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assumed that H2O is sp3 hybridized, which is, however, not the 
case.25 It was subsequently pointed out by Symons25 that the 
original 17O data are supportive of a pyramidal geometry for H3O+ 

with a H-O-H bond angle of 111.3°. Indeed, Christe and co
workers29 have previously isolated hydronium ion salts and have 
established by vibrational spectroscopy that H3O+ is pyramidal. 
Similar conclusions have been reached on the basis of quantum 
mechanical calculations.26 

Attempts to prepare 170-labeled trimethyloxonium ion were 
somewhat inconclusive. The treatment of CH3

17OH with excess 
CH3F-SbF5 in SO2 did not give rise to a clear enough absorption 
in the 17O NMR spectrum that could be assigned to the ion. The 
methylation of H2

17O with excess dimethylchloronium ion was 
also attempted. In the 17O NMR spectrum a broad absorption 
is observed around 517O 40.6 in addition to the H3

17O+ peak at 
517O 10.0. The assignment of this signal to the trimethyloxonium 
ion can be, however, only tentative. 

The Peroxonium Ion H3O2
+. The peroxonium ion H3O2

+ has 
been invoked as an intermediate in the electrophilic oxygenation 
of alkanes with hydrogen peroxide and strong acids.30,31 Recently, 
Christe et al.32 reported the isolation and characterization of several 
peroxonium salts. The infrared and Raman spectra of these salts 
indicated that H3O2

+ is isostructural with H2NOH and has the 
geometry depicted.32 However, no direct observation of the 
peroxonium ion by 1H NMR spectroscopy3132 was possible due 
to rapid proton exchange with the solvent systems. When a 
mixture of equal volumes of 90% hydrogen peroxide and 30% 
H2

17O (stirred at room temperature for 12 h)33 was added to a 
SO2 solution of HF-SbF5 at -25 °C, two absorptions were ob
served in the 17O NMR spectrum. The major peak (517O 10) is 
due to the oxonium ion H3

17O+. The second peak with a chemical 

(29) Christe, K. 0.; Schack, C. J.; Wilson, R. D. Inorg. Chem. 1975, 14, 
2224-2230. 

(30) Alder, R. W.; Whiting, M. C. /. Chem. Soc. 1964, 4707-4712 and 
references therein. 

(31) Olah, G. A.; Yoneda, N.; Parker, D. G. J. Am. Chem. Soc. 1977, 99, 
483-488. 

(32) Christe, K. 0.; Wilson, W. W.; Curtis, E. C. Inorg. Chem. 1979,18, 
2578-2586. 

(33) For a discussion on the possible mechanisms for the acid-catalyzed 
"O exchange in H2

17OyH2O2 solutions, see: Chung, S.-K.; Decapite, P. J. 
Org. Chem. 1978, 43, 2935-2936. 

The isobacteriochlorin macrocycle 1 has recently become a 
center of chemical, structural, and biochemical interest. This is 
due to two developments. One was the discovery1 that the 
prosthetic group of sulfite and nitrite reductases is the iron complex 
of an isobacteriochlorin. From the sulfite reductase of E. coli was 
isolated the iron-free form, sirohydrochlorin1 (2a). A second 

f External staff, Medical Research Council. 

shift of 517O 151 is attributed to the peroxonium ion H3O2
+. The 

peroxonium ion is shielded by 36 ppm with respect to hydrogen 
peroxide (617O 187). This shielding is in contrast to the deshielding 
observed upon the formation of other oxonium ions such as H3O+ 

and CH3O+H2 from their neutral precursors. No splitting was 
observed in the proton-coupled 17O NMR spectrum OfH3O2

+ (11), 

11 

indicating an extremely fast proton exchange rate. This is con
sistent with the previously observed rapid exchange by 1H NMR 
spectroscopy.31'32 

Experimental Section 
Oxygen-17-enriched water (10% and 30%, methanol (20%), acetone 

(20%), and acetic and propionic acids (30%) were commercially availa
ble. The enriched ketones were prepared by adding equal volumes (0.05 
mL) of ketone and enriched H2

17O to dioxane (0.1 mL) and warming for 
several hours. The resultant solution was used directly in preparing the 
ions. 

