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Abstract: The formation and breakdown of tetrahedral addition compounds formed from alcohols and N,O-tri-
methylenephthalimidium cation are subject to general acid-base catalysis. The Bronsted coefficients for general
acid catalysis of alcohol expulsion increase with increasing alcohol basicity from « = 0.49 for trifluoroethanol to
« = 0.74 for ethanol. There is a corresponding change in the magnitude and direction of the effect of substituents
in the leaving alcohol, from 8, = 0.24 for catalysis by the proton to 8, = —0.23 for catalysis by acetic acid. It is
concluded that proton transfer and the formation and breakdown of the C-O bornd are in some sense concerted.
The mechanism and structure-reactivity relationships are discussed with the help of the Cordes equations and
three-dimensional reaction coordinate—transition state diagrams. The reaction also proceeds through the un-
catalyzed attack and elimination of alkoxide ion with 8, = —0.9. The “carbon basicity’’ toward the phthalimi-
dium ion is some 107 greater for alkoxide ions than for amines of the same basicity toward the proton, but for the
uncharged species the exchange of hydrogen for carbon is some 40-fold more favorable for amines than for alcohols.

‘x Je describe here a study of structure-reactivity
relationships in the general acid-base catalyzed
(eq 1) and uncatalyzed (eq 2) formation and breakdown
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of the tetrahedral addition compounds formed from
N,O-trimethylenephthalimidium cation? and a series
of aliphatic alcohols.

Experimental Section

Materials. Alcohols, with the exception of 2,2,2-trifluoroethanol
(Aldrich Chemical Co., Puriss), were redistilled before use. The
methanol and ethanol addition compounds were prepared by the
addition of ¥,0-trimethylenephthalimidium perchlorate to a 1.5
fold molar excess of triethylenediamine or sodium acetate in the
appropriate alcohol. Other alcohol addition compounds were
prepared prior to each experiment by the addition of the phthalimi-
dium perchlorate to a 1.5-fold molar excess of alcohol and of tri-
ethylenediamine in acetonitrile, The ethanol addition compound
was also synthesized according to the procedure of Hiinig and
Geldern.? The ultraviolet spectrum and kinetic behavior of the
synthetic product were identical with those of the adduct prepared
in ethanol solution.

Kinetics. Kinetic measurements were carried out as previously
described.®¢ Hydrolysis of the alcohol addition compounds was
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followed by measuring the appearance of phthalimide absorption
at 300 nm, at 25°, and ionic strength maintained at 1.0 with potas-
sium chloride. The reactions were initiated by adding 0.03 ml of
a solution of addition compound to approximately 2.7 ml of buffer
to give a final concentration on the order of 3 X 1074 M. Slow
reactions were followed using concentrations of approximately
2-3 X 10™% M and gave linear absorbance changes for up to 4-5%
of the total reaction. The absorbance of the product at time
infinity was observed in these experiments by diluting aliquots of
each solution in acid. Pseudo-first-order rate constants for these
experiments were obtained by dividing the initial rate of absorbance
change by the absorbance at time infinity minus the initial absor-
bance. The pH of each solution was determined at the end of the
reaction,

Rate constants for catalysis by general acids were generally
determined from five runs with buffer concentrations in the range
0.02-0.80 M at each of three different buffer ratios. Catalysis by
acetate buffers of the hydrolysis of the methanol adduct was
measured with 3-5 runs at each of five buffer ratios. The catalytic
constants for the acids were obtained from the ordinate intercepts
of plots of the observed catalytic constants against the fraction of
the buffer in the basic form. No catalysis by the basic component
of the buffer was observed. Rate constants for hydronium ion
catalysis and pH-independent hydrolysis were obtained from the
intercepts of the plots of rate constants against buffer concentration.

The pH values of solutions of chloroacetic and cyanoacetic acid
buffers were adjusted to a constant value with hydrochloric acid to
correct for the decrease in the concentration of the acid component
of these strong acid buffers from ionization at low pH values. In
order to correct for the variation in the pH of phosphate buffers
with increasing concentration, rate constants were determined at
five concentrations of buffer for each of three to five different
buffer ratios and the rate constants at each concentration were
plotted against pH. The rate constants at a given constant pH
value at increasing buffer concentrations were then read off this
plot. Rate constants for hydrolysis of the methanol and ethanol
adducts were found to decrease with increasing concentration of
N-methylimidazole buffers, presumably because of complexation
of the buffer with the adduct.

The product of the hydrolysis of all of the alcohol adducts was
identified as the phthalimide by ultraviolet spectroscopy.

Reaction of Alcohols with the Phthalimidium Cation. The
relative rates of nucleophilic reaction of alcohols and water were
determined from the ratios of alcohol adduct and hydrolysis
product (phthalimide) formed after solvolysis of the phthalimidium
ion in water-alcohol mixtures, by essentially the same technique
as described previously for the reactions of amines.* The phthali-
midium ion was generated from the piperidine addition compound
below pH 7.2 and from the imidazole adduct at pH 8.7-11.8. In
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TableI. Rate Constants and Brgnsted o Values for the Breakdown of Alcohol Adducts Formed from
N,O-Trimethylenephthalimidium Cation, at 25° and Ionic Strength 1.0 (KCl)

kH0T,
pKa, M1
Alcohol adduct alcohol= sec™!

