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Table I. The Fluorescence Lifetime and Quantum Yields of all-
trans- Retinal as a Function of Excitation Wavelength 

Xex, nm TF ± 0.1 ns # ± 0.002 

440 0.61 0.064 
420 0.73 0.033 
400 0.75 0.025 
380 0.69 0.017 
360 0.67 0.012 
340 0.76 0.015 

tron density of the carbonyl oxygen of a//-rnz«5-retinal from 
1.399 in the ground state to 1.414 in the excited state. 

Immediately prior to the measurements of fluorescence 
intensity and lifetime data, a//-?ra/w-retinal (Sigma Chemical 
Co.) was purified on silica gel TLC in «-hexane-ethyl acetate 
(30:5, v/v) and then extracted into freshly distilled spectro-
quality ethanol (U.S. Industries). All procedures were carried 
out in near darkness. 

The fluorescence lifetime measurements were made on an 
SLM Model 480 phase-modulation fluorometer previously 
described8 and fitted with a holder for liquid nitrogen optical 
Dewar and cell. All measurements were made with a 1-kW Xe 
arc lamp as a light source at 1-nm excitation band pass. Cor
rected emission spectra were measured on a Perkin-Elmer 
MPF3 spectrofluorometer at 77 K. The excitation bandpass 
was kept constant at 2 nm throughout the measurement. The 
relative quantum yield of fluorescence was calculated from the 
relationship 

where 0 F is the quantum yield of the reference compound, 
riboflavin tetrabutyrate9 or 9,10-diphenylanthracene,10 nT and 
n% are refractive indexes of reference and sample solutions at 
77 K, respectively, and /p and A\ are fluorescence intensity 
and absorbance, respectively. The absorbances for reference 
and sample at each wavelength were kept within 5% in order 
to minimize errors due to the series approximation to the 
(A?\/ A\) term in the above equation and the difference in 
spectral shape of the excitation spectra of reference and sam
ples at a given wavelength band pass (2 nm). In addition, the 
absorbances at each Xex were kept within ±12% in order to 
minimize errors due to light scattering. 

Table I presents the measured fluorescence lifetimes and 
quantum yields as a function of exciting wavelength. Each 
lifetime is an average of at least 20 phase shifts and modulation 
measurements. It can be seen that the lifetimes remain es
sentially constant across the excitation band covering the ab
sorption maximum and the long wavelength edge region, while 
the fluorescence quantum yields are wavelength dependent in 
the same spectral region. 

The results in Table I strongly suggest that the fluorescence 
of all-trans-vzi\na.\ in ethanol at 77 K is largely due to one 
emitting species, as the phase shift and modulation lifetimes 
were identical within 200 ps, indicative of a single component 
decay. Nonetheless, the fluorescence quantum yield depends 
upon Xex (Table I and ref 5 and 6) for all-trans-retinal in 
ethanol at 77 K. This suggests that a rapid interconversion 
between free and H-bonded retinal does not occur during the 
excited-state lifetime (cf. reason b above). 

It is also noteworthy that the fluorescence quantum yield 
of retinal still shows Xex dependence in the presence of a sat
urating concentration of KI (85 mM) which enhances fluo
rescence as a result of R — C = O - K + complex formation.5 The 
lifetime also increases with KI by a factor of 2.1 ' 
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Quinuclidin-4-yl 

Sir: 

Long-range orbital interactions in saturated systems can 
occur either by "through-space" or "through-bond" mecha
nisms.'"4 The bridgehead positions in a bicyclooctane struc
ture5 provide a particularly attractive framework for studies 
of such interactions. The lone pairs on the two nitrogen atoms 
of diazabicyclooctane (1) provide a four-electron case. Both 
experimental6-8 and theoretical',3'4 evidence suggest that there 
is a very strong (~1.6 eV) interaction between these two or-
bitals. Calculations 1^3-4 indicate that direct overlap is small and 
that the interaction occurs by a "through-bond" coupling of 
the nitrogens' lone-pair orbitals with the low-lying a C-C bond 
orbitals. One-electron systems include bicyclooctyl9 (2) and 
the quinuclidine radical cation10 (3). The magnitudes of aHi 

in the EPR spectra of 29 and 310 imply that, while there is some 
"through-bond" coupling to the 4 position, it is not particularly 
strong." That is, in 2 and 3 the unpaired spin is localized at the 
formal radical center. Therefore, these radicals are not stabi
lized12 and, because they are bridgehead radicals, may even 
be slightly destabilized. The most important three-electron 
cases previously studied are 4, the radical cation of I,6'13-15 and 
the radical cations derived from structurally related bicyclic 
diamines16 and cyclic disulfides.17'18 