Preparation of Oxonium Ions. The oxonium ions were prepared by the 
addition of the 170-enriched precursor to a 1:1 mixture of SO2 and 
HF-SbF5 (1:1) or the appropriate methylating agent at -78 0C. En
riched H3O2

+ was prepared by the addition of equal volumes of 90% 
normal H2O2 and 30% enriched H2

17O (which had previously been stirred 
together for 12 h) to a HF-SbF5/S02 solution at -78 0C. 

The 13C and '7O NMR spectra were obtained by using a Varian 
Associates Model FT-80 NMR spectrometer equipped with a broad-band 
variable-temperature probe. The oxygen shifts were referenced to the 
SO2 solvent peak (S11O 505 ppm18). 
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advance was the proof that 2a, probably as its dihydro derivative, 
is an important intermediate on the biosynthetic pathway to vi
tamin B12;

2,3 this work also led to the illustrated complete structure 

(1) Siegel, L. M.; Murphy, M. J.; Kamin, H. /. Biol. Chem. 1973 248, 
251-264. Murphy, M. J.; Siegel, L. M.; Kamin, H.; Rosenthal, D. Ibid. 1973, 
248, 2801-2814. Murphy, M. J.; Siegel, L. M.; Tove, S. R.; Kamin, H. Proc. 
Natl. Acad. Sci. U.S.A. 1974, 71, 612-616. 
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Abstract: The X-ray structure determination of 2,2,8,8,12,13,17,18-octamethylisobacteriochlorin has been carried out to a 
resolution of 0.85 A. The compound crystallizes in the rhombohedral space group Ri, with cell constants a = b = c = 16.926 
(3) A and a = 0 = y = 109.72 (2)°. It contains one molecule of C28H34N4 in the asymmetric unit. The structure was solved 
by direct methods and refined to /?w = 4.9%. Four half-hydrogen atoms, within bonding distance of the nitrogen atoms, were 
located experimentally from a difference Fourier map. The X-ray structure is thus a superposition of two tautomeric forms 
in which diagonally opposed nitrogen atoms have bonded hydrogen atoms. The macrocycle is planar in contrast to metalated 
isobacterochlorins which are generally domed or buckled. 
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2a for sirohydrochlorin.2,3 A surprising related development was 
the isolation of the 20-methylisobacteriochlorin (2b) from or
ganisms producing vitamin B12,

4 and this substance (2b) was shown 
to be converted enzymically into the corrin system of vitamin B12.

4 

Isobacteriochlorins had been prepared earlier by appropriate 
reduction of metalloporphyrins5 and chlorins,5 but no rational 
synthesis was available until 1979.6 Since then, two simpler 
synthetic approaches have been described.7,8 

The central role of isobacteriochlorins in the two areas men
tioned above emphasizes the need for accurate structural infor
mation about this macrocycle. However, the natural substances 
2a and 2b have not been obtained in crystalline form nor, as yet, 
any derivative of them. Fortunately synthetic materials have 
crystallized well, and we report here the results of an X-ray 
analysis of the isobacteriochlorin 3 synthesized by a photochemical 
route.8 

CO2H CO2H 

(2a) R = H 

Me-A I' I / ^Me 

Me Me 

(3) 

Experimental Section 

The isobacteriochlorin C28H34N4, whose synthesis has been described 
elsewhere,8 crystallized on standing from a CH2Cl2/methanol solution 
as dark red rhombohedra. The crystals had space group Ri, with cell 
dimensions a = b = c= 16.926 (3) A and a = S = 7 = 109.72 (2) with 

(2) Battersby, A. R.; Jones, K.; McDonald, E.; Robinson, J. A.; Morris, 
H. R. Tetrahedron Lett. 1977, 2213-2216. Battersby, A. R.; McDonald, E.; 
Morris, H. R.; Thompson, M.; Williams, D. C; Bykhovsky, V. Ya.; Zaitseva, 
N. I.; Bukin, V. N. Ibid. 1977, 2217-2220: Deeg, R.; Kriemler, H. P.; 
Bergmann, K. H.; Muller, G. Hoppe-Seylers Z. Physiol. Chem. 1977, 358, 
339-352. Bergmann, K. H.; Deeg, R.; Gneuss, K. D.; Kriemler, H. P.; Muller, 
G. Ibid. 1977, 358, 1315-1323. Scott, A. I.; Irwin, A. J.; Siegel, L. M.; 
Shoolery, J. N. J. Am. Chem. Soc. 1978, 100, 316-318, 7987-7994. 

