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The conversion of CSwith common carbonic anhydrase model systems has been studied using Haotcke

and density-functional theory methods employing the 643&1 basis set. The calculated geometries and energetical
parameters for [(ZnOH]*/CS, model systems (&= NH3, imidazole) are compared with those obtained previously

for the CQ hydration. While the same reaction mechanism applies for both heterocumulenes, the hypothetical
conversion of CSto give [LsZnSC(O)SHT is characterized by a higher barrier and is much more exothermic
than the corresponding G@eaction cascade. Due to the increased number of heteroatoms, additional intermediates
and product structures (compared with those involved in the €@version) must be taken into account and
have been analyzed in detail. The smaller electrophilicity of E$he reason for the higher activation energies,
while the significantly increased exothermicity is due to the strong zinc(Il)/sulfur interaction. The reversibility
and therefore the existence of a catalytic cycle which could allow comparablér@formations must be
questioned. Nevertheless, an interesting field of stoichiometric zinc-mediatetda@Sformations is conceivable.

1. Introduction

The importance of zinc in biochemistry has been illuminated

Such detailed high-resolution investigations are often a conve-
nient starting point for theoretical studies.
The enzyme catalyzes the hydration of carbon dioxide with

in detail by various authors. Besides the function of zinc in {remendous turn over numbers betweeR 46d 16 s1.16-18
carbonic anhydrase, alcoholic dehydrogenases, and carboxypepgy the time the structure of the active site had been obtained,
tidase, this metal is also of importance in the photochemistry jechanisms had been proposed for the catalytic cycle and

of vision1-10

verified using experimentd 24 as well as theoretical methotis2°

The enzyme carbonic anhydrase (CA) has been isolated byqyoting only some leading references. There is no doubt that

Meldrum and Roughto#! and the structures of the human
isoenzymes have been elucidated by various X-ray stdéiés.
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the first step is the deprotonation of zinc-bound water (Scheme
1). The metal reduces theKp value of water drastically and

hence permits this step under physiological pH conditions. The
nucleophilic zinc-bound hydroxide attacks the carbon dioxide,
which is strongly polarized by the metal and the surrounding
medium. However, in computational investigations where the
protein environment is neglected, the appropriate product of this
step differs from the suggestion accepted over the past $feéts.
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CS; Fixation by Carbonic Anhydrase

Scheme 1.The Proposed Catalytic Cycle of the Carbonic
Anhydrase (L= Histidine), Considering the Results of
Recent Quantum Chemical Calculations with Model Systems
(L = NHgs, Imidazole)
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This leads to slightly different isomerization reactions, also
displayed in Scheme 1. Whereas there is still a proton-transfer

Inorganic Chemistry, Vol. 40, No. 5, 2001007

oxygen. The last step is the replacement of the metal-coordinated
hydrogen carbonate by a water molecule to prepare the system

for a further catalytic cycle.

Regarding a quantum chemical description of this reaction,
many studies have been perfornt&df2 However, due to limited
computing resources, these were often restricted to smaller
model systems, semiempirical methods, or ab initio approaches
using only limited basis sets. Among the more recent investiga-

tions we note the contribution by Garn#@who modeled the

enzymatic step, including the environment through an effective
interaction model. In the present study our main focus is,
however, not the real enzyme, rather we concentrate on related,
but artificial, systems.

The substitution of oxygen in CQby sulfur leads to CS
Since both elements are in the same group of the periodic table,
similar reactions are to be expected. And indeed, while for
example the reaction of CQwith Grignard reagents leads to
esters, C&is transformed into thioesters. Likewise it is possible

to transform amines in the presence of a base into thiocarbamates
with CS,, akin to the corresponding transformation of amines

into carbamates through GQApart from these similarities some
properties of sulfur let us expect also deviations from the CA-

type reaction. Especially the lower electrophilicity and the higher

polarizability of sulfur should lead to a different coordination
behavior of Cg as compared to CO

The present study computationally examines the hydration
of C$; by the common [(NH)3ZnOHJ" and [(ImikZnOH]*
model systems (Imi= imidazole) in comparison to the corre-
sponding conversion of CGO(nucleophilic attack and the
isomerization step). To this end we employ Hartr&eck (HF)
and density functional theory based approaches (DFT) combined

with basis sets of adequate quality. To the best of our

knowledge, the hydration of G®y carbonic anhydrase model
systems has not yet been investigated by quantum chemical
methods, while experimental investigations using pyrazolylbo-
rate—zinc model complexes were carried out by Vahrenkamp
et al. A combined experimental/theoretical investigation regard-
ing the applicability has been presented receiftly.

