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The title compound [Cu(C¢H;;NH,),0H],(Cl0,), was synthesized and its crystal structure solved at room temperature
from 6429 independent reflections. It crystallizes in the monoclinic system, space group C2/c. The lattice constants are
a=2171(1)A b=14451) A, c=17.68 (1) A, and 8 = 91.7 (1)° with Z = 8. Least-squares refinement of the structure
led to a conventional weighted R factor of 0.069 excluding zeros. High thermal vibrations of perchlorate groups and cyclohexyl
rings limited the refinement. The structure is made of roof-shaped binuclear units [Cu(C¢H;;NH,),OH],** with a dihedral
angle of 147.5° and of essentially noncoordinated perchlorate anions. The temperature dependence of the magnetic
susceptibility, studied in the range 10-300 K, shows an intramolecular antiferromagnetic coupling with a singlet-triplet
separation of =256 cm™. According to Hatfield and Hodgson’s correlation; the planar hydroxo-bridged Cu(II) dimer derived
from the title compound by opening the dihedral angle up to 180° should exhibit a singlet-triplet separation of about —600
cm™!, The influence of the bending on the magnetic properties was studied in the framework of a previously described

orbital model.

Introduction

In the last few years, a large number of works were devoted
to the synthesis of Cu(II) binuclear complexes, the deter-
mination of their crystal structures, and the investigation of
their magnetic properties.?'¢ The main goal of most of these
works was a better understanding of the phenomenon of
exchange interaction. Important results were already obtained
in this way. Among these results of particular interest is the
one stated by Hatfield, Hodgson, and their co-workers.%” They
studied eight hydroxo-bridged Cu(IT) dimers and established
a linear correlation between the values of the J singlet-triplet
energy gap and of the Cu—O-Cu bridging angle. A theoretical
justification of this result was proposed by Hoffmann and
co-workers,®  Seven of the eight hydroxo-bridged Cu(II)
dimers were planar or nearly planar. The last one contained
a nonplanar Cu,0, network with pentacoordinated copper(II)
in a distorded square-pyramidal configuration and a dihedral
angle between the two CuOj, planes of 174°.)7 The value of
the J parameter for this compound also supported the linear
correlation between J and Cu—O—-Cu. However, owing to the
weak deviation from a planar structure it was difficult to assert
from this result that this correlation was valid for roof-shaped
hydroxo-bridged Cu(II) dimers whatever the dihedral angle
may be. In other respects, the theoretical justification
presented by Hoffmann as well as the purely qualitative
approach of Hatfield and Hodgson concerned only Cu(II)
dimers with a strictly planar Cu,O, network. Bencini and
Gatteschi, however, recently studied the effect of various
distortions from an angular overlap approach.!?

We have synthesized a new hydroxo-bridged Cu(II) dimer
and studied its crystal structure. This complex is the first one
which is roof-shaped with a dihedral angle of 147.5°. The
investigation and the interpretation of its magnetic properties
were therefore particularly interesting. Correlating crystal
structure and magnetic behavior, we believe we bring a new
and significant contribution to the understanding of the ex-
change interaction in Cu(II) dimers.

Experimental Section

Synthesis. A total of 5 cm?® of a 10 M solution of cyclohexylamine
in methanol was poured into 50 ¢cm? of a 5 X 102 M solution of
copper(II) perchlorate hexahydrate in ethanol. A slow evaporation
of this solution under nitrogen current, at room temperature, led to
blue crystals which were filtered out and dried under nitrogen.
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Anal. Calcd for CuC,Hp;N,O5Cl: Cu, 16.81; C, 38.11; H, 7.14;
N, 7.41; Cl, 9.38. Found: Cu, 16.7; C, 38.13; H, 6.96; N, 7.30; Cl,
9.37.

Crystal Structure and Refinement. The compound is slightly air
sensitive leading to a white cyclohexylamine carbonate powder owing
to the carbon dioxide action. The crystal selected for X-ray analysis
was roughly parallelepiped shaped with 0.62 X 0.28 X 0.04 mm
dimensions. It was screened with varnish and set up on the goniometric
head along its 001 axis. Preliminary Laue and precession photographs
led to a monoclinic unit cell. Lattice constants were obtained from
precession photographs, by using a Siemens coincidence rule, and from
diffractometer settings. Two space groups were possible from sys-
tematic absences: C2/c and C/c. Statistical tests on normalized
structure factors,'® Rogers’ method'®® and a nonlinear optical method
led to C2/c: a=2777 (1) A, b=14.45 (1) &, c = 17.68 (1) A,
8=91.7 (1)°, for Z = 8 p(measd) (flotation in a trichloroethane—
o-dichlorobenzene mixture) = 1.42 £ 0.02 g cm™ and p(caled) = 1.43
gcm3, V= 7094 A3,

