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A quantitative structure−reactivity relationship has been derived from the results of B3LYP/6-311+G* calculations
on the hydration of carbon dioxide by a series of zinc complexes designed to mimic carbonic anhydrase. The
reaction mechanism found is general for all complexes investigated. The reaction exhibits a low (4−6 kcal/mol)
activation energy and is exothermic by about 8 kcal/mol. The calculations suggest an equilibrium between Lipscomb
and Lindskog intermediates. The effectiveness of the catalysis is a function of the nucleophilicity of the zinc-bound
hydroxide and the nucleofugicity of the zinc-bound bicarbonate. Hydrogen bridging of the bicarbonate to NH moieties
in the ligands also plays an important role.

Introduction

Carbonic anhydrase is a ubiquitous zinc enzyme which
catalyzes the reversible hydration of CO2.1 The equilibrium
position of this reaction is pH dependent. Whereas, hydration
of CO2 takes place at pH> 7, the dehydration of bicarbonate
predominates at pH< 7. Out of the seven isoenzymes found
so far,1e human carbonic anhydrase II (HCA II) is the most
efficient one with turnover numbers of 106 s-1 at pH ) 9
and 25°C.1g The polypeptide chain of HCA II is composed
of more than 260 amino acids and forms an ellipsoid2 with
the dimensions 55× 42× 39 Å3 and has a molecular weight

of 30 000. The active site lies at the bottom of a conical
cavity which is 16 Å deep and 15 Å wide at the opening.
The zinc cation is surrounded by three imidazole ligands
(His94, His96, and His119). An additional water molecule
lies at the bottom of the cavity. The arrangement of the amino
acids results in a hydrophilic and a hydrophobic region in
the cavity. The hydrophilic region contains His64 and seven
additional water molecules and is responsible for the migra-
tion of the proton from the zinc-bound water to the external
medium. The hydrophobic site is thought to provide binding
pockets for fast CO2 transport to and from the blood stream.2c

In the absence of carbonic anhydrase, the reaction of CO2

proceeds with an activation energy of 17.7 kcal/mol in neutral
water3 (eq 1) and 13.1 kcal/mol in basic aqueous solution4

(eq 2).

HCA II catalyzes the reaction with rates up to 107 times
higher than in the uncatalyzed case. A plausible reaction
mechanism5 for the mode of action has been proposed: (i)
The zinc-bound hydroxide{[LZn-OH]+} first attacks the
carbon dioxide to yield bicarbonate. (ii) The zinc-bound
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bicarbonate is then displaced by a water molecule, and in
the last step, (iii) this water molecule (pKa ∼ 7) is finally
deprotonated to regenerate the [LZn-OH]+ catalyst.

Apart from numerous experimental studies,6 computer
simulations have contributed significantly to our present
knowledge of the reaction mechanism. The entire spectrum
of molecular modeling ranging from molecular dynamics7

over the application of semiempirical methods8 and including
ab initio and DFT calculations9,10 has been applied in these
investigations. Because of the general acceptance of the
hydroxide mechanism, the most recent publications have
focused more on the mechanism of intramolecular proton
shifts in individual steps of the catalytic reaction.6,7 Special
attention has been paid to the mechanistic details of the
rearrangement of the bicarbonate in step (i) of the reaction
(Scheme 1). The debate whether an intramolecular proton
transfer (Lipscomp mechanism8,9,11) or an internal rotation

of the bicarbonate (Lindskog mechanism1i,6) takes place or
not could not be completely settled until now.8,9

An important contribution to the detailed understanding
of the catalytic activity of the enzyme was made via
experimental investigations on suitable model systems.12

Complexes with a structural resemblance to the native
enzyme were synthesized and characterized as regarding their
activity toward HCA II. Among these studies, the work of
Vahrenkamp13 and Kimura14 are especially worth mentioning.
Kimura’s macrocyclic donor ligands such as 1,4,7,10-tetra-
azacylododecane ([12]aneN4) and 1,5,9-triazacyclododecane
([12]aneN3; see Figure 1) were used to model the protein
environment of carbonic anhydrase. Kinetic measurements
in aqueous solution on the activity of these complexes were
carried out by van Eldik15 et al. They observed a remarkable
difference in the performance. Both enzyme models are prin-
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Scheme 1. Lipscomb and Lindskog mechanisms for the
Rearrangement of the Zinc-Bound Bicarbonate

Figure 1. Ligands and complexes which were used for the modeling of
carbonic anhydrase.
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cipally able to reversibly catalyze the CO2 hydration. Despite
the closer structural resemblance of [Zn[12]aneN3OH]+ (3)
to the native enzyme because of its tetrahedral-like coordina-
tion, [Zn[12]aneN4OH]+ (4) displays a higher catalytic
activity which can reach up to 30% of some native iso-
enzymes.15 Apart from the catalytic activity, summarized for
these enzyme models in Table 1, the corresponding water
complexes [LZnOH2]2+ can be deprotonated at physiologi-
cally relevant pH values.

