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not detected at room temperature. 
Formation of Ni11'(H-3G3a)(NH3) is exothermic and has 

a very small entropy charge, in contrast with axial substitutions 
of anions in nickel(II1) macrocyclic complexes, where AHo 
> 0 and the reaction is driven by a favorable entropy change 
brought about by charge neutralization. 
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A product of the reaction of molecular oxygen with (tris(2-pyridyl)aminel (trifluoromethanesulfonato)copper(I) has been 
characterized by a low-temperature X-ray diffraction analysis and found to be a cubane-like tetramer of formula [Cu4- 
(OH)4(S03CF3)2[N(C5H4N)3]4] [S03CF3]2-C3H60, with cupric ions and hydroxyl oxygen atoms at alternating vertices 
of a cube. Each cupric ion is essentially octahedrally coordinated, being bound to three OH bridges, two pyridine N atoms, 
and one triflate 0 atom. The cube is of approximate D2d symmetry, the elongation along one axis possibly arising as a 
consequence of Jahn-Teller distortion. In this complex the tris(2-pyridy1)amine acts as a bidentate rather than a tridentate 
ligand and each triflate ligand spans two vertices of the cluster. Magnetic susceptibility measurements reveal that the 
cupric ions in the cube are antiferromagnetically coupled, and this observation is readily rationalized on the basis of the 
structural data. Isotopic tracer experiments demonstrate that the hydroxyl oxygen atoms in the product originate largely 
in the molecular oxygen used in the reaction and that the hydrogen atoms originate largely in other tris(pyridy1)amine 
molecules. The material crystallizes with four formula units in space group Gh-P2,/n of the monoclinic system in a cell 
of dimensions a = 18.848 (7) A, b = 13.804 ( 5 )  A, c = 29.491 (10) A, and @ = 99.29 (3)'. The structure has been refined 
isotropically to an R index of 0.098 on the basis of 337 variable parameters and 8904 unique observations obtained at -150 
OC. 

The importance of copper ions as catalysts in both enzymic2 
and nonenzymic3v4 chemical systems is well-known. Many of 
the copper proteins activate molecular oxygen, and the func- 
tions of these proteins are varied; they serve as oxygen carriers 
(hemo~yanin)~ or, more often, as catalysts in oxygenation 
(oxygenases)2.6 or oxidation (oxidases) reactions.2p6 The high 
catalytic activity of both enzymic and nonenzymic copper ions 
has been attributed to, among other factors, the ease with 
which Cu(1) is oxidized by O2 to Cu(1I). It has been difficult 
in the past to study this oxidation reaction in model systems 
because of both the very rapid oxygenation of Cu(1) in aqueous 
solution ( k  > lo5 M-' s-I)~ and the paucity of Cu(1) salts 
soluble in aprotic media. Early work was carried out with 
CuCl in dilute acidic s o l ~ t i o n , * ~ ~  followed by experiments in 
glacial acetic acid,1° where CuCl is less soluble and hence 
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oxidized less rapidly. In the aqueous solutions the rate of Cu(1) 
oxidation was found to be dependent on [H'] and first order 
with respect to both molecular oxygen and Cu(1) concentra- 
tions. In glacial acetic acid the oxidation reaction showed 
first-order dependency on O2 and second-order dependency 
on Cu(1). More recently the oxidation of [C~'(imidazole)~]+ 
and [Cu(NH,),]+ has also been studied." The oxidation of 
a cuprous 2,2',2"-terpyridine complex in aqueous acetonitrile12 
and the reaction of O2 with [Cu(CH,CN),][ClO,] in per- 
chloric acid-acetonitrile  solution^'^ were also examined, as was 
the oxidation of Cu(bpy),+ in buffered aqueous s ~ l u t i o n . ~ ~  All 
of these reactions were found to be first order in [Cu'] and 
[O,]. These latter studies with aromatic nitrogenous ligands 
may be more relevant to the biological systems because in 
many of the copper proteins histidine (imidazole) has been 
implicated as a ligand.l5-l7 Also noteworthy are the series 
of kinetic studies7J8J9 performed with Cu( 1 , lO-~hen)~+ in the 
aprotic solvent nitromethane; not only is phenanthroline a 
heterocyclic nitrogenous base, as is imidazole, but the aprotic 
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2Cu(HB(pz),)(PR3) + 20PR3 (1) 

with the presence of a copper-oxygen complex.28 However, 
the failure to detect Y16&160 or Y I S ~ I S ~  transitions in the vi- 
brational spectra (infrared and Raman) of “[Cu(HB- 
( ~ Z ) ~ ) ] ~ O ~ ” ~ ~  (Vcu-160 and vcu-~so were detected22) and the 
failure to obtain crystals of sufficient quality for diffraction 
studies hindered the secure identification of this compound 
as a complex of intact (0,) molecular oxygen. 

In this contribution, we report observations on the oxy- 
genation chemistry of Cu(1) bound to a different, potentially 
more imidazole-like ligand, N(py),. The pKa of the conjugate 
acid (BH+) of pyridine (5.25) is more comparable with the 
pK, of imidazole (6.95) than is the pKa of pyrazole (2.48),,O 
and the basicities of the nitrogen donor ligands have been found 
to influence the rate of Cu(1) oxidation.19 In addition, N(py), 
lacks the B-H functionality that may complicate the oxy- 
genation chemistry of HB(pz), complexes. We report here 
that oxygenation of Cu(N(py),)(SO,CF,) ultimately yields, 
by way of a dark green solution similar in properties to that 
of “[Cu(HB(pz),)],02”, a blue, paramagnetic material. This 
material has been characterized by single-crystal X-ray dif- 
fraction and other physicochemical techniques; it is seen to 
contain a cubane-like C U ~ ( O H ) ~  cluster with bidentate N(py), 
ligands and coordinated triflate anions bridging vertices of the 
cluster. Isotopic labeling studies provide information on the 
source of the OH moieties. 
Experimental Section 

Analytical and Physical Measurements. Elemental analyses were 
performed by Ms. H. Beck of the Northwestern University Analytical 
Services Laboratory or by Dornis and Kolbe Analytical Laboratory, 
Mulheim, a.d. Ruhr, West Germany. Electronic spectra were recorded 
on a Cary 17D spectrophotometer. Spectra of solid samples were 
obtained from Nujol mulls between quartz plates. Infrared spectra 
were recorded with Perkin-Elmer 267 and 283 spectrophotometers. 
Mulls of air-sensitive species were prepared in a glovebox with dry, 
degassed Nujol or Fluorolube. Proton nuclear magnetic resonance 
spectra were recorded on a Perkin-Elmer R20B (60 MHz, CW) 
instrument. 

The magnetic susceptibility of [ C U ~ ( O H ) ~ ( S O ~ C F ~ ) ~ ( N -  
( p ~ ) ~ ) ~ ]  [S03CF3]2C3H60 was determined between 77 and 293 K by 
the Faraday method using H ~ C O ( C N S ) ~  as a calibrant. Diamagnetic 
corrections were made with published values.31 

Raman spectra were recorded on a 0.85-m Spex 1401 double 
monochromator with photon-counting detection. A light-stabilized 
Spectra Physics 164 Ar+ laser was employed; the 514.5-nm excitation 
was used in all cases. Polycrystalline samples were studied in spinning 
Pyrex tubes. 

Reagents and Syntheses. All operations involving air-sensitive 
materials were carried out under dinitrogen in Schlenk ware or in 
a glovebox. Solvents were distilled under dinitrogen from an ap- 
propriate drying agent immediately prior to use. Acetone and other 
ketones were predried over Drierite or molecular sieves and then 
distilled under nitrogen from Drierite. Acetonitrile and dichloro- 
methane were distilled under nitrogen from P20,. 

Trifluoromethanesulfonic acid anhydride was purchased from 
Aldrich Chemical Co. The ligand tris(2-pyridy1)amine was prepared 
by a literature procedure32 and was recrystallized from hot water or 

[C~(HB(PZ)3)1202 + 4PR3 - solvent more closely approximates the hydrophobic environ- 
ment believed to exist at the active sites of the copper pr~teins.~ 
Unfortunately, none of the kinetic investigations have provided 
very much information on the nature of the oxygen-copper 
intermediate. Recent studies of the oxygenation of a bis(py- 
ridyl)(isoindolinato)copper(I) carbonyl20a have shown that 
carbonato, p-hydroxo, and ligand hydroxylated products can 
be obtained. Related hydroxylations have also been report- 
ed.,Obgc In addition to these investigations of irreversible ox- 
idation, recent studies indicate that, with appropriate, imid- 
azole-like ligation, mono- and dinuclear Cu(1) complexes can 
bind molecular oxygen in a manner that is at least partially 
reversible.21 

In this laboratory we have attempted to simulate multiim- 
dazole binding environments in copper proteins with multi- 
dentate ligands composed of arrays of imidazole-like hetero- 
cyclic bases. Examples are the hydrotris(pyrazoly1)borate 
ligand (1)22*23 and the tris(2-pyridy1)amine ( N ( P ~ ) ~ )  ligand 
(2).24 One attractive feature of these rather rigid ligands is 

H 
I 

1, R = H. HB(pz),- 2, N(PY), 
R = CH,, HB(Me,pz); 

the possibility of forcing copper to adopt unusual coordination 
geometries. There is considerable e v i d e n ~ e ’ ~ J ~ J ~ ~ ~ ~  that the 
cupric ions in some metalloproteins exist in coordination ge- 
ometries unlike the tetragonal (4 + 2) or square-pyramidal 
(4 + 1) geometries usually found in complexes of C U ( I I ) . ~ ~  

Initial experiments with Cu(1) bound to HB(pz)f produced 
interesting results.22 The complex Cu(HB(pz),), which is 
dimeric in solution and which reacts with CO to form a car- 
bonyl complex having a value of uc0 nearly as low as that in 
carboxyhem~yanin ,2~*~~ was found to react irreversibly with 
molecular oxygen in aprotic solvents.22 The green, diamagnetic 
product was formulated as [Cu(HB(pz),)I2O2 (elemental 
analysis, mass spectrum, cryoscopic molecular weight in 
benzene). Solutions of this compound reacted with P(C- 
H3)(C6H5)2 according to eq which is chemically consistent 
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acetone and dried under high vacuum until satisfactory analysis, 
melting point, and infrared spectrum were obtained. The l*O, was 
purchased from Bio-Rad Laboratories, Richmond, CA. 

