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Abstract

Two new ligands, N,N-bis(3,5-dimethylpyrazol-1-
ylmethyl)benzylamine (bpmba) and N,N.N'.N'-
tetrakis(3,5-dimethylpyrazol-1-ylmethyl)-,o’-di-
amino-m-xylene (bpmdx) have been synthesized.
Using these ligands, copper(IT) complexes of the type
[Cu(bpmba)(CD);](CD2,  [Cuz(bpmba),(OCH;),]-
(BF4); and [Cu,(bpmdx}X),]Y, where X = OCH;4
or Cl and Y = Cl or BF,4 have been prepared and
characterized on the basis of elemental analysis,
fast atom bombardment mass spectrometry, and
UV--Vis spectroscopy. These show the ligands to
coordinate as an N3 and an N4 donor set respectively.
The ability of the complexes to catalyze the oxida-
tion of catechol to quinone was studied by following
the appearance of quinone spectrophotometrically.
The binuclear complex [Cu,(bpmdx)(OCH3),]-
(BF4), reacts fastest with an oxidase activity of
0.467 pymol/mg min while the other three complexes
have slower rates of oxidation.

Introduction

There is considerable interest in the synthesis of
multidentate organic ligands which have donor
atoms of biological relevance and their resultant
metal complexes. Many of these compounds are
prepared in attempts to mimic the behavior of
various metalloproteins, such as the copper con-
taining proteins hemocyanin and tyrosinase. This
has led to the preparation of numerous Cu(l) and
Cu(Il) complexes in attempts to model the proteins’
structural properties [1]. At the active sites of these
proteins, there appears to be either two or three
nitrogen donors per copper and possibly an oxygen
(hydroxide) bridging group, with the nitrogen donor
atoms coming from imidazoles of histidine residues
[2—4]. Because of the demonstrated spectroscopic
similarity of pyrazole to the naturally occurring
imidazole moiety [5], we are particularly interested
in preparing multidentate pyrazole containing ligands
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and their copper complexes in order to compare
their properties to those found in the natural sys-
tems.

While the primary function of hemocyanin is to
bind and transport oxygen in molluscs and arthro-
pods, tyrosinase catalyzes the hydroxylation of
monophenols and the oxidation of o-diphenols to
o-quinones. The oxidation of catechol to quinone
(catecholase) is shown in eqn. (1).
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In tyrosinase, it is thought that two proximate
metals are needed to coordinate the two hydroxyl
oxygens of catechol for oxidation of quinone to
proceed [6]. We are, therefore, interested in com-
paring the properties of mononuclear and binuclear
copper complexes in an effort to better understand
the biological need for binuclear systems in the
metalloproteins. In order to compare mononuclear
to binuclear systems, we prepared the two novel
pyrazole containing ligands N,N-bis(3,5-dimethyl-
pyrazol-1-ylmethyl)benzylamine (bpmba) (1) and
N,N,N',N'tetrakis(3,5-dimethylpyrazol-1-ylmethyl)-
a,a’-diamino-m-xylene (bpmdx) (2).

In this paper we describe the synthesis of the
two ligands, their resultant Cu(Il) complexes, and
the reactivity of these complexes towards catechol
in an attempt to model the activity of the copper
containing enzyme tyrosinase.

Experimental

All reagents and solvents were purchased from
commercial sources and used as received unless
noted otherwise. 1-(Hydroxymethyl)-3,5-dimethyl-
pyrazole was prepared by the literature method
[7]- Melting points were obtained with the use of
a Fisher—Johns apparatus. Chemical analyses were
performed at Desert Analytical, Tucson, AZ.

Electronic spectra were performed on a Uvikon
860 spectrophotometer and IR spectra were taken
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on a Nijcolet 5ZDX instrument. Mass spectra were
run at the Midwest Center for Mass Spectrometry
in Lincoln, NE. '"H NMR were recorded on a Varian
T-60 instrument using CDCl; as the solvent. All
chemical shifts are reported in parts per million
(ppm) relative to an internal standard of Me,Si.
Kinetics were followed spectrophotometrically on
a Uvikon 860 spectrophotometer by following the
appearance of quinone using the 390 nm peak.

N,N-Bis(3,5-dimethylpyrazol-1-ylmethyl )benzyl-
amine (bpmba) (1)

A solution of 127 g (12.0 mmol) of benzylamine
and 3.00 g (24.0 mmol) of 1<{hydroxymethyl)-3,5-
dimethylpyrazole [7] in 50 ml of acetonitrile were
stirred in a sealed vessel at room temperature for
24 h. The acetonitrile was separated from the water
produced, dried over Na,SO,, filtered, and the
solvent evaporated under reduced pressure. Thin
layer chromatography showed the compound to be
of sufficient purity to be used directly in the syn-
thesis of the metal complexes. An analytically pure
sample was isolated by dissolving 3 in H,O/CH;0H,
adding an excess of EDTA, and stirring for 2 h.
The CH,;OH was evaporated and the solution was
extracted with CHCl;. The organic layer was dried
over Na,S0,, filtered, and the solvent evaporated
to give a colorless oil. 'H NMR 197 (6 H, s), 2.19
(6 H,s),372 (2 H,s),492 (4 H,s),5.77 2 H, s),
7.10—7.41 (5 H, m). MS, m/e 323 (M™).

