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We consider these lifetime data as experimental verification 
of Salem's orbital orientation rule.4 It should be possible to devise 
long-lived, localized triplet diradicals by incorporating the radical 
sites into planar and rigid molecular skeletons. 
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The short lifetime (TT) of the triplet diradical 1,4-cyclohexadiyl 
(1) compared to the relatively long-lived 1,3-cyclopentadiyl (2) 
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was previously2 rationalized in terms of Salem's orbital orientation 
rule.3 It was argued that in its boat conformation the 1,4-
cyclohexadiyl (la) suffers fast intersystem crossing through fa
vorable orientation of the orbital lobes for spin-orbit coupling, 
resulting in a short lifetime and thus inefficient trapping by 3O2. 
In analogy to the planar 1,3-cyclopentadiyl (2), the twist-boat 
conformation of the 1,4-cyclohexadiyl (lb) should be a relatively 
long-lived triplet diradical, since the parallel radical lobes constitute 
an unfavorable arrangement for intersystem crossing. Indeed, 
theoretical work4 on the tetramethylene fragment predicts a triplet 
ground state, provided the radical lobes are aligned parallel, i.e., 
analogous to the twist-boat conformation of the 1,4-cyclohexadiyl 
(lb). Presently we provide experimental evidence that phenyl 
stabilization promotes conformational relaxation to the favored 
twist-boat triplet ground state, resulting in the long-lived 1-
phenyl-1,4-cyclohexadiyl (3b). The generation of the 1,4-diradical 
3 via photolysis (Coherent Supergraphite CR 18 argon ion laser) 
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and product formation (with and without oxygen trapping) is 
summarized in Scheme I, together with the rate constants used 
to derive eq l.2a 

Direct laser photolysis of azoalkane 45 in benzene at 364 nm 
gave diene 5, presumably via the singlet diradical S-3. Control 
experiments snowed that prolonged photolysis gave about 5% of 
the unknown bicyclo[2.2.0]hexane 6 as secondary product.6 

Under benzophenone sensitization (333 nm) small amounts of the 
bicyclo[2.1.1]hexane 7 were formed.7 In the presence of molecular 
oxygen (10 atm), the benzophenone-sensitized laser photolysis (333 
nm) in CFCl3 at -10 0C gave besides the hexadiene 5 the peroxides 
8 (1.3%), 9 (4.6%), and 10 (5.7%), isolated by means of flash 
chromatography on silica gel at -25 0C.6 An authentic sample 
of the cyclic peroxide 8 was prepared by photooxygenation of 
1-phenyl-1,3-cyclohexadiene8 and diimide reduction.9 

The benzyl chromophore should allow for a direct detection 
of the diradical 3 by UV spectroscopy.10 This was achieved by 
kinetic and spectrographic nanosecond flash photolysis at ambient 
temperature using a XeF excimer laser (351 nm, 100 mJ, 25 ns)." 
No transient was observed after direct excitation of the azoalkane 
4 (5-10-2 M, CH3CN). In the presence of benzophenone and 4, 
in concentrations (540~3 M and 2-10~3-M0~2 M, respectively) 
such that most of the 351-nm radiation was absorbed by the 
former, the first-order decay curves in the visible region indicated 
that triplet benzophenone (Xmax 530 nm) was quenched by 4 with 
a rate constant of ca. 6-109 M"1 s"1. Transient absorption spectra, 
taken with a suitable delay such that essentially all the triplet 
benzophenone had decayed, showed an absorption band in the 
range of 300-330 nm which disappeared more slowly. Kinetic 
traces in that wavelength region were clearly biphasic and could 
be fitted quite well with a dual exponential rate law; the faster 
decay rate was within the limits of error equal to the single 
exponential decay rate determined in the visible region. The 
second transient is attributed to the triplet diradical T-3. Its decay 
rate grew linearly with increasing oxygen pressure, affording k(02) 
= 1.6(±0.1)-1010 M"1 s"1 and 2.2(±0.2)-1010 NT1 s"1, respectively, 
in C6H6 and CH3CN. We conclude that the rather long-lived 
diradical T-3 (r = 275 ± 15 and 248 ± 15 ns in C6H6 and 
CH2CN, respectively) reacts with triplet oxygen at an essentially 
diffusion-controlled rate. 

To determine the triplet lifetime of the 1,4-diradical T-3 by 
the quantitative oxygen-trapping technique, the benzophenone-
sensitized photolysis was conducted in benzene at varying oxygen 
concentrations as previously described.2" According to the kinetic 
expression (eq 1), the slope (6.2(±1.0)-IO-4 M"1) and intercept 
(2.8 ± 0.1) were obtained from a 1/(1 - A"H) vs 1/[O2] plot. The 
trapping factor was calculated to be T{ = 0.36 ± 0.01 as the 
reciprocal intercept. Clearly, spin-catalyzed intersystem crossing 
(kc) by 3O2 dominates trapping {kt) for this triplet diradical. The 
triplet lifetime was calculated from the slope, employing the k(02) 
value from the flash photolysis results. The agreement in the triplet 
lifetimes in benzene from oxygen trapping (TT = 280 ± 40 ns) 
and flash photolysis (rT = 275 ± 15 ns) is most gratifying. This 
fact underscores the reliability of the oxygen-trapping method for 
estimating lifetimes of triplet diradical transients and validates 
the assumption of diffusion control in the oxygen trapping rate.12 

(5) Engel, P. S.; Horsey, D. W.; Keys, D. E.; Nalepa, C. J.; Soltero, L. R. 
/ . Am. Chem. Soc. 1983, 105, 7108. 