In this study, we calculated the reaction of the model
complexes in Figure 1 with CO2 using ab initio and DFT
methods. On one hand, we wanted to present a mechanistic
study on an appropriate level of theory with a variety of
model compounds for comparison. On the other hand, we
wanted to derive parameters which characterize the activity
of such systems. The results presented here should contribute
to the future understanding of the reaction mechanism as
well as clarify general aspects of enzyme controlled reactions
and stimulate investigations on new model systems.

The [Zn(NH3)3OH]+ complex (1) is the most thoroughly
investigated CA model system and, because of its moderate
size, can be treated with sophisticated quantum chemical
methods.7c,e,10 We recently published a complete catalytic
cycle for this model complex calculated at the B3LYP/6-
311+G* level.10 We then compared these results10 to B3LYP/
6-311+G*//RHF/6-311+G* single point calculations in order
to assess the reliability of this approximation (which had to
be applied for all larger systems, cf., Computational Details).
We then investigated the2/CO2 system (Scheme 2), because
the tris-imidazole complex2 shows the closest structural
simularity to the active site of the native enzyme. Both zinc
complexes1 and 2 form tetrahedral structures containing
three nitrogen donor ligands and one hydroxide ion without
significant sterical restrictions. Because of their similar
coordination geometries, we could directly compare the
influence of sp2- and sp3-hybridized nitrogen donor ligands
on the catalytic activity. Finally, the existence of reliable
experimental data on the activity of [Zn([12]aneN3)OH]+

(complex3) and [Zn([12]aneN4)OH]+ (complex4) enabled
us to compare the properties of these two complexes and to
draw conclusions regarding the parameters controlling their
respective activities.

Computational Details

Full conformational searches using the program SPARTAN16

were performed for all species of interest using the semiempirical
methods MNDO/d,17 AM1,18 and PM3.19 All three methods were

employed since a recent investigation20 has shown that none of the
three methods can be relied upon to correctly predict the overall
structure of organozinc compounds, especially when multiple zinc-
heteroatom bonds are present. PM3, for example, fails to describe
Zn-O interactions but correctly describes many bio-organic
complexes.20 AM1 behaves similarly to PM3; the average errors
found, however, are∼30% larger than for PM3.20 The semi-
empirical structures served as starting geometries for optimizations
at the HF/6-311+G* level of theory. All HF and DFT calculations
were performed using the GAUSSIAN 9821 suite of programs. The
nature of all stationary points was then characterized by harmonic
frequency analysis.22 B3LYP/6-311+G* single point calculations
were then performed on the HF geometries in order to partially
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Table 1. Selected Properties of the Carbonic Anhydrase Model
Complexes as Compared to the Native Enzyme15

KFORWARD

[s-1 M-1]
KBACK

[s-1 M-1] pKa

HCA II 1.06 × 106 2.2× 105 6.8
[Zn[12]aneN4OH]+ 3.3× 103 51 8.1
[Zn[12]aneN3OH]+ 581 4.8 7.5

Scheme 2. CO2 Fixation and Transformation as Illustrated for
Catalyst2; Relative Energies Are Given in kcal/mol and Were
Calculated at the B3LYP/6-311+G*//RHF/6-311+G* Level
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account for electron correlation. Full geometry optimizations
together with harmonic frequency analysis were then performed at
the B3LYP/6-311+G* level for all stationary points of complex1.
These calculations give results that are almost identical to the single
point calculations (Table 4), thus justifying this procedure for the
larger systems. The excellent performance of the B3LYP functional
was demonstrated by comparing the results for the model system
[Zn-OH]+ with those obtained at the CCSD(T)//6-311+G* level
of theory (see Table 4 for details). Semiempirical calculations were
carried out using the MOPAC623 program package. The PM3-
COSMO24 solvation model, as implemented in VAMP,25 was used
to estimate the structural and energetic changes in aqueous solution
as compared to the gas phase. The relative stabilities and energies
of formation reported in this article contain a correction for the
zero point vibrational energy (a scaling factor of 0.91 was employed
for the HF results;26 the B3LYP results were not scaled). Reed and
Weinhold’s natural bond orbital (NBO) analysis27 was used to
calculate changes in the atomic charges along the course of the
reaction path.

Results and Discussion

Reaction Mechanism.The intermediate structural motifs,
as depicted explicitly for the2/CO2 system in Scheme 2,
were calculated for all selected complexes in order to model
the enzyme function. Table 2 contains structural parameters
for the stationary points (EC, TS, P1, andP2) of the four
model systems. Selected results of the NBO analyses are
summarized in Table 3. Many authors have reported calcula-
tions on the carbonic anhydrase mechanism under inclusion
of additional water molecules.7a-e,7g,9f These solvent mol-
ecules may cause an easier detachment of the bicarbonate
in the last step of the catalytic cycle. In the present work,
we concentrated on the electronic effects of different ligand
spheres on the reactivity of model complexes. Our calcula-
tions refer to gas-phase conditions; solvent effects in aqueous
solution were simulated using the B3LYP-COSMO and the
PM3-COSMO method. The relevance of five-coordinated
intermediates under specific inclusion of external water
molecules is the topic of a parallel investigation.28

