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To obtain additional information about the relation-
ship between magnetic properties and structure in
oxygen-bridged complexes, the copper(Il) complex of
the Schiff base of pyrrole-2-carboxaldehyde and 3-
aminopropanol was prepared. The complex, [Cu(Cs
HypN,O)1,, crystallizes as monoclinic crystals (a =
2561A, b=546A, c=16904, 3=136.33") of space
group C2/c with 8 formula units (4 dimers) per unit
cell (popsa = 1.73, peatca = 1.74 g/cm’). A total of
858 unique, non-zero reflections were obtained from
precession camera photographs; the structure was sol-
ved from Patterson and electron density maps and re-
fined by least-squares methods to a ocnventional R
value of 0.076. The coordination of copper is square-
planar and the coordination of the bridging oxygen
is also planar. Within the planar four-membered
copper-oxygen ring, the angle at copper is 76°; a
molecular orbital treatment of the w-system suggests a
relationship between this angle and the magnetic pro-
perties of binuclear copper(IT) complexes.

introduction

As part of a general study of oxygen-bridged com-
plexes, structures were reported' for the complexes
of copper(Il) and imines of acetylacetone and amino-
alcohols; the structures and properties of these com-
plexes were found to differ markedly with the size of
the imino-alkoxide chelate ring. The complex, Ia,
of the imine of 2-aminoethanol, was found to be tetra-
meric with a normal magnetic moment at room tem-
perature; the imine of 3-amino-1-propanol (abbrevia-
ted PIA in formulas) gave a complex, Ib, which was
dimeric with a subnormal magnetic moment at room
temperature. From these observations and from a
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survey of other oxygen-bridged copper(Il) complex-
es,”? a general relationship between magnetic mo-
ments and the stereochemistry of the bridging oxygen
was suggested - complexes with tetrahedral coordina-
tion about oxygen exhibit normal magnetic moments
at room temperature and complexes with planar three-
coordination about oxygen exhibit low magnetic mo-
ments. On the basis of these observations, an ex-
planation of the spin coupling in [Cu(PIA)];, Ib, in
terms of a delocalized w-system involving the 3dy,
3d,, orbital of the coppers and the 2p, orbitals of the
oxygens was suggested.!

In order to investigate further the effect of factors
such as ring size and the extent of delocalization on
structure and magnetic propcrties, we have prepared
a complex, 1I, with a five-membered unsaturated ring
and a six-membered saturated ring; in this paper we
report the preparation, structure and properties of
that complex.

H,C H
AN H—C —C\
C—o0 R "
H c/"”“\c H— 0"
- .\ : u - - -~
Nt SN |:f N
S ) ~A
H—C(, "
HaC {CH,lq N \0
la, n=2; Ib, n=3 \OCH,/t,
11

Experimental Section

Preparation. Equimolar amounts (0.005 moles) of
3-amino-1-propanol and pyrrole-2-carboxaldehyde were
mixed and dissolved in methanol. The above solu-
tion and a methanol solution containing 0.005 moles
of potassium hydroxide were added simultaneously
from dropping funnels to a warm stirred methanol
solution of 0.005 moles of copper(II) acetate mono-
hydrate. The resulting red-brown powder was allow-
ed to air dry and then recrystallized from nitro-ben-
zene; red needle-like crystals were obtained.

Anal. Caled for Cu(CiHiN:0): C, 44.96; H, 4.72;
N, 13.11. Found: C, 44.57; H, 5.05; N, 12.93.

Magnetic Susceptibility Measurement. The magne-
tic susceptibility of the compound was determined by



the Faraday method at 26.5°C, using HgCo(CNS), as
a calibrant. Diamagnetic corrections were made using
published atomc values.® For Cu(CsHpNO): ¥z =
0.17X107%, ¥u™™ = 1200X107%, and per = 0.54
B.M. per gram atom of copper(II).

Collection and Reduction of X-ray Data. A crystal
of approximate dimensions 0.1 X 0.1 X 0.4 mm
was mounted along the long dimension (b-axis)
on a glass fiber. Precession photographs were taken,
using Zirconium-filtered Mo Ka radiation, A = 0.7106
A. The crystal was found to be monoclinic with a =
25.61(2) A¥ b = 5.46(1) A, ¢ = 16.90(2), and B =
136.33(10)° at 25°C. The density calculated on the
basis of 8 formula units per unit cell, 1.74 g/cm®,
agrees well with the experimental value, 1.73(1) g/
cm’®, obtained by the flotation method using a mixture
of carbon tetrachloride and diiodomethane.

