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Mononuclear [Cu(HL)] (1) and trinuclear [Cus(L),] (3) complexes were synthesized, where HsL (1,1,1-tris[(sali-
cylideneamino)methyl]ethane) is a tripodal ligand obtained by condensation of 1,1,1-tris(aminomethyl)ethane and sali-
cylaldehyde in a 1:3 mole ratio. Another mononuclear complex [Cu(HL')] (2), where one of the three arms was discon-
nected probably due to thermal hydrolysis, was also obtained. The crystal structures, electronic spectra, and electrochem-
ical and magnetic properties of the complexes were studied. In 1, one of the arms of H3L is not coordinated to the metal
atom, and the ligand serves as a tetradentate N,O, ligand, the complex assuming a slightly distorted square-planar struc-
ture. In the trinuclear complex, an imine nitrogen atom and a phenolate oxygen atom of one arm of each terminal unit
coordinate to the central Cu ion to form a linear trinuclear complex. The coordination geometry about each Cu is square
planar. All of the complexes involve 77— stacking interactions between the molecules in the crystal structures, which are
responsible for weak magnetic interactions. An electrochemical study of 3 in DMSO showed that the central Cu' is more
easily reduced to Cu! than the terminal Cu ions. The mononuclear complexes, 1 and 2, show a quasi-reversible Cu/!
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couple almost at the same position as that of the terminal Cu ions of 3.

Metal complexes containing tripodal Schiff base ligands de-
rived from 1:3 condensation of 1,1,1-tris(aminomethyl)alkane
and salicylaldehyde or its derivatives have attracted much at-
tention.'!2 For example, we have reported that 1,1,1-tris[(sali-
cylideneamino)methyl]ethane (H3;L, Figure 1a) forms a rela-
tively rare octahedral silicon(IV) complex, [Si"V(L)]* and that
the complex is stable toward hydrolysis probably because of
the half-cage structure, and we could resolve the complex into
its enantiomers.® Recently, we prepared two types of nickel(II)
complexes, [Ni'"(HL)] and [Ni{Ni(L)},].>""" In [Ni{Ni(L)},],
each terminal Ni" ion is coordinated by the L3~ ligand in an
octahedral fashion and functions as a tridentate ligand, and
the central Ni'" ion is bridged by six phenolate oxygen atoms
to the terminal Nil ions to form a linear trinuclear complex
(Figure 1c). We have also prepared face-sharing trioctahedral
homometal 3d complexes such as [Co™5(L)3] and [Fe'5(L);3].1?
By using [Ni(L)]~ as a complex ligand, we were able to

(a) HaL

(b) HaL’

Figure 1.
omitted for clarity.

prepare 3d heterometal Ni-M-Ni-type complexes such as
[Mn'{Ni(L)},], and [Fe'"{Ni(L)},]*."> By employing the
same strategy, we have prepared 3d—4f complexes such as a
Nill_Ggq system.14 We isolated dinuclear Ni'"Gd™ trinuclear
Ni"Gd™Ni", and tetranuclear Ni"Gd™Gd™Ni"" complexes,
where the product identity depends on the nature of the ancil-
lary ligands used.

The copper(Il) ion assumes a variety of coordination num-
bers, 3-8, the most common ones being 4, 5, and 6. 4-Coordi-
nated square-planar and 6-coordinated tetragonally distorted
coordination are quite common, while complexes with regular
octahedral geometry are not easily made because of the Jahn—
Teller effect. We have prepared two copper(I) complexes con-
taining HsL, the complexes being formulated as [Cu(HL)] and
[Cusz(L),]. We report here the synthesis, crystal structures,
electronic spectra, and electrochemical and magnetic proper-
ties of the complexes. Although the chemical formulas of the

(c) [Ni{Ni(L)}2]

(a) The H3L ligand. (b) The HpL' ligand. (c) ORTEP view of [Ni{Ni(L)},], the H atoms and aromatic moieties being
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Cu" and Ni' complexes are the same, [M"(HL)] and
M"3(L),] (M = Cu and Ni), the coordination arrangements
around the metal ions are different; square planar (Cu) vs. oc-
tahedral (Ni). In the course of preparation of the mononuclear
complex, we obtained a complex containing a partly decom-
posed ligand, where one of the three arms was disconnected.
The structure and properties of this complex are also reported.

Results and Discussion

Synthesis and Characterization. The reaction of
Cu(CH53CO0O),-H,0 with H3L in a 1:1 mole ratio afforded
a mixture of mononuclear complex, [Cu(HL)] (1), and the tri-
nuclear complex, [Cus(L),;]. The exclusive formation of the
mononuclear complex was achieved by the reaction of Cu'l
with H;L in a 1:3 mole ratio in the absence of a base. As will
be shown later, the mononuclear complex 1 has a slightly
distorted square-planar structure and one of the arms is not
coordinated to the metal atom. In the trinuclear complex,
[Cus(L),], an imine nitrogen atom and a phenolate oxygen
atom of one arm of each terminal unit coordinate to the central
Cu'" ion to form a trinuclear complex. The H3L ligand is not so
soluble in ethanol and in order to increase the reactivity we
tried to dissolve it (1 molar equivalent) on heating in the pres-
ence of triethylamine (0.5 molar equivalent), and then the so-
lution was allowed to react with Cu(ClQOy4),-6H,0 (0.5 molar
equivalent). The IR spectrum of the product 2 showed absorp-
tion bands around 1100 and 3131 cm™"' assignable to the C1-O
(Cl0,47) and N-H (-NH;*) stretching band, respectively.'> El-
emental analysis and X-ray crystal structure determination (see
below) of the product showed that one of the arms of the tri-
podal ligand was detached, probably due to thermal hydrolysis,
and the resulting amino group is protonated. The structure of
the partly decomposed ligand, H,L', is shown in Figure 1b.
Complex 2 is formulated as [Cu(HL')]CIO4. The trinuclear
complexes, [Cuz(L),]-CH3CN-2CH30OH (3) and [Cus(L),]-
2CH,Cl, (4), were prepared by reaction of Cu(CH3COO);-
H,O with HiL in the presence of triethylamine (3:2:6), aceto-
nitrile-methanol, and dichloromethane being used as solvent,
respectively.

