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Abstract: Cleavage of the anion of I -phenylcylopropanol to 1 -phenylpropanone in aqueous solution, a reverse aldol-type reac
tion, is subject to general acid catalysis by protonated tertiary amines with a - 0.25, a primary deuterium (discrimination) iso
tope effect of k^/ko = 1.9 ± 0.2 for quinuclidine-H4" and water as proton donors to carbon, and a kinetic isotope effect of 
koH/koo = 1.22 ± 0.05. l-Phenyl-2-arylcyclopropanols cleave 105 times faster and show general acid catalysis with a < 0.1 
and an inverse kinetic isotope effect of AOHAOD = 0.7 ± 0.1 that indicate less proton transfer in the transition state. The Ham-
mett p values for a small series of the cis and trans compounds are 5.0 and 4.0, respectively. It is concluded that these SE2 dis
placements and some related reactions proceed through preassociation and concerted mechanisms that are determined by the 
short lifetimes of carbanion "intermediates". 

We have been interested in the mechanisms that are avail
able for reactions involving unstable carbanions for two rea
sons. First, it appears that the carbanion "intermediates" that 
have been implicated in a number of enzymic reactions are so 
unstable as to have, at best, a borderline existence. For ex
ample, the turnover number of 100 s _ l for citrate synthase2 

requires k\ ^ 100 S - ' at the active site in eq 1 if the reaction 

O O 

Il *, + -A 
B-H1CCSCoA = ? = ^ BH-H2C^-CSCoA (1) 

proceeds through an intermediate carbanion. A limiting value 
of /: -1 ^ 10'3 s - ' , on the order of a vibration frequency, gives 
A"cq ^ 10"~". For a catalytic group of pA" = 7 at the active site 
the pK"a for the dissociation of acetyl-CoA to a carbanion must 
then be ^ 18 = 7 + < 11. Analogous calculations give pATa ^ 
15 for the formation of a carbanion intermediate in the A5-keto 
steroid isomerase reaction3 and pAfa< 17 for such an inter
mediate at the active site of mandelate racemase.4 If the pA^ 
values are higher than these, the values of k-\ will be larger 
than a vibration frequency so that the carbanion will have too 
short a lifetime to exist as an intermediate species. The pKa 

values of these carbon acids in aqueous solution are not accu
rately known, but these limiting pA"a values are sufficiently low 
as to suggest that the enzymic reactions proceed through some 
mechanism that avoids or stabilizes such unstable species and 
that the carbanions have an extremely short lifetime if they do 
exist as intermediates. 

Second, we would like to know the extent to which the 
mechanisms of reactions involving carbanions are determined 
by the lifetime of the carbanion "intermediate". It is known 
from the work of Cram and others that the behavior of carbon 
acids is determined in large part by the relative rates at which 
a carbanion undergoes reprotonation, racemization, rear
rangement, or other reactions.5 The mechanisms of general 
acid-base catalysis of many carbonyl additions and related 
reactions are determined in a simple way by the lifetimes of 
addition intermediates and follow a sequence of solvent-cat
alyzed, trapping, preassociation, hydrogen-bonding and con
certed mechanisms as the intermediate becomes progressively 
less stable.6"9 An analogous sequence has been suggested for 
reactions involving oxocarbonium ion "intermediates"10 and 
may determine the mechanisms of reactions of phosphate 
compounds that are thought to generate metaphosphate-like 
species. 

Consider the pathways for an aldol condensation shown in 
eq 2. When the carbanion is moderately stable the reaction will 

I *, V / 
HO" + H — C — * = * HOH • C 

I "' I 
K a s J ± > = 0 * . | * . . ± ) c = 0 <2) 

I \ *,' V/\ 
HO - • H — C — - C = O * = * [HOH • C • C=O] 

I y *-' I / 

HOH C — C — 0 " 

I I 
occur through the stepwise mechanism involving proton ab
straction (k\), encounter with the carbonyl compound (/ca), 
and addition (fc2)- However, when the carbanion becomes so 
unstable that it is reprotonated faster than the carbonyl com
pound can diffuse away from the species [HOH-
> C ~ - > C = 0 ] , so that k-\' > /c-a , the reaction will proceed 
through the preassociation pathway along the bottom of eq 2. 
This mechanism involves an initial association of the reactants 
into an encounter complex (A"ass), followed by proton ab
straction within the complex {kf). The reason for this is ap
parent from inspection of Figure 1, with B = H O - and BH + 

= HOH. When reprotonation is faster than diffusion away of 
the carbonyl compound, so that the barrier for k-\ is less than 
that for k—A, the lowest energy path for reversion of the 
[ H O H - > C - - > C = 0 ] complex to reactants is via k-\. The 
same path is then the lowest energy path for formation of the 
complex as well. Application of the same argument to the 
second part of the reaction leads to the conclusion that, when 
the carbanion adds to the carbonyl compound faster than water 
diffuses away, the water molecule will remain in place during 
the addition reaction and will serve as the proton donor for 
protonation of the carbanion in the reverse reaction of aldol 
cleavage. 

The same situation applies for other bases, B, when the re
action proceeds through a ternary complex [BH+-
> C ~ - > C = 0 ] that undergoes reprotonation and C-C bond 
formation faster than diffusional separation." If the carbanion 
becomes still less stable, so that the barriers for reprotonation 
and C-C bond formation disappear, the intermediate will not 
exist, a stepwise mechanism is not possible, and the reaction 
must proceed through a one-step, concerted mechanism. 

The requirement for a preassociation mechanism may be 
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Figure 1. Gibbs free energy-reaction coordinate diagram to illustrate how 
a preassociation mechanism (lower lines) provides the lowest energy 
pathway for a reversible aldol condensation when the carbanion inter
mediate reacts sufficiently fast with water and with a carbonyl com
pound. 

O 0.5 i.O 
[ O L - ] / M 

Figure 2. Dependence of the pseudo-first-order rate constants for the 
cleavage of 1 -phenylcyclopropanol on the concentration of hydroxide ion 
(in H2O) and deuteroxide ion (in D2O) at 25 0C and ionic strength 1.0 
M, maintained with potassium chloride. The dashed lines show the rate 
increase that would be expected if there were no ionization of the cyclo-
propanol. 

Table I. Rate Constants for the Base-Catalyzed Cleavage of 1-
Phenylcyclopropanol to 1-Phenylpropanone at 25.0 ± 0.1 0C, Ionic 
Strength 1.0 M" 

solvent 

H7O 
H2O 
H,O 
H2O 
H2O 
H2O 
H2O 
H .O 
D2O 
D2O 

[KOL], 
M 

0.0010 
0.010 
0.0375 
0.24-1.00* 
0.23-0.97d 

0.040'' 
pH 12.00 
pH 12.00/ 
0.358 
0.18-0.99* 

10^OH, 
M-1 s-' 

2.38 
2.37 
2.32 
2.4' 
2 . 5 ^ 
2.46 
2.80* 
2.84^/ 
1.90 
1.9' 

1O3Zt2 

3.7 
3.7 

2.7 

" Maintained with KCl if not otherwise stated. * See Figure 2. 
1 From the slope of a double reciprocal plot (eq 5). d Ionic strength 
2.0 M.''Calculated using [OH-] = 10PH-'4. /75% Me4NCl + 25% 
KCl. 

generalized as follows. The lowest energy pathway for a re
action that proceeds through an unstable intermediate com
plex containing the elements of three molecules involves a 
preassociation of the reactants prior to the first covalent step 
when the intermediate reverts to reactants {k-\') faster than 
the final reactant can diffuse away (k-a).

n The mechanism 
will involve general acid-base catalysis (a) when the catalyst 
provides significant stabilization of the transition state for the 
rate-limiting step, relative to the solvent, or (b) when one step 
is an addition, as in carbonyl addition reactions, and proton 
transfer with the solvent in the second step is slower than with 
a buffer acid or base (this situation does not require stabili
zation of the rate-limiting transition state by the catalyst, be
cause the primary role of the catalyst is to bypass a different 
transition state that would be rate limiting in the absence of 
catalyst). 

