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Introduction. A large number of thermal and pho- 
tochemical reactions proceed via biradical intermedi- 
ates.' This is reason enough to study biradicals, but 
the interest in them goes deeper. The study of birad- 
icals allows access to the details of a major category of 
chemical transformation, homolytic cleavage and re- 
combination. The mutual interactions of the two un- 
paired electrons in a biradical have features in common 
with all weakly coupled systems-for example, the 
coupling responsible for electron transferV2 With two 
weakly interacting electrons, a radical can exist in either 
a singlet or triplet state. These states have totally 
different chemical propertiesl~~ yet coexist in the bi- 
radical a t  virtually the same energy. Typically, a bi- 
radical generated in the triplet state must first undergo 
intersystem crossing (ISC) to the singlet biradical before 
forming products. This presents one of the major 
challenges of photochemistry;4 to understand a reaction 
in which the molecule must hop from one potential 
energy surface to another. We shall see that the re- 
quirement to go from a triplet to a singlet biradical has 
a major effect on the kinetics and also affects the 
product ratio. More important, the results can be in- 
terpreted within a simple model. 
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The quickening pace of research into biradicals has 
been driven by modern spectroscopic methods that 
probe the optical and magnetic properties of these 
species. Scaiano5 pioneered nanosecond transient ab- 
sorption for determining the lifetimes of flexible bi- 
radicals. His group and the Caldwell group6 have con- 
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Figure 1. Vector model of singlet and triplet states, composed 
of combinations of individual eigenstates a and 6 for electrons 
1 and 2. Dotted arrows are the resultant projections of total 
angular momentum along the axis of quantization. Circles indicate 
uncertainty in vector direction. 
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tributed greatly to our knowledge of the kinetics of a 
variety of biradicals including types P i "  and II,5a1b1e9Ga-c 
Paterno-Buchi biradicals,6d hydrocarbon b i r a d i c a l ~ , ~ ~  
and 1,3-biradi~als.~~ Closs and co-workers7 have shown 
that time-resolved magnetic polarization provides a 
unique perspective on biradical reactions and is a val- 
uable complement to optical spectroscopy. Closs,8 
Doubleday: Kaptein,lo and their co-workers explored 
magnetic field dependent CIDNP to obtain information 
on both the singlet-triplet splitting and chain dynamics 
of polymethylene biradicals. Weller's group1' and 
Schulten's group12 have demonstrated the power of 
analyzing the magnetic-field dependence of the inter- 
system-crossing yield of biradicals (measured by optical 
absorption) by means of computer simulations to ex- 
tract information on the chain dynamics of poly- 
methylene biradicals. Adam, Wilson, and co-workers13 
have measured the lifetimes of small hydrocarbon bi- 
radicals by Stern-Volmer kinetics of oxygen quenching. 
Important EPR studies of matrix-isolated cycloalkane 
1 ,&diyls at cryogenic temperatures have been reported 
by Closs14a and D0~gher ty . l~~  Conjugated biradicals are 
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an important class of intermediates that will not be 
covered here. We refer the interested reader to ex- 
cellent reviews in this area.la 

In this Account we are concerned with triplet-derived 
flexible chain biradicals, and Scheme I shows the im- 
portant processes. A triplet precursor (e.g., an 3n,a* 
ketone) cleaves with conservation of spin to produce a 
triplet biradical in a set of conformations where the 
radical centers are close together. Two processes ensue: 
ISC in a given conformation produces a singlet biradical 
in the same conformation, and internal rotation gives 
rise to chain dynamics, which changes the end-to-end 
distance. The ISC efficiency is different in each con- 
former, and we shall see how the connection between 
ISC, conformer population, and chain dynamics has 
important consequences for the reactivity and product 
distribution of the biradical. The final process in 
Scheme I is product formation (disproportionation or 
cyclization) from a small subset of singlet conformers 
having a short end-to-end distance, which we assume 
to occur very rapidly (((1 ns).8-11 

Photolysis Products. Schemes I1 and I11 show the 
reactions studied, which generate the 1,n-biradicals 2, 
and 8,. (In Scheme 11, only R = H ketones are dis- 
cussed in this Account.) Compounds 1 and 9 were 
synthesized by standard methods, and 6, were syn- 
thesized (for n = 10, 11, 12, 15) from the unsubstituted 
ketones.15 For biradical chain lengths n < 10 carbons, 
we found the expected16 disproportionation products, 
but for n L 10, the paracyclophanes 4, 10, or 11 were 
the major products, in up to 95% yield.17J8 Although 

(15) Lei, X.; Doubleday, C.; Turro, N. J.  Tetrahedron Lett. 1986,27, 
4671. 

