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Abstract

w 13,17 xA new macrocyclic hexaaza binucleating Schiff base ligand 3,7,11,19,23,27-hexaazatricyclo 27.3.1.1 tetratriaconta-
Ž . Ž . Ž . Ž . Ž .1 32 ,2,11,13 14 ,15,17 34 ,18,27,29 33 ,30-decaene MX DIPN or 1 has been prepared in good yield by direct condensa-2 2

X Ž . Ž .tion of m-phthalaldehyde and 3,3 -iminobis propylamine . MX DIPN forms a dinuclear Cu I complex that reacts with2 2
wŽ . Ž .x2qmolecular oxygen to form MX DIPN Cu O . This oxygen complex does not undergo intramolecular oxygen2 2 2 2

wŽ . Ž .x2q Žinsertion into the phenyl ring in sharp contrast with its macrocyclic analog MX DIEN Cu O MX DIEN is the2 2 2 2 2 2
.macrocyclic ligand formed by the condensation of m-phthalaldehyde and diethylenetriamine , the result of the enlargement

wŽ . Ž .x2qof the macrocyclic cavity. It has been shown that MX DIPN Cu O is an efficient and selective catalyst for the2 2 2 2

oxidation of 3,5-di-t-butylcatechol to 3,5-di-t-butyl-1,2-benzoquinone in the presence of 1 atm O . Furthermore, the2

measured initial rate constants reveal that it reacts much faster than any of the related macrocyclic systems reported to date.
q 1998 Elsevier Science B.V.

Ž . Ž .Keywords: Macrocyclic dinuclear Cu I complex; Macrocyclic dinuclear Cu II complex; Isophthalaldehyde; Ditrimethylenetriamine;
Catalytic oxidation; 3,5-ditertiarybutylcatechol; 3,5-ditertiarybutyl-1,2-benzoquinone

1. Introduction

Dinuclear copper complexes containing two
metal centers in close proximity are the subject
of recent extensive investigation since this struc-
tural unit is involved in a variety of important
biochemical processes, such as oxygen transport
and oxygen activation by oxidase and mono-

w xoxygenase enzymes 1–13 . The active sites of

) Ž . Ž .Corresponding author. Tel.: 1-409 845-2011; Fax: 1-409
845-4719.

hemocyanin and tyrosinase posses this type of
molecular arrangement and are thought to be
relatively similar based on spectroscopic evi-

w xdence 11 , in sharp contrast with their different
biological functions.

Several dinuclear copper complexes with dif-
w xferent type of ligands 14–27 have been pre-

pared and characterized in order to understand
the relationship between the geometry around
the copper metal atoms, the mode of coordina-
tion of the oxygen ligand and its reactivity and

w xspectroscopic properties 1,14–28 .
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The work in this laboratory has focused on
the development of hemocyanin and tyrosinase
models based on dinucleating macrocyclic type

w xof ligands 29–36 . Such ligands had been cho-
w xsen because of their inherent stability 37 and

because the rigidity imposed on the metal cen-
ters permits examination of the role of the
metal–metal separation in combining with
molecular oxygen. This paper reports the syn-
thesis and spectroscopic characterization of new

Ž . Ž .dinuclear Cu I and Cu II complexes contain-
ing the macrocyclic ligand MX DIPN together2 2

with their reactivity with oxygen in the presence
Žand absence of 3,5-di-t-butylcatechol 3,5-

.DTBC .

2. Experimental

2.1. Instrumentation

Electronic spectra were recorded on a Perkin
Elmer Model 553 fast-scan spectrophotometer
using matched 1.000"0.001 cm path length
cells. 1H- and 13C-NMR were recorded in a
Varian XL 200 FT spectrometer operating at
200 MHz. Thermogravimetric analyses were
carried out with a General V4.OD DuPont 2000
operating under nitrogen at a speed of 58 per
minute from 25 to 10008C.

2.2. Materials

All reagents were ACS grade and were used
Žwithout further purification. Argon 99.98%

.AIRCO was prescrubbed with a 3% solution of
pyrogallol in 0.8 M NaOH and dried by passage

Ž .through H SO and Drierite CaSO . Solvents2 4 4

were deoxygenated by purging with argon for
Ž .approximately 30 min. The preparation of Cu I

Ž .and Cu II complexes and all reactions were
carried out under argon. MX DIPN , 1 was2 2

w xprepared as previously described 38 .