In order to obtain experimental evidence relevant to these 
considerations we have examined an aldol-type reaction in the 
cleavage direction by utilizing the strain energy of cyclopro-
panols to permit the generation of unstable carbanions at a 
convenient rate.13 The base-catalyzed cleavage reactions of 
1-phenylcyclopropanol and 1,2-diphenylcyclopropanol should 

generate the carbanions R'CH2~ and R 'PhCH - , which we 
expected would have a sufficiently short lifetime to give rise 
to an enforced preassociation or concerted mechanism with the 
proton donor already present in the transition state for C-C 
cleavage (lower pathway, eq 3). Our attention was directed to 

O. 

HO Ph 

X 
H,C CHR 

K 
-O Ph 

- V -
H+ / \ 

H,C- -CHR 

V :c—Ph 

H2C—CH" 

0 
R 

(3) 
\±BH* C Ph 

%, / 
H C - C H , 

R 

this reaction by the observation that the alkaline cleavage of 
1,2,2-trimethylcyclopropanol exhibits a significant discrimi
nation between protium and deuterium in heterogeneous 
H2O-D2O mixtures and the suggestion that the reaction is 
initiated by electrophilic attack of water on the alkoxide 
ion.14 

Results 

The observed pseudo-first-order rate constants for the 
base-catalyzed cleavage of 1-phenylcyclopropanol to 1-
phenylpropanone (eq 3, R = H) increase linearly with in
creasing hydroxide ion concentration in dilute solution at ionic 
strength 1.0 M and give a second-order rate constant of kou 
= 2.4 X 1O-3 M - 1 s_ 1 (Table I). In more concentrated solu
tions of hydroxide ion the rate constants show a negative de
viation from linearity that is attributed to conversion of a sig
nificant fraction of the cyclopropanol to the cyclopropoxide 
anion with the dissociation constant Ka (Figure 2). 

OH 

Ph 
+ OH" 

^ a V ^-W 0-

Ph 

*:, [BH+] 
(4) 

Ph 
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Table II. General Acid Catalysis of 1 -Phenylpropanone Formation in Water at 25.0 ± 0.1 CC, Ionic Strength 1.0 M" 

acid 

water 
quinuclidine hydrochloride (QH+) 

in D2O (QD+) 
trimethylamine hydrochloride (TH+) 
3-quinuclidinol hydrochloride (QLH*) 
diazabicyclo[2.2.2]octane hydrochloride (DAH+) 
piperidine hydrochloride (PIH+) 

dimethylamine hydrochloride (DMH+) 
piperazine hydrochloride (PZH+) 
propylamine hydrochloride (PRH+) 
2,2,2-trifluoroethanol 

° Maintained with Me4NCl plus KCl (see Experimental Section). * Calculated using &RH = 2.37 X 10~3 X (/cCat/̂ o)cor. c B̂H = 2.37 X 
10-3/55.3 for BH = H2O. d J. M. Sayer and W. P. Jencks,/ Am. Chem. Soc. 91,6353-6361 (1969).' Corrected values using eq 8./Calculated 
using kBH = 1-90 X 10"3 X (kcJk0)cor. ? W. P. Jencks and M. Gilchrist, J. Am. Chem. Soc, 90, 2622-2637 (1968). * Determined by titration. 
' Reference 18. J A rate decrease was observed when increasing the buffer concentration (kjko = -0.5 M -1), probably due to a medium effect 
of the acid. Ethanol was found to inhibit the rate {kjka = —0.2 M - 1). 

P * . ' 

15.74 
U .55 d 

10.16* 
10.13rf 

9.22d 

11.42* 

11.11* 
10.12* 
10.89« 
12.4'' 

total buffer 
concn range, 

M 

0.01-0.81 
0.04-0.81 
0.04-0.84 
0.10-0.99 
0.04-0.81 
0.03-0.63 
0.16-0.80 
0.02-0.80 
0.10-1.00 
0.10-1.00 
0.10-1.00 
0.08-1.02 

fraction 
as acid 

1.00 
0.75 
0.51 
0.76 
0.80 
0.52 
0.25 
0.75 
0.72 
0.80 
0.40 
0.80 
0.49 

uncor 

1.9 
1.3 

4.5 
3.2 
6.5 
1.1 
1.0 
1.4 
1.9 
0.9 

o; 

kczt/ko, 
M - ' 

cor 

2.4 (2.1)* 
2.3(1.8)« 
1.9 
5.2 
4.7 

11 
1.3 
1.3 
1.5 
3.2 
1.0 

103*BH,* 
M - 2 S - ' 

0.043 <• 
5.7 
5.5 
3.7/ 

12 
11 
26 

3.1 
3.1 
3.6 
7.7 
2.4 
0 

A plot of l//cobsd against 1/[OH" according to 

1 
' M o b s d k2 KJKn [OH-] 

(5) 

gives the first-order rate constant for breakdown of the cy-
clopropoxide anion, k2 = 3.7 X 10 - 3 s - 1 , as the ordinate in
tercept and Kw/Kak2 = 1 / ^ O H as the slope, which gives pATa 

= 14.2 based on ATW = 10~14. The same treatment of the data 
obtained in deuterium oxide solution (lower curve, Figure 2, 
Table I) gives A:OD = 1.9 X ICT3 M - ' s~l,k2 = 2.7 X 10"3S-1 , 
a n d p K a = 15.0.15 

The difference between the pKa value of 14.2 and an esti
mated pATa of 16.1 for 2-phenylpropan-2-ol16 indicates that the 
cyclic structure of 1-phenylcyclopropanol stabilizes the alco-
holate anion by ~ 2 pK units. This difference is larger than 
would be expected from the small polar electron-withdrawing 
effect of the cyclopropyl group;19 it is consistent with a con-
jugative stabilization of the anion that involves a significant 
resonance contribution of the homoenolate ion structure.13 

O" 
/ 

O 

The pKa value of 14.2 is consistent with the rate constants 
of 0.18 and 0.065 for the alkaline hydrolysis of cyclopropyl 
acetate and «-butyl acetate, respectively.20 These rate con
stants give a value of/3ig = —0.26, based on pATa = 15.9 for 
1 -butanol,17 which is in reasonable agreement with the value 
of/?ig = —0.32 for the hydrolysis of acetate esters.21 

The cleavage reaction is catalyzed by amine buffers and 
follows the rate law 

v = Zt2[RO-] + M B H + ] [ R O - ] = A:OH[HO-] [ROH] 
+ A:BH[BH+] [HO-] [ROH] (6) 

in which ROH is 1-phenylcyclopropanol. Representative data 
are shown in Figure 3, for catalysis by quinuclidine buffers, 
and rate constants for a series of different catalysts are given 
in Table II. The rate constants are reported as kCSLt/ko, the 
slope/intercept ratio of a plot of &0bsd against [BH + ] , and as 
&BH = ^OH(^cat/&o). Use of kcat/ko in this way serves to 
minimize errors due to errors in pH measurements. Protonated 
secondary amines and primary amines are less effective cata
lysts and no catalysis was observed with trifluoroethanol, which 
causes a small rate decrease (Table II). 

