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Introduction

The correlation of strucbure with specifie reaction rate constants
is seldom of value sinee the relative order of the rate constants for
a series of similar compounds undergoing the seme rcadion may change
with tempereture, It has been found empirically that when the logarithms
of the SPreifie resction rate constants for a single remcetion ere plotted
sgainst the reciproeal of the ebsoute temperature, a stralght line
generally is obitained over a relatively wide range of temperatures,
Thus e specific resmction rate constent; k, may be expressed in a fornm

of the Arrhenius ecquatlon,

k= Vea/R em{;”/‘R‘f (1)
where / is & oonatent of unity with the dimensions of k, R is. the
488 eo:stant, T is the absolute temperature, i 18 the heat of aetivetion
with the dimensions of energy end s is en entropy quantity of sctivation .
with the dimensions of entropy,

LYthough it is quite probable thaet & end { are temperature dependeﬁt,
they usually may be assigned values independent of the temperature within
experimental error, The effect of struveture on s end ¢ then csn be
diséussed mach more clearly than the effect of structure on k, since
the relative ord:urs of s or ( for a series of similer compounds
undergoing the same reection will not change with beuperature,

The values of & and Q are enhanced by the fasts that, when the

entropy gquantities are token as independent of the temperature, the
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heats of sctivation of the forward and reverse reac:i-ns are connected
withe thermodymamie heat of the reaction by the reletion,

=08 = Qr = Qp (2)
and the entropy gquantities of activetion are comnected with the
thermodynanic entropy change in the reaction by the relation,

A8 = 8p w8, (3)
These equations are derived et the end of the initroduction,

The hydration of @lefinie compounds in agueous solution is cabalyzed

by hydronium ion and often is reversible according to the egquation,
RyRaUCR ol + HeO gﬁﬂnlnacoxmfmsn,

In many cases both the forward and reverse reactions proceed at measuresble

retes and the system comes to a measureable equilibrium, This &s one of

the few equilibrium systems in orgenic shemlstry whieh lends itself readily

to a thorouzh investigation.

It would be interesting to correlate, therefore, the effect of various
substituents on the heats and entropy quentities of activation for the
hydration and dehydration reactions and on the heat end entropy chenge in
the hydrdion reaction, A study of the hydration of substituted scrylic acids
was undertaken, These compounds have the added feature that the double
bond of the earbonyl group eonjugates with the olefinis double bond,

This thesis presents the results of en investigation of the hydration
of crotenic acid to [{g_»hydroxybntyric acid and the hydration of Mudimthyl-»
eerylic seid to ﬁ-hyﬁroxyiamlerie acid,
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Derivation of equation 2,

When the difference of the logarithms of the Arrhenius squations

for the forward end reverse reactions is teken, there results the squation,

Differemtiation of this equation with respect to 1/T gives

%1}1]77%&@ - 2220 (8)

Sinee K = kf/kr, a comparison of equation § with the van't Yoff equation,

dink ~ AH
v, Sl 8
gives equation Z,
SRE=Q - G (2)

Derivation of equation 3.

When the thermodynemic equationg,

AF . 2H . A8 7

are incorporated with equation 2 and eoumpared withe equation 4,
equation 3 results,

Asmﬁfﬂﬁr (3)
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The Hydration of Unsaturated Compounds.

Acid;

VII. The Rate of Hydratlon of Cro-

-the Rate of Dehydration of 5—Hydroxybutyr1c Acid; the Equilibrium
b een Crotomc Acid and g-Hydroxybutyric Acid in Dllute Aqueous Solution '

By D. PrEssMAN AND H. J. Lucas 4 f

Introduction

Crotonic acid has been shown to hydrate slowly
in the presence of boiling 209, sulfuric acid to form
B-hydroxybutyric acid.! This reaction is unlike
the hydration of acrylic acid, since the latter oc-
curs in the presence of hydroxide ion? while cro-
tonic acid is not affected under these conditions.
Moreover, only about 809, of the crotonic acid
hydrates, for it appears that at this point it is in
equilibrium with the hydroxy acid. The fact
that the hydroxyl group enters into the B-position
during the hydration is shown by the identical
properties of the acid obtained by this method and
of B-hydroxybutyric acid obtained by other meth-
ods. Also the ethyl ester of the hydroxybutyric
acid prepared by this method is identical with that
from hydroxybutyric acid obtained by other syn-
theses.?

It was desirable to extend the study of the hy-
dration on unsaturated compounds to an investi-
gation of the kinetics of the hydration of crotonic
acid, of the kinetics of dehydration of B-hydroxy-

. butyric acid, and of the equilibrium between cro-

tonie acid, B-hydroxybutyric acid, and water.

' Since it was known that crotonic acid is not hy-

drated at an appreciable rate at 25° in 1 normal
c acid, the reaction was carried out in 1.06
"06 normal perchloric acid solutions at 90.03
and 111.31° in order to obtain a measurable rate.
These solutions were of 2.06;m01a1 ionic strength.
Nitric acid could not be used since its oxidizing
powef at the elevated temperature was appreci-

(1) Kaufel and Basel, Monatsh., 53, 122 (1929).
(2) Linnemann, Ber., 8, 1095 (1875); Erlenmeyer, Ann., 191, 281

| (1878). y \

(3) Dewael, Bull. soc. chzm Belg., 34, 341 (1925).
' (4) Winstein and Lucas, TH1S JOURNAL, §9, 1461 (1937).

able, as evidenced by the liberation of the oxides
of nitrogen.

Data and Discussion

Kinetics of the Reaction.—The hydration was
found to be first order with respect to crotonic
acid since the plots against time of the fraction of
crotonic acid unreacted, C,/Cy, are practically
identical for two runs at hydrogen ion concentra-
tion of 1.06 molal where the initial crotonic acid
concentration has the values 0.0128 molal and
0.0249 molal. Here Cy and C, are the molar con-
centrations of crotonic acid at the respective
times, zero and ¢ (Fig. 1). That the reaction is
first order with respect to hydrogen ion concen-
tration is evidenced through a comparison of the
initial slopes of the plots of C,/C, against ¢ when
the hydrogen ion concentrations are 1.06 and 2.06
molal. The slope at the higher concentration
corresponds to a rate constant of 0.014, which is

twice that of the lower, approximately 0.007.

However, hydrogen ion is not used up in the reac- !

tion and thus is constant during any one run.

The independence of the equlhbnum valtfp with
respect to the hydrogen ion co entratwn, pt
for small second order dlﬂer ces, is cle
dent from Fig. 2, which shows the. cﬁzr?.jte runs
of which Fig. 1 contains only tH portions.
The equilibrium value of the crotonic acid frac-
tion remaining is practically identical for both

acid concentrations. The reaction then may be
considered to be :

o
H.O* + HO + CHCH—CHCOOH ===
CH,CHOHCH,COOH + H,0*

where k; is the specific reaction rate constant of
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Fig. 1.—Hydration of crotonic acid show-
ing the effect of hydrogen ion concentration
and initial crotonic acid concentration on the
initial slope of a plot of Ci/Cy against time:
T, 90.03°; u, 2.06 molal.

O ® @
Crotonic acid,
Co molal
(H%), molal

0.02487 0.01282 0.01248
1.060 1.060 2.056

the forward reaction and k; is the specific reaction
rate constant for the reverse reaction considering
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Fig. 2—Hydrat10n of cr otonic acid showing the ef-
fect of hydrogen ion concentration and initial crotonic acid
concentration on the equilibrium between crotonic acid
and B-hydroxybutyric acid. Plot of Ci/Cy against time.

The last point is common to t'he three runs. 7, 90.03°;
, 2.06 molal, G
Q ® (5]
Crotonic acxd Co, molal (l 02487 0.01282 0.01248
o, .»1, 060 1.060  2.056
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both reactions to be monomolecular with respect
to the organic reactant.
—d(crotonic acid)/dt.= ki(crotonic acid) 1)
—d(hydroxybutyric acid)/d¢ = ky(hydroxybutyric az‘zi()i)

Rather than calculate ‘%, from the 1mt1a1 slope of
the reaction rate curve, 1t was calculated by the |
analytical method which ‘involves the m'tegrated
expression for a unimolecular. reaction approach- '
ing equiljbrium (equation 3) and the equilibrium .

constan equation 4).
’ (bt R
) mess 1Ot @
i ‘ k[ i & :' ;
K kﬂ —:. 1. gl (4)

Here € is the }xac\tlon of the crotonic acid hydrated
at equilibrium, % is the fraction hydrated at the *
time ¢, and K is the equilibrium constant. When
the correct value of e is chosen, a straight line re-
sults in a plot of logy ¢/ (e — x) against time. An
example of this calculation is given in Table I,
the data of which are plotted in Fig. 3. In order
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Fig. 3.—Effect of variation of ¢ on logiy e& - %)
in the hydration of crotonic acid: "‘tuual otonic
acid, Co, 0.01282 molal; 7, 90.03°; (H*), 1.060
molal; u, 2.06 molal: &, ¢ = 0.775; Oi'e = 0.834‘;

-O-,e = Om‘ ; L 4

to show t effect ofa vanathn of ¢, the value' was
changed from the expenmdltal value of 0. 8&4 to
0.892 and 0.775¢* It can be seen that th¢ !ex eri-
mental valuJ:roduces a straight line ’but the
variations induce marked curvature in the’ lots of |
logio €/ (e — x) against £. Tt will be noted th '
values very close to equilibrium were
since very slight titration errors at these pc

0 80




. TABLE I
 VARIATION ov’e'ou LoG /(e — x) IN THE

e = o.ss&r e= 0.892 e = 0.775
= log S log =
| 3 vde 1 g = X € - X
. 0.003 . 0.003 0.003
\&:008 ¥ .008 .0085
.0155 .0145 .017
: 024 | .022 .026
1.4 0445 .042 .048
Tl .1085 .101 118
] 1124 .115 .136
©39.8 .149 .138 .163
1 40D ~714 .182 .168 .199
‘ 56.9  .665 .222 .204 .245
T N T .267 .244 .296
99.6  .520 .372 .335 .419
1271482 .496 .439 572
148.8  .385 .579 .506 .681
179.8 331 .703 .601 .860
221 .282 .854 708 1.079
340 .212
389 .204
468 177
677 .165

the determination of the crotonic acid concentra-
tion would cause very appreciable errors in the
value of logio /(e — x). In every case, the experi-
mentally determined value for e from the equilib-

1.6

Logio G/(é e x)
o e
o] N

°
s

»

‘b
é' 3

(3]

rium constant gave an excellent straight line.
The slope of this line is (kB + ks2)/2.303.-. The
data of the several runs made are plotted in Figs.
4 and 5 as logyo ¢/ (e — x) against time.
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Fig. 5.—Hydration of crotonic acid at 111.31°. Plot
of logyy ¢/(e — x) against time.

o ®
u, molal 2.06 2.06
(H*), molal 1.060 2.056
Co, molal 0.0186 0.0200
€ 774 760

As a test of the stability of the system at equilib-
rium one run was permitted to stand for three
hundred and fourteen hours, whereas the system
apparently had come to equilibrium after seventy-
three hours. However, there was no observable
shift in the equilibrium value of the system.
These data are shown in Table II and plotted in
Fig. 6.