Electronic Spectra. The electronic spectra of [Cu(HL)]
(1), [Cu(HL")]CIO;4 (2), and [Cuz(L),]-CH3CN-2CH;0H (3)
in DMSO are shown in Figure 2 together with those of
[Cu(salen)] (Hpsalen = N,N’-disalicylideneethylenediamine)
and HiL, the data being listed in Table 1. The spectral patterns
of 1-3 are very similar to each other, although the intensity of
3 is about three times as large as those of 1 and 2. These results
are somewhat unexpected, because the X-ray structure analy-
ses showed differences in the coordination geometry (the de-
gree of distortion from planarity) and arrangement (cis/trans)
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of the donor atoms among the complexes (see below). The
electronic spectrum of [Cusz(L),]-2CH,Cl, (4) is identical to
that of 3. The low-intensity absorption bands at 616nm
(16250cm™', 160M~'cm™', 1), 612nm (16340cm~', 205
M~'cem™!, 2), and 613nm (16330cm™!, 582M~!'cm™!, 3)
are assigned to the d—d transitions.'® The electronic spectra
of square-planar copper(Il) complexes containing Schiff base
ligands derived from salicylaldehyde and diamine (2:1) have
been reported previously.!®!® In particular, the spectra of
[Cu(salen)] and its derivatives have been investigated exten-
sively. Although the spectral patterns of 1-3 are similar to that
of [Cu(salen)] (Figure 2), the d—d band maxima of 1-3 are at
lower energies than that of [Cu(salen)] (580 nm, 17260 cm™")
and the shift may be attributed to the six-membered chelate
ring of the N-N moiety for 1-3 as opposed to the five-mem-
bered ring for [Cu(salen)]. It has been reported that substitu-
tion of trimethylenediamine (tn) for ethylenediamine (en)
causes a red shift of the d—d transitions; the d—d band maxi-
mum of [Cu(saltn)] (Hpsaltn = N,N’-disalicylidenetrimeth-
ylenediamine) is observed at 605 nm (16500 cm™!)."

At higher energies, 1 (369nm, 27100 cm™!, 9240M~!
cm™), 2 (370nm, 27000cm~!, 10300M~'cm™1), 3 (372
nm, 26900cm™!, 31500 M~ cm™!), and [Cu(salen)] (363 nm,
27500cm™!, 11200M~! cm™") exhibit an intense band attrib-
utable to a 77— transition originating in the imine chromo-
phore.'® Compared with the position of the free HsL ligand
(318nm, 31500cm™~!, 13600 M~! cm™"), the bands for 1, 2,
and 3 have undergone a red shift of 51, 52, and 54 nm, respec-
tively. Such shifts are expected because coordination to a met-
al ion increases the extent of conjugation in the molecules.?’
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Figure 2. Electronic spectra of copper(Il) complexes in
DMSO; [Cu(HL)] (1, --), [Cu(HL)HICIO, (2, ——),
[Cus(L);]-CH;CN-2CH;0H (3, —), [Cu(salen)] (—),
and H;L (—).

Table 1. Electronic Spectral Data of [Cu(HL)] (1), [Cu(HL)]C104 (2), [Cu3(L),]-CH3CN.

2CH;30H (3), [Cu(salen)], and H3L in DMSO

Compound A/nm (E/M~'ecm™h)
1 261 (20700), 280 (sh, 14300), 300 (sh, 7100), 369 (9240), 616 (160)
2 261 (19300), 280 (sh, 16200), 300 (sh, 7000), 370 (10300), 612 (205)
3 273 (54900), 300 (sh, 21300), 372 (31500), 613 (582)

[Cu(salen)] 269 (21700), 295 (sh, 7430), 363 (11200), 580 (337)

H;L 264 (31400), 318 (13600)
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Figure 3. The pH-dependent electronic spectra of
[Cu(HL)] (1) for the (a) forward and (b) reverse titration.
A methanol solution (5cm?) of 1 (2.5mM) was prepared,
and the spectrum was measured after each 0.13 cm?® addi-
tion of 0.02M NaOMe solution, until 1 molar equivalent
of the base was added. Immediately afterward, the elec-
tronic spectra were recorded for the reverse titration,
0.13cm? aliquots of 0.02M HCI solution being added.
The spectra were corrected for the volume variation
caused by the addition of base or acid solution.

At still higher energies, intense bands attributable to benzene
7-7r* transitions are observed.?! All these observations are
in accordance with a square-planar structure of 1-3 with an
N0, chromophore just like [Cu(salen)] (see below).

The pH-dependent electronic spectra of 1 were measured:
a methanol solution (5cm?®) of 1 2.5mM, I M = [ moldm™3)
was prepared, and the spectrum was measured after each
0.13cm? addition of 0.02M NaOMe solution, until 1 molar
equivalent of the base had been added. Immediately afterward,
the electronic spectra were recorded for the reverse titration,
0.13cm?® aliquots of 0.02M HCI solution being added. The
spectra were corrected for the volume variation caused by
the addition of base or acid. The forward and reverse spectral
changes are shown in Figure 3a and Figure 3b, respectively.
The reverse titration converted to the spectrum of 1, demon-
strating that the reaction is reversible. The forward process is
associated with the deprotonation of the uncoordinated phenol
group, and the band at ca. 600 nm shifts to a shorter wave-
length and increases in intensity. The spectral change may
be related to the formation of a six-coordinate species,
[Cu(L)]~, with a distorted octahedral structure.