Intensity data were collected on an automatic Enraf Nonius CAD
3 diffractometert: radiation was Cu Ke filtered with nickel, crystal
focus distance was 235 mm, crystal-counter distance was 87 mm,
scintillation counter was connected to a height pulse analyzer set on
Cu Ka energy so that 90% of the intensity was counted, filters were
used to decrease high countings and to avoid counting losses, several
counting cycles were repeated for low-intensity reflections, so that
accumulated integrated intensity reaches about 3000 impulses/s, scan
type was 8/26 (1/6° s7!), scan length was 1.20° symmetrical scan
at zero Bragg angle, corrected for Ka;—Ka; dispersion, background
measurements were in fixed position before and after every scan, during
t’=t/2, where t is the scan duration, two standard reflections, 080

and 12,0,0, were measured every 41 reflections, 6429 independent
reflections were collected at 21 °C up to fpg = 66°. Intensities were
corrected from Lorentz polarization. Intensity variations of standard
reflections were linear with a maximum 25% decrease; intensities were
corrected from these variations. The absorption coefficient was equal
to 33.5 em™); corrections were calculated and intensities were then
corrected. Transmission factors varied from 0.36 to 0.87. For every
observed structure factor F,, a standard deviation o was computed:
o = F,AC/2C, where C is the integrated intensity and AC the error
on it; 2784 reflections for which integrated intensities were lower than
3¢ were excluded. Atomic form factors were taken from Cromer and
Waber? for all the atoms except for hydrogen atoms for which values
of Stewart, Davidson, and Simpson?! were applied. The copper and
chlorine atoms were corrected for real and imaginary parts of
anomalous dispersion. Refinements were carried out by full-matrix
least squares, minimizing the R, factor

R, = [E(wiF, - kFcl)z/ziIWiFoF]o's
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Table I. Atomic Coordinates (X 10%)¢

Charlot et al.

atom X y z atom X b% 4
Cu, 8094.3 (4) 6820.8 (8) 1441.7 (6) Ce, 8988 (3) 4357 () 1130(10)
Cu, 7899.8 (4) 8224.7(7) 274.9 (6) H,(C,,) 8683 4062 939
0, 7963 (2) 6872 (3) 347 (3) H,(C,,) 9047 4115 1679
H(O,) 8232 6622 47 C,, 8753 (3) 8439 (7) -718 (6)
0O, 7744 (2) 7957 (3) 1300 (3) H(C, ;) 8774 9116 ~563
H(O,) 7872 8458 1651 C,, 8949 (4) 8395 (9) —-1507 (7)
N, 8173 (2) 6990 (5) 2563 (4) H,(C,;) 8738 8787 -1870
H,(N;) 8072 6412 2816 H,(C, ;) 8906 7721 ~1704
H,(N,) 7946 7510 2712 C,, 9491 (6) 8658 (13) —1487 (14)
N, 8437 (3) 5605 (4) 1428 (5) H,(C;,) 9515 9364 -1377
H, (N, 8228 5197 1101 H,(C,,) 9623 8606 —2035
H,(N,) 8437 5381 1960
N, 8230 (2) 8244 (5) —723 (3) C,, 9782 (5) 8152 (15) -909 (17)
H,(N;) 8064 8726 ~1047 H,(C,,) 10119 8365 —946
H,(N,) 8183 7623 ~-963 H,(C,,) 9775 7472 -1129
N, 7769 (3) 9590 (4) 346 (4) Cs, 9567 (5) 8195 (14) —138 (13)
H,(N,) 7420 9645 484 H,(C,,) 9590 8852 61
H,(N,) 7803 9839 ~180 H,(Cs,) 9762 7788 228
C, 8655 (3) 7248 (6) 2877 (5) Ces 9024 (4) 7915 (9) ~135(7)
H(C,) 8877 6706 2788 H,(Cq.) 8884 7986 388
C, 8640 (4) 7411 (7) 3723 (6) H,(Cq, 8996 7203 -249
H,(C)) 8551 6823 3991 C,, 8038 (4) 10234 (6) 826 (8)
H,(C,) 8401 7902 3841 H(C, ) 7877 9941 1292
C, 9149 (5) 7704 (11) 4012 (9) C,. 8535 (5) 10108 (8) 959 (9)
H,(C,) 9394 7196 3975 H,(C,),) 8672 10209 429
H,(C,) 9153 7928 4557 H,(C,,) 8593 9481 1120
C, 9344 (5) 8504 (11) 3595 (12) C,, 8795 (5) 10781 (9) 1424 (9)
H,(,) 9154 9069 3662 H,(C,,) 9145 10705 1359
H,(C,) 9696 8639 3752 H,(C,,) 8735 10548 1988
C, 9343 (3) 8333 (9) 2765 (9) C,. 8642 (7) 11728 (10) 1397 (9)
H,(C;) 9582 7795 2665 H,(C, 8751 12007 882
H,(C,) 9467 8883 2489 H,(C,.) 8792 12131 1799
Cs 8852 (3) 8052 (6) 2449 (6) C,, 8158 (10) 11853 (10) 1332 (17)
H, (C,) 8626 8589 2487 H, (C ) 8080 11641 1915
H,(C,) 8871 7876 1894 H,(C,,) 8095 12505 1321
C,, 8909 (3) 5397 (7) 1206 (9) Cq. 7852 (4) 11219 (6) 775 (7)
H(C,,) 8783 5610 683 H, (C, ) 7495 11247 880
C,, 9330 (4) 5880 (9) 1376 (12) H, (Cq,) 7891 11451 238
H,(,,) 9301 6034 1918 Cl, 7724.7 (8) 9644 (1) 3295 (1)
H,(C,,) 9250 6532 1091 0, 8191 (2) 9690 (5) 3672 (5)
C,, 9775 (5) 5597 (10) 1201 (14) 0,, 7728 (3) 9013 (6) 2696 (4)
H, (C,,) 10002 5859 1598 0,, 7385 (3) 9342 (5) 3842 (5)
H,(C;,) 9864 5914 696 0O,, 7587 (2) 10553 (4) 3056 (4)
C., 9859 (5) 4607 (10) 1128 (15) Cl, 6491 (1) 9580 (2) 1333 (2)
H,(C,,) 10168 4455 847 0,, 6086 (6) 9923 (13) 1432 (15)
H,(C,,) 9884 4286 1630 0,, 6827 (6) 10115 (7) 1719 (8)
Cs. 9457 (8) 4146 (12) 710 (22) 0,, 6571 (9) 8708 (13) 1456 (24)
H,(C,,) 9376 4479 146 0,, 6570 (9) 9484 (25) 638 (10)
H,(C;,) 9457 3481 564