TaBLE II

STABILITY OF EQUILIBRIUM IN THE HYDRATION OoF CRro-
TONIC ACID
T = 111.3°; u = 2.06 molal; HCIO,
initial crotonic acid, Cp = 0.0200 molal.
Time, hrs. 0 0.4 .Q._98‘ ln 63 262 4.25
G/ Cy 1 .983 . w048 910 0.855 0.774

= 2.06 molal;

Time, hrs. 7.33% 3‘57 48 5% . 73.1
C/Co 0.649. 0:499  0.3¢2 0. 25?}» 0.236
Time, hrs. 96.6 ‘ 45 6 16’9 6 '314.6
C,/Co 0.238

380,238 0.238  0.240
B\

ecific reac;b‘n rate

The calculation of the‘
1 1 of B—hytﬁ'oxybu-

constants for thd’ | dq&ydr a

this case € is the fr@.ctlon of f
decomposed at e ihtmum
decomposed at th - time,
against time for B-
in Fig. /7, iChe specxﬁereactxonm‘te(qnstants and
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Fig. 6.—Stability of equilibrium between -
" hydroxybutyric acid and crotonic acid when ap-
proached from crotonic acid. Plot of Ci/Cy against
time. Initial crotonic acid, C,, 0.0200 molal; T,
111.31°; (H*), 2.06 molal; g, 2.06 molal.

240 320

the equilibrium constant determined in the de-
hydration run on B-hydroxybutyric acid are in
excellent agreement with those obtained in the
hydration of crotonic acid. This proves that a
true equilibrium occurs since it can be approached
from both sides.

The kinetic data obtained are listed in Table
III. Experiments 1 to 5 deal with the hydration
of crotonic acid while experiment 6 is concerned
with the dehydration of B-hydroxybutyric acid.
The specific reaction rate constants, k; and ks,
for the forward and reverse reactions are listed
along with the constants which have been cor-
rected for hydrogen ion concentration. The
latter are listed as k;/(H*) and ky(H*). The
constancy of these corrected values with acid con-
centration checks the observation that the reac-
tion is first order with respect to hydrogen ion
;:oncexﬂratxon ;

J
3
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spectively. These data,,@ bs
of 809, hydration observe: ﬁaufé! and Basei .

in boiling 20%sulfuncaﬂ'&b : PR
x‘:. “J;A » Iy
o
WESAT L
/‘ ,s—“ .
0.3 A £
L 0.2 ¢
§ ]
&
»—ol T
0.17558 Wiy
0 t i t f
0 2 4 6 8 10

Time, hours.

Fig. 7.—Dehydration of g-hydroxybutyric
acid. Plot of logy ¢/(e — x) against time.
Initial B-hydroxybutyric acid, C,, 0.0225;
e, 0.228; T, 111.31°; (HY), 2.01 molal;
4, 2.01 molal.

Effect of Salt.—It is interesting to note that
the equilibrium is shifted to the right when hy-
drogen ions are replaced by sodium ions. This
shows that there is a relative increase in the ac-
tivity coefficient of crotonic acid over the activity
coefficient of B-hydroxybutyric acid when sodium
ions replace hydrogen ions. This effect was also
observed in the case of crotonaldehyde.* In
Table IV a comparison is made of these effects in
the two cases, crotonaldehyde and crotonic acid.
It is evident that the equilibrium constant, at
constant jonic strength, increases with decreasing
hydrogen ion concentratnzp’ Q}"?

24 »
# 1

/. 1A | TABLE IIT .
Kmmc Dara CONCERNING THE anmuow ofF Crotonic Acip (1 To 5) AND DEHYDRATION OF ﬁ-HYonx;nmvmc

v Acip (6) y /
, : j tIuigial K, ; L il
Temp., #C5 (@Y G, M TR mx100 lx20b G X Mg ..x 6 K

1 ;,90 1.06 . 2.06 0.01282 0.752 0.1485 m710 0.140 5.05
B/ 4 gqm 1.06 2.06 .02487 .745 .1445 703 +.1365 '5.14
B 9qm3 ,{é .06 2.06 .01248 1.43 .299 | 1606 .145 4.80
% f / Average | .703 .140 5.00
& 1'1%.31 o 1.06 2.06 .01860 3.485 1025 3.29 .97 3.41
5 | 111.81 [ 2.06 2.06 .0200 6.765 2.135 3.28 1.03 3.16
. j 4 Average Q.EQ‘ 1 00 3.28
6" ' 111481 2.01 2.01 .02249° 6.48 1.915 3.38

% Concentration of initial g-hydroxybutyric acid.

3. . 0.955
i



| : TaABLE IV
ErrFect OF Acip CoONCENTRATION AT CONSTANT IONIC
| STRENGTH ON THE EQUILIBRIUM CONSTANTS FOR THE

HYDRATION OF CRGTONALDEHYDD"AND CroToNIiCc AcID
,‘rotmnldéh de“ vl Crotonic Acid

REOY e u HY) K
N o T T = 90°
1.90° 19905 0.795  2.06 2.06 4.80
1.88 URT 432 BB R06  1.06 5.10
1.96 0956  .873 T = 111.3°
LUES " .478 '\ 030\ '2.06  2.06 3.18
‘ 2.06 1.06 3.41

Thermochemistry of the Reaction.—Table V
contains the thermal data for the reactions in-
« volved. The heat of the reaction, AH, the heats
~of activation, Q; and Q; of the forward and reverse

reactions, and the temperature coefficients are
listed individually for the runs in the solvents of
different acid concentration. The values of k&,
ke and K for the two runs at 90.03° in 1.06 NV per-
chloric acid were averaged in- this calculation.
This averaging accounts for the discrepancy be-
tween the difference in the heats of activation and
the heat of the reaction, since the latter was cal-
culated from the temperature coefficient of the
averaged equilibrium constants and the former
from the averaged values of the rate constants.
The heat of activation of the forward reaction is
smaller than that of the reverse reaction. Thus,
there results a A of —10.1 kcal. for the reaction.
However, the heat of activation of 38.0 kcal. for
the forward reaction is larger than any of those
observed previously for unsaturated compounds,
which were 23.4 kcal. for isobutene®; 21.04 kcal.
for methylethylethylene®; 18.92 kcal. for tri-
methylethylene’; and 18.3 kcal. for crotonalde-

- — TABLE V *
THERMAL DAT:“C‘Q?.L%NG THE HYDRATION OF CRO-
1 Ic Acip

i “Feowmp .
: 5 cuvmmm
4785 —9:8 4.08 5.94
—%-3 414 605
401 44T 6700

1‘.93'-2195 3786
Average 38.00- 481

—~

hyde.* The heat of activation for the reverse re-
- action is 48.1 kcal. for crotonic acid as compared
with 24.5 keal. for crotonaldehyde.

The fact that the hydration of crotonic acid
" liberates 10 keal, while the hydration of crotonal-
dehyde. liberates only 6 kcal. indicates that g-
hydroxybutyric acid is relatively more stable in

(5) Eberz and Lucas, TH1S JoURNAL, 56, 1230 (1934)
(6) Lucas and Liu, ibid., 66, 2138 (1934).
(7) Liu'and Wei, J. Chinese Chem. Soc., 4, 297 (1936).

”

aqueous solution with respect to crotonic acid
than aldol is with respeet to crotonaldehyde.
Resonance explains the relatively lower stability
of the aldol. Crotonic acid in the acid selution |
can resonate between the unexc1ted form§
D l_
M, & /
C—C=C C\OH

.

g

i / y
c—Cc=c—c<{ ..
\QH

_+__"';..“ /o
.A CcC—C C‘=C\Oﬁ

while B-hydroxybutyric acxd resznates betweén“
the unexcited forms

H H

: CI) : &, £ (I) . ' 6@
i e
c—C—C—CL .. c—-C—C—-C
: \oH <OH

=
On the other hand, crotonaldehyde can resonate
between the unexcited forms

(R : : ? :
C—C—C—CH C—C—C—CH

while the hydration product, aldol, can exist only
in the single unexcited form

H o
: (l) : (l? y
C—C—C—CH

Thus, when crotonic acid hydrates it goes from
a structure of principally three resonating forms
to one of two, while crotonaldehyde loses nearly
all of its resonance energy upon hydration.
Hence, it would be expected that the evolution
of energy during hydration would be less in the
case of crotonaldehyde than in the case of crotonic
acid, since each must retain energy equivalent to
its loss of resonance energy and since the loss for
the former is greater than for the latter. The
difference in the heats of reaction, viz., 4 kcal., is
the difference in the resonance energy changes.

