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Abstract The results of a theoretical study of the reaction
mechanism for the neutral hydration of ketene, H,C=
C=0 + (n + 1) H,0 - CH3COOH + nH,O (n = 0-4),
in solution are presented. All structures were optimized and
characterized at the MP2(fc)/6-31 + G* level of theory, and
then re-optimized by MP2(fc)/6-311 ++4G**, and the effect
of the bulk solvent is taken into account according to the
conductor-like polarized continuum model (CPCM) using
the gas MP2(fc)/6-311 +4-G** geometries. Energies were
refined for five-water hydration at higher level of theory,
QCISD(T)(fc)/6-311 ++G**//MP2(fc)/6-311 ++G**. In
the combined supermolecular/continuum model, one water
molecule directly attacks the central C-atom, and the other
four explicit water molecules are divided into two groups,
one acting as catalyst(s) by participating in the proton
transfer to reduce the tension of proton transfer ring, and the
other being placed near the non-reactive oxygen or carbon

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-010-0738-2) contains supplementary
material, which is available to authorized users.

X.-P. Wu - X.-G. Wei - X.-M. Sun - Y. Ren (X))

College of Chemistry and Key State Laboratory of Biotherapy,
Sichuan University, Chengdu 610064,

People’s Republic of China

e-mail: yiren57 @hotmail.com

Y. Ren - N.-B. Wong (P<)
Department of Biology and Chemistry,
City University of Hong Kong,
Kowloon, Hong Kong

e-mail: bhnbwong@cityu.edu.hk

W.-K. Li

Department of Chemistry,

The Chinese University of Hong Kong,
Shatin, NT, Hong Kong

atom in order to catalyze the hydration by engaging in
hydrogen-bonding to the substrate (the so-called cooperative
effect). Between the two possible nucleophilic addition
reactions of water molecule, across the C=0 bond or the
C=C bond, the former one is preferred. Our calculations
suggest that the favorable hydrolysis mechanism of ketene
involves a sort of eight-membered ring transition struc-
ture formed by a three-water proton transfer loop, and a
cooperative dimeric water near the non-reactive carbon-
atom. The best-estimated in the present paper for the rate-
determining barrier in solution, AGZ; (298 K), is about
58 kJ/mol, reasonably close to the available experimental
result.

Keywords Ketene - Hydrolysis mechanism -
Supermolecular/continuum model - Cooperative effect -
Solvent effect

1 Introduction

Ketene, H,C=C=0, is an interesting molecule in many
respects. It is the simplest member of the ketene
(R1R,C=C=0) family; it is also the simplest cumulene with
oxygen being the heteroatom, and an isoelectronic species
of allene (H,C=C=CH,) as well. Ketenes are important
starting materials [1] and intermediates [2—-5] in a variety of
organic reaction, including rearrangement reactions [6],
radical reactions [7], cycloaddition reactions [8—10],
nucleophilic [11-13] and electrophilic [14, 15] additions,
and acylation reactions [3, 5], etc. Ketene chemistry has
been the subject of numerous investigations; the structures
and properties of ketenes [16-19] are also of intense
interest. Therefore, the study on the mechanism of ketenes
reactions is also a desirable and timely project.
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Scheme 1 b a

addition of water to C=0

1,3-hydrogen shift

PathA H,C=C=0

> H,C=C(OH), —— — , CH;COOH

f

Hydration reactions of ketenes have been extensively
studied experimentally [20-29] and computationally [30—
33]. There are two possible reaction pathways (denoted as
Path A and Path B, see Scheme 1) in the hydrolysis of
ketene. The nucleophilic addition of the water molecule
can first occur across the C=0 bond, then the final product,
acetic acid, is formed by intra-molecular hydrogen shift. In
the alterative pathway, acetic acid is directly produced by
the addition of water molecule across the C=C bond.

In an early experiment, Bothe and co-workers [20]
reported the rate and mechanism of hydration of ketene in
aqueous solution (pH = 4.4-9.85), and the measured
activation enthalpy and entropy were 43.1 kJ/mol and
—16 eu, respectively, leading to an activation Gibbs free
energy of 63.0 kJ/mol. By ab initio methods using STO-3G
and 4-31G basis sets, Nguyen et al. [31] made a molecular
orbital study on the hydrolysis of ketene using a six-
membered ring transition state (TS) model, in which one
water molecule catalyzes the hydration by directly partici-
pating in the proton transfer. At the level of MP4(SDTQ)/
6-31G*//RHF/6-31G*, Skancke [32] studied the addition of
monomeric and dimeric water to ketene. Both of their
calculations revealed that the preferred mode of addition of
water dimer is across the C=0 (rather than the C=C) bond
of ketene. Nguyen et al. did not consider the second step of
Path A (Scheme 1), but the results of Skancke showed that,
in the addition of monomeric H,O to ketene, the barrier of
the second step of Path A is 191.2 kJ/mol in the gas-phase,
higher than that of the first step of Path A (166.1 kJ/mol)
and Path B (171.5 kJ/mol). In another paper by Nguyen
et al. [33], new insights into the detailed mechanism of the
hydration of ketene yielding acetic acid was obtained by
ab initio calculations in the gas-phase at the level of
QCISD(T)/6-31G**//MP2/6-31G** 4 ZPE(HF/6-31G**),
and in solution by single-point calculations at MP2-PCM/
6-31G** using the gas-phase MP2/6-31G** optimized
geometries, respectively, and two- to four-water hydration
pathways were investigated by the six-, eight- and ten-
membered ring proton transfer TSs. Their results indicated
that the hydration of ketene via an eight-membered ring TS
structure is the most favorable reaction pathway. Also Path
A (addition across the C=0 bond) is preferred over Path B
and the first step of Path A was also found to be rate-
determining.

