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Abstract: The observed general base catalysis of the cleavage and formation of formaldehyde hydrate and hemiacetals pro-
ceeds through a class n mechanism involving proton transfer to or from the leaving oxygen atom. This conclusion is based on
(1) structure-reactivity relationships with p,,» = 38/~ dpKiy = 3815/~ opKu+ = 0.09 and p,’ = 3815/~ dpK g = —0.20
that are expected for this mechanism and are similar to the behavior observed previously for kinetically unambiguous class n
catalysis, (2) a requirement for rate constants larger than the diffusion-controlled limit for the acid-catalyzed attack of ethox-
ide ion on formaldehyde, according to the alternative class e mechanism, and (3) the observation of both rate increases and rate
decreases with electron-donating substituents in the leaving alcohol, depending on the pK of the catalyst and leaving group.
The structure-reactivity relationships and the rate constants that would be required for a stepwise mechanism provide evidence
that proton transfer and C-O cleavage are concerted. The observed general acid catalysis of these reactions proceeds through
a class e mechanism with proton transfer to or from the formaldehyde oxygen atom. This conclusion is based on (1) structure-
reactivity relationships including a value of p,, = da/— dpKg = 0.022 that is similar to the value of p,, = 0.026 for the gen-
eral-acid-catalyzed addition of thiol anions to acetaldehyde, (2) comparison of absolute rate constants and « with those for ac-
etal hydrolysis, a model for a class n reaction, and (3) a requirement for rate constants larger than the diffusion-controlled limit
for the base-catalyzed hydration of protonated formaldehyde according to the alternative class n mechanism. The values of
«, the structure-reactivity relationships, and the rate constants that would be required for a stepwise mechanism show that the
mechanism involves a larger component of proton transfer in the transition state compared with the reactions of stronger nu-
cleophiles and continues a trend toward a fully concerted reaction mechanism as the basicity of the attacking nucleophile is
decreased. The properties of the transition states of the acid- and base-catalyzed reactions are described in terms of reaction
coordinate diagrams that are defined by the observed structure-reactivity relationships.

The observed general acid catalysis of the addition of
water to the carbonyl group could occur through either of the
kinetically equivalent mechanisms shownineq l and 2 (R =
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H).3-5 Equation 1 describes a class e mechanism,® in which the
catalyst, HA, acts as a general acid to donate a proton to the
oxygen atom of the electrophilic carbonyl group in the forward
direction and A~ removes it from the conjugate acid of the
addition compound in the reverse direction. Equation 2 de-
scribes a class n mechanism in which A~ removes a proton
from the oxygen atom of the nucleophilic reagent as it attacks
the protonated carbony! group in the forward direction and HA
adds a proton to this oxygen atom as it is expelled in the reverse
direction. Thus the observed kinetic general acid catalysis
corresponds to true general acid catalysis in the addition di-
rection and to general base catalysis-specific acid catalysis in
the reverse direction for a class e mechanism (eq 1); the op-
posite assignments hold for a class n mechanism. Similarly, the
observed kinetic general base catalysis of carbonyl group
hydration could occur through either the class n mechanism
of eq 3 or the class e mechanism of eq 4.

There is still no general agreement as to which of these
mechanisms is correct,’” although the fact that the hydrolysis
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of ordinary aliphatic acetals does not show general acid ca-
talysis (a« = 1.0) provides evidence favoring the mechanism of
eq | over that of eq 2, because acetal hydrolysis is a model for
the mechanism of eq 2 from right to left, and the absence of
general acid catalysis for the addition of most other strongly
basic nucleophiles provides an argument against the mecha-
nism of eq 4.5 The reactions could also proceed through cyclic
mechanisms involving one or several solvent molecules.? Evi-
dence consistent with such a mechanism has been obtained
from the dependence of the reaction rate upon the concentra-
tion of water in solutions of low water content, which suggests
that several solvent molecules are involved in the transition
state, from thermodynamic activation parameters, and from
solvent deuterium isotope effects.® However, calculations based
on a simplified potential energy surface for single processes
with no activation energy, and on isotope effects, suggest that
the primary process in general acid catalysis is similar to that
shown in eq | with only a secondary role for additional solvent
molecules, rather than a fully concerted, synchronous, cyclic
mechanism.!% A primary role of proton transfer to or from the
buffer base or acid with solvation of the transition state by
other molecules is further supported by (1) the absence of a
large advantage for catalysis by molecules, such as phosphate,
that can transfer protons to and from different atoms simul-
taneously in a cyclic, bifunctional catalytic mechanism,!! (2)
the identical catalytic activity of secondary and tertiary
amines® and the closely similar activities of pyridinium ion
and pyridine compared with carboxylic acids and anions of
comparable pK!2 (the nitrogen atom of the pyridinium ion does
not have lone pair electrons and tertiary amines do not have
an acidic proton to fit into a cyclic transition state), and (3) the
fact that the Brgnsted « and § values are considerably greater
than zero. Positive Brgnsted coefficients require that there be
net proton donation and abstraction, respectively, by the added
molecule of catalyst in the transition state and that the ability
of a given acid or base catalyst to bring about this net proton
donation or abstraction determines its effectiveness as a cat-
alyst. Thus, there is no evidence for a cyclic transition state in
which the catalyst is involved in a synchronous donation and
acceptance of protons. The role of additional water molecules
is best ascribed to solvation of the transition state and, possibly,
to providing bridging molecules for proton transfer and hy-
drogen bonding. If the reaction does not proceed through a
cyclic, synchronous mechanism, the problem then remains of
distinguishing between the mechanisms of eq 1 and 2 for
general acid catalysis and those of eq 3 and 4 for general base
catalysis.

Water is an unsatisfactory reagent to examine with a view
to determining reaction mechanisms because it is not possible
to vary its concentration or its chemical reactivity as a catalyst,
nucleophile, or leaving group, without also changing the
properties of the solvent. Accordingly, we have examined the
cleavage of a series of formaldehyde hemiacetals (eq 1-4, R
= Et, Me, CH;0Et, CIEt, Cl,Et, F3Et) catalyzed by a series

of buffer acids and bases of varying pK, with the goal of util-
izing changes in structure-reactivity relationships with
changing structure of the reactants and catalysts (1) to diag-
nose the pathways and (2) to characterize the transition states
of the acid- and base-catalyzed reactions. The formation and
cleavage of hemiacetals is very similar to the analogous reac-
tions involving water with respect to absolute rate, catalysis,
and the dependence of the rate on ROH concentration in
nonhydroxylic solvents,!3-16

Experimental Section

Materials. Absolute ethanol, methanol, formaldehyde (37% solution
stabilized with 12-15% methanol), acetic acid, and inorganic salts
were used without further purification. Chloroacetic acid, cyanoacetic
acid, 3-chloropropionic acid, thiosemicarbazide, semicarbazide hy-
drochloride, and hydrazine monohydrochloride were recrystallized
before use. Methoxyacetic acid, 2-chloroethanol, 2,2-dichloroethanol,
2-methoxyethanol, and triflucroethanol were distilled before use.
Ethylphosphonic acid was prepared by hydrolysis of the diethyl] ester
(Pfaltz and Bauer) by refluxing in 8 M HCI for 15 h. After solvent
removal, a concentrated aqueous solution of the crude acid was neu-
tralized to pH 5 with potassium hydroxide and evaporated to dryness.
The crude monopotassium salt was recrystallized from methanol-
ethanol. Glass-distilled water was used throughout.

Kinetics. The rates of decomposition of formaldehyde hydrate and
formaldehyde hemiacetals were followed spectrophotometrically at
25 °C and ionic strength 1.0 M (KCl) by trapping the formaldehyde
formed with hydrazine derivatives and following the increase in ab-
sorbance at the Apax Of the hydrazone.!1:15 The trapping reagents used
were thiosemicarbazide (275 nm, 0.01 M, pH 2.3-4.0), semicarbazide
(240 nm, 0.001-0.01 M, pH 2.5-5.5), and hydrazine (235 nm, 0.01
M, pH 7.0-8.2). The concentrations of trapping reagents were such
that there was no induction period in the observed pseudo-first-order
rate plots (an induction period was observed at concentrations of
trapping reagent and pH values at which trapping was not fast relative
to formaldehyde hydration) and control experiments with double the
concentration of trapping reagent were shown to give the same rate
constants.

Stock solutions of hemiacetals and hydrate (0.05 M) were prepared
by mixing 4 uL of 37% formaldehyde with 1 mL of the appropriate
alcohol or water. These solutions were allowed to stand for at least 3
h before use, and were stable for several days, except for those made
with chloroethanol and dichloroethanol. These two alcohols formed
hemiacetals within minutes after mixing and plots of log A absorbance
against time became biphasic after about 4~6 h; therefore, these so-
lutions were prepared fresh daily. No such biphasic plots were ob-
served for at least two half-times in the experimental runs and the total
absorbance change was constant for a series of runs, indicating that
no significant formation of acetal had occurred in the stock solu-
tions.

Kinetic runs were initiated by injecting 6 uL of hemiacetal or hy-
drate solution into 3 mL of reaction mixture to give a final concen-
tration of 10~% M. Stock solutions of trapping agents were adjusted
to the pH of the buffer before use. Hydrochloric acid was used for pH
control at pH values below 3.0. The ionic strength was maintained at
1.0 with potassium chloride. Pseudo-first-order rate constants, & opsd,
were obtained as the slopes of plots of In A4 against time. All runs
were linear for at least 2 (and usually for 3) half-lives. Values of the
buffer-independent rate constants, kg, at high pH values were obtained
from the intercepts of plots of kopsq against the concentration of hy-
drazine buffers. Values of ko and ko were obtained from the slopes
and intercepts of plots of kobsq against buffer concentration, These
plots were linear over the range 0.06-0.6 M buffer. Values of kg and
kg were determined from the intercepts of plots of k., against the
fraction of the buffer in the basic form. All catalytic constants,
Brgnsted slopes, and structure-reactivity coefficients were calculated
by the method of least squares.

Results

Figure 1 shows the dependence on pH of the pseudo-first-
order rate constants (kg), extrapolated to zero buffer con-
centration, for the breakdown of formaldehyde hydrate and
ethyl, chloroethyl, and trifluoroethyl hemiacetals at 25 °C and
ionic strength 1.0. The second-order rate constants for the acid
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Figure 1. Dependence on pH of the hydrolysis of formaldehyde hydrate
(Q), ethyl hemiacetal (@), 2-chloroethyl hemiacetal (A), and trifluo-
roethyl hemiacetal (O) at ionic strength 1.0 (KCl), 25 °C. The kg values
were obtained from the intercepts of plots of kepsg against buffer con-
centration. Rate constants for the hydrate have been divided by a statistical
factor of 2 for comparison with the hemiacetals.

Table I. Buffer-Independent Rate Constants for the Breakdown of
Formaldehyde Hydrate and Hemiacetals (ROCH,OH) at 25 °C
and Jonic Strength 1.0 (KCl)

koH, M-1 kH, M-!

R PKROH“ kW, Y N 4 s—1l¢ s—14
CH,CH, 16 2.93 X 1073 1.3 X 103 0.74
H 15.74 7.6 X 1073 2.1 %103 2.84
CH; 15.54 327X 1075 234X 103 0.58
CH;0CH,- 14.82 1.30 X 103 5.5 X103 0.43

CH,

CICH,CH; 14.31 1.18 X 103 4.4 X 104 0.32
CI,CHCH, 12.89 9.1 X 1086 1.13 X 108 0.22
F3;CCH; 12.43 7.7 X 1076 1.1 X107 0.12

@ Reference 19. 2 kw = ko (at zero [H1], [OH~])/55.5. ¢ In terms
of antilog (pH —14). 4 In terms of antilog (—pH).