Rate measurements at high concentrations of hydroxide ion, 
at which buffer catalysis is not significant, show that the 

0.5 
[Q Buffer]/M 

Figure 3. Uncorrected (•) and corrected (O) rate constants for the 
cleavage of 1 -phenylcyclopropanol in quinuclidine buffers of the indicated 
compositions in water and deuterium oxide at ionic strength 1.0 M 
(Me,|NCl + KCl). Corrections were made according to eq 7. 

cleavage reaction is inhibited by the basic form of most amine 
buffers (Table III; it is also inhibited by ethanol as well as 
trifluoroethanol, as indicated in Table II). The observed rate 
constants were corrected for inhibition by the base component 
of the amine buffers according to 

fCcnr — K1 obsd , 1 + — [amine] (7) 

in which ki is the slope of a plot of £0bsd against amine con
centration (Table III). This correction is based on the as
sumption that the inhibition is caused by a decreased disso
ciation of 1-phenylcyclopropanol to the anion upon the addition 
of organic compounds to water, so that the observed rate 
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10 

Table IV. Isotope Discrimination Experiments with 1-
Phenylcyclopropanol at 25.0 ± 0.1 °C 

0.2 0.4 

[Buffar]/M 
0.6 

Figure 4. Corrected rate constants for the cleavage of o-a/w-l,2-diphen-
ylcyclopropanol in diazabicyclooctane and quinuclidine buffers (left or
dinate) and 3-quinuclidinol buffers (right ordinate) at ionic strength 1.0 
M (Me4NCl). 

Table III. Free Amine Inhibition of the Hydroxide-Catalyzed 
Cleavage of 1-Phenylcyclopropanol at 25.0 ± 0.1 0C, Ionic 
Strength 1.0M" 

amine 

quinuclidine 
in D2O 

trimethylamine 
3-quinuclidinol 
diazabicyclo[2.2.2]octane 
piperidine 
dimethylamine 
piperazine 
propylamine 

PH 
(PD) 

12.81 
12.90 
12.93 
12.71 
12.94 
12.91 
12.86 
12.86 
12.84 

-k\. 
10- 5 M- 1 S- ' 

9.8 
8.1 

10.7 
5.4 
9.4 

10.5 
3.6 
8.8 
5.5 

-ki/ko. 
M-' 

0.53 
0.37 
0.40 
0.44 
0.47 
0.39 
0.16 
0.40 
0.21 

" [Me4NCl]/[KCl] = 1.5. 

constants for the reactions involving both water and BH + as 
proton donors are inhibited. The corrected catalytic constants 
are given in Table II and were used to calculate /IBH' An al
ternative correction is based on the assumption that only the 
buffer-independent reaction is inhibited by free amine, ac
cording to 

kcor = A:obsd + fcil0APH [amine] (8) 

in which ApH is the difference between the pH of the kinetics 
and the inhibition experiments. This correction gave less sat
isfactory agreement between the catalytic constants obtained 
at different buffer ratios of quinuclidine-quinuclidine hy
drochloride (Table II). The rate constants are not sensitive to 
variations in the nature or concentration of the salts used to 
maintain ionic strength = 1.0 M; there is no significant change 
upon increasing the ionic strength from 1.0 to 2.0 M with po
tassium chloride nor upon substituting 0.75 M tetramethyl-
ammonium chloride for potassium chloride (Table I). 

Isotope discrimination experiments in water-deuterium 
oxide mixtures show that protium is incorporated preferentially 
into the product with kn/kD = 1.9 ± 0.2 for both water and 
quinuclidine hydrochloride as the proton donor (Table IV). 
The data with <20% deuterium in the product are less accurate 
and are not included in the average. These values and the 
smaller solvent deuterium isotope effects on the rate constants 
are summarized in Table V. The kinetic solvent deuterium 
isotope effects are reported in terms of the hydroxide-catalyzed 
reactions with water or quinuclidine-H+ as proton donors, 
&BH, and in terms of the alcoholate anion reaction, k.2-

The cleavage of rranj-l,2-diphenylcyclopropanol is also 

general acid 

H2O* 
H2O* 
H2O* 
H2O* 
H2O* 
H2O + QH+ c 

H2O + QH+ c 

solvent 
composition 

D/H 

1.489 
2.54 
3.67 
6.77 

11.30 
5.94 
8.67 

product 
composition 
CH3/CH2D 

1.30 
0.752 
0.524 
0.287 
0.152 
0.327 
0.192 

isotope effect" 
kn/'ko 

1.94 ±0.17 
1.91 ±0.15 
1.92 ±0.15 
1.94 ± 0.19 
1.71 ±0.24 
1.94 ±0.18 
1.66 ±0.19 

" Calculated using the relation kH/kD = (CH3/CH2D)(D/H). 
* Base concentration 0.10 M.c 1.0 M quinuclidine buffer, buffer ratio 
QH+/Q = 3.4, 2XlO - 4 M EDTA, ca. 60% buffer-catalyzed reaction 
and 40% water reaction. 

Table V. Kinetic and Discrimination Deuterium Isotope Effects for 
the Cleavage of 1-Phenylcyclopropanol at 25.0 ± 0.1 0C 

base fcBHH2°MBDD2° k2"^/k2
D^ (kn/koh^ 

KOH(D) 1.22 ±0.05" 
QH+(D)* 1.5±0.3C 

1.4 ±0.2° 1.93 ±0.15rf 

1.9±0.2rf 

a Ionic strength 1.0 M (KCI). * Quinuclidine hydrochloride. c Ionic 
strength 1.0 M (Me4NCl + KCl, see Experimental Section). d See 
Table IV. 

catalyzed by hydroxide ion and by buffers according to the rate 
law of eq 6; the rate constants are summarized in Table VI. The 
catalysis by amine buffers is smaller than for the cleavage of 
1-phenylcyclopropanol (Figure 4), but appears to represent 
true catalysis rather than a medium effect. The ionic strength 
was maintained constant at 1.0 M with tetramethylammonium 
chloride so that the total concentration of cationic nitrogen 
remained constant with increasing buffer concentration, in 
order to minimize possible specific salt effects and salting out 
of the diphenylcyclopropanol. A small correction was made 
for inhibition by the base component of amine buffers, as in 
the reactions of 1-phenylcyclopropanol (Table VI); no cor
rection was necessary for catalysis by quinuclidine-H+ because 
this catalyst was examined in carbonate or tris(hydroxy-
methyl)aminomethane buffers in which the amount of the 
basic species is negligible. Variation of the ionic strength from 
0.46 to 1.41 M at four concentrations of tetramethylammo
nium chloride in the presence of 0.02 M tris(hydroxymethyl)-
aminomethane buffers was found to change the observed rate 
constants by <2%, and a similar rate constant for catalysis by 
quinuclidine hydrochloride was found when the ionic strength 
was not maintained constant by the addition of salts. The ki
netic solvent deuterium isotope effect was found to be &OH/ 
* O D = 0 . 7 ± 0 . 1 . 

Rate constants for the base-catalyzed cleavage of a series 
o f m - or /ra«5-l-phenyl-2-arylcyclopropanols, substituted in 
the 4 position of the 2-phenyl group, are given in Table VII. 
The experiments were carried out in 35% (by weight) aceto-
nitrile in water, because of the low solubility of the substituted 
compounds in water. The rate constants increase with elec
tron-withdrawing substituents on the 2-phenyl group and give 
values of p ~4.0 and ~5.0 for the trans and cis series, respec
tively, in correlations with a" (Figure 5). 

