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Carbonyl Reactions. V. Acidity and Temperature Dependence in the Condensation

of Anisaldehyde and Methyl Ethyl Ketone!
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Nover AND LLoyDd R, SNYDER

The acidity dependence of the rate of condensation of anisaldelivde and metliyl ethyl ketone has been measured in acetic

acid—sulfuric acid mediun.
support of the mechanism outlined is adduced.

Introduction

In the previous paper of this series it was estab-
lished that the sequence of reactions leading to the
formation  of  4-p-anisyl-3-methyl-3-buten-2-one
(1IT) in acetic acid involves important kinetic roles
for the intermediate 3-hvdroxyketone and its
acetate ester.”

It is the purpose of the present report to investi-
gate the dependence of the various steps upon
acidity, and to seck further confirmation for the
recction mechanisim put forth previously.

Hammett has defined an acidity function £, for
strong acids in aqueous solution i terms of acid-
base equilibria of uncharged bases such as aniline.?
The acidity function is a property of solveut compo-
sition only when the activity coefficient relationship
holds

Suifunr = feifent i1

wlere C represents any uncharged basc other than
B. This relationship appears to hold reasouubly
well over wide concentration ranges in varions
strong acid solutions. 1/, hasbeen used extensively
to measure the basicity of weak bases® but its wiost
hnportant application has been in the fleld ol re-
action kinetics.® The extension of the acidity
function to mixed and non-aqueous solvent systenis
les  received  comsiderable attention.  Measure.
ments of £, have been made in pumerous solvent
svstems other than water-strong acid,* but any
demonstration of the constancy of the activity co-
ctbetent ratios in general hias not been presented.”

I't has been shown recently that the enolization of
acetone  closely  parallels the measured acidity
function in mixed cthanol water solvents ol high
ethanol content.”  Satchell has suggested that the
variation of reaction rate with increasing acid con.
centration in such largeiy non-aqueous solvents will
he inadequate for diagnostic purposes.

The sitnation in acetic aeid as a solvent i1s by no
means straightforward. 1t previously has been
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Dependence upon the relative activity of water has been determined.

Furtlier evidence in

observed by Paul and Hanunett® that the rate of
halogenation of nitroacetophenone parallels the
measured acidity function in acetic acid, but with
a slope of 1.4.

Noyee and Pryor? observed that the measured
rates of condensation of benzaldehyde and aceto-
phenone parallel the measured acidity function i
acetic acid, and Gebhart and Adams have ob-
served similar results on the rearrangement of
benizopinacol.*”

Experimental
The procedares used Lhave beent described previously.
Most rate neasurenjents were carried past 309 reaction.
Wliere two competing reactions have been mensurced, in-
finity readings liave also been used i calculating rite con-
stants.,

Discussion
The reaction sequence outlined in the preceding
paper 1s used here for the following discussion.
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The Dependence of the Final Elimination Step,
k., upon the Acidity. Since it has been established
that the rates of csterification and hydrolysis for
the gB-hvdroxvketouce and its ester arc rapid
rclative to the other reaction steps, it is straight
forward to measure the rate of formation of -{p
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anisyl)-3-methyl-3-butene-2-one (III) from the
intermediate ester. In anhydrous acetic acid the
elimination reaction can involve only the ester,
and proceeds to completion; in wet acetic acid in-
cursion of the cleavage reaction (ki) becomes im-
portant. The measured rates of elimination are
summarized in Table I.

TaBLE I
RATE OF FORMATION OF 4-p-ANISYL-3-METHYL-3-BUTENE-2-
oxE*
Initial concentrations
Hys 04, H,0, VII X 102 k3 X 103, log
M %% M sec. 7! Hob ks -+ Ho
0.200 0.96 1.61 3.25 —1.58 —6.07
.200 .96 2.77 3.30 —1.58 —-6.06
.400 .96 0.840 11.22 —-2.07 —6.02
.600 .96 2.20 23.4 —2.38 —6.00
.800 .96 4.14 44.2 —2.61 -5.96
.800 .96 2.43 43.1 —2.61 —-5.97
1.00 .96 2.78 65.8 —2.79 —-5.97
1.00 .96 2.99 65.0 -2.79 —-5.98
0.200 .70 2.44 4.47 —-1.70 —6.05
.200 .45 2.76 5.50 —-1.81 —6.07
.200 .20 2.19 6.94 —-1.92 —6.08
.200 .02 1.78 8.03 —1.94 —6.03
.200 .02 3.46 7.72 —1.94 —6.05
.600 .00 2.06 44 .6 —2.65 —6.00
1.000 .00 1.85 109 —2.98 —5.94

