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Kinetics and Mechanism of the Hydration of CO; and Dehydration of HCO;~ Catalyzed by a
Zn(II) Complex of 1,5,9-Triazacyclododecane as a Model for Carbonic Anhydrase
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A detailed kinetic study of the hydration of CO, and dehydration of HCO;~ was performed in the absence and
presence of a model Zn(IT) complex for carbonic anhydrase. The Zn(II) complex of 1,5,9-triazacyclododecane
([12]aneN;) was found to catalyze both the hydration of CO, and dehydration of HCO;~. The pH dependence of
these reactions clearly demonstrates that it is only the hydroxo form of the complex that catalyzes the hydration
reaction via CO; uptake by coordinated hydroxide, whereas it is only the aqua complex that catalyzes the dehydration
of HCO;~ via a ligand substitution process. The kinetic data reveal acid dissociation constants (expressed as pK,
values) of 7.45 £ 0.10 and 7.29 % 0.13 from the hydration and dehydration reactions, respectively, which are in
excellent agreement with the thermodynamically determined value of 7.5 for the model Zn(II) complex. The
second-order rate constants for the catalytic reaction paths are 581 + 64 and 4.8 £ 0.7 M-! s-! at 25 °C for the
hydration of CO; and dehydration of HCOj;-, respectively. The results are discussed in reference to data available

for other model systems and carbonic anhydrase itself.

Introduction

The mode of action and the role of Zn in the catalytic
mechanism of carbonic anhydrases have received significant
attention from niimerous experimentalists and theoreticians over
the last few years.!-'2 The carbonic anhydrases (CA) are zinc
containing metalloenzymes that catalyze the reversible hydration
of CO; and dehydration of HCO;~ given in (1). Three of the

CO, + H,0 =HCO, + H* )

seven distinct observed isozymes have high turnover numbers
(between 10¢ and 106),10 and therefore the nature of the active
site has been a topic of great interest. X-ray diffraction studies.
have revealed the active site environment for human carbonic
anhydrase B and C, which is given in Scheme 1.2 The active site
is ca. 15 A across and 15 A deep, and has a zinc ion positioned
atits bottom. The zincatomis bound tothree histidine imidazole
groups (His-96, -94, and -119) in a distorted tetrahedral array,
with the fourth site occupied by either a water molecule or a
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hydroxide ion hydrogen bonded to Thr-199, which is itself
hydrogen bonded to Glu-106 as shown in Scheme I. The enzyme
site can be divided into hydrophilic and hydrophobic halves. The
hydrophilic half contains the proton acceptor group His-64 and
partially ordered water molecules. His-64 is thought to be
important for the shuttling of protons out of the active cavity.!3
The ordered water molecules in the active cavity are thought to
be important for the intramolecular transfer of protons from the
zinc-bound water to His-64. In the hydrophobic half, a “deep”
water molecule close to the zinc center is thought to be important
for CO, recognition. Thecatalytic activity of CA is characterized
by a pK, value of ca. 7, such that hydration of CO, is dominant
above pH 7, while the dehydration of HCO;- is observed below
pH 7.2 It has been postulated that this pK, value represents that
of the coordinated water molecule on the Zn center that
participates in the catalytic reaction as summarized in (2)? and
shown in Scheme II.8

EZnH,0 = EZnOH + H*
EZnOH™ + CO, = EZnHCO," )

EZnHCO;™ + H,0 = EnZnH,0 + HCO,"