N,N,N',N'-Tetrakis(3,5-dimethylpyrazol-1-ylmethyl)-
a,a'-diamino-m-xylene (bpmdx ) (2)

The same procedure as described above for bpmba
was followed using 5.00 g (39.6 mmol) of 1-(hydroxy-
methyl)-3,5-dimethylpyrazole and 1.30 g (9.90
mmol) of a,a’-diamino-n-xylene. An analytically
pure sample was isolated by dissolving 5 in H,O/
CH3OH, adding an excess of EDTA, and stirring for
2 h. The CH;0H was evaporated and the solution
was extracted with CHCl;. The organic layer was
dried over Na,SQ,, filtered, and the solvent evap-
orated to give a colorless oil. 'H NMR 1.96 (12 H, s),
2.19 (12 H, s), 3.69 (4 H, s), 489 (8 H, s), 5.70
(4 H,s5),7.02—7.40 (4 H, m). MS, m/e 568 (M™).

[Cuy(bpmba),(OCH; ), [ (BF4 ), (3)

A solution of 1.50 g (5.00 mmol) of bpmba in
20 mi of methanol was treated with a solution of
1.73 g (5.00 mmol) of Cu(BF;),-6H,0 in 30 ml of
methanol. The resulting solution was filtered and
cooled to —20 °C. Large light blue crystals formed
which were filtered and washed with methanol to
give 1.20 g (42%) of 3. Anal. Calc. for C4Hs6B,-
FgCu,N;00,: C, 47.58; H, 5.60; N, 13.87. Found:
C, 47.42; H, 541; N, 13.78%. UV—Vis (CH;0H);
Amax (€ (M7! cm™): 670 (565), 550 (295), 370
(865), 346 (645), 279 (2950).

M. R. Malachowski and M. G. Davidson

[Cu(bpmba)(Cl),] (4)

The same procedure as described above for [Cu,-
(bpmba),(OCH,), 1(BF4), was followed using CuCl,
and resulted in the isolation of dark green crystals.
Anal. Cale. for C,gHysCl,CuNs: C, 49.84; H, 5.51;
N, 15.29. Found: C, 49.64; H, 5.61; N, 15.07%.
UV—Vis (CH30H); Aax (€ M™' cm™1)): 847 (115),
275 (5165).

[Cuz(bpmdx JOCH}3 )2/ (BFa )2 (5)

A solution of 2.00 g (3.52 mmol) of bpmdx in
20 ml of methanol was treated with a solution of
243 g (704 mmol) of Cu(BF,),-6H,0 in 30 ml
of methanol. The resulting solution was cooled to
—20°C from which light blue crystals precipitated.
Anal. Calc. for C34H43B2CU2F3N1002: C, 4383,
H, 542; N, 15.02. Found: C, 43.34; H, 5.50; N,
15.10%. UV—Vis (CH30H); Apax (6 M™! cm™)):
833 (186), 357 (5867), 312 (5614).

[Cuz (bpmdx )(Cl, )] (Cl), - 2HCI (6)

The same procedure as described above for [Cu,-
(bpmdx)(OCH3), ](BF;), was followed using CuCl,
which resulted in isolation of dark green crystals.
Anal. Calc. for C35H6ClgCu, N, C,42.21; H, 5.10;
N, 15.38. Found: C, 42.57; H, 5.30; N, 15.50%.
UV—Vis (CH;OH); Apax (€ M™! cm™)): 845 (85),
271 (5143).

Results and Discussion

Synthesis

The presence of six-membered chelate rings in
many of the copper complexes used to model the
Type 1II systems allows the two coppers to maintain
a distance of less than 3.1 A. In the proteins hemo-
cyanin and tyrosinase, however, the distance is
thought to be c¢. 3.6 A. The introduction of five-
membered rings in our compounds was performed
in order to increase the steric constraints present
in the ligand thereby increasing the metal—metal
distance [8]. Confirmation of the structural results
of this modification await the solving of the crystal
structures of these compounds.

The two new ligands were prepared using a modifi-
cation of the general procedure of Driessen for the
addition of pyrazol-1-ylmethylene units to amines
[7]. The condensation of 1-(hydroxymethyl)-3,5-
dimethylpyrazole and the appropriate amine (benzyl-
amine or a,a’-diamino-m-xylene) resulted in ligands
which can act as tridentate or sexadentate donors
respectively, as illustrated in Fig. 1.