Cuprous triflate was prepared in two forms, as the uncomplexed 
salt and as the benzene complex, [CU(SO,CF, ) ]~ (C~H~) ,  according 
to the method of Dines.33 Purer products were obtained with the 
benzene complex as starting material. The starting material in the 
preparation of the cuprous triflate, cuprous oxide, was prepared by 
a literature p r ~ c e d u r e . ' ~  

Cu'(N(py),)(SO,CF,) (3). In a typical preparation, 0.65 g (1.3 
mmol) of the white, extremely air-sensitive starting material, [Cu- 
(S0,CF3)],(C6H6), was transferred in a glovebox to a three-necked 
flask. The ligand N(py), (0.64 g, 2.6 mmol) was added to the flask, 
and then ca. 30 mL of freshly distilled benzene was added to the flask 
by syringe. Immediately upon addition of the benzene, a yellow 
mixture resulted, with some precipitation of a black material. After 
overnight stirring, the black precipitate was no longer visible, and the 
reaction mixture was a light yellow-green. The solid was allowed 
to settle, and the solvent was withdrawn by syringe. After the product 
was washed with hexane, the very light yellow-green solid was dried 
in vacuo. The yield was ca. 80% on the basis of copper. 

Anal. Calcd for C16H12C~F3N403S: C, 41.63; H,  2.62; N, 12.16. 
Found: C, 41.89, H,  3.16; N ,  11.99. 

Complete infrared data (Nujol and Fluorolube mulls): 3080 vw, 
br, 1670 vs, 1600 sh, 1587 s, 1566 s, 1473 vs, 1465 sh, 1447 vs, 1440 
sh, 1337 s, 1316 m, 1307 m, 1290 m, 1275 m, 1265 m, 1241 m, 1227 
m, 1220sh, 1171 s, 1160s,  1150sh, 1108 w, 1103 w, 1068 w, 1060 
w, 1051 m, 1032 vs, 1025 sh, 997 w, 995 w, 950 w, 939 vw, 900 w, 
890 w, 798 m, 778 vs, 774 sh, 760 sh, 756 sh, 750 m, 747 m, 659 s, 
646 m, 637 vs, 618 m, 575 s, 548 vw, 518 vs, 509 sh, 495 w, 477 w, 
429 m, 425 m, 407 m, 354 m cm-'. 

Major Raman bands: 249 w, br, 283 w, 350 w, 435 w, 546 m, 636 
m, 649 m, br, 747 s, 763 m, 781 w, 792 w, 943 m, br, 953 m, br, 996 
s, 1025 vs, 1035 vs, 1055 m, 1110 w, 1162 w, 1233 s, 1249 w, 1289 
m, vbr, 1340 m, br, 1444 m, br, 1479 w, br, 1568 s, 1606 s, br cm-I. 

[C4(0H)4(S03CF3)2(N(PY )3)4IS03CF31z'C3H60 (4.Me2CO). In 
a typical experiment Cu'(N(py),)(SO,CF,) (60 mg, 0.13 mmol) was 
dissolved in distilled, degassed acetone, with rigorous exclusion of air, 
to yield a very pale yellow-green solution. A serum cap was wired 
onto the Schlenk tube and 1.5 mL of O2 (ca. 6.5 mmol at  296 K) 
was injected by gastight syringe through the serum cap into the N, 
atmosphere above the acetone solution. (The oxygen was first passed 
through two -78 'C traps, one of silica gel and one of molecular sieves, 
to remove moisture.) The Schlenk tube was clamped to a stable rack 
at room temperature. After diffusion of the oxygen the solution was 
much darker green. Within 3 days blue crystals began to precipitate 
from the green solution. After the crystals had grown undisturbed 
for 3l/, weeks, the supernatant solution (still green) was removed 
by syringe. The blue crystals were washed with acetone and dried 
in a stream of nitrogen; they were of sufficient quality for X-ray 
analysis (vide infra). The yield was 0.014 g or ca. 20% on the basis 
of c u .  

Anal. Calcd for C67HSsC~4F12N16017S4:  C, 40.85; H, 2.97; N ,  
11.38. Found: C, 40.59; H,  3.16; N ,  11.20. 

Complete infrared data (Nujol and Fluorolube mulls): 3470 m, 
vbr, 1714 m, 1608 m, 1598 m, 1594 sh, 1577 m, 1569 w, 1493 m, 
1469 vs, 1439 vs, 1335 m, 1367 s,vbr, 1243 sh, 1226 m, 1157 s, 1125 
w, 1100 w, 1030 vs, 1003 m, 939 w, 797 m, 783 s, 759 m, 756 m, 
748 m, 739 w, 665 w, 649 sh, 636 vs, 573 m, 539 w, 517 m, 479 m, 
br, 428 m, 358 w, br cm-I. 

Major Raman bands: 207 m, 238 m, 269 m, 309 s, 330 m, 357 
s, 433 w, 537 w, 544 sh, 574 m, 626 m, 650 m, 743 s, 756 s, 783 w, 
br, 897 s, 939 m, 952 m, 1001 s, 1008 sh, 1020 w, 1035 vs, 1052 m, 
br, 1065 m, 1123 w, 1155 w, 1202 m, 1222 s, 1255 m, 1272 s, 1286 
sh, 1302 w, 1324 w, 1336 w, 1438 m, 1473 w, 1567 s, 1578 m, 1589 
w cm-'. 

Partial evaporation of the green supernatant from some preparations 
produced a pale blue powder, of the same composition as the blue 
crystals, without the acetone of solvation (vide infra). 
[CU~(OH)~(SO~CF~)~(N(~~),)~ISO,CF,]~ (4). This complex can 

be obtained from several solvents-acetone, 2-butanone, dichloro- 
methane, and acetonitrile-by bubbling dry oxygen through solutions 

(33) Dines, M. B. Sep. Sei. 1973, 8, 661-672. 
(34) Schlessinger, G. G.  "Inorganic Laboratory Preparations"; Chemical 

Publishing Co.: New York, 1962; p 11. 

mol formula 
mol wt 
a 
b 

P 
V 
z 
Pcalcd 
temp 
space group 
crystal faces 
radiation 

scan speed 
scan range 
20 limits 
receiving aperture 

takeoff angle 
bkgd counting time 
abs coeff 
transmission factors 

C 

unique data used (F,, > 

P 
3o(FoZ)) 

no. of variables 
R 

error in observn of unit 
Rw 

wt 

C67H,8Cu,F 1 ZN 16'1 7'4 

1969.8 
18.848 (7) A 
13.804 (5) A 
29.491 (10) A 
99.29 (3)" 
7572 A 3  
4 
1.727 g/cm3 (-150°C) 
-150 O c a  

C:h-P2 ,in 
{110}, {101}, {OOl};  V =  0.114 mm3 
monochromatized Mo Ka (h(Mo Ka, )  = 

2"/min in 2s 
0.65" below K a ,  to 0.65" above K a ,  
2.5" Q 2s G 46.5" 
4.4 mm high by 4.3 mm wide, 32 cm 

2.3" 
10 s with rescan optionb 
13.15 cm-' 

8904 

0.04 
337 
0.098 
0.126 
3.85 electrons 

0.709 30 A) 

from crystal 

0.572-0.627 

The low-temperature system is based on a design by: Huffman, 
J .  C. Ph.D. Thesis, Indiana University, 1974. The diffractometer 
was operated under the disk-oriented Vanderbilt system: Lenhert, 
P. G. J. Appl. Crystallogr. 1975,8, 568-570. 

of Cu'(N(py),)(SO,CF,). A fine blue powder precipitates from the 
green solution within minutes of beginning the bubbling process. The 
infrared spectra of these powders are nearly identical with that of 
the acetone solvate, with the exception of the missing C=O stretch 
of acetone. 

11.72. Found: C,  39.88; H ,  3.26; N, 11.50. 
Solid-state Reaction of Cu*(N(py),)(S03CF3) with O2 The starting 

material was placed in a flask fitted with two gas inlets. After the 
flask was evacuated, one inlet was connected to an oxygen tank and 
the other to a mineral oil bubbler. The flask was placed in an oil bath, 
and the temperature was raised to ca. 90 OC. Oxygen was passed 
over the warm sample for 3l/, weeks. Any change in the appearance 
of the sample occurred so gradually as to be imperceptible. At the 
end of the reaction period, however, the color of the sample was 
compared with that of the unreacted starting material, and it was 
obvious that the product was a much darker green than the original 
material. Despite the fact that this product is not blue, its elemental 
analysis is very close to that expected for the product [Cu,(OH),- 
(S03CF3)2(N(py)3)4] [SO3CF3I2. However, the analysis is equally 
good for a product formulated as Cu'(S03CF,)(N(py),)(HzO). 
Extensive pumping on the product did not reverse the reaction. 

Anal. Calcd for the latter formulation, C16H14CuF3N404S: C, 
40.13; H, 2.95; N, 11.70. Found: C ,  40.03; H,  2.56; N, 11.62. 

Complete infrared data (Nujol mull): 3600 sh, 3480 m, vbr, 1606 
m, 1598 m, 1586 sh, 1574 sh, 1567 m, 1490 m, 1470 vs, 1440vs, 1335 
m, 1307 m, 1287 sh, 1271 s, 1261 s, 1258 sh, 1249 sh, 1242 sh, 1227 
m, 1160 s, 1126 w, 1101 w, 1061 w, 1030 vs, 1002 m, 991 vw, 977 
w, 939 w, 797 sh, 781 m, 777 sh, 759 m, 751 w, 741 w, 667 w, 660 
w, 638 vs. 619 sh cm-'. 

