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Abstract 

A convenient synthesis of four, new, tridentate- 
NzO ligands which are monocondensation products 
of pentane-2,4-dione and aliphatic a,w-diamines is 
described, and the basic properties of these ligands 
are reported. The reaction of one of them, 8-amino-5 
aza-4-methyl-3-octene-2-one, HL’, with copper(H) 
perchlorate affords the trinuclear pL3-hydroxo bridged 
complex [(CuL’),(OH)](ClO,),. The single-crystal 
X-ray structure, spectroscopic and magnetic pro- 
perties of this complex are described. The trinuclear 
cation consists of three CuL’ subunits bound by a 
triply-bridging hydroxy group and three bridges 
formed by carbonyl oxygen atoms of three ligand 
molecules. Two trinuclear cations are held together 
within the unit cell by hydrogen bonding to the 
perchlorate anions. Crystallographic data: triclinic 
space group Pi (No. 2), II = 11.720(l), b = 12.283(2), 
c= 14.252(2) A; a=71.78(1)‘, fl=81.07(1)“, y= 
65.69(l)‘, final R and R, factors are 0.0418 and 
0.0536 respectively. Magnetic susceptibility data 
indicate a weak antiferromagnetic exchange within 
the trinuclear core with J = - 15 cm-‘. 

Introduction 

Recently, we reported [l] the synthesis of the 
monocondensation product between pentane-2,4- 
dione and 1,2_diaminoethane, i.e. 7-amino-S-aza4- 
methyl-3-heptene-2-one HL’. This compound proved 
to be an excellent intermediate for the preparation 
of a number of unsymmetrical tetradentate Schiff 
base ligands [l-7] by simple condensation of its 
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free primary amino group with a carbonyl or ethoxy- 
methylene group of a variety of reagents. Moreover, 
HL” can itself act as a tridentate ligand to accom- 
modate a variety of coordination geometries [g-14]. 
Preparation of HL” is not straightforward since 
aliphatic diamines display a strong tendency for both 
primary amino groups to react with P-diketones; 
this consequently leads to symmetrical bis-imino 
tetradentate products [15]. In the preparation of 
HL” we utilized a several-fold excess of diamine 
(with respect to diketone) to prevent formation of 
the bis-imine product and favor condensation at 
only one end of the diamine. Further studies have 
revealed that this approach is generally applicable 
and in this paper we report the preparation of four 
new monocondensation products of pentane-2,4- 
dione and linear homologues of 1,2-diaminoethane. 
All of the resulting tridentate-NzO ligands react 
readily with transition metal ions to form colored 
complexes. We report here the preparation, properties 
and single crystal X-ray structure of the Cu(II) com- 
plex isolated from the reaction of one of the mono- 
condensation products, 8-amino-5-aza-4-methyl-3- 
octene-2-one, HL’, with copper perchlorate. This 
compound,[(CuL’)3(OH)](C104)2, incorporates an 
interesting trinuclear Cu304 cluster formed by 
three copper atoms, three bridging carbonyl oxygen 
atoms, and one triply-bridging hydroxy group. 

Experimental 

Materials 

Diamines (1,3-diaminopropane, 1,4-diamino- 
butane, 1,5_diaminopentane, 1,6_diaminohexane) and 
triethylamine were dried over potassium hydroxide 
and distilled prior to use. Pentane-2,4-dione was 
dried over anhydrous sodium sulphate and distilled; 
the fraction boiling at 138-139 “C was collected. 
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All other chemicals were reagent grade and were 
used without further purification. 

Ligands HL’-HL’ 
Freshly distilled pentane-2,4-dione (0.05 mol) 

in 20 ml of absolute ethanol was added slowly to 
a vigorously stirred and cooled solution of the 
appropriate diamine (0.15 mol) in 120 ml of absolute 
ethanol. The temperature was maintained at ca. 
10 “C. After the addition was complete, the mixture 
was stirred for an additional 15 min. Then the 
solvent and unreacted diamine were removed by 
evaporation and the oily residue was immediately 
distilled under reduced pressure. In this manner, the 
following ligands were obtained. HL’: 8-amino-S- 
aza-4-methyl-3-octene-2-one, boiling point (b.p.) 
110 “C/O.5 mmHg, yield 58%; HL’: 9-amino-5-aza- 
4-methyl-3-nonene-2-one, b.p. 125 “C/O.2 mmHg, 
yield 53%; HL3: lo-amino-5-aza4-methyl-3-decene- 
2-one, b.p. 137 “C/O.2 mmHg, yield 47%; HL4: 
11 -amino-5-aza-4-methyl-3-undecene-2-one, b.p. 140 
“C/O.1 mmHg, yield 40%. The yields are relative to 
the amount of pentane-2,4-dione used. 