Ester Formation.—Gehrke and Willrath® have
shown that g-hydroxybutyric acid loses water by
itself to form a compound of lower free carboxyl
content This could be a linear ester, lactide or
lactong since saponification of the compound of
lower free carboxyl content liberates all these
bound groups. In any case, it was stated that in
a 0.1 molal solution of the hydroxy acid at 100°
only 95. 5% of the carboxyl groups are free. This
would mean that 9% of the molecules are com-

(8) Gehrke and Willrath, Z: physik. Chem., A142, 301 (1929).
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bined ds«hhear eﬁter mo%gecﬂes or 4.59, are in the
Linear ester formation

lactide’ or lactone form.
@Oﬁdﬂ beﬁ g}ssenﬁ dly
i n, if it i Ssumed that In the pure acid,

! %.e xten?”gfm;s reaction would be about 50%,

ég: géﬁir s ghegséase in the formation of simple
esters. ?tthgc centration of 0.1 molal, esteri-
ficati

: hxs;,‘ﬁ e would be only abof?t 0.05%.
&aCﬁtd@ formation and esterification of
XY %d{ by crotonic ‘acid would be

ng i ‘How ver, lactone formation and lac-
‘V.Qpe hy 1ys15 ‘are_essentially unimolecular re-
actic ns, ar thut tﬁ% gilibrium would not be

d by ghli'&idg. - The formation of a four-

? “ fe,d ring a 1 the lactone would result in a
ow V. of t‘ ctone formation which may
well be ofthe order P i,

Thus the equlhbrlum values as listed in Table
III may be as much as 4.5% in error, due to the
uncertainty of the g-hydroxybutyric acid concen-
tration. However, in the important calculation,
that of the heat of reaction, a ratio of equilibrium
constants is taken and these errors occur then as
second order corrections and are thus negligible.

Experimental

Materials. Crotonic Acid.—Tke crotonic acid used was
the Eastman Kodak Co. product which had been recrystal-
lized from water. It melted at 70.5-71.0° uncorr., and
analysis for unsaturation showed 1.000 double bonds per
mole,

B-Hydroxybutyric Acid.—This was prepared by the
method of Kaufel and Basel! in which crotonic acid is
hydrolyzed in the presence of boiling 209, sulfuric acid.
The reacthn mixture was neutralized to methyl orange
with a 1y préared paste of calcium hydroxide in order
to remove sulfuric acid. The solution was filtered from
the solid calcium sulfate and concentrated by vacuum dis-
tllla;tion!t This also remmcd most of the unconverted
c{ot;oni&’; acid. A solid separated and was filtered. This
was mostilikely a mixture of calcium sulfate and calcium
B-hydroxybi‘xtyrate. The resulting sirup was extracted
several t"' es with ether to remove remaining crotonic acid.
ued until the sirup indicated negligible un-
saturation. thn ‘analyzed by bromination. Upon stand-
ingina \@cuqﬁl desiceator over sulfuric acid, a precipitate
of calcinm hydroxybutyrate separated from the sirup.
This was washe with e;lcohol and dried in a vacuum
deﬁpcator “An ;h determination showed 15.9 and 16.0%

calcium; c¢ cul_p.ted for caleium hydroxybutyrate 16.29,
calpium. $ ce’ difficulties would occur in obtaining a
own sample of the hydroxybutyric acid itself due to its

- self estenﬁgatlon and water loss, the calcium salt was used

{ hmts place since it could easily be weighed out quantita-

tmely v
Perchloric Acid Solution of Constant Ionic Strength.—
Equal portions of 60% perchloric acid were weighed out.

Q
o

To one was added enough sodmm hydrgmde to neutrahze
one-half of theacid. These portaqns were mad 'i' ) toe
volumes.with distilled water. = The;
strength but unequal ac1d1ty. by

analyzed was added to an excesaﬁf pQ
bromide solution in an. lodmﬁe@t}rﬁ : ‘ i the soluf.gor‘t to
be analyzed did not contain a itrong a :
sulfurxc acxd was added at this time to 1

In the analysis of ﬁrpiﬁgxy ,I; i
# B y

excess of brommq gave th
utes while a 300’7,“ Xcess introduced an :

after one hour og standing. ‘Experiments d?ncermng eueq
effect of bromine on hydroxybutyric acidishowed that it
substituted at the rate of -

Thus, the error incurred by the bromination of hydroxy-
butyric acid would be negligible under the conditions of
analysis using a five-minute bromination period and a 50
or 100%, excess of bromine.

Procedure of the R&ctlon —Standard solutions of cro-
tonic acid in perchloric acid were made up by roughly
weighing the crotonic acid into an approximate volume of
standard perchloric acid and then analyzing 20-ml. ali-
quots by bromination. The solutions of g-hydroxybutyric
acid were made up gravimetrically by weighing out accur-
ately a portion of calcium hydroxybutyrate and then mak-
ing it up accurately to volume with perchloric acid solu-
tion. The runs were made by sealing off 20-ml. aliquots
in test-tubes. These were placed in a thermostat at
either 90.03° or 111.31 = 0.05°. Tubes were withdrawn
from time to time, quenched in water and the contents
analyzed by bromination.

Summary

A study of the reversible hydration of crotonic
acid to B-hydroxybutyric acid in 1.06 and 2.06
normal perchloric acid solu-tféns of ionic strength
2.06 at temperatures of 0.03° and 111.31 = O 05°
was made.

The hydration is first order with respect.to, ero-
tonic acid and hydrogen ion, - The dehydrahon
is first order with re‘?“t to f hy roxybutyric acid
and hydrogen ion. ' The. e’qulhﬁ’num is ShQWl’l to
be approachable from either t,hyérotomc a¢1d or
the B-hydroxybutyric acid side.” The equilibrium
constant is 5.0 at*90° and 3. 4& T1a0808 T Bl

In solutions of constant iomic strengﬁh the
equilibrium  shifts toward crértqmc acid with in-
creasing acid concentration, thusrshowmg that the
replacement of sodium fon by hydrggen ion rela-
tively increases the-activity coefficient of B-hy-
droxybutyric acid over that of crotonic acid.

The energy of activation is 38.0 keal. for the
hydration and 48 L keal for the deﬁdratlon

normal bromate—"y

).04%,/minute when the mole "
ratio of bromine to B-hydroxybutyric acid was unity. ,

g



- 'f e = s g
The heat of the reacﬁon 1s thus 10. 1
4keal gr :
comp. the hydra’c'ion of crotonaldehyde"xs e
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The Hydration of Unssturated Compounds. VIII. The Rate of Hydration
of B,E~-Dimethylacrylic Acid; the Rates of Dehydration and Decarbexyl-
ation of g-Hydroxzyisovaleric Leid; the Heat of Hydration of

Dimethylacrylic fcid in Pilute Agueous Solution
By David Preseman and H. J. Imncas

introduction

In order to determine the sffect of various substituents upon the
heat of hydration of the ethylenic double bond, a number of compounds
must be studied, It is reasonable to believe that the influence of the
substituent mey be exerted through two principal effects. One, which
is the inductive effect, is ghown by all substituents. The other, which
affects the double bond character through resonance, is exhibited by only
certain substituents. In addition there is bound tc be a certein inter-
action between these two effects,

It ig the purpose of the present hydration studies to evaluate the
two principel effects and thelr interactions. The heats of hydration are

determined from equillbriz or kinetic data ag in previous work.l’d'3

(1) w. P, %berz and H. J. Lucas, TuIS JOURKAL, 5§, 1230 (1934).

S

(2) S. Winstein and K. J. Lucas, Ibid., 59, 1461 (1937).
(3) D. Pressman and H. J. Lucas, Ibid., 61, 2271 (1939).

A study is being mode also of the kinetics and mechanism of the hydrstion
and dehydration reactions and data are being obtained for a correlation
of structural effects upon reaction velocitiea and heats of zetivation of
the hydration and dehydrstion reactions. At the same time the influmence

of acid and bage catalysts and of the ionic strength upon these two



resctiong is being observed. Hince the heat of hydration of crotonic
seid has bosn determined alrsady, 1t vwas desirable %o extend the study

of the byiration of unsaturated compounds to include that of §,R-dimethyl-
acrylic acid and its equilibrium with f-~hydroxyisovaleric acid. ¥o
reference hos been found concerning either the hydration of [ ,p-dimethyl-
acrylic acid or the dehydration of g-hydroxyisovaleric acid.

The plan of work was to obtain the heat of hydration from the
kinetic constants of the hydration of the unsaturnied acid and pf the
dehydration of the hydroxy scid and also from the squilibria between
the two aclds at two temperstures in dilute perchloric acid solution zs
in »revious work. However, the decarboxylation of f-hydroxyisovaleriec
acld to tertiary butyl sleohol under the condltions of the experiments
is & complication which doss not permit a dlrect measurement of the
eguilibria.

Decarboxylotion in agueouns solution has not been reported for either
gwhyﬁroxybutyric acid or B-hydroxyisoveleric acld., Indeed, the great
stability of the ccuilibrium between the former and crotonic acld ig
definite evidence that it could Gecarboxylate only at an infinitesimsl
rate in 2 ¥ perchloric acid at a temperature of 100°, However, two
homologs of the B-hydroxylsevaleric acid, namely g-methyl-fi-hydroxylso-
valeric acidh and g,g-dinethyl-g-hyiroxyisovaleric acid.5 decarboxylate

W e M e e . S s A R S R R e M e W s MM e e SR W M M M e B e A em e W e e R e

(4) eiljarow, J. Ruse. Phys. Chem. Gesell., 28, 501 (1&96).
(5) 5. Reformatsky and B, Plesconosgoff, Ber., 28, 2839 (1895).

