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The crystal and molecular structure of manganese(II1) acetylacetonate, Mn(acac),, has been determined by three-dimen- 
sional X-ray analysis. The compound crystallizes in the monoclinic space group c,h5?21/C (No. 14) with a = 14.013 (1) 
A, b = 7.600 (1) A, c = 16.373 (1) A,  and p = 99.33 (1)’. Least-squares refinement of 1771 reflections resulted in a final 
conventionalR factor of 0.084. It is suggested that the previously reported structure of Yn(acac), [B. Morosin and J. R. 
Brathovde,Actu Crystullogr., 17, 705 (1964)] is actually the structure of Co(acac),. The Mn(acac), molecule in the crys- 
tal we have studied is tetragonally distorted. The two average Mn-0 bond distances are 1.95 and 2.00 W in a compressed 
MnO, octahedron. The 0. . .O “bite” distance measures 2.79 A. Comparison with the structures of other tris(acety1ace- 
tonates) shows that the molecule has no appreciable trigonal distortion. A crystal field calculation is presented in an at- 
tempt to  understand the Jahn-Teller distortions observed. 
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Introduction 
The short Mn-Q bond distances and the lack of the antici- 

pated tetragonal distortion in the reported structure of tris- 
(acetylacetonato)manganese(III), Mn(acac)g, by Morosin and 
Brathovde’ (MB) has been intriguing and puzzling.2-6 Of 
the few other “octahedral” molecular Mn(II1) complexes 
whose structures have been r e p ~ r t e d : ~ ~ - ~  all show tetragonal 
distortion attributable to the operation of Jahn-Tellerg 
forces. The tetragonal MnQ, geometries found for tris(tro- 
polonato)manganese(III)>,6 Mn(trop), , cast doubt upon the 
MB result. 

Lingafelter” recently reexamined the cell parameters of 
most of the first-row transition metal-tris(acety1acetonate) 
complexes and found some discrepancy with those reported 
for Mn(acac)g by MB. It appeared, on the other hand, that 
the cell parameters reported by MB did correspond very 
closely to  those of Co(acac),. Pflugerl’ initially pointed 
out12 the similarity between the cobalt and the MB structure. 

Since the possibility was strong that the Mn(acac), and 
Co(acac)g compounds were mislabeled and that the MB struc- 
ture was actually that of Co(acac)g ,I2 it was decided that 
the structure of Mn(acac), should be redetermined. A pre- 
liminary account of the results has been reported .I3 

Experimental Section 

of Mn(acac), crystals prepared in our group some 10  years ago re- 
vealed isomorphism with the reported iron,14 scandium,” and a- 

Space Group and Lattice Parameters. Examination of a sample 
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vanadium’6 structures, which have an orthorhombic space group, 
Pbca. This sample was labeled a-Mn(acac), by analogy with the a,P 
dimorphism (orthorhombic, monoclinic) also observed for V(acac), ~ 1 6  

The monoclinic p-Mn(acac), complex, the structure of which is re- 
ported here, was prepared by a wellestablished literature p rocedur~ . ’~  
The lustrous dark brown crystals, once recrystallized from benzene- 
ether, were found to be suitable for intensity data collection as evi- 
denced from preliminary film examinations of several crystals of 
varied shapes and sizes. The common habit was that of a slightly 
distorted hexago-nd prism (0.2-2.0 mm in size) bounded by 001, 
100, 110, and 110 faces. From precession X-ray film examinations 
of a cut crystal, the systematic extinctions were consistent with the 
space group c,h5-P2, /c  (No. 14). The lattice parameters were de- 
duced (at ambient room temperature) from the angular settings of 
16 carefully centered reflections, average 28 = 41” (Mo Ka radiation), 
1” takeoff angle, on the Picker card-controlled four-circle automatic 
diffractometer (Table I). 

Collection and Reduction of Intensity Data. Initial attempts to 
collect data with copper radiation failed when the crystal decomposed 
with an approximate half-life of 24 hr. Using molybdenum radiation 
with a fresh crystal some deterioration was observed, possibly attri- 
butable to  surface decomposition. Relatively more decomposition 
occurred using smaller crystals, and decomposition leveled off for 
large crystals after the initial 1500 reflections at  80% of the initial 
standard intensity with no further deterioration for the subsequent 
1500 reflections. 

With the above information in mind the final data collection was 
planned to be as rapid as possible with minimal sacrifice to accuracy. 
A relatively large crystal was chosen (see Table I ) .  It was mounted 
and coated with Elmer’s white glue (dries transparent). Precautions 
were taken to  ensure that the crystal was always inside the X-ray 
beam, the outlines of which could be observed visually. Zirconium-. 
filtered Mo Ka radiation ( k ~ z  0.7107 A )  was used. The crystal was 
mounted such that the c* axis was collinear with the m axis of the 
diffractometer. The pulse height analyzer was set lo admit about 
95% of the Mo Ka window, using the relatively intense reflection 
302. The 8-28 scan mode was used with 8-sec preset stationary- 
background counting times at the high and low limits of the scan, 
1.5” takeoff angle, and the X-ray generator set at 40 kV and 18 mA. 

At x = 90” the slow scan in Q for the (0,0,10) reflection (28 = 
25.3”) showed a maximum variation of &5% in the intensity. With 
the average jLr value perpendicular to the x plane being 0.55 it was 
decided that no absorption corrections would be performed on the 
data. The added intensity gained from a large crystal was advanta- 
geous in this case. The crystal data are summarized in Table 1. 

Scan ranges varying from 0.9 to 1.4” For the intensity data col- 
lection were chosen on the basis of the crystal mosaicity and the 
source size. Many reflections were monitored with a chart recorder 
at various stages of the data collection to ensure that centering was 
proper, 

Consistent with the suspicion that the previously observed de- 
composition was of surface nature, the coated crystal showed es- 
sentially no deterioration during the entire data collection. Only 

(16) B. Morosin and H. Monlgomery, Acta Cvystallogr, Sect. B ,  

(17) R.  C .  Charles and B. E. Bryant, Inorg. Syn . ,  7 ,  183  (1966) .  
2 5 ,  1354 (1969) .  
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Table I. Summary of Crystal Data for Mn(acac) (Monoclinic) 

FW 352.27 
Molecular formula Mn(O,C,H,), 
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dcalcd, g/cm3 
dobsd, g/cm3 
Z ,  formula units/cell 
Linear absorption coeff, G, cm'' 
h(Mo Ka), A 
Crystal dimension@ 

Systematic absences 

Space group 
Cell constantsb 

a ,  A 
b,  a 
c ,  '4 
0, deg 
cos p 
u, 8' 

F(OO0) 

1.368 
1.34 (5) 
4 
8.36 
0.7107 
0.365 mm thick (c*) ,  0.55-0.75 

h01,1= 2n + 1 
OkO,k=2n + 1 
c , , , 5 - ~ 2 ~ / c  ( N ~ .  14) 

mm diameter (ab plane) 

14.013 (1) 
7.600 (1) 
16.373 (1) 
99.33 (1) 
- 0.16 2086 
1720.6 
684 

a Cut to approximately disk shape. b At 22 (2)"; least-squares fit; 
16 reflections; 2tlav = 41" for Mo Ka; peak of the resolved doublet; 

one standard reflection, 808, was monitored approximately every 
100 reflections. Using three general standards with the earlier 
data collection attempts, decomposition had been found to be es- 
sentially isotropic. The final coated crystal showed only a nominal 
linear decomposition amounting to a drop in intensity of about l/?u- 
(I),t,/3000 reflections. To account for this the data were scaled 
to the results of a linear least-squares fit of the intensities of the 
standards [scale factor = C,/(C, - 0.0128n); C, = 3913 decacounts, 
the interpolated initial intensity of the standard; n is the total number 
of reflections collected up to the time a particular standard was meas- 
ured]. A r2% maximum fluctuation in the standards was observed. 

have been defined.18 The electronic instability constant p was set 
at 2%. The intensity data collection was carried out for one quadrant 
of reciprocal space to a maximum (sin 8 ) / A  of 0.595 (28 = 50°) ,  en- 
compassing 2969 nonsystematically absent reflections of which 2447 
had intensities larger than one standard deviation. The 1774 data 
used for refinement of the structure consisted of the set whereZ/u(Z) 
was 3 or larger. The data reduction process incorporated the usual" 
Lorentz and polarization corrections. 