The absence of hkl reflections with i+k = 2n+1
and the absence of k0! reflections with [ = 2n-41 in-
dicated space group Cc (No. 9) or C2/c (No. 15).
The space group ambiguity was resolved in favor of
C2/c through the Patterson map and the successful
refinement of the structure.

Intensity data were collected on the precession ca-
mera, using the same crystal as used for the space
group determination. A total of 858 unique non-zero
reflections were estimated visually from the hkl (I =
0-4) and the hkl (h = 0-6) layers. Lorentz-polariz-
ation corrections were computed but no corrections
for absorption were made (n = 27 cm™}).

Solution and Refinement of Structure. Computa-
tion were carried out on the Univac 1108 computer;
programs employed included modified versions of
Zalkin’s FORDAP Fourier summation program, the
Busing-Martin-Levy XFLS and ORFFE least squares,
Johnson’s ORTEP program for crystal structure il-
lustrations, and various locally written programs.

The coordinates of the copper atoms were determin-
ed from a three-dimensional Patterson synthesis; after
least-squares refinement of individual scale factors
for each layer of data and the copper coordinates.
a Fourier synthesis, phased on the copper atom, rev-
ealed the positions of all non-hydrogen atoms.

A Fourier synthesis phased on these atoms showed
a definite anisotropic thermal motion of the copper
atom; anisotropic thermal parameters were therefore
assigned to the copper atom. At this point further
structure-factor calculations and a difference Fourier
phased on all the non-hydrogen atoms revealed the
positions of all hydrogen atoms. All hydrogen atoms
were introduced into the structure factor calculations
with the isotropic temperature factor of the adjacent
carbon; further full-matrix least-squares refinement
(minimizing w(| Fo | —| Fc |)?) of all parameters except
hydrogen coordinates and hydrogen temperature fac-
tors converged to a conventional R; value (X || Fo|—
| Fe ||/Z | Fo |) of 0.076 and a value of R, ({Zw(| Fo|—
|Fe|/Zw(| Fo [)3*) equal to 0.076 with all reflections
weighted at unity. In the final cycle of refinement,
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there was no parameter shift greater than 1/10 of
one esd. A final difference Fourier had no positive
maxima greater than 0.5 e/A’,

In the structure factor calculations, the scattering
factors tabulated by Ibers® were employed for all
atoms.

The positional and thermal parameters derived from
the last cycle of least-squares refinement are presen-
ted in Table I; the observed and calculated structure
factors are given in Table II.

Table 1. Final Positional and Thermal Parameters for
[Cu(CsHloNzO)]z.

Atom x y z B, A?
Cu 0.2382(1) 0.0620(2) 0.0507(1) 2.2(1)4
(o] 0.3139(4) 0.194(1) 0.0641(6) 2.4(1)

N1 0.1665(5) —0.063(2) 0.0489(8) 2.9(2)
N2 0.3005(5) —0.209(1) 0.1564(8) 2.7(2)
Cl1 0.3901(6) 0.108(2) 0.1389(9) 2.6(2)
C2 0.4185(5) —0.014(2) 0.2468(9) 2.7(2)
C3 0.3792(6) —0.253(2) 0.2182(9) 2.6(2)
C4 0.2668(6) —0.342(2) 0.172(1) 2.7(2)
C5 0.1924(6) —0.266(2) 0.111(1) 2.6(2)
C6 0.1401(6) —0.365(2) 0.105(1) 3.2(2)
C7 0.0765(7) -—0.207(2) 0.035(1) 4.2(3)
C8 0.0967(6) —0.023(2) 0.003(1) 3.6(3)
H1C1 0.397 —0.010 0.104
H2C1 0.431 0.240 0.175
H1C2 0.464 —0.060 0.323
H2C2 0.400 0.100 0.275
H1C3 0.380 —0.365 0.175
H2C3 0.402 —0.332 0.289
HC4 0.290 —0.500 0.230
HC6 0.140 —0.520 0.140
HC7 0.024 —0.200 0.001
HC8 0.055 0.100 —0.058

a Anisotropic refinement of thc thermal parameter of copper
gave the expression: exp[—(16k*+189k*+47/+ 14hk+34hl
+36kl)x 10*].

