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How Many Elementary Processes Are Involved in Base- and Acid-Promoted
Aldol Condensations?
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The title reactions were investigated by density functional
theory calculations. MeRC=O + OH– + (H2O)8 (R = H and Me)
and MeCH=O + H3O+ + (H2O)8 systems were adopted to
trace the elementary processes. Eight water molecules were
included to assure proton shifts through hydrogen bonds.
The OH–-containing reactions were confirmed to have three
elementary processes. Whereas the rate-determining step of

Introduction

Aldol is a combined term of aldehyde–alcohol, and the
aldol condensation reaction was discovered in 1872.[1] The
classic aldol reaction is base-catalyzed, where an enolate
adds to an aldehyde or ketone (Scheme 1). It is also possible
to use acid catalysis, where in the initial step the carbonyl
substrate undergoes tautomerization to the enol and in the

Scheme 1. The base-promoted aldol reaction. CT is the charge transfer from the HOMO of the enolate to the lumo of the aldehyde or
ketone.
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the reaction of acetaldehyde is C–H bond scission, that of
acetone is C–C bond formation. The H3O+-containing reac-
tions have two elementary processes. The reactivity differ-
ence between OH–- and H3O+-promoted reactions was dis-
cussed in terms of their mobility and hydration strength.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

subsequent step the enol adds to the protonated carbonyl
compound (Scheme 2).[2] The aldol reaction is in equilib-
rium, which may lie either to the right (product) or to the
left (reactant) depending on the adopted substrates (alde-
hydes and/or ketones). In the case of CH3CHO in
Scheme 1, the equilibrium is found to lie favor of the aldol
product. The forward reaction of step (ii) and the reversal
of step (i) are essentially competing with each other for the

enolate. Carrying out the reaction in D2O fails to result in
the incorporation of any deuterium into the CH3 group of
as-yet recovered acetaldehyde (Scheme 3a). Therefore, step
(ii) must be so much more rapid than the reverse of step (i)
as to make the latter virtually irreversible.[3]
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Scheme 2. The acid-promoted aldol reaction. CT is the charge transfer from the HOMO of the enol to the lumo of the protonated
aldehyde.

Scheme 3. After the base-promoted aldol reaction, absence or
presence of deuterium in the methyl group of the recovered sub-
strate.

In contrast, even for simple ketones, for example, acetone
(R = CH3), the equilibrium is found to lie far to the left (≈
2% of the product). Thus, if the reaction of acetone is car-
ried out in D2O, incorporation of deuterium into the CH3

group of as-yet unchanged acetone is observed. That is, step
(ii) is no longer rapid with respect to the reversal of step (i)
(Scheme 3b).

Although the classic aldol reaction is a fundamental one
(only C, H, and O atoms included), its detailed mechanism
has not been elucidated. It is a question of how many ele-
mentary processes are involved in base- and acid-promoted
reactions. In both reactions, proton release or attainment in
the substrate should take place through hydrogen bonds.
Then, the mechanism needs to be considered in terms of
the correlation between covalent bond formation and pro-
ton relays along the hydrogen bonds. Computational stud-
ies are expected to reveal the correlation by simulating reac-
tion paths. However, there have been no reports dealing
with elemental (MeCHO + H2C=CHO–) or (MeCHO +
MeCHOH+) systems. Tomasi et al. pointed out the impor-
tance of water in the aldol reaction between acetaldehyde
and vinyl alcohol.[4] In the neutral reaction, a water
molecule was found to lower the activation energy. Al-
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though only one H2O molecule was included to trace the
reaction path, the calculated result suggests the need of
hydrogen-bonded H2O clusters to construct reaction
models.