One of the approaches adopted to resolve the nature of the
active site in CA has been to design various types of metal
complexes to account for or to mimic the functions of the central
Zn(II) ion. Studies in recent years have focused on model
complexes of Co(III),!415 Cu(II),!s17 and Zn(II).!#-2° In the
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case of model Zn(II) complexes, there are six species summarized
in Scheme III that exhibit interesting structural and thermo-
dynamic properties to serve in model studies on the behavior of
CA. Ofthese, the macrocyclic tetraamine complex 1,'8 the cyclen
complex 2,25 the [12]aneN; complex 4,20 and the tris(imidazolyl)
complex 5 (R;, Rz, R3 = CH(CH3)y; Y = CI) are structurally
well defined. Complexes 1-4 are HO-bound Zn(II) complexes
that all generate L-Zn"-OH species with pK,(H,0) values of
8.7,188.0,2° 8.3,2! and 7.3,%0 respectively. The pH dependence of
the observed rate constants for the hydrolysis of neutral phos-
photriesters implied that the L-Zn"-OH species represent the
active form of the model complexes. In contrast, complexes §
and 6 did not show this behavior. It follows that complexes 5 and
6 did not show this behavior. It follows that complexes 14 are
likely to be suitable models to mimic the nucleophilic attack of
substrates on the OH--coordinated Zn(II) center. Animportant
question is whether the distorted four coordinate geometry and
low pK, of ca. 7 for the coordinated water molecule play an
important role during the nucleophilic attack. Complex 4 has a
tridentate ligand and is reported to be structurally and chemically
the best model for CA (Scheme I} todate. It exhibitsa pK, value
of 7.3, which is almost identical with that for CA. Furthermore,
in the OH- form it catalyzes the hydration of acetaldehyde and
the hydrolysis of carboxylic esters.202! Another surprising
property of 4 is that the anion binding affinity is very similar to
oreven better than for CA.202223 Allthese outstanding properties
made complex 4 an ideal candidate to study its catalytic effect
on the hydration of CO; and the dehydration of HCO5~. In
addition, our earlier experience with kinetic and mechanistic
studies of CO; uptake and decarboxylation reactions of model
transition metal complexes?%3! provided the appropriate back-
ground for these investigations.

Experimental Section

Materials. All reagents used were of analytical reagent grade. The
model complex 4, ([12]aneN;-Zn'l-OH);(ClO4)3-HCIO,, was prepared
and characterized as described before.?? The following indicators and
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biological buffers were purchased and used without further purification:
chlorophenol red (Sigma), 4-nitrophenol (Merck), phenol red (Merck),
m-cresol purple (Sigma), thymol blue (Merck), Mes (2-[N-morpholi-
no]ethanesulfonic acid, Merck), Bis-tris ((bis[2-hydroxyethyl]imino)-
tris{hydroxymethylJmethane, Sigma), Mopso (3-[N-morpholino-2-hy-
droxypropanesulfonic acid, Sigma), Mops (3-[N-morpho-
lino]propanesulfonicacid, Sigma), Hepes (V-[2-hydroxyethyl]piperazine-
N’-[2-ethanesulfonic acid], Merck), Hepps (N-[2-hydroxyethyl]piper-
azine-N'-[3-propanesulfonic acid], Merck), Taps (V-tris[hydroxymeth-
yllmethyl-3-aminopropanesulfonic acid, Sigma), Ampso (3-[(1,1-
dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfonic acid, Sigma).
All solutions were prepared using distilled and deionized water that was
boiled for more than 1.5 h prior to use to remove the dissolved COa.

CO; solutions (ca. 0.02 M) were prepared via careful acidification of
0.04 M NaHCO3 solutions with 0.04 M HC1O, to a pH between 3.2 and
3.7 monitored on a pH meter. Such solutions could not be stored without
loss of CO;, and were therefore prepared freshly immediately before use
and introduced into the syringe of the stopped-flow instrument. HCO;~
solutions (ca. 0.012 M) were freshly prepared from NaHCOj; and used
within 12 h. The ionic strength of all test solutions was adjusted to 0.11
M with the aid of NaClOy for the hydration reaction and to 0.10 M for
the dehydration reaction.