Electrochemistry. The electrochemical behavior of

Mono- and Trinuclear Cu'' Complexes

Table 2. Electrochemical Data® of [Cu(HL)] (1),
[Cu(HL)CIO, (2). [Cus(L),]-CH;CN-2CH;0H (3),
and [Cu(salen)] (vs. Ag/Ag")

Complex Ep/V Ep/V AE,/mV EY /v
1 —1.20 —1.34 140 —1.27

2 —1.25 —1.35 100 —1.30

3 —0.99 —1.08 90 —1.04
—1.27 —1.40 130 —1.34

[Cu(salen)] —1.43 —1.51 80 —1.47

a) By cyclic voltammetry in DMSO containing 0.1M
BuyNBF, at a glassy carbon electrode with a scan rate of
100mV s~

E/V (vs. Ag* /Ag)

Figure 4. Cyclic voltammogram of [Cus(L),]-CH3CN-
2CH30H (3) in DMSO containing 0.1M BuyNBF,;
scan rate, 100mV s~!; working electrode, glassy carbon;
auxiliary electrode, platinum wire; reference electrode,
Ag/Ag™T.

[Cu(HL)] (1), [Cu(HL)ICIO4 (2), [Cu3(L)]-CH;CN-
2CH;0H (3), and [Cu(salen)] was studied in DMSO by cyclic
voltammetry and coulometry, the data being listed in Table 2.
The cyclic voltammogram of 3 in DMSO showed quasi-rever-
sible couples at —1.04 and —1.34V vs. Ag/Ag"™ (Figure 4).
The wave heights suggest that the couple at —1.04 V involves
one-electron transfer and that at —1.34 V two-electron transfer.
Coulometry at —1.1V indicated one-electron transfer and that
at —1.4V three-electron transfer. The green solution became
brownish yellow after three-electron reduction. From these re-
sults, we conclude that the couple at —1.04 V is associated with
the redox (Cu'/") of the central copper ion, and the couple at
—1.34V with that of the terminal copper ions; the central
Cu" is more easily reduced to Cu' than the terminal Cu ions.
[Cu(salen)] showed a quasi-reversible Cu'"/! redox couple at
—1.47V, and the quasi-reversible redox couple of 1 (—1.27
V) is almost at the same position as that of the terminal copper
ions of 3 (—1.34 V). The electrochemical behavior of 2 is quite
similar to that of 1. These results for the mononuclear com-
plexes are in accordance with the assignments for the trinuclear
complex, 3. The fact that the central Cu"" ion is more easily
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Table 3. X-ray Crystallographic Data for [Cu(HL)] (1), [Cu(HL")]CIO, (2), [Cus(L),]-CH3CN-.2CH;30H (3),

and [Cu% (L)z] -2CH2C12 (4)
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1 2 3 4
Formula C26H25CUN3O3 C|9H22C1CUN306 C56H59CU3N703 C54H52CU3C14N606
Formula weight 491.04 487.4 1148.75 1209.46
Crystal system triclinic monoclinic triclinic triclinic
Space group P1 (No. 2) P2,/c (No. 14) P1 (No. 2) P1 (No. 2)
a//& 11.2711(3) 10.641(3) 11.5062(4) 9.6066(3)
b/;% 13.0802(3) 11.106(3) 13.0414(4) 12.0468(3)
C/A 17.4670(5) 17.996(6) 17.7948(7) 12.2624(4)
a/° 108.3265(9) 90 93.2223(12) 105.6230(10)
B/° 90.3078(9) 98.034(12) 106.8339(12) 107.1180(10)
v/° 115.4161(7) 90 90.6304(11) 97.6770(9)
V/A3 2178.16(10) 2105.8(10) 2550.73(15) 1270.73(7)
VA 4 4 2 1
Dealea/gem™ 1.497 1.537 1.493 1.580
Wu/em™! 10.378 12.049 13.03 15.119
R [I > 2.00(D)] 0.0478 0.0369 0.0807 0.0582
WR,® [all data] 0.1341 0.0967 0.2244 0.1696
T/°C —180 —180 —180 —180

) R = Z||Fo| = [Fe|l/ZIFol. b) wRy = [S(w(F} — F2)*/ZwF3)*]'/2.

Molecule A

Molecule B

Figure 5. ORTEP views of the two independent molecules A and B of [Cu(HL)] (1) with atom numbering scheme showing the
50% probability ellipsoids. Hydrogen atoms, except for those attached to phenolic oxygen atoms, O3 and O6, are omitted for clari-

ty. Color code: green, Cu; blue, N; red, O; black, C.

reduced to Cu' than the terminal copper ions and those of 1 and
2 may be related to the trans-N,O, structure (see below).
Structural Description of [Cu(HL)] (1). Compound 1
crystallized in the triclinic space group P1 (No.2) with
Z = 4. The crystal data are summarized in Table 3. Compound
1 contains two independent molecules, A (Cu(l)) and B
(Cu(2)), in the crystal. Figure 5 shows perspective views of
these two molecules with atom numbering schemes. Selected
bond distances and angles are listed in Table 4. The molecular
structures of A and B are similar to each other. Although the
H;L ligand is potentially hexadentate, one of the arms is not
coordinated to the metal atom, and the ligand serves as a
tetradentate N,O, ligand in 1. The uncoordinated phenolic
oxygen atoms, O(3) and O(6), are not deprotonated and the li-
gand in the complex can be expressed as HL?>~. The phenolic
hydrogen atoms, H(49) and H(50), are hydrogen bonded to
the imine nitrogen atoms, N(3) and N(6), with distances of
0(3)~N(3) = 2.602(3) A and O(6)--N(6) = 2.610(2) A. The
coordination geometry around each copper is slightly distorted
square planar. The dihedral angle between the Cu(1)-N(1)-