We will present the mechanisms for the conversion of CS
using the same model systems and level of theory as employed
recently by Anders and co-workers for the £@ydration3?

This strategy permits detailed comparisons for the two sub-
strates.

2. Computational Methods

The standard triplé-6-311+G* basis set’ which includes
polarization and diffuse functions on all non-hydrogen atoms,

was employed throughout. For Zn this translates into a McLean/

Chandler basis sét. Due to the closed-shell character of the
complexes and the® configuration of the metal, even the
uncorrelated HF approach is expected to give reasonable results.
To obtain more accurate data, electron correlation effects have
been included through approximate density functional th&ofy.

conceivable as suggested by Lipscomb ef%the proposed
pathway of Lindskog and co-workéfamight be described by
rotation along the bond between the carbon and the zinc-bound
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We used the popular B3LYP hybrid approdéh!® which Scheme 2.The Reaction of the Negatively Charged System
proved to yield reliable results in numerous fields, including OH™ + CS, Relative Energies (kcal/mol), and NBO Net

transition metal applicatior®§:4” Charges at the CCSD(T)/6-31G*//B3LYP/6-311+G*
Frequency calculations for all stationary points verified their Level of Theory

character as minima or saddle points and enabled the estimation O—H -0.380 -0.776

of zero point energy (ZPE) corrections, which are included CE N — S\C/O\H —

without scaling in all relative energies. Atomic net charges used 7 SQ\S o o

in the discussion are natural charges obtained from natural bond

order (NBO) calculationé® For the small systems relevant in Erel=0 Erel = -57.4 keal/mol

the uncatalyzed reaction, coupled cluster calculations at the -0.510 0756

CCSD(T)/6-313-G*//B3LYP/6-311H-G* level of theory? 50 S\C/O

were employed as a reference. I oS
All calculations have been performed by employing the o198~y

Gaussian 9 and 982 program packages. Erel = -63.9 kcal/mol

Scheme 3.Relative Energies for the Reaction of £&d
CO, (X = S or O) with Water at the CCSD(T)/6-31+5*//
3.1. Uncatalyzed Hydration of C$ and Sulfur—Zinc B3LYP/6-31HG* Level of Theory

3. Results and Discussion

Interaction. In contrast to C@ the negative net charge ing€S X
is located on the carbon atom. A CCSD(T)/6-313*//B3LYP/ ﬁl’ . (P/H # ?/H X A
6-311+G* calculation determined a carbon partial charge of , X H Fo
—0.28. This fact is only at first glimpse surprising. Considering .. encounter complex traﬁsit'iln state
the formal sp-hybridization of carbon in heterocumulenes, a

Erei =0 (0) Erel = -1.4 (-2.1) kcal/mol Ere = 52.3 (62.1) kcal/mol

Mulliken electronegativit§?54 of 3.29 must be assigned to this
atom in its bound state. This value is larger than for sulfur,

which causes the shift of the electron density toward the center H H
of the molecule. However, the small differences in electrone- X o X, ,'
gativity between oxygen and sulfur make a nucleophilic attack — ¢ - ¢
still conceivable. “H H/X
As depicted in Scheme 2, the nucleophilic attack of Ci product 1 product 2

CS; proceeds without activation energy and results in a product,
stabilized by—57.4 kcal/mol, which is 12.4 kcal/mol more stable
than the corresponding product from the reaction with carbon
dioxide (—45.0 kcal/mol)32 The greater polarizability of sulfur
allows for a better distribution of the negative charge over the
whole molecule. This reduces the electrostatic repulsion