CICHe-
COOH

——kHA X 104, M~!sec l——

HCOOH CH,COOH H,PO, Brognsted o

Ethanol 16.0 24.6
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2-Chloroethanol
2-Propyn-1-o0l
2,2-Dichloroethanol
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Figure 1. Dependence on buffer composition of the catalytic con-
stants for catalysis by formate buffers of the hydrolysis of the addi-
tion compound of 2-propyn-l-ol and N,O-trimethylenephthalim-
idium ion at 25° and ionic strength 1.0 (KCl).

each case the rate of hydrolysis of the amine adduct was at least
10¢ times faster than that of the alcohol adduct product. The
concentration of alcohol adduct product was determined from the
change in absorbance at 300 nm upon hydrolysis to phthalimide
in acidic solutions, as described previously.*

The ratio of alcohol adduct to hydrolysis product is given by eq 3.

product ratio =

krou{ROH] + kro"{RO-] 4+ krou®[ROHIB]
kzo[H.0] + kou"[OH-] 4 km,o®[H2Ol[B]

The experiments were carried out at low buffer concentrations, at
which the buffer does not significantly affect the product ratio, so
that the 4B terms could be neglected. It was shown that there was
no significant effect of buffer concentrations.up to 0.1 M on the
product ratio in the lower pH region. Experiments in this region
were carried out with 0.02-0.05 M buffer with a total of at least
24 experiments and at least two buffer ratios for the methanol and
ethanol reactions, using acetate and phosphate buffers, at a series
of different alcohol concentrations. The reaction of the anion is
negligible at these pH values, so that the product ratios give the
ratio kron?/km,o directly. Experiments at higher pH values were
carried out in triethylenediamine or quinuclidine buffers at 0.005-
0.02 M with between 2 and 36 runs at concentrations of the
different alcohols in the range 0.5-6.0 M. Under the conditions of

&)

these experiments only the anion reactions are significant and the
ratio kno-/kom- was calculated from the product ratio and the
ionization constants of the alcohol.s These experiments were
carried out at ionic strength 0.002-0.01.

Results

Hydrolysis. Rate constants for the hydrolysis of a
series of alcohol addition compounds of N,O-trimethy-
lenephthalimidium cation, catalyzed by the proton and
buffer acids, are summarized in Table I. The observed
rate constants were found to increase linearly with
increasing buffer concentration and plots of the ob-
served catalytic constants against the fraction of the
buffer in the basic form showed catalysis by only the
acidic component of the buffer, as illustrated for cataly-
sis of the hydrolysis of the 2-propyn-1-ol adduct by
formic acid in Figure 1. Rate constants for catalysis
by the proton were obtained from the slopes of (linear)
plots against hydrogen ion activity of the ordinate in-
tercepts from the plots against buffer concentration.
At high pH values the dichloroethanol and trifluoro-
ethanol adducts were found to undergo hydrolysis
through a pH-independent reaction. The rate constants
k;’ for this hydrolysis were obtained from the inter-
cepts of the plots of rate constants against hydrogen ion
activity and are summarized in Table II. The ethanol
and methanol adducts were found to be stable for 12
hrin 0.01 M sodium hydroxide.

Upon addition to perchloric acid solutions at four
concentrations in the range 7.0-9.9 M, the ethanol
addition compound was found to undergo immediate
hydrolysis to a product with absorption maxima, ex-
tinction coefficients, and rate constants for hydrolysis
to phthalimide that are identical with those of authentic
phthalimidium ion examined under the same condi-
tions. Hydrolysis to the phthalimide gives isosbestic
points at 305, 258, 245.5, and 238.5 nm. The phthal-
imide is the thermodynamically favored final product in
the less concentrated acid solutions. These results
show that the alcohol adduct undergoes cleavage to the
phthalimidium ion, rather than ring opening to a new
imidate that undergoes hydrolysis to phthalimide under
these conditions.

Formation of Alcohol Addition Compounds. The
rate constants for the attack of alcohols (k-1) and
alcoholate ions (k—,’) on the phthalimidium ion (Table
IT) were determined from the ratio of alcohol addition
compounds and phthalimide hydrolysis products formed
upon solvolysis in alcohol-water mixtures at neutral
and alkaline pH values and from the known rate con-
stants for attack of water and hydroxide ion.* The

(5) P. Ballinger and F. A. Long, J. Amer. Chem. Soc., 81, 1050 (1959);
82,795 (1960).
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TableII. Rate and Equilibrium Constants for the Reactions of Alcohols with N,0-Trimethylenephthalimidium Cation at 25°

Alcohol

1/, sec™!

4
k',

M-1sec! K. ea ) M

Ethanol

Methanol
2,2-Dichloroethanol
2,2,2-Trifluoroethanol

6.65 6.7 X 107184
3.78 1.1 X 1075 @
3.74 5 X107
6.7¢ 2.5 X 10712

s K,q = [ROHIPI*}/[A[H*] = kifk_y. > Koy’
Koo' = KeqKaissROH. ¢ Calculated fromk_; = &)/ K.

phthalimidium ion was usually generated in sifu from
the piperidine or imidazole addition compounds.
Similar results were obtained by the direct addition of
phthalimidium perchlorate in acetonitrile to alcohol-
water solutions at alcohol concentrations up to 6 M.
Acetate buffers (5097 anion) at concentrations up to
0.2 M were found to have no effect on the product
ratio with methanol and ethanol, but quinuclidine
buffers at pH 11.8 increase the methanol adduct/
phthalimide ratio by twofold at 0.2 M.

