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10,400), 295 (1850), 305 sh (1550), 328 sh (119), 343(143),3 58 
(137), and 375 (66), and Xma% 5.86 y. ( C = O ) . 

Anal. Calcd. for C42H28O4: C, 84.54; H, 4.73; mol. wt., 
596.6. Found: C, 84.47; H, 4.58; mol. wt. (thermal osmo
meter), 574. 

On standing, the mother liquors deposited an additional 1.9 g. 
of solid which was extracted with 80 ml. of a hot 1:1 mixture of 
ethanol-acetonitrile and then recrystallized by dissolution in 
acetonitrile and addition of water to the hot solution. On cool
ing, 0.32 g. of VIIIb was collected, m.p. 235° (red coloration). 
An additional 0.10 g. (total yield 4.2%), m.p. 233° (red colora
tion), was isolated by dilution of the hot extracts with water 
followed by cooling. A second recrystallization of the combined 
product from acetonitrile-water gave 0.38 g., m.p. 238° (red 
coloration). The compound displayed absorption maxima at 
XCH,CN 2 4 5 (Shj m M (€ 9 3 0 0 ) ) 292 (1730), 300 sh (1550), 332 sh 
(80), 343 (104), 355(100), and372sh (50), and X n ^ 5 . 8 0 M ( C = O ) . 

Anal. Calcd. for C42H28O4: C, 84.54; H, 4.73; mol. wt., 
596.6. Found: C, 84.56; H, 5.42; mol. wt. (thermal osmom
eter), 619. 

By evaporation of the original mother liquors, dissolution of 
the residue in alcohol, and fractional precipitation with water, 
0.1 g. of 2,3-<liphenylindenone oxide could be isolated from the 
more soluble fraction. The mother liquors were shown spec
trally to contain about 10% of the original weight of the starting 
material. 

In a second run using conditions similar to those used in the 
formation of the dimethyl acetylenedicarboxylate adduct IV, a 
solution of 0.14 g. (0.47 mmoles) of the indenone oxide in 125 ml. 
of freshly distilled diethyl succinate was rapidly heated under 
nitrogen up to 175° and maintained at this temperature for 24 
min. After cooling and allowing to stand for 65 hr., the resulting 
red solution was evaporated in vacuo and the residue crystallized 
from methanol to give 0.055 g. of crude dimer. The mother 
liquors yielded a total of 0.025 g. (18%) of unchanged 2,3-di-
phenylindenone oxide. 

Introduction 

In substitution reactions on the carbonyl carbon of 
carboxylic esters of the type RCO 2R' no reaction inter
mediate definitely lying on the reaction path has ever 
been detected by kinetic means, or by the observation 
of a transient intermediate during the course of the reac
tion.1 A tetrahedral intermediate, I, has been ob
served from the reaction of RCO 2R' with M + O R " - in 

o-
l 

R—6—OR' 

OR" I 

dibutyl ether as detected by the disappearance of cc=o 
in the infrared.45 The acyl part of RCO 2R' must con-

(1) However . Bruice and Fedor h a v e kinet ical ly demons t r a t ed t he neces
sity for an in te rmedia te in the reaction of hydroxy lamine with a thiol 
ace ta te , 2 and H a n d and Jencks have similarly demons t r a t ed the necessity 
for an in t e rmed ia t e in the reaction of amines with imido esters .1 

(2) T. C. Bruice and L. R. Fedor, / . Am. Chem. Soc, 86, 738 (1964). 
(3) E. S. H a n d and W. P . Jencks . ibid., 84, 3505 (1962,. 
(4) M . L. Bender, ibid., 75 , 5986 (1953). 
(5) A. Moffat and H. H u n t , ibid.. 8 1 , 2082 (1959). 

Acid Hydrolysis of Dimer Villa.—To a solution of 1.05 g. (1.76 
mmoles) of the dimer in 20 ml. of benzene was added 60 ml. of 
acetonitrile followed by 3.0 ml. of concentrated hydrochloric 
acid. After stirring for 1 hr. at room temperature, the mixture 
was poured into water and the organic solvents were removed in 
vacuo. The aqueous solution was decanted from the gummy pre
cipitate and the latter washed, dried, and recrystallized by dis
solving in 5 ml. of ethanol at room temperature and then cooling. 
The product 0.750 g., after trituration with three ~4-ml . portions 
of acetonitrile weighed 0.159 g., m.p. 230-232° (red coloration)." 
The combined extracts were concentrated to ~ 7 ml., added to an 
equal volume of ethanol, and diluted with water to the cloud point 
to give 0.450 g., m.p. 200-220° (red coloration). Dissolution of 
this product in a little alcohol at room temperture followed by 
cooling gave an additional 0.441 g. (total yield of XII , 55%), 
m.p. 220-222° (red coloration),14 which was spectrally indistin
guishable from the higher melting product. If the product was 
heated at any stage during the work-up, purification became more 
difficult and lower yields were obtained. The product showed 
only benzenoid absorption in the ultraviolet and no carbonyl ab
sorption in the infrared: Xm„ 2.82 n (OH). 

