
2557 

(30) L. E. Mortenson, Biochim. Biophys. Acta, 81, 71 (1964). 
(31) R. C. Job and T. C. Bruice, Proc. Natl. Acad. Sci. U.S.A., 72, 2478 

(1975). 
(32) (a) E. T. Adman, L. C. Sieker, and L. H. Jensen, J. Biol. Chem., 248, 3987 

(1973); (b) E. Adman, K. D. Watenpaugh, and L. H. Jensen, Proc. Natl. Acad. 
Sci. U.S.A., 72, 4854 (1975). 

(33) The reduced analogues [Fe4S4(SR)4]
3 have recently been isolated in pure 

crystalline form, but structural information from x-ray diffraction is not yet 
available: R. W. Lane, A. G. Wedd, W. O. Gillum, E. Laskowski, R. H. Holm, 
R. B. Frankel, and G. Papaefthymiou, J. Am. Chem. Soc, submitted for 
publication. See also R. B. Frankel, T. Herskovitz, B. A. Averill, R. H. Holm, 
and W. D. Phillips, Biochim. Biophys, Res. Commun., 58, 974 (1974). No 
structural details have been reported for Fdreo proteins. 

(34) R. J. Kassner and W. Yang, Biochem. J., 133, 283 (1973). 
(35) (a) R. J. Kassner, Proc. Natl. Acad. Sci. U.S.A., 69, 2263 (1972); (b) J. Am. 

Chem. Soc, 95, 2674 (1973). 
(36) C. C. McDonald, W. D. Phillips, W. Lovenberg, and R. H. Holm, Ann. N. Y. 

Acad. Sci., 22,789(1973). 
(37) (a) R. Cammack, Biochem. Soc. Trans., 3, 482 (1975); (b) R. Mathews, S. 

Charlton, R. H. Sands, and G. Palmer, J. Biol. Chem., 249, 4326 (1974). 
(38) L. Que Jr., R. H. Holm, and L. E. Mortenson, J. Am. Chem. Soc, 97, 463 

(1975). 
(39) C. Y. Yang, K. H. Johnson, R. H. Holm, and J. G. Norman Jr., J. Am. Chem. 

Soc, 97, 6596(1975). 
(40) E. P. Parry and R. A. Osteryoung, Anal. Chem., 37, 1634 (1965). 
(41) Difficulties in obtaining accurate-values of Ei,p when working in different 

solvent systems are well recognized.42 Previous estimates of these values 
for 80-100% Me2SO solutions vs. SCE have ranged from +0.05 to +0.20 
V.7'426 FijP values will certainly decrease as solvent water content in­
creases. Because the range of [Fe4S4(SCH2CH2OH)4]

 2 _ ' 3 _ potentials is 
twice as large as E|jP estimates, it is highly unlikely that varying junction 
potentials are solely responsible for the observed solvent dependence of 
Ey2 in this case or, by implication, for [Fe4S4(S-(RS)-CyS(As)NHMe)4]

2-,3_ 

and Fdox/Fdrad (Table III) where potential changes are somewhat small­
er. 

(42) (a) L. Meites, "Polarographic Techniques", 2nd ed, lnterscience, New York, 
N.Y., 1965, pp 340-341; (b) J. B. Headridge, "Electrochemical Techniques 
for Inorganic Chemists", Academic Press, New York, N.Y., 1969, pp 
71-80. 

(43) A. L. Underwood and R. W. Burnett, Electroanal. Chem., 6, 1 (1973). 
(44) H. Dalton and J. Zubieta, Biochim. Biophys. Acta, 322, 133 (1973). 
(45) P. D. J. Weitzman, I. R. Kennedy, and R. A. Caldwell, FEBS Lett., 17, 241 

(1971). 
(46) S. G. Mayhew, D. Petering, G. Palmer, and G. P. Foust, J. Biol. Chem., 244, 

2830(1969). 
(47) (a) B. E. Sobel and W. Lovenberg, Biochemistry, 5,6 (1966); (b) M. C. W. 

Evans, D. O. Hall, H. Bothe, and F. R. Whatley, Biochem. J., 110, 485 
(1968); (c) K. K. Eisenstein and J. H. Wang, J. Biol. Chem., 244, 1720 
(1969). 

(48) E. L. Packer, H. Sternlicht, E. T. Lode, and J. C. Rabinowitz, J. Biol. Chem., 
250,2062(1975). 

(49) E. E. van Tamelen, J. A. Gladysz, and C. R. Brulet, J. Am. Chem. Soc, 96, 
3020(1974). 

(50) (a) A. J. Fry, "Synthetic Organic Electrochemistry", Harper and Row, New 
York, N.Y., 1972, Chapters 2 and 3; (b) J. Heyrovsky and J. K*uta, "Principles 
of Polarography", Academic Press, New York, N.Y., 1966, Chapter XVI; 
(c)ref42a, pp 187-189. 

(51) S. R. Betso, M. H. Klapper, and L. B. Anderson, J. Am. Chem. Soc, 94,8197 
(1972). 

(52) Reference 42a, pp 138-140. Here it is stated that the temperature coef­
ficient of limiting current for diffusion-controlled waves of most organic 
molecules is +(1-2)%/deg. The temperature coefficient of limiting current 
for adsorption waves is negative.5011 

(53) As pointed out by one referee certain systems may satisfy the criteria cited, 
but still exhibit adsorption effects; cf., e.g., A. M. Bond and G. Hefter, J. 
Electroanal. Chem., 42, 1 (1973). The tests which could be used in this work 
constitute a set of necessary but not always sufficient criteria for adsorption 
complications. For a recent discussion of the effects of adsorption on re­
versible polarographic waves, cf. M. Sluyters-Rehbach, C. A. Wijnhorst, 
and J. H. Sluyters, J. Electroanal. Chem., 74, 3 (1976). 

