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a CuN, Type Coordination Mode: Relationship between ESR Parameters
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ESR is useful for determining the unpaired electronic state around paramagnetic metal ions such as, copper(Il),
iron(I1T) and manganese(IT). The coordination structure of Cu(II) complexes was examined by ESR. ESR spectra
were measured for a series of polyamine Cu(Il) complexes, whose coordination modes are square-planar,
axially-coordinate square-planar, tetrahedral and distorted square-planar (copper ion displaced from N, plane). ESR
parameters, g-values and hyperfine coupling constants, 4-values, were found to be correlated with the coordination
mode of the complex, in which g vs. 4 plots gave important information on coordination structure of the complex.
Moreover, linear relationships between ESR parameters and stability constants or halfwave potentials of the Cu(Il)
complexes were observed. Based on these results, the coordination structure around the Cu(II) in copper complexes
as well as copper proteins was predicted by ESR spectra and associated parameters.
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Among essential trace elements, the transition metals
such as copper, iron and manganese with several oxidation
states play an especially important role in biochemical
and physiological processes in living systems.?* Copper
is widely distributed in nature, accounting for about
1.4—2.1mg per kilogram of body weight in the adult
human body.? In general, copper ions in cells or blood
are known to be present as low molecular weight copper
complexes, copper proteins or copper enzymes. Among
them, copper proteins play a central role as an oxygen
carrier and a catalyst in oxidation-reduction reactions,
oxygenation, and electron transfer.*~® The functions of
the copper proteins (enzymes) are clearly structure-related
and thus it is very important to investigate the coordination
structure of these proteins. To clarify the coordination
structure of copper proteins, X-ray diffraction has been
used. However, it is occasionally difficult to prepare a
single crystal of copper protein (enzyme) suitable for
X-ray diffraction. On the other hand, copper(II) has nine
d-electrons in its outermost shell, in which the electronic
configuration can be considered equivalent to one un-
paired “hole.” Thus, the electronic structure is simple
and comparatively easy to study by ESR.” Therefore, to
determine the coordination structure of copper proteins
in solution, X-band ESR has been used.”® For example,
by plotting the ESR parameters 4 j-values and g -values,
information on the coordination structure of copper
complexes can be obtained.”'® Peisach and Blumberg
reported that a decrease in the relative charge of the
copper(Il) complex produces a decrease in the g,-value
but increases the hyperfine coupling constant 4 -value.”
Further, Yokoi and Addison proposed that the g,-value
increases but the 4 -value decreases as the coordination
structure of the copper(IT) complex changes from square-
planar to tetrahedrally distorted depending on the bulki-
ness of its substituent."® These observations suggest
that there is a close relationship between the coordination
structure and the ESR parameters of copper(IT) complexes.

* To whom correspondence should be addressed.

To determine the coordination structure of a copper
complex, both the stability and redox potential of the
complex are important. However, the relationships be-
tween ESR parameters and stability constants or redox
potentials have not been discussed in the literature. We
have investigated the structure of copper(Il) complexes by
ESR spectroscopy, relating the ESR parameters to their
overall stability constants (log K,;, K;=[ML,]/[M][L],)
and redox potentials. In this paper we report the results
of an ESR study of CuN, type complexes, whose co-
ordination modes are square-planar, axially-coordinate
square-planar, tetrahedral or distorted square-planar
(copper ion displaced from N,-plane).

Experimental

Materials Cu(II)SO,-5H,0, ammonia water and phen were
purchased from Nacalai Tesque, Japan. En, dien, trien, tetren and hexen
were obtained from Wako-Pure Chemical Industries, Japan. N-Me-en,
N,N-Me,-en, N-Et-en, tn, chxn and cyclen were from Tokyo Chemical
Industry, Japan. N,N'-Me,-en, N-Pr-en, bipy and cyclam were from
Aldrich Chemicals, Germany. BSA was from Sigma Chemical, U.S.A.
All ligands used are listed in Table 1.

Methods  Solutions of the Cu(II) complexes were prepared by mixing
ligands and CuSO, in aqueous solution. Concentrations were 5x 10~*
at a molar ratio of Cu:ligand=1:0.5—1:8. The pH was adjusted to
7.4 with phosphate buffer (0.1M K,HPO,—0.1m KH,PO,) or 2,6
lutidine-HCI buffer (0.01 M 2,6-lutidine-0.1 M HCI).