In recent studies on the hydration of cumulenes con-
taining O, N and S as the hetero-atoms, such as O=C=0
[34-38], O=C=S [39], S=C=S [40] and HN=C=NH [41-44],
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Path B addition of water to C=C

some new TS structures were proposed, yielding additional
insights into the water-assisted hydrolysis mechanism. In the
studies on the hydration of HN=C=NH, there are two dif-
ferent viewpoints for the position of the third water molecule
in the three-water hydration model. Nguyen and coworkers
thought that the third water molecule should be added to the
proton transfer ring, and catalysis proceeds via an eight-
membered ring TS structure [44]. Lewis et al. [41] proposed
an alterative mechanism, i.e. the preferred three-water
hydration involves a TS structure, in which only two water
molecules participate in the six-membered proton transfer
(PT) ring, and the third water molecule is near the non-
reactive nitrogen atom, playing the cooperative role by
engaging in hydrogen-bonding to the alcohol H-atom and to
the imine-N of the forming isourea. Our theoretical studies
on the neutral hydration of COS [39] and CS, [40] are
consistent with the conclusion of Lewis et al. For example,
the activation barrier for the rate-determining step of the
two-water hydrolyses of CS, is 184.2 kJ/mol. When a water
molecule is added near the non-reactive sulfur atom, the
activation barrier decreases by about 30 kJ/mol, indicating
that the cooperative catalytic third water molecule plays an
important role in the hydrolysis reaction.

In view of that the cooperative effect was not discussed
in the previous studies, in the present work, a detailed
theoretical investigation on hydration of ketene in aqueous
solution is carried out. In this study, five water molecules
took part in the hydrolysis [Eq. (1)] and their roles are
explicitly described. Bulk solvent effect is taken into
account based on the conductor-like polarized continuum
model (CPCM) [45] in order to estimate the salvation
energies in aqueous solution (¢ = 78.4), in which the whole
molecular cavity is built up by the radii from the UFF force
field [46]. In principle, the supermolecular geometries in
bulk solvent should be different from those in the gas-phase,
and we should do structural optimization in solvent.
Unfortunately, we were not successful in getting converged
results for some structures after numerous tries. Therefore,
in the present paper, single-point calculations were carried
out employing the optimized geometries in the gas-phase.

(n=04) 1)

The main objectives of our study on the hydrolysis of
ketene include the following: (a) to determine how many
water molecules are actively involved; (b) to assess the
cooperative effect of water molecules in this process; in
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particular, to compare the performance of cooperative
water molecules in different non-reactive regions; (c) to
make a comparison between the hydration of ketene with
that of carbon dioxide.

2 Computational details

All calculations were carried out using the Gaussian 03 set
of programs [47]. The geometries of all pre-complexes
(M), transition states (TS), intermediates (In) and products
(P) were fully optimized initially at the MP2(fc)/6-
31 + G* level, then they are re-optimized at MP2(fc)/6-
311 ++G**. For the key structures in the most favorable
pathway (five-water hydration), the high-level method of
QCISD(T)/6-311 + G**//MP2/6-311 +4+-G** is used to
refine the activation barriers. All optimized structures were
characterized by vibrational frequency analysis at the MP2/
6-31 + G* level. In the calculations of relative Gibbs free
energies, a scaling factor 0.98 [48] was applied to the zero-
point vibration energy corrections.

The catalytic effect of water molecules is interpreted by
the changes of geometries and natural population analysis
(NPA) [49] in the rate-determining step. The performance
of hydrolysis of ketene in aqueous solution (¢ = 78.4) was
studied using the CPCM model employing the MP2/6-
311 ++G** optimized geometries in the gas-phase.
Throughout this paper, all bond lengths are in angstroms
(10%) and bond angles are in degrees. All relative energies (in
kJ/mol) refer to the Gibbs free energy changes, AG,,, at
298 K with CPCM treatment.

3 Results and discussions

In the following discussions, species M, TS, In and P in
Path A or Path B are assigned an italic prefix a- or b-,
respectively. These species are also given two subscripts, i
andj (i, j = 0, 1, and 2), where “i” refers to the number of
water molecules participating in the PT process, and “j” is
the number of the cooperative water molecule(s).