Kinetic Procedures. Allkinetic measurements were performedat 25.0
£ 0.1 °C on a Durrum D110 stopped-flow instrument attached to an
on-line data acquisition and handling system, using the OLIS KINFIT
(Jefferson, Ga) set of programs. A Metrohm 632 pH meter equipped
with an Ingold V402-S7/120 electrode was connected directly to the
receiver reservoir of the stopped-flow instrument in order to determine
the pH of the reaction mixture directly after mixing. The reactions were
followed using the “change in pH-indicator” method, in which pairs of
buffers and indicators having nearly the same pK, values are employed,
as described by Khalifah.2 Concentrations were selected in such a way
that the total buffer concentration was 50 mM after mixing in the stopped-
flow. The pK, values, appropriate wavelengths tostudy the reaction, and
the change in extinction coefficient for the series of buffer—indicator
pairs, measured under the same conditions, are as follows: Mes (pK, =
6.3) and Bis-Tris (pK, = 6.5) with chlorophenol red (pK, = 6.3, A = 574
nm, Ae = 4.71 X 10* M~! cm™); Mopso (pK, = 6.9) and Mops (pK, =
7.2) with 4-nitrophenol (pK, = 7.1, A = 400 nm, Ae = 1.81 X 104 M~!
cm!); Hepes (pK, = 7.5) with phenol red (pK, = 7.5, A = 558 nm, Ae
= 6.41 X 10* M~! cm™!); Hepps (pK. = 8.0), Tricine (pK, = 8.1), and
Taps (pK: = 8.4) with m-cresol purple (pK, = 8.3, A = 578 nm, A¢ =
3.88 X 10* M~! cm~!'); Ampso (pK, = 9.0) with thymol biue (pK, = 8.9,
A = 596 nm, Ae = 2.43 X 10* M1 cm™!).

The initial rate, Viniua1, was estimated from eq 3,335 where 4o and 4,
are the initial and final absorbance values, and Q is the buffer factor for

Vinitiat = Q(A4g — 4,)[d(In (4 - 4,))/dt] 3)

converting changes in the absorbance of the indicator to changes in CO;
or HCOs™ concentration. The values of @ were determined before a
series of kinetic measurements and in some cases checked after completion
of the measurements. For this purpose, solutions of different concen-
trations of HCIO4 or NaOH, similar to those of CO; or HCO;5, were
mixed with the buffer—indicator solutions in the stopped-flow instrument. ¢
The absorbance change was recorded as a function of HC1O4 or NaOH
concentration, and Q was calculated from the reciprocal slope of a plot
of absorbance change versus [HC1O4) or [NaOH]. The last term in eq
3 was determined from the initial slope of the absorbance-time trace.
Alternatively, it was also calculated from the apparent rate constant
using a one exponential fit routine (OLIS, KINFIT) in which 10% of the
reaction was taken.

The procedures for a typical kinetic experiment were as follows. One
syringe in the stopped-flow was filled with a 100 mM buffer solution
containing (2-12) X 104 M Zn!'-[12]aneN;, 0.2 M NaClOQ, for the
hydration reaction and 0.1 M NaClQO, for the dehydration reaction, and
(4-10) x 10~ M indicator (in the case of the reference experiment the
solution did not contain the Zn(II) complex). The second syringe was
filled with the freshly prepared CO2 (in 0.02 M NaClO,) or HCO;- (in
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0.1 M NaClQ,) solution, and the absorbance time trace was recorded as
described above. Plots of Vinitial versus [Zn(II)] T at a given pH gave good
straight lines, from which the slope was used to calculate the second-

hydration of CO; or dehydration of HCOj-, respectively.

pH Titration Procedure. An automatic titrator (Metrohm 702SM
Titrino) coupled toa Metrohm electrode was used and calibrated according
tothe Gran method.?” Alltitrations were carried out under Aratmosphere,
at 25.0 £ 0.2 °C, and at an ionic strength of 0.1 M (NaClQ,). For the
determination of the ligand protonation constant two 50-mL stock solutions
were prepared in which the total ligand and total acid concentrations
were 1.00 and 3.50 mM and 2.00 and 7.13 mM, respectively. For the
determination of the complex formation constant of Zn!'-L and the
deprotonation constant of the bound water molecule in this complex,
three S0-mL stock solutions containing the following total metal ion,
ligand, and acid concentrations: 1.00, 1.00, 3.56 mM; 1.00, 2.00, 6.11
mM; and 1.00, 3.00, 9.16 mM, respectively. Duplicate titrations were
performed with standardized 43.65 mM NaOH using 20 mL of each
stock solution, for which the experimental error was below 1%. The
titration data was fitted with the PSEQUAD program,3® from which the
distribution curve for the various species could be obtained (Figure 1).

