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Autoxidation of acetophenones in butyric acid solution is thought to proceed through 
the enol forms. Enolization of these compounds was therefore separately studied, employ- 
ing acetic acid-d as a solvent. Rates of deuteration-presumed to be identical with rates 
of enolization-were determined by means of NMR analyses; the nuclear protons do 
not exchange and served as the internal standard for methyl protons. Substituent effects 
may be expressed in terms of a Hammett rho-sigma relationship, with p = -0.7 at 
110°C and using the Q+ constants proposed by Brown and Okamoto. For acetophenone, 
the Arrhenius activation energy (65-120°C) amounted to 16 kcal. The reactions were 
first order with respect to the ketones. Sodium acetate and pyridine showed a marked 
accelerating effect on H/D exchange rates, which was proportional to the amount of base. 
Base-catalyzed contributions to rate constants could be represented by a Hammett-type 
equation, with p = +0.7; however, ,T constants led to a better fit than gf substituent 
constants. Presumably, deuteration in the absence of base constitmes a true measure 
of enolization rates, i.e., it occurs through the enol, formed in a two-step process; base 
catalysis is attributable to reversible proton removal from the ketone. 

The present paper constitutes the first of 
a planned series on mechanisms of oxidation 
in organic solvents, in which various in- 
dividual steps will be singled out and sepa- 
rately studied. In most of these processes 
homogeneous catalysis plays an important 
part. 

In earlier papers (I) dealing with the 
autoxidation of isopropylbenzenes to benzoic 
acids in aliphatic acids as solvents (Mn 
catalyst), the assumption was made that 
enolization should be the rate-determining 
step. Among the supporting evidence was 
the fact that ketones containing a high 
proportion of the enolic isomer-such as 
cu-benzoyl-a-methylacetone--reacted with 
Mnrrr acetate at a high rate even at room 
temperature; after all the enol had been 
consumed, rates showed a sharp decline. 

* Present address : Chemistry Department, 
Technical University of Twente, Enschede, The 
Netherlands. 

In this paper, we report on the enolization 
of acetophenones in acetic acid, followed by 
the determination of H/D exchange with 
the solvent. In Part II the results will be 
compared with those obtained in autoxida- 
tions carried out in the same solvents (2). 

The basic assumption required when fol- 
lowing enolization by means of side-chain 
deuteration, is that enol molecules, once 
formed, can only return to the ketone stage 
by taking up deuterium at the methylene 
group. Leading references as regards the 
course of enolization in aqueous media and 
its significance in halogenation, racemiza- 
tion, and deuteration are given by several 
authors, e.g., by Ingold (S), Reitz (4), 
Swain (5), and others (6). In many cases, 
enolization appears to be rate-determining, 
subsequent steps being much faster than the 
regeneration of the original ketone. 

As for deuteration, it may be noted that 
this need not proceed (exclusively) through 
the enbl form. Thus, as will be discussed 
later on, it may sometimes occur by a dif- 
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ferent mechanism, such as reversible proton 
loss at the acyl group without the inter- 
mediacy of the enol. 

METHODS 

In the present investigation, rates of 
deuteration were generally determined by 
reaction of acetophenones with a 30-35-fold 
excess of acetic acid-d (CH&OOD) and 
following deuterium uptake. The best ana- 
lytical method for this kinetic study ap- 
peared to be NMR. Since nuclear protons 
were found to undergo no exchange in the 
absence of strong mineral acids, peak heights 
for these protons (&,,,n = 7.41 ppm; &,-n 
= 7.85 ppm; tetramethylsilane as standard) 
served as the internal standard for the 
acetyl protons (80n1 = 2.50 ppm). This 
method had the additional advantage of 
requiring only small samples of material 
(100 mg). The large excess of deuterium 
source was necessary so as to avoid a too high 
dilution with protium at high conversions. 

Using these methods, acetophenones as 
well as other acetyl compounds were studied 
at llO”C, including the effect of catalysts 
such as sodium acetate. For acetophenone, 
the effect of temperature was examined in 
the range 65-120°C. 

