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The structures and properties of the ternary Cu(I1) complexes Cu(DA)(Pte), where DA = 2,2’-bipyridine (bpy), lJ0-phenanthroline 
(phen), or ethylenediamine (en) and Pte = folic acid (FA), lumazine (LM), or related compounds, have been investigated by 
spectroscopic, potentiometric, and electrochemical methods. The pteridine nucleus of FA and LM in the ternary complexes has 
been concluded to coordinate to Cu(I1) through the oxygen and the nitrogen (N(5)) atom. The electronic absorption and ESR 
spectra indicate that the complexes Cu(DA)(FA) with DA = bpy or phen in aqueous solution have square-pyramidal structures 
with at least three nitrogens in the coordination plane, while Cu(en)(FA) has a planar structure. The stability constants for 
Cu(DA)(LM) determined at 25 OC and I = 0.1 (KNO,) revealed that the ternary species predominate at neutral-alkaline pH 
in the 1:l:l Cu(I1)-DA-LM systems. Alkaline solutions (pH >lo)  of Cu(DA)(FA) with DA = bpy exhibit a spectral change 
due to oxidative cleavage of the side-chain -CH2-NH- group of FA, giving a ternary complex containing pterin-6-carboxylate 
(PC), Cu(bpy)(PC).5H20, as crystals under aerobic conditions. A similar spectral change was observed for Cu(phen)(FA) but 
not for Cu(en)(FA). The Cu(DA)(FA) and Cu(DA)(LM) systems with DA = bpy and phen have been shown by cyclic 
voltammetry to have a higher reduction potential, .Epc = -0.20 and -0.26 V (vs SCE), respectively, than that for DA = en (-0.32 
V), which indicates that the side-chain oxidation of FA is effected by the central metal ion and a s-accepting ligand as well as 
the structure of the ternary complex formed. 

Introduction 

Natural pteridine derivatives such as folic acid (FA, 1) and 
biopterin (2-amino-6-( 1,2-dihydroxypropy1)-4-hydroxypteridine) 

1 

are important cofactors in biological redox reactiom2 Phenyl- 
alanine hydroxylase and other aromatic amino acid hydroxylases, 
which catalyze the hydroxylation of aromatic rings by molecular 
oxygen and are essential for the synthesis of neurotransmitters, 
require iron and tetrahydrobiopterin for their activity.* Very 
recently phenylalanine hydroxylase from Chromobacterium vio- 
laceum3 has been reported to involve copper in place of iron,4 and 
complex formation between the copper and the cofactor has been 
indicated by ESR spectra.5 The prosthetic group of oxo- 
molybdoenzymes (Mo-co) also has a pterin (2-amino-4- 
hydroxypteridine) derivative proposed to be bound to molybde- 
n ~ m . ~ , ’  Since pterins as cofactors in biological redox reactions 
are  thus associated with metal ions and contribute to electron 
transfer, information on pterin-metal interactions may give clues 
to the roles of metal ions in utilization of dioxygen and concomitant 
electron transfer in relevant enzymatic reactions. 

With these points in mind, we studied the structures and 
properties of ternary complexes containing Cu(II), diamines (DA), 
and FA and related compounds (Pte). The complex formation 
between FA and metal ions have been studied by several groups 
of investigators. Albert concluded from potentiometric studies 
that pteridines coordinate to Cu(I1) through the O(4) and N(5) 
atoms in the manner similar to 8-hydro~yquinoline,~ while tet- 

rahydrofolate has been reported to bind with Pd(I1) through N(5) 
and N (  Fridman et al. made a spectroscopic study of the 
ternary Cu(I1)-glycinate-FA complex and proposed a structure 
where Cu(I1) interacts with the glutamate moiety of FA.l0 
Because of the electron deficiency of the pterin nucleus, the a- 
carbon of the 6-substituent is activated to undergo various redox 
reactions; F A  is known to be oxidized at this carbon to give 
pterin-6-carboxylic acid (PC) by alkaline permanganate” and 
pterin-6-carboxaldehyde by aqueous hydrogen peroxide.I2 In the 
course of the present study we found that the ternary system 
Cu(bpy)(FA) exhibits a unique color change in water at p H  >10 
due to redox reactions that give a complex of PC, Cu(bpy)- 

In this report we describe the results of potentiometric, spectral, 
and redox investigations on the ternary systems with emphasis 
on metal ion-pterin ring interactions and the effect of r-accepting 
ligands. 
Experimental Section 

Materials.” FA, bpy, phen, and en were purchased from Nakarai 
Chemicals, and ABG, oxine, and meox were from Tokyo Kasei Kogyo. 
PC was prepared according to the literature1‘ by the oxidative degra- 
dation of FA with an acidic chlorate solution. Copper(I1) nitrate tri- 
hydrate was used throughout the experiments. All reagents used were 
of analytical grade or of the highest grade available, and distilled and 
deionized water was used throughout. 