(16) (a) Chapman, 0.; Weiss, D. In Organic Photochemistry; Chap- 
man, O., Ed.; M. Dekker: New York, 1973; Vol. 3, p 197. (b) Wagner, 
P.; Stratton, T. Tetrahedron 1981,37,3317. (c) Tarasov, V.; Klimenko, 
D.; Askerov, A.; Buchachenko, A. Bull. Acad. Sci. USSR, Diu. Chem. Sci. 
(Engl. Transl.) 1985, 34, 330. 
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small yields of ortho and para coupling products have 
been observed in cumyl radical terminations,lg we have 
not yet identified orthocyclophanes in our product 
mixtures. Photolysis of 6 gives mainly decarbonylation 
at 210 "C, but 10 predominates below -20 OC. Quan- 
tum yields for disappearance of 1 or 6 range from 0.2 
to 0.95."J8 

Interactions Involving the Electron Spin. The 
unique character of triplet biradical chemistry is due 
to the ISC step. The laws that govern the singlet-triplet 
interaction give rise to some exotic results, such as 
negative activation energies, magnetic field dependent 
reaction rates and product distributions, and spectac- 
ularly large kinetic isotope effects. These results turn 
out to be related in a simple way to a few key concepts 
involving electron-spin interactions. The singlet (S) and 
triplet (T) states can be visualized in terms of the 
vectors in Figure l.m Triplet sublevels are labeled T+l, 
To, T-l, where the subscripts refer to projections of spin 
angular momentum along the axis of quantization. 
Each triplet sublevel has a nonzero projection of angular 
momentum along some spatial direction; the singlet has 
a projection of 0 in all directions. ISC occurs when an 
external torque produces a spin flip. The torques arise 
from interactions of the electron spins with additional 
angular momenta and are discussed below. 

For a qualitative understanding of kBC, the observed 
ISC rate constant in the biradical, only two things 
matter: the S-T energy gap EST Es - ET, and the 
off-diagonal ISC matrix element which connects the S 
and T states and provides the torque to induce the spin 
flip. An increase in the ISC matrix element increases 
kBc; an increase in EST decreases kB0 EST is a measure 
of the interaction between the electrons. It is like a 
force that maintains alignment of the spins in a triplet 
or singlet state. ISC can occur only if a magnetic torque 
(ISC matrix element) is strong enough to overcome EST 
and decouple the spins to produce the spin flip. 

Electron-spin interactions can be divided into two 
types: those that affect only EST and those responsible 
for inducing ISC (off-diagonal matrix elements). 

Interactions That Affect the S-T Gap. (1) In- 
teraction with an External Magnetic Field (Zeeman 
Interaction).21 The Zeeman interaction splits the 
triplet states symmetrically about the To level by an 
amount g@H, where H is the magnetic field strength and 
g and @ are the average g value and the Bohr magneton, 
respectively. A field of 10 kG (1 tesla) produces a 
splitting of 1.07 cm-' in a typical biradical (350 cm-' = 
1 kcal/mol). EST is independent of H. However, if EST 
# 0, one of the T,, sublevels does intersect S for an 
appropriate value of H .  This is discussed in a later 
section. 

(2)  Interactions between the Two Electrons. The 
most important effect in this category is EST, whose sign 
and magnitude depend on the biradical c~nformation.~ 

Acc. Chem. Res., Vol. 22, No. 6, 1989 201 
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1986,108, 2444. 

(19) (a) Nelsen, 5.; Bartlett, P. D. J. Am. Chem. SOC. 1966,88,137. (b) 
Skinner, K.; Hochater, H.; McBride, M. J. Am. Chem. Soc. 1974,96,4301. 
(c) Langhals, H.; Fischer, H. Chem. Ber. 1978, 111, 543. 

(20) For a discussion of singlet and triplet wave functions of biradicals, 
see: Salem, L.; Rowland, C. Angew. Chem., Znt. Ed. EngZ. 1972,11,92. 

(21) Carrington, A,; McLauchlan, A. Introduction to Magnetic Reso- 
nance; Harper and Row: New York, 1967. 

R -  
Figure 2. Dependence of energies and ISC rates on biradical 
end-to-end distance R. Top: qualitative R dependence of ISC 
rate constant for limiting cases of pure SOC and pure HFC 
mechanisms. Linearity is not implied. Bottom: qualitative R 
dependence of singlet-triplet energy gap Em and matrix elements 
for SOC and HFC. 