Solution and Refinement of the Structure. The solution of the 
structure proved to be quite simple. Using MB's atomic coordinates 
the calculated discrepancy factors" were R = 0.40 and R, = 0.48. 
Six isotropic full-matrix least-squares" cycles brought the factors 
down to 0.152 and 0.164, respectively, using unit weights. Two 
more isotropic and two more anisotropic least-squares cycles, with 
a Cruickshank type weighting scheme, brought the discrepancy 
factors down to 0.098 and 0.146. It was noted that the three high- 
est intensity structure factors 002,200, and 110 were consistently 
some 30 electrons lower than the calculated ones. These same re- 
flections were observed to suffer from secondary extinctions in the 
Cr(acac),," Al(acac),,22 and Co(acac), " structures. These three 
reflections were deleted from the data set used in further refinement. 

The atomic scattering factors for neutral atoms were taken from 
Cromer and WaberZ3 and from Stewart, e t  aLZ4 Anomalous dis- 
persion  correction^^^ (real and imaginary) were incorporated for the 
manganese scattering factors. 

Two more anisotropic least-squares cycles yielded R = 0.086 
and R, = 0.122. At this point the refinement of the hydrogenex- 
cluded structure converged. 

a 0.70926 a. 

The definitions of intensities and associated errors used here 
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Amer. Chem. SOC., 9 5 , 7 7 4  (1973) .  
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Table 11. Summary of Final Refinement 
Characteristics for Mn(acac), 

Data used Z/u(Z) > 3.0 
No. of reflections (not 1771 

No. of varied parameters 199 

No. of reflections/no. of 8.9 

Final R 0.084 
Final R .., 0.118 

corrected for absorption) 

(nonhydrogen)/cycle 

varied parameters 

Final E;; 1.36 
Final weighting scheme, w ;  = (AF;)-' 

Cruickshanktype 
AF (reduced x , ~  = 2.26) 1.2606 t 0.00820F0 + 0.00O279Fo2 

O.lO[z of C(2)]Q Max. position shift/error 
(nonhydrogen) 

(nonhydrogen) 

a 0.002-8 atomic shift. 

Max. thermal shift/error 0.15 [p,,  of C(1-2)] 

Table 111. Positional Parameters and Estimated Standard 
Deviations of Mn(acac), 

X Y Z 

0.2354 (1) 
0.1105 (8) 
0.1742 ( 5 )  
0.3635 ( 5 )  
0.2952 (6) 
0.2161 (5) 
0.2568 (6) 
0.0313 (13) 
0.0863 (9) 
0.4298 (8) 
0.3007 (7) 
0.2343 (7) 
0.3351 (11) 
0.0146 (12) 
0.2732 (7) 
0.4217 (9) 

0.0637 (14) 
0.5281 (8) 
0.3442 (9) 
0.2101 (9) 
0.3297 (13) 

-0.0563 (16) 

-0.032 
-0.101 
-0.092 
-0.054 

0.126 
0.022 
0.028 
0.391 (9) 
0.393 (10) 
0.303 (10) 
0.265 (10) 
0.209 (1 1) 
0.252 (11) 
0.132 (7) 
0.523 
0.579 
0.548 
0.480 
0.263 
0.377 
0.346 

0.2638 (2) 
0.3325 (12) 
0.1876 (11) 
0.1931 (9) 
0.3365 (9) 
0.0198 (10) 
0.5033 (10) 
0.3194 (34) 
0.1827 (32) 
0.2914 (16) 
0.2470 (15) 

0.5634 (15) 
0.2473 (44) 
0.0714 (15) 
0.4707 (17) 
0.3737 (46) 
0.1156 (46) 
0.2017 (20) 
0.3458 (17) 

0.7581 (16) 
0.410 
0.271 
0.474 
0.246 
0.086 
0.007 
0.209 
0.409 (19) 
0.205 (22) 
0.365 (19) 
0.036 (21) 

-0.0291 (13) 

-0.2228 (15) 

-0.294 (19) 
-0.266 (21) 
-0.231 (13) 

0.073 
0.257 
0.217 
0.535 
0.804 
0.830 
0.766 

0.4725 (1) 
0.4132 ( 5 )  
0.5682 (4) 
0.5288 (4) 
0.3759 (4) 
0.4237 (4) 
0.5232 (4) 
0.4365 (10) 
0.5724 (8) 
0.5634 (7) 
0.3115 (6) 
0.3542 (6) 
0.5620 (6) 
0.5079 (10) 
0.2990 (6) 
0.5806 (7) 
0.3684 (11) 
0.6549 (11) 
0.5932 (9) 
0.2455 (6) 
0.3327 (7) 
0.5890 ( 8 )  
0.317 
0.356 
0.389 
0.5 18 
0.692 
0.645 
0.6 8 1 
0.265 (8) 
0.253 (9) 
0.203 (9) 
0.242 (9) 
0.382 (9) 
0.285 (9) 
0.299 (6) 
0.579 
0.565 
0.654 
0.609 
0.571 
0.563 
0.651 

A difference Fourier synthesis showed all the hydrogen atoms 
associated with the O(4)-O(5) acac plane but the other hydrogen 
atoms could not be unambiguously located. Those atoms which 
were located were variedz6 isotropically and in position while the 
rest of the hydrogen atoms were included at calculated positions 
with B set to 10 A', assuming an sp' angle for the methyl hydro- 
gens and an angle for the methylene hydrogens such that they were 

(26)  M.  R. Churchill, Inorg. Chem., 12 ,  1 2 1 3  (1973). 
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Table IV. Thermal Parameters‘ and Estimated Standard Deviations for Mn(acac) 

Mn 0.0081 (1) 0.0227 (3) 0.0039 (1) 0.0035 (1) 0.0015 (1) 
0.0131 (8) 0.0406 (24) 0.0058 (4) 0.0101 (11) -0.0008 (4) O(1) 

0.0435 (22) 0.0051 (3) 0.0010 (7) 0.0012 (3) O(2) 0.0065 (4) 
00) 0.0070 (4) 0.0254 (15) 0.0056 (3) 0.00125 (7) 0.0011 (3) 