? Solvent acetic acid; temperature 235.14°. ? Values of
the acidity function H; in acetic acid—sulfuric acid mixtures
containing varyving amounts of water were interpolated from
the data of Gold and Hawes.!! Although Gold and Hawes’
water concentrations are relative to a small unknown in-
itial water content, this has been estimated by comparison
with other data.!?

The average value for log ks 4 I, of Table I is
—6.02 = 0.04 and this correlation is considered
satisfactory. The best slope through the data is
—1.08. A most significant feature of the data in
Table I is the conclusive demonstration that %; is a
function of the acidity ouly, and is independent of
the water concentration. The elimination reaction
in anhydrous acetic acid must involve only the
acetate; the elimination reaction in the aqueous
acetic acid solutions used proceeds from an equilib-
rium mixture of the ester and alcohol, containing
only minor amounts of the alcohol. Under these
conditions it would be coincidental for the rates of
elimination from the alcohol and the ester to be
identical. It may be concluded then that the
elimination process proceeds from the ester alone.

The Condensation Step, k;.—The true rate con-
stant for the condensation step has beeun obtained
by two methods. For solutions containing water,
k% is calculated from the measured values of £/,
ky and ky as described earlier.*  1n anhydrous solu-
tions, however, k. becomes zero, and the direct
measurement of the rate of disappearance of
anisaldehyde is possible. The rate data of Table
IT werc obtained by these processes.

With the exception of the kinetic experiments at
1.00 molar sulfuric acid in solutions containing 0.96
% water, good correlation with the acidity function
is obtained (log k° 4+ H, = 5.89 £ 0.02). It is

(11) V. Gold and B. W. V. Hawes, J. Chem. Soc., 2102 (1931).

(12) N. F. Hall and W. Spengeman, THIS JOURNAL, 62, 2487 (1940);
‘T. I.. Smith and J. H. Elliot, 7bid., 76, 3566 (1933).
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TaBLE 11

Rate oF CONDENSATION OF ANISALDEHYDE (V1) AND
MEeTHYL ETHYL KETONE
A%
H.S0« concn.
conen, X 148

kX 108

sec. 7!

k19 X 108
1 mole "1 sec. ! Ho

(a) Initial concentrations: water, 0.96%:;
ketone, 0.300 M

log
RO+ H

methyl ethyl

0.400° 14.24+0.2 —-2.07 —5.92
600 2.66 5.61 30.6 —-2.38 —-5.89
600  2.66 5.64 307 —-2.38 —5.89

1.00 2.66 14.8 63.9 —-2.79 -=5.98

1.00 2.66 14.0 61.1 —-2.7 —6.00

1.00 4.50 1433 62.5 -2.79 —=5.99

(b) Inmitial concentrations: water, 0.02%:
ketone, 0.159 A7

methyl ethyl

0.224 2.45 13 .4 —-2.01 —5.88
369 2.45 28.1 —-2.33 —5.88
.800 2.45 89.7 —2.8 —5.88
800  2.45 91.4 —-2.83 =5.87

@ Average value from previous papers.?

possible that altered rates of esterification and
hydrolysis, at the higher acid concentration, now
render unsuitable the simple mathematical treat-
ment with three rate-controlling processes involved,
which has been used.

The direct formation of the interniediate acetate
from anisaldehyde and methyl ethyl ketone would
involve the activity of water entering the rate ex-
pression. There is no evidence for any such de-
pendence for k. It is thus considered likely that
the mechanism of the condensation step involves
the reaction between the enol of methyl ethyl ke-
tone and the protonic salt of anisaldehyde.®!?

The Reverse Aldol Step, k,.—If the conclusions
on the mechanism of the %y or condensation step
be correct, the mechanism of the %; or reverse aldol
step, by the principle of microscopic reversibility,
must be as represented in equation 3.