O(1) and Cu(1)-N(2)-O(2) planes is 2.60°, and that between
the Cu(2)-N(4)-O(4) and Cu(2)-N(5)-O(5) planes is 5.17°.
As Figure 6a shows, A and B are m—m stacked with A’
(Cu(1”)) and B’ (Cu(2")), respectively, to form dimeric struc-
tures, where A’ and B’ are related to A and B by an inversion
operation, the inversion centers being at the midpoints of the
Cu(1)-~Cu(1’) and Cu(2)--Cu(2’). The Cu(l)--Cu(l’) and
Cu(2)--Cu(2) distances are 3.3116(4) and 3.1084(5) A, respec-
tively, suggesting that direct interaction between the metal
ions will be very small. Stacking is observed between ligand
moieties including O(phenolate)—C(aromatic)-C(aromatic)—
C(imine)-N(imine). The average stacking distance is 3.33A
for A-A’ and 3.18 A for B-B’. Because the two mononuclear
units of a dimer are related by an inversion center, the two
mean coordination planes are parallel. The coordinate system
of a dimer is shown in Figure 6b, the angle (¢) defined by
the line perpendicular to the coordinate plane through a metal
center and the line connecting Cu--Cu’ being 21.9° for A—A’
and 27.8° for B-B’. It has been reported that [Cu(salen)]*
forms dimers bridged through O(phenolate) across the crystal-
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Table 4. Selected Bond Distances (A) and Angles (deg)
with Their Estimated Standard Deviations in Parentheses
for [Cu(HL)] (1) and [Cu(HL")]ClO4 (2)

1
Bond distances//ox
Molecule A Molecule B
Cu(1)-0(1) 1.9120(17) Cu(2)-0(4) 1.914(2)
Cu(1)-0(2) 1.921(2) Cu(2)-0(5) 1.934(2)
Cu(1)-N(1) 2.003(2) Cu(2)-N(4) 2.005(2)
Cu(1)-N(2) 1.975(2) Cu(2)-N(5) 1.974(2)

Bond angles/deg

O(1)-Cu(1)-0(2)  82.13(9) O4)-Cu(2)-0(5) 82.77(8)
O(1)-Cu(1)-N(1) 91.81(9) O@#)-Cu(2)-N4) 91.92(8)
O(1)-Cu(1)-N(2) 172.58(10) O(4)-Cu(2)-N(5) 170.80(6)
O(2)-Cu(1)-N(1) 173.54(8) O(5)-Cu(2)-N(4) 174.04(10)
O0(2)-Cu(1)-N(2) 90.64(9) O(5)-Cu(2)-N(5) 89.36(9)
N(1)-Cu(1)-N(2)  95.48(9) N(4)-Cu(2)-N(5) 96.15(9)
2
Bond distances//ok
Cu(1)-0O(1) 1.9138(17) Cu(1)-0(2) 1.9313(18)
Cu(1)-N(1) 1.955(2) Cu(1)-N(2) 1.956(2)
Bond angles/deg
O(1)-Cu(1)-0(2) 89.26(7) O(1)-Cu(1)-N(1)  93.16(8)
O(1)-Cu(1)-N(2) 165.06(8) O(2)-Cu(1)-N(1) 154.01(8)
O0(2)-Cu(1)-N(2)  93.01(8) N(1)-Cu(1)-N(2)  91.26(9)

(a)

Mono- and Trinuclear Cu'' Complexes

lographic center of symmetry (Cu-O = 2.414(2) A), and the
complex has a “stepped” configuration, as observed with di-
mers of [FeCl(salen)]*>>?* (Figure 6¢-2). Nathan et al.?> report-
ed the X-ray structures of a series of Cu'' complexes with
tetradentate Schiff base ligands derived from salicylaldehyde
and polymethylenediamines of varying chain lengths. When
the number of methylene groups of the alkyl chain is three,
the complex ([Cu(saltn)]) has a distorted tetrahedral structure
with a dihedral angle of 25.4° between the two Cu—N-O planes
and forms a dimeric structure similar to 1 (Figure 6¢-1). It is to
be noted that 1 is only slightly distorted from planarity, 2.60°
for A and 5.17° for B.

The crystal structures of [Cu(HL)] (1) projected along the a-
axis and the c-axis, are shown in Figure S1. Chains composed
of molecules B run parallel along the b-axis, while chains com-
posed of molecules A run parallel along the [110] direction.
Two kinds of 71— stacking exist in 1D chains; one is within
the dimer and the other is between the neighboring dimers.
The average 7—7 stacking distance between the neighboring
dimers is 3.19 A for A and 3.28 A for B.

Structural Description of [Cu(HL')]ClIO4 (2). Com-
pound 2 crystallized in the monoclinic space group P2;/c
(No. 14) with Z = 4. The crystal data are summarized in
Table 3. A perspective view of the complex with atom num-
bering scheme is shown in Figure 7. Hydrogen atoms are omit-
ted for clarity. It is evident that one of the arms of the tripodal
ligand is detached, probably because of thermal hydrolysis of
the imine bond. The amine nitrogen atom thus formed is pro-
tonated to form an ammonium ion, the complex being formu-
lated as [Cu(HL')]C1O4. The perchlorate ion is not coordinat-

Figure 6. Dimeric structures of [Cu(HL)] (1). (a) Structures as viewed along the Cu(1)-Cu(l’) and Cu(2)--Cu(2’) directions.
(b) The coordinate system of a dimer. (c) Comparison of the two dimeric structures, [Cu(HL)] (1, c-1) and [Cu(salen)] (c-2).
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Figure 7. ORTEP view of [Cu(HL')]CIO4 (2) with atom
numbering scheme showing the 50% probability ellip-
soids. Hydrogen atoms are omitted for clarity. Color code:
green, Cu; blue, N; red, O; black, C; yellow, CL

ed, the Cu(1)--O(6) distance being 2.984(2) A. The coordina-
tion arrangement around Cu is distorted square planar; the di-
hedral angle between the Cu(1)-N(1)-O(1) and Cu(1)-N(2)-
O(2) planes is 29.4°.

In the crystal of 2 (Figure S2), adjacent complex cations are
connected by N(3)-H(22)--O(1") and N(3)-H(20)--O(2") hy-
drogen bonds with the N(3)--O(1”) and N(3)--O(2’) distances
of 2.761(3) and 2.700(3) A, respectively, to form a one-dimen-
sional chain structure along the c-axis. The remaining hydro-
gen atom, H(21), attached to N(3) is hydrogen bonded to a per-
chlorate ion (O(4")) with a N(3)--O(4") distance of 2.958(3) A.
Furthermore, the neighboring chains are linked by 77— stack-
ing between the chelate moieties of the complex cations with
the average distance of 3.39A to form a 2D sheet structure
on the bc-plane.