The equilibrium constants K., for the neutral reac-
tions of ethanol and methanol (eq 1) were calculated
from the rate constants k; and k—; in the two directions.
The equilibrium constants K.,’ for the reactions of the
anions of dichloroethanol and trifluoroethanol (eq 2)
were calculated from the rate constants k;’ and k-’
in the two directions. The two equilibrium constants
are related by the acid dissociation constant of the
alcohol, K.’ = KeqKaissR®O¥, so that the remaining
equilibrium constants were readily calculated (Table II).
The rate constants k,’ for ethanol and methanol and k-,
for dichloroethanol and trifluoroethanol, which were not
measured directly, were calculated from the equilibrium
constants and the rate constants for the reaction in the
opposite direction (Table II).

Discussion

General Acid-Base Catalysis. The following evi-
dence supports the conclusion that the acid-base
catalyzed elimination and addition of alcohols occurs
through a “concerted” (eq 4), as opposed to a stepwise
(eq 5), mechanism of general acid-base catalysis.

HOO
R
AH——OO
R
N\
N k \N+
HA /
X2 Sy e
A-H + 0 O iAHoo H—o ©
R R R

(1) The Bronsted plots for general acid catalysis of
the hydrolysis of the addition compounds have slopes
of 0.49-0.74 (Figure 2). The stepwise mechanism

= [ROTJPI*}/[Ad] =

5
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Figure 2. Brgnsted plots for the general acid catalyzed breakdown
of the 2,2,2-trifluoroethanol (3J), 2,2-dichloroethanol (@), 2-propyn-
1-01 (¢), 2-chloroethanol (V), methanol (O), and ethanol (4) addition
compounds of the phthalimidium cation at 25° and ionic strength 1.0
(KQ)).

could exhibit general acid catalysis if the proton transfer
step (kua, eq 5) is rate determining and a value of «
other than 0 or 1.0 could be observed for such & mech-
anism if the pK, of the catalyst is close to that of the
substrate.® However, the pK, values of the conjugate
acids of the phthalimidium addition compounds are
expected to be on the order of 8.4 units lower than the
corresponding pK, values for the parent alcohols.*
Consequently, a value of « = 1.0 would be expected
for this thermodynamically unfavorable proton transfer
step from catalysts of pK = —1.7 to 7,% and the ob-
served values of a = 0.49-0.74 rule out the mechanism
of eq 5.

(2) The calculated rate constants for protonation of
the addition compound are inadequate to account for
the observed reaction rate. Assuming that the pK, of
the conjugate acid of an ether is the same as that of
water” and that the substituent effect of the trifluoro-
ethyl group is the same for the ionizations of ROH and

(6) M. Eigen, Angew. Chem., Int. Ed. Engl., 3, 1 (1964),

(7) In fact, simple ethers are half-protonated only at Ho —6.4,
although the ratio log ({BH*}/[B]) gives a slope of only 0.32-0.35 when
plotted against — Hy: D. G. Lee and R. Cameron, Can. J. Chem., 50,
445 (1972).
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Figure 3. Dependence of the Brgnsted « values for general acid
catalyzed breakdown of alcohol addition compounds on the basicity
of the leaving alcohol.

RR’OH*, the pK. of the conjugate acid of the tri-
fluoroethanol adduct is on the order of —1.74 — 8.4 —
3.6 = —13.7. Assuming a diffusion-controlled rate
constant of 101° M1 sec~1for the reaction of this species
with acetate ion, the rate constant for protonation of
the adduct by acetic acid (pK. = 4.6) is then 5 X 10~°
M- sec!, well below the observed rate constant of
5.5 X 10-* M~! sec™! for the acetic acid catalyzed
breakdown of this adduct. Thus, the stepwise mech-
anism of eq 35, with rate-determining protonation of the
addition compound, cannot account for the observed
reaction rate.

(3) The rate constants for the acetic acid catalyzed
breakdown increase with electron-withdrawing sub-
stituents on the leaving alcohol (Table I). This is in-
consistent with a mechanism involving protonation of
the leaving alcohol as the only process taking place in
the rate-determining step. In a modification of the
mechanism of eq 5, proton transfer and carbon-oxygen
cleavage occur in separate steps, but the transition state
for carbon-oxygen cleavage is stabilized by hydrogen
bonding to the catalyst, as shown in 1a and 1b. Al-

(+)\c/ (-)\C/
A H(l) \ A-H (,) \

R R

a b

1

though we are reluctant to speculate on the detailed
mechanism of coupling of the various bond-forming
and -breaking processes, we believe that the data are
inconsistent with mechanisms 1a and 1b, so that a fully
concerted mechanism is required. Mechanism 1a in-
volves stabilization of a cationic protonated leaving
alcohol by hydrogen bonding to the conjugate base of
the catalyst. Since this mechanism requires the de-
velopment of positive charge on the leaving oxygen
atom, it is inconsistent with the observed stabilization
of the transition state of the acetic acid catalyzed re-
action by electron-withdrawing substituents in the
alcohol. Mechanism 1b involves stabilization of the
leaving oxyanion by hydrogen bonding to the acid
form of the catalyst. The negative charge development
on the leaving oxygen atom is inconsistent with the

observed stabilization of the transition state of the
proton-catalyzed reactions by electron-donating sub-
stituents in the alcohol. The gradual change in the
Bronsted « value and the reversal of the direction of the
substituent effect on the leaving group with changing
acid strength (Figure 2) are difficult to reconcile with
mechanisms that involve double potential well hydrogen
bonds, such as 1a and 1b; a single well hydrogen bond
corresponds to a concerted mechanism,

With acids of intermediate strength, for which the
effect of substituents in the alcohol is small or zero,
the negative charge development on the leaving oxygen
atom from cleavage of the carbon-oxygen bond must
be closely balanced by positive charge development from
partial proton transfer so that there is little or no change
in the net charge on the leaving group in going from the
reactants to the transition state. Since the average
Bronsted « value of 0.62 implies a considerable amount
of proton transfer, this means that there must be a cor-
responding amount of C-O bond cleavage; both pro-
cesses have probably proceeded about halfway or
slightly more toward completion, as indicated in the
transition state of eq 4.