@ Standard deviations on the last significant figures are given in parentheses.

where w is'1 /¢ and k is the scale factor.

A three-dimensional Patterson map showed copper and chlorine
atoms. Refinement of their coordinates led to R = 0.35. Successive
Fourier syntheses and refinements dropped R to 0.147 with isotropic
temperature factors and to 0.088 with anisotropic temperature factors.
Introduction of 54 hydrogen atom coordinates led to R = 0.081. A
total of 37 reflections for which differences of |F, — F] were higher
than 15 were excluded from refinement. Final reliability factors are
as follows: nonweighted R excluding zeros, 0.069; weighted R ex-
cluding zeros, 0.071; F(000) = 1813. The atomic parameters are
shown in Table I and anisotropic thermal parameters in Table II.
Main interatomic distances and bond angles are given in Table I1I.
Two ORTEP? diagrams were computed with 20 and 50% probability
thermal ellipsoids (Figures 1 and 2).

Magnetic Measurements. Magnetic measurements were carried
out on two powder samples in the temperature range 10-312 K with
a Faraday-type magnetometer, equipped with a continuous flow
cryostat designed by Oxford Instruments. The temperature was given
by a gold-iron/chromel thermocouple. A magnetic induction of about
9 kG was used. The independence of the susceptibility from the
magnetic induction was checked at room temperature; this gives
evidence of the absence of ferromagnetic impurities in the sample.
Mercuritetrathiocyanatocobaltate(II) was used as a susceptibility
standard. The absolute accuracy on temperature was estimated at

Figure 1. ORTEP drawing of complex dimeric cation, with 20%
probability thermal ellipsoids.

