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A quantum mechanical study is presented of the activation barrier of the one-, two-, and three-water hydrolyses
of CO,. Geometries were optimized, frequencies were calculated, and NPA charges were determined at
MP2(full)/6-31G* and MP2(full)/6-311G**, and energies were also determined at MP4(full, SDTQ)/6-311G**//
MP2(full)/6-311G** and QCISD(T)/6-31G**//MP2(full)/6-31G**. The activation barriers akélo = 223.0

kJd/mol andAGgges = 235.6 kJ/mol for the one-water hydrolysis and they Ak = 149.8 kd/mol and\Ggaes

= 164.4 kJ/mol for the two-water hydrolysis at MP4(full, SDTQ)/6-311G**. The catalytic effect of the second
water molecule is due to the alleviation of ring strain in the proton-transfer transition state. The placement of
the third water molecule in the proton-transfer ring causes only an insignificant catalytic effect with respect
to the two-water hydrolysis. The placement of the third water molecule opposite the site of proton transfer is
explored here and it leads to activation barriersAéf, = 122.6 kd/mol andAGyeg = 143.1 kJ/mol. The
catalytic effect of the third water molecule is approximately 20 kJ/mol with respect to the two-water hydrolysis,
and this is attributed to charge relaxation and rehybridization in the transition state. The results are compared
to studies on the three-water hydrolysis of carbodiimide to discern the effects of atomic polarizability on the
activation barriers of the hydrolyses of heterocumulenes. The conceptional insights predict that the catalytic
effect should increase with more polarizable heteroatoms.

Introduction to the hydrolysis by a single water. The calculations were
repeated, however, at higher levels of theory, and the activation
energy rose quite substantially. The activation barrds and
AGygg are 135.1 and 169.9 kJ/mol, respectively, at the MP2/

The hydrolysis of carbon dioxide in carbonic anhydrase has
long been an active area of research due to its fundamental

. P : .
importance for life}-?2 The nonenzymatically catalyzed reaction 6-31G*//HF/6-31G** level® Thus, the energies calculated at

has also received experimeritdland theoretical attentiotr12 . e
; I the lower level of theory were underestimated due to deficiencies
The experimentally measured activation energy of 74.1 k3/mol .

has yet to be reproduced via quantum mechanical calculations.? the theoretical method and choice of the basis set. Recent

The main problem associated with the calculation of an accurateg"‘:‘h.er Ifeveltr;cher(]) r(e;tlclal .StUdf'eS hsve (thowdn ”‘?:ht hte actlvz:\tlon
activation energy is the lack of a sufficient model for the arrier for the nydrolysis ot carbon dioxide with two water

description of the transition state. It is well-known that the molecules is in fact higher thar\ was initially proposed, Wherea}s
hydrolysis of carbon dioxide in solution proceeds with catalysis the second water molecule still was responsible for a catalytic

from the solvent however the structure of the transition state €ffect of approximately 71 kJ/méi.
in this water-catalyzed hydration remains unclear. Early self-  The hydrolysis of carbon dioxide with two water molecules
consistent field calculations investigated the addition of one via a six-membered cyclic transition state structure does not
water molecule to one carbon dioxide molecule using a (7s3p, adequately describe the activation. The calculatdty and
4s1p) [4s2p, 2s1p] basis set, and an activation barrier of 233.9AG,ggvalues are significantly higher than the experimental value
kJ/mol was determinet. One reason for this much too high and, thus, there must exist another mode of solvent catalysis
calculated activation energy certainly is the ring strain associatedthat contributes to the lowering of the activation energy. The
with the four-membered cyclic transition state, and this problem effects of a third and fourth water molecule added to the site of
was addressed in later theoretical studies by including a secondproton transfer have been studied theoretically, and the results
water molecule in the calculatiod&This second water molecule  showed little decrease in the activation enetgyith respect
functions as a proton shuttle and allows for the formation of an to the hydration involving two water molecules, the consider-
essentially strain-free six-membered cyclic transition state ation of a third water molecule at the active site (Scheme 1, A)
structure. At the modest HF/3-21G level of theory, the inclusion decreased thAE, activation energy merely by 5.0, 10.9, and
of this proton shuttle gave an activation barrier of 64.5 kd/mol 4.2 kJ/mol, respectively, at the levels MP2/6-31G**, MP2/6-
in excellent agreement with experiment. The second water 3114++4G** and QCISD(T)/6-31G**. Likewise, the subsequent
molecule was described as catalyzing the hydration because thgqgition of a fourth water molecule in the proton transfer chain
activation energy was reduced by over 138 kJ/mol with respect 5150 had little catalytic effect. It appears that a six-membered
cyclic transition state is sufficient for the proton transfer to occur