Discussion 

The data are consistent with an SE2 mechanism for the al
kaline cleavage of cyclopropanols (eq 9) in which a general acid 
assists carbon-carbon bond cleavage by transferring a proton 
to the leaving carbanion. The reverse reaction involves the 
removal of a proton from the attacking carbon atom by the 
conjugate base of the catalyst, as it attacks the carbonyl group 
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Table VI. General Acid Catalysis of 1,3-Diphenylpropanone Formation in Water at 25.0 ± 0.1 0C, Ionic Strength 1.0 M0 

acid 

water 
quinuclidine hydrochloride (QH+) 

3-quinuclidinol hydrochloride (QLH+) 

diazabicyclo[2.2.2]octane hydrochloride (DAH+) 
2-cyanoethylamine hydrochloride 
potassium bicarbonate 

P^a' 

15.74 
11.55'' 

10.13rf 

9.22<* 
8.17J' 
9.9rf 

total buffer 
concn range, 

M 

0.10-0.48 
0.05-0.46 
0.08-0.41 
0.10-0.50 
0.10-0.50 
0.10-0.50 
0.05-0.50 
0.10-0.50 

fraction 
as acid 

1.00 
1.00 s 

1.00« 
1.00« 
0.82 
0.95 
0.76 
0.60 
0.95 

kcat/ko 
M - ' 

uncor 

1.8/ 
1.7/ 
1.5/-* 
1.4 
1.5 
1.5 
0 
0 

cor 

1.6' 
1.6' 
1.7' 

1 0 - 2 * B H 
M - 2 S -

0.044c 

4.4 
4.2 
3.7 
3.9 
3.9 
4.2 
0 
0 

a Maintained with Me4NCl. * Calculated using kcil = 245(&cat/A,'0)cor. c 245/55.3. d J. M. Sayer and W. P. Jencks, J. Am. Chem. Soc, 
91, 6353-6361 (1969). e Buffered with 0.05 M carbonate buffer. / Correction not necessary. * Buffered with 0.02 M tris(hydroxymethyl)-
aminomethane buffer. * Not constant ionic strength. ' Corrected using eq 7 and the values in Table 111. > M. I. Page and W. P. Jencks, J. Am. 
Chem. Soc, 94, 8818-8827 (1972). 

BH+ + 

CH2 
Q-

B - H - C 

. CH, s-[/ \ 
c—o 

CH2 I/ \ 
B + HC C=O (9) 

in ail aldol-type condensation. The reaction can be formulated 
as a proton transfer to the backside of an orbital that is involved 
in the C-C bond that undergoes cleavage. This mechanism is 
consistent with the observed inversion of configuration in the 
base-catalyzed cleavage of ?rara-l-methyl-2-phenylcyclo-
propanol in aqueous dioxane22 and provides an alternative to 
the complex rotation mechanism suggested by Hoffman and 
Cram to account for this stereochemical result.23 It is also in 
agreement with the predominant inversion found in the ring 
opening of I,24 which cannot be accounted for by a rotation 
mechanism. 

ROD 

OH * ° ~ 

D 

1 O 

The observed structure-reactivity behavior and deuterium 
isotope effects indicate an open transition state with a large 
amount of carbanionic character and relatively little proton 
transfer to the central carbon atom. This carbon atom is pen-
tavalent in the transition state, as in S N 2 displacement reac
tions, and is presumably connected to the proton and the car-
bonyl carbon atom by a long, three-center two-electron bond. 
Most nucleophilic displacement reactions have weak bonding 
to the nucleophile (/3nuc ~0.1-0.3)2 5 and a large amount of 
bond cleavage to the leaving group in the transition state (/3lg 

~—0.7 to — 0.9),26 as expected for bonding to a pentacoordi-
nate carbon atom. The small amount of proton transfer in the 
cleavage of 1-phenylcyclopropanol is manifested in the 
BrjJnsted a value of 0.25 for catalysis by unhindered tertiary 
ammonium ions and the less reliable value of a = 0.31 for 
protonated secondary amines (Figure 6). There is even less 
proton transfer in the transition state for cleavage of trans-
1,2-diphenylcyclopropanol, which exhibits no detectable de
pendence on the acidity of the limited number of catalysts 
examined (Table VI); the estimated upper limit of the Bro'nsted 
slope for this reaction is ^ 0.1. 

The order of catalytic activity in the series of protonated 
amines is tertiary > secondary > primary (Figure 6) and no 
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Figure 5. Hammett plots for the base-catalyzed cleavage of cis- (O) and 
Irani- (•) 1 -phenyl-2-(4-X-phenyl)cyclopropanols in 35 wt % acetonitrilc 
in water. 

Table VII. Observed Rate Constants for the Cleavage of cis- and 
trans-1 -Phenyl-2-arylcyclopropanols to 1 -Phenyl-2-(4-X-phenyl)-
propanone (c-X and (-X) in Water-CH3CNa 

substrate 

r-Cl 
/-H 
r-Me 
?-OMe 
c-H 
c-Me 
c-OMe 

1 04£obsd, S-' 

9.2 ± 3 . 0 • 
1.80 ±0 .13 
0.530 ±0.037 
0.348 ±0 .035 
4.93 ±0 .35 
1.21 ±0 .08 
1.17 ± 0.08 

(T" * 

0.26 
0 

-0 .12 
-0 .13 

0 
-0 .12 
-0 .13 

" 35 wt % acetonitrile buffered with 0.025 M tris(hydroxy-
methyl)aminomethane, buffer ratio 1.0. * J. Hine, "Structural Effects 
on Equilibria in Organic Chemistry", Wiley-Interscience, New York, 
1975, p 72. 

catalysis was detected with trifluoroethanol. There is precedent 
for this order of catalytic activity in the amine series for proton 
transfer to or from carbon.27 The catalytic constant for water 
falls below the Br^nsted line for protonated tertiary amines by 
a factor of 20 for 1-phenylcyclopropanol cleavage and by a 
factor of 180 for 1,2-diphenylcyclopropanol cleavage. The 
reaction involving water as the proton donor in the cleavage 
direction represents proton removal by hydroxide ion in the 
reverse direction. Negative deviations of the catalytic constants 
for HOH and H O - are well-known for proton transfers to or 
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Figure 6. Brjjnsted plots for general acid catalysis of the cleavage of 1-
phenylcyclopropanol anion by protonated amines. The upper and lower 
lines are drawn through the points for catalysis by protonated tertiary and 
secondary amines, respectively. 

from carbon; similar deviations are found for aliphatic alco
hols.28 The low catalytic activity of water and trifluoroethanol 
probably reflects some kind of solvation effect and the absence 
of a favorable electrostatic interaction between protonated 
amines and the developing negative charge of the carbanion 
in the transition state.29 This electrostatic interaction is not 
present in the reference, dissociation reaction. 

The isotope discrimination of /CH/^D = 1.9 in H2O-D2O 
mixtures is a measure of the primary isotope effect for proton 
transfer in the cleavage of rnzns-1-phenylcyclopropanol anion 
catalyzed by water and by quinuclidine-H+. This small isotope 
effect is consistent with an open, asymmetric transition state 
that involves only a small amount of proton transfer; it may also 
reflect coupling between motions of the proton and heavy 
atoms.30 The kinetic isotope effects on the observed rate con
stants of &BH/&BD = 1 22 for water and 1.5 for quinucli-
dine-H+ as proton donors (Table V) include both primary and 
secondary effects; the former value gives an inverse secondary 
solvent isotope effect of £DOD/&HOH = 1.9/1.22 = 1.6. The 
secondary isotope effect may be ascribed to loss of the solvation 
of lyoxide or alkoxide ions by three solvent molecules and has 
a maximum value of 2.0 in water.31'32 The observed value of 
1.6 suggests that the reaction has proceeded more than halfway 
to products in the transition state, with loss of most of the 
negative charge on the oxygen atom that is donating a proton 
to the developing carbanion. The relationship ^DOD/^HOH = 
2.0s for the secondary isotope effect32 gives f3 = 0.68. This 
value of /3 is consistent with the observed small value of a = 
1 —/3 = 0.25 and with loss of most of the anionic character of 
the oxygen atom of the developing carbonyl group in the 
transition state of eq 9. 