(ku), base (kon), and pH-independent (kw) reactions were
obtained from the slopes and intercepts of plots of these rate
constants (ko) against hydrogen ion and hydroxide ion activity
and are presented in Table I. The lines in Figure 1 are calcu-
lated from these rate constants; the pseudo-first-order rate
constants for the breakdown of trifluorcethyl hemiacetal in the
absence of buffer, for example, are described by

ko (s71) = 0.12az+ + 55.5 X 7.7 X 10-6
+1.1 X107 aon- (5)

The kw term accounts for 70% of k¢ at the pH-rate minimum
for this compound and this value of kw is, accordingly, less
accurate than those for other compounds that exhibit a more
significant pH-independent reaction (Figure 1).

The breakdown is also catalyzed by the acid and basic
species of buffers (Figure 2). The catalytic constants based on
total buffer concentration and the rate constants kg and kg
for general acid and general base-catalysis are summarized in
Table I1. Rate constants for cleavage of the hydrate and the
methyl hemiacetal show satisfactory agreement with earlier
data that were obtained under slightly different condi-
tions. 1115

Derived Equilibrium and Rate Constants. The acid disso-
ciation constants and proton transfer steps for formaldehyde
hemiacetals and hydrate are described by eq 6.
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Figure 2. Plots of kopsg against buffer concentration for the hydrolysis of
formaldehyde ethyl hemiacetal in chloroacetate buffers, 5, 30, and 70%
acid at 25 °C, ionic strength 1.0 (KCl). Inset: dependence of k. on the
buffer composition.
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pKj. The dissociation constant of formaldehyde hydrate!”
is given by pK4 = 13.27. Other dissociation constants were
calculated as described previously,!® based on a statistically
corrected value of pK4 = 13.57 for formaldehyde hydrate.
Values of pK4 for formaldehyde hemiacetals were calculated
from the pK, values of the parent alcohols!® with a fall-off
factor of 0.2!8 and range from 13.56 for the ethyl hemiacetal
to 12.85 for trifluoroethyl hemiacetal.

pK;. The (statistically corrected) pK4 for HOCH,OH of
13.57 is 2.0 units lower than the pK, of methanol of 15.54,19
Assuming the same substituent effect for an HO group on pK;
the (statistically corrected) value of pK, is —4.0 for the hy-
drate, based on a pK, of —1.98 for the conjugate acid of
methanol;2 allowing for the two hydroxyl groups gives pK,
= —3.7. The value of pK for the ethyl hemiacetal is —4.6,
based on the pK, of —2.60 for methyl ethyl ether?? and again
allowing 2.0 pK units for the effect of the added hydroxyl
group. Assuming the same substituent effects as for the ion-
ization of the alcohols,'® pK for the trifluoroethyl hemiacetal
is then —8.3.

pK,. Based on an electrostatic effect of pKy — pK, = 4.7 for
the effect of the positive charge in T* on the ionization of the
hydroxyl group,2!:22 the values of pK; are 8.9, 8.9, and 8.2 for
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Table I1. Acid and Base Catalysis of the Breakdown of Formaldehyde Hydrate and Hemiacetals (ROCH;OH) at 25 °C and Ionic Strength

1.0 (KCI)
fraction 103kca, 103%kpa, 10%ksp, fraction 103k, 103kya, 103ksp,
catalyst acid M-1s7! M~ls7! M~ls™! catalyst acid M7ls7! M-1g71 M~1g7!
R = CH3sCH, methoxyacetic 0.05 1.98 5.9 1.73
cyanoacetic 0.01 1.9 30.2 1.51 acid 0.30 2.9
acid 0.10 4.2 0.70 4.67
0.35 11.6 3-chloropropionic 0.08 3.70 433  3.58
chloroacetic 0.05 3.1 19.7 2.15 acid 0.50 3.82
acid 0.30 7.2 0.90 4.30
0.70 14.5 acetic acid 0.10 4.05 171 4.33
methoxyacetic 0.10 4.07 14.8 2.89 0.50 3.06
acid 0.30 6.7 0.90 1.95
0.70 11.1
- R = CICH,CH
3-chloropropionic 0.08 4.95 119 43 cyanoacetic 0ol o 102 155 069
acid 0.70 9.6 acid 0.05 1.46
0.95 118 0.20 3.83
acetic acid 0.10 6.9 67 69 chloroacetic 0.05 1.46 9.7 0.98
0.30 6.9 acid 0.50 4.23
0.70 6.8 0.70 7.1
R=H methoxyacetic 0.05 1.62 390  1.95
cyanoacetic 0.01 58 108 5.0 acid 8;8 gg;
acid 0.10 157 3-chloropropionic 0.01 3.07 299 3.03
, 0.20 254 acid 0.08 3.03
chloroacetic 0.05 8.6 71 6.3 0.50 3.00
acid 030 233 acetic acid 0.30 3.83 147 485
. 050 385 0.70 2.49
methoxyacetic 0.10 11.6 43.8 7.8 0.95 1.63
acid 0.30 17.6
0.70 33.7 R = CL,CHCH,
3-chloropropionic 0.08 15.0 422 124 cyanoacetic 0.01 0.67 6.3 0.56
acid 0.50 27.5 acid 0.20 2.18
0.90 39.3 0.35 2.53
acetic acid 0.10 19.7 226 198 chloroacetic 0.10 1.43 5.1 0.93
0.70 20.8 acid 0.30 2.13
0.90 21.8 0.70 3.90
methoxyacetic 0.10 2.63 204 273
R = CH;, acid 0.30 2.64
cyanoacetic 0.01 1.83 26.3 1.8 0.70 2.15
acid 0.04 2.80 3-chloropropionic 0.11 4.85 1.0 5.3
0.35 10.4 acid 0.50 3.63
chloroacetic 0.05 4.07 23.1 3.05 0.90 1.46
acid 0.10 5.07 acetic acid 0.30 7.6 0.75 10.9
0.30 8.6 0.50 5.9
methoxyacetic 0.10 4.85 13.4 4.25 0.95 1.26
acid 0.30 7.3 R = CF3CH,
0.70 10.2 cyanoacetic 0.01 1.02 288 1.03
3-chloropropionic 0.08 6.5 9.0 6.3 acid 0.20 1.37
acid 0.50 7.8 0.35 1.69
o 0.90 8.7 chloroacetic 0.05 2.10 178 1.87
acetic acid 0.10 9.2 5.1 9.6 acid 0.30 1.66
0.50 1.3 0.70 1.82
0.90 3.7 methoxyacetic 0.30 3.47 0.83  4.63
acid 0.70 2.02
R = CH;0CH,CH, 0.95 0.99
cyanoacetic 0.01 0.95 17.1 0.71 3-chloropropionic 0.08 9.8 090 10.4
acid 0.10 2.17 acid 0.50 5.9
0.35 6.4 0.90 1.70
chloroacetic 0.05 1.89 11.3 1.24 acetic acid 0.70 8.0 0.35 26.3
acid 0.10 2.19 0.90 3.43
0.50 6.4 0.98 0.65

the hydrate, ethyl hemiacetal, and trifluoroethyl hemiacetal,
respectively.

pKi. From the requirement that pK, + pK4 — pK; = pK3
the values of pK3 are 0.7, 0.1, and —3.6 for the hydrate, ethyl
hemiacetal, and trifluoroethyl hemiacetal, respectively (Table
1),

The rate constant k4 for the removal of a proton from HO-
CH,OR by water to form T~ + H* (Table I1I) was calculated
from k4 = k-4K4, assuming a value of k4 = 1010 M~1 -1 23

The rate constant k4 for the removal of a proton by cyano-
acetate anion (B) to form T~ was calculated from k4 =
k_4+-K4/Kgn, in which Ky is the dissociation constant of BH
and assuming a value of k—4’ = 10° M~! s~! for the protona-
tion of T~ by cyanoacetic acid?3 (Table I1I).

The rate-determining step for the base-catalyzed reaction
in the breakdown direction according to the mechanism of eq
3is the reaction of BH* and T~ with the rate constant kgy =
kBKgn/K4. Values of kpy for the cyanoacetate- and water-
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catalyzed reactions are shown in Table III; values for other
bases are smaller.

The overall rate constant for the formation of T%, from the
hydrate or hemiacetal through the lower pathway of eq 6 with
rate-determining protonation of T~ by cyanoacetic acid, is
given by k_3'K4/Kpy = k3’K4/K; (Table I11); k3’ for the de-
protonation by cyanoacetate of T%, a relatively strong acid,
is taken?4 to be 10!° M~! s, (For the trifluoroethyl hemi-
acetal the formation of T* by reaction of T~ with the proton
is faster than with any buffer acid.)

The rate constant k—-py for the cyanoacetate-catalyzed
hydration of free formaldehyde (eq 3) is 11 M~!s~!, based on
k_-pu = k/K}y in which kg is the experimental rate constant
for dehydration of the hydrate and Ky = 4.4 X 1074 =
[HCHO]/[HOCH,0OH] is the equilibrium constant for de-
hydration of the hydrate.2’ The first-order rate constant & for
the removal of a proton from water by cyanoacetate ion to form
hydroxide ion

k
B (+HOH) = BH*, HO"
is 0.017 s~1, based on k¢ = k.K,/Kpn and assuming that &,
= 10'0 M~! s-!. The second-order rate constant k¢ for the
removal of a proton from water adjacent to formaldehyde
(based on a standard state of 1 M) is 0.017/55.5 = 3.1 X 10~4
M~1s-1 3.5 X 104 smaller than k_py.

The rate constant k_gy for the cyanoacetate-catalyzed

reaction of ethanol with free formaldehyde (Table I11) is given
by k_py = kB/KRO}-{, in which Kron = [HCHO] [EtOH]/
[HOCH,0OEt] = 1.1 X 103 M. This value of Kron = K’/
Kg was obtained from Ky’ = 55.5 K, =2.2X 10"2Mand a
reported value!5%26 of Kg = [HOCH,0OFEt][HOH]/[EtOH]-
[HOCH,0OH] = 21 (at 20 °C, based on molar concentrations
of all reactants). The rate constant k—g’ for the attack of hy-
droxide or ethoxide ion on free formaldehyde catalyzed by
cyanoacetic acid according to the mechanism of eq 4 is given
by k_B' = k—BHKBH/KROH (Table II[). The value of k_B' for
the proton-catalyzed attack of hydroxide ion on free formal-
dehyde is 9.7 X 10!* M~25~!, based on a value of k—py = 55.5
kw/Kyp = 9.7 s~! for the hydration of formaldehyde in
water.

The first step of the acid-catalyzed reaction is the proton-
ation of the leaving alcohol or hydroxyl group for the mecha-
nism of eq | in the breakdown direction. The rate constant k_y’
for protonation of the trifluoroethyl hemiacetal by acetic acid
is 1.2 X 1073 M1 571 based on k_,’ = ky’Kna/K) and as-
suming a value of k;’ = 10'® M~! 5! for the diffusion-con-
trolled reaction of acetate ion with the protonated hemijacetal.4
The rate constant for protonation of the hydrate by water is
k—y=2.1X10"%s"1, which is much smaller than the observed
rate constant for pH-independent dehydration. However, the
rate constant for protonation by the solvated protonis k-’ =
1.2 X 108 M~ s~! assuming a value of ky/ = 55.5 X 1010 =
5.5 X 10! s~1; this gives a rate constant for protonation of
21.2 X 107251 up to pH 10, which would be more than ad-
equate to account for the observed reaction rate. Similarly, the
rate constant of k;” = 2.8 X 103 M~!s~! for protonation of the
trifluoroethyl hemiacetal by the proton is more than adequate
to account for the pH-independent breakdown over the pH
range in which this pathway is significant.

