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The complex di-u-methoxo-bis[bis(3-chloro-2,4-pentanedionato)chromium(III)], {Cr(3-Cl(acac)),OCHj)5, has been synthesized
and its crystal structure has been determined from three-dimensional counter x-ray data. The material crystallizes in the
monoclinic space group P2;/c with two dimeric formula units in a cell of dimensions a = 7.794 (6) A, & = 18.189 (18)
A, c=11.232(8) A, 8 =112.82 (5)°. Least-squares refinement of 3092 independent data has led to a final R factor
(on F) of 0.045. The complex consists of two chromium(III) ions which are symmetrically bridged by two methoxide groups,
the remaining coordination sites being occupied by the oxygen atoms of two bidentate 3-Cl(acac) ligands. The coordination
around each chromium center is roughly octahedral; the average Cr—O(ligand) bond length is 1.957 (5) A while the Cr~Cr
separation is 3.025 (2) A and the Cr—O—Cr bridging angle is 101.07 (9)°. The 3-Cl(acac) ligands are approximately planar.
The magnetic susceptibility of a powdered sample of the complex has been examined in the temperature range 4-78 X.
The dimer exhibits an antiferromagnetic exchange interaction, with the best fit to the Van Vleck equation including biquadratic
exchange yielding 2/ = -7.34 cm™! and j = +0.38 cm™! with (g) = 1.901. These data lead to a singlet—triplet splitting

of -9.82 cm™L.

Introduction

The study of the magnetic interactions in hydroxo- and
alkoxo-bridged dimers of copper(II) and chromium(III) has
received extensive recent attention.!'? It has been
demonstrated-® for the simplest case, i.e. the dihydroxo-
bridged dimers of copper(II), that the magnitude and sign of
the exchange integral J are principally determined by the value
of the Cu—O-Cu bridging angle ¢, although other authors™®
have noted that distortions from planar geometry at.the metal
center also influence the magnitude of J.

For the analogous chromium(III) complexes the magnetic
exchange is greatly complicated by the presence of more than
one unpaired electron at each metal center, which leads to
unpaired spin in the = system of the dimer in addition to that
in the ¢ system. There is, however, one simplifying feature
in that the geometry at chromium in all complexes of the types
[CrL,OH],"" and [CrL,OR],"* (where L is a bidentate
ligand) is pseudooctahedral and, therefore, approximately
constant throughout the series. Hence, the probable influence’
of changes in the geometry at the metal on the magnetic
exchange does not intrude here.

We have, therefore, initiated studies on the structural and
magnetic properties of chromium(III) dimers of these types
and have reported elsewhere2-12 the results of our studies of
several hydroxo-bridged species. We here report the synthesis,
structure, and magnetic properties of the first completely
characterized dialkoxo-bridged dimer of chromium, the
complex being di-u-methoxo-bis[bis(3-chloro-2,4-
pentanedionato)chromium(III)].

Experimental Section

Synthesis. A saturated solution of the complex!? tris(3-chloro-
2,4-pentanedionato)chromium(III) in methanol was refluxed for
several days. The fine green precipitate which formed was removed
by filtration and recrystallized twice from benzene—heptane solutions,
yielding the green desired complex, di4.-methoxo-bis{bis(3-chloro-
2,4-pentanedionato)chromium(III)]. This procedure is entirely
analogous to that used by Kasuga et al.!4 for the synthesis of the
3.bromo analogue. Anal. Calcd for Cy3H30Cl4Cry049: C, 37.71;
H, 4.29; Cl, 20.29. Found: C, 37.96; H, 4.12; Cl, 20.46. Single
crystals for the crystallographic study (vide infra) were obtained by
recrystallization from dichloromethane to which a few drops of ethanol
had been added. .