Its dependence on the end-to-end distance R has been 
approximated'O as lEsTl = A$*, where A. = 8.83 X 106 
cm-' and a = 2.136 A-l. Another effect is the zero-field 
splitting,21 due mainly to the electronic dipolar inter- 
action. It is generally neglected in large biradicals be- 
cause it varies as Rg and is expected to be less than 0.01 

Interactions That Flip a Spin-ISC Mecha- 
nisms. (3) Interaction with Nuclei-Hyperfine Cou- 
pling (HFC). HFC is responsible for EPR splittings 
and CIDNP.&" The electron and nuclear spins can be 
thought of as exerting mutual torques on each other. 
In alkyl radicals the a! and @ protons have HFC cou- 
plings of 22-30 G.22 13C HFC is larger than lH, espe- 
cially in carbonyl carbons of acyl radicals (114-132 G).22 
In contrast to the EST and spin-orbit coupling (SOC) 
interactions, HFC is purely local and is independent of 
R. 

( 4 )  Interaction with Electronic Orbital Angular 
Momentum-Spin-Orbit Coupling. With SOC, the 
torque is provided by electronic orbital angular mo- 
mentum.20*B We have suggestedBb that SOC o: e-bR sin 
4, where b = 3.07 A-1 and 4 is the acute angle between 
the orbitals at the radical centers. 

(5)  Spin-Lattice Relaxation.21 Coupling with mag- 
netic torques generated by random solvent motions 
produces relaxation via independent spin flips a t  each 
separate radical center. This ISC mechanism typically 
provides the lower limit for the ISC rate constant of the 
biradical, which should be about the same as the re- 
laxation rate T1-l for the corresponding monoradical. 
For a variety of conjugated and unconjugated ?r-radicals, 
T1-l = 3-5 X lo5 s-l a t  room t e m p e r a t ~ r e . ~ ~  

Dependence of Spin Interactions and ISC Rate 
Constant on End-to-End Distance R .  Figure 2 
(bottom) shows the qualitative R dependence of EST 

(22) Berndt, A,, Fischer, H., Paul, H., Eds. Londolt-Bbrstein; 
Springer-Verlag: Berlin, 1977; Group 2, Vol. 9, Part b. 

(23) (a) Furlani, T.; King, H. F. J.  Chem. Phys. 1985,82, 5577. (b) 
Carlacci, L.; Doubleday, C.; Furlani, T.; King, H.; McIver, J., Jr. J. Am. 
Chem. SOC. 1987,109, 5323. 

(24) (a) Baer, R.; Paul, H. Chem. Phys. 1984,87,73. (b) Bartels, D.; 
Lawler, R.; Trifunac, A. J. Chem. Phys. 1985,83, 2686. (c) DeBoer, J.; 
Chung, T.; Wan, J. K. S. Can. J. Chem. 1979,57,2971. 
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in ( R )  is apparently sufficient to decrease SOC while 
still leaving a sizable value of ( E S T ) .  This situation-a 
large energy separation and a small ISC matrix 
element-is unfavorable for ISC, and one sees the 
largest values of T for n = 5,6. For n I 9, HFC is likely 
the principal or exclusive ISC mechanism since (SOC) 
is presumably very small. If kIsc - kHFC for 8,, n I 9, 
Figure 2 predicts that kIsc should increase as R in- 
creases. This is in fact observed. ( R )  increases as n 
increases; therefore, kIsc increases for n I 9. 

In Figure 3 the pattern for the acyl-benzyl biradicals 
2 is different from that of 8. T is almost an order of 
magnitude smaller for 2 than for 8, and the maximum 
value of T occurs at n = 9 for 2 instead of around n = 
6 or 7 for 8. We have that the difference 
in the lifetimes of 2 vs 8 is due to dominant SOC in 2.26 
SOC in atoms varies as the fourth power of the effective 
nuclear and delocalization of the odd electron 
onto the acyl oxygen suggests a larger SOC in 2 than 
in 8. When the ends of 2 come close together, SOC 
becomes large enough to cause rapid ISC. Even though 
the biradical spends most of its time in more extended 
conformers, a few conformers with small R can domi- 
nate kW if they have SOC matrix elements much larger 
than HFC (-0.003-0.004 cm-l). The reason why this 
does not happen in 8 is presumably that it is a hydro- 
carbon biradical, with lighter atoms and smaller SOC 
than 2. The qualitative pattern of T (=kISc-l) for 2 in 
Figure 3 is what one expects if ISC requires a small 
value of R.  Evidence on the rates and equilibria of 
chain cyclization processes show that cyclization is fa- 
vorable for n = 6, becomes most unfavorable for n = 
8-10, and then becomes more favorable for larger 
chains.26 

Thus from Figure 3 we form the qualitative hypoth- 
esis that ISC in 2, is dominated by SOC for all values 
of n studied, and ISC in 8, is dominated by HFC for 
n > 6 and by SOC for n = 3,4. 

