
1604 

-cA' 
-I* 

(CH2 

*V 
CW-Bu 

10 
The origin of the regioselectivity could reasonably result 

from the effect of fluorine in altering the relative rates of: 
(1) formation of isomeric exiplexesla or (2) ring closure vs. 
fragmentation for the 1,4-biradicals produced from collapse 
of the isomeric exiplexes.9 Interestingly, Wagner10 has re­
cently shown that the ratio of ring closure to fragmentation 
in valerophenone photochemistry is markedly increased by 
an a-fluorosubstituent and has proposed fluorine hypercon-
jugation as an important factor in the increased amount of 
ring closure. The structural similarity of the biradical from 
a-fluorovalerophenone, 12, and the presumed biradical in­
termediate in these cycloadditions, 13, warrants consider-
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ation of a similar explanation here. While we wish to defer 
a thorough discussion of this question until completion of 
mechanistic studies, it is interesting that the acetone photo­
sensitized cycloaddition of 5-trifluoromethyluracil (14) to 
isobutylene affords in 72% isolated yield and with >95% re­
gioselectivity the adduct 15 . u Thus, the high electronega­
tivity of the substituent may also play a role in the regiose­
lectivity noted here. 

The photostability of the vinylic fluorine under cycload­
dition conditions coupled with the powerful effect of fluo­
rine on regioselectivity and the unique fragmentation pro­
cesses observed here suggest further utility of fluorinated 
substrates in organic photochemistry. We are currently 
studying the cycloaddition reactions of a- and /3-fluoro-
a,^-unsaturated ketones.12 
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Carbon-13 Nuclear Magnetic Resonance Spectra of 
Zinc(II) Coproporphyrins. A Modus Operandi for 
Reproducible Measurement of Porphyrin Spectra 

Sir: 

The use of carbon-13 NMR spectroscopy for the charac­
terization of porphyrins1 (particularly the identification of 
type isomers2), and in the delineation of the biosynthetic 
pathway to the type-Ill porphyrin skeleton3 is now well es­
tablished. Insofar as the elegant techniques employed re­
volve around unambiguous assignment of natural abun­
dance spectra prior to comparison with those of pigments 
produced enzymically from carbon-13 labeled precursors, it 
is surprising that only a paucity of systematic work aimed 
at assignment of porphyrin spectra has been published.4 We 
now report a basic method by which reproducible "mono-
meric" shifts of porphyrin carbons can be simply and easily 
obtained. 

The carbon-13 spectra of virtually all free-base porphy­
rins show the effects of N - H tautomerism;5 thus, the a-pyr-
role carbons are always broad and unresolved (cf. Figure 
la), and in some cases they are so broad that they escape 
observation altogether. This exchange process can also ef­
fect the /3-pyrrole and possibly the meso carbon atoms. 
Thus, unambiguous assignment of the individual skeletal 
carbon atoms becomes virtually impossible. 

Incorporation of zinc(II) into the porphyrin removes the 
effects of the tautomeric exchange process. Zinc(II) is dia-
magnetic and its insertion and removal is a facile undertak­
ing. The resultant carbon-13 NMR spectra give sharp lines 
for the a (and (S) pyrrole carbons (Figure lb). However, in 
the course of our study it became clear that the carbon-13 
shifts were dependent upon the precise operating conditions 
(e.g., concentration, temperature, etc.). Moreover, the na­
ture of the fine structure changed markedly with concentra­
tion. We ascribe this to the formation of highly structured 
aggregates in solution.6 

Despite the generally held view that carbon-13 shifts are 
not concentration dependent, we have observed shifts of sev­
eral parts per million in the zinc(II) porphyrins.7 The car­
bon-13 shifts of the quaternary skeletal carbons of various 
porphyrins, even at the same concentration in CDCI3, are 
quite inconsistent and inexplicable in terms of substituent 
effects. In retrospect this is not surprising since the ob­
served shifts are a function not only of the isolated molecule 
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Table I. Carbon-13 Chemical Shifts (S, ppm downfield from internal Me4Si) of Porphyrin Skeletal Carbons in CDCl3 Containing 
Excess Pyrrolidine 

l ,R1 '3 ' s '7 = Me;R2 '4>s '8=pMe 
2, R1.".S,S _ M e . R2,3,6,7 = pMe 

3, Ri,3,5,8 = Me; R3>4>6>7 = pMe 
4 ; R ' ," ,« ,7 = Me; R2-3,5-8 = pMe 

pMe = CH2CH2CO2Me 

Compound" 

Zinc(II) 
Copro-I (1) 

Zinc(II) 
Copro-II (2) 

Zinc(II) 
Copro-III (3) 

Zinc(II) 
Copro-IV (4) 

