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The Multiplicity of the Photochemically 
Reactive State of 1,2-Diphenylcyclobutene 

Sir: 
Although the photochemistry of stilbene has been ex­

tensively studied, relatively little is known about the 
photochemistry of the stilbene chromophore in small 
ring systems. Various 1,2-diphenylcyclopropenes are 
known to dimerize exclusively in the triplet state, ap­
parently via a finite-lived diradical intermediate.1 

White and Anhalt2 have shown that 1,2-diphenylcyclo-
butene (I) also gives a cyclobutane dimer upon irradia­
tion. At this time we should like to present evidence 
that the latter dimerization occurs exclusively by way of 
the singlet state, and possibly through an eximer in­
termediate, in sharp contrast to the cases of 1,2,3-tri-
phenylcyclopropene1" and l,2-diphenyl-3-carbome-
thoxycyclopropene.10 

Irradiation of I in the crystal or in hexane solution at 
21 ± 1° with light of 313 or 335 mju produces a bright 
blue fluorescence (T < 5 nsec, measured by nanosecond 
flash spectroscopy). The intensity of the fluorescence 
decreases with increasing concentration, and there is no 
change in the emission maximum (385 mix) or in the 
shape of the emission curve, thus ruling out the possi­
bility of eximer fluorescence. The quantum yields of 
fluorescence of I in degassed hexane solution have been 
measured by the comparison technique described by 
Bowen3 as a function of the concentration of I, and the 
results are given in Figure 1. At infinite dilution the 
quantum yield of fluorescence is unity, showing that the 
only pathway from the excited singlet state to the ground 
state of I is fluorescence.4 This is further substantiated 
by the negligible intersystem crossing ratio of I (<10-2, 
as measured by the technique of Hammond and Lamola.)5 

The products of irradiation of I, 1,2,5,6-tetraphenyl-
tricyclo[4.2.0.02i5]octane (II), and diphenylacetylene + 
ethylene, first found by White and Anhalt2 and con­
firmed by our work, also must be formed from the ex­
cited singlet state of I, since irradiation of sensitizers in 
the presence of I in degassed solution leads to no reac­
tion of quantum yield greater than 1O-3, even with sen­
sitizers of triplet energy greater than 60 kcal/mole. 
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Measurement of the direct quantum yields of dimer 
formation at 313 m/x is complicated by secondary side 
reactions (primarily the formation of 1,2,5,6-tetra-
phenylcyclooctadiene from II); therefore, 335-m/x 
radiation was used. This radiation was provided by a 
250-w, short-arc medium-pressure mercury lamp, com­
bined with a diffraction-grating monochromator and a 
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Figure 1. Plot of [quantum yield of fluorescence]-' against concen­
tration of 1,2-diphenylcyclobutene. 

glass filter to eliminate short-wavelength scattered light. 
The light intensity was measured by the Michler's 
ketone-sensitized isomerization of both cis- and trans-
piperylenes and the sensitized ring closure of myrcene 
which was calibrated against the sensitized isomerization 
of ;ra/w-stilbene at 365 m/x. The results of the quantum 
yield measurements in degassed hexane solution are 
given in Figure 2. Although a good linear relationship 
is found between the inverse of the quantum yield of 
dimerization and the inverse of concentration of I, the 
intercept is not unity. Since only bimolecular pro­
cesses need be considered upon extrapolation to in­
finitely concentrated solution, this result indicates that 
there must be a bimolecular energy wasting step in this 
reaction. The following mechanistic scheme most 
simply accounts for all of the above results. 
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I* + I — > • II (3) 

I* + I — > • 21 + heat (4) 

where I* is the excited singlet state of I. 
The unimolecular ring fission reaction is a minor 

perturbation under the conditions used and can be 
neglected. Thus, by making the usual steady-state 
assumption, we can write 

<P-1 fluorescence = 1 + (^C3 + fc4)[I]//c2 

V - I dimerization = 1 + ^ k 3 + fcs/fclfl] 

According to this mechanistic scheme, the product of the 
slope of Figure 1 and the slope of Figure 2 should equal 
the intercept of Figure 2. We find that the calculated 
and observed intercepts of Figure 2 agree within 5 %, 
thus substantiating the mechanism. 

