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Abstract

Three new octadentate ligands, namé&y-{,N -dimethylN,N-bis{3-[bis(1-methyl-2-imidazolylmethyl )Jaminopropyil,1-binaphthyl-
2,2-diamine, R)-DABN-3Im4, (R)-N,N-dimethylN,N-bis{4-[bis(1-methyl-2-benzimidazolylmethyl)]Jaminobu}yl,?-binaphthyl-2,2
dia-mine, R)-DABN-4Bz,;, and §)-N2,N6-dimethylN2N6-bis{2-[bis(1-methyl-2-benzimidazolylmethyl)lJaminomethienzyl-2,6-dia-
mino-1-exanol acetate-Lys-4Bz, were employed for the synthesis of dinuclear and trinuclear copper(ll) complexes. The ligands con-
tain two side arms of different nature and length which carry tridentate aminobis(benzimidazole) or aminobis(imidazole) residues as metal
binding sites (A sites) connected to a cent®@}1,1-binaphthyl-2,2diamine orL-lysine residue which can bind a third metal ion (B site).

The chiroptical properties of the ligands and the complexes have been described. The complexes were tested as catalysts in the oxida-
tion of 3,5-ditert-butylcatecholr-, p-Dopa andL-, b-Dopa methyl esters by dioxygen to give the corresponding quinones. The catalytic
efficiency is moderate, but the complexes exhibit significant enantio-differentiating ability towamDopa methyl esters, albeit their
enantio-differentiating ability towards-, p-Dopa is lower. The R)-1,1-binaphthyl-2,2diamine spacer in theRj-DABN complexes has

much stronger recognition power than the aliphatigsine spacer in the-Lys complexes. In addition, the highest stereoselectivity in the
catalytic oxidation is obtained with th&(-DABN-3Im, complexes, containing carbon chains of three atoms betweeR)#iel(-binaphthyl-
2,2-diamine groups and the tridentate donor units at the A metal binding sites. In all cases, the preferred enantiomeric substrate has the
configuration, which is dictated by the chirality of the spacer residue.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction copper centres with histidine ligands are present, as it was
initially shown for hemocyanin, the dioxygen carrier protein
In biological systems, the oxidation of organic substrates in arthropods and mollusg¢g]; the best known members of
with molecular oxygen is often carried out by multicopper this family are tyrosinase, which catalyzes the hydroxylation
enzymes, which serve as highly efficient oxidation catalysts of phenols (phenolase activity) and the oxidation of cate-
[1-6]. These enzymes generally contain dinuclear or trinu- chols to quinones (catecholase activif8)9], and catechol
clear copper clusters. In the first case, two three-coordinatedoxidase, which only catalyzes the oxidation of catechols to
quinines[10-12] These proteins are classified as Type 3

* Corresponding author. Tel.: +39 02 50314379; fax: +39 02 50314405, COPPer proteins because their dinuclear clusters are strongly
E-mail addressmichele.gullotti@unimi.it (M. Gullotti). antiferromagnetically coupled and therefore EPR silent in
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the oxidized statgs]. Another group of copper proteins such 2. Experimental

as laccasg13], ascorbate oxidasd4] and ceruloplasmin

[15] are active in the oxidation of a variety of substrates and 2.1. Materials and physical methods

contain trinuclear, Type 2—Type 3 copper clusters. Therefore,

the investigation of functional model complexes for metal-  All reagents and solvents were obtained from commer-
loenzymes with oxidase or oxygenase activity is potentially cial sources and used without further purification. Acetoni-
useful for the development of new and efficient catalysts for trile (spectral grade) was distilled from potassium perman-
oxidation reactions. Studies from several groups focused ganate and sodium carbonate; it was then stored over calcium
on the catechol oxidase activity of copper complexes with hydride and distilled before use under an inert atmosphere.
different structural featurefl6—28] and a general result  Tetrahydrofuran was dried by refluxing and distilling from
is that dinuclear copper complexes are more efficient than metallic sodium!H- and'3C-NMR spectra were recorded
mononuclear complexes. This depends on the fact that twowith a Bruker AC 300 spectrometer operating at 7.03 T. El-
metal centres located in close proximity facilitate the binding emental analyses were performed at the microanalytical lab-
of the catechol in a bridging mode and the two-electron oratory of the Chemistry Department in Milano. Atomic ab-
transfer step required in the oxidation process. The interestsorption measurements were performed with a Perkin-Elmer-

of our group has also focused on dinucl¢24—28] and
trinuclear[29-34]copper complexes derived from polyden-

3100 Spectrometer. MS (ESI) spectra were obtained from a
Thermo-Finnigan LCQ Advantage instrument. Optical spec-

tate nitrogen ligands which show catecholase activity. Some tra were obtained with HP 8452A and HP 8453 diode array

of these compounds contain chiral centi@s-34] and we

spectrophotometers equipped with a thermostated cell holder.

have demonstrated the possibility to induce stereoselectivity Circular dichroism spectra were recorded with a Jasco J-500

in the catalytic oxidation of.- and p-Dopa derivatives. In

spectropolarimeter using quartz cells of 0.01 to 2.0 cm path

the present paper we report the synthesis and chiropticallength.

properties of three new octadentate ligands containing

nitrogen donor atoms, namelR)¥N,N-dimethylN,N -bis
{3-[bis (1 -methyl -2-imidazolylmethyl)Jaminopropyl,1-
binaphthyl-2,2-diamine, R)-DABN-3Im4, (R)-N,N-dime-
thyIN,N-bis{4-[bis(1-methyl-2-benzimidazolylmethyl)jam-
inobutyl}-1,7-binaphthyl-2,2-diamine, R)-DABN-4Bz4,
and @ -N2,N6-dimethyl-N2,N6-bis{2'-[bis(1-methyl-2-
benzimidazolylmethyl)laminomethjenzyl-2, 6 -diamino-
1l-exanol acetater-Lys-4Bz, (Figs. 1 and 2 We also

report the preparation and preliminary characterization (15 ml).

of the dinuclear and trinuclear Cu(ll) complexes derived

2.2. Syntheses of the ligands

2.2.1. (R)-N,NDimethyl-N,N-bis{3-[bis-(1-methyl-2-
imidazolylmethyl)Jaminopropyt1,1-binaphthyl-2,2-
diamine

(R)-DABN-3Img. (R)-N,N’-Dimethyl-N,N’-bis[(3-amino-
propyl)]-1,2-binaphthyl-2,2-diamine @) (240mg, 0.562
mmol) [32], was dissolved in anhydrous acetonitrile
2-(Chloromethyl)-1-methylimidazole (293.5mg,
2.25mmol) [35] and dry sodium carbonate (286 mg,

from these ligands, and a comparative kinetic study of their 2.70 mmol) were then added and the mixture was refluxed

catecholase activity.

The ligand R)-DABN-3Im4 derives from a previously re-
ported ligand[31] (L, that in the labeling scheme adopted
in this article will be abbreviated asR(-DABN-3Bzy),
by replacement of the benzimidazole donors with the
biomimetically more significant imidazoles donors. The
second ligand, K)-DABN-4Bz4, contains benzimidazole

for 6 h under stirring in a nitrogen atmosphere. The reac-
tion was followed by TLC (silica) using C#Clo/MeOH/NH;
(7:2.5:0.5, v:viv) as eluent. The mixture was cooled to
room temperature, the solid material present was filtered
off and washed several times with chloroform. The fil-
trate was dried under vacuum to afford a brown oil in
65% yield. Anal. Calcd. for ggHsgN12 (803.06): C 71.78;

donors but these are connected via binaphthyl rings with H 7.28; N 20.93. Found: C 71.56, H 7.12, N 20.87.
side chains containing one more carbon atom than ei-'H NMR (300 MHz, CDCj, 25°C, TMS): =0.74-0.93

ther (R)-DABN-3Bz; or (R)-DABN-3Im4. The third lig-
and has a different design. It contains a chiralysine
residue as a central unit, which is much more flexi-
ble than the 1,1-binaphthyl moiety previously employed,
and this is connected with two arms carrying four ben-
zimidazole donors through a pair afrtho-xylyl spac-
ers. We expect that the variations in ligand structure
will affect the properties of the resulting copper com-
plexes, in particular with respect to the efficiency and
steric course of the catecholase activity. This informa-
tion is important to build up structure/activity correlations
for the emerging family of biomimetic trinuclear copper
catalysts.