Mass spectrometrical analyses (see Table 
2) of partially deuterated acetophenone 
samples showed that the distribution of 
deuterium over the various deuterated com- 
pounds was the same as that calculated 
statistically on the basis of total deuterium 
content. Accordingly, it was assumed that 
no secondary isotope effects are obtaining 
within the limits of experimental accuracy, 
estimated to be about 5yQ. Thus, since the 
second deuterium atom is incorporated at 
the same rate as the first, etc., rate constants 
may be expressed by the equation 

IQ,-1) = -3(2.303/t& log (1 - Q/Z,,) 

in which xt and x, represent the percentage 
.of deuterium incorporated at times t and 
infinity. Plots based on this equation [log 
(1 - zt/z,) vs. time] showed straight lines 
up to conversions of 50-75%; variations of 
ketone concentrations showed that deutera- 
tion occurs by a first order process. 

EXPERIMENTAL 

Materials 

Starting materials were commercial sam- 
ples or preparations by standard procedures. 
Physical constants closely agreed with 
literature values, 

Acetic acid-d (7) was prepared by re- 
fluxing acetic anhydride with somewhat less 
than the theoretical amount of DzO. The 
acetic acid-cl thus obtained contained 95% 
deuterium in the OH group. 

Acetophenone-o-da (8) was prepared by 
refluxing the ketone with an excess of D,O 
in the presence of a small amount of potas- 
sium carbonate. This procedure was repeated 
three times. Mass spectrometrical analysis 
revealed a composition 97.5% dt, 2.4% dz, 
0.1% 4 0.0% do. 

Procedures 

General 

Deuterations were carried out on a micro- 
scale in a 25-ml reaction vessel equipped with 
a thermometer and a reflux condenser with 
CaClz tube placed in a thermostat. Five 
milliliters of acetic acid-d (95% D; 90 
mmole) was introduced. After the desired 
reaction temperature had been reached 34 
mmole of the ketone was added. After suit- 
able time intervals depending on the reaction 
temperature samples of 1 ml were taken by 
means of a syringe. To work up the reaction 
samples a rotating vacuum evaporator 
(Btichi, “Rotavapor”) was used, equipped 
with an adapter which we designed for 
microdistillations (Fig. 1). This adapter, 
which is a double-walled mushroom-shaped 
extension piece of the rotator can be at- 
tached to it by a special glass ground joint. 
The outer space A is cooled by ice water. The 
acetic acid-d, which condenses on the cooled 
outer wall of B ( = inner wall of A), runs by 
centrifugal force into the bottom of B, from 
which it can be collected by pouring it out 
of the adapter. 

The residual acetic acid-d was stripped 
off in the same apparatus by distillation with 
carbon tetrachloride. The deuterium content 
of the residue was determined by NMR 
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FIG. 1. Rotating collector attached to vacuum 
evaporator. 

analysis. The percentages of deuterium in- 
corporated were calculated using the formula 

%D = [I - (rib/3a)] x 100% 

in which b is the integrated NMR resonance 
signal of the acetyl protons; a, the integrated 
NMR resonance signal of the nuclear 
protons; and n is the number of nuclear 
protons-which do not exchange (n = 5, 
4, 3, . . . for unsubstituted, mono-, disub- 
stituted acetophenone, respectively). The 
NMR spectra were obtained with a Varian 
A60 NMR spectrometer operated at 60 
Mc/sec. Solvents were CCL, CDCla, and 
CF&OOH. Tetramethylsilane was used as 
reference standard. 

Experiments in the presence of sodium 
acetate were carried out in the same manner, 
a known amount of the anhydrous acetate 
being added to the acetic acid-d. On working 
up the samples the sodium acetate was 
precipitated by adding carbon tetrachloride 

after distilling the acetic acid-d. The pre- 
cipitate was filtered off and the filtrate 
worked up as described above. In the case 
of pyridine, removal of the latter appeared 
to be incomplete. However, the ortho hydro- 
gens of this compound give a characteristic 
NMR signal at 6 = 8.60 ppm which does not 
overlap with other signals; accordingly, 
residual pyridine could be accounted for. 

