, since seven the weakest
base employed 1s considerably stronger than hydroxlide ion. A
differentiation in base strength can be made, however, since
i1t is well known that the base strength of an alkoxide ln-
creases as the number of alkyl substituents on the alpha car-

bon atom is increased, Furthermore, increasing the chain

*A distinction between nucleophilicity and basicity has
been made hers on the basls that even though the two terms
are not entirely separable, the basiclty measures the ability
to abstract a hydrogen fram carbon, while the nucleophilicity
is also a function of the polarizablility of the atom or mole=
cule,
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length of the substituent group also increases the base
strength of the alkoxide,

Comparing only the runs in which ¥-bromobutyronitrile
was used as the substrate, 1t 1s seen that in sny given sol~
vent, the product distribution changed from predominantly
olefin to the complete formatlon of cyclopropyl cyanide as
the base 1s varled through the serles, n-butoxide, sec-
butoxlde, t-butoxide. Even In the cases where the stolchio=-
metry 1s poor, the trend is well pronounced,

When the distribution of products 1s compared in the
runs with a constant base and varled solvent, the differences
are much smaller, In some cases where the stolchiometry 1s
poor, it 1is difficult to interpret the results. On the
whole, however, a definite trend is noted which favored
olefin formation as the dielectric constant of the solvent
was increased., The trend 1s more pronounced with n~butoxide
than wlth sec-butoxide, and of course 1s nonexistent 1ln the
case of Eybﬁtoxide. This latter fact alone shows that the
transition states are more sensitive to the base than to the
solvent, ZThus one 1s led to believe that the transition
state which leads to cyclization 1s quite similar to that
which leads to 1,2~elimination.

If dimethylformamide could have been used as a solvent,
the trends could have been more sipgnificant, since 1t ap=-

peared qualitatively that the ratio of products was definitely
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in favor of 1,2=-elimination., A band also appeared in the
region where the substitution product should have absorbed,
but 1t was not ascertalned whether any substitution had taken
place. The fact that potassium {-butoxide was Iinsoluble in
benzonitrile, and also reacted with it quite rapidly also re-
stricts a complete comparison of the solvent effect with the
strongest base,

A comparison of the product distribution when wv-bromo=-
butyronitrile was used with the results from the w-chloro-
butyronitrile runs clearly shows that 1,3-selimination 1s
favored in the latter case. The effect is quite striking in
every case, even with the runs in benzene which could not be
analyzed quantitatively. Run 31-C, containing ¥y=-chloro=
butyronitrile, was only 83}2 percent complete while run 30,
the corresponding reaction with y-bromobutyronitrile, was
37.7 percent complete. Even so, the amount of cyclopropyl
cyanide formation was about the same, while considerably
more c¢rotononitrile was present in run 30, Thus when these
results are corrected for incomplete reaction, it 1s seen
that 1,3~elimination is definitely favored.

It should be noted that the extent of reaction in the
chloronitrile runs was invariably smaller than the corres-
ponding bromonitrile runs except when potassium t-butoxide
was used, This could arise from one or more of several pos=-
sible cauees. The differences in rate, which will be dis-

cussed below, could have been the cause, In the case of the
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benzonitrile runs, reactlon of the base with the solvent was
undoubtedly a factor, since what appeared to be an organlc
precipitate was isolated along with the potassium chloride.
The slower rate of reactlon of the chloronitrile could also
have allowed more alr oxidation of the primary or secondary
alkoxlde, since these substances were quite sensitive to
oxygen.,

The rates of the reactlon differed considerably depending
on whether ¥~bromobutyronitrile or w=chlorobutyronitrile was
used as the substrate. The bromonitrile reacted quite vigor-
ously at 60°, and had to be added cautiously when an elevated
temperature was employed in order to obtain a homogeneous re-
action. The chloronitrile, on the other hand, could be added
under these conditions with no turbidity sarising for several
minutes., As has been stated above, the incomplete reaction
of the substrate with the base no doubt can be largely attrib-
uted to the unreactivlity of the chloronitrile,

Rate differences were also noted with the various bases
and also with the various solvents employed. Potassium n-
butoxide in benzene reacted quite rapidly with v-bromobutyro=-
nitrile while the same base In benzonitrile reacted quite
slowly in comparison. It is therefore not surprlising that
only a 7l yield was obtained when potassium n-butoxide in
benzonitrile was reacted with the chloronitrile for four days.

Since the check on the kinetic order of the reaction gave
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satisfactory evidence that the reaction is bimolecular, there
are three mechanisms for 1,3-elimination that should be seri-
ously considered., The first one involves a rate-determining

abstraction of hydrogen

-~

XCHoCHoCHoCN + B= SO XCH,GHoCHON + BH

CHp CHp

- fast / \ /R -
XCHpCHCH-CN == . \X--Clip--GH-CN — CHp—~ CHp—CN +X

from the substrate, followed by a rapid elimination of halo-
gen by the anion. This process seems logical since anion
formatlion would be favored by the electrophillic cyano group,

and the anion, if formed, would be stabilized by resonance,
[XCH,CH,CHCN] ¢ [XCH,CH,CH=C =&]

Furthermore, the mechanlism would fit second order kinetlcs,
since both the base and the substrate are involved in the
rate~-determining step. It is not in agreement with the
qualitative observations of the relative rates, however.
The fact that r-bromobutyronitrile reacted considerably
faster than the chloronitrile 1is sufficient evlidence to dis-
card this process as the mechanlsm.

A second mechanism to be considered involves the same

steps as In the above case wlth the second step rate-determin=

ing.
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XCHpCHpCH,CN + B™ = XCHpCH,CHON + BH

~ slow / p
XCHpCHpCHCN 2298 XenCHpy===CH=CN| ~>CHy— CHp=CN

This mechanism also would follow second order kinetics since

the rate law would be of the form

alA) _ ok [am) [B7]
where A 1s the anion, B™ 1is the base, ko the rate constant,
and K 1s the equilibrium ccnstant for formation of the anion,
The distribution of products would also be affected by the
strength of the base, since the magnitude of the equilibrium
constant would be expected to change with base strength.
Since l,2-eliminatlion reactions have been shown to be con-
certed, a shift in the equllibrium to the right would result
in a larger cyclopropyl cyanide yleld because of a concen=
tration factor.

The optimum conditions for 1,3-elimination reactions
were found to be high base strength and low dielectric con=
stant of the solvent. Since the transition state in this
mechanism would 1lnvolve a distributlon of a full negative
charge over three atoms, the reaction rate should increase

slightly with a decrease in the dlelectric strength of the
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solvent. At the same time a lower dielectric medium could
lower the ionization constant somewhat, thereby reducing the
observed rate constant, kZK' Whether or not the solvent
effect on the lonization would be of sufficlent magnitude
to counteract the effect of the charge distribution in the
transition state appears to be a moot question on the basls
of the data at hand., Therefore this two step process cannot
be discarded at this time énd should e consldered as a con=-
ceivable mechanism,

A third possibillty which arises 1s a concerted mechanism
analogous to the established mechanism for 1l,2-elimination,

in whieh both the hydrogen and the halogen atoms are removed

simultaneously.
C C
- 5' 4 Ha 6‘ 8' —_ / H -
XCHZCHZCHECN +B" — X--CHZ--?--H--B CHa-CHZ-CN +BH+X
CN

The kinetics for thls mechanism are obvliously second order,
and the rates of the bromo- and chloronitrile should differ
as in the 1,2~slimination case.

The transitlon state in this mechanism might well have
more charge distributlion than the last case, which should in=-
crease the rate and favor cyclizatlon with lower dlelectric
medlia, Since this plcture 1s not complicated by any possible

slde effects as the previous mechanlism may or may not be,
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this process also offers a possible mechanism,

It 1s apparent that further data must be obtained In
order to eliminate one of the two previous mechanlsms.