The discrimination isotope effect was not determined for the 
unstable and insoluble 1,2-diphenylcyclopropanol, for technical 
reasons. However the observed inverse kinetic isotope effect 
of kon/koo — 0.7 for this compound means that the primary 
isotope effect must be very small and the secondary isotope 
effect must be inverse and large. This is consistent with the 
conclusion that there is less proton transfer in the transition 
state for cleavage of the diphenyl compound. 

The Hammett p values of 5.0 and 4.0 for cleavage of the cis-
and trans-\-phenyl-2-arylcyclopropanols are not of high 
precision but do indicate that there is a large amount of neg
ative charge development on the leaving carbon atom in the 
transition state. DePuy et al. have shown that polar substituents 
on the benzene ring of 1-arylcyclopropanols have only a small 
effect on the observed rate constants for base-catalyzed 
cleavage.33 This is consistent with a considerable amount of 

carbon-carbon bond cleavage in the transition state. The initial 
ionization of the cyclopropanol is aided by electron withdrawal 
(p= 1.1 for the ionization of trifluoroacetophenone hydrates34) 
and this is largely compensated by carbon-carbon cleavage, 
which is aided by electron donation.35 

Preassociation Mechanisms. The results suggest that these 
reactions proceed through a preassociation or concerted 
mechanism that is enforced by the short or negligible lifetime 
of the carbanion intermediate, as described in the introductory 
section. The pA"a for the ionization of toluene to the benzyl 
anion has been estimated to be 41 in cyclohexylamine and 42 
in dimethyl sulfoxide, and is probably even higher in water.37 

The benzyl anion-sodium ion pair reacts with water in tetra-
hydrofuran with a rate constant of 5.5 X 109M - 1 s"1, close 
to the diffusion-controlled limit, and exhibits a small isotope 
effect of kH/kD = 1.2-1.7 for the free anion and ion pair re
acting with ethanol.38 The ionization of toluene may occur 
either with or without a significant primary isotope effect, 
depending on the reaction conditions.39 The basicity of the 
aliphatic carbanion PhCOCH2CH2

- that would be formed 
in the unassisted cleavage of 1 -phenylcyclopropanol is higher 
than this by at least 6 pA: units, the difference in the pK of 
PhOH and EtOH, which gives a pKa of > 48; the pK& of iso-
butane has been estimated to be 7! .40 Thus, a free carbanion 
with this structure would certainly react at a diffusion-con
trolled rate with BH+ or HOH and would have little or no 
barrier for the proton-transfer step within the encounter 
complex. 

There is also evidence from several reactions that there is 
little or no barrier for addition of the carbanion (or potential 
carbanion) to the carbonyl group in the reverse, ring-closure 
reaction.13 For example, the "carbanion" that is generated 
upon the decomposition of 2 adds to the carbonyl group, to give 

N=H R 

OR" 

- N , 
O 

R 

EtOH *>^-f 
a rearranged product, faster than it is protonated by the solvent 
ethanol.41 Since there is little or no barrier for protonation, 
there must be little, if any, barrier for C-C bond formation. 

We conclude, for the reasons given in the introductory sec
tion, that the lowest energy pathway for the decomposition of 
the anion of 1-phenylcyclopropanol involves movement of the 
proton donor into position for reaction before C-C cleavage 
takes place. The reaction is certainly concerted in the sense that 
both proton transfer and carbon-carbon cleavage have oc
curred to a significant extent in the transition state. The bar
riers for the two possible reactions of the carbanion may well 
be so small that the carbanion cannot exist as an intermediate 
with a significant lifetime, so that the reaction must proceed 
in one step by a fully concerted mechanism (we will not com
ment at this time on the nature of any coupling of the motions 
of the proton and heavy atoms in the transition state). Such a 
mechanism is consistent with the observed general acid ca
talysis, detuerium isotope effects, structure-reactivity pa
rameters, and stereochemistry of the reaction, as discussed 
above. 

Figure 7 shows a Gibbs free energy profile based on a rough 
estimation of the equilibrium constants for the steps of the 
reaction. The value of Kov is on the order of 3 X 10'3, based on 
/Ccq = 400 M - 1 for the aldol condensation of acetaldehyde,42 

27 kcal of strain energy in cyclopropane,43 a factor of 104 for 
stabilization of the carbonyl group by conjugation with the 
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1-phenyl group,44 and a factor of ~108 M corresponding to the 
difference in the entropy loss for an intramolecular and an 
intermolecular reaction.45 Values of pA"a = 14.2 and pKcn 
>4S then give AT2 < 10-20 4. The value of AG2 for the forma
tion of the carbanion at equilibrium is >27.8 kcal mol-1, which 
is larger than the observed value of AC* = 20.8 kcal/mol for 
cleavage of the cyclopropanol anion. Since pA"Cn is almost 
certainly larger than 48 (because conjugation with a phenyl 
group is expected to provide more stabilization to a carbanion 
than to phenolate ion), this comparison suggests that the 
transition state for the overall reaction is more stable than the 
free carbanion (Figure 7), in spite of the crudity of the calcu
lations. This supports the conclusion that the carbanion is not 
a free intermediate and that the reaction proceeds through a 
more-or-less concerted mechanism. 

We cannot say whether C-C or C-H bond formation and 
cleavage represents the "dominant" or "important" process 
for aldol-type reactions of this kind. Although one might 
conclude that proton transfer is relatively unimportant from 
the small amount of proton transfer in the transition state for 
the cleavage reaction, the reverse, addition reaction involves 
a large amount of proton abstraction and little or no additional 
barrier once the proton is removed. Figure 7 shows that proton 
removal from the carbon acid is thermodynamically more 
difficult than cleavage of the C-C bond of cyclopropanol and 
that it is the large change in free energy of the proton-transfer 
process that drives the reaction toward the ring-opened form 
in the cleavage direction and provides the large barrier for the 
reaction in the addition direction. It is notable that a carbanion 
that is generated from another reaction follows the kinetically 
controlled, intramolecular pathway of addition to the carbonyl 
group in preference to the intermolecular, thermodynamically 
favored path of protonation.41 Thus, the proton transfer is, in 
a sense, the more difficult process for the reaction in both the 
addition and the cleavage directions. 

Cleavage of the l-phenyl-2-arylcyclopropanols appears to 
proceed through a preassociation mechanism with assistance 

Figure 8. Reaction coordinate-energy diagram with proton transfer on 
the horizonal axis and C-C cleavage on the vertical axis to illustrate the 
effect of increasing carbanion stability on the position of the transition state 
for cleavage of cyclopropanol anions. The position of the transition state 
at the saddle point is indicated by t-he double-headed arrow. The reactants 
and products are in potential wells. The species at the other two corners 
may be too unstable to exist in potential wells. 

to the reaction by weak hydrogen bonding of the proton donor 
to the developing carbanion in the transition state. This as
signment is consistent with the 105 times faster cleavage of the 
1,2-diphenyl compound to the more stable benzyl carbanion, 
the observed general acid catalysis with a < 0.1, and the small 
or absent primary deuterium isotope effect. The primary 
driving force for this reaction arises from the anionic oxygen 
atom and strain of the cyclopropane ring; buffer catalysis 
would not be detectable if it were not for the poor ability of 
water to protonate carbanions and electrostatic stabilization 
of the transition state by cationic catalysts. 

