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Over the past decade our group has explaiduydrogen
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3:R=FEt Z=CHy ®=052 Z4:96% (81 %) E-4:4% (19 %)
5:R=H Z=Ph &=040 Z6:54% (50 %) E-6:46 % (50 %)

Table 1. Medium and Temperature Effects on Cyclization
Stereoselectivity

abstraction in various phenyl ketones in order to assess how

structural factors influence the formation and reactions of triplet ___conditions ZIE2 ZIE4 ZIES
1,5-biradicals. We have noted the importance of benzylic  toluene, 110 11.5/1 16/1 1.5/1
conjugation in inducing regié= and stereoselectivity and have benzene, 24 14.6/1(0.75) ~ 21/1(0.52)  1.2/1(0.40)
stressed the need to distinguish between pre-existing confor- to:uene, 0 » 52)5/1 ?%4//1 3-0//1
mational preferences and nonbonded interactions that are created ©!uéne.~7 1 11 11

. o . methanol, 24 2/1 4/1 1/1
only during actual cyclization as factors determining product .. - 54 100/0 100/0 11

ios>2 During the same period the idea that triptetsinglet sl

ratios: g the same p _ that tripretsing Ee — Ez kcallm  0.69 0.55 —0.66
intersystem crossing (isc) determines biradical lifetimes has Ay A: 4.6 8 35

become widely accepteéthlthough product ratios typically are
explained in terms of biradical geometries and product energies,
despite the possibility that varying rates of isc for different
biradical geometries could in fact dominate product ratids.
We have attempted to resolve this inconsistency by suggesting
that isc occurs dynamically during cyclization rather than
statically beforehan8® We report here temperature and
medium effects on the stereoselectivity of 1,5-biradical cycliza-
tion that, together with semiempirical computations of biradical
structure, reveal geometric effects on apparent entropies of
cyclization that may represent the first experimental evidence
for geometry-dependent biradical isc rates.

Scheme 1 compares the indanol yields obtained from the
ambient temperature photocyclization @f(o-benzylphenyl)-
acetophenonebj to those from the previously reported(o-
ethylphenyl)acetophenondsand 3.5 Z/E ratios for 1 and 3
are large in benzene but, as usually observed in such cycliza-
tions? smaller in methanol. In stark contraStshows negligible
selectivity.

Table 1 lists product ratios in solution as a function of
temperature for these ketoAgglus results for crystals. The
corresponding Arrhenius plots are shown in Figure 1, with the
activation parameter differences listed in Table 1. These results
add to our earlier findings in two important ways: (1) changing
the hydrogen donor from an ethyl to a benzyl group eliminates
the stereoselectivity; (2) nonenthalpic factors appear to be as
important as enthalpy differences at determining diastereose-
lectivity. Our original interpretation of the room temperature
product ratios fofl and3 invoked cyclization from two biradical
conformational minima, onpre-Zand onepre-E, that differed
in energy by 1.72.0 kcal/mol®® The measured\E, values
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a Product quantum yields in parentheses.
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Figure 1. Z/E indanol ratios foll 3, A 1, and@® 5.

for 1 and3 indicate that enthalpy differences between biradical
conformers may be much smaller than we originally surmised,
with much of theZ/E preference contained in théefactor for
cyclization. Therefore, we have reexamined the geometric
aspects of all the steps in this reaction.

Equation 1 describes product ratios when conformational
equilibrium is established among various biradical geometries
before cyclizatiord12 The subscripts z and e refer to biradical

ZIE = XBRzkiycI/XBRekgycl + XBkafycI/kSycl

conformers that can cyclize with minimal bond rotations to Z
or E indanol; x refers to any other conformer that must rotate
into apre-Zor pre-Egeometry before cyclizing. Thevalues
(Zyi = 1) describe the Boltzman distribution of conformers.
The k values contain only relative efficiencies of isc (as an
entropy term) if isc occurs independently and if subsequent
biradical cyclization is faster than any conformational inter-
conversior. If singlet biradicals interconvert before cyclizing
or if isc occurs during cyclization, thek values also contain
differences in activation enthalpies for cyclization of different
conformers.

