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Structures have been determined by single-crystal x-ray diffraction studies for copper( 11) complexes of the anions of 
2- [2-(a-pyridyl)ethyl]imino-3-butanone oxime (represented by L2py in formulas) and 2-(2-aminoethyl)imino-3-butanone 
oxime (represented by L2am in formulas). For the first compound, [CU(L~~~)(CH~CN)]~(C~O~)~, the structure consists 
of perchlorate anions and dinuclear cations. The cation occupies a site of twofold symmetry and contains a six-membered 
ring formed by two copper atoms and two oxime (NO) groups; the ring is distinctly nonplanar with a twisted-boat conformation. 
The square-pyramidal coordination of each copper atom consists of the three nitrogen atoms of one ligand and the oxime 
oxygen of the second ligand of the cation in the basal plane and the acetonitrile nitrogen atom in the axial position. Crystal 
data are as follows: space group Pbcn; 2 = 8 formula units (monomeric); a = 23.015 ( S ) ,  b = 8.873 (l), and c = 16.414 
(6) %.; pcald = 1.62 and pobsd = 1.62 (2) g ~ m - ~ ;  R = 0.046 and R,  = 0.045 for 2389 reflections with Z L 3u(Z). For the 
second compound, [ C ~ ~ ( L 2 a m ) ~ ( C 1 0 ~ ) , ]  (CIO4)2, the structure contains centrosymmetric tetranuclear cations and perchlorate 
anions. The asymmetric unit contains two copper atoms bridged by oxime groups to form a six-membered ring similar 
to that in [Cu(L2py)(CH3CN)],(C104),. The square-pyramidal coordination of the copper atoms is also similar to that 
in [Cu(L2py)(CH3CN)I2(C1O4), except for the axial position; for one copper atom of the asymmetric unit the axial position 
is occupied by a perchlorate oxygen and for the remaining copper atom this position is occupied by the oxime oxygen of 
a symmetry-related unit to form a four-membered Cu202 ring about an inversion center. Crystal data are as follows: space 
group Pi; Z = 4 formula units (monomeric); a = 11.576 (2), b = 10.238 (2), and c = 12.838 (3) %.; CY = 123.26 (2), p 
= 98.84 ( l ) ,  and y = 126.31 (1)O; paid = 1.80 and pow = 1.82 (2) g ~ m - ~ ;  R = 0.038 and R,  = 0.040 for 3387 reflections 
with Z 2 3 4 .  The magnetic properties of both compounds indicate antiferromagnetic coupling which is ascribed to 
superexchange via a u pathway through the N O  bridges. 

Introduction 
As part of a general study of polynuclear complexes of 

first-row transition metal ions, we became interested in the 
possibility of oxime groups serving as bridging ligands. In 
complexes, the nitrogen atom of an oxime group is usually 
coordinated to a metal ion; bridging would be expected to occur 
through coordination of one or more additional metal ions to 
the oxygen atom. There are, however, few reported 
 example^^-^ of structures of first-row transition metal com- 
pounds with bridging oxime groups. Most of the known 
examples2+ contain pairs of metal ions bridged by two oxime 
groups into a six-membered ring and examples with 
 hair,^.^ and boat4 conformations of the six-membered ring are 
known. For copper(I1) compounds, where the presence of an 
unpaired electron on each metal ion can give rise to magnetic 
coupling, there is one example of each of these ring confor- 
mations. 

In the compound with the chair c o n f o r m a t i ~ n , ~ ~ ~  each 
copper(I1) ion shows square-pyramidal coordination with the 
bridging oxygen occupying the axial position. The compound 
with the chair conformation, tetrakis(N,N’-dimethylglyoxi- 
mato)dicopper(II), has been shown to have a triplet ground 
state with the singlet excited state 29.8 cm-’ higher in energy.’ 
In the compound with the boat conf~rmation,~ each copper(I1) 
ion shows trigonal-bipyramidal coordination with the bridging 
oxygen in an equatorial position. The room-temperature 
magnetic moments of both compounds are normal values for 
one unpaired electron per metal ion. The coordination of each 
copper(I1) ion in the compound with a planar ring‘ is square 
pyramidal but the oxime oxygen occupies a basal position and 
a perchlorate oxygen occupies the axial position; the compound 
exhibits strong antiferromagnetic coupling. 

The only other report’ of an oxime-bridged structure for 
copper(I1) is a trinuclear complex of 2-pyridinecarboxaldoxime 
which contains a planar unit, I, with a p3-sulfate group below 
the plane. The coordination about each copper(I1) is 
square-pyramidal with a sulfate oxygen in the axial position. 
The magnetic moment of the compound is reasonable for one 
unpaired electron per trimer and is indicative of strong an- 
tiferromagnetic coupling. 