=£0.1 K and the relative accuracy on the apparent increase of the weight
of the sample when the magnetic field was applied was about 1%.
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Table II. Atomic Thermal Parameters®’
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atom I By, B, S By, By,
Cu, 3.91 (5) 3.034) 4.16 (5) -0.04 (4) -0.13 (4) 0.06 (4)
Cu, 4.51 (5) 2.89 4) 3.56 (5) —0.44 (4) -0.17 (4) -0.35 (4)
0, 5.4 (3) 2.5 (2) 4.5(2) -0.1(2) -0.9 2) -0.5(2)
o, 6.4 (3) 3.6 (2) 3.8(2) 1.7 (2) -0.9(2) -0.3(2)
N, 3.6 (3) 5.1 4) 4.5(3) -0.4 (2) -0.6 (2) -0.8 (3)
N, 5.1(4) 3.003) 10.7 (6) 0.5 (3) 0.7 (4) 0.6 (3)
N, 4.9(3) 4.5 (3) 3.8(3) 0.2@3) 0.2 (2) 0.8 (3)
N, 6.8 (4) 323 5.8(4) -0.2 (3) -0.9 (3) 0.0 (3)
C, 4.8 (4) 4.4 (4) 53@4) 083 -1.1(3) -0.5(3)
C, 8.5(7 5.8(M) 6.2 (6) 1.5(5) -2.4 (%) -0.34)
C, 7.4 (7) 9.7 (9) 10.5 (9) 3.0(6) -4.5(7) =23
C, 6.2 (7N 9.8 (9) 14 (1) 0.6 (6) —-4.2(7) -38)
C, 3.14) 8.3(7N 15 () -0.9 4) -0.5(5) -1.5(8)
C, 4.3(4) 5.2(5) 8.1 (6) -0.8 (4) -0.94) -0.0 (4)
C, 2.8 (4) 4.6 (5) 19 (1) 0.4 (4) 0.4 (5) -2.3(6)
C,, 5.4 (6) 6.5 (6) 21 (2) ~1.0(5) 2.7(7) -3.5(8)
Ci, 6.9 (8) 7.3(8) 27(2) -1.0(6) 2(1) -3
C., 6.4 (7) 6.0 (7) 29 (2) 1.2 (6) 0.7 (9) -2.7(9)
C,, 11 (1) 6.4(9) 46 (4) . 2709 4(2) -5()
C,, 4.2 (5) 4.3 (5) 20() -0.24) 1.6 (7) -2.5(6)
C,, 4.5(4) 7.9 (6) 6.1(5) - 0.3¢4) 1.04) 0.9 (4)
C,, 7.6 (6) 9.1 (8) 9.3 (8) 2.6 (6) 4.2 (6) 2.4 (6)
C;, 8.9 (9) 11 Q1) 20(2) 3.0(8) 8(1) 4 (1)
C.s 5.1 (D) 12(1) 25(2) 0.4 (8) 3(1) 2(1)
C,, 4.9 (6) 13 (D) 18 (2) -=0.7(8) ~2.6 (8) 2(1) -
Css 5.6 (5) 10.2 (8) 9.8 (8) ~0.6 (5) -1.4 (5) 2.1 (6)
C,. 6.7 (6) 3.6 4) 13.3(9) ~0.3 (4) -0.1(6) 2.8 (5)
C,., 9.6 (8) 5.8 (6) 13 (1) —1.1 (6) -3.8(8) -1.9 ()
C,, 9.4 (8) 7.4 (1) 14 (1) -2.7(6) —-0.6 (8) -3.0(7)
C.. 14 (1) 59D 12 (1) ~-5.4 (8) -0.509) -0.9 ()
C,, 17 (1) 4.4 (6) 30 (3) 1.0(9) -3Q) -6(1)
Ce, 8.9 (7) 3.34) 10.7 (8) ~-0.74) 1.0 (6) ~1.7(5)
Cl, 5.1 (D) 4.1 () 5.5() 1.1 (1) -0.2'(1) ~1.4 (1)
0O,; 6.5 (4) 5.8(3) 10.8 (5) i23) ~1.5(3) -2303)
0,, 11.8 (6) 8.3(4) 7.0 (4) 3.84) -2.2 (4) -4.5 (4)
0,, 8.9(5) 7.8 (4) 8.4 (5) 1.54) 1.9(4) 1.3@4)
0,, 6.7 (3) 4.53) 7.3 (4) 0.7 (3) 0.6 (3) 0.6 (3)
Cl, 5.8 (D) 7.6 (2) 10.1 (2) -0.2 (1) -0.0 (1) ~-51()
0,, 11.2 9) 18 (1) 34 (2) 2.0(8) 5() -7(@)
0,, 20 (1) 8.4 (5) 16.8 (9) ~1.8 (6) ~7.2(9) -3.9(6)
0,, 26 (2) 10 (1) 48 (4) 1 -5(3)

0,, 27 (2) 45 (4) 10.3(9) 10 (2) -2(1)

@ The anisotropic thermal parameters have units of A?. They enter the expression for the structure factor in the form exp[—0.25-
(B, h%a** + B, ,k*b** + B,,l%c*? + 2B, ,hka*b* + 2B, ;kib*c* + 2B, ;hla*c*)]. Standard deviations on the last significant figures are

given in parentheses.

Figure 2. ORTEP drawing. of the roof-shaped hydroxo-bridged cop-
per(II), with 50% probability thermal ellipsoids and bond lengths.

The correction for diamagnetism was estimated at -404 X 10 ¢cm?
mol™ from the atomic values of Pascal.??

Results and Discussion

Crystal Structure, Each asymmetric unit contains a complex
dimeric cation (Figure 1) and two perchlorate ions. Both
copper atoms of the complex cation are linked through a
double hydroxo bridge, leading to a copper—copper distance
of 2.93 £ 0.02 A.