(54) This statement assumes a structural similarity between P. aerogenes 
Fd0X

9,32 and C. pasteurianum Fd0x. Note the considerable homology in the 
amino acid sequences of these proteins: K. T. Yasunobu and M. Tanaka 
in "Iron-Sulfur Proteins", Vol. II, W. Lovenberg, Ed., Academic Press, New 
York, N.Y., 1973, Chapter 2. 

(55) For recent results pertaining to the structure of this protein, cf. J. B. Howard, 
T. Lorsbach, and L. Que, Biochem. Biophys. Res. Commun., 70, 582 
(1976). 

Stereochemistry of Manganese Porphyrins. 3. Molecular 
Stereochemistry of a,/?,7,6-Tetraphenylporphinato-
(l-methylimidazole)manganese(II)1'2 

John F. Kimer,3a Christopher A. Reed,3b and W. Robert Scheidt*3" 

Contribution from the Departments of Chemistry, University of Notre Dame, Notre Dame, 
Indiana 46556, and University of Southern California, Los Angeles, California 90007. 
Received November 8, 1976 

Abstract: a,/3,7,5-Tetraphenylporphinato(l-methylimidazole)manganese(II) crystallizes as the tetrahydrofuran solvate in the 
monoclinic system, space group Pl\jn. The unit cell has a = 27.405 (7) A, b = 9.645 (5) A, and c = 17.768 (9) A, and /3 = 
112.45 (2)°, and contains four molecules. The calculated and experimental densities are 1.258 and 1.27 g/cm3, respectively, 
at 20 ± 1 0C. Measurement of diffracted intensities employed w scans with graphite-monochromated Mo Ka radiation on a 
Syntex four-circle diffractometer. All independent reflections for (sin 8)/X < 0.626 A - 1 were measured; 5276 reflections were 
retained as observed. These data were employed in the determination of structure using the heavy-atom method and block-di­
agonal least-squares refinement of the 540 structural parameters. The final conventional and weighted discrepancy factors are 
0.052 and 0.061, respectively. The structural parameters of the square-pyramidal MnNs coordination group reflects the large 
size of the high-spin manganese(II) atom; the average equatorial Mn-N distance is 2.128 A and the axial Mn-N bond distance 
is 2.192 A. The manganese atom is displaced 0.56 A from the mean skeletal plane. The relevance of this structure to deoxyhem-
oglobin and manganese-substituted deoxyhemoglobin is discussed. 

The stereochemistry of high-spin manganese(II) porphy­
rins, the isoelectronic high-spin iron(III) and the high-spin 
iron(II) porphyrins are expected to be dominated by the large 
size of the metal atom. This large size should yield derivatives 
in which the metal atom is substantially out of the porphyrin 
plane. We report herein the molecular stereochemistry of a 
five-coordinate high-spin manganese(II) derivative, 
a,0,7,5-tetraphenylporphinato( 1 -methylimidazole)mangan-
ese(II), to be written as Mn(I-MeIm)(TPP).4 We compare 
the molecular stereochemistry of Mn(I-MeIm)(TPP) with 
other five-coordinate metalloporphyrin derivatives including 

those which, like the high-spin manganese(II) derivative, 
contain spherically symmetric metal ions. We also compare 
the results for Mn(I-MeIm)(TPP) with those obtained for 
high-spin four-coordinate MnTPP5 in which the out-of-plane 
displacement is considerably smaller. 

The structure OfMn(I-MeIm)(TPP) is of considerable in­
terest as a model for the coordination group in manganese-
substituted heme proteins, and in particular for manganese-
substituted hemoglobin, MnHb. MnHb has been shown to 
exhibit allosteric properties in its axial ligation and oxida­
tion-reduction reactions.6 In addition, x-ray studies have 
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Table I. Atomic Coordinates in the Unit Cell" 

Atom Coordinates 
type* ~Wx Wy Wz 

" The figure in parentheses following each datum is the estimated 
standard deviation in the last significant figure. * Atoms are identified 
in agreement with Figures 1, 2, and 3. c For Mn \0sx = 7768 (2), 105V 
= !6 909 (5), 105Z = 28 792 (3). 

shown that Fe111Hb and Mn111Hb have the same quater­
nary structure.7 That the manganese(II) atom can serve as a 
qualitatively acceptable substitute for the iron(II) atom in 

hemoglobin in some reactions appears quite reasonable from 
the structure of Mn(I-MeIm)(TPP). 

Experimental Section 

Single crystals of the tetrahydrofuran solvate of Mn(I-MeIm)-
(TPP) were obtained from THF-I-MeIm solutions of MnTPP (under 
nitrogen). Crystals were mounted in thin-walled glass capillaries in 
a nitrogen-filled drybox. A large number of crystals were examined 
before one, with approximate dimensions of 0.33 X 0.33 X 0.37 mm, 
was found that was acceptable for data collection. Preliminary work 
on the diffractometer established a monoclinic unit cell; the systematic 
absences suggested P2]/ns as the uniquely probable space group. 
Precise lattice constants and diffracted intensities were derived from 
measurements carried out on a Syntex Pl diffractometer at the am­
bient laboratory temperature of 20 ± 1 °. Lattice constants, a = 27.405 
(7) A, b = 9.645 (5) A, c = 17.768 (9) A, and Q = 112.45 (2)° (\ 
0.710 69 A), came from a least-squares refinement of the setting 
angles of 30 reflections, each collected at ±20. For a cell content of 
4[MnN6C48H34-(C4H8O)], the calculated density is 1.258 g/cm3; 
the experimental density of the crystals, determined immediately after 
removal from the inert atmosphere, was 1.27 g/cm3. 

Intensity data were collected using graphite-monochromated Mo 
Ka radiation with "wandering" co-scan techniques using programs 
and conditions as described previously.9 A variable scan rate was used; 
for reflections with 28 < 31.3° the rate ranged from 1.0 to 6.0 deg 
a>/min and for reflections with 28 *S 52.9° the rate was 0.5-6.0 deg/ 
min. Four standard reflections that were well distributed in reciprocal 
space were used for periodic checking (every 50 reflections) on the 
alignment and possible deterioration of the crystal; a decrease of less 
than 1% was observed during the measurements. With a linear ab­
sorption coefficient of 0.37 mm-1 and the cited crystal dimensions, 
an absorption correction was deemed unnecessary. The net intensities 
were reduced to a set of relative squared amplitudes as described 
previously,10 and a total of 5276 independent data having F0 > 3cr(F0) 
were considered observed (59% of the theoretical number possi­
ble). 

