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Complexes Cu(O,Ncat)(tbeda) (1) and Cu(O,Ncat)(tmeda) (2) (tbeda = N,N,N',N'-tetrabenzylethylenediamine, tmeda
= N,N,N',N'-tetramethylethylenenediamine, O,NcatH, = 4-nitrocatechol) have been prepared by the reaction of
copper(ll) perchlorate with 4-nitrocatechol in the presence of triethylamine and the appropriate bidentate ligand.
These compounds represent structural and functional model systems for the copper-containing catechol
1,2-dioxygenase. Both complexes have been structurally characterized by X-ray crystallography and by UV-vis,
IR, and EPR spectroscopies. Upon protonation of 1 and 2 with perchloric acid, the bidentate coordination of O,-
Ncat could be reversible converted to the monodentate coordination of O,NcatH. The equilibrium constants were
found to be 4200 and 3500, respectively, by measuring the UV-vis spectra in DMF. Back-titration with morpholine
proved the reversibility of both reactions. Kinetic data on the oxygenation of 1 and 2 revealed overall second-order
rate equations with kinetic parameters: Kpesa = (4.63 £ 0.23) x 1072 mol=* dm® s~%, AH* = 51 + 6 kJ mol~*,
AS* = -137 = 16 J mol™! K™% Kimega = (0.89 + 0.23) mol~ dm® s%, AH* = 85 + 7 kJ mol™, AS¥ = -57 +
19 J mol~! K* at 365.16 K. Oxygenation of 1, 2, and [Cu(O,NcatH)(L)]CIO,4 (L = tbeda, tmeda) in DMF solution
at ambient conditions gives the corresponding intradiol ring-cleaved (2-nitro-muconato)copper(ll) complexes. These
data support the assumption that the reaction of the differently coordinated catecholate ligand with dioxygen shows
only 1,2-dioxygenase activity.

Introduction a in Scheme 1, or dioxygenation by molecular oxygen to
ring-cleaved products by catechol dioxygends&be cat-
echol oxidase enzymes contain two copper ions at their active
site® The catalytic cleavage of catechols yields aliphatic
products by insertion of both atoms of dioxygen into the
aromatic ring'® 13 Traditionally, catechol dioxygenases are
subdivided into intradiol- and extradiol-cleaving enzymes
according to their catalysis of the ring cleavage between or

Aerobic microorganisms play an important role in the
oxidative degradation of aromatic compouAdsThe aro-
matic rings are first hydroxylated to phenols or diphenols,
either through successive steps or dihydroxylation, which
are the key compounds for either oxidation by dioxygen to
o-quinones catalyzed by catechol oxida%&sas shown in
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Scheme 1 systems suggest that the extradiol-cleaving catechol dioxy-

genases selectively favor the monoanionic state of catechol,
in contrast to the intradiol enzymes which bind catechol as
a dianion®® Here we describe several new copper(ll) cat-
echolate complexes as model compounds for catechol 1,2-
dioxygenases with the chromophoric probe 4-nitrocatechol
and various bidentate ligands. The steric and electronic
influence of the nitrogen-donor ligand set and the effect of
the binding mode of the 4-nitrocatechol on the biomimetic
catechol 1,2-dioxygenase activity is probed with spectro-
scopic and functional investigations on the prepared copper-
(1) compounds.

[ X

| CO,H
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outside the twoortho-hydroxo groups$? The intradiol-
cleaving catechol dioxygenases (b in Scheme 1) contain aNexperimental Section
Fe(ll*™>18 or Cu(ll),*® while in contrast, the extradiol-

cleaving catechol dioxygenases (c in Scheme 1) typically ~General Remarks.Solvents used for the reactions were purified
contain an Fe(ll) active sit&52°-22 However, Mn(ll)- using literature methods and stored under argon. The ligands

dependent extradiol-cleaving enzymes have also beenN,N,N’,N’-tetramethylethylenediamine and 4-nitrocatechol (Aldrich)
characterize® 2 and in one case, a Mg(ll)-dependent were used as provided. All air-sensitive compounds were handled

extradiol-cleaving catechol dioxygenase has been reptited. under argon using standard Schienk technidti€saution: Per-

