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tions implicated in the rearrangements of annulated bicy-
clo[4.2.0]octatrienes6 and the degenerate reactions of cy-
clooctatetraene7 studied by Paquette and co-workers and 
also in the thermal behavior of several unsaturated bicy-
clo[4.2.2] and [4.2.1] species.8 

In order to add weight to these proposals, the specifically 
labeled 3,4,5,6,13,14-hexadeuterio analogue of 1, prepared 
by photoaddition of 2 to hexadeuteriobenzene, was also py-
rolyzed, and the products were analyzed for deuterium con­
tent. The mass spectra of 2 and of benzene were in accord 
with complete retention of all deuterium in the benzene, 
while those of 3 and butadiene showed that these molecules 
were dt, and di, respectively.12 Additionally samples of tet-
ralin {(!4) and butadiene (^2) were obtained by preparative 
GLC and their NMR spectra recorded. 

The absence of absorptions (<2% of those of tetralin-
H12) in the aromatic region for the tetralin {d$) indicated 
no aromatic protons and characterized the tetralin as the 
2,3,4,5-tetradeuterio derivative. The N M R spectrum of the 
butadiene {di) consisted of two simple absorptions 
(T-(CCl4) 4.90 (s, 1 H) and 4.96 (s, 1 H)) with negligible 
absorption in the T 3.0-4.5 region (<4% of that for butadi­
ene He). The observed signals coincide with those of the 
geminal protons on Ci and C4 in fully protonated butadiene 
and the absence of other absorptions characterizes the buta­
diene as the 2,3-dideutero derivative. Scheme III traces, by 
means of asterisks, the fate of the deuterium label through 
the various isomers in the proposed mechanism and it can 
be seen that the product isotopic pattern observed is just 
that expected. 

Further investigations of this mechanism and of the ther­
mal stability of the proposed intermediates are under way in 
our laboratory. 
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Oxygen Binding to Mercaptide-Heme Complexes. 
Models for Reduced Cytochrome P-450 

Sir: 

The sustained interest in studying oxygen binding to he-
moproteins had led, in the past 2 years, to the preparation 
of model systems, for both oxymyoglobin and oxyhemoglo­
bin. '~7 In the majority of these systems, the presence of a 
nitrogen base at the fifth coordination site of the iron(II) 
porphyrin was found to be important for heme oxygenation. 
In this communication we wish to report the binding of oxy­
gen to a heme that contains a mercaptide ion as the axial Ii-
gand. 

We recently described the preparation of a model com­
pound for reduced cytochrome P-450 as well as its CO com­
plex, in which n-butyl mercaptide ion, whose reactivity was 
enhanced by using a crown ether cation scavenger, served as 
axial ligand for the protoheme.8'9 This compound bound 
CO reversibly and exhibited striking spectral resemblances 
to those of the P-450 enzyme. However, when this com­
pound was exposed to O2 at ambient temperature, a drastic 
spectral change was observed presumably due to the fol­
lowing reactions: oxygenation of heme, autoxidation of 
heme, and oxidation of the mercaptide ion which would not 
only decrease the effective concentration of mercaptide 
available for heme coordination but could aslo result in the 
production of oxidation products capable of binding to the 
heme. Since all of these reactions could take place simulta­
neously spectral evidence for the oxygen binding to heme 
was ambiguous when the observations were made at room 
temperature. 

It was found, nevertheless, that at lower temperatures the 
latter two reactions were sufficiently inhibited to allow us to 
observe clean, and reversible, oxygen binding. Thus at —45° 
addition of O2 to the heme-mercaptide complex in dimeth-
ylacetamide (DMA) resulted in the spectral change a —• b 
in Figure I.10 The spectrum of the oxygen adduct showed 
no deterioration after 1' h under these conditions. Addition 
of excess cold pyridine to this solution displaced O2 and re-
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Figure 1. Changes in absorption spectra upon oxygenation of mercap-
tide-protoheme dimethyl ester complex in DMA at —45°. (a) in vacuo; 
(b) under 100 Torr of O2, [O2] = 2.3, 4.7, and 7.0 Torr, for the inter­
mediate curves, respectively. The baseline was recorded with a DMA 
solution of BuSK-dibenzo-18-crown-6 complex of the same concentra­
tion but without heme. 
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Figure 2. Formation of the mercaptide-protoheme-CO complex in 
DMA at 24°. [CO] = 0, 4.7, 11, 30, and 760 Torr, respectively. 