148.08(1' 

148.14(1' 

148.18 , 
148.09 U 

148.09 , 
148.00 ( I 

a-Pyrrole carbons6 

,3',5',7') 

,4',5',8') 

,3',5',8') 

,4',6',7') 

147.09 (2',4' 

147.17 (2',3' 

147.21 
147.10 u ' 4 

147.20 
147.11 u , i 

,6' 

,6' 

,6' 

,5 

,8') 

,7') 

,7') 

,8') 

/3-Pyrrole carbons 

136.62(1,3,5,7) 

136.53 (1,4,5,8) 

1 3 6 - 6 3 fl 3 5 8, 136.49 U,J,^,«J 

136.63 
136.52 ( 1 ' 4 ' 6 ' 7 ) 

138.46 (2,4,6,8) 

138.62(2,3,6,7) 

138.62 
138.50 ( 2 , 4 ' 6 ' 7 ) 

1 3 8 5 8 r2 3 5 8-1 
138.43 ^z'i'i'ii> 

Meso carbons 

96.54 (a,/3,7,6) 

96.84 (/3,6) 
96.43 (a,7) 
96.89 (6) 

96.54 <"•"> 
96.38 (7) 
96.94 (7) 
96.55 (/3,6) 
96.27 (a) 

^AIl samples used as tetramethyl esters, b Numbers and Greek letters in parentheses refer to carbons in structural formula. 
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Figure 1. Carbon-13 spectra (Varian XL-100) of skeletal carbons in 
(a) coproporphyrin-III tetramethyl ester (CDCI3 solution); (b) zinc(II) 
coproporphyrin-III tetramethyl ester (3) (CDCI3); (c) zinc(II) copro­
porphyrin-III tetramethyl ester(3) (in CDCI3 plus approximately 2 
equiv of added pyrrolidine). 

but also the degree and the specificity of aggregation which 
will vary from porphyrin to porphyrin. 

Addition of a donor molecule, such as pyrrolidine, cir­
cumvents these problems because any aggregates are imme­
diately sundered to afford simpler spectra (Figure Ic). An 
additional benefit is that pyrrolidine dramatically increases 
the solubility of such metalloporphyrins even when they are 
almost insoluble in CDCl3 alone.8 The chemical shifts in 
the presence of excess pyrrolidine are independent of con­
centration. Furthermore, the chemical shifts are now capa­
ble of simple and consistent interpretation in terms of sub -
stituent effects. 

In Table I we present the <5-values for the tetramethyl es­
ters of the four coproporphyrin-type isomers. Perusal of the 

meso carbon shifts alone allows the unequivocal identifica­
tion of each isomer. Such an identification could not be 
made2 with the metal-free compounds; in Copro-III, for ex­
ample, three of the signals are isochronous (Figure la). 
Further, the remarkable consistency of the shifts allows spe­
cific assignment of almost all peaks. For example, in 
zinc(II) Copro-IV the three meso signals are in the ratio of 
1:2:1; thus, from symmetry the line at 96.55 ppm is as­
signed to the /3 and 5 meso carbons, i.e., to the meso carbons 
flanked by a methyl group and a propionate group. This as­
signment is supported by the meso carbon shift in zinc(II) 
Copro-I (96.54 ppm). Further consideration of the shifts in 
the type-II, -III, and -IV isomers shows that there is consis­
tently a low-field peak (96.84, 96.98, and 96.94 ppm, re­
spectively) and a high-field peak (96.43, 96.38, and 96.27 
ppm, respectively). Analogy with a host of model porphy­
rins9 allows us to assign the high-field line to those meso 
carbons flanked by two propionate side-chains, and the low-
field resonance is assigned to a meso carbon between two 
peripheral methyl groups. These assignments are further 
confirmed in the spectrum of zinc(II) aY-dideuterio-Copro-
II.10 The only signals which we are unable to assign specifi­
cally are the a and /3 meso carbons in zinc(II) Copro-III be­
cause both meso positions are flanked by a methyl and a 
propionate substituent.1' 

The quaternary pyrrole resonances are also totally consis­
tent. We assign the a and /3-pyrrole carbons as shown in 
Table I by analogy with the effects of methyl and propio­
nate groups on a benzene ring. Only in zinc(II) Copro-III is 
there any loss of information due to isochronous signals. We 
do not yet feel confident in further specific assignment of 
the a- and /3-pyrrole carbons bearing methyl or propionate 
groups in the type-Ill and -IV isomers. The substituent ef­
fects themselves are unremarkable and will be considered 
further, along with the side chain assignments, in a future 
publication.9 