Isolation of Cu(bgy)(PC). An aqueous solution (pH -1 1) containing 
equimolar amounts of Cu(NO&, bpy, and FA was kept at room tem- 
perature under aerobic conditions for 2 weeks. Green needles separated 
from the reaction mixture. Recrystallization from hot water gave the 
complex, Cu(bpy)(PC).SH,O, as green needles. Anal. Calcd for 
C1,H,lN703C~~5H20: C, 39.65; H, 4.11; N, 19.04. Found: C, 40.22; 
H, 4.22; N, 18.88. PC was identified by comparison with the authentic 
sample after isolation from the complex through a DEAE cellulose 
column. 

Spectral Measurements. Absorption and circular dichroism (CD) 
spectra were measured with a Hitachi 330 recording spectrophotometer 

(PC)*5H2O. 

(a) Kanazawa University. (b) Nagoya University. 
Blakley, R. L.; Benkovic, S. J., Eds. Folates and Pterins; Wiley: New 
York, 1985. 
Nakata, H.; Yamauchi, T.; Fujisawa, H. J .  Biol. Chem. 1979, 254, 
1829. 
Pember, S. 0.; Villafranca, J. J.; Benkovic, S. J. Biochemistry 1986, 25, 
6611. 
Pember, S. 0.; Benkovic, S. J.; Villafranca, J. J.; Pasenkiewicz-Gierula, 
M.; Antholine, W. E. Biochemistry 1987, 26, 4477. 
Johnson, J. J.; Rajagopalan, K. V. Proc. Nail. Acad. Sci. U.S.A. 1982, 
79, 6856. 
Cramer, S. P.; Stiefel, E. I. In Molybdenum Enzymes; Spiro, T. G., Ed.; 
Wiley-Interscience: New York, 1985; p 41 1.  

(8) Albert, A. J .  Chem. SOC. 1953, 646. 
(9) Muronov, E. A.; Nabokov, V .  S. Khim.-Farm. Zh. 1976, 10, 136. 

(10) Fridman, Y. D.; Levina, M. G. Koord. Khim. 1985, 11, 61. 
(1 1) Seegar, D. R.; Cosulich, D. B.; Smith, J. M., Jr.; Hultquist, M. E. J .  

Chem. SOC. 1949, 1753. 
(12) Roberts, D. Biochim. Biophys. Acta 1961, 54, 572. 
(1 3) The following abbreviations were used: FA, folic acid; Re, FA-related 

compounds; LM, lumazine (=2,4-dioxopteridine); ABG, (p-amino- 
benzoy1)glutamic acid; PC, pterin-6-carboxylic acid; bpy, 2,2’-bipyridine; 
phen, 1 ,IO-phenanthroline; en, ethylenediamine; oxine, 8-hydroxy- 
quinoline; meox, 2-methyl-8-hydroxyquinoline. 

(14) Wittle, E. L.; O’Dell, B. L.; Vandenbelt, J. M.; Pfiffner, J. J. J .  Am. 
Chem. SOC. 1947, 69, 1786. 
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Table I. Stability Constants, log &,#, for Cu,(DA),(LM),(H), at 25 OC 
and I = 0.1 M(KNO2 

DA species, 
stability const pqrs en bpy phen LM 

log s,, 001 1 
0012 
101 1 
1022 
0101 
0102 
1100 
1200 
1110 
1111 

log&,,,(calcd) 1111 
log @,ut 1111 
log @(calcd) 11 11 
Nlog 8) 1111 
log x 1111 

9.976b 
17.148b 
10.523* 
19.505b 
17.86 (2) 
25.25 (1) 
25.99 
25.34 
24.97 
-0.09 
0.42 

11.423 (4) 
19.120 (4) 
15.45 (3) 
30.58 (9) 

