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Abstract: The tris(3-tert-butyl-5-methylpyrazolyl)hydroborato zinc hydroxide complex [Tp8uMe]ZnOH is
protonated by (CeFs)3B(OH,) to yield the aqua derivative {[Tp8uMe]Zn(OH,)}[HOB(CsFs)s], which has been
structurally characterized by X-ray diffraction, thereby demonstrating that protonation results in a lengthening
of the Zn—0 bond by ca. 0.1 A. The protonation is reversible, and treatment of {[TpBU“Me]Zn(OH,)} * with
Et3N regenerates [TpBU“Me]ZznOH. Consistent with the notion that the catalytic hydration of CO, by carbonic
anhydrase requires deprotonation of the coordinated water molecule, {[TpBUMe]Zn(OH,)} * is inert towards
CO,, whereas [TpBU“Me]ZnOH is in rapid equilibrium with the bicarbonate complex [Tp8“'Me]ZnOC(O)OH
under comparable conditions. The cobalt hydroxide complex [TpB“Me]JCoOH is likewise protonated by
(C6Fs)3B(OH,) to yield the aqua derivative {[TpB"“Me]Co(OH,)} [HOB(CsFs)s], which is isostructural with the
zinc complex. The aqua complexes {[TpB"“Me]M(OH,)} [HOB(CeFs)3] (M = Zn, Co) exhibit a hydrogen bonding
interaction between the metal aqua and boron hydroxide moieties. This hydrogen bonding interaction may
be viewed as analogous to that between the aqua ligand and Thr-199 at the active site of carbonic anhydrase.
In addition to the structural similarities between the zinc and cobalt complexes, [Tp8U“MeZnOH] and [TpBu"Me]-
CoOH, and between {[Tp®UMe]Zn(OH,)} * and {[TpB""Me]Co(OH,)}*, DFT (B3LYP) calculations demonstrate
that the pK, value of {[Tp]Zn(OH)}* is similar to that of {[Tp]Co(OH_)} *. These similarities are in accord
with the observation that Co" is a successful substitute for Zn" in carbonic anhydrase. The cobalt hydroxide
[TpBu“Me]CoOH reacts with CO; to give the bridging carbonate complex {[TpB"'“Me]Co} »(u-1t,72-CO3). The
coordination mode of the carbonate ligand in this complex, which is bidentate to one cobalt center and
unidentate to the other, is in contrast to that in the zinc counterpart {[TpB8"Me]Zn} »(u-5t,7*-COs), which
bridges in a unidentate manner to both zinc centers. This difference in coordination modes concurs with
the suggestion that a possible reason for the lower activity of Co'"—carbonic anhydrase is associated with
enhanced bidentate coordination of bicarbonate inhibiting its displacement.

Introduction stitution of Zrl' by Cd' and Cd enables the enzyme systems
to be probed by UVvisible and NMR spectroscopy, respec-
tively.* However, the ability to use metal ion substitution to
provide insight into the structures and mechanisms of action of
the native zinc enzymes depends critically on knowledge of the
chemistry of the pertinent metal ions in coordination environ-

Zinc plays an essential role in biological systems, primarily
via its function in more than ca. 300 enzymiddowever, as a
result of the poor spectroscopic properties associated with the
Zn'"" ion, it is a nontrivial issue to determine the structure of the
active site of a zinc enzyme in solution; correspondingly, it is

i H ; i H i 3) For some studies on Cecarbonic anhydrase, see: (a) Banci, L.; Bertini,
d|ff|cu!t to determine the_flne details of the mechanism (_)f action °Luchinat, C.: Donaire, A.. Martine. M. J.: Moratal Mascarell, 3. M.
of a zinc enzyme. To circumvent the problems resulting from Comments Inorg. Chem 994 9, 245-261. (b) Bertini, I.; Luchinat, C.

: ; | _ ; : Acc. Chem. Red4.983 16, 272-279. (c) Bertini, |.; Lanini, G.; Luchinat,
the poor spectroscopic properties 911 Zmetal-substituted zinc C.J. Am. Chem. S0d983 105 5116-5118. (d) Khalifah, R. G.: Rogers,
enzymes have been widely investigatéd-or example, sub- J. 1; Harmon, P.; Morely, P. J.; Carroll, S. BiochemistryL 984 23, 3129~
3136. (e) Briganti, F.; Pierattelli, R.; Scozzafava, A.; Supuran, EUF.

J. Med. Chem1996 31, 1001-1010. (f) Bertini, I.; Luchinat, C.; Pierattelli,

(1) (a) Vallee, B. L.; Auld, D. SAcc. Chem. Resl993 26, 543-551. (b) R.; Vila, A. J. Eur. J. Biochem.1992 208 607-615. (g) Bertini, I.;
Auld, D. S. Structure and BondingSpringer-Verlag: New York, 1997; Luchmat C.; Pierattelli, R.; Vila, A. Jinorg. Chem.1992 31, 3975~
VoI 89, pp 29-50. (c) Coleman, J. ECurr. Opin. Chem. B|0I1998 2, 3979. (h) Hékansson K.; Wehnert A. Mol. Biol. 1992 228 1212-
222-234. (d) Holm, R. H.; Kennepohl, P.; Solomon, E.Ghem. Re. 1218.
1996 96, 2239-2314. (e) Lipscomb, W. N.; Strer, N.Chem. Re. 1996 (4) Only recently have investigations usirffZn NMR spectroscopy in
96, 2375-2433. (f) Lindskog, SPharmacol. Ther1997, 74, 1-20. biological and related systems become feasible. See: (a) Lipton, A. S.;
(2) For a general review of the application of cobalt as a probe and label of Bergquist, C.; Parkin, G.; Ellis, P. D. Am. Chem. So@003 125 3768—
proteins, see: Maret, W.; Vallee, B. Methods Enzymoll993 226, 52— 3772. (b) Lipton, A. S.; Buchko, G. W.; Sears, J. A.; Kennedy, M. A;;
71. Ellis, P. D.J. Am. Chem. So2001, 123 992-993.
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ments that are relevant to those of enzyme active 3ifew.
this reason, studies of synthetic analogues (i.e., small molecules
that resemble the enzyme active sitég)nd their various metal
substituted derivatives are of particular value. However, there
are presently no experimental reports that compare directly the §
reactivity of the terminal ZrOH entity with other M-OH
groups in coordination environments that mimic enzyme active
sites, despite the fact that the Z@H functionality is central

to the mechanisms of action of many zinc enzyrhBsompted

by the lack of such studies, we compare here the chemistry of
isostructural monomeric tetrahedral terminal hydroxide com-
plexes of zinc and cobalt that are relevant to zinc enzymes. This
investigation includes (i) the synthesis and structural charac-
terization of the first pair of zinc and cobalt aqua complexes to
be obtained by protonation of the hydroxide form of synthetic
analogues of Zhand Cd—carbonic anhydrases, and (ii) the Figure 1. Molecular structure of [TB*MJCoOH. Selected bond lengths
demonstration that such protonation inhibits reactivity towards (ZA%Z&E)_ 0, 1.859(3); CoN(2), 2.051(3); CoN(4), 2.033(3); CoN(6),
CO,. These studies extend our initial report concerned with the '

structure and reactivity of the zinc complgXTpBuMe|zn-
(OH2)}*7

zinc and cobalt hydroxide complexes of the ty{ji3]MOH}
are the tris(pyrazolyl)hydroborato derivatives PFp€]znOH8
and [TFUMe]CoOHM For this reason, [TP"Me]ZnOH and
[TpBYMe|CoOH form the basis of the present investigation.
The [(HispZn"(OHy)] (n = 1, 2) motif, which features a (@) Structural Comparison of [TpBu'Me]znOH and
tetrahedral zinc center coordinated to the nitrogen atoms of three[TpBu'Me|CoOH. A comparison of structurally related zinc and
histidine imidazole groups and a water molecule or hydroxide cobalt hydroxide compounds is particularly relevant in view of
ligand, is common to the active sites of a variety of zinc the fact that cobalt is one of the metals for which activity is
enzymes, including carbonic anhydrase, dihydroorotase, matrix maintainec®35 In this regard, although the cobalt complex
metalloproteinases, and adamalysih As a result, considerable [TpBYMe|CoOH was formulated as a mononuclear spedds,
effort has been directed towards isolating synthetic analoguesstrycture as determined by X-ray diffraction has not been
that portray the{[NNN]ZnOHy} coordination environment.  reported. Since the closely related derivatiyfgp*2|Co(u-
Particularly noteworthy examples are provided by the following  oH)}, has been shown to be a dimémye viewed it essential
complexes, each of which features a mononuclear tetrahedralyt the outset to determine the structure of F¥eJCoOH to

Results and Discussion

center8withAe3her a hydroxide or an gqua} Iigagd: re]- (i) confirm its mononuclear nature and (ii) provide a detailed
ZnOHE [TpA™Me]ZNOH (Ar = CgH4Pr),° {[PimP"B¥]ZnOH} - structural comparison with the zinc complex PFg"€]ZnOH.
(ClOy),'® and [(XEt:imet)Zn(OH,)-(OH,)]**, where XEts- The molecular structure of [B$MeJCoOH was, therefore,