Examples 

a. Deuteration of acetophenone. 
1 gives the result of deuteration of 
phenone carried out at 90°C. 

TABLE 1 

Table 
aceto- 

DEVTERATION OF ACETOPHENONE ~iu ACETIC 
ACID-~ AT 90°C (+0.5"CjG 

Time 
(hr) 

1.5 
3.0 
4.5 
6.0 
7 5 

D incorporated 
(7%) 

10.0 
16.8 
23.5 
30.i 
37.2 

(hrk-l) 

0.220 
0.202 
0.197 
0.204 
0 208 

a k = -3/t X 2.303 X log [I - (%D/92)]; aceto- 
phenone: 0.56 mole/liter; acetic acid-d: 16.8 mole/ 
liter; max. deviation in k: k 7%; k = 0.21 h-1 
(k4%). 

b. Deuteration of p-methoxyacetophe- 
none. At 110°C 703 mg of p-methoxy- 
acetophenone (4.3 mmole) was dissolved in 
10 ml of acetic acid-d (179 mmole). At 
intervals of 45 min samples of 2 ml were 
taken from the reaction mixture. After dis- 
tillation of the acetic acid-d in a vacuum, the 
deuterium content was determined. 

c. Deuteration of p-nitroacetophenone 
in the presence of sodium acetate. At 
110°C 803 mg of p-nitroacetophenone (4.9 
mmole) and 248 mg of sodium acetate (3.0 
mmole) were dissolved in 10 ml of acetic 
acid-d. At time intervals of 30 mm samples 
of 2 ml were taken from the reaction mix- 
ture. After removing the acid by distillation 
in vucuo the solid residue was dissolved in 
anhydrous chloroform. Sodium acetate was 
filtered off; chloroform was evaporated in a 
vacuum, the last traces being distilled with 
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carbon tetrachloride. Residues were then 
dissolved in CDCl,, and analyzed by NMR. 

d.. Reuteration of 2-acetylfluorene. At 
llOOG, 500 mg of 2-acetylfluorene (2.5 
mmole) was dissolved in 10 ml of acetic 
acid& .(179 mmole). The reaction was car- 
ried out. as described earlier. Solvent for the 
measurements was CC&. Calculation of the 
percentages of deuterium incorporated from 
NMR spectra was done using the formula 

rhenius energy of activation of 16 f 0.5 
kcal/mole. 

TABLE 3 
EFFECT OF TEMPERATURE ON RATE OF 

DEUTERATION OF ACETOPHENONE IN 
ACETIC ACID-~ (95% CH&OOD)a 

(hrk%, 

65 0.045 
90 0.21 

%D = [l - (7b/3a)] x 100% 100 0.34 

wit6.k = 7 (7 aromatic protons). 
110 0.59 
120 1.09 

Mass Spectrometrical Analyses a Cont. acetophenone: 0.56 mole/liter; cont. 

These were carried out on a Consolidated acetic acid-d: 16.8 mole/liter. On the basis of dupli- 
cate runs, the maximum deviations in k values were C.E.C. 103-C instrument at an ionizing less than log 

voltage of 70 eV. Results for samples of 0 

partially deuterated acetophenone are given b. D-H exchange of acetophenone-o-d, 
in Table 2. The agreement between mass and CH,COOH. Measurements made 

TABLE 2 
VARIATION OF DEUTERIUM DISTRIBUTION* WITH TIME 

% 1 hr 2 hr 3 hr 4 hr 5 hr 

do 55.0 (55.0) 31.5 (32.1) 16.9 (20.5) 11.3 (11.7) 7.8 (8.1) 
dl 36.7 (36.6) 45.1 (44.7) 49.9 (42.8) 36.8 (36.7) 31.9 (31.9) 
dz 7.8 20.5 26.8 39.0 42.6 (8.0) (20.2) (29.8) (38.3) (41.9) 

: ds 0.5 (0.4) 2.9 (3.0) 6.4 (6.9) 12.9 (13.3) 17.8 (18.1) 

Total SD 17.9 31.6 40.9 51.1 56.6b 

n Acetophenone 0.58 mole/liter; CHKOOD (95% D) 16.8 mole/liter, 110°C (+0.5”C). Figures in paren- 
theses are the statistical values calculated on the basis of the total amount of deuterium incorporated. 

b Total deuterium content as determined by NMR, 56%. 

spectrometrical data and the deuterium 
distributions calculated statistically from the 
total amount of deuterium incorporated is 
very close, with the exception of the 3-hr 
run. Calculations show that secondary 
isotope effects exceeding 5y0 should cause 
marked deviations. 

