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The cobalt(ll) urease model complex [€@OAc)s(urea)(tmemn)[OTf] (2) prepared from the cobalt model
hydrolase [Ce(u-H20)(u-OAc),(OAc)(tmen}] (1) undergoes facile reaction with acetohydroxamic acid (AHA)
to give the monobridged hydroxamate complex J@eOAc)(u-AA)(urea)(tmen)][OTf] (3) while 1 gives the
dibridged hydroxamate complex [g@a-OAc)(u-AA) 2(tmen}][OTf] (4). The structures and CaCo distances of
the hydroxamate derivatives band2 are very close to those of their nickel analogues and suggest that hydroxamic
acids can also inhibit cobalt-based hydrolases as well as inhibiting udealse. reacts with glutarodihydroxamic
acid (gluHA,) to eliminate hydroxylamine with formation of [G@:-OAC){ «-O(N) (OCk(CHy)s} (tmenk][OTf]

(5), the structure of which is very close to that of its nickel analogue. B@thd3 show weak antiferromagnetic
coupling. Oxidation ofl with H,O, gives three dicobalt(lll) hydroxy complexe®<9), the first of which [Co-
(u-OAC)2(OAC)(1-OH)(tmen}][OTf] (7) contains a bridging hydroxyl and the second J@eOACc),(OAC)(u-
OH)(OH)(tmen)][OTf] (8) containing both a bridging and terminal hydroxyl, while the third {@eOAc)
(OAC)(u-OH)2(tmen}][OTf] (9) contains two bridging OH groups with mixed-valence Co(ll)/(Co(lll) intermedi-
ates.

Introduction base of the protein to produce a hydroxide which then attacks
the activated urea carbonyl carbon atom to give a tetrahedral

Dinuclear metallo_hydrolases are an important group of intermediate which decomposes to give eventually ammonia and
metalloenzymes which catalyze the hydrolysis of a range of carbon dioxide

peptide and phosphate ester bonds and include the amidohy- One problem in mechanistic discussions based on structural

drolas;as, ?ml?lfno?ydrolfatsk,]es, and tpﬁpﬂdg hly dfo'?ﬂesgm' | evidence is the uncertainty in the protonation state of the solvent
mon structural feature of these metalionydrolases IS a dinucleary, o ar molecule; that is, is it a neutral molecule, a hydroxide,

metbal a(‘iti\t/e zit_((ejfeaturihn_thn(ll), Ni(Ih), C?_(”)i andan(_”) and . or even a bridging oxide? More recent discussions stress the
carboxylate bridgeés which occur respectively in leuciné ami- importance of hydrogen bonding to various amino acid residues
nopeptidasé,urease, methionine amlnopeptlda§e_and argin- by the amino hydrogens of the urea subsfrasthough

ase? Although crystal structural df':\ta are now "’?"a"at."e for thgse controversy remains since it has recently been suggested that
metallohydrolase$;® the mechanism involved in their catalytic one of the amino groups of urea approaches the six- coordinated
hydrolysis of various substrates is still a matter for discussion. Ni(Il) center and eventually bridges the two nickel centers
The generally accepted m.echamsm IS basgd on that f'rStthereby polarizing the €0 and C-NH, bonds and assisting
proposed by Zernéfor the action of urease in which one nickel- nucleophilic attacl. Some support for this mechanism is
(I) center activates the urea substrate by coordination of the provided by the isolation of complexes such asNLo(u-OAc)-
carbonyl oxygen w_hile_the other nickel center _coordingtes a (urea)](ClQ), (L = pyrazolate derivative), where H bonding
water molecule which is deprotonated by a suitably oriented by the N groups to an oxygen atom of a bridging carboxylate
is confirmed by structural dataMost recently, it has been
suggested on the basis of model studies that hydrolysis of urea
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on the Zerner schen®eThe inhibition of metalloenzymes is also Q c

of current interest especially because of possible therapeutic O ‘o

applications. For example, the inhibition of matrix metallopro- o

teinases by various hydroxamate-based inhibitors generally O s Jocs ml‘i

involves chelation of a mononuclear zinc center by the hydrox- © “\" A = %

amate functiod! Hydroxamic acids are also potent inhibitors ? 2 S, cs e ©
. . cg 1O A e ]

of ureasé? but in this case the structure of the acetohydrox- O 3,/) o N ,—u. Vcs

amate-inhibited C319A variant dflebsiella aerogenesrease oD ,‘\K o= SIS

shows the deprotonated hydroxyl oxygen of the hydroxamic acid ¢ »@_‘ %* ® Co2 ' "

bridging the two nickel centers with the carbonyl oxygen co \ "‘(\\\‘ < © z /e%ﬂ?‘ C

bonding one nickel center orif§/in contrast to normal O,0 O O £t b » S0

chelation of a metal ion by a hydroxamic acid. A similar >N 1 24 &) 07

structure is found in the dizinc metalloenzynderomonas SO U °16 "’

proteolyticaaminopeptidase ZnAAP inhibited by p-iodo-D- © ® O & ° A5

phenylalanine hydroxamic acid. o8 | '“,_““‘

These dinuclear metalloenzymes often exchange metal ions NB ep) v
within the above sequence with varying effects on their activities O 4

W?th respect to various _substrates. For e_xample, exchange OfFigure 1. Molecular structure of the cation of dicobalt(Il) compl2x
Ni(I1) by Zn(ll) or Co(ll) in urease results in a large decrease [Co,(u-OAc)s(urea)(tmeny™ .

in activity with ured® and similarly replacement of Ni(ll) by

Mn(ll) in urease also results in a marked decrease in activity acid with a structure similar to that of the inhibited urédse
with urea® In contrast, substitution of 2 mol atoms of Zn in  and the above model compléx.

Zm,AAP by Co(ll), Cu(ll), and Ni(ll) gives hyperactive As discussed above, it was decided to attempt the synthesis
substituted enzymes with rate enhancements of 6.5, 7.7, andof model dicobalt(lll) complexes with bridging hydroxo groups
25, respectively, in reactivity compared to that of the parent py oxjdation of the model dicobalt(ll) complexes and compare

zinc enzyme with certain substrates. Moreover, addition of 1 their behavior with those containing bridging water molecules.
mol of these ions to apo-AAP followed by equilibration and

then addition of 1 mol of the second metal ion gives a discrete Results and Discussion
heterodimetallic site that is also enzymatically acfi%dn
previous paper¥,18ve have attempted to model the inhibition
of urease by hydroxamic acids by the reactions of acetohydrox-
amic acid (AHA) with the model complex [Miu-OAc)s(urea)-
(tmen)][OTf] (A), which reacts rapidly with acetohydroxamic
acid (AHA) to give the monobridged hydroxamate complex
[Ni2(u-OAC)(u-AA)(urea)(tmen)][OTf] with a structure very

similar to that of the acetohydroxamate inhibited C319A variant .~ o
of Klebsiella aerogenesreasé? in dichloromethane. The dibridged acetohydro>_<amate complex
) ' ) . [Cox(u-OAC)(u-AA) o(tmen}][OTT] (4) was obtained as pink

In view of the use of a number of dinuclear divalent metal crystals by the reaction df with acetohydroxamic acid in a
centers, [Zn(I)}, [Ni(Il)] 2, and [Mn(I)]> by metallohydrolases 5.7 mojar ratio in acetone in the presence of triflate. As in the
and their ability to exchange metals ions within this sequence, anajogous nickel(ll) complexééthe above reactions are facile
we have extended our previous modeling of uretiS€so ang occur very rapidly at room temperature and in other solvents
related dicobalt(ll) systems and their reactions with hydroxamic g,ch as methanol. Reaction®ivith glutarodihydroxamic acid,
acids as possible models for methionine aminopeptidase (MAP) (CH,);(CONHOHY), gluH:A,, at room temperature in methanol
which has been proved by a crystal structure determination t0j the presence of triflate gave [@a-OAC)A u-O(N)(OC)-
contain a dicobalt center and to be inhibited by various reagents(cHy);} (tmen)][OTf] (5) which contains a deprotonated bridg-
including epoxides although the position with regard to inhibi-  jng N-hydroxyglutarimide (Figure 4) as in the analogous dinickel
tion by hydroxamic acids is not clear; however, the above dizinc complext®
metalloenzymeferomonas proteolyticaminopeptidase, Zn Crystal Structures of 2—5. The crystal structures of the urea
AAP, is clearly inhibited byp-iodo-D-phenylalanine hydroxamic  adduct [Ce(u-OAc)s(urea)(tmen[OTf] (2), the monobridged
acetohydroxamate complex [gn-OAc)(u-AA)(urea)(tmen)]-
(11) Beckett, R. P.; Davidson, A. H.; Drummond, A. H.; Huxley, P.; [OTf] (3), the dibridged acetohydroxamate complex {@e