Anal. Calcd. for C42H30O5: C, 82.08; H, 4.89. Found: C, 
81.93; H, 5.21. 

Reaction of Dimer VTIIa with Dimethyl Acetylenedicarboxyl
ate.—A mixture of 0.211 g. (0.354 mmole) of the dimer in 0.5 ml. 
(4.1 mmoles) of dimethyl acetylenedicarboxylate was heated 
under nitrogen for 20 min. in a bath maintained at 190-200°. 
The excess reagent was removed under reduced pressure at 100° 
and the resulting residue triturated with methyl alcohol to give 
0.250 g. (0.581 mmole, 82%) of the adduct IV, m.p. 169-
171°. 

Reaction of Dimer Hydrate XII with Dimethyl Acetylenedi
carboxylate.—The preceding procedure was repeated using 0.197 
g. (0.32 mmole) of the hydrate XI I . The crude product crystal
lized from methanol to give 0.100 g. (0.228 mmole, 71%) of IV, 
m.p. 165-169°. No other product was isolated. 

tain strongly electron-withdrawing groups for this reac
tion to take place and the solvent must have a very low 
dielectric constant in order to favor I over M + O R " ~ . 
The tetrahedral intermediate formation has been ob
served for a number of R " groups,6 including ethyl, n-
butyl, isopropyl, and i-butyl. I t is at least reassuring 
when postulating tetrahedral reaction intermediates 
that such intermediates can be observed under special 
conditions. 

Further evidence6"-11 of tetrahedral intermediate for
mation comes from concurrent hydrolysis and O18 ex
change into the ester when hydrolysis is carried out in 
H2O18. The partitioning of the intermediate as meas
ured by the ratio of the rates of hydrolysis and O18 ex
change into the ester is equal to 2k2/k-i in the scheme 

(6) M. L. Bender, ibid., 78, 1626 (1951). 
(7) M. L. Bender . R. D. Ginger, and K. C. K e m p , ibid.. 76 , 3350 (1954). 
(8) C. A. Bun ton , T. A. Lewis, and D. H. Llewellyn, Chem. Ind. (London) , 

1154 (1954). 
(9) M. L. Bender, R. D. Ginger, and J. P . Unik, J. Am. Chem Soc, 80, 

1044 (1958). 
(10) C. A. Bunton and D. N. Spatcher , J. Chem. Soc, 1079 (1956). 
(11) M. L. Bender, H. Matsu i , R. J. Thomas , and S. W Tobey, J. Am. 

Chem. Soc, 83 , 4193 (1961). 
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General Base Catalyzed Ethanolysis of Ethyl Trifluoroacetate 
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General base catalyzed ethanolysis of ethyl trifluoroacetate has been found. This finding is inconsistent 
with a concerted mechanism. The numerical value of the catalytic constant is consistent with a mechanism 
involving the base-assisted formation of an anionic tetrahedral intermediate but is not consistent with the 
alternative mechanism which involves the specific base-general acid catalyzed formation of a neutral tetrahedral 
intermediate. 
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The values of ki/k-i for such systems vary from O to » ; 
these values can generally (but not always11) be corre
lated with the leaving ability of OR'. The variation of 
acidic vs. basic hydrolysis rates of ethyl benzoate by a 
factor of 10" as contrasted9 to the variation in the h/k-i 
values of only two is evidence that the intermediate lies 
on the reaction path. 

The mere observation that O18 exchange occurs dur
ing the hydrolysis of an ester does not necessarily mean 
that such an intermediate lies on the reaction path. 
This intermediate has never been observed as a tran
sient during the course of the reaction,12 nor has the 
intermediate ever been demonstrated by conclusive 
kinetic evidence. An SN2 mechanism for ester hy
drolysis is an alternative mechanism, with O18 exchange 
into the ester occurring via a bjind alley. The square-
planar SN2 transition state II has been favored14 be
cause of the overlap between the ir-orbitals of the enter
ing group E and leaving group L,with the carbonyl group. 

E. . C. . L 

II 

The mechanistic possibilities in ester hydrolysis (or 
solvolysis) are rather large in view of the possibility of 
intermediate formation. The transition state could be 
either the rate-determining formation of the inter
mediate, the rate-determining destruction of the inter
mediate, or the SN2-like transition state. No less than 
seven mechanistic schemes demonstrated by eq. 1-7 
are consistent with the observation of general base 
catalysis for the hydrolysis (or solvolysis) of esters. 
In schemes 4 and 6 either the first step or the second 
step can be slow; the other two-step mechanisms in eq. 
3, 5, and 7 have their slow steps marked. The general 
base in the following schemes is denoted by P. 