Discussion

The structure, Figure 1, consists of dimeric units;
the coppers of the dimer are bridged by oxygens of
the iminoalkoxide ligands. Interatomic distances and
angles are given in Table III; selected least-squares
planes are presented in Table IV. The copper is four
coordinate and the copper and the four atoms bonded
to copper are close to planar with none of the five
more than 0.11 A out of the best least-squares plane
through O,N1,N2, and O’. The angles at copper are
not the 90° angles expected for square-planar coordin-
ation but reflect the effect of ring size - the larger
N—Cu—-O angle (106.0(4)°) is not included in a ring,
the other N—Cu—O angle (95.2(4)) is in the six-
membered chelate ring, the N—Cu—N angle (83.2(5)°)
is in the five-membered chelate ring, and the O—~Cu—-O
angle (76.1(4y) is in the four-membered copper-
oxygen ring. The four-membered copper-oxygen ring
is exactly planar since there is an inversion center at
the center of the ring; the coordination around the
bridging oxygen is issentially planar with the carbon
bonded to oxygen only 0.05 A out of the plane of the

(15) J.A. Ibers in « International Tables for X-Ray Crystallography »,
Vol. 3, the Kynoch Press, Birminghan, England, 1962.
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Table 1l. Observed and Calculated Structure Factors (in Electrons) for [Cu(C:H,N,0)]..
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four-membered ring. The five-membered delecalized
chelate ring is essentially planar with no atom of the
ring more than 0.02 A out of the best least-squares
plane through the ring; the five-membered pyrrole
ring is planar to within 0.01 A.

Figure 1. ORTEP plot of the molecular structure of
Cu(CsHuN;O). The thermal ellipsoids and spheres are at
the 50% probability level.

As in other polynuclear structures in which the
coordination of the bridging oxygen is planar, the
room temperature magnetic moment (0.54 B.M.) is
considerably below the value expected for one un-
paired electron per copper. An explanation of the
spin-coupling in such systems in terms of a delocal-
ized m-system involving the 3d,, 3d,. orbitals of the
coppers and the 2p, orbitals of the oxygens has been
suggested. A molecular orbital treatment of these
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six orbitals indicates two anti-bonding orbitals of dif-
ferent symmetries; since these orbitals can, thus, have
different cnergies, it is possible for the dimer to have
a singlet ground statc and a thermally accessible trip-
let state.

Although the energy difference between the anti-
bonding m-orbitals of the present compound could
result from interactions with the chelate T-system,
the reason for an energy difference between the cor-
responding w-orbitals of complexes such as [Cu(PyO)-
Cl2]; (where PyO represents pyridine-N-oxide), which
also exhibit sub-normal magnetic moments at room
temperature,'® was not apparent from the previous
treatment. Furthermore, planar four-membered rings
are also present in chloride-bridged complexes of
copper(ll) and the room temperature moments of
those compounds are normal. A review of the avail-
able structure data on oxygen-bridged" and chloride-
bridged™* complexes of copper(Il) reveals an impor-
tant difference: in all of the oxygen-bridged com-
plexes with sub-normal room temperature magnetic
moments the O—Cu—O angles within the four-mem-
bered ring are considerably less than 90 (usually near
70°); in the chloride-bridged complexes, the Cl-Cu—CI

(16) J.V. Quagliano, J. Fujito. G. Frantz, D.|. Phillips. J.A. Walm-
sley. and S.Y. Tyree, J. Am. Chem. Soc., 83, 3770 (1961).

(175) P.H. Vossos, L.D. Jennings, and R.E. Rundlc, J. Chem. Phys.,
32, 1590 (1960).

(18) P.H. Vossos, D.RR. Fitwater, and R.I. Rundic, Acta. Cryst., 15,
1037 (1963).

(19) R.D. Willet, C. Dwiggins, Jr., R.F. Kruh, and R.E. Rundle,
I. Chem. Phys., 38, 2429 (1953).

(20) R.D. Willett and R.LE. Rundlc, J. Chem. Phiys., 40, 838 (1964).

(21) R.S. Sager and W.lI. Watson, Inorg. Chem., 7, 2034 (1968).

(22) D.J. Hodgson, P.K. Halc, J.A. Barnes, and W.E. Hatficld,
Chem. Comm., 786 (1970).