. - . chlorate salts of metal complexes with organic ligands are
In previous studies, several functional models have beer]potentially explosie. Only small amounts of material should be

synthesized to gain insight into the mechanism of catechol prepared, and these should be handled with great carezared
cleavage/~3° Complexes of copper have appeared promi- spectra were recorded on a Specord 75 IR (Carl Zeiss) spectro-
nently in these investigatiori$:3* Questions regarding the  photometer using samples mulled in Nujol between KBr plates or
mechanism of dioxygen activation, stereoselectivity, and in KBr pellets. UV-vis spectra were recorded on a Shimadzu UV-
intra- versus extradiol ring cleavage remain as subjects of 160 spectrophotometer using quartz cells. The EPR spectra were
investigation. Earlier models have shown that the dioxyge- recorded at room temperature by an X-band Bruker Elexsys 500
nase activity strongly depends on the nature of the ligand spectrometer. GC analyses were performed on a HP 5830A gas

set and the coordination mode of the catecholate ligari.

4-Nitrocatechol binding studies on iron and manganese model
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(~10* M solution) at room temperature with NBDIO, as
supporting electrolyte and a scan rate 60 mV, she potential
values are relative to the saturated calomel electrode (SCE) using
an Ag—AgCl reference electrode (Figure S1). Microanalyses were
done by the Microanalytical Service of the Pannon University.
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Table 1. Crystal Data and X-ray Experimental Parameters for
Complexes Cl(O;Ncat)(tbeda) 1) and CUf(O,Ncat)(tmeda) Z)

Kaizer et al.

under inert conditions. Back-titrations with a DMF solution of NEt
was carried out in a similar manner.

1 2 Oxygenations of Complexes Cl(O,Ncat)(L) (1, 2). The

empirical formula GeH3eCUN2Os 5 C1H16CUNZOs (catecholato)copper(Il) co_mplexes (SQO mg) were (_:Iissolveq in 10
molecular mass 646.2 332.84 mL of DMF, and the solutions were stirred under dioxygen in the
temp 293(2)|K 293(2)||< presence or absence of HGI@r 40 h at 110°C. The solutions
cryst syst monoclinic monoclinic .
space group Cole P2y \(;/ere cont(:jznt(rjattec: hto dry_r(ljess, 10d ThL aqgt:ousgﬁ@d (10 trn/mt .
a(h) 35.118(4) 8.4292(6) 6) was added to the residue, and the mixtures were extracted by
b (A) 10.999(2) 11.9941(9) Et,O (20 mL x 5). The extracts collected were concentrated to
c(A) 18.437(3) 15.952(1) dryness to afford oily residues, and their GC-MS analyses after
a (deg) 90 90 treatment of ethereal diazomethane showed that in both cases the
'f Egzg; 3(1)4'890(10) 9%15'337(5) intradiol ring-cleaved product 4-nitromuconic acid and its amidated
vol. (R3) 6460.1(17) 1457.62(18) pro_ducts are the major produ_cts (Figures—S:“.S): 2-(2,5-dihydro-
z 8 4 2-nitro-5-oxofuran-2-yl)N,N-dimethylacetamide (MSy/z = 214
density (calcd) (Mg m3)  1.328 1517 [M™]), 3-nitro-muconic-acid{{,N-dimethyl)-mono-amide-mono-
abs coeffu (mm™) 0.721 1.514 methylester (MS,m/z = 228 [M*]), and 3-nitro-muconic-acid-
F(000) 2190 692 NN N hyl-diamide) (MSyvz = 241 [M"*
cryst size (mm) 0.8% 0.12x 0.03  0.30x 0.30x 0.20 (N.N.N',N'-tetramethyl-diamide) (MSz = 241 [M]).
0 range [deg] 1.2& 0 <28.11 2.21< 0 < 24.67 Kinetic Experiments. Reactions of C{{O,Ncat)(tbeda) 1) and
index ranges G h=<46 —9=h=9 Cu'(O;Ncat)(tmeda) ) with dioxygen were performed in DMF

