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not been structurally evidenced in the solid statRecently,
Pecoraro et a2 have reported nickel complexes containing
deprotonated salicylhydroxamic acid as a binucleating ligand
with the carbonyl and hydroximate oxygens bound to one nickel
and the phenolate oxygen and imine nitrogen chelating an
adjacent nickel atom. Herein, we report the crystal structure and
the spectroscopic studies of a mononuclear nickel pentacoor-
dinate hydroxamate complex that reveal§@,0} chelating
mode of the hydroxamate, and it is the only crystallographically
characterized example of a hydroxamate derivative in a distorted

de Cartagena, 30203 Cartagena, Spain, and Institut desquare pyramidal geometry.
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Introduction
Hydroxamic acids constitute a very important class of

chelating agents, and their complexes are ubiquitous in biologi-

cal systems3.The coordination chemistry of hydroxamic acids

Experimental Section

Materials. The complexes [Ni([12]aneNnc)(u-OH)Jx(PFs)2 ([12]-
aneN-mc = 2,4,4-trimethyl-1,5,9-triazacyclododec-1-ene, [12]ageN
mcl, or 2,4,4,9-tetramethyl-1,5,9-triazacyclododec-1-ene, [12]aneN
mc2) were synthesized by procedures previously desctidédll
commercial reagents were obtained from Aldrich Co. and used without
further purification. Solvents were dried and distilled by general
methods before use.

Physical Measurements.C, H, and N analyses were carried out

and their derivatives has received considerable attention inith a microanalyzer Carlo Erba model EA 1108. IR spectra were

modeling of the biological function, in particular, inhibition of
urease activity.Urease is a nickel-containing metalloenzynte

recorded on a Perkin-Elmer 16F PC FT-IR spectrophotometer using
Nujol mulls between polyethylene sheets. The NMR spectra oD

that catalyzes the hydrolysis of urea to form ammonia and CO solutions were recorded on a Bruker model AC 200E (standard
carbamate, and it can be inhibited by a variety of agents SiMes) or a Varian Unity 300 spectrometer. The UV/vis spectra (in

including thiol$ and hydroxamic acids.The structure of
Bacillus pasteuriiurease inhibited with acetohydroxamic acid
has been solved at 1.558The structure clearly shows the
binding mode of the inhibitor anion symmetrically bridging the
two Ni ions in the active site through the hydroxamate oxygen

acetone) were recorded on a Hitachi 2000V spectrophotometer for the
300-800 nm range. Fast atom bombardment (FAB) mass spectra were
run on a Fisons VG Autospec spectrometer operating in the 'FAB
mode. Magnetic susceptibility measurements were measured on poly-
crystalline samples in the temperature range -1800 K with a
Quantum Desing SQUID susceptometer. It was calibrated with Hg-

and chelating one Niion through the carbonyl oxygen. The two [co(NCS)). Diamagnetic corrections were estimated from Pascal's
Ni ions in the active site are separated by a distance of 3.53 A. constants. The magnetic data were also corrected for the temperature-

The {Owu-O} bridging function of the hydroxamic moiety

independent paramagnetism (12010° cm® mol~ per Ni atom).

has been observed in a few dinuclear complexes used as [Ni([12]aneNs-mc1)(Ah)]PFs 1. The compound acetohydroxamic
structural models of the inhibited urease, obtained by substitutionacid (HAh, 26 mg, 0.340 mmol) was added to a solution of [\]-
of carboxylate ligands by hydroxamates in octahedral com- aneN-mc1){-OH)](PFs). (150 mg, 0.170 mmol) in acetone (20 mL).

pounds with preorganized dimeric struct8f€.0n the other
hand, the{O,0} chelating mode has been observed in the

reported nickel complexes in an octahedral structure supported

The reaction was stirred for 1 h, during which time the mixture became
a bright blue solution. Acetone was then removed under reduced
pressure untitb10 mL. After addition of ether (25 mL), the resulting
blue solid was filtered off, washed with ether, and air dried. Yield:

by magnetic moments and IR and electronic spectra that havey 13g 4 (83%). Anal. Calcd for GHaN:OPRNi: C, 34.4; H, 6.0: N

11.5. Found: C, 34.4; H, 6.2; N, 11.4. FABYe) m/z. 343 [M]*. 'H
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(o-CH), 104.8 (-CH), 98.7 (-CH), 30.5 (4-Me), 24.9 (2Hq-CH),