OH ®OH
2 A Fs
CHO /< N ¢ CHCECH; —>
= ] ]
H CH,
&
2R /O}I OH
CH:O- N, ¢ b CHyCHe=C )
haand > “CH,

The intermediate alcohol, however, is in equilib-
rium with the intermediate acetate and is present to
the extent of only a few per cent. In aqueous acetic
acid, measured rates have been obtained in almost
all cases by starting with the acetate; it can be
shown then that the rate dependency should be of
the following form, as solution composition is
varied from 0.2-1.0 molar sulfuric acid and 0 -

(13) l.ong and Paul® have queslioned the significance uf the »h-
served correlation with Hy obtained by Noyce and Pryur for the
similar reaction step in the condensation of acetophenone and benzalde-
hyde. However, such a correlation would appear to be expected. An
acid-catalyzed cleavage reaction involving the fragmentation of the
organic moiety as its protonic salt would be expected to show correla-
tion with the acidity function. By the principle of microscopic re-
versibility, the condensation reaction should likewise show correlation
with the acidity function. Recently Deno, Edwards and Perizzolol¢
have observed good correlation of the second-order rate coefficient for
the reaction between {-buty! alcohol and acrylonitrile with ho.

(14) N. C. Deno, T. Edwards and C. Perizzolo, THIS JourNaL, 79,
2108 (1957).
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19, water
ky/hy = kPKu(fyvn/fvinenacl/ [emo] (6)

wlere %, 1s antilog — Hj, Ku is the equilibrium con-
stant for the ester hydrolysis and the activities and
activity coefficients have their usual significance.
The activity coefficients of the neutral species would
not be expected to vary markedly; the activity of
acetic acid is nearly constant, and hence variation
of rate should parallel the activity of water and the
acidity in the medium.

Tasre I11

RATE OF REVERSAL OF CONDENSATION AS A FUNCTION OF
AcIip AND WATER CONCENTRATION®

H (), HS0q, ke X 108 aH20 fz’%:g
A M sec. "1 Hy caled. b gold
0.95 0.200 3.52 —-1.58 (1.00) (1.00)
.06 .400 7.75 —-2.07 0.70 0.38
.96 .600 11.3 —2.38 .51 .20
.06 .800 14.6 —2.61 .38 B!
.06 800 14 .4 —-2.61 .38 11
.06 1.00 16.5 —-2.79 .28 .07
.70 0.200 3.50 —-1.70 .74 .69
45 .200 2.76 —1.81 .46 .46
.200 .200 1.43 —1.92 .19 .21
¢ Concentration VI 0.005-0.05 3/ in various runs; dupli-

cates agreed to £=39, in all cases; solvent acetic acid; tem-
perature 25.14°, P Calculated by eq. 7.

It is possible to estimate the relative activities of
water in the various solutions used from the data
of Gold and Hawes.!!

Qualitatively, the activity of water calculated
from the rate data, on the assumnption that

log k; + Hs — @m0 = constant (7)

1s scen to parallel the relative activities of water
calculated from Gold's data. Quantitative agree-
nment is, however, lacking as the sulfuric acid con-
tent is varied. On the other hand, a remarkably
satisfactory correlation results at one sulfuric acid
councentration as the water concentration is varied.
The evidence thus obtained from the acid variation
o1 the reversal of the condensation step is consistent
with the mechanisim represented by equation 5.

It is also to be noted that these conclusions
strengthien the earlier results and expectation that
condensation of two neutral species should be cor-
rclatable with the acidity function. It would not
be expected that the activity coefficients of sub-
stances such as methyl ethyl ketone and of anis-
aldehyde would change with the acidity of the
niedium to any appreciable extent, and that there-
fore the cancellation of activity coefficient terms
as proposed by Noyce and Pryor? is reasonable.

Dehydration and Reversal in Aqueous Solvents.

-T'o gain further insight into the role of acid
catalysis in the total reaction picture, we have
examined the dehydration reaction in aqueous sul-
furic acid, where the utility of 7, is well accepted,
and questions of interpretation are much less
fraught with difficulty and ambiguity. The re-
sults are presented in Table IV.