(m, 2H, CH—N), 1.06-1.27 (m, 2H, CpN), 1.45-1.65
(m, 4H, CH-CH,), 2.35 (s, 6H, CH-N-binaphthyl),
3.37-3.30 (t, 4H, ChH-N-binaphthyl), 3.58 (s, 12H,
CHsz—N-imidazole), 3.64 (s, 8H, CHimidazole), 6.65-6.83
(dd, 8H, CH-imidazole), 7.02—7.13 (m, 4H, CH-binaphthyl),
7.20-7.25 (m, 2H, CH-binaphthyl), 7.50-7.64 (m, 6H,
CH-binaphthyl). 13C NMR (75.5MHz, CDC}, 25°C,
TMS): $=23.3, 32.1, 39.3, 51.0, 55.5, 120.5, 122.3, 124.3,
126.5, 128.1, 128.7, 129.0, 130.4, 134.4, 146.2, 150.8. An
unambiguous assignment of thel and 13C signals was
obtained from the combination éH-13C HMQC, 1H-1H
COSY, DEPT135, andH-13C HMBC spectra. MS (ESI):
m/z (%) = 803 (100) [M + 1. UV-vis (CHsCN): Amax (NM)
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(¢ (Mm)~1)=218 (51,300), 236 (61,000), 256 (56,200), 7.71-7.86 (m, 4H, CH-binaphthy}3C NMR (75.5 MHz,
292 (22,800), 302 sh (18,300), 352 (5800). CD (CM):  CDCls, 25°C, TMS):5=29.6,36.1, 37.9,52.1, 126.5, 127.0,
Amax (NM) (Ae (Mcm)~1)=213 (+66.8), 224(43.8), 259  127.8,128.7,129.3,130.7, 131.6, 132.6, 134.2, 142.4, 173.2,

—29.4), +3./), 4). 4. m/z(%) = +17.
29.4), 297 (+8.7), 37543.4 174.4. MS (ESI)m/z(%) =540 (100) [M+ 1
The ligand R)-N,N'-dimethyl-N,N'-bis{4-[bis(1-methyl-
2-benzimidazolylmethyl)laminobutjd1,1 -binaphthyl- 225 Butanoi id. 4N.N-dimethvl-N Ne[(1.1/-
2,2-diamine, R)-DABN-4Bz4. was prepared following the binéhhthglzr:\cél)(i;%iy’l]g-;)xo(ISTe YN,
synthetic route reported iig. 1 Butanoic acid, ~4EN,N'-dimethyl:N,N'-[(1,2-binaph-
_ _ thalene)-2,diyl]-4-oxo, methyl ester 4) (0.337g,
2.2.2. 4-Methoxy-4-oxobutanoic acid 0.62mmol) was allowed to react with an anhydrous

A stirred suspension of dihydrofuran-2,5-dione (8.06 g, methanolic solution of KOH (0.070g, 1.24 mmol) at room
80.58 mmol) and anhydrous methanol (3.13g, 98.0 mmol) temperature under stirring for 12 h. Then, the solvent was
was refluxed for 1 h. After the mixture had become homo- removed by rotary evaporation and the solid residue, after
geneous, heating was continued for an additional half an dissolution in dichloromethane, was quenched with 2N HCI
hour. After cooling, the excess methanol was removed under(10 ml). The organic layer was separated and the aqueous
vacuum, yielding a white solid of 4-methoxy-4-oxobutanoic |ayer was extracted with dichloromethaneq20 ml). After
acid. Anal. Calcd. for 6HgO4 (132.12): C 45.46; H 6.10.  drying with NSOy, the solvent was removed by rotary
Found: C 45.35; H 6.1*H NMR (300 MHz, CDC}, 25°C, evaporation, giving a pale yellow powder (78% yield).
TMS):8=2.66 (M, 4H, CH), 3.72 (s, 3H, CH), 9.85 (sH, Anal. Calcd. for GoH2gN20g (512.57): C 70.29; H 5.57; N

COOH). 5.47. Found: C 70.45; H 5.64; N 5.3%4 NMR (300 MHz,
CDClz, 25°C, TMS): 8=2.47 (s, 6H, CH-N-binaphthyl,
2.2.3. Methyl-4-chloro-4-oxobutanoate 2.63-2.82 (m, 8H, CH-CH,OCO), 6.85-7.05 (m, 2H,

A stirred suspension of 4-methoxy-4-oxobutanoic acid CH-binaphthyl), 7.20-7.26 (m, 6H, CH-binaphthyl),
(1.01g, 7.7mmol) and thionyl chloride (6.62g, 55.6 mmol) 7.71-7.86 (m, 4H, CH-binaphthyl), 11.0 (s, 2H, COOH).
was warmed at 40C for 3 h. After this time the excess of °C NMR (75.5 MHz, CDC4, 25°C, TMS):8=29.6, 36.1,
thionyl chloride was removed, and the residue was distilled 37.9, 126.5, 127.0, 127.8, 128.7, 129.3, 130.7, 131.6, 132.6,
under reduced pressure, thus obtaining a pale yellow oil. 134.2, 142.4, 174.4, 177.3. MS (ESHz (%) 512 (100)
Anal. Calcd. for GH7ClO3 (150.56): C 39.88; H4.69. Found:  [M+1]".

C 40.01; H 4.721H NMR (300 MHz, CDC4, 25°C, TMS):

§=2.67 (t, 2H, CH), 3.21 (1, 2H, CH), 3.71 (s, 3H, CH). 2.2.6. Butanediamide,
N,N-dimethyl-N,NH(1,1’-binaphthalene)-2,/diyl]-

2.2.4. Butanoic acid, 4N,N-dimethyl-N,NH[(1,1’- N”,N"’-bis[bis(1-methyl-2-benzimidazolylmethy) (

binaphthalene)-2,2iyl]-4-oxo, methyl ested) Butanoic  acid,  4{N,N-dimethyl-N,N'-[(1,1-bina-

(R)-N,N-Dimethyl-1,1-binaphthyl-2,2-diamine (3)32], phthalene)-2,2liyl]-4-oxo, (5) (0.050g, 0.0975 mmol), bis
(0.49g, 1.56mmol) and methyl-4-chloro-4-oxobutanoate [(1-methyl-2-benzimidazolylmethyl)]Jaming36] (0.060g,
(1.63g, 10.86mmol) were dissolved in anhydrous 0.195mmol), O-(1H-benzotriazol-1-yIN,N,NN'-tetrame-
dichloromethane (30ml) under o)Nand the solution  thyluronium hexafluorophosphate (HBTU) (0.082g,
was cooled to OC. A solution of EtN (0.65g, 6.43 mmol) 0.215mmol), 1-hydroxybenzotriazole (HOBT) (0.029g,
in dichloromethane (5 ml) was then added dropwise during 0.215 mmol) were dissolved, under nitrogen, in an anhydrous
15min. The mixture was subsequently warmed to room mixture of CHSCN/DMF (1:1, v:v) (6 ml). Triethylamine
temperature and stirred for 24 h. The reaction, followed by (EtsN) (0.059g, 0.585mmol) dissolved in anhydrous
TLC (silica) using light petroleum/ethyl acetate (8:2, viv) CH3zCN (2ml), was then added dropwise within 10 min
as eluent, was then quenched by the addition of 2N HCI and the mixture, kept under nitrogen, was stirred at room
(10ml); the organic layer was separated and the aqueougemperature for 24 h. The reaction was followed by TLC
layer was extracted with dichloromethanex(30 ml). The (silica) using dichloromethane/methanol (9:1, v:v) as eluent.
organic layers were dried with N80, and the solvent was  After evaporation of the solvent at reduced pressure, the
removed by rotary evaporation. After drying, the yellow product was treated with a saturated solution obCi@s
crude compound was purified by silica flash chromatogra- and the aqueous layer was extracted with dichloromethane
phy using light petroleum/ethyl acetate (6:4, v:v) as eluent, (3x 20ml). The organic layer was dried with p&O,
giving a pale yellow compound in 62% yield. Anal. Calcd. and the solvent was removed by rotary evaporation. The
for C3oH32N206 (540.62): C 71.11; H 5.97; N 5.18. Found: crude compound was purified by preparative TLC (silica),
C 71.00; H 6.03; N 5.25:H NMR (300 MHz, CDC}, 25°C, upon eluting three times with dichloromethane/methanol
TMS): 8 = 2.47 (s, 6H, CH-N-binaphthyl), 2.63-2.82 (m,  (9:1, v:v). The bands of the pure product were scraped
8H, CH,—CH,OCO), 3.67 (s, 6H, CEDCO), 6.85-7.05 (m,  out, treated with methanol, and the resulting slurry was
2H, CH-binaphthyl), 7.20-7.26 (m, 6H, CH-binaphthyl), filtered off through Celite and washed with methanol. The
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The ligand ©)-N2,N6-dimethylIN2,N6-bis{2'-[bis(1-

