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Reaction of hydroxozinc(II) complex bearing amino group
with CO2 gave carbamate product, whose generation and reaction
mechanism have been studied structurally and spectroscopically as
a structural/functional model of biotin-dependent carboxylase.

Carbon is an essential element for all the lives on the
earth, the most of which is locked in highly oxidized forms such
as carbon dioxide and carbonate minerals in air and the earth,
respectively.1 In order to utilize them effectively, the living
things employ them by change into organic compounds that
are rich in carbon–carbon bonds and are decorated with hydro-
gen atoms, through biological systems such as photosynthesis
and syntheses.1 Carbamato moieties are key components in
these biological CO2 fixation to organic substrates, which are
catalyzed by magnesium-containing enzymes such as ribolose-
1,5-bisphosphate carboxylase/oxygenase (rubisCO) and biotin-
dependent enzymes (pyruvate carboxylase, etc.).2 The mecha-
nism of the transfer reaction and the role of metal ions are
not well understood yet, although many chemists study hard
for converting carbon dioxide into carbamato derivatives.3

Carbamato moieties are also found out in dinickel–urease and
dizinc–phosphotriesterase, hydrolytic enzymes, in which carba-
mato ligands are formed by reaction of lysine residue with CO2

to play as the bridging ligand for the two metal ions.2

In the course of model study for carbonic anhydrase4 using
the hydroxozinc(II) complex containing tripodal ligand, tris(6-
amino-2-pyridylmethyl)amine (TAPA),5 we discovered quite
unique reactions between the pyridyl amino group of [Zn(tapa)-
(OH)]þ and carbon dioxide, which is very similar to that be-
tween biotin and carbon dioxide in pyruvate carboxylase reac-
tion.2 The structure and binding behavior are considered to be
a good structure and reaction model for the biotin-Mg–H2O
system in the biological system. Here, we describe the binding
reaction of carbon dioxide by hydroxozinc(II) complex of TAPA
on the basis of 1H and 13CNMR and ESI mass spectroscopic
and X-ray structure analytical methods and discuss the reaction
mechanism in biotin-dependent carboxylase.

The ZnII–OH complex [Zn(tapa)(OH)]ClO4 (1) was pre-
pared from reaction of Zn(ClO4)2.6H2O with TAPA by subse-
quent addition of KOH in acetonitrile, and then a colorless single
crystal was obtained by standing the resultant solution for a few
days.6 The crystal structure of 1 revealed that the ZnII complex
has a trigonal-bipyramidal geometry (� value of 1.0)7 with three
pyridine nitrogen atoms in trigonal plane (Zn(1)–N(2) =
2.140(7), Zn(1)–N(3) = 2.144(8), Zn(1)–N(4) = 2.082(9) Å),
and tertiary amine nitrogen and hydroxo oxygen atoms in
the axial positions (Zn(1)–N(1) = 2.204(7), Zn(1)–O(1) =
1.961(6) Å) (Figure S1).5,16 The hydroxo ion is surrounded with
three amino NH groups of TAPA by intramolecular hydrogen
bonds; O(1)���N(5) = 2.95(1), O(1)���N(6) = 2.91(1), O(1)���

N(7) = 2.76(1) Å. As seen in many cases,8–11 it has been indicat-
ed that the hydrogen-bonding interaction between hydroxo
oxygen atoms and NH groups makes metal–hydroxo species
stabilize.

Interestingly, the reaction of hydroxozinc(II) complex 1
with CO2 gas in acetonitrile gave unique CO2 adduct 2
(Figure 1).6 X-ray structure of 2 revealed that the ZnII complex
has a trigonal-bipyramidal geometry (� value = 0.79)7 with
three pyridine nitrogen atoms in trigonal plane (Zn(1)–N(2) =
2.059(4), Zn(1)–N(3) = 2.059(5), Zn(1)–N(4) = 2.055(5) Å)
and tertiary amine nitrogen and carbamic acid oxygen atoms
in the axial positions (Zn(1)–N(1) = 2.170(5), Zn(1)–O(1) =
1.995(4) Å). The ligated carbamate oxygen atom hydrogen-
bonded intramolecularly with the two amino NH groups;
O(1)���N(6) = 2.886(7), O(1)���N(7) = 2.888(7) Å. The genera-
tion is also confirmed from the ESI-mass spectrum and elemen-
tal analysis of 2.6 It is obvious that the carbamoyl group has
been formed by the reaction of amino group of hydroxozinc(II)
complex 1 with CO2.