0; k=14 —14=k=14 solutions (Tables S1 and S2). In a typical experiment(OsNcat)-

—21=<1=<19 -18=<1=1 | .
final R indices [ > 20(1)] R1=0.1022 R1= 0.0650 (tbeda) 0 or Cq (OzNcat)(tmeda) 2) was dlssolved.under.argon

WR2=0.2096 WR2=0.1892 in a thermostatically controlled reaction vessel with an inlet for
Rindices (all data) RE0.1921 R1=0.0764 taking samples with a syringe, connected to a mercury manometer

. WR2=0.2590 WR2=0.2101 to maintain a constant pressure. The solution was then heated to
max. and mean shift (esd)  0.001, 0.000 0.000, 0.000 th iate t t A | then taken b .
largest diff. peak 0.928 and 0.901 and e appropriate temperature. A sample was then taken by syringe,
and hole (eA~3) —0.516 —0.808 and the initial concentration of ®(O,Ncat)(tbeda) 1) or Cu'(O,-

Ncat)(tmeda) Z) was determined by UVvis spectroscopy by
measurement the absorbance of the reaction mixture at 440 or 460

1028, 977, 969, 743, 731, 694, 470 tm'H NMR (CDCL): ¢ _
2.6 (s, 4H)) 3.55 (s, 8H)0 7.1-7.4 (m, 20H). Anal. Calcd (found) "M (max Of @ typical band of Ct(O,Ncat)(tbeda) 1) or Cu'(Oz-

for CsoHaaN, (420.6): C, 85.67 (86.06); H, 7.67 (7.89); N, 6.66 Ncat)(tmeda) %)), respectively. The argon was then replaced by
(6.68). dioxygen and consumption of the latter was periodically monitored.

Preparation of Cu" (O,Ncat)(tbeda) (1).Cu(ClQ,)6H,0 (686.3 Zhsl Z%:]e (: gr)](tyg;nﬁﬁoz-oﬁaiohrls;peeggftgt _?_L;hg.ostlrrg]r? Crgrtf’
mg, 1.85 mmol), tbeda (778 mg, 1.85 mmol), and 4-nitrocatechol xcluding eventual diftusi : - 1he dioxyg
. . _ centrations was calculated from literature d&taking into account
(287 mg, 1.85 mmol) were dissolved in methanol (5 mL); the partial pressure of DM#,and assuming the validity of Dalton’s
triethylamine (0.26 mL) was then added dropwise, and the solution Iawp P ’ 9 y
was stirred under argon for 20 h. A brown solid formed, which

was filtered, washed two times with methanol, and dried under X-ray Crystallographic Studies. Crystallographic and experi-
vacuum (0.85 g, 72%). The product was recrystallized from-CH mental details of the data collection and refinement of the structures

Cl, by ether addition. Mp: 164167°C. IR (KBr): » 3033, 2041,  ©°f CU'(C:Ncat)(tbeda)1) and CU(O.Ncat)(tmeda)Z) are reported

1559, 1496, 1471, 1384, 1270, 1224, 1118, 1072, 796, 735, 699in Table 1, while the molecular structures are depicted in Figures

ML, UV—Vis (DMF): Amax (€) 283 (8709), 338 (9120), 440 nm ia”d CZ-CSh,e "l‘te“S“)t’ ,djtf? dft a“dtz were Ct‘;]"e‘:ted h‘{‘t’“h a
(8511 L mol! cmY). Anal. Calcd (found) for GsHzsCuNsOy appa single-crystal ditiractometer, using the graphite-mono-

. . : chromated Mo K radiation. The structures were solved by direct
E(I\sﬂse7é2h)lj' (;,_6;.327(;52;3% S|)_|O 0524 (5.49); N, 6.59(6.48). EPR and difmap methods (SIR92,and refined by SHELXL-9%
. - . y u . .