The cobalt(ll) analogue?j of the urease model complex, [Ni
(OAc)s(urea)(tmerny][OTf], 1° was prepared similarly from the
previously reported [Cu-H20)(u-OAC)(OAC)(tmen)] (1)2°
by its reaction with urea in dichloromethane in the presence of
triflate. The monobridged hydroxamate cobalt dimer j@e
OAcC)(u-AA)(urea)(tmen)][OTf] (3) was prepared by the
reaction of acetohydroxamic acid (AHA) within a 1:1 ratio

Whitetaker, M.Drug Discaery Today1996 1, 16-26 OAC)(u-AA) o(tmen)][OTf] (4), and the deprotonatel-hy-
(12) Egr;gggsii‘lrgggr.mstry and Biology of Hydroxamic Acjdéehl, H., droxyglutarimide-bridged complex [Q@t-OAc)z{ﬂ-O(N)(OC)Z-
(13) Pearson, M. A.; Michel, L, O.; Hausinger, R. P.; Karplus, P. A;; (CHy)3} (tmen}][OTf] (5) are shown in Figures-14, respec-
» l?:iﬁchemisgﬂgf?g), 3& 816418}_'72-3 halk G T co M 5 tively, with crystallographic data in Table 1 and selected bond
( )Euf‘g"eé'iocﬁem15363'21307‘?‘%@}“398‘? alk, L., Tamus, & Moras . jangths and angles in Tables-3, respectively. In all four
(15) King, G. J.; Zerner, Blnorg. Chim. Actal997, 255, 381-388. complexes, the structures shown in Figurestlare very close
(16) Ig’_lresrt]:ot,vgé M-:(\éVagne%gégNi;l EoéTtgru(issst'zB'; Vallee, BBiochem. to those of the corresponding nickel compleke® with the
iophys. Res. Commu ) . idai i -
(17) Amold, M. Brown. D. A- Deeg. O.: Erington, W.: Haase, W.: acetohydroxamate bridging groups in both the mono- and
Herlihy, K.; Kemp, T. J., Nimir, H.; Werner Rnorg. Chem 1998
37, 2920-2928. (19) Wages, H. E.; Taft, K. L.; Lippard, S.lhorg. Chem1993 32, 4985~
(18) Brown, D. A.; Cuffe, L. P., Deeg, O.; Errington, W.; Fitzpatrick, N. 4987.

J.; Glass, W. K.; Herlihy, K.; Kemp, T. J.; Nimir. H.. Chem. Soc., (20) Turpeinein, U.; Hadéinen, R.; Reedijk, JPolyhedronl987 6, 1603
Chem. Commuril998 2433-2434. 1610.
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The coordination about the cobalt atoms3ris distorted
octahedral compared to the parent compoRrifigure 2); for
example in comples, O(5)-Co(1)-0(1) is 94.10(6)° whereas
the equivalent angle O(3)Co(l)—O(6) in 2 is 90.89(6)°. As a
consequence of forming only a single acetohydroxamate bridge
in 3 by simple replacement of the monodenate bridging acetate
in 2, the Co---Co distance iis 3.4316(17) A (Table 3), which
is greater than that in the native dicobalt MAP, 2.9 A, but is
close to that in the parent compouRd3.4813(3) A, and slightly
less than that in the hydroxamate inhibited diz&keromonas
proteolyticaaminopeptidase ZAAP, 3.7 A4 The urea mol-
ecule remains coordinated via its oxygen atom O(7) to Co(2),
and there is a slight increase in the Ce{D)(7)(urea) distance
in 3, 2.1406(16) A, compared to 2.0978(14) A in the parent
complex2. This may indicate a decrease in the metal Lewis
acidity upon hydroxamate coordination compared to acetate
coordination, which is consistent with the inhibition of metal-
Figure 2. Molecular structure for the cation of dicobalt(ll) mono- dependent hyd,rmases by hydroxlamlc acids. Fllgure 3 shows the
bridged acetohydroxamate compl@X [Cox(u-OAC):(u-AA)(urea)- structure obtained for the cation of. In this molecule,
(tmen}]*. hydroxamate coordination results in the loss of one of the
bridging acetates, both terminal acetates, and the bridging water
molecule inl. The hydroxamate moieties are bound in a similar
manner as ir8, by using the deprotonated oxygens, O(3) and
0O(5), as bridging atoms and carbonyl oxygens, O(4) and O(6),
as monodentate atoms. Both cobalt atomé @me in a distorted
octahedral environment which is exemplified by the angles
O(1)—Co(1)-0(3) of 97.96(10)° and O(Co(2)-0(5) of
95.69(11)° (Table 4). The formation of two acetohydroxamate
bridges in4 results in a decrease in the Co---Co distance to
3.0971(6) A compared to 3.4316(17) A & but it is close to
that reported for the related dinickel dibridged salicylhydrox-
amate urease model of 3.0162AThe ability of cobalt(ll) to
form a series of complexes analogous to those of nickel(ll),
including formation of hydroxamate-bridged complexes and
elimination of hydroxylamine from glutarodihydroxamic acid,
is in accord with studies of the exchange of metal(ll) centers
within metalloenyzmes as noted in the Introduction. The
formation of the bridged hydroxamate complex8sahd 4)
Figure 3. Molecular structure for the cation of dicobalt(ll) dibridged ~ suggests inhibition of dicobalt-based metalloenzymes similar
acetohydroxamate complek [Coy(u-OAC)(u-AA) o(tmen)] . to that observed in the acetohydroxamate complex with the
C319A variant of urease involving a dinickel-bridged hydrox-
amate structure and the very similar dizinc-bridged structure in
the p-iodo-d-phenylalanine hydroxamate complex wikro-
monas proteolyticaminopeptidase AAP* In the case of the
closely related methionine aminopeptidase containing a dicobalt
active site with approximately octahedral coordination of the
Co(ll) centers by both carboxylate and a histidine nitrogjen,
inhibition by the epoxide-containing compounds fumagillin and
ovalicin occurs by modification of a histidine center although
there is spectroscopic evidence for some interaction at the
dicobalt centef? The above expoxides also inhibit angiogenesis
which may be therapeutically important, and the related
compound TNP-470 is currently on trial as an anticancer reagent.
However, to date, inhibition of MAP by hydroxamic acids has
not been structurally characterized.

The crystal structure of thie-hydroxyglutarimide dicobal
(Figure 4) shows that the deprotonatee-@H oxygen of the
N-hydroxyglutarimide residue O(11) bridges the two cobalt ions
Co(1) and Co(2) and the two carbonyl oxygens O(16) and O(17)
coordinate to their respective cobalt atoms Co(1) and Co(2).