was removed under reduced pressure, giving a pale yellowmethy - 2 - benzimidazolylmethyl)] - aminomethjbenzy! -

compound in 65% yield. Anal. Calcd. forggHgaN1204
(1087.30): C 72.90; H 5.75; N 15.46. Found: C 73.03;
H 5.88; N 15.33.'H NMR (300 MHz, CDC}, 25°C,
TMS): $=2.37-2.42 (m, 8H, CRH-CH,—CO), 2.59 (s, 6H,
CHs—N-binaphthyl), 3.72 (s, 12 H, G34N-benzimidazole),
4.46-4.95 (m, 8H, Cbtbenzimidazole), 6.85-7.26 (m,
16H, CH), 7.47-7.55 (m, 4H, CH-binaphthyl), 7.70-7.95
(m, 8H, CH-benzimidazole).'3C NMR (75.5MHz,
CDCl3, 25°C, TMS): 8=29.6, 36.1, 37.9, 52.1, 109.4,

2,6-diamino-1-exanol acetate,-Lys-4Bz; was prepared
following the synthetic route outlined iRig. 2

2.2.8. L-Lysine, N2,N6-diethoxycarbonyl, ethyl estEd)(
L-Lysine dihydrochloride (4.3g, 17.4mmol) was sus-
pended in dry, cooled (GC) dichloromethane (50 ml). Then,
gaseous Nklwas bubbled into the mixture under stirring. The
resulting precipitate was filtered off and the filtrate was con-
centrated. The precipitate was submitted twice to the same

113.7, 120.0, 121.4, 122.4, 123.1, 124.3, 126.4, 126.5,treatment and the filtrates, after evaporation of the solvent,
128.8, 129.1, 129.6, 130.5, 134.6, 136.4, 142.4, 150.7, afforded the free amino aci®) (3.0 g, 17.22 mmol), which

151.7, 172.2, 174.4. MS (EShmz (%) 1087 (100)
[M+1]*.

2.2.7. (R)-N,NDimethyl-N,N-bis{4-[bis(1-methyl-2-
benzimidazolylmethyl)]-aminobulyll, 1 -binaphthyl-
2,2-diamine, (R)-DABN-4Bgz

A solution of BHz.MezS (3.32ml, 34 mmol) in dry THF

was dissolved in a mixture of #0/EtOH/pyridine (60:32:8,
v:v.v) (150 ml). After cooling this solution in an ice bath,
ethyl chloroformate (10.64 g, 112.0 mmol) was added drop-
wise, under nitrogen, during 30 min. The mixture was then
warmed to room temperature and stirred for 48h. The re-
action, followed by TLC (silica) using light petroleum/ethyl
acetate (6:4, v:v) as eluent, was concentrated and quenched
by the addition of 2N HCI (40 ml), and finally extracted with

(10ml) was added dropwise to a suspension of 6 (0.37 g, dichloromethane (4 40 ml). The organic layers were dried

0.34 mmol) in boiling, dry THF (10 ml) under nitrogen. Then,
the solvent and MgS were slowly distilled during 5 h while
adding dry THF (50 ml) dropwise. The solvents were re-

with NaoSOq and the solvent was removed by rotary evap-
oration. The oily residue was purified by silica flash chro-
matography (3« 20cm) in the following conditions: pres-

moved under vacuum and the solid residue was taken upsure, 2inch/min; eluent, light petroleum/ethyl acetate start-

with a saturated solution of HCI in methanol. The suspen-

sion was refluxed under stirring for 1 h until the solid was

completely dissolved. After cooling, the solution was evap-

orated and the residue was treated with saturatedCa

ing from 7:3 (v:v) to 1:9 (v:v) (each fraction 100 ml). The
fractions containing the pure compound were evaporated,
furnishing a pale yellow oil in 70% yield. Anal. Calcd. for
C14H26N206 (318.37): C 52.81; H 8.23; N 8.80. Found: C

solution until a basic pH was reached. The aqueous layer52.96; H 8.35; N 8.68'H NMR (300 MHz, CDC}, 25°C,

was extracted with dichloromethanex20 ml) and the or-
ganic layer was dried with N&Oy. Then the solvent was

TMS): 8=1.25 (t, 9H, CH—CHp), 1.40 (m, 2H, CH-NH),
1.55 (m, 2H, CH—CHp), 1.75 (m, 2H, CH-NH), 3.10 (m,

removed under reduced pressure, giving a pale violet oil in 2H, CH—-NH), 4.15 (g, 6H, CiH-CHy), 4.30 (m, 1H, CH),

56% vyield. Anal. Calcd. for ggH7oN12 (1031.36): C 76.85;

H 6.84; N 16.31. Found: C 76.54; H 6.90; N 16.%H
NMR (300 MHz, CDC}, 25°C, TMS):3 =1.37-1.55(m, 8H,
CH>—CHp), 2.36 (t, 4H, CH—-N-CH,—benzimidazole), 2.69
s, 6H, CH—N-binaphthyl), 3.35 (t, 4H, CH-N—-binaphthyl),
3.72 (s, 12H, Ch-N-benzimidazole), 4.46-4.95 (m,
8H, CH,-benzimidazole), 6.85-7.26 (m, 16H, CH),
7.47-7.55 (m, 4H, CH-binaphthyl), 7.70-7.95 (m, 8H,
CH-benzimidazole)3C NMR (75.5 MHz, CDC}, 25°C,

TMS): 8=25.4, 26.1, 36.1, 37.9, 49.0, 52.1, 109.4, 113.7,

4.70 (s, 1H, NH), 5.24 (s, 1H, NH}3C NMR (75.5 MHz,
CDClg, 25°C, TMS): 8=14.5, 15.0, 22.6, 31.3, 32.7, 40.8,
53.9, 61.2, 61.3, 156.9, 172.9. MS (ES#)/z(%) 319 (100)
[M+1]*.

2.2.9. N2,N6-dimethyl-2,6-diamino-1-hexanbl)

LiAIH 4 (1.51 g, 37.95 mmol) was suspended in dry THF
(50 ml) under nitrogen and cooled t6 0. The dicarbamate
10 (2.35g, 7.95mmol) dissolved in dry THF (15ml) was
then slowly added via a dropping funnel and the mixture

120.0, 121.4, 122.4, 123.1, 124.3, 126.0, 126.5, 128.8, was warmed and then refluxed for 24 h. The reaction was
129.1, 129.6, 130.5, 134.6, 136.4, 142.4, 150.7, 151.7.followed by TLC (alumina) using CbClo/MeOH (9:1, v:v)

An unambiguous assignment of tH&l and 13C signals
was obtained from the combination éH-13C HMQC,
H-1H cosY, DEPT135, and'H-'3C HMBC spec-
tra. MS (ESI): m/z (%) 1031 (100) [M+1l. UV—vis
(CH3CN): Amax (hm) (¢ (Mcm)~1)=214 (135,000), 224

sh (98,000), 256 (52,500), 268 (43,900), 286 (28,300),

306 sh (19,300), 348 (7700). CD (GEN): Amax
(hm) (Ae (Mcm)~1)=214 (+71.4), 224 {74.0), 265
(—28.3), 280 sh £5.4), 299 (+4.9), 336 sh—(5.4),
368 (-9.7).

as eluent. After cooling to room temperature and then to
0°C, excess of LiAlH was quenched with MeOH (2 ml),
NaOH 15% (2 ml) and finally KO (5 ml). The gray precip-
itate was filtered through Celite and washed several times
with diethyl ether. The filtrate and washings were com-
binated and evaporated under reduced pressure, giving an
orange-yellow oil (yield 82.2%). Anal. Calcd. fogB20N20
(160.26): C 59.95; H 12.58; N 17.48. Found: C 60.07;
H 12.78; N 17.33.'H NMR (300 MHz, C30D, 25°C,
TMS): 8=1.40 (m, 2H, CH), 1.45 (m, 2H, CH), 1.54 (m,
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2H, CHp), 2.38 (s, 6H, CH-NH), 2.48 (m, 1H, CH-NH),
2.55 (t, 2H, CH—NH), 3.44-3.60 (m, 2H, CH-OH). 13C

NMR (75.5 MHz, CDC}, 25°C, TMS):5=23.8, 29.6, 30.5,
32.6, 35.2, 51.6, 62.1, 62.7. MS (EStiVz (%) 161 (100)
M+1]*.

