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lowing evidence. Some of the azo compound was 
always present in the sample introduced at the be­
ginning of a rate run, but the amount of this com­
pound initially present was determined and sub­
tracted from the amount detected during the run to 
obtain the quantity actually formed in the course 
of the run. Inasmuch as samples introduced into 
the thermostated reaction vessel and maintained 
in solution therein before addition of the acid cat­
alyst for at least an hour (to reach temperature 
equilibrium) failed to show detectable increases in 
^-azotoluene concentration, the protective atmos­
phere must have been functioning satisfactorily, 
for samples similarly treated in the absence of the 
nitrogen stream oxidized very rapidly to p-azo-
toluene. Furthermore, since rapid air oxidation 
of ^-hydrazotoluene is known to occur in the ab­
sence of acids, any air oxidation taking place during 
the rate runs should be substantially uncatalyzed, 
and therefore an appreciable incursion of such a re­
action must have changed the kinetics from those 
observed. Finally one might suspect that the ob­
served azo compound could have been the result 
of air oxidation occurring between removal of 
samples from the mixtures and analysis of them, 
for these samples were not protected from the air. 
However, experiments showed that samples stored 
for two hours or less in ice showed no appreciable 
gain in concentration of azo compound. More-

Introduction 
Of the numerous reactions which lead to the for­

mation of new carbon to carbon bonds, the aldol 
condensation has been subjected to the most ex­
tensive study. Though the base-catalyzed reac­
tion has received considerable attention from a ki­
netic viewpoint,2 the acid-catalyzed counterpart has 
not been so extensively investigated. I t was re­
cently reported that the acid-catalyzed condensa­
tion of acetophenone and benzaldehyde could be 
suitably examined spectrophotometrically3 and the 
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i over, had the azo compound apparently formed 
during the runs in fact been formed during storage 
of samples for analysis, then the largest concentra­
tions of azo compound should have been found in 

) the samples withdrawn at the smallest conversions, 
: for these samples contained the greatest amounts 
) of available hydrazotoluene for air oxidation and in 
I general were held in storage for the longest periods 

before analysis. Actually of course the concen-
: trations of azo compound formed during the reac-
i tion was observed to increase continuously as the 

reaction progressed. 
, Because the observed rate constants from which 
: Ea. and AS* are computed undoubtedly are com­

posites of two or more true rate and equilibrium 
i constants, it follows that the apparent Ea (or AH*) 

and AS* are also composite energy and entropy 
\ functions, respectively. Therefore, these apparent 
, values cannot be used to draw valid conclusions 

about the mechanisms of the rearrangement, reduc-
: tion and disproportionate steps of the reaction 

sequence.20 
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rate law and general sequence of intermediates 
were determined. 

In the case of the condensation of an aldehyde 
with an unsymmetrical ketone such as methyl 
ethyl ketone, there arise the possibilities of two 
alternative products. Specifically, it has been 
shown by Harries and Muller4 that with basic 
catalysts, benzaldehyde and methyl ethyl ketone 
afford 1 -phenyl-l-pentene-3-one (I), while with 
acid catalysts the product is 3-methyl-4-phenyl-3-
buten-2-one (II). That this is general with re­
spect to methyl w-alkyl ketones is demonstrated 
by the work of Bogert and Davidson,6 and that it is 
general for aromatic aldehydes is demonstrated by 
the work of Woodruff and Conger.6 In all of these 
cases the demonstration rests upon the formation of 

(4) G. Harries and G. H. Muller, Ber., 35, 966 (1902). 
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The rate of formation of 3-methyl-4-(£-anisyl)-3-buten-2-one in acetic acid from anisaldehyde and methyl ethyl ketone 
shows simple bimolecular kinetics when both reagents are present in low concentrations. With high concentrations of methyl 
ethyl ketone, the rate of reaction does not continue to increase as rapidly as is theoretically predicted. Two causes have 
been shown to be responsible for this behavior. There is formation of a reasonably stable reaction intermediate, which 
reacts either to regenerate the starting reagents or to lead to formation of the observed product. There is also a decrease 
in the activity coefficient of methyl ethyl ketone at higher concentrations. The rate sequence and sequence of intermediates 
is outlined. 
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distinct isomers, and the fact that one is readily 
oxidized by hypohalite to a substituted cinnamic 
acid. For the condensation of anisaldehyde with 
methyl ethyl ketone, Iwamoto has presented clear 
evidence for the structure of the two products,7 

3-methyl-4-(^-methoxyphenyl)-3-buten-2-one (III) 
being formed with HCl as catalyst. 

