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DFT Study of the Nucleophilic Addition of Water to Ketenes
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The geometries of the different stationary points of reactants,
products, and transition states of the nucleophilic addition of
water to cyanoketene and methylcarboxyketene have been
identified by optimizing every degree of freedom by density
functional theory at the B3LYP/6-31++G** level of theory.
The computational results for methylcarboxyketene in both
the gas and solvated phase agree with the explanation based
on experimental data, according to which the nucleophilic
addition of water or alcohols to ketenes obtained from malon-

Introduction
Among the wide variety of reactions employed in organic

chemistry to build up an organic synthesis procedure, the
acylation of water or alcohol with carboxylic acids or their
derivatives is one of the most commonly used. The mecha-
nism of this reaction is strongly dependent on the type of
carboxylic derivative, the nature of the alcohol, and the ex-
perimental conditions. Thus, the acylation reaction is very
sensitive to steric factors; high yields are obtained with un-
hindered alcohols, but the yield drops drastically when ste-
rically hindered alcohols are involved in the reaction. As a
result, much effort has gone into finding a suitable solution
to the problem of acylation of tertiary alcohols in organic
synthesis.

Recently, Shelkov et al.[1] proposed an efficient mecha-
nism for the acylation of alcohols (including tertiary
alcohols) via ketene intermediates. Owing to steric hin-
drance in the transition state, most conventional mecha-
nisms for the acylation of sterically hindered substrates lead
to a tetrahedral intermediate; this issue is particularly im-
portant when tertiary alcohols are considered. Shelkov et
al. found that the acylation of tertiary alcohols with carbox-
ylic acids having a strong electron-withdrawing substituent
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ates (in our case represented by methylcarboxyketene) oc-
curs by a concerted pseudopericyclic mechanism. The results
of the calculations also agree with the experimental data for
addition to cyanoketene. This reaction occurs through a zwit-
terionic intermediate, but in contrast to the previous reaction
the solvent is essential for the process to occur.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

in the α position gives high yields. They proposed ketenes
as highly reactive intermediates in these reactions as they
have quite an exposed carbon atom which causes them to
have a very low sensitivity towards steric factors. In their
study, the authors suggested two possible mechanisms for
the reaction of these ketenes with alcohols: a stepwise ad-
dition reaction with the formation of a zwitterionic inter-
mediate and a concerted bimolecular (pseudopericyclic)
mechanism that usually proceeds through a six-membered
transition state. The two pathways will yield different reac-
tion rates and Shelkov et al. suggested that each of them
will occur depending on the ketene substituents.

Recently, Tidwell revised the importance of the ketene
chemistry of the last century in an essay[2] and a microre-
view.[3] Several authors have studied the addition of dif-
ferent molecules to different ketenes. Thus, Sánchez-And-
rada et al.[4] described the addition of HF, H2O, H2S, NH3,
and HCN to different heterocumulenes, including a ketene.
Nguyen and co-workers[5,6] studied the hydration of a ke-
tene and ketene imine pointing out the importance of in-
cluding several water molecules in the calculations. The en-
ergy barriers to the different mechanisms of hydration of
ketenes were also determined by Duan and Page[7] in their
study of the decomposition of acetic acid and by Skancke[8]

in his study of the hydration of ketenes. Birney and co-
workers performed ab initio studies[9,10] on the addition of
water, formaldehyde, and ammonia to formylketene which
supported the existence of a pseudopericyclic mechanism
for these addition reactions. However, no comparison has
been made between the pseudopericyclic mechanism and
other mechanisms for the nucleophilic addition of water or
alcohols to ketenes. In order to make this comparison and
to illuminate the issue proposed by Shelkov et al. we have
performed a quantum chemical study considering the dif-
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ferent possible mechanisms for the nucleophilic addition to
ketenes. In this study we have employed water instead of an
alcohol to save computation time (preliminary calculations
show no significant differences). The ketenes used in this
study are shown in Scheme 1: methylcarboxyketene (1)
(MeK) and cyanoketene (2) (CyK). The former was used as
a suitable model to represent ketenes obtained from malon-
ates.

