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The rates of dehydration of IT and V differ by a
small factor (2 to 5 depending upon the acidity of
the medium), while the difference in rate between V
and VI is somewhat larger.

In fact, if in addition, one makes a correction for
the difference in the o-values for -COOH and
-COCH,;, the rate difference shows gratifying
concordance with the mechanism advanced.

Comparison with other Hydroxy Acids.—It is
now possible to offer a further interpretation of the
results of Lucasand his co-workers.®~!! The premise
which we wish to put forward is that most g-
hydroxy acids will undergo dehydration via a car-
bonium ion mechanism (eq. 1-3). This mechanism
also appears to be most concordant with the facts
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for B-hydroxyisovaleric acid. The behavior of
B-hydroxybutyric acid, on the other hand, is not in
line with these conclusions; e.g., the change from
an aliphatic tertiary alcohol to an aliphatic second-
ary alcohol is not attended by a corresponding drop
in rate; the activation parameters show deviation
and the dehydration of sec-butyl alcohol appears
to be slower than that of B-hydroxybutyric
acid.

It, therefore, appears that 8-hydroxybutyric acid
undergoes acid-catalyzed dehydration by a dif-
ferent mechanism, 7.e., one similar to the enolization
mechanism for dehydration of 8-hydroxy ketones.
Naturally this mechanism would be expected to
apply also to B-hydroxypropionic acid.!®
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Primary and Secondary Deuterium Isotope Effects on the Dehydration of
B-Phenyl-B-hydroxypropionic Acid!®
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The kinetics of racemization of (4 )-8-phenyl-8-hydroxypropionic-a-d; acid have been determined. The secondary isotope

effect in this reaction is 1.11 =% 0.02.
than that of the analogous protium compound.

The rate of dehydration of B-phenyl-B-hydroxypropionic-a-d; acid is markedly less
It is concluded that the kinetic isotope effects support a mechanism in

which the rate-determining step is the direct loss of the a-proton to give cinnamic acid.

Introduction

Deuterium isotope effects have been of marked
value in elucidating the more precise detail of many
solvolytic carbonium ion reactions. In the hydroly-
sis of tertiary halides, Shiner® has shown that in-
troduction of deuterium on the adjacent carbon
has a decelerating influence upon the rate, which
varies somewhat as this carbon is primary, second-
ary or tertiary. Lewis and Boozer® and Streit-
wieser, Jagow, Fahey and Suzuki’ and Winstein
and Takahashi® have examined secondary alkyl
tosylates, observing a decrease in rate of 10 to
209, for each deuterium introduced when no other
questions of participation are involved. A similar
decrease in rate is observed in the acetolysis of
methyl p-tolylcarbinyl chloride.?

Coupled with these secondary kinetic isotope
effects are additional primary kinetic isotope effects
if one of the pathways of reaction is elimination.
In the examples studied by Shiner, the fraction of
olefin formed drops from 369, for {-amyl chloride
to 239, for t-amyl chloride-ds. Similarly, when
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hydrogen participation is important, the observed
rate of reaction is decreased by a greater fraction;
in the case of acetolysis of 3-methyl-2-butyl-3-d
p-toluenesulfonate® the rate decreases by a factor of
ku/kp = 2. The product ratios likewise change,
e.g., more t-amyl acetate is formed and less 3-methyl-
2-butene.®

In conjunction with our studies of the acid-
catalyzed racemization and dehydration of
B-phenyl-g-hydroxypropionic acid,!® we have exam-
ined some deuterium isotope effects in this system
in order to obtain more information about carbo-
nium jon formation, and about the elimination step.
In particular, we have prepared B-phenyl-8-hy-
droxypropionic-a-d; acid (X), and studied the rate
of racemization, the rate of dehydration and the
product composition. This system is of particular

i
CeHs—C-—-—(l:—COOH
H D X
advantage for study of these acid-catalyzed reac-
tions because of the demonstrated!! stability of the
product, frams-cinnamic acid under the conditions
of the experiments. There is the further advantage

that the single deuterium substitution makes pos-
sible evaluation of several secondary isotope effects.