Gettler and Hammett8 have investigated the 
kinetics of the base-catalyzed reaction of benzalde-
hyde and methyl ethyl ketone in dioxane-water as 
solvent, and have found that the condensation is 
first order in both methyl ethyl ketone (V) and 
benzaldehyde, and apparently of one-half order in 
sodium hydroxide. Earlier kinetic work on the 
base-catalyzed self-condensation of acetaldehyde2 

and acetone2 which shows the first reaction to be 
first order in acetaldehyde and the latter reaction 
to be second order in acetone has been interpreted 
in terms of the enolization of the carbonyl com­
ponent being slow with respect to the condensation 
step in the case of acetaldehyde and fast in the case 
of acetone. Thus Hammett's work8 indicates that 
the rate of enolization is fast in the base-catalyzed 
condensation of benzaldehyde with methyl ethyl 
ketone. An attempt by Hammett to measure the 
rate of condensation in acid was unsuccessful. 

It is the purpose of the present work to report 
the kinetics of the condensation of methyl ethyl 
ketone with a typical aromatic aldehyde in acid 
solution. The choice of anisaldehyde (VI) for the 
initial study is dictated by the rather significant 
difference in the absorption spectra of the two alter­
nate condensation products (see below) and by the 
convenient rates observed in acetic acid solutions 
where the reaction proceeds smoothly to com­
pletion. 

Experimental 
Preparation and Purification of M a t e r i a l s . — C P . acetic 

acid was analyzed for water content by Karl Fischer titra­
tion and adjusted to the desired value as described pre­
viously.33 Sulfuric acid, 100.0%, was prepared by the 
method of Kunzler" as previously described.3" 

Methyl ethyl ketone (V) was purified by the procedure 
of Gettler and Hammett8 and distilled through a packed 
column in an all-glass apparatus protected from moisture, 
and the center cut, b .p . 79.2-79.6°, was retained and sealed 
in glass ampules. 

Anisaldehyde (VI) (Eastman white label) was washed 
with sodium bicarbonate, water, dried over magnesium sul­
fate, and distilled under nitrogen. A colorless product 
(b.p. 117° at 11 mm.) was retained and sealed under nitro­
gen in glass ampules. For periods up to six months there 
was no development of acid. The acid titer was less than 
0 .3%. 

l-Anisyl-l-penten-3-one (IV) was prepared by the method 
of Iwamoto,7 m.p. 61.3-61.9°. 

3-Methyl-4-anisyl-3-buten-2-one (III) was prepared by 
the method of Woodruff and Conger,8 melting after crys­
tallization (with rather severe loss of material) at 28.0°. 

3-Methyl-4-anisyl-4-acetoxybutan-2-one (VII).—This 
intermediate was prepared under conditions indicated by the 
kinetic evidence. One liter of acetic acid solution contain­
ing 0.280 mole (27.4 g.) of sulfuric acid, 10 g. of water, 2 
moles (144 g.) of methyl ethyl ketone and 0.25 mole (34 g.) 
of anisaldehyde was prepared and allowed to react for two 
hours at 25.0°. At the end of this time, the reaction mix­
ture was poured into excess ice and water, containing 0.56 
mole (46 g.) of sodium acetate. Extraction of the total 

(7) K. Iwamoto, Bull. Chem. Soc. Japan, 2, 51 (1927). 
(S) J. D. Gettler and L. P. Hammett, T H I S JOURNAL, 65, 1824 

(1943). 
(9) J. E. Kunzler, Anal. Chem., 25, 93 (1953). 

mixture with three 100-ml. portions of benzene was fol­
lowed by washing the benzene extracts with 100 ml. of 
water. The benzene was removed in vacuo at room tem­
perature. The residue was partially crystalline. Filtra­
tion at —10° afforded a pale yellow solid (1 g.) which on 
crystallization from pentane gave VII as colorless crystals, 
m.p. 84.1-85.1° (0.3 g.). In other preparations the yield 
of VII was as much as 10%. 

Anal.10 Calcd. for C14H18O4: C, 67.1; H, 7.25; sapon. 
equiv., 250.4. Found: C, 67.1; H, 7.3; sapon. equiv., 
250. 