In conclusion we would suggest that all porphyrin car­
bon-13 spectra should be obtained under the conditions out­
lined herein. Only when these conditions are met does total 
assignment of spectra and unambiguous identification of 
porphyrin type-isomers become a feasible task. In principle, 
this procedure is applicable to all divalent diamagnetic me­
talloporphyrins other than those which become paramag­
netic upon coordination with bases.12 
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uct mixture (up to C10) was analyzed by GLC (4 m silicone 
oil on Chromosorb P at 1000C) using an internal standard 
technique. The products, viz., butadiene, benzene, 1,2-dim-
ethylenecyclohexane, 2, and tetralin, 3, were identified by 
GLC-mass spectrometry (MS 12), and product recovery 
(in terms of reactant loss) was at least 86% and probably 
greater.2 Analysis of the C14 fraction (Carbowax 20M on 
Universal B at 130 0C) revealed the presence of two minor 
products amounting to ca. 1% of the total reactant and 
product. These were identified as C u H i 8 isomers by mass 
spectrometry but have not as yet been further character­
ized. The division between major product pathways as indi­
cated by the ratio [3]/[2] averaged at 1.55 although a 
slight trend was apparent with time from a low of 1.43 (at 
24% conversion) to 1.72 (at 100% conversion). The prod­
ucts, and product mixtures, were stable under the condi­
tions of the experiments. The reaction followed unimolecu-
lar kinetics and a rate constant, k = (3.5 ± 0.3) X 10 - 4 s_ 1 , 
was obtained for total product formation. 

In the delineation of the mechanism of this reaction a 
likely initial fate of 1 appears to us to be transformation to 
tricyclo[8.4.0.03-8]tetradeca-l10,4,6-triene (4), by means of 
a sigmatropic 1,3 carbon shift. Concomitant symmetry-for­
bidden [4 + 4] cycloreversion to 2 and benzene also seems 
probable on the analogy of the pyrolysis of cycloocta-1,5-
diene3 (Scheme II) studied by Srinivasan and Levi. Al-

Scheme II 

2 ^ ^ ^ 

Thermal Decomposition of Tricyclo[6.4.0.23'6]tetradeca-
l(8),4,13-triene. A Process Involving a Series of 
Intramolecular and Retro-Diels-Alder Reactions 

Sir 

During the course of routine investigation of the thermal 
stability of the previously prepared1 1,4-1',4' photoadduct 
of 1,2-dimethylenecyclohexane and benzene, 1 (the title 
compound), we discovered, in addition to the thermal rever­
sal of the photoformation reaction, a second but unexpected 
pathway leading to the formation of butadiene and tetralin 
(Scheme I). The continuing interest in valence bond isomer-
ization processes prompts us to report this result and point 
out the possible mechanistic implications. 

Scheme I 

+ 

(00 + J^S' 

The reaction was made the subject of a brief kinetic 
study using the sealed ampoule technique; 6.8-^mol por­
tions of the reactant2 were sealed under vacuum in 2.7 cm3, 
base-washed Pyrex tubes and heated (stirred salt thermo­
stat) for periods of up to 4.5 h at 453.6 ± 0 . 1 K. The prod-

though we offer no firm conclusion as to the detailed mech­
anism of these processes, we note that the biradical, 5, is an 

If 

energetically viable intermediate in our case.4 4 itself may 
now augment the yields of 2 and benzene by symmetry al­
lowed [4 + 2] cycloreversion, the retro-Diels-Alder reac­
tion, but in order to lead to the other products, we propose 
that 4 undergoes competitive internal [4 + 2] cycloaddition, 
an example of the intramolecular Diels-Alder process6-8 

leading to the hitherto unknown pentacy-
clo[8.4.0.03-8.0,-4.07'10]tetradec-5-ene (6). This highly 
strained hydrocarbon9, by virtue of its symmetry, may now 
either revert to 4 or proceed to the propellatriene, tricyclo-
[4.4.4.01,6]tetradeca-2,4,8-triene (7), in both cases by retro-
Diels-AIder processes. 7, by means of a further retro-Diels-
Alder reaction can now lead to the observed products tetra­
lin, 3, and butadiene. These proposals are summarized in 
Scheme III. 

It remains to be shown whether either of the two minor 
isomeric C14H18 species observed corresponds to either of 
the intermediates 4 or 7, but in any case these latter must 
be thermally labile to fit our scheme. The aromatization oc­
curring during retro-Diels-Alder reaction of 4 and 7 to 
products undoubtedly provides a driving force but the ques­
tion of whether it is sufficient will have to await a direct 
test. The intramolecular isomerization of 4 must also be 
facile to compete successfully with the decomposition. 
Again, this must await a direct test, but favorable omens 
are provided by analogous intramolecular Diels-Alder reac-

Journal of the American Chemical Society / 98:6 / March 17, 1976 