The substituent effects are also inconsistent with a
mechanism of hydrolysis in which the rate-determining
step involves endocyclic cleavage. Such a mechanism
would give an oxocarbonium ion involving this alcohol
as the immediate product and would be inhibited by
electron-withdrawing substituents. The directly ob-
served formation of the phthalimidium ion as the initial
product in acid solution (see Results) and the known
preferred exocyclic cleavage of acetals® provide addi-
tional evidence supporting the mechanism of exocyclic
cleavage shownineq 4.

Structure-Reactivity Relationships and Catalysis.
The most interesting result of this work is the pro-
gressive increase in the value of the Bronsted coefficient
from o = 0.49 to « = 0.74 as the substituents on the
leaving alcohol become relatively electron donating
(Figure 3). It is this increase that is responsible for
the reversal of the order of reactivity of the different
alcohol addition compounds with changing strength of
the catalyzing acid (Figure 2). At the risk of appearing
anthropomorphic, the transition state evidently ad-
justs itself to take advantage of the easier protonation
of more basic oxygen atoms, so that there is a greater
amount of acid catalysis for the more basic alcohols.
Conversely, one can say that a more acidic catalyst
leads to the development of a more cationic transi-
tion state that “‘takes advantage’” of the greater pro-
ton-donating ability of the catalyst. Both of these
changes are in the opposite direction from what one
might initially expect from the considerations of Leffler
and Hammond,® which predict that the proton transfer
should occur with an earlier transition state for a more
basic oxygen atom and a stronger acid catalyst. The
observed behavior is clearly a consequence of the linking
of the proton transfer and C-O bond cleavage processes
and may be described as a substituent effect perpen-
dicular to the reaction coordinate. '

(8) B. Capon, Chem. Rev., 69, 407 (1969); J. Lehman, E. Pfeiffer,
and H. Reinshagen, Chem. Ber., 102, 2748 (1969); A. Kankaanperd and
K. Miikki, Suom. Kemistilehti B, 41, 42 (1968); A. Kankaanperd, ibid.,
43,133 (1970).

(9) J. E. Leffler, Science, 117, 340 (1953); G. S. Hammond, J. Amer.
Chem. Soc., 77,334 (1955).

(10) E.R. Thornton, J. Amer. Chem. Soc., 89,2915 (1967).
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This kind of interrelationship is described by eq 6
and 7. These equations are derived, as described by

(PK; — pKe = cs(lar — @jleat 6)
(pK: — pKi)ear = cs(B1 — Bohg ™)

Cordes for similar interrelationships,* from the
Bronsted equation for general acid catalysis and from
eq 8, which describes the change in observed rate with

log (ki/k;) = Bre(pK: — PK), (8)

changing pK, of the leaving group. When there is no
proton transfer the sign of 3 is expected to be negative;
i.e., electron-withdrawing substituents increase leaving
group ability. According to eq 6 the value of the Bron-
sted coefficient «; will decrease as electron-withdrawing
substituents are added to the leaving group to decrease
pK; when the coefficient ¢; is positive. This is in agree-
ment with the observed decrease in « from 0.74 to
0.49 as the pK of the leaving alcohol is decreased from
16 to 12.4 and corresponds to a value of ¢c; = 14 (1/¢; =
0.07).12 1t follows from eq 7 that as the catalyst be-
comes a stronger acid (pK; decreases) the value of 3, for
the leaving group increases (or becomes less negative).
This is in accord with the observed reversal of sub-
stituent effect with changing acid strength; i.e., the
change in the value of By, from —0.23 for catalysis by
acetic acid to 0.24 for catalysis by the proton. This
change corresponds to the value of ¢; = 14ineq7.
Three-dimensional energy contour diagrams with
separate axes for motion of the proton and cleavage of
the carbon-oxygen bond are helpful in visualizing these
structure~reactivity interrelationships (Figure 4).1%1¢
Although these diagrams have been drawn based on
known or extrapolated equilibrium and rate constants,
they obviously should not be taken too seriously or
literally in view of the complexity of the reaction.!®
Starting with the uncharged addition compound A in
the upper right-hand corner of the diagram, the re-
action can proceed through a stepwise mechanism
involving the uncatalyzed elimination of alcoholate
ion to give the intermediate I~ in the lower right corner,
followed by proton transfer to give the final products
PI+, the phthalimidium ion, and free alcohol, in the
lower left corner. The alternative stepwise mechanism
involves proton transfer first to give the protonated
adduct I+ in the upper left corner, followed by carbon-
oxygen bond cleavage to give products. In the con-
certed mechanism the proton transfer and C-O cleav-
age take place more or less simultaneously and the
reaction follows the lowest energy path diagonally
across the diagram. The driving force for the catalyzed
reaction is the avoidance of the unstable intermediates
I- and It and the transition states leading to their
formation and breakdown. The diagrams in Figure 4

( (11) E. H. Cordes and W. P. Jencks, J. Amer. Chem. Soc., 84, 4319
1962),

(12) In comparing different reactions it is desirable to use 1/cs,
which increases, rather than ¢s, which decreases, with increasing sen-
sitivity to changing pX of the leaving group or catalyst,

(13) R, A. More O’Ferrall, J. Chem. Soc. B, 274 (1970); J. E. Critch-
low, J, Chem. Soc., Faraday Trans 1, 68, 1774 (1972),

(14) W. P, Jencks, Chem, Rev., 72,705 (1972).

