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The crystal structures of a series of trinuclear copper(I1) halide salts have been determined. These all contain pseudoplanar, 
symmetrically bibridged cu3xg2- (Ia) or Cu3X7L- (Ib) anions. ACu3C& or A2Cu3Cls salts are formed with A being the 
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N-methylpiperazinium (NMPZ), 3-methyl-2-aminopyridinium (3MAP), and 5-methyl-2-aminopyridinium (5MAP) cations. A 
Cu3Brg3- analogue is found with the 5-bromo-6-methyl-2-aminopyridinium (5B6MAP) cation. With the methylphenethyl- 
ammonium (NMPH) cation, a (NMPH)Cu3C17-EtOH salt is isolated. The salts are all monoclinic with the following space group 
and lattice constants: NMPZ, C5H14N2Cu3C18, P2,/c, a = 6.840 (3) 8,, b = 14.321 (9) A, c = 9.890 (5) A, = 102.90 (5)O, 
Z = 4; 3MAP, C12HlgN4Cu3Cls, C2/c, a = 26.05 (1) A, b = 13.687 (4) A, c = 7.099 (3) A, p = 117.95 (3)", 2 = 4; NMPH, 
CI,H2,NOC3C1,, P2,/n, a = 11.843 (4) A, b = 7.626 (3) A, c = 23.840 (10) A, p = 79.61 (3)O, Z = 4; 5B6MAP, C12NloN4- 
Cu3Brlo, P2,/n, a = 13.216 (3) A, b = 4.076 (1) A, c = 24.614 (6) A, p = 91.65 (2)O, Z = 2. Each copper ion extends its primary 
coordination by formation of two semicoordinate bonds to halide ions in adjacent oligomers, yielding the familiar 4+2 coordination 
geometry for copper(I1) complexes. These additional linkages cause the oligomers to aggregate into stacks, yielding stacking 
patterns of type IIa (NMPZ, 3MAP salts) or type IIb (NMPH, SMAP, and 5B6MAP). Cu-X distances are approximately 2.3 
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8, (CI) or 2.4 8, (Br) within the oligomers and 2.7-3.3 8, (CI) or 3.2-3.3 8, (Br) between oligomers. The bridging Cu-X-Cu 
angles within the trimer average near 94O. Magnetic susceptibility measurements have been made on the NMPZ, NMPH, 3MAP, 
and 5MAP chloride salts. In addition, measurements were performed on Cu3C1,(CH3CN),, which contains neutral trinuclear 
oligomers. All compounds have doublet ground states arising from antiferromagnetic exchange coupling between neighboring 
copper(I1) ions. The value of J / k  is typically -20 to -35 K, consistent with the structural characteristics of the trimeric species. 

Introduction 

The stereochemistry of copper(I1) complexes is exceedingly rich 
and diverse.2 The copper(I1) ion exhibits two types of coordination 
to ligands: normal coordination, with an ionic radius of ap- 
proximately 0.50 A, and a semicoordination in which the bond 
lengths are typically 0.3-1.0 8, longer than those with normal 
coordination. Coordination numbers range from 4 t o  6, but 
coordination geometries are rarely regularG3 They include ge- 
ometries that are four-coordinate, ranging from square planar to 
distorted tetrahedral,4 five-coordinate, with variation among 
square-pyramidal, trigonal-bipyramidal, and 4+ 1 geometries? and 
six-coordinate, with a 4+2 geometry.6 

The diversity in coordination geometry is particularly evident 
in copper(I1) halide salts, since the  halide ions impose little ste- 
reochemical restriction. Thus, the  observed geometries represent 
a delicate balancing of crystal field stabilization energies, halide 
ion-halide ion electrostatic repulsive energies, hydrogen bonding, 
and the ever-ubiquitous crystal-packing energies. This frequently 
leads to the  situation where two or more different geometries 
coexist within the  same structure.' In addition, t he  halide ions 
are able to function as bridging ligands, leading to the  formation 
of oligomers and extended  structure^.^^^ This allows for the  
possibility of a bewildering array of structural types. We have 
recently reviewed the  structural chemistry of ACuC13 salts,* but  
since tha t  t ime two new structural types have been reported.'0." 
T h e  structures of copper(I1) halide salts have been of particular 
interest in an attempt to understand the  correlations between 
structural parameters and magnetic properties in inorganic sys- 
tems.12 

O n e  particularly common polynuclear structural type is the  
pseudoplanar bibridged Cu,X2,L2 oligomer, where X = C1-, Br- 

* To whom correspondence should be addressed. 

and L = monodentate ligand (including C1- or Br-, as well as 
neutral ligands) with n I 5.9 These a re  sections of the  infinite 
chains present in anhydrous CuC12 and CuBrZl3 (111). Each 
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copper(I1) ion assumes a primary square-planar configuration. 
In the CuX2 salts, adjacent chains are displaced (stacked) so that 
the copper(I1) ions form semicoordinate Cu-X bonds to halide 
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ions in neighboring chains. This yields a 4+2 coordination ge- 
ometry. For the finite oligomers, variations in their stacking occur, 
yielding the possibility of either 4+1 or 4+2 coordination. We 
have developed a graphical representation, as well as a shorthand 
notation, to specify a given stacking arrangement. These are  
exemplified by the patterns for KCuC1,I4 (IVa), [(CH,),CHN- 
H2]CuCI,15 (IVb), and ( m e l H , ) C ~ ~ C l ~ ~ ~  (IVc, melH2 = melam- 
inium). The graphical representation simply consists of an il- 

Grigereit  e t  a l .  

