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acterization of the dioxygen adduct of the iron "picket fence 
porphyrin" complex by Collman and co-workers.2 

Schiff base complexes of cobalt(II) have been studied as 
oxygen carriers since 1938.3 The relevance and importance of 
such dioxygen-carrying cobalt complexes as models has been 
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Abstract: The structure at -171° of 7V,7V'-(l,l,2,2-tetramethyl)ethylenebis(3-fluorosalicylideniminato)(l-methylimida-
zole)superoxocobalt(III) diacetone solvate, Co(3-F-Saltmen)(l-Me-Imid)(02)-2(CH3)2CO, has been determined from three-
dimensional x-ray data collected by counter methods and has been refined on F1 using 6078 reflections, including those with 
negative intensities. The conventional Rf factor based on the portion of the data with F2 greater than 3u(F2) is 6.0%. The mo
nomeric adduct (Co:02 =1:1) of cobalt(II) crystallizes in the monoclinic space group Cin,-P2\jc (No. 14), with four formula 
units in a cell with the low-temperature dimensions a = 11.934(6) A, b = 13.864(5) A, c = 18.018 (8) A, and/3 = 92.35' (2)°. 
The superoxide ligand, O2

- , is bonded "end-on" to the cobalt atom of the chelate, with a Co-O-O angle of 117.4 (2)° and an 
0 - 0 bond length of 1.302 (3) A. The dioxygen group lies nearly in the plane defined by the methylimidazole trans to it. The 
Co-O (dioxygen) and Co-N (imidazole) bond distances are 1.881 (2) and 2.004 (3) A, respectively. The other coordination 
bonds average 1.893 (Co-N) and 1.901 A (Co-O). The molecular packing in the vicinity of the coordinated dioxygen ligand 
is similar to that found in the hydrophobic "distal imidazole" pocket of myoglobin. Crystals of the cobalt oxygen adduct are 
not stable at ambient conditions and evolution of O2 may be readily observed, as the crystals change from dark burgundy red 
to golden yellow upon decomposition. 
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elegantly demonstrated by Hoffman4 and others.5 Of partic
ular interest are the "end-on" bonded monomeric (Co:02 = 
1:1) species. However, the isolation of such species has been 
difficult due to their fragile stability at ambient conditions and 
the facile formation of the thermodynamically more stable 2:1 
adducts, 

B—!Co" + O2 

' ' k 
B—,Co—O 

'' i 
1:1 

N t 
B-^Co" 

.0 

B—,Co—O 

''i 
2:1 

f 
. 0 - , C o - B 

The latter dimerization step can be minimized by working at 
low temperatures, using dilute solutions, avoiding sources of 
hydrogen bonding,6 utilizing steric hindrance,2'7 and by 
choosing an appropriate axial base, B.8 Only recently has the 
structural basis for the reversibility in dioxygen coordination 
been illuminated by the reports of several structures of 1:1 
complexes.2'9-13 Unfortunately the accuracy and reliability 
of some of the results have been compromised by the presence 
of varying degrees of disorder. 

Some of our own recent efforts have been to synthesize stable 
1:1 adducts with ;V,Ar'-(i,l,2,2-tetramethyl)ethylenebis(3-
R-salicylideniminato)(l-R'-imidazole)cobalt(II), Co(3-R-
Saltmen)(l-R'-Imid), where R and R' are substituent groups 

H3C CH3 

-^CyJ 1̂ "CH3 

1, R=i-Bu; R' = benzyl 
2, R=H; R' = benzyl 
3, R = F; R' = CH3 

of varying steric and electronic character. The crystal structure 
of one such dioxygen adduct with R = tert-butyl and R' = 
benzyl, 1, has already been reported,12 with diffraction data 
collected both at 19° and - 1 5 4 ° . The room temperature 
structure of the exceptionally stable 1:1 species with R = H 
and R' = benzyl, 2, has just been completed.13 Cobalt com
plexes with R = NO2, CF3, and MeO are being currently ex
amined. The subject of the present report is the synthesis and 
the low temperature (—171°) structure of a moderately un
stable monomeric dioxygen adduct with R = F and R' = 
methyl, [Co(3-F-Saltmen)(l-Me-Imid)(02)]-2(CH3)2CO, 
3. 

Experimental Section 

The purchased chemicals were used without further purification. 
Analyses were performed by the analytical laboratory at Caltech. 

Preparation of Ar,N'-(l,l,2,2-Tetramethyl)ethylenebis(3-fluo-
rosalicylideniminel, 3-F-Saltmen H2. 2,3-Diamino-2,3-dimethylbutane 
(1.2 ml, ~10 mmol) (prepared by the reduction of the dinitro com
pound14) was slowly added to 2.8 g (~20 mmol) of 3-fluorosali-
cylaldehyde (Marshallton Research Laboratories, Inc.) dissolved in 
30 ml of boiling 95% ethanol. Upon cooling to room temperature, 
brilliant yellow crystal flakes precipitated. The Schiff base was col
lected and dried in vacuo for 12 h at 100°. Yield 2.5 g (70%). Anal. 