Concerted mechanisms: 
O 

I l 

P + H2O + COR' 

O 
Il 

HOC 4- -OR' + H P + (1) 

R R 
O O 
Il *i Il 

OH" + H P + + COR' >• HOC + HOR' + P (2) 

R R 

Specific base, general acid stepwise through an anionic 
intermediate: 

O H - + COR' 
I 

R 

o-
[ kz, slow 

HOCOR' - > 

O 
p 

HOC + HOR' + P (3) 

R 
(12) However, in the reaction of acid chlorides with amines a t rans ient 

in termedia te has been observed.1 1 

(13) S. G. Entel is and O. V. Nesterov, DoM. Chem. Proc. Acad. Set. 
U.S.S.R.. 148, 174 (1963). 

(14) M. J. S. Dewar, " T h e Electronic Theory of Organic Chemis t ry , " 
Oxford University Press, New York, N, Y., 1948, p. 117. 

General base, general acid stepwise through an anionic 
intermediate: 

0 o -
Il * I k, 

H2O + P + COR' ^ ± HOCOR' + H P + —>• 
1 * - i I 

R R 
O 
!I 

HOC + HOR' + P (4) 

R 

General base stepwise through an anionic intermediate: 

O O-ki, slow 

H2O + P + COR' 

R 
k- i fast 

t. HOCOR' + HP + 

R 

O o-
I *. Il 

HOCOR' — > HOC + "OR' 
I fast 

R R 

(5) 

Specific base, general acid, general base stepwise through 
a neutral intermediate: 

O 
Ii 

OH 

H O - + H P + + COR' ~T~* HOCOR' + P 

I t r i 
R R 

O 
HOC + H P + + OR '" (6) 

R 

Specific base, general acid stepwise through a neutral 
intermediate: 

O 

H O " + H P + + C O R ' ~ 
ki, slow 

OH 

R 

± ; HOCOR' + P 

R (7) 
OH O 

HOCOR' —> HOC + HOR' 
J fast I 
R R 

In order to simplify the above state of affairs, the 
general base-catalyzed ethanolysis of ethyl trifluoro-
acetate in heavy ethanol (C2D6OH) has been carried 
out. The entering group is chemically nearly identical 
with the leaving group; therefore there is nearly equal 
partitioning in the intermediate. 

Experimental 
Materials.—Water-free acetaldehyde-free heavy ethanol was 

obtained from Merck of Canada. Ethyl trifluoroacetate (K 
and K) was carefully distilled twice using a packed column; 
b.p. 60.8° at 742 mm. Pyridine (Eastman Kodak) was refluxed 
over calcium hydride overnight and then distilled. Pyridinium 
nitrate, m.p. 118-119° cor., was prepared from nitric acid and 
pyridine in water, dried over phosphorus pentoxide, and then 
sublimed. Methanol and ^-butyl alcohol were carefully dried 
by standard procedures.15 Eastman Kodak 2,6-lutidine was 
treated with boron trifluoride, and the unreacted 2,6-lutidine 
was removed by distillation16; b.p. 143.5° at 744 mm. The 
purity of the reagents was checked by v.p.c. methods which indi
cate that all reagents were water free. The heavy ethanol was 
found to contain no acetaldehyde or paraldehyde, and the ethyl 
trifluoroacetate contained no trifmoroacetic acid. 

(15) A- Weissberger, Ed., " T e c h n i q u e of Organic Chemis t ry , " Vol, V I I , 
Interscience Publ ishers , Inc. , New York, N. Y., 1955. 

(16) H. C. Brown, S. Johnson, and H, Podall , J. Am. Chem. SoC. 76, 
5556 (1954). 
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120 
Minutes. 

240 

Fig. 1.—Percentage reaction vs. time for the reaction C2H5O2-
CCF3 + C2D5OH -» C2D5O2CCF3 + C2H6OH, in a buffer mix
ture of 0.192 m C6H5N, 0.152 m C6H6NH+NOa" in C2D5OH at 
38°. 

Kinetics.—The rate of the exchange reaction between C2H6O2-
CCF3 and C2D6OH giving the final product C2D6O2CCF3 and C2H5-
OH was followed by observing the decrease in the proton mag
netic resonance signal of the methyl group in the ester (T = 8.63) 
and the increase in the proton magnetic resonance signal of 
the methyl group of the alcohol (r = 8.72). A Varian A-60 
n.m.r. spectrometer was used tor this purpose. The kinetic 
runs were thermostated in a 38.0 ± 0.1° constant temperature 
bath; the probe temperature was 38.0 ± 0.5°. The rate of 
increase of the ethanol signal was equal to the rate of decrease of 
the ethyl ester signal. Good first-order plots were obtained 
upon plotting log ht vs. time where ht represents the height of the 
ester signal at any time t. This is the expected behavior for 
isotopic exchange reactions.17 An example of such a plot is 
shown in Fig. 1. 