ESR spectra were recorded with an X-band ESR spectrometer,
JES-RE3X, JEOL, Japan, at room temperature (22°C) or at liquid
nitrogen temperature (77 K). Instrumental conditions for the ESR
measurements were as follows: Modulation frequency 100 kHz, modu-
lation amplitude 0.63mT and microwave power SmW. The g-val-
ues of the complexes were calibrated using two standards, Li-TCNQ
(g=2.00252) and Mn(II) in MgO (4H;_,=8.69mT). The «?-value for
Cu(ID) complexes was calculated from ESR parameters using the equation
of Kivelson and Neiman (a? =A,/P+(g;— 2.0023)+3/7(g, —2.0023) +
0.04, P=360cm 1)1V

Visible absorption spectra of aqueous solutions were recorded at
room temperature on a UV-260 spectrophotometer, Shimazu, Japan.
Concentrations were 1 x 10”2 M at a molar ratio of Cu :ligand=1:4 and
the pH (4—11) was adjusted using 0.1 m NaOH and 0.1 M HCL

Cyclic voltammograms were obtained for a solution of acetonitrile—
water (1: 1) containing 0.1 M tetra-n-butyl-ammonium perchlorate using
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an electrochemical workstation, 100B/W, BAS, U.S.A. Concentrations
were 1 x 107 M at a molar ratio of Cu:ligand =1: 2. Cyclic voltammetry
was performed with a three-electrode system containing a glassy-carbon
working electrode, a platinum counter electrode and an Ag/AgCl
(saturated NaCl) reference electrode. Cyclic voltammograms were
recorded at a scan rate of 100mVs™*. Halfwave potential E,,, values
were determined as the midpoint between the peak potentials, £, =
(E,c+E,,)/2. Redox potentials were calculated using the following
equation, E°(NHE)=E, ,(Ag/AgCl)+212 (mV).

Magnetic susceptibility and mass susceptibility for powder (x,) or
aqueous solution (y,) were measured at room temperature (25 °C) with
a magnetic susceptibility balance, MK-I, Sherwood Scientific, U.K. The
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the spectra at low-temperature. However, the perpen-
dicular components, g, and A4,, were not determined
exactly. Since the average values, g, and A4,, are deter-
mined from the ESR spectra for a Cu(II) complex in free
tumbling motion at room temperature, g, and 4, can be
calculated from the following relationships, g,=(g; +
2g,)/3 and Ay=(A4+2A4,)/3. The ESR parameters of
the Cu(II) complexes thus obtained are summarized in
Table 1, where the indicated configurations of the
complexes are estimated from the reported results of X-ray

concentration was 0.1 M at a molar ratio of Cu: ligand =1: 4. The y,-value

of the solute was obtained from the following relationship: do J
X5 = (my [y 4 m,)) X g+ (my/(my +my)) Xy, Where my and m, are | ! 9
weights (grams) of solute and solvent, respectively, and y, is the mass (@) (b) |

susceptibility of the solvent. The y,-value was obtained separately.
Numbers of unpaired electrons were calculated using the equation,
Yo = [(n+ 2)]'/%, where pi ¢, is the magnetic moment and # is the number
of unpaired electrons. Mass susceptibility x,, molar susceptibility y,, and
susceptibility per gram atom of the paramagnetic ion y, were measured.

Ay

Results © J @ !
ESR Spectra  ESR spectra were obtained at both room //\/\/W/'A

(22°C) and liquid nitrogen (77K) temperatures. Sample LA_O_]

solutions of Cu(Il) complexes with bidentate or tridentate

ligands at a molar ratio of Cu:ligand=1:1 showed
complicated ESR spectra, indicating the formation of
complexes composed of 1:1 and 1:2 ratios of Cu(Il) to
ligand.'” When the molar ratio of ligand to Cu(II) ion
increased, ESR spectra showing the formation of a
complex due to a single species were obtained. However,
Cu(IT) complexes with 4-, 5- and 6-dentate ligands gave
ESR spectra due to a single species at a molar ratio of
Cu:ligand=1:1. Three typical types of ESR spectra for
Cu(ll) complexes at pH 7.4 are shown in Fig. 1. The
parallel components, g, and 4, were determined from

{ ) [

~ L TCNQ-Li
Fig. 1. Typical X-Band ESR Spectra for Cu(Il) Complexes at pH 7.4
(a) Cu(Il)~(en), at room temperature, (b) Cu(II)~(en), at liquid nitrogen
temperature (77 K), (c) Cu(II)~(dien), at room temperature, (d) Cu(II)-(dien), at

liquid nitrogen temperature, (¢) Cu(IT)~(phen), at room temperature, (f) Cu(Il)~
(phen), at liquid nitrogen temperature.