Solution qf the Crystal Structure of [CU~(OH)~(SO,CF, )~ -  
(N(py)3)41S0,CF,~~3&0 (4Me2CO). The crystal chosen for X-ray 
analysis was grown from an acetone solution of Cu'(N(py),)(SO$F,) 
and molecular oxygen at  room temperature. A series of Weissenberg 
and precession photographs determined that the compound crystallizes 
in space group P21/n of the monoclinic system. Crystal data and 
related details of data collection and refinement are given in Table 
I. In general, the procedures usual for this laboratory were followed 

Anal. Calcd for C64H52CU4F12N16016S4: C, 40.20; H, 2.74; N ,  
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Figure 1. Stereoscopic view of the cation [CU~(OH)~(SO~CF~)~(N(~~)~)~]~+. The thermal ellipsoids are of arbitrary size. Hydrogen atoms 
are omitted. 

in the collection of the data and in the solution and refinement of the 
structure.35 The structure was solved by direct methods (MULTAN) 
and refined by isotropic least-squares methods, with the pyridine rings 
constrained to rigid  group^.^ As established from the X-ray analysis, 
the material is [CU~(OH)~(SO~CF,),(N(~~)~)~] [S03CF3],-C3H60. 
Of the two coordinated triflate ions, triflate 237 is disordered, as judged 
by the high thermal parameters of some of its component atoms 
(greater than 10 A2 for data collected at -150 "C). All efforts to 
resolve this disorder failed. The presence of disorder, the absence 
of bound molecular oxygen, and the expense and doubtful efficacy 
of an anisotropic refinement of these low-temperature data, which 
would involve potentially over 1000 variable parameters, led us to 
terminate the refinement at convergence of this isotropic model. Table 
I1 lists the positional and thermal parameters of the atoms of the 
complex. Table HI3* tabulates lOlF,,l vs. 10IFcl in electrons for those 
reflections used in the refinement. 

Results and Discussion 
Syntheses and Properties. The cuprous complex Cu'(N- 

(py),)(S03CF3) (3) can by synthesized in good yield via the 
route of eq 2. Although the elemental analysis of the product 

of eq 2 is consistent with the formulation given, the product 
samples are invariably contaminated with traces of a cop- 
per(I1) species, as evidenced by the pale green color, by the 
broadening of the 'H NMR signal of solutions of this complex, 
and by the appearance of an EPR signal from powdered 
samples. Despite many preparations involving rigorous at- 
tempts to exclude air, a sample completely devoid of Cu" was 
never obtained. The solid is stable in dry air at room tem- 
perature. 

The cuprous complex 3 is soluble in a number of polar 
solvents, including acetone, 2-butanone, dichloromethane, 
acetonitrile, dimethylformamide (DMF), nitromethane, and 
pyridine. The solutions are a pale yellow-green and are rel- 

See, for example: Waters, J. M.; Ibers, J. A. Inorg. Chem. 1977, 16, 
3213-3211. 
La Placa, S.  J.; Ibers, J. A. Acta Crystallogr. 1965, 18, 51 1-519. The 
following bond distances and angles were used, starting at N, around 
thering: 1.35, 1.39, 1.38, 1.31, 1.39, 1.34A; 119, 122, 118, 121, 118, 
1220. 
For the N(py), ligand atoms, the first number of the label corresponds 
to the copper atom to which the ligand is bonded and varies from 1 to 
4. The second number corresponds to the individual rings of each 
N(Py), group and varies from 1 to 3. The third number corresponds 
to the position of the atom within the ring and so will vary from 1-6. 
Hence, the three pyridine nitrogens in the N ( P ~ ) ~  ligand coordinated 
to Cu(2) are labeled N(211), N(221), and N(231), respectively. The 
first number in each label corresponding to an atom of a triflate anion 
represents the particular triflate group and hence varies from 1-4. thus 
the oxygens labeled O(21) and O(22) are both part of the same triflate 
anion. 
Supplementary material. 

atively stable at room temperature as long as they remain 
oxygen free. In the presence of oxygen, acetone, butanone, 
and dichloromethane, solutions of 3 are readily oxidized to 
form a dark green solution and a blue precipitate, 4. Solutions 
of the cuprous complex in CH3CN and pyridine are much less 
rapidly oxidized by molecular oxygen. Neither pyridine nor 
DMF solutions of 3 ever yield 4 upon oxygenation. Addition 
of an organic phosphine, e.g., P(n-C4H9), to the dark green, 
oxygenated solution of 3 immediately turns the solution col- 
orless, similar to the results achieved when phosphines are 
added to an oxygenated solution of C U ' ( H B ( ~ Z ) , ) . ~ ~  Under 
the aforementioned oxygenation conditions, complex 4, which 
will be seen to be the Cu(I1) tetramer [Cu,(OH),- 
(SO,CF,),(N(py),),] [SO3CF3I2 (vide infra), forms reprodu- 
cibly in approximately 20% yield. When oxygenation is carried 
out in acetone, deep blue crystals of the acetone solvate are 
obtained. These crystals are of two habits, prisms and flat 
plates. X-ray studies established that the unit cells for the two 
crystal types are identical. The crystals with the flat-plate 
habit were found to be far superior for X-ray study; these may 
be produced from acetone solutions at room temperature. One 
such crystal grown at room temperature was used for the X-ray 
determination. Below room temperature, the oxidation of 3 
in acetone chiefly produces crystals of the prism type. Com- 
pound 4 is indefinitely stable in air at room temperature. It 
is insoluble in all solvents tried except DMF and nitromethane, 
in which it decomposes. Solution spectroscopic studies were 
therefore impossible, as was recrystallization of the product. 
Interestingly, 4 could not be prepared via reaction of appro- 
priate quantities of CU(SO~CF, )~ ,  N(py),, and aqueous 
NaOH, an approach analogous to procedures for other F-  
hydroxo cupric complexes.39 Instead, only CU(N(PY)~)~-  
(S03CF3),, which we have described previ~usly?~ was isolated. 
Compound 4 did not result from the solid-state oxygenation21b 
of 3 at a variety of temperatures. 

Description of the Crystal Structure of the Acetone Solvate 

(4.Me2CO) has a cubane-like core with Cu2+ ions and hy- 
droxide oxygen atoms at alternating corners of a distorted 
cube. The distortions of the cube are those of the point group 
D2642m. The asymmetric unit, shown in Figure 1, contains 
one C U ~ ( O H ) ~  core, two discrete triflate anions, and one 
acetone of solvation. There is no evidence that the H atoms 
on the OH groups enter into hydrogen bonding: there are no 
cation-anion non-hydrogen atom interactions less than 3.2 A 
in length. The principal dimensions of the core and the atom 
labeling scheme are shown in Figure 2, while Tables IV and 

of 4. [ ~ ~ 4 ( ~ ~ ) 4 ( ~ ~ 3 ~ ~ 3 ) 2 ( ~ ( P Y ) 3 ) 4 1  [SO3CF31 &3H60 

(39) (a) Harris, C. M.; Sinn, E.; Walker, W. R.; Woolliams, P. R., Aust. J .  
Chem. 196&21,631-640. (b) Hoskins, B. F.; Whillans, F. D. J. Chem. 
Soc., Dalton Trans. 1915, 1267-1212. 
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Table 11. Positional and Thermal Parameters of the Atoms of [Cu,(OH),(SO,CF,),(N(py),),] [SO,CF,] ,C,H,O 

Dedert et al. 

A 2 f!~:.*..* .*.. ~.~.......*..*.~..*.~..**.*a*.~**.**..*.*.....**...**.*.*a*.*~~*.*.~*..*.....*..**~*....***..**.**....~**..*.**...**. 8.A ATOM 2 8.A 
2 

-0.083068(651 
U.O11515(641 
0.052913(65) 

-0.065463164) 
-O.O6103(14I 
0.00402(221 
0.24169 ( 161 
-0.10360(171 
-0.01549(401 
-0.07743 (42) 
0.02970 ( 4 3 )  

-0.04205(733 
0.16061 (46) 
-0.02914(42) 
0.22247(361 
0.12873(41) 
0.16125 ( 4 5 )  

-0.03319143) 
0.03202 (481 

-0.01098(461 
0 - 0  I992 I36 1 

-O.O5131(36l 
-0.08582(35) 
0.11580(62) 

-0.18777(21) 
-0.20924(261 
-0.28114(301 
-0.33157(221 
-0.30972(261 
-0.237031291 
-0.10909(32) 
-0.06358(29) 
-0.07267 (33) 
-0.12994 (37) 
-0.17639(31) 
-0.164*3(301 
-0.22965(311 
-0.26030 (381 
-0.31281(40) 
-0.33385 (371 
-0.30262(391 
-0.25039(351 

0.1 1134 (23) 
0.15826 ( 3 1  I 
0.23090(28) 
0.255231231 
0.20741 1321 

0.13542 (29) 
-0.0 1714 (291 
-0.07917(301 
-0.1 1058(27) 
-0.07706 (33) 
-0.01378 (321 
0.01495(261 
0.10082 (35) 
0. I 1  990 ( 4 0  I 

0.14526 (441 

0.15092(43) 
0.13148 (42) 

0.1689871881 0.309740(42) 
0.0036361881 0.375370(42) 
0.107891 1881 0.279640(42) 
-0.064091(881 0.284923(421 
-0.22684(20) 
0.34437 (291 
0.18462(22) 
0.24691(73) 
-0.37089 155) 
-0.41364(58) 
-0.3b466(603 
0.4394 ( 1  f l l  
0 -48444 (631 
0.52638155; 
0.063721501 
0.08491 (551 
0.19544 (631 
0.12012(591 
0.22~n7(67) 
O.l1261(63) 
0.15875(491 
0.09710(481 
0.00889 148) 
0.42552(84) 

0.17435(45) 
0.18226 (481 
0.17911(571 
0,16755152) 
0.15947(521 
0.16316(481 
0.253931421 
0.32527(471 
0.37651(44) 
0.35331 (48) 
0.281541491 
0.231 96 ( 4 0  I 
0.00322 (431 

-0.06579 (34) 
-0.04361(461 
0.05178(53) 
0.12224 (38 I 
0.09547(381 
0.00643 (421 
-0.0644305) 
-O.O5512(41l 
0.02914148) 
0.10148r381 
0.08783(371 
0.05120(39) 
0.01957(37) 
0.06624(46) 
0.1470R (441 
0.17941 1391 
0.12961 (421 
0.30006 14 3 I 

0.39485 (4 3 I 

0.44389 (37) 
0.39455 ( 5 0  I 

0.298661501 
0.25364(361 

0.376895 (921 
0.25255(141 
O.02636(111 

-0.03731 ( I  1 )  