4.503b 4.9Y 

8.10b 9.2Y 
13.44* 16.0oC 
16.17 (1) 17.29 (1) 
23.51 (2) 24.65 (2) 
23.57 24.72 
22.31 23.59 
22.97 24.12 

1.20 1.06 
3.00 2.72 

"Values in parentheses denote estimated standard deviations. bTaken 
from ref 17a. cTaken from ref 17b. 

and a JASCO J-5OOC spectropolarimeter, respectively, for aqueous so- 
lutions (2-5 mM) of Cu(DA)(Pte) at various pH values. Electron spin 
resonance (ESR) spectra (X-band) were recorded for the corresponding 
solutions at 77 K on a Varian E109 or a JEOL JES FX-1 ESR spec- 
trometer. 

pH Titrations. The pH titrations were carried out for binary systems 
Cu(I1)-LM and ternary systems Cu(I1)-DA-LM at 25 OC and I = 0.1 
M (KNO,) under a nitrogen atmosphere. The concentrations of the 
samples were 2 mM with respect to Cu(II), which was used as the 
complexes of DA's, Cu(en)S04.2Hz0, C~(bpy)(NO,)~-3H~0, and Cu- 
(phen)(N03)2.0.25H20. The pH values were measured with an Orion 
901 ion analyzer or a Beckman pH1 71 pH meter both equipped with a 
Beckman 393 14 glass electrode and an Orion 91-02-00 double-junction 
reference electrode. The pH meter was calibrated with the NBS standard 
buffer solutions (pH 4.008, 7.413, and 9.180 at 25 "C). Duplicate or 
triplicate titrations were made for each system, a total of 300-400 data 
being collected. The stability constant B is defined by eq 1 (charges are 
omitted), where p ,  q, r ,  and s denote the moles of Cu(II), DA, LM, and 

pCu + qDA + rLM + sH Cu,(DA),(LM),(H), 

[Cup(DA)q(LM)r(H)sI 
(1) [ Cu]P[ DA]q[ LM]'[ HIS @,n = 

proton (H), respectively, in the complex. The log a,, values were 
calculated by the method of nonlinear least-squares using the computer 
program SUPER QUAD'^ with the aid of a FACOM M-170F computer at 
the Kanazawa University Information Center. The pH meter readings 
(pH,,,). were converted to the hydrogen ion concentrations by the rela- 
tionship [H'] = 10-pHm/0.855.'6 The pK, values of DA's and the sta- 
bility constants of their binary complexes were taken from the literature." 

Electrochemical Measurements. Cyclic voltammograms were obtained 
with an assembly composed of a Hokuto Denko HA501 potentiostat and 
an HB104 function generator. A glassy-carbon disk (diameter = 3 mm) 
and a platinum plate were used as a working electrode and a counter 
electrode, respectively, and a TOA saturated calomel electrode (SCE) 
was used as the reference electrode with a 1% agar salt bridge (0.1 M 
KNO,). Measurements were made at 25 OC under an argon atmosphere 
for aqueous solutions (2 mM) of the Cu(DA)(FA) and Cu(DA)(LM) 
systems with KN03 or NaC104 (0.1 M) as a supporting electrolyte. 

Measurement of Dioxygen Consumption. The dioxygen consumed in 
the course of the oxidation reaction of FA with Cu(bpy)2+ was measured 
volumetrically at 27 "C for an aqueous solution (30 ml, pH 11 S )  con- 
taining equimolar amounts (1 7 mM) of C U ( N O ~ ) ~ ,  bpy, and FA. 
Results and Discussion 

Solution Equilibria. Because of the insolubility of FA a t  low 
pH, the complex formation reactions have been investigated for 
the binary and ternary systems involving L M  as a substitute for 
FA. The systems 1:2 Cu(I1)-LM and 1:1:1 Cu(II)-en-LM gave 
precipitates at pH -6.7 and 7.7-8.0, respectively. The stability 

(15) Gans, P.; Sabatini, A.; Vacca, A. J .  Chem. SOC., Dalton Trans. 1985, 
1195. 

(16) Yamauchi, 0.; Odani, A. J .  Am. Chem. SOC. 1985, 107, 5938. 
(17) (a) Brook=, G.; Pettit, L. D. J .  Chem. Soc., Dalzon Tram. 1977, 1918. 