The second step of the acid-catalyzed cleavage reaction
according to the mechanism of eq 1 is the reaction of T+ and
A~ with the rate constant ka = kyaK1/Kua. Values of k4 are
given in Table 111 for reactions catalyzed by the proton, car-
boxylic acids, and water, which represent reactions of T* with
water, carboxylate ions, and hydroxide ion, respectively, in this
step.

The rate constants k3 for the dissociation of the hydroxyl
group of HOCH;ORH™" to form the zwitterionic intermediate
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Table III. Calculated Equilibrium and Rate Constants for
Reactions of Formaldehyde Hydrate and Hemiacetals?

HOCH,0-
HOCH,0H HOCH,;0Et CH,CF;
Pk, -3.7 -4.6 -8.3
pK> 8.9 8.9 8.2
PK; 0.7 0.1 -3.6
pK4 13.27 13.56 12.85
k,(HOH)® 12.6 12.6 63
ky/(CNAc)¢ 213 213 1070
k—3K4yKph (Ac)¢ 2.7X1073  3.5%X1074  3.5%x 1077
k4t 54X1074% 27X1074 1.4 X103
k4(CNAc)® 9.1 X10-3 46x1073 23X 10"2
kpu(CNAc)© 5.5 %108 3.2 X108 4.3 X107
(H*)e 7.8 X 1010 58X 1010 3.0 X 109
k-gu(CNACc) 11¢ 1.44
k-g'(CNAc)9 7.4%X 1012 85X 1013
ka(HOH)? 1.4 X 104 2.9 X104 2.2 X 107
(CNAc)¢ 8.8 X 104 2.0 X 105 9.1 X 107
(Ac)¢ 4.8 X 106 1.2 X 107 2.9 X 10°
(OH™)¢ 20X 1015 6.4 X105 7.7 X 1018
ka(Ac) 57¢ 6.44 0.0784
(CNAc) 270¢ 294 0.644
(H*) 7100¢ 7054 274
k_na(Ac)e 1.6 X10%9¢ 18X 1084  22%x10584
(CNAc)¢ 29X 107¢  31Xx1084  68X%x 1044
(H*)e 45X 106%  44X10%5¢ 17X 10%¢

@ The rate and equilibrium constants are defined ineq 1-4 and 6,
and the text. #s71. ¢ M~—1s~1 4 M~25~1 ¢ Lower limits, assuming
pKo = —2.8.

T# are given by k3 = k-,K; and have been calculated as-
suming a value2? of k—; = 10!0 M~! s=! (Table III). The
values of ky’ for the same reaction with a buffer base are given
by ky’ = k_y’K>/Kua and were calculated assuming a value?3
of k—y’ = 109 M~1s~! (Table III).

The rate constants for the acid-catalyzed addition of ROH
to free formaldehyde (eq 1) are given by k—a = knua/KroH
(Table III). The equilibrium constant Kroy has been defined
above in the description of the rate constant for the base-cat-
alyzed addition reaction, k_py; a preliminary value of Kg =
4.9 for the trifluoroethanol reaction2® was used for these cal-
culations.

The individual rate constants for the acid-catalyzed addition
reaction according to the mechanism of eq 2 cannot be calcu-
lated because the dissociation constant for protonated form-
aldehyde, K, is not known. However, limits may be set on these
rate constants based on the known pK for the dissociation of
protonated acetone of —2.8;27 the pK of protonated formal-
dehyde is expected to be more negative than this value. The
rate constants k¢’ for the protonation of formaldehyde by cy-
anoacetic and acetic acids are 9.3 X 104and <3.5 X 102 M"!
s~1, respectively, based on k—o" = ko’Kna/Ko and assuming
that k¢’ = 1010 M~!s~!and K¢ = 1028, The rate constant kg
for protonation of formaldehyde by the proton is <8.7 X 108
M~1s~! based on k—g = ko/Kand assuming that ko = 55.5
X 1010 =55 X 10! s~

Lower limits for the rate constant k_ya for the general-
base-catalyzed attack of ROH on protonated formaldehyde
according to the mechanism of eq 2 were calculated from k_pga
= k_a/Kp for the proton-catalyzed reaction and k_pa =
k_-aKua/Ko for the buffer-catalyzed reactions (Table III).

Calculated rate constants for reactions with protonated
carbonyl compounds require the use of pK, values based on the
correct acidity function for the compound under consideration;
earlier calculations based on Hg values for half-protonation
generally give rate constants that are too large.

The intermediates in the hydroxide ion catalyzed reactions
are stable enough to have significant, though short, lifetimes.
The rate constants K~ for breakdown of the anionic interme-
diates T~ are given by ki~ = koyKw/K4 and range from 390
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Figure 3. Brgnsted plots for general base catalysis of the cleavage of
formaldehyde hydrate, Q; ethyl hemiacetal, @; methyl hemiacetal, m;
methoxyethyl hemiacetal, A; chloroethyl hemiacetal, A; dichloroethyl
hemiacetal, ¥; and trifluorcethyl hemiacetal, ©. Lines are drawn through
the points for only the ethyl, chloroethyl, dichloroethyl, and trifluoroethyl
hemiacetals. The rate constants for the hydrate have been corrected by
an additional statistical factor of 2.

Table IV. Brgnsted «, 8, and 8, Values for General Base and
General Acid Catalysis of the Breakdown of Formaldehyde
Hemiacetals (ROCH,OH)#

R pKRroH B @
CH,CH,» 16 0.26 0.28
H 15.74 0.24 0.29
CH; 15.54 0.26 0.27
CH;0CH,CH, 14.82 0.34 0.33
CICH,CH, 14.31 0.34 0.33
Cl,CHCH, 12.89 0.54 0.36
F3;CCH; 12.43 0.58 0.36

catalyst pKeH Big?’ BigHA®
acCetate 4.65 -0.10 0.32
2-chloropropionate 393 -0.03 0.26
methoxyacetate 3.40 0.00 0.34
chloroacetate 2.70 0.10 0.26
cyanoacetate 2.23 0.11 0.27
H* -1.74 0.20

@ The structure-reactivity coefficients are calculated by the method
of least squares. ® For general base catalysis relative to catalysis by
methoxyacetate, based on the slopes of the lines in Figure 5b. ¢ For
general acid catalysis.

#0™ + HOCH,0R == "0—CH,0R L 0=CH, + "OR

T )

s~! for the hydrate to 8 X 105 s~ for the trifluoroethyl hemi-
acetal. The rate constants for attack of hydroxide and ethoxide
ions on formaldehyde of 4.8 X 108 and 1.3 X 108 M~!s~!,
respectively (calculated from kon and the equilibrium con-
stants of the reactions), are below the diffusion-controlled limit,
so that there must be a significant barrier for the addition of
RO~ to formaldehyde in the encounter complex. However,
these large rate constants mean that there would be no barrier
for the attack of alkoxide ions on protonated formaldehyde.
The rate constant ko = 1.4 X 104 s~! that accounts for the
observed rate of the proton-catalyzed reaction through rate-
determining breakdown of the protonated intermediate T+
(Table III) means that this intermediate has a significant
lifetime.
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Figure 4. (A) Dependence of the Brgnsted 8 coefficient on the pK of the
leaving group for general base catalysis of the cleavage of formaldehyde
hemiacetals. (B) The change in 8;, normalized to the rate constants for
catalysis by methoxyacetate (Figure 5B), with changing pKsy.

Discussion

General Base Catalysis. We first consider the question of
which of the two kinetically equivalent mechanisms (eq 3 and
4) for the observed (kinetic) general base catalysis is correct.
The class n mechanism of eq 3 involves true general base ca-
talysis of the addition of the nucleophilic reactant, alcohol or
water, to formaldehyde and general acid catalysis of the
breakdown of the anion of the addition compound in the reverse
direction (the direction that was examined in the experiments
reported here). The class e mechanism of eq 4 involves true
general base catalysis in the breakdown direction and general
acid catalysis of the addition of the conjugate base of ROH to
formaldehyde, the electrophilic reactant, in the addition di-
rection.

Brgnsted plots for general base catalysis of the cleavage of
formaldehyde hydrate and hemiacetals are shown in Figure
3. The plots show a jumble of points and crossing lines for
reasons that will be described shortly. Lines are drawn through
only the points for cleavage of the ethyl, chloroethyl, dichlo-
roethyl, and trifluoroethyl hemiacetals, in the interest of
clarity, but the trends shown by these compounds are generally
followed for the other leaving groups. Two conclusions are
apparent.

(1) The Brgnsted slopes, 8, increase with increasing acidity
of the leaving alcohol (Table IV). A plot of 8 against the pK,
of the leaving group (Figure 4A) gives a slope of?8 d8/—0pK 5
= py,’ = 0.095.

(2) There is a tendency for the Brgnsted lines to cross, such
that the most acidic alcohols are most reactive with the most
basic catalysts and the weakly acidic alcohol leaving groups
are most reactive with the weakly basic catalysts. Thus, di-
chloroethanol is next to the most reactive leaving group for
acetate catalysis and the least reactive for cyanoacetate ca-
talysis; trifluoroethanol leaves most rapidly with acetate ca-
talysis, at an intermediate rate for cyanoacetate catalysis, and
is the poorest leaving group for the “water” reaction (Table
I). The rate constants for water as a leaving group (open
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Figure 5. Dependence of log kp on the pK of the leaving alcohol for the
cleavage of formaldehyde hemiacetals, based on observed values of kg (A)
and on normalized values of k p(obsay/ K B(methoxyacetate) (B). The solid lines
in A were calculated from eq 14. The lines, from top to bottom, refer to
catalysis by acetate, chloropropionate, methoxyacetate, chloroacetate,
and cyanoacetate anions.

squares, Figure 3) have been corrected by a statistical factor
of 2, to allow for the two modes of cleavage of the hydrate to
give formaldehyde, and are very similar to those for methanol
(closed squares). Water and methanol are both slightly better
leaving groups than ethanol, perhaps because of a steric ef-
fect.

The dependence of the rate on the pK of the leaving group
follows a curved line for each of the catalysts, with a positive
deviation of the point for the methy! hemiacetal (Figure 5A).
It is apparent from Figure 5 that the apparent jumble of points
in the Brgnsted plots of Figure 3 actually represents well-
ordered behavior that arises from this nonlinear dependence
of the rate on the pK of the leaving group. The curvature of the
lines in Figure 5A is such that the slope, 84, increases with
increasing pK of the leaving group. This corresponds to an
“anti-Hammond” effect for the leaving group with a negative
sign for the coefficient?® 38,,/—9pK1g = py» = —0.20. The
effect of the base strength of the catalyst on the sensitivity of
the reaction to the pK of the leaving group is not readily seen
in Figure 5A but is apparent in Figure 5B, in which the cata-
lytic constants are plotted relative to those for methoxyacetate.
Figure 5B shows that there is a tendency for 81, to increase
with decreasing pK of the catalyst so that the sign of the in-
teraction coefficient 815/ —dpKpu* = pxy is positive. This
is required by the reciprocal relationship28-30

o8 _ _ 0By 1

= —= s 8
—0pKi; —0pKsut Cs Pxy ®
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Figure 6. Reaction coordinate energy diagram for the base-catalyzed re-
actions of alcohols and water with formaldehyde according to the mech-
anism of eq 3, with proton transfer along the horizontal coordinate, C-Q
bond formation and cleavage along the vertical coordinate, and charge
development on the leaving group, measured by 8’ (8gyc or 815), along a
diagonal coordinate; the energy contour lines are omitted. Level lines of
constant energy through a saddle point are shown as dashed lines and a
reaction coordinate is drawn bisecting these lines, as described in the
text.

since 93/ —dpK 4 has already been shown to be positive. The
changes in 15 with changing pK of the catalyst fit a line of
slope dB1y/—0pKput = 0.087 (Figure 4B), which agrees
satisfactorily with the value of 93/ —9pK¢ = 0.095 obtained
from Figure 4A.