Figure 4. Molecular structure for the cation of dicobalt(ll) complex
5, [Cox(u-OAC)A{ u-O(N)(OCR(CH;)s} (tmen)] *.

dibridged complexes§ and4 and! andll, 17 exhibiting exactly
the same coordination modes in both the dicobalt and dinickel

; (21) Stemmler, A. J.; Kampt, J. W.; Kirk, M. L.; Pecoraro, V. XL.Am.
series. In all cases, the deprotonated hydroxamate hydroxyl Chem. Soc1998 117, 63686369,

oxygen bridges the two metal centers while the carbonyl oxygen (22) Lowther, T. W.; McMillen, D. A.; Orville, A. M.: Matthews, B. W.
coordinates only one metal center. Proc. Natl. Acad. Sci. U.S.A998 95, 12153-12157.
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Table 1. Crystal Data and Structure Refinement for Compoud$ and 7—9

param 2 3 4 5 7 8 9
Formula GoHasCoF5 CooHagCoF3-  CioHasCOoFs-  CooHaaCoFs- CotHasCopFs- CigHasCooFs-  CigHagFsCop-
NeO10S N7010S NeO10S N5O10S N4O12S N4O1:S N4O11S
M, 736.54 751.56 724.53 745.54 752.53 710.29 710.29
cryst system Triclinic monoclinic triclinic triclinic monoclinic monoclinic monoclinic
space group P1 P2;/c P1 P1 P2i/c P2i/n P2:/c
alA 9.7021(1) 11.0745(6) 10.4771(5) 10.7949(8) 8.3982(3) 8.5756(6) 8.0482(9)
b/A 11.5985(2) 13.6540(7) 11.4398(6) 15.7459(10) 13.2386(6) 22.1861(12) 29.076(3)
c/A 15.2967(3) 22.6864(11) 14.9218(7) 20.9128(18) 29.0771(6) 16.4845(12) 12.8882(14)
a/deg 101.921(1) ) 77.148(1) 74.076(2) 90 ) 90
Bldeg 95.710(1) 94.47(3) 81.757(1) 84.566(3) 95.698(3) 100.936(3) 93.965(3)
yldeg 96.481(1) 90 71.299(1) 81.201(3) 90 90 90
VIA3 1660.04(5) 3420.0(3) 1646.57(14) 3372.8(4) 3216.8(2) 3079.4(4) 3008.8(6)
TIK 180(2) 180(2) 180(2) 180(2) 180(2) 180(2) 180(2)
z 2 4 2 4 4 4 4
MA 0.710 73 0.71073 0.710 73 0.710 73 0.71073 0.710 73 0.710 73
p(calcd)/Mg m3 1.474 1.460 1.461 1.468 1.554 1.533 1.568
cryst size/mm 0.3 0.30x 0.40x 0.38x 0.40x 0.30x 0.30x 0.20x 0.30x 0.24x 0.40x 0.10x 0.20x 0.20x
0.30 0.12 0.14 0.20 0.10 0.04 0.20
ulmm-1 1.133 1.103 1.141 1.116 1.174 1.219 1.248
hkl ranges —12,12;-14,10;, —14,11;,—-14, -—12,8;-14, —14,13;-21, -—11,10;-9, —10, 10;—26, —9,9;—34, 23;
—20,19 17;,-29, 30 13;—-18, 18 20;-27, 17 17;-35, 38 23;—-11,19 15,-15
no. of reflcns colled 9900 20291 8971 20 461 19711 15801 15319
indepdt reflcns 7200Rn = 8065 Rint = 6276 Rt = 14888 Rni= 7796 Rni = 5428 Rnt = 5285 Rnt=
0.0197) 0.023) 0.016) 0.003) 0.045) 0.047) 0.037)
max and min transm 0.7618, 0.8437 0.8791, 0.6668 0.8566, 0.6582 0.8076,0.7307 0.9165,0.6364 0.9528,0.6412 0.8312,0.6716
R(F) [I > 20(1))/% 3.40 3.94 4.80 8.28 4.21 4.63 6.95
R.(F?) (all data)/% 7.90 9.66 12.53 20.79 9.30 11.40 18.90
goodness of fit orF2 0.905 1.065 1.064 1.071 1.004 1.031 1.048
largest peak and hole/e A  0.412,—0.790 0.623;-0.542 0.958-0.548 1.296-1.058 0.390-0.636 0.529-0.427 1.838;-0.739
Table 2. Selected Bond Lengths (A) and Angles (deg) for Table 3. Selected Bond Lengths (A) and Angles (deg) for
Complex2 Complex3
Co(1)-Co(2) 3.4813(3) Co(HO(4) 2.076(2) Co(1)y-Co(2) 3.4316(17) Co(HO(3) 2.0774(17)
Co(1)y-0O(7) 2.0978(14) Co(1)0(1) 2.0815(14) Co(1)-0(1) 2.0813(16) Co(1)O(5) 2.0779(16)
Co(1)-N(2) 2.209(2) Co(1)y0O(6) 2.140(2) Co(1)-N(2) 2.219(2) Co(1y0O(7) 2.1406(16)
Co(2-0(2) 2.009(2) Co(LyN(2) 2.215(2) Co(2)-0(2) 2.0523(18) Co(1)N(2) 2.260(2)
Co(2)-N(4) 2.144(2) Co(2y0(3) 2.070(2) Co(2)-0(5) 2.0840(16) Co(2)0(4) 2.0802(17)
Co(2y-0(6) 2.1875(14) Co(2)0(5) 2.155(2) Co(2)-N(3) 2.199(2) Co(2)0(6) 2.0986(18)
Co(2-C(17) 2.519(2) Co(2YN(3) 2.279(2) Co(2)-N(4) 2.245(2)
O(4)—Co(1y-0(2) 94.76(6) O(4)yCo(1)-0O(7) 89.84(6) O(3)—Co(1)-0(5) 95.49(6) O(3)yCo(1)y-0(2) 93.75(7)
O(1)-Co(1)-O(7) 175.16(6) O(4)yCo(1)-0O(6) 92.29(6) O(5)—Co(1)-0(2) 94.10(6) O(3)yCo(1)-0O(7) 89.83(6)
O(1)—Co(1)-0O(6) 90.89(6) O(7Co(1)-0O(6) 90.41(6) O(5)—Co(1)-0(7) 88.61(6) O(1yCo(1)-O(7) 175.27(7)
O(4)-Co(1)-N(1) 171.46(7) O(2yCo(2)-0(3) 91.83(7) O(3)—Co(1)-N(1) 91.57(7) O(5rCo(1)}-N(1) 172.71(8)
O(7)-Co(1)-N(1) 85.40(6) O(3)Co(2)-N(4) 88.51(8) O(1)—Co(1)-N(1) 87.20(7) O(1)yCo(1)-N(1) 89.62(7)
O(4)—Co(1)-N(2) 89.98(7) O(3)Co(2-0(5) 92.77(7) O(3)—Co(1)-N(2) 172.63(7) O(5rCo(1)-N(2) 91.18(7)
O(7)—Co(2)-N(2) 91.19(7) 0O(2)Co(2)-0O(6) 103.47(6) O(1)—Co(2)-N(2) 88.88(7) O(7yCo(1)-N(2) 87.20(7)
0O(2)-Co(2)-0O(5) 163.67(6) O(5)rCo(2)-N(3) 90.51(7) N(1)—Co(1)-N(2) 81.67(8) O(2)Co(2)-0(4) 92.42(7)
N(4)—Co(2)-0(5) 95.25(7) O(2YCo(2)-C(17) 134.03(7) O(2)—Co(2)-0(5) 95.06(7) O(4yCo(2)-0O(5) 97.96(7)
0O(3)—Co(2)-0(6) 96.64(6) N(4)yCo(2)-C(17) 124.88(8) O(2)—Co(2)-0(6) 174.28(8) O(4)yCo(2)-0O(6) 88.53(8)
O(5)—Co(2)-0(6) 60.42(6) O(6)Co(2)-C(17) 30.64(6) O(5)—Co(2)-0(6) 79.22(7)  O(2YCo(2)-N(3) 92.92(9)
O(3)—Co(2y-N(3) 170.77(7) O(4)—Co(2)-N(3) 87.87(8) O(5)Co(2)-N(3) 169.89(8)

O(6)-Co(2)-N(3)  92.76(9) O(2)Co(2)-N(4)  86.62(8)
Formation ofs involves the novel elimination of hydroxylamine. 8%:3:%8%&“% 182:22((33 S((g;ggg)tmgig 22;3%8;

We suggest that the two cobalt(ll) centersGract as Lewis

acids polarizing both carbonyl groups of glutarodihydroxamic transition and in the near-infrared region at ca. 1090 nm assigned
acid; protonation of one of the hydroxamate nitrogens and to the 4T14(F) — T4 transition (see Supporting Information,
subsequent attack by the nucleophilic nitrogen at the other endTable S1).