The solutions were prepared by weighing up all of the required 
amount of reagents except for the ester in an n.m.r. tube. Ethyl 
trifluoroacetate was added to the thermostated tubes with the aid 
of a micropipet at time = 0. The approximate concentration of 
the ester was 0.2 M. A v.p.c. analysis of the products indicated 
no diethyl ether or diethyl carbonate formation; therefore, no 
side reactions leading to these products are taking place. 

Results 
General Base Catalysis of Ethanolysis.—In Table I 

are the results of the pyridine-catalyzed ethanolysis of 

TABLE I 

T H E KINETICS OF ETHANOLYSIS OF ETHYL TRIFLUOROACETATE 

AT 38° IN C2D6OH 

B,' BH* NaCIO1, 

0.472 
.345 
.266 
.140 
.089 
.192 

0 
0.154 

.154 

.154 

0.0766 
.0561 
.0432 
.023 
.0144 
.152 

0 
0.018 

.018 

.018 
119 
429 

fcobsd1 
sec . " 1 X 10= 

32 
26 
17 

0 
2 
5 

10.5 
6 

17 
0 
9 

12 
16 

78 
0 
15 
19 ± 0 . 4 3 
0 
0 

" Pyridine-pyridinium nitrate buffer. 

ethyl trifluoroacetate. The rate is dependent only 
upon the pyridine concentration in the buffer solutions; 
no general acid catalysis was found. No general acid 
catalysis would be expected on the basis of the work of 
Jencks and Carriuolo.18 A positive salt effect was 

(17) H. A. C. McKay, Nature. 142, 997 (1938). 

I" . 

O 
x 

T . 
c 

25 

20 
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10 

kobsvs, Cone. C5H5N. 

- O [P] / [PH + ]=6 .16 

• [p]/[PH+] = 1.26 

0.2 0.3 0.4 
Pyridine, m. 

0.5 0.6 

Fig. 2.—Plot of kob,d for the rate of ethanolysis of ethyl tri
fluoroacetate vs. pyridine concentration in buffered solutions of 
pyridine and pyridinium nitrate: G, P / P H + = 6.16; D1 P /PH + 

= 1.26. 

separately measured. Figure 2 is a plot of &obs(j vs. 
the pyridine concentration in the buffer. The catalytic 
coefficient obtained from this plot is 7.4 X 1O-4 m - 1 

sec. - 1 . 
General Base Catalyzed Methanolysis and /-Bu-

tanolysis.—As part of the investigation of solvolysis 
of ethyl trifluoroacetate, two more alcohols, methanol 
and /-butyl alcohol, were used as solvolytic media. 
These two alcohols have n.m.r. signals that are well 
separated from the ethyl ester and ethanol signals. 
Using a 2,6-lutidine-2,6-lutidinium chloride buffer and 
a pyridine-pyridinium perchlorate buffer, strong 
catalysis was found for both bases in methanol, and a 
slow uncatalyzed solvolysis was observed. In /-butyl 
alcohol, no general base catalysis could be detected, 
even upon using buffer solutions as concentrated as 
2 M in pyridine. 

Discussion 

Mechanistic Possibilities.—In symmetrical exchange 
reactions the reaction path must be symmetrical. In 
the case of the concerted mechanism corresponding to 
eq. 1 or 2 the transition state itself must be symmetrical 
with respect to the entering and leaving groups. In 
the case of the stepwise mechanisms the formation of 
the symmetrical tetrahedral intermediate (through an 
unsymmetrical transition state) provides the point of 
symmetry in the reaction path. The possibility of 
nucleophilic catalysis which also provides a symmetrical 
reaction path can be ruled out because it was found 
that 2,6-lutidine catalyzes the methanolysis of the sub
strate almost as well as pyridine does. Such behavior 
would not be expected from nucleophilic catalysis,19 

but would be expected for general base catalysis.20 

Mechanisms involving acylium ion formation can be 
ruled out because of the improbability of introducing a 
full positive charge on a carbonyl atom with highly 
electron-withdrawing substituents on it. 

Specific base, general acid stepwise mechanisms 
analogous to eq. 3 and 7 (substituting C2D5OH for H2O 
a n d C 2 D 6 O - for H O - ) v io la te t h e pr inc ip le of mic ro 

tis) W. P. Jencks and J. Carriuolo, J. Am. Ckem. Soc, 83, 1743 (1961) 
(19) V. Gold and A. R. Butler. J. Chem. Soc, 4362 (1961). 
(20) F. Covitz and F. H. Westheimer, J. Am. Chem. Soc. 86, 1773 

(1963). 
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Mechanism 

Reoctwn Coordinate 

?) 
EtOy-C-OEt 

H CF, 
t ' 
P 

Reoction Coordinate. 