Since further kinetic data would not differentiate between
the two processes, a device such as deuterium exchange must
be resorted to. Thils would 1n effect be repsating the ex=
periment of Skell and Hauser! on this system. A stereochemi=
cal approach was undertaken in this work, but since it was
not carrled to a successful conclusion, no detalls are pre~
sented here, Therefore, as far as this thesis 1s concerned,
both mechanlsms must be conslidered,

A question arises as to the desirablility of differentiate
ing between an lonlc process and a concerted one ln an Inert
solvent like benzene., 3Surely in such a solvent, there are
very few, 1f any, free ions in solution. One might expect
that the lon-pairs which are present in such a solution would
zive rise to a somewhat concerted process, thus degenerating
the ionic mechanism to the concerted one.

Even if this 1s the case, 1t is possible to differentiate
between the two possible proposed mechanisms, Two transition
states would exist in the first case, with the second one
being rate~determining, while the latter mechanism has only
a single free energy maximum, The only essential difference
between a truly ionic process and one involving lon-pairs

would be the inclusion of the metal iona in all of the
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transition states,

Before any possible mechanism for 1l,3-elimination can
be accepted, it must be consistent with the accumulated evi=-
dence for the competitive 1,2-elimination and a possible com=-
petitive displacement reaction. Such a picture c¢an now be
constructed on the basis of the accumulated evidence. Since
a displacement reaction in competition with the elimination
reactions was found to be unimportant in thls system when a
stron: base was employed, 1t will be sufficlient to discuss
only the competitlve elimination reactions.

Three factors were observed to affect the competition
between 1l,2- and 1,3«~elimination reactions. Since it has
been demonstrated that 1,2-elimlnation reactions derive a
large part of thelr driving force from the departure of the
leaving group, the new carbon-carbon bond is no doubt fairly
well made, and the old bonds fairly well broken in the tran-
sition state. In other words, the transition state in this
process resembles neither products nor reactants. The dis-
trivution of charge thus favors the reaction in low dlelec~-
tric medla as in the 1l,3-elimination case. The results of
this Investigatlon show that the charge is more dispersed in
the 1,3~ case than in the 1,2-elimination, since the ratio
of cyclopropyl cyanide to crotononitrile increased as the die
electric constant of the solvent was decreased.

It therefore seems clear in the 1,3-elimination that the
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negative charge must be distributed over the cyano group as
well as the remainder of the molecule, as it is for 1,2«
elimination. Whether or not an ionic, two-step mechanism or
a concerted one 1s involved is still a mute question at this
time.
The strength of the attacking base was found to be an
important factor in the competing eliminatlon reactions.
The fact that a stronger base 1s required for the cyclization
process may be evidence in favor of the concerted process.
A greater basic strength would be required to overcome the
greater distance over which the halogen must exert its 1n-
fluence in a 1,3~ process. JSince the cyano group would make
the alpha hydrogens quite acldic, it does not seem necessary
to requlre the stronger base to form an anion. But again,
it is difficult to assess the relative magnitudes of the
driving force in 1,2-elimination with that of anlon formation.
The observed differences in the rates of the reaction
and a distinct change in the product distribution when chlo=-
" rine 1s substituted for bromine in the halonitrile leada to
a significant conclusion. The fact that the rate of the re-
action was greater when r=-bromobutyronitrile was the subatrate
than when the chloronitrile was employed signified that the
substitution of bromine for chlorine decreased the free energy
of activation of both processes. The added fact that the ratio

of crotononitrile to cyclopropyl cyanide increased at the same
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time signifles that the free energy change was greater for

the 1,2~elimination process than the corresponding free energy
change for the 1l,3-elimination. This in turn indicates that
the driving force of the 1,2-elimination reaction ls eniianced
significantly by the increased polarizability of bromine over
that of chlorine, since the relative ground state energies of
both reactants and products are probably simllar enough to
cancel in the comparison. This 1s entirely reasonable slince
the stretching of the carbon-halogen bond is the source of
some of the driving force of 1l,2-eliminations.

In the case of the 1,3-elimination 1t is also reasonable
that the transition state should be less sensitive to the
leaving group. In the first place the cyano group must ab-
sorb some of the negative charge regardless of whether an
anion is formed or the reaction 1s concerted. Also the
strain involved in forming a three membered ring must place
the departing halogen at a significantly greater distance
from the slte of the attacking negative center. Thus the
increased polarizability is not acting to full advantage in
this case, whereas it is 1deally situated to do so in the
l,2-elimination.



SUMMARY

The competitive 1,2~ and 1,3-eliminations have been
studied., ¥ =Bromo- and y=-chlorobutyronitrile were reacted
with a serles of alkoxides 1In solvents of varied dielectric
constant.

It was found that 1,3-ellimination is favored by high
basic strength of the attacking specles and a low dlelectric
constant of the solvent. ¥ -Bromobutyronitrile reacted at a
greater rate than the y-chloronitrile, but y=chlorobutyro-
nitrile produced a larger proportion of cyclopropyl cyanide.
A weakly basic nucleophlle was found to give only substitu-~
tion when reacted wlth the bromonitrile.

The combinéd rate and product dlstribution data have
been interpreted as evidence that bromine promotes 1,2-elimi~
nation to a greater extent than it does the 1,3-elimination.
The fact that the reaction rate with a given base increased
when the dlelectric constant of the solvent was decreased 1is
an indication that the charge distribution of the 1,3-elimina-
tion transitlon state 1s greater than in the 1,2- case.

These facts are consistent with two mechanisms, one of
whiich is a completely concerted process., The second mecha-
nism involves prior anion formatlion, followed by a rate-
determining displacement of halogeﬂ. The two mechanisms cane

not be distinguished on the basls of the present data.



PART 1I. FACTORS WHICH INFLUENCE THE
IONIZATION OF CARBOXYLIC ACIDS
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INTRODUCTION

Many lnvestigatlions have been conducted in order to
elucidate the acid strengths of organic acids., These inves~
tigations have been the basis of a large part of the present
knowledge of relation of structure to reactivity in organic
chemistry.

Several attempts have been made to calculate lonizatlion
constants of organic aclds on the basls of relatively simple
models, None of these calculatlons were successful until 1t
was discovered that the solvent played a more important role
in determining the acid strength than had been previously
realized.

The emphasis In the majority of previous studles on
steric hindrance and free energy relationships has been on
the structure of the acld, and not on the medium in which 1t
1s dissolved.

It was, therefore, the purpose of this thesls to demon-
strate that the lonization constants of sterically hindered
aliphatic acids could be adequately explained on the basis

of steric hindrance to solvation of the acid anions, and to

demonstrate the dependence of linear free energy relationships

on the solvation of benzoic acids,



HISTORICAL REVIEW
Qualitative Attempts to Correlate Aclid Strengths

It has long been recognized that several factors are in-
volved in the lonization of organic acids and bases, As
early as 189L, Meyer38 noted that the strengths of ortho
substituted benzolc aclds depended not so much on the chemi-
cal characteristics of the substituent as 1t did on the size
of the group. Thls ldea was furthsr developed by FlurScheim39
who assumed that steric hindrance would operate only in the

reverse process of the equilibrium
KCOOH + H,0 == RCO0~ + H3o+

His argument recast In modern terms iImplies that the anion is
thermodynamically more stable than the undisscciated acid be-
cause of a repulslion of the proton by the ortho substituents.
Ingoldho has since pointed out that this argument is not valid
because of two reasons. First, when an atom becomes nega-

tively charged 1t undergoes an increase 1n size, and secondly,

38y, Meyer, Ber.,27, 1580 (1894); ibid, 28, 1254 (1895).
398. Flurscheim, J. Chem. Soc., 725 (1909).
l*QC. K. Ingold, "Structure and Mechanism in Organic

Chemistry", Cornell University Press, Ithaca, New York, 1953,
pp. 743-50.
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an ionic group is much stronger solvated than a neutral
group.