The discussions consist of three parts. First, we present
the influence of the number of explicit water molecules on
the potential energy surface (PES) of the hydration of
ketene in the presence of one to three water molecules
participating in proton relay without explicit cooperative
solvent molecule(s), i.e., i = 0-2 and j = 0. Then, we
will add one or two water molecules, i.e., now j is 1 or 2,
near the non-reactive carbon or oxygen atom in order to
determine the cooperative effect of the solvent molecule
on the energy barrier. Finally, we will compare the
catalyzing effect of these two kinds of explicit water
molecules.

3.1 Hydration of ketene without cooperative water
molecule (i = 0-2; j = 0)

The hydration reactions, H,C=C=0 + (n + 1) H,0 —
CH;COOH + nH,O (n=i+j, i =0-2, j=0), have
been extensively examined [30-33]. In the present paper,
to facilitate the comparison, we studied these pathways
again at the MP2/6-311 +4+G** level. Figures 1, 2, 3
illustrate the optimized structures of the stationary points
and their main geometric features. The corresponding rel-
ative Gibbs free energies with CPCM treatment are also
presented.

The hydration of ketene starts with the nucleophilic
addition of a water molecule on the C, atom, and a
hydrogen atom of the water molecule transfers to the
oxygen atom of ketene (Path A), or the addition takes place
on the Cg atom of ketene (Path B). The final hydration
product, acetic acid or hydrated acetic acid, is formed by
1,3-hydrogen shift (Path A) or in a direct fashion (Path B).
Due to the similarity of the three cases studied in this
section, here we only discuss the one-water hydrolysis of
ketene (see Fig. 1).

There are two possible pre-coordination structures
between one water molecule and ketene, a-Mg_y and b-M_o,
corresponding to Path Ag and Bg,, respectively. For
Path Ay, after the formation of pre-coordination complex
a-Mg_, the nucleophilic addition of the water molecule
across the C,=0 bond of ketene leads to a-TSy, with a
four-membered ring. The addition of H,O to ketene is
completed upon full proton transfer to ketenyl oxygen atom
to form the intermediate, enediol (a-Ingg). The final
product of the one-water hydrolysis of ketene, acetic acid
(Po.o), is formed via intramolecular 1,3-hydrogen shift TS,
a-TSy . For Path By, the nucleophilic addition of one
water molecule across the C,=Cy bond to form acetic acid
via b-TSy.o with a four-membered ring.

It is noted that there is a significant geometric change for
the CH,=C=0 moiety accompanying the rehybridization at
C, (sp — spz) and Cy (sp2 - sp3) during the reaction,
where the C,—Cg bond is lengthened from 1.319 A in
a-M .o via 1.335 A in a-Ing.o to 1.504 A in Py for path A;
or from 1.320 A in b-Mg to 1.504 A in Py, for path B.
These trends are also seen in the two- and three-water
hydration reactions of ketene.

Inspection of Figs. 1, 2, 3 shows that, for the pathways
A; o (i = 0-2), the activation Gibbs free energies of acti-
vation with the CPCM correction, AGZZI, for the first step
are 182.3 (i = 0), 100.3 (i = 1) and 72.1 (i = 2) kJ/mol.
The tautomeric barriers of the second step are 177.3, 92.8
and 59.4 kJ/mol, respectively, which are lower than those
of the first step by at least 4 kJ/mol. For pathways B,
(i = 0-2), the reaction barriers are 1954 (i = 0), 114.5
(i=1),82.1 (i =2)kJ/mol. These results suggest that for
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one- to three-water hydrations of ketene: (1) the first step
for C=0 addition is rate-determining; (2) the barriers
across the C=0 bond are lower than those across the C=C
bond by 13.1 (i = 0), 14.2 (i = 1) or 10.0 ({ = 2) kJ/mol,
indicating that Path A, i.e. addition across the C=0 bond, is
always kinetically favored; (3) with the incorporation of
explicit water molecule(s), the rate-determining barriers
decrease dramatically by 82.0 kJ/mol (Ag.o — Aj) and
110.2 kJ/mol (Ag.g = A,) for the addition across the
C=0 bond or by 80.9 (Bg.o —» Bi.g) and 113.3 (Bgo —
B,_o) kJ/mol for the addition across the C=C bond. This can
be attributed to the fact that the ring strain of TS is gradually
reduced with the enlargement of PT ring and to the more
comfortable hydrogen-bonding angles. An unrealistically
high PT barrier in a-TSy.q or b-TSy.o may be attributed to
the fact that a four-center TS is forbidden by orbital sym-
metry, and the need for more H,O molecules to make the
reaction concerted. Another factor may be the ring strain
associated with the TS with a four-membered ring. Two-
water hydration has one big advantage over the one-water
hydration, but the two reacting centers are still not bridged
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in the TSs in the former reaction. Inclusion of the third
water can make the PT process proceed more rapidly,
implying ring strain in the rate-determining TS plays an
important role in the hydration. Compared with two-water
hydration, the rate-determining barrier for three-water
hydration decreases by 28.2 kJ/mol for C=0 addition or by
32.4 kJ/mol for C=C addition, giving an overall preference
of 10.0 kJ/mol in favor of the former over latter. Our
results are in good accord with the previous calculations
[30, 31, 33].