Scheme 1.

Results and Discussion

Figure 1 shows the minima obtained for the two studied
ketenes. Two different conformations are given for MeK;
although we found four different minima for this com-
pound, in Figure 1 we represent the two most stable minima
as only these are involved in the studied reactions. The en-
ergy difference between the two conformations is 0.54 kcal/
mol with 1a being the most stable.

Figure 1. Geometry of the methylcarboxyketene and cyanoketene
minima at the B3LYP/6-31++G** level of theory.

The commonly accepted mechanisms for the nucleophilic
addition of water or alcohols to ketenes is a stepwise[5,16,17]

addition via the formation of a zwitterionic intermediate
(pathways B, C and E, F in Scheme 2 and Scheme 3, respec-
tively) and a concerted mechanism[5,18] with a six-mem-
bered transition state involving ketene atoms C1 and C2
(looking for a similar mechanism the closest we found was
pathway G). However, the presence of strong electron-with-
drawing groups, as we have in the ketenes we have studied,
stabilizes the zwitterionic compound[19] and favors the step-
wise pathway. On the other hand, the nucleophilic addition
of alcohols (or water) to acylketenes (like MeK) has a very
high reactivity.[20] These reactions occur by a concerted bi-
molecular mechanism involving a six-membered ring that
includes the ketene atoms C1, C2, C3, and O2 (pathway A;
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the analogous mechanism for CyK is pathway D). Based
on these evidences together with the high reactivity of the
ketenes obtained from malonates and the existence of steric
factors, Shelkov et al.[1] postulated that ketenes derived
from malonates (or carboxylic acids) follow a pseudopericy-
clic mechanism whereas other ketenes with withdrawing-
electron groups (like CyK) react through a stepwise path-
way involving a zwitterion. In order to study the possible
mechanisms for the nucleophilic addition of water to ke-
tenes, several searches were conducted to identify the dif-
ferent transition states of the reactions studied; the starting
geometries were chosen using chemical knowledge. In Fig-
ure 2, Figure 3, and Figure 4 we present the transition states
and intermediates found for the reactions studied.

The geometries of the different transition states in the gas
phase found for the possible mechanisms for the addition of
water to MeK are represented in Figure 2. No significant
geometric differences were found in the solvated phase. The
transition-state geometries obtained indicate that there are
two possible mechanisms for this reaction with MeK: A
concerted mechanism (A), indicated by the transition state
3, and a zwitterionic pathway (B and C), indicated by 7 and
11. The first mechanism involves one water molecule and
the second only occurs when at least two water molecules
are included. The presence of this second water molecule is
essential to obtain transition states 7 and 11; this may be
due to the zwitterionic character of these transition states
as an extra polar molecule is needed to stabilize them. No
zwitterionic minimum was found following this mechanism
in the gas phase, nor in a solvated medium. This behavior
is not common for this pathway which usually occurs via a
zwitterionic intermediate (6 and 10); this suggests that this
mechanism is not very favored. Therefore mechanisms B
and C are not really two-step processes; in fact they are
only very asynchronous pathways in which zwitterionic for-
mation and water addition take place almost consecutively.
The same behavior was found by Nguyen and Raspoet[5] in
their study of the hydration of ketenes. They also found that
it was necessary to introduce several explicit water mole-
cules to describe the addition mechanism.

In order to analyze the aromatic characteristics of transi-
tion state 3, ACID (anisotropy of current-induced density)
calculations where performed. The ACID method, recently
developed by Herges and Geuenich,[21] uses the magnetic
properties for a quantitative study of the delocalization in
molecules. Also it has been used to distinguish a coarctate
from a pseudocoarctate reaction[22,23] and a pericyclic from
a pseudopericyclic reaction.[24–28] According to Figure 5,
transition state 3 shows two clear disconnections and no
diatropic ring current is observed; this situation corre-
sponds to a pseudopericyclic mechanism.[29] Geometries
show that transition state 3 has an intermolecular character
in which both molecules (water and MeK) basically keep
their individuality, however, transition states 7 and 11 al-
ready have some intramolecular character since the mole-
cules involved share one or more atoms. It can be deduced
from Figure 2 that a concerted mechanism involving a hy-
drogen atom bonded to C2 did not occur. Neither did water
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Scheme 2.

add to the C=C bond; this is not surprising because several
authors[7,8] have pointed out the high activation energy of
this possible mechanism.