These data were used, for determination of structure by the 
heavy-atom method" and refinement by block-diagonal least-squares 
techniques.12 The structure was initially refined to convergence using 
isotropic temperature factors for all atoms bonded to hydrogen and 
anisotropic temperature factors for all other atoms. A difference 
Fourier synthesis revealed the positions of all hydrogen atoms; the 
coordinates of the hydrogen atoms were idealized (C-H = 0.95 A, 
S(H) = 5(C) + 1.0 A2) and included in subsequent refinements as 
fixed contributors; this change in the model was significant at the 99% 
confidence level. The THF molecule was refined as a five-carbon ring 
with no hydrogen atoms. The high temperature factors of the atoms 
of the THF ring suggest either some positional disorder or partial 
occupancy of the ring or both. The refinement was carried to con­
vergence using anisotropic temperature factors for all heavy atoms. 
The final value of/J, = 2 |F 0 | - |F C | /2 |F 0 | was 0.052; that of R2 

= [2w(| F0 | - IFcI)2ZSwF0
2]1/2 was 0.061. The data to parameter 

ratio was 9.8. The largest shift/error in the final cycle was 0.41, ex­
cluding the solvent molecule, the largest was 0.17. The largest peak 
in the final difference Fourier map was 0.59 e/A3 and was in the re­
gion of the solvent molecule. A listing of final observed and calculated 
structure factors is available (see paragraph at end of paper regarding 
supplementary data). 

Atomic coordinates and the associated anisotropic thermal pa­
rameters in the asymmetric unit of structure are listed in Tables I and 
II, respectively. 

Discussion 

Figure 1 is a computer-drawn model13 in perspective of the 
Mn(I-MeIm)(TPP) molecule as it exists in the crystal. Also 
displayed in Figure 1 are the bond distances of the coordination 
group and the special symbols used to identify the atoms. This 
numbering scheme is maintained in all tables. Individual bond 
lengths and angles are given in Tables III and IV. 

Although no crystallographic symmetry is imposed on the 
Mn(I-MeIm)(TPP) molecule, bond lengths and angles of the 
porphinato core retain effective fourfold geometry. Using Ca 

and C b to denote the respective a- and 0-carbon atoms of a 
pyrrole ring, Cm for methine carbon, and Cp for a phenyl car-

Mn r 

N, 
N2 

N3 

N4 

N5 

N6 

C a l 

Ca2 
Ca3 
Ca4 
Ca5 

Ca 6 
Q 7 
CaS 
CbI 
Cb2 
Cb3 
Cb4 
Cb5 
Cb6 
Cb7 
Cb8 
Cml 
Cm2 
Cm3 
^m4 

C1 

C2 

C3 

C4 

C5 

C6 

C7 

C8 

C9 

Cio 
C 1 , 
C1 2 

C1 3 

C 1 4 

C1 5 

C 1 6 

C17 

C18 

C)<) 
C2O 
C21 
C22 
C23 
C24 
C25 
C2 6 

C2 7 

C28 
C29 
C3o 
C31 
C32 

C33 

777(0 
833(1 

1614(1 
795(1 

14(1 
562(1 
300(2 
413(1 

1277(1 
1952(1 
1921 (1 
1204(1 
349(1 

-310(1 
-288(1 

601 (1 
1127(1 
2487(1 
2474(1 
1005(1 
483(1 

-831 (1 
-820(1 
-111 (1 
1797(1 
1735(1 

-161 (1 
373(2 
447(2 
611 (2 

88(4 
-507(1 
-735(2 

-1091 (2 
-1224(1 
-1015(2 
-659(2 
2230(1 
2424 (2 
2831(2 
3039(2 
2843 (2 
2439(2 
2134(1 
2214(2 
2578(2 
2861 (2 
2793(2 
2432(1 
-595(1 
-679(2 

-1091 (2 
- 1 4 2 2 ( 2 
-1344(2 
-931 (2 
1521(5 
1898 (6 
1706(6 
1134(5 
1069(6 

1691 
2121 
1832 
2299 
2597 
-482 

-2634 
2315 
2023 
1843 
1802 
1994 
2421 
2834 
2762 
2274 
2110 
1831 
1807 
1893 
2164 
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3137 
2588 
1890 
1798 
2712 
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-1177 
-3909 
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3006 
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4039 
1855 
3062 
3042 
1790 
585 
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1541 
2498 
2223 
1008 
66 

335 
2883 
4114 
4271 
3168 
1927 
1787 
1046 
717 
840 
1365 
1344 

5 
5 
5 
4 
4 
4 
5 
5 
5 
4 
4 
5 
6 
6 
5 
4 
4 
4 
5 
6 
5 
5 
20) 
24) 
30) 
22) 
25) 

2879 
1741 
3398 
4047 
2376 
2943 
2669 
1017 
1562 
2988 ( 
4215 
4765 
4216 
2792 ( 
1564 
358 
693 
3574 
4318 
5410 
5070 
2221 
1467 
927 

2137 
4855 
3639 
2373 ( 
3468 
3646 
2177 

74 ( 
-391 ( 
-1186 
-1525 
-1071 
-274 
1810 
1622 
1338 
1227 
1402 
1696 
5696 
6324 
7102 
7260 
6653 
5869 
3955 
4271 
4533 
4478 
4164 
3906 
7798 
8587 
9104 
8661 
7934 ( 

0) 
2) 
2) 
2) 
2) 
2) 
3) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
2) 
3) 
3) 
3) 
6) 
2) 
3) 
3) 
2) 
2) 
2) 
2) 
2) 
3) 
2) 
3) 
3) 
2) 
2) 
3) 
2) 
3) 
2) 
2) 
2) 
3) 
2) 
3) 
3) 
7) 
9) 
6) 
6) 
0) 
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Atom type 