* Part 6 in the series “Nucleophilic Additions to Heterocumulenes.” For essentially strain-free and any additional water molecules at the
part 5 see ref 13b. . -

site of proton transfer have but a negligible effect on the energy
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SCHEME 1: Two Possibilities for the Hydrolysis of Carbon Dioxide by Three Water Molecules

A mode of catalysis that may contribute to the lowering of the parent carbodiimide are excellent examples to illustrate such
the activation energy is the placement of a third water molecule effects.
oppositethe site of proton transfer, as described by B (Scheme
1). We have previously proposed a mechanism for the hydrolysis Computational Methods
of the parent carbodiimide (HRC=NH) where a structure
similar to B resulted in an additional 38.5 kJ/mol of catalysis
with respect to the hydration with two water molecutéghis

All structures were optimized and vibrational analyses were
performed at the MP2(full)/6-31G*, MP2(full)/6-31G**, and
catalytic effect was almost equivalent to the 48.5 kJ/mol of MP2(fuII)/6-31hle* Ilevels a?;sthe?riﬁ using Ith? Gausswm
catalysis generated from addition of a second water molecule! quafntum-dmec T\mcel:/llgzlolgrll SDI'?g e/épg?ltgj*ﬂll at'?nfs weque
In the present article, we extend our model to the hydration of Performed at t f* 4(full, SDTQ)/6- evel for the
carbon dioxide. Several pertinent issues are addressed in th Zigﬂ)l/ e_sllm}Gth_Olﬁ)/T:Dn;IZ]‘eﬂ %r%cltéﬁs art1_d at tk&e ?CI,[SD(T)/
process. First, we will discern the catalytic effect of structure T-h Mpze;/eu /(ér3 1%** ( du ) CI-SD T /gg'lrgff SI ru;: ?res.
B, in an attempt to bring the theoretically calculated activation € (full)/6- and Q (T)/6- caicuiations

energy into better accord with experiment. Second, this study were pe_rformed to allow for a direct comparison With. pr_evious
provides insights into catalytic effects associated with differential calculations qf the three water hydroly5|s of carbon d|o>§|de that
charge changes, which are rather difficult to predict. It is clear placed the th'rd water m_oleculg in the PFOIOU'”a”Sfer fing. The

. . - reported activation barrierSHo include vibrational zero-point
that the oxygen atom is more electronegative than the nitrogen . -

A ; . > energy corrections that were scaled by the empirical value
atom but this information does not say anything about which 0.964617 and the reported activation Gibbs free enerdies
atoms will carry more negative charge in a molecule. In fact, . ’ porte %8
the less electronegative N atom carries a much higher negativeInCIUde the thermochemical and entropy compon&tpula-