This behavior agrees with that expected from a three-di
mensional reaction coordinate-energy diagram with separate 
axes for C-C and C-H bond formation or cleavage (Figure 8). 
Stabilization of the carbanion by a benzene ring will lower the 
energy of the carbanion in the lower right corner of the di
agram so that the transition state will tend to slide downhill 
toward the carbanion, perpendicular to the reaction coordinate, 
in an "anti-Hammond" direction.46 The movement of the 
transition state toward the right corresponds to a decrease in 
the amount of proton transfer and a, as observed. The same 
behavior has been observed previously for the general-acid-
catalyzed expulsion of water and alcohols from carbonyl and 
related addition compounds.9 

An alternative, kinetically equivalent mechanism for the 
buffer-catalyzed reactions involves proton transfer between 
the catalyst and the oxygen atom, rather than the carbon atom, 
in the transition state. This mechanism is excluded because (1) 
addition-elimination reactions of the carbonyl group and 
strongly basic nucleophiles are not subject to general acid-base 
^ ^ - ^ slow . A 

B HO ^ * = ^ = * BH+ O / ^ ~ 

fast 

±BH+, HOH + "OH (11) 

catalysis at the carbonyl oxygen atom,47 (2) there is no ther
modynamic advantage or driving force for such catalysis with 
BH+ = HOH,48 (3) the observed isotope discrimination in the 
cleavage of 1 -phenylcyclopropanol shows that there is proton 
transfer to carbon in the transition state (a free carbanion 
would not be expected to discriminate between protium and 
deuterium, as indicated above), (4) the decrease in a with in
creasing leaving ability of the carbanion, in the cleavage of 
1,2-diphenylcyclopropanol compared with 1-phenylcyclo-
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propanol, is in the opposite direction from that expected for 
this mechanism,9 and (5) this mechanism does not explain the 
change from a normal kinetic solvent deuterium isotope effect 
for the cleavage of 1-phenylcyclopropanol to an inverse effect 
for the 1,2-diphenyl compound. Furthermore, it is reasonable 
that catalysis should occur in such a manner as to avoid the 
most unstable intermediate, as in the mechanism of eq 9, and 
it is probable that proton transfer to the leaving carbanion is 
enforced by the high basicity of this carbanion in the transition 
state, as discussed above. 

Comparison with Related Reactions. The cleavage of a series 
of substituted benzyltrimethylstannanes by methoxide ion 
exhibits an almost constant primary deuterium isotope effect 
(based on isotope discrimination in MeOH-MeOD mixtures) 

\ / 
MeO' + Sn-CH 2 Ar + LOMe 

\ / *" 
=p* M e O — S n - - C H 2 - L O M e 

I I 
Ar 

\ / 
— - MeOSn + CH2L + "OMe 

I I 
Ar 

of kii/ko = 2.1-2.45.49 The solvent isotope effect on the ob
served rate constants is ^MeOH/^MeOD — 0.95, which gives a 
secondary isotope effect of &ROD/&ROH — 2.4 that suggests 
virtually complete addition of methoxide ion in the transition 
state. The Hammett p value of 4.2 suggests a large amount of 
bond cleavage and negative charge development on the leaving 
benzyl group in the transition state.50 A series of the corre
sponding silicon compounds exhibits a smaller primary (dis
crimination) isotope effect of kH/kD = 1.1-1.3 and an inverse 
kinetic isotope effect of &MeOH/&MeOD = 0.42-0.49, giving 
a secondary isotope effect of /CRODMROH = 2.6 that is essen
tially the same as that for the tin compounds.51 However, p-
nitrobenzyltrimethylsilane and other compounds with strongly 
electron-withdrawing substituents on the leaving benzyl group 
exhibit a sharp rise in the discrimination isotope effect to 
kH/kD^ 10.51 

Eaborn and co-workers have concluded, principally because 
of the significant primary deuterium isotope effect, that 
cleavage of the benzyltrimethylstannanes proceeds by a syn
chronous mechanism in which there is significant electrophilic 
assistance by proton transfer to the benzyl group as it is ex
pelled from the metal.49 Although assistance to carbanion 
expulsion by solvent is not excluded, they conclude that 
cleavage of the benzyltrimethylsilanes proceeds by a different 
mechanism in which a free carbanion is formed and protonated 
by the solvent in a subsequent fast step.51 The very small pri
mary isotope effect for the basic benzyl carbanions and the 
increase to a large isotope effect for the more stable carbanions 
were ascribed to a "Westheimer effect" resulting from an 
asymmetric transition state that becomes less asymmetric as 
ApK between the proton donor and acceptor becomes 
smaller.51 

We suggest that these reactions proceed through a preas-
sociation mechanism, similar to that proposed for the alkaline 
cleavage of cyclopropanols, when the leaving carbanion is 
unstable and through a free carbanion intermediate only when 
the carbanion has a sufficient lifetime to diffuse and discrim
inate among solvent molecules before it is protonated by sol
vent. If the leaving carbanion is sufficiently unstable a preas-
sociation mechanism will provide the lowest energy reaction 
path and, if the transition state is sufficiently basic, it will be 

stabilized by partial proton donation from the solvent or a 
general acid in the transition state. The leaving benzyl groups 
behave similarly to the leaving groups in l-phenyl-2-arylcy-
clopropanols; the larger primary isotope effects and smaller 
p value50,52 suggest that there is more proton transfer to the 
leaving group in the benzyltrimethylstannanes than in the 
benzyltrimethylsilanes. When electron-withdrawing substit
uents are added to the leaving group and the carbanion be
comes more stable, a fully stepwise reaction mechanism pro
vides the lowest energy reaction path and the free carbanion 
exhibits a large isotope discrimination between MeOH and 
MeOD. 

Very similar behavior is observed for the hydroxide ion in
duced cleavage of cumyltriphenylphosphonium ion, which 
exhibits an isotope discrimination effect of kn/ko = 1.21, and 
for benzyltriphenylphosphonium ion, which has an inverse 
kinetic solvent isotope effect of A:ROH/&ROD = 0.6 (in 75% 
ethanol).53 

The Ramberg-Backlund reaction involves the same kind 
of processes in the reverse direction, with proton removal from 
carbon by a base and nucleophilic attack of the fully or par
tially formed carbanion to form a new carbon-carbon bond.54 

R 

I \ + R\ / _ 
B H — C , £—Br =P=*= B+H ^ C — C f Br 

R O2 S 

1 
products 

The unsubstituted compound (3, R = H) forms a carbanion 
reversibly and exhibits proton exchange from solvent (40% 
aqueous dioxane) into the starting material, but the addition 
of methyl groups (3, R = CH3) gives a reaction that occurs 
faster than the exchange reaction by a factor of ~10 2 . 5 5 This 
shows that nucleophilic attack occurs faster than protonation 
of the carbanion for the methyl-substituted compound. The 
observed inversion of configuration at the attacking carbon 
atom in this class of reactions shows that attack also occurs 
faster than rotation of the carbanion.54 It is not definitely 
known whether some degree of carbon-carbon bond formation 
accompanies the proton removal in these reactions. 

Kirby has recently shown that the intramolecular addition 
of an amine to an unactivated double bond (the reverse of a 
Hoffman elimination) is subject to general acid catalysis with 
a Br^nsted a value of 0.15 and a solvent deuterium kinetic 
isotope effect of /CH2O/^D2O = 1 -70 in 20% dioxane-water.56 

The carbanion that would be generated in the absence of proton 
transfer in this reaction is sufficiently unstable that an enforced 
preassociation or concerted mechanism appears to be virtually 
certain. The same type of mechanism must, of course, hold for 
the reverse, elimination reaction when the /3 carbon atom is not 
activated by carbanion-stabilizing substituents. 