( )2.3. Oxygenation of the dinuclear Cu I Schiff
base complex 3 and its degradation

Ž .A 900 mg 2.417 mmol sample of
w IŽ . xŽ .Cu CH CN PF was added into a flask3 4 6

Ž .containing 600 mg 1.208 mmol of MX DIPN2 2

dissolved in 190 ml of CH Cl under magnetic2 2

stirring. The resulting orange solution was then
stirred for one hour under argon. A stream of air
was bubbled through it overnight, upon which
the orange solution turned green. The volume
was then reduced to dryness with a rotary evap-
orator and the solid obtained was completely
redissolved in 10 ml of 6 M HCl. Afterwards,
the acidic solution was extracted with CHCl3
Ž .3=50 ml . The volume of the organic phase

Žwas then reduced to dryness and 310 mg 96%
.recovery of m-phthalaldehyde was obtained as

1 Ž . Ža white solid. H-NMR CDCl : d ppm from3
. Ž . Ž . Ž .TMS 7.75 t, 1H , 8.18 d, 2H , 8.40 s,1H ,
Ž .10.12 s, 2H .

2.4. Catalytic oxidation of 3,5-di-t-butylcatechol
( ) ( )3,5-DTBC with 3 O as catalyst2

Ž .A 14.9 mg 40 m mol sample of
w IŽ . xŽ .Cu CH CN PF was added to a flask con-3 4 6

Ž .taining 9.93 mg 20 mmol of MX DIPN dis-2 2
Ž .solved in 50 ml of CH CN:CH OH 1:4; v:v3 3

and stirred under argon for 15 min. Then 88.8
Ž .mg 0.40 mmol of 3,5-DTBC were added and

the solution was stirred for an additional 5 min.
Oxygen was then bubbled through the solution
for 5 min and then kept at 1 atm O pressure2

over the solution. The reaction was allowed to
take place until the oxygen consumption had
ceased. The 3,5-di-t-butyl-1,2-benzoquinone
Ž .75.6 mg, 87% yield oxidation product was
then isolated by evaporation of the solvent un-
der reduced pressure followed by column chro-

Ž .matography on silica gel grade 62 special
1 Ž .using CHCl as eluant. H-NMR CDCl : d3 3

Ž . Ž . Ž .ppm from TMS 1.21 s, 9H , 1.26 s, 9H ,
Ž . Ž . 13 Ž .6.20 d, 1H , 692 d, 1H . C NMR CDCl : d3

Ž . Ž . Ž .ppm from TMS 27.87 CH , 29.20 CH ,3 3
Ž Ž . . Ž Ž . .35.47 C CH , 36.02 C CH , 122.083 3 3 3

Ž . Ž . Ž Ž . .CH , 133.46 CH , 149.93 CC CH ,3 3
Ž Ž . . Ž . Ž .163.32 CC CH , 180.03 CO , 181.12 CO .3 3

2.5. CuII catalytic oxidation of 3,5-DTBC

This reaction was carried out in the same
manner as previously described for 3, except
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Ž .that CuCl .2H O was used instead of the Cu I2 2

complex.

2.6. Kinetic studies

Kinetic studies were performed in a 100 ml
water-jacketed reaction vessel containing inlet
and outlet tubes for gases. The vessel was ther-
mostated at 25.0"0.18C and connected to a
quartz flow cell of 1.000 cm path length. The
flow cell was placed in the cell holder compart-
ment of the UV-vis spectrophotometer, and the
reaction solution was circulated through the flow

cell by means of a peristaltic pump. The spec-
tral changes of the solution were monitored over
the wavelength range 300–800 nm.