Imet is a calixarene-based ligand that possesses three imidazolgjetermined by X-ray diffraction (Figure 1), thereby verifying
donors: By comparison to these zinc complexes, there has beenjis monomeric nature. Thus, whereas the isopropy! substituents
less success in synthesizing structurally analogous complexesys the [TP”"] ligand are incapable of preventing the hydroxide
for other metals because a different type of structure often ligand from bridging and forming the dimei{Tp*2]Co(u-

imPr.B! i . ..
results. For example, whereffim™2/]ZnOH} * exists as @ gy, the steric demands of thert-butyl groups are sufficient
tetrahedral hydroxide compléf, the cadmium counterpart to maintain a monomeric structure for [TpMe|CoOH with a

{[Pim™"24]Cd(OH,)(OCIOy)} * exists as a five-coordinate com- 1o rmina| hydroxide ligand. The X-ray diffraction study also

ple_x with an aqua ligané L|ke_W|se, Whergas [T'ifz_]Zn_OH indicates that the zinc and cobalt complexes have very similar
exists as a tetrahedral terminal hydroxide derivative, the .., gination environments, as illustrated by comparison of their
manganese, iron, cobalt, nickel, and copper derivatives exist asrespective M-O and M-N bond lengths: ZrO [1.850(8) AP
five-coordinate dinuclear complexes with bridging hydroxide and Co-O [1.859(3) A]; Zn-Nay (2.10 AF and Co-N (2.04
ligands,{[Tp™*IM(u-OH)}2 (M = Mn, Fe, Co, Ni, Cuf*To &y ‘the co-0 bond length in [TB*MJCoOH [1.859(3) A] is
our knowledge, the only pair of structurally related tetrahedral also similar to that in five-coordinaté[P(CHCH,PPH)3]-

CoOH* [1.873(7) AJ6 these Ce-OH bond lengths are,

(5) (a) Parkin, G. InMet. lons Biol. SystSigel, A., Sigel, H., Eds.; M.

Dekker: New York, 2001: Vol. 38, Chapter 14, pp 41460. (b) Parkin, however, considerably shorter than that in the five-coordinate
G. Chem. Commur200Q 1971-1985. anionic specie§[r*-N{ CH,CH,NC(O)NHBU} 3] CoOH} 2~ [2.052-
(6) (a) Kimura, E.; Kikuta, EJ. Biol. Inorg. Chem200Q 5, 139-155. (b) ; .
Vahrenkamp, HAcc. Chem. Re<.999 32, 589-596. (3) A], presumably due to the fact that hydroxide oxygen in
(7) Bergquist, C.; Parkin, GI. Am. Chem. S0d.999 121, 6322-6323. i
(8) Alsfaaser’ R.. Trofimenko. .. Looney. A. Parkin, G.: Vahrenkamp, H. the latter comp_lex is also a hydrogen bond receptor for two of
Inorg. Chem.1991, 30, 4098-4100. the urea substituents.
(9) Ruf, M.; Vahrenkamp, Hinorg. Chem.1996 35, 6571-6578.
(10) Kimblin, C.; Allen, W. E.; Parkin, GJ. Chem. Soc., Chem. Comm{895
1813-1815. (14) Egan, J. W.; Haggerty, B. S.; Rheingold, A. L.; Sendlinger, S. C.; Theopold,
(11) Seeque, O.; Rager, M.-N.; Giorgi, M.; Reinaud, @. Am. Chem. Soc. K. H. J. Am. Chem. S0d.99Q 112 2445-2446.
2001 123 8442-8443. (15) Lindskog, S.; Malmstmm, B. G.J. Biol. Chem 1962 237, 1129-1137.
(12) Kimblin, C.; Parkin, GInorg. Chem.1996 35, 6912-6913. (16) Orlandini, A.; Sacconi, LInorg. Chem.1976 15, 78—85.
(13) Kitajima, N.; Hikichi, S.; Tanaka, M.; Moro-oka, Yd. Am. Chem. Soc. (17) MacBeth, C. E.; Hammes, B. S.; Young, V. G.; Borovik, Alrfarg. Chem.
1993 115 5496-5508. 2001, 40, 4733-4741.
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Scheme 1
CA
CO, + H,0 ——2= HCO; + H*
—BH*
B
2+ +
(His)sZn—OH, >  (His)Zn—OH
-HCO3™ CO,
(His)sZn—OCO,H
Scheme 2
[TPR1ZnOH + HX ———— [TpFR1ZnX + H,O
| )
H* X
e (TP IZN(OH,)Y -

not observed
(e.g. X = OAr, OSO,Tol, halide)

Figure 2. Molecular structure of [TpB"Me]Zn(OH,)} [HOB(CsFs)3).

pathway, we investigated the use of [H(mesitylgliBJC sFs)4]%*
in which the fluorinated substituents are perfluorophenyl rather
than trifluoromethyl. However, this acid also resulted in

(b) Protonation of the Hydroxide Ligands in [TpBu‘Me]-
ZnOH and [TpBYMe|CoOH: Synthesis and Structural
Characterization of the Aqua Complexes {[TpBu'Me]zn- decompositior?

(OH2)} [HOB(C 6Fs)s] and { [Tp B"Me]Co(OH )} [HOB(C 6Fs)3)- As a result of the failures employing [H(OF[B(Ar r)4] and
Reversible proton transfer, which serves to interconvert the aquajH(mesitylene)][B(CeFs)a], alternative Bransted acids were
and hydroxide forms of the active sites, ZOH,]2" and [Zn— sought to effect protonation of [F#Me]ZnOH. Our attention
OH]*, is an essential step in the catalytic cycle of many zinc t,rned to the aqua complex {&)sB(OH,) for several reasons.
enzymes, such as carbonic anhydrase (Schenie Itl)s, Firstly, (CsFs)3B(OHy) is a strong Bransted acid with a strength
therefore, perhaps surprising that a well-defined example of this comparable to that of HCI in MeCR§.Secondly, we envisioned
interconversion is unknown for a synthetic analogue system in that steric interactions would inhibit the conjugate base
which both partners have been isolated and structurally char- [(CeFs)sBOH]~ from displacing the aqua ligand. Indeed, we
acterized. The absence of such a report is not a result of thegiscovered that (65)sB(OHy) is capable of protonating the
systems studied being inert to proton transfer, but is rather ahydroxide ligand of [TBY“Me]ZnOH to give an aqua complex
consequence of subsequent reactivity resulting in degradation.{ [TpBYMe]Zn(OH,)} [HOB(CeFs)3] in which the water molecule
For example, protonation of the hydroxide ligand in fFp- is notdisplaced by the counterion (Scheme 3), a result that has
ZnOH derivatives is facile, but the incipient aqua ligand is peen previously communicatédhe importance of employing
typically irreversibly displaced by the counterion (Schemé&2). e [(CsFs)sBOH]~ counterion to stabilize the zinc aqua moiety
As an illustration, [T*M]ZnOH reacts withp-TolS(OxOH is underscored by the fact that the coordinated water is readily
to give [TpP*M|ZnOS(O)Tol. % displaced by addition of [BAIN][I] to give [TpBUMe|zn

In view of the facile formation of [TBR]ZnX complexes in (Scheme 3%
reactions of [TBR]ZnOH with simple acids, we sought for The formation of {[TpBYMe|Zn(OH,)}* is, as expected,
alternative acids, the counterion of which would not displace reyersible, and subsequent treatment witaNEtegenerates
the coordinated water molecule. Previous studies have reportequBut,Me]ZnOH (Scheme 3). Furthermoréd NMR spectro-
that treatment of both [T}'M*]ZnOH and [T§™9ZnOH with scopic studies of a solution of [P#Me]ZnOH, to which less
HCIO, results in hydrolytic destruction of the tris(pyrazolyl)-  than 1 equiv of (GFs)sB(OH,) has been added, indicate that
borato ligand-*In view of this type of degradation employing  proton transfer between [P$Me]ZnOH and {[TpB¥Me|zn-
HCIO,, we thought it appropriate to investigate the application (OH,)} [HOB(CgFs)4] is rapid on the NMR time-scale.
of anhydrous acids, such as [H(QRIB(Are)a] (Arr = 3,5- The molecular structure ¢{TpBYMe]Zn(OH,)} [HOB(CoFs)q]
(CFs)oCeHs). However, treatment of [T3"ZnOH with has been determined by X-ray diffraction, as illustrated in Figure
[H(OE),][B(Ar g)4] resulted in the formation of the zinc fluoride 2; selected bond lengths are summarized in Table 1. Of

complex [TF“M]ZnF9 as a result of decomposition of the particular note, the ZrO bond [1.937(2) A] is significantly
[B(Arp)4] ligand?° In an effort to eliminate this decomposition

(20) Such decomposition is possibly a result of dissociation of water from the
zinc center in{[TpBuMe]Zn(OH,)}* creating a species with a highly
electrophilic centef [TpB!*Me|zn} + that abstracts fluoride from the ligand.

(21) Reed, C. A.; Fackler, N. L. P.; Kim, K. C.; Stasko, D.; Evans, D. R.; Boyd,
P. D. W.; Rickard, C. E. FJ. Am. Chem. Sod.999 121, 6314-6315.

(22) It is possible that the decomposition which results from treatment of
[TpBY'Me)ZnOH with such acids is a result of reactivity at the-B group.
See, for example: Bergquist, C.; Koutcher, L.; Vaught, A. L.; Parkin, G.