Results
The addition of deuterium bromide to lithium
cinnamate suspended in carbon tetrachloride af-
forded B-phenyl-3-bromo-propionic-e-d acid-d (XI);
use of a non-polar solvent minimized the possibility
(10) D. 8. Noyce and C. A. Lane, ibid., 84, 1635 (1962).

(11) D. 8. Noyce, P. A. King, F. B. Kirby and W, 1.. Reed ,fbid.,
84, 1632 (1962).
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TapLE I
Isotore EFFECT ON RATE OF RACEMIZATION OF (+)-X AT 45.0°

Compound HiS04, %
(+)-C,H;CHOHCH,COOH 39.80
(+)-CH;CHOHCHDCOOH 39.80
(+)-CeH;CHOHCH,COOH 47.00
(+)-CH;CHOHCHDCOOH 47.00

o Total rate of loss of optical activity.
currently.

of any further hydrogen-deuterium exchange at
the a-position. Hydrolysis of XI with water
(slightly acid to avoid the synchronous loss of CO;
and bromide ion!'%!® which occurs readily in alka-
line solution) afforded A-phenyl-g-hydroxy-pro-
pionic-a-d; acid (X). X was resolved using the
morphine salt.

The stereochemistry of the addition and hydroly-
sis are of no concern in studying the dehydration
for the following reason: racemization at the §-
carbon is many times faster than the rate of de-
hydration'® and, therefore, practically the entire
elimination will proceed from material already
stereochemically equilibrated at the S-carbon.
On the other hand, the stereochemistry of addi-
tion and hydrolysis are of concern in studying the
racemization. In the sequence two asymmetric
centers are generated. The trans addition of
deuterium bromide gives isomer a (represented by
one enantiomorph in the most probable con-
formation).

H H
HOOC H

DOOC g{D
Br~ C.H, HO

H
A }" b

HOOC@D
HO Csli;

H
.

Solvolytic hydrolysis of the bromine leads to
material about 509, racemized at the 8-carbon,4.15
The resolved deuterio acid (+)-X is, therefore
about a 1:3 mixture of b and c.

Secondary Isotope Effect on the Rate of Race-
mization.—The rate of racemization of (+)-X is
119, slower than that of its protium analog. The
relevant data are compared in Table I. These
data are given in terms of the total rate of loss of
optical activity and also corrected to give the rate
of formation of racemic X and its protium analog.

The magnitude of the secondary isotope effectis a
weighted composite for b and ¢, and is within the
range to be expected for a typical carbonium ion
process. In the case of ¢-amyl chloride, Shiner®
observes that the isotope effect per deuterium
(ku/kp) is 1.10 for replacement of the primary

(12) R, Grovenstein and D, E, Lee, J. Am, Chem. Soc., T8, 2639
(1953).

(13) 8. J. Cristol and W. P. Norris, £bid., T8, 2645 (1953).

(14) A. McKenzie and H. B, P. Humphries, J. Chem. Soc., 97, 121
(1910).

(15) A. McKenzie and F. Barrow, ibid., 99, 1910 (1911); ¢f., G.
Senter and A. M. Ward, ib7d., 128, 2137 (1924); 127, 1847 (1925).

krac,% sec, =1 krac (cor.),b sec.-! ka/kp
2.26 X 104 2.21 X 10-¢ 1.13
1.98 X 10-¢ 1.95 X 10-¢
1.24 X 103 1.21 X 103 1.09
1.13 X 10-¢ 1.11 X 10-3

b Total rate corrected for the very small amount of cinnamic acid formed con-

hydrogens and 1.18 for replacement of the second-
ary hydrogens. In secondary halides Lewis and
Coppinger? find 1.10 in methyl-d; p-tolylcarbinyl
chloride, while Streitwieser, et al., observe 1.15—
1.25 per deuterium in deuterated cyclopentyl
tosylates.