Substituent effects on kIsc were studiedz9 in the 1,5- 
dibenzylic biradical85 by incorporating one or two p-C1 
or p-Br substituents. One p-C1 substituent has no ef- 
fect, but p-Br increases kIsc by a factor of 3.3 and di- 
p-Br, increases kIsc by a factor of 4.8 relative to un- 
substituted 85. The enhancements are the same in 
isooctane and methanol. Since the Hammett u values 
for C1 and Br are identical, the data suggest a sub- 
stantial heavy-atom SOC effect for the Br-substituted 
biradicals. The Br/H enhancement in 8 5  is about the 
same as the solvent-dependent Br/H enhancement in 
Norrish I1 1,4-biradi~als.~~ Replacement of a benzylic 
hydrogen in 8 5  by OH increases kIsc by a factor of 2.6 
in methanol and makes kIsc solvent dependent: kIsc 
is 1.7 X lo7 s-l and 2.8 X lo6 s-l in isooctane and 
methanol, respect i~ely.~~ This factor of 6 solvent de- 
pendence in OH-substituted 85  is larger than the factor 
of 2.4 for the corresponding Norrish I1 1,4-biradica1.&pm 

(26) One might ask whether TIv1 makes a major contribution to kIsc 
in 2, since TI in acyl radicals is well under 1 MS a t  -90 "C (Paul, H.; 
Fischer, H. Helu. Chim. Acta 1973, 56, 1575). Figure 3 suggests only a 
minor contribution a t  most, since the solvent viscosity varies over more 
than 2 orders of magnitude, but kIsc for 2 changes by less than a factor 
of 2. 

(27) Richards, W.; Trivedi, H.; Cooper, D. Spin-Orbit coupling in 
Molecules; Oxford University Press: Oxford, 1981. 

(28) Winnik, M. A. Chem. Reo. 1981, 81, 491; Acc. Chem. Res. 1986, 
18, 7 3 .  

(29) Zimmt, M.; Doubleday, C.; Turro, N. J. Chem. Phys. Lett. 1987, 
134, 549. 
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Figure 3. Biradical lifetime vs chain length n for 1,n-biradicals 
8, and 2, in different solvents at  room temperature. The value 
for 

and the SOC and HFC matrix elements. The associated 
R dependence of kIsc is shown at the top. If ISC is due 
exclusively to HFC (kIsc = ~ H F C ) ,  then k ~ s c  must in- 
crease as R increases because the S-T gap gets smaller 
with a constant HFC matrix element. For a pure SOC 
mechanism (kIsc = ItHF& the matrix element is negli- 
gible at large R but can be very large at  small R. Thus 
kIsc due to SOC decreases as R gets larger. With such 
a strong dependence of kIsc on biradical geometry, each 
biradical conformation has a different value of kIsc. 
The situation greatly simplifies when conformational 
interconversion is much faster than ISC. In this high- 
temperature limit, the observed ISC rate constant is the 
mean of all the individual ISC rate constants of each 
conformer. That is, hISc = CifkIsci, where f is the 
equilibrium mole fraction of triplet conformer i and kEci 
is the ISC rate constant for conformer i. We shall also 
refer to other average quantities such as ( E S T )  and ( R ) ,  
where angle brackets indicate an average over all con- 
formers adopted during the biradical lifetime. 

Results and Discussion of Nanosecond Laser 
Experiments. The lifetimes of the biradicals 2 and 8 
were measured by a standard nanosecond transient 
absorption apparatus. Ketones 1 and 6 were typically 
photolyzed at 308 nm with a XeCl excimer laser (18 ns 
fwhm, <20 mJ/pulse) and monitored at  320 nm. Bi- 
radicals were characterized by their transient UV 
spectra (Amm = 320 f 2 nm, fwhm = 10 nm) and by the 
invariance of the lifetime to diene quenching. 

Effect of Biradical Geometry. Chain Length and 
Substituent. Figure 3 shows the dependence of the 
biradical lifetime T on chain length n for the 1,n-bi- 
radicals 2n25a and 8n.25b Under the conditions of these 
experiments, T - ~  is a measure of the ISC rate, i.e., T - ~  

= kIsc. The dibenzylic biradicals 8, exhibit three re- 
gions in Figure 3. For n = 3, 4, ISC appears to be 
dominated by SOC. The dependence of T on n is con- 
sistent with the R dependence of SOC in Figure 2, since 
( R )  decreases as n decreases. For n = 5,6, the increase 

is taken from ref 6f. 