Dippyhl measured the strengths of several ortho sub=-
stituted benzolc aclds and came to the same general conclu=-
sion as Flurscheim. He recognized that the bulk of the
ortho substituent failed to entirely account for the "ortho
effect", Dippy felt that group interaction occurred, and in
fact was the major factor to be considered in some cases,

This view was also held by Bennett and ﬁvmssesl"2 who
compared the geometry of the termlnal methyl gzroup with the
ortho position of o-tolulc acid. They postulated that the
abnormalities in acid strength had a common origin, and arose
from hydrogen bonding of the methyl group with the carboxylate
anion. The effect was considered to be less effective in the
fatty acld because of the lack of rigldity in that system as
compared with the aromatic system.

Dippyhl previously had noted that the dissociation con=
stants of lsobutyric and diethyl acetlc aclds are also rela=-
tively high, which to him indicated that the same phenomenon
was operative., DBecause of the increased extent of branching,

he was convinced that this was the explanation for the sequence

415, ». 3. Dippy, Chem. Revs., 25, 151 (1939); J. F. J.
Dippy, et. al., J. Chem. Soc,, 1421 (1937).

h2pennett and Nosses, ibid, 236 (1930).
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of acidities,

dlethylacetic > isovaleric > n-butyric
which 18 the converse of the order to be expected from con=-
sideration of inductive effects alone,

A view somewhat reminiscent, but ascribed to steric
hindrance, has been expressed by Newman and co-workersu3 who
have formulated an empirical rule of six, which stated that
the greater the number of atoms iIn the six position the
greater will be the steric effect. The six position was de-
fined by numbering the carbonyl oxygen in carboxylic acids '
as one and then counting back along the chain. These authors
showed that substltution of hydrogen atoms in the B=-position
by methyl groups decreased the rate of acld-catalyzed ester-
ification to a greater degree than substitutlion in the « - or
Yy~ positions,

IngoldLLO has further discussed the role of steric hine
drance 1in benzoic aclds and 1in cls lsomers of x,p-unsaturated
acids. In the case of the benzolc acids, he has pointed out
that resonance Ilnteraction of the carboxyl function with the
benzene nucleus weakens the acid, If bulky groups are present

in the ortho positions, however, the carboxyl group may be

ABM. S. Newman, J. Am. Chem. Soc., 72, 4783 (1950);
K. L. Leoning, A. B. Garrett, and M. 5. Newman, ibid, s
3929 (1952).
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twisted out of the plane of the ring and consequently the
charge on the carboxyl oxygens is not dispersed by resonance
interaction, and the acid 1s strengthened. The same Ilnter-
pretation applies to olefinic acids. The slze of the group
located ¢is to the carboxyl function may twist the carboxyl
group out of the plane of the trigzonal carbon atoms, strength-
ening the acid.

Branch and Calvinm'L treat solvation effects of certain
carboxylic acids in the following manner, An acid which has
hydrogens that may be strongly hydrogen bonded wlth the sole
vent may lose some’of 1ts hydrogen bonding upon ionlzation,
since the anion will tend to make these hydrogens less availa-
ble to strong solvation with the solvent. The neutral acld
is stebilized with respect to the anion, and as a result the
acld 1s weakened. When the acldic hydrogens are replaced by
alkyl groups, less stabilization energy is lost upon ionlza-~
tion. Thus the following order of acldities are explained by

a solvation effect.

-+

-+
R,NCH,COOH ) R,NCH

- + - - + -
NCE, CO0H ) RNH,CI,COOH ) H,NCH,COOH

2 2 3

In a further discussion of the factors contributing to the

"ortho effect"™ they present arguments for reversed direction

th. Branch and M. Calvin, "The Theory of Organic Chemis=
try", Prentice-Hall, Inc., New York, 1941, p. 229 ff.
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of dipoles of ortho substituents, chelation of the ortho
group with carboxyl function, twlating of groups such as o=
nitro out of the plane of the ring, and repulsion of the
groups occupying the 1,2- and 1,6-positions increasing the
potential energy of the molecule,

Brown,u‘5 has proposed a steric strain theory designated
as "B=Strain®", which he has used to explain the acidity of
ortho substlituted anilinium ions. He argues that when a
fourth group 1is added to nltrogen in an ortho substlituted
aniline or a trialkylamine, the groups already present are
forced back from essentially a trigonal to a tetrahedral con-
figuration causing steric strain, Thus, even the attack of a
proton is sufficient to cause "B=-Strain" and consequéently
makes the molecule a weaker acid.

Pearson,hé on the other hand, has measured the catalytlec
effect of alkylamines on the lonization of nitroethane and
has reported that successive replacement of the hydrogen
atoms in ammonia by alkyl groups led to an increase 1in the
relative rates of lonizatlion., A comparison of piperidine and
quinuclidine with diethylamline and triethyl amine showed that

the presence of the ring structure in the former amines caused

(195 ?SH. C. Brown and A. Cahn, J. Am. Chem., Soc., 72, 2939
1950) .

l+6R. G. Pearson and F, V. Williams, ibid, 76, 258
(195h) . | -
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a further increase in rate. Pearson concluded that "F-3train",
that is, "Frontal Strain", 1s operative in decreasing the rate
of proton removal by the amine. He felt that thls effect is

compensated by an inductive effect which incresses the nucleo-

pitilicity of the nitrogen atom. He also suggested that the

Table VIII

pKy, of anilines in varlous solvents

Water Ethanol m-Cresol  Chlorobenzene

aniline 9.36 13.8 8.10 - 1.0
N~methylaniline 9.15 1.6 7.26 - 1.8
N,N=dimethyl~

aniline 8.99 15.1 6.18 - 2.8

ionization constants of tertiary amines in solvents of low
dielectric are reduced by a decrease 1in the solvation energy
in the’onlum 1ion as is shown by Table VIII presented In his
paper,

Pearson pointed out that the basicitles of the n-butyl-
amines Increased regularly in chlorobenzene with alkyl sub-
stitution, whereas the baslcity In water solution decreased

considerably in passing from n-butylamine to dl-n-butylamine
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and only increased slightly with tri-n-butylamine. The
basicities observed in chlorobenzene agreed with the observa-~
tions in his investigation, while the basicities in water
solution did not agree, It was for this reason that Fearson
concluded that "B-Strain" was unimportant.

Stillson and co-workersu7 have reported the abnormal
behavior of di-ortho-substituted phenols, They found that
2,6-d1methyl-h-ﬁrbutylphenol was soluble in 10 percent sodium
hydroxide solution and 2,l-dimethyl-6-t-butylphenol was not,
while Z,u,6~tr1-§-butylphenol is even insoluble In a methan-
olic potassium hydroxide solutlon. These results are highly
indicative of the stabllity of the acid form over the phenox-
l1de lon. Undoubtedly the steric requirements of the phenoxide
ion together with its molecule(s) of solvation entirely pro=-
hibit the lonlzation,

Goering, Rubin and I‘Ievomruaunl"8 have studled the alkaline
saponification rates of methyl L-x-2,6-dimethylbenzoates in
dioxane-water solution and have concluded that cleavage
occurred by an SN, reaction at the methyl group in the ester
from consideration of the magnitudes of the entropy term and

the Hammett rho c:omﬂ:ant;.l“9 The suthors did not exclude the

476, H. stillson, D. W. Sawyer, and C. K. Hunt, ibid,
67, 303 (1945).

8y, L. Goering, T. Fubin, and M. S. Newman, ibid, 76,
7687 (195h). I

b9 P, Hammett, "Fhysical Organic Chemistry"™, McGraw-
Hill Company, New York, 1940, pp. 186 f£fl.
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possibility that the small rho constant might have been due
to nonplanarity of the ester function with the benzene nu-
cleus, a factor of no small significance.

The authors concluded, therefore, that both polar trans-
mission and solvation effects are operating in conjunction
with the steric factor. They felt that the coplanarity of
the carboxylate function 1s not greatly affected by the
presence of one ortho-substituent but that the presence of
the second group 1s sufficlient to limit interaction of the
ring and the carboxyl group.