N 

I 

Several other copper(I1) complexes with oxime ligands have 
been reported”’ and several of these have magnetic moments 
below the spin-only value but not as low as that observed for 
the planar-ring dimer; in order to correlate the structures and 
magnetic properties of oxime-bridged complexes of copper(I1) 
we have investigated several complexes with imine-oxime 
ligands of general formula I1 (abbreviated LnX in formulas), 

-ON// N(CH~),X 

and in this paper, we report the structures and magnetic 
properties of the complexes of 2-[2-(a-pyridyl)ethyl]imino- 
3-butanone oxime and 2-(2-aminoethyl)imino-3-butanone 
oxime, both of which show antiferromagnetic coupling. 
Experimental Section 

Preparation of [2-[2-(cu-pyridyl)ethyl]imino-3-butanone oxima- 
to]copper(Ii) Perchlorate, Cu(LZpy)C104. The method of Uhlig and 
Schneider’ was used, the crystals were filtered and dried. Anal. Calcd 
for Cu(CllHI4N30)C1O4: C, 35.97; H, 3.84; N, 11.44; C1, 9.65. 
Found: C, 35.92; H, 4.18; N ,  11.18; Cl, 9.80. 

Solvated crystals were obtained by recrystallizing the compound 
from various solvents (methanol, ethanol, water, acetonitrile); due 
to rapid loss of solvent a t  room temperature, no analyses were obtained. 

Preparation of Perchlorato[2-(2-aminoethyl)imino-3-butanone 
oximato)copper(II), Cu(L2am)C104. A solution of 50 mmol of cupric 
perchlorate hexahydrate in 50 mL of methanol was added to a mixture 
of 50 mmol of diacetyl monoxime and 50 mmol of ethylenediamine 
in 50 mL of methanol. The resulting solution was heated to boiling 
and filtered while hot. Slow evaporation of the cooled filtrate yielded 
green-black prisms which were recrystallized from methanol. Anal. 
Calcd for Cu(C6HI2N3O)C1O4: C, 23.61; H, 3.96; N, 13.77. Found: 
C, 24.03; H, 4.04; N, 13.86. 
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Magnetic Studies. The Faraday method was used to determine 
the magnetic susceptibility of both compounds at various temperatures, 
using HgCo(NCS)4 as a calibrant. Diamagnetic corrections were 
obtained from tabulated values.” For [CU(L~~~)(CH~CN)]~(CIO~)~, 
p e ~  values of 0.66,0.33, and 0.10 pB/g-atom of copper were obtained 
at 298, 195, and 93 K, respectively; for [Cu4(L2am)4(C104)2](C104)2, 
p,~values of 1.38, 1.09, and 0.34 pB/g-atom of copper were obtained 
at  298, 195, and 93 K, respectively. 

Crystallographic Data Collection. [CU(L~~~)(CH~CN)]~(CO~)~. 
A blue-black crystal with approximate dimensions 0.4 X 0.8 X 0.2 
mm was coated with epoxy cement and mounted on a glass fiber using 
epoxy cement such that the longest crystal dimension ( b  axis) was 
approximately parallel to the fiber axis. 

Unit cell parameters and the orientation matrix were determined 
on a Syntex P21 four-circle diffractometer equipped with a graphite 
monochromator (Bragg 26’ angle 12.2’) using Mo Ka radiation at  
a takeoff angle of 6.5’. Fifteen reflections whose 26’ values ranged 
from 10.00 to 25.00’ were machine-centered and an autoindexing 
procedure was used to select axes. Axial photographs indicated that 
the crystal belonged to the orthorhombic system. Intensity data for 
zero and upper levels were collected at  a rapid scan rate and the 
intensities were examined carefully for systematic absences. The 
absence of k = 2n + 1 for OkI reflections, I = 2n + 1 for h01 reflections, 
and h + k = 2n + 1 for hkO reflections is consistent with only space 
group Pbcn (No. 6013). Unit cell parameters, obtained from the 15 
reflections by least-squares refinement, are a = 23.015 ( 5 )  A, b = 
8.873 (1) A, c = 16.414 (6) A, a = 90°, p = 90°, y = 90’, and V 
= 3351 (2) A3. The calculated density of 1.62 g cm-3 for 8 formula 
units per unit cell agrees with the experimental density of 1.62 g cm-j 
measured by the flotation method using a mixture of CCI4 and 
1 ,Zdibromo- 1,l -dichloroethane. w scans of several reflections with 
low 26 angles gave peak widths a t  half-height of less than 0.24’, 
indicating a satisfactory mosaic spread for the crystal. 