) program. CCDC-6291551] and 629154 %) contain the supple-
Preparation of Cu'"(O.Ncat)(tmeda) (2). Complex 2 was

/ ) mentary crystallographic data for this paper.
prepared by the method described above for the preparati@n of
Yield: 0.82 g (49%). The product was recrystallized from THF by Rasylts and Discussion
ether addition. Mp: 208C (dec). IR (KBr): » 3012, 2987, 2917,
1552, 1505, 1465, 1410, 1350, 1318, 1287, 1271, 1241, 1219, 1201, Synthesis and Characterization of CU(L)(O,Ncat).
1119, 1075, 1022, 953, 857, 808, 737, 641 &mUV—vis Complexes Cl{(O,Ncat)(tbeda) ) and Cul(O,Ncat)(tmeda)
(MeCN): Zmax (€) 283 (19 055), 346 (4677), 460 nm (11749 L  (2) were isolated as green solids by the reaction of Cu{zlO
mol™* cm™*). Anal. Caled (found) for GH1sCUNsO4 (332.8): C, H,0, 4-nitrocatechol, and the corresponding coligands
43.30 (43.21); H, 5.75 (5.56); N, 12.62 (12.50). EPR (MeCH):  {meda or theda in the presence of N&troom temperature
= 2.1005Ac, = 87.6 G. in methanol under argon. Satisfactory elemental analyses

Spectrophotometric Titrations of Cu'' (O:Ncat)(L) (1, 2) with were obtained for both complexes, which have very similar
HCIO,. The titrations of complexe& and 2 were performed by

- or) ) .

the addlt,lon, of ,aqueous HCIQ66%) m,DMF o a,naerOb'F solutions (43) Kruis, A. Landolt-Banstein Springer-Verlag: Berlin, 1976; Board

of the dianionic metal complexes via a gastight syringe to form 4, Teil 4.

the corresponding monoanionic metal complexes. Ten milliliters (44) Ram, G.; Sharaf, A. Rl. Indian Chem. Socl968 45, 13.

of each complex (0.157 mM) in DMF solution was titrated stepwise (45) Sheldrick, G. MSHELXL97, Program for the Refinement of Crystal
T : Structures U ty of Gat : Gt , G , 1997.

(200uL = 0.2 equiv) with a DMF solution of HCIg(3.142 mM), eSS sty 9 ngen nger, =smany

i (46) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
and the absorbances in the range of 2600 nm were measured M. C.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994 27, 435.
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Figure 3. Time sequence of the decrease in the absorption band'¢®Ozu
Ncat)(tbeda) 1) during the oxygenation reaction in DMF. [(©,Ncat)-
(tbeda)]= 0.18 mM, [Q] = 7.95 mM, 92°C.

Table 3. Selected Bond Distances and Angles for Complexes
Cu'(O2Ncat)(tbeda) 1) and CU(O.Ncat)(tmeda) 2)

g z 1 2

Figure 1. Crystal structure of the C'¢O.Ncat)(tbedaH,O (1) complex Cul-01 1.888(5) 1.907(4)

showing 50% probability thermal ellipsoids. Hydrogen atoms are omitted Cu-02 1.926(5) 1.934(5)

for clarity. Cul-N1 2.037(5) 2.049(5)
Cul-N2 2.020(5) 2.028(6)
01-C31(C7) 1.346(8) 1.343(7)
02-C36(C8) 1.307(9) 1.299(8)
03-N3 1.271(12) 1.229(8)
04-N3 1.306(13) 1.267(7)
01-Cul-02 86.9(2) 86.43(19)
01-Cul-N1 94.5(2) 94.3(2)
N2—Cul—N1 86.2(2) 86.1(2)
C31(C7y-01-Cul 108.7(5) 109.4(4)
C38(8-02—-Cul 109.3(5) 110.7(4)

Structural characterization on (BRCU(3,6-DBSQ) com-
plexes has shown that the metals have the expected tetra-
hedral coordination geometry, and EPR spectra are typical
of organic radicals weakly coupled with tR&%Cu nuclei*’
Four-coordinate tCu'(Cat) complexes have been character-
ized structurally with nitrogen-donor ancillary ligands and
Figure 2. Crystal structure of the C'¢O,Ncat)(tmedaH.0 (2) complex fou_nd to have square planar geomgtf‘?eEPR sp.ectra are
showing 50% probability thermal ellipsoids. Hydrogen atoms are omitted typical of planar Cu(ll) complexes with strorgganisotropy