In the first step of the catalysis, the separated reactants
form an encounter complex (EC, cf. Scheme 2; for informa-
tion regarding catalysts1, 3, and4, cf. Table 2), in which a
lone pair on the zinc-bound hydroxide interacts with the
carbon atom of CO2. Although the existence of such
electrostatic encounter complexes in solution must be
questioned (vide infra), they constitute minima on the
potential energy surface of the undisturbed system in the gas

phase and thus provide important information on the extent
of fundamental interactions. In the next step of the reaction,
the primary bicarbonate complexP1 (Lindskog) is formed
via the transition structureTS. For all model compounds
studied here, the transition structureTS represents the
maximum in the potential energy of the catalytic cycle and
is thus expected to be the rate-limiting step in the formation
of hydrogen carbonate. ComplexP1 then rearranges to form
the more stable complexP2. In the meantime, there is
experimental evidence for the intermediate formation of a
Co(OH)(CO2H) complex in a cobalt substituted HCA

(23) Stewart, J. J. P.MOPAC93, QCPE No. 455, version 6.0; Department
of Chemistry, Indiana University: Bloomington, IN, 1993.

(24) (a) Klamt, A.; Schu¨ürmann, G.J. Chem. Soc., Perkin Trans.1993, 2,
799. (b) Andzelm, J.; Ko¨lmel, C.; Klamt, A. J. Chem. Phys.1995,
103 (21), 9312. (c) Klamt, A.; Jonas, V.J. Chem. Phys.1996, 105
(22), 9972.

(25) Clark, T.; Alex, A.; Beck, B.; Chandrasekhar, J.; Gedeck, P.; Horn,
A.; Hutter, M.; Martin, B.; Rauhut, G.; Sauer, W.; Schindler, T.;
Steinke, T.VAMP, Version 7.0a; University of Erlangen-Nürnberg,
Department of Chemistry, 1998.

(26) Grev, R. S.; Jansen, C. L.; Shaefer, H. F., III.J. Chem. Phys.1991,
95, 5128 and references therein.
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83, 735.
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Table 2. Selected Bond Lengths Calculated at the RHF/6-311+G*
Level for the Carbonic Anhydrase Model Complexes1-4 and the
Corresponding Stationary PointsEC, TS, P1, andP2 of the Catalytic
Cyclea

1 2 3 3′ 4

free catalyst
Zn-O1 1.833 1.855 1.829 1.837

EC
Zn-O2 3.761 4.453 3.716 3.657
Zn-O1 1.841 1.878 1.842 1.852
O1-C9 2.740 2.863 2.723 2.700

TS
Zn-O1 1.932 1.937 1.934 1.936
Zn-O2 2.368 2.717 2.384 2.579
O1-C9 1.743 1.736 1.754 1.716
H‚‚‚OdCdO 2.497 2.252 2.813 2.497

P1
Zn-O1 2.832 3.274 2.992 2.751 2.929
Zn-O2 1.901 1.925 1.885 1.897 1.897
O1-C9 1.378 1.359 1.369 1.375 1.371
H‚‚‚OdCdO 2.650 2.330 2.316 2.923 2.622

P2
Zn-O1 2.606 2.820 2.898 2.384 2.775
Zn-O2 1.944 1.964 1.910 1.976 1.929
H‚‚‚OdCdO 2.482 2.368 2.152 2.830 2.470
O1-C9 1.309 1.320 1.316 1.308 1.317

a EC, encounter complex;TS, transition structure;P1, P2, products. For
3′, see Figure 6. H‚‚‚OdCdO: distance of one carbon dioxide oxygen to
the next hydrogen atom of the ligand sphere.

Table 3. Results of the NBO-Analysis of the Carbonic Anhydrase
Model Complexesa

1 2 3b 4

free catalyst
QZn 1.617 1.651 1.612 1.609
QO1 -1.33 -1.30 -1.3 -1.31
ELP -0.383 -0.343 -0.369 -0.356

TS
QO1 -1.12 -1.11 -1.12 -1.10
QO2 -0.75 -0.71 -0.74 -0.73
QO3 -0.53 -0.58 -0.54 -0.57
QC 1.03 1.02 1.02 1.02
WBI(C-O1) 0.366 0.366 0.355 0.388