(18) (a) Hartmann, U.; Vahrenkamp, i@hem. Ber.1994 127, 2381-2385.
(b) Ruf, M.; Weis, K.; Vahrenkamp, Hl. Chem. Soc., Chem. Commun.
1994 135-136. (c) Brandsch, T.; Schell, F. A.; Weis, K.; Ruf, M.; Mar,

B.; Vahrenkamp, HChem. Ber.-Recueil997, 130, 283-289. (d) Ruf,
M.; Weis, K.; Brasack, I.; Vahrenkamp, khorg. Chim. Actal996 250,
271-281. (e) Ruf, M.; Weis, K.; Vahrenkamp, thorg. Chem1997, 36,
2130-2137. (f) Hikichi, S.; Tanaka, M.; Moro-oka, Y.; Kitajima, N.
Chem. Soc., Chem. Commur®92 814-815. Inorg. Chem.2002 41, 625-627.
(19) (a) Klaui, W.; Schilde, U.; Schmidt, MInorg. Chem.1997, 36, 1598— (23) Bergquist, C.; Bridgewater, B. M.; Harlan, C. J.; Norton, J. R.; Friesner,
1601. (b) ThetH NMR spectroscopic data for [P#Me]ZnF reported in R. A.; Parkin, G.J. Am. Chem. SoQ00Q 122 10581-10590.

the literature are incorrect due to an error in the solvent referencei(Kla
W., personal communication).

(24) [TpBuMe]znl has been previously described. See: Looney, A. Ph.D. Thesis,
Columbia University, 1993.
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Scheme 3
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Table 1. Selected Bond Lengths (&) and Angles (deg) for Table 2. Comparison of Zn—0 and O---O Bond Lengths in
{[TpBU"MeIM(OH2)} [HOB(C6Fs)3] Hydroxide and Aqua Complexes
{[Tp®Me|Zn(OH,)} * {[TpBMe|Co(OH,)} * d(Zn-0)A  d(0---0)/A ref
[HOB(CeFs)s]~ [HOB(CqFs)s] - Zn—OH
M—O/A 1.937(2) 1.963(2) [TpBUMe)ZnOH 1.85 a
M—N/A 2.007(2), 2.023(2), 2.025(2)  2.005(2), 2.016(2), 2.031(2) [TpCumMaZnOH 1.85 b
O(1)--O(2)/A 2.480(3) 2.498(2) {[PimB¥P1ZNnOH} 1.86 c
B—O/A 1.502(3) 1.495(3) [{[12]aneN} Zn(OH)]* 1.94 d
O-M—N/deg 119.16(9), 119.87(9), 123.01(8) 118.37(8), 119.55(8), 123.39(8) {[#*-N{CH,CH,NC(O)NHBU}s]ZnOH}2~ 2.02 e
Zn—0OH,
{{[TpCumMqZn} 5(H30,)} * 1.87 240 f
longer than that in the parent hydroxide PF'€]ZnOH [1.850- {{[Tp>~PYM9Zn} o(H30,)-H0} 1.87,1.92 245 f
8 i i i {{[TpS—MePyMqZn} o(H30,)} * 1.87,1.89 242 f
(8) A],8 in accord with the fact' that the hydroxide Ilgand.has i {[TpPhMﬁZn}z(Hgf)z)f*Z 190 om g
been protonated. Correspondingly, the—4d bond length in {[TpB“Me|Zn(OH,)} [HOB(CsFs)4] 1.94 2.48  thiswork
{[TpBUMe]Zn(OH,)}* is longer than the values in dinuclear [(XsEUme%)Zn(OHz)'(OHz)]Z;’ 1.97 254 h
RR ; i it } [(2-NHy,5-EtSGN2)sZn(OH); 2 1.98 i
{[TpRR]Zn} comgslié(es with brldglng [_l;02] moieties [1.872 {[N(CljzbimH)g]Zﬁ(%H)z}H 2ol J
(6)—1.916(6) A]2526 as summarized in Table 2. The Z® {[MeC(0)3 2Zn(OHy)} - 2.08 K
bond length in{[TpBuMe|Zn(OH,)} " is, however, slightly
shorter than that in the aqua complex §Bimets)Zn(OHy)- a Alsfasser, R.; Trofimenko, S.; Looney, A.; Parkin, G.; Vahrenkamp,

. . - H. Inorg. Chem1991, 30, 4098-4100.° Ruf, M.; Vahrenkamp, Hinorg.
2+ 11
(OHp)12* [1.972(4) Al It is also interesting to note that the  chem 1996 35, 6571-6578.° Kimbiin, C.. Allen, W. E.: Parkin, G.J.

Zn—0OH, bond length in{ [TpBY:Me]Zn(OH,)} [HOB(CsFs)4] is Chem. Soc., Chem. Commui®95 1813-1815.9Kimura, E.; Shiota, T.;

Ilv shorter than th f th H bond lenath [2.024(2 Koike, T.; Shiro, M.; Kodama, MJ. Am. Chem. Sod.99Q 112 5805~
actually shorter than that of the ZIOH bond length [2.024(2) 5811.¢MacBeth, C. E.; Hammes, B. S.; Young, V. G.; Borovik, Ali®rg.

A] in {[*-N{ CH,CHNC(O)NHBU}5]ZnOH} > 17 This dis-  Crem2001, 40, 4733-4741.1 Ruf, M.; Weis, K ; Vahrenkamp, HI. Am.
crepancy is a consequence of the-Zd bond of{ [#*-N{ CH,- Chem. Soc1996 118 9288—9234.9 Puerta, D. T.; Cohen, S. Mnorg.
2— ; ; Chim. Acta2002 337, 459-462." Seneque, O.; Rager, M.-N.; Giorgi, M.;
CHZNC.(O)NHBI}}.?']Z.“OH} being e_zxceptlonally long for a Reinaud, OJ. Am. Chem. So@001, 123 8442-8443.1 Ishankhodzhaeva,
hydroxide derivative; thus, as mentioned above for the cobalt \ . umarov, B. B.: Kadyrova, Sh. A.; Parpiev, N. A.; Makhkamov, K.
counterpart, the long ZrO bond length in{[7*-N{ CH,CH,- K.; Talipov, S. A.Russ. J. Gen. Cher00Q 70, 1113-1119.i (a) Ichikawa,

2— i N i K.; Nakata, K.; Ibrahim, M. M.; Kawabata, Stud. Surf. Sci. Catall998
NC(O)NHBU} :]ZnOH} *" is presumably a result of the () zinc 7 %6730 VBrantcin 7. Schell, F. A.: Wes, K.: Ruf, M.; Muller,
center being five-coordinate and anionic, and (i) the hydroxide B_; vahrenkamp, HChem. Ber.-Recuellog7, 130, 283-289. k Sampanthar,

oxygen being a hydrogen bond receptor for two of the urea J. T.; Deivaraj, T. C.; Vittal, J. J.; Dean, P. A. W. Chem. Soc., Dalton
substituentd’ Trans.1999 4419-4423.

While the Zn-0O bond is lengthened upon protonation, the "
B . . of 2.480(3) A. As such{[TpB“Me]Zn(OH,)} [HOB(CsFs)s] may
B—0 bond [1.502(3) A] is substantially shortened upon depro- be viewed formally as a derivative of the 4]~ anion, of

tonation relative to that in the aqua complexsk€)sB(OHy) . L . RR
[1.597(2) AF” and its various derivatives (Table 3); indeed, the \(All_lh'gh)}sfr:r?éu{r[?gylzrflg;e(dl_i d(;z r)|;/ ? t(l_\lfgzller;clzugfgsp; I—I](fvr\]/}ef/-er
B~O bond length _in{[TpB”‘Me]Zn(OHz)}[HOB(C6F5)§ Is it iz iinportant to 6ncsnt?t’a trzlatsthze [D,]~ moiety of{[T.pB”‘vMe]- ’
ﬁli thr):tf:lEyt(Eé2’?;;&/:2)6}((%%)?[3(2?;:)]38g?-llt])nar(ulj.d[rlng)l-ll]?s Zn(OHz)} [HOB(CgFs)3] is asymmetric,_ such that the zinc aqua
[(CeFs)sBOH] (Table 3). description of the structure is meaningful; thus, the bridging
- hydrogen is displaced from the center towards the zinc oxygen
The structural study also indicates that the aqua complex rather than towards the boron oxygen [O(H(3) = 1.09(4)
{[TpBY"Me|Zn(OH,)} + exhibits a hydrogen bond interaction with A and O(2)-H(3) = 1.39(4) A]. Asymmetry of this maénitude
the [(GsFs)sBOH] ™ anion, characterized by arr GO separation is not observed for th.e aforem.entio NEATPRRIZN) o(HsO0)} +

derivatives. For example, the bridging hydroged{fiTp”"Vq-
Zn}o(H302)} * is symmetrically located between the two oxygen

(25) Ruf, M.; Weis, K.; Vahrenkamp, H.. Am. Chem. S0d.996 118 9288~
9294

(26) Puer:na, D. T.; Cohen, S. Nhorg. Chim. Acta2002 337, 459-462. ; ; 6 « »
(27) Doerrer, L. H.; Green, M. L. Hl. Chem. Soc., Dalton Tran$999 4325 atoms V\_"th _O_H dIStance of 1.21 ’&'_ As such, r?n agua
4329. formulation is not particularly appropriate fof[TpP"MqzZn} -
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Table 3. Comparison of B—O and O---O Bond Lengths in KBr
Hydroxide and Aqua Complexes
dB-0yA  d(0---0yA ref

B—OH;
(CeFs)3B(OHy) 1.60 a !
(Can)gB(OHz)-dioxaneCH20|2 1.57 b * C«H
[(CeFs)3B(OHy)]-2H0 1.58 c 6’6
(CeFs)sB(OHz)-HOBU 1.58 d