Mechanism B 

Fig. 3.—'Transition states and reaction paths. 

scopic revers ib i l i ty . ' 2 1 2 2 On ly s tepwise m e c h a n i s m 
ana logous t o eq. 4 a n d 6 a r e p e r m i t t e d because in these 
m e c h a n i s m s t h e p a t h for t h e fo rma t ion of t h e t e t r a -
hedra l i n t e r m e d i a t e is j u s t t h e reverse of t h e p a t h for 
t he decompos i t i on oi th is i n t e r m e d i a t e . T h e s e m e c h a 
n i sms a re shown in eq. 4 ' a n d 6 ' a n d the i r r eac t i on p a t h s 
a r e i l l u s t r a t ed in Fig. 3. T h e t w o possible s tepwise 
m e c h a n i s m s , A a n d B, differ in t h a t one m e c h a n i s m (A) 

mechanism A: 

C2D5OH + P 

O 
1 
COC2H5 

CF3 

mechanism B: 

C2D5O" + P H 1 

O 

+ COC2H5 
i 

CF, 

o-
A- i 

* CjD5OCOC2H5 + PH + T " * -

i i * i 

CF3 
O 
!) 

C2D6OC + P + C2H5OH (4' 

CF3 

OH 

T*~ C2D5OCOC2H5 + P " T ± 

CF8 

O 

C2D5OC -f -OC2H5 + P H + (6') 
i 
CF3 

is t he genera l base c a t a l y z e d fo rmat ion of t he an ion ic in
t e r m e d i a t e , a n d the o t h e r m e c h a n i s m (B) is t h e specific 
base , genera l acid c a t a l y z e d f o r m a t i o n of a n e u t r a l in
t e r m e d i a t e . T h e s e m e c h a n i s m s a r e k ine t i ca l ly ind is t in 
gu ishab le . 

A n o t h e r possible m e c h a n i s m is one invo lv ing n o 
i n t e r m e d i a t e a t a l l ; t h a t is, one in which t h e c a r b o n y l 
g r o u p r e m a i n s essent ia l ly u n p e r t u r b e d . T h e t r a n s i 
t ion s t a t e for t h e conce r t ed m e c h a n i s m s in t h e case of 
the s y m m e t r i c a l r eac t ion whe re t h e r e a c t a n t s a n d 
p r o d u c t s a re e q u i v a l e n t m u s t be s y m m e t r i c a l , a n d t h e 
reac t ion p a t h from r e a c t a n t s t o p r o d u c t s m u s t be s y m 
met r ica l . If t he t r a n s i t i o n - s t a t e s t r u c t u r e is r ep re -

•211 R. C. To lman , Prnc. Satl. Acad. Sci. U. S., 11, 436 (1925). 
{22^ In the case of s imul taneous p a t h w a y s which involve the same inter

m e d i a t e , the same fraction of in termedia tes formed by a certain process 
m u s t be destroyed by the reverse of the same process. For example, it is 
possible for an anionic in te rmedia te to be formed by a specific base -OC2D6 
a n d to be decomposed by the general acid H P + . but the same number of 
in t e rmedia tes which are formed by the specific base process mus t be decom
posed by the reverse of this process. The same si tuat ion also applies to 
the specific acid-general base scheme. 

o " b 
EtO ••••<:•••• OEt 

H CF3 

m 

0 S 

EtO 

© I 

0 
Il 

• C - -
I 

CF3 

H 

OEt 

Reaction Coordinate. 
Fig. 4.—Potential energy curves for the hypothetical unsymmet

rical path in a symmetrical reaction. 

s en ted b y I I I , t h e n t h e r eac t i on p a t h is u n s y m m e t r i c a l . 
T h e fo rward r eac t i on process is a slow p r o t o n t r ans fe r 

EtO. 

H 

P 

O 
I! 

. c . . . 
I 

CF, 

OEt EtOr 

H 

P 
I I I 

CF3 

IV 

. . 0 E t 

H 

P 

of t h e e t h a n o l p r o t o n to P caus ing t h e inc ip ien t e thox ide 
ion to a t t a c k t h e e s t e r c a r b o n y l ca rbon . T h e reverse 
reac t ion invo lves t h e a t t a c k of a n e thox ide ion on t h e 
es ter wh ich is complexed t o H P + a t t h e a lkoxy oxygen. 
I n o rde r for a conce r t ed process such as th i s t o invo lve 
genera l a c i d - b a s e ca ta lys i s , t h e r e is need for a second 
molecule of c a t a l y s t t o give t r a n s i t i o n s t a t e IV. T h i s 
t r a n s i t i o n s t a t e m a y be ru led o u t because no t h i r d - o r d e r 
t e r m was found in t h e k ine t ics . 

