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An essential step in the mechanisms of action of a large variety

proton transfer which serves to interconvert the aqua and
hydroxide forms of the active sites, [LZOH,]?" and [LZn—

OH]*.12 Surprisingly, however, examples of this transformation
for which both partners have been isolated and structurally
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. . . . LBl (CoF5)3B-0H;

of zinc enzymes, such as carbonic anhydrase, involves reversible, g Ay oy
t

characterized are unknown. In this paper, we report the synthesis
and structural characterization of a monomeric zinc aqua complex,

which is obtained by protonation of the hydroxide form of a
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the fact that the coordinated water is displaced by addition of

synthetic analogue of carbonic anhydrase, and also demonstratggyn,N][I] to give [Tp8¥“Me]Znl.12 The use of (GFs)sB(OH,) as

that protonation inhibits reactivity towards GO

an acid to obtain a stable zinc aqua complex is also noteworthy

Carbonic anhydl‘ase, one Of the most eXtenSiVer Stud|ed ZinC Since |t has been reported that treatment Of botWW]ZnOH
enzymes, posseses an active site that is composed of a tetrahedrghq [T £umM4znOH with the alternative acid, HCIQresults in

zinc center which is coordinated to a water molecule and three
histidine donors [NNN] from the protein backboh&he best
small molecule synthetic analogues which structurally mimic this
{INNN]ZnOH.} (n= 1, 2) coordination environment are the tris-
(pyrazolyl)hydroborato and tris(imidazolyl)phosphine complexes
[TpBYMe]ZNOH 2 [TpA"Me]ZnOH (Ar = CgH,P1),* and{ [PimP"Bu]-
ZnOH} (ClO,).5¢ To date, however, reactions of these hydroxide

hydrolytic destruction of the tris(pyrazolyl)borato ligaffdThe
formation of{[TpB"Me]Zn(OH,)} " is, as expected, reversible, and
subsequent treatment with Bt regenerates [T§"M]ZnOH.

The molecular structure ¢{TpB"Me]Zn(OH,)]} [HOB(CsFs)4]
has been determined by X-ray diffraction (Figure 1), thereby
allowing important details of the bonding to be ascertained. Of
particular note, the ZaO bond [1.937(2) A] is significantly

complexes with protic reagents have not yielded isolable zinc aquajonger than that in the parent hydroxide FFp€]ZnOH [1.850-

complexes, a principal problem being that the incipient aqua
ligand is readily, and irreversiblydisplaced by the counteridn.
Indeed, Vahrenkamp has used this method extensively for
preparing a variety of [TfR]ZnX complexes; for example, the
reaction of [TF¥M]ZnOH? with p-TolS(OYOH vyields [TFYMe]Zn-
OS(O)Tol.e

In view of the above formation of [T{¥]ZnX complexes in
reactions of [TBR]ZnOH with HX, it is significant that the
hydroxide ligand in [TB“M¢]ZnOH may be reversibly protonated
to give a zinc aqua derivatiig TpBuMe]Zn(OH,)} *. Specifically,
(CeFs)3sB(OH,)° 1 is capable of protonating [FM¢]ZnOH to
give an aqua complex[TpB“Me|Zn(OH,)]} [HOB(CsFs)s] in
which the water molecule isot displaced by the counterion
(Scheme 1). The importance of employing the gf£:BOH]~
counterion to stabilize the zinc aqua moiety is underscored by
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(8) A],313thus providing excellent evidence that the hydroxide
ligand has been protonatédCorrespondingly, the BO bond
[1.502(3) A] is substantially shortened upon deprotonation relative
to that in the aqua complex {Es)sB(OH,) [1.608(3) A]®*15and
iAS comparable to that in the isolated §f&)sBOH]~ anion (1.49
).16-18
The structural study also indicates tHTp8u-Me]Zn(OH,)]} -
[HOB(C¢Fs)4] exists as a hydrogen-bonded ion pair, with an-O
separation of 2.480(3) A In accord with the zinc aqua

(9) (GsFs)3B(OHy) is prepared by addition of 1 equiv of,8 to (GFs)sB
in pentan&and its nature has been determined by X-ray diffracttdthshould
be noted that the hydrated derivative {f6)sB(OH,)]-2H,O has also been
reportec®®d (a) Bradley, D. C.; Harding, |. S.; Keefe, A. D.; Motevalli, M.;
Zheng, D. HJ. Chem. Soc., Dalton Tran$996 3931-3936. (b) Harlan, C.

J.; Bergquist, C.; Bridgewater, B. M.; Norton, J. R.; Parkin, G., unpublished
results. (c) Siedle, A. R.; Lamanna, W. M.; Newmark, R. A.; Stevens, J;
Richardson, D. E.; Ryan, Makromol. Chem., Macromol. Symf©93 66,
215-224. (d) Danopoulos, A. A.; Galsworthy, J. R.; Green, M. L. H.;
Cafferkey, S.; Doerrer, L. H.; Hursthouse, M. B. Chem. Soc., Chem.
Commun.1998 2529-2530.

(10) The acidic nature of [(§Fs)sB(OH,)]-2H,O has been previously
reportedi®@¢ Furthermore, in situ generatedsf&)sB(OH,) has also been used
as a proton acid. Specifically, (i) addition oL@ to a mixture of (Bibpy)-
PtMe, and (GFs):B has been reported to give [(Bopy)Pt(Me][HOB-
(CeFs)3]}], 2% and (ii) traces of water causessfg)sB to polymerize isobutylent®
(a) References 9c and 9d. (b) Hill, G. S.; Manojlovic-Muir, L.; Muir, K. W.;
Puddephatt, R. JOrganometallics1997, 16, 525-530. (c) Shaffer, T. D.;
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(13) It is also noteworthy that the ZO bond length in{[TpB" M€|zZn-
(OHy)]} T is longer than the values in dinuclegpRR]Zn} complexes with
bridging [HsO.] moieties [1.871(6)— 1.916(6) A]. See: Ruf, M.; Weis, K.;
Vahrenkamp, HJ. Am. Chem. S0d.996 118 9288-9294.