Stirring a solution of the ligand with the copper-
(I1) salt resulted in the formation of the copper
complexes. Complexes of the binucleating ligand 2
were formed as expected with either “TOCHj; or "Cl
bridging the two copper atoms and giving complexes
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Fig. 1. Synthesis of bpmba (1) and bpmdx (2) ligands.

with the formula [Cu,(bpmdx)(X),](Y), (where
X = TOCH; or "Cl and Y = BF, or Cl). In contrast,
complexes formed from the N; ligand 1 gave two
kinds of complexes. When treated with CuCl,, a
mononuclear complex of the form [Cu(bpmba)-
(C1),] was formed with two terminal chloride atoms.
When Cu(BF,):6H,0 was the copper precursor, a
binuclear complex [Cu,(bpmba),(OCH3),](BF,),
was formed, certainly due to the noncoordinating
nature of the BF, anions.

The crystalline solids had satisfactory elemental
analysis and were also analyzed by fast atom bom-
bardment mass spectrometry (FAB-MS). The free
ligands were obtained by treating an aqueous solu-
tion of the copper complex with EDTA followed
by extraction with chloroform. The ligands were
characterized by 'H NMR, IR and mass spectrometry.

Mass Spectrometry

We have shown FAB-MS of Cu(I) and Cu(Il)
complexes to be a reliable technique for analyzing
metal complexes [9]. This technique has been used
here to help characterize the complexes prepared
using both the molecular ion present and the frag-
mentation patterns obtained. In addition, we have
used high resolution electron impact mass spectro-
metry to gather additional information about the
nature of the complexes.

FAB-MS of the copper(I) complexes gave us
considerable information regarding the exact nature
of our isolated complexes. Cu(II) complexes do not

NH;
NH, N’G\N—N )
~ O 2
N’e\N—N )
PO
bpmdx (2)

produce spectra directly but show ions formed from
reduction of Cu(ll) to Cu(l) by addition of an
electron. Samples containing two Cu(lIl) ions are
reduced formally at both metal centers. The mass
spectrum of the [Cu,(bpmdx)(Cl),](Cl), complex
is shown in Fig. 2 and the data for the other copper
complexes is found in Table 1.

The base peak for most of the copper complexes
which we have studied occurs at m/z 109. This
results from the loss of one of the 3,5-dimethyl-
pyrazol-1-ylmethyl arms from the ligands and we
use this peak as diagnostic for the presence of the
pyrazole arms [10]. The spectrum of [Cu,(bpmdx)-
(C1),](Cl), does not show a peak for the intact cation
but instead has a peak at 801 as its highest mass peak.
This results from the loss of one of the chlorine
atoms from the molecule. Sequential loss of two
additional chlorines gives the peaks at m/fz 766
(which results from the presence of [Cu,(bpmdx)-
(C1);]"* and at m/z 731. A peak from the loss of the
remaining chlorine does not appear, but instead the
loss of both the chlorine and one of the copper
atoms gives the peak at m/z 631 due to [Cu-
(bpmdx)]*. At lower mass units there are many
similarities in the spectrum to that found for the
bpmdx ligand and these peaks are identifiable as
ligand fragmentations.

The FAB mass spectrum of [Cu,(bpmdx)(CHj-
OH),](BF,), also does not show a peak for the
intact cation but instead shows the cation plus
fluorine (from the anion) at m/z 775. The presence
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Fig. 2. Fast atom bombardment mass spectrum of [Cu,(bpmdx}Cl), ](Cl),.

TABLE 1. Fast atom bombardment mass spectra

Compound mfz Origin
3 109 [CeHoN,*
386 (base) [Cu(bpmba)]*
803 [Cuy(bpmba),(OCH;)}*
834 [Cu;(bpmba);(OCH3)2] *
4 109 (base) [CeHoN1*
386 [Cu(bpmba)]*
421 [Cu(bpmba)(CD)]*
5 109 (base) [CeHoN,]*
631 [Cu(bpmdx)]*
713 [Cu,(bpmdx)(F)}*
744 [Cu,(bpmdx)(OCH;3)(F)]*
775 [Cu,(bpmdx)(OCH3),(F)]*
6 109 (base) [C6H9N2] *
631 [Cu(bpmdx)}*
731 [Cus(bpmdx)(CDH]*
766 [Cuy(bpmdx)(CD),]1*

of the F atom in the mass spectrum was unexpected
but we confirmed its presence through the use of
high resolution electron impact mass spectrometry.

The nature of the bridging ligands is clearly shown
by FAB to be "OCH; as seen by the M-31 peak at
mjz 744 and by a second M-31 peak at m/z 713.
This technique can therefore act as a powerful
alternative to other spectroscopic techniques for
partial structure determination.