WA e e R e e Gk B0 R B eEB GR W der R cde AR dme B MR e B W B e e Wa e S e W AR me e e A W

in hot agueous solution to yield dimethylethylcarbinol snd dimethyliso~

propylearbinol, respectively,



In gpite of the decarboxylation reaction, the hydration and dehydration
congtants along with the decarboxylation comstants could be determined
from the kinetic data obtained in the hydration and dehydration experi-
ments.,

The hydration studies were carried out at hydrogen ion concentrations
of approximately 0.3, 0.5, and 1.0 ¥ at an loniec strength of 1.0 §,and 2%
ionic strengthe of 0.6, 1.0, and 2.00 ¥ at & hydrogen ion concentration of
approximately 0.5 H, The dehydration and acid catalyzed decarboxylation
studles were carried out at lonic strengths of 1.0 and 2,0 F with a
hyirogen ion concentration of approximately 0.5 N and at hydrogen ion
concentrations of approximastely 0.5 znd 1,0 ¥ a% an ionic strength of
1.0 K.

Decarboxylation congtants were also determined independently at
ionic stremgths 0.0, 1.0, and 2.0 H, but in the absence of sadded perchloric
acidl These values wore found to be guite differeat from those deter-
mined in the perchloric acid solutions indicating that there are two
uechanisng of decarboxylation.

Phe hydration studies were carried out at 82,U5°, 99.é5°, and 111,85°
while the dehydration and decarboxyletion studies were carried out at the
two higher temperatures enly. Perchloric acid rather than nitriec or a
hydrohaiic acid was ueed since nitric acid has a deeided oxidizing aetion
at the elevated temperatures and hydrogen halides might add to the

ethylenic linkage.

Kinetics
Typical curves for the hydiration of §,E~-dimethylacrylic acléd and

for the dehydration of f-hydroxyisovaleric acid are showm in Figs, 1 and 2,
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respectively., Here gﬁfcg , the fraction of the original acid either
satursted or unsaturated, which_is nresent as the uwnssturated ascld, ig
plotted against time, Since both hydration and ﬁeﬁy@r&tian enrves approsch
the axis asymoptoblically, it is evident thet evenbually all of the dimethyl-
acrylic acid and hence a2ll of the hydroxylisovaleric scid disaspnears., In the
curves for the dehyiration (Fig. 2), the §,p~dimethylacrylic zcid con~
centration passes through & maximom value and then éecr&&ses ag the
ﬁ}hy&rexyisovalaric acld is removed by irreversible decarboxylation.
Tyoieal decarboxylation curves for f-hydroxyisovaleric aci& in the
absence of perchloric acid are shown in Fig, 3 vhere 2@19.’ the fraction
of the original f-hydroxy acid present, is plotted sgeinst time. Since
the f:actian remaining approaches zero, zll the ceold decarboxylates eventually,
The slow change in the value of,Qt[gO for £,B-dinethylacrylic aeid (Fig. 3)
indleates that this decarboxylation reaction is negligible compared with
the decarvoxylation of the hydroxy scid.

The straigﬁt line character of the nlot of laglo Qa[gt iudlentos
that the hydration of f,f-dimethylecrylic scid initially is first order
vith respeet to the wnsaturated scid (Pig, W), Horeover, the equanlity in
the slopes of these curves for runs at the sane hydrozen ion concentration
and ionic etrength, but for different initisl concentrations of §,f~dimethyl-
acryliec acid indicates the same thing. 7The reaction therefore is ngendo-
unimolecular, The inerense In slopes of the plotes with incrensing
hydrogen ion concentration and iécreasing ionic strengths shows the
dependence of the rate constant upon these gquantities. That the hydration
is firet order with réspact to the hydrogen lon concentration can be seen

from a comparison of the slopes of the curves for different hydrogen ion
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deearboxylation constant, ks, in the pressnce of acid is the gum of the
acid catalyzed and mncatalyzed reactions, equation 2
ks = Eag + Esﬁ (2)
Using A to represent the concentration of §,f-dimethylacrylie aeid,
B of ﬁ—hydroxyisov%lerie acid, and C of terﬁiary butyl aleohel, the ﬁime

rate of change of these concentrations is given by equations 3, b, and %,

dAfas = koB - KA (3)
dB/dt = Ik ~ (o + ko)B _ ()
acfay = koB (5)

These equations integrate to give the following zensral expressions vhere
the subseripte, 0, and %, indicate the concentratlons at time initial

and time § respectively.

A = & 88 - 35) & g o Bl -3 (6)
ky + (g - & ok, v B B(S - %)
B o= g2, (s "0)+g“————--l' LeEL o (n
3 = kz ko
o - gl t oka  als - ) | & By + £)ea  E(% - £,)
% 7k kaf |
. (8)
oy
& {E{O(kx +E) - ks _320] -.1@ = +[53 Bo - ;@0(}51 + @)
k; + B ks &
= = ¢
g Il - B) =0
whare
k - ey + 0
;= s 2P0 2ol v o) (9)
k—\ :B - A. (}[ o+ Cr,\
% - ._.0 —-O ...1 ——
I
G + ke + k) + Y (ky *kp + Eg)? = i ks
a = - (11)
g - Ut v ks) - [l + ke + Ea)® - Uiy ko (12)

2



In the gpecizal case where B, = 0 and _QO = 0 at __130 = 0
(ky + g)e ok (lcl + g)e BE
B /A = — - == (13)
='=0 (8 - a) .
(ky + a)(ky + B) 6t
’ - Do e ¥ P - b )
§~/..0 : Ea(ﬁ . _0_«) (ﬁgi __9,_""') (11‘)
6 /h = (ky + gl + B)ks // (22 - 1) (- 1)] (15)
=10 ka8 - o) L = ) .
In the case where _1_50 =0 and € =0 at _‘5._9 =
ks ( 5 Bt ' ¢
AJBy = == (6B -25) (16)
1 [ s b
B/, = g,ﬁz(;lsn.@)gg--(zswg)aﬁ-] (an)
ka "(-}ﬁ:z + ki + il
& i | s (i BB o AY BY _
/3 =5 o (e % . 1) (8- 1) (18)

Since the hydration and dehydration reactions were followed by
analysis for unsaturation, ét’ the concentration of the £,E~dimethyl-
acrylic acid alone was determined. The value of é.ﬁ/_.éc or éﬁ/_l_% could
be determined experimentally since known amounts of §,B-dimethylacrylic
acid or fl~hydroxyisovaleric acid were present initially, Hence ecuations
13 and 16, which determined wulues of &Q/éﬁ and &3/-340 were those used
in the evaluation of the constants, ks and kj.

Svaluation of the Hydration Constant, ky,-- Since ky happens to be
larger than kg, and ka is very close to ks in magnitude, the actual rate
of dehydration of fB-hydroxyisovaleric acid is always small compared to
the actual rate of hydration of the §,f~-dimethylacrylic acid in those

experiments vhere dimethylacrylic acid is the starting material,



~

Therefore, it is possible to obtain the hydration constant, k,, from the

initial slope of the plot of lo [&t ageinst t for the hydration of

810 %o
the unsaturated compound with an error of less than 1Y due to the reverse

reaction, These plobs are straight lines at least up to 0.4 hydrated as
shown in Pig. 4, It will be noticed that the intercept on the abscissa
ig positive. This is due to the time lug in reaching the thermostat
temperature, The specific hydration constants, k;, for hydration experi-
ments are tabulated in Table I,

Table 1

Rete Constants for Hydration of B,f-Dimethylacrylic hcid

Relati
) A A k, "{'}“ ve

Normal TWormal folar hp™} (¥ 30*) k, -2 -£
450

1.000 1.0 0.00975 0.0265 0,0265 1.000

1.000 1.0 0,00414 0.0255 0.0255 0.963

0,544 1.0  0,00984%  0.01525  0.0280 1.059

0.302 1.0 0.01015  0.00865  0,0287 1,082

0.610 0.6 0.00878  0.0137 0.022k4 0,845

0.480 2.1 0.00920  0.0235 0.0450 1.85
g5°

1.000 1.0 0..0828  0.165 0.165 1.000 0.0365 0.226

1.000 1.0 0.00516  0.165 0.165 1.000

0.544 1.0 0.00686 0.093%0 0.171 1.038 0.0268 0.131

0.302 1.0 0.00883  0.05 0.176 1.068

0.610 0.6  0.0087 0.08 0.138 0.836

0.480 2.1 ©.0080¢t 0.151 0.314 1,901 0.0392 0.214
g5°

1.010 1.0 0.00860  0.507 0.507 1.00 0.126 0.789

0. 54l 1.0 0.00690 o.ﬁgo 0.552 1.02 0.0970 0,485

0.480 2.1 0.00749  0.hihg 0.935 1.8 0.145 0.705

Colculation of the Dehydration and Decarboxylation Constants, ks and
ka. Zyaluation of o 2nd B.--On the other hand, it is not practiesl %o

calculate the dehydration constant, kz, from the initial slope of the



dehydration curve since the decarboxylation is taking place at = comparable
rate snd the eguilibrium lies well on the hyd-ated side. The most useful
eguztion for the detemin&t;cn of both the dehydration constant, k., and
the decarboxylation constant, ks, is equation 16. & plot af,,g}_%/ggl against
(_9_9*‘-)-';* -8 -ﬁ—&) is & straight line with the slope ga,(g ~ §) when ;he correct
values of g and § are used., Since ggt/_};o pegses through a maximg, the
‘straight line plot reaches a maximum value of éﬁ@(} end of (e ok e Bty
and then returms upon itself. Different values of g and § wore
substituted in the experimental dats until o strsight line was obtained.
Fig, 6 demonstratee the effect of variations of g and § on a plot of
‘.ﬁﬁt/_B_O against (e ok | e BYy . prom the slope of this straight line kp
can be caleculated sinece

slope = lpf(g - B) (19)
From g, £, ki, and equation 20, ks can be caleuvlated,

@ = kiks (20)
Although many different straight linee are possible with the experimental
Gate, only one line hne the correct slope vhere the sum of the rate constants
is equal to the negative of the sum of g and £, ecuation 21,

(ks + ka * ka) = ~(g +p) (21)
The constante chiained by this method are tabulated in Table II and it
can be seen that the relation above for the sums of the constante checks
cuite well,