When subjected to the reaction conditions, this sample 
of the intermediate acetate gave a limiting yield of anisal­
dehyde and 3-adduct of 97% of the theoretical. The infra­
red spectrum showed a strong ester band at 1740 c m . - 1 and 
no hydroxyl band. 

l-Anisyl-2-methyl-3-keto-l-butanol (VIII).—Five grams 
of the above intermediate acetate was dissolved in 300 ml. 
of 9 5 % ethanol, and 1000 ml. of 30% sulfuric acid was 
added rapidly. The reaction solution was maintained at 
room temperature. After 35 minutes, the reaction mixture 
was extracted with benzene, and the combined benzene ex­
tracts washed with water. The benzene was removed at 
room temperature in vacuo, and there remained 3.5 g. of a 
somewhat discolored sirup, which by saponification equiva­
lent and spectral analysis before and after reaction in 3 M 
sulfuric acid-acetic acid solution was shown to be 77% 1-
anisyl-2-methyl-3-keto-l-butanol, 8 % intermediate acetate 
and 4 % I I I . 

Analysis.—Table I presents values of the molar extinction 
coefficient of anisaldehyde, methyl ethyl ketone, I I I and 
IV at selected wave lengths. 

TABLE I 

SELECTED VALUES OF MOLAR EXTINCTION' COEFFICIENT 

*• 1 X 10 ~3, solvent, acetic acid • 

X, rtiM 

270 
280 
290 
300 
310 
320 
330 
340 

Anisaldehyde 
(VI) 

13.9 
15.5 
13.9 
7.20 
1.68 
0.25 
0.04 

11.5 
16.5 
20.3 
21.5 
18.8 
12.9 

7.3( 
12.0 
16.6 
20.8 
23.6 
21.4 

Spectral analysis for the total concentration of condensa­
tion product in reaction solutions containing only anisalde­
hyde, methyl ethyl ketone and I I I is seen to be possible in 
the region from 290 to 330 m̂ u with relatively high accuracy, 
because of the large absorption of I I I relative to the starting 
reagents. Furthermore, e for I I I changes only slowly with 
wave length in this region, and no appreciable error in opti­
cal density will result from small uncertainties in wave 
length. Past 5 % reaction, the ratio of the optical density 
of anisaldehyde to the optical density of I I I will be less than 
0.08; therefore correction is made for it easily. The ab­
sorption due to methyl ethyl ketone will be negligible. 

To simplify the initial kinetic treatment, all but a specified 
few reactions between V and VI have been carried out with 
methyl ethyl ketone in large excess (at least 80 times the 
initial concentration of anisaldehyde). This reduces the 
reaction to pseudo first-order conditions. 

Typical Kinetic Results.—-The results of a typical kinetic 
run are given in Table I I . 

In reactions in which the initial concentration of anisal­
dehyde was greater than 10 _ s molar, samples were diluted 
1:10 or 1:100 as necessary to keep the observed optical 
density within the range 0.2 to 1.0 as determined by means 
of a Beckman DU spectrophotometer. Symbols used: 
k' = limiting rate constant under pseudo unimolecular 
conditions; k0 = apparent bimolecular rate constant de­
rived from limiting slope; ^1

0 = true bimolecular rate con­
stant for condensation step; (A)0 = initial concentration 
of anisaldehyde; ( I I I ) = concentration of I I I . 

(10) Analysis by the Microanalytical Laboratory, University of 
California. 
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TABLE II 

TYPICAL RATE DATA" 
Time, 

sec. X 10" 

1.47 
3.38 
5.22 
7.63 
9.90 

12.4 
14.6 
17.0 
19.8 
22.9 
25.51 
32.4 
37.71 

(HI)Z(Ao) 

0.022 
.065 
.119 
.196 
.269 
.384 
.406 
.471 
.536 
.600 
.655 
.756 
.811 

(A)Z(Ao) f> 

0.978 
.935 
.881 
.804 
.731 
.616 
.594 
.529 
.464 
.400 
.345 
.244 
.189 

Kl X 10«« 

60 
44 
56 
61 
65 
81 
89 
.86 

"Solvent acetic acid, 0. water; sulfuric acid = 
0.400 M; initial methyl ethyl ketone concentration = 1.00 
M; initial anisaldehyde concentration = 0.00828 M; 
temperature = 25.14°. 'Apparent remaining fraction of 
anisaldehvde. " Ai = pseudo first-order rate constant cal­
culated from t = 9900 sec; average A1 = 4.68 ± 0.13 X 
1O-6 sec.-1. 