In this work, base- and acid-promoted aldol reactions of
acetaldehyde were investigated by including OH–(H2O)8

and H3O+(H2O)8 so as to reveal the mechanism. A
Me2C=O·OH–(H2O)8 system was also examined. Particular
interest is in the number of elementary processes of H3O+-
and OH–-containing reactions. These ions are known to
move more rapidly than other ions between the cathode and
anode in aqueous solution (Table 1).[5]

Table 1. Rates, u+, and u–, of typical ions in the electrode (aqueous
solution).[5]

Cation u+ �104 Anion u– �104

[cm2 s–1 V–1] [cm2 s–1 V–1]

H3O+ 36.25 OH– 20.55
Li+ 4.01 F– 5.74
Na+ 5.19 Cl– 7.91
K+ 7.62 Br– 8.09

The values of u+(H3O+) and u–(OH–) are much larger
than rates of other ions, which indicates proton relays
in the H3O+ and OH– movement. There is a question
of whether the difference between u+(H3O+) =
36.25�10–4 cm2 s–1 V–1 and u–(OH–) =
20.55�10–4 cm2 s–1 V–1 is reflected in the reactivity differ-
ence of base- and acid-promoted reactions. The
H3O+···H2O bonding energy was obtained both experimen-
tally[6] and theoretically[7] to be 36 kcalmol–1. The
OH–···H2O energy was computed by RB3LYP/6-311+G* to
be 28 kcalmol–1. It is also a question of how the energy
difference is reflected in the reactivity.
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Method of Calculations

The reacting systems were investigated by density func-
tional theory calculations. The B3LYP method[8] was used.
B3LYP seems to be a suitable method, because it includes
the electron correlation effect to some extent. The basis set
employed was 6-31(+)G* (for the OH–-containing system,
diffuse orbitals on oxygen atoms) and 6-31G* (for the
H3O+-containing system). Then, the geometry optimiza-
tions were carried out by RB3LYP/6-31(+)G* or 6-31G*.

Transition states (TSs) were characterized by vibrational
analysis, which checked whether the obtained geometries
have single imaginary frequencies (ν‡). From the TSs, reac-
tion paths were traced by the intrinsic reaction coordinate
method[9] to obtain the energy-minimum geometries. Rela-
tive Gibbs free energies were refined by single-point calcula-
tions of RB3LYP/6-311+G(d) [self-consistent reaction field
(SCRF) = dipole, solvent = water][10] on the RB3LYP/6-
31(+)G* geometries and thermal correction (T = 300 K, P
= 1 atm) energies. Although more sophisticated SCRF
methods such as SCRF = PCM and SCRF = IEFPCM are
desirable, sizes of the reaction systems treated in this study
are large and TSs with incomplete covalent bonds could
not be calculated by those methods. Therefore, the SCRF
= dipole method was used for single-point calculations.

All the calculations were carried out by using the
GAUSSIAN 03[11] program package. The computations
were performed at the Research Center for Computational
Science, Okazaki, Japan.

Results and Discussions

The Base-Promoted Reaction

Scheme 4 presents a reaction model to trace the reaction
path. Water molecules are bound to lone pair orbitals of
the substrate (MeCHO) and the base (HO–). Figure 1 shows
the path. In the “precursor” (before reaction), two MeCHO
molecules are linked through hydrogen bonds and the hy-
droxide ion O15–H16 is surrounded by water molecules.
When O15–H16 is in contact with a methyl hydrogen H5,
the first transition state (TS1) is brought about. At TS1, the
O15···H5 distance is 1.318 Å and that of H5···C3 is 1.337 Å.
After TS1, the first intermediate, Int1, is formed. Int1 is
composed of the enolate H2C=CHO–, MeCHO, and
(H2O)9. The enolate oxygen O2 is hydrogen-bonded
strongly to H24 and H34. As the geometry of Int1 is not
ready for subsequent C···C bond formation, a conformer of
Int1 was sought. The conformer Int2, which is slightly more
stable than Int1, was found. In Int2, the C3···C8 distance is
3.273 Å, which is usual for a weak interactive complex. Af-
ter Int2, TS2 was obtained, where the C···C distance
(2.004 Å) is within the typical value (1.9–2.5 Å) for the tran-
sition state.[12] O9–C8···C3–C1 is antiperiplanar (the dihe-
dral angle is –179.71°). Consequently, the one-center ad-
duct, Int3, was obtained. In Int3, the C8–O9 moiety is an
alkoxide, and it is tightly hydrogen bonded to H22
(O9···H22 1.396 Å). The movement of H22 toward O9 leads
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to TS3, which affords the aldol product. Thus, the OH–-
catalyzed aldol reaction of (MeCHO)2 consists of three ele-
mentary processes, precursor � TS1 � Int1 i Int2 � TS2
� Int3 � TS3 � product.