Intensity data were collected using 8-26 scans with x-ray source 
and monochromator settings identical with those used for determination 
of the unit cell parameters. A variable scan rate from 3.5 to 29.3’ 
min-’ was used and a scan width of 2.0’ was sufficient to collect all 
of the peak intensity. Stationary-background counts were measured 
a t  the beginning (bgdl) and at the end (bgd2) of each scan with the 
total background time equal to scan time. No significant fluctuations 
were observed in the intensities of three standard reflections ( -5,5,0 
-3,2,1; -8,O,-2) monitored every 100 reflections. Intensities were 
calculated by subtracting background counts from total scan counts 
(CT) 

I = CT - (bgdl + bgd2) 

The intensities were assigned standard deviations according to the 
formula 

a( I )  = [CT + (bgdl + bgd2)I”’ 

From a total of 3498 reflections collected in a complete octant (h ,  
k,  and 1 positive) of data out to 28 = 50.0’, 2389 were accepted as 
statistically above background on the basis that I was greater than 
3a(I). Lorentz and polarization corrections were made but no 
corrections were made for absorption ( p  = 15.4 cm-l). 
[C~~(L2arn)~(ClO~)~](C10~)~. A dark green crystal with ap- 

proximate dimensions 0.2 X 0.3 X 0.7 mm was mounted on a glass 
fiber using epoxy cement such that the longest crystal dimension (a  
axis) was approximately parallel to the fiber axis. 

Unit cell parameters and the orientation matrix were determined 
on a Syntex P2, four-circle diffractometer as described above. 

Unit cell parameters obtained are a = 11.576 (2) A, b = 10.238 
(2) A, c = 12.838 (3) A, a = 123.26 (2)’, p = 98.84 (l)’, y = 126.31 
(l)’, and V =  1109.0 (4) A3. Triclinic space group PI was assumed 
and the successful refinement of the structure has confirmed this 
choice. The calculated density of 1.80 g for 4 formula units per 
unit cell agrees with the experimental density of 1.82 g cm-3 measured 
by the flotation method using a mixture of carbon tetrachloride and 
1,2-dibromo-l,l-dichloroethane. w scans of several low 28 angle 
reflections gave peak widths at half-height of less than 0.27’, indicating 
a satisfactory mosaic spread for the crystal. 

Intensity data were collected using 8-28 scans with x-ray source 
and monochromator settings identical with those used for determination 
of the unit cell parameters. A variable scan rate from 7.30 to 29.30’ 
min-’ was used and a scan width of 2.00’ was sufficient to collect 
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all of the peak intensity. Stationary-background counts were measured 
at the beginning (bgdl) and at the end (bgd2) of each scan with the 
total background time equal to scan time. No significant fluctuations 
were observed in the intensities of one standard reflection (-2,0,3) 
monitored every 100 reflections. Intensities and standard deviations 
were calculated as described above. From a total of 4140 reflections 
collected in a complete hemisphere (Ah,  Atk, + I )  of data out to 26’ 
= 50°, 3387 were accepted as statistically above background on the 
basis that I was greater than 3 4 .  Lorentz and polarization cor- 
rections were made. 

The 14 crystal faces were identified by optical means as the 
following (perpendicular distance in millimeters from the crystal center 
to the faces are given in parentheses): (010) (0.185), { O O l )  (0.255), 

Absorption corrections were calculated by the Gaussian quadrature 
methods; corrections to F2 ranged from 1.44 to 1.80. 

Solution and Refinement of Structures. All computations were 
carried out on a CDC Cyber 70/74 computer. Programs used include 
Zalkin’s FORDAP Fourier summation program, Ibers’ NUCLSS mod- 
ification of the Busing-Martin-Levy ORFLS full-matrix least-squares 
program, the Busing-Martin-Levy O R F E  function and error program, 
Johnson’s ORTEP and ORTEPII plotting programs, Stewart’s ABSORB 
absorption correction program from the x-ray 72 system, the software 
package for the Syntex diffractometer, and various locally written 
programs. 