Table I. Crystal Data for [Co(3-F-Saltmen)(l-Me-Imid)(02)]-
2acetone 

Molecular formula: C30H38CoF2O6N4; FW = 647.6 g 
Scaled = 1.444 ( l ) a g cm-3; Formula units/cell = 4 
Linear absorption coefficient, M = 6.7 cm -1 (Mo Ka radiation) 
Crystal dimensions: A slightly irregularly shaped platelet, bounded 

primarily by {100|, (Ol 1}, and (Oil) faces with the respective ap
proximate thicknesses: 0.18, 0.65, and 0.53 mm 

Systematic absences: hOl, I = In + 1; OkO, k = In + 1 
Space group: C5

2h-P2\/c (No. 14) 
Cell parameters: 

297 ± 1 K: a = 12.06, b = 13.96, c = 18.41 A; 0 = 91.5° (photo
graphically determined, using two crystals) 

102 ± 3 K: a = 11.934 (6), ft = 13.864 (5), c= 18.018 (8) A;/3 = 
92.35 (2)° (mean values of several different orientations on the 
diffractometer, using graphite-monochromatized Mo Ka ra
diation, X 0.710688 A) 

Cell volume: U = ( 30% A3 (297 K) 

(2979(2) A3 (102 K) 

F000 = 1356 e 

° The value in parentheses following a quantity here and elsewhere 
in the report refers to the estimated standard deviation (esd) in the 
least significant digit. 

Calcd (C20H22N2O2F2): C, 66.7; H, 6.2; N, 7.8. Found: C, 65.8; H, 
6.1; N, 7.6.. 

Preparation of N,iV'-(l,l,2,2-Tetraniethyl)ethylenebis(3-fluo-
rosalicylideniminato)cobalt(II), Co(3-F-Saltmen). Under nitrogen, 1.25 
g (5 mmol) of cobalt acetate, Co(OAc)2-4H20, dissolved in 20 ml of 
boiling hot water, was added slowly to a briskly stirred slurry of 1.80 
g (5 mmol) of 3-F-Saltmen H2 and 2.26 g (10 mmol) of Na0Ac-3H20 
in 30 ml of refluxing 95% ethanol. The solution was stirred 5 min 
further and allowed to cool; small bright red crystals precipitated. The 
solid was filtered, washed several times with cold water, and dried in 
vacuo over P2O5 for 24 h at 100°. Yield 1.96 g (90%). Anal. Calcd 
(C2OH20N2O2F2Co): C, 57.6; H, 4.8; N, 6.7. Found: C, 57.6; H, 5.0; 
N, 6.8. 

Preparation of N,Ar'-(l,l,2,2-Tetramethyl)ethylenebis(3-fluo-
rosalicylideniminatoXl-methylimidazoIe)superoxocobalt(III) Diace-
tonate, Co(3-F-SaltmenXl-Me-ImidX02)-2(CH3)2CO. A 25 ml volu
metric flask was suspended in a cold bath maintained at -18° and 15 
ml of spectroscopic grade acetone was placed in it; then 0.082 g (0.19 
mmol) of Co(3-F-Saltmen) was added followed by one drop of 1-
methylimidazole (approximately an equivalent). Thoroughly dried 
oxygen gas was passed over the surface of the solution and it quickly 
turned dark. After 10-24 h large, heavily intergrown, dark burgundy 
red crystals formed. Attempts were made to grow crystals from ace-
tonitrile, tetrahydrofuran, and dichloromethane solutions, but none 
of these solvents produced crystals. 

Crystal Handling and Diffraction Data Collection. Most attempts 
to mount crystals on glass fibers with any of the fixatives available to 
us proved unsuccessful because the complex decomposed almost im
mediately with the evolution of oxygen bubbles through the fixative 
layer. Most often crystals began to change from dark red to golden 
yellow within 5 min of exposure to just the ambient conditions of the 
laboratory. However, on two occasions, epoxy-mounted crystals 
unexpectedly remained stable for several hours, long enough for film 
inspection at room temperature. Generally the crystals remained in
definitely stable when stored in the freezer compartment (—15°) of 
our refrigerator. On one occasion a sample inadvertantly left for 1 
week in the warmer compartment (5°) of the refrigerator decomposed 
to a bright red rather than the usual yellow material. 