Results and Discussion 
Role of Anisaldehyde.—With methyl ethyl 

ketone in large excess ("flooded"), the role of 
anisaldehyde in the rate law is initially most easily 
investigated. Correlation of rate data, with inte­
grated rate expressions corresponding to various 
simple dependencies is possible only on the assump­
tion of first-order dependence, and is not free from 
complicating features. Table I I shows tha t an 
initial induction period is observed which is fol­
lowed by asymptotic approach to a limiting rate 
constant. Furthermore, and most substantiat ing 
of a basic first-order dependence, the pseudo first-
order rate constants, k', calculated from the limit-
A' = 2.303[log (anisaldehyde)i 

fa — t\ 
log (anisaldehyde)2]/ 

ing slopes are independent of initial anisaldehyde 
concentration a t a given methyl ethyl ketone con­
centration. Table I I I gives results obtained in this 
manner. 

DEPENDENCY 

(MEK)0 

1.50 

1.50 

1.00 

1.00 

TABLE I I I 

OP R A T E UPON ANISALDEHYDE CONCENTRA­

TION" 
(Anisaldehyde)o 

0.0114 

.0256 

.0121 

.0248 

Limiting k' 

2.14 X 10-s sec."1 

2.08 X 10~s sec . - ' 

1.72 

1.69 

"Solvent, acetic acid; sulfuric acid, 0.280 M; water, 
about 1%, but constant in all runs; T = 25.00°. 

Role of Methyl Ethyl Ketone.—Variation of the 
flooded reactant concentration (methyl ethyl 
ketone) causes a non-proportional variation in the 
limiting pseudo first-order rate constant k' a t high 
concentrations of methyl ethyl ketone as shown in 
Table IV. I t is seen tha t the values of &° (the bi-
molecular ra te constant from the limiting slopes) 
becomes reasonably constant for methyl ethyl ke­
tone concentrations of 0.3 molar or less. For these 
reactions, the initial induction period noted a t 
higher concentrations of methyl ethyl ketone 
vanishes. 

TABLE IV 

DEPENDENCY OF RATE UPON METHYL ETHYL KETONE CON­

CENTRATION" 

MEK 
concn. 
m./l. 

1.00 
1.00 
0.686 

.686 

.300 

.300 

.150 

.150 

.0854 

.0854 

.0427 

.0427 

.02135 

.02135 

.0136 

.0136 

.00923 

.00923 

.00443 

.00443 

VI1 init. 
concn., m./l. 

X 10« 

82.8 
82.8 
81.8 
78.5 
39.6 
39.8 
19.8 
19.8 
3.16 

k' x io5, 
sec. - 1 

3 
3 
3 
3 

132 
132 
89 
89 
44 
44 

16 
16 
16 
16 
16 

03 
03 
00 
17 
41 
44 
28 
22 

0.694 
.689 
.356 
.342 
.183 
.186 

k 7 (M EK) 
X 10s 

1. m.-' 
sec. 1 = 
k' X 10« b 

5.03 
5.03 
5.87 
6.08 
8.03 
8.13 
8.53 
8.13 
8.13 
8.07 
8.33 
8.00 
8.57 
8.72 
7.97 
7.94 
8.44 
8.28 
8.61 
8.44 

*i° X 10«, 
1. m . _ 1 

s e c . ~ l e 

11.4 
11.4 
12.2 
12.8 
15.0 
15.2 
15.0 
14.4 
13.9 
13.6 
14.2 
13.6 
14.7 
14.4 
13.6 
13.6 
14.2 
13.9 
14.4 
14.2 

" Solvent, acetic acid; sulfuric acid concentration, 0.400 
M; water content, 0.96%; temperature, 25.14°. b Aver­
age A0 = (8.27 ± 0.22) X lO"6 1. m."1 sec.""1, for concen­
trations of methyl ethvl ketone 0.300 molar or less. c A' 
= [A1O(MEK) + A2 + "A3]/2 -

V7OW(MEK) + ki + A3
1A)* - A1O(MEK)A3 

Average A1
0 = 14.2 ± 0.2 X 10 - 61. m._1 sec.-1 for concen­

trations of methyl ethyl ketone 0.300 molar or less. 