Structural Description of [Cu3(L);]-CH3CN-2CH30OH
(3). The crystal subjected to X-ray crystallography involved
an acetonitrile molecule and two methanol molecules as sol-
vent molecules of crystallization. Compound 3 crystallized
in the triclinic space group P1 (No. 2) with Z = 2. The crystal
data are summarized in Table 3. Compound 3 contains two
kinds of molecules, A and B, in the crystal. Figure 8 shows
perspective views of these two molecules with atom number-
ing schemes. Selected bond distances and angles are listed in
Table 5. Molecules A and B have crystallographic centers of
symmetry at Cu(2) and Cu(4), respectively. An imine nitrogen
atom and a phenolate oxygen atom of one arm of each terminal
unit coordinate to the central Cul ion to form a trinuclear com-
plex. The central Cu'l ions (Cu(2) and Cu(4)) have a perfect
square-planar structure with trans-N,O, donor atoms, while
the terminal Cu" ions (Cu(l) and Cu(3)) have a distorted
square-planar structure with cis-N,O, donor atoms. The dihe-
dral angle between the Cu(1)-N(1)-O(1) and Cu(1)-N(2)-
O(2) planes is 31.38° and that between the Cu(3)-N(4)-O(4)
and Cu(3)-N(5)-O(5) planes is 20.65°. The distance between
the neighboring Cu ions is 5.9799(6);& for Cu(1)--Cu(2) and
5.3008(6) A for Cu(3)-Cu(4).

Figure S3 shows the crystal structure of 3. The neighboring
molecules of the same kind are 71— stacked, and chains com-
posed of molecules A and those composed of molecules B run
parallel along the b-axis. The manner of stacking is different
between the two chains. The salicylideneamino moieties are
stacked in A--A, while in BB, stacking is observed between
the ligand moieties including O(phenolate)-C(aromatic)—
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Molecule B

Figure 8. ORTEP views of molecules A (top) and B
(bottom) of [Cus(L),]-CH3;CN.2CH30H (3) with atom
numbering scheme showing the 50% probability ellip-
soids. The solvent molecules and hydrogen atoms are
omitted for clarity. Color code: green, Cu; blue, N; red,
O; black, C.

C(aromatic)-C(imine)-N(imine) as in the dimeric structure
of [Cu(HL)] (1). The average intermolecular 77— stacking
distance is 3.30A for A-A (Cu-~Cu = 6.9961(8)A) and
3.80 A for B--B (Cu-Cu = 3.9128(9) A).

Structural Description of [Cu3z(L);]-2CH,Cl, (4). The
crystal subjected to X-ray crystallography included two di-
chloromethane molecules. Compound 4 crystallized in the tri-
clinic space group P1 (No. 2) with Z = 1. The crystal data are
summarized in Table 3. Figure 9 shows a perspective view of
the molecule with atom numbering schemes. Selected bond
distances and angles are listed in Table 5. The complex has
a crystallographic inversion center at Cu(2). An imine nitrogen
atom and a phenolate oxygen atom of one arm of each terminal
unit coordinate to the central Cu ion to form a trinuclear com-
plex, as in the case of 3. The central Cu(2) atom has a perfect
square-planar structure with trans-N,O, donor atoms, while
the terminal Cu(l) and Cu(1’) atoms have a distorted square-
planar structure with cis-N,O;, donor atoms. The dihedral
angle between the Cu(1)-N(1)-O(1) and Cu(1)-N(2)-O(2)
planes is 34.28°. The distance between Cu(l)--Cu(2) is
4.9830(5) A and that between Cu(1)--Cu(1’) is 9.9659(7) A.

Figure S4 shows the crystal structure of 4. The packing
manner is different from that in 3. Neighboring molecules
are 7T-7T stacked between the chelate moieties including
O(phenolate)-C(aromatic)—C(aromatic)—C(imine)-N(imine)
and a 1D chain structure is formed along the c-axis. The
average intermolecular -7 stacking distance is 3.88A
(Cu--Cu = 4.7430(6) A).
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Table 5. Selected Bond Distances (;\) and Angles (deg)
with Their Estimated Standard Deviations in Parentheses

for [Cus(L),]-CH;CN-2CH;0H (3),

2CH,Cl, (4)

and [Cuz(L)2]-

3

Bond distances/ A

Mono- and Trinuclear Cu'' Complexes

Magnetic Properties of [Cu(HL)] (1) and [Cu(HL')]C1O4
(2). Temperature-dependent molar susceptibility measure-
ments of powdered samples of 1 and 2 were carried out at
an applied field of 1T in the temperature range 1.9-300 K.
The data are presented as plots of )y, vs. T and YT vs. T
in Figure 10, where ), is the molar magnetic susceptibility
and T is the absolute temperature. The xy7 value of 1 at

Molecule A Molecule B 300K (0.425cm’ Kmol™') is larger than the spin-only value
Cu(1)-N(1) 1.947(4)  Cu(3)-N(4) 1.937(5) (0..37.5 cm?Kmol™!) for a d° Conﬁgurati(?n ) = 1/2) but
Cu(1)-0(1) 1.876(4)  Cu(3)-N(5) 1.970(3) within the range normally found f01.r magnetically diluted cop-
Cu(1)-N(2) 1941(4)  Cu(3)-0(4) 1.896(3) per.(II) complexes. The )T value is almost constant over the
Cu(1-0(2) 1.905(3)  Cu(3)-0(5) 1.874(4) entire temperature region except for a steep drop below 12 K.
Cu(2)-N(3) 2.004(4)  Cu(4)-0(6) 1.928(4) We have seen that the complex consists of dimers formed by
Cu(2)-0(3) 1.897(3)  Cu(4)-N(6) 2.030(4) -7 stacking of the mononuclear components, and fits to

Bond angles/deg

the experimental data were performed using the Bleaney—
Bowers equation to take the magnetic interaction within the di-
mer into consideration. Temperature-independent paramagnet-