In structure factor calculations, the scattering factors for all atoms 
except hydrogen were taken from Cromer and Waber’s tab~lat ion;’~ 
Stewart’s hydrogen atom scattering factors were used.” The scattering 
factors of the copper and chlorine atoms were corrected for the real 
and imaginary anomalous dispersion components using the dispersion 
factors tabulated by Cromer.I6 The agreement factors are defined 
in the usual way as 

( i l l )  (0.3791, {ioi) (0.4041, (iii) (o.s35), (100) ( o m ) ,  (210) (0.663). 

and 

[CU(LZ~~)(CH~CN)]~(C~O~)~. The positions of the copper atoms 
were deduced from a threedimensional Patterson synthesis and refined 
by least-squares methods; the resulting electron density map was used 
to locate the positions of eight other sets of nonhydrogen atoms which 
were then refined to give R = 0.34. After the location of 22 non- 
hydrogen atoms, R dropped to 0.17. Anisotropic refinement of these 
atoms lowered R to 0.08. Subsequent location of the disordered 
perchlorate oxygen atoms and eight hydrogen atoms gave R = 0.046 
and R, = 0.045. 

The maximum shift in the final least-squares cycle was 3.1 standard 
deviations for the p33 temperature factor of 0 8  of the disordered 
perchlorate group. The highest remaining electron density was located 
in the vicinity of the perchlorate group at  about 25% of the value of 
refined positions. 

Final positional and thermal parameters are listed in Table I; a 
table of calculated and observed structure amplitudes may be obtained. 
[See paragraph at end of paper for supplementary material.] Selected 
interatomic distances and angles are tabulated in Table 1I;selected 
least-squares planes are summarized in Table 111. The dimeric 
molecular unit is illustrated in Figure 1. 
[C~(L~~I~)~(C~O~)~(CIO~)~. Two independent sets of copper atoms 

and two independent sets of chlorine atoms were located in the 
three-dimensional Patterson synthesis; after least-squares refinement, 
a structure factor calculation gave R = 0.34. Location and refinement 
of all 32 nonhydrogen atoms from electron density maps gave R = 
0.12. Anisotropic refinement of thermal parameters for all non- 
hydrogen atoms and refinement of isotropic thermal parameters for 
all hydrogen atoms gave final values of R = 0.038 and R, = 0.040. 

The greatest shift in the final refinement was 3.2 standard deviations 
for one of the positional parameters of a methyl hydrogen atom. 
Residual electron density was located largely in the vicinity of the 
perchlorate groups. 

Final atomic positions and thermal parameters appear in Table 
IV, selected interatomic distances and angles are presented in Table 
V, and selected least-squares planes are summarized in Table VI. An 
illustration of the tetrameric unit with the atomic numbering scheme 
appears in Figure 2, and Figure 3 is a stereoview of the unit. A table 
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Table 11. Selected Interatomic Distances and Angles for 
[Cu(LZpy)(CH,CN) 1 (CIO,),a 

Distances, A 
CUCU' 3.693 (2) C12-N4 1.132 (5) 
CU-01' 1.928 (2) C l x 2  1.509 ( 5 )  
Cu-N1 2.014 (3) C2-C3 1.489 (5) 
C U - N ~  1.986 (3) C3€4 1.505 ( 5 )  
CU-N~ 2.075 (3) C5€6 1.525 (6) 
C U - N ~  2.322 (4) C6-C7 1.480 (6) 
N1-0' 1.329 (4) C7-C8 1.393 (5) 
C2-N1 1.292 (4) C8C9 1.365 (7) 
C3-N2 1.268 (5) C9C10 1.387 (7) 
C7-N3 1.352 (5) C10-C11 1.387 (6) 
Cll-N3 1.330 (5) C12C13 1.466 (6) 

c1-02 1.35 (1) C1-06 1.45 (1) 
C1-03 1.28 (1) C1-07 1.38 (1) 
C1-04 1.40 (1) C1-08 1.33 (1) 
C1-05 1.48 (1) c1-09 1.21 (1) 

Angles, Deg 
Ol-Cu-N1 95.0 (1) C3-N2-Cu 114.2 (2) 
NlCu-N2 80.2 (1) C3-N2€5 120.9 (3) 
N2-Cu-N3 91.0 (1) C5-N2Cu 124.7 (2) 
N3-c~-01  88.5 (1) N2-CS-C6 110.3 (3) 
N4-CU-01 94.9 (1) C5-C6€7 114.6 (4) 
N4-Cu-Nl 106.7 (1) C6-C7€8 120.5 (4) 
N ~ C U - N ~  100.5 (1) C6C7-N3 119.7 (3) 
N4Cu-N3 93.6 (1) N3-C7C8 119.0 (4) 
Nl '-Ol 'Cu 120.3 (2) Cl-C8-C9 120.7 (4) 
Cu-N1-01 128.4 (2) C8C9-ClO 119.3 (4) 
Cu-NlC2 113.3 (2) C9-ClO-Cll 117.5 (4) 
01-Nl-C2 116.7 (3) ClO-Cll-N2 123.3 (4) 
Nl-CZ-Cl 123.0 (3) Cl l -N3Cu 120.3 (3) 
Nl-C2C3 113.8 (3) Cll-N3€7 119.3 (3) 
Cl-C2-C3 123.2 (3) C7-N3Cu 120.4 (2) 