Mn 
Ni 
N2 

N3 

N4 

N , 
N6 

C11, 
Ca' 
Ca 3 

C 1 1 4 

Ca5 

Ca6 
Ca7 

Ca8 

Cbi 

Cb2 
Cb3 
Cb4 
Cb5 

Cb6 
Cb7 
Cb8 
C m l 

^ m 2 

Cm 3 

^- m4 
C, 
C, 
C3 

C4 

C5 

C6 

C7 

C s 

C9 

Cio 
C,, 
C12 

c,3 C i 4 

Cu 
C ] 6 

C,7 

c,« 
C19 

C20 
C21 

O 1 

C23 

C24 

C25 

C26 

C27 

C2K 

C29 

C3O 
C3, 
C32 

C33 

fill 

3.10(2) 
3.4(1) 
3.4(1) 
3.2(1) 
3.3(1) 
4.7(1) 
9.9(3) 
4.1 (2) 
3.9(1) 
3.5(1) 
3.2(1) 
3.8(1) 
3.5(1) 
3.3(1) 
3.6(1) 
4.6(2) 
4.5(2) 
3.3(1) 
3.4(1) 
4.1 (2) 
4.1 (2) 
3.6(1) 
3.6(1) 
3.7(1) 
3.7(1) 
3.4(1) 
3.3(1) 

10.5(3) 
9.6(3) 
9.4(3) 

23.7(9) 
3.5(1) 
5.4(2) 
5.2(2) 
3.9(2) 
5.3(2) 
5.4(2) 
3.8(1) 
5.2(2) 
5.7(2) 
4.9(2) 
6.1 (2) 
5.5(2) 
3.4(1) 
4.7(2) 
5.1 (2) 
4.0(2) 
4.2(2) 
3.6(2) 
3.5(1) 
4.7 (2) 
5.4(2) 
4.6(2) 
5.2(2) 
5.3(2) 

18.6(9) 
24(1) 
23(1) 
21 (D 
16(1) 

fi22 fi33 

3.45(2) 3.65(2) 
3.7(1) 
3.8(1) 
4.2(1) 
3.9(1) 
4.0(1) 
4.1 (2) 
3.5(1) 
3.1 (1) 
3.3(1) 
3.7(1) 
3.8(2) 
4.0(2) 
3.8(2) 
3.8(2) 
4.0(2) 
4.3(2) 
4.2(2) 
4.5(2) 
5.5 (2) 
5.7 (2) 
5.8(2) 
5.6(2) 
3.2(1) 
3.0(1) 
3.9(2) 
4.0(2) 
5.8(2) 
5.6(3) 
6.0(2) 
7.2(4) 
3.7(1) 
4.1 (2) 
5.7(2) 
6.9(2) 
5.5(2) 
4.3(2) 
3.8(2) 
4.1 (2) 
5.9(2) 
7.1 (2) 
5.6(2) 
4.2(2) 
5.4(2) 
7.5(3) 

10.2(3) 
11.4(3) 
7.6(3) 
5.6(2) 
4.6(2) 
5.4(2) 
7.6(3) 

10.0(3) 
8.0(3) 
5.3(2) 

39(2) 
41 (3) 
61 (4) 
48(3) 
48(3) 

3.8(1) 
3.7(1) 
3.8(1) 
4.0(1) 
5.0(1) 
9.7(3) 
3.9 (2) 
4.3 (2) 
4.3(1) 
4.0(1) 
4.0(1) 
4.3 (2) 
4.5(2) 
4.4(2) 
3.7(2) 
4.1 (2) 
4.7(2) 
4.4(2) 
3.9(2) 
4.2(2) 
5.0(2) 
4.9 (2) 
3.9(1) 
4.4(1) 
3.6(1) 
4.7 (2) 
6.9(2) 
8.0(3) 
5.6(2) 

16.8(7) 
4.2(2) 
5.7(2) 
5.4(2) 
4.3 (2) 
4.9(2) 
4.5(2) 
3.9(1) 
5.8(2) 
6.1 (2) 
4.9(2) 
7.5(2) 
6.7(2) 
3.7(1) 
4.4 (2) 
4.7(2) 
4.4(2) 
5.7(2) 
4.8 (2) 
4.3 (2) 
5.7(2) 
5.9(2) 
4.6(2) 
7.3(2) 
7.2(2) 

14.5(7) 
21(1) 
9.1 (6) 
9.4 (6) 

22(1) 

S i 2 

0.06 (2) 
0.3(1) 
0.0(1) 
0.1 (1) 
0.2(1) 

- 0 . 4 ( 1 ) 
- 2 . 2 ( 2 ) 

0.1 (1) 
0.3(1) 
0.0(1) 

- 0 . 2 ( 1 ) 
-0 .1 (1) 

0.1 (1) 
0.2(1) 
0.1 (1) 
0.1 (1) 
0.1 (D 

-0 .1 (1) 
- 0 . 2 ( 1 ) 

0.1 (D 
0.1 (1) 
0.5 (2) 
0.6(1) 
0.1 (1) 
0.0(1) 

- 0 . 2 ( 1 ) 
0.0(1) 

- 2 . 7 ( 2 ) 
- 1 . 0 ( 2 ) 
- 1 . 6 ( 2 ) 
- 7 . 6 ( 5 ) 
-o.i (i) 
- 0 . 6 ( 2 ) 
- 1 . 2 ( 2 ) 

0.1 (2) 
0.6(2) 
0.0(2) 
0.2(1) 
0.1 (1) 

-0 .4 (2) 
-0 .1 (2) 

0.2(2) 
0.0(1) 

- 0 . 6 ( 1 ) 
-0 .1 (2) 
-0 .6 (2) 
- 0 . 6 ( 2 ) 

0.1 (2) 
- 0 . 3 (1) 

0.3(1) 
0.2(2) 
1.5(2) 
1.5(2) 

-1 .1 (2) 
-0 .5 (2) 

