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A novel Zn(I)-OH complex surrounded with hydrogen
bonding and hydrophobic interaction groups has been prepared as
a structural/functional model of carbonic anhydrases, and
characterized by X-ray structure analysis and ESIMS and 'H-
and "3C-NMR spectroscopies. The complex has been found to
exhibit a reversible binding of CO,.

Studies on the hydrolytic reactions for Zn(II)-containing
enzymes, such as carbonic anhydrases (CA), carboxypeptidases,
and phosphatases, are extensively interested from the viewpoint
of bioinorganic subjects.! Especially, CA plays physiologically
important function to catalyze the interconversion of CO, and
HCO;~ in biological system.> The crystal structures of human
CAs I and II have revealed that each Zn>* ion is a pseudo-
tetrahedrally coordinated by three histidine side chains and an
H,0/OH molecule, depending upon pH.>* In this system, the
H, O molecule is polarized by the Zn>* ion to the OH™ ion which
can nucleophilically attack the nearby enzymatically-bound CO,
thereby converting it to HCO;~.> The catalytic activity is
characterized by a pK, value of ca. 7, which is crucial pK, for
that of the coordinated water molecule on the Zn(II) center in CA;
hydration of CO, is dominant above pH 7, while dehydration of
HCO;™ is observed below pH 7. Although some studies on the
structural and/or functional models of an active site for CA have
been reported hitherto using pyrazolylborate,’ pyrazoyl-
methylamine,® macrocyclic amine ligands,” or other ligands,®
the functional model that has a hydrogen-bonding site and can
reversibly bind CO, molecule has not been reported. Recently we
have succeeded in the preparation of some structural models of
the active sites for physiologically-important
metalloenzymes.>!? The ligands employed in these studies
contain noncovalent interaction sites, such as hydrogen bonding
NH and hydrophobic fert-butyl groups, in the polypyridylamine
ligand, which have been mimicked from the local structures
around the active centers of metalloenzymes.”!® Using the
tripodal polypyridylamine ligand which has been substituted by
the noncovalent interaction groups, tris(6-neopentylamino-2-
pyridylmethyl) amine (TNPA),!? novel functional model that can
reversibly bind CO, molecule, [Zn(tnpa)(OH)]C1O4 (1), has been
prepared. Here we report the preparation and characterization of 1
regulated with hydrogen-bonding interaction and the interesting
behavior of reversible binding of CO, molecule.

Reaction of Zn(ClOy4),-6H,0 and an equimolar amount of
TNPA in methanol solution gave [Zn(tnpa)(OH)]CIO, (1), whose
colorless single crystal was obtained by standing the resultant
solution for a few days.'! The crystal structure of 1 revealed that
the Zn(Il) ion has a trigonal-bipyramidal geometry with three
pyridine nitrogen atoms in equatorial plane (Zn-N(2) =

2.1015(7), Zn-N(3) = 2.1601(9), Zn-N(4) = 2.1828(8) A) and
tertiary amine nitrogen and hydroxide oxygen atoms in axial
positions (Zn—N(1) =2.1495(9) and Zn—-O(1) = 1.9315(8) A), as
shown in Figure 1. The Zn—O(1) bond is similar to those observed
in the active sites of native CAs 1 (1.9 A) and 11 (2.05 A) that have
been obtained from X-ray diffraction study of the crystals,
although it is slightly shorter than that of CA I1.3* The trigonal-
bipyramidal geometry is also understandable from T value of 0.90
for the Zn(Il) site estimated from the crystal structure.'> As
expected from the design concept of the ligand TNPA, the
hydroxide ion is surrounded by the bulky tert-butyl groups of the
neopentylamino substituents and hydrogen-bonded intramolecu-
larly with the NH groups of the ligand; O(1)- - -N(5) = 2.805(1),
O(1)- - -N(6) = 2.827(2) and O(1)- - -N(7) = 3.003(1) A (Figure
1). The hydrogen bonding interactions in complx 1 are also very
similar to those in CA; the zinc-binding hydroxide oxygen is
hydrogen bonded with two water molecules (2.60, 2.79 A) and
threonine OH (2.83 A).*

Interestingly, alternate bubbling of CO, and Ar into a
DMSO-dj solution of complex 1 exhibited a reversible spectral
change at room temperature, as examined by '"H-NMR. The N-H
proton peak observed at 9.21 ppm showed definitive up-field shift
to 7.71 ppm by addition of dry CO, for 20 min, although the other
proton peaks also exhibited slight changes, which were returned
to the initial position by bubbling of Ar for 30min."> The
reversible binding of CO, has also been characterized from BcC-
NMR spectroscopy in CD3;OD solution of 1 (Figure 2): A new