(p3-Hydroxo)tris(p-8~mino-5aza-4-methyl-3#ctene- 
2_onato)tricopper(II) Perchlorate, ((CUL~)~/OH)]- 
(Cl04 12 

Copper perchlorate hexahydrate (0.01 mol) in 
methanol (50 ml) was refluxed with 2,2-dimethoxy- 
propane for several hours in an attempt to obtain 
an anhydrous source of Cu(I1). After evaporation of 
the solvents, the dark oily residue was redissolved 
in 50 ml of methanol and a solution containing 0.01 
mol of HL’ and 0.01 mol of anhydrous triethylamine 
was added. The mixture was stirred at room temper- 
ature for 1 h and then concentrated under reduced 
pressure to yield a precipitate of the copper complex. 
The complex was recovered by filtration, washed 
with cold methanol and recrystallized from 
~-r;~a;ol-diisopropyl ether to give [(CuL’)s(OH)]- 

as emerald green crystals. Melting point 
(m.pf) ;87 “C; yield 50-60%. Anal. Found: C, 32.9; 
H, 5.3; N, 9.5. Calc. for CU~C~~H~~N~O,~C~~: C, 
33.0; H, 5.3 ; N, 9.6%. 

Physical Measurements 
Elemental analyses were performed on a Carlo 

Erba MOD 1106 Elemental Analyzer. FD (field 
desorption) mass spectra were recorded on a Varian 
MAT 711 spectrometer, ‘H NMR spectra on a Tesla 
BS487 80 MHz spectrometer, EPR spectra on a JES- 
ME-3X spectrometer working at 9 GHz, visible 
spectra on a Perkin-Elmer 402 spectrometer, and IR 
spectra on a Perkin-Elmer 621 spectrometer in Nujol 
or hexachlorobutadiene mulls. Conductance measure- 
ments were made with a K-58 conducting bridge 
constructed at the Technical University of Warsaw. 

The magnetic susceptibility of the powdered 
copper complex was measured in the 4.5-290 K 
temperature range using a Faraday magnetometer. 
Mercury tetrakis(thiocyanato)cobaltate was used as 
the susceptibility standard, and the data were cor- 
rected for diamagnetism (estimated as -340 X 10e6 
cgsu for the complex) and for TIP (the value of 
60 X 10e6 cgsu per copper atom was used). 

X-ray Crystallography of [(CuL’)3 (OH)J(C104)~ 
A suitable crystal of [(CuL’)s(OH)](ClO,)z was 

isolated, mounted on the tip of a glass fiber with 
epoxy cement, and transferred to a Nicolet R3m 
four-circle diffractometer for characterization and 
data collection. Unit cell parameters were deter- 
mined from the angular settings of 15 well-centered 
reflections (20” < 20 < 29O). Axial photographs, 
and a limited search through an octant of reciprocal 
space revealed a lack of systematic absences and sym- 
metry indicating that the sample had crystallized 
in one of the triclinic space groups, i.e. Pl or Pi. 

e/20 scans were collected with variable scan speeds 
ranging from 2.0 to 29.3”/min. One hemisphere of 
data (+h, *k, +I) was collected with 20 restricted 
to 3’-45”. A total of 4882 reflections were mea- 
sured, and corrected for Lorentz-polarization and 
absorption effects (empirical absorption correction 
based on 5 azimuthal reflections). The minimum 
and maximum drift corrections were 0.9864 and 
1.005 1, respectively. Data averaging yielded 4307 
unique reflections of which 3 190 had F> 6a(F) 
with Ri, = 0.0149. 