- 1 0 ( 1 ) 
11 (2) 
10(2) 
10(1) 
9(1) 

Bi3 

1.43 ( 
1.4(1) 
1.5(1) 
1.4(1) 
1.4(1) 
2.1 (1) 
6.5 (2) 
1.6(1) 
2.0(1) 
1.9(1) 
1.5(1) 
1.6(1) 
1.9(1) 
1.6(1) 
1.5(1) 
1.8(1) 
2.0(1 
1.6(1) 
1.5(1) 
1.7(1) 
2.2(1) 
1.8(1) 
1.3(1) 
1.1 (1) 
2.0(1) 
1.2(1) 
2.0(1) 
5.3 (2) 
2.8(3) 
1.4(2) 

13.0(7) 
1.5(1) 
1.4(2) 
0.9(2) 
0.9(1) 
0.8(2) 
0.6(1) 
1.8(1) 
3.2(2) 
3.2(2) 
3.0(2) 
4.3(2) 
3.6(2) 
1.5 (1) 
1.4(2) 
1.6(2) 
1.2(1) 
1.5(2) 
1.4(1) 
1.8(1) 
2.5 (2) 
3.0(2) 
2.5(2) 
3.5(2) 
3.6(2) 

10.9(7) 
14(1) 
7.0(7) 
8.0(7) 

10.2(9) 

B2J 

) 0.15(2) 
0.3(1) 
0.0(1) 

- 0 . 3 ( 1 ) 
0.2(1) 
0.0(1) 

- 1 . 3 ( 2 ) 
0.3(1) 
0.2(1) 
0.0(1) 
0.0(1) 

-0 .3 (1) 
-0.1 (1) 

0.3(1) 
0.1 (D 

-0 .1 (1) 
0.0(1) 
0.2(1) 
0.1 (D 

-0 .1 (1) 
0.0(1) 
0.2(2) 
0.8 (2) 
0.2(1) 
0.0(1) 

-0 .1 (1) 
- 0 . 2 ( 1 ) 
- 1 . 0 ( 2 ) 

2.1 (2) 
1.4(2) 

- 5 . 6 ( 4 ) 
0.0(1) 

- 0 . 2 ( 2 ) 
-1 .3 (2) 
- 0 . 2 ( 2 ) 

0.8 (2) 
0.3(1) 
0.1 (1) 
0.6(1) 
1.2(2) 
0.0(2) 

-1 .1 (2) 
- 0 . 5 ( 2 ) 

0.0(1) 
- 1 . 0 ( 2 ) 
- 1 . 5 ( 2 ) 

1.1 (2) 
1.6(2) 
0.5 (2) 
0.3(1) 

-0 .8 (2) 
-0 .3 (2) 

1.5(2) 
0.8(2) 
0.1 (2) 

- H ( D 
3(1) 
3(1) 
1 (D 
1 (D 

" The number in parentheses following each datum is the estimated standard deviation in the least significant figure. By is related to the 
dimensionless % employed during refinement as B,j = 4ft,/a/*Oy*. 

bon atom that is bonded to the core, the average bond lengths 
of a given chemical type in the core are N - C a = 1.373 (4) A, 
C a -C m = 1.408 (4) A, C a -C b = 1.445 (6) A, C b -C b = 1.345 
(7) A, and C m -C p = 1.502 (6) A. The number in parentheses 
following each averaged length is the estimated standard de­
viation calculated on the basis that the values are all drawn 

from the same population. Average bond angles of a chemical 
type are C a N C a = 107.1 ( l ) 0 , N C a C b = 109.0 (2)°, NC a C m 

= 125.5 (3)°, CaCbCb = 107.4 (4)°, C aCmC a = 126.0 (6)°, 
and C aCmC p = 117.0 (5)°. Except for the C b -C b bond 
lengths,14 the bond parameters of the core in Mn(I-MeIM)-
(TPP) are those which are compatible with an expanded por-
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Figure 1. A computer-drawn model of the Mn(I -MeIm)(TPP) molecule. The label assigned to each atom is displayed. Also shown are the bond distances 
of the coordination group. 

-34 

-23 

Figure 2. A formal diagram of the porphinato core showing the perpen­
dicular displacement of each atom, in units of 0.01 A, from the mean plane 
of the 24-atom core. The diagram has the same general orientation as that 
given in Figure 1; in addition, each pyrrole ring is identified by the label 
assigned to its nitrogen atom. 

phinato core.15'16 The 2.065 A radius of the central hole, 
Ct-N, while not as large as the 2.098 A value in Cl2SnTPP,15 

still corresponds to a substantially expanded core. 
Figures 2 and 3 display some aspects of the porphinato core 

conformation of the molecule. These figures are drawn with 
the same general orientation (Ni at upper right, N2 at upper 
left, etc.) as Figure 1. Each labeled atom of Figure 1 has been 
replaced by the value of its perpendicular displacement, in units 
of 0.01 A, from the mean plane of the 24-atom core in Figure 
2. Figure 3 displays the perpendicular displacements of each 
atom from the mean plane of the coplanar (±0.002 A) nitrogen 

Figure 3. A formal diagram of the porphinato core showing the perpen­
dicular displacement of each atom, in units of 0.01 A, from the mean plane 
of the four porphinato nitrogen atoms. The diagram has the same orien­
tation as Figure 2. 

atoms. The dihedral angle between these two mean planes is 
3.0°. The manganese(II) atom is displaced out of the porphyrin 
nitrogen atom plane by 0.512 A and by 0.557 A out of the 
mean plane of the 24-atom core. Thus the entire core, to a very 
crude approximation, "domes" away from the nitrogen atom 
plane. From Figures 2 and 3 it is seen that three pyrrole rings 
(Ni, N2, and N4) tilt upwards, out of the mean plane, toward 
(or following) the manganese(II) atom while the fourth (N3) 
pyrrole ring tilts downward. The tilting of the pyrrole rings can 
be specified by noting the displacement of the manganese(II) 
atom from the mean plane of each pyrrole ring. For pyrrole 
rings Ni, N2, and N4, the Mn atom is displaced by 0.38,0.14, 
and 0.36 A, respectively, and by 0.85 A from the mean plane 
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Table III. Bond Lengths in the Coordination Group, Porphinato Skeleton, and 7V-Methylimidazole Ligand" 