In order to elucidate the reaction mechanism, the reaction
process was followed by 1HNMR spectroscopy. The bubbling
of CO2 gas into an acetonitorile-d3 solution of complex 1 in
an ice bath exhibited an interesting spectral change. The N–H
proton peak initially observed at 7.30 ppm showed definitive
up-field shift to 6.10 ppm by addition of dry CO2 gas after
5min, although the other proton peaks also exhibited slight shifts
except for disappearance of the OH proton peak detected
at 1.51 ppm (Figures 2a and 2b). After 2 h, further remarkable
spectral change was observed (Figure 2c), which was identical
to that of 2.6 Thus, the species observed in Figure 2b must be
a reaction intermediate that was generated in the course of

Figure 1. ORTEP view of cation part of 2. The counter anions and hydrogen
atoms are omitted except for NH hydrogens for clarity.
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carbamoylation from 1 to 2, which is assigned to a hydrogen–
carbonatozinc(II) species (1-CO2, Scheme 1b). The formation
of hydrogencarbonato species is also confirmed from good
agreements in 1H, 13CNMR, and ESI mass spectral data for
[Zn(TNPA)(HCO3

�)]þ complex with similar hydrogen-bonding
interaction sites; TNPA = tris(6-neopentylamino-2-pyridyl-
methyl)amine.11 Judging from the 1HNMR spectral behavior
observed every 30min for 2 h, the hydrogencarbonato species
1-CO2 was completely converted to 2 through the generation
of 1-CO2 species, which was irreversible. The generation of
carbamato carboxyl has also been confirmed from 13CNMR
spectrum appeared at 156.4 ppm (Figure S6),16 which is obvious-
ly distinguished from that of carbonato carboxyl group generally
appearing at ca. 175 ppm.3 The consumption process of 1-CO2,
as estimated by 1HNMR, was analyzed using the first-order
kinetics (Figure S2).16 Thus, it is clear that the reaction from
1-CO2 to 2 is intramolecular condensation accompanied by
dehydration.

This is the first report that the crystal structures of both the
precursor complex and produced carbamic acid from the
reaction of amino group and CO2 have been established and that
the reaction mechanism has been elucidated, although similar
reaction products have been reported previsouly.3,12 These
findings suggest that such a divalent metal ion is required for
the fixation of CO2 and stabilization of the carbamate product
as the binding and assisting site. Considering that Zn2þ ion
exhibits sometimes similar enzymatic activity to Mg2þ and judg-
ing from the structural similarity between the reaction product,
carbamic acid, and native carboxybiotin obtained from biotin
and carbon dioxide (Scheme 2), the essence of this reaction
mechanism will give good information for interpretation of that
in biotin-dependent carboxylase (Scheme S1).16

In conclusion, we have studied the preparation of carbamic
acid from reaction of hydroxozinc(II) complex containing amino
group with CO2 and confirmed the reaction mechanism structur-
ally and spectroscopically. In pyruvate carboxylase, which is a
kind of biotin-dependent carboxylase that converts from pyruvic
acid and carbon dioxide to oxaloacetate in presence of Mg2þ

ions, the biotin participates in fixation and activation of carbon

dioxide as a cofactor,1,13 and the two Mg2þ ions are assumed
to play the following two roles; one is involved in conversion
from ATP to ADP and another is associated with the formation
of biotin carboxylate intermediate derived from biotin. The form
of biotin-Mg–H2O system bound to the urea oxygen has been
proposed as the active species (Scheme 2a).14,15 However, there
is almost no information about the detailed mechanism on the
binding of biotin and carbon dioxide, except for the structure
and characterization of the apo forms of the enzymes.14 The
present results will give a better understanding for the mecha-
nism.
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Figure 2. 1HNMR spectra of (a) 1 in CD3CN; (b) after bubbling CO2 gas into
an CD3CN solution of 1 for 5min; (c) after 2 h at 300K. Detailed 1H and
13CNMR spectra were deposited (Figures S3–S6).16
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