Erel = 8.2 (11.7) kecal/mol Erel = 8.0 (10.1) kcal/mol
2 The values for C@are given in parenthesis

especially between the central carbon atom and the oxygen
bound hydrogen atom. The system is further stabilized by 6.5
" kcal/mol through migration of a hydrogen from oxygen to sulfur.
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H\ H\ Scheme 5.The Proposed Hydration of GSBased on a
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Figure 1. The transition structures of the nucleophilic attack for the
uncatalyzed reaction of water with G@nd CS at the B3LYP/6- Ho Ho
311+G* level of theory; bond distances in A. ? ? ?
H. C . C\ /C\
Scheme 4.The Hydration of C$by the ZnOH Model — 077 J%%L 78 o 009
Systend _Zn,_ _Zn_ L2Zng
L7 TL L7 1L I
H S L L L
H—, ~o0 He 5 6 7
Q0 +cg —> \ —_ Q CIJ
o g c—s 2 S 2 The reactantg and2 form an encounter comple the transition
structure of the nucleophilic attaek and the corresponding product
1 2 3 4 5. A further isomerization leads to the structur@égLindskog-like
pathway) and’ (Lipscomb mechanism)
S H
'C \O\C/S Table 1. Relative Energies for the Stationary Points of the Reaction
—_— H\O: ;s \s of Zn—OH" with CS; as Depicted in Scheme* 4
ol zn 1+2 3 4 5 6 7
Sa 5b B3LYP 0 -50.0 —20.2 —28.4 —46.8 —42.4
(HF) (B3LYP) HF 0 —444 —-131 —-26.3 —52.1 —47.7
CCSD(T)//B3LYP 0 —54.6 —245 —24.6 —50.2 —44.9
H H CCSD(T)/HF 0 —544 —-251 —-29.0 —49.9 —-448
~ \? a All calculations employ the 6-3HG* basis set. Energies in kcal/
oy and ¢ mol, including ZPEs.
88 o_8
an zn the context it will be clear to which actual system the number
6 7 refers to. The hydration of G&@ommences with the exothermic

2 The B3LYP and HF optimizations yielded very similar structures.

coordination of sulfur to zinc (see Table +50.0 and—54.6

However, strong distinctions could be determined for the product of kcal/mol at B3LYP and CCSD(T)//B3LYP levels of theory,

the nucleophilic attaclk: while the HF calculation yielded the ring
structureba, the oxygen-zinc bond is broken in the B3LYP-optimized
structurebb.

respectively, with respect to the separated reactants). The
following nucleophilic attack is characterized by a barrier of
29.9 (30.1) kcal/mol (transition structur¢ in Scheme 4).

To get an idea about the order of magnitude of heterocumu- However, for the relative energy of the corresponding product,

lene—zinc interaction energies, the simplest model, i.e.,{Zn
X=C=X]?" complexes with X= O or S, were employed to

the two methods are in only disappointing agreement with each
other. At B3LYP the formation obb is characterized by an