0.0163 (8) 0.0249 (15) 0.0041 (3) -0.0002 (9) 0.0031 (4) 
O(5) 0.0102 (6) 0.0294 (17) 0.0052 (3) 0.0017 (8) 0.0024 (3) 
O(6) 0.0117 (7) 0.0287 (17) 0.0049 (3) 0.0054 (9) 0.0013 (4) 
C(1) 
C(2) 0.0062 (8) 0.1258 (97) 0.0057 (6) -0.0031 (23) 0.0017 (5) 
C(3) 0.0080 (8) 0.0302 (27) 0.0057 ( 5 )  -0.0005 (12) 0.0032 (5) 
C(4) 0.0063 (5) 0.03 14 (25) 0.0042 (3) 0.0032 (11) 0.0006 (4) 
C(5) 0.0057 (6) 0.0257 (22) 0.0047 (5) 0.0019 (9) -0.0008 (4) 

0.0149 (12) 0.0242 (24) 0.0033 (4) -0.0000 (14) 0.0024 (6) C(6) 
C(1-2) 0.0092 (1 1) 0.1871 (149) 0.0049 (6) 0.0195 (34) -0.0002 (7) 
C(4-5) 0.0069 (7) 0.0267 (24) 0.0044 (4) 0.0002 (10) 0.0001 (4) 

0.0103 (9) 0.0293 (29) 0.0063 (6) -0.0005 (13) 0.0016 (6) C(3-6) 
C(1M) 0.0201 (20) 0.1880 (169) 0.0080 (9) 0.0478 (52) -0.0055 (1 1) 
C(2M) 0.0138 (15) 0.1897 (166) 0.0073 (8) -0.0282 (43) 0.0038 (9) 

0.0062 (7) 0.0487 (42) 0.0108 (9) 0.0041 (14) 0.0015 (6) C(3M) 
C(4M) 0.0120 (10) 0.0357 (30) 0.0044 (5) -0.0025 (14) 0.0021 (5) 
C(5M) 0.0100 (8) 
C(6M) 0.0247 (19) 0.0198 (23) 0.0067 (6) 0.0020 (17) 0.0034 (9) 

H4M1 11.1 (37) 
H4M2 19.3 (46) 
H4M3 18.8 (41) 
H4 5 17.5 (45) 
H5M1 17.2 (44) 
H5M2 16.8 (47) 
H5M3 8.4 (26) 

o (4 )  

0.0101 (12) 0.1172 (101) 0.0069 (8) 0.0215 (28) -0.0030 (8) 

0.0263 (26) 0.0074 (6) -0.0030 (12) -0.0006 (6) 

a The form of the thermal ellipsoid is exp[-(p,,h2 T OZ2k2 + P S 3 l 2  A @,,hk + 2p13hZ + 20,,kE)]. 

-0.0000 ( I )  
-0.0016 (7) 

0.0014 (7) 
-0.0001 (5) 
-0.0018 (5) 

0.0001 (6) 
-0.0006 (6) 
-0.0086 (23) 
-0.0000 (21) 

0.0016 (9) 
0.0004 (9) 

0.0006 (8) 
-0.0004 (8) 

-0.0024 (28) 
-0.0021 (8) 

0.0007 (10) 
-0.0100 (33) 
-0.0027 (33) 

0.0022 (15) 
0.0012 (9) 

-0.0010 (10) 
-0.0017 (10) 

Table V. Root-Mean-Square Displacement of Thermal Ellipsoids 
(in A) for Mn(acac), 

0.213 
0.253 
0.246 
0.25 1 
0.207 
0.247 
0.245 
0.207 
0.232 
0.217 
0.228 
0.203 
0.197 
0.240 
0.222 
0.281 
0.203 
0.252 
0.232 
0.230 
0.248 
0.228 

0.238 
0.280 
0.259 
0.273 
0.277 
0.288 
0.265 
0.306 
0.278 
0.296 
0.243 
0.264 
0.266 
0.277 
0.262 
0.298 
0.351 
0.332 
0.366 
0.3 14 
0.302 
0.298 

0.303 
0.4 3 3 
0.357 
0.280 
0.397 
0.324 
0.363 
0.638 
0.608 
0.314 
0.3 13 
0.295 
0.379 
0.750 
0.295 
0.316 
0.843 
0.774 
0.396 
0.353 
0.353 
0.487 

equidistant from the methyl carbons with methyl and methylene 
hydrogens at maximum relative contact distances and all C-H dis- 
tances set at 1.00 A. After two isotropic cycles for the well-behaved 
hydrogens with all else fixed, the final R and R ,  factors were at 
0.084 and 0.118. For the varied hydrogens the average final shift 
over error in B was 0.68 and in position was 0.60. The final refine- 
ment characteristics are summarized in Table 11. Programs used 
have been described.” 

The error in an observation of unit weight, Erf, was such that 
the Cruickshank scheme slightly underestimated the errors. Using 
unit weights the R ,  value is about 1% lower. These differences, 
however, are not expected to  affect the positions of the atoms 
significantly at the particular level of refinement. 

The intraatomic and interatomic (between adjacent atoms) cor- 
relation elements from thc last nonhydrogen refinement cycle were 
largest (about i0 .3)  for the carbons in the acac ring associated with 
Q( l )  and O(2). No abnormal values were otherwise observed. The 
final electron density difference map contained most of the high 
residual densities in the region of the above carbons. The largest, 

1.23 and -0.95 e/A3, were in the region of C(1-2). The atomic posi- 
tion and thermal parameters are presented in Tables 111-V. 

Discussion of the Results 
Cell constants for the various reported crystals of manga- 

nese(II1) acetylacetonate and the cobalt(II1) analog are pre- 
sented in Table VI. These data, as well as a plot of the M-0 
distance as a function of atomic number for the tris(acety1- 
acetonates) of the first transition series, strongly suggest that 
the crystal which was examined by hlorosin and Brathovde’ 
and which was though to be Mn(acac), was very likely Co- 
(acac),. Electronic spectral data in the visible region for the 
solid Mn(acac), had been shown to be similar2 to  that of 
solid Mn(trop),. The distorted MnO, geometries now found 
for these species are compatible with the assignment suggested 
by Davis, et al.,’ for the observed d-d electronic transitions. 

During the early stages of the refinement it became appar- 
ent that the M n - 0  bonds in Mn(acac), were considerably 
longer than those reported by MB. The final refinement 
indicated an average Mn-0 bond to be 1.98 8, in agreement 
with the value found6 in Mn(trop)3 and between the bounds 
suggested b y  Forman and Orge1?7 The anticipated tetrag- 
onal distortion was there, but surprisingly the Mn06 octa- 
hedron appears to be compressed.28 

The most likely description of the Mn-0  bond lengths 
(using the x2 t e ~ t ~ ~ ’ ~ ’ )  in Mn(acac)g suggests four long bonds 
averaging 2.00 8 and two short bonds averaging 1.95 A al- 
though a rhombic description also is reasonable. The various 
significant intramolecular distances and angles are presented 

( 2 7 )  A. Forman and L. E. Orge1,Mol. Phys.,  2 ,  362 (1959) .  
(28) V. Day, private communication, has informed us of the 

existence of another monoclinic Mn(acac), crystalline modification 
designated to be y-Mn(acac), . The MnO, octahedron is elongated in 
this crystal. 

Physical Sciences,” McGraw-Hill, New York, N.  Y., 1969, Chapters 
2 ,  5 ,  and 10. 

rion,”Macmillan, New York, N. Y.,  1968, Section 18.6. 