3. Results and discussion

3.1. Synthesis and characterization of the Schiff
base, 1, and its copper complexes

The non-template procedure for preparing the
macrocyclic Sciff base ligand 1, shown in
Scheme 1, is straightforward and gives a good

Scheme 1.
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yield. This Schiff base is obtained as a micro-
crystalline solid that contains both water and
acetonitrile of solvation, a fact that is not un-

w xusual for this type of compound 39,40 as
demonstrated by X-ray diffraction analysis. The
extent of solvation was inferred from the ele-
mental analysis and corroborated by thermo-
gravimetric analysis. An initial 7.5% weight
loss occurs in the temperature range 200–2708C
preceding the decomposition of the Schiff base
ligand, suggesting that the solvated molecules
are trapped within the crystalline network of the
macrocyclic ligand. The 1H and 13C NMR spec-
tra of 1 are both complex, indicating the exis-
tence of isomers in equilibrium, a phenomenon
that has also been observed for related systems
w x Ž .29–34,39,40 Scheme 1 .

Reaction of the Schiff base 1 with two equiv-
Ž .alents of Cu I leads to the formation of the

Ž .light-orange binuclear copper I complex
wŽ . I x2qMX DIPN Cu , 3, as indicated in Scheme2 2 2

1. This reaction proceeds in a manner very
analogous to similar dinucleating macrocyclic

w x Ž .ligands 29–35 with Cu I . The spectroscopic
properties displayed by the dinuclear complex 3
Ž y1 y1 .l s420 nm, ´s937 M cm , Fig. 1max

Ž .are also very much like those of dinuclear Cu I
complexes reported previously with similar
macrocyclic ligands.

Ž . wŽ . I x2q Ž .Fig. 1. UV-visible spectra of a MX DIPN Cu 3, b2 2 2
wŽ . IIŽ . x2q Ž . wŽ . IIŽMX DIPN Cu m-OMe 5, c MX DIPN Cu m-2 2 2 2 2 2 2
. x2q Ž .Cl 4. The spectra were recorded in MeCN:MeOH 1:4; v:v2

and the concentration of the complexes was 0.40 mM.

Addition of a methanolic solution of CuCl P2

2H O to a methanolic solution that contains2

half the equimolecular amount of the Schiff
base MX DIPN , results in the immediate for-2 2

mation a blue dinuclear copper complex, pre-
wŽ . IIŽ . x2qsumably MX DIPN Cu m-Cl , 4,2 2 2 2

Ž y1 y1broad band 620–790, ´ s204 M cm ,705
.Scheme 1 and Fig. 1 in agreement with the

spectroscopic properties reported for amine
wŽ . IIŽ . x2q w xcomplexes like H DIEN Cu m-Cl 414 2 2 2

wŽ . IIŽ . x2q w xand H DIPN Cu m-Cl 42 which also4 2 2 2
Ž .contain the Cu m-Cl Cu core. It is also in2

agreement with the reactivity of 4, since its
h y d r o ly s i s y ie ld s q u a n t i t a t iv e ly
wŽ . IIŽ . x2qH DIPN Cu m-Cl ,4 2 2 2

( )3.2. Oxygenation of the Cu I dinuclear com-
plex

Exposing 3 to molecular oxygen at 258C
causes the dinuclear copper orange solution to
slowly turn green. The green complex has the
spectral features associated with the totally de-
graded oxygen complex and thus is considered

wŽ . IIŽ . x2qto be MX DIPN Cu m-OMe , 5, found2 2 2 2

in other related macrocyclic systems studied
w xpreviously by this group 32,33 . The spectrum

consists of a very intense band at the UV region
and a very weak and broad band at 620 nm
Ž y1 y1 Ž . .´ s123 M cm ; curve b , Fig. 1 . No620

long-lived intermediate species could be spec-
troscopically detected in the present case even
when the oxygenation reaction was carried out
at 58C, in contrast to related systems studied

w xpreviously 32–34 . However, by the use of a
stopped flow UV-vis spectrophotometer an in-

Ž Ž .termediate presumably the dinuclear Cu I -di-
. w xoxygen adduct was detected 36 .
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wŽ . I x2qOxygenation of the MX DIEN Cu2 2 2
Žcomplex MX DIEN is the corresponding2 2

macrocyclic Schiff base ligand obtained by the
condensation of m-phthalaldehyde and dieth-