Scheme 4. A reaction model of the base-promoted aldol condensa-
tion. Water molecules are bonded to lone pair orbitals. Two H2O
molecules in the broken-line box are included to provoke the hydro-
gen bond circuit during the condensation.

Figure 2 exhibits a reaction of (acetone)2, OH–, and
(H2O)8. The optimized geometries of precursor, TS1, Int1,
Int2, TS2, Int3, TS3, and product were computed to be
similar to those in Figure 1. The similarity demonstrates
that the methyl substitution to MeCHO (i.e., MeCHO �
Me2CO) does not affect the reaction path significantly.

Figure 3 shows changes of Gibbs free energies (T =
298 K, P = 1 atm). Whereas geometries in Figures 1 and
2 are similar, the energy changes are drastically different.
Whereas the rate-determining step of the (MeCHO)2 reac-
tion is TS1, that of the (Me2CO)2 reaction is TS2. The en-
ergy of TS2(Me2CO) is larger than that of TS1(MeCHO),
and the energy of product (Me2CO) is larger than that of
product (MeCHO). Thus, acetone has a lower reactivity
than acetaldehyde, which is consistent with the experimen-
tal evidence. The difference in the rate-determining step,
TS1(MeCHO) versus TS2(Me2CO), is in accord with the
experimental contrast shown in Scheme 3. The deuterium
incorporation to the methyl group of the unreacted sub-
strate is possible for acetone in the equilibrium: precursor
i Int2 (before the rate-determining step TS2). In contrast,
it is impossible for acetaldehyde, because transit of the rate-
determining step TS1 does not allow the reverse route, Int2
� precursor.

The energy difference for the two first steps of the aldol
reactions with acetaldehyde and acetone is discussed. Al-
though TS2(at) is located 6.5 kcalmol–1 over TS2(al), the
activation free energy difference for the two elementary
steps is only of 3.31 kcalmol–1 as a consequence of the
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Figure 1. Geometric changes in the base-catalyzed aldol reaction of (MeCHO)2 + OH– + (H2O)8 in Scheme 4. Int1, Int2, and Int3 are
intermediates.

Eur. J. Org. Chem. 2007, 6070–6077 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 6073



S. Yamabe, K. Hirahara, S. YamazakiFULL PAPER

Figure 2. Three TS geometries of the base-catalyzed aldol reaction of (acetone)2 + OH– + (H2O)8.

Figure 3. Energy diagrams of Gibbs free energies (T = 298.15 K
and P = 1 atm) along the OH–-promoted reactions of Figures 1
and 2; “al” and “at” in parentheses stand for the energies of acetal-
dehyde (Figure 1) and acetone (Figure 2) reactions, respectively.
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Scheme 5. A reaction model of the acid-promoted aldol condensa-
tion.
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larger electrophilic character of acetaldehyde than acetone.
The large endergonic character for the formation of the
enolate of acetone than that of acetaldehyde plays a similar
role to the electrophilicity in the energy difference between
TS2(at) and TS2(al). An interesting analysis can be also
redrawn for the enolization step for the two carbonyl com-
pounds. After TSs there is an energy crossing to enolates.
Int1(al) is located below Int1(at), whereas TS1(at) is located
below TS1(al). The presence of the electron-releasing
methyl group on the enolate structure thermodynamically
destabilizes the anionic structure. The aldehydes are more
acidic than ketones. However, along the reaction path, this

Figure 4. Geometric changes of the acid-catalyzed aldol reaction of (MeCHO)2 + H3O+ + (H2O)8 in Scheme 5.
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methyl group has a different role to stabilize the TS associ-
ated to the C=C bond formation at the enolate by a hyper-
conjugative effect.[13]

The OH–-promoted aldol reaction is reviewed. There are
three elementary processes, C–H scission, C–C formation,
and O–H formation. Cleavage or formation of each coval-
ent bond takes place in each step.

