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structure 7. The expected labeling pattern is as shown in Figure 
2. In the proton-decoupled spectrum, the C-15 resonance is a 
triplet (/ = 72 Hz) due to 1,2 coupling with two adjacent en
riched sites. (A lower intensity doublet is also present owing 
to those molecules having only one adjacent enriched site.) The 
C-5 and C-IO resonances both occur as doublet of doublets due 
to 1,2 and 1,4 couplings while C-20 shows only a 1,4 interac
tion. The four-meso-hydrogen 1H NMR resonances occurred 
as doublets (J = 183 Hz) at 8 8.54, 7.46, 7.36, and 6.78. As 
discussed by Bonnett et al.,12a the upfield meso-hydrogen 
resonance of an isobacteriochlorin may be assigned to that 
between the reduced (methylated) rings and the downfield 
resonance to that between the nonreduced rings. Thus the 5 
8.54 hydrogen would be coupled to C-15 in structure 7 and to 
C-20 in structure 6. The former case was confirmed by a se
lective heteronuclear decoupling experiment. Additionally, the 
5 6.78 meso hydrogen was shown to be coupled to the upfield 
meso carbon which is therefore C-5. 

The structural proposal (7) for sirohydrochlorin was ex
amined by two sets of biosynthetic experiments. Specimens of 
sirohydrochlorin labeled (in ~10% radiochemical yield) by 
separate incubations6 with 5-[4-14C]aminolevulinic acid and 
5-[3H3C]adenosylmethionine were purified chromato-
graphically as the octamethyl esters, hydrolyzed, and reincu-
bated as singly and doubly labeled species after sodium 
amalgam reduction (7 —• 9). The singly labeled species was 
incorporated by the "corrin synthetase" 6 preparation into 
cobyrinic acid 3 (isolated as cobester) in 0.4-1.9% radio
chemical yield. Intact incorporation of the reduced version (9) 
is clearly revealed by retention of the 3H/ I4C ratio (3.45) in 
the isolated cobester (3.41). When unreduced 7 was incubated 
with the corrin synthetase preparation, similar incorporations 
(0.3-2.8%) were observed. The absolute stereochemistry of 7 
is therefore established via bioconversion to corrin.13 

Other workers14'15 have recently isolated a metabolite from 
P. shermanii with similar UV and mass spectral characteristics 
to those of sirohydrochlorin. The Cambridge group postulated 
structure 7 for their metabolite after assuming that it was on 
the Bj2 pathway and further that ring C was not methylated. 
This paper16 shows unequivocally that sirohydrochlorin is in
deed identical with a P. shermanii metabolite, that it has 
structure 7, and that it is an intermediate on the corrin path
way. The possibility that siroheme represents a prebiotic sul-
fate-reducing agent8 and, further, that both sirohydrochlorin 
and vitamin Bn producing anaerobic organisms predate the 
evolution of heme-synthesizing aerobes17 suggest that the re
ductive methylation of reduced porphyrins may be a phe
nomenon of considerable antiquity (three billion years). 
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Enhanced Chemiluminescence from the Silica Gel 
Catalyzed Decomposition of a 1,2-Dioxetane 

Sir: 

In 1969 Kopecky and Mumford first demonstrated that the 
thermolysis of 1,2-dioxetanes yields electronically excited 
carbonyl products.' It has subsequently been shown that simple 
isolable 1,2-dioxetanes afford predominantly triplet excited 
states upon spontaneous decomposition in solution.2 Transition 
metals,3 electron-rich olefins,4 and amines4 catalyze the 
cleavage of 1,2-dioxetanes. However, these processes give 
ground-state products and therefore result in reduced light 
emission. We now report the first observation5 of enhanced 
chemiluminescence associated with the catalytic decomposition 
of a stable, crystalline 1,2-dioxetane. 