In order to check if the obvious barrier differences exist
between the single-point calculation and optimization in
solution, we re-optimized two key mono-hydration struc-
tures in solution with the CPCM model, denoted as a-M’q_q
and a-TS’¢ and shown in Fig. 4. It is found that optimi-
zation in solution only slightly modifies the activation
barrier, and the barrier difference between single-point
calculation and optimization in solution is less than 2 kJ/
mol, suggesting that single-point calculation in solution
using the gas-phase-optimized structure can give a reliable
description for the hydration of ketene.
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Fig. 2 MP2/6-311 ++G**
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3.2 Hydration of ketene in the presence of explicit
cooperative water molecule(s) (j = 1-2)

In order to understand the cooperative effect in the
hydration of ketene, one or two water molecules are placed
near the non-reactive O-atom or Cg-atom, forming a six-
membered ring or an eight-membered ring hydrogen
bonding structure. First, we explore 2-, 3- and 4-water
hydration with one cooperative water molecule. Subse-
quently, the cooperative effect induced by two water
molecules in the four- and five-water hydration of ketene
will be explored.

3.2.1 With one cooperative water molecule (i = 0-2,
j=1)

Building on the aforementioned discussions on the A;y,
and B, (i = 0, 1 and 2), we now place one water molecule
in the non-reactive region as a cooperative agent, and then
study the hydration pathways A;; and B;; (i = 0, 1 and 2).
All the optimized geometries and relative energies are

presented in Fig. 5(i =0,j = 1),Fig. 6 (i =1,j = 1) and
Fig. 7(i=2,j=1).

As shown in Fig. 5, for the two-water hydration in the
presence of one cooperative water molecule, there are two
pre-complexes, a-My_; and b-M,_;, corresponding to the
addition across the C=0 or C=C bond, respectively. For
Path A, the first step remains the nucleophilic attack of
the water molecule, through a-TS,_; with a four-membered
ring to form a-Iny_; with a PT AGZEI of 157.2 kJ/mol, lower
than that of Path Ay by 25.1 kJ/mol. In this process, the
proton transfers from the oxygen atom of the water mole-
cule to the ketenyl oxygen atom through a water chain.
Then the reaction proceeds through the tautomeric TS
structure, a-TS’.;, to reach the final monohydrated acetic
acid, CH;COOH--H,0 (a-P,,), with a PT AG?, of
92.8 kJ/mol, signifying that the first step is still rate-
determining. Meanwhile, in Path B_;, monohydrated ace-
tic acid (b-Py.;) is directly formed via a four-membered
ring b-TS,.; with the AGZi1 value of 182.6 kJ/mol, lower
than that in Path B.g by 12.8 kJ/mol. These results show
that the activation barrier for the hydration of ketene can be
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Fig. 3 MP2/6-311 ++G**
optimized structures and
relative Gibbs free energy
values (in kJ/mol) of the Ly
stationary points along the S
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Fig. 4 MP2-CPCM/6-311 ++4G** optimized structures of the rate-
determining step in the solvent for the first-step of one-water
hydration of ketene across the C=0O bond. The relative energy (in
kJ/mol) reported above the arrows is the relative Gibbs free energy
after the optimization in solvent and below the arrows is the
corresponding AG,, values employing the geometries in the gas-
phase with CPCM correction

also reduced by forming a hydrogen-bonded six-membered
ring with non-reactive Cg or O-atom. The changes of
activation barriers can be explained by inspecting the TS
structures. The distance of C,~O" (oxygen atom in the
water molecule) in a-TS,_; is 1.518 A, shorter than that in
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a-TSy., by 0.063 A, and the Cp—C,—O angle in a-TS., is
141.5°, less than that in a-TSy by 3.2°. Similarly, the
distance of Coc—OW is shortened by 0.143 10%, and Cs—C,-O
angle is decreased by 5.3° from b-TSg to b-TSy.;. All
these geometric changes, induced by a hydrogen-bonded
six-membered ring, can stabilize the rate-determining TS
structures, a-TSy.; or b-TSy.;, leading to lower reaction
barriers.

