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Copper(l) complexes of several new N3O-type tripodal ligands, 2,4-di(z-butyl)-6-{ [bis(2-pyridyl)methylJamino-
methyl}phenol (HtbuL), 2,4-di(#-butyl)-6-{[(6-methyl-2-pyridyl)methyl](2-pyridylmethyl)aminomethyl } phenol (HtbuL-
(Mepy)), 2.4-di(t-butyl)-6-{bis[(6-methyl-2-pyridyl)methyl]Jaminomethyl} phenol (Htbul.(Mepy),), and 2,4-di(¢-butyl)-6-
{[(1-methyl-2-imidazolyl)methy}][(6-methyl-2-pyridyl)methylJaminomethyl} phenol (HtbuL(im)(Mepy)), were prepared.
They were structurally characterized by the X-ray crystallographic method to have a square-pyramidal structure with a
weakly coordinating group at an apical position. The phenol moiety of [CuCl(tbuL(Mepy))] (2), [CuCl(tbuL(Mepy)2)]
(3), and [CuCl(tbuL(im)(Mepy))] (4) was revealed to be coordinated equatorially; it was converted to the phenoxyl radical
upon oxidation with Ce(IV), giving a new absorption peak at 405—420 nm. ESR measurements at low temperatures and
resonance Raman spectra established that the radical species has a Cu(Il)-phenoxyl radical bond. The cyclic voltammograms
exhibited a quasi-reversible redox wave at £, = 0.56—0.61 V (vs. Ag/AgCl) corresponding to the formation of the phen-
oxyl radical, which displayed a first order decay with a half life of 65 and 62 min at —20 °C for 2 and 4, respectively, while
that for 3 was only 9.0 min at —40 °C. The radical stability increased with the donor ability of the equatorial N ligands.
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Galactose oxidase (GO)! is a single-copper oxidase, which
catalyzes the conversion of primary alcohols to aldehydes in
the presence of dioxygen. X-ray structural analysis has dis-
closed that the copper site has a square-pyramidal structure
with two imidazole nitrogens and one phenoxide oxygen in
the equatorial positions and an axial phenol moiety interact-
ing only weakly with the copper ion (Fig. 1).> The equatorial
phenolate ring is covalently linked to a cysteine residue via
a carbon-sulfur bond. GO performs the two-electron oxi-
dation with the aid of this phenoxo ligand, which functions
as a cofactor by forming a phenoxyl radical in the catalytic
cycle.'

The active form of GO has a Cu(Il)-phenoxyl radical bond,

Tyr495

His581

Cys228
Fig. 1. Structure of the active site of GO.2

which is EPR inactive due to the antiferromagnetic interac-
tion between the two S = 1/2 centers.” The X-ray absorption
edge structures indicated the presence of the Cu(Il) ion,® and
the diagnostic phenoxyl radical vibration has been assigned
in the resonance Raman spectra.” GO exhibits an intense op-
tical absorption maximum at 444 nm (£ = 5194) due in part
to a m—nt* transition of the Cu(Il)-coordinated phenoxyl rad-
ical, which is more stable than the free phenoxyl radical.'**
The redox potential for the formation of the Cu(Il)-phen-
oxyl radical species in GO is 0.41V, which is considerably
lower than that for the free phenoxyl radical (0.94 V).* Upon
oxidation of a primary alcohol to the aldehyde, the radical
species is reduced to the Cu(I)-phenol state by a two-electron
process. The oxidized species is subsequently restored by a
two-electron oxidation by dioxygen, which is itself reduced
to HzOz.l_4

A number of studies have been reported on model com-
plexes of the GO active site; Wieghardt et al.”>* and Tolman
et al.'%'% guccessfully characterized the Cu site by com-
plexes using the 1,4,7-triazacyclononane skeleton with one,
two, or three phenol/phenoxide moieties coordinated to the
Cu(ll) ion; complexes containing a phenoxyl radical site with
Cu(Il) and other metal ions have also been prepared.'’ The
phenoxyl radical-metal ion binding has been further char-
acterized by other groups,'? and efficient functional models
for GO have been studied by Stack et al.,'* who introduced
a binaphthyl group to make the copper coordination struc-
ture more rigid and attained catalytic oxidation of primary
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alcohols. Very recently, Wieghardt et al. also succeeded
in catalytic oxidation of ethanol by functional copper and
zinc complexes of a new 1,2-phenylenediamine derivative
with two phenol moieties.* By using a new ligand, N-
(2-pyridylmethyl)bis(3,5-di-t-butyl-2-hydroxybenzyl)amine,
and copper(Il) acetate, we recently prepared a GO structural
model that mimics the coordination mode of the Cu site.'
This Cu(Il)-ligand system exhibited reactivities depending
on the nature of the counteranion, and with Cu(ClO,), we
observed a spontaneous formation of the phenoxyl radical
via disproportionation.