Type 

Mn-N, 
Mn-N 2 

Mn-N 3 

Mn-N 4 

Mn-N 5 

N 1 -C 3 , 
N1-Ca2 

N2-Ca3 

N2-Ca4 

N3-Ca5 

N 3 -C 3 6 

N 4 -C 3 7 

N 4 -C 3 8 

C 3 I - C 1 n , 

C a I - C b , 

Length, 

A 

2.126(2) 
2.124(2) 
2.139(2) 
2.123(2) 
2.192(2) 
1.372(3) 
1.376(3) 
1.380(2) 
1.372(3) 
1.371 (3) 
1.370(3) 
1.376(3) 
1.370(3) 
1.409(3) 
1.448(3) 

Type 

Ca2 -Cm2 
C 3 2 - C b 2 

*-a3-^~m2 
C a 3 - C b 3 

C a 4 - C m 3 

C a 4 - C b 4 

^ a 5 - ^ m 3 
C a 5 - C b 5 

^a6~^m4 
Ca6~Cb6 
^a7 - v-m 4 

C37-Cb7 
C a 8 - C m | 

Ca8"Cb8 

Length, 

A 

1.405(3) 
1.441 (3) 
1.407(3) 
1.438(3) 
1.413(3) 
1.457(3) 
1.413(3) 
1.449(3) 
1.410(3) 
1.439(3) 
1.405(3) 
1.440(3) 
1.401 (3) 
1.447(3) 

Type 

C m I - C 5 

C m 2 -C, , 
C m 3 - C n 
C m 4 - C 2 3 

C b I - C b 2 

C b 3 - C b 4 

Cb5"Cb6 
Cb7~Cb8 
N 5 - C , 
N 5 - C 3 

N 6 - C , 
N 6 - C 2 

N 6 - C 4 

C 2 -C 3 

Length, 

A 

1.497(3) 
1 .510(3) 
1 .497(3) 
1 .505(3) 
1 .344(3) 
1 .336(3) 
1 .347(3) 
1 .352(3) 
1 .295(4) 
1 .378(4) 
1 .348(4) 

1 .326(4) 
1 .492(5) 
1 .338(5) 

" The numbers in parentheses are the estimated standard deviations. 

Table IV. Bond Angles in the Coordination Group, Porphinato Skeleton, and A'-Methylimidazole Ring0 

Angle 

N i M n N 7 

N i M n N 3 

N 1 M n N 4 

N i M n N 5 

N 2MnN 3 

N 2MnN 4 

N 2MnN 5 

N 3MnN 4 

N 1MnN 5 

N 4MnN 5 

C a iN ,C a 2 

C3 3N2C3 4 

C3 5N3C3 6 

C3 7N4C3 8 

N | C 3 , C m , 
N |C a ,C b , 
C m | C 3 , C b , 
N|C 3 2 C m 2 

N,C a 2 C b 2 

Cm 2 C 3 2 Cb 2 

N 2 C 3 3 C m 2 

N 2 C 3 3 C b 3 

Cm 2 C 3 3 Cb 3 

N 2 C 3 4 C m 3 

N 2 C 3 4 C b 4 

Value, 
deg 

86.71 (6) 
1 5 2 . 3 3 ( 7 ) 

8 6 . 3 2 ( 6 ) 
1 1 0 . 7 6 ( 7 ) 

8 6 . 5 4 ( 6 ) 
1 5 1 . 9 6 ( 8 ) 
107 .83 (7 ) 
8 7 . 1 5 ( 6 ) 
9 6 . 8 5 ( 7 ) 

1 0 0 . 0 4 ( 7 ) 

1 0 6 . 9 ( 2 ) 
107.1 (2) 

1 0 7 . 2 ( 2 ) 
107.1 (2) 

125 .8 (2 ) 
109 .0 (2 ) 
125.1 (2) 
125 .4 (2 ) 
1 0 9 . 2 ( 2 ) 
1 2 5 . 4 ( 2 ) 
1 2 5 . 4 ( 2 ) 
1 0 8 . 9 ( 2 ) 
1 2 5 . 7 ( 2 ) 
1 2 6 . 0 ( 2 ) 
1 0 8 . 7 ( 2 ) 

Angle 

Cm 3 C 3 4 Cb 4 

N 3 C a 5 C m 3 

N 3 C 3 5 C b 5 

C m 3 C a 5 C b 5 

N 3 C a 6 C m 4 

N 3 C 3 6 C b 6 

C m 4 C 3 6 Cb6 
N 4 C 3 7 C m 4 

N 4 C 3 7 C b 7 

Cm4C37CbT 
N 4 Ca 8 Cm, 

N 4 C 3 8 C b 8 

CmlCasCbS 
C 3 , C m , C 3 S 
C3,Cm,C5 

C3 8Cm , C5 

C32Cm2C33 

C32Cm2C, , 
Ca3Cm2C| , 
^-a4^m3W5 
C a 4 C m 3 C j 7 

C35Cm3C)7 

Ca 6 Cm 4 C 3 7 

Ca 6 Cm 4 C 2 3 

C a 7Cm 4C2 3 

Value, 
deg 

125.3(2) 
125.1 (2) 
109.2(2) 
125.7(2) 
125.3(2) 
109.0(2) 
125.7(2) 
125.4(2) 
109.2(2) 
125.4(2) 
125.5(2) 
109.2(2) 
125.3(2) 
125.7(2) 
116.5(2) 
117.7(2) 
126.2(2) 
116.7(2) 
117.0(2) 
125.4(2) 
116.9(2) 
117.7(2) 
126.7(2) 
117.1 (2) 
116.2(2) 