C2-C3-C4 117.9 (3) C12-N4€~ 177.6 (3) 
C2-C3-N2 116.4 (3) C13-C12-N4 179.2 (4) 
N2-C3-C4 125.6 (4) 

02x1-03  122.0 (9) 06-C1-07 118.5 (8) 
02-C1-04 115.6 (7) 06421-08 97.7 (10) 
0241-05 93.6 (7) 0 6 4 - 0 9  104.7 (17) 
03421-04 107.2 (9) 0 7 4 - 0 8  121.6 (18) 
0343-05  122.7 (15) 07-C1-09 103.0 (12) 
0 4 4 - 0 5  92.0 (7) 08-C1-09 108.3 (19) 

a Primed atoms are related by rotation about the twofold axis at 
0, y ,  

Table 111. Least-Squares Planes within the Molecule 

to atoms listed in Table I. 

[CU(L~PY)(CH,CN)I 1 (C10,)z 
Atom Dev. A Atom Dev. A 

(a) Plane Involving Four Atoms Strongly Coordinated to Copper 
Equation: -0 .17820~ - 0.96690~ + 0.182592 + 0.66089 = 0 

01 0.041 N3 -0.054 
N1 -0.033 c u  0.311 
N2 0.061 

(b) Plane Involving the Six-Atom Iminobutanone 
Oxime Fragment of L2py 

N1 -0.065 c 3  0.003 
N2 0.069 c 4  -0.060 
c1 0.057 c u  0.255 
c 2  -0.015 

Equation: 0 .32505~ t 0 .92379~  + 0.202372 - 1.74549 = 0 

Direction cosines of the plane refer to the orthogonal axis sys- 
tem a,  b,  c*. 

of calculated and observed structure amplitudes may be obtained. [See 
paragraph at  end of paper for supplementary material.] 
Descriptions of Structures 
[CU(L~~~)(CH~CN)]~(C~O~)~. The eight formula units of 

Cu(L2py)(C1O4)CH3CN in the unit cell form dimeric units 
on twofold axes with centers at (0, y ,  (0,9, 3/4) ,  ' /z + y ,  and 'Iz - y ,  3/4) ,  where y = 0.084 87. Within 
the formula unit, the ligand is coordinated to the copper atom 

All atoms weighted at unity. 
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Figure 1. Dimeric molecular unit of [CU(L~~~)(CH,CN)]~(CIO~)~ 
omitting the perchlorate groups. 

Figure 2. Tetrameric molecular unit of [CU~(L~~~)~(C~O~)~](CIO~)~ 
omitting the perchlorate groups. 

to form (1)a  five-membered chelate ring involving the oxime 
nitrogen and the imine nitrogen and (2) a six-membered 
chelate ring involving the imine nitrogen and the pyridine 
nitrogen. The fourth position in the coordination plane of each 
copper is occupied by the oxygen of the second ligand of the 
dimer, resulting in bridging oxime groups. The fifth coor- 
dination position of the square pyramid about copper is oc- 
cupied by the weakly bound acetonitrile nitrogen at 2.322 (4) 
A from the copper atom. The copper atom is 0.31 A above 
the least-squares plane of the basal coordinating atoms toward 
the axial ligand. 

The basal planes of the two units of the dimer have a di- 
hedral angle of 32O and give a twisted-boat conformation to 
the six-membered ring. The Cu-01 (1.928 (2) A) and Cu-N1 
(2.014 (3) A) distances are not as short as in the planar ring 
of Cu(L2al)(C1O4).HZ0 (L2al represents I1 with X = OH) 
but nonetheless indicate strongly coordinated bridging oxime 
groups. The Cu-01-N1' angle, where the primed quantities 
indicate atoms related by the twofold axis, is 120.3 (2)'; and 
the Cu-N1-01' angle is 128.4 (2)O. These angles indicate 
essentially sp2 hybridization for the oxime atoms. 