The correlation of the rate of elimination with
11, in aqueous sulfuric acid should be compared with
the rate of elimination in sulfuric acid—-acetic acid
solutions. Complete parallelism of behavior with
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TaBLE IV

DEHYDRATION AND REVERSAL IN AQUEOUS SULFURIC AcID"

HzS0q, VI1I ke X 105 ke X 105
M X 1

log log
08 M sec. sec. ” Ho ke + Ho ks + o

3.52 1.15 2.3 1.538 —1.63 —6.20 —6.43
3.52 1.15 2.55 1.67 —1.63 —6.23 =—6.41
4.25 1.23 475 3.08 —1.95 —6.27 —6.46
4.25 1.08 506 3.28 —1.95 —6.24 —6.43
5.29 1.22 14.4 10.4 —2.40 —6.24 -6.38
529 1.16 14.4 104 —2.40 —6.24 -6.38
6.16 1.21 31.2 29.0 —2.8 -6.35 —6.39
7.07 3.05 73.1 105 —-3.37 —6.50 —6.35
7.07 2.90 689 97.0 -—-3.37 —6.53 —6.39
7.07 277 74.1 93.6 —3.37 —6.30 —6.40
8.08 2.8¢ 170 330 —-3.91 —6.68 —6.39

Av. 6.40 %= 0.02

@ Temperature 25.00°, * Using the alcohol VIII instead

of the ester VII.

respect to changing acidity is observed. We con-
clude that this evidence strongly supports a direct
elimination reaction under these conditions. This
mechanism outlined in equations 8 and 9 is to be
contrasted with a possible mechanism which we

o o
CHJO—Q—C—CHCCHa =
[

[
H CH;

@0, O
— 1 Il
CH;0-~< \>-—C—$HCCHa (%)
— |
H CH;
mOH2 o
C}130—»< >—c LHLLIh .
3
1 LII
(@}
L 6 [
cu,,orr—‘\/ Ny C—CHCC,  (9)
— I
H CH;
lfztst
O
I
L0~ N CH==CCCI, + H
CIH;C < I : -+

1
CH,

wish to rule out in this instauce, involving enoliza-
tion as the rate-controlling process (equations

10-12). Evidence to be presented in a succeeding
OH ({)
!
] |
CHO—{_ ) % CHCCH; ==
H CH;
OII  ©OH
s |
CILO-—& 5 = CHCCH,  (10)
e
II LUa

O “OH

1 i slow
CH,0— \—-Ll —CHCCH; + H:0 —>

i& CH.;

CH;0- N

OH
L Q—CLHa + H;0+ (11)

H CHa
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OH

oH
1 | H+
CH30©—C—C=CCH3 —
I fast

H CH,
o)

H
CH@—@—CH:?CCH;; 4+ H0 (12)
CHa,

paper®® indicates that under certain circumstances,
enolization does in fact represent an important
reaction path for the dehydration of 8-hydroxyke-
tones.

Temperature Coefficients.—The temperature co-
efficients for the various reaction processes dis-
cussed above have been measured. The data are
presented in Table V.

As expected, the entropy of activation for the
condensation step, % (calculated to H, of zero), is
far smaller than that of the various other steps
because of the larger molecularity of this particular
reaction relative to the others. The addition of
another neutral molecule to an activated complex
usually subtracts about 15 entropy units of trans-
lational entropy from the entropy of activation in
aqueous solution!®; the same phenomenon in
organic solvents is attended by a decrease in the
entropy of activation of about 25~28 entropy units.
It is seen that the eutropy of activation for the
condensation step, k1, is reasonable.

(13) D. S. Noyce and W. Reed, THIS JoURNAL, to be published.
(16) R. E. Powell, J. Phys. Chem., 88, 528 (1954).
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TABLE V
TEMPERATURE COEFFICIENTS FOR REACTION STEPS
k19 X 108
Reaction T, 1 mole™! k2 X 108 ks X 108
conditions °C. sec. "1 se¢. "1 sec. 7!
VII in anhyd. 25.15 See Table 1
acetic acid; 35.39 24 .8
0.2 M sul- 35.39 24.9
furic acid 45.51 71.1
45.51 72.9
54.28 170
AH* 20.2 keal,
ASE —1leu.
VII in acetic 25.15 14.2 7.75 11.22
acid, 0400 M 35.39 28.1 22.6 37.3
sulfuric acid; 45.51 52.2 65.4 116.4
0.969%, water
AH* 11.5 19.5 keal. 21.4 kcal,
AS* -39 e.u. - 8eu.
Vil in 33.5% 25.15 4.90 3.18
sulfuric acid  35.39 16.3 9.88
45.51 52.2 31.4
AH* 21.6 keal. 21.0 keal,
ASE — 7eu. — 9eu