Occasional checks were also carried out 
on’ various other samples of deuterated 
acetophenone; these confirmed the NMR 
analysis. 

RESULTS 

at 1lO’C showed that the rate constant is 
0.22 (hr-l) as compared with 0.59 for the 

TABLE 4 
DEUTERIUM CONTENT OF ACETIC &ID-d vs. 

DEUTERATION RATES (l10YJ5 

%D (h:-1) k/%D 

28.0 0.09 0.32 
49.5 0.18 0.36 
70.0 0.30 0.43 
87.6 0.50 0.57 
95.0 0.59 0.62 

a, Effect of temperature on deuteration 
of ,‘&etophenone in CH,COOD. Table 3 

100 0.66b 0.66b 

a Cont. acetonhenone: 0.56 mole/liter; cont. acetic 
presents the results of measurements in the acid-d: 16.8 mole/liter; max. deviation in k: 5-10%. 
range 65-120%. The data lead to an Ar- b Extrapolated values. 
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reaction acetophenone-CH;COOD. The im- 
plications of this significant isotope effect 
will be discussed further on as well as in 
Part II. 

c. Effect of deuterium content in acetic 
acid-d on rates of deuteration of aceto- 

TABLE 6 
m- AND p-SUBSTITUENT EFFECTS= ON THE 

DEUTERATION OF ACETOPHENONES 
(llOY!)” 

1% 
S (h& kdka Uf c 

phenone. The data given in Table 4 in- 
dicatc that the dilution effect is far from 
linear, presumably because both a “solvent 
isotope effect” and a “direct isotope effect” 
are involved (cf. Sec. b). 

d. Effects of sodium acetate and of 
pyridine. These basic compounds were 
found to accelerate rates of deuteration of 
acetophenone. Rate constants can be simply 
expressed in the form 

ii cxptl = ko + k~[Bl 

in which [B] equals the concentration of 
added sodium acetate and Ice is the rate 

p-(CH&N 5.00 0.930 
p-CH,O 1.52 0.410 
p-C& 1.02 0.236 
p-C& 0.84 0.159 
H 0.59 0 
p-Br 0.44 -0.142 
m-Br 0.32 -0.270 
p-COOH 0.31 -0.274 
4-CHaCO 0.29 -0.308 
p-CN 0.30 -0.290 
m-NO2 0.28 -0.330 
p-NO2 0.26 -0.356 
3,5-di-Cl 0.23 -0.412 
3,5-di-Br 0.24 -0.370 
3,5-di-CHKO 0.23 -0.412 
3-N02,4-Cl 0.21 -0.445 
3,5-di-NO2 0.11 -0.720 

-1.43 -0.600 
-0.764 -0.268 
-0.302 -O.‘P70 
-0.179 -0.009 

- - 

0.148 0.238 
0.391 0.391 
0.390 0.390 
0.501 0.501 
0.628 0.628 
0.662 O.ilO 
0.778 0.778 
0.746 0.746 
0.782 0.782 
0.612 0.612 
0.832 0.937 
1.324 1.420 

constant in the absence of base B. With 
pyridine, the effects were less pronounced a See Ref. 13. 

(cf. Table 5). Other acetophenones showed b [X-&,Hs-COCHa]: No.5 mole/liter; [CH,- 

the same behavior (see Sec. e). COOD]: 16.8 mole/liter; max. deviation in k: 
-10%. 