for clarity. and strong®®%Cu hyperfine coupling” The solution spec-
trum of CU'(O,Ncat)(tbeda) and ClO,Ncat)(tmeda) com-
Table 2. Properties of the CY{O,Ncat)(tbeda) 1) and plexes recorded in acetonitrile at room temperature consists
Cu'(O2Ncat)(tmeda) 2) Complexes of a strongly coupled four-line spectrum that is typical of
Al Yoo Ki® Eup square planar Cu(ll) complexegd, = 2.0973,Ais(536Cu)
complex (nm) (em™) (mol dm?) (mV) = 90.0 G andgs, = 2.1005, Aiso(53%Cu) = 87.6 G,
1 440 1270, 1471 4169 -50 respectivelyf? Single crystals suitable for X-ray crystal-
2 460 1271, 1465 3467 223 lography were obtained upon slow ether diffusion into,CH
a|n DMF. P KBr. ¢ Titration with HCIO. Cl, and THF solutions of Cl(O,Ncat)(tbeda) and Ci(O,-

i _ _ . Ncat)(tmeda), respectively. The molecular structure and

IR and electronic spectra. Their IR spectrum shows principal gejected bond lengths and angles of @sNcat)(tbeda) are
bands corresponding to the coordinated 4-nitrocatecholateshown in Figure 1 and Table 3. The complex is monomeric
(Oz2Ncat) at 1270, 1471 and 1271, 1465 Chvespectively.  ang the copper(ll) center is in a distored square planar
The charge-transfer region in the electronic spectra of the ovironment.
complexes CUO,Ncat)(tbeda) and CiO,Ncat)(tmeda)
exhibit bands of the coordinated 4-nitrocatecholate ligand
at 440 and 460 nm (Table 2). The difference in charge
distribution for four-coordinate complexes containing phos-
phine and am_me coligands may underStOOd asbanding (47) (a) Kashtanov, E. A.; Cherkasov, V. K.; Gorbunova, L. V.; Abakumov,
effect that raises the copper drbital energy above the G. A Izo. Akad. Nauk SSSR Ser. Khit983 2121. (b) Rockenbauer,
partially occupied semiquinone orbital. The change in (AC) SJS;; nMéhsge',af; \?\/iis-[)):]?lélﬁl rﬁé'n”;é% %h?rT“-r ellgszcz@l_iffgh S
charge distribution results in a consequent shift in the Green, D. L.; Pierpont, C. Gnorg. Chem 1986 25, 3070. (d) Speier,
paramagnetic center of the molecule and a shift in the center(48) S; Newfl-cChgmi994 18(,:13‘;30. | Chem1994 41 331

. H lerpont, C. G.; Lange, C. -rog. Inorg. em .
of nucleophilicity. With soft donors and-acceptor ligands,  {5q) Addson A W Rao. T. N. Reegdijk’ T van Riin. J: Verschoor, G.
the complexes have the,Cu(SQ) charge distribution. C.J. Chem. Soc., Dalton Tran$984 1350.

Crystallographic characterization has shown that it\Ogt
Ncat)(tmeda) (Figure 2), the copper(ll) ion has a distorted
sguare pyramidal arrangement=£ 0.08)° with basal planes
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Table 4. Kinetic Data for the Stoichiometric Dioxygenation of §®.Ncat)(tbeda) 1) and Cl(O;Ncat)(tmeda) Z)?

kogec Ea
complex (x10?s mol~t dmP) (kJ mol1) AH* (kJ mol) AS (I molt K™Y
1 4.634+0.23 53+ 6 51+ 6 -137+ 16
2 0.89+0.16 88+ 7 85+7 -57+ 19

aln 20 mL of DMF.