It 1s also interesting to note that these authors
measured the lonization constants of a number of para=-sub=-
stituted benzolc acids in 26.5 and 3.5 percent dioxane=-
water solution. By plotting the relative pK, values for
these aclds agalnst the Hammett sigma constant, rho values of
1.23 and 1.35 were obtained for the two solutions. A plot
of rho against the welght percent dloxane in an aqueous mixe
ture yielded a straight line for dloxane concentrations as
high as [ 3.5 percent, |

Bright and BriscoeSo have measured the apparent loniza-
tion constants of a number of substituted benzolc aclds as

well as aliphatic aclds in various ethanol-water and methanol-

SOW. L. Bright and H. T. Briscoe, J. Phys. Chem,, 37,
787 (1933).
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water mixtures, The measurements were made by potentlometric
titratlon using a potentiometer to obtain the titration curve.
Since it will be of interest to compare the results of this

work with the data of these authors, a partial compllation of

their data 1s listed in Table IX.

Table IX

Acid strengths in methanol-water

Acid pK, in % by Acid PKp in % by
volume methanol volume methanol
50 70 50 70
benzoic 5.15 5.72 n-valeric 6.0l 6.54
propionic 5.8 6.1 isovaleric 5.89 6.1
n-butyric 5.88 611 n=-caproic 5.91 6.
isobutyric 6.23 6.70 isocaproic £.90 6.0

Quantitative Attempts to Correlate Acld Strengths

Several attempts to correlate acid strengths utilizing
a relatively simple electrostatic model are recorded In the

literature, The earliest of these was developed by Bjerrum51

SlN. Bjerrun, Z. Physik. Chem., 106, 219 (1923).
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who assumed that the molecule consisted of point charges
embedded in & uniform medium with a dielectric constant equal
to that of the solvent. He regarded the fres energy of
ionization for a dibasic acid to equal the work necessary

to remove & proton from a distance, r, to infinity. The
distance, r, is the normal distance between the undissoclated
proton and the other carboxyl group in the acid. Using clas-

sical electrostatic theory, this leads to the equation

In Kl _ NOZ (1)
Ko RIDr

where KI/KZ is the ratio of the first to the second ioniza~
tion constant, D 1s the dlelectric constant, N 1s Avogadro's
number, and e 1s the charge on the proton. 3ince accurate
values are not known for r, and since theoretically 1t may
vary over a rather wide range depending on whether the mole-
cule 1s fully extended, partially extended, or fully colled,
Bjlerrum's equation was quite often used to calculate this
distance, It was found.that the equation gave quite reason=-
able values in the cases where the molecule under considera-
tion was long and thin, but failed miserably when it was

short and rather thick.

A treatment rather simllar to that of Bjerrum's was
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developed by Eucken52 for acids with dlpolar substituents,

and has been discussed by Wheland.53 The tréatment, which is
based on the equilibrium between chloroacetlc acid, acctate
ion and thelr conjugate base and acid, respectively yields the

following equation:

Ne « cose (2)

—

n Ko _
2
Ky RIDr

The value e, is again the protonic charge, « 18 the magni-
tude of the carbon-chlorine bond moment, K, and K, are the
lonization constants of chloroacetic and acetic aclds, re-
spectively, r 1s the distance between the center of the car-
bon-chlorine bond and the lonizable proton, and e is the
carbon-carbon-chlorine angle in chloroacetic acid. This
equation gives unreasonably low values of r unless a small
value, in the neighborhood of 1 to 5, is used for the di-
electric constant. Smallwoodsu has pointed out that an
effective dlelectric constant of 1 is quite reasonable since
the inductive effect of the carbon-chlorine dipole is trans-

mitted not through the solvent, but through the molecule.,

525, Eucken, Angew. Chem., 45, 203 (1932).

53:. w. Wheland, "Advanced Organic Chemistry®, Second
Editlon, John Wiley and Sons, New York, 1949, pp: LLO £fl.

Shir, M. Smallwood, J. Am. Chem. Soc., 5k, 3048 (1932).
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Thus the Smallwood model 1s the extreme of that of Bjerrum,
in that he visualizes point charges embedded in a molecule
of infinite volume,

Kirkwood and Westheimefss subsequently developed a model
which was more reasonable than elther of the two previously
discussed, They treated the molecule as elither a sphere or
an ellipsold with radius b with an arbltrary charge distribu-
tion and imnersed in a uniform solvent of dielectric D. The
rather complex derived equatlion in the case of the ellipsoidal
model may be simplified, and for the case in which the acid
HA, has a charge in excess of the acld HAp, it may be wrltten
in the following form:

ApK = 2/2,303 DgRKT (3)

DE is an effective dlelectric constant defined in terms of
the Bjerrum equation. In the case in which HAl contalins a
dipole In excess of HA,, the equation may be written in the

following manner:
ApK = eM cosL/2.303 DgR2KT (4)

R is defined as the dlstance from the proton to the point

dipole, and L is 1ts angle of inclination to the line jJjoining

55J. G. Kirkwood and ¥, H, Westheimer, J. Chem. Phys.,
6, 506 (1938); F. H. Westheimer and J. G. Kirkwood, ibid, é,
513 (1938); F, H. Westheimer and M. W. Shookhoff, J. Am.
Chem. So0c., 61, 55 (1939).
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1t to the proton.

Since the effectlve dlelectric constant involves terms
relating both the dielectric of the solvent and the moleculs,
it can be shown that the equation can be reduced to include

either the BjJerrum or the Smallwood models. Consequently,

Table X

Computed length of acid molecule in A°

Acid Bjerrun Modified Kirkwood- Fully Free
model Smallwood Westheimer extended rotation
(D=280) model model
(b=1)
adipic 801 635 708 900 5.6
chloro=
acetic 0.6 5.1 3.0 3. 3.0

calculations of the distance r based on this model gave much
more reasonable values for r with both types of dibasic aclds
than the simpler models as 1s shown by Table X taken from
Wheland.53

Sarmousakis56 has extended the Westheimer-Kirkwood treat-

ment by considering the molecule to be an oblate spheroid with

507, N. Sarmousakis, J. Chem. Phys., 12, 277 (194}).
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charges on the focal disks with all dissoclating protons and
substitutent dipoles on the focal circles.* He used the

oblate spheroidal coordinatescf,/7, and @ which are defined

as:
x = o(l + #2)5(1-42)%cos ¢ (5)
v = e(l+22)8(1-42)%s1n ¢ (6)
Z = cnd (7

where.f ,» , and f define orthogonal families of oblate sphe=-
roids, hyperoloids of one sheet, and half planes, respectively.
The focal ring of the spheroids and hyperboloids has a radius,
¢. By maklng use of the expressions for the electrostatic po-
tentlal obtained by solution of Laplace's equation 1in three
coordinates, the following relation similar to Bjerrum was

obtained, which was then applled to substituted benzole aclds.,

log K3 _ 02 | (8)
Ky (2.303kTrDg)
where
oo I o(_m
1 _1 1 1 r n cosm @ (9)
Tg D31 +<ﬁ - ﬁ;) nZ=o réo ¢ I-{D;/DJ¥"

*An oblate spheroid is gensrated when an ellipse 1s ro-
tated about 1ts minor axis. For a further discussion cf. H.
Morgenau and G. Murphy, "The Mathematics of Physics and Chem=~
istry", D. Van Nostrand Co., New York, 1943, p. 177.
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P =1(2-59)(2n+1) [(n-m)t(nem) ] 2 Q(17) (10)
[2nmgm o @) o] & pm(1z)

and

¥R _ gy + (14,2) 3204 (17,) /PR( 17, ) (11)
mfy + (1+7,2) 581 (12) /Q7 (1)

In the above relationships, Kl and KZ are the flrst and
second dissoclation constants, o is the statistical factor,

¢ 1s the charge on the proton, k 1s Boltzmann's constant, T
1s the absolute temperature, r is the dlstance between the
dissocliating protons, and Dy is the effective dielectric con-
stant. Di and D are the dielectric conatants of the cavity

and the solvent, respectively, r takes on the values 1, V3,
¢

and 2 and g, the angle between the radii of the focal circle
to the dissoclating protons, assumes the values 60°, 120°,

and 150° depending on whether the acid is ortho-, meta~, or

para- substituted. PR(1)) and QB(iJ,) are assoclated
Legendre functions of the first and second kind defined for
imaglnary variables. The parameter JB defines the boundary
of the molecular cavity.