(b) Fischer, B. E.; Sigel, H. J .  Am.  Chem. SOC. 1980, 102, 2998. 
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Figure 1. Species distributions as a function of pH calculated for 1 mM 
solutions of 1:1:1 Cu(I1)-bpy-LM (a) and 1:l:l Cu(II)-en-LM (b) 
mixtures. Species are indicated on the curves as pqrs. The distributions 
were not calculated for the alkaline region of curve b, where precipitation 
occurred. 

constants calculated from the titration data are listed in Table 
I, where the values estimated theoretically from eq 2, 3,'* and 419 

(2) 1% Pllll(calcd) = 1% PlOll + 1% PI100 

are also included. In these equations, 6ij is the ligand interaction 
term, which allows for the effect of the donor atom X i  of DA on 
the donor atom Y .  of LM, and X,(DA) and Y,(LM) are the 
numbers of X i  and Yj ,  respectively. Preferential formation of 
ternary complexes may be evaluated by A(1og 0) and log yo 
defined as follows: 

The stability constants for the ternary complexes are best es- 
timated by eq 2, which apparently indicates that there is no 
through-metal ligand-ligand interaction between DA and LM. 
However, the A(1og 8) and log X values clearly show that the 
ternary complexes with DA = bpy or phen are preferred more 
than expected on the statistical ground. Equation 4, which ac- 
commodates the electronic effects of the combination of ligand 
atoms around the central metal ion by the empirical parameters, 
failed to predict the stability constants, indicating that there is 
a stabilizing factor for the complex formation. This suggests that 
the 4-OH group coordinates to Cu(I1) in the phenolate form, 
because, according to aromatic nitrogens as ?r-acceptors 
are favorably combined with phenolate or carboxylate oxygens 
as x-donors around the central metal ion. The species distributions 
as a function of pH calculated for 1:1:1 Cu(I1)-DA-LM systems 
(DA = bpy and en) from the stability constants in Table I show 
that the ternary species 11 11 and 11 10 predominate a t  pH >8 
and that they are less predominant in the Cu(en)(LM) system 
(Figure 1). 

Spectral Properties. The spectra were measured for 1 : 1 : 1 
Cu(I1)-DA-Pte systems a t  pH 5.5-10 in order to avoid the 
mentioned insolubility of FA and facile hydrolysis of its binary 
complex (Table 11). The d-d absorption peaks for the Cu- 
(DA)(FA) systems were observed a t  638 and 880 nm for DA = 
bpy and at 655 and 880 nm for DA = phen at pH -9.5, indicating 

(18) Sharma, V. V.; Schubert, J. J.  Chem. Educ. 1969, 46, 506. 
(19) Tanaka, M. J .  Inorg. Nucl. Chem. 1974, 36, 151. 
(20) Sigel, H. Angew. Chem., Int. Ed. Engl. 1975, 14, 394. 
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Table 11. Absorption and CD Spectral Data for Cu(DA)(Pte) 
Svstems in Water 

absorption CD 
t/Cu-' Ac/Cu-' 

system pH X,,,/nm cm-' X,,./nm cm-' 
Cu(bpy)(FA) 8.0 650 56 640 0.030 

9.0 643 56 625 0.017 
9.4 638 56 615 

Cu(phen)(FA) 8.5 655 60 605 
9.5 655 67 666 

880 21 

880 28 
Cu(bpy)(LM) 7.0 640 48 

8.0 625 76 
9.0 615 65 

8.0 565 70 
9.0 580 73 

Cu(bpy)(ABG) 8.1 623 61 675 
9.0 617 64 670 
9.6 617 62 a 

Cu(phen)(ABG) 5.5 686 44 703 
Cu(en)(ABG) 6.5 635 42 730 

Cu(en)(LM) 7.0 620 50 

Cu(bpy)(meox) b 650 74 
366' 663 

a Not observed. Measured in methanol. CShoulder. 

0.01 1 

-0.008 
-0.006 

0.012 
0.004 
a 
0.038 
-0.007 

Wavelength/nm 

Figure 2. Absorption spectra of Cu(en)(LM) (a) and LM (b) at pH 6.0 
(---), 8.0 (--), 9.0 (-), and 10.0 (-). 