In the three- and four-water hydration of ketene
involving one cooperative water, the first step for the C=0
bond addition is still rate-determining. For three-water
process, the pre-complex M_; can lead to two possible TS
structures, one across the C=0 bond (a-TS,.;), and the
other across the C=C bond (b-TS,_;), where the third water
molecule is placed near the non-reactive carbon atom (Path
Aj.p) or near the non-reactive oxygen atom (Path B;_;). In
the rate-determining step of across the C=0O bond, the PT
process takes place via a six-membered ring TS, charac-
terized by a AGZZI value of 87.5 kJ/mol, lower than that
found in Path A, by 12.8 kJ/mol. When the addition
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occurs across the C=C bond, the third water molecule is
involved in the hydrogen-bonded interactions with the non-
reactive terminal oxygen, and the reaction barrier AGZZ1 of
103.8 kJ/mol is lower than that in Path B, by 10.7 kJ/
mol, again indicating that the third water molecule plays an
important role in the hydration as a cooperative agent
instead of by assisting proton transfer. The variation of
activation barrier could also be rationalized by the different
rate-determining TS structures. Comparison between Paths
Aiand A or between Paths B;_g and B;_; shows that the
bond formation between C, and O% has progressed further
with the placement of one water molecule near the non-
reactive carbon or oxygen atom, and the C,—O" distance is
reduced by 0.059 A from a-TS to a-TS,_;, and 0.101 A
from b-TS;. to b-TS,.;, accompanying the decrease of
the Cp-C,~O angle from 137.6° in a-TS;, to 134.1° in
a-TS,_,, or from 141.2° in b-TS, to 136.1° in b-TS,_,.
Putting one explicit water molecule near the non-reactive
carbon atom in a-TS, or near the non-reactive oxygen

182.6

. " 1020

A ‘. -

‘/'I-,J F HI 43
O11.173 1.318

Cp-Ca-0=147.4
b-TS; (1813 dicm™)

b'Pu.l

atom in b-TS, ( can lead to two eight-membered ring TSs
for the four-water hydration reactions, a-TS,_; and b-TS ;.
The aforementioned structural interpretation can be also
applied to compare a-TS, | with a-TS,_, or b-TS,_; with b-
TS, o. The rate-determining barriers for Paths A, and B;_4
are slightly reduced from a-TS,_ (72.1 kJ/mol) to a-TS, 4
(69.0 kJ/mol), and from b-TS,_ (82.1 kJ/mol) to b-TS,_;
(71.9 kJ/mol). Meanwhile, the distance of C,—O% is
shortened from 1.516 A in a-TS, , to 1.478 A in a-TS,_,
and from 1.556 A in b-TS, to 1.487 A in b-TS,.,, and
angle C4—C,-O is reduced from 135.2° in a-TS; ¢ to 131.8°
in a-TS,_;, and from 137.6° in b-TS,_o to 133.2° in b-TS,_;.

The results in Figs. 5, 6, 7 show that (1) one explicit
water molecule can catalyze the hydration via a hydrogen-
bonded TS formed by water and ketene instead of directly
participating in proton transfer; (2) the first step of C=0
bond addition is still rate-determining; (3) the addition
across the C=0 bond is favored over that across the C=C
bond.

@ Springer
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3.2.2 With two cooperative water molecules (i = 0-2,
j=2)

The aforementioned results show that the energy activation
barrier of the rate-determining step could also be reduced
when one water molecule plays a cooperative role near the
non-reactive region, instead of directly participating in the
proton relay. The ensuing discussions will focus on what
happens when two cooperative water molecules are
involved in the hydration of ketene.

It is noteworthy from the aforementioned studies that
four-membered ring TS structure is unfavorable due to
unrealistically high PT barrier, and the first step of water
addition is rate-determining. Hence, we only discuss the
rate-determining step, i.e. the first step, for the four- and
five-water hydration reactions involving a six- or eight-
membered ring TS in the presence of two explicit water
molecules.

In Path A, or B, (Fig. 8), the hydration of ketene
starts with the pre-complex a-M,_, (same as b-M,_;) or b-
M, (same as a-M,_,), and the reaction proceeds through a
six-membered ring TS (a-TS;., or b-TS;.,), in which a
cooperative water dimer forms an eight-membered hydro-
gen-bonded structure with the substrate. The energy bar-
riers are 76.6 (a-TS;,, C=0 addition) and 93.3 kJ/mol
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Cp-Ca-0=136.1
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(b-TS;.,, C=C addition), lower than a-TS;_; and b-TS_; by
10.9 and 10.5 kJ/mol, respectively, indicating that the
cooperative effect induced by an eight-membered ring
hydrogen-bonded structure is more pronounced than by a
six-membered ring one. These results may be attributed by
two structural features in a-TS;, and b-TS;,, one is the
angle of hydrogen bonds, and the other is the distance of
Ca—OW. In the non-reactive region of a-TS;, or b-TS, .,
there are three hydrogen bonds, where the angles are
158.4°, 159.4° and 171.9° for the C=0O addition, and
160.4°, 160.5° and 176.1° for the C=C addition, more
toward linearity than those found in a-TS;; (123.7°,
159.3°) or b-TS;_; (136.3°, 158.9°). Moreover, the C,~O%
distance is remarkably reduced from 1.513 Ain a-TS, | to
1.483 A in a-TS,, or from 1.526 A in b-TS,_; to 1.493 A
in b-TS;,,. All of these geometrical changes will stabilize
a-TS|_2 and b'TS[_z.