Preparation 
The general procedure for preparation of the chloride salts involved 

reaction of the amine hydrochloride with excess anhydrous copper(I1) 
chloride in an alcoholic or acid solvent. In general, n-propanol was the 
solvent of choice, although methanol or ethanol could be substituted. 
Crystalline materials were obtained by slow evaporation of the alcoholic 
solutions. For the bromide salt, aqueous solutions were utilized to min- 
imize reduction to copper(1). 
Bis(3-methyl-2-aminopyridinium) Octachlorotricuprate(I1) 

( (3MAP)2C~3C18, C12HlsN,C~3C18). The free amine, 3-methyl-2- 
aminopyridine, was monoprotonated by titration with a dilute HC1 so- 
lution. The pyridinium chloride salt was isolated and reacted with 
stoichiometric quantities of anhydrous CuCI, in ethanol to yield 
(3MAP)CuC13. These reddish brown platelets were redissolved in n- 
propanol with excess CuCI,. Evaporation of the resultant solution yielded 
fine orange-brown needles of (3MAP)2Cu3Cls. Anal. Found (calcd): C, 
20.50 (20.81); H ,  4.01 (2.62); N, 7.97 (8.09); C1, 40.34 (40.95). 
Bis(5-methyl-2-aminopyridinium) Octachlorotricuprate(I1) 

((5MAP),Cu3CIS, Cl2HI8N2Cu3Cl8). This was prepared as above except 
that the isolation of the intermediate (5MAP)CuC13 salt was not made. 
If insufficient CuC1, was added to the final solution, yellow platelets of 
(5MAP),CuC14 crystallized out as an impurity.28 Anal. Found (calcd): 
C, 20.83 (20.81); H, 2.66 (2.62); N, 8.22 (8.09). 
Bis(S-bromo-6-methyl-2-aminopyridinium) Octabromotricuprate(I1) 

( (5B6MAP),Cu3Br8, C12H16N,C~3Br,o). The procedure involved dis- 
solving the 6-methyl-2-aminopyridinium salt and excess CuBr, in dilute 
HBr solution. Evaporation of the solution yielded dark purple needlelike 
crystals of the 5-bromo-6-methyl-2-aminopyridinium salt. Bromination 
of the pyridine ring (see Structure Descriptions) presumably was cata- 
lyzed by the Cu(I1) ions. 

Methylphenethylammonium Heptachlorotricuprate(I1)-Ethanol 
((NMPH)Cu3CI7.EtOH, CllH20NOC~3C17). This salt was prepared by 
reaction of the amine hydrochloride with excess anhydrous copper(I1) 
chloride in ethanol solution. Initial crystallization yielded red crystals 
of (NMPH)2Cu2C16.29 Upon repeated recrystallization from absolute 
ethanol, flat orange plates of the heptachloride crystallized. 

N-Methylpiperazinium Octachlorotricuprate(I1) ((NMPZ)Cu,CIS, 
C,HI4N,Cu3CI8). N-Methylpiperazine dihydrochloride and CuCI,-2H20 
were dissolved in a concentrated HCI solution in a 1:4 ratio. The octa- 
chloride salt separated out upon evaporation of the solvent. Anal. Found 
(calcd): C, 10.87 (10.41); H, 2.43 (2.45); N, 5.11 (4.86). 

X-ray Data Collection and Analysis 
The X-ray diffraction data collections were carried out on one of three 

X-ray diffraction systems: a Picker four-circle goniometer automated 
with a PDP-8L computer30 ((3MAP)2Cu3Ci8), a Nicolet R3m/E dif- 
fractometer)’ ((NMPH)Cu3CI7-EtOH, (5B6MAP),Cu3Br8), or a Philips 
PW 1 loo3* ((NMPZ)Cu,Cl,). Data collection parameters are listed in 
Table I. Crystal structure analyses were carried out, respectively, on 
a locally assembled set of standard programs,” the SHELXTL-84 programs 
from a Nicolet R3m/E system,34 and the SHELX-76 programs on a CDC 
Cyber 7600 comp~ter . ’~  

Crystal structure solutions were initiated via either direct methods or 
Patterson techniques. The substituted 2-aminopyridinium salts all grew 
as fine needles, which were composites of many slightly misoriented 
crystallites. For the 3MAP salt, the diffraction maxima were broad with 
a substantial amount of structure. In order to obtain sufficient volume 
for satisfactory X-ray intensity, long needles had to be selected, and thus 
the absorption problem was significant. For the 5MAP salt, better 
crystals were obtained, but the monoclinic crystals were invariably 
twinned in such a fashion that the h,k,21 and h , k , f i  reflections were 
superimposed when k was even. Thus, a structure determination was not 
undertaken. The laminar crystals of (NMPH)Cu3C17.EtOH were com- 

IPa 2(1/2,1/2) E b  2(3/2,1/2) E C  2(1/2,1/2)( 1/2,-1/2) 

lustration of the stacking of “envelopes”, where each envelope 
represents the pseudoplanar oligomer. The stacking of the en- 
velopes shows the manner in which adjacent oligomers are 
translated so as to  form the semicoordinate bonds between oli- 
gomers. The shorthand notation is of the form n(dll,dl). Here 
n is the number of copper(I1) ions in the oligomer. The relative 
in-plane displacements between adjacent oligomers, dll and d , ,  
are specified in terms of units of the X-X distances on the edge 
of the oligomers. As many displacement symbols as  necessary 
are  concatonated. In KCuC1, (IVa) the 2(1/2,1/2) pattern is a 
simple segment out of the CuCI, structure, such that each cop- 
per(I1) ion has a 4+2 coordination. The 2(1/2,3/2) pattern, as 
for the dimers in [(CH,)2CHNH,]CuCI, (IVb) again is a segment 
of the CuCI, structure. However, the copper(I1) ions in each 
oligomer only attain a 4+1 coordination through the stacking. 
Finally, the more complex 2(1/2,1/2)(1/2,-1/2) pattern in IVc 
retains the 4+2 coordination but now can no longer be viewed 
as derived from the CuX, structures. 