Table 1. ESR Parameters for Polyamine-Cu(Il) Complexes at pH 7.4 with CuN, Type Coordination Mode
g-value A-value (10*cm™1) Amax €
Ligand log K;” o’
9o gy I Ay A4 Ay (m)  (M~'em™Y)
Square-planar
(en),? 2.101 2.204 2.050 82.9 209.5 23.8 19.6 547 128 0.84
(N-Me-en),? 2.104 2.208 2.052 83.2 203.2 27.3 18.9 551 84 0.83
(N,N-Me,-en), 2.104 2.203 2.055 80.3 200.0 244 16.4 564 156 0.82
(NV,N'-Me,-en), 2.106 2.214 2.052 82.8 200.3 28.2 17.1 565 107 0.83
(N-Et-en),” 2.104 2.208 2.052 82.4 202.1 26.7 18.6 558 112 0.83
(N-Pr-en), 2.104 2.207 2.053 82.2 200.3 27.1 18.1 559 104 0.82
(tn),? 2.109 2.220 2.054 78.6 202.6 21.1 16.9 568 106 0.84
(chxn), 2.103 2.205 2.052 84.0 206.7 26.7 20.4 542 76 0.84
cyclam” 2.093 2.185 2.047 89.9 216.1 30.7 27.2 583 108 0.84
(NH,) > 2.122 2.248 2.059 76.2 188.6 24.5 13.0 596 52 0.83
(py)o 2.133 2.304 2.048 72.1 185.8 21.2 6.5 559 104 0.88
Axially-coordinate square-planar
(dien),® (6-coordinate) 2.113 2212 2.064 65.4 181.7 11.1 20.9 630 110 0.78
hexen? (5-coordinate) 2.110 2.203 2.064 66.7 167.6 19.3 22.1 627 236 0.73
tetren” (5-coordinate) 2.110 2.205 2.063 66.7 163.2 21.4 22.8 645 166 0.72
Tetrahedral
(phen),” 2.145 2.271 2.082 57.3 155.8 12.0 11.1 690 42 0.78
(bipy),™ 2.145 2.259 2.088 59.5 156.1 14.7 12.7 700 72 0.77
Distorted square-planar
trien™ 2.102 2.200 2.053 80.8 200.2 24.9 20.1 587 144 0.82
cyclen” 2.103 2.200 2.054 76.0 191.3 22.1 24.8 605 202 0.79

a) A. E. Martell, Critical Stability Constants, vol. 2 Amines, vol. 5 First Supplement (1982). b) In the presence of excess aqueous ammonia. ¢) In the presence
of excess pyridine (Cu:py=1:100). d) See ref. 13—15, ¢) see ref. 16, f) see ref. 17, g) see ref. 1820, h) see ref. 15, 21, i) see ref. 22, j) see ref. 23, k) see ref. 24—26,
‘) see ref. 27, m) see ref. 28, n) see ref. 29, o) see ref. 30, p) see ref. 34.
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Fig. 2. pH-Dependent Visible Absorption Spectral Change for the
Cu(II)-(en), Complex

The complex was prepared at a molar ratio of Cu(II):ligand=1:4 (Cu(Il)=
10mm). (a) pH 7—11, (b) pH 6, (c) pH5.5, (d) pH 5, (¢) pH 4.7, (f) pH 4.5, (g) pH 4.
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Fig. 3. Cyclic Voltammogram for the Cu(ID—(bipy), Complex in
Acetonitrile—Water (1:1) Containing 0.1 M Tetra-n-butyl Ammonium
Perchlorate

The complex was prepared at a molar ratio of Cu(Il):ligand=1:2 (Cu(Il)=
1 mm).

crystal analyses.' 3%

Visible Absorption Spectra When the structures of the
Cu(II) complexes change from square-planar to axially-
coordinate square-planar, tetrahedral and distorted
square-planar (Cu ion displaced from N, plane), red shifts
due to d—d transitions are observed,!%31:3? as indicated
by the results with Cu(II)-N-alkylsalicylaldiminate com-
plexes.®>® Typical pH-dependent visible absorption spectra
for the Cu(Il)-(en), complex are shown in Fig. 2 and
the visible absorption parameters at pH 7—11 are sum-
marized in Table 1. Most complexes tested gave an ab-
sorption peak at 550—700 nm (e<300M ™ 'cm™1).