(3) Bykhovsky, V. Ya.; Zaitseva, N. I.; Bukin, N. V. Dokl. Acad. Nauk 
SSSR 1975, 224, 1431-1434. Bykhovsky, V. Ya.; Zaitseva, N. I.; Umrikhina, 
A. V.; Yavorskaya, A. N. Prikl. Biokhim. Mikrobiol. 1976, 12, 825-833. 
Battersby, A. R.; McDonald, E.; Thompson, M.; Bykhovsky, V. Ya. J. Chem. 
Soc, Chem. Commun. 1978, 150-151. 

(4) Battersby, A. R.; Matcham, G. W. J.; McDonald, E.; Neier, R.; 
Thompson, M.; Woggon, W.-D.; Bykhovsky, V. Ya.; Morris, H. R. / . Chem. 
Soc, Chem. Commun. 1979, 185-186. Lewis, N. G.; Neier, R.; McDonald, 
E.; Battersby, A. R.; Ibid. 1979, 541-542. Muller, G.; Gneuss, K. D.; Kri
emler, H. P.; Scott, A. I.; Irwin, A. J. J. Am. Chem. Soc. 1979, 101, 
3655-3657. 

(5) Eisner, U.; / . Chem. Soc. 1957, 3461-3469: Bonnet, R.; Gale, I. A. 
D.; Stephenson, G. F.; Ibid. C, 1967, 1168-1172: Inhoffen, H. H.; Buchler, 
J. W.; Thomas, R. Tetrahedron Lett. 1969, 1141-1144. 

(6) Montforts, F.-P.; Ofner, S.; Rasetti, V.; Eschenmoser, A.; Woggon, 
W.-D.; Jones, K.; Battersby, A. R.; Angew. Chem., Int. Ed. Engl. 1979, /S, 
675-677. 

(7) Naab, P.; Lattmann, R.; Angst, C; Eschenmoser, A. Angew. Chem., 
Int. Ed. Engl. 1980, 19, 143-145. 

(8) Harrison, P. J.; Fookes, C. J. R.; Battersby, A. R. J. Chem. Soc, Chem. 
Commun., in press. 

Figure 1. View of the molecule perpendicular to the mean molecular 
plane drawn with program ORTEP.18 The thermal ellipsoids are scaled 
to 35% probability. Note the six half-hydrogen atoms attached to the 
pyrrole methyl substituents. 

Figure 2. Selected bond lengths and interproton distances (A). 

six molecules in a cell volume of 3698.1 A3. The alternative hexagonal 
cell constants are a = b = 27.682 A, c = 16.717 A, a = /3 = 90°, and 
7 = 120°. Cell dimensions were determined on a Syntex P2j diffrac-
tometer from the setting angles of 15 strong reflections by using a 
rhombohedral crystal with minimum and maximum dimensions of 0.12 
and 0.27 mm, respectively. Intensities were measured by u/28 scans at 
rates ranging from 29.3 to 1.25° 28 per min, from 1° below to 1° above 
the 28 angles of each ata2 doublet, with graphite monochromatized Cu 
Ka radiation. Background intensities were measured for one-quarter of 
the total scan time at each end of the scan. Periodic measurement of 
three standard reflections indicated no significant loss of intensity during 
the measurement of 5114 reflections with 28 < 130°. After internal 
scaling and Lp corrections, merging equivalent reflections yielded 4208 
unique reflections; 2205 reflections had F > ia and were treated as 
observed. 