N(1)-Cu(1)-N@2)  91.52(17) N(4)-Cu(3)-N(5)  91.30(18) ism was also taken into consideration (Nov = 60 x 10~°cm?
O(1)-Cu(1)-0(2 89.84(17) 0O(4)-Cu(3)-0(5 87.45(17 _ .
OEI%—CEE]?—OE]? 03 00217; NES;—CEES;—O%; 0 51217; mol~!). The best-ﬁ} parameters obtameq are g(.Cu) = 2.05
NQ)-Cu(1)-0Q2) 9443(18) N(@d)-Cu(3)-0@) 9251(17) and J = —0.46cm™". Compounfi 1 contains two independent
N(1)-Cu(1)-0(2) 159.18(18) N(4)-Cu(3)-0(5) 166.45(8) but similar molecules, A and B, in the crystal, and the magnet-
0(2)-Cu(1)-N(2) 15542(17) N(5)-Cu(3)-0(4) 163.67(7) ic data should be the average for these molecules. The negative
N(@3)-Cu(2)-0(3)  90.74(16) N(6)-Cu(4)-0(6)  90.99(18)
N(@3)-Cu(2)-0(3") 89.26(16) N(6)-Cu(4)-0(6") 89.01(18)
N(3)-Cu(2)-N(3") 180.0(2) N(6)-Cu(4)-N(6') 180.0(2)
0(3)-Cu(2)-0(3") 180.0(2) 0O(6)-Cu(4)-0(6') 180.0(2)
4
Bond distances/;\
Cu(1)-N(1) 1.962(3) Cu(1)-0(2) 1.918(3)
Cu(1)-0O(1) 1.909(2) Cu(2)-N(3) 2.005(2)
Cu(1)-N(2) 1.949(3) Cu(2)-0(3) 1.914(2)
Bond angles/deg
N(D)-Cu(1)-N@) — 95.489)  N2)-Cu(1)-O(D)  172.58(10) " pigure 9. ORTEP view of molecules of [Cus(L),]-
3(})_2](})_8(? gféi(g) g(i)_gu(?—g(;) ggg(z) 2CH,Cl, (4) with atom numbering scheme showing the
()~-Cu(1)-0(1) 8109) (3)-Cu(2)-0(3") T1(8) 50% probability ellipsoids. The solvent molecules and hy-
E(?—gu(i)_g(? 132‘23(2) g(g)_gu(i)_g(? g?gg(z) drogen atoms are omitted for clarity. Color code: green,
(1)-Cu(1)-0) S48) NE)-Cu2)-0(3) 91.92(8) Cu; blue, N; red, O; black, C.
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0z . T T T T T 1 0.2 T T T T T 1
408 -4 08
015 b 015 b
g I
5 {08 5 408
z X E X
« uf ”E e o1f ”g
< s oo s sssssanssnsnsent o B S s B
= 9 E ™ ’_.-.-.w"‘nvmooqs-o-;oo¢--oo- a3
0.05 f 0.05 :
' Jo02 1 102
0 \NO-ao.oo.ac--a-n.-.. o 0 k-nuc-..o..---.n.... o
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK TIK

Figure 10. Magnetic behaviors of (a) [Cu(HL)] (1) and (b) [Cu(HL")]CIO4 (2) in the form of xy; vs. T and xuT vs. T plots.
The solid lines are generated from the best-fit magnetic parameters (cf. text).
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Figure 11. Magnetic behaviors of (a) [Cuz(L);]-CH3CN-2CH3OH (3) and (b) [Cu3(L),]-2CH,Cl; (4) in the form of )y vs. T and
XmT vs. T plots. The solid lines are generated from the best-fit magnetic parameters (cf. text).

J value indicates that antiferromagnetic interaction operates in
1. We ignored the interdimer interaction, because the magnetic
interaction between the dimers should be negligibly small (see
Figure S1). The J value is small as we expected from the struc-
tural data. It should be noted that the corresponding intradimer
exchange parameter for [Cu(salen)] is ferromagnetic (J =
+9.3cm™"),?0 where the dimeric structure is different from
that of 1.

The T value of 2 at 300K (0.383 cm® K mol~!) is nearly
the same as for the spin-only value (0.375cm? Kmol™!) for a
d’ configuration (S = 1/2). The xyT value is almost constant
except for a steep drop below 16 K. We notice that 2 also in-
volves m—7r stacking between the chelate moieties of the
mononuclear units as 1 does. By using the same method as
for 1, we obtained the following parameters. g(Cu) = 1.98,
J=—0.64cm™! for 2.

Magnetic Properties of [Cu3(L),]-CH3CN-.2CH30H (3)
and [Cu3(L);]-2CH,Cl; (4). The magnetic susceptibility
measurements for 3 and 4 were carried out under the same
conditions as for 1 and 2, the data being presented as plots
of xp vs. T and T vs. T in Figure 11. The x\,T value of
3 at 300K (1.317cm?® Kmol™') is larger than the spin-only
value (1.125 cm® K mol~!) for three independent d° configura-
tions (S = 1/2) but within the range normally found for such
complexes. The )y T value is almost constant over the entire
temperature region, except for a steep increase below 10K.
A relatively large number of triangular or linear CulCu2-
Cul-type trinuclear species have been described.”’ There are
two equal Cul-Cu2 and Cul’-Cu2 interaction pathways and
a Cul-Cul’ pathway in 3. Because the Cu(1)--Cu(2) distance
(av. 5.6404(6) A) and the Cu(l)--Cu(l’) distance (av.
11.2806(9) A) are large, and the bridging group involves mag-
netically noninteracting sp® carbon atoms, we assumed the in-
tramolecular magnetic interaction Jeyi_cy2 = Jewr—cu2 = 0 and
Jeui—curr = 0. Thus, fits to the experimental data were per-
formed using eq 1 which is the sum of the susceptibility
for three magnetically independent Cu'l. N, B, and k are the
Avogadro constant, electronic Bohr magneton, and Boltzmann
constant, respectively. Two g factors gcy; and gcy» are em-
ployed because the geometries are difference between Cu(l)
and Cu(2). Temperature-independent paramagnetism was also

taken into consideration (No¢ = 60 x 10~° cm? mol~'). Weiss
constant @ was introduced to evaluate the intermolecular
magnetic interaction.