2.2.10. N2,N6-dimethyl-N2,N6-bi$&{@ano)benzyl-2,6-
diamino-1-hexanoll2)

To a solution of compoundll (0.503¢g, 3.14 mmol)
in dry CHsCN (50ml) was added, under nitrogen, 2-
(bromomethyl)benzonitrile (Aldrich) (1.36g, 6.97 mmol)
and anhydrous BCOs; (1.31g, 9.50mmol) and the re-
sulting mixture was stirred at room temperature for
48h. The reaction was followed by TLC (silica) using

277

2.2.12. N2,N6-dimethyl-N2,N6-BB&-[bis(1-methyl-2-
benzimidazolylmethyl)lJaminomethiknzyl-2,6-
diamino-1-exanolX4)

Compound 13 (0.106g, 0.265mmol) was dis-
solved in dry acetonitrile (10ml). 2-(Chloromethyl)-1-
methylbenzimidazole (0.201g, 1.11 mmdB4], and dry
sodium carbonate (0.15g, 1.42mmol) were then added
and the stirred mixture was refluxed for 6h undes. N
The reaction was followed by TLC (alumina) using
CHoCI2/MeOH (7:3, viv) as eluent. The mixture was
cooled and the precipitate so obtained was filtered off;
it consists of a mixture of product and inorganic salts
and was thus treated with CHCaNd filtered again. The
combined filtrates were dried under vacuum to afford a
yellow powder in 84% yield. Anal. Calcd. forggH7oN120

dichloromethane/ethyl acetate (1:1, v:v) as eluent. After fil- (975.28): C 73.89; H 7.23; N 17.24. Found: C 73.54; H
tration, the solvent was removed under reduced pressure and’.12;: N 17.381H NMR (300 MHz, CDC§, 25°C, TMS):

the yellow oil was purified by silica flash chromatography
(8 x 20 cm) in the following conditions: pressure, 1in./min;

8=0.88 (m, 2H, CH-CH,-N-CHOH), 1.02 (m, 2H,
CHy—N-CHOH), 1.27 (m, 2H, CH-CHy—CH,—N-CHg),

eluent, dichloromethane/ethyl acetate starting from 1:1 (v:v) 2.01 (m, 2H, CH-CHy—CH,—CH,—N—CHs), 2.05 (s,

(500 ml) to pure ethyl acetate (500 ml). The fractions con-

6H, CHs—N—CHp), 2.22 (m, 1H, CH-CHOH), 3.22 (s,

taining the pure product were evaporated to dryness, fur- 12H, CH-—N-benzimidazole), 3.41 (m, 4H, GHN-CH),

nishing a white compound in 48% yield. Anal. Calcd. for
Co4H30N40 (390.52): C 73.81; H 7.74; N 14.35. Found: C
73.54; H 7.85; N, 14.23:H NMR (300 MHz, CDC}, 25°C,
TMS): §=1.15 (m, 2H, CH), 1.34 (m, 2H, CH-N), 1.56
(m, 2H, CH—CHp), 2.24 (s, 6H, CH-N), 2.47 (m, 2H,
CHy—N-CHz—benzyl), 2.75 (m, 1H, CH-CH), 3.35-3.55
(m, 2H, CH—OH), 3.69 (s, 4H, Chk-benzyl), 7.37-7.66
(m, 8H, CH-benzyl)13C NMR (75.5 MHz, CDC4, 25°C,
TMS): 8=35.7, 42.4, 60.5, 113.2, 118.4, 128.1, 130.5,
133.1, 133.5, 143.8. MS (ESI)m/z (%) 391 (100)
[M+1]".

2.2.11. N2,N6-dimethyl-N2,N6-bis&@minomethyl)
benzyl-2,6-diamino-1-hexandl)

LiAIH 4 (0.30g, 7.90 mmol) was suspended in dry THF
(40ml) under N and cooled to 0C. The dicyano deriva-
tive 12 (0.28g, 0.72mmol) dissolved in dry THF (10 ml)

3.58-3.76 (m, 2H, CHOH), 4.01 (m, 4H, CH-N),
7.01 (m, 8H, CH-C-benzimidazole), 7.23 (m, 8H,
CH-benzimidazole), 7.26-7.39 (m, 8H, CH-benzyl), 7.72
(m, 8H, CH-benzimidazole}3C NMR (75.5 MHz, CDC},
25°C, TMS): 8=24.0, 25.7, 27.5, 29.2, 35.5, 40.2, 55.3,
56.3, 59.8, 63.2, 109.3, 119.5, 122.2, 123.0, 127.3, 128.3,
130.5, 131.7, 136.6, 139.8, 142.8, 152.1. MS (ESWz(%)

975 (100) [M +1F.

2.2.13. (S)-N2,N6-dimethyl-N2,N6-b2s-[bis(1-
methyl-2-benzimidazolylmethyl)Jaminomethyl
benzyl-2,6-diamino-1-exanol acetatel ys-4Bz

Compound 14 (0.207g, 0.212mmol) was dissolved
in acetic anhydride (10 mI)N,N-Dimethylpyridin-4-amine
(0.0156 g, 0.127 mmol) was then added and the mixture was
stirred atroom temperature for 12 h. The solventwas removed
under reduced pressure and the yellow—orange oil was pu-
rified by silica flash chromatography using &E,/MeOH

was then slowly added via a dropping funnel and the mix- (from 97:3 to 60:40, v:v, 100 ml) as gradient. The fractions
ture was warmed and then refluxed for 24 h. The reaction of pure product were evaporated under vacuum, furnishing a
was followed by TLC (alumina) using Gi€l,/MeCH (7:3, yellow powder (98% yield). Anal. Calcd. forggH7oN1,0-

v:v) as eluent. Proceeding in a similar way as for compound (1017.32): C 73.19; H 7.13; N 16.52. Found C 73.23; H
11, a red oil was obtained (84.5% yield). Anal. Calcd. for 7.21; N 16.681H NMR (300 MHz, CDC}, 25°C, TMS):
Ca4H3gN4O (398.59): C 72.31; H 9.61; N 14.06. Found: §=0.88 (m, 2H, CH—CH,—N—CHOCO), 1.02 (m, 2H,

C 72.11; H 9.80; N 13.95!H NMR (300 MHz, CDC#, CHo—N—-CH,0CO), 1.27 (m, 2H, Ch-CH,—CH,—N-CH),
25°C, TMS):8=1.32 (m, 2H, CH-CH,-N-CH,OH), 1.34 2,01 (m, 2H, CH-CH—CH,—~CH,~N—CHg), 2.03 (s, 3H,

(m, 2H, CHb—N-CH,0OH), 1.56 (m, 2H, Ci-N-CH), 2.16 CH3—CO), 2.05 (s, 6H, CE-N-CH), 2.22 (m, 1H,