This pattern of structure-reactivity behavior provides strong
support for the class n mechanism of eq 3, with true general
base catalysis of the addition of water and alcohols to form-
aldehyde. This is the same mechanism that has been suggested
previously for this reaction.>* In the breakdown direction this
mechanism involves cleavage of the conjugate base of the ad-
dition compound, ROCH,0~, with catalysis by the conjugate
acid of the catalyst, BH*, which appears experimentally as the
kinetically equivalent general base catalysis of breakdown of
the uncharged addition compound. Closely similar struc-
ture—reactivity behavior has been observed previously for
alcohol expulsion to form a phthalimidium ion,' for the
cleavage of substituted-phenyl acetals,32 for the breakdown
of alcohol addition compounds of an imine,>? and for the
cleavage of ortho esters.3# These reactions all involve general
acid catalysis of alcohol or water expulsion from an electro-
philic center, analogous to the mechanism of eq 3, and are
kinetically unambiguous or of proved mechanism. An increase
in B8 with electron-withdrawing substituents has also been
observed for the mutarotation of substituted sugars catalyzed
by three substituted pyridines, for which Capon has assigned
a class n reaction mechanism on the basis of a calculated rate
constant greater than the diffusion-controlled limit for the ring
closure step of the alternative class e mechanism.33

The structure-reactivity behavior of these reactions can be
rationalized qualitatively by the three-dimensjonal reaction
coordinate diagram39-36 of Figure 6, in which the amount of
proton transfer is indicated by the horizontal coordinate and
the amount of C-O bond formation and cleavage by the ver-
tical coordinate; the energy contour lines have been omitted.
An electron-donating substituent on the alcohol will stabilize
the protonated alcohol and lower the energy of the upper left
relative to that of the lower right corner of the diagram. The
position of the transition state will then tend to slide downhill
toward the upper left corner (perpendicular to the reaction
coordinate). The horizontal axis of the diagram describes the
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amount of proton transfer, as measured by the Brgnsted
value, so that this shift represents a decrease in (3, as observed;
in the reverse, breakdown direction it represents an increase
in the amount of proton transfer from BH* in the transition
state. Similarly, an increase in the acidity of BH* will raise the
energy of the right relative to the left side of the diagram and
will tend to shift the position of the transition state upward (this
shift is the resultant of a downhill movement perpendicular to
the reaction coordinate and an uphill movement parallel to the
reaction coordinate?®). This upward shift corresponds to an
increased positive charge development on the alcohol oxygen
atom in the transition state and in 84, as observed (815 and Bnuc
follow a diagonal axis and range from negative values in the
lower right to positive values in the upper left part of the di-
agram, as indicated by 8’ in the figure).

The shift of the transition state toward the upper left corner
with electron-donating substituents on the leaving alcohol also
corresponds to a shift toward a more cationic oxygen atom on
the leaving alcohol in the transition state (an “anti-Hammond”
effect). This explains the observed increase in 81, with de-
creasing pKz and the upward curvature in the plots of log &
against pK . The observed increase in the rate of leaving group
expulsion with increasing pK of basic alcohols, corresponding
to a positive 1, is itself diagnostic of a class n reaction
mechanism in which there is proton donation to the leaving
alcohol. Alcohol expulsion without such proton donation, as
in a class e mechanism, would be aided by electron-with-
drawing substituents that stabilize the leaving oxy anion.

The observed structure-reactivity behavior is the opposite
of that expected for the class e mechanism of eq 4.28:30 Ac-
cording to this mechanism electron-donating substituents on
the leaving group are expected to increase the Brgnsted 8 value
and increasing base strength of the catalyst is expected to in-
crease 315, With a positive value of p,y according to the rela-
tionship

28 081
= - ©)
opKis OpKua 'V

This behavior has been observed for the kinetically unambig-
uous, reversible addition of thiol anions to acetaldehyde3” and
also accounts for the observed structure-reactivity data for the
acid-catalyzed formation and breakdown of formaldehyde
hemiacetals.

The absolute rate constants for the individual steps of the
reaction according to the mechanisms of eq 3 and 4 may be
calculated from the observed rate constants and estimated
ionization constants (eq 6, Table IIT). These rate constants are
consistent with the class n mechanism of eq 3 but rule out the
class e mechanism of eq 4 because rate constants larger than
the diffusion-controlled limit are required to account for the
observed rate constants. The calculated rate constant for the
removal of a proton from the hydrate by a buffer base to form
T~ in the first step of the reaction, according to the mechanism
of eq 3, is k4’ = 9.1 X 1073 M~! s~! for cyanoacetate ion,
which is just adequate to account for the observed rate constant
of kg = 5 X 1073 M~ s~1. The ratio k4'/kp is larger for other
bases and for the hemiacetals. There is no requirement for a
one-encounter mechanism® in which the catalyst abstracts a
proton and catalyzes the breakdown of T~ before diffusing
away, although such a mechanism might be required for
weaker bases than cyanoacetate. The largest rate constant for
the reaction of BH* with T~ in the second step of this mech-
anism is kg = 5.5 X 108 M~!5=1 for the cyanoacetate-cat-
alyzed reaction, which is below the diffusion-controlled
limit.

The rate constants for the reverse, base-catalyzed addition
of water or alcohol to formaldehyde may be calculated from
the equilibrium constants and observed rate constants for the
reaction. The rate constant for the general-acid-catalyzed

attack of ethoxide ion on formaldehyde, the second step of the
reaction according to the class e mechanism of eq 4, may then
be calculated from the ionization constants of ethanol and the
catalyst and is k—p’ = 8.5 X 1013 M~2s~! for the cyanoace-
tate-catalyzed reaction (Table III). The second-order rate
constant for the reaction of ethoxide ion with an encounter
complex of the acid and formaldehyde

Kas ke[EtO™
H,C=0 + HA = H,C=0-HA —>] product (10)

is then given by k. = k—-p’/Kys = 8.5 X 1014 M~1 571, as-
suming a value of K5 = 0.1 M1, This value of k. is larger than
the diffusion-controlled limit and provides further evidence
against the mechanism of eq 4. This result is another example
supporting the generalization that the reaction of strongly basic
nucleophiles with reactive carbonyl compounds is not subject
to general acid catalysis.

The absolute rate constant for formaldehyde hydration in
water of approximately 10 s~! is similar to the value of 56 s~!
for the hydration of a phthalimidium ion,?! consistent with the
very similar behavior of the two reactions. However, the rate
constant for the expulsion of methanol from the phthalimidium
addition compound catalyzed by acetic acid?! is 5.3 X 10—4
M-1s~1 which is 10'0 slower than the corresponding rate
constant of kpy = 4.8 X 106 M~1!s~! for cleavage of the anion
of formaldehyde methyl hemiacetal. The acid-catalyzed
cleavage reactions represent the reverse of the base-catalyzed
or uncatalyzed (A~ = HOH) addition reactions (eq 1 1) and

A" + ROH + >C=Xn == RO——T—XWl + HA (p

similar differences exist for comparisons of the addition of
alcohols and the expulsion of alcohols catalyzed by other acids,
including the proton. These large differences reflect, at least
in part, an electrostatic effect that favors oxygen protonation
and RO- expulsion from the hemiacetal anion, relative to the
neutral phthalimidium addition compound, and favors the
equilibrium addition of alcohols to the phthalimidium cation
(eq3 81 1, n = +1) relative to uncharged formaldehyde (n =
0).

General Acid Catalysis. A choice between the kinetically
equivalent class e mechanism of eq 1 and the class n mecha-
nism of eq 2 for the observed (kinetic) general acid catalysis
may be made from the structure-reactivity behavior and other
characteristics of the reaction.

The Brgnsted plots for general acid catalysis of the cleavage
of formaldehyde hemiacetals and hydrate (Figure 7) exhibit
a slower rate and a small but definite increase in « as the pK
of the leaving group decreases. Plots of the ratios of the rate
constants for cleavage of the hydrate and the hemiacetals
(Figure 8A) show more clearly that there is a change in slope
and a plot of « against the pK of the leaving alcohol has a slope
of da/—dpK1g = px, = 0.022 (Figure 8B). The lines in Figure
7 are drawn with slopes calculated from this p,, coefficient.
The rate constants for cleavage of the hydrate are slightly
faster than those for the hemiacetals even after correction by
a statistical factor of 2, confirming earlier results of Le Hénaff
for the methyl hemiacetal.!® Plots of log k against the pK of
the leaving group (not shown) give slopes in the range of 8,
= 0.20-0.34 (Table IV). There is an irregular but definite
decrease in B¢ with increasing strength of the catalyzing acid,
as is required by the data shown in Figures 7 and 8A and by
the reciprocal relationship28-30

o« bﬁl 1
_ =Ml - 12
“opKi; opKua ¢z F¥ (12)

The following evidence demonstrates that the general-
acid-catalyzed reaction proceeds according to the class e
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Figure 7. Brgnsted plots for general acid catalysis of the cleavage of
formaldehyde hydrate, O; ethyl hemiacetal, ®; methyl hemiacetal, ®;
methoxyethyl hemiacetal, a; chloroethyl hemiacetal, A; dichloroethyl
hemiacetal, ¥; and trifluoroethyl hemiacetal, . The slopes of the lines
are drawn based on a coefficient pyy = da/=dpK) = 0.022.
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Figure 8. (A) Brgnsted plots showing rate constants for general acid ca-
_talysis of hemiacetal cleavage normalized to those for the hydrate. (B)
Dependence of the Brgnsted coefficient « for general acid catalysis on the
pK of the leaving group.

mechanism of eq | and not the class n mechanism of eq 2, in
agreement with earlier suggestions.35:10

(1) The observed structure-reactivity interactions are
consistent with the mechanism of eq 1. The three-dimensional
reaction coordinate diagram for this mechanism?® is shown in
Figure 9 with the Brgnsted « coefficient for proton transfer
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Figure 9. Reaction coordinate energy diagram for the acid-catalyzed re-
actions of alcohols and water with formaldehyde according to the mech-
anism of eq 1, with proton transfer along the horizontal coordinate defined
by « and C-O bond formation and cleavage along the vertical coordinate
defined by Bpyc or 814, the energy contour lines are omitted. Level lines
of constant energy through a saddle point are shown as dashed lines and
a reaction coordinate is drawn bisecting these lines, as described in the text.
The dotted lines indicate the observed range of variation of structure-
reactivity parameters and transition state structure.