defined by two nitrogen atoms derived from the bidentate unstable muconic acid anhydride as the Markovnikov product
N,N,N',N'-tetramethylethylenediamine ligand and two oxygen of y-lactonization (Scheme 2). In the stoichiometric reactions,
atoms of the bidentate 4-nitrocatecholate. The apical positionneither the products of the extradiol cleavage nor the products
is occupied by one oxygen atom of the 4-nitro group of the of the simple oxidation reaction, quinone, could be isolated
other CU(O,Ncat)(tmeda) unit. The very small differences as byproducts. Speier et al. reported an aerobic oxidation of
in the C-0O (A = 0.038 and 0.027 A) and GtO (A = 0.039 a (phenanthrenediolato)copper(ll) complex of tmeda, which
and 0.044 A) bond lengths within each complex clearly is in a resonance of two valence tautomers of the (phenan-
indicate that the ligand coordinates with its two phenolate threnediolato)copper(ll) and the (phenanthrenesemiquinon-
donors (4-nitrocatecholate) rather than with a phenolate andato)copper(l) state®. The (phenanthrenesemiquinonato)-
a quinone donor (4-nitrosemiquinone). copper(l) tautomer can bind a dioxygen molecule to form a
The slightly differing Cu-O bond lengths are caused by dioxygen complex, which is decomposed to a ring-opened
the asymmetry resulting from the NGubstitution. For product. The reaction features and the products in that system
complex CU(O;Ncat)(tmeda), the coppeoxygen bond are very similar to those in the aerobic oxidatiorlaind2.
lengths [Cu-02 = 1.934(5) A, Cu-O1 = 1.907(4) A] are This indicates that the aerobic oxidationloAnd?2 proceeds
somewhat longer than those found in the compleX(Ogt via dioxygen complexes similar to the (phenanthrenediolato)-
Ncat)(tbeda) [CerO2= 1.926(5) A, Cu-O1 = 1.888(5) A]. (tmeda)Cu(ll) system.
With these increasing bond lengths the higher energy 4-Nitrocatechol (GNcatH) has been found to be useful
absorption bands (338 and 440 nm) are shifted to lower as a chromophoric probe of pH because of the distinct
energies (i.e., higher wavelengths, 346 and 460 nm) in the spectral features obtained when one or both of its protons
order1 < 2, which can be explained by the ion (copper are dissociateéP Coordinated 4-nitrocatechol to copper(ll)
catecholate) separation. in the presence of theda and tmeda resulted in a yellow color
Electrochemistry. Redox potentials for complexdsand with absorption peaks d.x = 283, 338, 4401) and 283,
2 are summarized in Table 2 (Figure S1). All values are given 346 and 460 nm2) in DMF. When HCIQ was added to
versus SCE. IlN,N-dimethylformamide solution, complexes their solution, the yellow color disappeared. This suggested
1 and 2 display reversible one-electron redox processes that the bidentate coordinated catecholate ligand may be

(indicating the oxidation of the catecholate ligandsEat protonated according to eq 1.

= —50 and 222 mV witltAE = 113 and 102 V, respectively. .

The more positive value fa2 is consistent with the formal o W O_ 1

substitution of the four methyl groups with benzyl groups /@ ol — /©: Cul M
O,N (o] 0N OH

in the ethylenediamine ligand. The study monitoring changes
in the CV spec.trlum 01. andz with the addition of HQIQ i To check this and to prove the reversibility of the
showe.d a positive shift in the electrqchemmal oxidation protonation, spectrophotometric titration of '@@,Ncat)(L)
poten_tlal, suggesting that the c_>xygenat|on of the protonated(l, 2) complexes with HCIQwas carried out. The spectra
form IS P“’bab!y unfavored_ (Figure lSZ). taken during the titration ol can be seen in Figure 4. It
Stoichiometric Oxygenation of CU'(L)(O2Ncat) Com-  gp5y5 that both bands (283 and 440 nm) diminish upon the
plexes.After the characterization of the prepared complexes, 4qdition of HCIQ, exhibiting two isobestic points at 300
their catechol 1,2-dioxygenase activity was examined. The 5.4 350 nm.
(4-nitrocatecholato)copper complexes,"(D;Ncat)(tbeda) The plot of the absorbancies against the amount of HCIO
(1) and CU(O:Ncat)(tmeda)3), in DMF solutions are stable  5qqeq at both maxima shows inflection points at 4(Ox
under anaerobic conditions and oxidized upon the addition Ncat)(tbeda)/HCI@ ratio of 1:1 (Figure 5). At a CL(O,-
of O, as shown in Figure 3. Ncat)(tbeda)/HCIQ ratio of 1:2, the copper catecholate
_In the absence of HCID 1 and 2 were converted 1o @ complex is totally monoprotonated because of disappearance
ring-opened product, the (2-nitromuconato)copper(ll) com- 4t the absorption peak at 440 nm in the electronic spectrum.
plexes, as described in the Experimental Section. The GLC- 1 check the reversibility of the protonation reaction, back-
MS analysis of the residue of the hydrolyzed complexes, iration of the protonated complex with morpholine and NEt
after treatment with etheral diazomethane, shows the presencgere also carried out. The spectrophotometric back-titration
of the 4-nitromuconic acid diamide, 4-nitromuconic acid ghowed the very same feature in the electronic spectra
monoamide monomethylester, and furanon as oxygenated,oying unequivocally the true reversible nature of the