P1
QO1 -0.80 -0.75 -0.78 -0.78
QO2 -0.95 -0.97 -0.95 -0.95
QO3 -0.61 -0.65 -0.62 -0.63
QC 0.98 0.99 0.99 0.99

P2
QO1 -0.79 -0.79 -0.76 -0.77
QO2 -0.89 -0.89 -0.91 -0.90
QO3 -0.65 -0.67 -0.66 -0.66
QC 0.99 1.00 1.00 1.00

a Q, charge; WBI, Wiberg Bond Index;ELP, energy of the oxygen p
lone pair [eV].b The values for3 and3′ are almost identical.
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mutant.29 The rearrangement can proceed either via the
Lindskog (rotation about the CO2 bond) or Lipscomb
mechanism (proton transfer) and has been extensively
studied.1h,1i,8a,8b,9f,10Calculations suggest that the Lindskog
productP1 is kinetically instable and prefers to stabilize itself
by rotation about the CO2 bond axis to yield the Lipscomb
productP2which is a thermodynamic “sink” in the reaction
path.10 The Lipscomb alternative (proton-shift) mechanism
possesses a significantly higher activation barrier (∼28 kcal/
mol) and thus seems very unlikely.10 Work is currently
underway to determine whether the nitrogen ligands on zinc
(different model compounds) significantly change the relative
energies of the two possible reaction pathways (Lindskog/
Lipscomb).

Structural Properties. None of the encounter complexes
calculated for the model ligands shows a precoordination of
CO2 via an oxygen to the zinc center. All attempts to localize
structures with a head-on coordination of CO2 failed because
they collapsed to giveECs as shown in Figures 2a and 3a.
This finding is in agreement with kinetic investigations on
HCA II.15 In 2-EC (Figure 2a), the carbon dioxide is attached
via hydrogen bonds to the ligands. In the transition structures
TS, the bicarbonate being formed is already recognizable.
2-TS (Figure 2b) reveals interesting properties. The C9-
O1 distance decreases from 2.864 (2-EC) to 1.736 Å (2-
TS). The OH remains bonded to the zinc center, even though
the Zn-O1 distance is elongated (2-TS, 1.937;2-EC, 1.878
Å). In contrast to this, the distance of the CO2 oxygen (O2)

(29) Tu, C.; Tripp, B. C.; Ferry, J. G.; Silverman, D. N.J. Am. Chem. Soc.
2001, 123, 5861.

Figure 2. a. Encounter complex2-EC for the system2/CO2. b. Transition
structure2-TS for the system2/CO2.

Figure 3. a. Encounter complex4-EC for the system4/CO2. b. Transition
structure4-TS for the system4/CO2. c. Product structure4-P1for the system
4/CO2. d. Product structure4-P2 for the system4/CO2.
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closest to the zinc center is shortened considerably (2-EC,
4.453;2-TS, 2.719 Å). Comparable structural properties are
calculated for the transition structures of the systems
[Zn([12]aneN3)OH]+ (3) and [Zn([12]ane N4)OH]+ (4, cf.
Figures 3b and Table 2).These findings indicate that the
properties of the transition structure reVeal not only the
progress of the nucleophilic attack of the free OH electron
pair on the CO2 but also the exchange of the oxygen atoms
that coordinate to zinc.The geometrical details of this
transition structure show furthermore that this “coupled
motion” is the reason for the low activation energy in the
first step of the reaction. The lengthening of the Zn-OH
bond increases the (Lewis) acidity of the zinc cation which
can then polarize the CO2 molecule via a beginning O2-Zn
contact (Table 3). In the course of the reaction, the CO2

becomes a more effective C-electrophile with a higher
tendency to accept the OH ion. In other words, the zinc cation
expands its coordination sphere in order to stabilize a
transition structure in which the OH is already on its way to
react with the activated CO2 acceptor.

In all products (P1), the bicarbonate is monodentately
bound via O2 to the metal ion (Zn-O2 distances: 1.885-
1.925 Å). The second oxygen O1 also interacts with the zinc
center. However, the Zn-O1 contacts (2.751-3.274 Å) are
significantly longer. The same applies forP2. Zinc coordi-
nates in allP2 cases to the oxygen which is trans to the
proton (O2). The equilibrium betweenP1 and P2 is the
parameter which decides whether the bound bicarbonate
decarboxylates (viaP1) or is replaced viaP2by an incoming
water molecule. The results of the NBO analysis support
this assumption (Table 3). When the proton is bound to O3
(P2), the negative charge on O2 is reduced, and a smaller
interaction with zinc results. In this case, it is easier to remove
the O2 oxygen from the metal and to open a coordination
site for the incoming water which finally replaces the
bicarbonate. Whereas the bicarbonate inP1 is predominantly
bound via O2 to the zinc, O1 still interacts with the metal
cation, thus weakening the O1-C9 bond. This results in a
higher probability for the decarboxylation.

Relative Energies.The relative energies of the stationary
points of the catalysts1-4/CO2 systems (equivalent to those
of Scheme 2) are summarized in Table 4. All complexes
react with CO2 via the same mechanism, and more astonish-
ingly, even quantitative features of the energy profiles are
very similar for all four model compounds. The activation
energies are listed relative to the separated reactants and,
for completeness, are also given relative to the encounter

complexes. The reaction proceeds with a small activation
barrier (4-6 kcal/mol). The value for complex2 differs
slightly from all other complexes because a strong hydrogen
bond hinders the nucleophilic attack (Figure 2a,b). The
formation ofP1 is slightly exothermic in all cases (2-3 kcal/
mol), whereas the stabilization ofP2 is more pronounced
(8-9 kcal/mol).