__ NP
T AKT - 6)

Compound 3 contains two independent but similar mole-
cules, A and B, in the crystal, and the parameters obtained
should be the average for these molecules. The best-fit param-
eters obtained are as follows; gcy1 = gcurr = 2.23, gewr =
2.16, and 6 = 0.19cm™'. The intermolecular coupling con-
stant J was calculated using eq 2. The crystal structure analy-
sis of 3 showed that each molecule is linked with two neigh-
boring molecules through 77— interaction, and thus z = 2.
The calculation (z = 2, S = 1/2) gives J = +0.13cm™!.

0 = [22J5(S + 1)]/3k. )

The T value of 4 at 300K (1.314 cm?® Kmol™") is almost
the same as for 3 at 300K (1.317 cm® K mol™"), this value be-
ing larger than the spin-only value (1.125cm?Kmol™") for
three independent d° configurations (S = 1/2). The x,,T value
is almost constant over the entire temperature region except for
a slight decrease below 5 K. The data were analyzed by the
same procedure as for 3 to give the best-fit parameters:
gcul = gcur = 2.19, gewr =2.09, and 8 = —0.08cm™". The
negative 6 value indicates that there exists antiferromagnetic
interaction between the molecules. By using eq 2, we obtained
the intermolecular coupling constant J = —0.06cm™!. The J
value is negative as opposed to the positive value for 3. The
extremely weak antiferromagnetic interaction (J = —0.06
cm™') in 4 between the trinuclear molecules can be explained
in terms of the weak 77 stacking. In the crystal of 4, neigh-
boring molecules are 77— stacked between the chelate moie-
ties as in 1 and 2, both of which exhibit an antiferromagnetic
interaction (—0.46cm™! in 1; —0.64cm™! in 2). The average
intermolecular 77— stacking distance for 4 (3.88 A) is larger
than those for 1 (3.33 and 3.18 A) and 2 (3.39 A) to weaken
the antiferromagnetic interaction. Complex 3 exhibit a small
ferromagnetic interaction (J/ = +0.13cm™'), and we can ex-
plain it as the result of two competing interactions. In the crys-
tal of 3, there are two kinds of intermolecular 77— stacking in-

Am (28cu1” + gow®) + Na. (D
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teractions, i.e., the stacking between the chelate moieties and
the stacking between the salicylideneamino moieties. All the
other complexes, 1, 2, and 4, involve only stacking between
the chelate moieties and they exhibit an antiferromagnetic in-
teraction. We presume that the stacking between the chelate
moieties and the stacking between the salicylaldehyde moie-
ties induces an antiferromagnetic and a ferromagnetic interac-
tion, respectively. Although both the antiferromagnetic and
ferromagnetic interactions operate in 3, the ferromagnetic in-
teraction seems to surpass the antiferromagnetic interaction
because the latter is negligibly small due to a large 77— stack-
ing distance (3.80 A). Thus, a small ferromagnetic interaction
is observed in 3.

Concluding Remarks

By the reaction of H;L and Cu", we obtained four kinds
of Cu complexes. Two of them are mononuclear, [Cu(HL)]
(1) and [Cu(HL')]ClO4 (2), and the others are trinuclear,
[Cus(L),]-CH3CN-2CH;30H (3) and [Cu3(L)2]-2CH,Cl, (4).
In 2, one of the three arms was disconnected probably because
of hydrolysis. Although the chemical formulas of the Cul
complexes are the same as those of the Ni' complexes,
[MT(HL)] and [M"5(L),] (M = Cu and Ni), the coordination
arrangement around the metal ion is different; square planar
(Cu') vs. octahedral (Ni"). The electronic spectra and electro-
chemical properties of 1 and 2 are quite similar to each other,
because they have similar molecular structures. The two trinu-
clear complexes, 3 and 4, also have a similar molecular struc-
ture to each other, and their solution properties are identical.
All of the complexes, 1-4, involve 71— stacking interactions
between the molecules in the crystal structures, which are re-
sponsible for weak magnetic interactions. Of all the com-
plexes, only 3 shows a ferromagnetic interaction. The differ-
ence in magnetic interactions, ferromagnetic and antiferromag-
netic, seems to be due to the different 77— stacking modes
between the molecules. In the crystal structure of 3, there
are two kinds of intermolecular 77— stacking interactions,
i.e., the stacking between the chelate moieties and the stacking
between the salicylideneamino moieties. All the other com-
plexes, 1, 2, and 4, involve only stacking between the chelate
moieties. Thus, we presume that the stacking between the che-
late moieties and the stacking between the salicylaldehyde
moieties induces an antiferromagnetic and a ferromagnetic in-
teraction, respectively. Although both antiferromagnetic and
ferromagnetic interactions exist in 3, the ferromagnetic inter-
action seems to be a little larger than the antiferromagnetic
interaction resulting in the overall ferromagnetic interaction.
The extremely small antiferromagnetic interaction observed
in 4 can be explained in terms of the weak -7 stacking.

Experimental

Caution. Perchlorate salts of metal complexes are potentially
explosive. Only small quantities of material should be prepared
and the samples should be handled with care.

Materials. All reagents and solvents in the syntheses were of
reagent grade, and they were used without further purification.
Tris(aminomethyl)ethane was prepared by the method of Fleischer
et al.,”® and the Schiff base ligand, H3L, was prepared by a method
reported previously.”?