Compared with the one- up to four-water hydration, the
most favorable reaction pathway seems to involve an eight-
membered ring TS a-TS,, (Path A,,) or b-TS,, (Path
B,.,) in the five-water hydration of ketene (Fig. 9), where
nearly perfectly oriented hydrogen bonds (with angles
ranging from 163.8° to 176.4°) exist in the proton relay
region. Meanwhile, another hydrogen-bonded eight-mem-
bered ring in the non-reactive region will induce the two
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TSs to be tighter than others in the present study, as shown
from the shorter distance of C,~OY (1.453 A in a-TS,
and 1.461 A in b-TS,,). Rehybridization at C, has also
progressed further than other TSs, accompanying the
smaller Cs—C,-O angle of 130.4° for a-TS,_, or 131.9° for
b-TS,,. The rate-determining barrier is 49.9 kJ/mol for
Path A, or 58.0 kJ/mol for B, ,, lower than all others in
the present study. As in earlier discussions, we again have
the confirmation that addition across the C=0 bond is
favored.

The energy barriers in solution for the rate-determining
step in the hydrolysis of ketene with one to five water
molecules are summarized in Table 1, and Fig. 10 shows
the trend of the rate-determining activation Gibbs free
energies of activation with CPCM correction along the
increase of the explicit water molecule(s) in the hydration
of ketene.

Inspection of Table 1 shows that the five-water
hydrolysis pathway involving a dual eight-membered ring
TS structure is most the favorable among the reactions
studied in this work, and the refined activation barrier,
57.5 kJ/mol, at the level of QCISD(T)/6-311 + G**//

Cp-Ca-0=133.2
b-TS,_ (700 5iem™)

MP2/6-311 ++G** with the MP2-CPCM/6-311 ++4G**
correction, is reasonably close to the experimental result
of 63.0 kJ/mol [20].

3.3 Further comparison of geometries and activation
barriers among the hydration pathways of ketene

In the hydrolysis of ketene, the rate-determining activation
barriers in solution, AGSOI, at the level of MP2-CPCM/6-
311 ++G**//MP2/6-311 ++4G** generally decrease with
the increment of the number of water molecules. Compari-
son of one- to five-water hydrations indicates that the barrier
depends on the number of water molecules directly partici-
pating in the proton transfer and the number of the cooper-
ative water molecules in the non-reactive region. Taking the
six-membered ring TSs across the C=0 bond as an example,
AGZE1 decreases with the increase of non-reactive waters in
the following order: 100.3 (a-TS.o, i = 0) > 87.5(a-TS 1,
i =1)>76.6 kJ/mol (a-TS;.,, i = 2), suggesting that two
water molecules near the non-reactive region give rise to
more effective cooperative effect than one water molecule.
If we fix two water molecules in the non-reactive region,
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Fig. 8 MP2/6-311 ++G**
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i.e., j = 2, and only discuss the TSs across the C=0 bond,
it is found that the barriers decease from 76.6 (six-mem-
bered ring a-T'S;_,) to 49.9 kJ/mol (eight-membered ring a-
TS,.,), showing that the hydrolysis of ketene via a sort of
eight-membered ring TS is the most favorable due to the
better catalytic effect of the three-water chain. These
interesting results can be rationalized by the geometrical
features of the TSs by comparing the hydrogen bonds and
the C,—O" distances in the rate-determining TS structures.
Although it is difficult to detect the geometry of a hydrogen
bond, a statistical analysis of X-ray crystallographic data
has shown that most effective hydrogen bonds in crystals
deviate from linearity by 10-15°. The angles of hydrogen
bond in the proton relay region of a-TS,_, range from 165°
to 176°, more reasonable than those in the a-TS;, (154°—
156°). Due to the less repulsion among three heavy atoms
with higher electronegativity in a-TS,, and less stabili-
zation of a-TS_,, there is a lower barrier in the five-water
hydrolysis process of ketene than that in the four-water
hydrolysis by 28.7 kJ/mol for the addition taking place
across the C=0 bond.

@ Springer

All of our calculations indicate that the rate-determining
barrier for the C=0 addition is always lower than the
corresponding one for the C=C addition. In other words,
nucleophilic addition across the C=0 bond in the hydration
of ketene is more favorable than across the C=C bond.
These results can be interpreted by electrostatic potential
(ESP) analysis of parent ketene, where the ESP value in the
region around the oxygen atom is more negative, implying
the oxygen atom bearing lone pair of electrons is electron-
rich and the electrophilic attack will occur more easily by
proton at oxygen. Meanwhile, the terminal oxygen atom is
also less steric hindered, which will favor the proton to
transfer from water molecule to oxygen atom.