B(u-OH)
{[TpBUMe|Zn(OH,)} [HOB(CeFs)s]  1.50 2.48  this work
{[(CeF5)sB(OH)][HOB(CeFs)a]} = 1.51,1.53 241 e CH,Cl,
(But2bpy)Pt(Me] [HOB(CgFs)s]} 1.53 f
[CpIr(COD)H][{ (CeFs)3B} 2(u-OH)]  1.56, 1.57 c

B—OH
[Cp2*Ta(Me)(OH)][(CeFs)sBOH] 1.49 g
[EtsNH][(C6Fs)3sBOH] 1.49 h

aDoerrer, L. H.; Green, M. L. HJ. Chem. Soc., Dalton Tran$999
4325-4329.° Janiak, C.; Braun, L.; Scharmann, T. G.; GirgsdiesA&a
Crystallogr.1998 C54, 1722-1724.¢ Danopoulos, A. A.; Galsworthy, J.
R.; Green, M. L. H.; Cafferkey, S.; Doerrer, L. H.; Hursthouse, MCBem.
Communl1998 2529-2530.9 Bergquist, C.; Bridgewater, B. M.; Harlan,
C. J.; Norton, J. R.; Friesner, R. A.; Parkin, &.Am. Chem. So200Q
122 10581-10590.8 Drewitt, M. J.; Niedermann, M.; Baird, M. Gnorg.
Chim. Acta2002 340, 207-210. Hill, G. S.; Manojlovic-Muir, L.; Muir,
K. W.; Puddephatt, R. DrganometallicsL997, 16, 525-530.9 Schaefer,
W. P.; Quan, R. W.; Bercaw, J. Bcta Crystallogr.1993 C49, 878-881.
hSiedle, A. R.; Newmark, R. A.; Lamanna, W. M.; Huffman, J. C.
Organometallics1993 12, 1491-1492. Note that the BO bond length
for [EtsNH][(CeFs)sBOH] in this paper is erroneously attributed to
[EtsNH][(C6Hs)sBOH] due to a typographic error (Huffman, J. C., personal
communication).

(H302)} . In addition, the Zr-O distance is in accord with this
notion; that is, the ZRO bond in{{[Tp""Mq4Zn} »(Hz0)} *
[1.895(1) A] is shorter than that f[TpBY"M€]Zn(OH,)} [HOB-
(CeFs)3] [1.937(2) A] and is only slightly longer than that in
[TpRR]ZNOH hydroxide derivatives (1.85 & Furthermore, as
compared to (Fs)sB(OHy), the B—O bond of{ [TpB"M€|zn-
(OH,)}[HOB(C4Fs)] is short [1.502(3) A] (Table 3), which is
also consistent with the description that the bridging proton
resides principally on the zinc bound oxygen atom.

In view of the difficulty of isolating a{[TpRR]Zn(OH,)} *
derivative with other counterions, it is evident that it is the ability
of [(CeFs)3BOH] ™ to serve as a hydrogen bond acceptor that
provides the critical stabilizing factor which allows for the
successful isolation df{ TpBU"M&|Zn(OH,)} [HOB(CeFs)z]. The
hydrogen bonding interaction of the zinc aqua ligand is also

T T T T T 1
3800 3700 3600 31500 3400 3300
cm
Figure 3. IR spectra of [TpB“Me]Zn(OH,)} [HOB(CgFs)3] in (a) KBr, (b)
CeHe solution, and (c) ChClI, solution. The similarity of the three spectra
indicates that the hydrogen bonding interaction observed in the solid state
is retained in GHg and CHCI, solution.

Table 4. v(O—H) IR Stretching Frequencies (cm™1) of
{[TpBY“Me]MOH_} [HOB(Cs¢Fs)3] in KBr Pellets

{ [Tp°¥*|ZnOH_} [HOB(CoFs)s] { [Tp°"V*¥|COOH,} [HOB(CsFs)s]

3662 3666
3641 3637
3450 3423

[HOB(CsFs)3] also persists in solution. In the solid state, the
[H30;] moiety is characterized byoy absorptions at 3662, 3641,
and 3450 cm! in the IR spectrum, of which the lowest energy
signal is attributed to the hydrogen bonded interaction. These
von absorptions are virtually unperturbed in both benzene and
dichloromethane solution (Figure 3 and Table 4), consistent with
the hydrogen bond being retained in solution. The persistence
of the hydrogen bonding interaction in solution is in accord with
the notion that ®-O separations that are less than 2.50 A are
often classified as “very strong”.

However, despite the fact that the hydrogen bond TipB4Me]-
Zn(OH,)} [HOB(CgFs)3] persists in benzene and dichloromethane
solution, IR spectroscopy indicates that it is not retained in either
tetrahydrofuran or acetonitrile solution. Thus, rather than
exhibiting the three band pattern associated with thgOpH

notable because it bears analogies to the active site in carboniomoiety illustrated in Figure 3, the IR spectrum {dirpBuMe]-

anhydras_e. Specifically, the zin_c _water !igand at the active si_te Zn(OHy)} [HOB(CgFs)4] in either THF or MeCN possesses two
of carbonic anhydrase also participates in a hydrogen bond with 4 s that are identical to those of a solution of water in the

Thr-1992%30 This interaction has been shown to be important
to the functioning of the enzyme, with Thr-199 having been

described as a “doorkeeper” that helps to block the displacement

of the aqua ligand by certain inhibitors that cannot form a
hydrogen bond? In addition to the interaction with Thr-199,
the zinc-bound water of carbonic anhydrase is also part of a
hydrogen bonding network involving additional water molecules
which mediate as a proton shuttle to His-64, prior to proton
transfer to the surrounding meditih.

IR spectroscopic studies, illustrated in Figure 3, demonstrate
that the hydrogen bonding interaction{ifT pB4"Me]Zn(OH,)} -

(28) Furthermore, the @O distance in{{[TpP"MqZn}»(H30,)}+ (2.41 A) is
shorter than that if[TpBY"M€|Zn(OH,)} [HOB(CsFs)3] (2.48 A), consistent
with a stronger hydrogen bond in the former complex.

(29) The O--O distance is 2.7 A. See ref 30.

(30) Liljas, A.; Hakansson, K.; Jonsson, B. H.; Xue,Br. J. Biochem1994
219 1-10.

respective solvent (Figure 4). This observation suggests that the
donor solvent disrupts the hydrogen bond between cation and
anion, allowing the aqua ligand to be displaced by a solvent
molecule, and thereby forming TpBY:M€]zn(L)}* or a subse-
quent derivative. In support of this suggestion, the related
cationic zinc pyridine complef[TpCu™MqZn(NCsHs)} [CIOy]

has been structurally characteriZé&g.

(31) (a) Denisov, V. P.; Jonsson, B.-H.; Halle, BAm. Chem. S0d999 121,
2327-2328. (b) Toba, S.; Colombo, G.; Merz, K. M., Jr. Am. Chem.
Soc.1999 121, 2290-2302. (c) Christianson, D. W.; Fierke, C. Acc.
Chem. Resl996 29, 331—339 and references therein. (d) Liang, Z.; Xue,
Y.; Behravan, G.; Jonsson, B.-H.; Lindskog, Bur. J. Biochem1993
211, 821-827. (e) Merz, K. M., JrJ. Mol. Biol. 1990 214, 799-802. (f)
Eriksson, A. E.; Jones, A. T.; Liljas, AProteins1988 4, 274-282. (g)
Xue, Y.; Liljas, A.; Jonsson, B.-H.; Lindskog, Broteins1993 17, 93—
106. (h) Hakansson, K.; Carlsson, M.; Svensson, L. A.; Liljas) Aviol.
Biol. 1992 227, 1192-1204. (i) Smedarchina, Z.; Siebrand, W.; Femez-
Ramos, A.; Cui, QJ. Am. Chem. So@003 125 243-251.

J. AM. CHEM. SOC. = VOL. 125, NO. 20, 2003 6193



ARTICLES

Bergquist et al.

{[Tp"**MeJZn(OH,)*
in THF

in THF

3800 3700 3600 3500 3400 3300
cm™
Figure 4. IR spectra of (a [TpB“Me]Zn(OH,)} [HOB(CgFs)3] and (b) HO
in THF solution. The similarity of the two spectra indicates that the THF
has caused the zinc aqua ligand to be displaced.

Figure 5. Molecular structure of [TpB“Me|Co(OH,)} [HOB(CeFs)3).

In addition to studying the protonation of [F{HMe]ZnOH,

Table 5. Selected Bond Lengths (A) for Geometry Optimized
[TpIMOH, {[Tp]M(OH2)} *, and {[Tp]M(OH2)}[HOBF;] (M = Zn,
Co), with Values for Co in Parentheses

[TpIMOH {[TPIM(OH,)} [HOBF] {[TPIM(OH)} *

d(M—0) 1.863 (1.812) 1.944 (1.930) 2.072 (2.061)
d(M—Nay) 2.145 (2.103) 2.099 (2.052) 2.056 (2.014)
d(MO—uH) 1.189 (1.087)
d(BO—uH) 1.214 (1.378)
d(0---0) 2.389 (2.436)

reactivity towards deprotonation and displacement of the
[(CeF5)sBOH]~ anion. Thus, the cobalt complex is deprotonated
by Et:N to regenerate [T§*MeJCoOH and reacts with [BfIN]-

[I] to give [TpBUMe|Col (Scheme 3).