Angle 

C a ,Cb iCb2 
C 3 2 Cb 2 Cb, 

Ca 3 Cb 3 Cb 4 

C 3 4 Cb 4 Cb 3 

C 3 5 Cb 5 Cb 6 

C 3 6 Cb 6 Cb 5 

C 3 7 Cb 7 Cb 8 

C 3 8 Cb 8 Cb 7 

C 1 N 5 C 3 

N 5 C 1 N 6 

C 1 N 6 C 2 

C 1 N 6 C 4 

C 2 N 6 C 4 

N 6 C 2 C 3 

C 2 C 3 N 5 

M n N , C 3 1 

M n N i C 3 2 

M n N 2 C 3 3 

M n N 2 C 3 4 

M n N 3 C 3 5 

M n N 3 C 3 6 

M n N 4 C 3 7 

M n N 4 C 3 8 

M n N 5 C 1 

M n N 5 C 3 

Value, 
deg 

107 .3 (2 ) 
1 0 7 . 5 ( 2 ) 
108.1 (2) 
107 .2 (2 ) 
106 .8 (2 ) 
1 0 7 . 9 ( 2 ) 
107 .4 (2 ) 
107.1 (2) 
1 0 4 . 4 ( 2 ) 
1 1 1 . 8 ( 3 ) 
107.1 (2) 
125 .5 (3 ) 
1 2 7 . 4 ( 3 ) 
107 .0 (3 ) 

109 .7 (3 ) 
125 .4 (1 ) 
126 .8 (1 ) 
1 2 7 . 0 ( 1 ) 
125 .6 (1 ) 
123 .5 (1 ) 
1 2 2 . 9 ( 1 ) 
1 2 5 . 2 ( 1 ) 

126 .3 (1 ) 
1 3 0 . 4 ( 2 ) 
125 .2 (2 ) 

' The numbers in parentheses are the estimated standard deviations. 

of pyrrole ring N3. The conformation of the core can be most 
simply described by noting its similarity to the three sides and 
raised flap of an umbrella tent. Similar deformations of the 
porphyrin core, although not as extreme, have been found in 
Tl(Cl)(OEP)'7 and Nb2(O)3(TPP)2 . '8 Each of these deriva­
tives, along with Mn(I-MeIm)(TPP), has a large metal atom 
which is displaced substantially out-of-plane. 

The dihedral angles between the mean plane of the por­
phyrin skeleton and the mean planes of the four phenyl groups 
are 85.1,81.0, 56.4, and 78.9°. The average value of the in­
ternal angles of the peripheral phenyl groups is 120.0°. The 
individual C-C bond distances (average = 1.380 A) in the four 
phenyl groups are foreshortened from the standard aromatic 
separation of 1.397 A because of the complex thermal motion 
of these groups. This pattern of foreshortening has been noted 
and discussed previously;515 this effect largely disappears at 
low temperature.5 

The 1-methylimidazole ligand is planar (±0.004 A); the 
manganese(II) atom is 0.018 A out of this plane. The angle 
between the normal to the ligand plane and the normal to the 
mean plane of the core is 82.8°. The Mn-N(I-MeIm) vector 
is tipped 10.9° from the normal to the core and 8.0° from the 
normal to the mean porphinato nitrogen plane. A nonbonded 
contact of 3.40 A between the TV-methyl group and a neigh­
boring porphyrin core is a possible reason for the tilt of the li­
gand. Similar off-axis distortions have been found in other 
imidazole adducts of metalloporphyrins19 and may well occur 
in the coordination group of heme proteins. Moffat et al.20 have 
suggested that the apparent nonlinear binding of cyanide and 
carbon monoxide in cyanomethemoglobin and carbonmo-
noxyhemoglobin results from a tilting of these ligands off the 
heme axis. In these cases, the proximal histidine ligand may 
also bind off axis in a way that minimizes the overall distortion 
of the heme coordination group. 
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Table V. Stereochemical Parameters of Five-Coordinate Metalloporphyrins" 

Metalloporphyrin 

Mg(H2O)(TPP) 
Mn(Cl)(TPP)* 
Fe(X)(porphyrin)<' 
Mn(I-MeIm)(TPP) 
Fe(2-MeIm)(TPP) 
Co(I-MeIm)(TPP) 
Zn(py)(TPyP) 
Tl(Cl)(OEP) 

M-Np 

2.072 
2.088 
2.067 
2.128 
2.086 
1.977 
2.073 
2.212 

Ct-N 

2.054 
1.990 
2.015 
2.065 
2.04 
1.973 
2.047 
2.10 

Distances in A 
M - P N 

0.27 
0.27 
0.45 
0.52 
0.42 
0.13 
0.33 
0.69 

M-P c 

0.27 
0.27 
0.45 
0.56 
0.55 
0.14 
0.33 
0.75 

M-Lax 

2.099 
2.373 
2.218, 1.842f 

2.192 
2.161 
2.157 
2.143 
2.449 

Ref 

27 
28 
30 

This work 
31 
19a 
32 
17 

" Np is porphinato nitrogen; Ct denotes the center of the porphinato core; PN, the mean plane of the four porphinato nitrogen atoms; Pc, 
the mean plane of the 24-atom core. * Average of the two determinations. The results for Mn(N3)(TPP)29 are similar. c Average values from 
the structure of chlorohemin and the methoxyiron(III) derivative of mesoporphyrin IX dimethyl ester, M-L are the Fe-Cl and Fe-O distances, 
respectively. 

The dihedral angles between the 1-methylimidazole plane 
and the planes defined by NsMnCn,] and NsMnNi are 29.7 
and 15.4°, respectively. Thus the orientation of the axial ligand 
is somewhat between the most favorable and least favorable 
for minimizing steric interactions of the ligand hydrogen atoms 
with porphyrin core atoms.16 With the large displacement of 
the Mn atom out of the porphyrin plane, there are, however, 
no significant contacts between the ligand and atoms of the 
core (Him—core atoms > 2.94 A). 

