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The Crystal and Molecular Structure of Tris-acetylacetonatoruthenium(III)
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The compound (CsH,0,);Ru crystallizes in the monoclinic space group P2,/c, with a=13:86 (1), b=
753 (1), c=16-01 (4) A, and f=99-10 (1)°. The central ruthenium atom is surrounded octahedrally by

six oxygen atoms. The average Ru-O distance is 2-00

A. The crystal is isomorphous with the tris-

acetylacetonato complexes of Al, Co, Cr, Mn and Rh.

Introduction

Acetylacetone is the most common of the f-diketones.
The presence of at least one hydrogen atom on the
carbon between the two carbonyl groups allows the
occurrence of a keto—enol tantomerism (Gould, 1959);
the hydrogen atom may readily be replaced by a metal
to form a complex compound. Complexes with f-dike-
tones have been reported for all of the non-radioactive
metallic or metalloidal elements of the periodic table
(Fackler, 1966). Since no diffraction studies had been
reported on complexes other than the first row, and
since linkage isomerism is known to occur in com-
plexes of p-diketones (Thompson, 1971), the crystal
structure of tris-acetylacetonatoruthenium(IIl) was
determined.

Experimental

A crystalline sample of the compound was purchased
from Research Organic/Inorganic Chemical Corpora-
tion. Rotation and Weissenberg photographs obtained
from a needle-like crystal showed reciprocal lattice
symmetry C,,-2/m. The systematic absences of A0/ re-
flections when / is odd and 00 reflections when £ is
odd lead unambiguously to the space group P2/c.
Unit-cell parameters weie averaged from measure-
ments on rotation, Weissenberg and precession photo-
graphs. A crystal density of 1-54 g cm™3 was deter-
mined by flotation in KI solution. This is in agreement
with the value of 1-59 g cm~3 calculated on the basis of
four molecules of (CsH,0,);Ru pet unit cell. Film data
were collected from a crystal whose diameter was about
0-17 mm. The corresponding linear absorption coef-
ficient of 83:3 cm~! for Cu K« radiation gives rise to
an optimum crystal size (Stout & Jensen, 1968) of
lop=2/p or 0-24 mm. Since the actual crystal was 017
mm, no correction for absorption was made.
Equi-inclination Weissenberg photographs using a
Nonius Integrating Camera and Cu K« radiation
(A=1-5418 A) were taken for hkl, 0 <k <6. The inten-
sities were visually estimated with a calibrated intensity
film strip and the data of different levels were correlated
to a single scale by comparison of the lengths of ex-
posures. The structure is based on 1317 symmetry in-
dependent observed reflections thus obtained.

A C29B - 13*

Determination of the structure

A Patterson function was computed, in the expectation
that the Ru position would readily be found by exam-
ination of vectors between symmetry related Ru atoms.
In searching the Harker plane (u,%,w) and the Harker
line (0,v,1) two possible Ru positions were found.
Since the Ru y-coordinate is close to 0-25, the Patterson
vector for the single interaction 2x,2y,2z could not be
differentiated from the 2x,%,4+2z peak in the Harker
plane. It was found that possible Ru position A4 (0-24,
0-25, 0-22) afforded a lower initial R value (0-50) than
did Ru position B (0-26, 0-25, 0-03) which gave an R
value of 0-53, and so Ru (A4) was refined further and
the rest of the structure developed by usual heavy atom
procedures. The ensuing structure appeared unsatis-
factory, however, and failed to refine below an R value
of 0-17. Ru(A4) was then discarded and six oxygen
atoms and 15 carbon atoms were located without dif-
ficulty froman electron density map generated by Ru(B).
At this point, the R value was 12:5% with all atoms
isotropic and the refinement by diagonal approxima-
tion.