of the dihydroxamic acid leads to the loss of the JOH group, The infrared spectra & and4 measured in KBr disks and
ring closure, and formation of a tetrahedral intermediate, which in CHzClz, acetone, and methanol solutions (Table 9) are very
Co"apses on release of a proton and formatiob a$ proposed similar to those of the analogous nickel Compléiaﬂd pI’OVide .
for the nickel analogué This mechanism is related to that further support for the.ogcurrence of both a carquylate shift
proposed for the cleavage of the—® bond in peptide and a hydroxamate shift Band4 as suggested previously for

: - ; ; ; . the analogous nickel complexes. Thus while i®#nd4 show
hydrolysis catalyzed by a dizinc center in aminopeptidases, in 1 .
particular that proposed for the hydrolysis of an N-terminal peaks at 16261624 and 16031610 cn* in CH,Cl, assigned

. . to a bridging acetate and coordinated hydroxamate, respectively,
amino acid at bILAP, there are again additional peaks at 1552 and 1558'¢m3

Spectroscopic Studies The electronic spectra 02—5 and 4, respectively, which are absent in the KBr spectra and
measured in CkCl, are very similar and typical of a distorted  which are assigned to a carboxylate shift in which a bidentate
octahedral environment about a Co(ll) center with bands in the acetate is in equilibrium with a monodentate bridging intermedi-
visible region at ca. 525 nm assigned to tfigy(F) — “Tig(P) ate?3 Similarly, 3 shows a new peak at 1613 chwhich again
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Table 4. Selected Bond Lengths (A) and Angles (deg) for Table 6. Selected Bond Lengths (A) and Angles (deg) for

Complex4 Complex8
Co(1)y-Co(2) 3.0971(6) Co(H0O(4) 2.060(2) Co(1y-Co(2) 3.3466(7) Co(HO(1) 1.889(3)
Co(1)}-0(1) 2.045(3) Co(1y0(3) 2.170(2) Co(1y-0(5) 1.873(3) Co(1y0O(3) 1.916(3)
Co(1)-0(5) 2.121(2) Co(LyN(4) 2.248(3) Co(1)-0(6) 1.899(3) Co(1yN(2) 2.071(3)
Co(1)-N(3) 2.175(3) Co(2y0(6) 2.070(2) Co(1-N(1) 2.019(3) Co(2y0(4) 2.064(3)
Co(2)-0(2) 2.040(3) Co(2y0(3) 2.183(2) Co(2y-0(5) 1.997(3) Co(2yN(3) 2.191(3)
Co(2)-0(5) 2.088(2) Co(2yN(6) 2.226(3) Co(2)-0(2) 2.104(3) Co(2yN(4) 2.206(3)
Co(2)-N(5) 2.195(3) Co(2y-0(8) 2.199(4)

O(1)-Co(1)-O(4) 176.61(11) O(BCo(1-O(5) 87.69(10) O(5)-Co(1)-O(1)  90.61(13) O(5yCo(1)-O(6)  94.17(13)
O(4)-Co(1)-O(5)  93.60(10) O(LyCo(1)-O(3)  97.96(10) O(1)-Co(1)-0(6) 175.16(12) O(5)Co(1-O(3)  99.45(12)

O(4)-Co(1)-0(3)  79.15(9) O(5)Co(1)-O(3)  81.62(9) O(1)-Co(1)-0(3)  90.88(12) O(6¥Co(1-O(3)  89.03(12)
O(1)-Co(1)-N(3)  90.08(12) O(4)Co(1)-N(3)  92.84(11) O(5)-Co(1)-N(1)  89.23(13) O(L}Co(1)-N(1)  88.13(13)
O(5)-Co(1)-N(3)  98.09(11) O(3}Co(1)-N(3) 171.93(10) O(6)-Co(1)-N(1) 91.23(13) O(3)}Co(1)-N(1) 171.28(12)
O(1)-Co(1)-N(4)  88.12(13) O(4)Co(1)-N(4)  90.55(12) O(5)-Co(1)-N(2) 176.40(13) O(HCo(1}-N(2)  89.30(13)
O(5)-Co(1)-N(4) 175.76(11) O(3YCo(1)-N(4)  98.33(10) O(6)-Co(1)-N(2)  85.88(13) O(3yCo(1)-N(2) 84.16(12)

N(3)-Co(1-N(4) 82.56(12) O(2yCo(2)-0O(6) 175.04(12) N(1)—Co(1}-N(2)  87.17(13) O(5yCo(2)-O(4) 94.68(11)
O(2)-Co(2)-0O(5)  95.69(11) O(6yCo(2)-O(5)  80.08(10) O(5)-Co(2)-0O(2) 88.70(11) O(4yCo(2)-0(2) 89.99(11)
O(2)-Co(2-0(3)  90.07(10) O(6yCo(2)-0O(3)  91.90(9)

O(5)—-Co(2-0(3) 82.08(9) O(2rCo(2)-N(5) 89.05(12) Table 7. Selected Bond Lengths (A) and Angles (deg) for
O(6)-Co(2)-N(5)  95.15(12) O(5yCo(2y-N(5) 175.20(11) Complex7

0(3)-Co(2}-N(5)  98.73(10) O(2)Co(2)-N(6)  88.03(12)
O(6)-Co(2)-N(6)  89.89(11) O(5)Co(2)-N(6) 96.77(11) ggg?g‘(’g) ffégfg((%) ggggggg i:gi’g‘l‘ggg
0(3)-Co(2}-N(6) 177.67(11) N(5%Co(2)-N(6) 82.58(12) Co(1)-0(3) 1.9029(17) Co(BN() 2102002)
Table 5. Selected Bond Lengths (A) and Angles (deg) for ggg)):g(é)) iggg(lz()w) %%&%8%23 igigggg;
Complex5 Co(2)-0(4) 1.9025(17)
Co(1)-Co(2) 3.4128(11),3.4219(11) Co@p(14) 2.060(4) o)

(5)—Co(1)-0(6) 89.53(8) O(5)Co(1)-0(3) 98.66(8)
888)):88% 2-83253 ggggmggg ggé% 0(6)-Co(1}-O(3)  95.81(8) O(5yCo(1)-O(1)  88.97(8)
Co(2-0(11) 2.071(4) Co(2IN(15)  2.230(6) O(3)-Co(1}-N(1) 172.77(9) O(1}Co(1}-N(1)  92.27(9)
Co(3)-0(24) 2.055(4) Co(3IN(23) 2.153(5) O(3)-Co(1}-N(2)  85.61(8) O(1}Co(1}-N(2)  89.14(9)
Co3-0(27) 2.192(4) Co(4y0(23) 2.057(5) O(5)-Co(2-O(4)  95.05(8) O(8)Co(2)-O(4)  88.02(8)
Co(4)-0(21) 2.081(4) Co(4y0(24)  2.230(6) O(@)-Co2)-0(2)  91.82(8)
Co(4)-0(26)  2.199(4) Table 8. Selected Bond Lengths (A) and Angles (deg) for
O(12)-Co(1)-0(14) 96.79(18) O(12)Co(1)-O(11) 101.14(16) Complex9
O(14)-Co(1)-0(11) 89.57(16) O(12)Co(1)-N(13) 90.79(18)
O(14)-Co(1)-N(13) 89.83(19) O(11yCo(1)-N(13) 168.04(18) ggg?g‘(’g) 5'885(4) gg((gg% 1'282&3
0O(12)-Co(1)-0(16) 175.51(17) O(14)Co(1)-O(16) 85.42(17) Co(1)-0(2) 1.906(4) Co(ErN(D) 2027(5)
O(11)-Co(1)-0(16) 74.91(16) N(13)Co(1)-O(16) 93.13(18) Co(1y-N(2) 2.031(5) Co(2)0(4) 1.909(2)
O(12)-Co(1)-N(12) 89.1(2) O(14}Co(1)-N(12) 170.7(2) Co(2)-0(2) 1897(d) Co(2y0(7) 1897(4)
O(11)-Co(1)-N(12) 96.3(2) N(13)Co(1)-N(12) 83.0(2) Co(2)-0(1) 1.903(4) Co(2yN(4) 2.024(5)
O(16)-Co(1)-N(12) 89.19(19) O(13)Co(2)-O(15) 97.45(19) Col2)-N(3) 21026(5) :