The coordination group geometry of Mn(I-MeIm)(TPP) 
reflects the large size of the high-spin d5 Mn atom. The average 
Mn-porphyrin nitrogen (Mn-Np) bond distance is 2.128 (7) 
A. A careful examination of Figures 1 and 2 reveals, however, 
that the Mn-Np bond distances fall into two classes. The first 
class is to the nitrogen atoms of the three pyrrole rings which 
"follow" the Mn atom; their average value is 2.124 (2) A. The 
second is to the pyrrole ring which tilts away; its value (2.139 
(2) A)21 is significantly different than those of the first class. 
The axial Mn-N(I-MeIm) bond distance is 2.192 (2) A. All 
Mn-N bond distances in Mn(I-MeIm)(TPP) are shorter than 
the few Mn"-N bond distances available for comparison.22 

These structures encompass a variety of coordination geome­
tries; Mn"-N bond distances range from 2.19 to 2.4 A. The 
most pertinent structural comparison can be made with the 
trigonal bipyramidal complex MnCh^-Melm^.22 ' The 
equatorial Mn-N bond distances in this complex are 2.195 A; 
the axial Mn-N distance is longer at 2.249 A. The structures 
of two four-coordinate manganese(II) macrocycles, MnTPP5 

and MnPc,4'23 are also known. Both complexes have shorter 
Mn-N complexing bond lengths than does Mn(I-MeIm)-
(TPP), In MnPc,23 the short Mn-N bond distance of 1.938 (3) 
A is attributable to the combination of the small hole size of 
the phthalocyanato ligand and the intermediate-spin (S = %) 
state of the metal ion. In the toluene solvate of MnTPP,5 the 
distance from the porphinato nitrogen atoms to the high spin 
manganese(II) ion is in the range of 2.082-2.092 A. The range 
of values results from the uncertainty in the exact out-of-plane 
displacement of the metal atom. The suggested upper limit of 
2.092 A is quite comparable to the Mn-Np distances in 
Mn(I-MeIm)(TPP); a small shortening of the complexing 
bonds is usually observed with a decrease in coordination 
number. 

The observed preference2 of the isolable manganese(II) 
porphyrins to form five-coordinate but not six-coordinate 
complexes, in contrast to its near neighbors Cr(II),24 Mn(III), 
Fe(II), and Fe(III),16 appears to result from the inability of 
axial ligands to effect a change from a high-spin to a low-spin 
manganese(II) configuration. The structure of Mn(I-
MeIm)(TPP) clearly shows that when the dxi-y2 orbital is 
populated, the metal atom is too far out of the porphyrin plane 
to permit effective interaction with a sixth (axial) ligand. It 

should be noted that the apparent inability to form low-spin 
manganese(II) porphyrins is not precluded by the geometrical 
requirements of the porphinato ligand; a comparison of 
structure for a series of four-coordinate porphyrin and 
phthalocyanine complexes23 suggests that an intermediate-spin 
Mn(II) porphyrin would have Mn-Np « 1.985-2.015 A. 
Low-spin Mn(II) porphyrins would have comparable Mn-Np 
distances. Nitric oxide appears to be the only ligand which, 
when reacted with Mn(II) porphyrins, effects the transition 
to a low-spin species.25,26 The molecular stereochemistry of 
one such nitrosyl derivative has been determined.26 The av­
erage Mn-Np bond distance in low-spin nitrosyl (4-methyl-
piperidine)-a,/3,7,<5-tetraphenylporphinatomanganese is 2.028 
A and the Mn atom is nearly centered in the porphyrin 
plane. 

The stereochemical parameters of five-coordinate metal-
loporphyrins are compared in Table V. The large size of the 
d5 manganese(II) atom is quite clear from these data; all 
structural parameters sensitive to the size of the metal atom 
(metal atom displacement, Ct-N, M-Np, and M-L (axial) 
bond lengths) are larger in Mn(I-MeIm)(TPP) than any of 
the other first-row transition metal complexes entered in Table 
V. Indeed, only the parameters of the thallium(III) derivative17 

are larger. 
A comparison of the structural parameters of Fe(2-

MeIm)(TPP)31 with those of Mn(I-MeIM)(TPP) is partic­
ularly enlightening. The type of imidazole ligand required to 
synthesize the two high-spin five-coordinate derivatives are 
quite different. As has already been noted, manganese(II) 
derivatives have a distinct preference for five-coordination 
irrespective of the choice of axial ligand. With iron(II) deriv­
atives, however, low-spin six-coordinate complexes are readily 
formed and an imidazole which is sterically inhibitory to six-
coordination must be employed to form the five-coordinate 
complex.33 The stereochemistry of the five-coordinate iron(II) 
complex might be thought to be distorted by the (necessary) 
use of the 2-methylimidazole ligand. However, the differences 
in the structural parameters of the Mn(II) and Fe(II) deriv­
atives are seen to closely approach the differences in their ionic 
radii (0.05 A).34 Thus the structural results for Mn(I-
MeIm)(TPP) strongly support the belief that the coordination 
group geometry of Fe(2-MeIm)(TPP) is unaffected by the use 
of the 2-methylimidazole ligand and is therefore typical of that 
of high-spin five-coordinate iron(II) porphyrin derivatives. 

Recent work6 has indicated close similarities between the 
functional properties of hemoglobin and myoglobin and the 
manganese-substituted proteins and that manganese-substi­
tuted hemoglobins display the same T —*• R conformational 
changes as hemoglobin. Manganese(III)-substituted hemo­
globin has been shown to have a very similar structure to that 
of methemoglobin.7 As noted previously, the stereochemistry 
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of the five-coordinate iron(II) and manganese(II) porphyrins, 
which are presumed to be appropriate models of metallopor-
phyrin stereochemistry in the proteins, are also quite similar. 
Thus, to the extent that the allosteric properties of MnHb and 
Hb are determined by the stereochemistry of the metallopor-
phyrin, their close similarity is not unexpected. 

Other than the previously noted short contacts between the 
1-methylimidazole ligand and a neighboring porphinato core, 
the molecules are well separated in the crystal. Intermolecular 
contacts range from 3.60 A upwards. 
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application. 
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