Scheme 2 depicts fdrand3 the likely topology for biradical
formation and reaction. The geometric requirements for
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(12) Equation 1 is a modified form of the CurtitHammett principle in
that it includes conformers that cannot react directly but which must be
considered if static isc is the rate-determining step for biradical decay.
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Scheme 2 product ratios reflect equilibrium biradical conformational
populations, as predicted by eq 1. The A factor ratio indicates

O, HO. Ph Ph
HZ:“ b o Ho"-’Q§H 7 on a lower entropy of cyclization foBRe, which is twisted around
%{ e - Rt G%'H(H = o bonds a and b such that the two singly occupied p orbitals are
CH,

o, BRi 70 gre 0 gre almost orthogonal but not pointed at each other, as they are in
b lp o /4 ¢ BRz. The nonoverlapping orbital orientationsiRe and the
HZ:“ hy o\ e ™ i twist of thea-hydroxy radical site would decrease both through
Cﬁ;j%(H - T %\Ph e% or space and through bond spin-orbit coupfdThis effect would
u O3 b CHa by G produce less singlettriplet mixing and thus less efficient isc

1or3 BRz

in BRethan inBRz if isc is static, occurring at conformational
minima before cyclization, or if isc is dynamic, occurring
concurrently with the bond rotation that swings the two p orbitals
toward each other. In this regard, the behavioBBfx, which

hydrogen transfép limit the a-hydroxy radical site to a single
initial orientation, with the OH facing the central benzene ring.

Both models and calculations indicate tfgRz would be the o hresents some 42% of the triplet biradical population, is very
major initial conformer; anyBRi also formed would have only  jynorant. Does it undergo static isc to form a singlet biradical
a~4 kcal/mol barrier to cross in order to form the more stable ot must undergo rotation around bond b in order to cyclize?

BRz. Thus, we estimate that tiemethyl group is antito the |t 5 nearly half the product ratio could be determined by the
other radical center ir 99% of the reacting 1,5-biradicals. The relative rates for rotation oBRx to BRz or BRe. As far as

fact _that both1 a_nd 3 yield on_ly 4 i_nqlgnol_s in_ the crystal our calculations can determine, there is a 0.7 kcal/mol difference
confirms thaBRz is the predominant initial biradical geometry i, the two rotational barriers, which indicates at most a 3:1
and that rotations around the-hydroxy radical site, which  yreference for formation of singl@Rz. Assuming the same
presumably are forbidden in the crystal, are necessary for giatic isc rate foBRe andBRx, which have similar bond angles,
formation of E indanols. This conclusion would demand that 5 10-folq greater rate of isc foBRz is required to fit the

the stereoselectivity fot and 3 depends on geometric varia-  measurements to the calculations. That large of a difference

tions at thea-hydroxy radical site, as Scheme 2 shows. The seems unlikely; we are currently analyzing the behavior of
large solvent effects ol and 3 strongly support such a  gseveral more such biradicals.

conclusion, as originally suggestedvioreover, as we discuss The lack of stereoselectivity fdris consistent with our earlier
below, the contrasting behavior &f further solidifies these  findings that phenyl substitution substantially lowers rotational
conclusions. barriers at a benzyl radical site in a biradical, since both benzene

Calculations on the conformational distribution around the rings do not have to conjugate with the half-occupied p orbital.
a-hydroxy radical site of the biradical indicate only two other As shown below, biradical geometries with the phenyl tilted

minima within 5 kcal/mol ofBRz, the global minimum:BRx both up and down are of comparable energy but have signifi-
has the same energy Bz but cannot cyclize directlyBRe cantly different orbital orientations, which could explain ¢
lies only 0.4 kcal/mol abovBRz.1314 Comparable results are  Ag ratio, as forl. Why E, is higher for theZ isomer is not
calculated for3. The calculated energy @Rz varies by 1.5 immediately apparent. The situation when both radical sites

kcal/mol depending on whether the OH hydrogen points toward are conformationally mobile is obviously complicated and
or away from the central benzene ring. The former, favored requires additional computational study.

geometry represents hydrogen bonding by the OH to the benzene

ring, a well-established phenomefd#fthat apparently controls

selectiity in these reactions Solvation of the OH group lowers 5
xBRz DY reducing this stabilization dRz.

These findings and the spin-orbit calculations on biradi¢als BRSe1  BRSz1
of Michl provide an explanation for the activation parameters. ﬂ o ﬂ &y
Given the 1 kcal/mole activation energy for biradical de@ay, o
part of the measureflE; could be generated during cyclization. <& Y X - 9 XeH
Nonetheless, the similar values f&E, and the calculated H
enthalpy difference betwedBRz andBRe do suggest that the

H

BR5z2 BR5e2
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