In this paper, we report the structures and magnetic properties 
of a series of trinuclear copper(I1) oligomers. Previously reported 
pseudoplanar bibridged halide trimers include those found in 
C U , C I , ( C H , C N ) , , ’ ~  CU~CI~(H~O)~-~(CH~)~SO~,~* and 
[ (C,H,)2NH2]2(Cu3Br8).CuBr2-EtOH9 with stacking patterns Va, 
Vb, and Vc, respectively. A Cu3ClI,*- trimer is found in (C6- 

V (a) V(b) V(c) 

N,H,8)4C~5C122.7a A variety of other trinuclear species have been 
observed including such diverse systems as bis(adeninium) octa- 
chlorotricuprate(I1) tetrahydrate,,O CU,(N-~~CO),(OH)~(H,O)~, 
where N-nico is nicotinate N-oxide,21 CU,L,(CH,COO)~,  where 
L H  = N-methyl-N’-(4-methoxysalicylidene)- 1,3-pr0panediamine?~ 
and numerous other Schiff base c o m p l e ~ e s . ~ ~ - ~ ’  Magnetic studies 
have been carried out on many of these ~ y ~ t e m ~ . ~ ~ - ~ ~ * ~ ~ - ~ ~  The  
compounds reported in this paper were synthesized as part of our 
program to correlate the structural and magnetic properties in 
copper(I1) halides. 
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(NMPZICU~C~~ 
Figure 1. Illustration of stacking of trimers and of hydrogen bonding in (NMPZ)Cu3Clx. 

(NMPH)Cu,CL,(EtOH) 
Figure 2. Illustration of the asymmetric unit in (NMPH)Cu3CI7.EtOH. 

posites of layers of platelets that also had very poor diffraction charac- 
teristics. Refinements generally proceeded smoothly. Difficulty was 
encountered for (3MAP)2Cu3C18, in which a substantial disorder problem 
was found. Approximately 80% of the Cu3CIx2- ions occupied normal 
sites. The other 20% occupied closely related sites involving overlap of 
half of the chloride ion positions between the two types of sites. The 
programs used3* were not capable of constrained refinement of site oc- 
cupancy factors. Thus, the 80%-20% split was obtained by trial and 
error; e.g., it gave better results than 757&-25% and 857&-15% splits. This 
implies the disorder of the pyridinium cations also. The occupancy of 
the primary site for the cation was fixed at 80%. It was not possible to 
resolve the remaining 20% of the cations on the resulting difference 
Fourier maps. Since their location was not crucial to the interpretation 
of the magnetic behavior, no attempt was made to pursue the structure 
refinement. For the NMPZ salt, where twinning of the crystals was also 
a problem, it was necessary to exclude 43 reflections from the final 
calculation where F, was much greater than F, and where either the scan 
showed a double peak or the peak was badly miscentered. Refinement 
of the bromide salt presented a different problem. After the Cu3Brx2- 
ion was located, another substantial peak appeared on the difference 
electron density map in the area of the pyridinium ring. We had observed 
structural evidence for the bromination of substituted pyridinium rings 
previously36 and thus identified this peak as a bromine atom. Refinement 
of the occupancy factor indicated 75 (3)% of the pyridinium rings were 
brominated. Pertinent copper-halide bond distances and angles are given 
in Table I1 and Figures 1-5. Final positional parameters are given in 
Tables 111-VI. Tables of hydrogen atom positions, anisotropic thermal 
parameters, all bond distances and angles, and IFoI and lFcl values are 
deposited as supplementary material, as well as stereographic diagrams. 

(NMPH)Cu,CI,(EtOH) 
Figure 3. Stacking of trimers in (NMPH)Cu,Cl,.EtOH. 

( ~ M A P I ~ C U ~ C I ~  

Figure 4. Stacking of trimers in (3MAP),Cu3CIX. 

Structure Descriptions 
T h e  crystal structures of these salts all contain pseudoplanar 

bibridged cU3x8’- or cu,x,L-  anions. Similar neutral Cu3cl6L2 
oligomers were found in CU,CI~(CH~CN),~’ and Cu3Cl6(HZ- 
0)2.2(CH2)4S02,38 and a Cu3Br8’- anion was found in 
(Et,NH2)ZCu,Br,.CuBrZ~EtOH.19 Corresponding binuclear, 
tetranuclear, and pentanuclear oligomers a re  also Within 
each oligomer, the  copper(I1) ions attain a square-planar coor- 
dination. The  Cu-X distances generally range from 2.23 to 2.33 
A for the  chloride salts, with the longer distances associated with 
the  bridging halide ions. Bridging angles, important for mag- 
netic-structural correlations, range from 92  to 95’. Intratrimer 
bond lengths and angles a re  summarized in Table IIa.  Stacking 
of the trinuclear units, with the formation of long semicoordinate 

(36) Place, H. P.; Willett, R. D., submitted for publication in Acta Crus- 
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Table 11. Bond Distances 2nd Angles in Cu3XS2- Anions 
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(a) Intratrimer Bond Distances (A) and Angles (deg) 

Cu(n)-X(n') 
NMPZ 3MAP NMPH 5B6MAP 

bond n-n' dist n-n' dist n-n' dist n-n' dist 
a- 1 1-1 2.224 (3) 2-8 2.224 (6) 1-1 2.292 (3) 1-3 2.393 (4) 
a-2 1-3 2.311 (3) 2-5 2.296 (5) 1-2 2.319 (3) 1-2 2.448 ( 5 )  
a-5 1-2 2.227 (2) 2-6 2.263 (6) 1-8 2.255 (3) 1-4 2.388 ( 5 )  
a-6 1-4 2.333 (3) 2-2 2.411 (5) 1-7 2.379 (3) 1-1 2.479 (4) 
b-2 2-3 2.235 (3) 1-5 2.251 (6) 2-2 2.274 (3) 2-2 2.389 (3) 
b-3 2-6 2.236 (3) 2-3 2.254 (3) 
b-6 2-4 2.257 (2) 1-2 2.326 (5) 2-7 2.273 (3) 2- 1 2.425 (3) 
b-7 2-5 2.254 (3) 2-6 2.290 (4) 
c-3 3-6 2.319 (3) 3-3 2.288 (3) 
c-4 3-8 2.210 (3) 3-4 2.246 (3) 
c-7 3-5 2.328 (3) 3-6 2.330 (3) 

1.968 (8) c-8 3-7 2.232 (3) 3-0 
NMPZ 3MAP NMPH 5B6MAP 

bond n-n'-n'j angle n-nf-n'' angle n-n"n" angle n-n'-nfr angle 

I-a-2 
1-a-5 
1 -a-6 
2-a-6 
2-a-6 
5-a-6 
2-b-3 
2-b-6 
2-b-7 
3-b-6 
3-b-7 
6-b-7 
3-b-4 
3-c-7 
3-C-8 
4-c-7 
4-C-8 
7-C-8 

a-2-b 
a-6-b 
b-3-c 
b-7-c 

1-1-3 
1-1-2 
1-1-4 
3-1-2 
3-1-4 
2-1-4 
3-2-6 
3-2-4 
3-2-5 
6-2-4 
6-2-5 
4-2-5 
6-3-8 
6-3-5 
6-3-7 
8-3-5 
8-3-7 
5-3-7 