Halfwave Potentials Figure 3 shows a typical cyclic

1011

Table 2. Electrochemical Data for Cu(Il) Complexes in Acetonitrile—
Water (1:1)

Electrochemical parameters ESR parameters

Ligand )
E Epa El/z gy A I

(m‘{/) (mV) (mV) (107 *cm ™)

Square-planar

(en), —472 —353 —413 2.204 209.5
(N-Me-en), —445 —-310 —378 2.208 203.2
(N,N-Me,-en), —257 — 145 —201 2.203 200.0
(N,N'-Me,-en), —332 —188 —260 2.214 200.3
(N-Et-en), —332 =222 =277 2.208 202.1
(N-Pr-en), 302 —196  —249 2.207 200.3
(tn), —338 —241 —290 2.220 202.6
(chxn), —541 —455 498 2.205 206.7
cyclam —992 =915 954 2.185 216.1
(NH,),* —-126 —18 -T2 2.248 188.6
Py)4? +229 +338 +284 2.304 185.8

Axially-coordinate square-planar

(dien), (6-coordinate) —509  —409  —459 2212 181.7

hexen (5-coordinate) —662 —571 —617 2.203 167.6

tetren (5-coordinate) —697 —617 —657 2.205 163.2
Tetrahedral

(bipy), +33  +127 +80 2.259 156.1

(phen), +6  +103 +55 2.271 155.8
Distorted square-planar

trien —561 —473 =517 2.200 200.2

cyclen —~646  —588 —617 2.200 191.3

a) In the presence of excess aqueous ammonia, scan rate of 400mVs~™?.
b) In the presence of excess pyridine (Cu: py=1:100).

voltammogram for the Cu(IT)/Cu(I) coupled reaction in
the Cu(II)-(bipy), complex. The cyclic voltammogram
displayed a typical quasi-reversible redox-reaction at £,
(vs. Ag/AgCl electrode). Table 2 summarizes the elec-
trochemical data for the Cu(Il) complexes tested.

Magnetic Susceptibilities The magnetic susceptibility
of a Cu(Il) complex in solution is very useful for de-
termining the electronic state of the complex. We mea-
sured the magnetic susceptibility of Cu(I)(AcO), in
both solid state and 0.1M AcOH solution (pH 4.4). At
Cu(II) concentration of 0.1M or above, an y,=5.17 x
1075+2.41x10"7c.g.s. was found, similar to that
(4.23x107°45.09 x 10~ 8 ¢c.g.s.) in the solid state complex.
Then, the magnetic susceptibility of an aqueous solution
at pH 10 together with that of a powder of the CuN, type
complexes was measured and the results are summarized
in Table 3. All complexes showed magnetic moments of
1.65—1.85 B. M., indicating that all complexes have one
unpaired electron in the paramagnetic state, the theoretical
value being 1.73 B. M.

Discussion

Relationship between ESR Parameters and Stability
Constants or Halfwave Potentials for Cu(I) Complexes
Coordination structures of CuN, type complexes were
examined in terms of their ESR parameters. The configu-
ration of the Cu(ll) complexes was assigned by X-ray
crystallographic analyses.!®> 3% Both configurations of
Cu(II)-tetren and Cu(II)-hexen in solution have been in-
dicated to be in the five coordination mode, since their
stability constants are higher than that of the Cu(Il)-
trien complex.>* Thus, we assigned the configurations of
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Table 3. Magnetic Susceptibility for CuN, Type Complexes in Aque-
ous Solution at pH 10

Magnetic parameters

Ligand N .
Zg Am Xa
(x107%c.gs) (x 1073 c.gs) (x 10 2c.gs) e

Square-planar

(en),” 3.954 1.249 1.407 1.82
(N-Me-en), 3.539 1.089 1.238 1.72
(N.N-Me,-en), 3.038 1.021 1.195 1.69
(N,N'-Me,-en), 2.992 1.005 1.178 1.68
(N-Et-en), 3.153 1.059 1.234 1.71
{ N-Pr-en), 3.071 1.118 1.312 1.77
(tn), 3.427 1.055 1.208 1.70
(NH;),» 4.744 1.080 1.170 1.67
(py).? 2.331 1.110 1.344 1.79
Axially-coordinate square-planar