It 1s then possible by various manipulations and graphi-
cal interpolations to simplify the complex functlon above to

the following:
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log KAxBO - 1 [ -GP%/’COS (Agf,il,r) -
2.303kT rp,
el/uﬁl cos (/u¢,12,r) ] (12)
I'2D¢
where
1 (1
L_&a 2 3)
Dy Dy
Lm ()
D¢ Di D

The terms,aa,and/aﬂ are components of the dipole along
i, and 1,, the unit vector directed from the center of the
foecal circle along the radius to the dipole, making an angle
@ with the radius of the dissociating proton and the corres-
ponding vector tangent to the focal circle in the direction
of increasing @, respectively. D, and D¢ are the dielectric
constants corresponding to the dipoles «, and/aw. The values
g1 82> hl and hz are determined graphically from values of&g,
depending on whether the substituent is in the ortho, meta

or para position,

The value crcfo for each acid was determined from the

equation
T . LT 7, (1+ T3 (15)
¢ 3
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in which T i1s the cavity volume., For the calculation of the

ionlzation constants in water,’tg was calculated by making
c3

use of the dimensions of the benzene ring and van der Waals
radii. For the remainder of the solvents, the experimental
value of the ionizatlon constants was substituted in the
equations, and ¥ was calculated, In water solution, the
azresment between the calculated and the experimental values
was excellent, Sarmousakls has polnted out that as the di=-
electric constant of the solvent decreases from water to
propanol the calculated values of T increased. He also noted
that in general for pure solvents, that Alog K was fairly
constant but this was not true for dloxane-water mixtures,
His interpretation of thils phenomenon was that in the dloxane=
water solution, a certain amount of unmixing occurred which
contributed an unknown amount of free energy to the experi-
mentally measured log K term.

Wynne-JonesS7 has proposed that the ionlzation constant
of a given acicd measured relative to some standard acid in a
series of solvents should ve inversely proportional to the
dielectric constant of the medlum., He considered the inter-
cept of this linear relationshlp to be a measure of the Iln-

trinsic acid strength of the substance in question.

. F. K. Wynne-Jones, Froc. Roy. Soc. (London), A1LO
ko (1933). ’ ’ ’



-89-

Kilpatrick and co-workers58 have experimentally measured

the dissoclation constants of a seriles of ortho, meta, and

para substituted benzolic acids relative to benzolc acld in
methanol, ethanol, propanol, ethylene glycol, n=butanol, and
in several dioxane-water mixtures. They found that the Wynne=-
Jones relationship held for solvents with dielectric constant
greater than 25. The failure of a linear relationship with
low dielectric solvents was attributed by them to dipole=-
dipole interactions between the molecule and the solvent.
They also stated that no correlation was found for the
lonization constants in dioxane~water solutions, and attrib~
uted this behavior to partial unmixing of the solvent. Using
the data for the ionization constants in varled media, Kil=-
patrick found a correlation between Hammett!s rho and the di=
electric constant of the solvent, 1n the cases where a pure

solvent had a dlelectric constant greater than 25.

58 Elllott and M. Kilpatrick, J. Phys, Chenm., gg,

5 66, h72, 485 (1941); ibid, 2217 (1 Mason
%.uﬁi%patr%ck, §4<Am. %hem. 300.,£52, 576 (19375 Reon &n
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EXPERIMENTAL

The Purification of Materials

Acetlc acid was purified by refluxing ninety-nine per-

cent commercisl grade acld over potassium permanganate for
several hours in order to remove all oxidizable material,
It was then fractlonated by distillation through a i;lass
helix packed column from ascetlic anhydride. Only the middle
constant bolling fraction was collected,

The remainder of the acids listed below were obtained
from M. S. Newnan of Ohlo State University. The aclds, for
the most part, were originally prepared by the late F, C.
Whitmore's students at Pennsylvania State College, and the
methods of preparation can only be inferred from the pub~
lished methods of synthesls Iindlcated for each.

liethylneopentylacetic acld was fractionated in a glass

center rod column at ca. 1 mm. pressure, b.p. 86° {uncorrec~
ted); n%O'lo 1.4231; literature>? b.p. 217° (730 mm.);

n%oo 1.4233. The neutral equivalent was found to be 145,
and the calculated value was 1Ll.

Dimethylneopentylacetic acld was used without further

59, c. Wnitmore, et. al., J. Am. Chem. Soc., 63, 643,
2028 (1941). - T
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purification, m.p. 45°; 11iterature®® m.p. 45°, The neutral
equivalent was found to be 156, and the calculated value was

156,

Methyl-t-butylneopentylacetic acld was not of sufficient

purity to warrant its use without purification. It was dis~
solved in methanolic sodium hydroxide and extracted with pen=
tane to remove what was belleved to be 2,2,3,5,5-pentamethyl~
hexane, which could have easlly been formed on long standing
by decarboxylation of the original aclid. The alkaline solu=
tion waé acidified and the acld extracted with pentane. After
this procedure was repeated several times, the melting point
of the material had risen from 102-116° to 116-126°, and the
neutral equivalent decreased from 270 to 250, the calculated
value being 200, The small slize of the sample prevented any
further purification. The 11teratur359’61 lists the melting
point of the pure material to be 130°, The neutral material
obtained by extraction from the basic methanolic~solution, was
obtained only in trace amounts, and could not be identifled.

Dineopentylacetic aclid was used without further purifi-

cation, m.p. 52=-53%; 1iteratur062 m.p. 53-55°, The neutral

60p, ¢, Whitmore, et. al., ibid, 63, 2035, 3237 (1941).
6lp, ¢, Whitmore, et. al., ibld, 56, 1128 (193)).

62J. G. Aston, J. T. Clarke, K. A, Burgess, and R. B,
Grienburg, ibid, 6, 300 (1942).
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equivalent was calculated to be 132, and experimentally found
to be 130.

Dimethyl-t~butylacetic acld was also used wilithout fure

ther purification, m.p. 200°, literatur363 m.p. 196=7°, The
neutral equivalent was found to be 1&6, while the calculated
value was 14l

Ethyl=t~butyvlacetlc acid was used without further purifl-

cation, m.p. 79.5-80.503 literatureéh 76-770. The neutral

equivalent was found to be 1&6, while the calculated value

was lhll.-

Triethylacetlc acld was also used without further purie

fication, m.p. 399; literatur365 m.pe. 39°. The neutral equiva=-
lent was calculated to be 1llj, and found experimentally to be
2.

Diisopropylacetic acid was obtained also in a pure state,

D4pPe 82-3° at 2 mm, pressure, ngu'u 1.&2&3, dah‘u 0,9080 and
was used without purification. The neutral equivalent was cal=-

culated to be 1l ,2, and found experimentally to be 1lli.7.

63?. C. Whitmore, et,., al,., ibid, 63, 1626 (1941),

61"K. L. Loening, A. B, Garrett, and M, S, Newman, 1bid,
4, 3929 (1952), -

65F. . Whitmore, et. al., ibld, 6l, 296k (1942).
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The Measurement of the Ionizatlon Constants

The apparent lonization constants of the aclds were
measured potentiometrically in 50 "volume percent” methanol-
water solution at 40° by the method of one-quarter, one-half,
and three~quarter points in the titration curve. A Beckman
pH meter, model G, was used with calomel and glass electrodes,
and was standardized repeatedly agalinst buffer solutions at
pH L and pH 7. The cell was one of approximately 200 milli=-
liter capacity and was water jJacketed., A rubber stopper
placed in the top of the cell, was fitted with holes for the
electrodes, an air driven stirrer, an offset tip for a flve~-
milliliter micro burette, and a thermometer. The cell was
thermostated by water which was pumped from a regulated water
bath. All electrical equipment iIn the bath, as well as the
pH meter, was well grounded in order to obtaln reproducible
readings.