Refinement of the structure

Because of computer core limitations, the maximum
number of parameters which may be refined by full-
matrix least-squares refinement on our CDC 3150
computer is 65. Consequently, it was possible to refine
a maximum of seven anisotropic atoms in each full-
matrix refinement, with the parameters of the remain-
ing atoms constant. Therefore, four passes of three
cycles each of full-matrix least-squares refinement were
carried out. First the ruthenium atom and six oxygen
atoms were refined resulting in an R index equal 10-2 %.
Second, the first ring (consisting of two oxygen atoms
and five carbon atoms) was refined; the R index
dropped to 10-0%. Separate refinement of the second
and third rings resulted in R values of 9-9 and 9:7%,
respectively. Finally, all 22 atoms were refined by
diagonal approximation with the final R index equal to
9:6%. No positional parameter shifted by more than
19% of its standard deviation.

Fourier, least-squares and distance calculations were
performed using the programs FORDAP, LSLONG
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and DISTAN given to us by A. Zalkin. The full-matrix
least-squares program minimizes the function > w(|F,|
—|F)?/2wF2; F, and F, are the observed and calcu-
lated structure factors, respectively and w is the weight-
ing factor. For each reflection w was set to 1-0a%(F,).
Atomic scattering factors were obtained from Cromer
& Waber (1965). A correction for anomalous disper-
sion for ruthenium was included in the least-squares

Table 1. Positional coordinates for non-hydrogen

atoms*
X y z
Ru 02376 (1) 0-2688 (3) 04727 (1)
O(l) O-111 (1) 0-344 (3) 0410 (1)
0(2) 0-179 (1) 0-185 (3) 0-575 (1)
0O(3) 0-367 (1) 0186 (3) 0-526 (1)
0o(4) 0301 (2) 0-356 (3) 0377 (1)
o(5) 0211 (2) 0-027 (2) 0-425 (1)
0(6) 0-259 (2) 0-512 (3) 0-524 (1)
C() 0:031 (2) 0-319 (6) 0-430 (2)
C(12) 0-015 (2) 0-228 (8) 0-509 (2)
C(2) 0-087 (2) 0-184 (5) 0-574 (2)
C(X1) —0-055 (3) 0-375 (7) 0-366 (3)
C(X2) 0:066 (3) 0-113 (7) 0-660 (2)
C@3) 0-433 (2) 0-294 (5) 0-565 (2)
C(36) 0421 (2) 0-472 (5) 0-583 (2)
C(6) 0339 (2) 0-568 (4) 0-564 (1)
C(X3) 0-530 (2) 0-208 (6) 0597 (2)
C(X6) 0-335 (3) 0-763 (5) 0-596 (2)
C4) 0-307 (2) 0:252 (6) 0-312 (2)
C(45) 0273 (2) 0-081 (4) 0299 (1)
C(5) 0-231 (2) —0-023 (4) 0-357 (2)
C(X4) 0-353 (2) 0-349 (4) 0-247 (2)
C(X5) 0-205 (2) —0-221 (5) 0-332 (2)

* Numbers in parentheses in this and subsequent tables are
estimated standard deviations of the last digits.

Table 2. Anisotropic temperature factors

The temperature factors are of the form
exp (— 3> ;Bihihbib;/4) where b; is the length of the ith
reciprocal cell dimension. Units of the B,, are AZ,

Bu Bzz B:u Bl3 Bu
Ru 2:87 4-54 2:28 8 0-46
o(1)
0(2)
0(3)
0(4)
o(5)
0(6)
C()
C(12)
C)
C(X1)
C(X2)
Cc(3)
C(36)
C(6)
C(X3)
C(X6)
C4)
C(45)
C(5)
C(X4)
C(X5)
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THE STRUCTURE OF TRIS-ACETYLACETONATORUTHENIUM(II)

calculations (Cromer, 1965). No hydrogen atoms were
introduced in the calculations, because few peaks in a
difference map could be assigned unambiguously to
reasonable hydrogen positions.

The final values of the positional and anisotropic
thermal parameters obtained from the least-squares
refinement are given in Tables 1 and 2. Observed and
calculated structure factors are listed in Table 3.