(29) P. R. Bevington, “Data Reduction and Error Analysis for 

(30) G. H. Stout and L. H. Jensen, “X-Ray Structure Determina- 
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Table VI. Cell Dimensions Found for Manganese(II1) and Cobalt(II1) Acetylacetonates 
Manganese(II1) 

Morosin- or-Mn 0-Mn Cobalt(II1) 
Astbury Brathovde Pflugera MorosinQ Fackler- Fackler- y-Mn, V. W. Morosina Pfluger 
(1926) (1964) (1965) (1972) Avdeef Avdeef Day,etal. (1972) (1973) 

a, .A 14.1 13.875 14.046 14.052 -15.4 14.013 7.786 13.923 13.951 
h,  A 7.68 7.467 7.617 7.618 - 13.6 7.599 27.975 7.473 7.470 
c, A 16.5 16.203 16.442 16.442 -16.6 16.373 8.020 16.248 16.222 
p,deg 99.4 98.427 99.43 99.36 99.33 100.34 98.50 98.48 

a Private communication. 

Table VII. Significant Intramolecular Distances and Estimated 
Standard Deviations in Mn(acac), (A) 

Mn-O(l) 1.931 C(l)-C(lM) 1.574 (26) 
Mn-0(3) 1.956 (7) C(2)-C(2M) 1.524 (26) 
Mean 1.948 (17)' C(3)-C(3M) 1.543 (16) 

(4.19. 4.1%ld C(4)-C(4M) 1.522 (16) 

Mean 2.000 (17) O(1). . .0(2)b 2.777 (10) 
14.65,0.30%1 0(3)* . *0(6) 2.786 (11) 

O W -  C(4 ) 1.269 (12) O(1). . .0(4) 2.754 (14) 
0(5)-C(5) 1.261 (13) O(1). . aO(5) 2.790 (12) 
0(6)-C(6) 1.263 (16) O(1). . .0(6) 2.817 (12) 
Weighted mean 1.257 (12) O(2). .0(3) 2.831 (10) 

10.63,67.9%1 O(2). . * 0 ( 5 )  2.832 (10) 

Weighted mean 1.388 (24) C(4-5)-H45 0.95 (14) 
[1.61, 15.4101 C(4M)-H4M1 0.83 (13) 

C(4M)-H4M2 1.26 (16) 
C(4M)-H4M3 0.84 (13) 
C(SM)-HSMl 0.97 (15) 
C(5M)-HSM2 1.10 (16) 
C(5M)-H5M3 1.01 (16) 
Mean [1.39,21.5%] 

a The individual esd values, uj, are based on the diagonal values of 
the least-squares symmetric matrix. The "bite" distance. Weight. 
ed mean, 1 , and esd,?. are based on the dispersion ab>ut the mean, 
and aredefinedasz8Z = CwjZj/Cwi;s= {[NZw#-l )2]/[(N- 1). 
Zwi]} The first value in the brackets refers to the 
reduced xrZ = (s2/Ar)Cwj. The second value refers to the probability 
that a random distribution of equal bonds would give a value of xr2 
as large as that calculated. See ref 29. 

wj= uj- ' .  

in Tables VI1 and VIII. The various dimensions, the labeling 
scheme, and the weighted mean acetylacetonate dimensions 
are presented in Figure 1 .  The thermal ellipsoid drawing is 
also shown in the figure, as are two short bonds, averaging 
1.948 A. The various significant intramolecular distances 
and angles are presented in Tables VI1 and VIII. The var- 
ious dimensions, the labeling scheme, and the weighted mean 
acetylacetonate dimensions are presented in Figure 1. The 
thermal ellipsoid drawing is also shown in the figure. 

M(acac), complexes of the first- and second-row transition 
series are related isomorphically in either a monoclinic or an 
orthorhombic cell (Table VI). Both types of packing are 
observed in the case of Mn(acac),. The unit cell is shown in 
Figure 2 .  

Rh,hasa=13.94-14.07 8 , b = 7 . 4 7 - 7 . 6 0 8 , ~ = 1 6 . 2 2 -  
16.53 A, and P =98.5-99.4". (Botho-V and y-Mn crystal- 

Molecular Packing of Tris(acety1acetonates). Most neutral 

The monoclinicclass(P2,/c),M =Al,Cr,P-Mn,Co,and 

lize in a different monoclinic cell.) All of the molecules 
in this class pack identically. In each case the acac ligand 
containing oxygens 1 and 2 shows high anisotropic thermal 
parameters. The packing of this acac ring does not appear 
to be looseZZ since some of the shortest contacts occur be- 
tween these rings (Figures 3 and 4). Morosin?l observing 
the effect in Cr(acac)3, pursued it further by examining the 
low-temperature (-65") film data and concluded that the 
ellipsoids were of thermal origin rather than based on dis- 
order since certain room-temperature diffuse reflections 
sharpened considerably upon cooling. He suggested that 
the rings participate in longitudinal lattice vibrations. 

The orthorhombic class (Pbca) is observed for M = Sc,a-V, 
a-Mn, and Fe, wi tha  = 15.38-15.53 A, b = 13.34-13.73 A ,  
and c =  16,57-16.73 A. 

Trigonal Distortions. The average twist angle and com- 
pression ratio, q5 = 60.2' and slh = 1.241 ,' indicate very 
little trigonal distortion from the regular octahedral shape 
for M n ( a ~ a c ) ~ .  Figure 5 shows the MnO, octahedron along 
with the various bite distances. The lack of distortion is 
consistent with the larger bite distance in Mn(acac)g than 
in Mn(trop), based on the previous simple argument.' 

The Acetylacetonate Ligand. The number of reported 
structures containing the acac ligand is very large. For ex- 
ample, ref 31 notes 127 structures reported before 1971. 
A few years ago Lingafelter3' compared the dimensions 
of the various known acac-containing structures. He noted 
that the distances (see Figure I C  for labeling scheme) 0 - C ,  
C-Cb, C-C, and angles O-C-Cb, C-Cb-c, 0-C-C, were 
within experimental error invariant. 

Table IX shows the structural dimensions of some mono- 
meric (acac), complexes. The dimensions reported for the 
ligands in Mn(acac), compare well with those in the other 
structures. The acac ligands in Mn(acac), are nearly planar, 
as is shown in Table X. 

Crystal Field Calculation of the Jahn-Teller Distortion. 
Table XI summarizes the available crystallographic structural 
data for compounds susceptible to strong JT forces. Al- 
though the majority of the compounds are polymeric ionic 
solids, requiring caution in attempts to c h a r a c t e r i ~ e ~ ~  the 
distortions, there are enough examples of discrete molecu- 
lar complexes to indicate that the JT distortions take on a 
variety of forms in the solid state. 

for the Jahn-Teller distortion and apply it to Mn(acac), for 
the following reasons: (a) the correct solid-state structure 
of the compound is known; (b) at least one crystalline modi- 

We decided to reexamine the Liehr and Ballhausen% model 

(31) 0. Kennard and D. G. Watson, Ed., "Molecular Structures 
and Dimensions," Crystallographic Data Centre, Cambridge, and the 
Union of Crystallography, Utrecht, Vol. 11, 1970, p 140 ff; Vol. 111, 
1971, p 292  ff. 

(32) E. C. Lingafelter and R. L .  Braun, J.  Ameu. Chem. Soc., 8 8 ,  
2951 (1966). 

(33) M. D. Sturge, Solid State Phys., 20, 9 1  (1967) .  
(34) A. D. Liehr and C. J .  Ballhausen, Ann.  Phys. (New York) .  3 ,  

304 (1958) .  
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Mn 

Figure 1. Mn(acac),: (a) ORTEP thermal ellipsoid view (50% probability level) and the numbering scheme; (b) the dimensions; (c) the 
weighted mean dimensions. See Tables VI and VII. 