TABLE 5 
EFFECTS OF NAOAC AND OF PYRIDINE ON 
DEUTERATION RATES OF ACETOPHENONE 

IN ACETIC ACID-~ AT 1lO”Ca 

LAceto- liB 
WI 

(mole/ 
phenone] 

B 
holy/ 

(mole-l 
liter 

liter) liter) ($;q hour-‘) 

Table 8. It appeared to be the stronger, the 
more pronounced the electron-withdrawing 
effect of the substituent; in fact, at the 
concentration of sodium acetate employed 
the latter compounds were found to be even 
more reactive than the unsubstituted ketone. 

Sodium acetate 0.16 0.56 1.22 3.88 
Sodium acetate 0.28 0 56 1.68 3.86 
Sodium acetate 0.28 0 56b 0.70” 1.556 
Pyridine 0.57 0.56 1.73 2.02 

a [Acetic acid-d]: 16.8 mole/liter; max. deviation 
in 12: 5-10%. 

b Esperiment with acetophenone-w-da in acetic 
acid-h. 

e. Substituent effects on deuteration. 
Electron-withdrawing substituents retard 
deuteration whereas electron-donating 
groups cause higher rates (Table 6). Con- 
jugative effects are also important, as is 
demonstrated in Table 7. The influence of 
added sodium acetate on the deuteration of 
substituted acetophenones is recorded in 

TABLE 7 
DEUTERATION OF ACETYL DERIVATIVES OTHER 

THAN ACETOPHENONES (1lO”C)a 

R- (h:l) 

2-Naphtyl 0.74 
3-Phenanthryl 0.96 
2-Fluorenyl 1.74 
2-Thienyl 0.48 
2-Pyridyl 9.80 
4-Pyridyl 4.17 
(Phenyl-) 0.59 
(Phenyl-)* 1.73b 

o [R-CO-CHs] : -0.5 mole/liter; [CH$OOD]: 
16.8 mole/liter; max. deviation in k: ~10%. 

b In the presence of an equimolecular amount of 
pyridine. 
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TABLE 8 
DEUTERATION RATES OF SUBSTITUTED 

ACETOPHENONES IN CH&OOD 
IN THE PRESENCE OF NAOAC 

AT llo”c” 

ko 

N22$ 
without kE3 

ka.ptl (mole-1 
S @r--1) liter) liter hr-1) 

p-CHP 2.02 0.23 1.52 2.18 
p-C& 1.71 0.28 1.02 2.50 

H 1.68 0.28 0.59 3.86 
p-Br 1.84 0.28 0.44 5.00 
p-N% 4.11 0.28 0.26 13.70 

(1 [X-C.,HbCOCHd: -0.5 mole/liter; [CHI- 
COOD]: 16.8 mole/liter; max. deviation in k: 
-10%. 

b First order rate constant. See Table 6. 

DISCUSSION 

General 

The kinetics and mechanisms of enoliza- 
tion have mostly been studied in aqueous 
systems. In the presence of base, enol anions 
rather than enols are formed, whereas the 
enols are true intermediates in more or less 
acidic systems. 

In view of the extremely low ion concen- 
trations in acetic acid (autoprotolysis con- 
stant 3.5 X IO-lb at 25°C) (9), the more or 
less L generally accepted Pedersen scheme 
(10, 11) seems unlikely to hold for glacial 
acetic acid also. This scheme involves 
reversible protonation at the carbonyl oxy- 
gen as the primary step, followed by proton 

/I0 
k 

1 
,,0 . . D-O 

\ 

C,H,- c’/ 

m // \ 

\ 

+ DOOCCH, C,H,-C 
* -.- 

\ 
//c-c-G (1) 

CH3 k -1 C--H....0 

HZ 
Ketone I Complex II 

k2 O-D 
---c / 

complex II c, H,- 7 
f-.. -- 

k -2 L 

+ HOOCCH, 

2 

(2) 

loss at the a-carbon atom. However, a closely 
analogous scheme (Fig. 2) can be written in 
which complex formation with acetic acid is 
the primary step, followed by proton loss 
(“rearrangement”), in a fashion similar to 
that proposed by Swain (12) for the muta- 
rotation of glucose. The reverse of (2), with 
CH&OOD, then leads to 

C,H,cl<’ 
CHzD 

This scheme is supported by the detec- 
tion (1.9) of a similar complex formation in 
acetone-acetic acid mixtures. It leads to the 
following rate equation : 

-In 11 - (zt/~J] 
= klk*/(k-1 + k&[CH&OOD] 

in which xt and x, represent the percentages 
of deuterium incorporated at times 2 and 
infinity. Thus, the experimental rate con- 
stant k becomes l~&~,/(k.-~ + kt). 