1-3-2 
1-4-2 
2-6-3 
2-5-3 

90.7 (1) 
94.0 (1) 

172.7 (1) 
163.2 (1) 
83.7 (1) 
90.1 (1) 
92.3 (1) 
87.3 (1) 

178.4 (1) 
178.0 (1) 
86.9 (1) 
93.6 (1) 
90.5 (1) 
83.3 (1) 

163.1 (1) 
173.7 (1 )  
95.6 (1) 
90.6 (1) 

94.6(1) 
93.4 (1) 
94.7 (1) 
94.0 (1) 

8-2-5 
8-2-6 
8-2-2 
5-2-6 
5-2-2 
6-2-2 
5-1-5 
5-1-2 
5-1-2' 
2-1-5' 

2-1-2' 

2-5-1 
2-2-1 

X(n)-Cu(n')"(n'') 
91.8 (2) 1-1-2 
94.7 (2) 1-1-8 

175.5 (2) 1-1-7 
167.0 (2) 2- 1-8 
84.6 (2) 2- 1-7 
88.2 (2) 8-1-7 
94.2 (3) 2-2-3 
87.6 (1) 2-2-7 

177.4 (2) 2-2-6 
177.4 (2) 3-2-7 

3-2-6 
90.6 (3) 7-2-6 

3-3-4 
3-3-6 
3-3-0 
4-3-6 
4-3-0 
7-3-0 

96.1 (2) 1-2-2 
Cu(n)-X")-Cu(n") 

91.1 (2) 1-7-2 
2-3-3 
2-6-3 

(b) Intertrimer Distances (A) 

90.6 (1) 
93.8 ( 1 )  

174.2 (1 )  
165.9 (1) 
83.9 (1) 
91.3 (1) 
91.2 (1) 
87.3 (1) 

177.3 (1) 
178.2 (1) 
86.9 (1) 
94.6 (1 )  
90.6 (3) 
85.2 (1) 

169.1 (3) 
171.6 (1) 
88.9 (2) 
93.8 (1) 

95.0 (1) 
93.4 (1) 
94.9 (1) 
92.8 (1) 

3-1-2 
3-1-4 
3-1-1 
2-1-4 
2-1-1 
4-1-1 
2-2-1' 
2-2-1 
2-2-2' 
1'-2-1 

1-2-2 
1-1-2 

90.5 (2) 

172.9 (2) 
175.2 (2) 
84.5 (1) 
91.4 (2) 
93.1 (1) 
86.9 (1) 

93.4 (1) 

180 
180 

95.1 (1) 
93.4 (1) 

~ 

NMPZ 3MAP NMPH 5B6MAP 

Cu(l)-C1(7) 2.655 (3) Cu(l)-C1(2) 3.074 (4) Cu(l)-C1(4) 2.706 (3) Cu(2)-Br(1) 3.213 (4) 
Cu(l)-CI(5) 3.240 (3) Cu(2)-c1(2) 3.216 (4) Cu(l)-C1(6) 3.206 (3) Cu(1)-Br(2) 3.285 (4) 
Cu(21-CK4) 2.979 (3) Cu(2)-C1(6) 2.852 (4) Cu(2)-C1(3) 3.075 (3) Cu(1)-Br(4) 3.177 (4) 

C~(21-C1(7) 2.900 (31 cu(2j-ciisj  2.972 ( 3 )  
Cu(3)-C1(2) 2.667 (3) 
C~(3)-C1(4) 3.226 (3) 

Cu-X bonds, leads to a final 4+2 coordination for each copper 
ion, resulting in different possible stacking patterns, as discussed 
in the abstract and Introduction. 

(NMPZ)Cu3C18. The geometry of the Cu3Clg2- anion in this 
salt illustrates the characteristics usually associated with pseu- 
doplanar oligomers. Although it lacks any crystallographic 
symmetry elements, the ion has nearly twofold symmetry. The 
interior CI-Cu-Cl angles are  systematically less than 90' (85.5O 
average) while the terminal angles are  greater than 90' (94.8' 
average). Thus the lateral Cl-Cu-Cl angles a t  the terminal copper 
atoms are close to 90' (90.5' average) while a t  the central copper 
atom they increase to 93.0° (average). The bridging Cu-C1-Cu 
angles average 94.2'. Systematic variations are  also seen in the 
bond distances. The terminal Cu-CI bonds avera e 2.232 A while 

trans effect is seen, with the Cu-C1 bonds trans to the terminal 
Cu-C1 bonds averaging 2.323 A. 

the bridging bonds are longer, averaging 2.270 1 . A substantial 

cu(3j-ci(2j 3.122 (3) 
C~(3)-C1(8) 2.803 (3) 

The  stacking pattern is of the type IIa, which is a 3(1/2, 
1/2)(1/2,-1/2) pattern in the notation of ref 9. This was the first 
example found of a trimer with this type of pattern. Each of the 
three copper atoms complete their coordination sphere by forming 
two semicoordinate bonds, yielding chains of trimers running 
parallel to the a axis. While the central copper atom, Cu(2), has 
essentially equal axial bond lengths of 2.975 and 2.979 A, the 
situation with the terminal copper atoms is much different. These 
copper atoms form one semicoordinate bond to a bridging chloride 
ion and a second to a terminal chloride ion. The latter interaction 
will clearly be stronger electrostatically, and thus the copper ions 
and terminal chloride ions are pulled toward each other, forming 
short semicoordinate bonds of 2.655 A for Cu( l)-C1(7') and 2.667 
A for Cu(3)-C1(2"). The other semicoordinate bonds are much 
longer a t  3.241 and 3.226 A, respectively. This distortion from 
the planarity can be seen in Figure 1. While the coordination 
at  Cu(2) is clearly of the standard 4+2 type, the coordination a t  
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Figure 5. Illustration of disorder in (3MAP)2Cu3C1, 