(25) (a) Zimmt, M.; Doubleday, C.; Gould, I.; Turro, N. J. J. Am. 
Chem. SOC. 1985, 107, 6724. (b) Wang, J.; Doubleday, C.; Turro, N. J. 
J. Am. Chem. SOC., in press. 
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Figure 4. Dependence of ISC rate constants kIsc for 2, on ex- 
ternal magnetic field H a t  23 OC. The ordinate is the ratio of km 
at a given value of H to km at H = 0 (kmo). Errors bars are h20. 

Table I 
Magnetic-Field Dependence of kIaC for Acyl-Benzyl Biradicals 

2, and Dibenzvlic Biradicals 8 . O  
~~ 

k&106 8-l at values of H hac-/ 
biradical H,,, G kWco H = 0 H = H,. H = 2 kG __ 

210 600 f 100 b 10.6 f 0.3 12.0 f 0.4 10.6 f 0.4 
211 120 f 20 0.91 12.3 f 0.4 14.0 f 0.4 11.2 f 0.4 
212 30 f 10 0.84 14.9 f 0.5 16.9 f 0.6 12.5 i 0.4 

811 130 f 80 0.17 3.7 f 0.1 4.4 f 0.2 0.63 f 0.05 
814 30 f 15 0.07 6.9 f 0.9 9.2 f 1.2 0.48 f 0.05 

89 300f100 b 1.58 f 0.06 1.8 f 0.1 0.71 f 0.05 

"See text for definitions. *Asymptotic high-field value was not 
reached. 

Effect of External Magnetic Field. The lifetimes 
of biradicals 2 and 8 are strongly perturbed by an ex- 
ternal magnetic field. For 21+12, Figure 430 shows the 
magnetic-field dependence (mfd) of kIsc relative to its 
value in the earth's field, k1sc0. Mfd curves for di- 
benzylic biradicals 89,11,14 are ~imilar.~' The mfd curves 
show a maximum in kIsc followed by a decrease to an 
apparent asymptotic value at high field, kpCm. The field 
at which the maximum occurs, H,,, increases as the 
chain length decreases. Table I lists H,, and the other 
major features of the mfd curves in Figure 4. Mfd 
curves of this sort were first observed for biradical-de- 
rived C1DNP"'O and, more recently, for triplet yields1' 
of donor-acceptor biradicals and CIDNP32 of radical 
pairs in micelles. A unique feature of our mfd studies 
that distinguishes them from previous mfd work on 
biradicals is that ours are based on measured rates. 

Figure 5 shows how the mfd curve arises. The mag- 
netic field changes the Zeeman splitting between the 
triplet sublevels T+l, To, T-', but leaves (EST),  the av- 
erage To-S spacing, unchanged. If ( E S T )  # 0, appli- 
cation of a magnetic field leads to a crossing between 
T-l and S, since the singlet usually lies below the trip- 
let.8 At  H = H,,, the ISC efficiency reaches a local 
maximum because of the T-l-S degeneracy. Thus H,, 
gives a measure of ( E S T ) .  Recall from Figure 2 that EST 
0: e-aR. Since ( R )  increases with increasing biradical 
chain length n, H,,, decreases with increasing n. As 

(30) Zimmt, M.; Doubleday, C.; Turro, N. J. J. Am. Chem. SOC. 1986, 

(31) Wang, J.; Doubleday, C.; Turro, N. J. J. Phys. Chem., in press. 
(32) Zimmt, M.; Doubleday, C.; Turro, N. J. J. Am. Chem. SOC. 1984, 

107, 6726. 

106, 3363. 

00- 
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Figure 5. Energy-level diagram for a biradical in a magnetic field 
H, with corresponding mfd plot analogous to Figure 4. At high 
field the asymptotic value of the ordinate is kIsc"/kwcO. 

H increases beyond H,,, the T-' sublevel gets further 
from the S level, and kIsc decreases to an asymptotic 
value kpCm where the T*l sublevels are far from S. 