0.43047 (26) 
0.36569427) 
0.36887(7RI 
0.18587(48) 
O . Z I I ~ I ( J O I  
0.24325 (7.9 I 
0.09167(73) 
0.04077(261 
0.09054(29) 
0.01925(28) 

-0.00545(31) 
-0.0496a130) 
0.33450(73) 
0.25885(73) 
0.33952(23) 
0.12036 (40) 

0.28364 ( 1 R l  

0.73797 ( 1  71 
0.21881 ( 1 4 )  

0.24753(70) 
0.29413(191 
0.3112n(i41 

0.37715(711 

0.43790 (19) 
0.4207a(21) 

0.36035 ( 1  R l  

0.41607(231 

0.381 74 (71 ) 
0.38714(71) 
0.40482 (25) 
0.430.99(26) 
0.43346 (261 
0.41033126) 
0.38482 (7 3 I 

0.41045(21 I 

0.40484 (72) 
0.42115(?51 
0.44371(241 
0.44945 (?4l 
0.43733(23) 
0.43417(18) 
0.44c09(211 
0.47926(23) 
0.50042(20) 
0.48829(71) 
0.45486(711 
0.40756 (17) 
0.40731(191 
0.44757 (251 
0.48868119) 
0.48897(17) 
0.44761(221 

0.31592 (23) 
0.39958126) 
0.32749 ( 2 ~ )  
0.3976300) 
0.27129(311 
0.23722(3n1 
0,297371591 

-0.00344 (29) 
0.00528(31) 
0.05717(31) 

-0.05138 ( 4 ? l  

-0.07343(37) 
0.00075(2U) 
0.35957(3?) 
0.44372(31) 
0.2C978(3n) 
O.I8175(32l 
0.09440(46) 
0.10779(47) 
0.04588(651 
0.3858814?) 
0.23228(50) 
0.06348(4&1 
-0.01732(4R) 

0.22196 ( 17 I 

0.18069(201 
0.34097t15I 
0.l45GO I l e )  
0.18892(2?1 
0.22592116) 
0.30267(2n) 
0.32747(2?1 
0.35026t23l 
0.34646(24) 
0.32030 (25 1 

0.29921(21) 
0.25342tlu) 
0.27893(14) 
0.25922 ( 1 9 )  

0.21224(20) 
0.18618(I5l 
0.20793(lRl 
n.23262117) 
0.24189(17) 
0.20720(241 
0.1b216(2n) 
0.15268(151 
0.18887(2ni 
0.15759(171 
0.12590(23) 
0.07978(211 
0.06633(171 
O.O9BL2(23) 
0.14422 (211) 
0.30559(27) 
O.Z8232(23) 
0.27205(241 
0.28617126) 
0.30992(27) 
0.31914(24) 

1.201131 
1.98(151 

1 a72 (13) 
3.16(18) 
3.40 (20) 
2.74 ( 181 
10.12(47) 
3.09 ( 17) 
3.98 (20 1 

3.49(191 
6.09 (28 1 

5-21 (24) 
2.58 (16) 
I .94 (18) 
1.931171 
1.95 1171 
2.17ll8l 
2.92126) 
3.32128) 
6-01 (43) 
2.38 (23) 
5.19 (361 
2.51 (25) 
3 ~ 4 6  (28) 

1.18(1bl 
I .4e (20) 
I .73(211 
I .95 (20 ) 
1.68(21) 
1.22(191 
1.11 1151 

1.35 ( 1 9 )  

1.83(21) 
1.92(21) 
1.72 (21 ) 
1.141 19) 
1.27( 161 
1.63(19) 
1 e 5 0  (191 
1.72(20) 
1.69(201 
1.02( 17) 
1.23(161 
1 . 9 4  (22) 
2.07 (221 
2 -42 (24) 
2.06(21) 
1.26 (19) 
1.53(18) 
2.25(23) 
2.64(241 
2.63(251 
2.49 (24 1 

1.37 ( 191 
l.61(171 
1.33( 191 
1-70 (20) 
2.20(22) 
2 e44 ( 23 I 

2.48(231 

AESTIMATED STANDARD DEVIATIONS I N  THE  LEAS^ SIGNIFICANT FIGUREfS) ARE GIVEN IN PARENTHESES IN THIS A N D  ALL SUBSEQUENT TABLES. 

V give relevant bond distances and angles for the core and the 
triflate anions.37 The copper coordination sphere is a distorted, 
tetragonally elongated octahedron. Two pyridine nitrogen 
atoms from the bidentate ligand N(py), and two hydroxide 
oxygen atoms act as equatorial ligands. One axial site on each 
copper ion is occupied by a triflate oxygen atom and the other 
by a hydroxide oxygen atom. Jahn-Teller distortion of the 
copper coordination sphere may be reponsible for the resulting 

elongation of the C U ~ ( O H ) ~  cube seen in Figure 2. 
The distortion of each copper coordination sphere is evi- 

denced by the following observations: (a) the equatorial lig- 
ands are not strictly coplanar, which can be seen in the de- 
viations from the best weighted least-squares planes for the 
equatorial ligands (Table VI); (b) the axial hydroxide oxygen 
atom is not bonded perpendicularly to the equatorial plane 
(mean O(H),,-Cu-N = 9 7 . 9 O ,  mean O(H),,-Cu-O(H), = 
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Figure 2. A portion of the C U ~ ( O H ) ~  core, showing 50% probability 
spheres. 

81.1'); (c) the angle between the axial ligands is significantly 
less than 180' (mean O(H)-Cu-O(S0) = 168.3'); and (d) 
the axial bond to a triflate oxygen atom is longer than a bond 
to an axial hydroxide oxygen atom. 

The mean value for the 0-Cu-O angles is 8 1.1 O ,  while the 
average value for the Cu-0-Cu angles is 98.3'. Each face 
of the polyhedron is therefore a rhomb, but these rhombs are 
distinctly nonplanar, as shown by the weighted least-squares 
planes in Table VII. The diagonal planes defined by Cu(n), 
Cu(m), O(n), O(m) (1 I n I 3, and n < m I 4) are more 
nearly perfect, but only one of these six planes, that defined 
by Cu(2), Cu(3), 0(2) ,  0(3) ,  is perfect within experimental 
error. 

The Dzd symmetry of the core divides each group of angles 
and distances into two sets in the following manner: Cu-Cu 
(2 + 4), Cu-0 (4 + 8); Cu-Cu-Cu, 0-Cu-0, Cu-oCu  (all 
4 + 8). The expected subgrouping is resolvable except for the 
angles 0-Cu-O and Cu-0-Cu (Tables IV and V). The two 
short Cu-Cu distances (mean value 2.970 A) are found in the 
dimer planes (the horizontal faces in Figure 2). The four long 
Cu-Cu distances (mean 3.337 A) occur in the vertical faces, 
parallel to the 4 axis, and correspond to the interdimer cop- 
per-copper distances. 

Within the tris(2-pyridy1)amine ligands, the mean value for 
the dihedral angle between the two coordinated pyridine rings 
is 47'. The coordination around the bridgehead nitrogen atom 
in each ligand is nearly planar, as can be readily seen in Figure 
1. The bridging nitrogen atoms are each less than 0.07 A out 
of the least-squares plane defined by the atoms C(n16), C- 
(n26), C(n36) (1 I n I 4), the carbon atoms of each ring 
bonded to the amine nitrogen atom (Table VIII). As a result 
of this planar coordination about the amine nitrogen atom, 
the third pyridine ring on each N(py), ligand is not in a 
position suitable for coordination to the Cu2+ ion (Figure 1). 
The conformation of the N(py), ligand is very similar to that 
observed in the complex [Cu(N(py)J2(CH,CN),] (S03CF3)2.a 

Two triflate ions in each asymmetric unit are not connected 
with the cubane core. In these two anions the mean S-0 
distance of 1.417 A appears to be smaller than the mean S-O 
distances of 1.430 (8) and 1.437 (21) %L observed in two other 

Cu(1) Cu(3)  
CU(2)CU(4) 

Cu(1) Cu(2) 
CU(l)CU(4) 
CU(2)CU(3) 

Cu( l ) -N( l l l )  
C~( l ) -N(121)  
Cu(2)-N(211) 
Cu(2)-N(221) 
Cu(3)-N(311) 

Cu(l)-0(21) 
Cu(2)-0(11) 
Cu(3)-0(22) 

CU(l)-0(2) 
C ~ ( l ) - 0 ( 4 )  
C~(3) -0(2)  
CU( 3)-O(4) 
CU(2)-0(1) 

Cu(l)-O(3) 
CU( 2)-0 (4) 
C~(3) -0(1)  

S(3)-0(3 1) 
S(3)-0( 3 2) 
S (  3)-0 (3 3) 
S(4) -0(41) 

S(3)-C(31) 

C( 3 1 )-F( 3 1) 
C( 3 1 )-F( 32) 
C( 3 1)- F(  33) 
C(41)-F(41) 

S(1)-0(11) 
S(1)-0(12) 

S(2) -0(21) 
S(2) -0(22) 

S ( l ) C : ( l l )  

C ( l l ) - F ( l l )  
C(ll)-F(12) 

C(21)-F(21) 
C(21)-F(22) 

Cation 

CU..~CU 
2.967 (2) mean 
2.974 (2) 

3.320 (2) Cu(3)Cu(4) 
3.328 (2) mean 
3.371 (2) 

CU-N 
2.000 (4) Cu(3)-N(321) 
2.020 (6) Cu(4)-N(411) 
1.996 (5) C~(4)-N(421) 
2.008 (6) mean 
2.024 (6) 

Cu-o*b 
2.576 (10) C~(4)-0(12)  
2.516 (7) mean 
2.682 (9) 

1.971 (7) Cu(2)-0(3) 
1.966 (7) Cu(4)-0(1) 
1.967 (7) Cu(4)-0(3) 
1.955 (7) mean 
1.970 (7) 

2.475 (7) mean 
2.395 (7) 

Anions (Uncoordinated) 

s-o* 
1.431 (9) S(4)-0(42) 
1.425 (10) S(4)-0(43) 

c u - 0  

2.382 (7) C~(4) -0(2)  

