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Relationship between the Singlet-Triplet Splitting and the Cu-0-Cu Bridge 
Angle in Hydroxo-Bridged Copper Dimers 
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Magnetic susceptibility and structural data for two additional di-p-hydroxo-bridged copper(I1) complexes are now available. 
The new data support the linear correlation between the singlet-triplet splitting, 2J, and the Cu-0-Cu bridge angle which 
has been observed. Magnetic susceptibility data for [Cu(bpy)OH]2(CI04)2 (bpy = 2,2’-bipyridine), for [Cu(tmen)OH]2(C104)2 
(tmen = N,N,N’,N’-tetramethylethylenediamine), and for one complex for which there are no structural data, [Cu- 
(tmpd)OH]2(C104)2 (tmpd = N,N,N’,N’-tetramethyl-o-phenylenediamine), yield 2J values of 93, -360, and 130 cm-I, 
respectively. The complexes exhibit triplet-state EPR spectra, and the infrared spectra have been analyzed in terms of 
the coordination of the perchlorate ion. 

Introduction 
An extensive study of the structural and magnetic properties 

of di-b-hydroxo-copper(I1) dimers has yielded a linear cor- 
relative relationship between the Cu-0-Cu bridge angle and 
the exchange parameter 2J.1-4 The latter is defined by the 
Hamiltonian 

H = -2J2$l& 
The systems that have been investigated have the general 
formula (CuLOH)z2+, where L is the bidentate ligand 2,- 
2’-bipyridine (bpy), 2-(2-dimethylaminoethyl)pyridine 
(dmaep), 2-(2-ethylaminoethyl)pyridine (eaep), N,N,N’,N’- 
tetraethylethylenediamine (teen), or N,N,N’,N’-tetra- 
methylethylenediamine (tmen). The 2 J  values that have been 
observed in the series range from +172 to -509 cm-’, and the 

Cu-0-Cu angles range from 95.6 to 104.1’. Since structural 
data for two additional members of the series, [Cu(bpy)- 
OH]2(C104)25 and [C~(tmen)OH]2(C104)2,~ have become 
available recently, it was of interest to compare their exchange 
coupling constants with the angles at the bridging oxygen 
atoms. This comparison is reported here. In addition, the 
magnetic properties of di-phydroxo-bis(N,N,N’,N’-tetra- 
methyl-o-phenylenediamine)dicopper(II) perchlorate, [Cu- 
(tmpd)OH]2(C104)2, have been determined, and the properties 
of this compound are described herein. 
Experimental Section 

Di-cL-hydroxo-bis(N,N,”,N’,N,”’-tetramethyl-o-phenylenediamine)- 
dicopper(I1) perchlorate was prepared by adding N,N,N‘,N‘-tetra- 
methyl-o-phenylenediamine to a solution of hydrated copper( 11) 
perchlorate dissolved in the minimum amount of water. The dark 
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or exchange parameter. The parameters which gave the best 
fit are ( g )  = 2.09 f 0.005 and 2 J  = -360 f 10 cm-' and were 
obtained by minimizing the function 

using a Simplex routine.I0 The magnetic susceptibility data 
given in Figure 1 were calculated per copper, not per dimer. 

The EPR spectrum of a powdered sample of [Cu(tmen)- 
OH]2(C104)2 at  296 K is, as expected, a typical triplet-state 
spectrum' for a n  exchange-coupled pair of copper(I1) ions. 
The intensities of the lines in the spectrum decreased with 
decreasing temperature as expected for this singlet ground- 
state complex. Unfortunately the nature of the spectrum 
precludes an extraction of precise magnetic parameters. 
Efforts are under way to obtain a single crystal for a thorough 
EPR investigation; the results of that work will be reported 
later. 

The magnetic susceptibility data for [Cu(tmpd)OH] 2- 
(ClO4)2 are shown in Figure 2 as inverse susceptibility vs. 
temperature. To fit these data, the temperature term in eq 
1 was replaced by ( T  - e) where the 0 parameter was added 
to account for interdimer (lattice) interactions which frequently 
arise in the case of ferromagnetically coupled copper(I1) 
pairs.13 The magnetic parameters which gave the best fit are 
g = 2.05 f 0.005, 2 J  = +130 f 5  cm-l, and 0 = 0.17 f 0.01 

1 8 C  

' ;x 
\ C Q S L )  

0 
0 9 0  

Tempera ture  ! O K )  

Figure 2. Inverse magnetic susceptibility data (0) for [Cu(tmpd)- 
OH],(ClO.,),. Solid line was calculated from eq 1 w i t h g  = 2.05, 
2J= t130 cm- ' , o  = 0.17 K, a n d N a  = 120 x cgsu. 
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Figure 3. EPR spectrum of [Cu(tmpd)OH],(ClO,), at 77 K. 