(c) DFT Geometry Optimization Calculations on [Tp]-
MOH and {[Tp]M(OH 2)}* Derivatives (M = Zn, Co). To
complement the experimental study and provide information
pertaining to the structural changes involved in protonation of
a zinc hydroxide ligand, we have performed DFT (B3LYP)
calculations on the model species [Tp]ZnOH af{dp]Zn-
(OHR)} *. The geometry optimized structures of these complexes
are illustrated in Figure & Importantly, the zinc coordination
geometry calculated for [Tp]ZnOH (Table 5) corresponds very
closely to the experimental structure of BFg"€]ZnOH. Thus,
the Zn—OH bond length calculated for [Tp]ZnOH [1.863 A] is
virtually identical to that for the experimental structure of
[TpBY“Me]ZnOH [1.850(8) A8 likewise, the calculated (2.15 A)
and experimental (2.10 A)average Zr-N bond lengths are
very similar. The good correlation between the experimental
and calculated structures is a clear indication of the reliability
of the calculations.

Comparison of the calculated structures of [Tp]ZnOH and
{[Tp]Zn(OHz)} * indicates that protonation of the hydroxide
ligand lengthens the ZrO bond in [TpZn(OH)]* substantially
to 2.072 A, while shortening the average-ZN bond length
[2.06 A], as summarized in Table 5. Both of these changes are
reflected in the experimental structures of ff'€]ZnOH and
{[TpBYMe)Zn(OH,)} . Specifically, the Za-O bond of [T Me]-
ZnOH increases to 1.973 A upon formation {gT pBu'Me]zZn-

we have also investigated the interaction of the cobalt hydroxide (OH2)} 7, while the average ZaN bond length decreases to

[TpBYMe|CoOH with (GsFs)sB(OHy) to give the aqua complex
{[TpB“Me]Co(OH,)} [HOB(CeFs)3] (Scheme 3), which has been
structurally characterized by X-ray diffraction, as illustrated in
Figure 5. Selected bond lengths {¢T pB4"Me|Co(OH,)} [HOB-

2.02 A. The lengthening of the ZrO bond upon protonation

is merely a consequence of the fact that the aqua ligand is
coordinated by a dative covalent bond (L) rather than a normal
covalent bond (X$* On the other hand, the shortening of the

(CsFs)3] are compared to those of the zinc analogue in Table 1, Z1—N bond is a result of the fact that dative L bonds are
thereby indicating that the structural features are similar. Particularly sensitive to the charge on a metal center; thus, as a

Furthermore, comparison between the structures d#{¥g-
CoOH and {[TpB"Me]Co(OH,)} [HOB(CsFs)3] indicate that

protonation results in geometrical changes similar to those

observed for the zinc system. Specifically, (i) the-€» bond
length in the aqua catiof{ TpBU"Me|Co(OH,)} + [1.963(2) A] is
longer than that in the hydroxide [FHM€]CoOH [1.859(3) AJ32
and (i) the B-O bond of the anion [1.495(3) A] is shorter than
that in (GsFs)sB(OHy) [1.597(2) A]. There is also a hydrogen

[L2X] ligand 34 the Zn—N bonds are shortened upon formation
of a cation.

Although the calculations reproduce the overall coordination
changes at the zinc center upon protonation, it is evident that
the lengthening of the ZrO bond in{[TpB"M€]Zn(OH,)} * is
not as large as that predicted for [TpZn(@F. Since a possible
explanation for this difference resides with the fact that the
{[TpBYMe|Zn(OHy)} * is involved in the aforementioned hy-

bond between the cobalt aqua and the boron hydroxide ligands dregen bonding interaction with the [Bgs)sBOH]™ counter-

with an O--O separation of 2.498(2) A. In addition to the
structural similarity betweef{TpBY-Me]Zn(OH,)} [HOB(CsFs)3]
and{[TpB“Me|Co(OH,)} [HOB(CsFs)3], they also exhibit similar

(32) For further comparison, the €E® bond lengths in the five-coordinate
complexes {[P(CH,CH,PPh)3]CoOH}* and {[P(CH,CH,PPh)s]Co-
(OHy)}?* are 1.873(7) and 2.102(6) A, respectively. See ref 16.
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ion, we addressed this possibility by performing a DFT
calculation on the hypothetical spec{g$p]Zn(OH,)} [HOBF].

(33) For other calculations of [RF]ZnOH derivatives, see: Bergquist, C.;
Storrie, H.; Koutcher, L.; Bridgewater, B. M.; Friesner, R. A.; Parkin, G.
J. Am. Chem. So00Q 122 12651-12658.

(34) For the [lX,] classification of ligands, see: Green, M. L. H.Organomet.
Chem.1995 500, 127-148.
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[Tp]ZnOH {[Tp]Zn(OH,)}* [Tp]Zn(OH)(OHBF3)
Figure 6. DFT (B3LYP) geometry optimized structures of [Tp]ZnOHTp]Zn(OH,)} T, and{[Tp]Zn(OH,)} [HOBF;].

[TpICoOH {[TpICo(OH2)}* [TpICo(OH,)(OHBF3)
Figure 7. DFT (B3LYP) geometry optimized structures of [Tp]CoOHTp]Co(OH,)} *, and{[Tp]Co(OH,)} [HOBF;].

Significantly, the Zr-O (1.944 A) bond length ir{[Tp]Zn- indicate that the K, is dictated strongly by the coordination
(OH,)}[HOBF4] is reduced from that of the free catigfiTp]- number and charge of the complex, with thi€;mlecreasing
Zn(OHy)}t and is comparable to the experimental value in with decreasing coordination number and increasing positive
{[TpBUMe]Zn(OH,)} [HOB(CsFs)3] [1.937(2) A]. charge on the metal centeOn the basis of these studies, the
We have also performed geometry optimization calculations low pK, associated with the coordinated water at the active site
on the analogous cobalt complexes, [Tp]CoOHTp]Co- of carbonic anhydrase is, today, not considered unreasonable.
(OHR)} T, and{[Tp]Co(OH,)} [HOBF4], as illustrated in Figure However, it is also recognized that the catalytic properties

7 and Table 5% Comparison with the zinc counterparts indicates of carbonic anhydrase are not only influenced by tig pf
that the respective structures are similar, with the principal the metal bound water molecule, but also by thg, pf a
difference being that the CoX bonds are only marginally  histidine residue in the vicinity of the active site (His-64 for
shorter than the correspondingZK bonds in each case (Table bovine CAIll and His-64 or His-200 for CAl), which serves as
5), in line with the difference in the radii of Co (1.243 A) and a shuttle to transfer a metal aqua proton to the reaction
Zn (1.295 A)36 medium?3® The protonation state of this histidine residue also
(d) Comparison of the Acidity of {[TpRR1Zn(OH )} * and influences the K, of the coordinated water, and Bertini has
{[TpRRICo(OH,)} . The existence of the hydrogen bonding performed a spectroscopic study on'©€A to extract the K,
interactions i [TpBY“MeJM(OH,)} [HOB(CgFs)3] (M = Zn, Co) values for deprotonation of [¢OH,)]--+(His) and [Cd-
is a clear indication of the acidic nature of the coordinated water (OH,)]+-+(His—H™) species?® The results indicate that thep
molecule in thg [TpBY“MEIM(OH,)} * cations. In this regard, it ~ for deprotonation of the water in [®(OH,)]+*+(His—H™) is
is important to note that an early important issue concerned with considerably less than that for [({@H,)]---(His). For example,
the mechanism of action of carbonic anhydrase centered on thethe [K, values of [CH(OH,)]+++(His—H™) and [Cd (OH,)]+++(His)
simple question of whether it is possible for a zinc-bound water for Cod' bovine carbonic anhydrase Il are 6.1 and 7.6,
molecule to have alify, as low as 7 to enable it to be sufficiently  respectivel\®@ while the g, value for deprotonation of the
deprotonated at neutral pH to play a catalytically important histidine residue in [C{OH,)]--+(His—H™) is intermediate, with
role3” However, studies on model species and calculations a value of 6.3'°
: — In view of the fact that two ionizing groups are involved in
(39) i etahectal cobal(l) complexes e usualy igh spn (QUared. Peers the catalysis, .e., M-OH; and His-H, analysis of the activity

spin Co(Il) complex, namely [PhB(GIRPh);]Col [Jenkins, D. M.; Di Bilio,
A. J.; Allen, M. J.; Betley, T. A.; Peters, J. 3. Am. Chem. So2002 (37) Wooley, P Nature1975 258 677—682.

124, 15336-15350]. To establish that the cobalt(ll) complexes [Tp]CoOH  (38) Lindskog, S. InMetal lons in Biology Spiro, T. G., Ed.; Wiley: New

and{[Tp]Co(OH,)} ™ are high spin, calculations were also performed on York, 1983; Vol. 5, p 77.

the doublet states. The calculation indicated that, in each case, the high (39) (a) Bertini, I.; Dei, A.; Luchinat, C.; Monnanni, Rhorg. Chem1985 24,

spin state is more stable. 301-303. (b) Bertini, I.; Luchinat, C.; Scozzafava, korg. Chim. Acta
(36) These values are the effective radii of the metal atoms in diatomic MH. 198Q 46, 85—89.