Structure Solution and Refinement. Multisolution S2 sign expansion 
with the program SHELX9 determined the necessary phases from which 
an E map was calculated. This gave the location of all nonhydrogen 
atoms. Isotropic refinement by the method of full-matrix least squares, 
minimizing WA2, converged at a residual R of 0.11. A difference map 
showed the locations of all hydrogen atoms bonded to carbon but with 
each of the four pyrrole methyl groups appearing with six hydrogen 
atoms. These disordered methyl groups were fixed with the hydrogen 
atoms in a fully staggered conformation with C-H bond distances of 1.01 
A, individual occupancy factors of 0.5, and a common isotropic tem
perature factor. Other hydrogen atom positions were calculated by 
assuming an sp3 bonding geometry, and each methyl group was refined 

(9) Sheldrick, G. M. SHELX 76 System of Computing Programs; University 
of Cambridge: Cambridge, England, 1976. 
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(c) Hydrogen Atom Coordinates (X 10") and Isotropic 
Temperature Factors (A2 X 103) 

(b) Anisotropic Temperature Factors0 (A2 X 103) 
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as a rigid body. A difference map at the residual R = 0.07 showed four 
peaks of 0.25, 0.29, 0.26, and 0.25 e/A3 at bonding distances from the 
nitrogen atoms. Each was assumed to be a hydrogen atom site with an 
occupancy factor of 0.5. Further refinement, using a common temper
ature factor and allowing the positions of these four atoms to change, 
converged at a weighted residual /JH = 0.049 [Rw = £w 1 / 2 A/ '£> ' / 2 f o 
where A = ||F0| - |FC|| and w = \/{a\F0) + 0.0005F0

2)], corresponding 
to a final residual .R = 0.051. A final difference map showed no general 
peaks greater than 0.15 e/A3. Two further cycles of refinement were 
carried out to test the validity of the disordered hydrogen model. In one 
full occupancy was assigned to the two hydrogen sites attached to N21 
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and N23 and in the other to N22 and N24. Both refinements led to 
higher i?w factors than in the disordered model and to unacceptably high 
temperature factors for the hydrogen atoms. All calculations were per
formed with the program SHELX.9 Atomic coordinates and isotropic 
temperature factors for the nonhydrogen atoms are given in Table Ia,b 
and the hydrogen coordinates and isotropic temperature factors in Table 
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Figure 3. Selected bond angles (deg) and deviations from the mean 
molecular plane of the chromophore (XlO"2 A). 

Ic. Bond lengths are listed in Table II and bond angles in Table III. 

Discussion 
The isobacteriochlorin molecule can theoretically exist in five 

tautomeric forms (4a-f), one of which has two resonance forms. 

(Aa) (Ab) 

(4c) (Ad) 

(Ae) (Af) 

In three of these, however, hydrogen atoms are attached to ad
jacent N atoms and are thus sufficiently close to cause the entire 
chromophore to be considerably buckled. In the present structure 
the chromophore is planar, and we find experimentally two protons 
distributed between the four nitrogen atoms with a 50% occupancy 
at each site. This would suggest that the tautomeric forms (4a,b) 
contribute equally to the solid-state structure, although a slight 
bias toward one form or another cannot altogether be ruled out. 
A view of the molecule and the numbering scheme used is shown 
in Figure 1. The molecular dimensions (Figures 2 and 3) reflect 
the superposition of the tautomeric forms, 4a and 4b, resulting 

P 
v%m 

Figure 4. Edge-on view of the molecule. 

in an approximate twofold symmetry of the bond pattern about 
an axis through C5 and Cl5. 

The C3-Cg distances in the two reduced rings (1 and 2) cor
respond to sp3-sp3 values (1.530 A) while the C0-C8 bonds (1.516 
A) show the slight shortening expected for an sp3-sp2 bond. The 
two C„-N bonds are significantly different (A = 0.051 A) as a 
result of the superposition of the tautomeric forms. The C1-N21 
and C9-N22 bonds are formally single in both tautomers (1.385 
A), while C4-N21 and C6-N22 are alternately single and double 
and thus shortened to 1.334 A in the superimposed structure. 

A similar situation arises with respect to bonds C1-C20 (C9-
ClO) and C20-C19 (ClO-CIl), each of which has the same 
formal bond order in both tautomers and appear as partial double 
(1.350 A) and single (1.424 A) bonds. Bond C4-C5 (C5-C6) 
has the intermediate value of 1.378 A arising from the superpo
sition of formal single and double bonds in the different tautomers. 