The surrounding of each copper atom is square planar; it
consists of the two bridging hydroxo groups O, and O, and

Table III. Main Interatomic Distances and Bond Angles®

Distances, A
Cu~Cu Distance

Cu,~Cu, 2.934 (8)
Cu Surrounding
Cu,-0, 1.960 (5) Cu,-0, 1.967 (5)
Cu,-0, 1.923 (5) Cu,-0, 1.914 (6)
Cu,-N, 2.003 (7) Cu,-N, 2.012 (7)
Cu,~-N, 2.002 (7) Cu,-N, 2.013 (7)
Angles, Deg
Dihedral Angle
Cu, 0,0, and Cu,0,0,° 147.5 (8).
Cu Surrounding
0,~Cu,-0, 76.1 (2) 0,~Cu,-0, 76.1 (2)
N,-Cu,-N,’ 94.7 (3) N,-Cu,-N, 97.4 (3)
0,~Cu,-N, 95.6 (3) 0,-Cu,-N, 91.6 (2)
0,-Cu,-N, 93.7 (3) 0,-Cu,~N, 95.4 (3)
Bridging Angles
Cu,-0,-Cu, 96.6 (2) Cu,~0;~Cu, 99.7 (2)

¢ Standard deviations on the last significant figures are given in

- parentheses. © The dihedral angle between Cu, 0,0, and

Cu, 0,0, planes.

of two cyclohexylamine molecules coordinated through their
nitrogen atom. Deviations of atoms from the mean planes
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Table IV, Mean Planes of the Copper Square-Planar Surrounding
and Deviations of Atoms from These Planes

Cu, surrounding Cu, surrounding

atom dev, A atom dev, A
Cu, —0.002 Cu, +0.06
0, ~-0.014 0, +0.13
0, +0.015 0O, -0.14
N, -0.012 N, -0.13
N, +0.012 N, +0.08

Cu,;0,0;N;N, and Cu,0,0;N;N, have been calculated
(Table IV); they show that the Cu, surrounding slightly
deviates from planarity. The bond lengths are shown in Table
IIT and Figure 2. All Cu-N bonds are equal within exper-
imental errors, but Cu~O bonds are slightly different as far
as standard deviations are concerned: each hydroxo group is
symmetrically bound, with O;—Cu bonds shorter than O,—Cu
bonds. Also, it can be seen that the Cu;—0,~Cu, angle is equal
10 96.6 £ 0.6° and Cu,;—0,—Cu, angle is equal to 99.7 £ 0.6°;
these values are similar to those found in other hydroxo-bridged
copper dimers usually ranging from 95 to 105°.%7 However,
the most interesting and unusual feature of this structure is
the dihedral angle observed between the planes Cu,0,0; and
Cu,0,0,, which is equal to 147.5°; it is the first example of
a roof-shaped bridge, with such a closed angle, so different
from 180°. The dihedral angle between the two mean planes
of the copper square-planar surroundings is not very different,
equal to 144°,

Perchlorate ions are not coordinated to copper atoms. The
shortest Cu~ClO, distance, observed between Cu, and the
oxygen atom Oy, of the first perchlorate, is equal to 2.8 A,
which might suggest only a very weak interaction with Cu,,
the surrounding of which would be a square pyramid with its
apex occupied by Q4. The O,4,—Cu, direction is not exactly
perpendicular to the mean basal plane O,0;N;N,: the angle
is equal to 71°. Angles around Cu,; and involving Oy, are
014“CUI‘N1 = 79.80, 014_CUI—N2 = 75.80, 0‘4_Cul_02 =
103.3°, and O,4,~Cu,-O; = 104.9°. These values show that
the set of O,, O;, N;, N3, and Oy, atoms builds a square
pyramid leaning toward cyclohexylamine ligands. Thus,
although the Cu,—O,, distance is rather long to be considered
as typical of semicoordination, the copper surrounding is often
taken as a proof of such semicoordination. Also, this per-
chlorate builds a hydrogen bond with N, since N,~O;; = 2.95
A. We found difficulties in refining atomic coordinates of the
other perchlorate. A Fourier difference map calculated in the
0,,0,,0,4 plane shows three areas of very broad electronic
density around the chlorine position. Refinement of these three
positions considered as oxygen ones led to very large isotropic
temperature factors of 20, 24, and 19, respectively. The
position of the fourth oxygen atom O,, was refined to a lower
isotropic factor, equal to 13. This can be related to the oc-
currence of a weak hydrogen bond supported by a distance

'N,-0,, equal to 2.99 A. Different schemes of disorder were

assumed for the perchlorate anion but no improvement in
refinement was found. Also, some high thermal vibrations for
the atoms which are not attached to the copper atoms were
found. Indeed, such a strong thermal vibration was observed
for the three carbon atoms of each ring opposite to the carbon
atom attached to nitrogen. Attempts to plot electron densities
vs. coordinates for the Fourier peaks of these carbon atoms
show no splitting, which probably means no disorder.
Presently, the results obtained at 294 K led to R = 0.069.
Angles and distances given in this paper are considered ac-
curate enough for the purpose of magnetic study, although
some standard deviations appear high.