K. The magnetic susceptibility data given in Figure 2 were 
calculated per copper, not per dimer. 

The positive value obtained for the exchange coupling 
constant J indicates a ferromagnetic exchange interaction with 
a triplet ground state and a singlet state 130 cm-I higher in 
energy. Further evidence for the triplet state is provided by 
the EPR spectrum which is shown in Figure 3. The spectrum 
is qualitatively similar to that observed for other copper-pair 
triplet states with 101 > hv, e.g., p-[Cu(dmaep)OH]2(C104)2 
and [C~(eaep)OH]2(C104)2.~~ However, in this case it was 
not possible to analyze the spectrum in terms of the axial spin 
Hamiltonian using the equations of Wasserman, Snyder, and 
Yager;Is no reasonable assignment of the transitions led to 
reasonable g values. This indicates that the distortion from 
axial symmetry is significant, a conclusion which is supported 
by the observed partial splitting of some of the EPR lines. 
Discussion 

An x-ray crystal structure of [C~(tmen)OH]2(Cl04)2~ has 
been completed recently and it was found that the structural 
features of the compound are very similar to those of [Cu- 
(teen)OH] 2(C104)2.4 The most pertinent pieces of structural 
information for this study are the copper-copper separation 
of 2.966 A and the copper-oxygen (bridge)-copper angle of 
102.3 (4)'. Also, the perchlorate ions are not coordinated. 
These data along with the 2 J  value of -360 cm-' determined 
here provide additional data to test the linear relationship 
between the singlet-triplet splitting and the Cu-0-Cu bridge 
angle. 

A second set of data pertaining to this problem have also 
become available recently. The structure of [Cu(bpy)- 
OH]  2(C104)25 has been determined and briefly described. 
From the Cu-Cu separation of 2.87 8, and the Cu-0 distance 
of 1.92 A, a Cu-0-Cu angle of 96.73' may be calculated. On 
the other hand, if the 0-0 separation of 2.56 8, is used in 
conjunction with the Cu-0 distance, an angle of 96.4' results. 
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RCu-Cu3 
Complex A R ~ ~ - 0 ,  A 0cU-o-cu, deg W, cm-' g 0, K Ref 

[Cu(b~~)oHlz(NO,)z 2.847 1.920-1.923 

[Cu(bpy)OH],SO,.SH,O 2.893 1.92-1.95 
[Cu(eaep)OHI , (ClO,), 2.917 1.895-1.930 

[Cu(tmen)OH Iz (C10,), 2.966 1.897-1.931 
[Cu(teen)OH],(ClO,), 2.978 1.899-1.907 

[ C ~ ( ~ P Y ) O H I  z (C10,)z 2.870 1.92 

p-[ C~(dmaep)OH],(ClO,)~ 2.935 1.900-1.91 9 

[Cu(tmen)OH] ,Br , 3.000 1.902 

2 J  EAEP \ P - D M A E P  I 

T M E N  B r a  

-600 ' '  ' '  ' '  " ' ' '  ' '  " ' '  ' '  

95 105 
0 ( d e g )  

Figure 4. W vs. bridge angle (@) for a series of hydroxo-bridged 
copper(I1) dimers. Straight line was calculated from 2 J =  -74.530 
+ 7270 cm". 

For the purposes of this study the rounded mean of 96.6' will 
be used. The 2Jvalue of +93 cm-l for [Cu(bpy)OH]2(C104)2 
was reported several years ago by Barnes, Hodgson, and 
Hat  field. l6 

The new magnetic and structural data for the compounds 
[Cu(tmen)OH]2(C104)2 and [Cu(bpy)OH] 2(C104)2 are in- 
cluded in the plot of bridge angle vs. 2 J  shown in Figure 4. 
These data are also listed in Table I with the available 
structural and magnetic data for di-p-hydroxo-bridged cop- 
per(I1) c ~ m p l e x e s . ' - ~ , ' ~ , ' ~ - ~ ~  These new data points are fitted 
very closely by the best least-squares line which has been given 
previously.' Addition of these new data to the data set yields 
slightly modified parameters with the best least-squares fit 
yielding 