A detailed analysis of the ratio of k~sc at  high field 
vs 0 field, kISCm/kISCo, reveals the competition among 
the various ISC mechanisms.30B1 k1scm/klsc0 is found 
to be less than 1. A value close to 1 implies that most 
of the ISC occurs via the SOC mechanism. A small 
value (11/3) implies that most ISC occurs via the HFC 
mechanism or via spin-lattice relaxation. The values 
of Izpcm/kIsCo in Table I show a clear difference between 
the biradicals 2 and 8. ISC in the acyl-benzyl biradicals 
2 is dominated by SOC (we estimate 76% for 212 and 
88% for 211)30 while ISC in the benzyl-benzyl biradicals 
8 is dominated by HFC. Our numerical estimates for 
percent SOC in 2 are close to estimates in similar 
acyl-containing biradicals made from time-resolved 
CIDNP by the Closs group.7 The agreement of these 
completely different methods is noteworthy. 

Effect of Temperature and Viscosity. In Scheme 
I, the possible rate-determining steps for decay of a 
triplet biradical are ISC or chain dynamics (excluding 
very rapids1' product formation). Rates of chain 
motions depend on both the temperature T and solvent 
viscosity 7 7 . 2 8 v 3 3  To a first approximation ISC is ex- 
pected to be independent of T and 77.34 Within these 
constraints one can envision two kinetic extremes. In 
the high-temperature limit, chain motions are very fast, 
conformational equilibrium is reached prior to ISC, and 
ISC is the rate-limiting step for biradical decay. In the 
low-temperature limit, chain motions are slow enough 
to permit S-T equilibration, and chain motions (the 
approach of the two ends) are the rate-limiting step. 
These two extremes were in fact identified experimen- 
tally, but the system produced some surprises. 

We examined the temperature dependence of T for 
the acyl-benzyl biradicals 2,, n = 6, 9, 12, 15, and for 
the dibenzylic biradicals 8,, n = 5, 9, 11 in methanol 
and alkane solvent from +lo0 to -95 oC.25by35 For both 
2 and 8, the Arrhenius plots of -log T vs 1 /T  exhibit a 
change of slope and intercept from low to high tem- 

(33) (a) Winnik, M. In Photophysical and Photochemical Took in 
Polymer Science; Winnik, M., Ed.; D. Reidel: Dordrecht, 1986; p 293. 
(b) Zachariise, K.; Duveneck, G.; B w e ,  R. J. Am. Chem. SOC. 1984,106, 
1045. (c) Yang, N. C., e t  al. J. Am. Chem. SOC. 1980, 102, 2806. 

(34) Henry, B.; Siebrand, W. In Organic Molecular Photophysics; 
Birks, J., Ed.; Wiley: New York, 1973; Vol. 1, p 153. 

(35) Zimmt, M.; Doubleday, C.; Turro, N. J. J. Am. Chem. SOC. 1986, 
108, 3618. 
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perature, and in each case the break is centered around 
-10 to 0 "C. Below -40 "C, typical Arrhenius param- 
eters are log A = 10-11 and E, = 3-4 kcal/mol for 2.35 
Low-temperature parameters for 8 appear to be similar, 
but could not be accurately determined because slow 
decarbonylation makes 7 predominate below ca. -40 "C. 
At high temperature (>O "C), the Arrhenius parameters 
for 2 are typically log A = 8 and E, = 1 kcal/mol. 
However, at 0-100 "C, 89,11 exhibit negative actiuation 
energies; they decay more slowly as the  temperature 
is raised! We measured E, = -1.9 for and -0.9 for 
Sll, h0.3 kcal in each 

Whatever the sign of E,, the change in Arrhenius 
parameters from low to high temperature is consistent 
with a change in rate-determining step for biradical 
decay from ISC at high temperature to chain dynamics 
at low temperature. To corroborate this interpretation, 
we measured the dependence of 7 for 2, on solvent 
viscosity 7, in the high- and low-temperature limits.35 
If ISC is really rate limiting at high temperature, then 
r should be independent of 7, but at low temperature, 
T should depend strongly on 7 if chain motions are rate 
limiting. We measured 7 for 2, (n  = 6-12, 15) a t  -81 
"C in pentane (7 = 0.79 cP) and heptane (2.6 cP) and 
at +15 "C in nonane (0.77 cP) and tetradecane (2.6 cP). 
The results35 show a pronounced viscosity dependence 
at -81 "C but no dependence at +15 "C. This provides 
strong support for the proposed interpretation. 

The negative E,  for 89,11 is unique in the biradical 
literature. It occurs at high temperature where ISC is 
rate limiting (T  = kIsc) .  This renders unlikely a 
mechanism in which an intermediate of lower energy 
than 8 (e.g., a 7r-complex of the two phenyl rings) pre- 
cedes product formation.36 Such an intermediate 
would presumably be formed in the singlet state since 
the triplet is repulsive, but the kinetics are due to the 
prior ISC step. It is interesting that, of all the biradicals 
whose Arrhenius parameters have been measured, 89,11 
are the only ones with negative E, and the only ones 
in which ISC is dominated by the HFC mechanism. In 
our opinion this is not a coincidence. 