The structure was successfully solved and refined 
by full-matrix least-squares in the triclinic space 
groups Pi (No. 2). A combination of direct methods 
(SHELXS with the TREF option) and Fourier 
techniques were used to locate the positions of the 
non-hydrogen atoms. Isotropic refinement of this 
model with unit weights converged to R = 0.0757 
with uncorrected data. Anisotropic refinement 
yielded R = 0.0528. Subsequent cycles of least- 
squares included absorption corrected data, a weight- 
ing scheme based on a(F), and hydrogen atoms 
riding on their respective carbon atoms with a C-H 
distance of 0.96 A. The coordinates and isotropic 
temperature parameter for the hydroxy hydrogen 
atom H(4’) were free to vary. All of the N-H bond 
lengths were constrained to 0.87 A with their re- 
spective H atom coordinates being free to vary. 
All of the C- and N-bound hydrogen atoms were 
assigned fixed isotropic parameters of 0.08 AZ. 
The final values for the refinement indices are given 
in Table I along with the crystal data and data col- 
lection parameters. Fractional atomic coordinates 
and equivalent isotropic displacement parameters 
for the non-hydrogen atoms are assembled in Table 
II. See also ‘Supplementary Material’. 
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Fig. 2. A perspective view of the [(CuL’),(OH)]*+ cation 
including the atom numbering scheme. Hydrogen atoms are 
omitted for clarity. 

and 3.3 17 A, and the three Cu-Cu-Cu angles are 
61.0”, 59.9’ and 59.1”). The face-capping oxygen 
atom O(4) is situated approximately 0.77 a above 
the 0.1~ plane. The Cu-O(4)-Cu angles are in the 
range 104.5”-108.4” which indicate sp3 hybridiza- 
tion for the hydroxy oxygen atom. Each copper atom 
adopts a square pyramidal geometry, with the 
hydroxy oxygen atom and the three donor atoms of 
a single L’ ligand occupying the four basal sites, and 
the carbonyl oxygen atom of a second L’ moiety 
occupying the fifth apical position. Each carbonyl 
oxygen atom within the basal plane of one CuL’ 
subunit is in turn apical to a copper atom in another 
subunit (Fig. 3). 

There are only negligible discrepancies among 
the corresponding bond lengths and angles of the 
three CuL’ subunits, however the overall structure 
lacks any element of three-fold symmetry. The 
Cu-0 and Cu.-N distances are not unusual and are 
comparable to those reported for analogous systems 
[9,11]. The square pyramidal geometry within each 
subunit is distorted in the usual way, i.e. the copper 
ion is displaced from the basal plane towards the 
apical oxygen atom by 0.08-0.14 8. 

Two six-membered chelate rings are present in 
each subunit. The one incorporating the /3-diketone 
core is essentially planar. A detailed examination of 
the bond lengths in this fragment of the molecule 
reveals that the C(5)-N(2) and C(6)-C(7) distances 
are relatively short (1.3 12 and 1.342 8, respectively) 
and are close to typical double bond lengths (1.252- 
1.303 a for C=N [17-191 and 1.337 A for C=C 
[20]). On the other hand the C(5)-C(6) and C(7)- 
O(1) distances (1.399 and 1.3 11 8, respectively) 
are relatively long for double bonds (typically 1.337 

TABLE IV. Bond Distances (A) for Non-hydrogen Atoms in 

[(CuL’ja(OHj] (C104jz’ 

Cu(l)-O(1) 
Cu(l)-O(3) 
Cu(lj-O(4) 
Cu(lj-N(1) 
Cu(lj-N(2) 
Cu(Zj-O( 1) 
Cu(2j-O(2) 
Cu(2j-O(4) 
Cu(2j-N(3) 
Cu(2)-N(4) 
Cu(3j-O(2) 
Cu(3j-O(3) 
Cu(3j-O(4) 
Cu(3j-N(5) 
Cu(3j-N(6) 
O(4)-H(4’j 

0(1)-C(7) 
O(2)-C(15j 
O(3)-C(23) 

N(l)-C(1) 
N(2)-C(3) 
N(2)-C(5) 
N(3)-C(9) 
N(4)-C( 11) 
N(4)-C(13j 
N(S)-C(17j 
N(6)-C(19j 
N(6)-C(21j 

C( 1 bCc3 
C(2)-C(3) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(7) 

C(7)-C(8) 
C(9)-C( 10) 
C(IO)-C(11j 
C(12)-C(13j 
C( 13)~C( 14) 
C(14)-C(15j 
C(15)-C(16j 
C(17)-C(18j 
C(18)-C(19j 
C(20)-C(21) 
C(21)-C(22j 
C(22)-C(23j 
C(23)-C(24) 
Cl(l)-O(5) 
Cl(l)-O(6) 
Cl(l)-O(7) 
Cl(l)-O(8) 
U(2)-O(9) 
C1(2j-O( 10) 
U(2)-O(l1) 
C1(2)-O( 12) 
C](2)-0(10’J 
U(2)-O( 11’) 
C1(2)-O(123 