O(13)-Co(2)-0(11) 99.14(17) O(15)Co(2-O(11) 91.14(16)
O(13)-Co(2)-N(14) 90.0(2) ~ O(15)yCo(2)-N(14) 89.73(19) O(1)-Co(1)-0(3)  88.37(18) O(LCo(1-O(2)  82.64(17)
O(11)-Co(2)-N(14) 170.65(19) O(13)Co(2)-O(17) 174.82(19) O(3)-Co(1)-0(5) 175.17(18) O(2Co(1-0O(3) 89.45(18)
O(15)-Co(2)-0(17) 84.72(18) O(1HCo(2-0(17) 76.06(16) O(2)-Co(1)-0(5)  94.11(18)

N(14)-Co(2)-O(17) 94.75(19) O(13}Co(2)-N(15) 90.8(2) O(1)-Co(1)-N(2) 86.96(8) O(2}Co(1-N(2) 177.5(2)
O(15)-Co(2)-N(15) 169.11(19) O(1HCo(2)-N(15) 94.5(2) O(5)-Co(1)-N(2) 88.3(2) O(2}Co(1-N(1) 92.6(2)
N(14)-Co(2)-N(15) 83.2(2) ~O(17¥Co(2)-N(15) 87.6(2) O(1)-Co(1-N(1) 173.9(2)  O(3}Co(1)-N(1) 87.76(19)

O(5)-Co(1)-N(1) 88.8(2)  O(3)Co(1)-N(2) 88.2(2)
is assigned to a “hydroxamate shiftin which a monodentate ~ O(2)-Co(1}-N(1) 88.1(2)  O(2)Co(2)-O(7)  94.15(18)
bridging hydroxamate is in equilibrium with a form in which ~ O(2)-Co(2}-N(4) ~ 94.4(2) ~ O(2)-Co(2)-O(1)  82.95(16)
there is a weak interaction between the hydrox.amate carbonyl 8%:888)):3((2)) gg:ﬁ(%f) &g;ggg)):ggg gg:ggggg
oxygen and the metal center. The spectra in acetone andO(S)_CO(Z)_N(S) 172.74(8) O(7Co(2)-O(4) 175.90(18)
methanol show results similar to those in £Hy (Table 9). 0(4)-Co(2)-N(3) 86.72(8) O(2}Co(2-N(4)  94.4(2)

Magnetic Susceptibility Measurements The theoretical O(5)—Co(2)-N(4) 92.29(8) O(7¥Co(2)-N(4) 91.3(2)
treatment of dinuclear Co(Il) complexes belongs to one of the O(4)~Co(2-N(4) 170.53(9)  N(3}Co(2)-N(4)  88.0(2)
more difficult chapters of magnetochemistry. The Co(fljah
is strongly anisotropic, and the first-order orbital momentum is
no longer negligible so the isotropic exchange interaction is
insufficient to discuss these complexes and must be supple-
mented by considerations of orbitally dependent exchange
interactions. This leads to invoking a large number of parameters

to attempt a quantitative discussion of the temperature-dependent
magnetic susceptibility data. Ideally, such data should be
supplemented by complementary techniques, such as variable-
temperature and variable-field magnetic circular dichroism;
however, access to such techniques was not available so we
have attempted to interpret the susceptibility data in terms of
(23) Rardin, L. R.; Tolman, W. B.; Lippard, S.New J. Chem1991, 15, the minimum number of parameters which are physically
417-430. meaningful.
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Table 9. Infrared Spectral Data for Complexés-4 in Selected 1200000
Solvent8 3 6006000 13
medium 2 3 1 4 assgnt . 0000 00000000000000
1000000 |- @ 19
KBr 1669 1670 urea 1
1618 1634 1630 1636 bidentate bridging acetate ¢
1606 1592,1610 (sh) coord hydroxamate = 800000 o 16
1559 monodentate acetate g H 1 °
CHCl, 1664 1663 urea N . 15
1614 1626 1624 1624 bidentate bridging acetate g 600000 - $ 2
1613 monodentate hydroxamate ¢ 14 &
1603 1610 coord hydroxamate = B
1553 1552 1557 1558 monodentate acetate ~ 400000 | 13
acetone 1669 1667 urea ] ]
1617 1629 1632 1634 bidentate bridging acetate 1
1604 1591, 1609 coord hydroxamate 200000 -
1550 1548 1554 1559 monodentate acetate L
methanol 1666 1667 urea tees 1!
1627 1628 1627 bidentate bridging acetate 0 "'"nounuuuu'
1610 1582 coord hydroxamate I A M M S S
1604 H-bonded acetate 0 3 100 150 00 0 300
1560 1560 1562 1554 monodentate acetate T [K]

Figure 6. Susceptibility and effective magnetic moment per dimer vs
temperature of complex [G@:-OAc)s(urea)(tmen)[OTH] (2).

aAll values in cntl,
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Figure 5. Susceptibility and effective magnetic moment per dimervs e T [_K] ) )

temperature of complex [G@e-H,0)(u-OAc)(OAC),(tmen)] (1). The Figure 7. Susceptibility and effective magnetic moment per dimer vs

solid lines represent the best fit with the following parametelss temperature of complex [G@i-OAC)(u-AA)(urea)(tmen)][OTT] (3).

—0.7 cnty D = 45 cnT?, gy = 2.9; gy = 2.5. The solid lines represent the best fit with the following parametérs:
= -3.6cnt}; D =45cnt}; gy = 3.0;g0 = 2.6.

0 50 100

Complexesl—3 were magnetically characterized by measur-
ing the temperature dependence of their molar susceptibilities
in the temperature range 4-810 K; the results fod were not
reproducible. The behavior of the three complexes differs
remarkably. While3 shows a distinct maximum ipy at 15 K, 2
1 and?2 exhibit more or less a paramagnetic hyperbola. For all _ NkTa— |

. : A nZex
three compounds, the magnetic moment/dimer at room tem- HY 4
perature is much higher than the spin-only value. In the case of
2, the value increases on cooling from 7 &lat 300 K to 7.79
up at 140 K followed by a decrease to 6.46 at 4.5 K. The
effective magnetic moments dfand3 decrease with decreasing
temperature from 7.1z at 300 K to 4.08ug at 4.6 K and
from 7.20up at 300 K to 1.77up at 4.4 K, respectively. The
temperature dependencies of the magnetic susceptibilities and
effective magnetic moments &f-3 are shown in Figures-57,

a coupled basis, and the details are given elsewi€he
principal values of the magnetic susceptibility were calculated
from the usual expression:

- Ei(Hu)
u=xyz

u

Here E; are the energy levels of the system in the external
magnetic field. Finally, the powder average susceptibility is
calculated as

xav=%(xx+xy+xz)
respectively. The experimental magnetic properties bfas well as the
The magnetic data were interpreted in terms of the Hamil- calculated values of the magnetic susceptibility and effective

tonian: Here the first term is the isotropic exchange interaction magnetic moment are presented in Figure 5 (best-fit parameters

are shown in the caption). The calculated value of the local
5\ ? N\ N\ axial zero field splitting parameter fdr of D = 45 cnttis

H=-2I5:5 + 8Dy 1+—§2 D, ?2“” B? gl\s?J’ B? g2 —s? typical of high-spFi)n Cg(l?). The small value of the isotropic
exchange interaction)(= —0.7 cnm?) indicates a very weak

between two Co(ll) ions, the next two terms are due to the local antiferromagnetic interaction consistent with the structuré of

field splitting, and the last two terms are the Zeeman perturba- containing bridging acetate groups which do not provide a good

tion. The orbital contribution to the exchange interaction together pathway for superexchange. Due to this small value of the

with the biquadratic exchange and anisotropic exchange interac-

tions have all been neglected. Calculations were performed on(24) Ostrovski, S. M. Private Communication.
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Table 10. Spectroscopic Data for ¢g and Cd'Cd' Dinuclear Homo- and Mixed-Valence Complexes