For a qualitative understanding of the T dependence 
of at high temperature, it is convenient to consider 
kIsc as a function of T and ( R ) .  Chain-rule differen- 
tiation of kIsc(T, ( R ) )  gives 

Doubleday e t  al. 

perimentally, Flory showed that larger ( R )  is favored 
by lower temperature in p~lyethylene.~' Thus 
d ( R ) / d T  is negative. 

Now we have the information we need. For di- 
benzylic biradicals 89,11, one gets (+)(-I = (-), and for 
acyl-benzyl biradicals 2,, (-)(-) = (+): a negative tem- 
perature dependence for 89,11 and a positive one for 2,. 
This analysis suggests that the  high-temperature Ar- 
rhenius slope is diagnostic for  the  dominant ISC 
mechanism. A positive activation energy implies that 
ISC is favored in conformers with small R, which im- 
plies that SOC is the dominant ISC mechanism. A 
negative activation energy implies that ISC is faster in 
conformers with large R, and HFC is the dominant 
mechanism. The hypothesis can be tested in the 8, 
series, because the smaller members are dominated by 
SOC (see discussion of Figure 3) and the sign of E, 
should be positive. This  is in fact observed. For 85 we 
measured E, = +0.5,25b consistent with dominant SOC. 

In summary, the Arrhenius plot provides information 
on the nature of the rate-limiting step for biradical 
decay (ISC vs chain dynamics) and the dominant 
mechanism of ISC (SOC or HFC). The temperature 
dependence of T is not simply a routine experiment for 
determining "barriers", but is rich in information about 
chain motions, chain equilibria, and spin dynamics. 

Magnetic Isotope Effects. Photolysis of the ke- 
tones 6 at natural isotopic abundance gives rise to 13C 
enrichments in the carbonyl-containing products that 
are among the largest ever observed.38 The kinetic 
isotope effects are roughly 2 orders of magnitude larger 
than typical mass isotope effects and are clearly at- 
tributable to magnetic isotope effects. Although mag- 
netic isotope effects had been observed many times 
before in radical pairs,39 and small effects in biradicals 
had been reported,39c these were the first really large 
effects in biradicals. 

Starting with natural-abundance cis-6, ( n  = 6,10-12, 
15) or trans-612, we measured38 the 13C distribution in 
the recovered starting material, its cis-trans isomer, and 
the cyclophane 10, all produced by decay of acyl-con- 
taining biradical7. Isotopic enrichment was evaluated 
by GCMS as the % increase (0) in 13C content over 
natural abundance for a given photolytic conversion. 

values were measured as large as 179% (2.9% 13C 
content) in lolz obtained from photolysis of ~ i s - 6 ~ ~  in 
hexane. Major findings were as follows: (1) /3 values 
for the isomeric products (cyclophane and cis-trans 
isomeric starting ketone) were much higher than 0 for 
the recovered starting material, which was usually 
negligible; (2) /3 increases with increasing temperature. 
The second feature has been observed in radical-pair 
sy~tems,3~ but the first feature is unique to biradicals. 

The magnetic isotope effect arises from a competition 
between two decay routes for the triplet biradical 37: 
ISC to form '7 followed by rapid formation of carbon- 
yl-containing products, and decarbonylation to form 38 

(37) (a) Ciferri, A.; Hoeve, C.; Flory, P. J. Am. Chem. SOC. 1961,83, 
1015. (b) Flory, P.; Ciferri, A.; Chiang, R. J. Am. Chem. SOC. 1961,83, 
1023. (c) Ab, A.; Jernigan, R.; Flory, P. J. Am. Chem. SOC. 1966,88,631. 

(38) Turro, N. J.; Doubleday, C.; Hwang, K.; Cheng, C.; Fehlner, J. R. 
Tetrahedron Lett. 1987,28, 2929. 

(39) (a) Turro, N. J. Proc. Natl. Acad. Sci. U.S.A. 1983,80,609. (b) 
Gould, I.; Turro, N. J.; Zimmt, M. Ado. Phys. Org. Chem. 1984,20,1. (c) 
Turro, N. J.; Krauetler, B. In Isotopic Effects; Buncel, E., Lee, C., Eds.; 
Elsevier: Amsterdam, 1984; Vol. 6, p 107. (d) Buchachenko, A. Prog. 
React. Kinet. 1984,13,163. (e) Klimenko, B.; Tarasov, V.; Buchachenko, 
A. Bull. Acad. Sci. USSR, Diu. Chem. Sci. (Engl. Tmml.). 1984,33, 1072. 