The enthalpy profile in the gas and solvated phases for
the pathways with MeK is represented in Figure 6. Gibbs
energies are also given, but all discussion will be expressed
in terms of enthalpies as they lead to the same conclusions.
These enthalpies show that the mechanism with the lowest
barrier belongs to the pseudopericyclic pathway (A); the
enthalpy difference in the gas phase with regard to the zwit-
terionic mechanism is 4.67 kcal/mol. This difference is high
enough to consider the pseudopericyclic process as the only
pathway. The height of the energy barrier of the pseudo-
pericyclic mechanism is similar to the result obtained by
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Birney et al. for the same pathway with (Z)-formylketene.[9]

As can be seen in Figure 6, transition state 11 is more stable
than 7, which is mainly due to the hydrogen bond in 11
connecting O3 and a hydrogen atom of one of the water
molecules. In the solvated phase the differences between the
activation enthalpies decrease, but still the enthalpy differ-
ence is big enough to consider the pseudopericyclic as the
only pathway followed by the reaction. This decrease in the
enthalpy difference may be due to the ionic character of 7
and 11, which are stabilized by the medium. Transition state
7 is more stabilized than 11 because the latter is already
stabilized in the gas phase by the above-mentioned hydro-
gen bond and therefore the effect of the medium is not as
important as in transition state 7. Overall, the computa-
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Scheme 3.

tional results in both the gas and solvated phases corrobo-
rate the experimental hypothesis given by Shelkov et al.,
according to which the nucleophilic addition of water or
alcohols to ketenes obtained from malonates occurs by a
pseudopericyclic mechanism.

Figure 3 shows the transition states obtained in the gas
phase for the possible mechanisms for the addition of water
to CyK. Transition state 13 appears when the reaction fol-
lows a concerted pseudopericyclic mechanism (D); transi-
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tion states 17 and 21 correspond to a zwitterionic pathway
(E and F) and transition state 23 to a concerted mechanism
with an eight-membered transition state involving a hydro-
gen atom bonded to C2 (G). This last mechanism has some
similarities with the concerted mechanism[18] involving a
six-membered transition state that includes the C1 and C2
atoms. It can be seen that the molecules involved in all the
transition states share at least one atom, thereby losing
some of the characteristics of the individual molecules. This
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Figure 2. B3LYP/6-31++G** geometries [Å] of the transition states
obtained in the gas phase through the possible mechanisms for the
addition of water to methylcarboxyketene.

Figure 3. B3LYP/6-31++G** geometries [Å] of the transition states
obtained in the gas phase through the possible mechanisms for the
addition of water to cyanoketene.

Figure 4. B3LYP/6-31++G** geometries [Å] of the transition states
and zwitterionic intermediates obtained in a solvated medium by
the zwitterionic mechanism for the addition of water to cyanoke-
tene.

fact is especially relevant for 13 because in the transition
state for this mechanism with MeK (pathway A), the mole-
cules involved keep their individual characteristics. The en-
thalpy profile obtained for the different pathways is given
in Figure 7 together with the Gibbs energies. It can be seen
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Figure 5. ACID plot for transition state 3. The current density vec-
tors (green arrows with red tips) are plotted on the isosurface of
value 0.030 and the magnetic field points from the paper to the
reader. The topology of the delocalized electrons exhibits two clear
disconnections.