1.416 (9) mean 
1.414 (12) 

S C  
1.796 (14) S(4)-C(41) 

C-F 
1.338 (14) C(41)-F(42) 
1.333 (14) C(41)-F(43) 
1.347 (16) mean 
1.329 (17) 

Anions (Coordinated) 

s-0 * 
1.440 (8) S(1)-0(13) 
1.442 (8) mean 

1.332 (1 1) S(2)-0(23) 
1.357 (10) mean 

S C  
1.80 (1) S(2)€(21) 

C-F 
1.33 (1) C(l1)-F(13) 
1.35 (1) mean 

1.25 (2) mean 
1.58 (2) C(21)-F(23) 

2.970 

3.279 (2) 
3.32 (4)= 

1.997 (4) 
2.004 (4) 
2.028 (6) 
2.010 (6) 

2.500 (7) 
2.57 (4) 

1.965 (7) 
1.957 (7) 
1.988 (7) 
1.967 (7) 

2.384 (7) 
2.41 (2) 

1.407 (1 2) 
1.410 (9) 
1.417 (10) 

1.795 (14) 

1.333 (16) 
1.337 (17) 
1.336 (15) 

1.422 (10) 
1.435 (1 1) 

1.623 (16) 
1.437 

1.68 (2) 

1.30 (2) 
1.33 (3) 

1.30 (2) 
1.38 

a If given, the value in parentheses is the standard deviation of a 
single observation, based on the larger of that estimated from the 
agrement among the averaged values or that estimated from the 
average standard deviation of a single observation from the inverse 
matrix. * Oxygen atoms from SO,CF; anions are denoted O*. 

well-characterized triflate  structure^.^^,^ The other distances 
and angles of these uncoordinated triflates agree well with the 
published values. As in the other t r i f l a t e ~ , ~ ~ , ~  the 04-0 and 
F-C-S angles are greater than 109O, while the F-C-F and 

(40) Peng, S.-M.; Ibers, J. A. Millar, M.; Holm, R. H. J .  Am. Chem. SOC. 
1976, 98, 8037-8041. 
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Table V. Selected Bond Angles (Deg) in [Cu,(OH),(SO,CF,),(N(py),),l [SO,CF,] ;C,H,Oa 

O(2 l)-Cu( 1)-0(3) 
0(1 l)-Cu(2)-0(4) 

O(21 )CU(l)-0(2) 
0(21)-Cu(l)-0(4) 
O(1 l)-CU(2)-0(1) 

0(2)C~(l)-0(4) 
0(2)-C~(l)-0(3) 
0(3)-C~(l)-0(4) 
O(l)-C~(2)-0(3) 
O( l)-C~(2)-0(4) 

N(11 l)-Cu(l)-N(121) 
N(21 l)-Cu(2)-N(221) 

0(21)€~(1)-N(l11) 
0(21)-C~(l)-N(12 1) 
0(1 l)-C~(2)-N(211) 

0(31)-S(3) -0(32) 
0(31)-S(3)-0(33) 
0(32)-S(3)-0(33) 

O( 3 1 )-S (3)-C( 3 1 ) 
0(32)-S(3)-C(31) 
0(33)-S(3) C(31) 

F(31)-C(31)-F(32) 
F(31)-C(31)-F(33) 
F( 3 2)-C (3 1 )-F( 3 3) 

O(1 l)-S(l)-0(12) 
0(1 l)-S(l)-0(13) 

o(ll)-s(l)-c(ll) 
0(12)-S( l)-c(11) 

F(ll)-C(ll)-F(12) 
F(ll)-C(ll)-F(l3) 

100.7 (3) 
97.3 (3) 
99.2 (3) 
97.3 (3) 

167.3 (3) 
167.5 (2) 

89.2 (3) 
87.8 (3) 
89.4 (3) 

81.0 (3) 
80.9 (2) 
82.8 (2) 
81.0 (3) 
79.0 (2) 

85.4 (2) 
84.8 (2) 

53.15 (4) 
52.64 (4) 

64.56 (4) 
62.47 (4) 
63.57 (4) 

93.5 (3) 
85.4 (3) 
90.1 (2) 

104.1 (2) 
95.6 (2) 
96.1 (2) 

115.7 ( 5 )  
114.2 ( 5 )  
115.0 (6) 

102.1 (6) 
104.4 (6) 
103.0 (6) 

106.8 (10) 
106.5 (10) 
105.7 (10) 

112.3 (9) 
113.3 (9) 
111.7 (9) 

114.5 ( 5 )  
114.8 ( 5 )  

103.3 (5) 
102.2 (5) 

106.7 (10) 
108.3 (9) 

111.2 (8) 
111.2 (8) 

Cation 
cu-O-CU 

CU(l)-O(3)-cU(4) 
CU(2)-0(4)-CU(3) 
CU(l)-O(4)-cU(2) 
CU(2)-0( 1)-cu(4) 

0(22)-C~(3)-0( 1) 
0(12)-C~(4)-0(2) 

0(1 l)-Cu(2)-0(3) 
0(22)-C~(3)-0(2) 
0(22)-C~( 3)-0(4) 

o*-cu-0 

0-cu-0 
O( 3)-C~(2)-0(4) 
O(l)-C~(3)-0(2) 
O( l)-Cu(3)-0(4) 
0(2)-C~(3)-0(4) 

N-CU-N 
N(3 11 )-Cu(3)-N(321) 
N(41 l)-Cu(4)-N(421) 

cu-CU-CU 
CU(2)-cU(3)-CU(4) 
Cu( l)-CU(4)-cU(3) 

Cu( 3)-CU(2)-cU(4) 
CU(l)-CU(3)-CU(2) 
Cu(1 )-Cu(3)-Cu(4) 

0(1 l)Cu(2)-N(221) 
0(22)-C~(3)-N(3 1 1) 
0(22)-C~(3)-N(321) 

O*-Cu-N 

O-CU-N 
0(4)-C~(2)-N(211) 
O( l)G(3)-N(3 11) 
O( l)-Cu(?)-N(32 1) 

98.8 (3) 
98.4 (3) 
96.1 (3) 
98.4 (3) 

169.7 (2) 
168.8 (2) 

93.4 (3) 
88.4 (3) 
94.6 (3) 

80.4 (2) 
8 1.6 (2) 
81.3 (2) 
81.4 (3) 

85.0 (2) 
85.2 (2) 

53.11 (4) 
53.36 (4) 

61.86 (4) 
62.79 (4) 
64.17 (4) 

90.6 (2) 
84.6 (2) 
90.0 (2) 

100.7 (2) 
99.3 (2) 
90.0 (2) 

Anions (Uncoordinated) 

0-s-0 
0(41)-S(4)-0(42) 114.6 (7) 
O(4 1 )-S(4)-0(4 3) 114.4 (7) 

0-s-c 
0(41)-S(4)-C(41) 103.4 (7) 
0(42)-S(4)-C(4 1) 102.0 (7) 

F-C-F 
F(41)<(41)-F(42) 106.5 (10) 
F(41)-C(41)-F(43) 107.0 (11) 

F-C-S 
F(41)-C(41)-S(4) 113.5 (10) 
F(42)-C(41)-S(4) 110.9 (10) 

Anions (Coordinated) 
0-s-o 

0(12)-s(1)-0(13) 115.2 ( 5 )  

0-s-c 
0(13)-S(l)-C(ll) 104.6 (6) 

F-C-F 
F(12)-C(ll)-F(13) 106.2 (10) 

F-C-S 
F(13)-C(11 )-S(l) 112.9 (9) 

CU(l)-O(2)-cU(3) 
CU(2)-0(3)-cU(4) 
CU(l)-O(4)-cU(3) 
mean 

mean 

0(12)-C~(4)-0(1) 
0(12)-€~(4)-0(3) 
mean 

mean 

mean 

Cu(1 )-CU(4)-cU(2) 
CU(2)-CU(4)-CU(3) 
mean 

O( 12)-Cu(4)-N(4 11) 
O( 12)C~(4)-N(42 1) 
mean 

0(2)-C~(4)-N(411) 
0(2)-C~(4)-N(421) 
mean 

0(42)-S(4)-0(43) 
mean 

0(43)-S(4)-C(41) 
mean 

F(42)C(41)-F(43) 
mean 

F(43)-C(41)-S(4) 
mean 

mean 

mean 

mean 

mean 

Dedert et al. 

97.8 (3) 
97.6 (3) 
98.4 (3) 
98.2 

168.3 

91.3 (2) 
89.6 (3) 
90.5 

82.1 (2) 
80.7 (3) 
80.5 (2) 
81.1 

85.1 

53.06 

63.28 (4) 
65.03 (4) 
63.47 

92.1 (2) 
86.3 (2) 
89.1 

94.2 (2) 
103.5 (2) 
97.9 

114.8 (6) 
114.8 

105.4 (6) 
103.4 

106.2 (12) 
106.4 

112.2 (9) 
112.3 

114.8 

103.4 

107.1 

111.8 



Structure of a Cubane-like CUI' Tetramer 

Table V (Continued) 
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Anions (Coordinated)a 

04-0 
0(21)-S(2)-0(22) 129.9 (6) 0(22)-S(2)-0(23) 98.9 (7) mean 109.4 
0(21)-S(2)-0(23) 99.4 (8) 

0-s-c 
O(21 )-S(2)C(21) 114.8 (8) 0(23)-S(2)C(2 1 ) 84.1 (8) mean 104.0 
0(22)4(2)-c(21)  113.2 (8) 

F C - F  
F(21)4(21)-F(22) 92.3 (12) F(22)C(2  1)-F(2 3) 114.5 (14) mean 99.1 
F(21)C(21)-F(23) 90.5 (11) 

F(2 1 ) C ( 2  1 )-S(2) 94.9 (10) F(23)C(21)-S(2) 120.4 (13) mean 113.3 
F(22)-C(21)-S(2) 124.5 (13) 

F C - S  

a This S0,CF; is nonrepresentative, as some of its component atoms show isotropic thermal parameters in excess of 10  A 2  at -150 "C. 