Figure 2. An ORTEP stereopair drawing of the Mn(acac), cell projected perpendicular to the b axis (50% probability ellipsoids) 

fication indicates a tetragonally compressed Mn06 octahedron 
(which the model predicts); (c) better radial functions are 
now available; (d) the force constants for the molecule can 
be estimated reasonably well from available vibrational spec- 
troscopic data. 

levels resulting from the lifting of the degeneracy of the 
original E, state have the energies 

E,(qi,4z,4z)=(1/2)k1qi2 + (1/2)kz4z2 +(1/d@lql  If. 

(1/2)q2[a2 + P 2 4 2 '  +4PZ(2qi2-d%iqz COS 3gz)- Liehr and Ballhausen expanded the potential energy of 
the E, state in terms of the displacement coordinates, shown %YP(q, COS 342 - 2fiq1]"* 
in Figure 6, in a Taylor series. The secular determinant 
in the basis of distorted functions was solved and the two where a = m ( ( 1 / 7 ) B 2  + (5/84)B4) and p = (1/7)C2 + 
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Figure 3. An ORTEP/II stereopair drawing of the packing region in Mn(acac), viewed perpendicular to the acac ring containing 0 ( 1 )  and O(2) 
(50% probability level ellipsoids). The two molecules are related as (x, y ,  z) and (-x, 1 - y ,  1 - z ) ,  contrary to what is said in ref 21. 

Table VIII. Significant Intramolecular Angles and Estimated Standard Deviations in Mn(acac), (deda 

O(l)-Mn-0(2)* 
0(4)-Mn-0(5) 
0 (3)-Mn-0 (6) 
Mean 

0(1)-Mn-0(4) 
0(1)-Mn-0(5) 
0(1)-Mn-0(6) 
0(2)-Mn-0(3) 
0(2)-Mn-0(5) 
0(2)-Mn-0(6) 
0(3)-Mn-0(4) 
0(3)-Mn-0(5) 
0(4)-Mn-0(6) 
Mean 

0(1)-Mn-0(3) 
0 (2)-Mn-0 (4) 
0(5)-Mn-0(6) 
Mean 

Mn-O(l)-C(l) 
Mn-0(2)-C(2) 
Mn-0(3)4(3)  
Mn-0(4)-C(4) 
Mn-0(5)-C(5) 
Mn-0(6)-C(6) 
Mean 

90.2 (4) 
89.3 (4) 
89.4 (4) 
89.6 (5) 

89.4 (4) 
89.8 (4) 
91.4 (4) 
91.7 (3) 
89.9 (3) 
89.6 (4) 
88.8 (3) 
89.3 (3) 
91.3 (4) 
30.1 (11) 
3.94,0.00%] 
178.0 (4) 
179.0 (4) 
178.6 (4) 
178.5 (6) 
1.58, 20.5%] 
127.6 (10) 
127.5 (9) 
127.3 (6) 
127.2 (6) 
126.4 (6) 
127.0 (7) 
127.1 (5) 

[1.52, 21.9%] 

[0.39, 85.5%] 
O( l)-C(l)-C(l-2) 126.4 (14) 
0(2)-C(2)-C(1-2) 122.3 (13) 
0(3)-C(3)4(3-6)  126.3 (8) 
0(4)-C(4)-C(4-5 1 125.6 (7) 
0(5)€(5)-C(4-5) 126.4 (7) 
0(6)-C(6)-C(3-6) 125.1 (9) 
Mean 125.7 (12) 

[1.82, 10.5761 

a See the footnotes in Table VII. b The “bite” angles. 

(5/84)C4. The force constants k l  and k2 refer t o  a lg  and 
eB vibrations, respectively. The Bk and c k  integrals are 
defined to be negative compared to  those described by 
Ballhausen and Ancm0n.3~ The published values of the 
integrals can be used only with Slater radial functions. In 

125.7 (16) 
123.3 (9) 
124.7 (7) 
124.3 (10) 

[1.16, 31.3%] 
113.4 (14) 
114.2 (13) 
116.0 (80) 
114.3 (7) 
114.8 (7) 
114.5 (9) 
114.7 (8) 

[0.81, 54.3%] 
C(lM)-C(l)-C(l-2) 
C(2M)-C(2)-C( 1-2) 

C(4M)-C(4)-C(4-5) 
C(SM)C(5)4(4-5) 

C(3M)-C(3)-C(3-6) 

C(6M)-C(6)-C(3-6) 
Mean 

1 
H4Ml-C(4M)-H4M2 
H4M l-C(4M)-H4M3 
H4 M 2 - ~ ( 4  M)-H4 M3 
HSMlC(SM)-HSM2 
HSMlC(SMbHSM3 

119.8 (16) 
123.3 (15) 
117.7 (9) 
120.1 (8) 
118.8 (8) 
120.3 (10) 
119.5 (16) 

:2.48, 3.0% 
94.3 (68) 

127.0 (65) 
120.7 (71) 
120.7 (71) 
102.7 (62) 

HSM2-C(5M)-H5M3 103.3 (62) 
Mean 110.8 (129) 

[3.79, 0.25%] 

order t o  utilize SCF atomic radial functions, these integrals 
were derived in a more general form, and the details are pre- 
sented in the Appendix. 

(35) C. I. Ballhausen and E. M. Ancom, Kgl. Dan. Vidensk, 
Selsk., Mat.-Fys. Medd., 31 (9), 1 (1958). 
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Figure 4. Two perspective views of cell packing in Mn(acac), (ellipsoids drawn ai 20% probability level), along Kith intermoleculai contact 
distances (<3.87 A): (a) viewed above the ab plane; (b) viewed above the ac plane. 

3 

Figure 5.  The MnO, polyhedron in Mn(acac),. The thick edges 
refer to the bite distances and @ is the average rwist anglc. 

Using the force constants k l  = k2 = 1.69 m d ~ n / A ~ ~  and 
R i c h a r d ~ o n ' s ~ ~  neutral double-t (3d5s2 configuration) 3d 
radial function 

R(r) = 0.514x(3d,5.51) + 0.693x(3d,l.70) 

( 3 6 )  J .  P. Fackler, Jr . ,  and  A.  Avdeef, to be submitted for publica 
tion. 

Sl(alg) = q1 S Z a ( e g )  = q2coS(h) S Zb ( e  9 ) = q 2 s i n ( @ 2 )  

Figure 6. Displacements along the octahedral a lg  and eg symmetry 
coordinates. Circles represent undistorted nuclear positions. 

where x(nl,{) = [(2~)""/(2n)!]1'2r"-' exp(-{r), the calcu- 
lated results are summarized in Table XI. 