The six-atom 2-imino-3-butanone oxime fragment of (L2py) 
adopts a configuration which is almost planar, the maximum 
deviation from the least-squares plane being 0.07 8, for N1. 
The C2-C3 distance of 1.489 (5) A and the C2-N1 and 
C3-N2 distances of 1.292 (4) and 1.268 (5) A, respectively, 



Copper(I1) Complexes with Bridging Oxime Groups 

> N o m 3 w d o o m b m w w ~ -  
4 N 3 0 3 3 3 3 3 3 3 3 N N m V  > o o o o o o o o o o o o o o c  
~ 0 o 0 0 0 0 0 0 0 0 0 0 0 0 c  

Inorganic Chemistry, Vol. 16, No. 6, 1977 1481 

288s888ss  
0 0 0 0 0 0 0 0 0  
000000000 

K 

5 
P 



1482 Inorganic Chemistry, Vol. 16, No. 6, 1977 Bertrand, Smith, and VanDerveer 

Figure 3. Stereoview of the tetrameric unit [ C ~ ~ ( L 2 a m ) ~ ( C 1 0 ~ ) ~ ] .  (Only the coordinated oxygen of the perchlorate group is shown.) 

Table V. Selected Interatomic Distances (A) and Angles (deg) in Table VI. Least-Squares Planes within the Molecule 
[Cu,(L2am),(C104), 1 (CIO,), [ c u , ( L ~ ~ ~ ) , ( c ~ o , ) ,  I (c~o,),'*~ 

Distances Angles Atom Dev, A Atom Dev, A 

Atoms Unit A Unit B Atoms Unit A Unit B (a) Plane Involvine Four Atoms Stronglv Coordianted to CuA 
Cu-01' ' 1.905 (3) 1.935 (3) NlCu-N2 79.9 (1) 80.1 (1) 
Cu-N1 2.001 (3) 1.997 (3) N ~ C U - N ~  83.3 (2) 84.0 (1) 
C U - N ~  1.950 (3) 1.940 (3) N3Cu-01' 96.1 (2) 95.6 (1) 
C U - N ~  2.015 (3) 2.017 (3) Nl-Cu-01' 100.9 (1) 100.6 (1) 
01-N1 1.345 (4) 1.347 (4) Cu-N1-01 127.1 (2) 127.2 (2) 
C2-N1 1.292 (5) 1.291 (5) Cu-Ol'-Nl' 112.9 (2) 113.4 (2) 
C3-N2 1.261 (5) 1.271 (5) 01-N1C2 117.8 (3) 117.4 (3) 
C5-N2 1.470 (5) 1.467 (5) Nl-CZ-Cl 112.9 (3) 112.9 (3) 
C6-N3 1.463 (6) 1.484 (5) Nl-C2-C3 123.3 (3) 123.5 (3) 
C1C2  1.481 (6) 1.482 (6) Cl-C2€3 123.6 (3) 123.6 (3) 
C2C3  1.494 (5) 1.487 (5) C 2 C 3 C 4  120.3 (4) 119.5 (3) 
C3C4 1.495 (6) 1.494 (5) C2€3-N2 115.2 (3) 115.2 (3) 
C5C6 1.512 (7) 1.513 (6) C4€3-N2 124.4 (4) 125.3 (3) 
C1-02 1.422 (3) 1.430 (3) C3-N2-C5 127.8 (3) 128.3 (3) 
C1-03 1.328 (5) 1.434 (4) N2C5C6 106.9 (3) 106.2 (3) 
C1-04 1.341 (6) 1.435 (4) C5-C6-N3 109.9 (4) 109.7 (3) 
C1-05 1.350 (6) 1.407 (5) C2-NlCu 115.1 (2) 114.8 (2) 
C1-HC1A 0.88 (5) 1.12 (5) C3-N2Cu 116.8 (3) 116.5 (2) 
C1-HC1B 0.84 (5) 0.82 (5) C5-N2Cu 115.2 (3) 115.2 (3) 
C1-HC1C 0.85 (5) 0.85 (5) C6-N3Cu 107.8 (3) 106.7 (3) 
C4-HC4A 1.02 (5) 1.00 (5) N1'-O1'CuIb 88.8 (1) 
C4-HC4B 0.82 (5) 1.01 (5) 0 1 ' € ~ - 0 1 ' I  86.9 (1) 
C4-HC4C 0.88 (5) 0.78 (5) NlCu-01'1 87.0 (1) 
C5-HC5A 0.96 ( 5 )  0.96 (5) N2Cu-01'1 88.2 (1) 
C5-HC5B 0.93 (5) 1.01 (5) N3-CU-01'1 96.5 (1) 
C6-HC6A 0.96 (5) 1.00 (5) Ol ' -C~-02  118.8 (1) 
C6-HC6B 0.91 (5) 0.93 (5) NlCu-02  95.6 (1) 
N3-HN3A 0.86 (5) 0.90 (5) N2Cu-02 88.5 (2) 
N3-HN3B 0.82 (5) 0.97 (5) N3Cu-02 88.6 (1) 