Figure 6. Enthalpy (kcal/mol) profile at 298.15 K for reactions of
methylcarboxyketene (MeK). Gibbs free energies are given in
brackets. We considered the most stable complexes as reactants.
Since products 8 and 12 are torsional conformers, we chose the
most stable ones for this figure.

that the mechanisms D and G have much higher barriers
than the mechanisms E and F represented by 17 and 21.
Therefore it can be considered that no reaction will occur
through transition states 13 and 23. With regard to 17 and
21, the activation enthalpy of the latter is 4.87 kcal/mol
smaller, as can be seen in Figure 7. Therefore in the gas
phase the reaction will follow pathway F, proceeding via 21.
This is anomalous behavior as commonly, in the zwitter-
ionic transition state, the geometry is determined by steric
factors[30] that favor trans attack (mechanism E). We did
not find a clear explanation for this issue; it could be due
to some attractive interaction between the CN moiety and
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Figure 7. Enthalpy (kcal/mol) profile at 298.15 K for reactions of cyanoketene (CyK). Gibbs free energies are given in brackets. We
considered the most stable complexes as reactants. Since products 18 and 22 are torsional conformers, we chose the most stable ones for
this figure. In the solvated phase and according to the electronic energies, transition states 17 and 21 have higher energies than minima
16 and 20, respectively; however, the relative stabilities change when thermodynamic corrections are included to calculate the enthalpies.
The asterisk indicates that transition states 15 and 19 were not found; the barrier heights for these transition states were estimated, see
text.

a hydrogen atom belonging to a water molecule. Yet it does
not seem very important to answer the question about the
mechanism of this reaction as even the lowest barrier (tran-
sition state 21) obtained for this mechanism is substantial
and does not explain the experimental reaction rates in
solution. On the other hand, neither did we find any zwit-
terionic intermediate in the gas phase, as usually happens
in this kind of reaction. The same behavior was found by
Nguyen and Raspoet[5] for the hydration of ketenes.

Experiments have been performed in solution and there-
fore calculations including the effect of solvent were per-
formed in systems with CyK. Calculations were only car-
ried out to study mechanisms E and F since D and G can
be neglected owing to their very high activation enthalpies.
Calculations performed in the solvated phase show that un-
der these conditions the zwitterionic mechanism is different
to that in the gas phase and it becomes a two-step pathway,
which is more common in this kind of reaction. The same
was found by Nguyen and Raspoet[5] for addition to ketenes
in the solvated phase. In this stepwise mechanism the reac-
tants undergo a reaction to yield a stable zwitterionic inter-
mediate (it appears as a minimum) and from this zwitterion
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a new reaction gives the final product. These reactions pro-
ceed through two different transition states. The zwitter-
ionic intermediates 16 and 20 and the transition states 17
and 21 between the intermediates and products for both the
trans and cis attacks are represented in Figure 4. We were
unable to find the transition states 15 and 19 between the
reactants and the zwitterionic intermediates as the distances
defining these transition states are so long that it is almost
an intermolecular complex and there are several stationary
points corresponding to intermolecular complexes close to
them; all attempts to find 15 and 19 converged to these
stationary points. Figure 4 shows that in both cases the
zwitterionic intermediate needs a second water molecule to
stabilize it. The enthalpy profile of the reaction from the
intermediate to the products is given in Figure 7. The en-
thalpy differences are significantly smaller than those in the
gas phase. These very small values give very high reaction
rates, as has been shown experimentally.[1,17] Transition
state 17 has a lower enthalpy than minimum 16 and transi-
tion state 21 is lower than minimum 20 due to thermo-
dynamic corrections to the energy. According to the elec-
tronic energies, minima 16 and 20 are 1.33 and 1.76 kcal/



J. M. Hermida-Ramón, J. Rodríguez-Otero, E. M. Cabaleiro-LagoFULL PAPER
Table 1. Energy and enthalpy (in parentheses) differences (kcal/mol) between different transition states and the minima of cyanoketene
(CyK) and methylcarboxyketene (MeK).