The barrier t o  pseudorotation is thus calculated to be 60 
cm-' ,which is only slightly higher than the value of kT at 
liquid nitrogen temperature. Since the barrier is negligible 
at room temperature. the wave functions describing the two 

(37) J .  W. Richardson, W. C.  Niewpoort, R. R .  Powell, and W. F. 
Edgel1,J. Chem. Phys . ,  3 6 ,  1 0 5 7  (1962). 
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Table IX. Structures of Tris(acety1acetonato) Complexes" 
Space 

group Angles, deg Vol/ a, A 
mole- b, A ( p ,  deg) -- O-M- M-O- 0-C- c-cb- 0-C- Cb-C- Distances, A 

Species cule, c, A M-0 o*..o 0-c C-Cb c-c, 0 c Cb c c, C, Ref 

Al(acac), R , / c  14.069 1.892 2.726 1.283 1.380 1.547 91.8 127.7 125.3 122.6 114.1 120.6 22 
431 7.568 (99.0) 

16.377 
Sc(acac) Phca 15.3 8 2.070 2.715 1.253 1.381 1.506 82.0 132.5 124.4 119.4 116.1 119.5 15 

441 13.73 
16.72 

433 13.53 
16.60 

433 13.06 (90.2) 

a-V(acac), Pbca 15.43 1.979 2.749 1.256 1.383 1.518 88.0 128.8 124.9 124.0 114.3 120.7 16 

P-V(acac), P2,/c 16.34 1.982 2.736 1.262 1.391 1.518 87.3 131.7 123.9 124.7 116.2 120.2 16 

8.108 
Cr(acac), P2 , / c  14.031 1.951 2.786 1.263 1.388 1.517 91.1 127 125 125 115 120 21 

428 7.551 (99.1) 
16.379 

ol-Mn(acac), Pbca 15.530 
433 13.339 

This work 

16.726 

430 7.600 (99.3) 
p-Mn(acac), P2,/c 14.013 1.985 2.791 1.257 1.388 1.538 89.6 127.1 125.7 124.3 114.7 119.5 Thiswork 

16.373 

435 13.577 
16.565 

418 7.470 (98.5) 
16.222 

Fe(acac), Pbca 15.471 1.992 2.744 1.258 1.377 1.530 87.1 129.3 125.0 124.8 114.9 120.6 14 

Co(acac), P2,/c 13.951 1.898 2.850 1.269 1.382 1.544 97.3 121.8 127.5 123.6 112.9 119.6 22 

(Mn(acac), P 2 , / c  13.875 1.872 2.805 1.288 1.378 1.515 97.0 123.2 125.6 124.9 113.7 120.6 1 
(MB) 415 7.467 (98.4) 

16.203 

428 7.483 (98.6) 
16.392 

Rh(acac), P2,/c 13.925 1.992 2.944 1.272 1.383 1.503 95.3 121.8 126.4 128.0 113.0 120.8 b 

Eu(DPM), 2.21 2.67 1.27 1.40 1.56 74.4 137.7 123.8 122.6 114.1 122.3 c 
Mg(hfacac); 2.058 2.770 1.26 1.38 1.49 84.6 127 127 123 116 117 d 
Co(acac), 1.981 91.5 e 
Ni(acac), 2.04 2.88 1.30 1.38 1.54 90 120 127 123 113 122 f 
Cu(hfacac) 3 -  2.067 2.862 1.26 1.39 1.50 87.6 124 129 122 114 117 d 
Av dimensions 2.764 1.279 1.384 1.527 125.7 123.3 114.6 119.9 

a The atomic labeling scheme is presented in Figure IC. 
J. P. F. de Villiers and J. C. A. Boeyens, ibid., 28,2335 (1972). 

J .  C. Morrow and E. B. Parker, Jr.,Acta Crystallogr., Sect. E,  29, 1145 (1973). 
M. R. Truter and B. V. Vickery, J. Chem. Soc., Dalton Trans., 395 

(1972). e B. Granoff, Diss. Abstr. E,  27,4341 (1967). W. H. Watson and C.-T. Lin,Inorg. Chem., 5, 1074 (1966). 

JT levels of the molecule in solution are time dependent (ac- 
cording to  the model) 

where $2 = aexchanget. 
It is of interest to  relate the 41 and 42 coordinates to  actual 

internal displacement coordinates. In matrix form the dis- 
placements depicted in Figure 6 can be stated as S = 4 = 
A&, where the column matrices S, Ar, and 4 have elements 

respectively, and 
(S1,S2a,S2b) , (ar1>.  . . , & 6 ) > a n d ( q l , q 2  c o s h > q 2 s i n @ 2 ) ,  

1 1 1 1  

Since AtA is a singular matrix, Ar can only be solved in- 

directly. However, the expression ATAAr =Ai4  reduces the 
problem. 

When it is taken into account that SI,  SZa, and SZb possess 
inversion symmetry, one obtains the solutions (positive Ar 
is in the direction away from the metal) (ct footnote 10, ref 
34). 

1 1 1 
Arl = Ar - -ql + -42 cos @2 + -42 sin @z 

3 - &  2 6  2 
Ar2 = Ar, = Arl - 42 sin @2 

For an arbitrary value of @z, the octahedron is distorted 
orthorhombically. The distortions in Mn(acac)g are calcu- 
lated from 41 and 42 to be (cf. Table XII) 

} Arequatorial = 4-0.01 3 8, Ar,,, = -0.092 a 
case 2 

Areq,,,,=-0.053 A ,  Ar,,, = + 0.041 A 
case 4 

These correspond to  shifts from the value 1.985 A. 
Assuming the same force constants used for Mn(acac),, 
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Table X. Least-Squares-Fitted Planes in Mn(acac), 

I. Deviations from the Mean Planes (in A) - 
Plane F Plane A Plane B Plane C Plane D Plane E 

I Mn -0.012 -0.008 0.006 
O(1) -0.004 0.002 0.023 
C(1) -0.046 

0.024 
0.005 

-0.021 
0.032 

-0.009 
-0.025 

0.008 
0.001 
0.013 

-0.023 
0.010 
0.017 

-0.038 
0.020 

-0.024 
C(3-6) 0.061 

0.013 
-0.052 acac C 

0.004 
0.003 

0.002 
0.007 
0.023 

0.013 
0.013 

-0.016 

0.020 0.007 -0.016 
Rms dev (esd) 0.025 (25) 0.016 (9) 0.037 (11) 0.006 (7) 0.019 (7) 0.014 (6) 

A 
B 
C 
D 
E 
F 

11. Equations of the Mean Planes 
A: 0 . 0 1 2 5 ~  t 0 . 9 1 8 1 ~  + 0.39602 =4.9660 D: 0 . 0 7 6 3 ~  A 0 . 9 1 8 2 ~  t 0.38862 =4.9514 
B: 0 . 8 5 8 9 ~  - 0 . 2 8 7 2 ~  t 0.42402 ~ 4 . 5 1 1 6  E: 0.5481X + 0 . 2 9 6 6 ~  - 0.78212 = -4.2466 
C: 0 . 4 2 2 0 ~  t 0.2561Y - 0 . 8 6 9 7 ~ ~  -5.4591 F: 0 .8278~-  0 . 2 8 1 4 ~  t 0.48542 ~ 4 . 8 4 0 4  

JII. Dihedral Angles between Some of the Planes 
A B C D E 
0 

94.8 0 
84.0 85.4 0 

3 .I 0 
9.1 90.6 0 

4 .O 90.4 89.5 

I' 

0 

Figure 7. Stereopair view of the potential energy surface in the Jahn-Teller distorted Mn(acac),, according to the crystal field model. The 
S, (=q2 cos qb2) and S, ,  (=q2 sin 0,) axes are drawn 0.5 A long, and the energy axis is drawn 0-2000 cm-' .  The a,g distortion coordinate, q l ,  
is -0.052 A. The trough positions in the tetragonally compressed structure correspond to -672 cm", Q 2  = 0, i 2 n / 3 ,  and the barrier to exchange 
(saddle points, Q2 = K, *n/3) is 60 cm-'. 

the distortions calculated for Mn(trop), are slightly smaller.6 
Figure 7 shows the calculated potential energy surface for 

Mn(acac),, computer-drawn as a stereopair projection. 