Table 111. Positional (X lo4) and Isotropic Thermal Parameters 
(X103) for (NMPZ)Cu3CI8” 

X 1; Z u. A2 

732 (2) 
2781 (2) 
4871 (2) 

270 (4) 
-1317 (3) 

2076 (4) 
1081 (3) 
3446 (3) 
4558 (4) 
5856 (4) 
6137 (3) 
2139 (20) 
4209 (15) 
4158 (15) 

884 (15) 
914 (14) 

2120 (13) 
2911 (12) 

37610 (5) 
50030 (4) 
62480 (5) 

3236 (1) 
3266 (1) 
4451 (1) 
4405 (1) 
5579 (1) 
5575 ( I )  
6724 ( I )  
6824 (1) 
-558 (4) 

-1421 (4) 
-2028 (4) 
-1992 (4) 
-1385 (4) 
-1187 (3) 
-2214 (3) 

979 (1) 12 ( I )  
879 ( I )  14 ( I )  
857 (1) 13 (1) 

2723 (3) 33 (1) 
-633 (2) 25 ( 1 )  
2513 (2) 27 (1) 
-700 (2) 24 ( 1 )  
-746 (2) 24 (1) 
2456 (2) 28 ( I )  
-802 (3) 29 ( I )  
2555 (3) 28 ( I )  
492 (13) 41 (7) 

538 (12) 34 (6) 
575 (10) 31 (5) 

-1045 (1 1 )  29 (6) 
-967 (10) 28 (5) 

371 (9) 26 (5) 
-813 (9) 31 (5) 

“The equivalent isotropic U values are defined as one-third of the 
trace of the orthogonalized U,, tensor. 

Cu(1) and Cu(3) might better be labeled as a 4+1+1 coordination. 
Indeed, around Cu(3),  one of the CI-CI distances involving the 
semicoordinate atoms, C1(8)-C1(2”), becomes smaller than the 
sum of the van der Waals radii. A similar coordination behavior 
is seen in (melH,)Cu2C1,.’6 The net result of this interaction is 
that the central copper atom retains the planarity of its primary 
coordination sphere, while the terminal copper atoms have a 
substantial distortion from planarity (of the “sedia” or “bifold” 

The geometry of the cation is normal, and its packing appears 
to be largely dictated by hydrogen-bonding constraints. Thus, 
N (  1) (with only one proton) forms a very short hydrogen bond 
(N-CI = 3.09 A) to C1( 1 ). The latter is one of the terminal 
chloride ions not involved in a semicoordinate bond. N(2)  forms 
a normal hydrogen bond (N-CI = 3.16 A) to the other terminal 
chloride ion, C1(8), and a bifurcated hydrogen bond (N-CI = 3.24 
and 3.27 A) to the two chloride ions Cl(2) and C1(7), which are 
involved in semicoordination. This is the behavior anticipated from 

(39) O’Brien, S.; Gaura, R. M.; Landee, C. P.; Ramakrishna, B. L.: Willett, 
R. D., submitted for publication in Inorg. Chim. Acra. 

(40) Antolini, L.; Manfredini, T.; Pellacani, G. C.; Sandrolini, F.; Motori, 
A.; Battaglia, L. P.; Bonamartini-Corradi, A.; Geiser, U.; Willett, R. 
D. J. Chem. Soc., Dalton Trans., in press. 

Grigereit et al. 

Table IV. Positional (X104) and Isotropic Thermal Parameters 
(X IO3) for (NMPH)Cu,CI,.EtOH” 

X Y 
Cu(1) 7156 (1) 4145 (2) 
Cu(2) 4988 (2) 2570 (2) 
Cu(3) 2889 (1) 694 (2) 
CI(1) 7609 (2) 3796 (4) 
Cl(2) 5493 (2) 2517 (4) 
Cl(3) 3520 (2) 712 (4) 
Cl(4) 1554 (3) -1324 (4) 
0 2554 (7) 310 (10) 
Cl(6) 4469 (3) 2482 (4) 
Cl(7) 6498 (2) 4405 (4) 
Cl(8) 8468 (3) 6278 (4) 
N 370 (7) 3852 (11) 
C( l )  617 (10) 1971 (15) 
C(2) 868 ( I O )  5034 (15) 
C(3) 513 (11) 6907 (17) 
C(4) 1018 (9) 8131 (16) 
C(5) 455 (11) 8641 (17) 
C(6) 953 (14) 9712 (18) 
C(7) 2048 (15) 10283 (19) 
C(8) 2623 ( 1 1 )  9764 (17) 
C(9) 2140 (10) 8682 (15) 
C(10) 2847 (11) 1348 (20) 
C(11) 3861 (12) 808 (20) 

“See footnote a of Table 111. 

2 

612 (1)  
7 (1) 

-553 (1)  
1501 ( 1 )  
882 (1) 
299 ( I )  

-219 ( I )  
-1323 (3) 
-873 ( 1 )  
-270 ( 1 )  

359 ( 1 )  
1001 (3) 
1079 (5) 
1385 (4) 
1355 (5) 
1747 (5) 
2284 (5) 
2618 (5) 
2402 (6) 
1895 (5) 
1567 (5) 

-1840 (6) 
-2171 (6) 

Table V. Positional (X lo4) and Isotropic Thermal Parameters 
(X lo3) for (5B6MAP),Cu3Br,” 

X v z u, A? 
Cu(2) 5000 5000 0 35 (2) 
Cu(1) 5223 (3) 1320 (10) I314 (1) 36 ( I )  
Br(1) 6184 (2) 1337 (8) 464 (1) 34 ( I )  
Br(2) 4039 (2) 4876 (8) 807 (1) 36 ( I )  
Br(3) 4112 (2) 1203 (8) 2065 (1) 37 ( I )  
Br(4) 6409 (2) -2359 (8) 1738 (1) 41 (1) 
Br(5) 1378 (4) 8997 (15) 494 (2) 78 (3) 
N(1) 99 (17) 4926 (49) 1808 (8) 34 (9) 
C(2) -834 (20) 3775 (69) 1649 (10) 31 (7) 
C(3) -1227 (20) 4615 (97) 1123 (11) 68 (15) 
C(4) -501 (23) 6068 (76) 814 ( I )  52 (13) 
(35) 463 (20) 7098 (69) 961 (9) 36 ( 1 1 )  
(76) 782 (21) 6337 (69) 1476 (10) 34 (8) 
N(2) -1346 (18) 2185 (69) 2024 (9) 70 (12) 
C(7) 1787 (19) 6961 (88) 1714 (10) 62 (14) 