Selectivity of Product III Formation.—De­
termination of the spectra of reaction solutions 
after several half-lives revealed t ha t the observed 
optical density in the region of 290 to 330 rmx was 
precisely as expected, showing after 71 hours under 
the conditions of the reaction in Table I I 96 ± 1% 
of I I I . Less than 2 % of l-anisyl-l-pentene-3-one 
(IV) is formed under these conditions. I t is to be 
noted tha t Gettler and Hammet t 8 found tha t the 
base-catalyzed reaction of benzaldehyde and methyl 
ethyl ketone is likewise free from side reactions, 
particularly the condensation of 1-phenyl-l-pen-
tene-3-one with a second mole of benzaldehyde 
when the ketone concentration exceeds tha t of the 
aldehyde. 

The data in Table IV show tha t the calculated 
apparent bimolecular rate constant k0 remains 
satisfactory up to concentrations of methyl ethyl 
ketone of about 0.3 M, bu t declines a t concentra­
tions above this point. I t is to be noted tha t the 
induction period observed a t the higher concen­
trations vanished at the lower concentrations. 
Hence for these latter reactions, the reaction 
kinetics become simple second order, exhibiting 
first-order dependence upon both the concentra­
tion of anisaldehyde and of methyl ethyl ketone. 

The form of the k' dependence upon the concen­
trat ion of methyl ethyl ketone (when M E K is 
"flooded") and the observation of the induction 
period make it likely tha t the reaction mechanism 
may be satisfactorily expressed by (1) or (2) 
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A ± I ^ B —> C 
h 

(D 

(2) 

A superficial comparison of theory with experi­
mental data is sufficient to eliminate equation 1 as 
a possible mechanistic description of the kinetic be­
havior noted in the condensation of anisaldehyde 
with methyl ethyl ketone, since at times large with 
respect to the half-life of the reaction the limit­
ing first-order rate constant k' should approach 
either &a or kb, whichever is the slower. Equation 
2 is a much more satisfactory representation.10 

Kinetic Behavior of the Intermediate.—Isolation 
of 3-methyl-4-anisyl-4-acetoxybutan-2-one (VII) 
under conditions indicated by solution of the 
differential equations for case 2 indicated a major 
role for this compound in the kinetic scheme pro­
posed. The intermediate acetate has been ob­
served to react under the conditions used for the 
study of the condensation reaction to give the 
condensation product III and anisaldehyde. It is 
possible to carry out analysis for both processes by 
determination of the absorptivity at both 290 and 
330 mfi. Table V gives typical data for such 
analysis of the behavior of the intermediate acetate; 
Table VI summarizes rate constants. 

TABLE V 

RATE DATA FOR DECOMPOSITION OF INTERMEDIATE ACE­

TATE v i r 

Time, 
sec. 

X 10" 

Anisal-
dehyde, 
concn. 
X 10> 

III , 
concn. 
X 10» 

(III) 
(VI) 

-In (VII)-I 
(VIDo J 

10* 

0.795 
1.26 
2.09 
2.67 
3.24 
3.74 
4.28 
5.15 
5.76 
7.13 
8.57 

10.01 
12.5 
17.0 
20.6 

00 
15 
32 
83 
41 
72 
20 
99 
38 
11 
81 

7.40 
8.18 
8.83 
0.25 

1.27 
1.90 
2.92 
3.70 
4.29 
4.86 
5.39 
6.20 
6.52 
7.70 
8.52 
9.32 

10.3 
11.7 
12.3 

Average 

" Solvent, acetic acid; sulfuric acid 0.280 M; water con­
tent, 1%; temperature, 25.15°; initial concentration of 
VII, 0.0238 M. In a duplicate run (concentration of VII , 
0.00695 M) the average ratio of I I I to VI was 1.30 ± 0.03 
and the rate constant was 1.23 ± 0.02 X 1 0 - 4 sec."1. 