.ylenetriamine under the same conditions as
reported here leads to hydroxylation of the
macrocyclic aromatic ring. In sharp contrast,

wŽ . I x2qoxygenation of MX DIPN Cu does not2 2 2

hydroxylate the macrocyclic aromatic ring at all
in any of the solvents in which the reaction was

Ž .performed CH Cl , CH OH or CH CN . The2 2 3 3

lack of hydroxylation was evidenced by the
nearly quantitative recovery of the initial dialde-
hyde, m-phthaldehyde, upon treating the final
complex with 6 M HCl. Space-filling models
show that for MX DIEN , the macrocyclic cav-2 2

ity is relatively small and once it has accommo-
dated the two copper metal atoms, two phenyl
hydrogen atoms point towards the center of its
cavity. Thus when the dioxygen complex is
formed, those hydrogen atoms easily interact
with the bridging dioxygen. In MX DIPN ,2 2

there are four more –CH – units in the bridging2

arms bonded to the imine nitrogen atoms, sig-
nificantly increasing the size of the macrocyclic
cavity with respect to MX DIEN . In this case2 2

the phenyl hydrogen atoms are too far from the
bonded dioxygen and therefore intramolecular
hydroxylation does not occur.

w xCasella and coworkers 43 studied a family
Žof dinucleating imine type ligands type A lig-

.ands

derived from the condensation of benzene-1,3-
dicarboxaldehyde and two molecules of substi-
tuted histamine or histidine. Those ligands are

Ž .capable of forming dinuclear Cu I complexes

which bind dioxygen. They showed that the
intramolecular hydroxylation of the phenyl ring
could be controlled by choosing the appropriate

w xsolvent. Sorrell and coworkers 44 studied xy-
lyl type dinucleating ligands substituted with

Žeither pyrazolyl or pyridyl groups type B lig-
.ands .

Ž .Those ligands form dinuclear Cu I complexes
and some are also capable of binding dioxygen.
They demonstrated that the intramolecular hy-
droxylation of the phenyl ring depends on the
substituent. With pyrazolyl type of substituents
the hydroxylation reaction does not proceed
whereas when using pyridyl as the substituent
the intramolecular hydroxylation reactions do

w xtake place. Karlin and coworkers 45 have in-
vestigated the effects caused by electron donor
and electron withdrawing groups attached to the
xylyl group of the B type of ligands, containing
pyridyl as substituents, with regard to the intra-
molecular hydroxylation reactions. They have
shown that the former reaction does occur in all
these type of complexes and is clearly favored
by electron donors and disfavored by electron
withdrawing groups. Recently Mukherjee and

w xcoworkers 46 , have reported a new system
containing a variation of the type B ligands with
pyridyl substituents that is also capable of pro-
ducing an intramolecular hydroxylation of the
phenyl ring. In this case, one of the dieth-
ylenepyridine arms bonded to the amino group
is substituted by a simple methyl group.

Ž .The macrocyclic dinuclear copper I com-
plexes studied by our group constitute an exam-
ple of how the intramolecular hydroxylation
reaction can be controlled by carefully choosing
the appropriate geometry, nature and cavity size
of the macrocyclic ligand. Thus, with a 24
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member ring macrocyclic ligand MX DIEN2 2

the intramolecular hydroxylation reaction occurs
whereas the opposite happens with a 28 member
ring macrocyclic ligand MX DIPN ; a similar2 2

ligand but with a larger cavity size.

(3.3. Oxidation of 3,5-di-t-butylcatechol 3,5-
)DTBC

Ž .3,5-Di-t-butyl-1,2-benzoquinone 3,5-DTBQ
was the only product obtained from the reaction

Ž .of either the dinuclear Cu I complex 3, or the
Ž .dinuclear Cu II complex 4, with 3,5-DTBC

under 1 atm O ; no oxidatively coupled prod-2

ucts were detected.
Ž .The system containing the Cu I complex 3,

Ž3 0.4 mMrO 1 atmr3,5-DTBC 8 mM in 502
.ml of CH CN:CH OH 1:4 yielded 6.96 mM3 3

3,5-DTBQ. This represents an efficiency of
87.0% with respect to the initial substrate and
17.4 redox cycles. Fig. 2 shows the time-depen-
dence of the 420 nm band assignable to the

Ž .quinone with the above mentioned Cu I and the
Ž .Cu II complexes as catalysts. The calculated

initial rates of formation are reported in Table 1
along with other initial rates for related macro-
cyclic systems.