“See footnote a of Table 111. 
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Table VI. Positional and Equivalent Isotropic Thermal Parameters 
for (3MAPKulClpQ 

Cu(l)  0.5 0.4403 (2) 
Cu(2) 0.63020 (7) 0.4373 (2) 
Cl(2) 0.5622 (1) 0.5599 (3) 
Cl(5) 0.4397 (2) 0.3284 (3) 
Cl(6) 0.6826 ( I )  0.5580 (4) 
Cl(8) 0.6871 (2) 0.3175 ( 5 )  
Cu(1’) 0.5 0.6930 (1) 
Cu(2’) 0.6315 (4) 0.6830 (8) 
CI(5’) 0.582 (3) 0.806 (3) 
Cl(8’) 0.692 (2) 0.801 (3) 
N(1) 0.0667 (9) 0.311 (2) 
C(2) 0.1990 (12) 0.308 (2) 
C(3) 0.1723 (8) 0.392 (2) 
C(4) 0.3762 (8) 0.075 (2) 
C(5) 0.3173 (6) 0.072 (1) 
N(6) 0.0899 (7) 0.497 ( I )  
C(7) 0.2002 (6) 0.472 (1) 
C(8) 0.1103 (7) 0.401 (1) 

“See footnote a of Table 111. 

0.25 
0.2529 (3) 
0.2401 (6) 
0.2714 (8) 
0.2070 (6) 
0.2466 (8) 
0.25 
0.266 (2) 
0.242 (9) 
0.275 (4) 
0.225 (3) 
0.330 (4) 
0.283 (3) 
0.247 (3) 
0.209 (2) 
0.231 (3) 
0.303 (2) 
0.242 (3) 

0.076 (3) 
0.106 (2) 
0.113 (3) 
0.092 (3) 
0.144 (3) 
0.146 (9) 
0.161 (13) 
0.155 (9) 
0.59 (10) 
0.18 (3)  
0.11 ( I )  
0.12 (2) 
0.18 ( I )  
0.20 ( I )  
0.11 (1) 
0.16 (1) 
0.13 ( 1 )  
0.16 ( I )  

electroneutrality arguments8 Cl(4) and Cl(5) are involved in two 
normal and two semicoordinate bonds. Cl(3) and Cl(6) form two 
normal bonds each, while Cl(2) and Cl(7) are each involved in 
one normal bond, one short semicoordinate bond, and one bi- 
furcated hydrogen bond. Finally, Cl(1) and Cl(8) each form one 
normal copper-chloride bond and one short hydrogen bond. 

(NMPH)Cu3CI7.EtOH. The Cu3Cl7.EtOH- anion with its 
corresponding counterion is illustrated in Figure 2. The intra- 
oligomer Cu-C1 distances range from 2.246 to 2.379 A, with 
bridging Cu-CI-Cu angles ranging from 92.8 to 95.0’. Trends 
in distances and angles are  similar to those in (NMPZ)Cu3C18. 
The ethanol molecule coordinates to one of the terminal copper(I1) 
ions in the trimer (Cu(3)-0 = 1.968 A) with the ethyl group lying 
out of the plane of the oligomer. This CU,,X,,,+~L- anion is unique 
among oligomeric species found to date in copper(I1) halide 
systems. Adjacent oligomers, related by centers of inversion in 
the monoclinic space group, stack as shown in Figure 3. This is 
a variation of the 3(’/2,’/2) stacking depicted in IIb. Intertrimer 
distances range from 2.706 to 3.206 A. 

(3MAP),Cu3C18. The Cu3ClS2- ion in this molecule has C, 
symmetry, with Cu-C1 distances within the trimer ranging from 
2.224 to 2.326 A, while intertrimer distances range from 2.952 
to 3.216 A (Figure 4). The stacking is of the type IIa also, as 
in the N M P Z  salt, but with the addition of twofold symmetry 
operations relating adjacent trimers. Distortions of the trimer 
a re  similar in nature to those in the N M P Z  salt. As indicated 
in the previous section, this compound exhibits a severe disorder 
problem, the nature of which is illustrated in Figure 5. About 
20% of the trimers are subject to a stacking fault of the type shown 
by the middle trimer in Figure 5 .  That  is, instead of alternate 
stacking in the sequence ( 1 / 2 , ’ / 2 ) ( ’ / 2 , - 1 / 2 ) . . . ,  two successive 
(1 /2 ,1 /2 )  steps occur, followed by two successive (l/,,-l/,) steps. 

The structure consists of discrete 5 -  
bromo-6-methyl-2-aminopyridinium cations and Cu3Bra2- anions. 
The bond angles and distances within the cation are normal. The 
bromination of substituted pyridinium rings has been described 
elsewhere.28 The anion is a trimeric species, the copper(I1) ions 
being bibridged through bromide ions. The Cu(2) atom is on a 
center of inversion and has very nearly square-planar geometry. 
The geometry a t  the Cu(1) atom is more distorted from 
square-planar coordination, both in distances and in angles. The 
bifold distortion of the terminal copper atoms is not nearly as 
pronounced in this salt as in the chloride salts. 

The trimeric anions stack with a 3(’/2,’/2) pattern such that 
each copper assumes a 4+2 coordination (Figure 6). The 
equatorial Cu-Br distances are  2.407 8, (average); the semi- 
coordinate Cu-Br distances range from 3.177 to 3.285 A. There 
is hydrogen bonding between the nitrogen in the ring, N (  l ) ,  and 
Br(3) (N-Br = 3.31 A) and between the amino nitrogen, N(2) ,  
and Br(4) (N-Br = 3.55 A). Again, the hydrogen bonding is to 

(5B6MAP),Cu3Br8. 