.27 

.26 

.26 

.31 

.26 
1.31 
1.28 
1.24 
1 
1 
1 
1 
1 
1 
1 

21 
26 
25 
26 
24 
33 
33 
fc0.03 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1.21 

t 

.264 

.19 

.19 

.22 

.24 
21 
21 

.27 

.21 

.22 

.22 
21 
21 

.16 
15 

± 0 . 0 2 

equations for equation 2 leads to the 

' ' -PS* ] •-<-"-[•*•<] 

flO) Solution of the differentia 
equation 

(AjO_-

" (A0T 

where a = {ki -f kt + /?s)/2 and b = {a2 — 'Zkiks)1/?. As t becomes 
large, a limiting rate is obtained, k = a — b, Note that k' is now a 
non-simple function of the concentration of methyl ethyl ketone. 
A family of curves may be plotted of log k' vs. log (MEK) for various 
ratios of ki/ki, and from such a plot the ratio ka/kt may be evaluated 
from the data. It is possible in this fashion to obtain approximate 
values for k\, k?. and A'a. 

TABLE VI 

RATE OF DECOMPOSITION OF INTERMEDIATE ACETATE VIl' ' 

(VIDo1 M 

.38 X 10"a 

.40 X 10~3 

£2 X 10», 
sec. l 

7.92 

7.61 

/C3 X 10», 
sec. - 1 

11.33 
11.22 
10.94 

"Solvent, acetic acid; (H2O) = 0.96%; 
0.400 M; T = 25.15°. 

AsAs 

1.44 
1.45 
1.44 

(H2SO1) = 

The constant ratio of the concentration of anis­
aldehyde and III under a given set of reaction con­
ditions indicates competitive decomposition of the 
intermediate acetate by two parallel paths, &2 and 
h. 

This mechanism is adequate to describe the 
kinetic behavior of the system, but other descrip­
tions, involving further equilibria, are not ex­
cluded, and are somewhat more attractive on gen­
eral chemical grounds. More explicitly the best 
description may be that given by equations 3a-f. 

O 
'' / O H 

01-1-,CH-CCHi ~T*~ O H 3 C H - C v K1.,, 
V 

R C ^ + H 
M l 

VI 

NCH;; 
e 

/ .Oil 
RCt: A', 

H 

RCi 
,,OH 

MI 
CH 3 CH-C< 

,OH 

^CH3 

OH OH 
I! 

: RC-CHCCH 3 

H CH3 

(3a) 

(3 b) 

(3c) 

OH ©OH 

R C - C H C C H 3 

H CH3 

OH O 

R C - C H C C H 3 + HOAc 

H CH3 

VIII 

OAc O 
il k, 

R C - C H C C H 3 + H - — 

H CH3 

VII 

OH O 

R C - C H C C H 3 + H® A'0,,„ii (3d) 

H CH3 

OAc O 

R C - C H C C H - , + H2O 

H CH3 K,,„, (3e) 

O 

RCH--CCCH 3 + HOAc + H" 

OH3 III 

(3f) 

R = CH3 -O 

In equation 3d a rapid equilibrium involving 
the ester and the alcohol would maintain a con­
stant ratio of alcohol to ester during the reaction, 
inasmuch as the activities of acetic acid and water 
do not change appreciably during the course of the 
reaction. From the data of Table VI it is possible 
to calculate the values for the rate constant ki° for 
each condensation run assuming the relation be­
tween k', ki and ks in the equation in footnote to 
Table IV. The calculated values for ki are in­
cluded in Table IV. 

The decrease in Jk1' with increasing methyl ethyl 
ketone concentration is seen to be less, when cal­
culated on this basis, than the decrease in the 



Aug. 5, 1958 ANISALDEHYDE WITH METHYL ETHYL KETONE 4037 

values of ko calculated previously. This apparent 
deviation of ki0 from the constant value 14.2 ± 2 
X 10 - 6 1. m . - 1 sec. - 1 at higher methyl ethyl ke­
tone concentrations is most easily attributed to a 
failure of the Henry's law activity of methyl ethyl 
ketone in this region; that is, the activity of a 1 M 
methyl ethyl ketone solution may be only eight 
times the activity of a 0.1 M methyl ethyl ketone 
solution. The direct measurement of ki for com­
parison purposes was deemed desirable in that it 
would check this type of hypothesis relative to dis­
crepancies in some other of the steps in the over-all 
reaction. 