In a typlcal titration, approximately 0.75 milliequiva=-
lents of the acld were welghed and dissolved in 100 millie-
liters of 50 "volume percent" methanol-water solution. The
methanol-water solution was prepared by mixing equal volumes
of freshly distilled water and metlianol, which had been pre~
viously purified by fractional distillation through a Heli-
pak column rated over one hundred plates. After solution was

complete, and thermal equllibrium was established, approximately
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0.2 milliliters of 0.,0957 N carbonate free sodium hydroxlde
in 50 "volume percent" methanol was added. After a minute or
so, the alr stirrer and all of the electrical equipment ex~-
cept the pump in the water bath was disconnected, and the
reading was taken, This procedure was repeated until the pH
meter indicated a slight excess of base was present in the
solution., If this procedure was not followed rigorously, it
was found that random readings of the pH meter were obtalned.
fiowever, the sample titration curves 1n Figure XI show that
satisfactory readings were obtalned, Also, in order to keep
constant check on the validity of the readings, the meter was
standardized at pH h and pH 7 with standard buffer solutions
before and after each titration,

The apparent lonization constants were calculated by
reading the endpoint from the curve, since this could be done
more accurately than a calculation based on the strength of
the base, and the one~quarter, one~halfl and three~quarter

strengthis were determined by the following relationships.

PKy = pHi + log 3 (16)
pKA = pH%_ (17)
pKA = pHB/h_- log 3 (18)

These data are listed in Table XI, as well as the appar=-

ent lonization constants.



Flgure XI. Titratlion curves for hindered aclds,

Top curve - methyl-t-butylneopentylacetic acid.
Center curve = triethylacetic acid.,
Lower curve = methylneopentylacetic acld.

Ordinate -~ pH.

Absclssa - milliliters of base,
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Table XI -

Ionization constants of hindered acids in 50
"volume percent" methanol-water at [0°

Acid

Apparent pkK

A

14 1/2 34 Kx107
acetic 557 555 5055 27.6
methylneopentylacetic 6.0 6.05 6.07 8.90
methyl-t-butylacetic 6.25 6.25 6.2, 5.63
ethyl=-t~-butylacetic 6,31 6.32 6.31 1.0
diisopropylacetic 6.40 640 6,39 3.98
tristhylacetic by 6.4 6.4k 3.62
dimethylneopentylacetic 619 6.51  6.51 3.13
dineopentylacetic 6.51 6,54 6.62 2.75
dimethyl=t=butylacetic 6.74 6.72 6.71 1.91
methyl-t-butylneopentylacetic 6.88 6.97 7.02 1.10
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The solvent was chosen with two criteria in mind. Firsst,
the non~ideal behavior of electrolytes in non-aqueous solvents
dictated that a large percentapge of water must be present in
the solvent. ©On the other hand, however, the slight solubil=-
ity of these acids in water dictated that a conslderable por-
tion of the solvent must be organic. A 50 "volume percent®
methanol-water sclution coupled with a slightly elevated tem=-
perature in order to dissolve the most hindered of the acids
thus seemed to be the best compromise avallable. The junction
potential in this solvent was assumed to be small and constant
throughout the seriss of acids. It was also assumed that the
activities of the lons were very nearly the same as in water,

and any deviation was neglected in the calculatlons.



DISCUSSION
The Ionization of Sterically Hindered Aclds

The effects that have been proposed to account for the
strength of organle aclds may be placed In two categories;
those which are acid strengthening, and those that are acid
weakening., The bulk of those in the flrst category were de-
signed to explain the enhancement of aclidlity in ortho substi-
tuted benzoic acids, The views of the earlier workers38’39’hl
who explained the 1lncreased aclidity by an interaction between
the carboxyl functlion and the ortho substituent, have been sup~-
planted by the more logical explanation of steric inhibition
of resonance.uo That 1s to say, the carboxyl group is forced
out of the plane of the benzene ring preventing resonance in-~
teraction of that group with the ring. No conclusive evidence
has been introduced, but a far better understanding of cheml-
cal structure has made the older views much less tenable than
they appeared at the time of their proposal. For example,
the argument that the hydrogens on the methyl group in o-
toluic aclid or in isobutyric acid are hydrogen bonded wilth the
carboxyl function 1s weak because of the complete lack of any
evidence for a hydrogen bond of any consequence existing be-
tween carbon and oxygen.

The concept of Brownhs involves the acid strengthening
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effect of steric inhibition of resonance as well as the acid
weakening effect of increased strain in the essentially tetra=-
hedral configuration of the anilinium ion as compared with

the essentlally trigonal configuration of the aniline. This
érgument assumes that the predominant effect is dus only to
the increased steric requirements of the anilinium ion, since
Brown has proposed that the variation in acidlty constants

may be taken as a criterlan for the estimation of internal
strains of neutral "homomorphs" of the anilinium ions.

The work of Pearsonl*6 has shown that Brown was not con-
sidering the problem in 1ts entirety, since the former author
found that the catalytic effect of amines on the ionization
of nitroethane increased when Brown's steric strain theory
predicted 1t should decrease. Pearson, therefore, attributed
Brown's observations to a decrease in solvation of the tonium
ion as the number of alkyl groups attached to nitrogen ine
creased, As supporting evidence, Pearson presented the loni-
zation constant data listed in Table VIII of this thesis, and
showed that his results paralleled the base strengths in sol=-
vents of varied dielectric strength.

It follows then, that the strengths of ortho substituted
benzolc aclds are the result of two factors, one whilch is
acild strengthening arising from steric inhibition of rescnance,
and the other acld weakening, arising from decreased solvation

of the carboxylate anion., In this case, it 1s apparent that
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steric inhibitlion of resonance is the predominant effect, and
masks the relatively small stabllization of the undissoclated
acid due to the screening of the anion by the ortho substitu=-
ents.

In the case of the di-ortho substituted phenols reported
by Stillson,h7 steric inhibition of resonance no doubt is un=-
important until both ortho positions are occupled by larger
groups than methyl. This mey be 1llustrated by the fact that
2,6=dimethyl=li~t=butylphenol is soluble in sodium hydroxide
solution, and also that a model of the compound allows the
hydroxyl group to remain in the plane of the ring. This is
also true of 2,u~dimethyl-é-gfbutylphenol sven though it 1is
insoluble in sodium hydroxide solution. In 2,&,6-trifgf
butylphenol the model shows that the hydroxyl group is some=-
what hindered by the adjacent t-butyl groups, and may be
forced somewhat out of the plane of the ring. It appears
quite clear, then, that Z,h-dimetnyl-é-ﬁ-butylphenol is a
weak acld because of steric hindrance to solvation of the
phenoxide lon. The extreme insolubility of the tri-t-butyl=-
phenol may be explained as the result of both effects oper=-
ating, since steric inhibition of resonance in this case
tends to weaken the acid,

Bven though the qualitative data already available for
the hindered phenols 1indicates these compounds represent a

good case for 1llustrating the lmportance of solvation
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effects, a better case may be presented for hlindered alle-
phatic acids, since they are not complicated by any steric
inhibitlion of resonance in the snion. A comparlson of the
data presented in Table XI of thisg thesls with that of Bright
and Briscoe® listed in Table X shows that the sterically
hindered acids are weaker than thelr stralght chaln analogues.
The two sets of data are not directly comparable sincq a p&A
of 5.62 @ 23° obtained in this ﬁork for benzoic acid does not
compare favorably with the value of 5,15 @ 25° obtained by
Bright and Briscoe. It could not be ascertained from their
description of the work whether ratlos of alcohol to water or
the true volume percent had been used, At any rate, 1t is
seen that if one arbltrarily assumes a value of 60 percent
by volume for comparison, the normal and iso=-aclds are not
as weak as any but the strongest listed in Table XI. The
magnitude of the effect is also of a different order of mage
nitude than observed by Dippy66 for X-substitution of acetle
acld, since the weakest acid measured, methylfg-butylneopén-
tylacetic is 25 times weaker than acetic acid.