that the complexes have a pentacoordinate structure.21 The 
glutamate moiety of FA and ABG is probably involved in the 
complex formation at favorable pH, because a weak CD peak was 
observed for the corresponding systems in the d-d region a t  
neutral-weakly alkaline pH. However, the peak for Cu(bpy)(FA) 
decreased in magnitude with the pH increase. This implies that 
part of Cu(I1) is bound a t  the glutamate moiety at neutral pH, 
whereas a t  higher pH it is mainly bound a t  the pterin ring. 
Because the d - d  peak of Cu(bpy)(ABG) a t  617 nm a t  pH 2 9  
is very similar to that observed for Cu(bpy) at the same pH, ABG 
is most probably removed from the Cu(I1) coordination site in 
alkaline solution, which is supported by the disappearance of the 
CD peak. The ternary system Cu(en)(LM), which lacks the ABG 
moiety, shows a d-d band centered at 580 nm at pH 9.0, indicating 
a 3 N 1 0  chromophore consistent with the coordination by the 
pterin ring. Figure 2 illustrates that the shift of the peak at 320 
nm to give two overlapping peaks a t  -340 and -360 nm due 

10 mT 
R c--- 

c--f 
10 mT 

5 mT 

Figure 3. ESR spectra of Cu(bpy)(FA) at pH 9.9 (a) and Cu(bpy)(LM) 
at pH 9.0 (b) at 77 K. Conditions: (a) microwave frequency, 9.158 
GHz; microwave power, 10 mW; modulation, 0.32 (0.25) mT; (b) mi- 
crowave frequency, 9.272 GHz; microwave power, l mW; modulation, 
0.63 (0.63) mT. 

Table 111. ESR Parameters for Cu(bpy)(Ptc) at 77 K 

system pH gL gll I A l l l / m T  IANIImT 
Cu(bpy)(FA) 9.9 2.07 2.26 17.0 1.4 

Cu(bpy)(LM) 9.0 2.05 2.21 14.4 1.4 
Cu(bpy)(oxine) a 2.06 2.26 17.0 1.4 
Cu(bpy)(meox) a 2.07 2.28 14.8 1.3 

2.30 14.8 

a Measured in methanol. 

to ionization of the O H  groups is more apparent at lower pH (-6) 
in the ternary systems Cu(DA)(LM) than in the system with LM 
alone (pH -8). This ionization is concomitant with the formation 
of ternary species 1 1 1 1 and 1 1 10 as seen from Figure 1. Similar 
spectral changes have been observed for the interactions of Cu(I1) 
and other metal ions with the flavin ring, which incorporates the 
Iumazine structure.22 

Comparison of the spectra of Cu(DA)(FA) with the spectrum 
of Cu(bpy)(meox) suggests that the pterin ring of FA coordinates 
to Cu(I1) through the phenolate O(4) and the N(5) atom; although 
the Cu(DA)(FA) systems (DA = bpy or phen) showed strong 
absorption bands a t  400 nm due to the pterin ring, the difference 
spectrum obtained by subtracting the spectra for Cu(bpy) and 
FA from the spectrum of Cu(bpy)(FA) gave a peak a t  400 nm, 
which is assigned to the phenolate 0- - Cu(I1) charge transfer 
(CT) by referring to the spectrum of Cu(I1)-bpy-meox showing 
the C T  peak at 366 nm as a shoulder. The coordination through 
O(4) and N(5) by FA and L M  is supported by the same con- 
clusion drawn for binary metal-he complexes.8 

The ESR spectra of axial symmetry were obtained for Cu- 
(bpy)(FA), Cu(bpy)(LM), and related systems (Figure 3 and 
Table 111). The spectrum for Cu(bpy)(FA) at pH 9.9 (Figure 
3a) shows the copper hyperfine structures due to two species with 
gll = 2.26 and 2.30, the JAlll values being 17.0 and 14.8 mT, 
respectively. From gll > g, = 2.11, the Cu(I1) in the above 
complex is concluded to have a dX2+ ground state.21 The two 
species indicated by the copper hyperfine structures may arise from 
different structures or from the products of the oxidation reactions 
described below. The system Cu(bpy)(LM) shows a spectrum 
for a single species with gll = 2.21, g, = 2.05, and lAlll = 14.4 
mT (Figure 3b). Both spectra have seven nitrogen superhyperfine 

(21) Hathaway, B. J.; Billing, D. E. Coord. Chem. Reu. 1970, 5,  143. 
Hathaway, B. J. Sfruct. Bonding (Berlin) 1984, 57, 5 5 .  

(22) Hemmerich, P.; Lauterwein, J. In Inorganic Biochemisfry; Eichhorn, 
G .  L., Ed.: Elsevier: New York, 1973; Vol. 2, p 1168. 