Environment MeK CyK
7–11 17–21 23–21 16–20 16–React

Gas phase 9.30 (9.50) 4.95 (4.87) 17.26 (16.49) – –
Solvated[a] 3.56 (3.68) –0.82 (–0.79) – –0.39 (–0.38) 1.85 (2.48)

[a] Different mechanism in CyK with regard to the gas phase (see text).

mol more stable than transition states 17 and 21, respec-
tively. Note that, unlike the gas phase, transition state 17
has the lowest barrier and that the reaction will mainly pro-
ceed through pathway E. This is a result of a reversal in the
relative stabilities of 17 and 21, as can be seen in Table 1,
16 and 17 being more stable than 20 and 21, respectively.
These observations fit in with experimental[1] results: a trans
attack together with high reaction rates. There remains,
however, a question that must be solved before the previous
statements can be considered. It involves the transition
states 15 and 19 between the reactants and the zwitterionic
intermediates. If the activation energies associated with
these transition states is very high, the reaction will not fol-
low the zwitterionic mechanism and the previous state-
ments will be erroneous. As has already been mentioned,
we were unable to find these transition states. In order to
decrease the significance of this problem and to get some
idea about the height of the barrier, we performed restricted
optimizations on the zwitterionic intermediates 16 and 20.
All coordinates were relaxed except for the distance be-
tween C1 and the water oxygen; this distance was changed
in steps of 0.1 Å and then fixed. A restricted optimization
was performed for each step. This procedure gives transi-
tion state 15 with a C1–O distance 0.4 Å larger than that
for 16 and an energy 1.24 kcal/mol higher. Between 19 and
20 the distance is 0.3 Å larger and the energy 0.57 kcal/mol
higher. Considering these results, it is most likely that the
reaction from reactants to the intermediates will have a
small barrier and that it will not change the conclusions
obtained about the mechanism for the addition of water to
CyK. Therefore it can be concluded that, as for MeK, the
calculations confirm the experimental results in the reaction
of water with CyK and predict a zwitterionic two-step path-
way. Furthermore, it has been checked that this mechanism
is only possible in a solvated phase.

Conclusions

In this work, DFT calculations have been performed to
study the mechanism for the addition of water to cyanoke-
tene and methylcarboxyketene. Several pathways have been
analyzed for each compound. In these studies several sta-
tionary points were found in order to evaluate the height of
the energy barriers.

The calculations performed for MeK showed that the ad-
dition reaction proceeds through a concerted pseudopericy-
clic mechanism. This result agrees with the suggestion by
Shelkov et al.[1] based on experimental data. It was also
seen that the presence of solvent does not have an impor-
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tant effect on this mechanism and substantial changes do
not appear in the solvated medium.

For CyK the results also agree with experimental data
as the mechanism predicted by the calculations involves a
zwitterionic intermediate. However, and unlike the MeK
mechanism, in this case the solvent is essential because the
compounds will not react in the gas phase and the pathway
changes in the solvated phase. This is due to the stabiliza-
tion produced by the solvent in the zwitterionic intermedi-
ate and transition states as a consequence of their polar
character.

Computational Details
Different geometries of the stationary points of the reactants, prod-
ucts and transition states of the studied reactions were located by
optimizing every degree of freedom (except one that is maximized
for the transition state) by density functional theory (DFT) calcula-
tions using the B3LYP functional. Several calculations were con-
ducted at the B3LYP/6-31++G** level of theory. Minima and tran-
sition states were characterized from harmonic frequencies and
force constants (zero negative force constants at each minimum and
one negative force constant for the transition state) calculated at
the same level of theory. The pathway for each reaction was ob-
tained by using the intrinsic reaction coordinate (IRC) with mass-
weighted coordinates. In order to consider the effect of solvent on
the different stationary points involved in the studied reactions,
DFT optimizations and frequency calculations, including a polar-
ized continuum model, PCM,[11–13] were also performed (with
water as solvent).

The activation enthalpy (∆H�) was also obtained from Equa-
tion (1), where ∆Hts and ∆Hreact are the enthalpies for the transi-
tion state and the reactant (in the most stable intermolecular com-
plex with a geometry analogous to the transition state), respec-
tively. The enthalpies were determined at 298.15 K from the expres-
sions derived from quantum statistical thermodynamics for ideal
gases.[14] All computations were performed by using the Gaussian
98 software package.[15]

∆H� = ∆Hts – ∆Hreact (1)

Supporting Information (see also the footnote on the first page of
this article): Geometries and energies of all relevant structures in
both gas and solvated phases.
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