See: Pauling, LThe Nature of The Chemical Bonard ed.; Cornell (40) For Cd human carbonic anhydrase |, thpvalues are: [CHOHy)]--+

University Press: Ithaca, NY, 1960; p 257. (His—H*), 7.1; [Cd'(OHy)]-+*(His), 8.4; and [CH(OH,)]+++(His—H™"), 7.2.
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in terms of a single apparent acid dissociation constant is
problematic in terms of interpretation. For example, a compara-
tive activity study of ZH and Cd bovine carbonic anhydrase
has identified that the Ky associated with a single apparent
acid dissociation constant is smaller for the'@Gmzyme (6.6)
than that for the Zh enzyme (6.9) when determined by
consideration of the pH profile d¢.; however, the K, is larger

for the Cd' enzyme (7.2) than that for the Zenzyme (7.0)
when determined by consideration of the pH profile kpf/
Kw.4142 In this regard, it has been commented upon that
predictions of the W, difference between cobalt and zinc

complexes have been hampered by a lack of systematic studiegr (gaLy

as a function of coordination geometry and ligand environrent.
It is, therefore, worthwhile to determine exactly how th€,p
of an aqua ligand in a well-defined tetrahedifls]M" (OH,)}
complex depends on whether the metal is zinc or cobalt.
The isolation of {[TpB"Me]Zn(OH,)} [HOB(CsFs)3] and
{[TpBYMe]|Co(OH,)} [HOB(CgsFs)3] provides a system that should
enable the determination of how substitution of zinc by cobalt
influences the K, of the coordinated water in synthetic
analogues of carbonic anhydrase. However, in view of the
complications described above concerning the role of nonin-
nocent counteranionsKp studies of this type are nontrivial
(especially in aqueous solutiofd). Nevertheless, we have
demonstrated thg{TpBYMe]Zn(OH,)} [HOB(CeFs)3] is readily
deprotonated by BN (Scheme 1) and measurement of this
equilibrium constant would readily yield thé&pof { [TpBu'Me]-
Zn(OHy)} * since the K, of [EtsNH]™ is known. However, the
equilibrium constant for deprotonation {iTpBY-M€]Zn(OH,)}
by EiN is sufficiently great that it is immeasurable; as such,
we can only demonstrate that thiggof {[TpB4Me]Zn(OH,)} +
is considerably less than that of f&H] ™, i.e., 10.72 in aqueous
solution#* Likewise, the equilibrium constant for protonation
of [TpBY"'Me]ZnOH by (GsFs)3B(OHy) is sufficiently great that
it indicates that the I§, of {[TpBUM€]Zn(OH,)} * is considerably
greater than that of (¢Es)sB(OH,), which has been estimated
to be less than ca. 0.9 in aqueous solutibNeither of these
experiments, therefore, is capable of determining tkg @f
{[TpBYUMe]Zn(OH,)} T, although they indicate that it lies in the
rather unsatisfactorily large range of 8.90.74% For a routine
pKa determination, this would simply mean that a different acid

or base should be chosen to determine the equilibrium constant.
However, as discussed above, the zinc aqua ligand is readily

displaced by anions, so the choice of suitable acids and base
is severely limited. Therefore, we have performed DFT calcula-
tions to determine how the metal center influences kg qf

(41) Kogut, K. A.; Rowlett, R. SJ. Biol. Chem.1987, 262, 16417-16424.

(42) For further discussion concerned wit ifferences pertaining to other

forms of carbonic anhydrase, see: (a) Alber, B. E.; Colangelo, C. M.; Dong,

J.; Stlhandske, C. M. V.; Baird, T. T.; Tu, C.; Fierke, C. A.; Silverman,

D. N.; Scott, R. A.; Ferry, J. @Biochemistryl999 38, 13119-13128. (b)

Elleby, B.; Chirica, L. C.; Tu, C.; Zeppezauer, M.; Lindskog,Eur. J.

Biochem.2001, 268 1613-1619. (c) Moratal, J. M.; Martinez-Ferrer, M.

J.; Donaire, A.; Aznar, LJ. Inorg. Biochem1992 45, 65—-71.

For efforts to determine comparativE ovalues for zinc and cobalt aqua

complexes in carbonic anhydrase synthetic analogues, see: (a) Koerner,

T. B.; Brown, R. S.Can. J. Chem2002 80, 183-191. (b) Jairam, R.;

Potvin, P. G.J. Org. Chem.1992 57, 4136-4141. (c) Brown, R. S;

Salmon, D.; Curtis, N. J.; Kusuma, &.Am. Chem. So¢982 104, 3188~

3194, (d) Brown, R. S.; Zamkanei, Nhorg. Chim. Actal985 108 201~

207.

(44) Dean, J. ALange’s Handbook of Chemistr§3th ed.; McGraw-Hill: New
York, 1972; p 5-58.

(45) It should be noted that an estimate of ca. 6.5 has been cited foKtraf p
{[TpB“Me)Zn(OHy)} +, although specific details of the experiment to
determine this value were not provided. See ref 6b.

(43)
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Table 6. Calculated Energetics for the Deprotonation of
{[TpIM(OH2)}* (M = Zn, Co)

AHSCFO) AHZE AHT AHpsec®
kcal mol—t2 kcal mol~12 kcal mol~1® kcal mol~t2
Zn 244,97 —7.83 -0.50 236.63
Co 244.25 —8.00 —0.46 235.78
ASZS"C Ast“C(g) AHso\v correct AGZ?C(SOM
cal mol~*K™* kcal mol~* kcal mol~t¢ kcal mol=14
Zn —-3.89 237.79 42.09 279.88
Co -3.33 236.78 44.15 280.93
a AHSCF@)js the gas-phase electronic enthalpy change determined using

P) calculations with cc-pVTZ(-f) (H, B, C, N, O), LACV3pP**
(Co), and LAV3P** (Zn) basis set$. AHpsc@ is the sum of three terms:
AHSCF@) the electronic enthalpy in the gas phaggiZPE the enthalpy
correction due to zero point energy differences; add', the enthalpy
correction due to thermal excitatiohAHsol correctiS determined using the
Jaguar PoissenBoltzmann solver, with the dielectric constant set to a value
of 78.54 for water at 28C. 9 AGsc°V) = AGosc@ + AHsol correct

the zinc and cobalt aqua complexgg,p]Zn(OHy)}  and{[Tp]-
Co(OHp)} .46

The gas-phase deprotonation enthalpie§[®p]Zn(OH,)}
and{[Tp]Co(OH,)} * were calculated at the B3LYP level using
cc-pVTZ(-f) (H, B, C, N, O, F), LACV3P** (Co), and
LAV3P** (Zn) basis sets, as summarized in Table 6. The free
energy for deprotonation of[Tp]Zn(OHy)}* and {[Tp]Co-
(OHL)}* in the gas phase was determined fréxhiSCF@ by
taking into account (i) enthalpy corrections due to zero point
energy differencesAHZP5), (ii) enthalpy corrections due to
thermal excitation4HT), and (iii) entropic differences. Finally,
a correction for solvation XHsow correq USiNg a continuum
dielectric solvation model to approximate an aqueous medium
was obtained using the Jaguar PoissBoltzmann solver, with
the dielectric constant set to a value of 78.54 for water at 25
°CA#7 These calculations indicate that the solution free energies
of deprotonation of [Tp]Zn(OHy)} + and{[Tp]Co(OH,)} * are
comparable, with that for the cobalt complex being only 1.05
kcal molt more endothermic (i.e., less acidic). The difference
in AGgs-c5°™ values corresponds to a modest,mifference
of 0.77 units. The calculations thus indicate that tKg yalues
of {[Tp]Zn(OH,)} ™ and {[Tp]Co(OH,)} " are comparable, a
result that is in line with the aforementioned reports of the aqua
ligand of Cd' —carbonic anhydrase being both slightly more and
slightly less acidic than that of the zinc enzyme. The similarity
of the calculated Ig, values of{ [Tp]Zn(OH,)} ™ and{[Tp]Co-

s(OHZ)}+ is also in accord with the observation that'Oe a

successful substitute for Znn carbonic anhydrase?1°

(e) Comparison of the Reactivity of [TpPY“Me]MOH and
{[TpBu'Me]M(OH ,)} [HOB(C gFs)3] towards CO, (M = Zn,
Co). An important notion of the proposed mechanism of action
of carbonic anhydrase (Scheme 1) is that the coordinated water
is deprotonated prior to reaction with G&* However, such a
proposal has not been demonstrated by direct comparison of
the reactivity of a pair of structurally characterized tetrahedral

(46) For other calculations on zinc and cobalt species with relevance to carbonic
anhydrase, see: (a) Garmer, D. R.; Krauss, JMAmM. Chem. Sod.992
114, 6487-6493. (b) Garmer, D. R.; Krauss, Nht. J. Quantum Chem.
1992 42, 1469-1477. (c) Sola, M.; Mestres, J.; Duran, M.; Carbo,JR.
Chem. Inf. Comput. Scl994 34, 1047-1053. (d) Vedani, A.; Huhta, D.
W. J. Am. Chem. S0d.99Q 112 4759-4767.

(47) For a review of such models, see: Tomasi, J.; PersicoChém. Re.
1994 94, 2027-2094.