(15) The contour lines and numbers in the diagrams are based on
observed or estimated values of log &k or log K and a molar standard
state and are only meant to provide an indication of the way the sur-
face changes with changing substituents; more exact treatments should
probably be based on a mole fraction standard state,
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TFE~-HOAC

EtOH~-HOAC

Figure 4. Energy contour diagrams to describe the reversible re-
action of the phthalimidium ion with ethanol and trifluoroethanol
catalyzed by the proton and by acetic acid. The vertical axes de-
scribe the amount of C-O bond formation or cleavage and the
horizontal axes describe the amount of proton transfer.
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have been drawn assuming that there is no energy bar-
rier for a proton transfer that is strongly favored ther-
modynamically, but that there is a significant energy
barrier for C-O bond cleavage and formation (the
latter assumption is consistent with extrapolations of
the available structure-reactivity data in this system).
However, similar conclusions are reached if the “‘inter-
mediates” are assumed to have a finite lifetime.*

This reaction provides a particularly favorable sys-
tem for the demonstration of this kind of interaction of
substituent effects because there is little difference in the
charge on the oxygen atom in the starting material and
the product alcohol, but there is a full positive or nega-
tive charge on this atom in the two intermediates It
and I-. Substituents on the alcohol will, therefore,
have a larger effect on the stability of transition states
in which this oxygen atom bears a partial positive or
negative charge than on the stabilities of starting ma-
terials and products. The addition of an electron-
withdrawing substituent to the alcohol will destabilize
the intermediate bearing the positive charge and raise
the energy of the upper left-hand region of the diagram;
it will also stabilize the anionic intermediate and lower
the energy of the lower right region of the diagram.
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The effect of these changes will be to shift the position
of the valley through which the reaction coordinate
passes toward the lower right corner of the diagram.
This will shift the position of the transition state in the
saddle point of the valley in the same direction, per-
pendicular to the reaction coordinate, so that it occurs
at a point less far along the axis for proton transfer
(from right to left). This illustrates the prediction of
eq 6 with ¢; = 14 and is in agreement with the decrease
in the value of « for general acid catalysis from 0.74
to 0.49 in going from the ethyl to the trifluoroethyl
alcohol addition compound.

Electron-withdrawing substituents are also expected
to give rise to an increase in the amount of C-O bond
cleavage in the transition state, so long as the reaction
coordinate is truly diagonal. Although we have not
observed such a change, we do not have sufficient data
to exclude a moderate effect of this kind. The curva-
ture of the surface in the region of the saddle point may
be smaller in the direction for proton transfer than for
carbon-oxygen cleavage (i.e., the barrier for proton
transfer is likely to be less than that for C-O cleavage),
so that the change in the amount of C-O bond cleavage
would be relatively small.

A decrease in the acidity of the catalyzing acid HA
will raise the energy of the entire left-hand side of the
diagram relative to the right-hand side (Figure 4, lower
diagrams). This will have the same effect of tending
to move the saddle point toward the lower right-hand
corner by raising the energy of I*+ relative to I-, but
will also tend to move the transition state toward the
lower left-hand corner by raising the energy of PI*
relative to A and causing the transition state to occur
later along the reaction coordinate from A to PI*.
The latter effect is a “Hammond effect,” parallel to the
reaction coordinate, but may be smaller than the former,
perpendicular, effect because of a smaller curvature of
the surface in the direction perpendicular to the re-
action coordinate. Both effects predict an increase in
the degree of C-O bond cleavage. The shift perpen-
dicular to the reaction coordinate, toward I-, leads to
an increase in the development of negative charge on
this atom in the transition state as the catalyzing acid
becomes weaker (Figure 4). The shift in the position
of the transition state along the diagonal between A and
PI* results in little or no change in the charge on the
leaving oxygen atom, since the oxygen carries no net
charge in either A or PI*-ROH. These changes are in
agreement with eq 7 and with the observed change in
B, from 0.24 for catalysis by the proton to —0.23
for catalysis by acetic acid.

The more or less concerted mechanism for general
acid catalysis of alcohol elimination in this reaction is
made possible by the extreme instability of the pro-
tonated intermediate I+, which would be formed in a
stepwise mechanism of acid catalysis. In acetal hy-
drolysis there is only a single electronegative atom on
the central carbon atom, in addition to the leaving
oxygen atom, so that protonation by the solvated
proton is relatively easy and the stepwise mechanism
(specific acid catalysis) is ordinarily favored. When this
proton transfer is made more difficult, by the addition
of electron-withdrawing substituents in acetals, or in
ortho esters, the concerted mechanism becomes signif-
icant; it is also favored by stabilization of the product

oxocarbonium ion, analogous to PI*, as predicted by
the diagrams.!®!41% For a substrate of sufficiently low
basicity the protonated “intermediate” will be too
unstable to exist; i.e., it will not correspond to a
potential minimum with a significant activation energy
for decomposition, so that a stepwise mechanism of
specific acid catalysis is impossible.