suited in the typical pyridine hemochrome spectrum. The 
stoichiometry of oxygen binding to generate the species 
with spectrum a has been quantitatively determined by this 
displacement reaction to give a value of Fe:C>2 of 1:1 at 
- 4 5 ° . " 

It is significant that the Soret band of this [RS-heme-
0 2 ] " complex has split into two peaks: one at 476 nm and a 
second one at 378 nm. In contrast, oxygenated P-450 of 
both bacterial12~14 and microsomal15 origins was found to 
have a single Soret peak at 418 nm and visible bands 
around 550 and 580 nm. Careful examination of the region 
370-390 nm of the carbon monoxide complex [RS-heme-
C O ] - also revealed a second Soret peak at 376 nm (Figure 
2). This intense near-uv band had been observed in many 
previously published P-450-CO spectra,13'16 but its signifi­
cance was not recognized, presumably because this part of 
the spectrum could easily be mistaken for the strong ab­
sorption of dithionite commonly employed as the reducing 
agent for the enzyme. This type of two-Soret-peak spectra 
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Figure 3. Absorption spectra of O2 and CO adducts of mercaptide-
2,4-diacetyldeuteroheme dimethyl ester complex in DMA: (—) deoxy 
complex, under argon at 24°; (- - -), CO complex at 24°; (• • •) O2 com­
plex at - 45° . 
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Figure 4. Absorption spectra of O2 and CO adducts of mercaptide-
mesoheme complex in DMA: (—) deoxy complex under argon at 24°, 
(- - -) CO complex at 24°, (• • •) O2 complex at - 45° . 

can further be demonstrated to be a general feature of all 
C O - or 02-ferrous porphyrin complexes that have mercap-
tide ion as the axial ligand (Figures 3 and 4).17 

The wavelength of the Soret peaks is apparently very sen­
sitive to the electron density at the iron atom. With elec­
tron-withdrawing groups on the porphyrin ring, decreased 
electron density at the iron shifts the long wavelength Soret 
peak to 494 nm in 2,4-diacetyldeuteroheme, while electron 
rich mesoheme has the peak at 468 nm. Another interesting 
property of these mercaptide-heme complexes is that, un­
like ordinary heme coordination chemistry, their affinity 
towards O2 binding is just as strong as CO binding. (P\/2 
was about 2 Torr for protoheme at —45° in our system.) 
We believe that the p orbital of sulfur in the mercaptide 
must interact strongly with iron and result in strong ir-elec-
tron donation from the sulfur to iron and subsequently to 
the Tr* orbitals of O2.18"20 It is this unusually large basicity 
of the mercaptide compared to other nitrogen TT bases which 
serves to narrow the gap between O2 and CO binding, since 
it has been demonstrated that O2 binding to heme iron de­
mands considerably more -K back-bonding than CO.18 