Magnetic Susceptibility. The magnetic susceptibility of a powdered
sample of the dimer was measured from 4 to 78 K using a Foner type
PAR vibrating-sample magnetometer.!> All measurements were made
at a field strength of 10000 G. Temperatures were measured by a

calibrated gallium arsenide diode, and mercury tetrathiocyanato-
cobaltate(II) was used as a susceptibility standard,!®

Collection and Reduction of the X-Ray Data, On the basis of
Weissenberg and precession photographs, the crystals were assigned
to the monoclinic system. The observed systematic absences are 20/
for / odd and 0kO for k odd, which suggests that the space group is
P21/c(Ca°). The cell constants, obtained by least-squares method,
area = 7.794 (6), A, b = 18.189 (18) A, c = 11.232 (8) A, and 8
= 112.82 (5)°. The observations were made at 20.5 °C with the
wavelength assumed as A(Mo Ka;) = 0.7093 A. A density of 1.585
g cm™3 calculated for two dimeric formula units in the cell compares
well with a value of 1.57 (3) g cm™ observed by flotation in aqueous
zinc bromide solution. Hence, in space P2, /c, the dimer is constrained
to lie on a crystallographic inversion center.

Diffraction data were collected from an irregular shaped crystal
with faces (100), (100), (010), (010), (011), (011), (011), and (011).
The separations between opposite pairs of faces were as follows: (100)
and (100), 0.092 cm; (010) and (010), 0.030 ¢cm; (011) and (011),
0.041 cm; (011) and (011), 0.002 cm. The crystal was mounted on
a glass fiber normal to the (100) planes, and in this orientation intensity
data were collected on Picker four-circle automatic diffractometer
equipped with a graphite - monochromator and using Mo Ka radiation.
The mosaicity of the crystal was examined by means of the
narrow-source, open counter w-scan technique!’ and was judged to
be acceptable.

Twelve reflections, accurately centered through a narrow vertical
slit at a takeoff angle of 1.0°, formed the basis for the least-squares
refinement of cell parameters and orientation using the logic doc-
umented by Busing and Levy'® for the PDP-8/L computer.

Intensity data were collected at a takeoff angle of 1.3°; at this angle
the intensity of a typical reflection was approximately 85% of
maximum as a function of takeoff angle. The receiving aperture was
5.0 mm high by 5.0 mm wide and was positioned 32.0 ¢cm from the
crystal. The data were collected by the #-28 scan technique at a scan
rate of 1.0°/min. Allowance was made for the presence of both Ka;
and Ko; radiations, the peaks being scanned from —~0.75° in 26 below
the calculated Ke; peak position to +0.75° in 26 above the calculated
Ko, position. Stationary-counter, stationary-crystal background counts
of 10 s were taken at each end of the scan. The pulse height analyzer
was set for approximately a 90% window, centered on the Mo K«
peak.

A unique data set having 2° < 26 < 58° was gathered; a total of
3980 intensities were recorded. The intensities of three standard
reflections, measured after every 100 reflections, declined steadily
throughout the run so that the average intensity had dropped by
approximately 8% by the end of the data collection. This decline in
intensity as a function of exposure time was allowed for in the structure
refinement.!®

Data processing was carried out as described by Corfield et al.20
After correction for background, the intensities was assigned standard
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Table I. Positional Parameters (X 10*) for [Cr(3-Cl(acac)),OCH,],