In Fig. 4 is i l l u s t r a t ed t h e hypothetical u n s y m m e t r i c a l 
t r ans i t i on s t a t e I I I a n d i t s necessar i ly u n s y m m e t r i c a l 
r eac t ion p a t h . If t h e fo rward r eac t i on p a t h exis ts 
( shown b y t h e solid l ine) , t h e n t h e mi r ro r i m a g e re
verse p a t h also exis ts ( shown b y t h e d o t t e d l ine) . T h e 
superpos i t ion of these t w o p a t h s on a p o t e n t i a l ene rgy 
surface i l l u s t r a t e s t h a t t he t w o reac t ion p a t h s cross 
when t h e t w o C - O b o n d l eng ths , a a n d b , a re equa l , a n d 
a lower e n e r g y p a t h t h a n e i the r of t h e original p a t h s 
m a y be t a k e n . T h e h ighes t e n e r g y p o r t i o n s of each of 
t he u n s y m m e t r i c a l p a t h s a re i l l u s t r a t ed ( a rb i t r a r i ly ) 
by circles on t h e p o t e n t i a l ene rgy surface. S t a r t i n g 
on the b side of t h e plot , t h e solid line m a y be t a k e n 
unt i l t he in te r sec t ion is r eached , w h e r e b y the d o t t e d 
p a t h m a y be t a k e n to t h e a side of t h e plot . T h e high
est e n e r g y p o r t i o n of t h e u n s y m m e t r i c a l p a t h h a s been 
avo ided a n d t h e p a t h has been m a d e s y m m e t r i c a l . 
T h e real p a t h which avo ids t he h y p o t h e t i c a l doub le 
p a t h - d o u b l e ene rgy s i t ua t i on is a s y m m e t r i c a l p a t h . 
Th i s a r g u m e n t can b e r e s t a t e d by cons ider ing the re
a c t a n t s Y ' + X a n d the p r o d u c t Y + X ' where t h e re
a c t a n t s a n d p r o d u c t s a re iden t ica l excep t for i sotopic 
label ing. Howeve r , t h e c a t a l y s t P i n t e r a c t s w i t h Y ' 
+ X as a func t ion of d i s t a n c e ; i t m u s t i n t e r a c t iden t i 
cal ly wi th Y + X ' . T h e r e c a n n o t be t w o different en-
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ergies of interaction of P with X + Y which would allow 
two asymmetric paths to be taken as is illustrated by 
the hypothetical case in structure III. The real transi
tion state corresponds to V (in Fig. 4) where the two 
C-O bonds in the transition state are symmetrical with 
respect to the position of PH + 

In order to describe the transition state for a general 
base catalyzed process for a symmetrical reaction, it is 
necessary to include the base bound to the proton which 
is symmetrically situated with respect to both the enter
ing and leaving groups. This proton then must be 
completely, or nearly completely, transferred to the P 
moiety. It is conceivable that the PH + unit is bound 
to the two OEt groups, but this bonding must be rather 
weak as this would represent a three-center hydrogen 
bond. The square-planar Dewar-type14 transition 
state illustrated by V is not the only way to write a 
transition state which fulfills the requirement of leav
ing the carbonyl group largely intact while at the same 
time allowing the two C-OEt bonds to be equivalent; 
VI, VII, and VIII also fulfill this requirement. Transi
tion state VI is a trigonal arrangement of the carbonyl 

V^CF3 J^CF3 ff^OEt 

/ ;» P 7 \ EtO'-/ ^CF 3 

EtO--H--OEt EtO-H--OEt HP 
P { VIII 
VI VII 

bond and the two C-OEt bonds, with the proton shared 
equally between the two partially negative alkoxy oxy
gens. In this case it is difficult to see what P is doing 
other than solvating the transition state as specifically 
drawn in VII. Certainly the proton is not partially 
transferred to the general base as is required in reac
tions catalyzed by general bases.23 Furthermore, 2,6-
lutidine would be expected to be much poorer in solvat
ing a transition state than pyridine. In VIII, there is 
no possibility that the proton be hydrogen bonded be
tween the two ethoxide oxygens because of their linear 
arrangement perpendicular to the plane of the paper 
and the proton is completely transferred to the general 
base. No postulated transition state which can be 
drawn for the concerted symmetrical general base-
catalyzed reaction makes much sense in terms of a 
partial proton transfer to P. Each suffers from either 
no proton transfer to P or from complete proton trans
fer to P, and therefore does not constitute true general 
base catalysis. Furthermore, if mechanisms A and 
B were postulated such that there is no stable tetra-
hedral intermediate formed, but rather that the tetra-
hedral intermediate represented the transition state it
self, then these two situations would not represent 
general base catalysis because all proton transfers would 
be complete by the time the highest energy region of 
the reaction path was achieved. On the basis that the 
proton must be partially transferred to the general base 
in order to observe general base catalysis, all concerted 
mechanisms may be discarded for this symmetrical ex
change reaction. This constitutes very strong evidence 
that an intermediate lies on the reaction path in the 
solvolysis of a carboxylic ester of type RCO2R'. 

(23) R. P. Bell, "The Proton in Chemistry," Cornell University Press, 
Ithaca, N. Y., 1989. 