(37) Gran, G. Acta Chem. Scand. 1950, 4, 559.
(38) David,J. L. Computational Methods for the Determination of Formation
Constants; Plenum Press: New York, 1985, Chapter 8.
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Results and Discussion

Distribution Curves for Species in Solution. The complex
[Zn'L(OH)]3(ClO4);*HCIO4 was characterized by a single-
crystal X-ray analysis.?® There are three Zn!!([12]aneN;)OH*
ions around a crystallographic 3-fold axis with the one HCIO,
molecule on this axis. pH titrations established that this trimeric
complex in aqueous solution forms two ZnL(OH)* and one
ZnL(H,0)?* species as shown in (4). This assignment is also in

H,0
[Zn"L(OH)],(C10,),-HCIO, —

2ZnL(OH)* + ZnL(H,0)** + 4ClO,” (4)

agreement with the observed !H-NMR spectrum and the single
pK, value for 4.2° The complex is stable in a certain pH range
and decomposes in others as shown in Figure 1. At pH <6, only
Zn(I1) ions and free ligand are present in solution. Complex
formationstartsat pH > 6 and the following equilibrium constants
were determined. These values arein close agreement with those

L+H'=HL"* K, =10'** (5)
HL*+ H*=H,L* K,=10"" (6)
H,L™* + H*=H,L** K, =10"* N

Zn(Il) + L= ZnL(H,0)** K, =10*¢  (8)

ZnL(H,0)* = ZaL(OH)* + H" K, =107 (9)

cited elsewhere.20 It follows from the distribution curves that
under certain experimental conditions, free Zn(II) ions will be
present in solution and may affect the kinetic measurements, an
aspect that was studied in this investigation. The influence of
Zn(OH)™ at high pH can be neglected.

Hydration of CO,. The kinetics of the uncatalyzed and
catalyzed hydration of CO, were studied under the same
experimental conditions in the pH range 6.0-9.0. The results for
the uncatalyzed reaction, measured either directly in the absence
of the catalyst or estimated from the data for the catalyzed reaction
by extrapolation to zero catalyst concentration, are summarized
along with literature data3233 in Figure 2. The reaction exhibits
no significant pH dependence in the range 6.0-7.8 (see Figure
2a) and our mean values for kb of 0.0301 % 0.009 (@), 0.0281
+0.008 (0),and 0.0289 % 0.008 (£1) s~1, obtained in three different
ways, are in good agreement with each other and with theliterature
data.3233 According to the overall reaction scheme given in
(10),3233 the observed hydration rate constant in neutral solutions

" . kn
H* + Hc°3 HzCOg
ky
k|3”“:u ka“*:n (10)
002 + Hzo

is given by k" = k3; + k3. When the pH is increased to 9.0, the
OH--catalyzed reaction (11) contributes significantly toward the

koH
CO, + OH~ — HCO;~ (11)
Kb, = Kb+ koyy[OHT) (12)

observed hydration rate constant given in (12). The plot of kb,
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Figure 2. Summary of rate constants for the hydration of CO; as a
function of [OH-] in the pH range 6.0-9.0 at 25 °C. (Data for the lower
concentration range are reported in part a.) Experimental conditions:
For data from this study (@, O, 0), temperature = 25.0 °C, ionic strength
= 0.11 M, [indicator] = (2-5) X 10> M, and [buffer] = 50 mM. For
literature data (X, +) see refs 32and 33, Key: (@) data obtained directly
from uncatalyzed hydration rates; (O) data extrapolated from Figure 4;
(X)datareported in ref. 33; (+) data reported in ref. 32; (Q) data obtained
from initial slopes of kinetic traces.

versus [OH-]% given in Figure 2b exhibits a good linear
dependence from which it follows that koy = (7.9 £ 0.6) X 103
M-! 5! and kb = 0.047 £ 0.007 s-!. The results in Figure 2
indicate a good agreement between the different ways in which
kb, was determined and also with the cited literature data,32.33
Our koy value is close to that obtained from conductivity
measurements,* viz, 8.5 X 103 M-! 571,