Magnetic Properties. The temperature dependences of the
molar magnetic susceptibilities for two samples coming from

Charlot et al.
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Figure 3. Experimental temperature dependence of the molar magnetic
susceptibilities for samples A (®) and B (A). The points A between
180 and 230 K have not been indicated for clarity.

two different preparations are shown in Figure 3. The
magnetic behavior is characteristic of pairs of antiferro-
magnetically coupled Cu(II). Upon cooling of the samples
from 312 to 10 K, the susceptibilities increase, reach a
maximum at about 210 K, decrease, and finally increase again
below 60 K. This low-temperature behavior is most likely due
to traces of noncoupled Cu(Il) as impurity in our samples. The
magnetic data obtained with pairs of antiferromagnetically
coupled ions are generally corrected for monomeric impurity
by assuming on the one hand that the magnetic behavior of
the impurity follows a Curie law and on the other hand that
its molar weight is identical with that of the dimeric complex.?*
These two hypotheses led for our samples to two corrected
curves which are not exactly superposable. These curves
closely follow the equation giving the temperature dependence
of the molar magnetic susceptibility for a Cu(II) dimer:

2NB g
XM = kT

J -1
3+ exp(~ﬁ)] + 2Na 1)

where the symbols have their usual meaning, for two.different
values and too weak values of the g factor. Therefore, we took
into account the fact that the ratio M;/Mp of the molar
weights for the impurity and the dimer might be different from
unity (see Appendix I). For a ratio M;/Mp equal to 1.60, the
two corrected curves shown in Figure 4 become strictly
identical and perfectly follow eq 1 for g = 1.98, J = =256 cm™!,
and Na negligible. The slightly too weak g value for the
Cu(IT) complex is not well understood. It could arise from
the uncertainties on both p and Mp/M;. On the other hand,
the value of J does not depend on Mp/M; and may be de-
termined accurately. The uncertainty on J is estimated at &2
cm™! by comparing the effect of small changes in the pa-
rameters with the estimated experimental uncertainty. It is
not useless to point out that the samples were prepared by
carefully picking up small crystals under the microscope and
that the chemical analyses were excellent (see Experimental
Section); however, taking into account the low-temperature
data and correcting the experimental curves for the very weak
amount of monomeric impurity displace the maximum of x
about 15 K higher in temperature and significantly improve
the determination of J. Without correction and only in the
temperature range 77-300 K, did the fitting of the experi-
mental data lead to a J value of —240 cm™.
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Figure 4. Magnetic data corrected from the noncoupled Cu(II)
impurity for samples A (@) and B (A) and theoretical curve (con-
tinuous line). For clarity the points A between 180 and 230 K have
not been indicated.

Owing to the structural differences, the comparison of the
J value obtained for our compound with those reported for
essentially planar hydroxo-bridged Cu(lII) dimers may appear
without heuristic interest. We wish to prove in the following
discussion that such is not the case. For this discussion, we
idealize somewhat the structure of the dimeric cation [Cu-
(C¢H;;NH,),OH],** by assuming the existence of a mirror
plane containing the two hydroxo groups. This mirror plane
does not exist in the crystal structure; however, the Cu;-0,

and Cu,-O, distances are equal within standard deviations and’

the case is similar for Cu;—0; and Cu,~O, distances.

In an orbital model proposed by one of us,2%% the J sin-
glet—triplet splitting in a Cu(II) dimer is expressed as the sum
of an antiferromagnetic contribution J,r and a ferromagnetic
contribution Jg with

Jap = —2A8
Jg = 2(pa(1)pp(D)|r12 7 |da(2)9p(1)) (2)

where ¢, and ¢y are the magnetic orbitals centered on A and
B, respectively, S is the overlap integral (¢,|¢g), and A is the
energy gap between the two molecular orbitals (MO) con-
structed from ¢, and ¢5. We showed that, at first order, S
was proportional to A so that this gap A appears as the
preponderant factor for J,p.2' ‘From a different approach
Hoffmann was led to a similar result.'s

In the planar hydroxo- brldged Cu(II) dimers, the increase
of J when Cu—QO-Cu decreases is explained as follows: the
magnetic orbital for each Cu(Il) ion is constructed from the

d,, metallic orbital (referring to the reference axes shown in

Flgure 5) pointing toward the bridging and terminal ligands.

The interaction of the two magnetic orbitals leads to two MO’s

symmettic and antisymmetric, respectively, with regard to the
mirror plane perpendicular to the Cu,O, network. These MO’s
are antibonding with regard to the d metallic orbitals. The
more important in absolute value the metal-ligand overlaps
are, the more destablized the MO’s. ‘As shown by Hoffmann,'¢
the variation vs. Cu—O-Cu of the metal-oxygen overlaps S,

= |{(d,|2p,)| and S, = |(d,,|2p,)| exhibits a crossover for
Cu-O-Cu = 90° or Cu-O-Cu > 90°, we have §, > §, and
for Cu-O-Cu < 90°, the opposite situation holds The
variations vs. Cu—O-Cu of the energies ¢4 and g for the
antisymmetric and the symmetric MO calculated from the
FORTICON program®® using the parametrization given in
Appendix I are plotted in Figure 6. For the largest values
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Figﬁre 5, Schematic representation of the molecular orbitals built
from the magnetic orbitals in hydroxo-bridged Cu(II) dimers.