For kz >> k-1, this reduces to kl; deutera- 
tion is determined by the rate of complex 
formation. For h << k-,, the experimental 
rate constant becomes equal to the equilib- 
rium constant for complex formation (kJk-1) 
multiplied by kt. In the former case, one 
should not expect a large difference between 
the rate of deuteration of acetophenone and 
that of deuterium removal from aceto- 
phenone-w-c&. According to the above 
scheme, important isotope effects could 

Enol III 

FIG. 2. Suggested mechanism of enolization and deuteration of acetophenone in CHGOOD. 
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only arise from differences with respect to 
k2, the rate constant for a reaction involving 
C-H bond breaking. As will be shown in 
Part II of this series, on the basis of autoxida- 
tion runs, the solvent isotope effect (i.e., that 
due to the change from CH,COOD to 
CH,COOH) is leading to a small increase 
of reactivity when going from CH$OOD 
tso CHsCOOH. 

The Arrhenius activation energy (16 kcal) 
for deuterations of acetophenone in the 
range 65-12O’C is of the same order of 
magnitude as t’hat for halogenations of 
acetophenone in aqueous acetic acid, which 
is reported to be about 20 kcal (IS). 

deuterated acid; regeneration of ketone from 
the enol form by the light acid should then 
be faster than that by the heavy solvent. 
This agrees with Reitz’ findings for acid- 
catalyzed brominations of acetophenonr 
being 20% faster in HZ0 compared with 
D,O (4). The value at 100% deuterium 
content obtained by extrapolation (Table 4) 
should be equal to the rate of enolization and 
will be used for comparison with autoxida- 
tion rates in Part II. 

Base Catalysis and Substituent E$ects in the 
Deuteration of Acetophenones 

The accelerating effect of added sodium 

E$ect of Deuterium Content of the Acetic 
acetate or pyridine could be due either to 

Acid on Rates of Deuteration 
catalysis of enolization (e.g., proton removal 
from the ketone-acid complex) or to a direct 

Table 4 indicates that the dilution effect proton removal from the flee ketone; in 
is nonlinear. Presumably, the light solvent the latter case, deuteration proceeds via the 
is somewhat more strongly acidic than the enol (= ket,one) anion. The latter possibility 

0 1' 
I I I 

1.0 ' I I I I I I I 

- 1.5 - 1.0 - 0.5 0 0.5 1.0 
- G+(e) 

G (0) 
Om. 3. Log ks/kn for deuteration of some substituted acetophenones at 110°C vs. a and u+ constants 

(0 and l , respectively). The numbers refer to the following substituents: 1: p-N(CH3) ; 2: p-OCH1; 3: 
p-CHs; 4: p-CsHs; 5: H; 6: p-Br; 7: m-Br; 8: p-COOH; 9: p-COCKa; 10: p-CN; 11: m-NOe; 12: p-NOz; 
13: 3,5-di-Cl; 14: 3,5-di-Br; 15: 3,5-di-COCHs; 16: 3-NO2, 4-Cl; 17: 3,5-d&NO*. Sigma constants for disub- 
stituted acetophenones were obtained by addition of the individual values, which were taken from 
H. H. Jade, Chem. Revs. 63, 191 (1953), and from Brown and Okamoto, J. Am. Chem. Sot. 80,4979 (1958), 
for c and u+, respectively. 
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seems more plausible, as will be discussed 
below. 