UV/vis spectral dataZmax

complex IR carbonyl freq, cri nm (e, cm* M%) (CH,Cly)
[Co" CA' (u-OH)(u-OAc)(OAC)(urea)(tmen)[OTf] (10) 1670, 1618, 1560 (KBr) <368 (CT), 523 (74), 1093 (10)
1664, 1614, 1556 (C¥Tl)
[Co"5(u-OH)(u-OAc)(OAC)(urea) (tmen[OTA[OAC] ( 11) 1669, 1619, 1559 (KBr) <367 (CT), 377 (sh), 577 (126)
1665, 1615, 1554 (C¥Tly)
[Co" C' (u-H20)(u-OH)(u-OAC)(OACk(tmen)][OAC] (6) 1631, 1548 (KBr) <450 (CT), 530 (66), 1093 (8)
1624, 1556, 1711 (C¥l)
[Co" o (u-OH) (u-OAC)(OAC)(tmen)][OTH] (7) 1651, 1645, 1606, 1570 (KBr) <390 (CT), 383 (sh), 594 (281)
1655, 1645, 1604, 1568 (GAI,)
[CO" 5(u-OH)(OH) (u-OAC)(OAC)(tmen)][OTH] (8) 1632, 1576 (KBr) <390 (CT), 380 (sh), 599 (293)
1614, 1564,1554 (Ci€l,)
[Co" CO' (u-OH)(u-OAC)x(u-AA)(urea)(tmen)] [OTA[OAC] ( 12) 1670, 1633, 1607 (KBr) <362 (CT), 525 (82), 1093 (9)
isotropic exchange parameter, the excited states Mith +1 Scheme 1. Formation of Complexe6—9 from the
are very close in energy to the antiferromagnetic ground state Oxidation of Complext by H,O2?
and their thermal population is significant even at very low j[om] (om
temperatures. Thus, &t= 4.5 K, the effective magnetic moment . 0/( —I

of 1 is about 4ug. In contrast, the best-fit parameters f&r
give aJ value of —3.6 cnt? indicating a stronger antiferro-
magnetism than ik in accord with the presence of the bridging
hydroxamate group although the analogous nickel complex
shows a weak ferromagnetic interactioh € 4.09 cnr?).17
Unfortunately, the magnetic properties of compksannot be
explained within the framework of the above pure spin model.
An analysis based on a model which takes into account a strong
orbital contribution of Co(ll) is in progress.

Dicobalt(lll) Complexes 7—9. Oxidation of aqueous solu-
tions of cobalt(ll) in the presence of various ligands yields a
range ofu-hydroxo andu-peroxo complexes, for example,4fL
Co(u-OH)(u-02)Coly]®* (L = NHjz, tn, tren, trienf*Dihydroxo-
and trihydroxo-bridged dinuclear complexes together with
mixed-valency Co(ll)/Co(lll) complexes have also been re-
ported?8 In view of the difficulty in assessing the protonation
state of the bridging ligand in dinuclear metalloenzymes as
mentioned in the Introduction, it was decided to attempt the
synthesis of model dicobalt(lll) complexes with bridging
hydroxo groups by oxidation of the model dicobalt(ll) com-
plexes,1—3 especially, since it was noted that, on prolonged
exposure to air, pink solutions @fand2 turned reddish-brown,
indicating aerial oxidation.

Oxidation of solutions of the above complexes was attempted
with a variety of oxidants such as Ce(g8¢ HNO;, air, and
H20,, but only with HO, were reproducible results obtained
and only in the case of the oxidation bfand3 were crystals
obtained suitable for a structure determination, yielding com-
plexes7—9.

Oxidation of 1 with H,0,. The dicobalt hydrolase model,

1, reacted vigorously with hydrogen peroxide to give three
products, one brown and two green, depending on the amount
of hydrogen peroxide used. Addition of only a few drops of
H>O; to 1 in methanol gave after workup a brown compkx
characterized by IR and UWisible (Table 10). Its proposed
structure shown in Scheme 1 of a mixed Co(ll)/Co(lll) bridged
dimer. Excess of hydrogen peroxide added to a solutidhiof
methanol under nitrogen gave a green solution. Removal of
solvent and treatment of the resulting green oil with diethyl ether
and ethyl acetate gave two crystalline produ8@nd7, suitable

for X-ray crystallography (Figures 8 and 9, respectively).
Crystallographic data and selected bond lengths and angles argsgure 8. Molecular structure of the cation of dicobalt(I1l) complex

given in Tables 1, 6, and 7, respectively. 8, [Cox(u-OAC)(OAC)(u-OH)(OH)(tmen)] ™.
- — Both 7 and 8 contain a dicobalt(lll) core witl8 containing
(25 g?;'ab' S.; Mitchel, P. Rdv. Inorg. Bioinorg. Mech1984 3, 311~ both a terminal and a bridging hydroxo group together with

(26) Chaudhuri, P.; Querback, J.; Wieghardt, K.; Nuber, B.; Weis, J.  Pridging and monodentate acetates whefeasntains a single
Chem. Soc., Dalton Trand99Q 271-278. bridging hydroxo group. The CeCo distances are 3.2635(5)
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Figure 9. Molecular structure of the cation of dicobalt(lll) complex
7, [Cox(u-OAC)(OAC)(u-OH)(tmen)] *.

and 3.3466(7) A it and8, respectively, compared with a €o
Co distance of 3.597(11) A ih.2° As in the Co(ll) dimers, the

Figure 10. Molecular structure of the cation of dicobalt(lll) complex
9, [Cox(u-OAC)(OACk(u-OH)(tmen)] *.

terminal acetates by bridging and terminal hydroxy groups which
show a marked propensity to hydrogen bond with any remaining

geometry about the cobalt centers is distorted octahedral. Theresuitably oriented acetate groups.
is clear structural evidence for hydrogen bonding between both  Oxidation of 2 with H,0,. Treatment of2, [Cox(urea)ft-
the bridging and terminal hydroxo groups and a monodentate OAc)s(tmen}][OTf], with H2O, in methanol gave two new

acetate group.
The spectroscopic properties dfand 8 are in accord with

complexesl0 and 11 depending on the amount of,&, used.
If only one drop of HO, was used, a brownish solution formed

the above crystal structures. Thus, the infrared spectra showimmediately which on workup gave a brown sofld from
clear evidence of both bridging and monodentate acetate groupsvhich unfortunately crystals for X-ray diffraction could not be
(Table 10), while the electronic spectra of the green complexes obtained. However, the microanalysis and infrared and electronic

(7 and 8) are very similar and close to those reported for the
[Co"5(u-OH)(u-carboxylate)] " core? with a band in the region
599-560 nm assigned to th®A;q — Ty4 transition and a
shoulder in the region 386890 nm assigned to th&Aqg —
1T,q transition. The formation of botf and8 by oxidation of
1 suggests thad is formed sequentially fron7, although the
synthetic studies gave no evidence for this; however, NMR
studies described below show that on standing, a solutiah of
in CDCl; developed peaks characteristic®f

Formation of 8 from 7. When thelHNMR spectrum (see
Supporting Information Tables S&4) of 7 (CDCls) was
followed as a function of time, new peaks assigned8to
appeared. For example the proton resonanceat® 9.42 due
to the bridging OH decreases in intensity with time and
concomitantly a proton resonanceda$.36 due to the terminal
OH proton in8 forms. Similar behavior occurs with the other
proton signals. Further evidence for the formatior8dfom 7
is provided by thé3C spectra where, in the carbonyl region of

spectra (Table 10) suggest a mixed-valence Co(ll)/Co(lll)
complex with a bridging hydroxo group and bridging and
monodentate acetate groups as shown in Scheme 2.

In contrast, reaction dt with excess HO, gave after workup
a dark green solid1 and microanalysis, infrared and electronic
spectroscopy suggest the structure shown in Scheme 2 with a
Cd'";, core, coordinated urea, bridging and monodentate acetates,
and a bridging hydroxo group i.e., [el@-OAc)s(u-OH)(urea)-
(tmen)][OTf][OAC].