Table VI. Best Weighted Least-Squares Planes for the Equatorial Ligand Atoms around Copper 

A x  + By + Cz = D (monoclinic coordinates) 

plane no. A B C D planeno. A B C D 
1 4.602 11.529 - 15 SO5 -3.232 3 -0.578 -12.761 11.206 1.723 
2 3.294 13.037 -8.935 -3.265 4 3.126 11.581 -15.874 -5.471 

deviations from planes, A 

plane no. Cu(n)a O(1) O(2) O(3) o(4) N(n1 l)a N(n21)= 

1 -0.005 (1) 0.103 (7) -0.033 (7) -0.020 (6) -0.070 (6) 
2 -0.004 (1) -0.006 (7) 0.064 (7) 0.048 (6) -0.004 (6) 
3 0.003 (1) -0.033 (7) -0.012 (7) -0.009 (6) -0.023 ( 6 )  
4 0.001 (1) 0.065 (7) -0.084 (7) 0.050 (6) -0.056 (6) 

n = plane number. 

Table VII. Best Weighted Least-Squares Planes for Cu,O. Core 

A x  + By + Cz = D (monoclinic coordinates) A x  + By + Cz = D (monoclinic coordinates) 

plane no. A B C D plane no. A B c D 

1 2.753 2.404 -12.739 -2.083 7 7.170 4.454 23.413 7.408 
2 7.265 -5.980 -25.547 -9.523 8 15.148 8.131 -1.372 -0.310 
3 17.130 0.466 7.171 1.066 9 7.436 3.490 -27.590 -8.573 
4 3.102 12.531 -12.012 -4.422 10 11.437 -3.794 -12.027 -4.326 
5 17.108 0.417 7.857 3.144 11 3.707 -12.478 -11.988 -4.502 
6 7.45 1 -5.909 -25.536 -7.390 12 11.459 -7.460 14.031 3.725 

deviations from plane, A 

atom 1 2 3 4 5 6 

CU(2) -0.005 (1) -0.005 (1) 0.004 (1) 
W 3 )  0.005 (1) 0.003 (1) 0.006 (1) 
CU(4) -0.003 (1) -0.006 (1) 0.005 (1) 

C N l )  0.005 (1) -0.004 (1) -0.004 (1) 

O(1) 0.195 (7) -0.112 (7) -0.178 (7) 
O(2) -0.150 (7) 0.112 (7) -0.177 (7) 
O(3) 0.172 (6) 0.106 (7) 0.189 (7) 
O(4) -0.154 (7) 0.173 (7) -0.109 (7) 

deviations from plane, A 

I 8 9 10 11 12 
CU(1) 0.009 (1) 0.001 (1) -0.001 (1) 
CU(2) -0.001 (1) -0.001 (1) 0.000 (1) 
W 3 )  -0.001 (1) 0.000 (1) 0.000 (1) 
W 4 )  0.001 (1) 0.001 (1) 0.000 (1) 

O(3) -0.035 (7) 0.003 (7) -0.01 1 (7) 
O(4) 0.046 (7) 0.048 (7) 0.012 (7) 

O(1) -0.367 (7) 0.032 (7) -0.046 (7) 
O(2) -0.032 (7) -0.050 (7) -0.003 (7) 

0-S-C  angles are less than logo. 
Two triflate anions are coordinated as bidentate ligands to 

each cubane core. One of the coordinated triflates is clearly 
nonrepresentative; the thermal parameters observed for the 
atoms of' this group are much larger than those expected to 
arise from data collected at -150 OC. Hence, this particular 

triflate must be partially disordered. Within the ordered 
coordinated triflate, the two S-O bonds involving the oxygen 
atoms coordinated to the copper ions appear to be longer than 
the S-0 bond involving the noncoordinated oxygen atom 
(1.441 (8) A vs. 1.422 (10) A). Also, the mean S-O distance 
appears to be longer than that observed for the uncoordinated 
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Table VIII. Best Weighted Least-Squares Planes for Atoms 
Coordinated to  Amine Nitrogen Atoms 

Dedert et al. 

Ax t By + Cz = D 
plane no. A B C D 

1 14.165 -9.048 -5.752 -6.616 
2 4.450 -1.709 26.926 12.088 

4 7.732 9.270 16.003 1.314 
3 16.670 1.793 -17.256 -1.703 

deviations from plane, A 

atom 1 2 3 4 

N(nO0)’ 0.058 (9) -0.032 (9) -0.045 (10) 0.026 (9) 
C(n16) -0.008 (6) 0.006 (6) 0.006 (6) -0.004 (6) 

C(n36) -0.008 (6) 0.005 (6) -0.003 (6) 
C(n26) -0.008 (6) 0.005 (6) 0.007 (6) -0.003 (6) 

C( 3 32) 0.008 (7) 

In every case, n = plane no. N(300) is bonded to C(332) 
rather than C(336). 

anions. The C-F distances and the mean values for the angles 
remain largely unaffected by coordination to the metal, as 
judged by comparison with the free anions. As for coordinated 
and uncoordinated perchlorates, the mean bond distances and 
angles of the coordinated triflate are not outside the range of 
angles and distances also found in the uncoordinated triflates; 
the effects of coordination can only be seen in the significant 
inequality of S-0 or C1-0 bond lengths within the same 
coordinated anion. 

Triflate was originally chosen for this study because it is 
generally assumed to be a very weakly coordinating ligand. 
The bridging, bidentate coordination in the present case is 
completely unexpected and is the only such example known 
to us. Triflate coordination to a cupric ion has been previously 
proposed, on the basis of IR evidence, for c ~ ( N ( p y ) ~ ) ~ -  
(S03CF3)2.24 In another structure, in which two cupric ions 
are coordinated to the ligand formed by the condensation of 
1,2,4,6-tetrakis(aminomethyl)benzene with 4 mol of pyri- 
dine-2-carbo~aldehyde:~ unidentate triflate ions are coordi- 
nated in the axial sites of each copper ion. A preliminary 
c o m m ~ n i c a t i o n ~ ~  of the crystal structure of the complex 
C U I ( S O ~ C F ~ ) J / ~ C ~ H ~  showed the triflate ions to be tridentate, 
each coordinated to three cuprous ions. 

Comparison with Other M4Y4 Structures. The structure of 
the inner CU404 core of 4 can be easily recognized as a member 
of the series XnM4Y4 ( n  > 4), in which the tetranuclear cluster 
forms a cubane-like core of metal atoms bridged by ligands 
Y at alternate vertices of the cube. Many of the members of 
this series, with various metals, have been analyzed by X-ray 
diffraction methods. Some of these structural studies have 
been summarized in ref 43 and have been further analyzed 
to determine the symmetry of the M4Y4 core. The symmetries 
of the cubane-type cores are found to vary from Td to lower 
than Dzd. Table IX lists the previously reported43 results of 
symmetry analyses for two other M4Y4 cores as well as the 
results of the symmetry analysis of the Cu404 core of [Cu4- 

Of particular interest in the present case are X-ray structure 
determinations of other Cu404 c o m p l e x e ~ . ~ ~ - ~ ~  All of these 

( ~ ~ ) 4 ( ~ ~ 3 ~ ~ 3 ) Z ( ~ ( p y ) 3 ) ~ ~  (S03CF3)2’C3H60 (4.Me2CO). 

(41) Jason, M.; Sorrell, T.; Ibers, J. A,; Marks, T. J., manuscript in prepa- 
ration. 

(42) Dines, M. B.; Bird, P. H. J. Chem. SOC., Chem. Commun. 1973, 12. 
(43) Averill, B. A.; Herskovitz, T.; Holm, R. H.; Ibers, J .  A. J. Am. Chem. 

SOC. 1973, 95, 3523-3534. 
(44) Bertrand, J. A,; Kelley, J. A. Inorg. Chim. Acta 1970, 4 ,  203-209. 
(45) (a) Mergehenn, R.; Merz, L.; Haase, W.; Allmann, R. Acra Crystal- 

logr., Sect. B 1976, 832, 505-510. (b) Haase, W. Chem. Ber. 1973, 
106, 3132-3148. (c) Estes, E. D.; Hodgson, D. L. Inorg. Chem. 1975, 
14, 334-338. (d) Mergehenn, R.; Haase, W.; Allmann, R. Acta 
Crystallogr., Sect. B 1975,831, 1847-1853. (e) Matsumoto, N.; Ueda, 
I.; Nishida, Y.; Kida, S. Bull. Chem. SOC. Jpn. 1976, 49, 1308-1312. 

structures contain bridging alkoxide oxygen atoms and of- 
ten46c,dvf,hJ,l-n,p have bidentate coordination of (dialkyl- 
amino)ethanol to the copper atoms. The structure reported 
here is the only CU404 example known to us in which hy- 
droxide oxygen atoms act as the bridging ligands and is also 
unique in that aromatic, nitrogenous ligands are present in the 
cubane-like cluster. One Cu606 structure containing two triply 
bridging hydroxide ions has been reported previou~ly.~’ 

Clusters of the Cu404 type have been classified into groups 
depending upon the arrangement of long and short Cu-0 

Clusters of type I have four long Cu-0 bonds 
“parallel” to each other, while in type I1 clusters two of the 
longest Cu-0 bonds are “perpendicular” to the other two 
longest Cu-0 bonds. In addition, type I clusters contain two 
short (mean 2.92 A) and four long (mean 3.44 A) intramo- 
lecular Cu-Cu separations, while type I1 clusters exhibit two 
long (mean 3.45 A) and four intermediate (mean 3.18 A) 
Cu-Cu distances. Clusters of an intermediate type also exist, 
in which Cu-Cu separations tend to become equal. In most 
CU404 clusters of type I, the 0-Cu-0 and Cu-0-Cu angles 
are readily resolvable into two subgroups (4 + 8) in accord 
with Du symmetry, and the subgroups correspond to “in-plane” 
(“intradimer”) and “out-of-plane” (“interdimer”) angles. In 
the intermediate clusters where two subgroups (4 + 8) of 
0x11-0 and Cu-0-Cu angles are found, the subgroups do 
not correspond to inter- and intradimer angles. In the in- 
termediate clusters containing three subgroups of 0-Cu-0 
and Cu-O-Cu angles, the four in-plane angles are intermediate 
in size between two groups of out-of-plane extremes, just as 
occurs in the type I1 clusters. 