In order to obtain further information on the formation
and bonding mode of the Cu(Il)-radical species, we have
now synthesized Cu(Il) complexes of ligands with varying
equatorial N donors (Fig. 2) and investigated the influence
of the ligand donor ability'> on the copper site structure and
formation and stability of the phenoxyl radical species.

Experimental

Materials and Methods.  All reagents were used as received
except CH3CN which was dried with CaH,. Electronic spectra
were obtained with a Shimadzu UV-3101PC spectrophotometer.
The kinetics of the decay of Cu complexes in CH3CN under anaer-
obic conditions were measured spectrophotometrically. Electro-
chemical measurements were made with a Hokuto Denko HB-104
function generator and an HA-104 potentio/galvanostat or with a
BAS 100B electrochemical analyzer. A conventional three-elec-
trode cell was used with a 3-mm diameter glassy-carbon electrode
as working electrode, a platinum wire as counter electrode, and a
Ag/AgCl electrode as reference electrode. Cyclic voltammograms
were recorded for samples (107 M; M = moldm ) dissolved
in dry CH3;CN containing 0.1 M tetrabutylammonium perchlorate
(TBAP). The reversibility of the electrochemical processes was
evaluated by standard procedures and referenced against the fer-
rocene/ferrocenium redox couple. Frozen solution ESR spectra at
77 K were acquired by a JEOL JES-RE1X X-band spectrometer
equipped with standard low-temperature apparatus. ESR spectra
at 4—50 K were obtained by a Bruker ESP 300E spectrometer
equipped with a helium flow cryostat. All spectra were recorded
by using 4-mm inner diameter quartz tubes. Microwave frequency
was standardized against the Mn(Il) marker. Resonance Raman
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Fig. 2. Structures of ligands.

Cu(il)-Phenoxyl Radical Site

spectra were excited at 457.9 nm with an Ar* laser and detected
with a JASCO NR-1800 triple polychromator equipped with a liq-
uid-nitrogen-cooled Princeton Instruments CCD detector. Raman
measurements were carried out with a spinning cell and the laser
power was adjusted to 50 mW at the sample point. Raman shifts
were calibrated with acetone, the accuracy of the peak positions of
the Raman bands being £1 cm™".

2,4-Di(¢-butyl)-6-{[bis(2- pyridyl)methylJaminomethyl } phe-
nol (HtbuL). To a solution of 3,5-di(z-butyl)-2-hydroxybenzal-
dehyde (2.34 g, 10 mmol) in methanol (100 ml) were added bis(2-
pyridylmethyl)amine (1.99 g, 10 mmol) and a small amount of ace-
tic acid. Sodium cyanotrihydroborate (0.63 g, 10 mmol) was added
dropwise to the resulting solution with stirring. After the solution
was stirred for three days at room temperature, it was acidified by
adding concd HCI and then evaporated almost to dryness under a
reduced pressure. The residue was dissolved in saturated aque-
ous Na,COs3; (50 ml) and extracted with CHCl3 (3x50 ml). The
combined extracts were dried over anhydrous Na,SO4 and evapo-
rated almost to dryness under reduced pressure to give a brown oil,
which was purified on a silica-gel column with chloroform—meth-
anol. Yield 3.00 g (72.0%). "HNMR (CDCls, 300 MHz) 6 = 1.26
(s, 9H), 1.45 (s, 9H), 3.80 (s, 2H), 3.87 (s, 4H), 6.88 (d, 1H), 7.15
(m, 2H), 7.20 (d, 1H), 7.37 (d, 2H), 7.63 (t, 2H), 8.55 (d, 2H), 10.6
(br, 1H).

The following ligands were prepared in a similar manner and
isolated in 67.5, 70.4, and 64.1% yields, respectively, by silica gel
column chromatography.'?

2,4-Di(t-butyl)- 6- { [(6-methyl-2- pyridyl)methyl](2- pyridyl-
methyl)aminomethyl} phenol (HtbuL(Mepy)). '"HNMR
(CDCl3, 300 MHz) 6 = 1.26 (s, 9H), 1.46 (s, 9H), 2.58 (s, 3H),
3.77 (s, 2H), 3.84 (s, 2H), 3.86 (s, 2H), 6.88 (d, 1H), 7.01 (d, 1H),
7.12 (d, 1H), 7.14 (dd, 1H), 7.20 (d, 1H), 7.41 (d, 1H), 7.51 (t, 1H),
7.61 (dt, 1H), 8.53 (d, 1H), 10.6 (br, 1H).

2,4- Di(t- butyl)- 6- {bis[(6- methyl- 2- pyridyl)methyl}amino-
methyl}phenol (HtbuL(Mepy);). 'HNMR (CDCl,, 300 MHz)
6 = 1.26 (s, 9H), 1.46 (s, 9H), 2.58 (s, 6H), 3.75 (s, 2H), 3.83 (s,
4H), 6.88 (d, 1H), 6.99 (d, 2H), 7.17 (d, 2H), 7.19 (d, 1H), 7.51 (,
2H), 10.6 (br, 1H).