(s, 6H, CH-N), 2.43 (m, 2H, CE-N-Chg), 2.65 (m, 1H,  CH-CH,OCO), 3.22 (s, 12H, Ck-N-benzimidazole), 3.41
CH-CHOH), 3.54 (s, 4H, Ch-benzyl), 3.58-3.64 (m, (m, 4H, CH-N—CHg), 3.58-3.76 (m, 2H, CLDCO), 4.01
2H, CH0H), 3.79 (s, 4H, Ci-NHp), 7.24-7.33 (m, 8H,  (m, 4H, CH—N), 7.01 (m, 8H, CH-C—benzimidazole), 7.23
CH-benzyl)."*C NMR (75.5MHz, CDC4, 25°C, TMS):  (m, 8H, CH-benzimidazole), 7.26-7.39 (m, 8H, CH-benzyl),
8=25.3, 26.0, 27.5, 34.9, 41.0, 43.6, 57.6, 61.2, 62.5, 63.5,7.72 (m, 8H, CH-benzimidazole}3C NMR (75.5MHz,
126.9, 129.5, 131.3, 137.4, 141.6. MS (ESt)/z (%) 399 CDClg, 25°C, TMS): 8=21.2, 24.0, 25.7, 29.2, 35.5, 40.2,
(100) [M+1T". 55.3,56.3,56.8,59.8,63.2,109.3,119.5,122.2,123.0, 127.3,
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128.3, 130.5, 131.7, 136.6, 139.8, 142.8, 152.1, 171.9. An(2-3 ml), while MeOH (10 ml) was added in three times. The
unambiguous assignment of thel and 13C signals was  deep green product thus obtained was filtered, washed with
obtained from the combination dH-3C HMQC, 1H-H water (1 ml) and dried under vacuum (54.0% yield). Anal.
COSY, DEPT135, andH-13C HMBC spectra. MS (ESI):  Calcd. for GgHsgN12024CusClg-2H.0 (1626.47): C 35.44;
m/z(%) 1017 (100) [M + 11. UV—vis (CH3CN): Amax (Nm) H4.03; N 10.34; Cu 11.72. Found: C 35.74; H4.11; N 10.27;
(e (Mcm)~1) =250 sh (31,500), 256 (33,600), 270 (28,200), Cu 11.83. UV-vis (CHCN): Amax (M) (¢ (M cm)~1) =216
278 (29,200), 285 (32,000). CD (GBN): Amax (nm) (Ae (103,000), 252 (57,000), 280 sh (39,400), 306 sh (27,900),
(Mcm)~1) =256 (~1.45). 358 (20,000), 374 (19,400), 662 (204). CD (§EN): Amax
(hm) (Ae (Mcm)~1) =212 (+18.7), 22348.2), 237 (-12.3),
286 (+4.34), 35040.93), 384 (+0.75), 510<0.36), 688
(+0.19).
2.3.1. [CuDABN-3Iny][CIO 4] 4-6H20 The trinuclear complexes [GDABN-4Bz4][ClO4]6 and

To a solution of the ligandR)-DABN-3Im4 (0.209g, [CusLys-4Bz][ClO4]e were obtained in a similar way as
0.26 mmol) in MeOH (10 ml), copper(ll) perchlorate hexahy- above reported for [GIDABN-3Im4][ClO4]6.
drate (0.193 g, 0.52 mmol) was added. The resulting green so-
lution was stirred at room temperature and after few minutes a2.3.5. [CDABN-4BZ][CIO 4]6-2H,0
green precipitate was observed. The mixture was evaporated Anal. Calcd. for GgH7oN12024CusClg-2H,0 (1854.75):
to a small volume (2-3ml) and treated with diethyl ether C 42.74; H 4.02; N 9.06; Cu 10.28. Found: C 42.94; H
(2ml). The green product was filtered, washed with water 4.13; N 9.15; Cu 10.36. UV-vis (GHN): Amax (nm) (¢
(1 ml) and dried under vacuum (93.0% yield). Anal. Calcd. (Mcm)~1)=212 (107,000), 254 (62,400), 274 (57,200), 280
for C4gHs58N12016CWwpCly-6H,0 (1436.05): C40.14; H4.91;  (45,500), 304 sh (24,000), 356 sh (9050), 414 sh (6300), 460
N 11.71; Cu 8.85. Found: C 40.14; H5.02; N 11.56; Cu 8.91. sh (7200), 484 (8800), 526 (6800), 718 (174). CD (CHN):
UV-vis (CH3CN): Amax (nM) (¢ (Mcm)~1) =218 (85,900), Amax (M) (Ae (Mcm)~1) =212 (+70.6), 224463.5), 258
250 (52,300), 290 sh (18,400), 300 (15,800), 348 (7300), (—36.8), 298 (+4.2), 344 (+4.6), 379-1.2), 532 (0.2).
690 (100). CD (CHCN): Amax (nm) (Ae (Mcm)~1)=213
(+61.8), 224 31.6), 257 {38.2), 297 (+8.5), 326 (+2.5),
372 (—1.8), 600 (0.02), 710 (+0.08).

The dinuclear complexes [GDABN-4Bz4][ClIO4]4 and
[CuoLys-4Bz][ClO4]4 were obtained in a similar way as
above reported for [CUIDABN-3Im4][ClO4]4.

2.3. Syntheses of the copper(ll) complexes

2.3.6. [CuLys-4B3][CIO 4]6-6H20

Anal. Calcd. for Q2H72N12026CU3C|6-6H20 (1912.73)2
C 38.93; H 4.43; N 8.79; Cu 9.96. Found: C 38.53; H
4.76; N 8.88; Cu 10.01. UV-vis (G4€N): Amax (nm) (e
(Mcm)~1) =245 (20,300), 265 sh (15,500), 272 (18,500),
280 (17,800), 286 sh (9900), 312 sh (2560), 380 sh (433),
2.3.2. [CpDABN-4BZ][CIO 4] 4-2H,0O 573 (170), 660 (60).

Anal. Calcd. for GgH70N12016C W Clg-2H0 (1592.25): However, perchlorate complexes with organic ligands are
C 49.78; H 4.68; N 10.56; Cu 7.98: Found: C 49.85; H potentially explosive and should be handled with great care.
4.78; N 10.71; Cu 8.03. UV-vis (G4EN): Amax (NM) (¢ Only small amounts of material should be prepared. We did
(Mcm)~1) =214 (122,000), 232 (62,000), 256 (42,300), 272 not have problems working with small amounts of the per-
(39,000), 280 (34,100), 306 sh (14,700), 352 (6800), 434 chlorate complexes described in this paper.
(1700), 524 (1700), 662 (184). CD (GBN): Amax (nm)

(Ae (Mcm)~1) =213 (+62.8), 224459.8), 264 (23.6), 295
(+5.8), 334 sh (+0.5), 36742.6).

2.3.3. [CyLys-4Bg][CIO 4]4-6H20

Anal. Calcd. for Q2H72N12018CU2C|4-6H20 (1650.29)2
C 45.12; H 5.13; N 10.19; Cu 7.70. Found: C 44.97; H
5.21; N 9.99; Cu 7.73. UV—vis (CG4CN): Amax (NM) (¢

(M cm)~1) = 245 (25,300), 255 sh (24,000), 265 sh (23,900),

2.4. Catalytic oxidations of 3,5-di-tert-butylcatechol,
L-/D-Dopa, andL-/p-Dopa methyl esters

The kinetics of catalytic oxidation of 3,5-trt-
butylcatechol were studied by UV-vis spectroscopy using
a magnetically stirred and thermostated 1-cm path length
cell. The temperature during the measurements was kept con-
stant at 2Gt 0.1°C. A mixture of methanol-aqueous phos-

272 (29,300), 280 (27,900), 306 sh (2850), 378 sh (650), 662 phate buffer (50 mM, pH 5.0) 30:1 (v:v) saturated with atmo-

(180).

2.3.4. [CDABN-3Imy][CIO 4] 6-2H20
To a solution of the ligandR)-DABN-3Im4 (0.285¢,
0.355mmol) in MeCN (10 ml), a solution of copper(ll)

spheric oxygen was used as solvent. All the kinetic experi-
ments were carried out in triplicate. The experiments carried
out over a substrate concentration range were initiated by
adding a few microlitres of the complexes (final concentra-

tions 1.1-1.6< 10~>M) to the solution of DTBC; the con-

perchlorate hexahydrate (0.434g, 1.17 mmol) dissolved in centration of the substrate was varied betweenx710—°

MeOH (2 ml) was added. The resulting green—brown solu-

and 1.2x 102 M (final volume 2 ml). The formation of 3,5-

tion was refluxed under stirring for 24 h. The mixture was then di-tert-butylquinone was followed monitoring the increase of
cooled to room temperature and evaporated to a small volumeabsorbance atyax= 400 nm, corresponding to a characteris-
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tic band of the productggo= 1500 (M cm) 1) in methanol). unreacted reagents even after long reaction time. A more
The oxidations followed a biphasic behaviour; the rate of Promisingapproach was found when compo8mds treated
the first step was obtained from the slope of the curve of With methyl 4-chloro-4-oxobutanoate in dichloromethane in
absorbance versus time in the first few seconds of the reacthe presence of triethylamine as a basig(2). In this way,
tion, while the rate of the second step was calculated from compound4 was produced, which was transformed into
the linear plot corresponding to the second, catalytic phase.the corresponding diacid 5. CompouBdvas then treated
The noise during the experiments was reduced by readingWith bis[(1-methyl-2-benzimidazolylmethyl)Jamiri86], in
the absorbance difference between 400 and 800 nm, whereacetonitrile-dimethylformamide solution and in the presence
the absorption remains negligible during the assay. of HOBT, HBTU and triethylamine, to give compoufidRe-