(5B6MAP)2C~,Br, 
Figure 6. Stacking of trimers in (5B6MAP),Cu3Br8 

the terminal, nonbridging, halide ions. 
(5MAP),Cu3ClS. As indicated above, crystals of this salt were 

invariably twinned. However, it was possible to identify a primitive 
unit cell with lattice constants of approximately 3.9 A X 23.6 
X 24.1 A and @ = 94.6’ with a unit cell volume of -2220 A3. 
However, this unit cell arises from two overlapping reciprocal 
lattices due to the apparent intrinsic twinning in this system. The 
3.9-A a-axis lattice constant does dictate a 3(1/2,1/2) stacking 
pattern (type IIb). Thus each Cu ion assumes a 4+2 coordination 
geometry. 
Magnetic Properties 

Within a linear Cu(  11) trinuclear oligomer, the magnetic in- 
teractions can be modeled quite well by the spin Hamiltonian 

which assumes an isotropic exchange interaction and neglects 
next-nearest-neighbor intratrimer coupling between the end atoms; 
e.g.; 5 1 3  = 0. The energy levels of this Hamiltonian can easily 
be shown to be El  = 2 J  (S = 1 / 2 ) ,  E,  = 0 (S = I / , ) ,  and E3 = 
-J (S = 3/2) .41  Thus, the magnetic susceptibility (obtained from 
the Van Vleck equation) is given by 

XM = N1X1/2 + N 2 X l j 2  + N3X3/2 (2a) 

c 1 + exp(J /kT)  + 10 exp(-3J/kT) 
XM = (-) T 1 + exp(J /kT)  + 2 exp(-3J/kT) (2b) 

where C = Ng2pB2/4k and the N ,  values are  the Boltzmann 
populations of the ith energy levels. Since the trimers stack in 
a one-dimensional array, it is reasonable to assume it may be 
necessary to include interoligomer interactions. If these inter- 
actions, denoted generically by J’, are much less than J ,  it is 
traditional to include this as a mean field correction 

(3) 

with e = ZJ‘/k42 and where Z is the number of J’ exchange 
pathways. However, for the trimer stacks, this simple argument 
may not be appropriate if the ground state is antiferromagnetic 
due to spin frustration effects. 

In Figure 7, the exchange pathways of the trinuclear oligomers 
for 3(1/2,1/2)  or 3(’/2,’/2)(’/2,-’/2) patterns are depicted sche- 
matically. Labeling of the interoligomer exchange pathways are  
indicated, along with a possible arrangement of antiferromag- 
netically coupled trimers. Five pathways are identified: J l  J21,, 
J2,,, J3,,, and J33,.  If these pathways all have the same sign, it 
can be argued that a “frustration” occurs; e.g., if Jll favors a 
spin-up configuration at  site l‘, then J I 2 , ,  favors a spin-down 
configuration. Similar arguments hold a t  site 2’. Hence, no net 
coupling of sites 1’ and 2’ to sites 1,  2, and 3 will occur. Similar 
arguments hold if the primed copper(I1) ions are  coupled ferro- 
magnetically (S = 3/2,  quartet state). But, if adjacent oligomers 
are both in the quartet state, then Jll,, and J2, .  reinforce the spin 

(41) Gotham, R. W.; Kettle, S. F. A.; Marks, J. A. J .  Chem. Soc., Faraday 
Trans. 2 1976, 125. 

(42) Ginsberg, A. P. Inorg. Chim. Acta, Reo. 1971, 5 ,  45. 
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t l t  
a) b) C) 

Figure 7. (Top) Spin interaction pathways for the 3('/2,'/2) and 
3 ( ' / 2 , ' / & ' / ~ , - ' / ~ )  stacking patterns. (Bottom) Spin arrangements for 
(a) two quartet states, (b) a quartet and a doublet state, and (c) two 
quartet states. 

J/k=-32.7K 

g = 2.23 

0 IO0 ZOO 300 

1 IKI 

Figure 8. Plot of XM vs. T for CU,C~~(CH,CN)~ .  The solid line is the 
fit to the isolated trimer model with J / k  = 32.7 K. 

orientation a t  1'. Thus, if all Jii. values have the same sign, the 
doublet states are  essentially decoupled from the other states. 
However, coupling will occur between adjacent quartet states. 
Phenomenologically, this can be modeled by introducing a mean 
field correction, Or, to  the susceptibility of the quartet term in eq 
2a to yield 

Qualitatively, if 6' is negative, this interaction will tend to stabilize 
the quartet state and add a cooperative flavor to the interaction; 
e.g., the system will not obey simple Boltzmann statistics. 

This cooperativity exhibits itself in several ways in the sus- 
ceptibility data.  Figure 8 shows the xM vs. T da ta  for cu&16- 
(CH3CN),, a 3(3/2,1/2)  structure, which will not be expected to 
exhibit this phenomenon of spin frustration to a large extent. In 
the temperature region where depopulation of the quartet state 
occurs, 30-100 K, xM increases steadily and never reaches a 
maximum. The isolated trimer model (eq 2b) reproduces the data 
very nicely in this region. In contrast, the xM vs. T plot for 

0 . 0 9 6  

0.073 

x, 
0.050 

0 . 0 2 7  

0.004 

K 

t 

g = 2.13  I 

0 IO0 200 300 

T (K) 
Figure 9. Plot of XM vs. T for (3MAP)2Cu3CI,. The solid line is the fit  
to the isolated trimer model with J / k  = -30.2 ( 8 )  K. 