A search of the literature10 revealed four X-ray determinations 
of structures containing reduced rings suitable for direct com
parison: the isobacteriochlorin (2,3,7,8-tetrahydro-5,l 0,15,20-
tetraphenylporphinato)(pyridine)zinc(II) benzene solvate," 
phyllochlorin ester,12 nickel(II) octaethylchlorin,13 and two isomers 
of octaethyl-2,3,7,8-tetrahydroporphyrin and their Ni(Il) com
plexes14 for which, however, no coordinate data have as yet been 
published. Table IV compares the relevant bond lengths and bond 
angles as well as the estimated standard deviations where available. 

There is good agreement between the values found in the four 
compounds, with the exception of the C8-C8 bonds which are 
significantly shorter in both reduced rings of the zinc iso
bacteriochlorin. In the zinc isobacteriochlorin, ring 1 is planar 
to within 0.02 A while ring 2 is markedly nonplanar, with max
imum deviation of 0.309 A. In the present structure ring 1 is 
slightly twisted with Cl and C3 below (0.04 A) and C2 and C4 
above (0.05, 0.03 A) the mean plane. In ring 2 the same pattern 
is observed but with maximum deviations of only ±0.01 A. 

In ring 1 the twist about the C8-C8 bond is 8° (C1-C2-C3-C4), 
resulting in a slight staggering of the hydrogen atoms with respect 
to the methyl C atoms (C25-C2-C3-H32 = 10.6° and C26-
C2-C3-H31 = 9.4°). In ring 2 the corresponding angles are 1.4, 
0.4, or 2.5°, and thus the substituent bonds are virtually eclipsed. 
Similar observations were reported for the two reduced rings of 
the Zn-iBC whereas Kratky and co-workers report,14 for all their 
compounds, axial and equatorial orientations of substituents on 
both rings. The dimensions of the fully conjugated rings 3 and 
4 are markedly different from those of rings 1 and 2. Table V 
gives a comparison of values found in the present structure for 
these rings with the highly accurate redetermination of the 
structure of porphyrin,15 octaethylporphyrin,16 and 5,5'-(biseth-

(10) Allen, F. H.; Bellard, S.; Brice, M. D.; Cartwright, B. A.; Doubleday, 
A.; Higgs, H.; Hummelink, T.; Hummelink-Peters, B. G.; Kennard, O.; 
Motherwell, W. D. S.; Rodgers, J. R.; Watson, D. G. Acta Crystallogr., Sect. 
B 1979, B35, 2331-2339. 

(11) Barkigia, K. M.; Fajer, J.; Spaulding, L. D.; Williams, G. J. B. J. Am. 
Chem. Soc. 1981, 103, 176-181. 

(12) Hoppe, W.; Will, G.; Gassmann, J.; Weichselgartner, H. Z. AMr-
tallogr. 1969, 128, 18-35. 

(13) Ulman, A.; Gallucci, J.; Fisher, D.; Ibers, J. A. J. Am. Chem. Soc. 
1980, 102, 6852-6854. 

(14) Kratky, C; Angst, C; Johansen, J. E. Angew. Chem., Int. Ed. Engl. 
1981, 20, 211-212. 

(15) Chen, B. M. L.: Tulinsky, A. /. Am. Chem. Soc. 1972, 94, 
4144-4151. 

(16) Lauher, J. W.; Ibers, J. A. J. Am. Chem. Soc. 1973, 95, 5148-5152. 
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Figure 5. Stereoview of the molecular packing. 

Table IV. Reduced Rings 

octamethyl- Z n ( ) i B C nickel 
isobacteno- phyllo- octaethyl-
chlorin (av) ring 1 ring 2 chlorin chlorin 