Of the two possible mechanisms A and B, B may 
be ruled out from the knowledge of the catalytic and 
protolysis rate constants and complex formation equilib
rium constants. The catalytic constant expression 
for a reaction proceeding through transition state B 
may be written ( ^ 2 ) (̂ EtOHAKclH,NH+)-KcomPiez as
suming that the reaction proceeds in a stepwise manner 
by prior formation of an ester- • H P + hydrogen-
bonded complex at the carbonyl oxygen followed by the 
reaction of this complex with an ethoxide ions. The 
autoprotolysis constant of ethanol, î EtOH. is equal24 to 
1O-191 and the acid dissociation constant of pyridine, 
-̂ CjH1NH+, is approximated23 by 1 0 - M because of the 
generality that protonated bases of type PH + in ethanol 
have a pK^ value ca. 1.2 units greater than in water. 
A very generous value for i£compiex, the equilibrium con
stant for the formation of the ester • • • HB + hydrogen-
bonded complex, is 0.5 M~l. This is because the com-
plexing constants of a number of carbonyl compounds 
with phenol in carbon tetrachloride indicate a value26 

near unity or less, depending upon the electron-with
drawing groups in the carbonyl compounds. In non-
hydroxylic solvents the complexing constant is at a 
maximum value because the equilibrium is between the 
two totally uncomplexed donor and acceptor and the 
complex. In a hydroxylic solvent the KQomp\„ is ex
pected to drop considerably because of the stabilization 
of the "uncomplexed" species by hydrogen-bonding 
interactions with the solvent. The free energy of the 
"reagents" will now be considerably lower than the 
same "reagents" in carbon tetrachloride. An example 
of this effect is the large change in dimerization con
stant of acetic acid in benzene and in water. The 
-Kdimer values are 151 and 0.037 Af-1, respectively,26 a 
change by a factor of 4.2 X 103. The value of 0.5 for 
•̂ complex is undoubtedly too high by. two or three orders 
of magnitude, but since we have no way of predicting 
it accurately without further data a value of 0.5 Af-1 

will be taken as an upper limit. 

Using the observed value of the catalytic coefficient, 
7.4 X 10~4 Af-1 sec."1, the lower limit of k*, the rate-
determining step in mechanism B, is 7.4 X 109 Af-1 

sec.-1. This value is in the midrange of what is ex
pected for a diffusion-controlled reaction rate constant, 
and is certainly not the expected magnitude for a reac
tion involving covalent C-O bond making and break
ing.27 A reasonable value for the rate constant for the 
combination of a lyoxide ion with a positively charged 
carbonyl carbon is 1.5 X 106 Af-1 sec. -1 obtained for 
the reaction of hydroxide and N-methyl-N'-acetyl -
imidazolium ion.28 

Alternatively, mechanism B may be postulated as a 
prior equilibrium formation of a complex between 
ethoxide ion and the ester followed by protonation of the 
complex with HP+ . The catalytic constant may now 
be written £cat = {k*/2){Kst0Yl/Kc complex-

The most reasonable complex is the anionic tetrahedral 
intermediate; the value of K'COmpiex in ethanol for this 

(24) L. P. Ha tnme t t , "Physical Organic Chemis t ry , " M c G r a w - H i l l 
Book Co., Inc. , New York, N. Y., 1940. 

(25) T. Grams tad , Spectrochim. Acta, 19, 497 (1963). 
(26) M. Davies and D. M. L. Griffith, Z. physik. Chem., i , 353 

(1954). 
(27) M. Eigen in "Techniques of Organic Chemis t ry , " Vol. VIII , P a r t 2 , 

A. Weissberger, Ed., Interscience Publishers, Inc., New York, N. Y., 1963, 
p. 1031. 

(28) R. Wolfenden and W. P. Jencks, / . Am. Chem. Soc, 83, 4390 (1961). 
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type of complexing is4 2 9 <0.05. On this basis the 
lower limit of k* is 2.4 X 1011 Af-1 sec."1. This 
value is larger than the fastest protiolytic constant yet 
measured,27 that for the combination of hydroxide ion 
and hydronium ion in water, which gives the value 1.4 
X 10" M~l sec . - 1 ; in this reaction the steric factors 
and acidity-basicity factors are optimum. Therefore 
mechanism B via a pre-equilibrium formation of an 
anionic tetrahedral intermediate formation followed by 
a rate-determining proton transfer may be ruled out. 
A mechanism which cannot be discredited is the forma
tion of a weaker ethoxide-ester nontetrahedral complex 
followed by a rate-controlling proton transfer. The 
K 'complex for this association reaction would have to be 
one or greater in order to give a believable value for k*. 
The formation of such a complex with a .K'complex value 
greater than one should be easily observable by a 
physical method, which has not been the case.29 The 

(29) An n.m.r. analysis of a dilute ethanol-sodium ethoxide-ethyl tri-
fluoroacetate solution in benzene shows an unbroadened ester ethyl peak 
(in both the methyl and methylene regions) and an unbroadened ethanol-
ethoxide signal. No other ethyl signals were detectable, even under high 
amplification, indicating that there is no appreciable concentration of a 
stable complex formed in which the ethoxide and ester ethyl groups are 
equivalent, and that there is no rapid exchange of the ethyls through an 
unstable intermediate. This does not, however, preclude a rapid exchange 
between the ethoxide of a complex in which the ethoxide is not equivalent 
to the ester ethyl group and the bulk ethoxide. Also an infrared ana] ,sis 
of an ethanol solution of sodium ethoxide and ethyl trifluoroacetate indicates 
no complex formation. See ref. 4 for a similar study of methyl trifluoro
acetate in sodium methoxide-methanol. 