21 = -74.53@ + 7270 cm-' 

and a linear correlation coefficient, R, of -0.9986. 
As shown in Figure 5 ,  there is also a good correlation 

between the exchange parameter and the copper-copper 
distance. This is to be expected since the Cu202 system is very 
nearly planar in all compounds but one, that being [Cu- 
(bpy)OH]2S0q5H20,18 and the Cu-0 bond distances are all 
comparable, being 1.92 f 0.03 A. The small variances in the 
copper-oxygen bond distances may be seen in the data in Table 
I. 

Since [Cu(bpy)OH] 2SOq5H20 contains a nonplanar 
Cu202 network, the data for this compound were not included 
in the fitting process from which the equation for the best 
least-squares line was found to be 

2J=-4508Rcu-cu + 13 018 cm-' 

with an R coefficient of -0.9994. 
Using the linear correlation between 2 J  and the Cu-0-Cu 

angle, the 2Jvalue of +I30 cm-1 for [Cu(tmpd)OH]2(C104)2 
leads to a prediction for the Cu-0-Cu angle of 96.2', while 
the correlation between 25 and the copper-copper separation 
predicts a Cu-Cu distance of 2.86 A. It must be recognized 
that these predictions are dependent upon the bonding of the 

95.6 (1) +172 2.10 -0.45 2, 17  

97.0 (2) +49 2.20 0.10 16, 18-20 
96.6 (2) +93 2.22 -0.5 5 

98.8-99.5 (3) -130 2.04 14,21,22 
100.4 (1) -200 2.03 3,21 
102.3 (4) -360 2.09 6 
103.0 (3) -410 2.05 2, 23 
104.1 (2) -509 2.0 24-26 

\ , , , , I  - 6 C O I  ' ' ' ' ' ' ' ' ' 
2.8 3 1  

R C u - C u  ( A )  
Figure 5. 2J vs. copper-copper separation (RcU-cu) for a series 
of hydroxo-bridged copper(I1) dimers. Straight line was calculat- 
edfrom 2J=-4508RcU-cu + 13 018 cm-'. 

perchlorate ion, since ClO4- exhibits several bonding ar- 
rangements in its compounds. In [C~(teen)OH]2(C104)2,~ 
the perchlorate ion is not bonded to copper; in P-[Cu- 
(dmaep)OH]2(C104)2,3 it is bonded to copper as a unidentate 
ligand; but in a-[C~(dmaep)OH]2(C104)2,~' the perchlorate 
ion bridges the two copper ions. The magnetic and structural 
correlation does not hold for a-[Cu(dmaep)OH]2(C104)2, and 
it is thought that the additional bridges either provide an 
additional pathway for superexchange or that the coordination 
has a pronounced effect on the electronic structure of the 
interacting system.28 On the basis of the observed Cu-0-Cu 
angle, the exchange interaction in a-[Cu(dmaep)OH] 2(C104)2 
was predicted to be about -50 cm-', while the experimentally 
determined value of 2 J  is -4.8 cm-1.28 The predictions given 
here for [Cu(tmpd)OH]2(C104)2 are made with the as- 
sumption that the perchlorate ion is not acting as a bridging 
ligand. 

With an aim toward determining the bonding mode of the 
perchlorate ions in [Cu(tmpd)OH]2(C104)2, the infrared 
spectrum was recorded in the region 500-1200 cm-I. There 
are several spectral features in this region which are diagnostic 
of perchlorate bonding.29 Nonbonded perchlorate ions exhibit 
bands near 600 and 1100 cm-' which arise from antisymmetric 
angle deformations (v4 in Td) and antisymmetric bond 
stretching motions (v3 in Td), r e spe~ t ive ly .~~  Upon coordi- 
nation these bands broaden and in the limit of strong bonding 
split into one or more components depending upon the local 
symmetry of the perchlorate ion. The appearance of a band 
near 650 cm-l has been considered to be a very sensitive test 
for perchlorate c ~ o r d i n a t i o n . ~ ~  