90 100
CuOCu

degrees

Figure 6. Variation vs. the bridging angle Cu~O-Cu of the energies
of the symmetric yg and antisymmetric ¢, molecular orbitals for planar
D,;, hydroxo-bridged Cu(Il) dimers with Cu-O = 1.92 and

.Cu-O-Cu = 105.5°.

of Cu—O—Cu, A = ¢4 — €5 is large and Jr is the preponderant
contribution. J4p diminishes in absolute value when Cu-O-Cu
diminishes. For a peculiar value of Cu-O-Cu, experimentally
observed at about 97.5°, J,r and Jp exactly compensate
themselves and for smaller values of Cu—O-Cu, J4r becomes
very weak and J is therefore the preponderant contribution.
It must be noticed that in such an interpretation of the ex-
perimental data, it is implicitly assumed that Jr is constant
whatever the Cu~O-Cu angle may be.

In order to compare our compound to the other hydroxo-
bridged Cu(II) dimers, we propose to generate it in several
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Scheme 1

@

ey

)

steps, according to Scheme [. (i) We start with a planar D,
complex similar to those considered by Hatfield and Hodgson,
the Cu-O distances being 1.92 A and the Cu-O-Cu angles
105.5°. For such a complex, Hatfield and Hodgson’s cor-
relation (J/cm™ = -74.53 Cu-O-Cu/deg + 7270) holds and
leads to a J value close to ~600 cm™. Our calculation of A
gives 0.260 eV, (ii) The angles N~Cu~N are opened from 30°,
which is their average value in the previously studied hy-
“droxo-bridged Cu(II) dimers with bidentate terminal ligands,
to the actual value in our complex of 96°. We checked that
this opening of the N~Cu—N angles has no effect on the A
value. (iii) An oxygen atom, say O,, is displaced along a
twofold axis so that we have a planar C,, complex with Cu;~O,
= CuZ'Oz‘ = 1.967 A and Cul—OZ—CuZ = 102.0° Thls
lengthening of Cu—O, has a weak influence on A, As a matter
of fact, when the Cu-O, distance increases, the overlap S,-
(Cu-0,) decreases whereas the overlap S,(Cu-O,) remains
nearly constant. This favors a decrease of A = ¢, ~ ¢s. This
effect is compensated by the fact that the w-type oxygen-—
oxygen (2p,]2p,) overlap remains negligible whereas the o-type
(2p,|2p,) overlap in absolute value decreases. In the sym-
metric MO, the oxygen—oxygen interaction is antibonding; thus
a decrease of |{2p,|2p,)| favors an increase of A. For this
structure, we get A = 0.268 eV. (iv) The reader has likely
already noticed that the previous structure may be deduced
from the actual structure of [(C¢H;;NH,),CuOH],** by
opening the binuclear cation, in the same way as one opens
a book, to obtain a planar Cu,0, network. During this, the
0,-0, distance is retained but the Cu,—Cu, distance and the
two Cu—O-Cu angles are modified. Thus, the last step consists
of bending the previous structure in order to obtain a C,
symmetry with a dihedral angle of 147.5°. In such a mod-
ification, the S,(Cu—0,) and S,(Cu—0O,) overlaps strongly
decrease whereas the S,(Cu-O,) and S,(Cu~O;) overlaps are
unchanged. As far as the oxygen—oxygen interactions are
concerned, they are not modified since the oxygen—-oxygen
distance is maintained constant. Therefore, when the dinuclear
cation is bent, the ¢, energy decreases and the ¢g energy is
essentially unchanged. This result is shown in Figure 7. A

Charlot et al.
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Figure 7. Variation vs, the dihedral angle D of the energies of the
symmetric and antisymmetric molecular orbitals for roof-shaped
hydroxo-bridged Cu(II) dimers with Cu;-0; = Cu,-0; = 1.92 A,
CUI*OZ = CU2_O2 = 1.967 A, and 02"03 = 2.40 A.