N-C0I 
C0I-CpI 
CpI-Cp 2 
Cp 2-C0,2 
Ca2-N 
C Q 2 - C m 

N-C0J-CpI 
C a l -Cpl-Cp2 
Cp 1-Q3 2-C0,2 
Cp2-Ca2-N 
v^/-v Z^ y '^*^-'(^v J-

N-C a 2-C m 

c i_r - c 2 

"bond . A 

"angle deg 

Bond Distances, A 
1.385 
1.522 
1.530 
1.512 
1.334 
1.378 

1.374 
1.499 
1.489 
1.493 
1.357 
1.392 

Bond Angles, 
110.3 
102.4 
104.8 
110.6 
111.5 
127.1 
129.3 

110.9 
104.4 
103.9 
112.0 
108.7 
125.8 
125.6 

0.005 
0.3 

1.384 
1.484 
1.416 
1.474 
1.346 
1.398 

deg 
108.8 
105.3 
106.2 
109.9 
109.3 
127.1 

1.342 

1.58„ 
1.533 

1.526 

1.31, 

106.0 
104.0 
100.0 
113.0 
113.0 

1.377 
1.507 
1.516 
1.504 
1.377 

0.002-

oxycarbonyO-S.S'-diethyM^'-dimethyl^^'-pyrromethene.17 In 
the pyrromethene17 the nitrogen proton is statistically disordered 
between the two N atoms, and this is attributed by the authors 
to resonance between two possible valence tautomers, similar to 
the tautomers observed in the present structure. There is good 
agreement between the geometric parameters found in these two 
structures, particularly the marked differences in the N-C a l and 
N-Ca2 bond lengths (A = 0.035 and 0.043 A, respectively). These 
bonds, however, are equivalent in porphyrin15 and octaethyl-
porphyrin.16 In these compounds the protons were fully localized 
on two diagonal N atoms, with no indication of the presence of 
different tautomeric species in the crystal structure. 

Figure 4 shows a side view of the molecule. The entire structure, 
with the exception of the substituents on the reduced rings, is 
highly planar. This is in contrast with metal containing iso-
bacteriochlorins such as the Zn-iBC" in which the macrocycle 
is dome shaped and the two Ni containing iBC compounds14 which 
show a collapsed and highly puckered geometry of the macrocycle 
with approximate Dld symmetry. 

The individual deviations from the mean molecular plane of 
the octamethylisobacteriochlorin are indicated in Figure 3. The 

Table V. Pyrrole Rings 

octaethyl-
, , porphyrin11 porphyri: 

octamethyl- pyrro- 1 
isobacterio- methene- ring 1 ring 2 ring 1 ring 2 

N-C a 1 
Q1I-CpI 
CpI-Cp 2 
Qj 2-C0,2 
0 ,2-N 
Q j 2 - C m 

N-QJ-CpI 
C a l-Cpl-Cp2 
CpI-Cp 2-CQ2 
Cp2-Ca2-N 
^~-(\ Jr"i\~m\-'Qi 1 

N-C a 2-C m 

C0, 2 - C 1 1 1 - C Q , Z 

"bond . A 

"angle- deg 

chlorin (av) (av) (av) 

Bond Distances, A 
1.351 
1.430 
1.369 
1.429 
1.386 
1.384 

1.341 
1.424 
1.385 
1.432 
1.384 
1.398 

1.374 
1.452 
1.345 

1.382 

Bond Angles, deg 
109.8 
106.8 
107.3 
108.5 
107.5 
124.7 
129.6 

110.9 
106.4 
106.5 
109.2 
107.1 
122.2 
126.1 

0.0025 

0.15 

109.8 
107.1 

106.1 
125.0 
127.1 

0.004-
0.007 

0.3-0.5 

(av) 

1.380 
1.431 
1.365 

107.9 
107.9 

108.6 
125.5 

(av) (av) 

1.364 1.367 
1.462 1.438 
1.353 1.373 

1.392 

110.8 107.7 
106.3 107.4 

105.7 109.6 
125.1 125.0 
127.6 

0.002 

0.1 
0 Ring 2 carries hydrogen in porphyrin and octaethylporphyrin. 

four half-protons can be accommodated in this plane with sepa
ration along the diagonals of 2.412 and 2.443 A. This is in contrast 
to porphyrin where similar separation could only be achieved by 
substantial displacement (+0.05 and -0.9 A) of the two protons 
from the mean plane. The packing of the molecules in the 
rhombohedral cell is illustrated in the stereodiagram (Figure 5). 
There is no indication of any ring stacking, and the closest ap
proach is 3.74 A between neighboring C and N atoms. The only 
deformation of the molecule which can be attributed to crystal 
packing forces is the slight twist observed in ring 1. The overall 
molecular geometry deduced from the X-ray structure gives an 
accurate model of two superimposed tautomeric forms of a 
metal-free isobacteriochlorin. 
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