Thus, the infrared peak at 1669 chconfirms retention of
the coordinated urea. The electronic spectrd®@and 11 are
quite different. Thus, the spectrum @0, which is typical of
the brown mixed-valence Co(ll)/Co(lll) complexes, gave a band
in the near-infrared of low intensity in the region 1690093
nm and a stronger band around 5ZB0 nm (Table 10). The
former is typical of Co(ll), and the latter is found in both spectra
of Co(ll) and Co(lll) complexes; however, the dicobalt(l1l) band
at 520-530 nm is more intense than that in the dicobalt(Il)

7, five rather than the expected four signals are observed (seeand is accompanied by a CT peak below 350 nm which is absent

Table S3); however, one of these lieskat87, the same value
as in8. Clearly a solution of7 in CDCl; equilibrates to forn8
with subsequent decomposition.

Reaction of 1 with TMS-OTf + AHA + H»0,. Reaction
of 1 with AHA and hydrogen peroxide in the presence of TMS
-triflate gave a dark green solution in methanol. Removal of
solvent followed by extraction in chlorobenzene gave upon
layering with ether dark green crystals ®@fuitable for X-ray
crystallography. This complex contains a dicobalt(ll) core and
two bridging hydroxo groups (Figure 10 and Tables 1 and 8).
It is noteworthy that, under these oxidative conditions, aceto-
hydroxamic acid does not coordinate in the bridging mode which
it adopts in the dicobalt(ll) dimer8 and4 and in the related
dinickel(ll) complexes?” Complexes7—9 are closely related

in the dicobalt(ll) complexes and in some cases a shoulder at
~380 nm is also reported. In contrast, the spectrumibfs
typical of the dinuclear Co(lll) complexes containing a bridging
hydroxo group and is close to those®and8 (see Supporting
Information Table S1 and Table 10).

Reaction of 3 with H,O,. When an excess of compleX
[Coz(u-AA)(u-OAC)y(urea)(tmen)[OTf], was reacted with
H»0,, a brown product12, was formed which is assigned the
structure shown in Scheme 2 on the basis of microanalysis and
infrared and electronic spectra.

In all the above compounds, attempts to measure their Raman
spectra were unsuccessful because of decomposition in the laser
beam. Finally, attempts to promote the hydrolysis of urea with
these hydroxo-bridged complexes were unsuccessful, not sur-

and illustrate the ease of replacement of both bridging and prisingly in view of the relative inertness of Co(lll) complexes



5970 Inorganic Chemistry, Vol. 40, No. 23, 2001

Scheme 2. Oxidation of2 and3 with H,O, and Formation
of Complexesl0—122

mNrM;'[()Tf] HZN\r N}—lh [OTf]

10
l excess Oy

—1 {OTf]{OAc}

[OTH][OA]

12
@ Note: Complexed0and12 are mixed Co(ll)/Co(lll) speciess

compared to Co(ll) complexes. In contrast, preliminary studies
indicate that comple reacts rapidly with amide substrates
while complex7 shows catalase type reactivity with,Gh.
Further studies of these reactions are in progress.

Experimental Section

Brown et al.

and stirring continued for 12 h. Excess urea was filtered off, and vapor
diffusion of diethyl ether into the filtrate gave dark pink crystals2of
(3.98 g, 5.41 mmol, yield 65%). Anal. Calcd for &¢HsNeO10SF

(2): C,32.61;H, 6.16; N, 11.41. Found: C, 32.33; H, 6.01; N, 11.36.

Preparation of Monobridged Acetohydroxamate Complex 3:
[Coo(u-OAC)(-AA)(urea)(tmen) ] [OTF] . Complex2 (368 mg, 0.500
mmol) and acetohydroxamic acid (AHA) (37.5 mg, 0.500 mmol) were
stirred in dichloromethane (2 mL) until a clear solution resulted.
Layering withn-pentane or 2,2-dimethoxypropane gave pink crystals
of 3, [Cox(urea)(OACY u-AA)(tmen)][OTf] (yield 0.200 mmol, 40%).
Anal. Calcd for CeCuoH60:10N7SF; (3): C, 31.96; H, 6.13; N, 13.05.
Found: C, 31.78; H, 6.10; N, 12.99.

Preparation of Dibridged Acetohydroxamate Complex 4: [Ce-
(u-AA) 2(-OAc)(tmen),][OTf]. Complexl (302 mg, 0.500 mmol) and
acetohydroxamic acid (AHA) (75 mg, 1.00 mmol) were dissolved in
acetone in the presence of 0.18 mL (1.00 mmol) of triflate and stirred
for 1 h. Evaporation of the acetone gave an oil which dissolved in a
dichloromethaneacetone mixture (1:1), and layering of this with
petroleum ether gave pink crystalsHfCo,(u-AA) 2(u-OAc) (tmen)]-
[OTHf] (yield 0.195 mmol, 39%). Anal. Calcd for GB19H4sNeO10SF
(4): C,32.30; H, 6.14; N, 11.90. Found: C, 32.14; H, 6.00; N, 11.72.

Preparation of Complex 5: [Coy(u-OAC)A (u-O(N)(CO)x(CHy)s} -
(tmen),][OTf]. Complex1 (604 mg, 1 mmol) was dissolved under
nitrogen in dry methanol (5 mL) and triflate (0.18 mL, 1.00 mmol)
injected. After the solution was stirring for 1 h, glutarodihydroxamic
acid (gluHA,) (180 mg, 1.00 mmol) dissolved in dry methanol (2 mL)
was added. After this solution was stirring for 30 min, solvent was
removed and the resulting oil dissolved in dichloromethane which, on
layering withn-pentane, gave dark pink crystals5fyield 0.35 mmol,
35%). Anal. Calcd for CgCoH44NsO10SFs: C, 35.44; H, 5.94; N, 9.39.
Found: C, 35.01; H, 5.77; N, 9.16.

Reaction of 2 with H,O,. When2 (368 mg, 0.5 mmol) was treated
with 0.067 mL of HO, (27%) (0.6 mmol) in methanol, the color of
the solution changed from pink to brown. A brown oil was obtained
upon removal of the solvent under reduced pressure. Treatment of the
oil with light petroleum or diethyl ether gave the brown product
complex [Cd'Cad' (u-OH)(u-OAc)(OAc)(urea)(tmen)[OTf] ( 10) (vield
0.42 mmol, 84%). Anal. Calcd for GB20H46NsO11SFs: C, 31.88; H,

6.15; N, 11.15. Found: C, 32.17; H, 5.97, N, 11.07.

Reaction of 2 with Excess HO,. When2 (368 mg, 0.5 mmol) was
treated with 0.27 mL of kD, (27%) (2.4 mmol) in methanol, a green
solution was obtained accompanied by large changes in thevi$ible
spectrum of the solution. Removal of the solvent afforded a green oily
residue which gave a solid green product, compéx[Co,(OAC)s-

Solvents were freshly purified by standard methods. Reagents were(OH)(urea)(tmen)[OTf][OAc], upon treatment with a minimum
used directly without purification. Infrared spectra were measured as amount of an ethyl acetate/ether mixture (yield 0.38 mmol, 0.28 g,

KBr disks on a Perkin-Elmer Paragon 1000 Fourier transform spec-
trometer. UV/ visible spectra were measured in dichloromethane
solution on a Perkin-Elmer Lamba 6 UV/vis spectrometeiNMR
spectra were recorded on Varian INOVA 300 and Varian INOVA 500
MHz spectrometers!3C NMR spectra were obtained on a Varian
INOVA 300 MHz spectrometer and a Varian INOVA 500 MHz

75%). Anal. Calcd for CgCH49013N6SF; (11): C, 32.52; H, 6.10;

N, 10.34; Co, 14.51. Found: C, 31.06; H, 5.85; N, 11.09; Co, 15.88.
Reaction of 2 with AHA and H20,. When compoun@ (736 mg,

1.00 mmol) was reacted with AHA (75 mg, 1.00 mmol) in methanol

and the resulting pink solution treated with 0.14 mL (1.2 mmol) of

H20; (27%), a brown solution formed which upon workup gave the

spectrometer operating at 75 and 126 MHz, respectively. Chemical shifts prown solid complex [CBCO' (u-OAC)(u-AA)(u-OH)(urea)(tmeny-
are reported downfield from tetramethylsilane (TMS) as internal [OTf[OAC] (12) (yield 0.78 mmol, 78%). Anal. Calcd for Go
reference. Elemental analyses were performed by the Microanalytical ¢, H,,0,,N,SF;: C, 31.84: H, 6.28: N, 11.13: Co, 15.62. Found: C,

Unit of the Chemistry Services Unit of University College, Dublin.
Preparation of Hydroxamic Acids. Acetohydroxamic acid and
glutarodihydroxamic acid were prepared as described previétushy.