The catalytic oxidations of the substrates p-Dopa,  duction of the carbonyl groups with Bi:Me,S, in tetrahy-
andL-, p-Dopa methyl estera{, p-DopaOMe) were stud-  drofuran solution, led to the ligan&)-DABN-4Bz4, where
ied by UV-vis spectroscopy, using a mixture of methanol- carbon chains of four carbon atoms separating the tridentate
aqueous phosphate buffer (50 mM, pH 8.5) 1:15 (v:v), satu- Nitrogen donors from the chiral spacer are present, instead of
rated with atmospheric oxygen, as solvent. The experimentsthree as in the previous octadentate ligands. We expect that
were carried out using the same equipment as before atengthening these carbon chains will prevent the interaction
the constant temperature of 20.1°C. The copper cata- Of the tertiary nitrogen donors of the 1,1-binaphthyl residue

lyst concentration was in the range 2.0-5.20°%M (fi- in the dinuclear complex and facilitate the binding of the third
nal concentration) in all the experiments, while the substrate copper(ll) ion in the trinuclear complex. _
concentration was varied from 3:9106 to 8.0x 1074 M The reactions reported iRig. 2 proved to be a valid

(final volume 2ml). To prevent further reactions of the method forthe preparation of the ligandys-4Bz. The free
quinones initially formed, an excess amount of 3-methyl- ethyl ester amino acid®] was treated with two molecules of
2-benzothiazoline hydrazone (MBTH, 1x0L0—3M) was ethyl chloroformate to give the corresponding dicarbamate
added, as we did befo®1,33,34] The formation of the 10, which was reduced to compoubtl Condensation af1
stable Dopas-quinone-MBTH and DopaOMe-quinones-  With 2-bromomethyl benzonitrile led to compoub® which
MBTH adducts was followed through the development of the Was reduced to compou@ Compound.3was treated with
strong absorption band at 500 nexdo= 13,400 (M cmy?! an excess of 2-(chloromethyl)-1-methylbenzimidazole to af-
for Dopa-o-quinone-MBTH, andsgg= 11,600 (M cmy ! for ford 14 and therO-acetylated to give-Lys-4Bz.
DopaOMee-quinone-MBTH, respectively). As before, in all _

the experiments, the noise was reduced by reading the ab3.2. Optical and CD spectroscopy

sorbance difference between 500 and 800 nm, and the initial .

rate of the oxidations were obtained by fitting the absorbance ~ The electronic spectra ofR{-DABN-3Im4 and R)-

versus time curves in the first few seconds of the reactions. DABN-4Bz, are qualitatively similar to that of the pareR)¢
DABN-3Bz4 derivative[32], with somewhat lower intensity

for some of the bands in the case Bj{DABN-3Imy, due to
the presence of imidazole rather than benzimidazole groups.

3. Results and discussion The CD spectra of the new ligands are dominated by the
features of the chiral 1/-binaphthyl chromophore. For both
3.1. Ligand design and synthesis (R)-DABN-3Im4 and R)-DABN-4Bz4, negative CD couplets

are observed between 200 and 240 nm, which ensure that the

The synthesis of the ligandR(-DABN-3Im4 was carried naphthalene rings maintain a cisoid conformation (\Mthe-
out by condensation of a slight excess of 2-(chloromethyl)- licity) as their parent derivativg82,37] There are important
1-methylimidazole with intermediate 8. The multistep pro- differences, though, between the CD spectraR){f[)ABN-
cedure to obtain the diamine 8 was reported previol8dy. 3Img and R)-DABN-4Bz4 and that of R)-DABN-3Bz4. The
The use oN-methylated imidazoles, as for benzimidazoles, CD couplets of the former compounds are in fact of lower
increases the chemical stability of the resulting metal com- intensity and the spectra further lack the distinctive CD fea-
plexes in the oxidative reactions. In order to obtain the ligand ture at 248 nm indicating, foR)-DABN-3Bz4, an unusually
(R)-DABN-4Bz,4, several methods were applied for the acti- reduced dihedral angle between the naphthalene rings (com-
vation of secondary amine groups 8){N,N-dimethyl-1,1- puted to be about ?%[32]. This peculiar conformation was
binaphthyl-2,2-diamine,3, either by refluxing this interme-  previously observed only for chain-bridged "thinaphthyl
diate in chloroform with succinic anhydride for 3 days, also derivativeqd37] and, in the case oR)-DABN-3Bz,, it is im-
in the presence dil,N-dimethylpyridin-4-amine (DMP) or  posed by ring stacking interactions between the naphthalene
EtzN, or mixing compound with ethyl 4-bromobutanoate  rings and the benzimidazole rinf32]. Clearly, lengthening
in DMF at 80°C for 10 h. Other experiments were carried the carbon chains separating the naphthalene rings from the
out with 4-methoxy-4-oxobutanoic acid in acetonitrile with benzimidazoles, as ifRj-DABN-4Bz4, or replacing the ben-
HBTU, HOBT, and E£N, but in all these cases, the prod- zimidazoles with the smaller imidazoles, as R)-DABN-
uct mixtures showed the presence of several by-products and3imy, is unable to maintain such stacking interactions and,
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range, with intensity similar to that found for both the free
ligand and [CuDABN-4Bz4]**. Clearly, here the longer car-

| 0 \ B\Cif“ ) bon chains allow the binaphthyl residue to bind the Cu(ll)

Nyt b RS /I\ i ‘:N._\K ion at site B Withoutdistortion of thg dihedr'al angle between

/| AN e e S c’ﬂ s )] the two naphthalene rings. In addition, while the CD spectra
N/ \'N A AN of [Cu,DABN-4Bz4]** and [CDABN-4Bz4]%* are quali-

N N- Nw \JN g tatively similar throughout the near-UV spectral range, that

of dinuclear complex is flat in the LF region, indicating that
Scheme 1. Proposed schematic structures for the dinuclear and trinucleatthe longer carbon chain of the ligand now prevents signifi-
complexes. cantinteraction between the binaphthyl amine groups and the
Cu(ll) centres. A further spectral feature to note is a promi-

therefore, the conformational arrangement of the naphthalenenent multicomponent absorption band near 484 nm in the
rings in the new ligands corresponds to that of unstrainéel 1,1 spectrum of complex [(JDABN-4Bz4]8*. In spite of the red
binaphthyl chromophores, which typically involves dihedral shift, we believe that this band corresponds to those observed
angles around 9037]. for [CusDABN-3B24]%*[34], and [C4DABN-3Im4]®* inthe