The hydroxy acid is added to the perchloric acid in the form of a
gilver salt, and since it ig largely unionized in the strongly acid
solution, a correction must be made in the hydrogen ion concentraticn tol
account for the hydrogen ion concentration decrease due to the formation

of the unionized organie acld, The hydration constants, k;, used in these
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[ 0,038 0,208 (chosen velue)
® 0,023 0,258
a 0,083 0,268
P 0,063 0,158
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calculstions wvere velues determined from the initial slopes of the
hyirstion experiments corrected for the new hydrogen ion concentration,
Tre constant is proportlonal to the hydrogen ion concentration,

The t¢ime, %, is corrected in each case for the average time of warn-
iug7§he thermostat temperasture as determined by abscises intercepts of
the plot of log,, éﬁ[é% againgt § for the hydration of the unsaturated
acid, Although this ie four minutes for the runs at 111.85% it comes
out to be ten minutes at 99.85°. This csn be accoentsi ror easily by the
fact that vhen the solutions were placed in the thermostst an extrs heater
was turned on to help provide the hest required to bring the cold solutions
to temperature. Apparently, lh-nt was supplied faster in the case of the
runs at the higher temperatures. Since the runs at one temperature were
5ll mede at the same tinme, the same time lag wonmld occur for all the rates
at that temperaturs. The posgitive intercepts, 0.02, on the ordinates
of the plots of ét[gg against (g*ﬁi ~4g'&§) are nearly equal in éhe different
rung., Thig is dus to the fact that a2 little of the silver is reduced,
since a slight amount of dark preeipitate formed in the resction tudes.
This subsequently reactsd during brominztlon o use bromine and thus o
high value for the concentration of the rmecturated compound resulted.
Of course, more silver ig reduced in the tubse which zre heated longer
bu£ uniform bromination of the same amount of the free silver takes place
in saxch determination.

Eyalustion of o and B by Other Hekhods.-~The constante g snd § can
be obtained also from the plot of ﬁt/é‘-@ sgainst [(_igi + a) _g_ﬁ - {ky +8) 2 g@_j .
This is a straight line with the slope 1/(g - ). However, this is not as

sensitive to variations in g and B as is the plot from eguation 16 for it



is sensitive only when the unsaturated acid has largely disappeaied..
However, these points are the least accurate, Fig. 7 shows the effect

of variations of g and P on a plot of ﬁt[éo against [:(g; + a) g~§§ -

(ky +B) o gﬁj . The same corrections in time are made here as in the
caiculations concerning the dehydration experiments. Table I contains

the values of g and § wused in these caleculations. The slopes and the
caleulated values of 1/(a - B) are equal to each other from the nature of
the point at zero time. BSince the unsaturated acid is added to the agusous
perchloric acid solution as such, it does not remove any acid and hence

the values of g and 8 are higher here than in the gorresponding dehydration
runs where a lowar hydrogen icn concentration resulted from tﬁe addition
of the silver salt of the organic acid %o the same perchloric acid
solution. For the small differences in the hydrogen ion concentrations

in the hydration znd dehydration runs the values of g and g are pro-
portional to the hydrogen lon concentrations of the solutions.

Another check on the values of o and £ can be obtained from the
rosition of the maxime in the dehydration curves. The maximunm lies ot the
point vhere the rate of change of the dimethylacrylie scld concentraiion
is zero, egquation 22.

| A2,/B)/ag = © (22)
At the maxzimum, the valuesof the time is given in equation 23.
£ o= 2.30 log,, (B/a) /(B - ) (23)
Table I1 containg the value of %, observed and caleculsted, for the maxima
in the different rune. The satisfactory agreement here, as well as the
fact that each set of values of g &#nd § is satisfoctory (Tables I and 11)

proves that the method of treatment is reliable.,
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Oslewlation of the Decerborvlation Sonstante, kst snd kol.--The
decarboxylation constant obtained above ie the apparent decarboxylation
constant, k3. The walue for the uncatalyzed reaction, 339. can be
obtained from the slope of the plot of log10 EO[S& against time, Fig. 5,
for the decarboxylation in a solution not containing verchlorie acid.6
The catalyzed decarboxylation constant, ggg. ig then the differsnce
between the apparent constant and the uncatalyred constant &t the same

fonic strength, equation 2, The walues of the constants for the different

decarboxylation runs are found in Tables III and IV.

Table 11X

Decarbozyl;tion Rate Constants in the ibsence of Ferchloric hcid.

0 Telative
A % ‘%E’T /.0
Formsl Holar r ks
99.85°
0.0 0.0187 0.0122 0.775
1.0 0.0250 0,0157 1.00
2.1 0.0237 0.0195 1.24
111.85°
0.0 0.0202 0.0461 0.835
1.0 0.0250 0.0555 1.0.0
2.1 0.0237 0.0720 1.30
0.0 0.012% 0.002

* §£,p-Dimethylacrylic acid

e e e mk e M ek e e S W e S A G M e E an e me mm em e e e e el e e e e e e e e e

(6) The firset five figures have been eo formed as to oresent all the
experimental dats avallable in an easily sccessible form without an

oxcessive number of plots and tables,
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Effect of Hvdrogen Ion Soncentratlon end Ionic Strength
2n the Reaction Rate Copstants
Hydrotlion Rate Constant.--According to the Brdnsted theory, the

hydration rate is expressed by equation 2l

hydration rate = Kk (430) (H30") (Caig0s) / Hga0 2 Hy0" '/CBHSQQ/ / Call0p. Hz0 . HO'
(24)

Usually the assumption is made that the activity coefficients of the positive
ione concel each other. However, since even the unionized B,f-dimethyl-
aerylic acid activity is affected bﬁ fonic strength, it is quite likely
that the large positive intermediate comwlex ion also should be gimilarly
affected and thus its activity coefficlient should bé a funntion of the
ionie strength different from that of the hydronium ion. ZEven the activity
coefficient of water is calculated to decrease by about 87 when the solution
ig made 2 normnl in endium perchlorate. Hence the zctivity coefficients may
all be groupsd together in the term !; K, ° since the individual activity
coefficients are not known well enough to be ﬁiscunscd.‘ The rate then
can be expresged by equation 25,

hydration rate = ky'(Ha0")(CgHy0) .[h (25)

vhere k;' contains the water concentration, which is practically the same
the experimental%y determined

for the different solutions, and/k,; isk, '(Ha0') l:’k . Xexexperimeataiiy
.5}

geakexninedx Indeed._[k1 alrerndy has been shown to be different from the

activity coefficient of the unsaturated compound, ~éfunaat' in the case of

the hydration of iaobutena.7 There, the _éfk vag compared with the
21
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(7) H. J. Lucas and W, F, Eberz, THIS JOURNAL, 56 , 460 (1934),
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activity coefficient of isobutene for different ionic strengths as deter-

mined by distridbution experiments and found to differ by 10% and U0 =%



at ionic strengthe of 1 and 2 ¥, rospectively. This shows thet l:iéa
for the hydratlon rste increcses more ranidly with ionic strength than
the activity of the butene. It can be seen therefore that the ratio
_K{%ao _zfﬁao+/ #ﬁétﬁg-ﬁzg-aa°+ must increase with ionic strength.

The activity of water acte in the ovposite direction, however, decreasing
with incressing iomic strength. Therefore, the ratio 150" / ~‘/;;H H,0.H40"
must increase with lonic strength. The same most likely holds trus for
dimethylaerylic ncid,

The observed rate constznt divided by the hydroninm ion concentration,
g,/(aac*), ghould then be proportional to k:jgg' The values ofigl/(H30+)
for the various experiments nre in Table I, The hydronium lon concentration,
(Hg%‘ ie¢ taken %o be the same aes the hydrogen ion soncentration., Ls an aid
in comnaring the effect of the different ionic strengths and hydrogen ion
concentrations on :Z(; at different temperatures, there sre also tabulated

=
the ratios of Jd/kl to the égsz at loniec strength of 1.0 ¥ and

hyiro~en ion concentration of 1.573 at the same temperature, This ratio
determines the l__/ K, in various solutions relstive to a standard [kz

in 1 ¥ hydrogen 1;; concentrrtion and 1 ¥ lonic stremgth., This is termed
the relative Jﬁjg; of the reaction rate constant. It 1 fairly constant
for any one salution over the different temveratures. Fig., & shows that
the relative j:lkl values of the hydration constant for solutions of
hydrogen ion concentration arproximately D.5,§7increase rapidly 28 the
ionic strenzth increases. The relative “2<g1 is almoet doubled by
raising the ionic strength from 1 to 2 H. The increase of ;Zf}c; with
ionic strength hae 2lsc been observed in the hyiration of othe;»unsaturated

compounda.1’2’7’8
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(8) H. J. Lucae and Y. Liu, '“HI& JOURRAL) 56, 2138 (1974).
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In the reactions carried ou! at the seme ionic strongth but at
different hydrogen ion concentrations, the replacement of hydrogen ion
by sedium ion ineresges the values of the relstive Jé/k; of the reaction
rate., Thig is due to the specific difference of the two ions im thelr
effect on the activity of diméthylacryiic acid, This difference in action
28 been noticed chiefly in oxyzenated compounis, ¢rotonaldehyde, e¢rstonic
acid, and dimethylacrylic acid wvhere the oxonlum formation is appreciable.
A more extended analysis of these ¢’Jecte in other gystems is being nade.
Dehvdration Rate Constant.--The Briasted expression for the dehydration
rate constant is simllar to that of the hydration rate except that water

does not enter the expression, equatlon 25.
dehydration rate = k" (1,07 ) (Ceyels) }3&- ’K?sﬁxoOJ ~[05K1°03.H30* (26)
‘Erom agssumptions equivalent to those made for the hydration rate, this
reduceg to the axpresszlon
dehydration rate = 52'(}130"*)(05}13@03) _[ kg (27
wvhers 33'(330#) j:sz = ks as experimentally measured. The values of
ga/(H30+), which are directly proportional %o lﬁika' are tabulated in
Pable II.along-with the relative kijka values for the different solutions.
The latter values are plotted im Figure £ to show the variation of the
relative lijkg with lonic strength 2% o hydrogen iom concentration of
approximately 0.5 N. These variations are gquite similar %o those for the
hydration experiments as are the variations occurring vhen hydrogen ion
is replaced by sodivm ilon.
Decarborvliation Bate Constant.~-The decarboxylation in the presence
of perchloric acid must talke place by two mechanisms, one acid catalyzed

and the other not. The fact that this is a 4tyus hydrogen lon catalysis

ig indicated by the fact that the decarboxylation rate in 0.5 K



perchloric acid is four times thst in water, vhereas the change in the
concentration of the unionized =eid (KA = 1077) is only 2 percent.