Ternary Copper(I1) Complexes Inorganic Chemistry, Vol. 27, No. 21, 1988 3857 

I I I I 
- 0.5 0 0.5 1.0 

E / V  K S.C.E. 

Figure 4. Cyclic voltammogram for Cu(bpy)(FA) in 0.1 M NaCIO, (pH 
9.5) at 25 OC. Scan rate: 100 mV s-I. 

structures in the g, region, which is compatible with three co- 
ordinated nitrogen atoms from bpy and FA or L M  in the coor- 
dination plane. The spectra exhibited by Cu(bpy)(oxine) and 
Cu(bpy)(meox) have parameters similar to those of Cu(bpy)(FA). 
Interestingly the ESR parameters reported for a pterin adduct 
of Cu-containing phenylalanine hydroxylase are gll = 2.27 and 
lAl,l = 166 X lo-" cm-' (15.7 mT),5 suggesting that the copper 
chromophore of the enzyme has a 3N10 c ~ o r d i n a t i o n . ~ ~  

Structures of the Ternary Complexes. Solution equilibria of 
the ternary systems show that the species 11 11 and 11 10 pre- 
dominate in the neutral-alkaline region. From the additional d-d 
absorption peak observed a t  880 nm and suggestive of a penta- 
coordinate structure, we infer that Cu(bpy)(FA) has the 
square-pyramidal structure 2, where FA coordinates to Cu(I1) 

N< /r ~ ' " C ~ H ~ C O N H F H C O O -  - CHI (CHdzCOO- 
2 

as  a tridentate ligand through its 0(4), N(5), and side-chain 
nitrogen (N( 10)) atoms, forming two consecutive five-membered 
rings. The structure is reasonably supported by space-filling 
models, and as reported for C ~ ( G l y . G l y ) ( p h e n ) ~ ~  (Gly-Gly = 
glycylglycine), bpy probably occupies one equatorial and one axial 
position. On the other hand, the d-d absorption peak for Cu- 
(en)(LM) and the ESR spectrum with a rather small lAlil value 
for Cu(bpy)(LM) indicate that both ligands in Cu(DA)(LM) 
share the in-plane coordination sites to form a planar or a dis- 
tortedZ5 planar complex with a 3 N 1 0  donor set (3), which is 
further supported by molecular models. 

3 

Electrochemistry of Ternary Complexes. Electrochemical 
properties of the ternary systems were studied by cyclic voltam- 
metry in 0.1 M K N 0 3  or NaC104 (Table IV).26 Figure 4 shows 
the cyclic voltammogram for Cu(bpy)(FA), indicating a quasi- 
reversible one-electron reduction with Up = E ,  - E ,  = 100 mV. 

(23) Peisach, J.; Blumberg, W. E. Arch. Biochem. Biophys. 1974, 165, 691. 
(24) Lim, M. C.; Sinn, E.; Martin, R. B. Inorg. Chem. 1976, 15, 807. 
(25) Yokoi, H.; Addison, A. W. Inorg. Chem. 1977, 16, 1341. 
(26) Potassium nitrate was usually used as a supporting electrolyte for 

keeping the same ionic medium as that used for potentiometric titra- 
tions. No difference was observed between the cyclic voltammograms 
recorded in 0.1 M KN03 and 0.1M NaC10,. 

Table IV. Cyclic Voltammetric Data for Cu(DA)(Pte) in Aqueous 
Solution at 25 Tu 

electrolyte 
system pH E,/V E,/V AE/mV (0.1 M) 

Cu(bpy)(FA) 9.5 -0.20 -0.10 100 NaC104 
Cu(phen)(FA) 9.5 -0.24 -0.10 140 KCI 
Cu(en)(FA) 9.0 -0.32 ... KN03 
Cu(bpy)(LM) 7.0 -0.16 -0.05 110 KN03 
Cu(phen)(LM) 7.0 -0.25 ... KN03 
Cu(en)(LM) 7.0 -0.30 ... KN03 

OScan rate, 100 mV 8; potentials are reported vs SCE. 

al 

; 
b 
a P 

Wavelength/nm 

Figure 5. UV spectral change with time of Cu(bpy)(FA) at pH 11.5 and 
room temperature. Conditions: 1:l: l  Cu(I1)-bpy-FA mixture (0.4 
mM); path length, 2 mm; time interval, 3 h. 