In the ir spectrum of [Cu(tmpd)OH]2(C104)2 there is a 
strong band near 1100 cm-I which shows a distinct splitting 
with components at 1070 and 11 10 cm-'. However, there is 
no band in the 650-660-cm-' region. Although the band at 
1100 cm-' is split, it is not particularly broadened compared 
with the comparable band in compounds with coordinated 
perchlorate ions, and it resembles the spectral band29 in 
[Cu(teen)OH]2(ClO4)2, a compound with noncoordinated 
perchlorate. There is also a strong band centered at 615 cm-l 
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which is attributable to antisymmetric angle deformations. 
The band is significantly split, an observation contrary to that 
observed for the noncoordinated example; the splitting is less 
than that observed for unidentate or bidentate coordination. 
Thus, unfortunately, the infrared data do not rule out bidentate 
perchlorate bonding, but the nature of the spectral features 
does seem to discount the possibility. The crystal structure 
of this complex is currently under investigation in our labo- 
ratories. 

Note Added in Proof. Complete structural details for 
[Cu(bipy)OH]2(C104)2 are now available [M. Toofan, A. 
Boushehri, and M.  Haque, J. Chem. SOC., Dalton Trans., 217 
(1976)l. The refined structural results reveal that the 
Cu-0-Cu angle, 4, is 96.94’, and that the perchlorate ion is 
coordinated in the bidentate manner described for cu-[Cu- 
(dmaep)OH]2(C104)2. The new value for 4 gives a 2 J  
prediction of +45 cm-’. The more positive experimental value 
of +93 cm-I deviates from the linear relationship in the same 
manner that has been noted for cy- [Cu(dmaep)OH]2(C104)2, 
that is, 2 J  was predicted to be -50 cm-’ while the experimental 
value was found to be -4.8 cm-’. 
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The  various factors affecting the  formation and  stability of neutral, chelated four-coordinate organoaluminum-nitrogen 
compounds have been investigated. A variety of new compounds have been prepared and  fully characterized. Cryoscopic 
molecular weight da ta  suggest the  predominant species to  be the chelated monomer for the  compounds (CH3)2AI(C2- 

and  (CH3)2AISC2H4N(CH3)2. A t  lowered temperatures, N M R  studies and additional molecular weight da ta  suggest that  
an equilibrium exists between the monomeric chelate and a dimer. Other compounds such as ( C H ~ ) Z A I ( C H ~ ) N C ~ H ~ N ( C H ~ ) ~ ,  
( C H ~ ) Z A I ( C H ~ ) N C ~ H ~ N ( C H ~ ) ~ ,  and (C2Hj)2AI(CH3)NC3H6N(CH3)2 show a significant concentration of the dimeric 
species a t  room temperature.  T h e  dimer molecule can  exist in cis and  trans conformations relative to  the nitrogen of the 
four-membered ring. In all cases observed, the cis isomer is preferred. A n  unusual observation is that  [(CH3)2AI- 
N(CH3)C2H4N(CH3)2]2 is present as only the cis isomer at  low temperature. Many factors a re  shown to affect the position 
of the  monomer-dimer equilibrium. These include steric effects of groups bound to  aluminum, steric effects of groups 
bound to  potentially bridging and  terminal nitrogens of the  ligand, ligand base strength, and  chelate ring size. There  is 
also evidence tha t  the  mechanism of formation may affect chelation and  association. 

H ~ ) N C Z H ~ N ( C Z H ~ ) Z .  ( C ~ H ~ ) ~ A ~ ( C H ~ ) N C Z H ~ N ( C H ~ ) ~ ,  ( C ~ H ~ ) Z A ~ ( C Z H ~ ) N C ~ H ~ N ( C H ~ ) ~ ,  C ~ Z A ~ ( C Z H ~ ) N C Z H ~ N ( C H ~ ) ~ ,  

Introduction 
The reaction of an organoaluminum compound with a Lewis 

base containing an acidic hydrogen such as N(CH3)2H results 
in the formation of a derivative of the aluminum compound 
such as [(CH3)2AlN(CH3)2]2 and an alkane. Many of these 
aluminum derivatives have been found to be associated by 
bridging through the base group. The degree of association 

is variable and often not readily predictable. Several factors 
including electronic effects, steric effects, thermodynamic 
effects, and the mechanism of formation are considered to play 
important roles in determining the extent of these associa- 
t i o n ~ . ~ - ~  Compounds of this type which have bidentate ligands 
also have an unpredictable degree of association. Chelated 
monomers have been observed in the case of (CH3)zAI- 