Atom X ¥y z

Cr 1067 (0) 224 (0) 1390 (0)
cu 5108 (1) 2498 (1) 2367 (1)
C12 465 (2) —1200 (1) 5071 (1)
0Ol 1212 (3) 1137 (1) 2336 (2)
02 3209 (2) 554 (1) 1024 (2)
03 -984 (2) —-87 (1) 1867 (2)
04 2784 (2) ~290(1) 2922 (2)
OB 713 (2) ~623 (1) 242 (2)
ClA 1901 (8) 2323 (2) 3200 (5)
C2A 2280 (4) 1690 (1) 2481 (2)
C3A 3702 (4) 1713 (1) 2017 (3)
C4A 4121 (3) 1150 (1) 1319 (2)
CSA 5701 (4) 1220 (2) 873 (4)
ClB —2820 (5) ~539(2) 2930 (4)
C2B -967 (4) —436 (1) 2839 (2)
C3B 680 (4) ~725(2) 3785 (2)
C4B 2454 (3) —646 (1) 3778 (2)
CSB 4130 (5) —-994 (2) 4813 (3)
CME 839 (5) —1361 (2) 629 (3)
H1A“ 179 (8) 274 (4) 274 (5)
H2A 239 (9) 235 (4) 406 (8)
H3A 80 (10) 2304 315 (6)
H4A —468 (13) 167 (5) 1(8)
HS5A 589 (6) 75 (3) 50 (4)
H6A 695 (8) 120 (3) 168 (5)
H1B —376 (6) -28(2) 208 (4)
H2B 304 (7) 398 (3) 173 (4)
H3B 312(12) 465 (5) 156 (8)
H4B ~427 (8) 75 (3) 442 (6)
HSB 393 (7) —146 (4) 482 (5)
HéB 474 (8) 407 (3) 45 (6)
HM1 —184 (8) 362 (3) 384 (5)
HM2 —79 (6) 169 (2) 6(4)
HM3 40 (8) 348 (3) 435 (6)

@ Hydrogen atom parameters are X103,

deviations according to the formula?!

o(1) = [C + 0.25(¢,/tp)*(Bu + By) + (pD)*]''?

and the value of p was selected as 0.050. The values of I and o(J)
were corrected for Lorentz—polarization effects and for absorption
factors. The absorption coefficent for this compound for Mo Ka
radiation is 11.85 cm™!, and for the crystal chosen the transmission
coefficients?? evaluated by numerical integration ranged from 0.637
to 0.741. Of the 3980 data collected, 3092 were greater than 3 times
their estimated standard deviations; only these data were used in the
subsequent structure analysis and refinement.

Solution and Refinement of the Structure. The position of the one
independent chromium atom was determined from a three-dimensional
Patterson function, and two cycles of least-squares refinement of this
position were run. All least-squares refinements in this analysis were
carried out on F, the function minimized being S w(|Fo| - |F¢|)? and
the weights w being taken as 4F,%/¢%(F,2). In calculations of F, the
atomic scattering factors for Cr and Cl were from Cromer and
Waber,23 those for O and C from Ibers,2* and those for H from
Stewart, Davidson, and Simpson.2* The effects of the anomalous
dispersion of Cr and Cl were included in the calculation of F, the
values of Af’ and Af” being taken from Cromer and Liberman 26
The remaining nonhydrogen atoms were located in subsequent
difference Fourier maps. Isotropic least-squares refinement of these
19 atoms led to values of the conventional agreement factors

Ry =ZIF, - |F,I/ZIF,|
R, = [Sw(IF,| — IF, )2/ Sw(F, )|V

of 0.139 and 0.228, respectively. Anisotropic refinement of these atoms
gave Ry = 0.073 and R, = 0.125. The positions of 14 of the 15
hydrogen atoms were located in subsequent difference Fourier
syntheses. The remaining hydrogen atom was placed in the position
calculated on the basis of tetrahedral geometry at the carbon atom
with a C-H distance 0.95 A,?7 and a least-squares calculation in which
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Figure 1. View of the dimeric {Cr(3-Cl(acac)), OCH; ], molecule.
Hydrogen atoms have been omitted for clarity. Unlabeled atoms
are related to labeled atoms by the inversion center.
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Figure 2. Coordination around the chromium centers in [Cr(3-
Cl(acac)), OCH,],.

all hydrogen atoms were refined isotropically while nonhydrogen atoms
were refined anisotropically gave values of Ry and R; of 0,045 and
0.058, respectively.