The E,  values for the ternary systems with aromatic DA's are 
higher than those with DA = en, which may be ascribed to sta- 
bilization of the Cu(1) state by r-back-donation from Cu(1) to 
the aromatic rings of DA through coordinated nitrogens. The 
Cu(DA)(LM) systems have slightly higher E ,  values than Cu- 
(DA)(FA). Comparison of the observed and calculated cathodic 
peak currents IF2' of Cu(bpy)(FA) a t  various scan rates supported 
a one-electron reduction process. The system Cu(en)(LM) showed 
a broad reduction curve with E ,  = -0.30 V, corresponding to the 
Cu(II)/Cu(I) reduction process, but no Cu(I)/Cu(II) oxidation 
was observed. In the presence of dioxygen, the Cu(bpy)(FA) 
system exhibited no Cu(I)/Cu(II) oxidation process, suggesting 
that the Cu(1) species suffers from oxidative decomposition. 

Oxidative Cleavage of the FA Side Chain Due to Redox Re- 
actions of Cu(bpy)(FA) in Alkaline Solution. The side chain of 
FA is known to be susceptible to oxidations by alkaline per- 
manganate solution and hydrogen peroxide to give PC" and 
pterin-6-~arbaldehyde,~~ respectively, by the oxidative cleavage 
of the C(9)-N( 10) bond. The color of an alkaline solution con- 
taining a 1:l:l Cu(I1)-bpy-FA mixture (pH > l o )  changed from 
green (A,,, = 633 nm) to red, and the red solution turned green 
(A,,, = 610 nm) again when allowed to stand in the open air or 
when O2 was bubbled into the red solution. The color change 
strongly suggested redox reactions, and Cu(bpy)(PC)-5H20 was 
actually isolated as crystals from the green solution after the 
mixture was allowed to stand a t  room temperature for 2 weeks. 
In the course of the ultraviolet spectral changes observed for 
Cu(bpy)(FA) in the open air, a peak appeared a t  280 nm and 
the absorbances at 252 and 295 nm decreased with a concomitant 
increase a t  -370 nm (Figure 5). Isosbestic points at 262, 289, 
and 3 18 nm imply that the reaction mixture is mainly composed 
of two absorbing species. The peaks a t  280 and 370 nm correspond 
well with the 279- and 378-nm peaks respectively exhibited by 
Cu(bpy)(PC) at pH 8.0. An analogous spectral change was also 
observed for Cu(phen)(FA). In this connection, the spectrum for 
Cu(en)(FA) remained unchanged for over 2 weeks and no redox 
reaction took place in this system. In the absence of dioxygen 
the spectral change of Cu(bpy)(FA) was smaller, but there was 

(27) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706. 
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an increase of absorption a t  370-450 nm, where a new band 
centered at 435 nm was detected by measuring the difference 
spectra. Since the Cu(1) complexes of bpy and related ligands 
are reported to have a metal-to-ligand CT (MLCT) band around 
this wavelength,28 the 435-nm peak is reasonably assigned to 
MLCT and serves as evidence for the occurrence of the Cu(1) 
state in the reaction process. 

When shaken for 200 min under Oz a t  27 “C,  an alkaline 
solution (pH 11.5) of Cu”(bpy)(FA) absorbed ca. 0.4 mol of 
02 /mol  of Cu. Because the green -+ red color change occurs 
under Nz, the redox reaction leading to the Cu(1) complex takes 
place irrespective of the presence of 02. Formation of pterin-6- 
carbaldehyde in the red solutionz9 suggests that Oz may be used 
for conversion of the aldehyde to PC, which may also be formed 
in part by the Cannizzaro reaction of the aldehyde. 

The redox reaction observed for Cu(DA)(FA) (DA = bpy or 
phen) requires high pH (>lo) ,  which indicates that the reaction 
is initiated by deprotonation probably from the coordinated N H  
group (4). Rapid electron transfer may then occur from the 

Kohzuma et al. 

A 

4 

resulting N- to Cu(II), giving the Cu(1) complex with an unpaired 
electron on N (  10). The radical species and other Cu(1) species 
possibly formed from this radical and the Cu(I1) species may 
undergo subsequent reactions with O2 and/or HzO to give 
Cu”(bpy)(PC). A similar mechanism involving amine depro- 
tonation has been proposed for oxidation of ligands to Schiff bases 
in Co(I1) complexes by 4, where deprotonation of the coordinated 
N H  group by base is of prime importance for initiation of the 
reaction.*32 ESR spectra of the reaction mixture failed to show 
the presence of radical species under the conditions used. This 
may be due to very short lifetimes of the intermediates expected 
for the reaction, and further studies along this line will be nec- 
essary. 