Table Iil. Interatomic Distances and Angles for

[CU(CsHmNzO)]z.
Distance, Angle,
Atoms A Atoms ' degrees
Cu-Cu’ 3.001((4) Cu-N1-C5 110.7(9)
Cu-O 1.920(11) C5-N1-C8 106.9(12)
Cu-O’ 1.891(7) Cu-N1-C8 142,2(9)
Cu-N1 1.942(13) N1-C8-C7 111.1(11)
Cu-N2 1.952(9) C6-C7-C8 103.7(14)
0O-C1 1.435(13) C5-C6-C7 107.0(12)
N1-C5 1.328(14) N1-C5-Cé 111.3(11)
N1-C8 1.353(18) N1-C5-C4 117.4(13)
N2-C3 1.472(16) C4-C5-Co 131.3(11)
N2-C4 1.293(20) N2-C4-C5 115.4(10)
C1-C2 1.543(20) Cu-N2-C4 113.0(8)
C2-C3 1.499(15) Cu-N2-C3 124.5(9)
C4-C5 1.420(17) C3-N2-C4 122.4(9)
C5-C6 1.379(24) N2-C3-C2 109.9(9)
-C6-C7 1.414(16) C1-C2-C3 111.3(9)
C7-C8 1.410(23) 0-C1-C2 111.2(13)
C1-HIC1 0.97 Cu-O-C1 126.4(7)
Ci1-H2C1 1.03 Cu-O-Cu’ 103.9(4)
C2-H1C2 0.95 C1-O-Cu’ 129.6(9)
C2-H2C2 1.08 O-Cu-N2 95.2(4)
C3-H1C3 0.96 N1-Cu-N2 83.2(5)
C3-H2C3 0.97 N1-Cu-O’ 106.0(4)
C4-HC4 1.10 O-Cu-O 76.1(4)
Co6-HC6 1.03 O-C1-H1C1 114
C7-HC? 1.01 H1C1-C1-H2C1 106
C8-HC8 1.03 C2-C1-H2C1 101
C1-C2-Hi1C2 141
H1C2-C2-H2C2 93
C3-C2-H2C2 104
C2-C3-H1C3 115
H1C3-C3-H2C3 109
N2-C3-H2C3 104
N2-C4-HC4 128
C5-C4-HC4 117
C5-C6-HC6 133
C7-C6-HCo 120
C6-C7-HC7 139
C8-C7-HC7 117
C7-C8-HC8 117
N1-C8-HCS8 132

Table IV. Equations 2 of Least-Squares Atomic Planes and
Distances of Atoms(A) from these Planes for [ Cu(CsH;N.O)].

(a) Equation of the Plane Including (Cu,0,Cu’):
0.216X—-0.435Y—0.874Z=0.791

Distance from

Atoms Plane A

Cu 0.000
(0} 0.000
N1 —0.086
N2 0.191
C1 0.053
C2 —0.302
C3 0.275

Distance from

Atom Plane A
C4 0.201
C5 0.070
Co6 0.063
C7 —0.134
C8 —0.215
Cu’ 0.000
(o} 0.000

(b) Equation of the Least-Squares Plane ? of the Cocrdination

Sphere (O,N1,N2,0):

0.205X—0.410Y—0.888Z=0.749

Atoms

Cu —0.032
o] —0.039
N1 —0.114
N2 0.072
Ci —0.042
C2 —0.454
C3 —0.109

Atom

C4
C5
Co
C7
C8
Cu’
o

—0.069
—0.012
0.016
—0.153
—0.205
0.043
0.051

2 Direction cosines of the plane refer to the orthogonal axis

system a,b,c*.

b All atoms weighted- at unity.
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angles approach 90°. By incorporating these obser-
vations into the treatment of the pm—dw system, it is
possible to give an explanation of the energy diffe-
rence between the anti-bonding orbitals in all of the
oxygen-bridged copper(II) complexes that show sub-
normal room temperature magnetic moments. The
treatment employed has been presented previously®?>
in a general treatment of pr—d= systems but has not
been applied to transition metal complexes.

Although the actual symmetry of the complexes is
usually lower, the four-membered ring in several of
the low-moment compounds approaches Da, symmetry.
Using the coordinate system previously suggested®, the
six m-orbitals, Figure 2, transform in D, symmetry as
Ay~ Bz + 2By, + 2Bsg; suitable combinations of atomic
orbitals which transform with these symmetries are
indicated in Figure 3. Of these, the A, and By com-
binations are non-bonding and there are bonding and
anti-bonding combinations with both By, and Bs, sym-
metries.

Considerations of the By, and B;; combinations in-
dicates that the two would have identical overlap of
copper and oxygen orbitals for an O—Cu—QO angle of
90°; however, as the O—Cu—O angle is decreased, the

1
D50

Figure 2. Projection of the six m-orbitals onto the xy plane.

01020

00O OQ%
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Figure 3, Symmetry adapted linear combinations of atomic
orbitals.

(23) K.A.R. Mitchell, Chem. Revs., 69, 157 (1969).

(24) D.P. Cralg, Special Publication No. 12, The Chemical Society,
London, 1958, p.