The correlations of a variety of reactions with
the acidity function H, in acetic acid solutions serve
to support the utility of this function in such a sol-
vent. However, it must not be concluded that
questions of detailed mechanism may be decided
from such results in non-aqueous solvents. We
must regard the conclusions drawn here as tentative.
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Solvent Effects in the Reactions of N-Bromosuccinimide with Toluene, Fluorene and
Acenaphthene; Evidence for a Polar Mechanism in Propylene Carbonate

By SIDNEY D. Ross, MANUEL FINKELSTEIN AND RAYMOND C. PETERSEN
RECEIVED MARCH 18, 1958

I carbon tetrachloride or beizene, N-bromosuccinimide reacts with toluene, fluorene and acenaphthene to introduce a

bromine atomn on a methyl group or methylene group adjacent to an aromatic ring.
solvent, nuclear substituted products are obtained with, all three hydrocarbons.

In propylene carbonate, a highly polar
When a molar equivalent of boron tri-

fluoride is added, the reaction of fluorene with N-bromosuccinimide in benzene also gives largely the nuclear substituted
product, but small amounts of 9-bromofluorene also are formed.

The generally accepted mechanism for the Wohl-
Ziegler reaction,! in which N-bromosuccinimide is
used to introduce a bromine at a carbon atom adja-
cent to a double bond or an aromatic ring, involves a
free radical chain reaction. This mechanism, sug-
gested by Bloomfield,? is supported by several
facts: (1) The reaction is catalyzed by benzoyl
peroxide,® azobisisobutyronitrile! and cumene hy-
droperoxide.* (2) The reaction is inhibited by

(1) (a) A. Woh!, Ber., 52, 51 (1919); (b) X. Ziegler, A, Spaeth, E.
Schaaf, W, Schumann and E. Winkelmann, A#nxn., 851, 80 (1942).
For more recent review articles see: (c) C, Djerassi, Chem. Revs., 48,
271 (1948); (d) T. D. Waugh, "N-Bromosuccinimide, Its Reactions
and Uses,” Arapahoe Chemicals, Inc., Boulder, Colo., May, 1951,

(2) G. F. Bloomfield, J. Chem. Soc., 114 (1944).

(3) H. Schmid and P. Karrer, Helv. Chim, Acta, 29, 573 (1946).

(4) H. J. Dauben, Jr., and E. A, Youngmann, unpublished results.
These and additional results by H. J. Dauben, Jr., and L, L. McCoy
(vide infra) are discussed by C. Walling, *Free Radicals in Solution,”’
John Wiley and Sons, Inc,, New York, N, Y,, 1957, p. 382.

hydroquinone, dinitrobenzene, bromanil and io-
dine.® (3) The effects of m- and p-substituents on
the side-chain bromination of toluene® are in ac-
cord with this mechanism. (4) The observed ster-
eospecificity in brominations of bibenzyl and ace-
naphthene with N-bromosuccinimide’ constitutes
proof of a two-step mechanism for side-chain bro-
mination and is powerful evidence in support of the
Bloomfield suggestion.

Other reactions of N-bromosuccinimide, however,
suggest that this reagent may also react by an ionic
mechanism involving a heterolytic dissociation of
the N-Br bond. Significant among these are the
many reported nuclear brominations of aromatic

(5) H.J. Dauben, Jr., and L. L. McCoy, unpublished results.

(6) E. C, Xooyman, R. Van Helden and A. F, Bickel, Konikl. Ned.
Akad, Wetenschap, Proc., 56B, 75 (1953).

(7) F. D, Greene, W. A, Remers and J, W. Wilson, THis JOURNAL,
79, 1416 (1957).