The geometrical requirements of the g-deuterium
isotope effect have recently been elucidated.
Shiner!® observes that when the carbon—deuterium
bond is in the nodal plane of the carbonium ion,
there is essentially no secondary isotope effect.
However, when the projection of the carbon—deu-
terium bond is 30° to the nodal plane, the secondary
isotope effect is ku/kp = 1.07.

In the present instance, the g-deuterium may be
gauche or trans (b) or (c). The conformation of
the preferred carbonium ion may well be as in d.

Hoog—"~ ~H
H—\“ —
\\/\D
d

In such a case, the secondary §-deuterium isotope
effect would be the same for both the threo and
erythro isomers b and c.

As further confirmation of the reaction sequence,
it was established that racemic B-hydroxy-s3-
phenylpropionic acid isolated from the kinetic
experiments with (-+)-X still contained one
deuterium per mole.

Kinetic Isotope Effect on Rate of Dehydra-
tion.—The rate of dehydration of B-hydroxy-3-
phenylpropionic-a-d; acid is markedly slower than
of the undeuterated analog. The comparison of
the over-all observed rates is given in Table II.

TaBLE II
RATE OF DEHYDRATION OF 3-PHENYL-3-HYDROXYPROPIONIC-
a-d; ACID
H;S04, kdehyd.,

Compound %o sec. 1 ku/kp
CeH;CHOHCH,COOH 51.90 10.7 X 10-%
CsH.CHOHCHDCOOH 51.90 6.20 X 10-% 1.72

6.15 X 10°°
6.19 X 10~°
6.30 X 107°

The ratio of rates for the deuterated and un-
deuterated compound is a composite of several
kinetic isotope effects, both primary and secondary.
We have determined the ratio of products formed
in the dehydration of 8-phenyl-g-hydroxypropionic-
a-d; acid, and find that the resulting cinnamic acid
contains 0.744 =+ 0.013 atom D/molecule. This
corresponds to a net kinetic isotope effect of 2.91 =
0.2 in the loss of the proton from the a-carbon.

(16) V. J. Shiner, Jr., J. Am. Chem. Soc., 83, 2655 (1860).
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In order to evaluate more completely the isotope
effects in this system, we need to consider the
secondary isotope effect on the step directly involv-
ing hydrogen loss (eq. 6).

The following reaction scheme is used in the
steady state treatment below

OH & C|)H2
| e
C5H5CCI|H2COOH + H® C¢H;CCH,COOH
H H (1) equil.
OH,

| ko
C5H5CCI~I COOH > CGH5CCH2COOH + H,O (2)

| N |
H : H

o k. CeH; H
CoH,CCH,COOH —> >c=c<
H

|
H

and correspondingly for the
deuterium compound
OoH SOH.,

| o
cghCCHDCOOH-+I{+j%>cgh?CHDcoon (4)
|

+ H® (3)
H

reaction of the

H H
SOH,
| komp 3
C:H;CCHDCOOH —> CH;CCHDCOOH -+ H,0
| o
H 2HD o (5)
kan  CsHs

D
CLECHDCOOH —25 >c=c< +H*
| H COOH
H (6)

CsH;
caécnpcoon —2% >> <<
| COOH
H )
where the choice of symbols is transparent.
The following further symbols are introduced

Sy = ky/kemp, secondary isotope effect in ionization step
S; = (1/2)(ks/ksmp), secondary isotope effect in elimina-
tion (eq. 6)

We assume, further, that K.q is identical for the
deuterated and undeuterated compounds. Using
the usual steady state treatment, the observed rate
of formation of cinnamic acid is

kobs (for normal epd.) = Keq X kok3/(ko + k1) (8)
and
kD ovs (for deuterio cpd.) = [Keq X kemp(ksmp +

kspm)] /(k_2mD + ksED + RiDH) (9)
Taking the ratio, we obtain
kobs/kip obs = 10.7/6.20
k., k
ka © (ks + 4 kaDH)