(25) D. P, Cralg and K.A.R. Mitchell, J. Chem. Soc., 4682 (1965).
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overlap of the By, combination is increased and that
of the B3, combination is decreased. For an O—Cu-O
angle of 90°, the By, and B anti-bonding orbitals
would, therefore, have the same energy umless they
were affected by other factors such as different inter-
actions with a chelate m-system.

In addition to the dependence on the angle at cop-
per, the energy separation would depend on the ener-
gies of the oxygen orbitals and the copper orbitals
and, since these energies depend on the bonding to
the rest of the molecule, the nature of the rest of the
molecule would affect the magnitude of the energy
difference. This factor is reflected in the variation of
], the coupling constant, with the electron density at
oxygen as observed® for a series of complexes with
substituted pyridine oxides as bridging groups; it also
accounts for the difference in magnetic moments ob-
served for compounds such as [ Cu(PIA)];! and [Cu-
(PyO)CL.]s*, both of which have O-Cu-O angles of
approximately 72°.

The above treatment appears to qualitatively ex-
plain the observed magnetic moments of oxygen-brid-
ged copper(Il) complexes; it is also possible to show
that such a treatment gives singlet-triplet separations
of the right magnitude. Experimental values are
available - the temperature dependence of the magne-
tic susceptibilites of a number of oxygen-bridged cop-
per(II) dimers have been studied®?* and have been
found to fit the equation®:

¥u=(28"B*N/3KkT)[1+1/3exp(J/kT)] '+ Na

where yu is the molar susceptibility of the dimer, g
is the Lande factor, 8 is the Bohr magneton, N, is
Avogadro’s number, k is the Boltzmann constant, Na
is the temperature independent paramagnetism, and
] is the singlet-triplet energy separation. Values for
J have usually been less than 500 cm™!; from the
room temperature susceptibility of [Cu(CsHiN>0)]
(0.54 B.M.) a J value of ca. 560 cm™! is obtained.

For purposes of energy calculations, it is convenient
to write By, orbitals in terms of separate oxygen and
copper orbitals:

Q(Br)=(p.+p.")/ V2
©:(Br) =(dr+dx) /{2
In terms of the general treatment®?, these correspond
to @* and ¢@®. Using a Huckel approximation
with the following definitions,
Hiu=f{oHpdt=0a
Hy= {@:Hp.dt={dHddt=a,
Hu=Hu= {@.Hp:d1=1/2{(p.+p. H(d. +d..)dt=
2{p.Hd,.dt=28.,,

the secular equation is:
a—E 2B

=0
2B.. a.—E

(26) W.E. Hatfield and J.S. Pascal, J. Am. Chem. Soc., 86, 3888
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(27) W.E. Hatfield and F.L. Bunger, Inorg. Chem., 5, 1161 (1966).
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and
E= V(e + e = [ (00t + 1687 ]2,

For the B, orbitals, the appropriate linear com-
binations of oxygen and copper orbitals are:

@:(Bsg) = (p.—p2)/V 2
P:(By) =i(d—dy.") /12

In terms of the general treatment®?, these correspond
to @ and 8. Using the same definitions as be-
fore, the secular equation may be writen

a-E —2if},,
=0
2if,. a..—E

and

E=1(a+a. = [(a—a,) + 1682 ]").

Although e.. and oy, may differ due to interactions
with the rest of the molecule, the difference in most
compounds is probably not very large and we have
used ., = oy, = og; however, for an O—-Cu—O angle
other than 90°, different values are necessary for B
and By,. The energy difference, J, for the two anti-
bonding orbitals is given by:

T=12([(a—0e)* + 168,71 ~[(a—ata)*+ 16B..2]"*).

Although there is considerable question about the
numerical values to be used, we have used valence
state icnization energies® for the a’s; for the B values,
we have used

B=Si(a+ota)cos ¥

where v is the angle between Cu—O direction and the
plane of the d orbital; the cos y term was included®?
to account for the angular dependence of the overlap.
The overlap integral was obtained from tabulated
values® in the literature. With these values we cal-
culate a J value of [Cu(CsHieH:0)]: (ca. 870 cm™)
which is of the same magnitude as the observed
values.

It thus appears that the low room temperature mag-
netic moments of oxygen-bridged copper(Il) com-
plexes can be explained in terms of a delocalized -
system; it is probable that the same explanation ap-
plies to complexes of other metal ions. The same
explanation can also be used to explain the low mo-
ment observed for CuF: since the F-Cu-F angle is 76°.
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