Table X compares bond distances and angles in CU404 cores 
of type I and intermediate type clusters. The compound 4. 
Me2C0 is clearly a type I cluster, with the four longest Cu-0 
bonds arallel between the dimers and with two short (mean 

0-Cu-0 and Cu-0-Cu angles cannot be meaningfully di- 
vided into subsets, however, as can those in other Cu404 
clusters of less than Td symmetry. Even in C U ~ ( C H ~ O ) ~ -  
(C6HzC130)4(CH30H)4,46a another example of a CU404 
complex in which the bridging oxygen atoms are not part of 
a chelate ring, subdivisions of these angles are resolvable. 
Thus, the present C U ~ ( O H ) ~  structure is unique in that the 
two in-plane (intradimer) copper atoms are triply bridged 
because of the presence of the bidentate triflate anions. None 
of the anions in other cud04 compounds has been found to 
form additional bridges between copper atoms in the core. 

Although 4.Me2C0 is the only reported Cu404 structure 
with bridging hydroxide ions rather than bridging alkoxide 
oxygen atoms, the distances and angles shown in Table X 
demonstrate that it is very similar to the other known CU404 

2.970 6: ) and four long (mean 3.32(4) A) Cu-Cu bonds. The 

(46) (a) Ablov, A. V.; Simonov, Y. S.; Matuzenko, G. S.; Dvorkin, A. A,; 
Yampol’skaya, M. A,; Malinovskii, T. I. Dokl. Akad. Nauk SSSR 
1977,235, 1335-1338. (b) Nieminen, K. Acta Chem. Scand., Ser. A 
1977, A31, 693-699. (c) Smolander, K.; Turpeinen, U.; Ahlgren, M. 
Finn. Chem. Lett. 1978, 195-198. (d) Merz, L.; Haase, W. Acta 
Crystallogr., Sect. B 1978.834, 2128-2133. (e) Nieminen, K.; Pajunen, 
A. Acta Chem. Scand., Ser. A 1978, A32, 493-499. ( f )  Merz, L.; 
Haase, W. J. Chem. SOC., Dalton Trans. 1978, 1594-1598. (g) Niem- 
inen, K. Acra Chem. Scand., Ser. A 1979, A33, 375-381. (h) Ahlgren, 
M.; Hamalainen, R.; Turpeinen, U. Acta Crystallogr., Sect. 8 1979, 
B35, 2870-2874. (i) Mergehenn, R.; Haase, W. Ibid. 1977, 833, 
2734-2739. (j) Mergehenn, R.; Haase, W. Ibid. 1977,833, 1877-1882. 
(k) Pajunen, A.; Nieminen, K. Finn. Chem. Letf. 1975, 67-70. (I) 
Mergehenn, R.; Merz, L.; Haase, W. J. Chem. SOC., Dalton Trans. 
1980, 1703-1709. (m) Turpeinen, U.; Hamalainen, R.; Ahlgren, M.; 
Smolander, K. Finn. Chem. Lett. 1979, 108-1 11. (n) Turpeinen, U.; 
Ahlgren, M.; Himilainen, R. Acta Chem. Scand., Ser. A 1979, A33, 
593-596. (0) Pajunen, A. Acta Crystallogr., Sect E 1980, B35, 
1691-1693. (p) Turpeinen, U.; Hamalainen, R.; Ahlgren, M. Ibid. 
1979. 836. 927-930. . , - . . , . - . . . . -. 

(47) Ahlgren, M.; Turpeinen, U.; Smolander, K. Acta Crystallogr., Sect. B 
1980, B36, 1091-1095. 
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Table IX. Comparison of Core Structures of X,M,Y, Complexes" 
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~ 

imposed probable 
complex M,Y, core space group Z b  symmetryC Q,d A 02, d symmetry 

[Cu,(0H),(SO3CF3), - Cu,O, p2 ,IC 4 none 0.021 7.06, 144, 220 Dzd 

CUJEIA),~ cu,o, p_42,/c 2 2 0.0062 0.1, 280, 280 zd 
( N ( P Y ) , ) , ~ ~ + ~  

r d  (required) Me,zPt,(OH),g Pt.40, 143m 2 T3m 0 o , o , o  
" Comparison of core structures of Cu,(ElA), and Me,,Pt,(OH), first given in ref 43. Number of formula units in the cell. Symmetry 

imposed by crystallographic symmetry elements. 
in an observation of unit weight for each of the three possible orientations of the M,Y, core. e This work. f EIA = MeC(O)CHC(Me)NCH,- 
CH,O. ref 44. g Reference 46m. 

Table X. Comparison of Selected Mean Distances (A) and Angles (Deg) in Cu,O, Tetramers of Type I or of Intermediate Type" 

Q and u2 fully defined in Appendix to  ref 43. The three values of uz refer to  the variance 

Cu-cub c u - 0  o-cu-0 c u - o c u  

2.970, 3.32 (4) 
2.916, 3.443 
2.935, 3.434 
2.970, 3.170 
3.052, 3.254 
3.006, 3.259 
3.168, 3.202 
3.193 

~~ 

1.967 (2), 2.41 (2)d 
1.96, 2.47d 
1.965, 2.471d 
1.95, 2.41d 
2.02, 2.24d 
1.99, 2.32d 
1.922, 2.154, 2.229' 
1.936, 2.113, 2.243O 

81.1 
78.3, 81.3f 
78.2, 81.0f 
80.8,86.88 
78.5, 81.gk 
81.5 
77.2, 8 0 . 1 , 8 4 . P  
76.5, 79.8, 8 3 9 '  

98.2 
96.1, 100.4g 
96.6, 100.8g 
92.6, 99.1f 
97.2, 101.7' 
97.9 
93 .8 ,99 .2 ,  103.4p 
94.2,99.4,  1 0 4 . P  

" Type I Cu,O, complexes have four longest Cu-0 bonds parallel. Two short (in-plane), four long (out-of-plane). This work. Eight 
Eight small (out-of-plane), four large (in-plane). g Four small (in-plane), eight short (in-plane), four long (out-of-plane). e Reference 46j. 

large (out-of-plane). Reference 45b,c. Reference 46a. j Reference 46i. Four small, eight large; no correlation with in-plane or out-of- 
plane 0-Cu -0 angles. 
CH,C(O)CHC(CH,)NC,H,O. 
p Four in-plane angles intermediate between two sets of four out-of-plane extremes. * Reference 46f. 

Eight small, four large; no correlation with in-plane or out-of-plane Cu-0-Cu angles. Reference 44; EIA = 
Reference 46d. Four out-of-plane bond lengths intermediate between two sets of four in-plane extremes. 

cubanes. As in the other complexes, the Cu-Cu distances in 
[ ~ ~ ~ ( ~ ~ ) ~ ( ~ ~ ~ ~ ~ ~ ) ~ ( ~ ( P Y ) ~ ) 4 1  [S03CF31YC3H60 are grater 
than the range of 2.63-2.65 A found in complexes48 in which 
direct Cu-Cu bonding interactions have been postulated. The 
overall mean Cu-0 bond length of 2.1 1 A is within but at the 
low end of the 2.10-2.17 A range found in most other known 
cubane-type Cu-0 complexes. 

Spectroscopic Properties of [ C U , ( O H ) ~ ( S O ~ C F ~ ) ~ ( N -  
(py)3)4PS03CF3]2. As noted earlier, the low solubility of 4 
prevented solution spectroscopic studies. It was, however, 
possible to obtain significant data from solid samples. In the 
electronic spectrum of 4 (Nujol mull) a broad shoulder is 
observed at ca. 600 nm and a strong band is observed at 318 
nm. The absorption at 600 nm is consistent wiith a tetrago- 
nally distorted octahedral Cu(I1) complex,49 while the higher 
energy transition is likely py(7) - Cu(I1) charge transfer in 
 rigi in.^^.^^ 

Infrared spectral data for 4 are given in the Experimental 
Section. The 0-H stretching vibration occurs at 3470 cm-', 
and the displacement of this mode when 4 is prepared with 

(vide infra) will be seen to be of mechanistic significance. 
Copper-oxygen vibrations in dimeric hydroxyl-bridged Cu(1I) 
complexes have usually been found between 480 and 515 
cm-1.39 No shifts larger than 2 cm-' are observed for the 
absorptions in the 500-cm-' region of the infrared spectrum 
of 4 when I8O is substituted for I6O. However, a lower energy 
transition is observed to shift from 358 to 347 cm-' when the 
spectra of C U ~ ( ' ~ O H ) ~  and C U ~ ( ' ~ O H ) ~  are compared. If this 
band is indeed the Cu-0 stretch, the lower frequency may be 
readily rationalized since the Cu-0 bonds in 4 are significantly 
longer than the Cu-0 bonds in most bis(p-hydroxo)di- 
copper( 11) complexes.39 

As in the case of the cupric complex c ~ ( N ( p y ) ~ ) ~ -  
(S03CF3)2,24 the appearance of at least eight bands in the 

(48) (a) Hanic, F.; Stempelova, D.; Hanicova, K. Acta Crystallogr. 1964, 
17,633-639. (b) Van Niekerk, J. N.; Schoening, F. R. L. Ibid. 1953, 
6,227-232. (c) Barclay, G. A,; Kennard, C. H. L. J.  Chem. Soc. 1961, 
5244-525 1. 

(49) Hathaway, B. J. J .  Chem. Soc., Dalton Trans. 1972, 1196-1 199. 
(50) Hecht, H. G.; Kerns, R. C. J.  Inorg. Nucl. Chem. 1969,31, 1983-1992. 
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Figure 3. Plot of xM (molar magnetic susceptibility per copper ion) 
vs. T (circles) and l /xM vs. T (squares) for the complex [Cud- 
(oH)4(so3cF3)2(N(PY)3)41 [ S O S C F ~ I ~ ' C ~ H ~ ~ .  

1400-1610-cm-' region of the infrared spectrum of 4 indicates 
nonequivalence of the three pyridine rings of N(py),, consistent 
with the bidentate coordination of the ligand. The infrared 
spectrum of the cuprous complex 3 (see Experimental Section 
for data) indicates that N(py), is acting as a bidentate ligand 
in that complex as well. 