In view of the thermal instability, we decided to collect intensity 
data at low temperature. A four-circle Picker FACS-I automatic 
diffractometer, utilizing graphite monochromatized Mo Ka radiation 
(X 0.71069 A) and equipped with an Enraf Nonius Delft low-tem
perature device, was used. The temperature was maintained for 5 
weeks at -171 ± 3°. The crystals examined on the diffractometer 
were quickly mounted at room temperature on the broken ends of thin 
quartz capillaries, using silicone grease, and were immediately placed 
into the cold nitrogen stream. Unfortunately, it was not possible to 
assess crystal quality by film methods prior to diffractometer exam-
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Figure 1. Bond distances and labeling scheme for the dioxygen adduct. 
The estimated standard deviations in the bond lengths are: tr(Co-O), 
(7(Co-N), and o-(O-O) ~0.002-0.003 A; <r(C-0) and <7(C-N) 
~0.004-0.005 A; <7(C-C) ~0.005-0.006 A. 

ination. The crystal chosen for data collection had acceptable a> scan 
widths at half heights of 0.09-0.15° for about a dozen strong reflec
tions, using a 3.5° tube takeoff angle. The crystal was relatively large, 
and originally had a smaller crystal plate growing out of one of its 
faces. Upon the delicate removal of the intrusion, a shallow pit re
mained, possibly lined with a small amount of amorphous material. 
The various crystal data are summarized in Table I. 

Over 11 000 reflections were measured by the moving crystal, 
moving counter scan technique at a rate of 2° min-1 out to 20max = 
53°, using a takeoff angle of 3.5°, and employing 20-s stationary 
background counts at the limits of each scan. In addition to one 
complete quadrant, data were collected in all quadrants in the 26 in
tervals 0-20, 28-30, and 49-50°, thus affording us some 3000 du
plicates for assessing the quality of our data. The intensities of three 
reflections were monitored approximately once an hour initially, and 
at longer intervals when crystal and diffractometer stability became 
apparent. 

The intensities were corrected for the usual Lorentz and polarization 
effects. No absorption corrections were applied. The reduced inten
sities and the associated errors are defined elsewhere.15 The Peter
son-Levy error factor,16 p, was first assumed to be 4%. There were 
6078 unique reflections collected, of which 3889 had F2Ja(F2) > 3 
and 5500 had F2 > 0. 

Error Analysis. The duplicate reflections from four symmetry-
equivalent forms were used to obtain the experimental value of p = 
5.6% by a self-consistency method.17 The results of the evaluation are 
presented in Table II. The errors, although somewhat large, are not 
systematically distributed as a function of 0 and x diffractometer 
settings.17 The intensity dependence is essentially accounted for by 
the experimental p factor. 

Solution and Refinement of the Structure. Direct methods were 
employed to solve the structure, using MULTAN 74." About 90% of 
the structure was produced in the lineprinter plot of the program-
recognized molecular fragments. The remaining atoms were generated 
using reasonable estimates of the bond lengths and angles associated 
with the missing atoms. 

A difference electron density map20 clearly indicated the presence 
of the hydrogen atoms and two independent molecules of acetone. 
Using the 3<7 reflections (F2Ia(F1) > 3) 11 cycles of blocked-matrix 
least-squares refinement22 led to an essentially converged model. Two 
additional cycles were performed, where all of the 6078 reflections, 
including those with negative intensities,24 were used and where the 
hydrogen atom parameters were allowed to vary.25 

The final difference map had one peak of height 1.0 e/A3, located 
near the cobalt and the imidazole nitrogen atoms, with no obvious 
interpretation. All other residual peaks were below +0.5 and above 
-0.5 e/A3. The final standard Ry factor for the 3<7 data was 6.0%, 
and for the data with F2 > 0, it was 8.7%. #wF(3<7) = 7.4% and GOF22 

(all data) = 1.80. Agreement analysis17 of the observed and calculated 
structure factors confirmed that the experimental p factor was 
properly chosen.26 The final parameters are presented in Table III. 

Results and Discussion 

The calculated bond distances are presented in Figure 1. 
Figure 2 shows the thermal ellipsoid representation of the 
monomeric adduct and the two acetone molecules which em
brace the dioxygen ligand. 

Table II. Error Analysis Using Symmetry-Equivalent Reflections'2 

Quadrant 

±h,k,l 
± h, k, 1 
±h,k,l 
± h, k, I 

Mean 

RF2 

0.053 
0.047 
0.039 
0.062 

0.047 

RwF^ 

0.074 
0.066 
0.068 
0.097 

0.075 

GOF 

1.40 
1.11 
1.08 
1.41 

1.12 

No. of refl 

695 
693 
682 
641 

Slope* 

1.13 
1.04 
1.00 
1.26 

Intercept* 

-0.49 
+0.24 
+0.26 
+0.05 

" RF2, RWF2, and GOF (goodness-of-fit) are agreement factors based on deviations from the means of sets of duplicate reflections.17 On 
the last cycle, p (input) = 0.054 and p (output) = 0.058. The value 0.056 was used in calculating the final a. b Slope and intercept refer to 
Abrahams-Keve18 type of normal probability plots. The expected values are unity and zero, respectively. 