0 320k, , . . , , , , , , , , , , , , , , 

0 100 200 300 

T (Kl 

, , . , , , . , , 

Figure IO. Plot of X ~ T V S .  T for CU,CI~(CH$N)~. The solid line is the 
fit to the isolated trimer model with J / k  = 32.7 K 

(3MAP)2Cu,C18 exhibits a definite flattening in the 30-60 K range 
(Figure 9). This cannot be reproduced by eq 2b. A related 
phenomenon occurs in the x M T  vs. 7' plots. Figure 10, for 
C U ~ C ~ ~ ( C H , C N ) ~ ,  shows a generally satisfactory agreement be- 
tween eq 2b and the data. Some small systematic deviations are 
seen, with the model being too large in the 30-60 K region, too 
low from 90 to 170 K, and too large again from 220 to 300 K. 
Some improvement in the lowest temperature range (4-20 K) is 
obtained by the simple mean field correction (eq 3), as might be 
anticipated since interstack interactions are possible in this 
structure. Conversely, the xMT VS. T data for (3MAP),Cu3C18 
(Figure 11) shows serious deviations from eq 2b. At  high tem- 
peratures, x M T  is much flatter (constant) than the model, and 
for intermediate temperatures, xMT drops too rapidly. This is 
indicative of a more cooperative type of behavior. The pheno- 
menological model given in eq 4, however, reproduces the data 
quite well (solid line in Figure 11). Similar results are seen for 
the other chloride salts (Figures 12-14 and Table VII), although 
the magnitude of the mean field correction is smaller, except for 
the (5MAP),Cu3Cls da ta  (Figure 14), which are  best fit to the 
mean field model with 0 positive. 

Magnetic-Structural Correlations 
The first impulse is to compare the J / k  values in these planar 

trimers with those found in the corresponding planar cu$&2- 
dimersI2 and be gratified with the good agreement. For KCuC1, 
and (melH2)Cu2C16, J / k  values of -28 K are obtained.I6 In the 
trimers whose structures have been determined, the observed values 
range from -19 to -33 K. However, for planar bibridged cop- 
per(I1) species, a major correlation between structure and magnetic 
exchange coupling has been found with the bridging angle, 4. In 
the trimer, the bridging angles are  typically 94.0 f 1 .Oo, while 
in the dimers, 4 = 9 5 . 5 O .  Thus, the trimers should reasonably 



Trinuclear Copper(I1) Halide Salts Inorganic Chemistry, Vol. 26, No. 14, 1987 2243 

0.14 

Table VII. Comparison of Structural Parameters for Chloride Trimers 
3MAP CH3CN (CH2)$02 NMPH NMPZ 5MAP 

2.291 2.301 2.370 

I 
1 

CuCl(br),  A 

Cu-CI-Cu, deg 

Cu-CI (semicoord), 

Cu-CI(t), A 

cu-cu, A 

min 
max 

cu-0 ,  A 

stacking pattern 
J / k ,  K 
0, K 

CU-N, A 

0.430, 

2.317 
2.248 
93.6 
3.382 

2.859 
3.221 

A 

, . , , , . . , , , . , . , , . , , . . , , , , , , , 

2.288 
2.256 
94.0 
3.346 

2.714 
3.185 

1.973 

2.239 2.260 2.232 
93.6 94.1 94.2 
3.331 3.366 3.456 

2.996 2.706 2.655 
3.140 3.206 3.266 
1.973 1.968 

-0.7 

I.SSj 

0 100 200 300 

1 IKI 

Figure 11. Plot of XMT vs. T for (3MAP)&u3Cls. The dashed line is 
for the isolated trimer model while the solid line is for the mean field 
corrected model (see text) with J / k  = -29.7 K and B = -7.5 K. 

1.290 

1 .075  

0 . 6 4 5  

J/k=-29.4 K 

e = -1.7 

1 (K) 

Figure 12. Plot of XMTVS. T for (NMPZ)Cu3Cls. The solid line is the 
fit with J / k  = -29.4 K and 6' = -1.7 K. 

be expected to be less antiferromagnetic. In addition, the terminal 
copper(I1) atoms in the  trimer show some significant distortions 
from planarity. This again should lead to weaker antiferro- 
magnetic 

These facts become even more distressing when the results on 
tetrameric Cu,Clloz- ions43 and the  infinite chains in CuCI, a re  
taken into account. In the  tetramer, 4 again is -94O, but now 
J l k  = -60 K. For CuC12, 4 is not known, but  J l k  = -54 K.44 
Similarly, the  J / k  and 4 values show the  same trend for the 
bromide series: dimers, J l k  = -95 K and 4 95.5°;45 trimers, 

in contrast to  the  observation. 

(43) Halvorson, K.; Grigereit, T.; Willett, R. D. Inorg. Chem., in press. 
(44) Willett, R. D. Inorg. Chem. 1986, 25, 1918. Halvorson, K., private 

communication. 
(45) Inoue, M.; Kishita, M.; Kubo, M. Inorg. Chem. 1967, 6, 900. 
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Figure 13. Plot of xM.Tvs. Tfor (NMPH)Cu3C17.EtOH. The solid line 
is the fit with J / k  = -19.4 K and B = -4.9 K. 
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Figure 14. Plot of xMT vs. T for (5MAP)2C~3CIs. The solid line is the 
fit with J / k  = -38.2 K and B = 5.0 K. 

J / k  = -100 K and 4 = 940;19 tetramers, J / k  = -180 K and 4 
= 94°;9 infinite chain, J l k  = -165 K and 4 = 92°.44 Thus, we 
are forced to  conclude tha t  the degree of polymerization causes 
a change in the magnitude of the exchange coupling. At this point, 
its source is not readily apparent. 

Acknowledgment. The support of NSF Grants DMR 8219430 
and INT-8219425 is acknowledged. The  WSU X-ray diffraction 
laboratory was established through funds from NSF Grant  
CHE-8408407 and The  Boeing Corp. 

Supplementary Material Available: Listings of positional coordinates, 
thermal parameters, and bond distances and angles for (NMPZ)Cu,C18 
(Tables Is-3s), positianal coordinates, thermal parameters, and bond 
distances and angles for (NMPH)Cu3C17.EtOH (Tables 5s-7s), thermal 
parameters and bond distances and angles for (3MAP)2Cu3Cls (Tables 
9s and lOs), and positional coordinates, thermal parameters, and bond 
distances and angles for (SB6MAP),Cu3Cls (Tables 12s-14s) and ste- 
reographic packing diagrams of (3MAP)2Cu3Cls, (NMPH)Cu3CI7. 
EtOH, and (5B6MAP)$u3Br8 (Figures 15s-17s) (14 pages); listings of 
observed and calculated structure factors for the four compounds (Tables 
4s, 8s, l l s ,  and 15s) (53 pages). Ordering information is given on any 
current masthead page. 