2,3-Di(2-anthryl)-l,4-dioxene (I,6 100 mg) was photo-
oxygenated for 30 min at -78 0C in 100 mL of CH2CI2 using 
1 g of polymer-bound Rose Bengal7 as sensitizer with two 
500-W tungsten-halogen lamps and a UV-cutoff filter. The 
reaction mixture was filtered and concentrated at 10 0C on a 
rotary evaporator to 50 mL. Addition of 1 mL of pentane and 
cooling to —25 °C gave pure 2 as a pale yellow solid in 51% 
yield: UV (o-xylene) Xmax 327 nm (log t 3.68), 343 (3.83), 361 
(3.93), 380 (3.82);8 1H NMR (100 MHz, CDCl3, 0

 0C) 5 4.51 
(m), 4.99 (m), 6.5-8.6 (m, aromatic). Additional 2 could be 
obtained by concentrating the reaction solution further;9 

however, this material also contained cleavage product 3. 
Thermolysis of the dianthryl-substituted 1,2-dioxetane 2 

in o-xylene results in quantitative formation of the diester 3 i 0 

and is accompanied by light emission. The rates of decompo
sition of 2, the formation of 3, and the emission of light are first 
order and identical (k = 6.56 X 10~3 s~' at 84.1 0C). The 
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spectrum of the chemiluminescence was acquired by photon 
counting techniques, and is completely congruent with the 
fluorescence spectrum of 3 (Figure 1). The chemiluminescence 
efficiency for the formation of singlet excited 3 was found to 
be 0.2% at 84.1 0 C. 

Addition of silica gel to an o-xylene solution of 2 leads to an 
immediate and dramatic increase in light intensity (as much 
as 104-fold at 25 0C with a 150-fold increase in rate). There 
is a resultant red shift and loss of structure in the chemilumi
nescence spectrum, which is similar to the fluorescence spec
trum of 3 adsorbed on silica in an o-xylene suspension" 
(Figure 1). Experiments have shown that the light emission 
occurs from the surface of the silica and that there was no o-
xylene-soluble catalytic entity present in the silica. Soxhlet 
extraction of the silica from spent chemiluminescence mixtures 
allowed isolation of 3 in 71% yield.12 

The kinetics of the catalyzed chemiluminescence were ex
amined at 84.1 0 C using stirred suspensions of silica gel (Baker, 
sieved to 100-140 mesh) in o-xylene. The results are presented 
in Figure 2. The integrated light emission per mole of 1,2-
dioxetane 2 increases very rapidly with the weight of silica in 
suspension, until a plateau is reached corresponding to 136-fold 
enhancement of the observed chemiluminescence compared 
to the uncatalyzed decomposition of 2 at 84.1 0 C. This suggests 
that above 40 g/ L of silica the chemiluminescence is derived 
entirely from the cleavage of 1,2-dioxetane 2 on the surface 
of the silica with increased efficiency for the formation of 
singlet excited 3. An increased fluorescence quantum yield for 
3 on silica could contribute at most a 6-fold enhancement. 
First-order plots for the decay of the luminescence were linear 
{r > 0.9990) for at least 9 half-lifes over the entire range of 
silica concentrations employed. The linear dependence of the 
rate constant on the weight of silica in the plateau region is in 
accord with a surface reaction.13 

Similar behavior was observed using unsieved (60-200 
mesh) silica from a different batch, with small differences in 
rate constant and a maximal light yield corresponding to a 
167-fold enhancement. Assuming that the fluorescence 
quantum yield of 3 bound to silica is substantially independent 
of temperature,14 the chemiluminescence efficiency for the 
production of singlet excited 3 by the catalytic reaction in this 
case is estimated to be 12% at 84.1 0 C. 1 5 

While surface catalysis of peroxide decomposition (e.g., by 
the vessel walls) is well established, and silica and related 
catalysts effect the cleavage of peroxides,16 the mechanism of 
catalysis appears different in this case. Since glass wool does 
not increase the rate of decomposition of 2, and the simple 
trimethyl-1,2-dioxetane appears unaffected by silica, mere 
facilitation of O-O bond cleavage seems an inadequate ex
planation of our results. One possible rationalization rests on 

300 400 500 600 700 nm 

Figure 1. Emission spectra: (1) chemiluminescence from the thermolysis 
of 2 in o-xylene (9.2 X 10"5 M) at 55 0C, acquired with an Ortec 9315 
photon counter, a Jarrell-Ash 82-410 scanning monochromator, and an 
RCA C31034 PM tube operated at - 5 0 °C; (2) fluorescence from 3 in 
o-xylene under the same conditions as those of curve 1; (3) chemilumi
nescence from the silica gel catalyzed (25 g/L) decomposition of 2 (4.6 
X 10"5 M) in o-xylene at 25 0C; (4) fluorescence of 3 adsorbed on silica 
gel in an o-xylene suspension at 25 0C. 
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Figure 2. Chemiluminescence from 1,2-dioxetane 2 (6 X 10 - 6 M) in o-
xylene with silica gel at 84.1 0C: O, integrated light intensity per mole of 
2 relative to that from the uncatalyzed reaction (left-hand scale); • . rate 
constant for the decay of chemiluminescence (right-hand scale). 