(48) Zhang, X.; Hubbard, C. D.; van Eldik, BR.Phys. Chenil996 100, 9161~
9171.
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{[N3]Zn(OH)} and{[N3]Zn(OH,)} ™ complexes with coordina- \
tion environments that mimic well the active site of carbonic
. . . Figure 8. Molecular structure of [TpB4Me]Co} »(u-11,7%-CQOs). Selected
anhydrase. The isolation of both [TP"]ZnOH and its  5nq 1engths (A) and angles (deg): CofD)(1), 2.035(5); Co(1}O(2),
conjugate acid{[TpB“Me]Zn(OH,)}[HOB(CsFs)3], therefore, 2.117(5); Co(2)-0(3), 1.836(6); C(1y0(3)-Co(2) 163.9(6).
provides a unique opportunity to study such a proposition in a
well-defined system. (u-n7*n?-C0Os), presumably via the initial formation of a
We have previously demonstrated that, in the presence ofbicarbonate derivative (Scheme 6). As described above for the
CO,, [TPBYMeZNOH is in rapid equilibrium with the bicarbonate  zinc system, the cobalt aqua complgi pBuMe]|Co(OH,)} -
derivative [TFYMe]ZnOC(O)OH (Scheme 4¥ As a result of [HOB(C¢Fs)3] does not react with CQ under comparable

the facile interconversion between [FpV€]Zn(OCQO,H) and conditions, providing a further example which indicates that
[TpBY'Me)ZnOH, condensation of the latter two molecules prior deprotonation is essential for promoting reactivity towards
generates a bridging carbonate comglEpBuMe|Zn} 5(u-n* - CO..

COs) which may be isolated over a period of days by virtue of  An interesting difference between the zinc and cobalt systems
its lower solubility (Scheme 5). The bridging carbonate complex pertains to the coordination mode of the bridging carbonate
{[TpBUMeIZn} »(u-17*,n*-COs) is, however, extremely sensitive  ligands. Thus, whereas the carbonate ligand of the zinc complex
towards water, thereby regenerating the hydroxide derivative {[TpB"Me|Zn} »(u-;1,»1-COs) bridges in a unidentate manner
[TpBY'MeZnOH 49 to each zinc center, an X-ray diffraction study demonstrates that
In contrast to the facile reaction of [FHMe]ZnOH with CO,, the carbonate ligand in the cobalt countergdifipB4-Me]Co} -

its conjugate acid[TpB"Me|Zn(OH,)} [HOB(C¢Fs)3] doesnot (u-n*m?-COy) is unidentate to one cobalt center and bidentate
react with CQ under comparable conditions (Scheme 4). Since to the other (Figure 8). The GO bond length associated with

lifetime broadening is not observed fpfTp8"Me|Zn(OH,)} * the unidentate interaction is 1.836(6) A, while those associated
in the presence of C we can estimate that its reactivity with the bidentate component are 2.035(5) and 2.117(5) A.
towards CQis at least a factor of #dess than that of [T"Me]- The difference in the coordination geometrieg [ifpBuMe]-

ZnOH. Such direct comparison provides an excellent demon- zn} ,(u-51,51-COs) and{[TpBU"Me|Ca} (u-12,572-COs) provides
stration that deprotonation of the zinc bound water is indeed an illustration of how Cb promotes bidentate coordination as
an essential step in the mechanism of action of carbonic compared to that of zinc. This observation is of significance in

anhydrase. light of the proposition that bidentate coordination of a
The cobalt hydroxide complex [PgM|CoOH also reacts  picarbonate ligand could inhibit its displacement and thereby
with CO; to form a bridging carbonate compléfT p&M€|Co} .- reduce the efficiency of carbonic anhydrase catalytic cite,
a suggestion that is consistent with the facts that-@mrbonic

(49) Looney, A.; Han, R.; McNeill, K.; Parkin, GI. Am. Chem. Sod 993 i . )
115, 4690-4697. anhydrase is less active than the zinc enzyme and that the
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bicarbonate ligand in the (oderivative coordinates in a  Experimental Section

bidentate fashloﬁ’]f’l It should be reCOgn_'Zed’ however, that General Considerations.Unless otherwise noted, all reactions and
the extrapolaﬂqn to th? enzyme system is not perfect becf’iusemanipulations were performed under an Ar grdiimosphere employing

the carbonate ligands in the zinc and cobalt complexes bridge siandard Schienk and glovebox techniques. NMR spectra were recorded
two metals, whereas the bicarbonate ligand in carbonic anhy- on Bruker Avance 300 DRX, Bruker Avance 300 DRX, Bruker Avance
drase coordinates to only a single metal. Nevertheless, the400 DRX, and Bruker Avance 500 DMX spectrometéis.and 13C

structures of [TpBUMe|Zn} 5(u-n*,11-COs) and{[TpBYMe|Co} ,-
(u-nt,p?-COy) are still in accord with the general notion that

chemical shifts are reported in ppm relative to SiNie= 0) and were
referenced internally with respect to the protio solvent impuity=

cobalt favors bidentate coordination to a greater extent than does?-15 for GDsH) and the *°C resonancesd( = 128.0 for GDs),
zinc in coordination environments analogous to the active site '¢SPectively:*F NMR spectra were measured on a Bruker Avance 300

of carbonic anhydrase.

In addition to comparison with the zinc compléX] pBu'Me]-
Zn} (u-ntp-COy), it is worthwhile to compare the carbonate
coordination mode of [TpBY“Me]Co} »(u-nt,n2-COs) with that
of {[TpP"2Co} o(u-n21n2-COs),13 which features less sterically

RX spectrometer and were referenced relative to GREE 0.00)
using external PhGF(0 = —63.72) as a calibraift. All coupling
constants are reported in Hz. IR spectra were recorded as KBr pellets
or as a solution between KBr plates on a Perkin-Elmer Spectrum 2000
spectrophotometer and are reported in&nC, H, and N elemental
analyses were measured using a Perkin-Elmer 2400 CHN Elemental

demanding isopropyl substituents in the 3-position of the Analyzer. [TF“Me]ZnOH 2 [TpB“Me|CoOH M and (GFs)sB(OH,)? were
pyrazolyl rings. As a result of the reduced steric demands, the prepared by literature methods.

carbonate ligand i§[TpP?]Co} o(u-1%1%-CQOs) coordinates to
both cobalt centers in a bidentate manner with—&» bond
lengths in the range 1.92.27 A.

Conclusion

In summary, protonation of the zinc hydroxide complex
[TpBYMe|ZNOH by (GsFs)3sB(OHy) yields the aqua derivative
{[TpBYMe]Zn(OH,)} [HOB(CeFs)3], a transformation that results
in a lengthening of the ZRO bond by ca. 0.1 A. The
protonation is reversible, and treatmen{ pfpBU-M€|Zn(OH,)} *
with Et;N regenerates [T§‘M€]ZnOH. Consistent with the
notion that the catalytic hydration of G®y carbonic anhydrase
requires deprotonation of the coordinated water molecule,
{[TpBYUMe]Zn(OH,)} T is inert towards CQ whereas [TpMe]-
ZnOH is in rapid equilibrium with the bicarbonate complex
[TpBYMe|ZNnOC(O)OH. The cobalt hydroxide [Pg-MeJCoOH
is likewise protonated by #Fs)sB(OHy) to yield the aqua
derivative {[TpBU"Me|Co(OH,)} [HOB(CsFs)s], which is iso-
structural with the zinc complex. X-ray diffraction studies

Synthesis of {[TpB8"'Me]Zn(OH ,)}[HOB(C¢Fs)s]. A solution of
(CsFs)sB(OH,) (144 mg, 0.27 mmol) in €Hs (4 mL) was added
dropwise to a solution of [T{"M€]ZnOH (137 mg, 0.27 mmol) in s
(8 mL). The solution was concentrated, filtered, and allowed to
crystallize at room temperature, givingTpB“Me]Zn(OH,)} [HOB-
(CeFs)3]+0.5(GHs) as a white solid (222 mg, 77%). Anal. Calcd for
CysHaeB2F1sNsO2Zn: C, 50.3; H, 4.3; N, 7.8. Found: C, 50.2; H, 4.1;
N, 8.2.2H NMR (CeD¢): 1.15 [s, 3(C(®3)3)], 1.89 [s, 3(Hs)], 5.42
[s, 3(GN2H)], HB andHO were not observed3C NMR (CsDe): 12.4
[d, NJe-n = 128, 3CHa)], 30.2 [q, Jo-n = 125, 3(CCHa)3)], 31.1 [s,
3(C(CHa)3)], 103.7 [d,"Jc—n = 178, 3CsN2H) (1C)], 145.5 [s, 3CaN2H)
(1C)], 163.3 [s, 3CaN2H) (1C)]. °F NMR (CeDg): —136.0 [d,3Je_¢ =
22, ortho], —165.0 [m,metd, —159.9 [t,3J-—¢ = 21, paral. IR (KBr,
cm1): 3662 (m) p(O—H)], 3641 (m) p(O—H)], 3450 (m) p(O—
H)], 2971 (m), 2565 (m)f(B—H)], 1644 (m), 1543 (m), 1517 (s),
1464 (vs), 1368 (m), 1280 (m), 1187 (m), 1088 (s), 1033 (w), 976 (s),
922 (m), 895 (m), 810 (m), 767 (m), 683 (m). IR, cm™1): 3660
(m) [»(O—H)], 3637 (m) p(O—H)], 3445 (m) p(O—H)]. IR (CH:Cl,,
cml): 3662 (m) p(O—H)], 3638 (m) p(O—H)], 3449 (vw)
[v(O—H)].