From the slope of Figure 2 and the fluorescence life­
time it is possible to calculate the rate and thereby to 
estimate the activation energy for the bond-forming 
reaction 3 as less than 5 kcal/mole, placing I* near 
simple free radicals on the reactivity scale. 

It is interesting to speculate on the meaning of reac­
tion 4 in our mechanistic scheme. It is at least possible 
that reactions 3 and 4 proceed by way of a common, 
finite-lived metastable intermediate, i.e., an eximer of I. 
If, on the other hand, reaction 4 has considerably less 
stringent geometric requirements than reaction 3, the 
two reactions can be viewed as being independent of 
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Figure 2. Plot of [quantum yield of dimerization]~' against [1,2-
diphenylcyclobutene] '. 

each other. We are at present seeking direct experi­
mental evidence for the existence of a metastable eximer 
of I in solution at room temperature. We are also ex­
tending measurements of the kinds described here to 
several other small-ring unsaturated systems in hopes of 
determining the importance of various factors influenc­
ing the multiplicity of the photochemically active species 
in any given case. 
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The Cyclotrimerization of 2-Butyne-l,l>l-^3 by 
Triphenyltris(tetrahydrofuran)chromium(III)1 

Sir: 

The cyclotrimerization of substituted acetylenes to 
benzene derivatives using organometallic catalysts is 
a transformation of considerable synthetic usefulness.2'3 

A controversial area in mechanistic discussions of this 
reaction centers around the importance of metal-cyclo-
butadiene complexes as reaction intermediates. The 
observation that various isolable transition metal com­
plexes of cyclobutadienes react with acetylenes only in 
the presence of oxidizing agents or donor ligands has 
been interpreted as evidence against cyclobutadiene 
intermediates.2,4 However, the reactivity of these 
stable compounds does not bear directly on that of less 
stable and presumably more reactive complexes which 
might be formed under the cyclotrimerization condi-
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tions. Labeling and product studies have provided no 
support for cyclobutadiene intermediates in these reac­
tions,5 but these experiments are amenable to a number 
of interpretations.6 We wish to report the results of 
deuterium-labeling experiments which provide clear 
evidence excluding a chromium-tetramethylcyclobuta-
diene intermediate in the cyclization of 2-butyne-1,1,1 -̂ Z3 

(1) to hexamethylbenzene-c?9 by triphenyltris(tetrahydro-
furan)chromium(III).3 

If the mechanism of this cyclotrimerization involves 
dimerization of 1 to a tetramethylcyclobutadiene-
chromium complex, the initial stages in the cyclization 
must produce head-to-head and head-to-tail configura­
tions of the labeled cyclobutadienes 2 with equal prob­
ability.7 Further, ample experimental precedent sup­
ports the assumption that a cyclobutadiene moiety com-
plexed with a transition metal will adopt a square 
geometry in which the carbon-carbon bonds of the 
ring are chemically equivalent.8 In consequence, reac­
tion of a tetramethylcyclobutadiene-containing inter­
mediate with another molecule of 1, either directly or 
following dissociation of the cyclobutadiene from the 
metal, will lead to a statistically determined distribution 
of the labeled hexamethylbenzenes 4, 5, and 6 (relative 
yields 1:5:2). In contrast, cyclotrimerization pro­
ceeding in a concerted manner through an intermediate 

in which three molecules of 1 are simultaneously co­
ordinated with the metal (represented schematically by 
3), or through a metal heterocycle of the type proposed 
by Blomquist4 and Collman,9 should lead only to 5 and 
6 in 3:1 relative yield. 

We have distinguished experimentally between these 
two alternative paths by determining the yield of 4 pro­
duced in the cyclization, relative to the combined yields 
of 5 and 6. Compound 4 is unique among the labeled 
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