Discussion of the structure

The molecular structure of tris-acetylacetonatoruthen-
ium(IlI) is shown in Fig. 1. In order to facilitate a
comparison of structural details with similar com-
plexes, the numbering system used is the same as that
reported for (CsH;0,)sM: M=Al and Co (Hon &
Pfluger, 1973); M=Cr and Mn (Morosin, 1965),

Fig. 1. Structure and labeling scheme for tris-acetylacetonato-
ruthenium(111).

Fig. 2. Comparison of the dimensions of the oxygen octahedra
of two tris-acetylacetonatometal(I1T) complexes: ruthenium
and rhodium.
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(Morosin & Brathovde, 1964). Along with M=Rh
(Morrow & Parker, 1973), the aforementioned com-
plexes and the complex reported here form a six-mem-
bered set of isomorphous crystals. The bond lengths
and angles of equivalent atoms are listed in Tables 4
and 5 in the same way as the corresponding data are
listed for the Al and Co complexes (vide supra) to facil-
itate comparisons. Average ring bond distances and
angles are shown in Fig. 2. The average C(1)-C(X 1) bond
distance of 1:53 A agrees well with the normal carbon—
carbon single bond distance. The ring carbon-carbon
distance of 1-40 A displays the expected shortening due
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to delocalization of the 7 electrons in the six-membered
rings. Equations for the planes defined by three sets of
eight atoms each were calculated and the distances
from each atom to its plane were calculated; the aver-
age deviations of the atoms in planes 12, 36 and 45 are
0-032, 0-038 and 0-021 A respectively. It has been ob-
served (Hon & Pfluger, 1973) that the 12 ring, which
lies nearly perpendicular to the b axis, undergoes un-
usually large thermal motion along the b axis. This ap-
pears to be the case with tris(AcAc);Ru(Ill) as well,
and to some extent for all of the complexes listed in
Table 6.

Observed and calculated structure factors
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Table 4. Interatomic distances (A)

Ru—o0O(1)
Ru—-0(2)
Ru—0(3)
Ru—0(@)
Ru—-O0(5)
Ru—-0(6)
Average

O(1)—C(1)
0(2)—C(2)
0(3)—C(3)
O(4)—C(4)
O(5)—C(5)
0O(6)—C(6)
Average

C(1)—C12)
C(12)-C(2)
C(4)—C@45)
C(45)-C(5)
C(6)—C(36)
C(36)-C(3)
Average

C(H—C(X1)
C(2)—C(X2)
C(3)—C(X3)
C4)—C(Xx4)
C(5)—C(X5)
C(6)—C(X6)
Average

1-97 )
2:04 )
196 )
2-01 )
1-99 2
2:01 )
2-00 2
1-21 @)
1:29 @)
1-31 3)
132 (4)
123 3)
1226 @)
127 @)
1-49 (6)
137 (5)
1-38 (5)
142 @)
134 (5)
1-39 )
1-40 (5)
1-51 )
1-55 (5)
1-50 (5)
1-51 @)
1-57 (5)
1-56 (5)
1-53 (5)

Table 5. Interatomic angles (°)

O(1)-Ru—0(2)

O(3)-Ru—0(6)

O(4)-Ru—0(5)
Average

O(1)-Ru—0(3)

0O(2)-Ru—0(4)

O(6)-Ru—0(5)
Average

O(1)-Ru—O0(4)
O(1)-Ru—0(5)
O(1)-Ru—O0(6)
0(2)-Ru—0(3)
O(2)-Ru—0(5)
O(2)-Ru—O0(6)
O3)-Ru—0(4)
O(3)-Ru—0O(5)
O(4)-Ru—0(6)
Average
Ru—O(1)-C(1)
Ru—0(2)-C(2)
Ru—0O(3)-C(3)
Ru—O0(4)-C(4)
Ru—O(5)-C(5)
Ru—O(6)-C(6)
Average

94-0 (0-9)
92-4 (0-9)
947 (0-8)
93-7 (0:9)