Typical kinetic traces observed for the uncatalyzed and Zn(II)
catalyzed hydration of CO, using different buffer-indicator pairs
overthe pHrange 6.1-9.0, are reported in Figure 3 (supplementary
material). The kinetic traces in Figure 3a,b clearly demonstrate
the catalytic effect of Zn"'-[12]aneN,, and indicate that the overall
absorbance change (4o — A4.) is very similar for both reactions,
i.e. the same concentration of H* is released during the reactions
within the experimental error limits, Onincreasing pH, the kinetic
traces exhibited more of a two exponential behavior, but 10% of
the overall reaction fitted to a single exponential decay was used
toobtain Viniiar. Some typical plots of Vinitia) versus [Zn(II)]rare
shown in Figure 4, from which it follows that the initial hydration
rate varies linearly with the total Zn(II) concentration and
increases significantly on increasing pH. The corresponding
values of (KP.s¢)ons are summarized in Table I, and the data are
plotted as a function of pH in Figure 5. The pH range was

(39) For the estimation of the OH- concentration, the ion product of water
was measured as 1.97 X 10~ using a literature procedure’’ for our
experimental conditions, and was taken as 1.66 X 10-14 (Busey, R. H.;
Mesmer, R. E. J. Chem. Eng. Data 1978, 23, 175) for the literature
data.

(40) Sirs, J. A. Trans. Faraday Soc. 1958, 54, 201.
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Figure 4. Typical plots of initial rate versus {Zn(II)]t for the hydration
of CO; as a function of pH at 25 °C. For experimental conditions see
Table I. Key: (A) pH = 6.05; (X) pH = 6.47; (0) pH = 7.40; (Q) pH
= 1.79; (¢) pH = 7.00; (®) pH = 8.24; (+) pH = 8.89.

Table . Summary of the Second-Order Rate Constants, (Kbce)obs,
for the Zn(II)-Catalyzed Hydration of CO; as a Function of pH¢

buffer 10%[indicator], M pH® (kboge)obes M1 57!

Mes 221 6.05 0.14 +0.92¢
Bis-tris 3.02 6.47 33%0.7¢
Mops 431 6.85 128+ 16
431 7.00 13615
431 7.03 146 % 11
Hepes 2.20 7.27 24417
220 7.40 284 %12
Hepps 4.18 7.79 453@24
Taps 4.18 8.24 511 34
Ampso 2.42 8.89 556 % 69
2.42 8.99 578 @ 56
Ches 2.42 9.12 562 @ 41

9 Experimental conditions: [buffer] = 50 mM; temperature = 25.0
°C; ionic strength = 0.135 M; [CO;] = 12.3 mM or 9.85 mM. 4 Mean
pH calculated from pH measurements before and after the reaction. The
pH difference was never more than 0.2 units. ¢ According to the
distribution curves in Figure 1, there is nearly no complex formed at pH
6.05 and very little (<5 %) at pH 6.47. Both of these data points were
not included in the calculation of kb,
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31
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Figure 5. Plot of (k"c)ous versus pH. For experimental conditions see
Table I. The solid line was calculated on the basis of the mechanism
outlined in eq 14—see Discussion.

restricted by the decomposition of the complex at lower pH, and
the interference of the spontaneous base-catalyzed hydration
reaction at pH > 9.0, where the initial rate method could not be
employed since the buffer factor could not be kept constant under
such conditions due to the complication of carbonate formation.
The effect of free Zn(1I) ions on the reaction was checked at pH
= 6.85, but no catalysis was observed.

The sigmoid shaped curve is characteristic for a kinetic process
controlled by an acid—base equilibrium and exhibits an inflection
around a pH of 7.4, i.e. the pX, value of 4. Thus the Zn'-
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Figure 6. Plot of (kbg:)obne~! versus [H*] for the data in Table 1.

[12]aneN; complex must play a crucial role in the catalyzed
hydration of CO,, similar to that found for related reactions.20:21
The pH dependence of (kb,)obs can be accounted for in terms
of the mechanism outlined in (13), which is based on the principle

Ko
L-Zn-OH" + €0, ~—* L-ZnOCO,H* (L = [12)aneNy)

that only the hydroxo complex can react with CO, in order to
catalyze the hydration reaction.’#! In this scheme it is assumed
that the produced bicarbonate complex is unstable and rapidly
aquates to bicarbonate and the aqua complex, which deprotonates
under these conditions to the hydroxo species. It is reasonable
to assume that no stable bicarbonate complex is formed since the
release of protons was observed during the reaction. Inaddition,
no evidence whatsoever could be found for the presence of such
a complex.