Conclusions 

but showing no structural distortion. Other systems with 
"equivalent" metal-ligand bond lengths show temperature- 
dependent properties implying the presence of a fluxional 
molecule describable b y  a dynamic JT formalism,38 or the 
metal ion is found at a position of high crystallographic sym- 

The structure of M d a c a c h  reDorted here eliminates the 
\ ,I I 

(38)  (a) J .  Pradilla-Sorzano and J .  P .  Fackler, Jr . ,  Inovg. Chern., principal crystallographic anomaly occurring in the literature 
for a complex supposedly susceptible to Jahn-Teller forces, 12 ,  1182 (1973);  (b) B. v.  arrowf field and J .  a. Pilbrow,Pvoc. 

Phys. SOC., London (solid Stute ~ h y s . ) ,  6 , 7 5 5  (1973).  
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Table XI. Structures of Octahedral Homoligand Complexes Containing d4 (High Spin), d’ (LOW Spin), or d9 Electronic Configurations 

Compda phore Space group Comments Ref Bonds: A Chromo- 

Mn(Et,dfc), 
CrF, 
c r c i ,  
CrI, 
CuF, 
cuc1, 
CuBr, 
cscuc1, 
Na,CuF, 
K,CuF, 
TI, [Cu(SO,), I 
[Cu(l,2-ethanediol), ](SO,) 
(bdanH) [Cu(hfacac), ] 

(-) -[ Cu(l-pn) , IBr , .2H 0 
[ Cu(dien), ]Br, .H, 0 

[Cu(H,O), I[SiF6 1 

Mn(acac) 

MnF, 
Mn(trop),, 2 
KCuF, 

CsCrC1, 

MnF, 
MnF, 
MnF, 
MnF, 
MnO, 
MnS, 
CrF, 
CrCl, 
CrI, 
CuF, 
cuc1, 
CuBr, 
cuc1, 
CuF, 
CuF, 
CUO, 
CUO, 
CUO, 
CUO, 
CuN, 
CuN, 

MnO, 
CrF , 
CuF, 
CuF, 
CuF, 

CuN, 
CUO, 

MnF, 
MnO, 
CuF, 
CUO, 
CUO, 
CUO, 

CON, 
NiF, 

CuN, 
CuN, 

CUO, 

CUO, 
CUO , 

CrC1, 

Group A. Elongated Tetragonal Distortion 
Axial Equat 

F4/mmm 2.06 1.86 Discrete MnF, 3- species 
F4/mmm 2.07 1.92 Pesovskite-like 
Pnma 2.10 1.85 Fluoride-bridged infinite chains 
p2 ,  In 2.07 1.83 Chain polymer with shared corners 

p2tlc P2,  la 2.55 2.38, 2.43 
P 2 , h  2.43 1.99 Rutile-like, shared corners 
Pnnm 2.92 2.40 Infinite planar structure 
C2/m 3.24 2.74 Infinite planar structure 
p2 ,  In 2.27 1.93 Ru tile-like 

2.95 2.30 Chains linked into layers 
A 2  3.18 2.40 Similar to  CuCl, 
P6 22 2.78 2.28, 2.36 Face-shared polymer 
p 2  1 I C  2.37 1.91 Polymer 
I4/mmm 4F < 2F 
P i  2.44 1.99 
p 2  1 I C  2.33 2.00 8 6 6  confign 

R 3  2.37 1.97 1 site symmetry; cf. group D 

2.13 1.94 

c axis larger than in ref v 

p2, In 2.18 2.01 - 

p 2  t 
P2  I C  

2.31 2.09 
2.43 2.04 Tridentate ligand 

Axial Equat 
p 2  1 I C  1.95 2.00 

2.00 2.14 Perovskite-like 
1.96 2.07 Perovskite-like 

Group B. Compressed Tetragonal Distortion 
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Table M I .  Crystal Field Calculation of the Jahn-Teller Distortion in Mn(acac),* 
Case no. Q, 4 1 , A  q : ,  ‘4 E+, kK E-, kK AJTJT ,~  kK Characteristic 

11.762 -0.672 2.434 Tetragonal compression, “through points” 

11.458 -0.612 2.070 Tetragonal elongation, “saddle points” 

1 0, %2n/3 -0.054 +0.121 
2 n , i r r /3  -0.054 -0.121 
3 77, %TI3 -0.054 +0.109 
4 0, t 2 n / 3  -0.054 -0.109 

* ‘The various calculated integrals are B ,  = 0.3012 mdyn,B, = 0.1840 mdyn, 01 = 0.3740 mdyn, C, = -0.4820 mdyn/A, C4 = -0.3703 mdyn/ 
A, and li = -0.0909 mdyn/A for Rhqn-o = 1.985 A (and k ,  = k ,  = 1.69 indyn/A). 
E ,  andE- .  

The Jahn-Teller energy ~FJ, is the difference between 

metry. This prevents a characterization of the distortion 
since molecular disordering about the high-symmetry axis 
also adequately interprets the data. 

The origin of the particular distortion observed for various 
crystals of M n ( a ~ a c ) ~  remains obscure. Subtle effects of the 
packing forces are likely to be responsible, although these 
are not readily apparent from the unit cell data (Figure 4). 
Theoretical calculations for the isolated molecule assuming 
a crystal field model are also ambiguous, but the correct 
magnitude of the distortion3’ is obtained assuming reasonable 
force constants for the metal-ligand vibrations. The exist- 
ence of two distinct Mn-0, geometries in crystalline6 man- 
ganese(II1) tropolonate establishes the fact that energy dif- 
ferences between various forms of distortion in these po- 
tentially D3 systems are very small. The ability of bis(hexa- 
fluoroacetylacetonato)bis(pyridine)zinc(II) with its “com- 
pressed octahedral” Zn04N2 geometry to  reduce the “axial- 
ly elongated” tetragonality about CuI1 when bis(hexafluor0- 
acetylacetonato)bis(pyridine)copper(II) is doped3’ into the 
zinc (based on paramagnetic resonance results) is further 
evidence pointing toward the conclusion that lattice forces 
have a more pronounced effect upon whether Jahn-Teller 
susceptibile complexes are distorted in a compressed or elon- 
gated manner than do internal electronic forces within the 
molecules. 
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Appendix 

The Gk, Bk, and c k  Integrals for Double-{ Type 3d Orbitals 
The radial atomic function integrals used for the crystal 

field calculation of the Jahn-Teller distortion are defined 
as35 

where R(r) is the radial portion of an atomic wave function 
and r is in atomic units. The metal-ligand distance is rO3 and 
r< is the lesser value of ro and r ,  while r> is the greater value 
of ro and r .  Using the definitions of r< and r>  , one can 
separate the Gk integral into two portions 

The double-{ type of 3d orbital is expressed as R(r)  = 
c1 x1 + c2 xz. Substitution of the modified function into 
the G k  integral gives 

(39)  These calculations predict that the tetragonally elongated 
MnO, structure should have average dimensions of 2 . 0 2 6  and 1.932 
A for the axial and equatorial Mn-0  bonds, respectively. The dimen- 
sions established b y  Day” average 2.1 16  and 1.929 A ,  respectively, 
for the tetragonally elongated structure. 