(6) All new compounds were fully characterized by elemental analyses and 
spectral data. 

(7) Yamada, C; Pahk, M. J.; Lin, R. S. / . Chem. Soc, Chem. Commun. 
1970, 882. 

(8) Kaneko, C; Sugimoto, A.; Tanaka, S. Synthesis 1974, 876. 
(9) (a) Adam, W.; Eggelte, H. J. Angew. Chem., Int. Ed. Engl. 1977, 16, 

713. (b) Coughlin, D. J.; Salomon, R. G. J. Am. Chem. Soc. 1977, 99, 655. 
(10) (a) Scaiano, J. C. Ace. Chem. Res. 1982, 15, 252. (b) Caldwell, R. 

A.; Sakuragi, H.; Majima, T. J. Am. Chem. Soc. 1984, 106, 2471. (c) Wirz, 
J. Pure Appl. Chem. 1984, 56, 1289. 

(11) Leyva, E.; Platz, M. S.; Persy, G.; Wirz, J. J. Am. Chem. Soc. 1986, 
108, 3788. 

(12) (a) In special cases Ic(O2) can be as slow as 1-109 M"1 s"1; cf. Hasler, 
E.; Gassmann, E.; Wirz, J. HeIv. Chim. Acta 1985, 68, 111. (b) Adam, W.; 
Hossel, P.; Hummer, W.; Platsch, H. J. Am. Chem. Soc, preceding com
munication in this issue. 

0002-7863/87/1509-7572501.50/0 © 1987 American Chemical Society 



/ . Am. Chem. Soc. 1987, 109, 7573-7575 7573 

Scheme 1 
Ph 

36/, nm , 

Ph Ph 

36i nm. 

Ph 

333 nm. 

S-A 
( -N-J 

S-3 

Ph2CO 

333 nm. 
Ph2CO 

Ph 

M O 2 ] 

Ph 

T-4 
-N2) 

k ( [ 0 2 

Ph 

0 

Ph-^OOH 

T-3 

1-XL Tf K1X1(O2] 
(1)" 

"Xf = mole fraction of peroxide (trapped product); Xn = mole fraction of hydrocarbons (untrapped product); T1 = £,/(&, + kc) is the trapping 
factor; kx - rate constant for oxygen trapping; kc = rate constant for spin-catalyzed intersystem crossing; TT = \/k)sc is the triplet lifetime; fclsc = 
rate constant for inherent intersystem crossing. 

The phenyl-substituted triplet 1,4-cyclohexadiyl T-3 ( r T ~ 300 
ns) is several 1000-fold longer lived than the parent triplet diradical 
T-I ( rT ~ 0.1 ns). Stabilization by phenyl conjugation alone can 
hardly account for such a massive effect, as evidenced by Norrish 
type II triplet diradicals13 or by 1,5-diradicals.14 We suggest that 
Salem's orbital orientation rule3 is the reason for this large dif
ferentiation in the triplet lifetimes.2 On photoextrusion of the 
nitrogen from the bicyclic azoalkane precursor, the 1,4-
cyclohexadiyl is initially born in the boat conformation. In the 
absence of stabilization of the radical centers, efficient spin-orbit 
coupling3 in the boat conformation of the parent triplet diradical 
l a leads to significant amounts (ca. 33%) of bicyclo[2.2.0]hexane 
as product. However, phenyl stabilization of the radical site in 
3a increases its lifetime and therewith provides sufficient time for 
the species to relax to the preferred twist-boat conformation 3b, 
as suggested by theoretical work on tetramethylene.4 Intersystem 
crossing is now slow because the parallel arrangement of the 
radical lobes in 3b is not conducive for spin-orbit coupling.3 

Molecular distortions to the chair conformation induces spin 
inversion, but the resulting singlet exclusively fragments into the 
1,5-hexadiene 5 rather than cyclizing to the bicyclo[2.2.0]hexane 
6. The intervening <r-bond is better aligned for fragmentation in 
the chair than in the twist-boat conformation 3b. 

It is of interest to report that the triplet 1,4-cyclohexadiyl 11, 
derived from the known15 azoalkane 12, can be trapped with 3O2 . 

N = N 

This is t h e / ? « / bicyclic, localized triplet diradical that could be 
trapped with molecular oxygen!2 Presumably its appreciable 
lifetime derives from its essentially rigid twist-boat conformation, 
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as confirmed by molecular mechanics calculations.16 
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Almost all the chemistry of radical anions (RA) can be un
derstood on the basis of their ability to donate an electron plus 
a metal cation and as such can be considered as homogeneous 
sources of metals. It is this property which makes them in
creasingly useful reagents in organic and organometallic synthesis.1 

A serious problem associated with their employment in organo
metallic preparations, however, is the instability of the organo
metallic products in the ethereal solvents2 which are necessary 
for the preparation of RA.3 We now report a method of solu-
bilizing unsolvated RA in hydrocarbon media thus broadening 
their synthetic and catalytic potentials. We also present physical 
evidence concerning the state of aggregation of RA at concen
trations which, perhaps, are not accessible by other relevant 
techniques.4 Previously, only dilute solutions of unsolvated 
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