V-? *t 

Figure 2. Thermal ellipsoid representation of the monomer (65% probability level). The single-primed designation in Table III applies to the acetone 
molecule on the left, while the double-primed molecule is on the right. 
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Table III. Atomic Parameters" 

y U1 U22 U33 U12 U13 U23 

Rms amplitudes 

(A) 
1 2 3 

Co 
0(1) 
O (2) 
N(A) 
0(A) 
C(Al) 
C(A2) 
C(A3) 
C(A4) 
C(A5) 
C(A6) 
C(A7) 
C(A8) 
C(A9) 
C(AlO) 
F(A) 
N(B) 
0(B) 
C(Bl) 
C(B2) 
C(B3) 
C(B4) 
C(BS) 
C(B6) 
C(B7) 
C(B8) 
C(B9) 
C(BlO) 
F(B) 
N(I) 
N(2) 
C(I) 
C(2) 
C(3) 
C(4) 
O(') 
C(l') 
C(2') 
C(3') 
0(") 
C(I") 
C(2") 
C(3") 

-689 (0.4) 
-320 (2) 
-1057(2) 
-134(3) 
726 (2) 
1782(3) 
1650(3) 
2662(3) 
3677 (4) 
3784 (4) 
2844(4) 
881 (3) 

-929 (3) 
-701 (4) 
-738 (4) 
2583 (2) 

-2079 (3) 
-1248 (2) 
-3123(3) 
-2254 (3) 
-2568 (3) 
-3597 (4) 
-4431 (4) 
-4184(3) 
-2975 (3) 
-2121 (3) 
-2999 (4) 
-2440 (4) 
-1758(2) 
-725(3) 
-950(3) 
-322(3) 
-1796(4) 
-1669(4) 
-230 (4) 
2135(3) 
2530(4) 
2839(4) 
4032(5) 

-4571 (4) 
-2842 (6) 
-4071 (5) 
-4669 (5) 

6109 
7099 
7779 
5191 
6392 
5194 
5964 
6254 
5834 
5071 
4766 
4883 
4916 
3891 
5621 
7012 
5874 
7030 
7131 
7381 
8064 
8459 
8216 
7569 
6379 
5004 
5119 
4128 
8307 
3905 
5112 
4356 
5131 
4394 
3057 
5838 
7017 
6274 
6077 
7768 
8297 
8255 
8804 

0.4) 

2) 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
4 
3 
2 
2 
2 
3 
3 
3 
3 
3 
4 
3 
5 
3 
5 
4 

2090 (0.3) 
2771(2) 
2851 (2) 
2794 (2) 
1687(1) 
2392 (2) 
1868(2) 
1540(2) 
1671(2) 
2182(2) 
2528(2) 
2833 (2) 
3390 (2) 
3678(2) 
4029(2) 
1059(1) 
2524(2) 
1392(1) 
1851 (2) 
1379(2) 
815(2) 
731 (2) 
1218(3) 
1778(2) 
2400(2) 
3028 (2) 
3621 (3) 
2543 (3) 
337(1) 
525 (2) 
1296(2) 
1137(2) 
763(3) 
289 (3) 
182(3) 

4535 (2) 
3648 (3) 
4222 (2) 
4377 (4) 
3589(2) 
4082 (3) 
4046 (3) 
4628 (4) 

0.3) 
2) 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 
2 
2 
3 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 
3 
3 
3 
2 
3 
3 
4 
3 
4 
4 
4 

10(0.3) 
16(2) 
19(2) 
13(2) 
20(2) 
14(2) 
16(2) 
13(2) 
25(2) 
29(2) 
19(2) 
14(2) 
15(2) 
22(2) 
29(3) 
22(1) 
11 (2) 
18(2) 
10(2) 
14(2) 
15(2) 
14(2) 
22(2) 
16(2) 
15(2) 
19(2) 
27(2) 
18(2) 
24(1) 
16(2) 
16(2) 
18(2) 
28(3) 
30(3) 
22(2) 
105 (4) 
28(3) 
29(3) 
46(4) 
86(3) 
47(4) 
30(3) 
45(4) 