-I 
Let p = r/ro.  Then 

~~“~-(S1+<2)roP~k+6 dp + J ~ ” ~ - ( ~ ~ + S , ) ~ ~ P ~ S - ~  d p ]  

The expression above contains the r integral and the so- 
called A integralsM (Ak(p) = s1 “exp(-pv)x’ d ~ ) .  When 
appropriate substitution is made, the expression reduces to 

in atomic units (hartrees). 

IO-” erg/hartree (=2 19.475 kK/hartree). 

the appropriate derivatives 

To obtain cgs units, one needs to multiply by 4.3598 X 

The master formulas for Bk and Ck are deduced by taking 

3or04(Ak+6 -A5-k) + 12r05({i + {2)(Ak+7 - A 6 - k ) -  

ro‘(i-1 + < ~ ) ~ ( A k + 8  -A?-k) 1 
The units of Bk are hartrees/Bohr radius and of Ck are 
hartrees/(Bohr radius)’ . The respective cgs conversion fac- 
tors are thus 8.23888 X dyn and 1.55692 X lo6 dyn/cm. 



Low-Spin Cobalt Porphyrins Inorganic Chemistry, Vol. 13, No. 8, 1974 1875 

If t1 =%C2, these expressions reduce to  those reported pre- 

A Fortran IV computer program has been used to calcu- 
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Nitroa:,~,y,6-tetraphenylporphinato(3,5-lutidine)cobalt(III) (1) is obtained by the oxidation of nitrosyl-or,p,y,g -tetraphenyl- 
porphinatocobalt in the presence of 3,5-lutidine. Crystals of 1 crystallize in the orthorhombic system, space group Fdd2. 
The unit cell has a = 22.01 (1) A, b = 34.29 (2) A, and c = 10.884 (6) A and contains eight molecules. The molecule has a 
crystallographically imposed twofold axis of symmetry. The calculated and experimental densities are 1.33 and 1.30 g/cm3 
at 20 1 1". Diffracted intensities were recorded with graphite-monochromated Mo Ka radiation on a computer-controlled 
diffractometer with 8-28 scanning. All independent reflections for (sin 8)/A < 0.742 A-'  were measured; 3239 reflections 
were retained as observed. These data were employed for the determination of structure using the heavy-atom technique 
and least-squares refinement of the 272 structural parameters. The final conventional and weighted discrepancy factors are 
0.045 and 0.059, respectively. The octahedral coordination group has an average equatorial Co-Np distance of 1.954 A; 
the axial bond to lutidine nitrogen is 2.036 (4) A and to the nitro nitrogen is 1.948 (4) A. The effect of the porphyrin 
conformation on the Co-Np distances is discussed. 

The earlier papers in this series have emphasized the im- 
portance and the origin of our interest in the stereochemis- 
try of low-spin cobalt  porphyrin^.'-^ In particular, our 
interest in nitrosylcobalt porphyrins has been detailed in 
our report on the molecular stereochemistry of nitrosyl*,- 
p ,y ,S -tetraphenylporphinatocobalt , ONCoTPP . l  Our at - 

~ tempts to prepare crystals of a six-coordinate derivative, 
ONCoTPP(B), in which B is one of several amines, were 
frustrated by the facile decomposition of the desired nitrosyl 
complexes to  other products. In the course of investigating 
the nature of these other products, we prepared single crys- 
tals of n i t roa  ~3 ,y ,6 -tetraphenylporphinato( 3,5 -1utidine)co- 
balt(II1) via the conversion of coordinated nitric oxide to 
coordinated nitrite ion. We now report the quantitative 
stereochemistry of 02N(3,5-lut)CoTPP. While this structure 
determination was in progress, a preliminary study of similar 
reactions of oxygen and cobalt nitrosyl complexes was re- 
p ~ r t e d . ~  

As we have emphasized elsewhere,lS6 the stereochemical 
parameters of the octahedral cobalt(II1) porphyrins serve as 
useful standards of reference for the low-spin cobalt(II), 
iron(II), and iron(II1) porphyrins. Furthermore, crystals 
of 02N(3,5-1ut)CoTPP would appear to  provide an excep- 
tionally convenient diamagnetic host for orientated single- 
crystal esr studies of paramagnetic nitrosyl metalloporphyrins. 
Finally, the structural parameters provide an (unanticipated) 

(1)  W. R. Scheidt and J. L. Hoard, J. Amer. Chem. Soc., 9 5 , 8 2 8 1  

(2) W. R. Scheidt, J .  A. Cunningham, and J .  L. Hoard, J. Amer. 

(3)  W. R. Scheidt, J. Amer. Chem Soc., 9 6 ,  8 4  (1974) .  
(4)  W. R .  Scheidt, J. Amer. Chem. SOC., 9 6 ,  9 0  (1974). 
(5)  S. G. Clarkson and F. Basolo, J. Chem. Soc., Chem. Commun., 

(6) J .  L. Hoard,Science, 174 ,  1295 (1971) .  

(1 97 3). 

Chem. Soc., 9 5 ,  8289 (1973) .  

670 (1972);Inorg. Chem., 12 ,  1528 (1973) .  

test and confirmation of Hoard's7 recent treatment of the ef- 
fects of porphinato skeletal ruffling on the metal-porphine 
nitrogen bond distances. 

Experimental Section 
Large single crystals of 02N(3,5-lut)CoTPP were obtained by the 

slow evaporation (in air) of 1 : 1 chloroform-3,5-lutidine solutions of 
ONCoTPP.' Preliminary photographic examination established an 
orthorhombic unit cell with observed systematic absences of h + k, 
k -t I = 2n t 1 for hkl, k + I = 4n t 1 for Okl, and I + h = 4n t 1 for 
hOl which suggest the space group Fdd2.' Lattice constants, a = 
22.01 (1) A,  b = 34.29 (2) A, and c = 10.884 (6) A (A 0.71069 A),  
came from a least-squares refinement of the setting angles of 25 re- 
flections, each collected at 128. These constants led to a calculated 
density at 20 * 1" of 1.33 g/cm3 for eight molecules in the unit cell. 
The experimental density, measured by flotation, was 1.30 g/cm3. 
Thus the molecule has a crystallographically required twofold axis 
of symmetry. 

graphite-monochromated Mo Ka radiation; the sample crystal had 
dimensions of 0.35 X 0.35 X 0.60 mm. All independent data for 
which (sin 8 ) / A  < 0.742 A" (28 = 63.7') were measured by 8-28 
scanning. Variable scan rate techniques were e m p l ~ y e d ; ~  the base 
width of the scan was 1 .O" at 20 = 0.0" and background counts were 
taken at the extremes of the scan for a time equal to the time re- 
quired for the scan itself. Four standard reflections were used for 
periodic checking (every 50 reflections) of the alignment and pos- 
sible deterioration of the crystal; only small random variations in 
the intensities were noted. Data were processed as described prev- 
iously' and all data having F ,  > 2 u ~ ~  were taken as observed. A 
total of 3239 independent reflections, -90% of the theoretical num- 
ber possible, were retained and used for the determination and re- 
finement of the structure. With the cited dimensions of the crystal 
and a linear absorption coefficient of 0.48 mm-l for Mo Ka  radiation, 
the maximum error in a structure amplitude occasioned by the neg- 
lect of absorption corrections was seen to be +E2.5%. 

Intensity data were measured on a Syntex Pcdiffractometer with 

(7) J. L.  Hoard, Ann. N.  Y. Acad. Sci., 206, 18 (1973) .  
(8) "International Tables for X-Ray Crystallography," Vol. I ,  

Kynoch Press, Birmingham, England, 1969 ,  p 129.  