! 97 . . tions were computed for each structure using the natural
charge in carbodiimide than the corresponding O atom in carbon opulation analysis (NPAY
dioxide simply because of its connectivity environm&¥if.one pop Y ’
is interested in catalytic effects, then one needs to go one stepResults and Discussion
further and inquire about the likelihood of atomic charge
changes. In the present case, one of these questions would be: Catalysis by Proton Shuttle. The calculated van der Waals
Will the higher negative charge of the N atom in the Ngtoup complexes and transition state structures (Figuré-14) for
increase more than the lower negative charge on the O atom ofthe hydrolyses of carbon dioxide with one and two water
the carbonyl & atom? To answer this kind of question a priori  molecules gave activation energighly (Table 1, Figure 2) that
requires information about changes in atom electronegativity are in good agreement with previous calculatibAsAt the
as a function of charge, and that relation is hard to impossible MP4(full, SDTQ)/6-311G**//MP2(full)/6-311G** level the ac-
to predict, as it depends on connectivity. Another complicating tivation energieg\Hy for the hydrolyses with one and two water
factor relates to the polarizability changes that are associatedmolecules are 223.0 and 149.8 kJ/mol (Figure 2), respectively.
with differential charge changes. The catalytic effect exerted At the level of theory previously employed by Nguyén,
by the spectator water molecule is due to H-bonding, which is QCISD(T)/6-31G**//MP2(full)/6-31G**, the activation energies
mostly an electrostatic interaction and subject to mutual for the one- and two-water hydrolyses of carbon dioxide are
polarization. The experimental dipole polarizability of the O AHy = 212.6 kJ/mol andAHy = 224.6 kJ/mol, respectively.
atom is (0.77+ 0.06) x 102 cm?® and that of the N atom is ~ The catalytic effect due to the addition of the second water
(1.134 0.06) x 1024 cm?.* In atomic units, these values are  molecule, on theAH, potential energy surface (Figure 2), is
5.2 + 0.4 and 7.6+ 0.4, respectively. Thus, the N atom is 73.2 kJ/mol at MP4(full,SDTQ)/6-311G**//MP2(full)/6-311G**
approximately 50% more polarizable than the O atom. But how and 79.2 kJ/mol at QCISD(T)/6-31G**//MP2(full)/6-31G**
does the polarizability of an N atom that is very negatively (Table 1).
charged compare to the polarizability of an O atom that is much  Reaction Center Rehybridization and Charge Relaxation.
less charged? Again, one cannot say and accurate computation¥he placement of the third water molecule at the position shown
are needed to shed light on the issue. Here, we discuss then B can be rationalized by structural and electronic differences
differential charge changes associated with proton-transfer between the transition stat@sand 4 of the hydrolyses with
reactions in hydrogen bonded systems and discuss their effect®one and two water molecules. In the transition state structure,
on activation barriers. The hydrolyses of carbon dioxide and of the bond formation between the oxygen of the adding water
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Figure 1. MP2(full)/6-311G**-optimized van der Waals complexes and transition state structures for the hydrolyses of carbon dioxide by one,
two, and three water molecules. Bond lengths are given in pm, and charges are in boldface.

TABLE 1: Activation EnergiesaP

hydrolysis by one water hydrolysis by two water hydrolysis by three water
theoretical level AHg AGggg AHp AGggg AHg AGgog
MP2(full)/6-31G*= A 214.2 227.4 133.1 146.4 99.2 115.8
MP2(full)/6-311G** =B 220.5 232.8 143.5 158.4 115.1 135.6
MPA4(full,SDTQ)/6-311G**//B 223.0 235.6 149.8 164.4 122.6 143.1
MP2(full)/6-31G** = C 211.0 223.0 129.9 143.9 96.9 114.4
QCISD(T)/6-31G**/IC 212.6 224.6 133.4 147.4 100.9 118.4

aEnergies in kJ/molP Activation energiesAHo include scaled (0.9649 vibrational zero-point energiesMP2(full)/6-311G** and CISD(T)/
6-31G**//IMP2(full)/6-31G** levels were used by Nguyen et7al.

(H,O*) and the C atom (EOA) has progressed more 4than angles of 139.9in 4 and of 145.7 in 2. These structural
in 2; the transient CO bond is 7.8 pm shorterdirthan in 2. differences during activation have important electronic conse-
Furthermore, the rehybridization of the C atoms has advancedquences for the carbonyl O atom th&mainsa carbonyl O
more in4 than in2 and this is illustrated by th&l(O—C—-0) atom during the reactior=<OR) and for the ®@—H bond that
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Figure 2. AHg activation barriers of the hydrolyses of carbon dioxide
(n=1-3). All energies are given in kJ/mol, calculated at the theoretical
levels MP4(full, SDTQ)/6-311G**//MP2(full)/6-311G** and QCISD(T)/
6-31G**//MP2(full)/6-31G** (in brackets) and including correcféd
VZPE values.