10(0.3) 
21 (2) 
25(2) 
13(2) 
17(1) 
17(2) 
14(2) 
15(2) 
24(2) 
25(2) 
21 (2) 
14(2) 
14(2) 
23(2) 
17(2) 
24(1) 
12(2) 
15(1) 
18(2) 
12(2) 
17(2) 
24(2) 
32(3) 
27(2) 
21 (2) 
18(2) 
24(2) 
25(2) 
19(1) 
17(2) 
14(2) 
5(2) 
30(3) 
26(3) 
19(2) 
66(3) 
31 (3) 
19(2) 
78(5) 
42(2) 
39(3) 
31 (3) 
67(4) 

0 
-2 
1 

-3 
4 
1 
0 

-3 
-5 
5 

-0 
3 
0 

-1 
-0 
-2 
-0 
2 
3 
2 

-1 
2 
4 
1 
0 
0 
0 

-6 
4 

3 
11 
10 
7 
1 
5 

-3 
-9 
-53 
20 

-10 
3 

0.2) -1 
-3 
-1 
0 

-2 
-4 
-1 
-2 
4 

-3 
-4 
-4 
4 

-2 
0 
2 

-4 
-1 
-5 
-5 
-2 
-8 
-5 
-3 
-3 
-2 

6 
-6 
2 

-2 
-2 
-2 
-15 
-19 

2 
4 

-5 
-2 
-22 
17 
13 
14 
19 

0.2) 0 
-1 
-7 
-2 
4 

-2 
-5 

0 
-0 
1 
4 
9 

-3 
5 

-1 
1 

-4 
-1 
1 
1 
0 

-4 
-1 
3 
8 
1 
7 

-5 
-1 
-1 
-8 
-16 
-7 
52 
3 

-1 
22 

-12 
11 
6 

-4 

0.2) 0.095 
0.122 
0.098 
0.106 
0.096 
0.118 
0.108 
0.119 
0.110 
0.097 
0.105 
0.129 
0.119 
0.129 
0.106 
0.102 
0.118 
0.124 
0.131 
0.089 
0.097 
0.122 
0.115 
0.124 
0.123 
0.122 
0.122 
0.123 
0.122 
0.119 
0.102 
0.118 
0.121 
0.097 
0.110 
0.169 
0.150 
0.136 
0.182 
0.191 
0.173 
0.133 
0.197 

0.101 
0.133 
0.119 
0.143 
0.105 
0.134 
0.128 

.68 
120 
127 
124 

0.144 
0.160 
0.138 
0.121 
0.131 
0.161 
0.151 
0.161 
0.119 
0.115 
0.124 
0.133 
0.153 
0.134 
0.129 
0.143 
0.162 
0.142 
0.159 

0.161 
0.202 
0.180 
0.165 
0.193 
0.198 
0.188 
0.192 
0.212 

0.127 
0.156 
0.147 
0.152 
0.157 
0.139 
0.144 
0.182 
0.154 
0.143 
0.159 
0.186 
0.173 
0.167 
0.169 
0.152 
0.181 
0.173 
0.170 
0.168 
0.151 
0.164 
0.195 
0.189 
0.173 
0.150 
0.154 
0.187 
0.195 
0.181 
0.188 
0.153 
0.234 
0.258 
0.209 
0.374 
0.202 
0.182 
0.314 
0.383 
0.287 
0.256 
0.280 

5(A2) B(A2) 

H(I) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 
H(9) 
H(IO) 
H(Il) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(18) 
H(19) 

438(3) 
444 (3) 
284(3) 
114(3) 

-375(3) 
-518(3) 
-474 (3) 
-371 (3) 

27(3) 
-239(3) 
-209 (4) 
-65 (3) 
-140(3) 

-3(3) 
-110(3) 
-118(3) 

5(3) 
-375 (3) 
-292(3) 

609 (3) 
469 (3) 
420 (3) 
445 (3) 
888 (3) 
854(3) 
744(3) 
623 (3) 
414(3) 
560(3) 
421 (3) 
341 (3) 
357(3) 
387(3) 
632(3) 
549 (3) 
565 (3) 
503 (3) 
580(3) 

145(2) 
227 (2) 
287 (2) 
319(2) 
41(2) 
118(2) 
215(2) 
265 (2) 
144 (2) 
81(2) 

-13(2) 
327 (2) 
395 (2) 
398 (2) 
391 (2) 
440 (2) 
420 (2) 
344 (2) 
387 (2) 

2.3 (9) 
1.2(10) 
2.4 (9) 
1.7(9) 
1.9(9) 
1.8(9) 
1.6(9) 
2.0(9) 
2.2 (9) 
1.2(10) 
2.3(10) 
1.7(9) 
1.2(9) 
3.1 (9) 
0.9 (9) 
1.7(9) 
3.5(9) 
1.1(9) 
1.7(10) 

H(20 
H(21 
H(22 
H(23 
H(24 
H(25 
H(26 
H(27 
H(28 
H(29 
H(30) 
H(31) 
H(32) 
H(33) 
H(34) 
H(35) 
H(36) 
H(37) 
H(38) 