2+ ks
(k-2mD + szD + kspn) (10)
Since k—y >> kg and k_sup >> (ksup + kipn)
107,k ks ko
6.20 = komp X ksep + ko k_:mD ()
With the assumption that k_/k_sup = 1.00,
eq. 11 reduces to

10.7
6.20

= S; X S; X 2ksmp/(kspr + ksmp)  (12)
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Putting in the experimental values, S; = 1.11 and
ksup/kipr = 2.91, S; is seen to be 1.05 = 0.02.

In the step from the carbonium ion to cinnamic
acid, the transition state e is quite closely described
by these results.

D -
Coll e 5 CoH D
\\ 4 [ o
0= C—CO0H e >ch< .
H o NCooH
L g |
0 __j
e
CoH, D
/
;c:c\ + Ht
H COOH

The modest primary isotope effect of 2.77 (2.91/
1.05) shows that bond breaking has proceeded
some, but not an inordinate amount. In other
words, the C-H bond is ctill fairly strong. Con-
cordant with this is the small magnitude of the
secondary isotope effect, S5, of 1.05. Comparisons
with the recent studies of Seltzer!” on the second-
ary isotope effect in the isomerization of maleic
acid, and of Stewart, ef a¢l.,'® on the ionization of
benzhydrol show that the change from tetrahedral
to trigonal at the a-carbon has not progressed very
far. This conclusion, of course, leads to the ob-
served result that the dehydration reaction has a
great deal of positive charge localized at the ben-
zylic carbon as shown by the large negative p-
value.?

Conclusions.—We conclude from these studies
that the rate-determining step in the dehydration
of B-phenyl-B-hydroxypropionic acid is the direct
loss of the proton from the a-carbon.

Experimental

B-Bromo-3-phenylpropionic-a-d Acid-d (XI),—A suspen-
sion of 3.09 g. of lithium cinnamate in 75 ml. of carbon tetra-
chloride was saturated with deuterium bromide2® at the
boiling point in a carefully dried, all-glass apparatus. The
silvery luster of the lithium salt changed rapidly to a more
powdery suspension. The suspension was then saturated at
0° with deuterium bromide and sealed in a heavy-walled
tube. The sealed tube was heated at 110-120° for 4 days.

After cooling, the contents of the tube were filtered, the
residue washed with hot carbon tetrachloride, and the filtrate
evaporated to dryness (excess DBr present) to give crude
B-bromo-B-phenylpropionic-a-d acid-d.

B-Phenyl-3-hydroxypropionic-a-¢ Acid.—The crude bromo
acid was hydrolyzed by stirring with 200 ml. of acidified (1
drop H,SO,) water for 2 days. The suspension was chilled,
filtered, and extracted tliree times with benzene. The filtrate
was saturated with potassium chloride and extracted re-
peatedly with ether; from the ether extracts there was ob-
tained 1.54 g. (46%) of crude B-phenyl-8-hydroxypropionic-
a-d acid. Recrystallization from benzene afforded colorless
crystals, m.p. 90.8-92.2°.10

Anal, 2 Caled. for CHyDO2: 10.00 atom 9} excess D.
Found: 10.04, 10.15 from two separate preparations.

Resolution of B-Phenyl-3-hydroxypropionic-a-d Acid.—
The deuterio acid was resolved using the morphine salt,
following the method of McKenzie and Humphries.}* The
regenerated acid was crystallized three times from benzene

(17) S. Seltzer, Chemistry & Industry, 1313 (1959); J. Am. Chem.
Soc., 83, 1861 (1961).

(18) R. Stewart, A. L. Gatzke, M. Mocek and K. Yates, Chemistry &
Industry, 331 (1959).