The isotope effects for the incorporation of protium or 
deuterium into the product in this group of reactions exhibit 
a characteristic pattern that depends on the lifetime of the 
carbanion and the degree of proton transfer in the transition 
state, with a minimum isotope effect for carbanions of inter
mediate stability (Figure 9). When the carbanion is too un
stable to exist the reaction must proceed through a concerted 
mechanism, which can have a large component of proton 
transfer and a large isotope effect. This isotope effect will de
crease with increasing coupling to other processes in the 
transition state and with an asymmetric transition state.30 '57 

A reaction that gives a carbanion of intermediate stability will 
proceed through a preassociation mechanism with only a small 
amount of proton transfer in the hydrogen-bonded transition 
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state; the isotope effects in the examples noted here are in the 
range 1.0-2.5. A still more stable carbanion will have a lifetime 
sufficient to diffuse through the solution and discriminate 
among proton donors (&-a > k-\) so that it will show a large 
isotope effect, as illustrated dramatically by the substituted 
benzyltrimethylsilanes examined by Eaborn et al.51 

Enzyme-Catalyzed Reactions. These results suggest that one 
of the several mechanisms that are utilized by enzymes to 
catalyze aldol-type reactions may involve assistance to proton 
removal by interaction with an electrophile in the transition 
state, and assistance to carbon-carbon bond formation and 
cleavage by a significant amount of associated proton transfer 
in the transition state. This is illustrated for addition to a car-
bonyl group by eq 12. Such mechanisms would serve to avoid 

enzyme enzyme 
(12) 

the formation of highly unstable free carbanion intermediates 
and the transition states leading to their formation. Hydrogen 
exchange with the solvent in the presence of substrate ana
logues, but in the absence of the carbonyl substrate, may in
volve formation of the uncharged enol or other stabilization 
mechanisms. Enzymes may facilitate stabilization of the 
carbanion or the transition state of a concerted SE2 mechanism 
by compressing the reacting groups together and thereby de
creasing the barriers for the individual steps. Calculations have 
suggested that bringing together the proton donor and acceptor 
significantly decreases the barrier for simple proton transfer 
reactions and may occur to a significant extent even in an un-
catalyzed, bimolecular reaction.58 It is of interest that en
zyme-catalyzed addition reactions of acetyl-coenzyme A 
proceed with inversion of configuration, consistent with the 
mechanism of eq 12, whereas aldol-type reactions that involve 
more stable carbanions proceed with retention of configura
tion.59 

Experimental Section 

Materials. Amine hydrochlorides were purchased (Aldrich) or 
prepared from the amine and were purified by recrystallization. Amine 
buffers were prepared by neutralizing solutions of the hydrochlorides 
with aqueous potassium hydroxide. Reagent grade inorganic salts and 
acetonitrile were used without further purification. Water and deu
terium oxide were glass distilled and were deoxygenated by bubbling 
with argon for >5 min before use for kinetic experiments. 

1-Phenylcyclopropanol was prepared from 1,3-dichloroacetone, 
purified by recrystallization, and shown to be of high purity by NMR 
and high-performance liquid chromatography (LC).60 l-Phenyl-2-
arylcyclopropyl acetates33 were received as a gift from Charles DePuy. 
The cis and trans isomers of the 4-methyl and 4-methoxy compounds 
were separated by recrystallization from hexane, which gave the cis 
isomers, and LC (60%, by weight, methanol in water) followed by two 
recrystallizations from hexane to give the trans isomers. The identity 
and high purity were established by NFvIR and LC analyses and by 
melting points.33 rra/w-I,2-DiphenylcycIopropyI acetate gave mp 
68.5-69 0C, higher than the previously reported value of 53-54 
o C 3 3 

I-Phenyl-2-arylcyclopropanols were prepared from the acetates 
by cleavage with methyllithium.33'61 The product was usually used 
directly for kinetic experiments after changing the solvent from ether 
to acetonitrile. No difference in kinetic behavior was obtained with 
rran.v-l,2-diphenylcyclopropanol which had been purified by re
crystallization from hexane-ether (mp 102-106 0C, reported61 mp 
96.5-99 0C) and shown to be free of detectable impurities by NMR 
analysis. The cyclopropanols were stored in a freezer as the solid or 
in acetonitrile solution. 

LC separations were carried out with a Waters 6000A solvent de
livery system, absorbance detector (Model 440), and differential re-

Preossociotion Vr»% 

Carbanion Stability 

Figure 9. Schematic diagram to illustrate the change in the primary dis
crimination solvent isotope effect for the incorporation of protium or 
deuterium into the product in reactions that generate carbanions of varying 
stability. 

fractive index detector (Model R401). ,uBondapak C18 or ^Porasil 
columns (4 X 300 mm) were used for analytic separations and a 
^Bondapak Cl8 column (7 X 300 mm) was used for preparative 
separations. 

Kinetic Measurements. Rate constants were determined using a 
Zeiss PM6 spectrophotometer with a thermostated cell compartment 
at 25.0 ± 0.1 0C. The absorbance change was followed at 280 nm 
using tightly stoppered 1-cm cuvettes for 1-phenylcyclopropanol and 
4-cm semimicro cells for the less soluble l-phenyl-2-arylcyclopropa-
nols. 

The rate of the base-catalyzed cleavage of 1 -phenylcyclopropanol 
was followed by measuring the change in absorbance after the addition 
of 2-4 nL of 0.6 M substrate in methanol to 3 mL of thermostated 
base solution. Pseudo-first-order rate constants, fc0bsd, were evaluated 
from plots against time of In (A„ -A), in which Aa is the final ab
sorbance of the reaction mixture. The slower reactions in buffer so
lutions were followed by measurements of the initial rate of reaction 
(~2% reaction, AA ^ 0.1) after the addition of 5 ^L of 2.6 M 1-
phenylcyclopropanol with a microsyringe. The infinity absorbance, 
/f«, was determined from aliquots of parallel runs in potassium hy
droxide solutions and the rate constants were obtained from the re
lationship £obsd = (A/4/A/)/(/4„ - A/4/2). Kinetic runs with qui-
nuclidine at buffer ratio 1.0 were carried out using both initial rate 
and complete first-order rate constant measurements and were found 
to give the same rate constants within experimental error. Kinetic runs 
were done at least twice. The ionic strength was maintained constant 
with potassium chloride in most reactions catalyzed by potassium 
hydroxide and with tetramethylammonium chloride and potassium 
chloride in the buffer-catalyzed reactions, using a solution with a ratio 
[Me4NCl]/[KCl] the same as the ratio [BH+]/[KCI] in the stock 
solution of amine buffer. All reaction mixtures contained 2 X 10~3 

M ethylenediaminetetraacetate to inhibit oxidation catalyzed by trace 
metals. 

Kinetic experiments with the relatively unstable and insoluble 
1,2-diphenylcyclopropanol were initiated by adding 2 mL of 2 X 10-4 

M substrate in water to 2 mL of buffer. The diphenylcyclopropanol 
solution was prepared by shaking 50 ^L of an acetonitrile stock so
lution with 13 mL of 1.0 M tetramethylammonium chloride con
taining 4 X l O - 3 M disodium ethylenediaminetetraacetate. Ionic 
strength was maintained with tetramethylammonium chloride (po
tassium chloride was found to salt out the diphenylcyclopropanol). 
The reactions of l-phenyl-2-arylcyclopropanois were initiated by the 
addition of 10 ̂ L of a stock solution of substrate in acetonitrile to 4 
mL of buffer containing 2 X 10~3 M ethylenediaminetetraacetate in 
acetonitrile-water. The reactions followed satisfactory pseudo-first-
order kinetics with a total absorbance change of ~0.4 except for 
//•a/w-l-phenyl-2-(4-chlorophenyl)cyclopropanol, which was linear 
to only 40-50% reaction and therefore gave only an approximate value 
of k0H (Table VIl). 