2,4-Di(¢-butyl)-6-{[(1-methyl-2-imidazolyl)methyl][(6-meth-
yl-2-pyridyl)methylJaminomethyl } phenol (HtbuL(im)(Mepy)).
"HNMR (CDCl;, 300 MHz) 6 = 1.26 (s, 9H), 1.46 (s, 9H), 2.62
(s, 3H), 3.40 (s, 3H), 3.71 (s, 2H), 3.74 (s, 2H), 3.83 (s, 2H), 6.70
(d, 1H), 6.86 (d, 1H), 6.93 (d, 1H), 6.95 (d, 1H), 6.99 (d, 1H), 7.24
(d, 1H), 7.49 (t, 1H), 10.6 (br, 1H).

[CuCl(HtbuL)]Cl1O4 (1). To a solution of Htbul. (0.409 g,
1.0 mmol) in methanol (10 ml) was added dropwise a solution of
CuCl,-2H,0 (0.085 g, 0.5 mmol) and Cu(ClO4)-6H,0 (0.185 g, 0.5
mmol) in methanol (10 ml). After standing for a few hours at room
temperature, the reaction mixture gave microcrystals, which were
recrystallized from CH3;CN-diethyl ether. Yield 0.414 g (67%).
Found: C,51.97: H, 6.30; N, 6.80%. Calcd for C27H37C1,CuN;0s5:
C, 52.47; H, 6.03; N, 6.80%.

[CuCl(tbuL(Mepy))] (2). To a solution of HtbuL(Mepy)
(0.433 g, 1.0 mmol) in methanol (10ml) was added CuCl,-2H,0
(0.170 g, 1.0 mmol) in methanol (10 ml). Triethylamine (a few
drops) was added to the resulting solution, which was kept stand-
ing for a few days at room temperature. The microcrystals ob-
tained were recrystallized from CH3CN-methyl acetate. Yield
0.363 g (68.2%). Found: C, 63.34; H, 6.99; N, 7.87%. Calcd
for C23H33CICuN30: C, 63.50; H, 6.85; N, 7.93%.

The following complexes were prepared in a similar manner in
65 and 74% yields, respectively.
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[CuCl(tbuL(Mepy)2)] (3). Found: C, 63.64; H, 7.35; N,
7.75%. Caled for C29HapCICuN;0: C, 63.84; H, 7.39; N, 7.70%.

[CuCl(tbuL(im)(Mepy))] (4). Found: C, 60.50; H, 7.11; N,
10.4%. Calcd for Co7H33CICuN4O: C, 60.77; H, 7.18; N, 10.5%.

[ZnCl(tbuL)]. This complex was prepared as colorless crystals
in a similar manner to that for 2 from HtbuL (0.417 g, 1.0 mmol)
and ZnCl, (0.136 g, 1.0 mmol) in CH3CN. Found: C, 61.10; H,
6.70; N, 7.86%. Calcd for C27H3,CIN3OZn: C, 60.57; H, 7.11; N,
7.80%.

X-Ray Structure Determination of Cu(ll) Complexes.  All
the X-ray measurements were carried out on a Rigaku AFC-5R
four-circle automated diffractometer with graphite monochromated
CuKa radiation (4 = 1.54178 A)and a rotating anode generator.
The crystals were mounted on a glass capillary. The reflection inten-
sities for 1, 2, 3, and 4 were monitored by three standard reflections
for every 2 h or 150 measurements, which indicated that the decays
of intensities for all crystals were within 2%. Reflection data were
corrected for both Lorentz and polarization effects. The structures
were solved by the heavy-atom method and refined anisotropically
for non-hydrogen atoms by full-matrix least-squares calculations.
Each refinement was continued until all shifts were smaller than
one third of the standard deviations of the parameters involved.
Atomic scattering factors and anomalous dispersion terms were
taken from the literature.'® Hydrogen atoms for all structures were
located at the calculated positions except for the phenol-OH group
and were assigned a fixed displacement and constrained to ideal
geometry with C-H = 0.95 A. The thermal parameters of calcu-
lated hydrogen atoms were related to those of their parent atoms by
U(H) = 1.2U(C). The hydrogen atom of the phenol-OH group of
1 was located from the difference Fourier map. All the calculations
were performed by the TEXSAN program package.'” Summaries
of the fundamental crystal data and experimental parameters for
structure determination are given in Table 1. Tables of positional
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parameters and B(eq)’s, anisotropic displacement parameters, and
observed and calculated structure factors for the complexes are de-
posited as Document No. 73027 at the Office of the Editor of Bull.
Chem. Soc. Jpn. Crystallographic data have been deposited at the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, and copies can
be obtained on request, free of charge, by quoting the publication
citation and the deposition numbers 139975-139978.