Mono- and Trinuclear Cu'' Complexes

[Cu(HL)]-0.5H,O (1). An ethanol solution (5cm?) of
Cu(CH3COO),-H,0 (20 mg, 0.10 mmol) was added to a suspen-
sion of H3L (128 mg, 0.30 mmol) in ethanol (10cm?®), and the
mixture was stirred at room temperature. After the reaction
mixture was filtered, the filtrate was allowed to stand for several
days to give green crystals. Yield 48 mg (49%). Recrystallization
from dichloromethane—ethanol afforded crystals of diffraction
quality. Anal. Found: C, 62.78; H, 5.15; N, 8.42%. Calcd for
C26H26CUN3O3A5 = [CU(HL)]-O.5H20 (1)2 C, 62.45; H, 5.24; N,
8.40%. IR (KBr disk): W(C=Njpise) 1622, 1640 (sh) cm™!.

[Cu(HL')]C104-H,O (2). Triethylamine (10 mg, 0.10 mmol)
was added to a suspension of HiL (85 mg, 0.20 mmol) in ethanol
(10cm?), and the mixture was heated to give a pale yellow solu-
tion. Cu(ClOy,), -6H,0 (37 mg, 0.10 mmol) in ethanol (5 cm?®) was
added to this solution, and the mixture was stirred for 10 h at room
temperature. The resulting green precipitate was collected by
filtration. Yield: 24 mg (47%). The product was recrystallized
from acetonitrile—ethanol. Anal. Found: C, 45.33; H, 4.28; N,
7.79%. Calcd for C9H4CICuN30O; = [Cu(HL")]ClO4-H,0 (2):
C, 45.15; H, 4.79; N, 831%. IR (KBr disk): v(N-H) 3131;
V(C=Ninine) 1626; 1(C10,7) 1157, 1110, 1088 cm™!.

[Cu3(L),;]-CH3CN-2CH30H (3). A methanol solution
(15 cm?) of Cu(CH3COO0),-H,0 (30 mg, 0.15 mmol) and a meth-
anol solution (5cm?) of triethylamine (30 mg, 0.30 mmol) were
added to an acetonitrile solution (25cm’) of H;L (43 mg,
0.10mmol), and the mixture was stirred vigorously. After the
reaction mixture was filtered, the filtrate was allowed to stand
for a few days to give green crystals. They were collected by fil-
tration. Yield 45mg (40%). Anal. Found: C, 57.12; H, 4.66; N,
7.75%. Calcd for C53H56CU3N609 = [CU3(L)2]-CH3OH-2H202
C, 57.26; H, 5.08; N, 7.56%. The crystals ([Cus(L),]-CH3CN-
2CH;OH (3)) obtained by recrystallization from CH;CN-CH;OH
were used for X-ray structure analysis and other measurements.
IR (KBr disc): V(C=Nimine) 1626cm".

[Cu3(L);]-2CH,Cl, (4). An ethanol solution (15cm?) of
Cu(CH3COO),-H,0 (30 mg, 0.15 mmol) and an ethanol solution
(5cm?) of triethylamine (30 mg, 0.30 mmol) were added to a di-
chloromethane solution (25cm?®) of Hi;L (43mg, 0.10 mmol),
and the mixture was stirred vigorously. After the reaction mixture
was filtered, the filtrate was allowed to stand for a few days to give
green crystals. They were collected by filtration. Yield 67 mg
(55%). Anal. Found: C, 53.12; H, 4.20; N, 6.86%. Calcd for
C54H52C14C113N606 = [CU3(L)2]°2CH2C12 (4) C, 5345, H,
4.32; N, 6.93%. IR (KBr disk): V(C=Njpin) 1623 cm™!.

Physical Measurements. UV-visible absorption spectra were
recorded using a JASCO Ubest-550 spectrophotometer, and the
infrared spectra were measured using a JASCO FT/IR-550 spec-
trophotometer. The magnetic susceptibilities were measured using
a Quantum Design MPMS SQUID magnetometer in the tempera-
ture range 1.9-300K at an applied magnetic field of 1T. A dia-
magnetic correction was applied using Pascal’s constants.?’ Ele-
mental analyses were carried out on a Perkin-Elmer 240011 ele-
mental analyzer. Cyclic voltammetry measurements were per-
formed using a Fuso HECS 321B potential sweep unit and a
Fuso HECS 312B potentiostat with dimethyl sulfoxide (DMSO)
solutions containing BusNBF, (0.1 M) as the supporting electro-
Iyte. The electrochemical cell was a three-electrode system con-
sisting of a glassy carbon working electrode, a platinum wire aux-
iliary electrode, and an Ag/Ag"™ (Ag/0.01 M AgNOs;) reference
electrode. As an external standard, the Fc/Fct (Fc = ferrocene)
couple was observed at +0.17 V vs. Ag/Ag™ under the same con-
ditions. Coulometric studies were carried out on the same appara-
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tus using a platinum gauze as a working electrode.

X-ray Data Collection, Reduction, and Crystal Structure
Determination. Each single crystal of 1-3 was sealed in a glass
capillary with the mother liquor to prevent loss of the solvent
molecules of crystallization. A crystal of 4 was mounted by using
the MicroMesh™ method. The X-ray measurements were made
on a Rigaku RAXIS RAPID II imaging plate area detector
with graphite monochromated Mo Ko radiation (4 = 0.71069 A).
The structures were solved using direct methods (SIR2004,%
SIR92,3® SHELX973!"), and expanded using Fourier techniques.
The structures were refined by full-matrix least-squares based on
F2. All calculations were performed using the CrystalStructure
crystallographic software package.?? Crystallographic data have
been deposited with Cambridge Crystallographic Data Centre:
Deposition numbers CCDC-677299, -677300, -677301, and
-677302 for 1, 2, 3, and 4, respectively. Copies of the data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Fax: +44
1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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entific Research (No. 17350028) from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan, and by
the Tketani Science and Technology Foundation. T. Y. was
supported by the JSPS program for Research Fellowships for
Young Scientists (No. 17003601).

Supporting Information

Crystal structures of [Cu(HL)] (1) (Figure S1), [Cu(HL')]ClO,4
(2) (Figure S2), [Cu3(L),]-CH3CN-2CH30H (3) (Figure S3), and
[Cus(L),]-2CH,Cl, (4) (Figure S4). This material is available
free of charge on the Web at: http://www.csj.jp/journals/bcsj/.
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