calculate the corresponding dissociation energies. The resultsenergy gain of-8.2 kcal/mol with respect to transition structure
obtained at the CCSD(T)/6-3315*//B3LYP/6-311+G* level 4, while the corresponding CCSD(T) value is effectively zero,
of theory predict an interaction energy of 126.5 kcal/mol for namely—0.1 kcal/mol. However, it must be pointed out that
CS, while a much smaller value of 69.3 kcal/mol was obtained the optimizations at B3LYP and HF yield different products
for C0..32 This strong interaction of the sulfur-containing for this step. While at HF a four-membered ring structuia) (
cumulene questions the applicability of the mechanism of the is predicted, this minimum does not exist at the B3LYP level
CA-reaction for this substrate, because a precoordination of theory. Rather, the DFT calculations detected only a minimum
between zinc and sulfur is more likely than a ziraxygen where the oxygenzinc bond is broken, i.e5b. The CCSD(T)
interaction as established for the hydration of carbon dioxide. single-point energies indicate that the coupled cluster approach
Provided that the ligand sphere of the metal does not prevent afavors the HF-optimized reaction produba. Actually this
coordination between zinc and sulfur, the nucleophilic attack structure is the only case where the CCSD(T)//HF total energy
of zinc-bound hydroxide to GSwould not be the first reaction s lower than the CCSD(T)/B3LYP result. At first glance this
step, but rather the formation of a zinsulfur bond. discrepancy might appear to be problematic, but as we will
3.2. Hydration of CS; by the Zn—OH™ Complex. Although discuss further below, the HF and B3LYP optimizations yield
this complex is not of practical relevance, it permits the very similar geometries for the [(N§3ZnOH]" complex. Hence,
comparison of the energies determined at the B3LYP/6+&2*1 the different structures oba and 5b seem to be a unique
level of theory with the corresponding CCSD(T)/6-31G* problem of this particular species. Proceeding further along the
energies based on B3LYP/6-3tG* and HF/6-31#G* opti- CS; + ZnOH* reaction coordinate two additional produdss,
mized geometries, respectively. The structures investigated areand 7 (Scheme 4), have been identified. In both cases the
displayed in Scheme 4. Since qualitatively the same speciesB3LYP and CCSD(T)//B3YLP results where again in good
appear along the reaction path of the conversion of With agreement with each other, both with respect to the computed
the tetrahedral coordinated metal (Scheme 5), the same numbergeometries and the relative energies with differences of 3.4 and
ing has been chosen in order to simplify the comparison. For 2.5 kcal/mol, respectively (Table 1). From this comparison we
example,1 always represents the hydroxylated Zn syst8m, can conclude that the more accurate CCSD(T) relative energies
the encounter complex betweérand the substrate, etc. From do not differ significantly from their B3LYP counterparts. Our
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Figure 2. CS; conversion through the [(NgsZnOHJ" model, displaying the optimized structures at the B3LYP/643%1 level of theory: Reactant
complex2a, encounter compleb, transition structure of the nucleophilic atta2g, the corresponding produd, as well as the Lindskog and
Lipscomb isomer®e and 2f.

strategy of using B3LYP energies rather than the very expensiveleads to the structures displayed in Scheme 5. The presence of
CCSD(T) ones will hence introduce only small errors on the the heteroatoms in the substrate causes the Lindskog and
order of some 5 kcal/mol, which will not change the qualitative Lipscomb pathways now to yield different isomers. As already
conclusions of our study. outlined above, the same numbering fraro 7 as introduced

3.3. CS Conversion through the [(NHz):ZnOH] + Model. in the preceding paragraph will be used to name the various
A formal replacement of C@with CS; in the CA-catalytic cycle intermediates and saddle points along the reaction coordinate.
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As indicated by a comparison between Schemes 4 and 5, the
structures in this and the following paragraphs are always
characterized by a Zn center carrying three ligands L (with L
= NHg, imidazole), while before no such ligands were present.
The optimized geometries of all relevant species have been
collected in Figure 2.

The structure of the free catalystis characterized at the
B3LYP/6-311-G* level of theory by metatnitrogen bond
distances between 2.11 and 2.12 A. Comparing the HF- and
B3LYP-optimized structures reveals that the density functional
calculations result in slightly shorter-NZn bonds, a longer
oxygen—metal bond, and a more distorted tetrahedral coordina-
tion of the zinc cation.

The encounter compleR is stabilized with respect to the
reactants by 2.1 (HF) and 2.5 (B3LYP) kcal/mol, respectively.
The large separation of the reactants in comparison to the
encou_nter complex_es found for GO the W(_)_rk of Braser et Figure 3. A minimum structure of the nucleophilic attack at the HF/
al32 might be explained by a less electrophilic substrate due to 3:51G+ |evel of theory.
the pronounced polarizability of sulfur.