Preparation of Parent Cobalt Complex 1.[Coz(u-H20)(u-OAC)»-
(OAc),(tmen)] was prepared by the literature methd.

Preparation of Cobalt Complex 2: [Coy(u-OAc)s(urea)(tmen)]-
[OTf]. Complex1 (5.03 g, 8.33 mmol) was dissolved in dry dichlo-
romethane (30 mL) and stirred with 1.50 mL (1.85 g, 8.33 mmol) of
(trimethylsilyl)triflate for 1 h. Urea (1.0 g, 16.7 mmol) was then added

(27) Brown, D. A.; Roche, A. Linorg. Chem 1983 22, 2199-2202.

(28) Brown, D. A.; Coogan, R. A.; Fitzpatrick, N. J.; Glass, W. K
Abukshima, D. E.; Shiels, L.; Ahlgren, M.; Smolander, K.; Pakkanen,
T. T.; Pakkanen, T. A.; Pékgla, M. J.J. Chem. Soc., Perkin Trans.
21996 2673-2679.

30.88; H, 5.94; N, 12.74; Co, 14.62.

Reaction of 1 with H,0,. 1 (604 mg, 1.0 mmol) in methanol was
reacted with 0.12 mL (1.0 mmol) of 4@, (27%). Removal of solvent
afforded the brown solid comple& (yield 0.95 mmol, 95%). Anal.
Calcd for CeCuoH470:0N4 (6): C, 38.65; H, 7.65; N, 9.01; Co, 18.5.
Found: C, 38.15; H, 7.43; N, 8.89; Co, 19.2.

Reaction of 1 with Excess HO,. 1 (602 mg, 1 mmol) was reacted
with 1 mmol of TMS-OTf (0.18 mL) in methanol and the resulting
solution stirred for 1 h. Addition of 0.28 mL (2.5 mmol) ot8, (27%)
resulted in a bright green solution. Removal of the solvent afforded a
dark green oil. Treatment of this oil with diethyl ether extracted a
yellowish green solution and a dark green oily solid. After separation,
the dark green oily solid was treated with ethyl acetate and gave upon
layering with ethyl benzene good quality dark green crystals of the
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complex? suitable for X-ray analysis (yield 0.38 mmol, 38%). Anal. Magnetic Measurements The magnetic susceptibilities of powdered
Calcd for CeCyiHasN4O1SK; (7): C, 33.51; H, 6.03; N, 7.44; Co, samples of1—3 were recorded on a Faraday-type magnetometer
15.66. consisting of a Cahn RG electrobalance, a Leyboldt Heraeus VNK 300

Fqund: C, 33.40; H, 5.96; N, 7.35; Co, 15..79. The above ethgr helium flux cryostat, and a Bruker BE25 magnet connected with a
solution also gave good quality green crystals suitable for X-ray analysis Bruker B-Mn 200/60 power supply in the temperature range-310

of complex (yield 0.19 mmol, 19%). Anal. Calcd for @B19H43N4O1- K. The applied magnetic field was about 1.5 T. Details of the apparatus

Sk (8): C,32.12; H, 6.10; N, 7.88; Co, 16.59. Found: C, 31.62; H, have been described elsewh&&The experimental susceptibility data

6.12; N, 7.46; Co, 17.00. were corrected for underlying diamagnetism in the usual manner using
Reaction of 1+ OTf + AHA + H0; Excess 1 (604 mg, 1 mmol) Pascal’s constan®.Corrections for diamagnetism were estimated as

was reacted with 1 mmol of TMS-OTf (0.18 mL) in methanol. To this  _376 2 106, ~339.0x 1075, and—380.1x 1075 cr#/mol for 2, 1,
solution AHA (150 mg, 2.00 mmol) was added followed by (0.28 and3, respectively.

mL, 2.5 mmol) resulting in a change of color of the solution from pink
to green. Removal of solvent, treatment of the resulting oil with
chlorobenzene, and layering with diethyl ether gave shiny dark green
crystals of complex [C;(u-OH)(u-OAc)(OAC)(tmen}][OTT] (9)
suitable for X-ray crystallography

Conclusions

The ability of the dicobalt model hydrolase [&e-H,0)(u-

(yield 0.32 mmol 32%). Anal. Calcd for GBigHsgNO1:.SFs (9): OAC)»(OAC)(tmen}] (1) to form a cobalt-based urease model
C, 32.12; H, 6,10; N, 7.88; Co, 16.59. Found: C, 31.59; H, 5.82; N, complex [Co(u-OAc)s(urea)(tmer[OTf] (2) and to cause
7.69; Co, 18.79. hydroxylamine elimination from glutarodihydroxamic acid and

Treatment of Complexes 7 and 8 with UreaWhen 0.5 mmol of form [Coy(u-OAC){ u-O(N) (OCL(CHy)} (tmen}][OTH] (5) in
7 or 8 was treated with excess urea in the presence or the absence o manner identical to that for the nickel-based urea mét&s
TMS-triflate, no change was observed in the BWs spectrum or IR gives strong support to a close similarity between Co(ll) and
spectrum in methanol, even after overnight stirring. Filtration and Ni(Il) in dinuclear-based metalloenzymes. This similarity can

removal of the solvent gave an oil, from which the starting materials . . - .
were recovered intact ¢ 9 probably be extended to other divalent metal ions utilized in

Treatment of 7 and 8 with Hydroxamic Acids. When 0.5 mmol metalloenzymes such as Zn(ll) and Mn(i).
of 7 was mixed with AHA (0.5 mmol) in CkCl,, no reaction was The facile replacement of both carboxylate groups and water
observed, and the starting material was obtained after workup. The molecules, a common structural feature of dinuclear metalloen-
same result was observed for comp&x zymes, by acetohydroxamic acid in the model compouhds

Treatment of 7 and 8 with Urea and AHA. When the cobalt(lIl) and 2 to form bridged hydroxamate cobalt complexes with
complexes formed by reactinwith excess HO, were mixed with

urea and AHA, no changes were seen in either the-W\é or the IR essentially the .S'am.e structures a.s thejr hickel analogues suggests

spectra indicating that the complexes are inactive to these substratestNat hydroxamic acids can also inhibit cobalt-based hydrolases
Crystals Structure Determinations of Complexes 25 and 7—9. as well as inhibiting urease.

Crystals suitable for X-ray analysis were obtained directly from the  Oxidation of the dicobalt(ll) complexes—3 gave a series

above preparation methods. Data were collected using a Siemensof mixed Co(Il)/Co(lll) dimers as intermediates in the formation

SMART CCD area-detector diffractometer. A full ‘hemisphere of ¢ cq 1) dimers containing both bridging and terminal hydroxy

reciprocal space was scanned by a combination of three sets Ofgroups. In contrast to the dicobalt(ll) series, acetohydroxamic

exposures; each set had a differgnangle for the crystal, and each . . . .
exposure of 10s covered 0.8 w. The crystal to detector distance ~ 2cid does not form bridged complexes with the dicobalt(lll)

was 5.01 cm. Crystal decay was monitored by repeating the initial S€ries of complexes. Oxidation occurs by ready replacement of

frames at the end of the data collection and analyzing the duplicate acetate groups with formation of the hydroxy complexes.

reflections; a multiscan absorption correction was applied using
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