1.915(5) 
2.368(4) 
2.045(5) 
2.011(6) 
1.961(5) 
2.343(4) 
1.917(4) 
2.044(5) 
1.996(6) 
1.967(5) 
2.414(4) 
1.918(4) 
2.047(4) 
1.995(6) 

1.967(5) 
0.767(71) 
1.311(8) 
1.295(7) 
1.296(7) 
1.472(9) 
1.483(g) 
1.312(9) 
1.472(10) 
1.485(g) 
1.310(8) 
1.478(g) 
1.499(9) 
1.328(g) 
1.451(12) 
1.489( 12) 
1.5 19(9j 
1.399(10) 
1.342(9) 
1.501(10) 
1.443(12) 
1.491(13) 
1.511(9) 
1.420(10) 
1.358(g) 
1.497(9) 
1.487(10) 
1.447(11) 
1.507(9) 
1.415(10) 
1.347(9) 
1.505(10) 
1.437(5) 
1.398(6) 
1.397(6) 
1.388(6) 
1.406(8) 
1.407(20) 
1.475(17) 
1.364(17) 
1.444(17) 
1.425(19) 
1.455(18) 

a0(4)-H(4’j bond length is also included in this Table. 
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Fig. 3. An illustration of the CuaO4 core structure of the 
[(CuL’)a(OH)](ClO& complex. 

Fig. 4. An illustration of the hydrogen bonding interactions 

between the [(CuLt)a(OH)]” cation and the perchlorate 

anions in the solid state. 

degree of disorder was observed in the related five- 
membered chelate rings. Evidently, the more flexible 
six-membered rings in [(CUL’)~(OH)](C~O~)~ can 
better satisfy the coordination requirements of the 
copper ion than can the more highly strained five- 
membered rings of the HL” derivative. 

Finally, additional aggregation is observed in the 
solid state due to the presence of hydrogen-bonding 
interactions between the [(CuL’)a(OH)]*’ cations 
and the perchlorate anions. All six of the amine 
hydrogen atoms as well as the hydroxy H atom are 
involved in this hydrogen-bonding (with the two 
crystallographically independent perchlorate anions 
participating to different degrees). One of the two 
perchlorate anion sites exhibits rotational disorder, 
and is involved in only two peripheral hydrogen 
bonds. Aggregation is achieved solely through 
hydrogen-bonding with the other ordered perchlorate 
site. A view of the resulting dimeric centrosymmetric 
superstructure is presented in Fig. 4. 

Properties 
The IR spectrum of [(CuL’)s(OH)](ClO,), ex- 

hibits four absorption bands above 3000 cm-’ (3520, 
3300,3280, and 3165 cm-‘). The band at 3520 cm-’ 

appears within the range typical for O-H stretching 
vibrations in monohydroxo-bridged copper com- 
plexes [21] and is not present in the spectrum of 
the related (CUL’)~C~~ complex [22]. Therefore, this 
band is assigned to v(OH) of the triply-bridging 
hydroxy group. The remaining bands arise from the 
N-H stretching vibrations. The presence of three 
such bands may be attributed to an unequal involve- 
ment of the two hydrogen atoms of the coordinated 
primary amino groups in hydrogen bonding. Hence, 
one of the two N-H vibrations, either the symmetric 
or antisymmetric, is split into two components. 
The presence of two differently situated perchlorate 
anions in the crystal structure supports this hypothes- 
is. The absorption bands due to C=O, C=C, and C=N 
appear at 1595, 1570 and 15 15 cm-‘, respectively. 
The perchlorate anions give rise to a broad feature 
at 1100 cm-’ (~a), a weak absorption band at 930 
cm-’ (vl forbidden in Td symmetry) and a band at 
625 cm-’ (v~). As the perchlorate anions are not 
coordinated to copper, the latter band shows no 
splitting [23]. 

In the visible spectrum of [(CUL’)~(OH)](C~O,), 
a single absorption band at 610 nm and a shoulder 
at approximately 420 nm are observed. The positions 
of these bands are consistent with the observed 
distorted square pyramidal geometry around the 
copper centers. 