Semiempirical Calculations.The application of DFT and
ab initio calculations to a large number of such complexes
or for larger and more realistic ligand sphere models (as
compared to the native enzyme) is not feasible for most
research groups at present. Semiempirical calculations seem
to be the tool of choice, but their reliability for this type of
reaction must first be verified. The borderlines for the
performance of PM3 for the carbonic anhydrase catalytic
cycle have already been demonstrated.20 Although the AM1
Hamiltonian has been employed in the majority of past
publications, Merz et al. used PM3 in one of their recent
investigations. Table 5 compares the PM3 energies with the
results from the preceding DFT section. Apart from the
activation energies, which are overestimated to a significant
extent, the PM3 results are in acceptable qualitative agree-
ment with the DFT results. The activation barriers seem to
be overestimated by a constant value of 15 kcal/mol.
Complex2 deviates from this pattern because of the influence
of the hydrogen bonds already mentioned. It can be
concluded that PM3 provides a relatively reliable basis for
energy calculations on the intermediates of the carbonic
anhydrase model systems. Extreme caution, however, is
required for the estimation of the transition state energy.

Solvent Effects.Because the model systems3/CO2 and
4/CO2 were subjected to kinetic measurements in water, we
extended our calculations to determine the properties of these
systems in that solvent by employing the COSMO model
both at the semiempirical (PM3-COSMO) and the ab initio
level (B3LYP-COSMO). Tables 6 and 7 summarize the
results of the corresponding calculations. Because of the
computational demands of solution calculations at the DFT

Table 4. Relative Energies [kcal/mol] of some Stationary Points on the PES of the Carbonic Anhydrase Reaction Cycle for Model Compounds1-4:
B3LYP/6-311+G*//RHF/6-311+G* Results

[ZnOH]+/CO2 1 2 3 3′ 4

SR 0 0 0 0 0 0
EC -34.42 (-33.26)a -4.96 (-4.84)b -3.02 -5.17 -5.32
TS 0.29 (-0.78)a 4.25 (4.52)b 6.16 4.07 4.01
P1 2.75 (1.08)a -1.58 (-1.87)b -2.31 -1.88 -1.04 -2.96
P2 -10.27 (-12.49)a -8.21 (-8.26)b -8.48 -7.67 -7.55 -8.72
∆Ea 34.71 (32.64)a 9.21 (9.36)b 9.17 9.24 9.34
DPE 54.79 (61.74)a 148.26 (147.74)b 175.90 160.40 166.02

a CCSD(T)/6-311+G*//RHF/6-311+G*. b B3LYP/6-311+G*// B3LYP/6-311+G*; SR, separated reactants; DPE, energy for the deprotonation reaction
[LZnOH2]2+ f [LZnOH]+ + H+; ∆Ea, activation energy relative toEC.

Table 5. Relative Energies [kcal/mol] for the Stationary Points of
Carbonic Anhydrase Reaction Cycle of Model Compounds1-4: PM3
Results

1 2 3 4

SR 0.00 0.00 0.00 0.00
EC -0.71 -0.71 -0.28
TS 19.86 15.57 19.59 19.46
P1 1.16 -0.06 0.00 -0.60
P2 -6.60 -7.95 -8.30 -7.36
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level of theory, single point estimations of the solvation
energy using the gas-phase structures were performed. In
contrast to this, full geometry optimizations in water were
performed using the faster PM3-COSMO method.

For both model systems, an almost equivalent lengthening
of the Zn-O1 and Zn-O2 bonds upon going from the
gaseous to the aqueous phase was calculated (Table 7). These
structural changes resulting from the influence of the aqueous
medium are remarkable but unspecific. They do, however,
emphasize the need to optimize the substrate in the solvent
in order to obtain accurate energetic data. The following
aspects deserve more attention: The encounter complexes
of 1-4 no longer correspond to minima on the PM3-
COSMO potential energy surface (Table 6); the presented
values are rough estimates based on single point calculations
using the geometries of the preceding gas-phase PM3
calculations. In addition, a futile attempt was made to find
an encounter complex for1 at the B3LYP-COSMO level.
This is not surprising when one takes into account the fact
that electrostatic interactions between charged and partially
charged species should be reduced in an aqueous solution.
The relative stability of the product structures reveals much
more interesting consequences. Both product structuresP1
andP2 become almost isoenergetic in water. This supports
the thesis that an equilibrium between both modes of
bicarbonate complexation should exist. The fact that the
products are∼15 kcal/mol more stable than the reactants
for the B3LYP-COSMO results emphasizes once again the
necessity of optimizing the reactive species in the solvent.
Interestingly enough, the energy of the transition struc-
ture is considerablylowered(20 kcal/mol in the gas phase
vs ∼2-4 kcal/mol in water) upon solvation. Inclusion of
solvent effects is obviously necessary in order to achieve a
correct description of the energy profile of the catalytic
reaction.