7, 7976 
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The splitting of the Soret band of [RS-heme-CO]- and 
[RS-heme-C^]- has been correlated with other metallo-
porphyrins such as Sb(III) and Bi(III) porphyrins that bear 
a close spectral resemblance and a theorectical interpreta­
tion for this splitting as well as the red shifting of the Soret 
band has been proposed.21 The notable spectral discrepan­
cies between the [RS-heme-Ch]- complex reported here 
and the oxygenated P-450 enzymic system is, however, open 
to speculation at this stage. Nevertheless the present results 
suggest that while in the ferric deoxy and ferrous CO forms 
of P-450 a deprotonated cysteine residue may serve as the 
axial ligand, the oxygenated form of P-450 cannot be bound 
to a mercaptide ion. Whether this change in axial ligation, 
upon oxygen binding, results from the change of mercaptide 
to mercaptan or replacement of mercaptide for a non-sul­
fur-containing ligand must await further experimentation. 
However, this intriguing change in axial ligation at the crit­
ical step of the enzymic reaction may be ultimately related 
to the activation of molecular oxygen for the hydroxylation 
reactions catalyzed by these systems. 
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Photochemistry as a Probe of the Excited State 
Properties of Molecules. IV.1 A Determination of the 
Relative Triplet Reactivities of the Carbon-Nitrogen and 
Carbon-Oxygen Chromophores of 4-Acylpyrimidines. 
Photochemical Cyclopropanol Formation 

Sir: 

In recent years the photochemistry arising from the 
C = N portion of azaaromatic molecules has received con­
siderable attention.4 A number of studies have compared 
the excited-state behavior of the C = N chromophore of aza 
aromatics to that of the C = O chromophore of ketones.5 Al­
though the studies have clearly demonstrated qualitative 
analogies in photochemical behavior, no quantitative com­
parisons of the excited-state reactivities of the two chromo­
phores have been made. We recently reported2 that 4-acyl-
pyrimidines could uniquely undergo intramolecular hydro­
gen abstraction by way of both C = N and C=O triplets. 
We have since examined the relative triplet reactivities of 
the C = N and C = O chromophores of 4-propionylpyrimi-
dine (1), 4-butyrylpyrimidine (2), and 4-valerylpyrimidine 
(3). In this communication we wish to report findings which 
indicate that the C = N and C = O triplets of 4-acylpyrimi-
dines possess similar reactivity, but surprisingly dissimilar 
selectivity towards intramolecular hydrogen atom abstrac­
tion. 

CH2CH3 

1 

QT CH2CH2CH3 CT CH2CH2CH2CH3 

2 3 

Irradiations of the 4-acylpyrimidines (1), (2), and (3) 
were carried out at 313 nm in benzene as previously descri­
bed.213 Under the photolysis conditions, ketone (1) was 
found to rearrange exclusively to l-(4-pyrimidyl)-l -cyclo­
propanol (4). The structure of the cyclopropanol (4) is 
based on its spectral characteristics (ir (CCI4) 2.80 n, 
NMR (CDCl3) methylene S 1.42 (4 H) multiplet, hydroxyl 
2.96 (1 H) broad singlet, aromatic 7.45 (1 H) doublet, 8.60 
(1 H) doublet, 9.06 (1 H) singlet; mass spectrum (m/e) 136 
M+, 135, 108, 107, 80 (base peak), 79, 57, 55, 53, 52) and 
on the fact that it reverts back to ketone (1) upon treatment 
with 0.1 N NaOH. Under the same irradiation conditions, 
ketone (2) afforded a mixture of 4-acetylpyrimidine (5) and 
l-(4-pyrimidyl)-2-methyl-l-cyclopropanol (6),2b while ke­
tone (3) underwent virtually exclusive type II cleavage to 
4-acetylpyrimidine (5). 

OH-

Since cyclopropanol formation can occur only via 7-hy-
drogen abstraction by C = N triplets and type II elimination 
can result only from triplet C=O hydrogen abstraction,2 

each reaction can serve as a probe of the relative triplet 
reactivities of the two chromophores. The side chain of the 
pyrimidyl ketone (1) permits only C = N abstraction of pri­
mary hydrogen atoms. The side chain of the pyrimidyl ke­
tone (2), on the other hand, allows for primary C=O hy­
drogen abstraction and secondary C = N hydrogen abstrac­
tion, while that of the pyrimidyl ketone (3) permits only 
secondary C = N and C=O hydrogen abstraction. The na­
ture of the products obtained from the photolysis of ketones 
1, 2, and 3 clearly indicates that exclusive C=N hydrogen 
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