The uncatalyzed decarboxylation rate, 559, is itself a function of
the ionic strength, Table 111, and therefore the hydroxy-scld cannoi
decarboxylate by itself, BEither the acid must react with water or the
anion must decarboxylate. If the latter is the case the rate constant,
339, wonld be & function of the ionic strength gsince dissociation and
hence the anion concentration are also functions of that quantity.

An experiment to test the decarboxylation of the anion was earried out

Table IV
Dacarboxylation Constants of E-Hydroxyisovaleric Acid

in Perchloric Acid Solutions

+ H H Relative

(2°) pra kg ks, ko~

Eormal ¥ormal h?*l hr,™" (gag*j kaggg
g5o .

0.9€5 1.0 0.049% 00,0337 0.0342 1.00

0.528 1.0 0.0361 0.0204 0.0386 1.13

0.466 2.3 0.0528  ©,0343 0.0735 2.15
g5°

0,994 1,0 0.196 o.1k0 0.141 1.00

0.527 1.8 0.152 0.096 0.182 1.29

0,463 2.1 0.222 0.150 0.3224 2.30

by heating & concentrated solution of caleium B-hydroxzyisovalerate

at 100® for 3 deye in 5 sealed tube. Since no tertiary butyl aleohol

was formed, the anion cannot be the material which dscarboxylates.
Therefore, the uncatalyzed decarboxylation mechanism must be the reaction

of the unionized acid with water.



The Brénsted expression for the reaction of f-hydroxyisovaleric
acid with water is glven by eqguation 28:

decarboxylation rate = Egg (Cgily0035)
= kg (H0)(CgHyo03) ¢ qu‘ ~Z; / dlf: )
Ho0 ~-CgHy o0 CatyoOs. Ha0

The activity coefficients and hence the observed rate comstant, ggg,
are functions of the ionic strength.

In Table IV are shown the decarboxylation constants, observed at
different lonic strengths, hydrogen ion concentrations and temperaturne.
The decarboxylation constant for the acid catslyzed reaction, ggg v 18
actually the difference between the observed constant, ks, and the constant
at zero hyirogen ion ccncentration,‘ggg, but at the same lonic sirength,
neglecting the difference in the offect of a hydrogen sand sodium ion on
Z:gﬁg of the uncatalyzed reaction. The Brinsted squation for the acid
catalyzed decarboxylation is similar %o equation 26, the expression for
the dehydration reaction. The values of Edﬁ corrected for the hydrogen
lon concentration and alge the values of the relative Jﬁ/kag for
the @ifferent solvents are in Table IV and Fig. 8. It ean be seen that
these values are somewhat greater than those for the hydration and
dehydration reactions,

The relatively low effect of ionle strength on the unionized
decarhoxylation reaction is due to the Tact that the other cases deal
with positive dons and it would be resscnable to expect a larger effect
of ionic strength on ions than on electrically neutral subetances,

Zoullibrium Constants.--The thooretlcsl equilibrium constents which
would determine the final concentrations of the two.organic acidg if
decarboxylation vere not taking place can be calenlated as the quotient

of the hydration and dehydration rate constants, Thege values are in



%@bl@iil; The effeets of both hydrogean lon concentrstion and ionie
strength on the dehydration and hydration rate constanys are

essentially the same within experimental error. Thus there is no
definite shift in the observed equilidbria with salt as wae observed

in the sldol-crotonaldehyde and the ﬁghy&raxy%uxyric acld-erotoniec acid
eguilibria, ?hé effect of salt can be seen %o be vractically the same at

the different temperatures.

In Table V are the heats of activation for the hydration,
dehydration, non-catalyzed decarboxylation, and the scid catalyzed
decarboxylation., Host of the hydrstion runs were male at thres temperatures,
The values for the hest of activation were obtalned from the sloves of
the plots of the lnglo ky against the reclproeal of the sbsolute temperature
{riz. 9). The activation enerzy is independent of ionic strength and
hydrogen ion concentration since the stralght line curves are parallel,
The ﬁahy&fatian an? decarboxylation runs were made nt only two temperatures.
The hests of activation were coleoslated from the rate constanis by the
Arrhenive eguation,

In Table V¥ alse are the valuss of ths heat of hydration celonlated
a9 the difference betwsen the activation snergics of the hydration and
dehrdretion reschions, The svernge ic 6.1 keal. An analysis of the
effect of structure on the hsat of hrdrastion will be made in 2 fulure

communication.9

(9)%&hle V of hydiration paper numwber VII of the thermal dste concerning
the heat of hydration cf crotonic acid should read

2 Heats of activation ~AH Temp.coefficlent
(1) /ég G Qa koal, 90~100°
Hyd, Dehyd.,
1,06 2.06 20.1 25,4 5e3 2.11 2.57
2,06 2,06 20.2 25.6 54 2.12 2,60
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Thus the heat of hydration of crotonic aeid is 5.4 keal. instesd of 10.1
ceal. as previouely stated., Thie 0.@ keal., lower than the heat of
hydration of erotonaldehyde rather than Y4 kesl. higher., Since it has
beer shown that one would expect ¢rotonaldshyde to lose more resonance
energy than crotonic aeld in the hydration reaction the small difference
in the heats of hydration of the zldehyde and acid must be due to another
property of the carboxyl anl aldehyds groups vwhich wonld decreass
relatively the heat of hyér&tion of the mecld, This ma - he due to the
different inductive effects of,carhaxyl and car%anylv Thie problen
is being investigated further with r@spect to various other hydration
reactions,

-

Table V
Thermal Constants of the Hydration, Dehydration

and Decarboxylation Boscticne

+ . ) 0 i
keal, 82.45-99.85° 99.85~111,85° keal,
1.0 1.0 2.3 8.1 26,8 4.7 30.2% 33.8 1.5
0.5 1,0 27.h 27.% 28,0 %6.6 37.0 -8,6

0,3 1.0 27.5
0.5 2.1 27.6 28.2 = 26,0 33.6 31.2* 35,3 “7.6
0.6 0.6 a27.5
0.0 0.0 , 31.8%

Ave?age 27.7 26,9  35.0  3L.1¢ 25,14 ~8,.1

Pemparature Upefficient for 100-110%°
2.58  3.42 2,98 347
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Interfering Reactions

Debydration of Tertiary Butyl Alcohol.--The dehydration of tertiary
butyl alcohol with the formstion of isobutene 1g lnrporeciadle even at
111.€5° since at equilibrium the concentration of the alcohol 1s 100
times that of butene if the heat of hydration in agueouws solution remains
constant at 11,6 keal. since the equilibrium constant of (843903)/(0438)
is B0OOO at 35°.1 The presence of butene in the vapor is evidenced by its
odor, Tﬁe butene concentrstion in the vupor when the tube is opéne& is
very low and is ealeulzted to be of the nrder of 0.2 mn,, for mest of the
tutene in the vapor at the high temperature wvuJGVhyarafe at reom temperature
before the tube vas opensd since 1% has been shown7 that in 1 ¥ nitric
acid butene hydrates 90% in one-half hour at a temperature of 25°. A
caloulation cannét be made as to the fraction of the system in the wvapor
phase aince it would be proportiomsl to the velume of the space zbove the
solution which varied from 1 to 15 ml. In zny case the z2nslyses of the
iast tubes of & ron for uwnsaturation showed negligible bromine absorntion
indiecating thet the butene either hylrated on coeling or was lost in the
pouring of the solution and the butyl sleohol present did not brominste,

Loctone Formation.--Lccording to Gerhke nnd willrath,lo

e e s B S Mae e e MR e e R e e W e o R MA MR W e e AR e A M e W e R e e e M s A

(10) . Gre:mlf"e and . H. Willrath, Z. physik, Chem., & _1U2, 301 (1928{.

fehydroxybutyric acid loses water to form a comoound of lower fraes
earboxyl content, = 0.1 molal solution at 100° having U,5¢ of the

carboxyl groups bound. It has been shown thot if the formation of a

b
lactons is the cause, dilution would hnve nn effect on this value,”

From ths stabilizing effect of methyl groups on small ringallene would

Ge sm mh cam WM WS A A e W M e MR M0 e Wm W MG AR MG ME W MER MBI WA s W Wm am ae G ohe S b wn e

(11) ¢, X, Ingeld, Ann, Report of Chem. Soc., 22, 127 (1925).
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exnect f-lactone formation to be favored in R-hydiroxyisovaleric acid over
f~hydroxyhutyrie acid. The formation of the lactone would ineresse the
values ks sanl ks for dehydration and decarboxylstion., 8ince the asmall
change world roughly be the same for the two temperatures it cancels out
in the important calculation of the heat of hydration. Any bimclecular

esterification would be negligible at the high dilutions preveiling.

.Wﬂ : -
Byf~Dimethylacrylic Acid,«-f,fl-dimethylacrylic acid was prepared

42

according to a modification of the method of Barbier snd Leser™  from the
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(12) P. Barbier and G. Leser, Bull, Soe, Chim., (3), 33, 815 (1905).
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chloroform reaction of meeityl oxlde. Iateo a liter of 1.5 X sodiunm
hydroxide soluticn wos passed in 185 g. (2.6 mole) of chlorine with
cooling, and t¢ this 75 g. (0.77 mole) of mesityl oxide (¥astmen Xodak
Company product redistilied throuvgh Vigreaux column and boiling st 126~
188° uncorr.) was sdded with vigorous mechanical stirring, at first in o
steady stream until about 25 was ndded which brought the reaction mixtuare
to the bolling point under a reflux, The rest was 2dded drepwise to |
maintain the temperature about $0°, There was mo residual hyvochlorite,
The agueous solution was neutralized with 300 ml, €& ¥ sulfuric acid and
then acidified with 200 ml, more., A%t first o large amount of carbon
dioz;de was evolved, A white oll separated and crystallized on cooling.,
The‘mcther ligudyr was extracted with four 200-ml, portions of ethér.