The variation of activation barriers can be also
explained by electrical relaxation associated with the for-
mation of rate-determining TS. Here, we only discuss the
addition across C=0O bond. With the attacking of water
molecule toward the central carbon atom of ketene (C,),
the electrons will transfer from the water molecule cluster
to the H,CCO moiety for the process a-M;; — a-TS ;.
The lower activation barrier will be induced by the more
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Table 1 Energy activation barriers AG;J;l (kJ/mol) for the first step in 240
the hydration of ketene in aqueous solvent 195.4
~ 200 F
2 Across C=0 bond
Pathway  C=0 Pathway  C=C 2 : AZZ:: ceC bz: J
addition additon 5 je0l 1823 e
o ~
o0 o
H,C=C=0 + H,0 Ay 182.3 Boo 195.4° EE ol
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Ao 1003 By 114.5° T8
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57 5d 67.6¢ Fig. 10 The trend of the rate-determining activation Gibbs free

* Four-membered ring rate-determining TS

" Six-membered ring rate-determining TS

¢ Eight-membered ring rate-determining TS

9 Refined barriers at the level of QCISD(T)/6-311 ++G**//MP2/6-
311 ++G**

negative Aq values, defined as g(H,CCO in TS)—¢(H,CCO
in pre-complex), with the increase in the number of explicit
water molecule(s). This prediction was supported by the
NPA charge changes presented in Table 2, where the Aq
values gradually become more negative from one-water to
five-water hydration, accompanying the decrease of C,—
0" bond and the lowering of rate-determining Gibbs free
energies of activation.

energies at the level of MP2/6-311 ++G** with MP2-CPCM/6-
311 ++G** correction as a function of the explicit water molecule(s)
in the hydration of ketene through four-, six-, eight-membered ring
proton relay, in the presence of 0—2 cooperative water molecules.
Only the results of the favorable pathways in the two-water (A and
B, ), three-water (Ao and B,() and four-water (A,,; and Bj,)
hydration reactions are reported. Orange line is for the addition across
the C=0 bond, and blue line is for the C=C bond addition

A closer inspection of activation barriers in Figs. 1, 2, 3,
4,5, 6,7, 8 and 9 reveals that the hydration of ketene can
be catalyzed by two functions, one by reducing the strain of
proton transfer ring, the other through the hydrogen-
bonding formed by water molecules and terminal atom. It
will be interesting to compare the relative merits of these
two effects: the question is which one is more important, or
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Table 2 Selected NPA charge changes of the H,CCO moiety from
pre-complexes to the rate-determining TSs, Ag(H,CCO), the corre-
sponding MP2-CPCM/6-311 ++G(d, p)//MP2/6-311 ++G(d, p)

activation Gibbs free energies (kJ/mol) in solution, AGZEI, and the
OW—CQ( distance(A), r(OW—Ca), in the rate-determining TSs
Pathway A;; A-M;; — a-TS ; Aq(H,CCO) AGZ, R(OY-C,)
I1=0,j=0 aMyy — a-TSy, -0.268 182.3 1.581
i=1,j=0 aM;y— a-TS;, 0326 100.3  1.571
i=2j=0 a-Myy — a-TS,, -0.408 72.1 1516
i=2j=1 aM,, » aTS,;, -0431 69.0 1478

i= 2, ] =2 M2_2 - a-TSZ_z -0.437 499 1.453

are they comparable? For the three-water hydration of
ketene, there are two possible reaction pathways. The third
water molecule could be added to the proton transfer ring
to form a TS with an eight-membered ring, a-TS, or
b-TS, . Alternatively, the water-assisted hydrolysis of
ketene involves a TS with a six-membered proton transfer
ring, and the third water molecule is located near the non-
reactive region to engage in hydrogen-bonding to the
alcohol H-atom and to the terminal carbon, Cg, in ketene
(a-TS;.1), or the terminal oxygen in ketene (b-TS;_;). It is
found that the rate-determining barrier for A, o or B, is
significantly lower than that for A;_; or B{_; by 15.4 kJ/mol
(Path A) or 21.7 kJ/mol (Path B) kJ/mol, showing that
cooperative effect induced by the water molecule in the
non-reactive region is considerably weaker than that from
the directly catalyzing through water chain, even though
neither roles can be neglected. Such phenomenon may be
attributed to the larger dipole moment of a-TS,_, (5.12 D)
or b-TS,_y (5.02 D) than that of a-TS;_; (3.34 D) or b-TS,_;
(2.61 D). Hence the polar medium would stabilize those TS
structures with higher dipole moment, thus lowering the
activation barrier and speeding up the hydration process of
ketene in aqueous solution. This situation is also observed
in the comparison between A,_; and A, or B,; and By_,.
The present results are different from those in the three-
water hydrolysis of CO, [38], COS [39], CS, [40] and
NH=C=NH [41, 42], where the TS structures with lower
barrier involve a six-membered proton ring formed by a
water dimer, and the third water molecule is near the non-
reactive nitrogen atom playing the cooperative role.