174-8 (0-8)
1768 (0-8)
177-3 (0-9)
176-2 (0-8)

886 (0-8)
88-2 (0-9)
90-8 (1-0)
90-1 (0+7)
87-4 (0-8)
90-3 (0-9)
87-5 (0-8)
88-8 (0-8)
87-7 (0-9)
88-8 (0-8)
126 (2
122 (2)
122 (2)
120 (2)
125 (2)
125 (2)
123 (2)

o(Hh—C(1)—C(12)

0(2)—C(2)—C(12)

0(3)—C(3)—C(36)

0(4)—C(4)—-C(45)

O(5)—C(5)—C(45)

0O(6)—C(6)—-C(36)
Average

C(1)—C(12)-C(2)

C(3)—C(36)-C(6)

C(4)—C(45)-C(5)
Average

O(1)—C(1)—C(X1)
0(2)—C(2)—C(X2)
0O3)—C(3)—C(X3)
O4)—C(4)—C(X4)
O(5)—C(5)—C(X5)
O(6)—C(6)—C(X6)
Average
C(12)-C(1)—C(X1)
C(12)-C(2)—C(X2)
C(36)-C(3)—C(X3)
C(36)—-C(6)—C(X6)
C(45)-C(4)—-C(Xx4)
C(45)—-C(5)-—C(X5)
Average

125 (3)
127 (3)
127 (3)
128 (3)
127 (3)
126 (3)
127 (3)

125 (3)
127 (2)
125 (2)
126 (2)

115 (3)
109 (2)
114 (3)
111 (3)
116 (2)
114 (2)
113 (2)
120 (3)
124 (3)
119 (2)
120 (2)
121 (2)
117 (2)
120 (2)

THE STRUCTURE OF TRIS-ACETYLACETONATORUTHENIUM(III)

In addition to unit-cell parameters, average M—O,
0-0 *bite’ and O-O ‘non-bite’ distances are listed in
Table 6 for the isomorphous series. ‘Bite’ vs. ‘non-bite’
oxygen-oxygen distances for the rhodium and ruthen-
ium complexes are compared in Fig. 2. The individual
distances for the rhodium complex were calculated
from cell and positional parameters furnished by Mor-
row & Parker (1973). Similar figures for the other four
members of the isomorphous series, aluminum, cobalt,
chromium and manganese, as well as for vanadium and
iron, have been published by Hon & Pfluger (1973).

Attempts have been made to correlate the O-O “bite’
distance with the M—O distance (Hon & Pfluger, 1973)
and with the metal ion radius to charge ratio (Linga-
felter & Braun, 1966), but with limited success. For
comparison with the data of Lingafelter & Braun (1966)
a value of 0665 A was used for the Rh(III) radius
(Prewitt, Shannon, Rogers & Sleight, 1969) and a value
of 0:69 A was estimated for Ru(lIl). These values,
along with the data listed in Table 6, do not add con-
vincing support to either correlation, even in this iso-
morphous series. To further complicate attempts at
such correlations, it should be noted that tris-
(AcAc);Fe(IIl) (Iball & Morgan, 1967) and «o-
tris(AcAc);V(III) (Morosin & Montgomery, 1969)
crystallize in the orthorhombic space groups Pbca and
Pcab, respectively, while f-tris(AcAc),V(III) (Morosin
& Montgomery, 1969) crystallizes in the monoclinic
space group P2,/n.

In addition, the O-O °‘bite’ distances are less than
the O-O ‘non-bite’ distances for these complexes, while
the opposite is true for the six isomorphous complexes

Fig. 3. Mean values of bond lengths and angles for the three
rings in tris-acetylacetonatoruthenium(I1I).