The transition structuré for the nucleophilic attack leads to  stereoelectronic effects. Thatturns out to be the most stable
barriers of 18.2 kcal/mol at the HF/6-31G* level of theory species is the result of two oxygen lone pairs, which can engage
and 14.3 kcal/mol for the B3LYP/6-3#G* optimization. The in hyperconjugative interactions. In structuea hydrogen is
distances between oxygen and the carbon atoms amount to 1.908ound to the oxygen atom, which lowers the capability of the
A in the HF calculation and to 1.869 A in the B3LYP |one pair to interact with the antibonding orbitals of the- &
calculation. In both cases, the £®oiety is bent with unequal  bond, leading to a less stable isomer. In strucfiiaenydrogen
sulfur—carbon bond lengths. The larger value was found for atom is bound to the oxygen too, and furthermore, the oxygen
the C-S(1) bond pointing to the metal and the ammonia ligands. is in close contact with the zinc cation (2.864 A, B3LYP). This
The increased negative net charge of S@P.(L4 instead of leads to a strong interaction between the second lone pair of
+0.18 for S(2) at the B3LYP level) amplifies the attractive the oxygen atom and zinc, thus restraining the donating ability
Coulomb interaction between zinc and S(1). The substrate isof the lone pair and resulting in an even less stable isomer.
polarized, a well-known effect of the GOiydration. Here, as  Due to the exhaustive investigations of the relevance of the
well as for the next structures, the HF and B3LYP geometries Lindskog or Lipscomb mechanisms in most of the theoretical
using the 6-31+G* basis set are very similar. The short investigations given abov&,;32 we did not consider these
distance between zinc and sulfur S(1) during the nucleophilic reaction pathways but concentrated more on the stability of the
attack indicates the displacement of the protonated oxygen byresulting product structures. There is general agreement that
sulfur. This straightforwardly results in structusewith sulfur neither mechanism does lead to a substantial energy barrier.
S(1) coordinated to the metal. The imaginary modes of the HF At the Hartree-Fock level using the small 3-21G* basis set
as well as the B3LYP transitions structures show no componentsa|| the above structures could be located. An additional minimum
between zinc and sulfur S(1). An intrinsic reaction coordinate structure as depicted in Figure 3 was identified at this level of
(IRC) calculatio®°* at the HF/6-313G* level of theory theory, coinciding with structural proposals in some works on
provides the following picture: in the first step the carbon carbonic anhydrase. This complex is very similar to structure
oxygen bond is completely formed, subsequently followed by 5 but the zinc coordinates the OH group instead of the sulfur.
an activationless displacement of the metal coordinated oxygenHowever, this structure could not be reproduced using the more
with sulfur S(1). The reaction is exothermic by 11.0 (HF) and sophisticated 6-31G* basis set. As an aside, we note that
5.4 (B3LYP) kcal/mol, respectively. this result is not the consequence of using either polarization

Considering the principles of the Lindskog and Lipscomb or diffuse basis functions, since already the parent 6-311G basis
mechanisms, the reaction can proceed further to give two set gives this qualitative behavior.
different structuresg and 7 (Scheme 5). In the case of GO In harmony with the results obtained for the conversion of
these product structures are identical. The introduction of CO,,32 the reaction path described above allows no formation
heteroatoms leads to structu with two sulfur atoms  of a hydration product structure with a zinc-bound protonated
interacting with zinc (HF~19.4 kcal/mol; B3LYP~10.9 kcal/ oxygen. However, as mentioned above, this conclusion is in
mol, with respect to the separated reactants), which is broughtsharp contrast to the hypothesis drawn in many previous works
about by an internal rotation around the-§(1) bond. This presented in the Introduction, where the coordination of zinc
structural motif can be considered as the insertion product of to the OH group was suggested.