The EPR spectrum of 4 shows two equivalent nitrogens and 
twelve equivalent hydrogens.6-13 This was initially interpreted 
as a fast electron transfer between the nitrogens,6 which implies 
a fairly weak interaction between localized orbitals and, pre
sumably, a radical which is, at most, only slightly stabilized. 
However, it seems much more likely that 4 is very strongly 
stabilized.4-7'8'13'15 Hoffmann et al.4 first suggested "the 
electron is in fact delocalized over the molecule" and this view 
is supported by the results of a PES study of I,7-8 by a more 
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Table I. EPR Parameters for Quinuclidin-4-yl and Related 
Radicals" 

a* 
«H"(6H) 
S11MSH) 
auh0 H) 
g 

5* 

1.80/ 
7.00/ 

g 

2.00294A 

V 

6.64 
0.89 
2.69 

/ 

3d 

25.1 
9.39 
2.36 

14.3 
/ 

4' 

16.96(2N) 
7.34 
7.34 

/ 

" Hyperfine couplings are in gauss. * This work. In cyclopropane 
at -80 °C, AZ/pp = 1.0 ± 0.1 G. c Reference 9. In cyclopropane at 
-74 0C. <* Reference 10. In CF3SO3H at -50 to 0 0C. e Reference 
6. In CH3CN at 23 0C./ ±0.15 G. « Not resolved. * ±0.0003. 'Not 
reported. 

recent EPR study of 4 at low temperatures,13 by the results of 
a study of the gas-phase basicity of I,14 and by a study of 4 by 
resonance Raman spectroscopy.15 

The quinuclidin-4-yl radical (5) provides another model for 
distinguishing a localized from a delocalized spin in a three-
electron case, i.e., for distinguishing between a nonstabilized 
and a highly stabilized radical. In this communication we re
port chemical and EPR studies which reveal that radical sta
bilization and/or long-range electron derealization is com
paratively unimportant for 5. This result stands in surprising 
contrast to the aforementioned conclusions regarding the large 
degree of stabilization of 4 and also contrasts with the well-
known stabilization of carbon-centered radicals by a hetero-
atoms.21 

Chemical Studies. Relative rates of radical generation from 
appropriate molecular precursors have long been used to assess 
the ordering of radicals in terms of their stabilization energies. 
Competitive reduction22 of 1-bromobicyclooctane and 4-
bromoquinuclidine23 with a deficiency of tri-n-butyltin hydride 
at 45 0C revealed that 5 was formed only three times faster 
than 2, i.e., ks/k2 = 3.0: 

kR /J-Bu3SnH 

M-Bu3Sn-+ R B r — » M-Bu3SnBr + R- —>• RH 

Comparison with literature data25 indicates that 2 is formed 
at about one third of the rate for the nonrigid, tertiary, meth-
ylcyclohexyl radical. That is, 5 is formed from its bromide at 
about the same rate as an "ordinary" tertiary alkyl radical 
(such as terr-butyl, for which A:Me3c = 8.5 X 107 s_1 at 25 
°C).26 We must therefore conclude that 5 is not a stabilized'2 

radical and that there is little or no long-range orbital inter
action. The fact that ks/k2 ^ 1 may reflect either the inductive 
effect of the nitrogen27 or a more flexible geometry at the 
radical center for 5 in comparison with 2. 

The foregoing conclusions are supported by the results of 
a study of the free-radical chlorination of quinuclidine.28 

Products chlorinated at positions 2 and 4 were formed in the 
statistically corrected ratio of 1.8:1.28'29 The bridgehead po
sition is less active than the C-2 position adjacent to nitrogen 
despite the fact that in quinuclidin-2-yl conjugative electron 
derealization is precluded because the C-2 semioccupied or
bital and the N lone-pair orbital are almost orthogonal. 

We have also measured the reduction potentials31 for 1-
bromocyclooctane (—2.79 V) and for 4-bromoquinuclidine 
(-2.71 V). For the electrochemical reduction of halides the 
radical mechanism is generally considered the most satisfac
tory.32 The similarity between these two reduction potentials 
militates against significant stabilization of 5 relative to 2. Of 
course, since the reductions are irreversible these potentials 
are not truly thermodynamic quantities.33 However, kinetic 
effects will be minimized because related compounds under
going similar electrode processes are being compared.34 

EPR Spectroscopy. Radical 5 was generated from the bro
mide using photochemically produced Me3Si-, Me3Sn-, and 

«-Bu3Sn- radicals. Its EPR parameters at —80 0C in cyclo
propane are compared with those of analogous radicals in 
Table 1. Most notable is the small magnitude of aN compared 
with the values reported for 310 and 4.6 J 3 It is clear that in 5 
the spin is not delocalized to the N atom. The s spin density 
at this atom (calculated36 from the observed aN value) is only 
0.28%. For comparison, INDO calculations38 on 2 and 3 yield 
5 spin densities at C-4 of +0.37 and —0.1%, respectively. The 
fact that spin in 5 is localized is further confirmed by the small 
magnitude of aH-> (cf. 2, Table I). 