(19) D. 8. Noyce, P. A. King, C. A, Lane and W, L. Reed, J. 4m.
Chem. Soc., 84, 1638 (1962).

(20) H. C. Brown and C. Groot, sbid., 64, 2223 (1942);
bromide was substituted for benzoyl chloride.

(21) All deuterium analyses were performed by Dr.
303 Washington Ave., Urbana, I, except as noted.

benzoyl

J. Nemeth,
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and then from water to yield (4 )-8-phenyl-8-hydroxypro-
pionic acid- a-d;, m.p. 115-118°.10 A less completely re-
icilgvoed sample of the (— )-acid was also obtained, m.p. 113~

Kinetic Procedures.—The kinetic procedures have been
described in a previous paper.X

Product isolation studies were carried out as described
previously.1?

A. Racemization.—From a sample of (+)-8-phenyl-8-
hydroxypropionic acid, there was isolated rac-8-phenyl-3-
hydroxypropionic-a-d acid, m.p. 90-92°.

DoNALD S. NovCE AND HARVEY S. AVARBOCK

Vol. 84

Anal.?22 Found: 10.05 =% 0.3 atom 9, excess D.

B. Dehydration.—Samples of cinnamic-a-d acid were
isolated under the conditions described previously.” The
cinnatic acid was purified by crystallization from heptane
and sublimation.

Anal. Caled. for CgH;DOy;: 12.5 atom 9 excess D.
Found: 9.14, 9.46 from two separate preparations.

(22) Deuterium analysis by Dr. C. W. Koch, Department of Chemis-
try, University of California, Berkeley.
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The Effect of Substituents upon the Rate of Isomerization of Substituted cis-Cinnamic
Acids?

By DonaLDp S. NoycE AND HARVEY S. AVARBOCK
RECEIVED SEPTEMBER 29, 1961

The rates of isomerization of cis-p-methoxycinnamic acid and of ¢is-p-chlorocinnamic acid as catalyzed by sulfuric acid

have been studied. Each of the isomerizations parallels the acidity function H, with unit slope.
The rate of isomerization is sensitive to the electronic nature of the sub-
These data support a mechanism in which there is a large electron de-

aryl-g-hydroxypropionic acid is an intermediate.
stituent. Correlation with ¢+ gives a p of —4.3.
ficiency at the benzylic carbon in the transition state.

Introduction

The isomerization of c¢is-cinnamic acid as cata-
lyzed by sulfuric acid* has been shown to be closely
involved with the behavior of the related hydroxy
acid, @-phenyl-8-hydroxypropionic acid.’*? It
was also shown that the series of §-aryl-8-hydroxy-
propionic acid gave a very steep p—o™ correlation
for the dehydration reaction, indicating the high
degree of carbonium ion character at the benzylic
carbon.®

In the present report we wish to present results
on the kinetics of the acid-catalyzed isomerization
of two substituted ¢is-cinnamic acids. These re-
sults show that in this reaction also there is a high
degree of positive charge at the 8 (benzylic) carbon.

Experimental’

Materials.- {rens-p-Methoxycinnamic acid was crystal-
lized to constant m.p. and ultraviolet spectrum from meth-
anol; m.p. 173.4-174.8°; nent. equiv.: caled. 178.2, found
I

cis-p-Methoxycinnamic acid was prepared by nltraviolet
irradiation of a sodium carbonate solution of the frans isomer
in a quartz flask. Separation of the cis and trans isomers was
easily effected by fractional crystallization from benzene,
the ¢is isomer being more soluble than the ¢rans isomer by a
factor of at least 300 at 25°. The product obtained in 20%
vield was recrystallized to constant m.p. from a mixture of
Dbenzene and petrolewnn ether; m.p. 69.2-69.4° (lit.! 66°).

Anal. Caled. for CyHyO;: C, 67.41; H, 5.66; neut.
cquiv., 178.2. Found: C, 67.51; H, 5.78; neut. equiv., 179.