The rate law for the suggested CO, hydration mechanism is
given in (14), from which it follows that a plot of (kbe)obs

+H' K, +Hz0 | fast (13)

L-Zn-OH* + HCO,™ + H*

(K" a)obs = K'oq K./ (IH*] + K,) (14)

versus [H*] should be linear. The data in Table I are plotted
accordingly in Figure 6, from which it follows that X, = (3.5 £
0.4) X 108 M and kb, = 581 % 64 M-! 5! at 25.0 °C. Indeed
this X, value, viz. pK, = 7.45 % 0.10, is very close to that
determined for the aqua complex above and underlines the validity
of the suggested mechanism. The values of X, and kb, were
used to calculate the sigmoid curve in Figure 5, which fits the
experimental data rather well.

Dehydration of HCO5~. A few typical kinetic traces for the
catalyzed dehydration of HCO;~ are reported asa function of pH
in Figure 7 (supplementary material). The traces clearly show
that the dehydration of HCO;~ can only be studied over a limited
pH range due to the interference of the reverse hydration reaction
especially at higher pH (see initial absorbance decrease associated
with the hydration reaction in Figure 7d). The kinetics of the
uncatalyzed and catalyzed reactions were studied under similar
experimental conditions. Kinetic data obtained directly for the
uncatalyzed reaction are in close agreement with those extrap-
olated from the catalyzed reaction at zero Zn(II) concentration,
as indicated by the plot of Viniia versus [H*] in Figure 8. The
rate law for the uncatalyzed dehydration reaction according to
the overall scheme in (10) is given by eq 15, where k¥ = k;3 +
kaskiz2/k21. The [HCO;7] was calculated from the known acid

(41) (a) Chaffee, E.; Dasgupta, T.P.; Harris, G. M. J. Am. Chem. Soc. 1973,
95, 4147. (b) Schwarzenbach, G. Helv. Chim. Acta 1957, 40, 907.
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Viniial = kK‘[HCO, ] [H'] (15)

dissociation constants,*? and the resulting value for k“ from Figure
8,viz. (5.9 £ 0.5) X 10* M-!s71,is in good agreement with a value
of (5.85 £ 0.06) X 10* M~! 57! reported in the literature.??
The dehydration reaction is only slightly catalyzed by the model
Zn(II) complex (Figure 9), and the effect decreases with
increasing pH. The latter trend suggests that the aqua complex
must be the reactive catalytic species. The pH range was once
again restricted by the decomposition of the Zn(II) complex at
lower pH and the interference of the hydration reaction of CO,
at higher pH. The kinetic data were fitted to the suggested
mechanism in (16), for which the corresponding rate law is given

L-Zn-OH* L-Zn-OH,%* + CO, + OH™

-H*

HL K, +H,0 | tast (16)
Kot

L-Zn-OHp** + HCOy —— L-Zn-OCOH*

in (17). Accordingly, a plot of (k%a;)obs~! versus [H*]-! should
(K adays = Ko [H'1/([H'] + K,) (17)

be linear, which is the case for the experimental data (see Figure
10). The error in the measurements increases with decreasing
[H*] due to the restrictions mentioned above. From this data fit
it followed that k4., = 4.8 £ 0.7 M-! s-! and K, = (5.3 £ 0.8)
X 108 M;ie. pK, =7.29 £0.13. The latter value is rather close
tothat found from the pH dependence of the catalyzed hydration
reaction of CO, when the limited pH range is taken into account,
and underlines the validity of the suggested mechanism. Again
it was checked that free Zn(II) ions had no effect on the reaction,
such that the observed catalytic effect must be due to the complex
4.