The pH was measured directly after a kinetic run using a Radi
ometer Model 26 pH meter with a GK 232IC glass electrode stan
dardized at pH 7.0 and 10.0. The observed rate constants were cor
rected for small variations in pH with changing buffer concentration. 
The pD of deuterium oxide solutions was obtained by adding 0.40 to 
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the observed pH meter readings.62 The deuterium oxide content of 
the reaction solutions was larger than 99%. Quinuclidine hydrochloride 
was exchanged prior to use by dissolving in deuterium oxide and re
moving most of the solvent by distillation under dry nitrogen. The 
solvent deuterium isotope effect on the catalytic constant for the 
quinuclidine-catalyzed reaction was calculated from 

£ Q H / * Q D = [(£catMo)H2o(£oHAoD)]/(£cat^o)D20 

The kinetic isotope effect for 1,2-diphenylcyclopropanol was measured 
in 0.012 M tris(hydroxymethane)aminomethane buffer, 50% Tris-
H + . 

Rate constants, derived rate constants, and correlations of rate 
constants were calculated by the method of least squares, except for 
the Hammett plot for trans-\-phenyl-2-arylcyclopropanols. Estimated 
errors are based on the maximum errors derived from maximum 
systematic errors and random errors. The maximum errors of the 
directly measured rate constants were thus allowed to propagate as 
maximum errors into derived quantities. 

Product Analysis. Cleavage of 1-phenylcyclopropanol in the pres
ence of hdyroxide ion was found to produce a single product with UV 
and 1H NMR spectra and LC mobility identical with that of authentic 
l-phenylpropanone. Cleavage of 1,3-diphenylcyclopropanol gave a 
single product that was identified by NMR (CDCb) as 1,3-diphen-
ylpropanone: <5 3.25 (4 H, m), 7.59 and 8.01 (10 H, m). The UV 
spectra of the products from the cleavage of the other l-phenyl-2-
arylcyclopropanols exhibited a band similar to that of the conjugated 
carbonyl group of l-phenylpropanone. 

Isotope discrimination in water-deuterium oxide mixtures was 
determined by NMR analysis of the products. A solution of 1-phen
ylcyclopropanol in methanol (200 ^L) was added to 25 mL of an 
H2O-D2O mixture at 25 0C containing 0.1 M KOH or quinuclidine 
buffer, to give a final concentration of 0.03 M. After 10 half-lives the 
cleavage product was extracted from the homogeneous solution with 
carbon tetrachloride and transferred to another flask containing KOD 
in D2O. The heterogeneous mixture was stirred overnight to obtain 
complete exchange of the a protons. The CCI4 phase was separated 
and 30% (v/v) of CDCI3 was added. The solutions were then analyzed 
on a 270-MHz NMR instrument with gated deuterium decoupling, 
which gave a clean separation of the monodeuterated and nondeu-
terated methyl singlets. The isotope effects were calculated from the 
peak areas and the H/D ratios of the reaction solutions (Table 
IV). 
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Abstract: Contrary to earlier conclusions, the nonfragmenting [C4H4O]+- ions generated by loss of CO from 2- and 4-pyrone 
mainly have the [furan]+- structure; some [vinylketene]+• ions are also generated. This conclusion was drawn from examina
tion of the collisional activation spectra of [C4H4O]+- ions of known structure and from measurements of the heats of forma
tion of the molecular ions of 11 isomeric [C4H4O]+- species. It was further concluded that no firm structural assignment can 
be made for the [C4H4O]+- ions having sufficient internal energy to fragment on the microsecond time scale. 

Introduction 

The elucidation of molecular and ionic structures by mass 
spectrometry has greatly benefitted from simple rationaliza
tions derived from organic chemistry. However, an intriguing 
and longstanding exception concerns the loss of CO from 2-
and 4-pyrone molecular ions.2a The proposed generation of 
[furan]+- as a stable daughter ion seems a priori very reason
able. McLafferty and Pike2b cautiously concluded, from a 
study of relative metastable peak abundances for the frag
menting [C 4H 4O]+- ions derived from furan and 2- and 4-
pyrones, that a substantial fraction of the decomposing ions 
cannot have the furan structure. 

Shortly thereafter, Pirkle and Dines,3 in their second de
tailed study, concluded that the majority of further decom
posing [C4H40]+- ions could confidently be excluded from 
having the structure of [furan]+-. 

We here present evidence that, for the nondecomposing 
(lifetimes > 5 /us) [C4H4O]+- ions from both pyrones, the 
[furan]+- structure is the predominant species and that no firm 
deductions concerning the structures of either the reacting or 
the nonreacting ions can be made from metastable peak 
characteristics. 

Results and Discussion 
The heats of formation, AHr, of the m/z 68, [C4H4O]+-

daughter ions from 2- and 4-pyrones were estimated to be 
*• 217 and > 222 kcal mol - ' , respectively. (From appearance 
energy (AE), m/z 68, for 2-pyrone AE = 10.34 ± 0.05 eV, and 
for 4-pyrone A E = I 0.64 ± 0.05 eV, both measured with en
ergy selected electrons;4 A//f(2-pyrone) = —43 ± 2 kcal mol - 1 

and A/Yf(4-pyrone) = —34 ± 2 kcal mol - 1 from group addi-
tivity,5 whence A// f( [C4H4O]+-) from 2-pyrone = 222 ± 2 
kcal mol-1 and A// f( [C4H4O]+-) from 4-pyrone = 237 ± 2 
kcal mol - 1 . However, both fragmentations are associated with 
appreciable reverse activation energies (£ rev) whose minimum 
values, calculated from the widths of the dish-topped meta
stable peaks across their maxima,6'7 were £rev(2-pyrone) > 

4.5 kcal mol - 1 and isrev(4-pyrorie) > 14.5 kcal mol - 1 8.) Thus, 
the above AHr values represent upper limits for the 
[C 4H 4O]+ - daughter ions. Comparing these values with rep
resentative thermochemical data (Table 1) permits the elimi
nation of all structures proposed earlier3 and leaves but three 
feasible structures for threshold [C4H4O]+- (i.e., ions having 
insufficient energy to fragment further), [vinylketene]+-, 
[furan]+-, and [buta-l,2-dienone]+-. 

Structural information for nondecomposing ions can also 
be obtained from their collisional activation (CA) mass spectra. 
These spectra represent the intensity distribution of the ionic 
products of decomposition from the fast dissociations which 
a mass selected stable ion is forced to undergo upon collision 
with an inert gas in the field free region between the magnetic 
and electric sector of the mass spectrometer. The high energy 
imparted to the ion by the collision precludes extensive isom-
erization before fragmentation and so fast reactions charac
teristic of ion structure are normally observed.'3 

The [C 4H 4O]+- ions from the pyrones display only three 
important peaks in their collisional activation (CA) mass 
spectra, m/z 39, 40, and 42. The complete spectra are shown 
in Table 11. The CA mass spectrum of 4-pyrone is closely 
similar to that of furan but significantly different from that 
of vinylketene. We conclude that loss of CO from [4-pyrone]+-
indeed produces [furan]+- as the nonfragmenting daughter ion. 
We propose that loss of CO from [2-pyrone]+- generates 
mainly [furan]+- ions together with [vinylketene]"1"-. 

The generation of [vinylketene]+- from 2-pyrone can be 
rationalized by invoking a 1,4- or a 1,2-hydrogen shift prior 
to the loss of CO from a molecular ion which has undergone 
a ring-opening analogous to the photochemical behavior of the 
neutral molecule.14 '16 Isomerization of [2-pyrone]+- into the 
molecular ion of bicyclo[2.2.0]pyran-2-one can be ruled out 
on the basis of their mass spectra.17 

We suggest that the possible third isomer, [buta-l,2-dien-
one]+- is an unlikely [C 4H 4O]+- daughter ion because its CA 
mass spectrum would be expected to display appreciable loss 
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