Synthesis of {[TpB"'Me]Co(OH)}[HOB(C¢Fs)s). A solution of

demonstrate the existence of a hydrogen bonding interaction(CsFs)sB(OHz) (117 mg, 0.22 mmol) in €Hs (3 mL) was added

between the zinc (and cobalt) aqua and boron hydroxide
moieties. This hydrogen bonding interaction may be viewed as
providing an analogy to that between the aqua ligand and Thr-

199 at the active site of carbonic anhydrase.

dropwise to a purple solution of [PFMe]CoOH (110 mg, 0.22 mmol)
in CsHs (10 mL), resulting in the formation of a dark blue solution.
The solution was stirred fal h atroom temperature, concentrated to
3 mL, filtered, and allowed to crystallize at room temperature, giving

{[TpB4"Me]Co(OH,)} [HOB(CsFs)z]-0.5(CsHs) as a blue solid (110 mg,

The similarities between the zinc and cobalt systems, in terms 47%). Anal. Calcd for GHaeB2F1sNsO.Co: C, 50.3; H, 4.3; N, 7.8.

of both (i) the molecular structures of the hydroxide F¥{€]-
MOH and aqug[TpE"MJM(OH2)} * complexes, and (i) the
calculated g, values of [Tp]Zn(OH,)} + and{[Tp]Co(OHy)} *,
are in accord with the observation that'Cis a successful
substitute for Zh in carbonic anhydrase. In this regard, the

different coordination modes adopted by the carbonate com-

plexes, {[TpB"M|Zn} o(u-n"'-COs) and {[TpB"M]Co} »(u-
nt,p2-COs), concur with the suggestion that a possible reason
for the lower activity of C8—carbonic anhydrase is associated
with the enhanced bidentate coordination of bicarbonate to Co
which inhibits its displacement.

(50) (a) Han, R.; Parkin, Gl. Am. Chem. S0d991, 113 9707-9708. (b) Han,
R.; Looney, A.; McNeill, K.; Parkin, G.; Rheingold, A. L.; Haggerty, B.
S.J. Inorg. Biochem1993 49, 105-121. (c) Looney, A.; Saleh, A.; Zhang,
Y.; Parkin, G.Inorg. Chem1994 33, 1158-1164. (d) Kimblin, C.; Murphy,
V. J.; Hascall, T.; Bridgewater, B. M.; Bonanno, J. B.; Parkin,I@rg.
Chem.200Q 39, 967-974.

(51) Furthermore, the metal center in'CeCA also adopts five-coordination
with inhibitors such as HS9 and NQ -, whereas that in Zh-CA retains
tetrahedral coordination. See ref 30.
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Found: C,50.5;H, 3.4; N, 7.8H NMR (CsDg): 4.8 [br, 3(C(C3)3)],
21.0 [br, 3(CH3)], 80.8 [br, 3(GN2H)], HB andHO were not observed.
19F NMR (CgDg): —125.5 [br,ortha], —165.3 [br,metd, —160.1 [m,
pard. IR (KBr, cm™1): 3666 (m) p(O—H)], 3637 (m) p(O—H)], 3423
(vw) [¥(O—H)], 2971 (m), 2565 (w) $(B—H)], 1644 (m), 1542 (m),
1517 (s), 1464 (vs), 1366 (m), 1279 (m), 1244 (w), 1185 (m), 1087
(s), 1066 (m), 1034 (w), 976 (s), 927 (m), 895 (w), 811 (m), 764 (m),
683 (w), 648 (w). IR (GHs, cm1): 3665 (m) p(O—H)], 3633 (m)
[v(O—H)], 3451 (W) p(O—H)]. IR (CH.Cl, cml): 3666 (m)
[v(O—H)], 3633 (M) p(O—H)], 3451 (vw) p(O—H)].

Reaction of [TpBUMe]ZnOH with [(3,5-(CF 3),CeH3)4B][H(OEL »).].
A solution of [TP"Me]ZnOH (7 mg, 0.01 mmol) in CDGIl(ca 0.6
mL) was treated with a solution of [(3,5-(§)FCsH3)4B][H(OEt,),] in
Et,O (500 uL of 0.1 M). The reaction was monitored B NMR
spectroscopy, thereby demonstrating the formation oP{FgznF.1°

Reaction of {[TpB"Me]M(OH ,)} [HOB(C 6Fs)3] with CO ». A solu-
tion of {[TpB“Me]M(OH,)} [HOB(CeFs)s] (M = Co, Zn) in GDs was

(52) Evans, B. J.; Doi, J. T.; Musker, W. K. Org. Chem199Q 55, 2337~
2344.
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Table 7. Crystal, Intensity Collection, and Refinement Data

{[Tp®¥|ZnOH}

{[Tp®*#ICoOH,} *

[TpBeMe]CoOH {[TpBHMe]Co} o(1e-17,12-CO3)+2(CeHs) [HOB(CeFs)s] ~+0.5(CsHs) [HOB(CeFs)s]~+0.5(CeHs)
lattice monoclinic monoclinic monoclinic monoclinic
formula G4H3gBNeOsCo Gs1H92B2N1,03C0p CasHaeB2F15N602Zn CasHaeB2F1sN6O2Co
formula weight 496.34 1180.95 1074.87 1068.43
space group P2:/n (No. 14) P2;/c (No. 14) P2:/n (No. 14) P2:/n (No. 14)
alA 9.5712(8) 19.096(3) 9.8138(7) 9.8536(11)

b/A 30.523(2) 14.431(2) 33.873(3) 34.001(4)
c/A 9.5763(7) 24.382(4) 14.7045(11) 14.7391(16)
o/deg 90 90 90 90

pldeg 100.910(2) 95.035(4) 94.4760(10) 94.502(3)
yldeg 90 90 90 90

VIA3 2747.1(4) 6693(2) 4873.3(6) 4923(1)

z 4 4 4 4

temp (K) 238 238 203 233

w (Mo Koo, mm1 0.71073 0.71073 0.71073 0.71073
no. of data 6341 15472 11 269 11 130
no. of params 314 730 669 669

Ry 0.0570 0.0766 0.0499 0.0468
WR; 0.1237 0.0793 0.1015 0.1088
GOF 1.023 1.008 1.032 1.032

treated with CQ (1 atm) in a NMR tube. The sample was monitored
by *H NMR spectroscopy, thereby indicating that no reaction occurred.

Reaction of {[TpB"“Me]M(OH ,)} [HOB(C ¢Fs)3] with Et 3N. A solu-
tion of {[TpB"MeJM(OH,)} [HOB(C¢Fs)s] (M = Co, Zn) in GDs in a
NMR tube was treated with BY. The reaction was monitored Bi/
NMR spectroscopy, thereby demonstrating the clean formation of
[TpB“"Me]MOH.B'M

Reaction of {[TpB"“Me]M(OH ,)} [HOB(C 6Fs)3] with [Bu s"N][I]. A
solution of { [TpB“Me]M(OH,)} [HOB(CsFs)3] (M = Co, Zn) in GDse
was treated with [B#N][l]. The reaction was monitored b{4 NMR
spectroscopy, thereby demonstrating the clean formation &F 13-
M|.53

Synthesis of{[TpB""Me]Co} ,(u-5%,p>-CO3). A purple solution of
[TpB“Me]CoOH (100 mg, 0.2 mmol) in benzene (3 mL) was treated
with CO; (1 atm), resulting in the instantaneous formation of a blue
solution of{ [TpB“Me|Co} »(u-n*,7?-CQs), in quantitative yield as judged
by *H NMR spectroscopy. The volatile components were removed in
vacuo, giving{[Tp8“Me]Co}»(u-n',7?>-COs) as a blue solid (56 mg).
IH NMR (CgDg): —5.4, 21.9, 65.2 (assignments not given due to
paramagnetic nature of the sample).

X-ray Structure Determinations. X-ray diffraction data were
collected on a Bruker P4 diffractometer equipped with a SMART CCD

detector, and crystal data, data collection, and refinement parameters(5 4
are summarized in Table 7. The structures were solved using direct
methods and standard difference map techniques and were refined by,

full-matrix least-squares procedures BA with SHELXTL (Version
6.10)%* Hydrogen atoms on carbon were included in calculated
positions.

(53) [TpruMe]znlaand [TB"Me]ColP have been previously describédl. NMR
spectrum of [TBUMe]Zn| (CeDe): 1.61 [s, 3(C(®3)3)], 2.06 [s, 3(CH3)],
5.65 [s, 3(GN2H)], HB not observed!H NMR spectrum of [TB“Me|Col
(CsDo): 8.3 [br, 3(C(CH3)3)], 15.6 [br, 3(CHy)], 75.9 [br, 3(GN-H)], —13.2
[br, HB]. (a) Reference 24. (b) Reference 14.

Computational Details. All calculations were carried out using DFT
as implemented in the Jaguar 4.1 suite of ab initio quantum chemistry
programs® Geometry optimization and solvent corrections were
performed with the B3LYP® functional employing 6-31G** (H, B, C,

N, O, F), LACVP** (Co), and LAV3P** (Zn) basis setf.The energies

of the optimized structures were reevaluated by additional single point
calculations on each optimized geometry using the cc-pVTZ(),

B, C, N, O, F), LACV3P** (Co), and LAV3P** (Zn) basis sefs.
Solvation energies were calculated using the Jaguar Peigatzmann
solver, with the dielectric constant set to a value of 78.54 for water at
25 °C. Vibrational frequency calculations to derive zero point energy
and entropy corrections were determined at the B3LYP level of theory
using 6-31G**, LACVP**, and LAV3P** basis sets.
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