(dien), (6-coordinate) 2.971 1.087 1.278 1.75
hexen (5-coordinate) 2.410 0.945 1.145 1.65
tetren (5-coordinate) 3.050 1.064 1.236 1.72
Tetrahedral

(bipy),? 1.967 1.131 1.381 1.81
(phen),® 2.263 1.177 1.441 1.85
Distorted square-planar

trien 3.380 1.034 1.176 1.67
cyclen 3.480 1.155 1.311 1.77

a) Data of crystalline, b) in the presence of excess aqueous ammonia, ¢) in the
presence of excess pyridine (Cu:py=1:50).
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Fig. 4. Relationship between g-Values and A4,-Values for a CuN,
Type Complex

(Q) square-planar, (A) axially-coordinate square-planar, () tetrahedral, ((J)
distorted square-planar. 1. (en),; 2. (N-Me-en),; 3. (N,N-Me,-en),; 4. (N,N'-
Me,-en),; 5. (N-Et-en),; 6. (N-Pr-en),; 7. (tn),; 8. (chxn),; 9. cyclam; 10. (NH;),;
11. (py)s; 12. (dien),; 13. tetren; 14. hexen; 15. (phen),; 16. (bipy),; 17. trien; 18.
cyclen.

the Cu(Il)-hexen and —tetren complexes as axially-co-
ordinate square-planar. Other physicochemical properties
of the Cu(IT) complexes were characterized by their visi-
ble absorption spectra, halfwave potentials and magnetic
susceptibilities. The relationship of the ESR parameters,
A -values vs. g -values, for Cu(Il) complexes is shown
in Fig. 4. Square-planar complexes have relatively large
Aj-values compared with those for complexes in other
coordination modes. On the other hand, plots of axially-
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Fig. 5. Relationship between g,-Value and 4,-Value for a CuN, Type
Complex

(Q) square-planar, (/) axially-coordinate square-planar, (&) tetrahedral, (1J)
distorted square-planar. 1-—18: See the caption of Fig. 4.

20

log K,

0 1 1 1
2.16 221 2.26 2.3
Q
Fig. 6. Relationship between g -Value and log K, for a CuN, Type
Complex

'(O) square-planar, (A) axially-coordinate square-planar, () tetrahedral, ([7J)
distorted square-planar. Correlation coefficient of linear regression was r=0.911
for a total of 18 points. 1—18: See the caption of Fig. 4.

coordinate square-planar and tetrahedral complexes
having small 4 -values show a different distribution from
those for square-planar complexes. Similarly, plots A,-
vs. go-value was also found to depend on the coordina-
tion structure of the Cu(Il) complexes (Fig. 5).
Square-planar complexes appear to show a linear re-
lationship in plots of A- vs. g-value (Fig. 4), suggesting
that this relationship may correlate with the stability of
the complexes. When g -values were plotted against the
overall stability constants (log K;, K;,=[ML,]/[M][L],)
of the complexes with various coordination modes, a good
linear relationship with the correlation coefficient r=0.911
for the linear regression for a total of 18 points, was found
as shown in Fig. 6, however, the A4 -value correlated
linearly (correlation coefficient r=0.951 for a total of 11
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log Kg
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Af{10%cm™
Fig. 7. Relationship between log K, and Ay-Value for a CuN, Type
Complex

(O) square-planar, (A) axially-coordinate square-planar, (&) tetrahedral, ((7)
distorted square-planar. Correlation coefficient of linear regression for the square-
planar type complexes was r=0.951 for a total of 11 points. 1—18: See the caption
of Fig. 4.