(1) Paper XVII in the Series Carbonyl Reactions; previous paper,
D. 5. Noyceand C. A Lane, J. Am. Chem. Soc.. 84, 1641 (1962).

(2) Supported in part by a grant from the Petroleum Research Fund
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Mechanisms, Princeton, N. J., September, 1960.
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Chem. Soc., 84, 1632 (1962).

(3) D. 8. Noyce and C. A. Lane, ¢bid., 84, 1635 (1962).
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sity of California. Melting points sre corrected.

(%) W. A. Roth and R, Stoermer, Ber., 46, 260 (1913).

The corresponding 8-

trans-p-Chlorocinnamic acid was prepared from p-chloro-
benzaldehyde and malonic acid following the procedure of
Pandya and Pandya.! A sample was crystallized to con-
stant m.p. and spectrum from ethanol; m.p. 251.2-251.6°
(lit. 247°,9 250°10); neut. equiv. caled. 182.6, found 183.
cis-p-Chlorocinnamic Acid.—Ultraviolet irradiation of
the {rans isommer and separation of isoiners in the mauner
described in the preparation of cis-p-methoxycinnamic acid
produced cis-p-chlorocinnamic acid in 259, yield. It was
recrystallized to constant m.p. from distilled water; n..p.
112.0-112.3° (lit."! 113.8-116.2°).

Anal. Caled. for CyH;0.Cl: C, 59.19; H, 3.86; CI,
19.42; neut. equiv., 182.6. Found: C, 58.93; H, 3.68;
Cl, 19.56; neut. equiv., 184,

Product Isolation under Conditions of the Kinetic Experi-
ments. A. p-Methoxycinnamic Acid.—A solution of 104
mg. of cis-p-methoxycinnamic acid in 1000 ml. of 43.57%
sulfuric acid was maintained at 25.0° for a period corre-
sponding to eight half-lives; during the course of reaction, 75
mg. of material precipitated from solution. After being
worked up in the usnal manuner, it was recrystallized to con-
stant 1m.p. from methanol; m.p. 173.1-173.6°; neut.
cquiv. caled. 178.2, found 177.0. A 1mixed melting point
with known frans-p-methoxychmainic acid showed no de-
pression. Dilution of the reaction solution with water
followed by extraction with ether on a continuous extractor
vielded 15 mg. of material, m.p. 171-173°. The infrared
spectra of both portions was identical with that of pure
trans-p-inethoxveinuamic acid. The combined yield was 90
ing., 879%. o

B. p-Chlorocinnamic Acid.——A solution of 109 mg. ot cis-
p-chlorocinnamic acid in 160 ml. of 53.18% sulfuric acid was
maintained at 90° for a period corresponding to 6 half-lives.
During tlie course of reaction, 96 mg. of 1naterial precipitated
from solution. After isolation in the usual manner, it was
recrystallized from ethanol; m.p. 251.1-251.7°. The in-
frared spectrum was identical with that of pure trans-p-
chlorocinnamic acid. Extraction of the reaction solution
with etlier yielded no further product. The yield of 96 mg.
was 889 of theoretical.

cis-trans Isomerization in Sulfuric Acid-d;.—A solution of
400 mg. of cis-p-chlorocinnamic acid in 216 g. of 519¢ sul-
furic acid-ds was maintained at 90° for a period correspond-
ing to 1 half-life. The solution was then immediately chilled
at —10° and filtered through a sintered glass funnel. The
precipitate was dissolved in 25 ml. of 1 M sodium hydroxide

(9) K. C. Pandva and R. B. Pandya, Proc. Indian Acad. Sri., 144,
112 (1941).

(10) J. K. Kochi, J, Ap. Clome. Sec., T8, 1228 (1954).

(11) 8. Lindenfors, Arkiv. Keumi, 10, 561 (1957).