an analogy between the surface crossing leading to chemiex-
citation, and the surface crossings involved in the radiationless 
processes of electronically excited molecules. Methyl 2-an
throate, an excellent model for 3, exhibits solvent dependent 
Si —* T2 intersystem crossing, resulting from an increasing T2 
energy relative to S), with increasing solvent polarity.17 Similar 
behavior in polar solvents or in the presence of silica gel is well 
documented for ketones.18-19 It is felt that the changes in ex
cited state energies,20 which are significant for intersystem 
crossing in 3 or methyl 2-anthroate, are also important earlier 
along the reaction coordiante for cleavage of 2, specifically near 
the transition state or surface crossing point. These environ
mentally caused changes are reflected in the increased rate and 
chemiluminescence efficiency for scission of 2. If this inter
pretation is correct, the decomposition of 2 should be solvent 
dependent, without the requirement for a surface-active cat
alyst. This and other tests of the relationship between the 
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properties of 1,2-dioxetanes and the photophysics of their 
cleavage products are presently in hand. 

Other catalysts with acidic sites (e.g., alumina but not Norit) 
are also effective in catalyzing the chemiluminescent cleavage 
of 2. The monoanthryl-substituted 1,2-dioxetane described 
earlier shows similar behavior.5 Since the catalyst may be re
moved by filtration, these heterogeneous systems offer in
triguing possibilities for a practical chemiluminescent light 
source, which may be switched on and off. Studies of the scope 
and mechanism of the catalytic process are in progress. 
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Correlation of Chemical Shifts 
of Protons and Carbon-13 

Sir: 

We would like to draw attention to the chemical significance 
of a method for correlating proton and carbon-13 chemical 
shifts based on spin-spin coupling, information which is tra
ditionally obtained from coherent proton decoupling over a 
range of different frequencies.1-3 It uses a two-dimensional 
Fourier transform technique recently introduced by Ernst4-5 

where one species (the S spins) is detected indirectly by ob
servation of a second species (the / spins). A rigorous treatment 
of this experiment has recourse to the density matrix formal
ism,6'7 although considerable insight may be obtained by a 
simpler approach based on spin population arguments.8 

The method has already been applied to the problem of 
correlating proton (S) and carbon (/) shifts in some simple 
molecules.8'9 The experiment consists of an initial 90° pulse 
applied to protons, an evolution period t\ to allow free pre
cession of the protons, a second 90° proton pulse which creates 
nonequilibrium spin populations, and then (simultaneously or 
suitably delayed) a 90° carbon-13 pulse to monitor the car
bon-13 free induction decay. As the second proton pulse acts 
on magnetiziation vectors with different orientations in the 
transverse plane, it can be thought of as behaving in a fre
quency-selective manner, pumping spin populations differ
entially. This is how information about the proton spectrum 
is transmitted via the carbon-13 signal to the receiver, which 
is tuned to carbon-13 not protons. There is no net transfer of 
magnetization, the "new" carbon-13 resonances having positive 
or negative intensities with an algebraic sum of zero.4,5 Two-
dimensional Fourier transformation generates a spectrum in 
two frequency dimensions containing information about pro
tons (in the Fi dimension) and carbon-13 (in the F 2 dimen
sion-essentially a shift correlation chart containing some 
additional information about spin coupling. 

Spectra were obtained from natural-abundance carbon-13 
samples on a Varian CFT-20 spectrometer provided with a 
program for double Fourier transformation.10 The carbon-13 
free induction signals were detected under conditions of co
herent off-resonance proton decoupling, causing incomplete 
coalescence of the proton splitting of the carbon-13 resonances 
in the F 2 dimension without allowing the antiphase components 
of these multiplets to come close enough together for mutual 
cancellation.8 No attempt was made to remove the corre
sponding doublet splitting of the proton spectra in the Fi di-

PROTON SPECTRUM 

F, 
Figure 1. Two-dimensional Fourier transform spectrum (absolute value 
mode) of the methyl groups in menthone. The assignment of a and b re
mains ambiguous. 
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