-283 (4) 
-188(3) 
-312(3) 
-256(3) 

3(3) 
-72 (3) 
40(4) 
267 (3) 
169 (4) 
295 (4) 
421 (4) 
426 (5) 
439 (4) 

-259 (4) 
-256 (4) 
-261 (5) 
-443 (4) 
-552(4) 
-457 (4) 

465(3) 
401 (3) 
424(3) 
358(3) 
323(3) 
259(3) 
283(3) 
769(3) 
709 (3) 
693(3) 
560 (4) 
570 (4) 
658(4) 
895 (4) 
811 (4) 
785 (4) 
944 (4) 
873(3) 
849 (4) 

396(2) 
220 (2) 
231 (2) 
285 (2) 
-31 (2) 
12(2) 
49(2) 

385 (2) 
355(2) 
325(3) 
476 (3) 
400 (3) 
456(3) 
402(3) 
455 (3) 
380(3) 
461(3) 
447 (3) 
510(3) 

3.8(10) 
2.4 (9) 
4.2(9) 
2.1 (10) 
2.9 (9) 
3.5 (9) 
3.1 (10) 
3.3(9) 
3.3 (10) 
3.9(10) 
3.4(12) 
6.1(12) 
5.4(12) 
5.2(12) 
5.6(12) 
5.9(13) 
6.0(12) 
5.1(12) 
6.8 (13) 

a The x, y, z fractional coordinates are multiplied by 104 in the case of non-hydrogen atoms and by 103 otherwise. The form of the thermal 
ellipsoid is exp[-27r2(£/] \h2a*2 + . . . + 2U23klb*c*)}. The Uy elements in the table are multiplied by 103. 
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Figure 3. A detailed view of the packing in the vicinity of the coordinated O2. The various distances of interest are presented in Table IV. Note the general 
similarity to the "distal imidazole" pocket in myoglobin (cf. Figure 4). 

The 0( l ) -0(2) bond length in 3, 1.302 (3) A, is slightly 
longer than the values reported for other 1:1 species,2'9"13 but 
is in reasonable accord with the expected value of 1.28 A28 for 
the superoxide (O2

-) ligand. The corresponding value in 1 is 
1.273 (10) at -154° and 1.257 (10) A at 19°, while in 2 it is 
1.277 (3) A. Since substituent groups on the benzene ring can 
markedly affect the electronic structure of the metal in Co-
Salen compounds (Salen = 7V,./V/-ethylenebis(salicylidenim-
ine)), as shown by the infrared study of nitrosyl adducts,29 

where shifts in y(N-O) can be as high as 70 cm-1, it is sur
prising that the dioxygen bond length in 3 is longer than found 
in 1 or 2, since the fluorine atoms are expected to withdraw 
electron density from the cobalt atoms, thus leading to reduced 
antibonding valence electron population in the O 2

- species. 
We are at a loss to explain the observed trend. The differences 
between the three structures are probably significant, but any 
conclusions must await larger sampling. 

Bond angles in the complex are quite normal for salicylal-
dehyde complexes. The two N-Co-O in-plane angles are 95.7 
and 95.9°; N-Co-N is 84.1 ° and O-Co-0 is 84.3°. The oxy
gen atom of the O2 group bonded to Co is not on a line through 
the Co atom and normal to the ligand plane; the angle between 
the normal and the Co-O(I) vector is 3.8°. This is smaller than 
the 5.3° found by Brown and Raymond1' for (CN)5CoO2

3-, 
but the displacement in the two structures is in the same di
rection. 

By polarizing the filled, out-of-plane, metal t2g d orbitals, 
the ir-donor imidazole ligand is expected to reinforce the 
back-bonding of electron density into the empty TT* orbital of 
the dioxygen ligand in the trans position when the latter lies 
in the imidazole-defined plane. Structural evidence for such 
an effect has been scarce. In the "picket fence" adduct, only 
one of the two disordered dioxygen molecules lies in the plane, 
suggesting the effect to be of minimal importance in that case. 
It seems likely that in myoglobin, the O2 ligand also lies 
somewhat out of the plane (vide infra). In the present com
pound, 3, as in 1 and 2, the axial methyl groups on the ethyl-
enediamine bridge rigidly constrain the imidazole ligand plane 
to bisect the 7V(imine)-Co-0(phenolic) angle, an orientation 
which leads to stronger Co-N(imidazole) bonds due to de
creased steric hindrance between the base and the Schiff base 
plane.30 On the other hand, the O2 molecule can rotate about 
its coordination axis over a range of 180°. Yet in structures 1-3 
the dioxygen species essentially lies in the imidazole plane, 
perhaps suggesting the presence of some stabilization arising 
from enhanced x* back-bonding in the O2 ligand. The dihedral 
angle between the average imidazole plane and the plane 
formed by Co-0(l)-0(2) is 12.6° in 3 and 18.5° in 1. 