Results and Discussion’

Description of Structures. The ORTEP views of com-
plexes 1, 2, 3, and 4 are shown in Figs. 3, 4, 5, and 6,
respectively, and the selected bond lengths and angles are
listed in Table 2. All the complexes were mononuclear, with
one chloride ion equatorially coordinated to the Cu center.

From the Cu(1)-O(1) distance of 2.567(5) A in 1, which
is significantly longer than that for the apical phenoxide
(2.174(3)—2.268(2) A) in [Cu(bpnp)X] (X = Cl~, SCN™,
CH;COO™; bpnp = 2-[bis(2-pyridylmethyl)amino}methyl-
4-nitrophenol)'® and for the apical phenol (2.40 A (average))
in [Cu(HL)CH;COO] (H,L = N-(2-pyridylmethyl)bis(3,5-
di-r-butyl-2-hydroxybenzyl)amine),'* we conclude that this
protonated phenol moiety coordinates only weakly to the
Cu(ID) ion (Fig. 3). The Cu(Il) ion coordinates two pyridine
nitrogen atoms, one tertiary nitrogen atom, and a chloride
ion with the Cu—-N bond lengths Cu(1)-N(1) = 1.982(5),
Cu(1)-N(2) = 2.043(4), and Cu(1)-N(3) = 1.980(6) A in a
geometry that can be described as distorted square-pyrami-
dal. The relative extent of the trigonal-bipyramidal distortion
is indicated by an index 7 representing the degree of trigo-
nality within the structural continuum between square-planar
and trigonal-bipyramidal structures.'” The 7 value of the Cu

Table 1. Crystallographic Data for [CuCl(HtbuL)]JCLO, (1), [CuCl(tbuL(Mepy))] (2}, [CuCl(tbuL(Mepy).)] (3),

and [CuCl(tbuL(im)(Mepy))] (4)

Complex 1 2 3 4
Formula C27H37C1,CuN3 05 C3H33CICuN;O Cy9H4oCICuNsO C,7H35CICuN4O
Formula weight 618.06 531.63 545.65 533.62
Crystal system Triclinic Monoclinic Monoclinic Orthorhombic
Space group P1 P2/c P2/c P2:2,2
alA 11.948(4) 15.351(5) 15.667(3) 13.056(2)
b/A 12.028(3) 10.138(5) 10.265(1) 24.906(6)
7N 10.830(4) 17.580(5) 17.316(2) 8.486(4)
aldeg 110.67(2) — — —
Bldeg 90.98(3) 103.87(3) 102.42(1) —
yldeg 92.92(3) — — —
VIA? 1453.3(8) 2656(1) 2719.5(7) 2759(1)

VA 2 4 4 4
wlem™ 30.62 22.67 22.28 21.95
F(000)/e 572.00 1020.00 1044.00 1024.00

2 Onax/deg 137.0 136.5 136.3 120.1
Scan speed/deg min ™" 8.0 16.0 16.0 4.0
Scan range/deg 1.73+0.30tan 6 1.78+0.30tan 6 1.68+0.30tan ¢ 1.00+0.30tan 6
Observed reflections 5485 5290 5439 2385
Reflection used 4045 3248 4121 2359
No. of variables 344 308 317 308
R (I'>2.000(1)) 0.053 0.057 0.059 0.056
R, 0.053 0.057 0.059 0.058

a) R = 30||Fo| = [Fell/S21Fol: Ry = [Zw(lFo| = |Fe? /2wl FoP120w = 1/ 02 (F).
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CI(1)

Fig. 3. ORTEP view of the [CuCl(HtbuL)]* ion in 1 drawn
with the thermal ellipsoids at the 50% probability level and
atomic labeling scheme.

with the thermal ellipsoids at the 50% probability level and
atomic labeling scheme.

center of 1 is calculated to be 0.198 according to the equation
7 = (ff — a)/60, where a = N(1)-Cu(1)-N(2) (164.6°) and
£ = Cl(H~Cu(1)-N(3) (176.5°). As 7 is zero for a perfect
square planar geometry, the structure of 1 may be described
as distorted square-planar.

The structure of complex 2 (Fig. 4) differs significantly
from that of 1 as it has a deprotonated phenoxide moiety
coordinating to the Cu(Il) ion with a Cu(1)-O(!) distance
of 1.908(3) A.2° The Cu(Il) coordination plane is formed by
one pyridine nitrogen atom, one phenoxide oxygen atom,
one tertiary nitrogen atom, and a chloride ion. Probably
due to the steric hindrance of the methyl group the 2-meth-
ylpyridine moiety is situated in an apical position at a Cu-
(1)-N(3) distance of 2.329(3) A, which is longer than that
of the apical phenoxide coordinating to Cu in [Cu(bpnp)-

Cu(1l)-Phenoxyl Radical Site

¥y CI(T)

Fig. 5. ORTEP view of [CuCl(tbuL(Mepy).)] (3) drawn
with the thermal ellipsoids at the 50% probability level and
atomic labeling scheme.
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Fig. 6. ORTEP view of [CuCl(tbuL(im)}(Mepy))] (4) drawn
with the thermal ellipsoids at the 50% probability level and
atomic labeling scheme.