19.1 (4-Me), 3.4 (Me, Ah)—9.7 (3-CH), —11.2 8-CH), —12.1 {-

CH), —17.5 (2-Me),—26.9 (3-CH), —32.0 (3-CH), —36.4 (3-CH). €sg4

38 M™% cm?, €360 570 Mt cmL. Principal IR bands cmt: 3294,

3266, 3176, 1660, 1612, 1546, 1460, 1302, 1080.
[Ni([12]aneNs-mc2)(Ah)]PFs 2. To a suspension of [Ni([12]angN

mc2)u-OH)2(PFs)2 (150 mg, 0.170 mmol) in acetone (20 mL) was

added HAh (26 mg, 0.340 mmol). The mixture was heated under reflux

with stirring for 2 h. The solvent was removed under reduced pressure

until ~10 mL. After addition of ether (25 mL), a solid product was

obtained as a green solid that was filtered off, washed with diethyl

ether, and air dried. Yield: 0.137 g (80%). Anal. Calcd fagHGiN4O--
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Scheme 1. Synthesis of Complexeks—4 and Proton Labeling
/\T —! 2+

N
(7 <:>I§D

_—]+

*2HA </<|/O\ K

N
—2H o) o/NH

@)Me Me(da) ~ HA=HAR HBR = Me (Ah); Ph (Bh)

m M/\FMe o) [12]aneN;-mc1, Ah 1
NNON o= AN N [12]aneNa-mc2, Ah 2
[12}]aneN;-mc1, Bh 3

N p [12]aneN3-mc2, Bh 4

R
9
R=H, [12]aneN3-mc1; Me, [12]aneN3-mc2

Table 1. Crystallographic Data for Complex

PRNi: C, 35.8;H,6.2; N, 11.1. Found: C,35.6 H, 6.3; N, 11.1. FAB
(+ve) Mz 357 [M]*. IH NMR (CD;),CO) o: 262.0 (-CH), 255.5 formula GisH31F6NsNiO2P
(0-CH), 237.4 (-CH), 168.8 (-CH), 100.7 (N-Me), 112.4¢-CH), M 503.12
91.1 @-CH), 33.3 (-CH), 29.6 (4-Me), 26.1¢-CH), 19.2 (4-Me), T(K) 273(2)
8.9 (Me, Ah),—6.6 (3-CH), —10.9 (3-CH), —12.0 (3-CH), —18.3 (2- crystal system monoclinic
Me), —26.3 (3-CH), —33.8 (3-CH), —35.9 3-CH). es5734 ML cm Y, space group P21
€355 541 M~ cmL, Principal IR bands cr: 3380, 3196, 1660, 1600, A (Mo Ka) (A) 0.71073
1532, 1462, 1306, 1078. a(A) 7.750(9)
: ) ) . b (A) 20.931(9)
[Ni([12]aneNs-mc1)(Bh)]PFs 3. The compound was prepared in a
1 ) e c(A) 13.286(6)
way similar to that forl using benzohydroxamic acid (HBh, 47 mg, £ (deg) 104.02
0.340 mmol) and [Ni([12]aneNmc1){-OH)]x(PFs)2 (150 mg, 0.170 V(A3 2091(3§
mmol). A blue solid was obtained. Yield: 0.161 g (86%). Anal. Calcd Z 4
for CiogH31N4O-PRNi: C, 41.4; H, 5.7; N, 10.2. Found: C, 41.4; H, ocalc (g CNT9) 1.598
5.9; N, 10.0. FAB -ve) m/iz. 405 [M]*. *H NMR (CD5),CO)6: 337.0 R1[ > 20()] 0.0429
(a-CH), 320.9 @-CH), 221.7 @-CH), 183.3 @-CH), 102.7 (-CH), wR2 (all data) 0.1287
99.0 (@-CH), 31.3 (4-Me), 25.4(2Hy-CH), 19.0 (4-Me), 9.3 (Ph, Bh), GOF 0.984
—9.4 (-CH), —11.2 3-CH), —12.1 (3-CH), —17.4 (2-Me),—26.9 (5- measured reflections 7347
CH), —31.7 (3-CH), —36.3 (3-CH). €553 44 M~ cmL, €360 894 M1 independent refins 3683

cmL. Principal IR bands cmt: 3298, 3284, 3174, 1666, 1598, 1518,
1459, 1316, 1052.