The Acid-Promoted Reaction
Scheme 5 illustrates the model where inclusion of

(H2O)8 is the same as in Scheme 4. The MeCHO molecule
in the lower side is ready to be transformed into vinyl
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alcohol. Figure 4 shows geometric changes. In the precur-
sor, the hydronium ion H3O+, (O15 H14 H16 H17)+, is
linked with the carbonyl oxygen atom O2. From the precur-
sor, TS1 was obtained. At TS1, bond interchanges of O15–
H14···O2 � O15···H14–O2 and C3–H24···O25 �
C3···H24–O25 occur synchronously. The simultaneous
bond interchanges have not been involved in the OH–-pro-
moted reaction. After TS1, the first intermediate (Int1)
composed of acetaldehyde, vinyl alcohol, and H3O+(H2O)8

is reached. The geometry of Int1 is rearranged to that of
Int2 so that the subsequent C–C bond formation is ready.
After Int2, the second TS (TS2) is brought about. Surpris-
ingly, TS2 involves two bond interchanges, O31–H30···O8
� O31···H30–O8 and O2–H14···O15 � O2···H14–O15, as

Figure 5. Energy diagram of Gibbs free energies (T = 298.15 K and
P = 1 atm) along the H3O+ promoted reaction of Figure 4.

Scheme 6. The concerted process of the pinacol rearrangement pro-
moted by a hydrogen-bond circuit.
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well as the C3···C7 formation. After TS2, the aldol product
is afforded. The H3O+-promoted aldol reaction consists of
two elementary processes.

Figure 5 exhibits the energy change of the H3O+-pro-
moted reaction. The rate-determining step is TS2, of which
the energy (+20.98 kcalmol–1) is much larger than that of
TS1 (+12.22 kcalmol–1) of the OH–-promoted reaction
(Figure 3). This result demonstrates that the acid-promoted
aldol reaction is not so efficient as the base-promoted one.

The result of the two elementary processes found in the
present calculation is inconsistent with the general idea of
the three elementary processes depicted in Scheme 2. How-
ever, the former is consistent with our recent result for the
acid-promoted pinacol rearrangement (Scheme 6).[14] Pro-
ton relays through acid-containing hydrogen bonds are
ready enough to make various bond interchanges synchro-
nous.

Conclusion

In this work, OH–- and H3O+-promoted aldol reactions
of acetaldehyde (and acetone with OH–) were examined
computationally. Eight water molecules were included to as-
sure proton migrations through hydrogen bonds. Those
were found to cover the charged reaction center and seem
to be sufficient to describe bond interchanges reasonably.
Further addition of water molecules to the outer region is
expected to hardly alter the obtained results as judged from
our previous work on ester hydrolysis.[15] The OH–-contain-
ing reaction was confirmed to consist of three elementary
processes, (i), (ii), and (iii), as shown in Scheme 1. The rate-
determining step in the reaction of acetaldehyde is C–H
bond scission (TS1), whereas that of acetone is C–C bond
formation (TS2). The H3O+-containing reaction was found
to have two elementary processes, which is different from
the processes depicted in Scheme 2. The rate-determining
step is C–C bond formation (TS2). The difference in the
number of elementary processes between OH–- and H3O+-
promoted reactions and the poor reactivity of the H3O+

reaction are considered in terms of u+, u– (Table 1), and
binding energies raised in the Introduction. The water asso-
ciation strength of OH– is lower than that of H3O+. The
anion center may be transmitted to the substrate, which
leads to the formation of the enolate. This anion may be a
good nucleophile to make a C–C bond. On the contrary,
the cation center is retained in H3O+, and the protonated
substrate cannot intervene throughout the reaction. Thus,
the acid-catalyzed reaction cannot provide a good electro-
phile, which leads to poor reactivity. Resistance to the
formation of the protonated substrate makes steps (ii) and
(iii) synchronous in Scheme 2. The OH–-promoted
reaction of the aldehyde has the highest reactivity among
the three.

Supporting Information (see footnote on the first page of this
article): Cartesian coordinates of the structures in Figures 1, 2,
and 4.
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