X1} but shorter than the Cu(1)-O(1) distance in 1. The
bond lengths between copper and the donor nitrogen atoms
Cu(1)-N(1)=2.025(3) and Cu(1)-N(2) = 2.087(3) A are vir-
tually the same as those in 1. The 7 value of the Cu center
is 0.065 with ¢ = CI(1)-Cu(1)-N(2) (162.6°) and f = O-
(H—Cu(1)-N(1) (166.5°), which suggests that 2 has a nearly
perfect square-planar structure. The Cu geometry is de-
scribed as square-pyramidal with the apical coordination by
a pyridine nitrogen.

Complexes 3 and 4 have structures similar to the structure
of 2 in the sense that a phenoxide oxygen coordinates to Cu-
(Il) in an equatorial position (Figs. 5 and 6, respectively). The
Cu(1)-0(1) distances for 3 and 4 are 1.916(6) and 1.863(9)
A, respectively, the latter of which is the shortest among the
complexes obtained. The Cu(Il) ion has one pyridine nitro-
gen, one tertiary nitrogen, one phenoxide oxygen, and one
chloride ion in the basal plane, and is in a square-pyramidal
geometry with an apical pyridine nitrogen at the Cu(1)-N(3)
distance of 2.328(7) A in 3 which is almost equal to that
of 2. The copper—nitrogen bond lengths in 3 are Cu(1)-N-
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Table 2. Selected Bond Distances and Angles

Complex 1 2 3 4
Bond distance (A)
Cu(1)-0(1) 2.559(3) 1.908(3) 1.922(3) 1.863(9)
Cu(1)-N(1) 1.976(3) 2.024(4) 2.099(4) 1.942(9)
Cu(1)-N@2) 2.054(3) 2.097(4) 2.079(3) 2.146(9)
Cu(1)-N(3) 1.982(4) 2.335(4) 2.321(3) 2.538(8)
Cu(1)-CI(1) 2.240(1) 2.264(2) 2.267(1) 2.303(3)
Bond angle (deg)
CI(1)-Cu(1)-O(1) 94.41(7) 91.5(1) 89.21(8) 92.8(2)
CI(1)—-Cu(1)-N(1) 97.1(1) 93.9(1) 97.6(1) 93.2(3)
CI()-Cu(1)-N(2) 176.46(10) 162.7(1) 156.45(9) 175.0(2)
CI{1)-Cu(1)-N(3) 96.7(1) 116.3(1) 122.12(10) 103.1(2)
O(1)~Cu(1)-N(1) 90.5(1) 166.5(2) 167.1(1) 160.4(3)
O(1)—-Cu(1)-N(2) 87.1(1) 91.5(1) 90.9(1) 91.8(3)
O(1)—Cu(1)-N(3) 93.7(1) 98.7(1) 94.2(1) 106.6(3)
N(1)—Cu(1)-N(2) 82.4(1) 79.8(2) 78.5(1) 81.8(3)
N(D—Cu(1)-N(3) 165.0(2) 90.0(2) 91.5(1) 90.2(3)
N(2)—Cu(1)-N(3) 83.5(1) 80.0(1) 81.4(1) 77.6(3)
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(1) = 2.099(7) and Cu(1)-N(2) = 2.072(7) A. The Cu—pyr-
idine nitrogen (N(1)) distance is slightly longer than that of
complex 2 because of the steric effect of the methyl group
of the equatorial pyridine ring.”” The 7 value for the Cu
center of 3 is obtained as 0.205 with a = CI(1)-Cu(1)-N(2)
(155.6°)and 5 = O(1)-Cu(1)-N(1) (160.9°, so that 3 is more
distorted from the square-pyramidal structure than 2 owing
to the same steric effect. The bond length of Cu—imidazole
nitrogen (N(1)) in complex 4, Cu(1)-N(1) = 1.942(9) A, is
the shortest among the four complexes, reflecting the fact
that imidazole is a stronger o-donor or weaker -acceptor
than pyridine. Considering that the Cu—tertiary nitrogen
distance Cu(1)-N(2) = 2.146(9) A and the Cu-apical nitro-
gen distance Cu(1)-N(3) = 2.538(8) A are the longest and
that the Cu(1)-O(1) distance (1.863(9) A) 1s the shortest
among the present complexes, we may infer that the phen-
oxide oxygen and imidazole nitrogen push their electrons to
the Cu(Il) ion. The 7 value for the Cu center of 4 is 0.250
(a = O(1)—Cu(1)-N(1) (160.1°) and £ = CI(1)-Cu(1)-N(2)
(175.0°)), indicating the strongest distortion from the square-
planar geometry.