The reverse reaction involves general base catalysis
of the addition of alcohol to the phthalimidium ion and
must proceed through the same transition state as the
elimination reaction (eq 4). Since there is no signifi-
cant effect of substituents on the equilibrium constant
K., for the overall reaction (Table II) the effect of sub-
stituents in the alcohol on the rate of the addition re-
action will be the same as in the breakdown direction.
However, the effect of substituents in the catalyst will
be reversed, because the catalyst undergoes a change
in charge of 1.0 and 8 = 1 — «. The interrelationships
between the substituent effects are given by eq 9 and 10,

(PK: — PKpoue = ¢5(85 — Bi)eat )
(pK2 - pKl)CEt = cﬁ(Bl - BZ)nuc (10)

in which the pK, of the alcohol is taken as a measure
of the nucleophilic reactivity of the alcohol in the ab-
sence of proton transfer and B... is a measure of the
sensitivity of the reaction rate to the pX, of the alcohol. "
The same value of ¢; holds for these equations as for
eq 6 and 7. Equation 9 predicts that the reaction of a
stronger nucleophile (increased pK;) will proceed with
less proton removal by the base catalyst (decreased 3,).
This result is required by the experimental results in
the reverse direction and the relationship 8 = 1 — «.
Equation 10 predicts that a reaction catalyzed by a
stronger base (increased pK,) will show a smaller in-
crease in rate with increasing basicity of the nucleophile
(decreased (3;). This is in accord with the increase in
rate with increasing basicity of the nucleophile for the
water-catalyzed reaction (k-1, Table II) and the opposite
dependence on nucleophile basicity for the acetate-
catalyzed reaction, calculated from the data of Tables
I and II. Since the equilibrium constant is independent
of nucleophile basicity, the values of Bn.. must be 0.24
and —0.23 for the water-catalyzed and acetate-catalyzed
reactions, respectively. These relationships may be
visualized in the diagrams of Figure 4 by following the
reaction from the lower left to the upper right corner of
each diagram.

The Uncatalyzed Elimination and Addition of Alk-
oxide Ion. As the strength of the acid catalyst is
decreased the energy of the left-hand side of the diagrams
of Figure 4 will increase until a point is reached at
which proton transfer from the catalyst to the leaving
alkoxide ion confers no significant advantage or is
thermodynamically unfavorable. When this is the
case, a concerted mechanism that follows a diagonal
path through the center of the diagram is no longer
possible, in accordance with a recently proposed rule,

(16) T. H. Fife and L. K. Jao, J. Amer. Chem. Soc., 90, 4081 (1968);
E. Anderson and B. Capon, J. Chem. Soc. B, 1033 (1969); R. H. De
Wolfe, K. M. Ivanetich, and N. F. Perry, J. Org. Chem., 34, 848 (1969);
A. Kankaanperd and M. Lahti, Acta Chem. Scand., 23, 2465 (1969);
T. H. Fife and E. Anderson, J. Org. Chem., 36, 2357 (1971); E. H.
Cordes, Progr. Phys. Org. Chem., 4,1 (1967).

(17) G.E. Lienhard and W. P. Jencks, J. Amer. Chem. Soc., 88, 3982
(1966). The coefficient c; is placed on the wrong side of eq 19 in this

paper.
(18) W. P, Jencks,J. Amer, Chem. Soc., 94,4731 (1972).
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Figure 5. Energy contour diagram describing the reversible re-
action of the phthalimidium ion with trifluoroethanol in the pre-
sence of the weak acid water. The reaction will proceed through
the lowest energy, stepwise path with the intermediate formation of
the trifluoroethoxide ion.

and the reaction will proceed by a stepwise mechanism
through [-, with the uncatalyzed elimination and addi-
tion of alkoxide ion (eq 2, Figure 5). The energy sur-
face in Figure 5 goes downhill from left to right for any
amount of C-O cleavage so that proton transfer from
the catalyst is thermodynamically unfavorable for the
starting materials and the product and, presumably, for
the transition state as well. This situation is expected
to hold for acid catalysis of the elimination reaction by
water, so that the “water” reaction in fact represents
the uncatalyzed expulsion and addition of alkoxide
ion.!* In the addition direction this reaction involves
the reversible ionization of the alcohol to the corre-
sponding alcoholate ion followed by rate-determining
attack on the phthalimidium ion; i.e., the Bronsted 3
value is 1.0.

The properties of the “water” alkoxide reaction are
in accord with this interpretation. In contrast to the
acid-catalyzed reaction, the rate constants k-’ for the
uncatalyzed expulsion of alkoxide ion increase sharply
with decreasing pK of the leaving group (Table II) and
the slope, B4, of a plot of log k against pK, is approxi-
mately —0.9, suggesting a transition state that closely
resembles products (Figure 6). The rate constants for
alkoxide attack have a correspondingly small sensitivity
to nucleophile basicity with a value of Bnu. = 0.1, sug-
gesting an early transition state (Figure 6); the equilib-
rium constants K.,’ (Table II) are directly proportional
to alkoxide busicity. Furthermore, the rate constants
for the reaction fall more than two orders of magnitude
above the extrapolated Bronsted plots for the general
acid catalyzed reactions. The mechanism of the
reaction is, therefore, formulated according to the
transition state 2.

<~)I/"
R—O
2

Comparison of Amines and Alcohols as Attacking and
Leaving Groups. The interpretation of the mechanism
of acyl transfer reactions is complicated by the fact that
observed rate constants frequently include the equilib-
rium constants for formation of a tetrahedral addition
intermediate and are affected by varying amounts of
resonance stabilization of the starting material. The
phthalimidium system is of particular interest in that it

(19) The alkoxide ion is, of course, solvated by water.
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Figure 6. Dependence on the pX, of the alcohol of the first-order
rate constants for uncatalyzed alcohol-adduct breakdown (@) and
the second-order rate constants for nucleophilic attack of alkoxide
anions on the phthalimidium cation (3J).

makes possible a comparison of rates, equilibria, and
mechanisms for the addition and elimination of amines
and alcohols under conditions in which the driving
force arising from the phthalimidium nucleus is a con-
stant and there is no resonance stabilization of the
addition product. The conclusions may be sum-
marized as follows.