Parameters for the Catalytic Activity. In the following
section, general parameters, which allow the assessment of
the activity of a given model complex, are derived. Qualita-
tive statements regarding the reactivity governing parameters
were presented primarily by van Eldik et al.15 A first attempt
to quantify such considerations has been made by Tapia et
al.9d Complexes3 and 4 are well suited for a direct
comparison of their properties because reliable experimental
measurements of their activity are available (Table 1).

The course of chemical reactions is governed by thermo-
dynamic and kinetic effects. Nevertheless, the results in
Tables 4 and 6 demonstrate that we are confronted with some
difficulties in the case of these enzyme models: The
energetic differences between different complexes are neg-
ligible in the gas phase as well as in aqueous solution. The
stability of the product structures seems to differ only slightly,
and a relationship between activation energy and product
stabilization which corresponds to the Hammond postulate
is not detectable.

A further possibility to classify the reactivity of chemical
compounds is the analysis of the charge or orbital control.
Unfortunately, the values in Table 3 again show only minor
differences in the atomic charge on Zn and O1 in the different
complexes. Comparison of the results obtained at both levels
of theory (DFT and PM3) does not give completely
consistent results. More insight can be obtained by looking
at the orbital energies. The Zn-N and Zn-O bonds in the
model complexes are significantly ionic in character (For1,
charges on Zn: 1.62; N,-1.12; O,-1. 33. Bond orders:
Zn-N, 0.155; Zn-O, 0.238). For this reason, we find three
lone electron pairs on the zinc-bound oxygen, two of them
possessing sp character, whereas the remaining one is a pure
p-type orbital. Inspection of the orientations and energies of
these lone pairs reveals that the p orbital is responsible for
the nucleophilic attack on the carbon dioxide. The higher
the energy of this p-type lone pair, the easier is the reaction
with the LUMO of the carbon dioxide. Within the restriction
of similar atomic charges on corresponding atoms, we can
thus consider the energy of this lone pair to be an indirect
measure of the nucleophilicity of a given model com-
plex. The values in Table 3 indicate a higher nucleophilicity
of the OH moiety in complex4 as compared to that of
complex3, a fact which is in agreement with the observed
reactivity. Surprisingly enough, the differences in the activa-
tion barriers do not explain the differences in the catalytic
efficiency.

Are there further differences which cause4 to be a better
catalyst than3? Inspection of the calculated data reveals that
the increased nucleophilicity goes parallel with decreasing
O1-C9 distances in the encounter complexesand in the
transition structures, with a slightly higher (P1, P2) product
stabilization, and with an increasing bending (150.06° for
3, 148.56° for 4) of the CO2 substrate. The structural data
for the3- and4-EC complexes clearly show a larger progress
in the reaction for4-EC as compared to3-EC (Table 2).
Both complexes exhibit the same Zn-O1 distance (1.93 Å)
in the TS so that the nucleophilicity at the saddle point of
the reaction should be almost equal. The Zn-O2 distance

Table 6. Relative Energies [kcal/mol] for Some Points of the Carbonic
Anhydrase Reaction Cycle of Model Compounds1-4 in Aqueous
Solution: B3LYP-COSMO and PM3-COSMO Results (in Parentheses)

1 2 3 4

SR 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
EC -3.92 (8.47) 0.09 (5.07) -2.81 (-) -1.92 (1.75)
TS 2.79 (23.85) 1.59 (28.93) 2.58 (25.98) 4.08 (22.15)
P1 -16.66 (1.28) -13.16 (0.43) -16.02 (-0.21) -12.86 (-0.45)
P2 -16.80 (1.34) -13.19 (0.84) -15.96 (-0.38) -12.88 (-0.62)

Table 7. Selected Bond Lengths [Å] for Some Points of the Carbonic
Anhydrase Cyclea

3 4

gas
phase

aqueous
solution

gas
phase

aqueous
solution

free catalyst
Zn-O1 1.887 1.951 1.890 1.955

P1
Zn-O1 2.841 2.882 2.905 2.937
Zn-O2 1.956 2.040 1.951 2.046

P2
Zn-O1 2.968 3.079 2.897 3.138
Zn-O2 1.993 2.056 1.992 2.040

a Comparison of gas phase and COSMO-solvent calculations; PM3
results.
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is, however, markedly larger in complex4 than in3 (4-TS,
2.58 Å; 3-TS, 2.38 Å). This means that the substrate is
slightly less polarized by the zinc cation in4-TSas compared
to 3-TS. The reason for the larger Zn-O2 distance in
complex4-TShas its origin in the formation of an additional
hydrogen bond and not in a reduced Zn electrophilicity
(Figure 3b). The distance of O2 to the closest proton of the
macrocyclic ligand is 2.81 Å in3-TS and 2.50 Å in4-TS.
The direct way to the zinc center in4-TS is therefore partially
blocked by the NH hydrogen. In4-P2, the Zn-O2 bond is
slightly elongated (4, 1.929 Å;3, 1.910 Å). This could again
cause an enhanced bicarbonate/water exchange rate.