along the horizontal coordinate and the 81, (or Bquc) coefficient
for C-O bond cleavage or formation along the vertical coor-
dinate; the energy contour lines are omitted. An electron-
withdrawing substituent that decreases the pK of the leaving
group (or nucleophile) raises the energy of the top relative to
the bottom of the energy diagram and thereby shifts the posi-
tion of the transition state toward the upper right (parallel to
the reaction coordinate) and toward the lower right (perpen-
dicular to the reaction coordinate). The resulting shift to the
right corresponds to an increase in « and in the amount of
proton transfer in the transition state for the weaker nucleo-
phile, as observed. However, the alternative assignment of the
mechanism of eq 2 is not, in principle, excluded by the exper-
imental data. A reaction coordinate for this mechanism with
an important vertical component is expected to show the op-
posite structure-reactivity interaction, but a reaction coordi-
nate with a predominant horizontal component will give the
observed increase in « with decreasing pK of the leaving group
(this corresponds to a negative value of the coefficient py,’ of
eq 8 and a positive curvature ¢’ of the transformed energy di-
agram for this mechanism).28

Stronger evidence for the assignment of the class e mecha-
nism of eq 1 comes from an empirical comparison with the
observed structure-reactivity interactions for reactions of
known mechanism. A number of unambiguous class n reac-
tions involving true general acid catalysis of leaving group
expulsion have been shown to exhibit a decrease in a with
electron-withdrawing substitutents in the leaving alcohol31-34
and there is no obvious reason why the cleavage of hemiacetals
should not exhibit the same behavior if it proceeded through
a class n mechanism. On the other hand, there is precedent for
an increase in a with decreasing pK of the nucleophile-leaving
group in the general-acid-catalyzed reaction of thiol anions
with acetaldehyde, a class e reaction.” The values of « increase
from <0.10 to 0.26 as the pK of the nucleophile is decreased
from 10.25 to 2.68 in this reaction, giving a py, coefficient of
0.026. In the hemiacetal reaction the values of « increase over
the range 0.27 to 0.36 as the nucleophile-leaving group de-
creases in basicity with a similar p,, value of 0.022 (the values
of a are the same for the two directions of the reaction). The
conjugate acids of the alcohol nucleophiles have pK values
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below zero and these « values appear to follow the trend set by
the more basic thiol anion nucleophiles.

The sign of the p,, coefficient in these reactions is opposite
to that expected from a direct electrostatic effect; however, an
electrostatic effect is unlikely to be significant for end atom
interactions in any case.28 The larger value of « for hydration
than for the addition of basic nucleophiles to the carbonyl
group (which often exhibit o = 0) was used earlier as an
argument favoring a class e reaction mechanism of general acid
catalysis.3® However, this argument should not be applied to
nucleophiles of grossly different structure unless it can be
shown that the observed general acid catalysis does not rep-
resent a trapping mechanism and that “water” reactions with
a = 0 do not represent uncatalyzed or base-catalyzed reac-
tions.40

The values of 8, for the acid-catalyzed reactions, in the
range 0.20 to 0.34, are all positive (Table IV). This is consistent
with the class e mechanism of eq 1 and may be accounted for
by protonation of the leaving alcohol in an initial equilibrium
step followed by a large amount of C-O bond cleavage in the
transition state; in the addition direction this corresponds to
a moderately early transition state for alcohol attack without
proton removal that results in a moderate amount of positive
charge development on the attacking oxygen atom, The posi-
tive B14 values that show a small increase with increasing pK
of the catalyst are not inconsistent with a class n reaction
mechanism, in principle,?® but class n reaction mechanisms
ordinarily exhibit a decrease in 85 with increasing pK of the
catalyst that eventually leads to a negative value of 8y,, asin
the base-catalyzed formaldehyde reactions and other reac-
tions,31-34

(2) The most direct evidence for the mechanism of eq 1 is
the fact that the rate constant for the proton-catalyzed cleavage
of formaldehyde methyl hemiacetal (0.58 M~1s~!) is 2600
times larger than that for the cleavage of formaldehyde di-
methyl acetal (2.2 X 1074 M1 s71) 41 The dimethyl acetal is
a model for the mechanism of eq 2 in which a (fixed) methyl
group replaces the (mobile) proton of the hemiacetal. The
much larger rate constant for the hemiacetal shows that the
acetal is not a satisfactory model for the correct reaction
mechanism and suggests that removal of the proton of the
hemiacetal in the transition state is responsible for a large rate
increase, as in the mechanism of eq 1. This rate difference may
be contrasted with the rate difference of about tenfold for the
acid-catalyzed cleavage of acetophenone-bisulfite addition
compounds compared with the corresponding O-methyl
compounds.#2 This reaction is believed to proceed through a
class n mechanism and the relatively small rate difference may
reasonably be ascribed to a solvation effect. Similarly, the
difference of less than tenfold in the rates of acid-catalyzed
dehydration of HONHCH(OH)Ar and HON(CH3)CH-
(OH)Ar suggests that there is little or no cleavage of the N-H
bond of the former compound in the transition state.43 It is
possible that a larger rate difference could be observed because
of more favorable solvation of the transition state leading to
H,C=OH* than of that leading to H,C=0OMe™" if the tran-
sition state for the mechanism of eq 2 occurred very late along
the reaction coordinate; however, this possibility is ruled out
by the relatively small Br¢nsted coefficients of @ = 0.27-0.36,
and the positive 8,4 values of 0.20-0.34, which are inconsistent
with a late transition state with a large amount of C-O bond
cleavage for this mechanism.

(3) If the mechanism of eq 2 is correct, acetal cleavage is a
model for hemiacetal cleavage and the two reactions should
exhibit similar values of . However, the cleavage of ordinary
aliphatic acetals exhibits catalysis only by the proton, pre-
sumably through specific acid catalysis with @ = 1.0, whereas
the formaldehyde hemiacetals exhibit general acid catalysis
with a = 0.25-0.35.3944 Furthermore, the observed values of

a = 0.25-0.35 for the hemiacetal reaction are smaller than the
observed values of o = 0.5-1.0 for the cleavage of other acetals
that do show general acid catalysis and for related reactions
that proceed according to the mechanism of eq 2.31-3445

(4) The observed Brgnsted coefficients for the general-
acid-catalyzed reaction are shifted in the opposite direction
from that expected for the mechanism of eq 2, when compared
with the Brgnsted coefficients for the general-base-catalyzed
reaction. The observed Brgnsted coefficients of § = 0.24-0.58
for the general-base-catalyzed cleavage of formaldehyde
hemiacetals correspond to « values of 1 — 8 = 0.42-0.76 for
general acid catalysis of the breakdown of the hemiacetal
anion, T~, in the rate-determining step of the class n mecha-
nism that has been assigned to this reaction (eq 3). The class
n mechanism of eq 2 is the same as that of eq 3 except that a
proton is added to the carbonyl oxygen atom. The addition of
this proton to the oxy anion and to the carbonyl group will
stabilize the top relative to the bottom of the reaction coordi-
nate diagram for this mechanism (Figure 6) and should
therefore increase « by shifting the position of the transition
state toward the lower left and the upper left corners, in di-
rections parallel and perpendicular to the reaction coordinate,
respectively. This is inconsistent with the observed values of
a = 0.27-0.36 for the general-acid-catalyzed reaction, which
are Jower than 0.42-0.76.

(5) The observed rate constants are not consistent with
calculated rate constants for the steps of the acid-catalyzed
reaction according to the mechanism of eq 2. (a) The addition
of ROH to formaldehyde according to the mechanism of eq
2 requires first the protonation of formaldehyde with the rate
constant ko, followed by the general-base-catalyzed attack
of ROH on formaldehyde with the rate constant k_ga. The
calculated value of k—g < 350 M~! s~ for acetic acid is only
sixfold larger than the value of k_o = 57 M~1s~! for the hy-
dration reaction catalyzed by acetic acid (Table III). The value
of k_g is based on a pK of —2.8 for protonated acetone and,
since K for protonated formaldehyde is expected to be larger
than this and k_g correspondingly smaller, it is unlikely that
the rate of formaldehyde protonation is fast enough to account
for the hydration reaction through the mechanism of eq 2.

(b) Therateconstant k_ya that is required to account for
the acetate-catalyzed hydration of protonated formaldehyde
according to the mechanism of eq 2 is 21.6 X 10° M~1 -1,
based on pKo = —2.8 (Table I11). Since the true K is almost
certainly larger than this, the required k_pa will also be larger
and the mechanism will be excluded by a requirement for a step
that exceeds the diffusion-controlled limit. A still larger value
of k_pga = 1.3 X 10!t M~1 5~ would be required to account
for a previously reported catalytic constant for boric acid!!
according to the mechanism of eq 2.

The calculated rate constants for the individual steps are
adequate to account for the reaction according to the mecha-
nismof eq 1. Therateconstantk—,’ = 1.2 X 10-3M~1s-1for
protonation of the trifluoroethyl hemiacetal by acetic acid to
form T+ is larger than the observed rate constant of ks = 3.5
X 104 M~! s=! and the ratio k—;’/kua is larger for other
buffer acids and hemiacetals. The rate constants k 5 for ace-
tate-catalyzed cleavage of the protonated substrate in the
second step are 4.8 X 109and 1.2 X 107 M~1s~! for the hy-
drate and ethyl hemiacetal, respectively (Table III), and the
corresponding rate constants for other catalysts are smaller.
However, the value of ko = 2.9 X 10%° M~!s~! for the ace-
tate-catalyzed breakdown of protonated trifluoroethyl hemi-
acetal is at the borderline of the diffusion-controlled limit and
it is possible that this reaction proceeds through a one-en-
counter mechanism,® in which acetic acid protonates the
hemiacetal and acetate ion then catalyzes its breakdown before
diffusing away.

‘The “Water” Reaction. The following evidence shows that
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the pH-independent, “water-catalyzed” reactions of formal-
dehyde hydrate and hemiacetals represent largely or entirely
general base rather than general acid catalysis by water.

(1) The observed rate constants for catalysis by water are
larger than those predicted by the Brgnsted plots for general
acid catalysis by factors of 5-100, with the largest deviation
for the trifluoroethyl hemiacetal. They also exhibit a much
smaller spread, covering a range of only fourfold compared
with the range of 200-fold expected by extrapolation of the
Brgnsted plot for general acid catalysis (Figure 7) to the pK
of water. In contrast, the observed rate constants fall close to
the extrapolated Brgnsted lines for general base catalysis. The
rate constants are two to four times smaller than predicted by
the Brgnsted lines for the hemiacetals of weakly acidic alcohols;
for dichloroethyl and trifluoroethyl hemiacetals the observed
rate constants fall above the Brgnsted lines by factors of less
than 2, which is smaller than the uncertainty of the extrapo-
lation. Thus, general base catalysis by water should occur at
rates equal to or greater than the observed rates, but general
acid catalysis of the observed magnitude is not expected.
However, the difference between the rate constants for the two
mechanisms is not large for the compounds with weakly acidic
leaving groups and it is not unlikely that the general-acid-
catalyzed mechanism is favored for other, related reactions.

The structure of water permits it to act as a proton donor and
acceptor simultaneously in a bifunctional, cyclic mechanism
of catalysis. The fact that there is no significant positive de-
viation of the points for catalysis by water above the Brgnsted
line for general base catalysis by carboxylate anions, which
cannot act as bifunctional catalysts, shows that such bifunc-
tional catalysis does not provide a signficant advantage for
catalysis by water. However, this does not exclude a cyclic,
one-encounter mechanism for water.

(2) General acid catalysis by water according to the mech-
anism of eq 1 requires that the breakdown reaction proceed
through formation of the protonated hydrate or hemiacetal,
T+, followed by reaction of this intermediate with hydroxide
ion with the rate constant k4. The values of k4 required to
account for the observed rate range from 2.0 X 101> M~1 -1
for the hydrate to 7.7 X 10!8 M~! s~ for the trifluoroethyl
acetal (Table III). These values are much larger than the
diffusion-controlled limit and therefore rule out this mecha-
nism.