3.4 Comparison between the hydration of ketene
with that of carbon dioxide

Ketene can be viewed as an analog of carbon dioxide, in
which one of oxygen atoms is substituted by a CH, group.
Thus, it is of interest to compare the performance of
cooperative solvent in the hydration reactions of these two
compounds. Many studies on the neutral hydration of CO,
have been reported [34—38], where the third explicit water
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molecule prefers to be located in the non-reactive region,
involving a rate-determining six-membered ring instead of
an eight-membered ring TS structure, similar to pathway
Ay or By in the present study. In order to stress the
importance of cooperative effect of solvent for the hydra-
tion of CO,, here we have calculated the three- and
five-water hydrations of carbon dioxide using MP2/6-
311 ++G** method with MP2-CPCM correction, where
the pre-complexes and TSs are denoted as CO,-M,_ or
CO,-M,_, and CO,-TS,_ o or CO,-TS,.,, respectively, and
made a comparison with the corresponding hydration
pathways of ketene at the same level. The optimized
structures of CO,-M,_9, CO>-M,., CO,-TS,.4, and CO,-
TS,.», as well as the AGZf)1 values are presented in Fig. 11,
which show that the Gibbs free energy of activation in
aqueous solution is 88.8 kJ/mol for the five-water hydra-
tion of carbon dioxide, lower than that in the three-water
hydration of carbon dioxide by about 20 kJ/mol. Mean-
while, the Cm—OW distance (1.456 A) in CO,-TS,, is
shorter than that that in CO,-TS,_, (1.547 1&), and a more
negative value of Aq (—0.457), q(CO, in CO,-TS,,)-
q(CO, in CO,-M,;,), is observed, whereas the difference of
q(C02 in COz-TSz_O) with q(C02 in COz-Mz_O) is -0.378.
These results reveal that the five-water hydrolysis is more
favorable than the three-water hydration of carbon dioxide
when there exists a rate-determining TS structure involving
an eight-membered proton transfer ring, and other two
water molecules located in the non-reactive region playing
the cooperative role. It is worth noting that the AGZ; values
for the hydration of ketene are always much lower than
those of carbon dioxide, showing the hydration of ketene is
more facile. This phenomenon can be attributed their dif-
ferent O-protonation energies. Our calculations show that
the O-protonation of CH,=C=0 is more exothermic than
that of O=C=0 by 68.2 kJ/mol, implying that the oxygen
atom in CH,=C=0 is a better proton acceptor. Thus, the
proton transfer from water to the oxygen atom in ketene is
more favorable than that in carbon dioxide, leading to a
lower the rate-determining barrier.

4 Concluding remarks

In this work, a comprehensive mechanistic investigation of
the hydrolysis of ketene has been carried out using ab initio
methods. The studied reaction systems include up to four
explicit water molecules, and the effect of water bulk
solvent is taken into account using the CPCM model. In all
the studied pathways, the nucleophilic addition across the
C=0 bond is always favored, and the first step, involving
proton transfer from the attacking water to oxygen of
ketene, is rate determining. The hydration of CH,=C=0
can be significantly catalyzed by proton relay, but the
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cooperative role induced by the solvent molecule(s) in the
non-reactive region cannot be ignored, even though the
latter is less important. The catalytic effect of the water
molecule(s) can be explained by the structural and elec-
trical features of rate-determining TSs. It is worth noting
that our proposed models for the three-water hydration of
ketene are different from those found in the hydration of
CO, [38] and HN=C=NH [42] by Lewis et al.; they pre-
viously suggested that the third water molecule would
participate in hydrogen bonding in a TS having two fused
six-membered rings (see a-TS,_; of Path A;_; in Fig. 6). On
the other hand, our results indicate that the third water
molecule is likely to take part in the proton transfer through
an eight-membered ring TS with a larger dipole moment
(see a-TS, o of Path A, in Fig. 3). The most favorable
hydration pathway may involve a dual eight-membered
ring TS in the five-water model, where proton prefers
transferring to ketenyl oxygen atom by a three-water chain,
and another dimeric water near the non-reactive carbon
assists the hydration by hydrogen bonding with substrate.
The best predicted activation Gibbs free energy in solution
is 57.5 kJ/mol, compared to the experimental value of
63.0 kJ/mol.

To sum up, the explicit water molecules in the hydration
of ketene not only take part in the proton transfer in the
active region, but also interact among themselves in the
non-reactive region to catalyze the hydration of ketene.
Accordingly, it is necessary to consider the effect the
cooperative role of the solvent molecules for the hydration
of ketene, as in the hydration of other cumulenes con-
taining heteroatom, such as NH=C=NH, O=C=0, O=C=S
and S=C=S. The bulk solvent effect described by CPCM

&* .
o .
‘-()&:’, .:‘:‘ s

C():-TS}_Q

formulation modifies the calculated energy barriers in a
significant way when the rate-determining TSs have dipole
moments larger than those of the corresponding pre-
complexes.
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