Substituent effects on deuteration appear 
to obey a Hammett rho-sigma relationship, 
a+ values due to Brown and Okamoto (14) 
showing an appreciably better fit than the 
classical u constants (Fig. 3). 

That u+ constants are to be preferred is 
also demonstrated by the results obtained 
with other acetyl compounds, which are 
plotted in Fig. 4. It may be noted that 

t I I I I 

-06 -04 -02 0 
G+(o) 
G (0) 

FIG. 4. Log lc~&~ for deuteration of some aromatic 
acetyl compounds in acetic acid-d at 110°C vs. Q 
and U+ (0 and 0, respectively). 

Stewart and Yates (15) found a a+ correla- 
tion for the pK, values of substituted aceto- 
phenones in strong mineral acid. 

Although a fairly satisfactory straight 
line was obtained, it is not obvious why the 
rho value observed is -0.9 rather than 
-0.7 as in the plot given in Fig. 3. However, 
both graphs clearly illustrate the importance 
of resonance stabilization of a positively 
charged species. 

Figure 5 presents a plot of log kexpti for 
some p-substituted acetophenones in the 
presence or absence of the same amount of 
sodium acetate against a+. 

At. the concentration of sodium acetate 
employed, the p-nitro derivative appears 
to be, even markedly more reactive than the 
unsubstituted compound. This seems to be 

difficult to reconcile with the assumption 
that the base simply facilitates proton re- 
moval from the complex; it would mean that 
this proton removal should be more strongly 
affected by a substituent than that by acetic 
acid (or acetate ion, step 2). On this basis, it 
seems more plausible to assume that deutera- 
tion is accelerated by a contribution from 
the ionization process mentioned in the first 
paragraph of this discussion. This alterna- 
tive has been also postulated by Watson et al. 
to account for their results on the acetate 
catalyzed halogenation of acetophenones 
(16). It is further supported by the sub- 
stituent effects applying to the “catalyzed 
portions” of the total rates in the presence 
of the same amount of sodium acetate. As 
mentioned earlier, these total rates may be 
expressed as ICO + kn[B] in which Ice refers 
to the uncatalyzed process. Figure 6 presents 
a plot of log (ks/IC& against u and g+. 

The admittedly limited number of experi- 
mental points suggests that, in this case, u 
constants are providing a better fit than u+ 
constants. Since proton removal from a 
positively charged species should be subject 
to “u+ effects” rather than “u effects,” this 
argues against the latter mechanism and 
favors proton removal from the uncharged 
ketone. The value of rho based on u values 
amounts to 0.72. It may be noted that, since 
no conjugation can occur between the 
COCH,- group and substituents, the u con- 
stant for p-nitro (+0.78) should be used 
rather than the u- value (- +l.l) applying 
to its effect on the acidity of phenols and 
anilinium ions. As for the effects of various 
nuclei on acetyl derivatives, the high re- 
activity of the acetyl pyridines is note- 
worthy. Here, the pyridine bases may act 
as basic catalysts; this effect should be 
especially pronounced because of the elec- 
tron-withdrawing properties of the aza 
substituent. The acidic properties of side- 
chain hydrogens in nitrotoluenes (17) and 
methylpyridines (18) causing H/D exchange 
are well established. The very high deutera- 
tion rate observed with 2-acetylpyridine 
could be due to a concerted process in which 
the nitrogen atom acts as the proton-remov- 
ing species, either directly or with the aid of 
a molecule of acetic acid. 
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FIG 5. Log k,,,,, for deuteration of some p-substituted acetophenones in the presence (0) or absence (0) 
of 0.28 mole/liter of sodium acetate (1lOC) vs. u+. 
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molar sodium acetate at 110°C vs. c and u+. 

ACKNOWLEDGMENTS istry, University of Amsterdam) for carrying out 

The authors’ thanks are due to Dr. C. La Lau and interpreting the mass spectra. Mr. E. H. Koen 

(Koninklijke Shell-Laboratorium, Amsterdam) and assisted in several of the preparations of acetyl 
to Dr. H. J. Hofman (Laboratory of Organic Chem- compounds. 