The orbital energy of the lone pair on oxygen has been
used so far in order to assess the degree of nucleophilicity
of a given model complex. To obtain a reliable energy value,
a high level of theory for the calculations is indispensable.
The question arises if a simpler approach could give
comparable results. It has already been discussed that the
zinc cation lowers the nucleophilicity of the hydroxide anion.
Changes in the ligand sphere can therefore modify the
binding strength of the hydroxide and thus the nucleophilic
capacity. The greater the Zn-O1 distance, the stronger will
be the characteristic properties of the “pure” hydroxide. In
Figure 4, the Zn-O1 bond length in the free catalysts is
plotted against the energy of the lone pair on oxygen. Two
structures ([Zn(NH3)2OH]+ and [Zn(NH3)OH]+) are included
to support this interpretation. The plot shows a good
correlation between the values with the exception of complex
1. An analysis of the structural parameters of this complex
shows the presence of a hydrogen bond between the zinc-
bound oxygen and a hydrogen of one NH3 group which
obviously causes a slight increase in energy of the lone pair
(Figure 5). This correlation of the nucleophilicity with the
energy of the p lone pair or vice versa with the Zn-O1
distances allows an interpretation of the extraordinarily long
value (2.1 Å) observed in the natural enzyme. This value
cannot be caused by the influence of the ligand sphere alone
(which is quite similar to the model complex2) but is the
additive result of a hydroxide stabilizing network of hydrogen
bonds. The increased Zn-O1 bond lengths of the free

catalysts in aqueous solution (Table 7) support this inter-
pretation.

The strength of the Zn-O interaction furthermore deter-
mines the acidity of the zinc-bound water. The deprotonation
energies (DPE, Table 4) show a direct correlation between
the determined order of nucleophilicity and the gas phase
basicity. The calculated DPEs in the gas phase do not
necessarily have to correlate with the experimentally obtain-
able pKa values because solvent effects could cause quite
some changes in the thermodynamics of acid-base reactions.
Nevertheless, the values in Table 1 show that the general
trend is the same in aqueous solution. Because the pKa value
determines the availability of the zinc hydroxide species at
a given pH, a compromise between nucleophilicity and
basicity must be found. The high activity of complex4 is
accompanied by a pKa value of 8.1 which is already markedly
higher than in the native enzyme.15

A further criterion of the catalytic activity is the binding
mode of the bicarbonate, because its replacement by water
is controlled by this structural parameter to a significant
extent in the second part of the catalytic cycle. The greater
the bidentate character of the bicarbonate coordination, the
smaller is the available space for the interaction of the
incoming water with the zinc cation. This assumption is
corroborated by the fact that the catalytic activity of carbonic
anhydrase analoguesdecreasesin the order Zn2+ > Co2+ >
Ni2+ > Cu2+, which is, according to X-ray analytical results,
proportional to the increasing tendency to bind bicarbonate
as a bidentate15 ligand.

The geometrical data in Table 2 forP2 suggest a tighter
binding of the bicarbonate in4 as compared to3. This
contrasts with the experimentally established order of activity
and is caused by the presence of intramolecular hydrogen
bonds. A hydrogen bond between the incoming CO2 and the
ligand ring has already formed in the transition structure4-TS
(Figure 3b). Further progress of the reaction leads to an
arrangement where O2 is bound to the zinc cation and O1
is placedbetweentwo ring hydrogen atoms (4-P1, 4-P2;
Figure 3c,d). In contrast to this, the ligand ring of complex
3 forms strong hydrogen bonds with the bicarbonate in both
product structures via the NH moieties (3-P2: H1-O, 2.152
Å; H2-O, 3.573 Å.3′-P2: H1-O, 2.830 Å; H2-O, 2.879
Å, cf. Figure 6). The trigonal arrangement of the nitrogen
atoms makes it harder to find a conformation in which both

Figure 4. Correlation betweenEPL (energy of the p lone pair at O1) and
the Zn-O1 bond length for model complexes1-4 and some NH3/[Zn-
OH]+ complexes.

Figure 5. Structure of complex1.
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oxygen atoms are positioned between the hydrogens of the
macrocyclic ligands (Figure 6). The hydrogen bonds decrease
the ability of the oxygen atom to interact with the zinc cation.
A larger Zn-O distance is the consequence. It is quite
difficult to find conformers in which O1 isnot involved in
a strong interaction with the ligand, as they are almost
isoenergetic with the stationary points found earlier (cf. Table
4, complex3′). Figure 6 displays information for the spatial
arrangement of the ligands in3 and3′. A comparison of the
coordination geometry ofP2 in 3′ with that calculated for
complex4 (Table 2) shows that the correlation of the Zn-
O1 distance with the experimentally observed activity is
conserved.

The high catalytic activity of complexes such as4 and3
is partly due to the steric impediment caused by the
macrocyclic ligands. The NH hydrogens interact with the
bicarbonate inP1 andP2 in order to keep it away from the
zinc center. In light of these results, the low activity of model
complexes with planar macrocyclic ligands12c is easily
understood.