CS into a Zn-0O bond and was for example found in €d The results of the 6-3HG* calculations are summarized in
phenoxide complexe$.An internal proton transfer between the  Table 2. As expected, the barriers decrease by switching from
oxygen and the sulfur in structugleads to the product (HF, HF to B3LYP. This is due to the fact that the neglect of

—28.7 keal/mol; B3LYP;-20.6 kcal/mol). The relative stability  correlation energy in the HF model leads to larger errors for
of these product structures can again be explained by usingtransition structures than for minimum structures. B3LYP, on
the other hand, implicitly accounts for electron correlation and
(2(9)) Gonzales, C.; Schlegel, H. Bl; Chem. Phys1989 90, 2154. should therefore result in more reliable relative energies.
gaﬁ E‘SE&?’E?ACCE_Scchh;‘;?_eke";g%’-l'31*2’53;6(:3*.19”1199‘1 94, 5523. As a direct consequence of the large structural similarities
(62) Darensbourg, D. J.; Niezgoda, S. A.: Draper, J. D.; Reibenspies, J. H between the geometries optimized at B3LYP/6-8GF and

J. Am. Chem. Sod.998 120, 4690. HF/6-311-G*, the relative energies of B3LYP/6-311*
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Table 2. Relative Energies for the Stationary Points of the Reaction
of CA-Model Complexes with CSas Depicted in Scheme' 5

1+2 3 4 5 6 7
[(NH:;:)3ZI’1OH]+
HF 0.0 —-21 182 -11.0 -—-194 -—28.7
B3LYP 0.0 —-25 143 —-54 -109 -20.6
B3LYP//HF 0.0 —2.1 145 —4.3 —95 —-1938
[(imidazoleyZnOH]*
HF 0.0 —-58 154 -154 -178 -311
B3LYP//HF 0.0 —-4.3 126 —6.6 -6.7 —20.8

a All calculations employ the 6-3HG* basis set. Energies in kcal/
mol, including ZPEs.

single-point calculations based upon HF/6-313*-optimized
geometries are very similar to the results of direct B3LYP/6-
311+G* optimizations. As documented in Table 2, the errors

are between 0.2 and 1.4 kcal/mol. Hence, it seems that one can

indeed use HF instead of B3LYP-optimized structures for
obtaining reasonable B3LYP relative energies.

Furthermore, we have extensively tried to localize structures
of an “inner sphere” reaction mechanism, starting with a bond

formation between zinc and sulfur. However, no stable species

indicating the existence of such a reaction path could be
identified. All attempts to localize structures of this type at the
HF or DFT level failed and lead to the formation of various
encounter complexes of tyf&in Scheme 5 or resulted in the
generation of structuré. The mechanism of the nucleophilic
attack in the CA-catalytic reaction with GOs thus retained
for the case of C§ although the interaction between sulfur and
zinc is strong.

3.4. CS Conversion through the Imidazole Complex.The
investigation of the larger imidazole complexes marked the limit
of our computational capabilities. In particular, the geometry
optimizations required a large number of iterations, and B3LYP
optimizations became prohibitively expensive. However, as
mentioned above, the B3LYP//HF single-point calculations
acceptably agree with the B3LYP optimizations for the ammonia
complexes. Hence, no B3LYP optimizations were carried out
for the imidazole complexes. We rather based our study on
B3LYP//HF single-point calculations on the HF-optimized
structures, and relative energies given in the following refer to
this level.

Selected structures optimized at HF/6-313* are displayed
in Figure 4. Comparing the reactive imidazole complexith
its ammonia counterpart shows slightly shorter and stronger
nitrogen metal bonds for the heterocyclic ligands (2.11 A instead
of 2.14 A). This is due to the higher s character of its free
electron pair. As a consequence, the ziogygen bond is
weakened, which increases the nucleophilicity of the oxygen.
By this token the lower barrier of the nucleophilic attack (12.6
kcal/mol with respect to 14.5 kcal/mol at B3LYP//HF, see Table
2) can be explained. An encounter complgxsimilar to the

Sinnecker et al.

Figure 4. The imidazole reactant comple4a and the transition
structure of the nucleophilic attack at the HF/6-313G* level of
theory.