The rate constant k4 for the removal of a proton from the
hydrate by water to form separated T~ and H30% is 5.4 X
10-4 s~! (Table I11), which is eight times smaller than the
observed rate constant for the water reaction. The differences
for the hemiacetals are smaller. The rate constants kpy for the
recombination of H3O% with T~ and cleavage to formaldehyde
in the second step of the mechanism of eq 3 range from 3.0 X
10% to 7.8 X 1019 M~1 =1 (Table III). These rate constants
are adequate or nearly adequate to account for the water re-
action according to the mechanism of eq 3, without exceeding
the diffusion-controlled limit. If the larger values are correct,
the reactions of the hydrate and ethyl hemiacetal presumably
proceed through a one-encounter mechanism in which H;O0+
donates a proton to T~ before separating from T—, thus
avoiding the diffusion-controlled steps.® Alternatively, the
equilibrium constants utilized for the calculations have an
uncertainty such that the rate constants may be at the diffu-
sion-controlled limit; this would provide an explanation for the
negative deviations of several rate constants for the water re-
actions below the Brgnsted lines for general base catalysis.

These conclusions differ from those of Bell and Evans for
the dehydration of formaldehyde hydrate, which were based
on a better fit of the rate constant for the water reaction to the
Brgnsted line for general acid than for general base catalysis.!!
Our data would not permit a conclusion based on the data for
the hydrate alone, but the data for the substituted hemiacetals
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provide a much better fit to the Brgnsted lines for general base
catalysis. There are also differences between the Brgnsted
slopes of a« = 0.24 and 8 = 0.40 reported by Bell and Evans!!
and our values of @ = 0.29 and 8 = 0.24 for the hydrate. The
principal difference between the two sets of data is that the
former comprises a larger range of pK values but also a larger
range of structural variation of the catalysts; there is generally
fair to good agreement between individual rate constants ob-
tained in the two studies. The catalytic constants for carboxylic
acids in Table II are consistently higher than those reported
earlier,!! possibly because of the higher salt concentration in
the present study; however, there is good agreement between
the rate constants for catalysis by the proton in the two studies.
We do not know whether the differences in Brgnsted slopes
represent curvature in the Brgnsted correlations or differences
in the activity of different structural classes of catalysts.

Hydroxide Ion Catalysis. General base catalysis by hy-
droxide ion through a concerted mechanism is not expected
to be significant because such catalysis requires a driving force
that arises from an initially unfavorable proton transfer to or
from the catalyst that becomes favorable during the course of
the reaction; this does not occur with hydroxide ion catalysis.4
Since the hemiacetal is more acidic than water, almost every
encounter of hydroxide ion with the hemiacetal will give water
and the hemiacetal anion. It is not reasonable that the reaction
should then occur through a thermodynamically unfavorable
reprotonation by water to give a less reactive species followed
by concerted proton transfer and alkoxide ion expulsion, be-
cause the driving force for leaving group expulsion in the
concerted reaction with partial proton removal is smaller than
in the original hemiacetal anion with a completely removed
proton. Similarly, there is no advantage to a concerted mech-
anism in the direction of hemiacetal or hydrate formation
because proton transfer from the alcohol or water to hydroxide
ion will be fast and reprotonation, of trifluoroethoxide ion by
water, for example, followed by concerted attack of ROH with
partial proton removal should have less driving force than the
direct attack of the anion.

Ritchie has suggested that hydroxide ion attack may rep-
resent general base catalysis by hydroxide ion of the addition
of water because of the unfavorable solvation energy of a hy-
droxide ion adjacent to the substrate.4” This implies that alk-
oxide ions should also catalyze the attack of water on formal-
dehyde; in the reverse direction this represents catalysis by
alcohol of HO- expulsion. However, this mechanism is not
significant for the reactions examined here because the
structures of the starting hemiacetals and products establish
that expulsion of alkoxide ion must occur; the reverse, addition
reaction must also exist.

It is unlikely that there is concerted catalysis by water of
proton donation to the leaving alkoxide ion because a plot of
log kou (Table I) against the pK of the leaving alcohol has a
slope of 815 = —1.1. This shows that the transition state of these
reactions closely resembles the alkoxide jon product and
suggests that there has been little or no proton transfer to the
leaving alkoxide ion in the transition state. In contrast, the
reactions that are believed to proceed with concerted proton
transfer to the leaving group from stronger acid catalysts ac-
cording to the mechanism of eq 3 exhibit much less negative,
or even positive, values of 815 (Table IV).

Catalysis by rate-determining proton transfer is not sig-
nificant because such reactions are close to diffusion controlled
in the favorable direction and the rate constants for hydroxide
ion catalyzed breakdown and formation of the hemiacetals are
smaller than diffusion controlled (Table I; the rate constant
k¢ for hydroxide ion attack on formaldehyde is given by
kon/Keq = 4.8 X 108 M~1s~1),

The rate constants for the hydroxide ion catalyzed reactions
fall about two orders of magnitude above the extrapolated
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Brgnsted plots for general base catalysis by other bases. This
is also consistent with the conclusion that the hydroxide ion
reactions involve a different mechanism, i.e., specific base
catalysis with direct expulsion and addition of alkoxide ions
and some degree of solvation by water of the developing neg-
ative charge in the transition state. Extrapolation of the 8,
data for other base catalysts to the pK of water, based on the
coefficient py, = 3815/ —0pKpu = 0.09, gives 815 = —1.1 for
the hydroxide ion catalyzed reaction. This is consistent with
a shift of the transition state almost all of the way toward the
lower right corner of Figure 6 so that the reaction proceeds by
a stepwise mechanism through the alkoxide ion intermediate
in this corner.

It is of interest that the large 815 of —1.1 implies a late
transition state for alkoxide ion expulsion and a small value of
Bauc With a correspondingly early transition state for the re-
verse, addition reaction, whereas the dependence of the rate
of hydroxide ion addition on polar substituents in a series of
benzaldehydes substituted with electron-withdrawing sub-
stituents is almost the same as that for the equilibrium addition
reaction, implying a very late transition state.*8 This difference
is almost certainly too large to be accounted for by a “Ham-
mond effect” and probably represents another example of
imbalance in the extent to which different processes have taken
place in the transition state, which is manifested by imbalance
of the substituent effects in different parts of the reactants.
Very similar results have been reported previously for the at-
tack of alkoxide ions on esters, thiol esters, and carbon acids,
and for the expulsion of alkoxide ions from RNHCH(Ar)OR’
to form imines; in these reactions the substituent effects on the
alkoxide suggest that there is almost a full negative charge on
the oxygen atom whereas substituent effects on the rest of the
molecule and other data show that there is a considerable
amount of bonding to this oxygen atom in the transition state.4?
The difference can be accounted for, at least in large part, if
it is assumed that the alkoxide ion must lose some solvation in
order to attack the electrophile and, conversely, that the neg-
ative charge on the leaving alkoxide ion is incompletely solvated
in the transition state. The resulting excess negative charge will
make 8;, more negative in the breakdown direction and de-
crease By in the attack direction.*®

Transition State Characterization. General Base Catalysis.
The characteristics of the general-base-catalyzed reactions
with formaldehyde are now becoming familiar and appear to
represent a general mechanism for catalysis of the addition and
expulsion of alcohols and water when the electrophilic reactant
has some degree of stability.31-34 This characteristic behavior
suggests that the proton transfer to or from the oxygen atom
of the alcohol (or water) molecule is concerted with cleavage
or formation of the C-O bond, in the sense that there is no
indication for the existence of any high-energy metastable
intermediates, and that there appears to be motion of all re-
acting atoms in the transition states of these reactions. This
reaction pathway is generally accompanied by an additional
pathway involving the expulsion of alkoxide or hydroxide ion,
for which general acid-base catalysis by water provides little
or no thermodynamic advantage; the rate constant for this
uncatalyzed pathway usually exhibits a positive deviation from
Brgnsted plots. We will describe the characteristics of the
general-base-catalyzed reaction with respect to the absolute
values of structure-reactivity coefficients, the lifetimes of the
intermediates that would be required for a stepwise mecha-
nism, the changes in structure-reactivity coefficients with
changes in the structure of reactants and catalysts, and a
quantitative description of the transition state in terms of a
three-dimensional reaction coordinate energy diagram.

The structure-reactivity data provide the simplest of the
several lines of evidence supporting a concerted (as opposed
to a stepwise) reaction mechanism. The observed Brgnsted 3

values of 0.24-0.58 for the formaldehyde reaction correspond
tovalues of & = | — S that span the range 0.42-0.76 for general
acid catalysis of the breakdown of the hemiacetal anion ac-
cording to the mechanism of eq 3. This range of « values is
difficult to rationalize by a stepwise or double potential well
hydrogen-bonding mechanism; it suggests a large, but certainly
not complete, transfer of the proton in the transition state. The
a values are not inconsistent with a mechanism in which the
proton is in a single well hydrogen bond in the transition state,
but such a mechanism does not involve stepwise proton transfer
and is therefore concerted. The large range of 8y from negative
to positive values requires that there must also be cleavage of
the carbon-oxygen bond in the transition state. The reversal
in the sign of 814 suggests that the charge on the leaving oxygen
atom can be either positive or negative, depending on the bal-
ance between the amounts of proton transfer and C-O bond
cleavage in the transition state. Such a change is also difficult
or impossible to explain by a stepwise reaction mechanism.

The rate of breakdown upon encounter with an acid is faster
than the rate of protonation of the leaving group for some or
all of the anionic intermediates T, so that catalysis is enforced
by the short or nonexistent lifetime of the dipolar intermediate
T#. This means that the reaction cannot proceed through a
stepwise mechanism involving free T* as an intermediate. It
is consistent with a concerted mechanism in which the addition
compounds of acidic alcohols fall apart with partial proton
transfer because they cannot exist with full proton transfer.
If T* has a short or nonexistent lifetime for addition com-
pounds of ROH and formaldehyde, it certainly does not exist
for addition compounds of more stable carbonyl compounds,
esters, and other acyl compounds, so that a concerted mecha-
nism of general acid-base catalysis of water or alcohol addition
and expulsion will be enforced for these compounds also.
Nonexistence of this intermediate provides a possible expla-
nation for the fact that catalytic constants for water and for
stronger bases fall on the same Brgnsted line in a number of
reactions, such as general-base-catalyzed ester hydrolysis, in
which there is little or no thermodynamic advantage for proton
transfer to water and concerted catalysis would otherwise not
be expected.46

The nonexistence of T+ as a free intermediate is most certain
for the trifluoroethy! hemiacetal, for which the calculated rate
constant for proton transfer to form T# in the acetate-catalyzed
reaction is k—3" K4/Kpy = 3/5 X []=7 M~1s~! (Table I1I).
This is nearly 10° slower than the observed rate constant of 2.6
X 10-2M~1s~! Similarly, the rate constant k¢ = 3.1 X 10—4
M~=1~! for the removal of a proton by cyanoacetate ion from
water adjacent to a formaldehyde molecule is 3.5 X 104 smaller
than the rate constant of k_gy = 11 M~!s~! for the cyano-
acetate-catalyzed hydration of formaldehyde. This suggests
that the proton transfer is made possible by the increase in the
acidity of the attacking water molecule as it forms a bond to
the carbonyl carbon atom in a concerted mechanism. In the
breakdown reaction, proton transfer is made possible by the
increase in electron density on the leaving oxygen atom that
is brought about by partial C-O bond cleavage.