If one carefully scrutinizes the results, it 1s seen
that in every case when the corresponding t-butyl and neo=-
pentyl acetic acids are compared, the t-butyl acetic acid 1s

weaker than the neopentyl acetlic acids by a factor of

665, F. J. Dippy, J. Chem. Soc., 1222 (1938).
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approximately 1.5. When the Fischer-Hirshfelder models of
these compounds are constructed, it 1s noted that in each
case the t-butyl group more efficiently surrounds the care
boxyl group, screening it from the solvent than does the
corresponding neopentyl group. The neopentyl group presents
a larger bulk, and in the case of dimethylneopentylacetlc
acid the model can be constructed only with difficulty even
though the resulting molecule has a more open structure than
the less bulky dimethyl-t-butylacetlc acld.

The above facts tend to indicate thet & somewhat smaller
bulk situated closer to the carboxyl function has a greater
acld weakening effect than a greater bulk somewhat removed
from the slte of the carboxyl group. The general trend of the
data 1llustrates this point, since all of the tri-substituted
acetic aclds are weaker than the most hindered dlsubstituted
acid. A case in point is triethylacetic acid with relatively
small bulk, but weaker than 1ts bulky lsomer, methylneopentyle
acetic acld, by a factor of 2.8.

A comparison of the ionilzatlon conatants of the hindered
acids presented herein with the emplrical rule of six proe
posed by Newmanh3 proves to be interesting. If one writes
down the six numbers for the acids listed in Table XI, it 1s
seen that the number Increases as the strength of the acld
dacreases, a3 long as one stays 1ln either disubstltuted or

trisubstituted acids, but an overall correlation with acid
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strength is not found., It should be pointed out, however,
that the significance of the six number 1s quite obvlious, and
any correlation within a given sequence of simllar aclds
should be expected.

As was also to be expected, a plot of log K for the acld
o

catalyzed esterification of several of these acids versus log

K for the ionization constants zave a scattering of points.
(¢}
The reference compound in each case was acetic acld. Since

the proposed solvation effect is involved in the free energles
as an entropy term, it 1is gratifying that no linear free energy
relationshlp was observed,

When one considers the supporting evidernce as a whole,
1t is quite clear that the large acid weakening effect re=-
ported here is the result of the effect of bulky alkyl groups
on the carboxylate anion. lThe close proximity of these
groups lowers the effective dlelectric constant in the vi-
cinity of the carboxyl group lncreasing its electrostatic
free energy. At the same time the solvent becomes less
avallable for hydrogen bonding at the carboxylate oxygens
which should also Increaze 1ts free energy. These effects
are both acld weakening, and since they are concurrent effects
in the hindered aliphatic aclds, they cannot be differentlated
by the data presented hers, In addition, it 1s quite possible

that the steric requlrements of the acidlc hydrogen atom makes
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a small contribution to the acldity of these compounds,
However, one can be quite certain that steric inhibition of
solvation is of such a magnitude that 1t completely over=-

shadows proton repulsion.

The Correlation of Rho Constants With
Effective Dielectric Constants

Hammett67 has stated that the greatest weakness of the
field theory in its present state 1s 1ts inability to account
for differences in the magnitude of the quantity rho in dif-
Tferent reactions. The Westhelmer-Kirkwood treatment lmproves
the simpler theories somewhat, but still i1s not at all satis-
factory. The Sarmousakis treatment 1ls a refinement of the
Westheimer~Kirkwood theory in that he has chosen a more flex~
ible and realistlc model for describing the interaction of
the dipocles with the solvent and the molecule, The most
promising aspect of this refinement is the fact that 1t made
allowances for changes in solvent.

The ionization of benzole acids is a process that has
been studled extensively, and also has the advantage that
these acids may be correlated by a linear free energy re=

lationship, such as that of Hammett, Furthermore, attempts

67L. P. Hamuett, "Physical Organic Chemistry", McGraw-
Hill Company, New York, 1940, p. 203.
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have already been made to correlate acid strength with di-
electric constant of the lonizing medium. The results of
these attempts have always glven approximately the same re~
sults, namely that a correlation sxists only for pure sol~-
vents with dielectric constant greater than 25.

In order to establish the interdependence of ionization
constants of benzolc acids, Hammett's rho, and dlelectric

constant, it 13 necessary only to write the following rela-

tionships:
log %__ = oo (19)
log K = e2/2.303kTrDe = F(l (29)
K, o

where equation (19) 1s the Hammett equation and equation (20)
1s a simple form of the fleld theory derived by Sarmousakis.
It follows directly that

log K _ o0 = F(;__ (21)
ko =F %)

If water 1s now chosen as the standard solvent, as 1is the

established convention, then the relationship becomes

KOW

log K, :ewg—___F(}_) (22)
w

where Pw = 1 by definltion.
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In some other solvent, the equation becomes

ra—

K

log Ky _ Fsa—;-F‘(l) (23)
o8 8

De

Dividing (23) by (22) one obtains
log K, = F (24)

1
= S -
Kos log K, ( <ﬁ;)s F (_113_)
Kow ®lw

If e and r are assuned constant and T is held constant

in equation (20), then

log Kq = (s = Dew (25)
Kos log Ky Dgs
Kow

Thus the usual plot of log Kg against sigma constant, or

KOS

better in this case, a single set of data for the ionization
constants of benzolc acids in water, since sigma constants

are average values derived from a large amount of data from
different sources, wlll yleld a value of rho for the ionlza~
tion of benzolc acids in a particular solvent. Then by
sultable assumptions, as will be explalned, the effective di=-
electric constants for a aseries of solvents may be calculated.

Then & plot of rho versus the reciprocal of the effective
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dielectric constant should give a stralight line with a slope
equal to the effectlive dielectric constant of water.

In order fo calculate the effective dielectric constants
for a serles of solvents, Sarmousakis made use of existing
dafa for van der Waals radil and the geometry of aromatie
compounds to calculate T, the average cavity volume of a
particular benzolc acld in water solution. Ellipsolds with
axes of different lengths rather than oblate spherolds were
used., The length of the major axls was set equal to the dise
tance between the outermost atoms along the axls of symetry
plus the sum of the van der Waals radil of these atoms. The
length of the mean axis was set equal to the distance between
the two ortho hydrogens plus twice the van der Waals thick=-
ness of the benzene ring. The ellipsoidal shell around the
molecule was assumed to arbitrarily have a thickness &=
0.80 A°, the avera e distance between the van der Waals
radius and the covalent radius of any atom. These values of
7; were then used in order to calculate the pK, of each aclid
in water solution. In the case of the other solvents, the
reverse procedure was used, That 1s, the pKA value of the
acid 1in a glven solvent was utilized in order to calculate s
cavity volume 7V for that acid in the solvent in question.,
Consequently a table of’T; values for a large number of ben-

zoic acids in several solvents was presented by Sarmousakls,
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It should be noted in the previous discussion68 of this
work, that the effectlive dielectric constant is split into
two components, oﬁe desipgnated as Dy and the other Dﬁ' In
the case of a meta substituted acid, both of these components
enter the calculations, but with para substituted acids, only
the term involving D, appears. Since the rho values lnclude

both meta and para substltuted benzolc aclids, the effective

dlelectric constants were calculated on the basis that all of
the aclds were para substltuted.