(1) As noted previously,* the leaving ability of a pro-
tonated secondary amine is approximately 10° greater
than that of an alkoxide ion of the same pK. This
suggests that alkoxide ion expulsion will ordinarily be
the rate-determining step in the uncatalyzed aminolysis
of esters. The transition states for the expulsion of
alkoxide ions and protonated amines resemble prod-
ucts, with values of 8y, of approximately —0.9.

(2) The rate constants for the attack of alkoxide ions
on the phthalimidium cation (Table 11) are about 30-
fold larger than those for amines of comparable pK.*
Although one is tempted to ascribe this difference to an
electrostatic effect, such an explanation is not correct in
its simplest form because the electrostatic effect should
be accounted for in the reference reaction, the addition
of the cation H+. The smaller steric requirements of
the alkoxide ion may facilitate its attack. The transi-
tion states for the attack of both amines and alkoxide
ions occur early along the reaction coordinate, with
values of 8, of approximately 0.1.

Methoxide and ethoxide ions are tenfold more effec-
tive than hydroxide ion as nucleophilic reagents toward
the phthalimidium ion. This difference is similar to
that observed for reactions of saturated carbon com-
pounds,® but is smaller than that for p-nitrophenyl

(20) W. Reeve and P. F. Aluotto, Tetrahedron Lett., 21, 2557 (1968).
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Figure 7. Dependence on leaving group pK of the logarithms of
the equilibrium constants, K.,’, for breakdown of alcohol (@) and
protonated amine (see ref 4) (O) addition compounds at 25°,

acetate?! and in nucleophilic aromatic substitution. 22
The reactivities of uncharged ethanol and methanol
toward the phthalimidium ion are larger by factors of
3.7 and 5.3, respectively, compared to water. This is
smaller than the corresponding difference of 20-30-fold
for the equilibrium addition of alcohols and water to
the carbonyl group?® and the relative rates of reaction
with benzyl bromide.? It is similar to the relative
reactivities toward acetic anhydride? and in nucleo-
philic aromatic substitution, 22 but is larger than toward
acetyl chloride,?® carbonium ions,2¢ and oxocarbonium
ions,” which show no enhanced reactivity of alcohol
compared to water; in fact, the reactivity of water is
significantly larger than that of alcohols toward car-
bonium ions. A full explanation of these differences is
obviously not simple, but the enhanced reactivity of
alcohols relative to water with the more selective elec-
trophiles may reflect a special stabilization of water
through cooperative hydrogen bonding?® and/or sta-
bilization of the transition states and products of
alcohol addition by hydrophobic-van der Waals inter-
actions.

(3) As required by the differences in the rate con-
stants in the two directions, the equilibrium constants
for the breakdown of the alcohol addition compounds
to alcoholate ions (Figure 7) are some 107 smaller than
those for the breakdown of addition compounds formed
from amines of comparable pK (in the absence of
proton transfer). The reactions involve a change of
charge of 1.0 on the alcohol or amine (eq 11) and the

X-prtl == X~ + PI*+ 1)

(21) W, P, Jencks and M. Gilchrist, J. Amer, Chem. Soc., 84, 2910
(1962),

(22) 1. Murto, 4cta Chem. Scand., 18,1029, 1043 (1964).

(23) E. G. 3ander and W. P. Jencks, J. Amer. Chem. Soc., 90, 6154
(1968).

(24) J. Koskikallio, Acta Chem. Scand., 13, 665 (1959).

(25) E. K. Euranto and R. S. Leimu, Acta Chem. Scand., 20, 2034
(1966).

(26) N. T. Farinacci and L. P. Hammett, J, Amer. Chem. Soc., 59,
2542 (1937); L. C. Bateman, E. D, Hughes, and C. K. Ingold, J. Chem.
Soc., 881 (1938); F. Spieth, W. C, Ruebsamen, and A. R. Olson, J.
Amer. Chem. Soc., 76, 6253 (1954).

(27) A. M. Wenthe and E. H. Cordes, J. Amer, Chem. Soc., 87, 3173
(1965).

(28) J. Del Bene and J. A. Pople, J. Chem. Phys., 52, 4858 (1970);
D. Hankins, J. W, Moskowitz, and F. H. Stillinger, ibid., 53, 4544
(1970).

equilibrium constants are proportional to the basicity
of the leaving or attacking group with 3 values of
—1.0. Again, the difference between amines and
alkoxide ions is not a simple electrostatic effect because
the reference protonation reaction involves the same
change in charge. The reactions may be written as the
exchange of a phthalimidium group for a proton ac-
cording to eq 12, in which X-H is ROH or R,NH,*.

H* + X-P == X-H + PI* (12)

The equilibrium constant for eq 12 is the ratio of the
dissociation constants of the adduct and of X-H and is
107 times larger for amines than for alcohols. In other
words, when the comparison is made for compounds of
comparable acidity but different charge type the affinity
of oxygen toward carbon relative to hydrogen is some
107 times larger than that of nitrogen. This may be
regarded as an enhanced stability of R,NH,* relative to
ROH or of RO-P relative to R,NH-P+.