Figure 1. ORTEP view of 1, showing 30% probability thermal
elipsoids. The counter anions and hydrogen atoms are omitted
except for NH and OH hydrogens for clarity. Selected bond
lengths (A) and angles (°): Zn(1)-O(1) 1.9483(5), Zn(1)-N(1)
2.132(1), Zn(1)-N(2) 2.111(1), Zn(1)-N(3) 2.1451(6), Zn(1)—
N4) 2.174(1), O(1)-Zn(1)-N(1) 177.86(2), O(1)-Zn(1)-N(2)

101.36(1), O(1)-Zn(1)-N(3) 100.67(2), O(1)-Zn(1)-N(4)
101.36(2), N(1)-Zn(1)-N(2)  80.71(3), N(1)-Zn(1)-N(3)
78.94(5), N(1)-Zn(1)-N(4)  77.23(4), N(2)-Zn(1)-N(3)
112.45(2), NQ2)-Zn(1)-N(4) 112.93(5), N(3)-Zn(1)-N(4)
123.64(3).
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Figure 2. 3C-NMR spectrum of CD3;0D solution of complex 1
after bubbling CO; gas (for 20 min) at ambient temperature. The
carbon peak at 160.84 ppm disappeared by addition of Ar gas (for
30 min).
peak was detected at 160.84 ppm, assignable to an sp> carbon of
the coordinated HCO5;~, because it was detected at different
position from those of CO, (126.34ppm) and free HCO;3™
(158 pm).* The peak has disappeared by bubbling of Ar gas. It is
also clear from the ESIMS spectroscopic study that the addition of
CO;, to 1 gave the feature isotope clusters at m/z 670.3,
corresponding to the formula [Zn(tnpa)(HCO3)]*, which was
replaced by those of [Zn(tnpa)(OH)]* by bubbling of Ar.

Scheme 1.

It is clear that the coordination mode of HCO3;~ to Zn(II) ion
in solution is not a bidentate fashion but a symmetric unidentate
one (Scheme 1), because both of the 'H- and *C-NMR spectra
showed higher symmetric spectral patterns and did not exhibit
any significant spectral changes except for the large upfield-shift
of NH peak. Furthermore, the up-field shift of NH proton peak of
complex 1 by bubbling of CO; indicates the losing of hydrogen
bonds with the coordinated HCO3;~ from the steric demand
between the ligand and bulky zert-butyl groups of the TNPA
ligand.

In order to estimate a pK, value of the Zn(II)-coordinated
hydroxide oxygen, the pH titration (Zn—-OH~ + H™ = Zn—-OH,)
of complex 1 was examined by 'H-NMR spectroscopy following
the chemical shift of pyridine Hy-proton peak. The pK, values of
zinc-coordinated hydroxide oxygen, when the titration was
carried out in CD3CN/D,O (with a 1:1 ratio) and in THF-dg/
H,0 (with a 1:1 ratio) because of low solubility of the complex in
water, has been estimated to be 7.88 and 7.60, respectively. They
are comparable to that of native CA (pKa 7.0 up to 7.5).>'* The
good agreement in pK, values between complex 1 and CA may
attribute to similarlity in the intramolecular hydrogen bonds as
well as that in the active site structures for both cases.'*

In conclusion, we succeeded in preparation and structural
characterization of novel Zn(II)-OH complex with TNPA ligand,
in which the labile hydroxo species has been stabilized by
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intramolecular hydrogen bonding and hydrophobic interaction
groups of the ligand. The complex 1 exhibited a reversible
binding of CO,, which was identified by 'H- and '*C-NMR and
ESIMS spectroscopies. The estimated pK, value of the Zn(Il)-
coordinated hydroxide oxygen was in good agreement with that of
native CAs.>!* On the basis of these findings, we can suggest that
the intramolecular hydrogen bonds with the hydroxide species
may regulate the reversible binding of CO, for not only
[Zn(tnpa)(OH)]* but also CA.2

This work was supported partly by a Grant-in-Aid for

Scientific Research (No. 11228203, 12304039) from the Ministry
of Education, Science, Sports, and Culture of Japan and supported
in part by a grant from the NITECH 21st Century COE Program
(S.Y., Y.F. and H.M.), to which our thanks are due.

References and Notes

1
2

3
4

11

“BIOINORGANIC CHEMISTRY,” ed. by I. Bertini, H. B. Gray, S.J.
Lippard, and J. S. Valentine, Mill Valley, California (1994).

D. W. Christianson and C. A. Fierke, Acc. Chem. Res., 29,331 (1996).
V. Kumar and K. K. Kannan, J. Mol. Biol., 241, 226 (1994).