The magnetic susceptibility (and effective mag- 
netic moment, perr) of powdered samples of [(Cu- 

L’MOWI (Cl0 > 4 2 over 4.5-270 K are illustrated 
in Fig. 5. These plots indicate the presence of anti- 
ferromagnetic interactions within the trinuclear com- 
plex. As the temperature is lowered, peff decreases 
from 1.80 at 290 K Geff per trinuclear cation = 3.12) 

Ii t 
100 200 

T(K) 
Fig. 5. Temperature dependence of the inverse magnetic sus- 

ceptibilities xcU -’ (a) and the magnetic moment peft per 

copper atom (b) for [(CuL’)~(OH)~(ClO~)~. The solid lines 

are theoretical fits based on eqn. (1) with J = - 15 cm-t and 

K = 2.16. 
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to 1 .12 at 10 K (peri per trinuclear cation = 1.94). 
When three paramagnetic metal ions of S= l/2 are 
equivalent and form an equilateral triangle, the mag- 
netic exchange interaction may be described by the 
single interchange parameter J. In the case of three 
copper ions the corresponding equation has the 
following form [ 241 

Ng’(j&* 1 + 5e3J’kT 
XM= 

4kT 1 + e3JIkT (1) 

A least-squares fit of the data to this equation yields 
thevaluesofJ=-lScm_‘andg=2.16.Thetheoret- 
ical curves based on these optimized parameters and 
eqn. (1) are in reasonable agreement with the exper- 
imental data points as shown in Fig. 5. 

The isotropic exchange interaction between three 
ions of S = l/2 located at the apices of an equilateral 
triangle results in a splitting of the three degenerate 
energy levels into one quartet state with a total spin 
S’ = 3/2, and two degenerate doublet states with S’ = 
l/2; the separation between the states is -3J, i.e. 

45 cm-’ for [(CULL)3(OH)](C104)*. The p,rf value 
for the trinuclear unit at 10 K (1.94) indicates that 
at low temperatures the ground doublet states are 
predominantly occupied and the spin of the whole 
unit is close to l/2. In the lo-100 K region, the 
excited quartet state becomes more and more ac- 
cessible (its population increases with the tempera- 
ture), and is almost entirely populated at 290 K. At 
the lowest temperatures (below 10 K), an increase 
of magnetic moment is observed. This is not expected 
for a trinuclear cluster and indicates weak ferro- 
magnetic coupling between the trinuclear units. 

The value of J = - 15 cm-’ found for [(CUL’)~- 
(OH)](ClO,), is considerably lower than the values 
reported for trinuclear hydroxo-bridged complexes 
with imine-oximato (- 122 to - 1000 cm-‘) [24] 
and pyrrazolato (-200 cm-‘) [25] ligands wherein 
the coordination planes of the three subunits are 
much more coplanar. On the other hand, the 
observed value corresponds well with the value of 
-12 cm-’ found for the more closely related [(Cu- 
L”)3(OH)](C104)2 derivative [ 1 I], wherein the co- 
ordination planes are roughly orthogonal. These 
observations imply that the degree of coplanarity 
of the three CuN20, coordination planes influences 
the magnetic coupling between the paramagnetic 
ions. 

A powdered sample of [(CuL’)3(OH)](ClO& 
shows no room-temperature EPR signal. At 77 K, 
a broad, weak signal is observed with a half-width 
value of cu. 680 gauss and a g value around 2.3. 
At 4.5 K, the spectrum consists of two main com- 
ponents observed at g = 2.170 and 1.970 with a 
shoulder at 2.045. The pattern presumably arises 
from the superposition of the doublet- and quartet- 
state spectra of the trinuclear unit, as well as from 
signals resulting from interactions among trinuclear 

M. Kwiatowski et al. 

units. The higher g value is close to the best-fit value 
of g= 2.16 obtained from the magnetic susceptibility 
data. Therefore, the broadened signal at g = 2.170 
may be tentatively attributed to the doublet-state, 
and most likely represents the superposition of the 
parallel and perpendicular components. 

Supplementary Material 

Tables of anisotropic temperature parameters 
(Table VI), H atom coordinates and isotropic dis- 
placement parameters (Table VII), non-bonding and 
hydrogen-bonding interactions (distances and angles, 
Table VIII), least-squares planes (Table IX), and ob- 
served and calculated structure factors (Table X), 
as well as views of the CuL’ subunits (Fig. 6), the two 
perchlorate anions (Fig. 7), and the trinuclear cation 
(Fig. 8, in stereo) are available upon request from 
author D.M.H. 
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