Direct Measurement of the Rate of the Con­
densation Step, k\.—If the first 10% of the initial 
condensation reaction be considered, it is seen 
that the amount of the intermediate acetate 
decomposing to condensation product is small 
relative to the amount of intermediate formed, and 
it is easily corrected for; this is especially true of 
the condensation product formed since it may be 
independently measured and equated to concen­
tration of the intermediate for purposes of cal­
culating k\. Due to the small changes in the value 
of the extinction coefficient, which occur during 
the first 10% reaction, it is not possible by this 
method to get highly precise rate constants from 
direct spectral measurement. Nevertheless, by 
using blank solutions of appropriate absorption it 
was possible to obtain satisfactory values by a dif­
ferential technique. These are summarized in 
Table VII, and are to be compared with the corre­
sponding values of Table IV which were indirectly 
calculated from the equation in footnote c. 

TABLE VII 

R A T E OF INITIAL CONDENSATION STEP" 

ki° X 10«, 
MEK, M Anisaldehyde, M 1. mole-1 sec. ~i 

0.997 0.0560 12.1 
.997 .0560 11.9 
.997 .0560 12.1 
.596 .0336 14.0 
.498 .0338 14.1 
.498 .0338 14.3 
.387 .0262 14.3 
.386 .0262 14.8 

"Solvent, acetic acid; (H2O) = 0.96%; (H2SO1) = 
0.400 M; T = 25.15°. 

It is concluded that equations 3a-3f involving 
the rate constants ku ki and ki adequately describe 
the condensation reaction of methyl ethyl ketone 
with anisaldehyde in the solution used, if the ac­
tivity of methyl ethyl ketone in the more concen­
trated solutions is taken into account. The values 
of the rate constants involved in 0.400 molar solu­
tion of sulfuric acid and acetic acid containing 
0.96% water are 

*i° = 14.2 ± 0.2 X 10~6 1. mole~' sec.-1 

h = 7.77 ± 0 . 1 X 10-5 sec."1 

h = 11.17 ± 0.15 X 10-6 sec."1 

Behavior of the Intermediate Alcohol.—Isola­
tion of the alcohol derived from the intermediate 
acetate would permit the classification of the 
ester-alcohol equilibrium as either fast or slow 
relative to the other reaction processes. The alco­
hol was isolated in an impure form. The possibil­
ity of the intermediate acetate being slowly con­
verted to the intermediate alcohol has been pre­
viously mentioned. Having both the ester and 
the alcohol the relative rate of the equilibration 
could now be determined. If the equilibrium be 
fast, the apparent rate constant for the production 
of anisaldehyde (k2) and condensation products 
{ki} from either intermediate acetate or alcohol 
should be the same under similar conditions. If 
the esterification of the alcohol is slow, that is, rate 
determining, the intermediate alcohol should re­
vert rapidly in reaction solutions to an equilibrium 
mixture of anisaldehyde, methyl ethyl ketone and 
intermediate alcohol. It should then react further 
in the same manner as an equivalent solution con­
taining only anisaldehyde and methyl ethyl ketone 
initially. Table VIII shows the results of a kinetic 
investigation of the reaction of the intermediate 
alcohol. The reaction is cleanly first order, as was 
the reaction of the acetate. 

TABLE VIH" 

R A T E OF REACTION OF INTERMEDIATE ALCOHOL VIII 
(VIII) concn. &2, sec. ~l ki, sec. -1 

0.00424 M 8.50 X 10~5 11.9 X IO"5 

"Solvent, acetic acid; (H2O) = 0.96%; (H2SO4) = 
0.400 M; T = 25.15°. 

The results given in Table VIII are to be com­
pared with those presented in Table VI. It is to 
be seen that the rates are essentially identical and 
certainly to be contrasted with the rate of forma­
tion of condensation product from a mixture of 
0.00424 molar methyl ethyl ketone and anisalde­
hyde {k' = 3 X 10~7 sec.-1). It is concluded, 
then, that the equilibrium between VII and VIII 
is rapid or non-rate determining. 

Summary and Extension of the Mechanism of 
the Over-all Condensation Reaction.—The over-all 
mechanism may be set forth in some detail. The 
fact that the isolated intermediate acetate, when 
submitted to reaction conditions, gives kinetic data 
correlatable with the over-all reaction data pre­
cludes the possibility of appreciable amounts of 
any other intermediate being formed during the 
course of the condensation reaction. Since it has 
been found that methyl ethyl ketone brominates 
instantaneously under the reaction conditions, the 
enol will be present in equilibrium concentration 
and is thus a very attractive reaction intermediate. 
AU these facts support equations 3a-3f as outlining 
a reasonable reaction sequence for the condensa­
tion. 
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