The mononuclear nature of [Cu(bpmba)(Cl),]
can be ascertained from the mass spectrum. The
highest mass peak is found at m/z 421 and can be
assigned to [Cu(bpmba)(Cl)]*. In contrast, [Cu,-
(bpmba),(OCH,),](BF4), shows peaks indicative
of its binuclear nature along with peaks derived
from fragmentations to the mononuclear species.

Kinetics Studies

As stated earlier, we are interested in studying
the reactivity of copper(Il) complexes towards
catechol, since this is one of the functions of
tyrosinase. In order to compare the differences
between mono- and binuclear complexes, we have
studied our copper complexes for catecholase activ-
ity using the change in the electronic spectrum of
added catechol. Kida and co-workers have studied
a number of Cu(Il) complexes and have shown that



Mono- and Binuclear Cu(Il) Complexes

binuclear complexes catalyze the rteaction while
mononuclear species are either not as efficient or
inactive depending on the steric demands of the
ligands [11]. Additionally, a recent report [12]
showed that the Cu(Il) complex of ortho-hydroxy-
cinnamic acid performed this oxidation with an
oxidase activity of 0.088 U/mg (as umol of substrate
catechol transformed in 1 min at 25 °C).

Quinone has a Ay, = 390 nm and we monitored
the increase in absorbance versus time at this wave-
length. The metal complex (0.3 ml of a 1 X 1073
M methanol solution) and a 2.0 ml solution (1.0 X
107! M methanol solution) of catechol were added
together in the spectrophotometric cell at 25 °C.
Formation of quinone was monitored by the increase
in absorbance at 390 nm as a function of time. In
all cases, catecholase activity was noted. Figure 3
shows the absorbance versus time spectrum for the
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first 60 min of the reaction for the four Cu(Il) com-
plexes while the activities are shown in Table 2.

As shown in Table 2, the two complexes 5 and
6 which were derived from the binucleating ligand
were the most active catalysts for the oxidation of
catechol to quinone. However, even within complexes

TABLE 2. Kinetic data for the oxidation of catechol by
copper complexes

Activity (umol substrate/
mg catalyst per min)

Complex

[Cuy(bpmdx)(OCH3),](BFy);  0.467

[Cuy(bpmdx)(Cl),](Cl); 0.136
[Cuy(bpmba);(OCH;);1(BF4);  0.0546
[Cu(bpmba)(Cl),] 0.0106

Absorbance

-0.0 v T Y T ¥ | EE— T 1 T T

0 10 20 30 40 50 60 70
Time (min)
Fig. 3. Plot of absorbance vs. time for copper catalyzed oxidation of catechol: (A) [Cuy(bpmdx)(OCH3);1(BF3),; (B) [Cuy-
(bpmdx)(C1)2](CH7 ; (C) [Cuy(bmpba),(OCH3), ] (BF4)2; (D) [Cu(bpmba)(Cl), ] .
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prepared from the same ligand, substantial changes
in reactivity are found which depend on the nature
of the bridging groups and the counterions present.
This is a result which is similar to that which we have
seen in our studies of tripodal ligands and their Cu(II)
complexes [10].

Complex 3, although derived from a mononucleat-
ing ligand, was shown to be binuclear in nature and
was found to be intermediate in its reactivity towards
catechol. This can be explained by assuming that
in the oxidation of catechol, dissociation of the
bridging groups must occur prior to the complexa-
tion of the substrate. When this occurs for complex
3, there are no longer any atoms holding the coppers
together and a mononuclear complex is formed in
solution which would slow down its reactivity. This
will not be the case for 5 and 6 because of the binu-
clear nature of the bpmdx ligand. The only true
mononuclear complex, 4, was the least active of the
complexes studied. This can be explained by invok-
ing the need for two coppers to be proximate for the
binding of the two phenolic oxygens of the catechol
for the two-electron redox reaction to occur.

Conclusions

We have prepared two new ligands with an N
and an Ng donor set and their Cu(Il) complexes.
Complexes derived from the binucleating ligand
bpmdx are much more active in their oxidation of
catechol. Although all of the complexes show cate-
cholase activity, the rate is dependent not only on
whether the complex is mononuclear or binuclear
but also on the nature of any exogeneous ligands
present. Therefore, care must be exercised in com-
paring rates from complexes which are drastically
different from each other. For a true comparison
of the effect of the organic ligand on the rate of the
reaction, the exogenous ligands must be the same.
We are currently working on assessing the effect of
other bridging and terminal donors on the reaction,
changing the nature of the substrate being oxidized,

M. R. Malachowski and M. G. Davidson

and changing the concentrations of the reactants
in an attempt to determine the mechanism of this
oxidation.
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