On the basis of the results obtained in this
and previous work with similar macrocyclic

Fig. 2. Time dependence of the catalytic formation of 3,5-DTBQ
Ž . wŽ . I x2q Ž Ž .. Ž .in the presence of a MX DIPN Cu –O 3 O and b2 2 2 2 2

wŽ . IIŽ . x2qMX DIPN Cu m-Cl 4, both under 1 atm oxygen and2 2 2 2
Ž Žmonitored at 420 nm. ts258C; solventsMeCN:MeOH 1:4;

..v:v .

Table 1
Initial rates in the oxidation of 3,5-DTBC to 3,5-DTBQ by
LCuI -dioxygen and LCuII

2 2

Macrocyclic Initial, pseudo-first Refs.
a y1ligand L order rate, Ms

I IILCu qO LCu2 2 2

y8 w xFD DIEN 1.4=10 0.0 332 2
y4 y5 w xPD DIEN 3.8=10 3.8=10 342 2
y4 y3 w xPD DIPN 1.3=10 4.6=10 39,402 2
y3 y4MX DIPN 7.8=10 1.1=10 this work2 2

a Ž2:2 dialdehyde FDs2,5-furan; PDs2,6-pyridine; MXs1,3-
. Žbenzene condensation products with triamines H DIENs1,4,7-4

.triazaheptane; H DIPNs1,5,9-triazanonane .4

Ž . w xdinuclear Cu I complexes 33,35,40 , a plausi-
ble catalytic cycle is depicted in Scheme 2 for
the oxidation of 3,5-DTBC by 3 in excess

Ž .dioxygen. The steps involve i oxygenation of
Ž .the dinuclear copper I complex to produce pos-

( ) Ž .sibly a m-peroxo species 3 O , ii oxidation of2

3,5-DTBC by the dioxygen complex to form
Ž .3,5-DTBQ and a dinuclear copper II complex

with two methoxy groups bridging the metal
Ž .centers and iii oxidation of another molecule

Ž .of substrate by the Cu II species yielding the
Ž .original dinuclear Cu I complex and 3,5-DTBQ.

The slower initial oxidation rate for the sys-
Ž .tem with the Cu II macrocyclic complex 4 as

Ž .catalyst, containing the Cu m-Cl Cu core,2
Žcompared to the system with complex 3 Fig. 2,

.Table 1 reveals the existence of different cat-
alytic cycles. As a consequence, the latter sys-
tem yields 3.4 times more 3,5-DTBQ than the
former after 120 min reaction time. Therefore in
this particular system, there is no or slow con-

Ž .version of the Cu m-Cl Cu complex into the2
Ž .Cu m-OMe Cu as had been found for previous2

macrocyclic systems described by our group
w x34,39,40 .

Ž .Table 1 clearly shows that the Cu I complex
described in the present work reacts faster than
any of the macrocyclic systems described previ-
ously under similar reaction conditions. In par-

wŽ . I x2qticular MX DIPN Cu produces 3,5-2 2 2

DTBQ twenty times faster than the most reac-
wŽ . I x2qtive macrocyclic system PD DIEN Cu2 2 2

w x Ž34,35 PD DIEN is the macrocyclic ligand2 2
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Scheme 2.

obtained by the condensation of pyridine-2,6-di-
.carboxaldehyde and 1,4,7-triazaheptane re-

ported so far. It is also interesting to note that
for the PD DIEN system the oxidation rates2 2

are negligible unless a small amount of base is
added whereas for the present system no base at
all is needed, thus unquestionably demonstrat-

( )ing that the dioxygen complex 3 O is a much2

more powerful catalyst than any of the analo-
gous macrocyclic complexes tested to date.

The ranges of initial rates displayed in Table
1 clearly manifest a strong sensitivity of the

I Ž .Cu O core with regard to small steric and2 2

electronic variations. This feature is also typical
of bioinorganic systems containing binucleating
active sites, such as for instance hemocyanin

w xand tyrosinase 2,28 .
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