K. Héakansson, M. Carlsson, L. A. Svensson, and A. Liljas, J. Mol.
Biol., 227, 1192 (1992).

a) A. Looney, R. Han, K. McNeill, and G. Parkin, J. Am. Chem. Soc.,
115, 11 (1993). b) A. Looney, R. Han, K. McNeill, and G. Parkin, J.
Am. Chem. Soc.,115,4690 (1993). ¢) S. Hikichi, M. Tanaka, Y. Moro-
oka, and N. Kitajima, J. Chem. Soc., Chem. Commun., 1992, 814.d) M.
Ruf and H. Vehrenkamp, Inorg. Chem., 35, 6571 (1996).

a) K. Nakata, M. K. Uddin, K. Ogawa, and K. Ichikawa, Chem. Lett.,
1997, 991.b) O. Seneque, M.-N. Rager, M. Giorgi, and O. Reinaud, J.
Am. Chem. Soc., 123, 34 (2001). c) O. Seneque, M.-N. Rager, M.
Giorgi, and O. Reinaud, J. Am. Chem. Soc., 123, 8442 (2001). d) K.
Nakata, N. Shimomura, N. Shiina, M. Izumi, K. Ichikawa, and M.
Shiro, J. Inorg. Biochem., 89, 255 (2002). e) K. Ichikawa, K. Nakata,
M. M. Ibrahim, and S. Kawabata, “Advances in Chemical Conver-
sions for Mitigating Carbon Dioxide Studies in Surface Science and
Catalysis,” (1998), Vol. 114, p 309.

E. Kimura, Acc. Chem. Res., 34, 171 (2001).

a) C. E. MacBeth, B. S. Hammes, V. G. Young, Jr., and A. S. Borovik,
Inorg. Chem., 40,4733 (2001).b) C. Kimblin, W. Allen, and G. Parkin,
J. Chem. Soc., Chem. Commun., 1995, 1813. ¢) T. N. Sorrell, W. E.
Allen, and P. S. White, Inorg. Chem., 34, 952 (1995).

a) M. Harata, K. Jitsukawa, H. Masuda, and H. Einaga, J. Am. Chem.
Soc., 116, 23 (1994). b) M. Harata, K. Jitsukawa, H. Masuda, and H.
Einaga, J. Am. Chem. Soc., 116, 10818 (1994). c) A. Wada, M. Harata,
K. Hasegawa, K. Jitsukawa, H. Masuda, M. Mukai, T. Kitagawa, and
H. Einaga, Angew. Chem., Int. Ed. Engl., 37,798 (1998). d) M. Harata,
K. Jitsukawa, H. Masuda, and H. Einaga, Chem. Lett., 1996, 813.

a) S. Ogo, S. Wada, Y. Watanabe, M. Iwase, A. Wada, M. Harata, K.
Jitsukawa, H. Masuda, and H. Einaga, Angew. Chem., Int. Ed. Engl.,
37,2102 (1998). b) K. Jitsukawa, M. Harata, H. Arii, H. Sakurai, and
H. Masuda, Inorg. Chim. Acta, 324, 108 (2001).

Crystal data for compound 1: Cs33Hs,N;OsClZn, M, = 727.65,
Orthorhombic, space group Pnra2; (No.33), a=20.7743(8),
b=15.1716(6), c=11.8066(4)A, V =3721212)A3, Z=4,
Deated = 1.299gem™, o =7.79cm™!, Mo Ko radiation (A =
0.71070A), T = 173K, R, = 0.029, R,, = 0.090, and GOF = 1.23
for 25638 independent reflections with / > 3.0c(/) and 428 variables.
Elemental analysis: Calcd for 1 (C33Hs,N;05ClZn) C, 54.47; H, 7.20;
N, 13.47%. Found: C, 54.41; H, 7.16; N, 13.46%.

A.W.Addison, T.N. Rao, J. Reedijk, J. van Rijn, and G. C. Verschoor,
J. Chem. Soc., Dalton Trans., 1984, 1349.

The OH proton peak was not directly detected in DMSO-ds and
CD;0D by "HNMR spectra, because of overlapping with water proton
peak and deuteration by CD3;OD, respectively.

a) X.Zhang, R. Eldik, T. Koike, and E. Kimura, Inorg. Chem., 32,5749
(1993).b) E. Kimura, T. Shiota, T. Koike, M. Shiro, and M. Kodama, J.
Am. Chem. Soc., 112, 5805 (1990). ¢) X. Zhang and R. Eldik, Inorg.
Chem., 34, 5606 (1995).



