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Bacterial denitrification which may have generated all of the 
nitrogen in the earth's atmosphere now maintains N2 levels by 
continually reducing nitrates from soil and water.1'2 A key redox 
enzyme occurring in many denitrifying bacteria is called cyto
chrome cd\ which mediates the 4e reduction of nitrite to N2O. 
In the absence of nitrite, this enzyme also functions as an oxidase 
reducing O2 to H2O.3 A unique feature of this cytochrome is 
that it contains, in 1:1 ratio to the protein-linked heme c, a green, 
substrate-binding heme prosthetic group known as heme ^1.

4 

Although the presence of this unusual heme has been demonstrated 
since 1961,5 its chemical identity remained obscure. Timkovich 
and co-workers in 1984 presented detailed 1H NMR, UV-vis, and 
mass spectra of the extracted and demetalated dt heme moiety.6 

They concluded that it has a chlorin core structure. We, however, 
proposed that a porphinedione (dioxoisobacteriochlorin) structure 
would fit the spectral data better and therefore dx is not a chlorin.7 

Strong support in favor of our unconventional structure (1) has 
been accumulating during the past year, drawing from various 
spectral correspondence between the natural pigment and synthetic 
analogues possessing the proposed dione nucleus.8,9 While these 
spectral evidence have effectively argued that 1 must be correct, 
the ultimate proof of structure could only come from total synthesis 
or X-ray crystallography, as common in the natural products 
chemistry. We have now achieved this objective and report here 
the synthesis of the metal-free "dioneheme"10 tetramethyl ester. 

Trie pinacol-pinacolone-type rearrangement of w'c-dihydroxy-
chlorin is a proven method for introducing geminal alkyl as well 
as keto groups at the porphyrin periphery.11,12 The knowledge 
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of migratory aptitudes of different substituents associated with 
such rearrangement13 also helped to formulate the synthetic plan. 
It was decided that double migration of the northern methyl groups 
in porphyrin 3 would lead to the target dione structure. Thus the 
dialdehyde 2,14 obtained by Tl(N03)3/MeOH oxidation of pro
toporphyrin, was oxidized by Jones reagent to provide the starting 
porphyrin 3 in 92% yield. 3 was treated with osmium tetroxide 
in CH2Cl2/pyridine and quenched by H2S after 24 h to obtain 
dihydroxylation occurring at all four pyrrole rings. The two 
northern diols (ring A and B, 20%) were separated from the 
southern diols (ring C and D, 35%) on silica gel and were subjected 
to the first rearrangement in 1:1 FS03H/H2S04;15 the resultant 
monoketones 4 and 5 were separated by chromatography. The 
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southern diols could be reduced by HOAc/HI/H 3P0 2 and con
verted16 quantitatively back to 3, together with recovered 3 (40%), 
for recycling. The yield of 4 was about 6% from 3 each time. 

Porphyrinone 4 was metalated with zinc(II) acetate in 
CHCl3/MeOH and the zinc complex12 was oxidized with OsO4. 
Following zinc removal by HCl washing, the desired diol 6 was 
isolated by chromatography (18% yield), with byproducts being 
the ring C (15%) and ring D diols (12%). We reported earlier12 

that analogous zinc(II) porphyrinones substituted with electron-
rich alkyl groups exhibit a differentiation during osmate formation 
favoring ring B but against ring D attack; in addition, the ring 
C diol would not form at all. In the present case, the electro
negative acetate side chain apparently has rendered the ring B 
attack less favorable, thereby overiding the empirical rule observed 
with other compounds. The presence of the acetate substituent 
further hindered the second pinacolic rearrangement at ring B 
so that the yield of 7 was a disappointing 12% under the best 
conditions tested.15 In contrast, the same reaction sequence applied 
to the zinc complex of 5 produced overall nearly 10% yield of 8. 

The diastereomeric mixture of 7 was separated on silica gel TLC 
plates. The isolated cis and trans isomers each were converted 
by OsO4 into a ring C diol which was then heated in benzene in 
the presence of HCI8'17 to obtain the acrylate 1. TLC and HPLC 
confirmed that the slower eluting, presumably cis isomer is indeed 
identical with the natural dt tetramethyl ester. The 1H NMR 
of the two isomers showed recognizable differences and only the 
spectrum of the cis compound is in every respect identical with 
that of the natural pigment.18 Absorption and mass spectra 
further confirmed fully what we considered to be the correct 
structure of dx. Future work on resolving the racemic mixture 
should aid in elucidating the natural molecule's absolute config
uration. 

The unprecedented structure of dioneheme poses many ques
tions. Is there a functional role of the oxo groups at the iso-
bacteriochlorin ring? How is this structure produced biosyn-
thetically? To the former question we have observed that the 
relatively positive redox potentials" of porphyrinone and por-
phyrindione distinguish them from chlorin-based heme d20 or 
isobacteriochlorin-based siroheme21 and render these keto mac-
rocycles perhaps more like porphyrin "quinones", which may be 
of consequence in nitrite binding and reduction.8 To speculate 
on the second question, we previously suggested pinacolic rear
rangements may have been involved in the biosynthesis.7 However, 
in view of the difficulties experienced in the rearrangement of 
porphyrin acetates," a porphyrin precursor such as 3 seems less 
plausible. An alternative precursor could be protoporphyrin or 
its derivative from which a dione structure (9) may undergo 
side-chain oxidation to furnish the acetate substituents. This 
approach has actually been tried in one of our unsuccessful at
tempts to synthesize 1. The vinyl porphyrin in the masked form 
of chloroethyl porphyrin 11 was processed via exactly the same 
steps as described above, only with much better yields, to give 12. 
Substitution of the Cl by NaOH and oxidation of the diol 13 by 
the Swern22 method afforded the dialdehyde 14. Unfortunately 
the macrocycle did not survive the oxidants necessary for con
verting -CHO into -CO2. This route would have been a success 
if milder conditions could be found. Biosynthesis without invoking 
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pinacolic rearrangement is also possible. Indeed, the stereo
chemistry and side-chain substitution patterns suggest that siro-
hydrochlorin or corriphyrin-4 (1O)23 could be the progenitor if 
suitable avenues exist for cleaving the two northern propionate 
side chains. While we are presently short of answers to these 
questions, it can be predicted that the striking structural features 
uncovered here will not fail to draw attention and to stimulate 
further research on this green heme. 
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The use of molecular mechanics has increased in recent years 
as organic chemists continue to focus on important questions of 
stereochemistry.1 In dealing with flexible molecules of any size 
or complexity, a major difficulty arises which may be described 
as the local vs. global minimum problem. If one enters a trial 
structure using any standard molecular mechanics program, op
timization occurs to refine the starting structure toward one of 
lower steric energy, converging when a minimum energy structure 
is obtained. But how can one know the structure obtained is the 
best structure using that force field? 

In small molecules, there are few conformations, and we can 
predict which are most stable. However, adding substituents or 
additional atoms to rings or chains rapidly takes us to situations 
where in the words of Allinger,1 "The number of conformations 
becomes so large that a complete analysis becomes very laborious. 
The results depend not so much on the force-field as on the 
intuition of the person doing the calculation and which starting 
geometries were used for the energy minimizations". 
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