The residue on evaporation was combined with the original erystals and
the mixture recrystallized from hot water yielding large individual

needle-like crystals. Yield was 30 z, (0.274 mole), “4f. fThe erystals



were recrystallized agsin from hot water. M.P. = 66.5-67.5° corr.
Analyeis for unsaturation by brominztion ghowed 1.02 double bonds per
mole.

Silver p-Hydrozyisovalerate.--f-Hydroxyisovaleric acid was prepered
from diacetone aleochol by the chloroform reaction. To s golution of
320 g, (8 moles) of sodium hydroxide in 1.5 liters of water was added
with cooling, 230 g. (3.1 moles)} of chlorine, and then 100 g. (0.85 mole)
of dlacetone alcohol with vigorous stirring. The resction mixture became
hot and the chloroform distilled out as it was formed., The glight excess
of chlorins wvas removed by so&iuﬁ blsulfite and the solutlon was decomposed
with 1250 ml, of 6.5 sulfuric zeld, The solution wvas sxtracted with eight
i-1liter portions of ether vhich weres subgecuently extracted with a thin
paste of 20 g, caleium hydroxide in 200 ml. water. The lime extract was
diluted te 400 mi,, filtered, and carbonated until the solution was Just
neutral to phenolphthalein, A clear solutior wag obiained by flltering
hot with the aid of *hyflow" distomacecvs sorth, COrystale of calecium
E-bydroxylsovalerate separated after concentration to 250 mi, These
welghed 9 g. (.03 mole) when dried in vacuwn over phosvhoriec smhydride at
70° but were contaminated with chloride. Or adding the calcium salt te
a solution of %4 grams of silver mitrate inm 500 ml. or heiling water,
silver f~hydroxyisovalerate precipitated immedintely. To the mixture 3 g.
of "hyflov" was added, and the mixture filtered hot. The light grey
erystals which separated on cooling were filtered off and the original
precipitate of the silver salt was extracted twice more with the mother
liguor, The combined erystals of three such extractions (only a 1ittle
precipitated the third time) were recrystallized out of 800 ml. boiling
water, The golid waeg é very light grey. The crystale wers quite siable

and wers dried at 78° over phosvhorus pentoxide, TYield, 8.5 g. (.04 mols).



EXYEBBY  ‘nal. Caleunlated for csﬂgos Ap, Ag, UB.17; Pound (by Yolhard

method), U8,0%.

Ferchloric Acid Solutions of Constant lonic Strensth.--The selutions
of different acidity were made merely by adding different amounts of so0lid
sobdium hydroxide to vortions of a perchloric acid golution of known
conecentration. The chsnge in volume caused by this addition was neglected.
Ho correction was applied for the effect of temperature on the volume
gsince the change in volume from &2 to 110° is only 2%. The equilibrium
constant is not affected by the volume change. These golubtions then had
the same lonic strength (within 2%) but differend scid concentrations.

Kethod of Ferformine Hydrations and Dehydrations.--Dimethylacryliec
acid solutions were made up to approximate concentration with stendard
werchloric acid and analyzed volumetricslly by bromination. B-Hydroxy-
isovaleric acid solutions were made up to exzct volume with the perchloric
acid solution from a known weight of silver f-hyiroxyisovalerate.

15.00 ml, aligquots of these solutions were pipetted into test tubes with
congtricted necks and sealed off, They were then placed in an oil thermo-
stat at temperatures of &2.45 + .05°, 99.85 + .05°, or 111.85 + .05°,

Tubes were removed at different time intervals and guenched in ice water.
The tip of the tube was broken and the contents washed into the flasgk uged
for analysis, The tubes in the latter vart of any one run showed an
appreciable pressure of carbon dioxide and evolved a wery slight odor of
isobutene on opening.

Method of Analysis.~~This was essentially the same as that described
previously.3 The brominztion of the B,f-~dimethylacrylic acld took place
as rapidly as bromine wns liberated with the result that bromination was

complete ag soon 28 the bromine color apreared. That the brominated product



is stable ig shown by the fact that the snalysis does nof change when
125§ excess bromine is present for 5 minutes after the first appearance
of the bromine color. The f-hydroxyisovaleric acid geemed to substitute
about 0.5% when brominated under the conditions of the experiment.

Method of Performing Decarboxylationsg.~-The solution of £,f~dimethyl-
aerylic acid vas made wp by dilsesolving an approximate amount of the
s0lid in pure water and standardizing the solution volumetrically. Sclutions
of the B~hydroxyisovaleric acid were made by 2d4ding a known amount ¢f the
silver s2lt to an exactly equivalent amount of perchloric acid solution.
The reaction was carried out in sealed tubes similar to that of the
dehydration, The solutions were analyzed by titration with a standard
godium hydroxide solution to the phenolphthalein end point with boiling to
remove carbon dloxide as the end point was approached. The silver ion
wag firet precipitated by the addition of 5 ml, of one-half saturated
godium chloride since otherwise silver hydroxide would form before the
vhenolphthalein end point was resched,

Isolation of Tertisry Butyl Alcohol as the Decarboxylation Froduct.-~
Five gramg of §,p~dimethylacrylic acid and 20 ml. of 2 ¥ perchloric acid
were sesled in a tube and heated zt 100° for 20 hours. The pressureiwas
released from time to time. At the end of that peried some light oil
seemed to be separating, The aqueous phase was separated, neutralized to
vhenolphthalein with sodium hydrozide and then distillsd. The first portion
of the distillate was saturated with potaseium carbonate and the 1 ml, of
0il which separated was dried with the carbonzte, The bolling point was
80.0° uncorr., When 0.25 ml, of this substance was mixed with 1*/, ml,

HC1-2nCl, reagent.13 0.25 ml, of = second oil which boiled at 5O.§Ouncorr.

(12) H. J. Lucas, THIS JO U‘%&L 52, 802 (1920)
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was obtained. The constante in the literature for tertiary butyl aleohol
and chloride are 82.9° and 51°, respectively.

The 0il which separated in the original reaction mixture probably
was polymerized isobutene for a similar oll was observed to sepzrate
vhen 5 nml, of tertiary butyl alcohel and 20 ml, of 2 W perchloric acid
were heated under similar conditions.

Attemoted Decarborxylation of Calecium B-Hydroxyisovalerate.--Twenty ml.
of an aqueous solution containing sbout 10 grams of calelum f-hydroxyiso~.
valerate were heated at 100° in a sealed tube for 60 hours. The mixture
was distilled through a 2 f. Vigreaux column with & reflux condenser.
Only enough alcohol was present to give the first few drops a faint odor
of tertiary butyl aleohol but no alecohol separated on saturating these
drops with potassium carbonate, If the ion decarboxylates, one would

expect essentially complete decomposition, even under milder conditions.

Suumary

The acid catalyzed hydration of §,B-dimethylacrylic acid to g~
hydroxyiscvaleric scid was investigated in aqueous perchleric acid and
sodium perchlorate solutions of hydrogen ion concentrationg varying from
0.3 to 1.0 ¥ and ionic strengths varying from 0.3 to 2.0 ¥ at temperatures
of 82,45, 99,85 and 111.85°,

The acid catalyzed dehydration of f-hydroxylsovalsric xcid to £,g-
dimethylacrylic scid was investigsted in variocus perchloric acid and
sodium perchlorate solutions at 99.8%5 and 111,85°,

The interpretation of the data of the hydration and dehydration
reactions was complicated by the simultaneous cecarboxylation of the

fshydroxyisovalerie acid to form Ysriiary butyl aleohol., The scid



catalyzed decarboxylation wag investigated under the ssme conditions
2g the acid catalyzed dehydration.

A mathematical treatment was developed to handle a system of
reactions of the type A <2 B >0, where the reaction rate constants
are comparable.

The scid eatalyzed hydration, dehydration and decarboxylation reactions
are first order with respect to the organic acld concéntration and first
order with respect to the hydrogen lon concentration.

The reaction rate constants of these three reactions ineresse
rapidly with ionic strength and slowly when sodium ion replaces hydrogen
ion at constant ioniec strength.

The uncatalyzed decarboxylation of E-hydroxyisovalsric acid in
digtilled water and in aqueous sodium perchlorate solutiong was in-
vestigated at 99.85 ;nd 111.85°, The reaction is first order with respsect
to the organic acid, The constant iz somewhst smaller than the constant

modérately
for the seld catalyzed decarboxylation, and increases mapddity with ionie
strength. Decarboxylation involves the free acid and not the anion.

The rate of decarboxylation of §,B-dimethylacrylic acid in pure
water lg negligible compared to that of E-hydroxyisowaleric acid.

The heat of activation of the hydration of §,f-dimethylacrylie cclil
essentially is not a function of ilonic strength or hydrogen ion concentration.

For the hydration of dimethylaerylic secid, AH 1s -8.1 keal. The

correct value for crotonic acid is-5.4 keal.