TABLE 2: Atom Charges Determined by Natural
Population Analysis

CO, C(NH),
o0 HR OR  O* HR NHR NR  HR

12 —0.97 +0.49 —0.64 —0.97 +0.50 —0.43 —0.84 +0.41
1» —0.91 +0.45 —0.63
2 096 +0.53 —0.64 —0.97 +0.51 —0.42 —0.84 +0.42
2 —0.92 +0.49 —0.63
3 —101 +0.48 —0.62 —1.02 +0.49 —0.33 —0.80 +0.47
3 —0.95 +0.45 —0.60
4 —095 +0.54 —0.73 —0.91 +0.53 —0.52 —0.90 +0.38
4 —091 +0.51 —0.71
5 —1.04 +0.51 —0.66 —1.03 +0.49 —0.31 —0.79 +0.48
5 —0.98 +0.48 —0.64
6 —0.94 +0.58 —0.80 —0.87 +0.59 —0.63 —1.01 +0.38
6 —0.89 +0.56 —0.79

a MP2(full)/6-31G*. ® MP2(full)/6-311G**.

TABLE 3: Change in Atomic Charges in Proceeding from
the Precoordination Complexes to the Transition States of
the Hydrolyses of Carbon Dioxide and Carbodiimide

(g O(HR) O(XR)e
reaction LR L2b L12 L2b L12 L2b
1—2,CO; +0.01 —-0.01 +0.04 +0.04 0.00 0.00

1—2,C(NH), 0.00 +0.01 40.01
3—4,CO, +0.06 +0.04 +0.06 +0.06 —-0.11 -—-0.11
3—4,C(NH), +0.11 +0.04 —-0.19
5—6,CO; +0.10 +0.09 +0.07 +0.08 -0.14 -0.13
5—6,C(NH), +0.16 +0.10 —-0.32

aTheoretical level L1= MP2(full)/6-31G*. ® Theoretical level L2
= MP2(full)/6-311G**. ¢ X = OR and X= NHR for the hydrolyses of
carbon dioxide and of carbodiimide, respectively.

remainsbonded during the reaction {&HR). Hybridization
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Figure 3. AGgyggactivation barriers of the hydrolyses of carbon dioxide
(n = 1-3). All energies are given in kJ/mol, calculated at the levels
MPA4(full, SDTQ)/6-311G**//MP2(full)/6-311G** and QCISD(T)/6-
31G**/IMP2(full)/6-31G** (in brackets). Thermodynamical data are
computed at the MP2(full)/6-311G** level for the MP4(full,SDTQ)/
6-311G**//MP2(full)/6-311G** calculations and at the MP2(full)/6-
31G** level for the QCISD(T)/6-31G**/IMP2(full)/6-31G** calcula-
tions.

Ag(HR) = +0.06) than forl — 2 (Aq(O*) = +0.01; Aq(HR)
= +0.04).

The electronic relaxations during the activation procedses
— 2 and 3 — 4 show an enhanced ability to engage in
H-bonding for both the ®-HR bond and the ® atom in the
case of the hydrolysis with two water molecules. The-®IR
group is a better H-bond donor because the negative charge on
O* is diminished and the positive charge off I8 increased.
The=OR atom is a better H-bond acceptor because it is more
negatively charged. These effects should be manifested in any
H-bonding environment and the hydrolysis with three water
molecules, as described by B, is the special case where
H-bonding at both sites is accomplished by one water molecule.

Synergy between Proton-Shuttle Catalysis and Micro-
solvation. The optimized van der Waals complek, and the
transition state structuré, for the hydrolysis with three water
molecules are shown in Figure 1. Table 1 and Figure 2 show
that the addition of the third water molecule does indeed lower
the activation barrier for the hydrolysis of carbon dioxide: The
activation energyAHy is decreased to 122.6 kJ/mol at
MPA4(full, SDTQ)/6-311G**//MP2(full)/6-311G** and to 100.9
kJ/mol at the QCISD(T)/6-31G**/IMP2(full)/6-31G** level.
This represents catalytic effects of 27.2 and 32.5 kJ/mol at the
two respective levels, when compared to the hydrolysis involv-
ing two water molecules, and catalytic effects of 100.4 and 111.7
kJ/mol with respect to the single-water hydrolysis. The catalytic
effect of structure B is thus over 7 times as great as the effect
of structure AT Note that the GO” bond in6 is even shorter
than in 4 and, in fact, all parameters indicate that all the
structural and electronic changes associated with the processes
1— 2and3— 4 clearly are enhanced f&— 6. The catalytic