points) with log K; only for the square-planar complexes
(Fig. 7). The pK,-values of ligands in Cu(1l) complexes
have been reported to be linearly related to the g, -value,
e.g. the f-diketone chelates of Cu(Il).>> However, as far
as we know, the stability constant of metal complexes has
not been shown to be related to the ESR parameters (g- and
A-value). The stability constant of a complex is considered
to relate to the electron donating ability from ligand to
metal *> The complex which has a high stability con-
stant possesses a high electron density at the Cu(Il) site.
Therefore, as the stability constant increases, the A-value
increases and the g-value decreases. In the present study,
the A4-value was also shown to be influenced by a change
in the coordination structure. In fact, the square-planar
type complexes showed a good linear relationship between
the A4 -value and logKj, but the other complexes did
not (Fig. 7). On the other hand, the g)-value was not
influenced by a change in the coordination structure. Thus,
it is thought that the g-value is mainly affected by the
electron density on the Cu(Il). In addition, at room
temperature, similar good relationships to those at liquid
nitrogen temperature were observed, when the go- or A,-
values are plotted against the log K; values (correlation
coefficients *=0.783 and 0.975 for a total of 18 and 11
points, respectively) (Figs. 8, 9). In general, the structures
of Cu(Il) complexes in the solution state at room
temperature and in the frozen state at 77K are supposed
to be different, and this problem has not been discussed
to date. However, the finding of good relationships
between the logK, and g-values or A-values at both
temperatures makes it reasonable to presume that the
Cu(II) complexes formed have the same structures in spite
of the difference in temperature. These results should be
very useful for investigating the structures of the Cu(II)
complexes at room temperature by other methods such as
low-frequency L-band ESR spectroscopy.
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Fig. 8. Relationship between g,-Value and log K; for a CuN, Type
Complex

(O) square-planar, (A) axially-coordinate square-planar, (<) tetrahedral, ()
distorted square-planar. Correlation coefficient of linear regression was r=0.783

for a total of I8 points. 1—18: See the caption of Fig. 4.
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Fig. 9. Relationship between log K; and 4,-Value for a CuN, Type
Complex

(O) square-planar, (A) axially-coordinate square-planar, (<) tetrahedral, Q)
distorted square-planar. Correlation coefficient of linear regression for the square-
planar type complexes was r=0.975 for a total of 11 points. 1—18: See the caption
of Fig. 4.

To analyze the ESR parameters in more detail, we
calculated the a?-value (Table 1), which evaluates un-
paired-electron density on the d-orbital of the Cu(Il)
ion as proposed by Kivelson and Neiman.!! Square-
planar complexes with large 4-values had relatively large
a*-values, while axially-coordinated square-planar and
tetrahedral complexes with small A-values had small
o?-values, indicating that o?-values relate closely to
A-values.

The E°-value of the Cu(II)/Cu(I) couple may relate to
the destabilization of the Cu(IT) species by (a) steric
hindrance of ligands or (b) reduction of CFSE by con-
straining the geometry of the metal center to those
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Fig. 10. Relationships between E,; and logK, for CuN, Type
Complexes

(O) square-planar, (A) axially-coordinate square-planar, (&) tetrahedral, ((J)
distorted square-planar. Correlation coefficient of linear regression was r=0.976
for a total of 18 points. 1—18: See the caption of Fig. 4.

with low CFSE, which conversely usually favors the Cu(I)
state.!%3® Cu(II) complexes of N-alkyl-ethylenediamines
had relatively more positive halfwave potentials than that
of the Cu(IT)—~(en), complex because of the destabilization
through the steric hindrance of the other alkyl substituents.
Complexes of 5- or 6-dentate ligands, such as hexen or
tetren respectively, had relatively negative halfwave
potentials due to their high stability derived from che-
late or entropy effects.>*373® In contrast, tetrahedral
complexes such as Cu(Il)—~(phen), or —(bipy), had positive
halfwave potentials compared with those of square-planar
complexes, probably due to the low CFSE of the ligand.
Since halfwave potentials are closely related to the electron
density on the Cu(Il) atom, a Cu(II) complex which has
a more negative halfwave potential is difficult to reduce
to Cu(I) compared with the complex which has a more
positive halfwave potential. Therefore, Cu(II) complexes
which have relatively negative halfwave potentials possess
a high electron density on Cu(I) atom. Plotting the
halfwave potential vs. the stability constant for the com-
plexes gave a good linear relationship with a correlation
coefficient r=0.976 for a total of 18 points (Fig. 10),
indicating that stability constants are related to the elec-
tron density at the metal center. These results support
a relationship between ESR parameters and stability
constants. Moreover, the g”-value and halfwave poten-
tial have been reported to be correlated,*?3%*® however
in the present study we found a quadric curve regres-
sion (r=0.906 for a total of 18 points) as shown in
Fig. 11. From these results, it is concluded that the ESR
parameters, overall stability constants and halfwave
potentials of the Cu(II) complexes are related to each
other in terms of the electron density on Cu(II) center.
Coordination-Dependent ESR Spectral Pattern Recogni-
tion In the present investigation, we examined the ESR
for complexes having various coordination configura-
tions such as square-planar,'®*~2% axially-coordinate
square-planar,2*~2® tetrahedral?”-*® and distorted square-
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Fig. 11. Relationships between g -Value and E,,, for CuN, Type
Complexes Involving Several Copper Proteins*3 =53