Characterization of the Phenoxide Complexes.  Ex-
cept for 1, all the Cu(Il) complexes are deeply colored due to
an absorption peak at Ay = 510—550 nm (£ = 800—1400
M~! cm~!) (Table 3), which we assign to the phenoxide-
to-Cu(Il) (ligand-to-metal) charge transfer (LMCT).""* In
contrast, complex 1, where the protonated phenol moiety is

situated in an apical position and coordinates only weakly to
Cu(Il), lacks this band. LMCT occurs only with an equatori-
ally coordinated phenoxide. Comparison of A,y values for
the isostructural series 2, 3, and 4 shows that the transition
energy increases with the decrease of the equatorial Cu—N-
(pyridine or imidazole) bond distances in the order 2(6)-
methylpyridine (2, 543 nm) < unsubstituted pyridine (3, 519
nm) < imidazole (4, 511 nm).

All of the Cu(Il) complexes exhibit axial signals in their X-
band ESR spectra (frozen CH3;0H solution at 77 K), which
are consistent with a d,.—» ground state (g, > g1 > 2.0;
{Ay/| = 15—17 mT) (Table 3). Comparison of the |A//| values
for 2, 3, and 4 shows that they decrease with the increase of
the 7 values in the order imidazole (4, |A;| = 15.0 mT)
< unsubstituted pyridine (3, |A//| = 15.8 mT) < 2(6)-meth-
ylpyridine (2, |[Ay/| = 16.9 mT). It is suggested that these
compounds in solution maintain the structures revealed in
the solid state, since a degrease in the |A;/| values reflects,
analogous to the increase in the 7 values, the distortion from
the d,2—,> planar state.'®"

One-Electron Oxidation.  Addition of one equivalent
of (NH4),[Ce(NOs)g], a one electron oxidant, to 2, 3, and
4 in acetonitrile at low temperature caused a color change
from purple to green, and the resulting green solutions were
ESR-inactive at 77 K. On the other hand, the ESR spectrum
of 1 remained unchanged upon addition of Ce(IV). Oxidized
2, 3, and 4 exhibited a new absorption band centered at

Table 3. Absorption and EPR Spectral Data for Cu(Il)-Phenoxide Complexes

LMCT/nm EPR parameter
Complex (e/M~'cm™!) g/ gL |A// |/mT
[CuCl(HtbuL)]C104 (1) N.D. 2.25 2.07 17.2
[CuCl(tbuLMepy)] (2) 519(1400) 2.28 2.07 16.9
[CuCl(tbuL.(Mepy)2)] (3) 544(800) 2.29 2.07 15.8
[CuCl(tbuL(im)(Mepy)] (4) 511(1200) 2.29 2.07 15.0
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405—418 nm (& = 2000—3500), which is characteristic of
the phenoxyl radical species coordinated to Cu(Il)*!*!!13.2!
(Table 4). The lack of the ESR signal at 77 K is interpreted
as due to the spin—spin coupling between the phenoxyl rad-
ical and the Cu(Il) ion.*'*" The ESR spectrum of the one-
electron oxidized species of [ZnCl(tbul.)] exhibited a radical
signal at g = 2.00 and the typical absorption peak at 405
nm (Table 4), demonstrating formation of a radical for the
Zn(Il) complex on oxidation and thus the Cu(Il)-phenoxyl
radical state. At 3.5 K, however, the ESR spectra of 2, 3,
and 4 all showed a low field signal around g = 4.0 due to
spin pairs (S} = S, = 1/2) for AM; = 2 transition and a broad
signal at g < 2 for AM = 1 (Fig. 7). These results reveal
that one-electron oxidized 2, 3, and 4 have an S = 1 ground
state and that the phenoxyl radical is coordinated to Cu(Il).*
If the dihedral angle between the Cu(Il) coordination plane
and the plane of the phenoxyl radical is 0° and the angle
Cu(Il)-O—C(phenoxyl radical) is 120°, the d,>_ . orbital and
the SOMO of the radical are orthogonal to each other to
make the radical complex ferromagnetic. For the present
complexes, the Cu(Ill)-O—C angles are 118.9—126.7° and
the dihedral angles are 23.9—36.5° and closer to 0° than
to 90°, so that their radicals may be weakly ferromagnetic.
According to the curve fitting using the equation IT = const-
(1+exp (—J/kT)), where I, k, and const are the intensity
of the ESR signal, Boltzmann’s constant, and a constant,
respectively,” the constant for the ferromagnetic coupling
for 2, —2J (H = —2JS,5,), was calculated to be ca. —10
cm™!, which is comparable with the reported value.*
Further evidence for the Cu(Il)-phenoxyl radical bonding
has been provided by comparison of the resonance Raman
spectra between the one-electron oxidized species of 2 and
[Zn(tbuL)CI]. The Raman spectra in the 1100—1700 cm™!
range obtained before and after Ce(IV) oxidation of 2 dis-
closed that the bands observed for 2 disappeared upon oxi-
dation to give an intense band at 1504 cm ™!, which corre-
sponded well with the characteristic intense 1509-cm~"! band
exhibited on one-electron oxidation of [Zn(tbuL)C1] (Fig. 8).
This band is assigned to the C-O stretching mode (14,),%
which is characteristic of the phenoxyl radical species. The
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Fig. 7. ESR spectra of one-electron oxidized 2 in CH;CN.

detected vy, frequencies of the Cu(Il) and Zn(Il) complexes
were in good agreement with those reported for GO’ and the
Cu(l)- and Zn(II}-coordinated phenoxyl radicals of model
compounds,”'*"'! showing formation of a phenoxyl radical.