It has been noted above that the observed rate constants, kw,
for the water reaction correspond to rate constants, kpy, at the
diffusion-controlled limit for the proton-catalyzed breakdown
of T~, so that the lifetime of T* must be very short even for the
hydrate. The rate constant that would be required for rate-
determining breakdown of T# in the water reaction of the
trifluoroethyl hemiacetal is ky = 55k wK /K4 = 1.1 X 101351,
if k3 = 10ky, in order that k; be rate determining, k3 = 104
s~1. Alternatively, the proton transfer in the breakdown of the
trifluoroethyl hemiacetal could occur within an encounter
complex to form an intermediate that is stabilized by hydrogen
bonding and breaks down to products in a subsequent rate-
determining step (kx) before the catalyst diffuses away (eq 13).
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Assuming that k_,, > 10k, in order for k4 to be rate deter-
mining, k-, is >4.4 X 104 s~! for HB* = HOAC, based on
kx=kpK3/KapK4=4.4X 103571 and estimating Kap = 17
M-! from an equation proposed by Hine.5° Rate constants of
this magnitude are not consistent with a stepwise mechanism
with a significant barrier for the steps and provide further
evidence that the reaction must be concerted. The proton
transfer step itself cannot be rate determining because the rate
of this step should be sharply decreased by electron-with-
drawing substituents on the alcohol, but the rate constant for
the proton transfer step that would be required to account for
the observed rate constant is k—_3’ = kgKpy/Ks = 1.8 X 106
M~1 s~! for the chloroethyl hemiacetal and 4.2 X 106 M1 5!
for the trifluoroethyl hemiacetal.

The changes in structure-reactivity parameters with polar
substituents on the reactants provide further evidence for a
concerted reaction mechanism. The large change in 8 with
changing pK of the alcohol and change in 8y with changing
pK of the catalyst that are described by py,’ = d8/—0pK =
9815/—0pKeu* = 0.09 represent a coupling of the struc-
ture-reactivity parameters for the alcohol and the catalyst that
suggests a coupling of the bond-making and -breaking pro-
cesses of the catalyst and the alcohol in the transition state. A
positive py,» coefficient can be caused by simple electrostatic
interactions, without changes in the amount of bond formation
and cleavage in the transition state,?® but it is unlikely that the
contribution of this electrostatic effect is larger than the value
of 7 = py,(electrostatic) = 0.024 suggested by Hine 30:5!

In the simplest case the structure-reactivity relationships
for the mechanism of eq 3 may be described by the three-
dimensional energy diagram of Figure 6, which is defined in
terms of the experimental structure-reactivity parameters 3
and B (8).28 The large py,’ and p,» coefficients may be ac-
counted for qualitatively by a predominantly diagonal reaction
coordinate on such a diagram, as described above. It should
be noted that there is no evidence for an increase in the
Brgnsted « value with increasing strength of the catalyzing acid
for this class of reactions (in the breakdown direction), al-
though « does increase sharply with increasing basicity of the
leaving alcohol. This is the behavior that is expected for a di-
agonal reaction coordinate of a concerted reaction (Figure 6);
it would not be expected for a proton resting in a single po-
tential well with only C-O bond cleavage occurring in the
transition state, which would correspond to a vertical reaction
coordinate in Figure 6.5!

The change in 8y, with changing pK of the leaving group,
which is defined by p,» = 981,/ —0pK 1z = —0.20, is consistent
with a concerted mechanism and cannot be accounted for by
an electrostatic interaction effect without changes in bond
length in the transition state. The magnitudes of p,» = —0.20
and p,,» = 0.09 are consistent with each other according to the
relationship p)» = p, — px — 2py,; there is no requirement for
“Hammond effects’ for the acid and carbonyl compound that
give rise to significant py and p, coefficients, respectively.?3!
There is suggestive evidence for a significant negative p,’ term
in the upward curvature of plots of log k against pKrou for
the expulsion of alcohols from addition compounds of a
phthalimidium ion3! and an imine33 and in the sharp upward
deviation of the rate constants for the cleavage of p-methyl-
and p-methoxyphenyl methyl benzaldehyde acetals.32°

A quantitative treatment of the structure-reactivity data
is consistent with a reaction coordinate for the formaldehyde
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reactions that is nearly diagonal on the diagram of Figure 6,
in which the axis for 815(8’) is diagonal; it is intermediate be-
tween horizontal and diagonal on a transformed diagram that
is defined in terms of perpendicular axes for 8, and the
Brgnsted 8 for proton transfer.?® The values of p, =
08/—0pKpu* =~ 0, p,» = —0.20, and p,,» = 0.09 give curv-
atures at the saddle point of @ = —1.2 in the horizontal direc-
tion, b = 0 in the vertical direction, and ¢ = —11.1 for the di-
agonal curvature. These curvatures give coordinate ratios of
g1/g2 = 0and —9.25 for the two lines of constant energy (“level
lines™) that pass through the saddle point, as shown by the
dashed lines in Figure 6. A reaction coordinate that bisects
these level lines at 48° from the vertical is also shown in the
figure. For the transformed diagram (not shown) the curv-
aturesare @’ = —12.3,b’ = 0,and ¢’ = —11.1, and g,/g; are
0 and —0.90. This gives one vertical level line and one that is
rotated —42° counterclockwise from the vertical (tan 42° =
0.90). A reaction coordinate that bisects the level lines is ro-
tated 69° clockwise from the vertical.2

The observed rate constants are described in terms of these
structure-reactivity coefficients by?8

—log k = YopxpKpu? + Yopy'pK1g*
+ Pxy'PKBuPK 1g — BopKBH — Bi1° pKig + F (14)

The solid lines in Figure 5A are calculated from eq 14 based
on these coefficients, 8o = 1.677, B1,° = —2.583, and F =
—12.075. The calculated lines provide a satisfactory fit to the
experimental data for the different catalysts and leaving al-
cohols, with the exception of methanol, which exhibits the
previously mentioned positive deviation from structure-re-
activity correlations,

It is not known, for both the base- and acid-catalyzed re-
actions, whether there is a water molecule between the catalyst
and the substrate nor whether tunneling contributes to the
motion of the proton in the transition state. Either or both of
these factors would imply that the coupling process is more
complex than is described by Figure 6, but probably would not
alter the conclusion that the reaction mechanism is in some
sense concerted.

If general base catalysis of the addition of water and alcohols
to carbonyl compounds is expected for most such reactions,
why is it not observed when a general acid catalyst is assisting
the reaction by proton donation to the carbonyl group? Such
a reaction would give rise to a term in the rate law that is sec-
ond order in buffer concentration. The structure-reactivity
diagrams illustrate one possible answer to this question. Proton
donation to the carbonyl group makes the aldehyde more re-
active and increases the energy of the bottom relative to the
top of the diagram of Figure 6. This will tend to shift the po-
sition of the transition state perpendicular to the reaction
coordinate toward the upper left corner and parallel to the
reaction coordinate toward the lower left corner. The resultant
shift corresponds to a decrease in 3 so that base catalysis be-
comes less significant relative to the water reaction; § even-
tually approaches zero. The same effect provides one reason
that general acid catalysis is not seen for the decomposition of
acetals that give rise to unstable oxocarbonium jons.3633 The
value of & = 1.0 for these reactions corresponds to 8 = 0 for the
reverse, addition reaction.

General Acid Catalysis. The acid-catalyzed reactions of
water and alcohols with formaldehyde through the mechanism
of eq 1 extend a trend in the series of acid-catalyzed carbonyl
addition reactions that relates the mechanism of catalysis to
the stability and basicity of the addition intermediate that
would be formed in the absence of acid catalysis.®37 With
strongly basic nucleophiles and reactive carbonyl compounds
this intermediate is frequently stable enough to abstract a
proton from water before it reverts to reactants and acid ca-
talysis is neither required nor observed, as in the addition of
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basic thiol anions to acetaldehyde.54 With less basic nucleo-
philes and less reactive carbonyl compounds weak general acid
catalysis by hydrogen bonding may be observed even when it
is not enforced by the short lifetime of the intermediate, as in
the addition of sulfite to p-methoxyacetophenone’s and of
methyl mercaptoacetate to acetaldehyde at high buffer con-
centrations.3” The appearance of this catalysis may be a con-
sequence of a later, more basic transition state that is more
stabilized by hydrogen bonding to an acid. When the inter-
mediate breaks down faster than it can abstract a proton from
water, catalysis by trapping upon encounter with strong buffer
acids is enforced and the Brgnsted plot follows an “Eigen
curve” for simple proton transfer reactions, as in the reactions
of thiol anions of intermediate basicity with acetaldehyde. A
still less stable intermediate undergoes enforced catalysis by
a preassociation mechanism that is likely to give a large rate
acceleration through hydrogen bonding to the transition state,
as in the reaction of pentafluorobenzenethiolate anion with
acetaldehyde.?” The transition state of this reaction has been
characterized in terms of its structure-reactivity parameters
as involving predominant S-C bond formation, a relatively
small curvature of the energy surface along the direction of the
reaction coordinate, and a small shift of the proton away from
the catalyzing acid, as might be expected for a simple hydro-
gen-bonded transition state.28-37 The results reported here
suggest that catalysis of ROH addition to formaldehyde con-
tinues this trend, with a larger component of proton transfer
in the transition state and a further shift toward a fully con-
certed reaction mechanism. The trend is continued because
ROH is a far weaker nucleophile and better leaving group than
RS-, so that the addition compound T# is highly unstable in
spite of the higher reactivity of formaldehyde than of acetal-
dehyde.

The rate of breakdown of the protonated hemiacetal, T+,
to products in the presence of a base is faster than the calcu-
lated rate of proton transfer to the base to form T* by factors
of up to ~107. This suggests that, as in the case of the gen-
eral-base-catalyzed reaction, breakdown of the intermediate
occurs when the proton is only partially transferred and that
the free T+ species cannot be formed as an intermediate. For
example, a stepwise mechanism that proceeds through T* for
the breakdown of formaldehyde trifluoroethyl hemiacetal
catalyzed by cyanoacetic acid is excluded by the fact that the
calculated rate constant, k' = 1070 M~1 s~!, for the proton
transfer step is inadequate by a factor of nearly 10° compared
with the rate constant of k4 = 9.1 X 107 M~!s-! that would
be required to account for the observed rate constant by this
mechanism (Table I11).

An alternative reaction pathway proceeds through a
preassociation mechanism involving proton transfer from T+
to A~ with the rate constant ky, followed by breakdown of
T*.HA with the rate constant k, before diffusion away of the
catalyst (eq 15). The Brgnsted slopes of & = 0.27-0.36 require

+
A” + HOCHOR = AH-‘OCH;%H A AH + 0=CH,
+

[ OH
—rrr F R

AH + ~OCH,"OH

R (15)
that the proton be close to the catalyst in the transition state.
Assuming that k_, > 10k, in order for k, to be rate deter-
mining, the rate constant k_, must be >3 X 1013 s~!, based
on k, = kyaK1/KapKs = 3 X 1012s~! and estimating K a3
= 30 from the Hine equation.5? Similar calculations for the
proton-catalyzed cleavage of the trifluoroethyl hemiacetal give
values of k, = 1.4 X 10'3s~1and k-5 > 1.4 X 10145~ The
magnitude of these calculated rate constants suggests that
there can be little or no barrier for proton transfer or expulsion

/

KHA

of protonated trifluoroethanol in a stepwise mechanism and
that the reaction proceeds through a concerted mechanism in
which proton transfer to A~ is facilitated by an increase in the
acidity of T+ in the transition state as the C-O bond undergoes
cleavage. However, the accuracy of the equilibrium constants
used in these calculations is not sufficient to exclude a stepwise
preassociation reaction mechanism rigorously and similar
calculations for the hemiacetals with more basic leaving groups
give rate constants that are consistent with a significant lifetime
for a T*.HA intermediate. The proton transfer step itself is not
rate determining because the rate constant ko (HOH) for the
reaction of T with A~ must increase by nearly 103 for the
trifluoroethyl compared with the ethyl compound, in order to
account for the observed rate constant of the proton-catalyzed
reaction, whereas the calculated rate constant k; for proton
transfer increases by only a factor of 4 (Table III).