Conclusion. The quinuclidin-4-yl radical (5) is not stabilized 
by long-range electron derealization (whether "through-
space" or "through-bond"). Our results suggest that 4 repre
sents a special case in which electron derealization, and hence 
stabilization, arises from the degeneracy of the interacting 
orbitals. 

Acknowledgment. We are deeply indebted to Professor 
Danen for making the results of his INDO calculations 
available to us. 
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Organic Photochemistry with 6.7-eV Photons: 
Bicyclo[4.1.0]hept-3-ene. Internal Transfer and 
Carryover of Electronic Energy 

Sir: 

In studies on the solution-phase photochemistry at 185 nm 
of cyclic monoolefins13 and cyclic diolefins (both conjugated4 

and unconjugated5), it was found that the lifetimes of the 
electronically excited state that was involved were too short 
to promote bimolecular processes in which an electronically 
excited molecule was a reactant. Even intramolecular transfer 
of electronic energy was not observed to influence the photo
chemistry of a compound such as 4-vinylcyclohexene.5 In more 
rigid bichromophoric molecules such as 1, an internal [2 + 2] 
addition is a major reaction at 185 nm,5 but this may not be 
related to an actual transfer of electronic energy between the 
double bonds. In this communication, results on the photo
chemistry of bicyclo[4.1.0]hept-3-ene (2, hereafter BCH) at 
185 nm are reported. These demonstrate that the incident 
photon is most probably absorbed by the 7r bond while the re
actions that are observed are mostly those of the cyclopropyl 
group. 

^ 
1 

EtOOC 

EiOOC 

EtOOC 

dtf &? 
The ring system 2 is incorporated in numerous compounds 

which were studied by Prinzbach and his co-workers.6 Typi
cally, they found that 3 on triplet sensitization gave 4 as a 
major product. This reaction can be duplicated at 185 nm in 

w 3.0 

WAVELENGTH (nm) 

Figure 1. Ultraviolet absorption spectra of bicyclo[4.1.0]hept-2-ene and 
model compounds. Spectrum of cyclohexene was taken in hexane,8 the 
rest in pentane. 

Table I. Photolysis of Bicyclo[4.1.0]hept-3-ene in Solution 
(Solvent, Pentane; Concn, 2 X 10~2 M; Time, 30 Min) 

Product 

8(a + b) 12 unknown 

/ 

CH 

H2C
 NCH 

HC CH 

H,C CH, 

Yield ' 

8.3 36.1 16.7 30.6 83 

% Conversion 

w.r.t. starting 

material 

16.8 

" W. Kirmse and K. Pohlmann, Chem. Ber., 100, 3564 (1967). 
* Consisted of 1:2 transxis. c Identified by comparison with authentic 
material. d E. A. Hill, R. J. Theissen, C. E. Cannon, R. Miller, R. B. 
Guthrie, and A. T. Chen,/ Org. Chem., 41, 1191 (1976). 

the solution-phase irradiation of 5 which gives a nearly quan
titative yield of 6.7 These observations will be referred to 
later. 

The solution-phase ultraviolet spectrum of a highly purified 
sample of BCH is shown in Figure 1 along with the spectra of 
cyclohexene8 and bicyclo[4.1.0]heptane.9 The resemblance 
between the spectra of the first two compounds and the absence 
of any feature that would be indicative of any mixing between 
the excited states of the olefin and cyclopropyl groups is 
noteworthy. Of course, this does not prove the absence of such 
an interaction. 

Photolysis of BCH in pentane solution10 gave five isomeric 
products in significant yield which together accounted for 92% 
of the material that disappeared. The identities of the products 
and relevant kinetic data are given in Table I." The remaining 
8% was made up of three products which were not identified. 
The mass balance was 100% within the experimental uncer
tainty (±5%) up to 16% conversion, but beyond that point 
secondary photolysis of the initial products was evident. The 
rate of disappearance of the reactant was 1.2 (±0.2) relative 
to the rate of cis —• trans isomerization of cyclooctene.2 

The formation of 7 from BCH is a typical reaction of the 
cyclohexene ring in solution phase photochemistry at 185 
n m i,3,i2 j t c a n J56 represented to proceed via a carbene inter
mediate (eq 1). 1,3,6-Heptatriene and 1,4-cycloheptadiene are 
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