The strong absorption band at about 400 nm resulting from
Ce(IV) oxidation may partly be assigned to a i—st* transition
of the phenoxyl radical>~'""'* The above structure-reactivity
relationship suggests that the coordination of the phenoxide is
a crucial point, because the apical phenol which coordinates
only weakly to Cu(Il) dose not give the phenoxyl radical

Table 4. Properties of Phenoxyl Radical Species

Amax/nm Decay constant/s ™! Redox potential (E;/,/V) of
Complex (MM~ 'ecm—1)  (Half life/min., Temperature/°C)  Phenoxide/Phenoxyl radical®
[CuCI(HtbuL)]C104 (1) Not determined Not determined 1.17%
418 (3500 1.86+0.04) x 10~*
[CuCl(tbuLMepy)] (2) 666 5420)) ( 65 —%O) 0.56
406 (2000 1.28£0.07) x 1073
[CuClI(tbuL(Mepy)»)] (3) 664 E " 0)) ( ©.0 —210) 0.61
. 412 (3000 1.7940.04) x 107*
[CuCl(tbuL.(im)(Mepy)] (4) 659 E 420)) ( (62 —%O) 0.56
405 (3200 1.31+£0.05) x 10~
[ZnCl(tbuL)] (5) 678 E 400)) ( (88 _;0) 0.69

a) vs. Ag/AgCl. b) Irreversible oxidation peak.
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Fig. 8. Resonance Raman spectra of the one-electron-oxi-
dized species of 2 and [ZnCl(tbuL)]; a, 2; b, [ZnCl(tbuL)].
Solvent peaks are subtracted and s denote the residues from
the solvent peaks. The concentration of the sample was 0.5
mM.

species. Since the donor ability of the unsubstituted pyridine
moiety in 1 is higher than that of the 2(6)-methylpyridine
moiety in the other complexes due to the absence of steric
hindrance, it may have been difficult for the phenol moiety
to coordinate to Cu(Il) in the equatorial position in 1.

The difference between complexes 2, 3, and 4 lies in the
stability of their phenoxyl radical species. When the green
solutions of the oxidized complexes in acetonitrile were left
to stand at room temperature under anaerobic conditions,
they eventually turned colorless, and accordingly the phen-
oxyl radical m—t* transition band at ca. 410 nm disappeared.
Plots of the absorbance at the 7—t™ band vs. time at —20
°C indicated that the intensity decrease was first-order, as
illustrated for 2 in Fig. 9. The decay constants obtained for
the radicals of 2, 3, and 4 and the half life values calculated
from the decay constants are listed in Table 4. The half lives
of 2 and 4 were 65 (kops = (1.7940.04)x107* s~!) and 62
min (kgps = (1.8640.04)x 1074 s~ 1) at —20 °C, respectively,
indicating that the stability of phenoxyl radicals is the same
for the Cu sites with an unsubstituted pyridine or an imida-
zole in the equatorial position. In contrast, the half life of
3 was only 9.0 min (kops = (1.2840.07)x 1073 s~ 1) at —40
°C, which can be related with the N-donor ability of the
equatorial ligand, since 3 has a weaker N donation by the
6-methyl-2-pyridyl group, as viewed from the Cu(1)-N(1)
distance of 2.099(7) A, than that of 2 and 4 for the steric
reason described above. A higher energy of the phenox-
ide-to-Cu(Il) LMCT band may indicate a higher stability of
the corresponding phenoxyl radical species as seen from the
Amax values of 519 and 511 nm for 2 and 4, respectively,
compared with the value of 544 nm for 3. These results
indicate that the stability of the phenoxyl radical species is
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Fig. 9. Absorption spectral change of 2 after one-electron

oxidation by 1 equiv of Ce(IV) at —~20 °C in CH;CN
(5.0x10™* M). Inset: plot of In[A —A] at 418 nm vs.
time.

predominantly influenced by the N-donor ability of the ligand
which stabilizes the Cu(Il) state.'?