(O) square-planar, (A) axially-coordinate square-planar, () tetrahedral, ([7)
distorted square-planar. Correlation coefficient of quadric curve regression was
r=0.906 for a total of 18 points (low-molecular weight Cu(II) complexes). 1—18:
See the caption of Fig. 4. a. azurin (pseudomonas aeruginosa)***>; b. azurin
(bordatella bronchisepticay*®*™; c. azurin (pseudomonas denitrificans)**+*4%; d.
stellacyanin (pH 7.0)°%*Y; e. umecyanin®?%

planar?®3® based on the reported analyses of X-ray
crystallographic data. From the spectral patterns of
these complexes, shown in Fig. 1, the following results
were deduced. The spectra for the square planar com-
plexes at liquid nitrogen temperature have two deep
troughs at high magnetic field (Fig. 1b). The ESR spectrum
of the stellacyanin—Cu(II) complex which has a square-
planar configuration at pH 12.8*" belongs to the group
of square-planar complexes. The spectra for axially-
coordinate square-planar complexes at liquid nitrogen
temperature show a small trough at low magnetic field
and a second deep trough at high magnetic field (Fig.
1d). The bleomycin—Cu(II) complex gives an ESR spectral
pattern associated with axially-coordinated complexes.>®
In contrast, the spectra for the tetrahedrally distorted
complexes give only a deep trough at 77K (Fig. 1f). At
both room and liquid nitrogen temperatures, spectra for
the tetrahedrally distorted complexes shifted to a
low-magnetic field compared with those for square-planar
complexes. This spectral pattern is found in the ESR
spectrum of superoxide dismutase which has a tetrahe-
drally distorted configuration.*? The distorted square-
planar complexes in which the copper ion is displaced
from the N, plane formed by ligands show a similar
spectral pattern to those of the square-planar complexes.
From these observations, it is possible to determine the
coordination structure around the Cu(II) from the ESR
spectral pattern of the complex.

Conclusion

Copper is an important essential trace metal in living
systems where the water is about 70—80% of body weight.
Most copper ions exist as copper proteins or enzymes and
to understand the functions of these copper proteins, it is
essential to know the coordination structure of the copper
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Fig. 12. X-Band ESR Spectra for the Cu(IT}-BSA Complex

(a) Spectrum at pH 9.2 in 0.1m KH,PO,-0.05M Na,B,0, buffer at liquid
nitrogen temperature (77K). (b) Expanded region at the high magnetic field in
spectrum (a). The 9-line superhyperfine structure seen in the spectrum is due to
the formation of the CuN, center.

binding sites in aqueous systems.

In this investigation, we found that X-band ESR is
valuable for estimating the configuration of Cu(Il)
complexes in terms of ESR parameters as well as ESR
spectral patterns. For example, the Cu(II)-BSA complex
(Cu:BSA=1:1) at pH 9.2 in 0.1M KH,PO,—0.05m
Na,B,0, buffer had a square-planar type ESR spectral
pattern (Fig. 12a) giving ESR parameters: g, =2.176
and A4 (cm™')=221.79x107%. Detection of ligand
superhyperfine splitting (Ax=1.45mT), consisting of a
O-line signal (Fig. 12b), demonstrates that four nitrogen
ligand atoms (**N, I=1) coordinate with the Cu(II) ion.
Therefore, the Cu(II)-BSA complex could be presumed
to have a square-planar configuration at pH 9.2. More-
over, when the data on the Cu(ll) proteins*® were
added to those in Fig. 11, a quadric relationship between
the g,-value and halfwave potential was also observed,
supporting the correlation found for the Cu(Il) com-
plexes with low molecular weight. The relationship
between the g -value and halfwave potential may be
useful for estimating a parameter like the g-value or
halfwave potential when one is known. Thus, X-band ESR
has been shown to be useful for determining the Cu(II)
coordination site together with several physicochemical
parameters of a Cu(Il) complex, protein or enzyme, whose
structure is unknown.
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