0241-03  108.1 (2) 109.6 (3) 
3'550 (2) 02C1-04 108.7 (2) 116.2 (4) 
3'268 (2) 0241-05  111.3 (3) 108.7 (4) 
2'574 (4) 03421-04 108.8 (3) 108.0 (7) 
2'530 (4) 0341-05  109.8 (3) 111.4 (5) 

0 4 4 - 0 5  110.1 (3) 102.5 (6) 

' Prime indicates atoms in the adjacent unit of the asymmetric 
dimer. 
the tetramer. 

agree well with the corresponding distances in dimethygly- 
oxime structures3 and indicate the absence of cyclic delo- 
calization. These segments are folded down away from the 
axial nitrile groups in the molecule. 

The perchlorate ions are disordered and were refined with 
two sets of oxygen positions, each with multipliers of 0.5. No 
unusual inter- or intramolecular contacts other than those 
noted above were observed. 
[CU~(L~~~~)~(CIO~)~](C~O~)~. The four formula units of 

Cu(L2am)C104 in the unit cell can be thought of as two 
asymmetric dimers joined together to form a centrosymmetric 
tetramer, Figure 2, about the origin. The two independent 
copper atoms (unit A and unit B in Figure 2) have similar 
square-pyramidal coordination arrangements. A ligand L2am 

I indicates atoms related by the center of inversion in 

Equation: -0.64655~ - 0.49684~ + 6.585532 + 0.71778 = 0 
01B 0.312 C5A -0.291 
N1A 0.252 C6A -0.893 
N2A -0.033 CuA 0.110 
N3A -0.231 

(b) Plane Involv-ing Four Atoms Strongly Coordinated to CUB 
Equation: 0 .86337~  + 0 .50331~  + 0.035762 - 1.30712= 0 

01A -0.071 C5 B -0.136 
N1B 0.068 C6B 0.55 1 
N2B -0.082 CUB 0.011 
N3B 0.068 

(c) Plane Involving Six-Atom Iminobutanone 
Oxime Fragment of (L2am)A 

C1A 0.003 N1A 0.002 
C2A 0.045 N2A 0.006 
C3A 0.015 CuA -0.01 1 
C4A -0.046 

(d) Plane Involving Six-Atom Iminobutanone 

Equation: -0 .55848~ - 0 .49978~  + 0.662062 + 0.17078 = 0 

Oxime Fragment of (L2am)B 

C1 B -0.039 N1B 0.01 1 
C2B 0.037 N2B -0.041 
C3B 0.008 CUB -0.069 
C4B 0.020 

Equation: 0 .89649~ + 0.44296~ + 0.0091 lz - 1.42991 = 0 

Direction cosines of the plane refer to the orthogonal axis sys- 
tem a, b,  c*. 

is coordinated to each copper to form (1) a five-membered 
chelate ring involving the oxime nitrogen and the imine ni- 
trogen and (2) a five-membered chelate ring involving the 
imine nitrogen and the amine nitrogen. The fourth position 
in the base of the square pyramid is occupied by the oxygen 
of the second ligand of the asymmetric unit, resulting in 
bridging oxime groups; the six-membered ring formed by the 
bridging oxime groups is in a twisted-boat conformation. The 
fifth coordination site of each copper atom is occupied by an 
oxygen atom but the nature of these oxygens is different. In 
unit A the axial atom is an oxygen atom of a perchlorate group 
and in unit B the axial atom is an oxime oxygen from the 
symmetry-related dimer, forming a planar (symmetry re- 
quired) four-membered Cu202 ring. 

The copper atom of unit B is only 0.01 8, out of the 
least-squares plane of the four basal coordinating atoms and 
the axial-copper-basal angles show only small distortions from 
90' (86.9-96.5'). The copper atom of unit A is 0.1 1 8, out 
of the basal plane toward the axial oxygen and the axial- 
copper-basal angles vary from 88.5 to 118.8'. The axial 
copper-oxygen distances of 2.530 (4) A for the bridging 
oxygen and 2.514 (4) A for the perchlorate oxygen indicate 
weak interactions in the same range as the copper-oxygen 

All atoms weighted at unity. 



Copper(I1) Complexes with Bridging Oxime Groups 

(water) axial interaction in Cu(L2al)(C104).H20. The 
bridging oxygen-copper-basal angles range from 86.9 (1) to 
96.5 (1)’ and the perchlorate oxygen-copper-basal angles 
range from 88.5 (2) to 111.8 (1)’. 