Additional Discussion

The gompounds snd dete which ere available from thig thesig and the
work of previcue investigators for & discuselon of the effeect of siruciture
en the heet and the entropy dquantity: of activation for the hyvdration and
dehydretion reaetions and on the heat end éntropy chenge in the hydretion
reactions are in Table I, |

A i-dimethyleerylic aeld differs from crotonie aeld by heving e

7

gecond methyl group in the bete nosition, Its heed of hydroction is 2.8
keal, greeter then thet of erctonic acid, This mey he the result of
three effects: (&) A methyl group ls electropositive with resapect to
hydrogen snd hence its tresence on the bets carbon atom wounld reletively
gtehilize & positive cherge on thet etom. This would inereage the
conjugetion energy of the double btond with the carboxyl group and
would tend to deeresse the heat of hyfreticon of the dimethylserylic
acid. (b) Aleohols ere steble sccording to the order tertisry )
secondery ‘) primary, Since the produet of hydration of dimethyl-
acrylic scid is e tertiery alechol while thet of ¢rotonic scid is &
secondary elechol, the former should tend to evelve more heat on
hydration then the letter, () The steric effect of & methyl group
eis to the carbexyl group mey also eontribute to the grester hest of
hvdration of dimethyleervliie meild, Cls erotoniec aeid is less stable
then the treneg seld snd, since it yvields the seme produet on hydration,
its heet of hydretion would be greater. Since dimethylacrylie zeid is
similar to eisg erotonic aecid with respect to having a wethyl group and
g carhoxyl group on the seme side of the double bond, it is quite probable

that this contributes to the difference in the heats of hydretion, The



{426T) TSPT “BC **DIqi ‘seony *[ °*H DuUs uleisuUly *S ¥

{¥S8T) 08T *9¢ **s*0%y"r ‘swony *f *H puB zdeqy *J ‘4 1

oz { e300 | g800°0| 88*0 | 2*91T | 9"TI1} g°18} ¢*#j2 81| £°9 1oP1Y 8pAYspTBu0L0ID

O (e81000%0 gP 1| 00%4 .| 8°18 | 841] ¥"13] 8°P8{8°C8| o°11 To500Te TA3nQ *3I9] 8 #USINQOST

ooT ¢ 489070 | G910 | 62°¢ | 6°61 | 6°%T| 4’61} 0°GE{6°98| 1°8 PIOT OJISTSAOSIAXOSDAY-7  DIOB ITTAIORTAG3emia

© {¥9200°0 | 8%10°01 20°¥y | G*81 | 6°6 | 6°TIT{ °2°s2{T 028! ¢°¢ pios Oﬁhhwwphxoﬁhmtﬁ PTOB 2TUCLCID
Jo .Y Y - o\.ﬂou ‘TORT ey ThoT 838apiy @4 Banjesun
I | Fdup b z”m,.m\a,mAm,.&\...ﬁm,‘. sy~ o b Hy-

I o7qeg



{379
[6s)

differences in the other thermodynemic quaniities for this pair mey be due
to gimilar consideratlons,

Dimethylacrylic scld iz simller struetureily to lsobutene in that
hoth have branched e¢halns at one end of the moleecule and »oth hydrste to'
give tertiary alechols, FHowever, the former has & carboxyl group in
prlase of 8 hydrogen etom and the difference between the two groups may
exert its effect in threes wavs: [{a) The eleshromeric offeats on tha
slefinie double bonds are different, (b) The elaetromerie effecets on
the hydrated molecules are &ifferent, {(¢) The earhoxyl group can resonaie
with the double bond., The combined effsctg, & and b must be less than or |
in the same direction as the resonance effect, for the latter alone would
make the heat of hydrstion of ths ocld less Than that of isobutens and
this is what is actually cobhserved,

Crotonaldehyde is sinilesr in strueture io erotoniec acid except for
the forayl groun 1n nlace of the carboxyl group, The differsnce in the
effects of theze two groups may exerlt itself in three ways, which are
similar to thonse listed ahove, However, both of thess groups can resonate
with the Lafinle doudble bond, but the regonspce snergies are probakly
different end would thus causge & differencs in the heats of hydrstiion,

A5 has alrezdy been nointed out (pg.7 ), the differsnce in the electro-
negativity effects for the two must be greetsr than the difference in
resonance effects,

It 4s interesting to note that for the heats of metivetion of the
dehydration reections the vslue of 25 keel, holde for the compounds with

a secondary aleohol group but a velue of 38 keal, holds if the aleohol

group 1s tertiary,
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Therscoic not enough data eveilsble at the pressnt time to permit
a morc extensive discussion of the effect of strueture on the terms
eoncerned in the Winetice end thermndvnemies of the hydration snd

dehydration reactiors.



Summary

A study was nede of the kineties snd thermodynemics of the
reversible hydration of erotonie acid to J-hydroxybutyric aeid end of
fLu£~dimathylacrylic acid ﬁoﬁ%dnm&roxyisovaleric acid in dilute aqueous
perchlorie acid solutions of varicue ionic strengths and hydrogen ion
concentrations,

Both the hy&rmtion end dehydration reactions are first order with
regpect to the orgenic scid concentrastion and the hydrogen ion concentration,
The first order reszction rate constents for the organie smclds increese with
ionic strength and with the replacement of hydrogen ion with sodium ion,.

The erotonic scid reeches & steble squilibrium but the hydrstion of &iﬁethyl~
acrylic acid is complicated by the deesrboxylation of thsﬂ%&mﬁroxyisavaleria
acid,

The equilibrium constant for crotonic ascid is 5,00 at 90.00 and 3,28
at 111.3°, That caleulated for dimethylecrylic aeid if deearboxylation
were not taking place is 5,4 at 99,9° and 2.4 et 111,8° 'The hests of
hydration of erotonic seld and dimethviacrylic aeid are 5,5 znd 8,1 kosl,
respectively,

The decarboxyletion of L-hydroxyisovalerie seid waé investigated in
water and dilute sodium perc¢hlorate gsolutions with and without added
perchloric acld, The reaction was found to proceed by two mechanisus,
one was scid catalyzed and the other wss not., The rete of the mcid
catalyzed decarboxylstion ineressed much more repidély with ionie strength

than 4id the uncstalvzed resction,
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Propositions

Although optiecally metive 2-bromo-3-hydroxy butane racemizes upon
conversion o the 2,3-dibromobutane with HBr, it is probable that
optically active 2-bromo-3~hyvdroxy pentane or Z-hydroxy-3-brono
pentane would not recemize upon conversion to the 3,S~dibromopentane.
8, Winstein end W, J, Lucas, J. Am, Chem, Soe. 61, 2845 (1939).
The apperent hest of zetivation of the resction of unsymmetrical ethylene
dibromide der;vatives with potessiuvm iodide in methenol solution should
be & function of the temperaturse.
Contrary to the statement of J, B, Conant and G, B, Kistiakoﬁéky that
#the effect {(on the heat of hydrogenation of ethylene) of progressively
substituting the four hydrogen atoms by methyl groups is not additive®
the effect can be shown to be additive when consistent correction terms
ere ineluded,
J. B, Conant end G, B, Kistiskowsky, Chem, Rev. 20, 181 (1937),
G. B, Kistiskowsky, J, R, Ruhoff, H, A, Smith, W, B, Vaughn, J. Am,
Chem, Soc. 58, 137 (1936).
The heat of sctivation of the dehydration of tertisry amyl alcohel is
probably less when trimethylethylene is the product than when methyl
ethyl ethylene is the product,
H, J, Lucas end Y, Liu, J, Am, Chem, Soc. $6, 2128 (1934),

¥, Iui and Wei, J, Chinese Chem, Soc, 4, 297 (1936),

¥, D, Rossini and J, W, Knowlton, Nat, Bur, of Stand. J, of Res. 18, 249 (1937),

F. D, Rossini, ibid, 13, 21 (1934).



Propositions (continued)

S,

6.

7

8.

9.

The relative electronegativity order of & series of organic radicels
eeeording to bond moments me tabuleted by H. C. Brown is not wvalid,

H, C, Brown, J, &m, Chem, Soc, 61, 1483 (1939).
It should be possible to determine the relative acidities of verious
orgenic compounds such as slcohols, malonie esters, end acetoscetie
asters from kinetic data concerning the reaction rate of the sodium
salts of the above with an alkyl helide,
The low heat of dimerization of benzoiec ecid relative to that of formie
and acetic mecids is ressonable from a resonsnce point of view,

i, Pauling, "The HNature of the Chemical Bond", Cornell Univ. Press,

Ithaca, ¥, Y., 1939, . 187,

A« S, Coolidge, J, Am, Chem, Soec, 50, 2166 (1928),

¥, H, Macbougall, ibid., 58, 2585 (1936).
The heats of combustion of various isomeric aldohexoses may be
eorrelated with their structures.

H, M, Huffman and S. W, Fox, J. Am. Chem. Soe. 60, 1400 (1838},

T. H, Clarke and G, S, Stegemen, ibid., 81, 1726 (1939).

¢. 8, Parks and 8, B, Thomas, ibid,, 56, 1423 {1934),

A, Welssberger, J, Org. Chem, 2, 245 (1937).
The explanation by Buswell, Dunlop, Rodebush and Swartz of the ultraviolet
abgorption spectrum of aged sdueous serolein solutions is not valid,

4, M, Buswell, E, C, Dunlop, ¥. H, Rodebush, J. B, Swartz, J, am. Chem,

Boc, 62, 325 (1940),

E, E, Gilbert and J, J. Uonlesvy, ibid., 60, 1911 (1938).

7. V, Nef, Ann, 335, 219 (1904),



Propositions (continued)

10, When lethal substences are compared by tests on living cells, tﬁe relative
concentrations which kill the same fraetion of the cells in & gtandsrd time
is often taken ee the inverse ratios of their potencies. This meagure is
not valid when a substance being tested is unsteble. The true relative
lethality may be eélcula%ad by the epplication of & fgater containing
the decomposition canstént of the unstable poison,

Kronig end Peul, A, f, Hyglene, 25, 1 (1897)
0, Gross, Biochem., Zelt. 29, 250 (1810).

R, Weindling, Phytopathology 24, 1153 (1934),

11. The fact that the observed lethel activity of gliocladium fimbriatum

toxin toward rhizoctonis solani 1s a constent when tested at a pH

range of 3.5 to 5,0 but decreases with inereaging pH at other values
of vH may be explained from the known properties of the toxin and the
growth of fungi,

R. Weindling, Phytopathology, 24, 1153 (1934).

12, Definite courses should be devoted to the humanitarian gide of

chemigtry.
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