The observed increase in a with increasing acidity of the
alcohol and the increase in Bnyc (or 81g) with increasing pK of
the catalyst represent a coupling of the structure-reactivity
parameters describing the effects of polar substituents on the
acid and the alcohol according to the relationship py, =
da/—dpKnye = OBnuc/dPKnua = 0.022. This suggests that
there is a corresponding coupling between proton transfer and
C-0 bond formation (or cleavage) in the transition state. The
absence of detectable curvature in plots of log k against pKya
and pK, means that the coefficients p, = da/dpKua and p,
= 0P14 /—0opK, g are small or zero. If these values are zero, the
curvatures g and b parallel to the x and y axes of the reaction
coordinate diagram that describes this reaction in terms of
structure-reactivity coefficients (Figure 9)22 are also zero and
the diagonal curvature ¢ is —45. This would give a fully coupled
reaction and a diagonal reaction coordinate on the diagram.
The reaction of thiol anions with acetaldehyde exhibits a
similar value of p,, = 0.026 and a value of p, = 0.089, which
corresponds to a vertical curvature b = 0, a horizontal curva-
ture @ = 66, a diagonal curvature ¢ = —39, and a reaction
coordinate that is rotated some 15° clockwise from the verti-
cal.?® In the formaldehyde reaction a curvature corresponding
to a py value of 0.09 should be readily observable but was not
detected; however, a p, value of 0.04 might exist and have
escaped detection. A p, value of 0.04 would give curvatures
ofa =41,b =0, and c = —45 and a reaction coordinate that
is rotated about 24° clockwise from the vertical. We conclude
that the reaction coordinate is probably between 24° and 45°
clockwise from the vertical for the formaldehyde reactions; in
Figure 9 it is arbitrarily drawn 33° from the vertical, corre-
sponding to a value of p, = 0.02. In any case, the reaction
coordinate has a larger diagonal component than for the re-
action of thiol anions with acetaldehyde. This corresponds to
a larger component of proton transfer and a larger coupling
between the motion of protons and heavy atoms than in the
thiol anion reactions. Although a stepwise mechanism is not
rigorously excluded, there is certainly a considerable amount
of proton transfer in the transition state and the data support
the kind of diagonal reaction coordinate that is expected for
a concerted reaction mechanism (Figure 9).

The absolute magnitude of the « values, ranging up to 0.36,
is also more easily explained with a concerted than a stepwise
hydrogen bonding mechanism. The addition of thiol anions to
acetaldehyde exhibits « values ranging up to 0.26 for a simple
hydrogen-bonding mechanism. The « values for the formal-
dehyde reactions should be smaller than this, if anything, for
a simple hydrogen-bonding mechanism because the dipolar
addition intermediate T that is formed upon alcohol addition
(pK = 8.2-8.9) is less basic than the anionic intermediate T~
that is formed upon thiol anion addition (pK = 11.5).37 The
basicity of the transition state could be increased if it closely
resembles the T* product, but the values of 81, suggest that
the transition state for alcohol attack is early. According to the
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Hine equation®® the expected value of « for hydrogen bonding
of acids to an intermediate T* of pK = 8.9 is approximately
0.26. This number is not exact, but the value of « should be
considerably smaller for hydrogen bonding to the less basic
transition state than to T,

The structure-reactivity relationships illustrated by the
diagram of Figure 9 provide one explanation of why bifunc-
tional catalysis by bases as well as acids, giving a term second
order in buffer concentration, is not observed for the acid-
catalyzed reaction. As the pK of the nucleophile is increased
the Br¢nsted a value decreases, according to the positive
coefficient py, = da/—dpKnye. An increased pK of the nu-
cleophile stabilizes the top relative to the bottom of the diagram
so that the transition state is shifted perpendicular to the re-
action coordinate toward the upper left corner and parallel to
the reaction coordinate toward the lower left corner, resulting
in the observed decrease in a. General base catalysis of the
attack of ROH will effectively increase the basicity of the
nucleophile by partial proton abstraction and this increased
basicity will result in a decrease in a toward zero, so that
general acid catalysis by buffers will become less significant
relative to water and will eventually disappear.

The trend toward increasing Brgnsted « values with de-
creasing basicity of the nucleophile for the attack of thiol an-
ions37 and alcohols, which is described by the positive py,
coefficient for class e general acid catalysis, is also consistent
with the large Brgnsted « values of 1.0 and 0.5 for general acid
catalysis of the addition of hydrogen peroxide to p-chloro-
benzaldehydes¢ and acetone,’” respectively, the « values of
0.38-0.40 for the reversible dimerization of dihydroxyacetone
and glycolaldehyde,!3 and the large « value for general acid
catalysis of the addition of free thiols to acetaldehyde.54 An
increase in a with increasing stability of the carbonyl com-
pound that is described by a positive p,» coefficient for a class
e reaction?® may also contribute to these large « values and to
the large « value of 0.54 for general acid catalysis of the hy-
dration of acetaldehyde,!2 which is more stable than formal-
dehyde. These a values near 0.5 presumably represent a con-
tinuation of the trend toward a fully concerted reaction
mechanism as the addition intermediate T* becomes less stable
with decreasing pK of the nucleophile and increasing stability
of the electrophile.®

Choice of Catalytic Mechanism. We can provide partial
answers to the question of why a class n mechanism is preferred
for observed (kinetic) general base catalysis and a class e
mechanism for observed (kinetic) general acid catalysis,
compared with the alternative possible mechanisms. General
acid and base catalysis occur in order to avoid the formation
of highly unstable free intermediates and the transition states
leading to their formation. Both kinds of catalysis avoid the
formation of the dipolar addition compound T#*, which may
be so unstable as to have no significant lifetime for hemiacetals
of weakly acidic alcohols. General acid catalysis also avoids
the formation of fully protonated formaldehyde, an unstable
oxocarbonium ion.

The choice of mechanism for kinetic general base catalysis
may be ascribed to an avoidance of the most basic oxy anion
intermediate.5® A class n mechanism (eq 3) avoids the for-
mation of the anion of the nucleophile and a class e mechanism
(eq 4) avoids the formation of the anion of the addition com-
pound. For water and the alcohols examined here the alkoxide
anion is more basic than the anion of the hydrate or hemiacetal
(Tables I and I1I) and it is reasonable that the preferred
mechanism avoids the formation of the alkoxide ion. As the
anion becomes less basic the relative basicities will be reversed
and it is known that ethanethiol anion adds without catalysis
and less basic thiols add with catalysis through a class e
mechanism.3754 The preferred mechanism is also reversed
when the anion of the addition compound becomes more basic
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and kinetic general base catalysis of the addition of ROH to
imines occurs through a class e mechanism, i.e., general acid
catalysis of the addition of RO~ .33

The trend for the Brgnsted 8 value to increase with de-
creasing pK of the nucleophile or leaving group (positive py,’
coefficient) is consistent with the reported values of 3 = 0.66
and 0.5 for general base catalysis of the reactions of hydrogen
peroxide (pK = 11.6) with p-chlorobenzaldehyde® and ace-
tone,3” respectively, and 8 ~0.8 for cleavage of the dimers of
dihydroxyacetone and glycolaldehyde,!? which probably
proceed through a class n reaction mechanism. These values
correspond to relatively small « values, in the range 0.2-0.5,
for general acid catalysis of the breakdown of the anion of the
addition compound. A continuation of this trend of increasing
8 with weaker nucleophiles (better leaving groups) will make
general base catalysis less important relative to uncatalyzed
addition of the conjugate base of the nucleophile (specific base
catalysis). This is consistent with the fact that general base
catalysis is rarely if ever observed for the addition of more
acidic nucleophiles to carbonyl compounds.

A class n mechanism for kinetic general acid catalysis re-
quires the formation of the H;C=OH™ ion (eq 2), whereas
a class e mechanism avoids this intermediate but proceeds
through the unstable T+ ion (eq 1). The available data suggest
that the oxocarbonium ion HyC=OH™ is so unstable that
general base catalysis of its hydration does not occur and that
class n reaction mechanisms are only observed when the pro-
tonated electrophile is unusually stable. An extrapolation from
the rate constants of up to 4 X 108 s~! for the hydration of
oxocarbonium ions formed from acetophenone ketals suggests
that there is little or no barrier for the addition of water to
oxocarbonium jons derived from formaldehyde.?? If this is the
case and the addition of ROH is diffusion controlled there
cannot be buffer catalysis of the addition of ROH to
H,C=0H", as required by a class n mechanism, because the
rate of diffusion is not increased by buffers. The slow rate of
cleavage of formaldehyde acetals compared with hemiacetals
provides empirical evidence that the pathway through an
oxocarbonium ion-like transition state is of higher energy than
that for hemiacetal cleavage through a class e mechanism.
There is evidence supporting a class n mechanism of general
acid catalysis for the addition of bisulfite to substituted ace-
tophenones, but this appears to be a special case involving a
relatively stable protonated ketone and class n mechanisms are
rare for general-acid-catalyzed carbonyl addition reactions.*?
For additions of ROH to imines, which form a very stable
protonated electrophile, class n mechanisms are common and
class e mechanisms are unknown for general acid catalysis.
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Abstract: Core-ionization energies for a number of carboxylic acids and esters have been measured with the view of establish-
ing the relative importance of initial-state charge distribution and final-state charge rearrangement in determining core-ion-
ization energies, proton affinities, and gas-phase acidities. Results are reported for RCOOH (R = H, CHj;, CF3, CF;H), for
RCOOCH; (R = H, CHj;, CF3), for RCOOC,H;s (R = H, CH3, CFs;, CF,H, CFH,, CCIH,, CBrH,), and for acetone and
methyl carbonate. A linear correlation with slope —1.6 is found between core-ionization energies and proton affinities for dou-
ble-bonded oxygen. Compounds in which initial-state effects are important and those in which final-state effects are important
fit the correlation line equally well. Although there is no simple correlation between anion proton affinity (the negative of acid-
ity) and core-ionization energies, the data are consistent with an expected negative correlation when inductive effects are im-
portant and a positive correlation when relaxation is important. A quantitative analysis of these results is in good agreement
with theoretical results obtained by Davis and Shirley. Correlations among the various core-ionization energies indicate that
positive charge on a carboxyl group, whether produced by core ionization or by protonation, is extensively delocalized by va-

lence-electron rearrangement.

One of the fundamental concepts in chemistry is that of
acidity and basicity. In the most general terms acidity is the
ability of a substance to accept negative charge and basicity
is the ability to accept positive charge. In the Lewis definition,
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the charge is transfered by gain or loss of an electron pair. In
the Lowry-Brgnsted definition, the charge is transfered by gain
or loss of a proton.

Martin and Shirley,! noting the formal similarity between
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