Table V. Parameters Used in the Iterative Extended
Huckel Calculation

atomic

atom orbital Au Bu Cu By

Cu 4s 0.942 8.840 7.720 10.90
4p 1.050 6.640 3.980 10.90
3d 0.0 9.724 10.568 10.90
2s 0.0 15.20 33.00 15.20
2p 0.0 15.20 16.40 15.20

N 2s 0.0 13.70 26.40 13.70
2p 0.0 13.70 13.40 13.70
1s 13.618 27.180 13.60 12.80

crossover is found for a dihedral angle of 130°. In a general
manner, when an hydroxo-bridged Cu(II) dimer is bent in such
a way that the dihedral angle between the two Cu-O, planes
diminishes, the oxygen—oxygen distance remaining constant,
the energy gap between the symmetric and antisymmetric
MO’s diminishes and the coupling becomes less antiferro-
magnetic. This statement well corresponds to the J value found
for the studied compound, —256 cm™, which is clearly stronger
in algebraic value than it would be if the complex was planar.
From here, it can be expected that with another roof-shaped
hydroxo-bridged Cu(II) dimer with similar copper—oxygen and
oxygen—oxygen distances, but with a smaller dihedral angle,
the coupling would become more ferromagnetic. This might
perhaps be obtained by changing the nature of the counter-
anions.

To conclude, we want to dwell on the fact that, even if the
interpretation of the magnetic data proposed herein appears
satisfying, it is incomplete. We again implicitly assume that
the ferromagnetic contribution was roughly constant whatever
the geometry modifications may be. Nothing theoretically
justifies such an assumption. Moreover this ferromagnetic
contribution may be important. So, in [Cu(2,2'-
bpy),OH],(NO,),, J is equal to +172 cm™;% this means that
we have Jp 2 172 cm™.. In a Co(II)-Cu(II) heterobinuclear
complex with orthogonal magnetic orbitals, a Jr value of
several hundreds of wavenumbers has been reported.’® Finally,
as we have already done in previous papers, we want to
emphasize the need of further and decisive progress in the
understanding of the main factors governing the magnitude
of the ferromagnetic coupling. We hope to be able in the
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future to propose some new results in this matter.

Appendix I

Each sample contains a mass mp of Cu(II) dimer and a
mass m; of monomeric Cu(II) impurity. Let us note Mp, x;°
and xu® and M, x,;' and xy' the molar weights, the sus-
ceptibilities per gram, and the molar susceptibilities for the
dimer and the impurity, respectively. The apparent sus-
ceptibility per gram x, of the sample is given by

mp ny

I
X
ng+mI

= +
Xe = Xe mp + my

and the apparent molar susceptibility x is
IM D m
mp + my M Ml mp + mp

xm = xmP(1 = pMy/Mp) + xum'p

where p = [my/(mp + m)](Mp/ M) can be determined for
each sample from the low-temperature data, by assuming that
xu' follows a Curie law: x! = N3%g%/4kT. The ratio M,/ Mp
can be determined only from the study of several samples by
using a self-consistent procedure.

Appendix II

The calculation performed in this work is of extended
Hiickel type, with charge iteration on all the atoms and
Madelung corrections. The actual terminal ligands are re-
placed by ammonia molecules. The atomic orbitals are simple
Slater-type orbitals for hydrogen, nitrogen, oxygen, and copper
except for metallic 3d orbitals for which we choose two-
~ component orbitals. Orbital exponents for the nonmetallic
atoms are chosen by using Slater’s rules; 4s and 4p exponents
for copper come from Burns, assuming a charge +1 on the
transition ions in the complex. Exponents and relative weights
for metallic 3d orbitals are taken from Richardson et al.*> The
A, B, C, and g,, parameters of the method are given in Table
V. The K parameter of the Wolfsberg—Helmholz approxi-
mation is taken equal to 1.75.

Registry No. [CU(C6H11NH2)20H]2(C104)2, 35637-92-4,

Supplementary Material Available: A listing of structure factor

amplitudes (24 pages). Ordering information is given on any current
masthead page.

mp

XM = xm® + X
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Reaction of [Rh(COD)Cl], with 2,6-xylyl isocyanide gave Rh(CyHyN),Cl (1a) or [Rh(C3HgN)4]Cl (2a), depending on
the molar ratio of the starting compounds, whereas reaction with 2,4,6-tri-ter¢-butylphenyl isocyanide gave only Rh(C;sH,N),Cl
(1g). Treatment of 1g with C;sHyN in the presence of AgPFg led to formation of cationic [Rh(C,gH;3N)4]PF; (2g).
Compound 2a has a tendency to self-associate in solution, but no association occurred in 2g, due to steric hindrance of
bulky isocyanide ligands. Compound 1g crystallizes in space group P1 with two molecules in a unit cell of dimensions
a=14750 (5) A, b =23.785 (7) A, ¢ = 10.193 (5) A, a = 104.71 (2)°, § = 104.65 (2)°, and v = 71.59 (1)°. Each
phenyl ring of the isocyanide ligands lies in a plane perpendicular to the RhCIC; plane. The steric bulkiness of isocyanides

was estimated in terms of fan-shaped angles.

There has been recent interest in investigations of the
ground- and excited-state physical and chemical properties of
complexes in which metal(d®)-metal(d®) interactions are

present.? It has been reported that the planar rhodium iso-
cyanide cations, Rh(RNC),* (R = Ph, Et, CH,, etc.), undergo
self-association in solution presumably through direct met-
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