The CD spectra of the copper(ll) complexes }OABN- 350-400 nm range, and attribute it to hydroxo-Cu(ll) LMCT
3Imy]** and [CuDABN-3Im4]®* exhibit some significant  transitions, from at least one bridging hydroxo group. The
differences. In the far-UV region, the exciton doublet cen- red shift is probably caused by the different stereochemistry
tred at 200-240 nm has reduced intensity in the spectrum ofat the Cu(ll) sites, as is indicated by the different position of
the dinuclear compound with respect to the free ligand, and the LF bands in the optical spectra.
is basically absent in that of the trinuclear complex. The sit-  The UV spectrum oi.-Lys-4Bz exhibits much weaker
uation is quite similar to that discussed previously for the absorption bands in the UV region (at 250, 256, 270, 278,
corresponding complexes in thB){ and &)-DABN-3Bz4 and 285 nm) than the ligands in the ‘thinaphthyl series.
serieg31,32,34] and is due to changes in the dihedral angle These bands are attributable to the xylyl and benzimidazole
between the naphthalene rings, that in the trinuclear complexchromophores, and only that at 256 nm (likely due to xylyl)
are likely severely distorted towards coplanarity to accom- is dichroic. The corresponding complexes pCys-4Bz]**
modate a Cu(ll) ion in site BYcheme L The CD spectrum  and [Culys-4Bz]%* exhibit similar pattern of electronic
of [Cu,DABN-3Im4]** additionally differs from that offR)- bands in the aromatic region, with additional features near
DABN-3Img4 in the 250-400 nm region, due to the presence 380 nmand LF bands atlower energy. The CD spectra ofthese
of LMCT transitions, and for the presence of low-energy LF compounds are featureless throughout the spectral range.
bands. The negative CD peak and 257 nmis moreintensethan In general, the LF bands of the Cu(ll) complexes fall
the corresponding peak for the free ligand and two peaks of in the range between 650 and 720 nm, which is similar to
opposite sign at 326 and 372 nm replace the broad ligand CDthat reported previously for the parent Cu(ll)-DABN-3Bz
band centred at 375 nm. The presence of weak CD activity complexeq31,34], and is therefore indicative of tetragonal
in the LF bands suggests that the binaphthyl amine groupsstereochemistries at the Cu(ll) centres, most likely with five-
are at least weakly interacting with the Cu(ll) centres, as coordinate structures, as deduced for the parent complexes
found for the parent dinuclear complex in the DABN-3Bz  on the basis of a more detailed spectroscopic analysis. In
serieg31,34] The CD spectrum of [(DABN-3Im4]®* dis- the case of [Cglys-4Bz]%*, the LF spectrum exhibits two
plays in the near-UV region a couple of bands of opposite maxima at 573 and 660 nm. The latter absorption occurs also
sign at 350 and 384 nm, corresponding to a pair of peaksin the spectrum of [Cilys-4Bz]** and can be attributed
of considerable intensity in the electronic spectrum (at 358 to the Cu(A) centres, therefore the band at 573 nm must be
and 374 nm), which are completely absent in the spectra of attributed to the Cu(B) centre.
[Cu,DABN-3Im4]**. Similar spectral features were encoun-
tered also for [CeDABN-3Bz4]®* and were attributed to ~ 3.3. Catalytic oxidation of 3,5-di-tert-butylcatechol
hydroxo— Cu(ll) LMCT transitions from dissociated wa-
ter molecules bound as bridging ligands between one of the  The catalytic oxidation of catechols is the most widely em-
Cu(ll) centres at site A and that at site Boheme 1[34]. ployed test reaction to investigate the behaviour of tyrosinase
The latter Cu(ll) ion is close to the chiral binaphthyl group or catechol oxidase model complexes. Among the various
and is mostly responsible for the significant CD activity of catechols used in these studjék 3,5-ditert-butylcatechol
the trinuclear complex in the visible region, which is stronger (DTBC) is the generally preferred substrate, due to its low
than for the dinuclear complex. redox potential, which makes it easy to oxidize to 3,5eatt-

Regarding the Cu(ll) complexes derived fronR){ butylquinone (DTBQ), and the presence of bulky, nonpolar
DABN-4Bz4, the most striking behaviour is exhibited by substituents, which prevent further oxidation reactions, such
[CusDABN-4Bz4]%*. Unlike all the parent trinuclear cop-  asring opening reactions, and cyclization/tautomerization re-
per complexes in the series, the CD spectrum of this com- actions. The plots of the initial rates of oxidation of DTBC as
pound features a prominent CD couplet in the 200—240 nm a function of substrate concentration exhibited saturation be-
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haviour, while a linear relationship between the rates and the
concentration of the complexes, indicating first order depen-
dence, was found for all the compounds studied in this work. 0 0
The reactivity experiments were performed in the mixed sol-

vent methanol/aqueous 50 mM phosphate buffer (pH 5.0) sat-

urated with atmospheric oxygen, as we did before with the

complexes of R)-DABN-3Bz4 [31]. Previous studies carried

out by our groug27-29,38,39] have demonstrated that the

mechanism of catechol oxidation occurs in two steps, where

an initial, fast stoichiometric step (reaction 1) is followed Structure I Structure 11
by a slower catalytic reaction (reaction 2), according to the

following simplified scheme: Scheme 2. Proposed structures for the binding of 3 @tibutylcatechol
as a chelating ligand (structure I), and as a bridging ligand (structure I1).

o-—0

CuW) 4+ DTBC = [CU)DTBC] — Cu, + DTBQ+ 2H" (1)
The different ligand architecture in the complexes derived
Cu'2+DTBC+02 — [Cu'z—Oz—DTBC]CdZ' +DTBQ+2H,0 from L-Lys-4Bz has a positive effect on the activity, since
they exhibit highelkea; andkeafKy values in both steps of

) DTBC oxidation than the series of binaphthyl complexes
(Table 3. The dinuclear complex [Gllys-4Bz]** is indeed
the most active catalyst within the whole series, as shown by
the value of turnover rate constant controlling the second, cat-
alytic phase of the process. The high flexibility and reduced
steric encumbrance of the lysine chain in these complexes,
with respect to the binaphthyl residue in the DABN series, is
clearly advantageous in the electron transfer steps involving
intermediate formation of complexes with DTBC.

In the case of the complexes [§ABN-3Im4]** and
[CusDABN-3Im4]8*, it was impossible to determine the rate
of the initial step, corresponding to stoichiometric oxidation
of DTBC and reduction of the Cu(ll) catalyst, because this
reaction is either too fast or occurs with similar rate as step
(2). The activity of the two complexes is similafable 1),
indicating that coordination of DTBC in the ternary complex
may occur to two Cu(A) centres, without involvement of the
Cu(B) centre Echeme 1. With the other complexes we were
able to separate the two steps and determine the correspond3.4. Catalytic oxidation of-/p-Dopa derivatives

ing kinetic constantsTable J).

While the rate of the first step always depends on the sub- To assess the stereo-discriminating ability of the new
strate concentration in a saturating fashion, the rate depen-Cu(ll) complexes we carried out a comparative investigation
dence of the second step on substrate concentration variesf the catalytic oxidations af- andp-Dopa and their methyl
with the complex used. The complexes BDABN-4Bz4]** esters,L.- and p-DopaOMe, as we did before with related
and [CuDABN-4Bz4]%* exhibited substrate inhibition at  dinuclear and trinuclear complexg&il,33,34] Also in this
high substrate concentrations, and therefore the kinetic pa-case, the reagent MBTH was used as a trap for the unstable
rameters reported ifable 1were estimated from the portion  quinones, with which it forms covalent adducts. The copper
of the rate versus [substrate] plot in which inhibition could complexes exhibited variable degree of stereoselectivity, but
be neglected. As we observed in other c4883, the inhi- in all cases the preferred substrate hadithbsolute config-
bition effect often occurs when the ligand skeleton connect- uration. This preference is probably dictated by the chirality
ing the metal centres becomes too flexible, because in thisof the binaphthyl or lysine residues, as shown by our previous
case it is easier for the catechol to chelate each metal centrestudies on related complexgxl,33,34] The kinetics of ox-
(Scheme 2 whereas a necessary condition for a fast two- idation of Dopa derivatives showed monophasic behaviour,
electron transfer process is coordination of the catechol as aand it was therefore impossible to separate the two steps of

bridging ligand between the Cu(ll) pair. the reaction. The plots of the rates of the catalytic reactions
Table 1
Kinetic parameters for the catalytic oxidation of 3,5télit-butylcatechol in methanol-aqueous phosphate buffer, pH 5.0 20
Complex First step Second step

Km (mM) keat (571 kealKm (M~1s71) K (mM) keat (s71) keafKm (M~1s71)
[Cu;DABN-3Im,]4+a 0.09+0.01 (5.03£0.15)x 103 58
[CusDABN-3Im,]5+2 0.10+0.01 (5.91£0.14)x 103 58
[CuDABN-4Bz4]** 0.184+0.02 (1.56£0.04)x 1072 85 0.114+0.02 (9.37£0.63)x 1073 84
[CusDABN-4Bz4]%* 0.08+0.03 (9.56+1.09)x 103 120 0.04+0.005 (3.67:0.06)x 1073 105
[CupLys-4Bzg]** 0.124+0.01 (6.1H0.09)x 102 502 0.05+0.01 (2.58+ 0.05)x 102 504
[Cuslys-4Bz]®* 0.10+0.02 (1.90£ 0.09)x 102 183 0.10+0.03 (1.26£0.09)x 102 127

2 The catalytic reactions displayed monophasic behaviour.
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CH3
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Scheme 3. Proposed structures for the putative intermediate adducts formed by the dinuclear (I) and trinuclear (II) copper complexes it thddatialyti
of L-, p-Dopa, and for the trinuclear copper complexes (lll) in the catalytic oxidatian, af-DopaOMe.

as a function of the substrate concentration were hyperbolicechol between two Cu(A) sites, would leave the ester group
in all cases. This enabled to determine the kinetic constantsmore free to approach the binaphthyl group, butis considered

characterizing the catalytic process. less likely because from our experience the Cu(A) and Cu(B)
The dinuclear complex [GIDABN-3Im4]** displays sites are kept in close proximity by bridging hydroxo groups
enantio-differentiating effects in the oxidationiof p-Dopa in solution and should be a better target for catechol binding

andL-, p-Dopa methyl esters, expressed in termR%findex [34].