secondary products. The amide-containing products derivedygtonation of Cli(O,Ncat)(tbeda) (Figure 6). Similar results
from the hydrolysis and amidation of the 4-nitromuconic acid

by DMF, and the furanon is formed upon amidation of the (50) Tyson, C. AJ. Biol. Chem 1975 250, 1765.
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Figure 4. Spectra during the titration of ¢(O,Ncat)(tbeda) ) with
HCIO,4 in DMF. [Cu'(O;Ncat)(tbeda)l= 0.16 mM, [HCIQ)] = 3.14 mM
(100uL = 0.2 equiv), 25°C.
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Figure 5. Dependences of the absorbances of (CgNcat)(tbeda) 1) as
a function of added HCIQduring the titration. [Cli(O;Ncat)(tbeda)]=
0.16 mM, [HCIQ] = 3.14 mM (100uL = 0.2 equiv.), 25°C in DMF.
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Figure 6. Dependences of the absorbances of'[CdNcatH)(tbeda)]CIQ
(2) as a function of added morpholine during the titration.'[@sNcat)-
(tbeda)]= 0.16 mM, [morpholine}= 3.14 mM, 25°C in DMF.

were found for the C{(O,Ncat)(tmeda) Z). On this basis,

Scheme 2
9+ k2
O\ H* O\ 0, Z COZ\ 1l
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Figure 7. Time course of the oxygenation of (®,Ncat)(tbeda) 1) in
DMF at 92°C: [Cu'(ONcat)(tbeda)l= 0.18 mM, [Gy] = 7.95 mM.

(2), resulting in a time-dependent disappearance of the 440
nm band concomitant with the appearance of a new band at
375 nm associated with the intradiol-cleaved product of
4-nitrocatecholate. There is a clear isobestic point at 405 nm,
indicating that no build-up of optically detectable intermedi-
ates occurs between the bound 4-nitrocatecholate and its
intradiol-cleaved product. To determine the rate dependence
on the two reactants, oxygenation runs were performed at
various initial Cl(O,Ncat)(L) (1, 2) concentrations and
different dioxygen pressures. A simple rate law for the

eq 1 could be established for the protonation reaction, andreaction between C{¢O;Ncat)(L) (1, 2) and Q is as shown
the equilibrium constants at 293 K were found to be 4200 in eq 2.

(1) and 3500 2) mol~* dm? in DMF.

The product analysis for the aerobic oxidation of' (@-
Ncat)(tbeda) 1) and Cui(O.Ncat)(tmeda)Z) in the presence
of HCIO, gave the same results as thatlo&nd 2 in the

—d[Cu(CNcat)(L))/dt = K[Cu(O,Ncat)(L)"[0,]" (2)

Under pseudo-first-order conditions (constant dioxygen

absence of the acid. It suggests that the oxygenation of theconcentration) for the oxygenation bfa typical time course
protonated monodentate (catecholato)copper(ll) complexes,and first-order plot are shown in Figure 7.