The value of R, showed some dependence on sin 6, and so the
weighting scheme was modified by dividing the weights w for re-
flections with 2° < 26 < 20° by 1.80. In most cases in which we have
used our graphite monochromator a similar correction has been
necessary. The final values of F,, and F, suggested that no correction
for secondary extinction was necessary. In the final cycle of
least-squares refinement no parameter underwent a shift in excess
of 10% of its estimated standard deviation, which is taken as evidence
that the refinement had converged. A final difference Fourier synthesis
was featureless. The final values of Ry and R, were 0.045 and 0.056,
respectively.

The positional and thermal parameters derived from the final
least-squares cycle are given in Tables I and II. A compilation of
observed and calculated structure amplitudes is available,2

Description of the Structure

The structure consists of dimeric [Cr(3-Cl(acac));OCHjs];
(3-Cl(acac) = 3-chloro-2,4-pentanedione) units which are
well-separated from one another. The geometry of the dimer
is shown in Figure 1, and the inner coordination sphere around
the chromium atoms is shown in Figure 2.

The geometry around the chromium atoms is roughly
octahedral with two cis 3-chloro-2,4-pentanedione ligands and
two cis methoxy groups occupying the coordination sites. The
bond lengths and angles in the dimer are given in Tables I1I
and IV. The Cr-O-Cr-O bridging unit is strictly planar,
there being a crystallographic inversion center in the middle
of the dimer. The methoxy carbon atom CME is considerably
out of this plane, its deviation from the plane being 0.58 A.
For trigonal geometry at oxygen, this value would be zero,
while for tetrahedral geometry it would be 1.15 A, Hence,
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Table II. Thermal Parameters (A?) for [Cr(3-Cl(acac)),OCH,],%
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Atom Un Us, Uy U, Uss
Cr 229 (2) 288 (2) 322(2) S 116 (1) 48 (1)
Cll 720 (5) 470 (4) 1262 (9) —282 (4) 401 (6) -119 (5)
C12 788 (6) 1227 (9) 691 (5) 24 (6) 410 (5) 496 (6)
01 420 (9) 3729 433 (9) -53(7) 210(8) -45(7)
02 283 (8) 396 (9) 430 (9) -34(7) 170(7) 23 (7)
03 278 (8) 413 (9) 430 (9) 16 (7) 180 (7) 84 (7)
04 263 (D) 483 (10) 343 (8) 20 (7) 100 (6) 98 (7)
OB 290 (7 248 (7) 349 (7) 40 (5) 113 (6) 61 (6)
ClA 909 (30) 435 (17 774 (25) -70(18) 446 (23) —154 (18)
C2A 446 (13) 342 (12) 365 (12) 1(10) 109 (10) 24 (9)
C3A 377 (12) 320(12) 526 (14) -67(10) 109 (11) 52(11)
C4A 235 (10) 378 (12) 420 (12) -25(9) 87 (9) 119 (10)
CSA 359 (14) 572 (19) 817 (22) -7(13) 318 (15) 159 (17)
C1B 449 (16) 628 (20) 774 (22) ~16 (14) 420 (16) 111 {17
C2B 369 (12) 348 (11) 446 (12) -12 (9) 247 (10) 12.(10)
C3B 457 (13) 491 (14) 395 (12) -17(12) 224 (11) 126 (11)
C4B 402 (12) 393(12) 313 (10) 38 (10) 125 (9) 49 (9)
C5B 466 (16) 648 (20) 406 (14) 123 (14) 108 (12) 188 (14)
CME 624 (19) 293(12) 483 (15) 92 (12) 155 (14) 133 (11)

Atom U Atom - U ~ Atom ‘ U

H1A 11 (2) H6A 10 (1) H5B 10 (2)

H2A 14 (3) H1B 7(1) Hé6B 11 (2)

H3A 13(2) H2B 8 (1) HM1 10(2)

H4A 19 (3) H3B 17 (3) HM?2 8(1)

H5A 9 (1) H4B 11 (2) HM3 11 (2)

@ Anisotropic parameters are X10*; isotropic parameters, X102, The form of the anisotropic thermal ellipsoid is exp[~27%(U,, h%a** +

U, k?b* + Uyylic*? + 2U, hka*b* + 2U, hla*c* + 2U, kIb*c®)].