(14) The Zr-OH; bond length in the five-coordinate tris(benzimidazolyl-
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(15) Note that longer BO bonds are observed in the hydrogen-bonded

species [(@:)sB(OHy)]-2H:0 [1.577(1) Al52and (GFs)sB(OH,)-dioxaneCH,-
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Figure 1. Molecular structure of[TpB4-Me]Zn(OH,)]} [HOB(CeFs)3] (for
clarity, only a portion of the anion is shown). Selected bond lengths (A)
and angles (deg): 2n0(1) 1.937(2), ZA-N(12) 2.023(2), ZA-N(22)
2.007(2), Zr-N(32) 2.025(2), O(LyH(1) 0.78(4), O(1yH(3) 1.09(4),
O(2)—H(2) 0.78(4), O(2y-H(3) 1.39(4), O(1)-O(2) 2.480(3), B(2y
0(2) 1.502(3); O(1yZn—N(12) 123.01(8), O(yZn—N(22) 119.16(9),
O(1)-Zn—N(32) 119.87(9).

J. Am. Chem. Soc., Vol. 121, No. 26, 18823

water is deprotonated prior to reaction with £@? However,
such a proposal has not been demonstrated by direct comparison
of the reactivity of a pair of structurally characterized [LZn(OH)]
and [LZn(OH)]* complexes with coordination environments that
mimic well the active site of carbonic anhydr&3é* The isolation

of both [TP¥Me|ZnOH and its conjugate acigi[TpB¥:Me]Zn-
(OHL)]} [HOB(CgFs)3], therefore, provides a unique opportunity
to study such a proposition in a well-defined system. Significantly,
whereas [TP"M]ZnOH is in rapid equilibrium with the bicarbon-
ate derivative [TB"Me]ZnOC(O)OH in the presence of G@&P

its conjugate acid [TpB"M€]Zn(OH,)]}[HOB(CsFs)s] does not
react with CQ under comparable conditiod%.Such direct
comparison provides an excellent demonstration that deprotona-
tion of the zinc-bound water is indeed an essential step in the
mechanism of action of carbonic anhydrase.

In summary, protonation of the zinc hydroxide complex
[TpBYMe]ZnOH by (GiFs)sB(OH,) yields the aqua derivative
{[TpB“¥Me]Zn(OH,)} *, a transformation that results in a lengthen-
ing of the Zn-0O bond by ca. 0.1 A. The protonation is reversible
and treatment of [TpBY“Me]Zn(OH,)}+ with Et;N regenerates
[TpB“Me|ZnOH. Consistent with the notion that the catalytic
hydration of CQ by carbonic anhydrase requires deprotonation
of the coordinated water moleculd;Tp84Me]Zn(OH,)} * is inert

formulation of the structure, the bridging hydrogen is much more towards CQ, whereas [TB"V€]ZnOH is in rapid equilibrium with
displaced towards the zinc oxygen than towards the boron oxygenthe bicarbonate complex [FM€]ZnOC(O)OH.

[O(1)—H(3) = 1.09(4) A and O(2rH(3) 1.39(4) A]® The
interaction also persists in benzene solution, with theOfH
moiety being characterized by absorptions at 3660, 3637, and
3445 cntin the IR spectrum, of which the lowest energy signal
is attributed to the hydrogen-bonded interaction.

The existence of a hydrogen-bonding interaction is a clear
indication of the acidic nature of the coordinated water molecule

in the {[TpB"Me]Zn(OH,)]} T cation. In this regard, it is pertinent

to note that the zinc water ligand at the active site of carbonic

anhydrase also participates in a hydrogen bond with Thré199;
the hydrogen-bonding interaction with{Tp8"M€]Zn(OH,)]}-
[HOB(C¢Fs)3] thus has analogies to that of the enzyme active
site.

One of the most important notions concerned with the

mechanism of action of carbonic anhydrase is that the coordinate

(16) For example, [CQ*Ta)&Meg(OH)][(QF5)3BOH] [1.49(1) A]l6a[Ets-
NH][(CeFs)sBOH] [1.487(3) Al and [K(dibenzo-18-crown-6)][(§Fs)s-
BOH][(C6Fs)sB(OH,)]-H.0-MeCHO ¢ (a) Schaefer, W. P.; Quan, R. W.;
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(17) [(GsFs)3sBOH] is also known to act as a coordinating anion capable
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M.; Atencio, R.; Zaworotko, M. JOrganometallics1998 17, 1369-1377.
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M.; Bino, A. Struct. Bondingl987, 65, 1—28.
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moieties, see ref 13.

(24) NMR spectroscopic data has been suggested to provide evidence for
deprotonation of a zinc-bound water molecule in the tris(benzimidazolyl)-
amine compleX [BIMA]Zn(OH ;)}2*.24aThe latter complex is not, however,
strictly four-coordinate since the amine nitrogen atom also coordinates to the
zinc centef? (a) Nakata K.; Uddin M. K.; Ogawa, K.; Ichikawa, KChem.

Lett. 1997 991-992. (b) Reference 8c.

(25) Looney, A.; Han, R.; McNeill, K.; Parkin, G. Am. Chem. Sod993
115 4690-4697.

(26) Since we do not observe any lifetime broadening{{dip&uM¢|zn-
(OHy)]} T in the presence of COwe can estimate that its reactivity towards
CO; is at least a factor of £dess than that of [Tf"Me]ZnOH.