Overall Catalytic Mechanism. It follows from the above
reported data that the model Zn"-[12]aneN; complex exhibits
a catalyticactivity for both the hydration of CO, and dehydration
of HCO;-, which is controlled by the pH of the solution. In
acidic pH, the aqua complex exhibits a slight catalytic activity
on the dehydration of HCO5- in which the rate-determining step
is substitution of the labile water molecule by HCO;-, followed
by the rapid decarboxylation of the coordinated bicarbonate
molecule as found for many model bicarbonate complexes.*® In
basic solution, the less labile hydroxo complex is able to catalyze
the hydration of CO,, for which the CO, uptake reaction (see
(13)) is the rate-determining step and is followed by the rapid
aquation reaction of the bicarbonate complex. Thus the model
complex is the first example to mimic the catalytic activity of CA
in that there is a competition between uptake/decarboxylation
reactions on the one hand, in which no Zn-O bond cleavage
occurs, and substitution reactions on the other hand, where Zn-O
bond cleavage does occur. In all the model complexes studied
before3®3! either only uptake/decarboxylation reactions or only
substitution reactions were observed, depending on the lability
of the metal center. For nonlabile octahedral complexes of
Co(III), Rh(III), Ir(III), and Cr(III),’° only CO; uptake and
decarboxylation of coordinated HCQOs- were observed, whereas
for labile square planar complexes of Pd(II)*! only substitution
of coordinated water by HCO;~ and the reverse were observed.
Thus the model Zn(II) complex exhibits the unique property of
a labile water molecule that can undergo a substitution reaction
with HCO;~ and a nonlabile hydroxy ligand that can undergo a
CO; uptake reaction. Consequently, coordinated bicarbonate

(42) The dissociation constants for carbonic acid are well-known at zero ionic
strength,*! but data in the range 0.01-0.5 M ionic strength are scarce.
We estimated pK; = 6.14 at 0.1 M ionic strength from the literature
(Nasanen, R.; Merilanen, P.; Leppanen, K. Helv. Chim. Acta 1961, 15,
915) and took pK, = 9.8 from ref 41.
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Figure8. Effectof [H*] ontheinitial rate of the spontaneous dehydration
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Figure 10. Plot of (k%a)obes~! versus [H*]-! for the catalyzed dehydration
of HCO;~. For experimental conditions see Figure 7. Bxperimental
data are for the pH range 6.68—-7.56. [H*] concentrations were calculated
from the mean pH value measured before and after the reaction, which
never differed more than 0.14 pH units.

has the choice to either be substituted during the reverse aquation
reaction, or to loose CO; during the reverse decarboxylation
reaction. The overall catalytic mechanism is summarized in
SchemeIV. Thedeprotonation of L-Zn-OCO,H* is notincluded
since this could lead to a stable L-Zn-OCQ; species, as found
for the other model systems,3%3! but no evidence for the formation
of such a product was found in this study. It is likely that such
a complex could also be fairly labile and undergo a rapid
substitution reaction.
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Figure 11. Effect of buffer concentration on the spontaneous and catalyzed
hydration of CO;. Experimental conditions: [CO;] = 9.8 mM; ionic
strength = 0.11 M; [buffer]/[m-cresol purple] = 1438; A\ = 578 nm;
temperature = 25 °C. Key: (O) Hepps in the absence of Zn(II), pH
= 7.84; (O) Tricine in the absence of Zn(II), pH = 7.96; (®) Hepps in
the presence of 5 X 105 M Zn(I1), pH = 7.84; (M) Tricine in the presence
of § X 10-° M Zn(II), pH = 7.96.

Scheme IVe
1Zn-OH* — %0 “uptake/decarboxylation®
-CO;
TLN | BT LZn-OCO,H*
+HCO;™, ~H0 |
LZn-OH,** === "substitution”
—HCO,™, +H,0

9L = [12]ane N;.

In Scheme IV the protonation/deprotonation of the Zn(II)
complex (reaction 9) involves proton transfer. Furthermore,
proton transfer (Lipscomb mechanism) or oxygen transfer
(Lindskog mechanism)*® must be involved during CO; uptake by
LZn-OH™* to produce LZn—OCO,H™* and during the reverse
decarboxylation reaction. The location of the proton on the
bicarbonate complex, viz. LZn-O(H)CO,* or LZn—-OCO-H*, is
crucial in determining the stability of the Zn—O and O—C bonds,
which in turn controls the “uptake/decarboxylation” and “sub-
stitution” steps in Scheme IV. Such proton-transfer processes
could be affected by the buffer employed, and for this reason the
effect of the buffer concentration on the uncatalyzed and catalyzed
hydration of CO, was investigated. For this purpose different
types of buffers with different functional residues, viz. >*NH-
CH,—CH,-S0O;5 and >*NH-CH,-COO-, were selected and the
results are summarized in Figure 11. It follows that in most
cases the buffer concentration had no significant influence on the
initial rate of the reaction for both the spontaneous and catalyzed
processes at buffer concentrations higher than 30 mM. This
clearly shows that proton transfer between the zinc-bound water
molecule and the medium is too fast to be the rate-determining
step under our experimental conditions. In the case of Tricine
at concentrations higher than 70 mM, a significant decrease in
the catalytic reactivity of the model complex could be detected.
It is obvious that Tricine reacts with the Zn(II) complex under
such conditions and suppresses its reactivity. The buffer con-
centration of 50 mM selected in the present study is such that
nolimiting effect due to proton-transfer reactions can be expected.