Table III. Interatomic Distances (&) in [Cr(3-Cl(acac)),OCH,],

Cr-Ct'  3.025 (2) 02-C4A 1.269 (3) C1B-C2B 1.499 (4)
Cr-OB  1.958 (2) O3-C2B  1.258 (3) C2B-C3B 1.412 (4)
Cr-OB' 1.960 (2) 0O4-C4B 1.265 (3) C3B-C4B 1.393 (4)
Cr-01 1.952(2) C1A-C2A 1.500 (5) C4B-C5B 1.510(4)
Cr-02 1.962(2) C2A-C3A 1.396 (4) C3A-Cll 1.749 (3)
Cr-03  1.956 (2) C3A-C4A 1.403 (4) C3B-C12 1.747 (3)
Cr-04  1.959 (2) C4A-C35A

1.504 (4) OB-CME 1.403 (3)

01-C2A 1.275 (3) . :
in this complex the hybridization at the bridge cannot be
described as either sp? or sp. The two independent bridging
Cr-O bond distances are 1.960 (2) and 1.958 (2) A which
shows that the oxygen atoms are symmetrically bound to the
two Cr atoms. These values are longer than those!!:!? in
[Cr(phen)on]fI4-4H20 and [Cr(phen),OH],Cl46H;0 and
similar to those! in [Cr(gly);OH],. The Cr-Cr separation .
of 3.025 A is longer than those found in these dihydroxo-
bridged chromium dimers; however, the bridging Cr-O-Cr
angle of 101.07 (9)° is intermediate between the values of 98.2
(2), 102.1 (3), and 102.7 (5)° found for the glycinato!? and
the iodide!? and chloride!! salts of the phenanthroline complex,
respectively. ' R

Although the actual geometry of the dimer is C(1), it
approximates Cp, (2/m), rather than the apparently equally
possible D (222). In this respect it is similar to all related
hydroxo-bridged dimers except the phenanthroline complexes;
in these latter complexes, as has been noted elsewhere,? the
C»p, conformer is unobtainable because of interligand H-H
contacts. ;

The 3-chloro-2,4-pentanedionato ligands are nearly planar,
with the greatest deviation of any atom from the best
least-squares plane through the ligand atoms and the chro-
mium atom being 0.04 A for both the A ring and the B ring.
The geometry of the ligand is similar to that found for the
parent 2,4-pentanedionato ligand in variety .of metal com-
plexes.?>=31 The average O-O “bite” of 2.736 A found here
is slightly smaller than the values of 2,751 and 2.786 A found
in the manganese(I11)?° and chromium(IIT)*° complexes
M(acac)s. The average Cr-O bond length of 1.957 (4) A is
not significantly longer than the values of 1.952 (8) and 1.952

Table IV. Interatomic Angles (deg) in [Cr(3-Cl(acac)),OCH, ],

Cr-OB-Cr' 101.07 (9) - O1-C2A-C3A 123.3 (2)
Cr~-OB-CME 125.0(2) ClA-C2A-C3A 121.9(3)
Cr'-OB-CME  125.7 (2) C2A-C3A-C4A 125.3(2)
OB-Cr-0O1 172.6 1) C2A-C3A-Cll 117.3 (2)
OB-Cr-02 90.94 (8) Cl1-C3A-C4A  117.4(2)
OB-Cr-03 91.84 (8) C3A-C4A-02 122.8 (2)
OB-Cr-04 94.4 (1) C3A-C4A-C5A 1214 (2)
OB-Cr-OB’ 78.93(9) C5A-C4A-02 115.7 (3)
01-Cr-02 88.81 (8) C4A-02-Cr 130.0 (2)
01-Cr-03 88.72(9) Cr-03-C2B 130.4 (2)
01-Cr-04 93.0 (1) 03-C2B-C1B 115.8 (2)
01-Cr-OB' 93.68(9) O03-C2B-C3B  122.8(2)
02-Cr-03 176.4 (2) . C1B-C2B-C3B 121.4(2)
02-Cr-04 89.05 (9) C2B-C3B-C4B  124.9 (2)
02-Cr-0OB' 92.37(9) C2B-C3B-CI2 117.1 (2)
03-Cr-04 88.52(9) CI2-C3B-C4B 118.0 (2)
03-Cr-OB’ 90.35(9) C3B-C4B-04 123.5 (2)
04-Cr-OB' 173.2 (1) C3B-C4B-CSB  121.1 (2)
Cr-01-C2A 129.7 (2) C5B-C4B-04 115.4 (2)
01-C2A-C1A 114.8(3) C4B-04-Cr 129.8 (2)