(CH2)2C00' [CW°Za?r, 

Figure 4. The view of the "distal imidazole" hydrophobic pocket in met-
myoglobin using Watson's31 1.4 A resolution coordinates. The shaded 
groups (van der Waals radii)' above theporphyrin plane are interlocked to 
form a unique cavity for the oxygen molecule, shown here in the hypo
thetical minimum-repulsion orientation (see text). The distal imidazole 
is labeled His64-E7. The numbers adjacent to the shaded atoms are the 
distances, in A, above the mean porphyrin plane. 

Figure 3 focuses on the molecular packing in the vicinity of 
the dioxygen ligand and Table IV lists some of the distances 
and angles of interest. The dioxygen molecule is snuggly em
braced by aprotic groups on all sides. The two molecules of 
acetone play an integral part in "locking" the dioxygen atoms 
in one orientation. They are not held strongly, however, and 
the acetone can escape from the crystal by diffusing out pas
sage ways parallel to the c axis; when this happens the crystal 
disintegrates completely. 

The environment of the dioxygen ligand in 3 (as well as 1) 
is remarkably similar to the hydrophobic, oxygen-coordinating 
pocket of myoglobin.31 In 3, the imidazole from a neighboring 
molecule is very close to the dioxygen ligand, as in the natural 
system. Both cases have the dioxygen ligand also surrounded 
by methyl groups. Figure 4 shows the "distal imidazole" side 
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Table IV. Selected Nonbonded Contact Distances (in A) and Angles (in deg)a 

Non-Hydrogen Contacts under 3.4 A 
O(2)-C(A10) 3.110(5) 

•••C(A7)' 3.176(7) 
-C(I) 1 3.251 (7) 

Hydrogen Contacts* 
0(2)-H(9) ' 

-H(35) 
...H(15) 
-H(12)> 
-H(26)' 

0(1)-H(15) 
-H(28) 
-H(ny 

Angles 
C(l) ' -H(9) ' -
C(l")-H(35)-

0(2) 
••0(2) 

H(9) ' -0(2)-0(l) 

F(B)-

2.44 (5) 
2.57 (5) 
2.79 (4) 
3.05 (5) 
3.06 (5) 
2.53 (4) 
2.73 (5) 
2.89(5) 

147(3) 
134(5) 
112(1) 

"C(AlO)" 
«C(4) in 

»C(1")IV 

3.079 (7) 
3.202(7) 
3.390(8) 

F(A)-H(Il)"1 

-H(13)i 
F(B)-H(16)1V 

-H(M)1 

-H(34) IV 

0(A)-H(24)"' 
0(B)-H(24)m 

H(35)-0(2)-0(l) 
H(15)-0(l)-0(2) 

F(A)-
C(A5)-

•C(3)'" 3.266(7) 
•C(2")v 3.379 (8) 

2.44(5) 
2.59(5) 
2.49 (5) 
2.54(5) 
2.58 (6) 
2.66 (5) 
2.51 (5) 

128(1) 
87(1) 

" Roman numeral superscripts refer to equivalent positions relative to the reference molecule at x, y, z: I = {x, y + % ]k ~ *), II = (x — 
1. \—y, 1A + z), III = (x, 1 - y, f), IV = {x — 1, % - y, z — 1A), and V = (x, y - 1 ,̂ 1^ - z). The hydrogen labeling scheme is partly identified 
in Figure 3 and completely in Table VII.35 b The calculated esd's given here should probably be at least doubled to take into account the fact 
that the C-H distances do not represent true internuclear distances. 

160-
I ' ' ' I TT 1 1 "1—3 I 1 1""" I 

80 90 100 110 120 130 140 150 160 170 180 
6 (degj 

Figure 5. Contoured plot of £ 1 /r6 (relative arbitrary units) as a function 
of 9(Fe-O-O) angle and ^(Npyr-Fe-O-O) torsion angle. The contact 
distances, r, are between the terminal oxygen and the various adjacent 
groups, i/- = O is defined in Figure 4. The shaded area represents the region 
where only reasonable contact distances are found. 

of the porphyrin plane, with the dioxygen ligand placed into 
a "minimum repulsion" region based on a simple electrostatic 
model. For various values of the Fe-O-O angle, 6, and the 
torsion angle N(pyr ro le ) -Fe-0-0 , \p, the sum of the 1/V6 

terms of the four closest contacts to the uncoordinated oxygen 
is shown in Figure 5; a shallow minimum is observed. On this 
basis we estimate that the Fe-O-O angle is about 120 ± 10° 
and the torsion angle \j/ about - 3 0 ± 10° (cf. Figure 4). This 
orientation of the dioxygen ligand is supported by the single-
crystal electron spin resonance study of cobalt-reconstituted 
myoglobin.5 However, the latter study predicts a symmetrical 
7T bonding for the O2 ligand, a view not supported by recent 
accurate structural results of 1:1 adducts and the simple re
pulsion model for the hydrophobic pocket. 