Figure 5. The inner sphere transition structure for the nucleophilic
attack at the PM3-level.

one displayed in Figure 2, was localized, stabilizing the reactantsthe Lipscomb pathway yields also here a more stable protuct

by 4.3 kcal/mol. The potential energy surface for the rotation
of the CS fragment around it€; axis is extremely flat. The

with —20.8 kcal/mol.
3.5. Further Notes and Comparison with CQ Conversion.

activation energy amounts to only a few tenth of a kcal/mol. At first glance it would have seemed reasonable to postulate

Due to the prohibitively large computational costs, a minimum

an “inner sphere” mechanism for the conversion o$.@$other

structure corresponding to the one displayed in Figure 3 for words, the reaction would start by forming a bond between zinc
the ammonia model has not been sought extensively for theand sulfur. The strong energetic interaction ob@&h zinc in
imidazole system. We assume that also in this case thethe model calculations would support this hypothesis. Such

nucleophilic attack results in the displacement of zinc-bound
hydroxide by the sulfur atom S(1) (structusen Scheme 5),
combined with an energy gain ef6.6 kcal/mol. The Lindskog-
like pathway leads next to the product struct@ewhich is
stabilized by 6.7 kcal/mol with respect to the reactants, while

structures could only be found using the semiempirical PM3
method; the transition structure for such a nucleophilic attack
is displayed in Figure 5. However, the applicability of the PM3
method to zinc compounds is questionable, as pointed out by
Brauer et al®
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Table 3. Comparison of the Reaction of the Two CA-Model and COS molecule®.However, this is not the result of a desired
Complexes with Cgand CQ at the B3LYP/6-31+G*//HF/ reaction path. The investigation of the mechanism for their
6-311+G* Level of Theory creation is not the goal of the present study, but it is conceivable
[(NH3)sZnOH]* [(imidazoleyZnOH]* that it contains a proton transfer and hence can be inhibited by
co, cS co, cS the use of [IiZnOR]" complexes with R= H.
3 —-5.0 —-2.1 —-3.0 —-4.3 . .
4 4.3 145 6.2 12.6 Quantum chemical calculations have been employed for the
5 -16 -4.3 -2.3 —6.6 investigation of the reaction of CA-model complexes withbCS
6 —8.2 —9.5 —8.5 —6.7 The model complexes [(NgsZnOHT" and [(imidazoleyZnOHT*
7 —8.2 —-19.8 —-85 —208 were used to compare the behavior of this new substrate to the
aEnergies in kcal/mol, including ZPEs. Values for the S@dration conventional carbonic anhydrase reaction.
are from Braier and Ander#? The uncatalyzed reaction with the hydroxide ion proceeds

without an activation barrier in the gas phase. It is more
Surprisingly, the mechanism of the conversion is identical exothermic due to the higher polarizability of sulfur, which
for the reaction of C@and CS with CA-model complexes.  allows for a better distribution of the charge in the molecule as
For a comparison we summarized the results for both substratescompared to C@ The reaction of Cgwith water shows the
in Table 3. As mentioned before, the decreased electrophilicity same features as in the @@ase. However, two opposing
of CS; results in a higher activation energy for the nucleophilic electronic effects that almost cancel each other are the reason
attack. The differences amount to 10.2 kcal/mol for the [{NH for this behavior.
ZnOHJ" model system and 6.4 kcal/mol for the imidazole The catalyzed reaction is characterized by a higher activation
complex (B3LYP/6-311+G*//HF/6-311+G*). Using either barrier and an increased exothermicity. Thus, the reversibility
model complex a highly stabilized productould be located, of the reaction is lost due to strong ziasulfur interactions in
but in comparison to the GQronversion the exothermicity of  the product structures. Three different product structures with
the reaction is increased by about 12 kcal/mol. experimental relevance could be localized. Despite the strong
As Anders and co-workers report&solvent effects stabilize  interaction of sulfur with zinc, we could find no evidence for
the reactants more than the products leading to an reversiblean “inner sphere” reaction mechanism with precoordination of
reaction profile for the case of the CA-reaction with £@ve the substrate by a ziresulfur interaction.
do not expect a very significant deviation of the solvation pattern
for the reaction with Cg Our calculations therefore suggest
the loss of reversibility of the reaction for this substrate.
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