Introduction 

Triphenylmethyl hydroperoxide undergoes acid-
catalyzed rearrangement in a variety of solvents to 
yield phenol and benzophenone. A substituted tri
phenylmethyl hydroperoxide yields a mixture of sub
stituted phenols and benzophenones, the composition 
of the mixture being dependent upon the relative rates 
of migration of the substituted and unsubstituted phenyl 
groups. At the outset of the present research we 
hoped that a quantitative kinetic and product analysis 
of this reaction would provide data which would be 
applicable to a modification of the Heck and Winstein 
treatment of the timing of covalency changes in com
petitive rearrangement reactions.3 Such a treatment 
would have provided evidence concerning the syn
chronous or stepwise nature of the rearrangement re
action. However, major differences between the 
behavior of the tnarylmethyl systems and that of 
other hydroperoxides appeared early in the work; 
consequently, we have concerned ourselves primarily 

1) Monsan to Chemical C o m p a n y Fellow, 1961-1962. 
(2) Universi ty of Massachuset t s , Amherst . Mass . 
'3,1 R. Heck and S. Winstein, J. Am. Chem. Soc. 73 , 3432 (1951): 

only other possible mechanism for scheme B is an un
likely termolecular collision. 

The most likely path for general base catalysis of 
ethyl trifluoroacetate ethanolysis is therefore mech
anism A, the general base-catalyzed formation of the 
anionic tetrahedral intermediate. The lack of gen
eral catalysis for the Z-butanolysis of ethyl trifluoro
acetate must then be due to the low acidity of i-butyl 
alcohol30 combined with the low dielectric constant for 
<-butyl alcohol.31 The general base catalyzed sol-
volysis of ethyl trifluoroacetate would be expected to 
be decreased by a decrease in the medium dielectric 
constant because this is the case in the general base 
catalyzed hydrolysis reaction.18 The lack of the t-
butanolysis reaction cannot be due entirely to steric 
hindrance in the anionic tetrahedral intermediate5 be
cause ethoxide, w-butoxide, isopropoxide, and /-butoxide 
form the anionic intermediate with ethyl trifluoroace
tate in di-«-butyl ether to the extent of 72, 72, 54, and 
5 1 % , respectively. 
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(30) J. Hine and M. Hine, J. Am. Chem. Soc, 74, 5266 (1952). 
(31) The dielectric constant of /-butyl alcohol is 10.9 at 30° compared 

with the values of 24.30 and 32.63 at 25° for ethanol and methanol, respec
tively.1 2 

(32) A. Weissberger, "Technique in Organic Chemistry," Vol. VII , 
Interscience Publishers, Inc., New York, N. Y-, 1955. 

with the mechanism of the prerearrangement sequence 
of reactions. A preliminary communication describing 
these results has already been published.4 

Results and Discussion 
A. Rate Studies.—The acid-catalyzed rearrange

ment of cumene hydroperoxide has been studied by a 
number of workers, but there is little agreement about 
the exact mechanism of the reaction.5 - 9 However, 
there seems to be no question about the order of the 
reaction. Although complicated by several factors, 
the reaction was found8 to exhibit a first-order de
pendence upon the hydroperoxide concentration and a 
first-order dependence upon acid concentration. The 
perchloric acid catalyzed rearrangements of three tri-
arylmethyl hydroperoxides in aqueous dioxane, how-

(4) D. K. Bissing, C. A. Ma tuszak , and W. E. McEwen, Tetrahedron Let
ters. 763 (1982). 

(5) M S. Kharaseh . A. Fono, and W. Nudenberg , / Org. Chem., 15, 
74S (1950). 

(6) V. A. Shushunov and Y. A. Shlyapnikov Dokl. Akad. Nauk USSR , 
128, 342 (1959,. 

(7) Y. A Shlyapnikov , Kinetika i Kataliz, 1, 365 (1960) 
(8) F. II Seuoold and W E. Vaughan, J Am Chem. Soc, 78 , 3790 

(1953). 
(9) W, P n t z k o w and R. Hofmann, J. Prakt Chem , 14, 131 (1981). 
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The acid-catalyzed rearrangements of three triarylmethyl hydroperoxides in aqueous dioxane have been 
studied. Kinetic, exchange, and equilibrium data prove conclusively that complete equilibration among the 
triarylcarbinol, hydrogen peroxide, triarylmethyl hydroperoxide, and water occurs prior to any significant 
amount of rearrangement. The rates of the reactions were found to be proportional to ho. A mechanism 
for the prerearrangement sequence is proposed and discussed. 