[Ni([12]aneNs-mc2)(Bh)]PFs 4. Complex 4 was prepared in a
fashion analogous to that f@; starting from [Ni([12]anehmc2)(u-
OH)]2(PF)2 (150 mg, 0.170 mmol) and HBh (47 mg, 0.340 mmol). A
green solid was obtained. Yield: 0.115 g (60%). Anal. Calcd for
CooH3sN4OPRsNi: C, 42.5; H, 5.9; N, 9.9. Found; C, 42.3; H, 5.9; N,
9.9. FAB (+ve) Mz 419 [M]*. 'H NMR (CD3),CO) 6: 265.7 (-
CH), 260.0 (-CH), 239.7 (-CH), 173.2 (--CH), 110.3 ¢-CH), 102.4
(N-Me), 92.3 @-CH), 33.8 (-CH), 30.9 (4-Me), 26.7(-CH), 19.4
(4-Me), 9.4 (Ph, Bh)—6.5 (3-CH), —10.9 (3-CH), —12.1 (3-CH),
—18.4 (2-Me),—26.4 (3-CH), —33.9 (3-CH), —36.2 (3-CH). €sg7 84
M~ cm™, €36, 802 Mt cm™2. Principal IR bands crt: 3264, 3188,

producing HO and the complex containing the acid anion as a

nickel-bound ligand® Both aceto- and benzohydroxamic acids

react with [Ni([12]JaneN-mc)(u-OH)]x(PFs)2 giving the desired

hydroxamate derivatived—4 presented in Scheme 1. The

identity of these complexes could be unambiguously inferred

from their spectra (see the Experimental Section). The IR spectra

contain the expected absorptions attributed to the hydroxamate

ligand: v(NH) at 3196-3174 cn1?, v(CO) at 1600 cm?, v(CN)

at 1546-1518 cnt. The general pattern of the infrared spectra

supports coordination via ketonic oxygen atom and the oxygen

atom of the deprotonated NHQyroup, as reported previously

1660, 1600, 1532, 1457,1308, 1068. for monomeric nickel complexes containing alkylhydroxamic
X-ray Crystallography. Crystals of [Ni([12]aneN-mc2)(Ah)]PR acids!®11 The IR spectra show the bands assigned to-wi)l

2 were obtained by slow diethyl ether diffusion onto an acetone solution. (~3300 cnt?t) and v(G=N) (~1660 cnt?) of the coordinated

A single crystal (approximate dimensions 0.200.20 x 0.30 mm) macrocycle and strong bands at 840 and 560%cdue to the

was mopnted on an Enraf-Nonius CADA} d.iﬁractometer equipped _with hexafluorophosphate anion.

T e s Setnin__The electioncspecia of omplexos (sce Experimertal

Section), measured in acetone, are very similar and understood
by least-squares fitting of 25 high-angle reflections. The scan method : in Cay symmetry with bands in the 600 and 360 nm regions,

wasw — 20 with the range ofhkl (=9 < h <9, -24 < k < 0, 3 3
~15= | = 15) corresponding t0@ma= 50°. Empiricaly-scan mode ~ Which could be assigned #8,(F) — °E(F) and*By(F) —

absorption was made. The structure was solved by direct methods*A2,°E(P) transitions, respectively. Boffyax values and molar
SHELXS-975 and refined by full-matrix least-squares techniques using absorptivities are consistent with a distorted pentacoordinate
anisotropic thermal parameters for non-H atoms. The fiddhctor environment around nickel(1R:7

was 0.0429R, = 0.1136 wherav = 1/0%(F¢2) + (0.0776P)2 + 1.71P
andP = F¢? + 2F?)/3] over 2693 observed reflections $ 20(1)].

(16) (a) Santana, M. D.; Rufete, A.] Szhez, G.; Gara, G.; Lgpez, G;
CasabpJ.; Molins, E.; Miravitlles, Clnorg. Chim. Actal997, 255,
21. (b) Santana, M. D.; Rufete, A.; GéaaciG.; Lgpez, G.; Casahd.;
Cabrero, A.; Molins, E.; Miravitlles, CPolyhedron1997, 16, 3713.
(c) Santana, M. D.; Garaj G.; Rufete, A.; Sachez, G.; Rafmez de
Arellano, M. C.; Lgez, G.Inorg. Chem. Commuri998 1, 267. (d)
Santana, M. D.; Garal G.; Rufete, A.; Rafmez de Arellano, M. C;
Lopez, G.J. Chem. Sa¢Dalton Trans.200Q 619.
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dam, 1984; pp 513520.