To determine which of the product conformers of complex
3 plays the dominant role in aqueous solution, solvent
calculations have been carried out. Only structures with
strong intramolecular hydrogen bonds could be localized in
our gas-phase PM3 calculations. All attempts to localize
structures equivalent to3′ resulted in3. However, we expect
intramolecular hydrogen bonds to play a minor role in
aqueous solution because the same interactions can now be
caused by the medium. Comparison of the semiempirically
calculated geometries in the gas phase and in solution reveal
that a monodentate binding mode of the bicarbonate is
realized for both complexes in aqueous solution. Zn-O
distances of>3 Å are no longer considered to cause
significant interactions. Furthermore, this distance is larger
in 4-P2than in3-P2,thus allowing a more facile replacement
of the bicarbonate by water in case of4-P2. This is in
agreement with the kinetic data. X-ray analysis of mutated
enzymes has shown that zinc coordinates the bicarbonate as
monodentate in the natural catalysts.30 The large Zn-O
distance in the native enzyme is presumably caused by a
hydrogen bond to Thr199.

Conclusions

We conclude from this investigation that structure-activity
relationships for CA model systems can be derived from

quantum chemical computations. B3LYP single point cal-
culations with a flexible basis set on structures optimized at
the HF level of theory give excellent results for the course
of reaction. Except for a systematic overestimation of the
activation barrier, acceptable results are also obtained with
PM3. The nucleophilic attack of OH- on the CO2 proceeds
with a low activation energy which is caused by a zinc-
CO2 interaction in these catalysts which polarizes the
substrate. The equilibrium between the two products is
decisive for the direction of the catalytic reaction. Incorpora-
tion of solvent effects into the calculations shows that the
reaction is reversible. The energy of the lone pair on oxygen,
the DPE, and the Zn-O1 bond length in the free catalysts
can serve as a measure for the nucleophilicity of the model
system. A high nucleophilicity of [LZn-OH]+ parallels a
decreased acidity of the zinc-bound water. Complex4 reveals
a pKa value of 8.1 which is markedly higher than that in the
native enzyme (≈6.8).

The replacement of bicarbonate by water is inhibited by
a strong binding of this anion to the zinc center. The Zn-O
distances in the product structures can serve as a measure
for the capacity of water to replace the product molecule.
Whereas the nucleophilicity is almost exclusively dominated
by the electron donor capability of the ligand sphere, steric
impediments or intramolecular H-bonds contribute to the
bicarbonate fixation mode.

On the basis of these calculations and in agreement with
experimental results, complexes3 and4 are both acceptable
models for the carbonic anhydrase. Complex4 displays the
higher activity. If complex 1 could be experimentally
accessible, a catalytic activity is to be expected. Complex2
is (from a structural point of view) a good model for carbonic
anhydrase. The stronger donor ability of the sp2-N-imidazole
centers (as compared with the amino ligands of complex1
(sp3)) leads to an increased OH nucleophilicity of2 (Figure
4).

The special suitability of the central zinc cation for this
catalytic reaction can be derived from the results of this
investigation. If the metal possesses a stronger Lewis acidity
or prefers higher coordination numbers than the “moderate”
Zn, it would bind the bicarbonate much more strongly in a
bidentate manner. This would lead to a lower group transfer
activity. The fact that it is a d10 element and therefore
relatively indifferent to specific ligand arrangements is also
important. This property facilitates the fast exchange between
different coordination numbers and geometries. This is
essential for the most important steps of the catalytic
reactions because the zinc center prefers rapid formation of
intermediate tetra- and pentacoordinated structures during
the nucleophilic attack as well as during the replacement of
the bicarbonate.10

An efficient model catalyst [LZn-OH]+ should possesses
the following properties:

(i) The energy of the p lone pair orbital at the OH moiety
should be in the interval between-0.4 and-0.3 eV. This
results in Zn-O1 distances between 1.81 and 1.88 Å in the
gas phase and is an indirect indicator that a potential catalyst
probably possesses sufficient nucleophilicity toward the

(30) Xue, Y.; Vidgren, J.; Svensson, L. A.; Liljas, A.; Jonsson, B.-H.;
Lindskog, S.Proteins1993, 15, 80.

Figure 6. Sterical arrangement of the bicarbonate inP2 of complex3
and3′.
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substrate CO2. This parameter can be optimized in the desired
direction by variation of the ligand sphere.

(ii) The catalyst/CO2 system must allow fastintramolecu-
lar ligand rearrangements via five-coordinated structures in
the course of theTS as well as of theP1/P2 product
formation. This requirement is absolutely necessary and
limits the number of acceptable N3 and N4 ligands.

(iii) The intermediate productsP2 must allow theinter-
molecular formation of five-coordinated structures by the
attack of external nucleophiles, for example, of H2O.

(iv) Hydrogen bonds of the bicarbonate inP2 to the NH
hydrogen atoms could favor the catalytic activity.
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