concepts would suggest that a carbonyl O atom in carbon gffects of the second and third water molecules truly are
dioxide would be less negative than the O atom in carbonic gynergetic

acid?° Thus, we would predict that the change in charge ®f O
would be more negative foB — 4 than for 1 — 2. This
hypothesis was confirmed by natural population analysés-df
(Tables 2 and 3), which showetlg(OR) values of 0.00 and
—0.11 forl — 2 and3 — 4, respectively. In a similar construct,
the water molecule is being converted into an alcohol in the
course of the reaction, and one would expect-t@H group

in an alcohol to be overall less negative than th@H group

in water?! Therefore Aq(O*—HR) should be more positive for

3 — 4 than forl — 2. This is manifested in the NPA analyses

We also computed the Gibbs free energies of activatiGpgg
and these values can be seen in Table 1 and Figure 3. The
pertinent activation barriers again are the energy differences
between the precoordination complexes and the transition state
structures. We stress again that it is not the purpose of our
studies to model the tetramolecular gas-phase reaction. Instead,
it is our goal to better understand the solution reaction. In
solution, entropy is less of an issue because all molecules are
aggregated at all times and in solution this reaction is basically
a “unimolecular” reaction of an aggregate. Therefore, the

of 1—4 and, moreover, there is a greater loss of electron density precoordination complexes represent the smallest meaningful

for both G and H in the proces8 — 4 (Aq(0*) = +0.06;

aggregates that allow one to model the situation in solution. At



6818 J. Phys. Chem. A, Vol. 107, No. 35, 2003

TABLE 4: Differential Charge Changes2P

reaction 00(0") 00(HR) 00(= XR)e
3—4CO, +0.05 +0.02 —0.11
3— 4 HNCNH +0.11 +0.03 —-0.20
5—6CO, +0.10 +0.04 —0.13
5— 6 HNCNH +0.16 +0.09 —0.33

a Changes in atomic charges in proceeding from the precoordination
complexes to the transition states for the hydrolyses of @ad
HNCNH using two and three water moleculés;—~ 4 and5 — 6,
respectively, relative to the hydrolyses of £€&nd HNCNH with one
water moleculel — 2. P Theoretical level L1= MP2(full)/6-31G*.
¢X = OR and X= NHR for the hydrolyses of carbon dioxide and of
carbodiimide, respectively.

the MP4(full,SDTQ)/6-311G**//MP2(full)/6-311G** level, the
catalytic effect of the second water moleculeAi§,gs = 71.2
kJ/mol whereas the third water molecule has an additional
catalytic effect 0ofAGy9g = 21.3 kJ/mol. At the QCISD(T)/6-
31G**/IMP2(full)/6-31G** level employed by Nguyeh,the
catalytic effect of the second water moleculeAi&,gg = 77.2
kJ/mol whereas the catalytic effect of the third water molecule
is AGzg9g = 29.0 kd/mol. The catalytic effects clearly remain.
Differential Charge Changes.The catalytic effect of the
second and third water molecules in the hydrolysis of carbon
dioxide is not as great as it is for carbodiimifaVe have shown

that stabilizing the charges in the transition state structures can

lower the activation barriers for the hydrolyses of carbodiiffide
and carbon dioxide. The hydrolyses of carbodiimide with two

Lewis and Glaser

of carbodiimide than for two- and three-water hydrolyses of
carbon dioxide. Thus, the increased charge localization in the
hydrolyses of carbodiimide with respect to the hydrolyses of
carbon dioxide is directly related to the higher polarizability of
nitrogen. Therefore, the catalytic effect of a third water molecule,
as placed in B, is related not only to the electronegativity but
also to the polarizability of the heteroatom present in the
heterocumulene. This trend suggests that the catalytic effect
should increase with more polarizable heteroatoms.
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