Results and Discussion

The hydroxide ligand in complexes [Ni([12]anghc)(u-
OH)]2(PFs)2 is a weak base and a very good leaving group. For
this reason, [Ni([12]aneNmc)(u-OH)].(PFs), reacts with acids

(15) Sheldrick, G. MSHELXS-97University of Gdtingen, Germany, 1997.
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N3 macrocycle occupy the apical position and two adjacent basal
ones, whereas the other two basal positions correspond to the
hydroxamate group. The nickel atom is 0.328(3) A out of the
basal plane (N1,N2,01,02, rmsd 0.028) toward atom N3.
This plane is nearly coplanar to the ©84—C14—02 mean
plane, the angle between both planes being 329(#he two
Ni—O bond lengths are similar (2.002(5) and 2.009(6) A), and
the hydroxamate ligand provides a close-to-ideally planar chelate
ring (maximum deviation 0.06 A for 02). The distancesidi

are shorter than those found in acetohydroxamate dinuclear
octahedral complexes of Ni(I))1°However, these distances are
very similar to that reported for the structure Bf pasteuri
urease inhibited with acetohydroxamic agi@the macrocycle

c1 = is coordinated facially, with the imine chelate ring in the basal
plane of the square pyramid. A feature of the structure is the
Figure 1. ORTEP plot of the cation of [Ni([12]aneAmc2)(Ah)|PFs presence of the methyl group (C12) close to the vacant
2 with the labeling scheme. octahedral coordination site, 2.91 A from the nickel(ll) ion. The
Table 2. Selected Bond Lengths (A) and Angles (Deg) for closest contact between two cationic complexes is 2.282 A for
Ni()—O(1)  2.002(5) O(BNi(1)—0(2) 81.4(2) Ezdzragde(n)t,ot:éssdlstance is longer than that of the majority of
Ni(1)-O(2) ~ 2.009(6) O(1FNi(1)-N(2)  90.9(2) yarog Nas. .
Ni(1)-N(2)  2.036(7) O(2>XNi(1)-N(2)  159.2(3) The effective magnetic moments for these compounds at roon
Ni(1)—N(1)  2.036(6) O(LyNi(1)—N(1)  162.2(3) temperature are in the 3.4@.97 ug range, and they remain
Ni(1)-N(@3)  2.064(7) O(2)Ni(1)=N(1) ~ 90.7(3) constant in the temperature range 3300 K. The magnetic
g%:“:gg:“gg 13%‘2(8 moments, at room temperature, estimated by NMR measure-
0(2)-Ni(1)-N(3) 98.3(3) ments in solution are in the 2.92.95up range. These values
N(2)-Ni(1)-N(3)  102.3(3) are those expected for magnetically isolated Ni(ll) ions with a
N(3)—Ni(1)—N(1) 93.1(3) spin triplet & = 1) ground state.

It has been suggested that the inhibition of urease by

TheH NMR spectra for complexebs—4 show the resonance  hydroxamic acids involves the coordinative saturation of two
line pattern observed for the [12]anghhacrocycle ligands that  nickel centers with a 5/5 coordination number &etll the
has been assigned on the basis of previous studies of nickelreported inhibited-urease mod&8showed nickel atoms in an
macrocyclic complexe¥. The a-methylene protons shift down-  octahedral environment, and those were prepared by acetate
field (~330-25 ppm), whereas thé-methylene protons shift  displacement. The synthesis of complgxis based on the
upfield (~—7 to —36 ppm) with regard to the diamagnetic reaction between a bridging hydroxo ligand and the hydroxamic
position. Equatorial protons are expected to experience largeracid, and it represents the first example of a hydroxamate
contact shifts than axial protons and therefore the most derivative bound to a nickel atom in a five-coordinate environ-
downfield resonances are duedeCHeq and the most upfield  ment. Finally, to our knowledge, the mechanism of urease
ones tof-CHeq® The isotropically shiftedH NMR signals inhibition is not well established and the presence of a
observed for methyl groups (2-Me,—18 ppm, 4-Me(a, b);-30 pentacoordinate nickel(ll) moiety containing hydroxamate acting
and~19 ppm, and 9-Me N, ~95 ppm) can be initially assigned  as chelate should not be ruled out.
by inspection of their peak areas as well as methyl and phenyl )
groups of hydroxamates. _Ackr_l,owledgment. This \ivork has bee_n supported_ b,y _the

The crystal of complex2 consists of [Ni([12]anedmc2)- D!recc.lon General de EnSamza Superior e In\{estlgauo
(Ah)]* cations and PF anions held together by electrostatic ~ Cienffica (PB97/1036). Dr F. Lloret of the University of
interactions. The structure of the cation is shown in Figure 1 Valencia, Spain, is thanked for measuring magnetic susceptibili-
with selected bond lengths and angles given in Table 2. The U€S.

nickel atom is pent_acoordmate’ with a squgre pyramid arrange- Supporting Information Available: X-ray crystallographic data
ment of the chelating atoms. The three nitrogen atoms of the 5,4 CiF files for obtained compounds. This material is available free
of charge via the Internet at http:/pubs.acs.org.

(18) La Mar, G. N., Horrocks, W., Jr., Holm, R. H., EdSIMR of
Paramagnetic MoleculefAcademic Press: New York, 1973; p 243.  1C010298+