(10) A found in chromium(III) complexes of 2,4-
pentanedione.%3! In the complex Cr(3-Cl(acac))s, which is
the precursor to the dimeric material studied here, however,
it is apparent that the Cr—-O bonds are weaker than in Cr-
(acac)j since, in the former, it is possible to remove one ligand
in alcoholic medium to form the present dimer whereas Cr-
(acac); is stable to refluxing in alcohol.!* The chelating
0O-Cr-0O angles of 88.5 and 88.7° are acute, whereas in
reported®%3! chromiurn(IIT) complexes of acac they are obtuse.
Discussion '

The plot of molar magnetic susceptibility as a function of
temperature exhibits a maximum at about 20 K, indicating

antiferromagnetic ‘coupling. The data were fitted to the
expression ;

—NgZBZ

Xm = .

{ 2p@F6SDET | 10 6F-B.5DET 4 78 e(l2J-9j)/kT} (
1)

1+ 3e(2J-6.51')/kT + 58(6-1-13.5j)/kT + 7e( 12J-95) (kT




1182 Inorganic Chemistry, Vol. 15, No. 5, 1976

0.07[ ‘

L

|

i

k

|
= B
go.ouL [ T
= i 3

-]

= ((

i

T,w’

/ i
g |
oc) I ‘ ‘ ‘ A‘O I ‘ l ajo

T{°K]

Figure 3. Temperature dependence of the magnetic susceptibility
of {Cr(3-Cl(acac)),0CH,],. The experimental data are shown as
squares. The dashed line represents the best fit to the dimer (S =
3., 3/,) equation in the absence of biquadratic exchange. The
solid line represents the best fit to the dimer equation including
biquadratic exchange.

where J and j are defined by the exchange Hamiltonian
— = - =
H=~2J5,"5,— ]'(51'52)2 )

The data were fitted using a general nonlinear least-squares
program written in our laboratory, the function minimized
being F = 3" wi(x,°%4 - x;2lcd)2 with the weights being as-
signed w; = 1/x,°°4, The best fit to the data, holding j = 0
and letting g and J vary, is displayed in Figure 3, where the
final values were g = 2.05 (1) and J = -5.04 (6) cm™!. The
fit is at best unimpressive but this is not surprising since it has
often been found necessary to include a term biquadratic in
spin to obtain good fits for dimeric Cr(IIT) complexes.”3233
The best fit, with the inclusion of the biquadratic exchange
parameter, j, vielded g = 1.901 (4), J = -3.67 (3) em}, and
j =0.381 (4) cm™], where the quantities in parentheses are
the estimated standard deviations of the respective parameters
from the last cycle of least-squares for which there were 50
observations and three variables. These data led to a sin-
glet—triplet splitting of -9.82 cm™!. The theoretical suscep-
tibilities using these values for g, J, and j are also presented
in Figure 3, and it can be seen that the comparison with
experiment is greatly improved. The positive sign obtained
for j in this study is significant in that it supports Kittel’s
exchange striction mechanism.?* This point is discussed in
some detail elsewhere.3?

Registry No. [Cr(3-Cl(acac)),OCHj3],, 58512-49-5.
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Supplementary Material Available: Listing of structure factor
amplitudes (18 pages). Ordering information is given on any current
masthead page.
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