In order to calculate a value of'T; to be used in con~
Junction with rho values, an average value of’T; was taken
from Sarmousakis' work excluding those calculated values that
deviated markedly from the mean value. Thls was done essen-
tlally because of the sensitivity of the effective dlelectric
constant to changes in the cavity volume. A constant value,
c = 3.30A°, was taken for the radius of the focal ring of the
ellipsoid. Then by successive approximations, a value of J%

defining the boundary of the cavlty was obtalned from the

equation
T AT (2479 (26)
c3 3

The values of Jb obtained in this manner are listed in Table

XII along with the average cavity volume, T.

68y, 87, this thesis.
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For the sake of comparison, the same procedure was fol-
lowed except that a constant value of T, = 261493 was used.
This procedure, of course, glves a constant value of J

which, in thls case, is equal to 0.9. Having found the value

Table XII

Average values of J, and T, for meta substituted
benzolec aclds 1n various solvents

Solvent Jo Tw Solvent A Tw

water 0.97 257 butanol 1.15 359
e;?gizge 1.10 336 26,5% dioxane-water 1.04 296
methanol 1.18 385 L3.54 dioxane-water 1,06 311
ethanol 1.18 387 73.5% dioxane-water 1.0l 299
propanol 1,18 385 oo 0.93 238.

determining the boundary of the cavity, this sets the corres-
ponding & and 8 parameters which have been found graphlcally
by Sarmousakis at 0.1792 and 0.9048, respectively, in the last
mentioned case and as listed in Table XIII for the flrst case.
The effective dielectric constants were then calculated

from the following relation.
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%__ -8 + &> (27)
Dy D

Di is the internal dielectrie constant of the molecule arbi-

trarily set at a value of 2, and DU 1s the dielectric constant

Table XIIIX

g3 and gp values for meta substituted benzolc
acids in various solvents

% & &> 76 &) &
0,93 0.2742 0.9206 1,08 0.3912 0.8110
0.97 0.3059 0.8932 1.10 0.,066 0,793
1.04 0.3605 0.,8413 1.15 028 0.7540
1,06 0.3758 0.8256 1.18 0.4640 0.7296

of the solvent., The results of this calculation are summar-
1zed In Taeble XIV for both cases being considered, The values
of rho in each case are also included.

When rho is plotted agailnst 1/Dy for cases I and II in
Flgures XII and XIII, quite different results are observed.
In case I, a definite trend of values shows that the relation

between the ratio of ionization constants and the dilelectric



BEffective dlelectric constants and rho constants for various solvents

Table XIV

Solvent Dielectric Effective Dgl Rho
constant dielectric
D constant~Dp
Case I® Case I Case II
water 78.5 8.08 0.1239 0.1019 1.00
26.5% dioxane-water 55 6.63 0.1510 0.1071 1.28
43.5% dioxane-water Lo 6.12 0.1635 0.1135 1.35
ethylene glycol 37.5 5.63 0.1776 0.1153 1.2,
methanol 31.5 Ly .86 0.2058 0.1202 1.0
ethanol 2.2 .69 0.2134 0.1295 1.6
propanol 20.1 44 .53 0.2203 0.1376 1.50
butanol 17.1 L .57 0.2192 0.1460 1.4
73.5% dloxane-water 15 5.33 0.1877 0.1440 1.53

&rw varies in Case I, and 1is constant in Case II.

- 21T -



Filgure XII.

Correlation of rho constant and dielectric constant, Case I.
Ordinate -~ rho constant,¢e

Abscissa - 1l x 102

Dy
1. - water 5. - ethylene glycol
2. -~ 26.54 dioxane-water 6. - methanol
3. - L3.5% dloxane-water 7. = ethanol
L. - 73.5¢ dioxane-water 8. - n~propanol

9. - n-butanol
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Figure XIII. Correlation of rho constant with dielectric constant,
Case II.
Ordinate = rho constant,p

Absgscissa - 1 X 102
b7

The numbers are the same as in Figure XII.
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constant is not a simple function. The dasnhed line corres-
ponds to the correlétion thet has been made by Kilpatrickss
and others. It is quite obvious that a simple dielectric
constant, which the effective dlelectric constant 1s In this
case, is entirely unsatisfactory to account for the observed
rho constants. It should be noted that all of the dioxane-
water mixtures and the pure solvents of low dlelectric con~
stant deviate considerably from the rough linear relation=-
ship.

However, in Case II there are quite definitely two linear
relationships. The pure hydroxyllc solvents form one line,
while the dloxane-water mixtures form the other. The devia-
tions are quite small considering that the cavity volumes
used in the calculation of the effective dlelectric constants
were welipghed averages of a considerable number of substituted
acids, This factor was of particular importance in the case
of the dloxanse-water solutions, since the individual cavity
volumes varled consliderably, It was in these cases that the
large deviations were disregarded in computing the average
rho value,

The slopes of the two lines are considerably different.
It will be remembered that equation (25) predicted that the
slope of the line resulting from the plot of rho versus 1/D;
should be equal to the effectlive dlelectric constant of water,

The slope of the dioxane-water line 1s very nearly this value,
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being 8.8 as compared with 8.1 for the theoretical line. The
pure solvent line, on the other hand, has a slope of only .8,
which 1s very nearly one~half the theoretlcal value.

There seems to be a quite reasonable explanation for
this deviation, however. In arriving at the simplifled re-~
lationship expressed by equation (25), 1t was assumed that
both e and r remained constant, and thus cancelled when the
ratio was taken. If e 1s not assumed constant, but varies

with a change in dilslectric constant, equation (25) becomes

2
log Kg = Cs = %5 Dew 5 (29)
Kos log Ky eyDe s
Kow

The field theory upon which equations (25) and (23) depend
was derived frdm a conslderation of the work necessary in
order to remove a proton from the undlssociated acid to a
point infinitely distant under the influence of the dipolar
substituents, It 1s easy to visuallize that the proton in
water solution has its charge falrly well dispersed through-
out the cluster of water molecules which solvate the 1ion,

In a solvent of dielectric constant lower than that of water,
the disperslon of charge should be less and in fact should be
related to the magnitude of the dielectric constant of the
solvent, Therefore, it secems quite reasonable to expect the

slope of the pure solvent line to be less than iIn a mixed
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water solvent in which the water present no doubt solvates
the proton almost exclusively. The slope of the line in this
case should then very closely approximate the theoretical
value,

The correlation obtained with the pure solvents is not
restricted only to those which have a high dielectric con-
stant, since propanol and butanol deviate only slightly from
the best straight line through the six points plotted. The
success of this treatment 1llustrates the importance of the
degree of solvation in organic reactions 1n general, The
values of 7; listed in Teble XII show that a decrease in di-
‘electric constant first causes an increase in cavity volume,
and then a subsequent decrease, This behavior is in agree-
ment with a picture iIn which the dipolar groups are strongly
solvated in a solvent of high dielectric, and the benzene
ring solvated in a medium of low dielectric constant. Of
course, the physical picture of solvation cennot be too clear
from a treatment of this sort, since the charges have been
assumed to be concentrated on the surface of a hypothetical

elllpsold.
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SUMMARY

The ilonization constants of a series of highly hindered
aliphatic carboxylic acids have been measured. The data are
consistent with the hypothesis that two factors are sufficlent
to explain the acidity of hindered organic acids.

Since steric inhibition of resonance 1s not a factor in
these aliphatic carboxylic aclds, the acid weakening effect
observed may be assigned to the second factor, steric hin-
drance to solvatlon of the carboxylate anion,

A treatment of substituted benzolc acids based on an
oblate spheroidal model has been modified slightly in order
to calculate effective dielectric constants for these acids
in various solvents. These effective dielsctric constants
were then correlated with Hammett's rho constant,

A linsar relationship was obtained for pure solvents
regzardless pf their dielectric constant. Another linear re-~
lationship was obtained for dloxane-water mixtures of widely
varled compositions., It was shown that the work necessary
to remove a proton from an acld was proportional to the
effective dielectric constant in the case of a pure solvent,
but was proportional to that of water in dioxane-water mix-

tures,
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