[34], that are in the same range as those previously reported Both the complexes [GIDABN-4Bz]** and

for the related dinuclear complexes carrying benzimidazole [CusDABN-4Bz4]%* show very little stereoselectivity
instead of imidazole group81,34] As discussed before, towardsi- andp-Dopa, even though they exhibit catalytic
the chiral discrimination involves recognition between the activity comparable to that of DABN-3lg; complexes
binaphthyl residue and the chiral portion of the substrate (Table 2.

[31,34] This can be accounted for assuming that the pro-  For the dinuclear complex, this behaviour can only be
ductive catalyst—substrate interaction involves the binding of ascribed to the lengthening of the side chains connecting the
the catechol residue to the Cu(A) sites of the dinuclear com- side arms to the binaphthyl core, which apparently further
plex leaving the amino acid portion of the molecule relatively facilitate strong immobilization of the carboxylate group of
free to approach the chiral binaphthyl residue (structure | in the substrate at the tertiary amine group(s) of the DABN-
Scheme B In fact, thekcatvalues, which reflect the efficiency 4Bz, ligand. With theL- and p-DopaOMe substrates, the
of the electron transfer from the bound catechol residue to stereoselectivity of oxidation is significant and approaches
the coppers, are very similar for andp-Dopa derivatives,  the value observed for [GDABN-3Im4]**. This behaviour
while theKy values, which give an indication of the strength can be explained with arguments similar to those advanced
of the substrate binding interaction, show larger differences. above for DABN-3Im complexes.

The enantioselectivity is considerably larger foy p-Dopa The catalytic behaviour of the complexes derived from
methyl ester derivatives than far, b-Dopa, probably be-  1-Lys-4Bz confirms that side chains of four carbon atoms
cause in the latter case an electrostatic interaction betweerbetween the chiral residue and the tridentate arms are not
the negatively charged carboxylate group and the tertiary suitable to induce stereoselectivity i, p-Dopa oxida-
amine group(s) of the ligand prevents a closer approach totion. As observed for the 1'-binaphthyl complexes, enantio-
the binaphthyl residue. In the case of the trinuclear complex differentiation occurs in the oxidation of, p-Dopa methyl
[CusDABN-3Imy4]%*, the catechol preferably binds to one esters, but now the effect is limited to the dinuclear complex
Cu(A) site and the Cu(B) site (structure Il 8theme 3 be- [CupLys-4Bz]**, while it is very reduced for the trinuclear
cause the two centres are bridged by hydroxo groups, whilecomplex [CulLys-4Bz]%* (Table 2. Clearly, the size of the
the amino acid portion of the substrate may interact at the chiral residue plays an importantrole in the chiral discrimina-
Cu(A) site, keeping it far from the I/binaphthyl residue.  tion of substrates, but the data confirm that the large flexibility
With the L-, p-Dopa methyl ester substrates, the enantio- of the Lys-4Bz ligand can have positive impact on the effi-
differentiation is larger, probably because the interaction be- ciency of the catalytic processes mediated by the correspond-
tween the amino ester residue and the Cu(A) centre is weakerjng Cu(ll) complexes. As a matter of fact, tke/Ky values
allowing some interaction of this residue with the binaph- for the oxidation ofiL-, p-Dopa methyl esters by [Gluys-

thyl group. The alternative hypothesis of substrate binding 4Bz]** and [CuLys-4Bz]%* are the highest within the new
as shown in structure 11l obcheme 3with a bridging cat- series of copper catalysts.
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Table 2
Kinetic parameters for the stereoselective catalytic oxidationsafidp-Dopa and.- andp-DopaOMe in methanol-aqueous phosphate buffer, pH 8.54E20
Substrate Km (mM) Keat (571 KeaKm RYA?
[CuDABN-3Img]**
L-Dopa (8.26£1.52)x 1072 (5.86+0.30)x 103 71 15
p-Dopa (1.02£0.18)x 101 (5.39+£0.26)x 103 52
L-DopaOMe (2.32:0.55)x 1072 (8.33+0.38)x 1073 360 59
p-DopaOMe (8.23:1.37)x1072 (7.51+0.34)x 1073 91
[CusDABN-3Imy4]8*
L-Dopa (8.610.72)x 1072 (6.194+0.14)x 1073 72 4
p-Dopa (9.87:1.32)x 1072 (6.65+0.32)x 1073 67
L-DopaOMe (4.04:0.74)x 1072 (1.064 0.04)x 1072 260 42
p-DopaOMe (7.220.39)x 1072 (7.87+0.11)x 1073 108
[Cu2DABN-4Bz4]**
L-Dopa (4.12£0.70)x 1072 (4.71£0.19)x 1073 114 4
p-Dopa (4.40£0.28)x 1072 (4.68+0.74)x 1073 106
L-DopaOMe (4.48:0.80)x 1072 (9.62+0.41)x 1073 215 57
p-DopaOMe (1.26:0.16)x 1071 (7.43+£0.27)x 1073 59
[CusDABN-4Bz4]%*
L-Dopa (5.76£0.60)x 102 (5.184+0.13)x 1073 90 4
p-Dopa (6.35£0.89)x 1072 (5.30£0.29)x 103 83
L-DopaOMe (3.08:0.30)x 1072 (1.31+0.27)x 102 420 56
p-DopaOMe (8.43:0.64)x 1072 (1.01+0.21)x 1072 120
[CusLys-4Bz]**
L-Dopa (1.2:0.11)x 101 (4.90£0.14)x 103 40 5
p-Dopa (1.48:0.14)x 1071 (5.29+0.17)x 1073 36
L-DopaOMe (0.98:0.22)x 1072 (2.074+0.18)x 1072 2120 40
p-DopaOMe (1.18:0.43)x 1072 (1.0740.11)x 102 906
[Cuslys-4Bz]®*
L-Dopa (2.38:0.20)x 1071 (8.36+0.28)x 1073 35 3
p-Dopa (2.60£0.17)x 101 (8.61£0.23)x 103 33
L-DopaOMe (0.84:0.12)x 1072 (1.4240.03)x 1072 1700 9
p-DopaOMe (0.76:0.13)x 1072 (1.094 0.02)x 102 1430

2 R% =[(kcatKm)L — (Kead Km )/ [(kea?Km)L + (Kca?Km)] x 100 is taken as the index of enantioselectivity in the catalytic reactions.
4. Conclusion of the substrates by the complexes when the length of the car-

bon chain is of three atoms, (ii) the somewhat more lengthy

We have synthesized three new chiral ligands and the cor-synthetic procedure to replace the benzimidazole donors in
responding dinuclear and trinuclear copper(ll) complexes, the ligand with biologically more relevant imidazole donors
which represent additional model systems for the active sitesdoes not produce significant improvement in the catalytic
of Type 3 and Type 2—Type 3 copper proteins, respectively. or stereoselective properties of the complexes, and (iii) the
The design of the ligands belonging to this family involves 1,1-binaphthyl spacer has much stronger recognition power
introduction of an optically active spaceRj¢DABN, or L- than the aliphatic lysine residue. Work is in progress to fur-
Lys), ending with two tertiary amine donors, between chelat- ther elaborate on the ligand design to include into the carbon
ing arms containing two tridentate nitrogen donors. Although chains attached to th&(-DABN or L-Lys spacers additional
the catalytic efficiency of the resulting complexes in the ox- chiral centres, so that substrate recognition can occur closer
idation of catechols is lower than that exhibited by dinuclear to the metal sites involved in the catalytic event.
complexes with hexadentate ligands containing a central xy-
lyl spacer between analogous tridentate resif2ie28], the
chiral complexes exhibit significant enantio-differentiating
behaviour towards optically active substrates. The present This work was supported by the Italian MIUR, through
investigation complements our previous reports on the stere-a PRIN project and a FIRST project. A.G. acknowledges
oselective oxidations by the parent copper complexes of the CIRCMSB for financial support.
DABN family [31,34] and enables to assess the effect of
modulation of ligand design around the Cu(A) and Cu(B) References
sites. The results obtained here show that: (i) the length of
the carbon Chal_n c_onngctlng the_ChlraI re5|_due_W|th th_e _m' [1] L.I. Simandi (Ed.), Catalytic Activation of Dioxygen by Metal Com-
dentate metal binding sites optimizes enantio-differentiation plexes, Kluwer Academic, Dordrecht, 1992.
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