The spectrum of 4 in the 1000-1300-cm-' region has been 
previously reported by us and has been interpreted in terms 
of both coordinated and uncoordinated triflate anions.24 The 
infrared spectrum of 3 definitely indicates coordination of the 
triflate anion since the asymmetric S-0 stretch has split upon 
coordination to the metal, one component appearing below 
1250 cm-', at 1241 cm-'. 

Magnetic Properties of [CU~(OH)~(SO,CF~),(N(~~)~)~]- 
[SO3CF3],.C3H,O. Static magnetic susceptibility data for 
4.Me2C0 down to 77 K are shown in Figure 3. It can be seen 
that the susceptibility is antiferromagnetic ( S  = 0 ground 
state), as has been observed for a number of other (but not 
all) Cu404  cluster^.^^^^^'-^^ However, it is noteworthy that 

(51) Merz, L.; Haase, W. J .  Chem. Soc., Dalton Tram. 1980,875-879 and 
references therein. 
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Table XI. Comparison of Magnetic Data for Cu,O, Complexes of Cubane-like Structure 

Dedert et al. 

complex type' Peff,  PB comments 
I 
I 
intermed 
I1 
I1 
I1 

intermed 
I 
intermed 
intermed 
I 
intermed 
intermed 
I1 

1.81 
1.66 
1.87 
1.87 
1.95 
1.90 
1.85 
1.85 
1.46 
1.89 
1.90 
1.8 
1.8 
1.8 
2.1 

ant iferr omagne tic 
antiferromagnetic 
antiferromagnetic 
ferromagnetic 
ferromagnetic 
ferromagnetic 
ferromagnetic; structure unknown 
low-temp magnetic data not reported 
antiferromagnetic 
antiferromagnetic 
antiferromagnetic 
antiferromagnetic 
antiferromagnetic 
antiferromagnetic 
ferromagnetic 

' Structural classification based on disposition of long and short Cu-0 bonds; type I has four long Cu-0 bonds parallel; type I1 has two of 
the longest Cu-0 bonds perpendicular to  the two other longest Cu-0 bonds. Structure described in ref 45b,c; magnetic data 
from ref 53. 

Reference 45e. I Structure 
and magnetic data described in ref 46a. I Structure and magnetic data described in ref 46d. 
46f. Structure described in ref 46i. Magnetic data from ref 51. Structure described in ref 46i. Magnetic data from ref 5 1. Structure 

This work. 
Structure described in ref 44; magnetic data from ref 53. e Structure described in ref 45a; magnetic data from ref 53. 

Structure described in ref 45d; magnetic data from ref 52. Structure unknown; magnetic data from ref 53. 
Structure and magnetic data described in ref 

and magnetic data discussed in ref 461. 

T N  (the temperature at which a maximum in xM occurs) for 
4.Me2C0 is at the extreme high end of the range found for 
such types of compounds. In the most general case, the de- 
scription of the magnetic behavior of a cubane-like Cu404 
cluster requires six exchange coupling constants (J12 ,  J23, J34, 
Jl3, J14, J24). From the metrical data for 4.Me2C0 and the 
observation in bis(p-hydroxo) copper(I1) dimers that there is 
a linear correlation between J and Cu-Cu distances,54 it is 
probable that J13 = J24 # J12 = J14 # = J34 in the present 
case. Although a detailed analysis5' of the magnetic data was 
not carried out for 4, a qualitative understanding of the be- 
havior follows readily from the structural information. 

It has been observed e~perimentally"~~ that there is a linear 
correlation between the Cu-O-Cu bridge angle and the value 
of J in bis(p-hydroxo)copper(II) dimers. When the C u U C u  
angles are greater than 97.6', J is negative (antiferromagnetic 
interaction); for angles less than 97.6', J is positive (ferro- 
magnetic interaction); when the bridge angle is exactly 97.6', 
J is expected to be zero. In 4.Me2C0 every Cu-0-Cu angle 
is greater than 97' and all but two are greater than or equal 
to 97.6'. Thus, J13, J14, JZ3, and J24 are expected to be negative 
(antiferromagnetic), JI2 is expected to be approximately zero 
(on the basis of the mean Cu-0-Cu angle for the Cu(l) ,  
Cu(2) face), and is expected to be positive (ferromagnetic). 
The overall result is expected to be antiferromagnetic behavior 
for the cluster, as observed. Empirical correlations have also 
been observed between the value of Cu-0-Cu bridge angles 
and the type of magnetic interaction in alkoxide-bridged Cu404 
complexes of the cubane type.461 In these cases the transition 
angle is found to be 95.7'. On the basis of a transition angle 
of 95.7', 4.Me2C0 is again expected to be antiferromagnetic 
because all Cu-0-Cu angles are greater than 97'. In each 
of the two examples where a bis(p-hydroxo) copper(I1) dimer 
is also bridged by bidentate perchlorate anions,54 the sign of 
the exchange parameter is as predicted from the Cu-0-Cu 
angle, but the magnitude is considerably larger. If a similar 
effect is operative in the present case, then J13 and J24 would 
be larger (more negative) than normal. This may well explain 
the high T N  temperature observed for 4.Me2C0. 

- 

(52) Merz, L.; Haase, W.; Keller, G. Ber. Bunsenges. Phys. Chem. 1976,80, 
305-3 11. 

(53) Merz, L.; Haase, W. Z .  Naturforsrh., A 1976, 3JA, 177-182. 
(54) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.; 

Hatfield, W. E. Inorg. Chem. 1976, 15, 2107-2110. 
(55) Hodgson, D. J. Prog. Inorg. Chem. 1975, 19, 173-241. 
(56) Hodgson, D. J. Inorg. Chem. 1976, 15, 3174-3175. 

In Table XI are compiled magnetic data for a number of 
cubane-like Cu404 complexes. It can be seen that each of the 
tetramers exhibits a room-temperature magnetic moment that 
is nearly normal for a mononuclear Cu(I1) complex. More- 
over, as far as the data extend, complexes of pure type I are 
antiferromagnetic, while complexes of pure type I1 are fer- 
romagnetic. Examination of the structural data for these 
compounds shows that each of the pure type I1 complexes 
exhibits a very large difference (7-15') between the mean of 
the four small Cu-0-Cu angles and the mean of the eight 
large Cu-0-Cu angles. For example, the type I1 complexes 
Cu4 [ ( n-C4H9),N( CH,J20] 4C14 and Cu4 [ ( n-C4H9),N- 
(CH2)20]4Br4 have four small Cu-0-Cu angles with mean 
values of 90.8 and 90.1', respectively; the eight large Cu-0- 
Cu angles have mean values of 104.0 and 105.0'. In pure type 
I complexes, these differences are far smaller (Table XI) and, 
considering the sensitivity of J to such factors, this is reflected 
in the magnetic behavior. In the alkoxide-bridged Cu404 
systems, it has also been observed that the in-plane (in- 
tradimer) exchange interactions are always antiferromagnetic, 
while the out-of-plane interactions are always ferromagnet- 
ic.46,fJ The magnetic behavior of type I systems, including 
4Me2C0, is thus understandable because the long out-of-plane 
Cu-0 distances ensure that antiferromagntic coupling pre- 
dominates. 

Mechanisms for the Formation of [CU(OH)~(SO~CF~),(N- 
(py)3)4](S03CF3)p Perhaps the most interesting question in 
Cu(N(py),)(S03CF3) (3) oxygenation chemistry is the source 
of the hydroxyl functionalities that are incorporated into the 
Cu404 cluster of compound 4. Two isotopic labeling exper- 
iments were conducted to investigate this aspect of the reaction 
mechanism. Oxygenation of 3 with lSO2 was carried out in 
several solvents. In each case, the uOH transition in the infrared 
spectrum was observed to shift (entirely) from 3470 to 3452 
cm-'. From analysis of the infrared intensities, we estimate 
that 290% of the oxygen atoms in the OH groups are derived 
from the added 02. In a second experiment to investigate the 
source of the hydroxyl protons, compound 3 was oxygenated 
in dry CD2C12. In this case, the intensity of vOH relative to 
the other infrared transitions in 4 was unaltered. There was 
also no evidence for a uOD transition, calculated to lie in the 
ca. 2470-cm-' region. From these observations we conclude 
that the predominant source of hydroxyl protons is not the 
solvent but rather an N(py), ligand. Such a process has 
precedent in the oxygenation chemistry of the copper(1) 
carbonyl of 1,3-bis( (4-methyl-2-pyridy1)imino)isoindoline 



Structure of a Cubane-like Cu" Tetramer 

(5).% In benzene solution, oxygenation results, via a presumed 
oxygen complex 6, in a pyridyl-hydroxylated, cupric hydroxo 
complex 7 (eq 3). That the yield of 4 is always considerably 

I I 

5 6 
I 

N $Lo. 

7 
less than quantitative in the oxygenation of 3 is in accord with 
this mechanism. Presumably hydroxylated N(py), species are 
among the other noncrystalline oxygenation products of 3. 
Whether the hydrogen atom abstraction' by the intermediate 
copper-xygen complex is intra- or intermolecular has not been 
determined in the present case. 
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Conclusions 
This investigation sheds new light both upon the oxygenation 

chemistry of copper(1)-nitrogen heterocyclic complexes in 
aprotic media and upon the unexpected binding characteristics 
of ligands that were thought to be reasonably well understood. 
Thus, oxygenation of mononuclear cuprous complexes can 
result, via the hydroxylation of aromatic heterocyclic ligands, 
in the assembly of rather complex, cubane-like tetranuclear 
p,-hydroxo Cu(I1) clusters. Although tris(2-pyridy1)amine 
has been generally assumed to be a tridentate ligand,z4 this 
study represents the second ( [ C U ( N ( ~ ~ ) ~ ) ~ ( C H , C N ) ~ ] -  
[SO3CF3Iz is the firstz4) unambiguous demonstration that it 
can function as a bidentate ligand (in this case to a metal atom 
cluster). The trifluoromethanesulfonate anion has generally 
been assumed to be a noncoordinating anion. The present 
results further d e m ~ n s t r a t e ~ ~  not only that it can coordinate 
to a relatively saturated Cu(I1) ion (in preference to the third 
pyridyl ligand of N(py),) but also that it can bridge the face 
of an M404 cluster in a bidentate fashion. 
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