The dimensions of the Salen portion in the present structure 
agree well with those of 1 and 2 and with the majority of other 
six-coordinate Salen-containing structures,32 with the excep
tion of the phenolic C-O bond distances, which in the present 
case (1.288 A average) seem to be shorter than previously 
observed. This is in accord with the expected effect of the flu
orine atoms in making the phenolic atoms more acidic. 

The methylimidazole dimensions agree well with the most 
accurate previous determinations.33 The imidazole atoms 
rigorously lie in a plane (Table V). Rigid-body libration-
translation analysis34 reveals a 6.3° root-mean-square (rms) 
rotation (negligible pitch) of the imidazole group approxi
mately about the coordination bond. Similar analysis shows 
that the acetone molecules librate in a complicated manner 
with rms amplitudes as high as 9-12°. 
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in solution. These complexes frequently crystallize with mol
ecules of the recrystallization solvents included in the lattice. 
Metal-ligand bond lengths alter with variation of the high to 
low spin ratio, as measured by magnetic properties. ' - 3 ^ 8 

The properties of the complexes then vary with alteration 

Relation between Magnetism and Structure of Iron(III) 
Complexes Exhibiting an*S = %^=±5' = % Spin State 
Equilibrium. Structures of Chloroform and Water Solvated 
Tris(4-morpholinecarbodithioato-5',5,/)iron(III) 
and -manganese(III) 
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Abstract: The crystal and molecular structures of tris(l-morpholinecarbodithioato-S,5')iron(III) crystallized from chloro
form (FeM-CHCl3) and toluene (FeM-tol) and the manganese analogue crystallized from chloroform (MnM-CHCl3) were 
determined by single-crystal x-ray diffraction using computer techniques. Crystal data: FeM-CHCl3, Fe(S2CNC4H8O)3-
CHCl3, Pi, Z = 2, a = 9.209 (4) A, b = 10.716 (4) A, c = 14.512 (9) A, a = 101.40 (6)°,/S = 97.02 (6)°, 7 = 90.61 (6)°, V 
= 1392 A3, R = 4.0%, 2934TeAeCtIOnSjMnM-CHCl31Mn(S2CNC4H8O)3-CHCl31Z

3LZ = 2, a = 13.60(I)A, b = 11.009 
(5) A, c= 11.733 (5) A, a = 117.09 (4)°, /3 = 99.89 (6)°, 7 = 107.72 (5)°, V = 1387 A3, R = 4.0%, 2576 reflections; FeM-tol, 
Fe(S2CNC4H8O)3-H2O, Pl, Z = 2, a = 9.292 (3) A, b = 10.454 (4) A, c = 13.646 (8) A, a = 100.30 (3)°, /3 = 95.37 (4)°, 
7 = 106.19(3)°, V= 1238 A3, R = 3.9%, 3316 reflections. Like the previously studied dichloromethane solvate, FeM-CHCl3 
and FeM-tol exhibit a spin state equilibrium between S = 3/2 and 5 = 5/2 states. It now appears that with hydrogen bonding sol
vates (CH2Cl2 in FeM-CH2Cl2, CHCl3 in FeM-CHCl3, and H2O in FeM-tol), the magnetic moment is raised compared to 
that of the desolvated FeM, and an 5 = 3/2 ground state is produced, whereas FeM shows only S = V2 and 5 = % states. A possi
ble mechanism for this, involving solvent hydrogen bonding to ligand sulfur atoms, is discussed. It is likely that S = '/2, S = 3/2, 
and 5 = % states are all low lying in these and related complexes. In view of this and the extreme solvent sensitivity, many of 
the earlier literature data for such complexes should be taken with caution. The average metal-ligand bond lengths in the iron 
complexes increase as the moments increase. (Fe-S) is 2.317 (1), 2.416 (1), 2.430 (4), and 2.443 (1) A in C6H6, CHCl3, 
CH2Cl2, and H2O solvates, respectively, the latter being the greatest (Fe-S) distance ever observed in a ferric dithiocarba-
mate. The manganese environment in MnM-CHCl3 exhibits strong tetragonal distortion in addition to the trigonal distortion 
that occurs in all tris(dithiocarbamate) complexes. Near liquid helium temperature, there is some evidence of the intermolecu-
lar antiferromagnetic interaction expected to occur in the manganese and iron complexes, via the electron spin density delocal-
ized onto the ligands. 
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