ISC is usually not regarded as T dependent, and the 
first term is expected to be small. To a first approxi- 
mation we ignore it and concentrate on the chain-rule 
product. To understand the sign of the high-temper- 
ature Arrhenius slope, we need to know the sign of each 
of the two derivatives. 

The dkIsc /d(R)  term is qualitatively given in the 
upper plot in Figure 2. For S9,11. kIsc i= kHFC, and for 
2,, kIsc = ksoc. The sign of this term is therefore 
positive for 89,11 and negative for 2,. For d ( R ) / d T ,  we 
note that a close approach of the two ends of the bi- 
radical requires an enthalpically unfavorable situation 
of several gauche interactions within the chain. On 
average, a smaller value of R is associated with a greater 
number of gauche interactions (higher enthalpy). Ex- 

(36) For an example of such a mechanism in radical recombination, 
see: Olson, J.; Koch, T. J .  Am. Chem. SOC. 1986, 108, 756. 



Ace. Chem. Res. 

and eventual formation of hydrocarbon products. Only 
the HFC mechanism is responsible for isotopic frac- 
tionation, since SOC does not depend on nuclear spin. 
Biradicals 37 that contain 13C nuclei with large HFC 
undergo ISC faster and compete better with decarbo- 
nylation than biradicals that lack 13C. The phenylacetyl 
radical has a 13C HFC of 124 G at  the carbonyl posi- 
tion,22 much larger than the typical proton HFC of 530 
G. 

The mechanism above is consistent with experiment 
except for one flaw: it incorrectly predicts identical 13C 
enrichments in all CO-containing products, including 
the starting material. To address this problem we 
consider the details of the SOC and HFC mechanisms. 
SOC in the biradical7 is only effective in conformers 
with small R, while the HFC mechanism takes over at 
large R (Figure 2 ,  bottom). Since only HFC is nucle- 
us-selective, CO-containing products formed via ISC at 
large R are expected to have a higher p than products 
formed via ISC at  small R. 37 is initially produced in 
conformations with relatively small R. SOC-dominated 
ISC at small R yields mainly recyclization to generate 
unenriched starting material. Formation of cyclophane 
10, however, requires the benzylic positions to be very 
far apart, and one expects and finds 10 to be highly 
enriched. Formation of the cis-trans isomer of 6 also 
requires a value of R large enough to accommodate 
internal rotation in the biradical. 

This interpretation requires that whether one starts 
with cis-6 or trans-6, the starting material must be 
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unenriched while the cis-trans isomer and 10 must be 
enriched. This was confirmed for 612. Photolysis at 10 
“C of cis-612 gives p = 0, 90, 128% (130%) for cis-612, 
trans-(i12, and lol2, respectively, whereas photolysis of 
t r ~ n s - 6 , ~  gives (3 = 68, 2, 131% for the same three 
 compound^.^^ This confirmation strongly supports the 
above model. 

In summary, the physical basis for the difference in 
13C enrichment among the products of biradical decay 
is the inherent tendency of HFC and SOC to produce 
different products, and this in turn comes from the R 
dependences of the different ISC mechanisms shown 
in Figure 2. 

Conclusion. Through a combination of product 
studies, isotope effects, and transient absorption ki- 
netics including the effect of biradical chain length and 
substituent, solvent, temperature, and magnetic field, 
we have made progress in elucidating the relation of the 
rates and product distributions to the spin interactions 
in the biradicals. Probably the most surprising result 
is the profound effect exerted by extremely small in- 
teractions such as the S-T gap, SOC, and HFC upon 
the dynamics and product distribution of triplet bi- 
radicals. 
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An oxidant that is efficient in transferring oxygen, 
selective in its reactivity, mild toward the oxidized 
product, and conveniently prepared from commercially 
available materials, possesses catalytic activity, and is 
recyclable and environmentally agreeable would un- 
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questionably be the synthetic chemist’s delight. Such 
an oxygen transfer reagent does not exist to this day, 
but an oxidant coming closest to these imposing char- 
acteristics is the dioxirane 1.’ The recent feat2 of 
preparing dimethyldioxirane (la) from the corre- 
sponding ketone and caroate (KHS05), as illustrated 
in eq 1, has provided convenient access to a powerful 
oxidant of unusual utility for synthetic 
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