356 DEN HERTOG, JR., AND KOOYMAN 

REFERENCES 
1. (a) VAN HELDEN, R., AND KOOYMAN, E. C., Rec. 

Truv. Chim. SO, 57 (1961) ; (b) VAN HELDEN, 
R., BICKEL, A. F., AND KOOYMAN, E. C., Rec. 
Trav. Chim. 80, 1237,1257 (1961). 

2. DEN HERTCKI, H. J., JR., Thesis, Leiden, 1964. 
S. INGOLD, C. K., AND WILSON, C. L., J. Chem. 

Sot., p. 773 (1934) ; Hsti, S. K., INGOLD, 
C. I~., AND WILSON, C. L., J. Chem. Sot., 
p. 78 (1938). 

4. REITZ, O., 2. Physik. Chem. A179, 119 (1937); 
REITZ, O., AND KOPP, J., 2. Physik. Chem. 
A184, 429 (1939). 

5. SWAIN, C. G., STIVERS, E. C., REUWER, J. F., 
AND SCHAAD. L. J.. J. Am. Chem. Sot. 80. 

9. BRTJCKENS~IN, S., AND KOL~OFF, I. M., J. 
Am. Chem. Sot. 78, 2974 (1956). 

10. PEDERSEN, K. J., 2. Physik. Chem. 38, 580, 601 
(1934). 

11. SWAIN, C. G., AND LABES, M. M., J. Am. Chem. 
sot. ‘79, 1084 (1957). 

12. MAVEL, G., Mem. Poudres, Annexe 43 (1961). 
IS. EVANS, D. P., MORGAN, V. G., AND WATSON, H. 

B., J. Chem. Sot., p. 1167 (1935). 
14. JAFF& H. H., Chem. Rev. 53, 191 (1953); 

BROWN, H. C., AND OKAMOTO, Y., J. Am. 
Chem. Sot. 80, 4979 (1958); ADAM-BRIERS, 
M., FIERENS, P. J. C., AND MARTIN, R. H., 
Nelv. Chim. Acta 38, 2021 (1955); GRAX‘T- 
HAM, P. H., WEISBURGER, E. K., AND WEIS- 

5885 (1958) ; SWAIN, C. G., DI MILO, A. J.; BURGER, J. H., J. Org. Chem. 26, 1608 (1961) ; 
AND CORDNER, J. P., J. Am. Chem. Sot. 80, BROWN, H. C., AND INUKAI, T., J. Am. Chem. 
5983 (1958). Sot. 83, 4825 (1961). 

G. DAWSON, H. M., AND SPIVEY, E., J. Chem. Sot. 15. S~WART, R., AND YATES, K., J. Am. Chem. 
132, 2180 (1930); KURSANOV, D. N., ZDANO- .- 

VICH, V. I., AND PARNES, Z. N., Dokl. Akad. 
sot. 810, 6355 (1958). 

Nauk. SSSR 128, 1196-1197 (1959) [Chem. 
16. MORGAN, V. G., AND WATSON, II. B., J. Chem. 

Abstr. 54, 6273 c (196O)l; PARNES, Z. N., 
SOL, p. 1173 (1935). 

ZDANOYICH, V. I., AND KURSANOV, D. N., 17. SHATENSHTEIN, A. I., Dokl. Akad. Nauk. SSSR 

Dokl. Akad. Nauk. SSSR 123, 1322-1324 SO, 1029-1031 (1950) [Chem. Abstr. 44, 5194 

(1960) [Chem. Abstr. 54, 20966 d (1960)l. 2 (195O)l. 

7. ROBERTS, D., REGAN, C. M., AND ALLEN, I., J. 18. ABRAMOVICH, T. I., GRAOEROV, I. P., AND PERE- 

Am. Chem. Sot. 74, 3683 (1952). KALIN, V. V., Zh. Obshch. Khim. 31, 1962- 
S. NOYCX, D. S., Woo, G. L., AND JORGENSON, 1968 (1$61) [Chem. Abstr. 55,27374a (196l)l. 

H. J., J. Am. Chem. Sot. 83, 1162 (1961). 