[Cu"(O.NcatH)(tbeda)]CIQ(3) and [CUH (O.NcatH)(tmeda)]-

The first-order dependence of the reaction ratd and2

ClO4 (4), led also to the intradiol ring-cleaved dicarboxylates. could also be confirmed by plotting the initial reaction rate
These data support the assumption that the reaction of the—d[Cu'(O.Ncat)(L)]/dt versus initial complex concentration
differently coordinated catecholate ligand with dioxygen (Figures 8 and S6).

shows only dioxygenase-like activity in these cases.
Kinetic Measurements.Reactions of C{(O,Ncat)(tbeda)
(1) and CUi(O;Ncat)(tmeda) Z) with dioxygen were per-
formed in DMF solutions at 86125 °C, and the concentra-
tion change of CY(O,Ncat)(L) (1, 2) was followed by

Experiments made at different dioxygen pressures show
that po, appreciably influences the rate of the reaction in
both cases. Kinetic measurements of the reaction rate respect
to the dioxygen concentration indicate a first-order depen-
dence (Figures 9 and S7).

electronic spectroscopy measuring the absorbance of the On the basis of the results above, one can conclude that
reaction mixture at 440 and 460 nm, respectively. Experi- the reaction follows the rate law (eq 2) with=n = 1,
mental conditions are summarized in Tables S1 and S2.from which mean values of the kinetic constaRigqa, Of

Figure 3 shows a typical experiment for '{@,Ncat)(tbeda)

4.634+ 0.23 x 1072 andkimeqa0f 0.894+ 0.16 x 1072 mol~?!
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Figure 8. Plot of oxygenation rate of C!¢O.Ncat)(tbeda) I) versus its
initial concentration in DMF at 92C: [O;] = 7.95 mM.
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Figure 9. Plot of oxygenation rate of {fO.Ncat)(tbeda) 1) versus initial
concentration of dioxygen in DMF at 9Z: [Cu'(O2Ncat)(tbeda)}= 0.24
mM.

dm® s! at 371.16 K were obtained. The temperature-
dependent reaction rate measurementslfand 2 in the
range of 354.16371.16 K resulted in a straight line in the
Eyring plots, with activation parametefsH* = 51 4+ 6 kJ
mol~%, AS(371.16 K)= —137+ 16 J mot* K~* and AH*

= 85 £ 7 kJ mol?t, ASf(365.16 K)= —57 4+ 19 J mol?
K~1, respectively (Figures S8 and S9). Although activation

Kaizer et al.

(Scheme 2). Both reactions are entropy driven, and the redox
properties of the nitrocatecholate complexes show that a
higher electron density on the copper center increases its
negative electrode potential, which leads to faster reaction
rate.

Kinetic studies of the protonated copper catecholate
complex Cu(@NcatH)(tbeda) did not result in a clear picture.
It seemed that to a large extent, deprotonation occurred at
92 °C to the unprotonated complex Cuf@at)(L), which
has been oxygenated in an uncontrolled manner. However,
bulk oxygenations of both Cu@@cat)(L) and Cu(@NcatH)-
(L) in DMF led to the same product to the intradiol ring-
cleaved dicarboxylate, (2-nitromuconato)copper(ll) complex.

The cyclic voltammograms of differentially protonated
complex2 with perchloric acid showed some positive shifts
in their oxidation potentials (Figure S2). That means that
the protonated complex may react with dioxygen more
sluggishly or not at all. This statement is, however, not very
solid, and the data above may also support the assumption
that the reaction of the differently coordinated catecholate
ligand with dioxygen shows dioxygenase-like activity.
However, it cannot be excluded that because of the revers-
ibility of the protonation of the nitrocatecholate ligand only
the unprotonated ligand is reactive with dioxygen, since its
presence is always secured as a result of the equilibrium
between the two species. The data obtained could not make
a secure differentiation in this respect.
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Supporting Information Available: Kinetic data, cyclic vol-

parameters are often not discriminating factors in the (ammograms of complexesand2, MS spectra, tables containing
recognization of the reaction pathway, the large negative aiomic coordinates and equivalent isotropic displacement param-

entropy of activation AS") clearly indicates an associative
mode of activation in the rate-determining step.

eters, bond lengths, angles, anisotropic displacement parameters,
hydrogen coordinates, and isotropic displacement parameters for

Kinetic studies on the oxygenation of the nitrocatecholate complexesl and2, and crystallographic data in CIF format. This
complex established a second-order overall rate expressionmaterialis available free of charge viathe Internet at http://pubs.acs.org.

indicating that the rate-determining step must be bimolecular,

namely, the reaction of C(O.Ncat)(L) with dioxygen

4666 Inorganic Chemistry, Vol. 46, No. 11, 2007

IC062309A