(28) (a) Williams, R. J. P. J .  Chem. SOC. 1955, 137. (b) McWhinnie, W. 
R.; Miller, J. D. Adu. Inorg. Chem. Rodiochem. 1969, 12, 135. (c) 
Kitagawa, S.; Munakata, M. Inorg. Chem. 1981, 20, 2261. 

(29) Pterin-6-carbaldehyde was detected by TLC and checked against an 
authentic sample prepared according to ref 12. 

(30) Raleigh, C. J.; Martell, A. E. Inorg. Chem. 1985, 24, 142. 
(31) Basak, A. K.; Martell, A. E. Inorg. Chem. 1986, 25, 1182. 
(32) Raleigh, C. J.; Martell, A. E. Inorg. Chem. 1986, 25, 1190. 

Concluding Remarks and Biological Relevance. The pteridine 
nucleus of FA and LM coordinates to Cu(I1) through the O(4) 
and N(5) atoms to form ternary complexes Cu(DA)(Pte) where 
DA = bpy, phen, or en. A recent X-ray study of a molybde- 
num-xanthopterin complex revealed the bonding through the 0(4) ,  
N(5), and O(6) atoms of ~ a n t h o p t e r i n , ~ ~  which supports the 
present and earliers conclusions for FA. The CD spectra indicated 
that Cu(1I) binding by the ABG moiety of FA probably occurs 
in acid solution. A pentacoordinate square-pyramidal structure 
has been concluded from the electronic absorption spectrum of 
Cu(bpy)(FA), whose ESR spectrum has the nitrogen superhy- 
perfine structures in the g, region corresponding to three coor- 
dinated nitrogen atoms. The oxidative cleavage of the C(6)-N( 10) 
bond of FA in Cu(bpy)(FA), which finally gives PC as Cu- 
(bpy)(PC), can be interpreted as due to the stabilization of the 
Cu(1) state by coordinated aromatic amines and the distortion 
in the coordination plane. This is supported by the reversible cyclic 
voltammograms for Cu(DA)(FA) (DA = bpy or phen) with a 
one-electron-reduction process at higher E ,  values than those for 
square-planar complexes and is further confirmed by the elec- 
trochemical properties of Cu(en)(FA), which in contrast shows 
an irreversible reduction process a t  low E ,  and fails to undergo 
any redox reactions and accompanying spectral changes. 

These findings support the view that the Cu(I1) ion in cop- 
per-containing phenylalanine hydroxylase directly interacts with 
the pterin ring of the cofactor in the mechanism of the enzyme 
reaction’ and suggest that the other donor atoms are most probably 
the pyridine nitrogens from two imidazole rings because of the 
stability and redox activity of the Cu(I1) center with the resulting 
donor set. It should be mentioned in this connection that very 
recently McCracken et al.34 have concluded from an electron 
spin-echo spectroscopic study of the hydroxylase and model 
complexes that two imidazoles are bound to the active site cop- 
per(I1). This is in perfect agreement with the present conclusion 
and very interesting in view of the combination of the donor group 
that are required in both natural and model systems. 

Studies on the redox reactions exhibited by Cu(DA)(FA) and 
structures and solution equilibria of related complexes are in 
progress. 

Acknowledgment. We thank Drs. Shinnichiro Suzuki and 
Takeshi Sakurai of Osaka University for the measurements of 
the ESR spectra and Takahiro Saito of Kanazawa University for 
assistance with the experiments. Thanks are also due to Dr. 
Yoshitaka Itatani of Kanazawa University for elemental analysis. 
This work was supported in part by a Grant-in-Aid for Scientific 
Research by the Ministry of Education, Science, and Culture of 
Japan. 

Registry No. 2, 116405-45-9; 3, 116405-46-0; Cu(bpy)(PC), 
116405-44-8. 

(33) Burgmayer, S. J. N.; Stiefel, E. I. J .  Am. Chem. SOC. 1986, 108, 8310. 
(34) McCracken, J.; Pember, S.; Benkovic, S. J.; Villafranca, J. J.; Miller, 

R. J.; Peisach, J. J .  Am. Chem. SOC. 1988, 1 1  0, 1069. 