If, however, the comparison is made for the un-
charged compounds, with X-H = ROH and R,NH,
the result is quite different. The equilibrium constants
for the uncharged species indicate that the amine addi-
tion compounds? are more stable than the alcohol
addition compounds (Table 1I) by a factor of approxi-
mately 40, This is somewhat less than the factor of
approximately 100 that favors amine over alcohol
addition to aromatic aldehydes and an additional 30-
fold less than the comparable factor for addition to
formaldehyde.?* Thus, if one compares carbon and
hydrogen basicity of nitrogen and oxygen at constant
pK but different charge type, oxygen exhibits a rela-
tively larger carbon basicity, but if the comparison is
made at constant charge type but different pK nitrogen
exhibits a relatively larger carbon basicity. The
difference appears also in the greater acidity of Ro-
NH-P* compared to R;NH,* brought about by the
strongly electron-withdrawing character of the phthal-
imide group.

The amine adducts are stable only because the amine
can lose a proton after addition to the phthalimidium
ion, and addition compounds formed from tertiary
amines are not stable in water. The products of the
addition of basic alkoxide ions are stable, but the addi-
tion compounds formed from weakly basic oxyanions
break down rapidly because, in contrast to weakly
basic amines, they cannot undergo loss of a proton to
give a stable product. Extrapolation of the equilib-
rium and rate constants for the more basic alkoxides
indicates, for example, that the equilibrium constant
K.q' and the rate constant k,’ for the breakdown of the
acetate adduct are on the order of 10-* M~! and 500
sec™!, respectively.

(4) The mechanism of the uncatalyzed attack and
expulsion of amines and of alkoxide ions (eq 11) is the
same and, in spite of the large difference in the rate of
leaving group departure, the transition states resemble
the phthalimidium ion and free nucleophile and are in-
distinguishable. The alkoxide ion is expelled di-
rectly, whereas the amine is converted to the protonated
form in a rapid equilibrium step in order that the free
amine may be expelled. However, alcohol attack and
expulsion can also occur through a mechanism of
general acid-base catalysis in which proton transfer
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occurs more or less simultaneously with C-O bond for-
mation or cleavage (eq 13, X = RO-). The compar-

X-H 4+ B 4+ PI* == X-P + BH* (13)

able mechanism for protonated amines (X = R,NH-)
would require proton removal from an amine cation
during attack and proton addition to a protonated
amine during amine expulsion and is not observed, pre-
sumably because there are no free electron pairs on the
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nitrogen atom to make such a mechanism feasible.
The equilibrium proton transfer mechanism (specific
acid catalysis of adduct breakdown) is favored for free
amines (X = R,;N-) as a consequence of the much
larger basicity of nitrogen than of oxygen, and it is
apparent that an extrapolation of the dependence of «
on pK (Figure 3) from the pK, values of 12-16 for
alcohols to 30-35 for amines predicts an a value of 1.0
for amines.
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Abstract:
tives of tri-p-anisylmethylamine.

The tri-p-anisylmethyl cation, R*, reacts with aliphatic primary and secondary amines to give deriva-
Amine nucleophilicity decreases with increasing bulk of substituents and with

decreasing basicity, but the decrease is relatively small when the amine contains —I groups such as aryl, amino, or
alkoxy. The reaction order is first with respect to most amines, and in these reactions there is no general base
catalysis. Typical second-order rate constants are: MeNH,, 6.3 X 10¢; PhCH.NH,, 4.7 X 10¢; t-BuNH,, 54;
H,NNH,, 3.2 X 10% 1. mol-! sec™!. The reaction with pyrrolidine and 2-methylpyrrolidine is general base cata-
lyzed, because the initially formed ammonium ion can lose R*, or a hydrogen ion to a general base, at similar
rates. The rate constant for the initial attack of pyrrolidine upon R* is 6.4 X 105 1. mol~! sec™!. Tri-p-anisyl-
methylamine decomposes readily in dilute acid. = Kinetic salt effects upon the reaction of R+ with ammonia can be

explained in terms of salt effects upon the activity coefficient of ammonia.

he reactivity of trivalent carbocations toward

nucleophiles has been extensively studied. Much
of the work has been done using triphenylmethyl dye
cations (e.g., Crystal Violet and Malachite Green) which
react relatively slowly with nucleophiles,?=% but more
reactive cations have been studied by several groups.®—!!
Ritchie has suggested that general base catalysis may
be kinetically important in reactions of the less reactive
cations with water;!? but general base catalysis has
not as yet been observed in reactions of the tri-p-
anisylmethyl cation (R+, I),”~%1! and the small deute-

(Me0—1-©>3C+
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rium kinetic solvent isotope effect suggests that slow
proton transfers are not important for attack of water.”
Consistently the reaction of R* in the presence of
tertiary amines is much slower than with primary
amines.

Our present work was intended to test this point
further by using sterically hindered amines, and also to
differentiate between two reaction paths by product
examination.

Nucleophilic attack

R* + R’:NH —> RNR'’; 4+ H*

General base catalysis of water reaction

R:NH
R* 4+ H,0 —— ROH

General base catalysis of amine reaction

R NH
R* + R?NH ———> RNR";

In two cases, reaction with pyrrolidine and its 2-
methyl derivative, we found evidence for general base
catalysis of amine attack, but it seems that it is not im-
portant in most reactions of I,

Experimental Section

Materials. The amines were generally commercial samples
and most of them were purified by distillation. Methylamine,
dimethylamine, and trimethylamine were purified as their hydro-
chlorides using extraction with CHCl; followed by recrystalliza-
tion.’*  2-Methylpyrrolidine was prepared from S-methyl-2-pyr-

(13) D. H. Everett and W, F. K. Wynne-Jones, Proc. Roy. Soc., Ser.
A, 177,499 (1941).
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