Unlike [Cu(L2py)(CH3CN)]?+, there is no symmetry 
imposed on the six-membered Cu2N202 ring; however, a 
comparison of the two ring systems, and the basal coordination 
planes of the copper atoms in each dimer, reveals a close 
structural similarity. The two basal planes are twisted to form 
a twisted-boat conformation as in [Cu(L2py)CH3CN]:+, but 
only the angles at the nitrogen atom are comparable for the 
two complexes. CuA-O1B (1.905 (3) A), CUB-O1A (1.935 
3) A), CuA-N1A (2.001 (3) A), and CUB-N1B (1.997 (3) 1) are not as short as in the planar ring of Cu(L2al)- 

(C104)(H20) but, like Cu(L2py)(C104).CH3CN, they indicate 
a strongly coordinated bridging group. The CuA-01 B-N1 B 
(1 12.9 (2)’) and CuB-OlA-N1A (113.4 (2)’) angles are less 
than the 120’ observed in the previous structure and indicate 
a variation from sp2 hybridization for the oxime oxygen atom 
resulting from coordination to the second copper atom. The 
CuA-N1A-O1A (127.1 (2)’), and CUB-N1B-O1B (127.2 
(2)’) angles indicate sp’ hybridization of nitrogen as expected. 

The six-atom 2-imino-3-butanone oxime fragment of 
(L2am) on each copper atom adopts a nearly planar con- 
figuration (the maximum deviation from the best plane in unit 
A of the asymmetric dimer is 0.04 A for C2, and in unit B, 
0.04 A for N2). The C 2 4 3  distances of 1.494 (5) and 1.487 
( 5 )  A, the C2-N1 distances of 1.292 ( 5 )  and 1.291 ( 5 )  A, and 
the C3-N2 distances of 1.261 (5) and 1.271 ( 5 )  A, for unit 
A and unit B, respectively, agree well with the corresponding 
distances in dimethylglyoxime structures3 and indicate the 
absence of cyclic delocalization. 

The perchlorate anion which is not coordinated appears to 
be associated with N3A by hydrogen bonding to 02B. The 
02B-N3A distance is 3.041 (6) A and HlN3B-02B is 2.228 
( 5 )  A. Further evidence is the comparison of the lengths of 
the principal axes of the thermal ellipsoids. The averages of 
the first and second principal axes of 03B, 04B, and 05B are 
18% and 17% higher than the same axes of 02B; however, the 
average length of the third principal axis of 03B, 04B, and 
0 5 B  was 2.24 times the length of the third principal axis of 
02B. ORTEP plots show that the 03B, 04B, and 05B atoms 
appear to be vibrating around the ClB-02B axis. 
Results and Discussion 

Although the two structures differ in the degree of asso- 
ciation, dimer vs. tetramer, they are similar in the coordination 
about copper (square pyramidal) and the conformation of the 
six-membered Cu2N202 ring. The main difference in the 
dimeric portion of each structure is the direction of bending 
of the basal planes from a planar conformation; in Cu- 
(L2py)(CH3CN)(C1O4) the bending causes the axial groups 
to move together while in Cu(L2am)C104 the bending causes 
the axial groups to move apart, Figure 3. In both cases, the 
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six-membered ring includes only basal donor atoms in contrast 
to the axial-basal arrangement in dimeric C ~ ( d m g H ) ~ .  

In the case of Cu(L2py)(CH3CN)C104, the antiferro- 
magnetic coupling must result from superexchange via a u 
pathway since the copper-copper distance (3.693 (2) A) is 
sufficient to rule out direct interaction and the nonplanar 
six-membered ring rules out superexchange via a ?r pathway. 
The exchange pathway would involve d,+y2 orbitals on the two 
copper atoms and the uN and uo orbitals of the oxime groups 
as suggested for the planar system Cu(L2al)(C104)H20; the 
symmetric and antisymmetric linear combinations would have 
different energies and the coupling would be antiferromagnetic. 
On the other hand, the axial-basal arrangement in [Cu- 
(dmgH),], would involve a pathway’ dx2-y;1uNIuOldzz, the 
symmetric and antisymmetric linear combinations would have 
identical energies, and ferromagnetic coupling would be ex- 
pected. For the tetrameric Cu(L2am)(C104), the dimeric 
asymmetric unit, like Cu(L2py)(CH3CN)(C104), would be 
expected to show antiferromagnetic coupling while the axi- 
al-basal arrangement in the four-membered Cu202 ring, like 
that of [Cu(drngH),l2, would be expected to show ferro- 
magnetic coupling. The observed magnetic moment of Cu- 
(L2am)(C104) would be expected to be greater than that of 
Cu(L2py)(CH3CN)(C104) at any temperature. 
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