Table 6. Tris(acetylacetonato)-M(II1) complexes forming an isomorphous series in space group P2,/c

Metal
Al

Co
Cr
Mn
Rh
Ru

[}
14069
13-951
14-031
13-875
13925
13-86

bo Co
7-568 16-377
7-470 16222
7-551 16:379
7-467 1620
7-483 16-392
7-53 16-01

Distances (A)

M-0O 0-0 0-0

Bite Other Reference
99-00 1-892 2:726 2-:666 Pfluger (1973)
99-48 1-898 2-850 2629 Pfluger (1973)
99-06 1952 2:786 2:751 Morosin (1965)
98-42 1-901 2-851 2:634 Morosin (1964)
98-63 1:992 2:946 2:790 Morrow (1973
99-10 1-997 2910 2-790 This work
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listed in Table 6. The structural details thus depend on
complex factors, probably including the role played
by unpaired d electrons in the central metal ion.

This work was supported by the Research Corpora-
tion. The authors are grateful to a referee who called
our attention to the unpublished work of C. E. Pfluger
and J. C. Morrow and to these authors for furnishing
us with their data before publication.
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The Crystal Structure of trans-9-Isopropyl-10-methyl-9,10-dihydroanthracene®

By R.H.STANFORD JR

(Received 16 April 1973 ; accepted 3 July 1973)

The crystal structure of trans-9-isopropyl-10-methyl-9,10-dihydroanthracene, CisHjo, has been deter-
mined by the application of known molecular geometry, symmetry, Patterson map and structure factor
calculations. Three-dimensional data were collected on a Datex-automated General Electric diffractom-
eter with Ni-filtered Cu Ka radiation to a maximum value of 26 of 120° (dwin=0-9A). The crystals
are tetragonal, space group I4ymd, with a=b=23-1811 (5) and ¢=5-2156 (7) A, and with eight mole-
cules per unit cell. Each molecule lies on a mirror plane resulting in one half molecule per asymmetric
unit. The data were collected as if the crystal were monoclinic; and the resulting four sets of equivalent
data have been compared by the use of normal-probability plots. The coordinates of all atoms in the
molecule, the isotropic temperature factors for the hydrogen atoms, and the anisotropic temperature
factors for the carbon atoms were refined by the method of least squares. The final R index is 0-028.
The structure is compared with that previously determined for cis-9-methyl-10-ethyl-9,10-dihydroanthra-

Gates and Crellin Laboratories of Chemistry, California Institute of Technology. Pasadena, California 91109, U.S.4.

cene [Bordner, Stanford & Zieger (1973), Acta Cryst. B29, 313-318].

Introduction

This compound, 9-isopropyl-10-methyl-9,10-dihydro-
anthracene, C,;gH,o, was prepared by Zieger & Gel-
baum (1972) during a study of the alkylation of 10-
alkyl-9,10-dihydroanthracenyl-lithiums with alkyl iod-
ides. The structural assignments for cis and trans
stereoisomers were determined by means of n.m.r.
nuclear Overhauser enhancement experiments. This
structure determination was undertaken to confirm
this assignment.

Experimental
The crystal used in this investigation was cut, from a
longer crystalline needle of the presumed trans-isomer

* Contribution no. 4672 from the Gates and Crellin Lab-
oratories of Chemistry, :

supplied by Zieger & Gelbaum, to a size of 0-2x0-3
% 0-5 mm and was sealed in a thin-walled capillary to
prevent slow decomposition in air. Precession and
Weissenberg photographs of the crystal showed tetra-
gonal symmetry and absence of Akl reflections with
h+k+1 odd and hhl reflections with 2h+/54n, indi-
cating that the space group was 14,md or 142d. The unit-
cell parameters were determined from the 26 values for
24 reflections measured on a Datex-automated General
Electric diffractometer with Ni-filtered Cu Ko radia-
tion [A(Cu Kx)=1-5418 A]. The resulting values for
the unit-cell dimensions are: a=b=23-1811 (5), c=
52167 (7) A. The calculated density of the crystal,
assuming eight molecules per unit cell, is 1-12 g cm 3.

Intensity data were collected by the 6-20 scan
method on the diffractometer with Ni-filtered Cu Ko
radiation. The scan speed was one degree in 26 per
min and background counts of 30 s were collected at