The investigated model complex exhibits a moderate catalytic
effect on the hydration of CO,. Our value for kb of 581 £ 64
M-1s1at 25 °C s on the higher limit of the values reported for
CO, uptake by one kind of model complexes studied before.3045

(43) Miguel, S.; Agusti, L.; Miguel, D.; Juan, B. J. Am. Chem. Soc. 1992,
114, 869.
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These complexes all involve a single coordinated OH- ligand,
similar to that of complexes 1-4. A value of 590 £ 30 M-! g1
was reported for CO; uptake by Cu(gly),;OH, but this complex
ischaracterized bya pK; value of 9.4.4# Furthermore, the present
model complex 4 is significantly more reactive than the Zn-
(CR)YOH* complex (CR = Me;pyo[14]trieneN,), for which a
CO; uptake rate constant of 225 £ 23 M~! s-! was reported.*s If
we exclude the native role of the hydrophobic pocket, the proton
relay and other structural factors in CA, our results favor the
Zn'-OH* mechanism.! Both the low pK, value around 7 and
the tetrahedral ligand arrangement are essential for this mech-
anism. This ligand arrangement provides more space for the
entering nucleophile than in the case of five or six coordinated
ligands. For another series of tris(imidazole) complexes (5 and
6), maximum rate constants of 900 (5, R, = R, = R; =
CH(CHg)z), 1500 (R1 = CH(CHg)z, Rz = R3 = H), and 2700
M-1s1(R, =R, =R3;=CHCH,CH,) werereported.? Although
these complexes exhibit a higher catalytic reactivity than 4, they
failed to mimicthe characteristic pH profile for both the hydration
and dehydration reactions as suggested for CA by many groups.!-13
Instead, these complexes showed some acid catalysis for the
hydration reaction. The high catalytic effect observed for these
complexes?® may be due to the hydrophobic environment of the
metal center. It remains, however, important to note that the
model complex 4 investigated in this study catalyzes both the
hydration and dehydration reactions, and exhibits the charac-
teristic pH dependence reported for the catalytic activity of CA.

We conclude that although the model complex 4 can mimic
the catalytic activity of CA for both the hydration of CO; and
dehydration of HCOs~ very nicely, its catalytic activity is very
moderate. The unique combination of the distorted tetrahedral
geometry and the low pK, value of 7.5 certainly play an important
roleinthecatalytic paths forreaction 1. However, theimportance
of the hydrophobic pocket, proton relay, and other structural
features of CA cannot be accounted for by this work. The large
difference in reactivity between CA and the model complex 4
may be related to an effective preassociation of CO; within the
hydrophobic pocket in CA 5111347 i ¢, close to the reactive site,
something that is not possible in our model complex. If this
preassociation is characterized by a large binding constant of 10*
M-1, it can account for the 4 orders of magnitude difference
observed in the catalytic activity during the hydration of CO,.
Such a large preassociation constant will require a very specific
interaction of CO, with a functional group within the hydrophobic
pocket. Formation of HCO;- at the active site will then lead to
a rapid release of HCQO;~ due to the significantly weaker
interaction with the hydrophobic pocket. In the case of the
dehydration of HCOj~, an effective preassociation with the
hydrophilic pocket could account for the high catalytic reactivity.
It is therefore essential that further work on model systems will
have to include ligands that create a hydrophobic environment
for the preassociation of HCO5-, in order to be able to mimic the
overall process and to resolve the structural details of the important
intermediate species.
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