Cyclic Voltammetry. The cyclic voltammograms of
1, 2, 3, and 4 were recorded in acetonitrile under anaerobic
conditions at a scan rate of 50 mVs~! in the range 0—1.0
V where Cu redox waves were not observed except for 1
(Fig. 10). For complex 2, one quasi-reversible redox wave
corresponding to the transfer of one electron was observed
at 0.56 V vs. Ag/AgCl (AE = 0.11 V) in the same range.
Electrolysis at —40 °C of a solution of 2 in CH3CN (0.1 M
TBAP) at 0.85 V showed a transfer of 0.9 electron per mole,
and a color change from purple to green was observed. One
electron oxidation of 2 yielded an ESR inactive species. The
properties of the oxidized species were the same irrespec-
tive of electrochemical oxidation and chemical oxidation by
Ce(IV). The same redox wave at 0.56 V (AE = 0.11 V)
was observed for 4. Complex 3 displayed a similar quasi-
reversible redox wave at 0.61 V (AE = 0.11 V), i.e. at a
slightly higher potential than that for 2 and 4. On the basis
of these results we assign the above oxidation steps to the
phenoxide/phenoxyl-radical couple.

On the other hand, complex 1 exhibited a quasi-reversible
redox wave with E,, = 0.03 V (AE = 0.11 V) and an ox-
idation peak at 1.17 V. The first redox step is assigned to
the Cu(I/Il) redox couple, and the second oxidation peak is
suggested to be the oxidation of the phenol moiety. Since
the oxidation step is irreversible, 1 does not seem to give a
stable one-electron oxidized form owing to the weak coordi-
nation structure which is unfavorable for the radical species.
Considering that complex 1 could not be oxidized by Ce(1V),
we conclude that formation of the phenoxyl radical requires
an equatorial coordination of the phenoxide to the Cu center.
In this connection, the phenoxyl radical of GO has been as-
signed to equatorially coordinated Tyr 272, whereas apically
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Fig. 10. Cyclic voltammograms of 2, 3, and 4 in CH;CN
(1.0x 1073 M) containing 0.1 M n-BusNClOy; a, 2; b, 3; c,
4. Working electrode, grassy carbon; counter electrode, Pt
wire; reference electrode, Ag/AgCl; scan rate 50 mVs ™.

coordinated Tyr 495 does not form the radical.'

The properties of the donor groups are an important factor
for the stability of the coordinated phenoxyl radical. The
higher phenoxide/phenoxy! radical redox potential of com-
plex 3 in comparison to that of 2 or 4 may indicate that the
equatorial 2-methylpyridine ring of 3 is a weaker donor than
the unsubstituted pyridine and imidazole rings of 2 and 4,
respectively. The phenoxyl radical decay constants (Table 4)
show that the radicals of 2 and 4 are more stable than the
radical of 3 and that the equatorially coordinated imidazole
and unsubstituted pyridine rings are equally effective in sta-
bilizing the radical. In this connection, the redox potential
for the phenoxide/phenoxyl radical of GO, E;/, = 0.23 V (vs.
Ag/AgCl), is distinctly lower than the values obtained for the
present complexes, and the radical species is more stable at
room temperature. The difference in the radical stability may
be ascribed to two reasons: (1) The apical ligand is a phe-
nol/phenoxide group in GO as compared with the pyridine
ring in the present cases. (2) The equatorial phenoxide ring
in GO has an o-alkylthio group, whereas it has two ¢-butyl
groups in our complexes. We reported previously that the
Cu(ll) complex of a tripodal ligand with an N;O, donor set
comprising two phenols and an unsubstituted pyridine has a

Cu(Il})-Phenoxyl Radical Site

phenoxyl radical half life of approximately 12 min at —20
°C (kops = 9.3£0.2x 10~4)," which is much shorter than that
for 2 and 4. This may point to the importance of the o-alkyl-
thiophenoxide donor in the stabilization of the active form
of GO.

Concluding Remarks. We have prepared and character-
ized a series of Cu(Il) complexes with new tripodal ligands
containing one phenol/phenoxide moiety with two z-butyl
substituents and various pyridine or imidazole rings. At low
temperatures, one electron oxidation of the Cu(Il) complexes
2, 3, and 4 yielded the corresponding Cu(Il)-phenoxyl rad-
ical species, whose decay constants have been determined.
The relationship between the structures of the complexes and
decay constants indicates that the Cu(Il)-phenoxyl radical
species is stabilized by the strong Cu(Il)-phenoxide bond;
therefore the effective coordination of both the equatorial
phenoxide oxygen and pyridine nitrogen donors promotes
structural stability. The observed stability of the radical
species of 2, 3, and 4 may be comparable with that of the
tacn-based complexes reported by Tolman et al.,'® while the
Cu complexes by Wieghardt et al. and Stack et al.>'* which
contain an o- or p-hetero atom-modified phenoxide moiety
are stable at room temperature. The binaphthyl group intro-
duced into the ligand by Stack et al. and probably the sulfur
bridge stabilize the Cu(l) state of the complexes, thereby
enabling the Cu(I/I) redox cycle. The extra stability of the
radical exhibited by GO may be due to the cysteine-modified
tyrosine ligand, which is located close to a tryptophan indole
moiety. Studies on the effects of hetero atom modification
and neighboring aromatic rings on the Cu(Il)~phenoxyl bind-
ing are in progress in our labolatory.
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