
Nonequilibrium Radical Reductions

Alexandre J. Buckmelter, Jay P. Powers, and
Scott D. Rychnovsky*

Department of Chemistry, UniVersity of California
IrVine, California 92697

ReceiVed March 16, 1998

Radical-mediated reduction and addition reactions are important
tools for stereoselective synthesis. Anomeric radicals in particular
often react stereoselectively,1 and these intermediates have been
used in the synthesis of tetrahydropyrans1 and â-glycosides.2,3
Stereoelectronic effects have been invoked to explain the facial
preference in these radical addition reactions, with the implicit
assumption that the radical is in its most stable conformation.4

With very few exceptions,5 radicals are configurationally unstable
and epimeric radical precursors generate identical product ratios.6

One notable exception is the 9-decalyl radical: it can be trapped
by oxygen and hypochlorite (but not tin hydride) with partial
retention of configuration due to slowconformationalintercon-
version.7 We now report that slow conformational interconver-
sions can be a factor in the reduction of simple 2-tetrahydropy-
ranyl radicals. These nonequilibrium radical reductions provide
a new strategy for the control of stereochemistry.
Reductive decyanations are believed to proceed through radical

intermediates, with the stability of the radical conformers dictating
the stereochemical outcome.8,9 We became aware of several
anomalous systems where the stability of the radical was not a
good predictor for the configuration of the product.10,11 One
possible explanation was that reduction of the radical intermediate
occurred before it had a chance to reach equilibrium. Pyramidal
inversion of radical centers have negligible barriers,8,12 whereas
chair-chair interconversions of tetrahydropyrans have roughly
10 kcal/mol activation energies.13 Use of this value as a rough

estimate of the inversion barrier for a 2-tetrahydropyranyl radical14

leads to a conformational lifetime of ca. 10-2 s at-70 °C, which
may be slow enough to allow reduction to compete with
conformational equilibration.
Figure 1 illustrates a study designed to determine if confor-

mational equilibration of radical intermediates influences the
stereochemical outcome of reductive decyanation reactions. Both
nitriles 1ax and1eq adopt conformations with the nitrile axial
and the methyl group equatorial. The relatively small pseudo-
A-value of a 5-benzyl group, ca. 1.4 kcal/mol,13,15is overwhelmed
by the conformational bias of the C2 substituents.16 Reduction
with Li/NH3 gives rise to the radical conformers2ax and2eq,
which could interconvert by radical inversion and chair-chair
isomerization. Further reduction introduces an axial hydrogen
atom stereoselectively,8 producing3ax from 2ax and3eq from
2eq, respectively. If the interconversion of2ax and2eq is fast
with respect to the reduction, both1axand1eqwill give identical
ratios of3axand3eq, but if the interconversion is slow,1axand
1eqwill lead to different product ratios.
The results of the reductive decyanations of1ax and1eqare

shown in Table 1.17 The most important observation is that under
each of the experimental conditions,1axand1eq lead to different
product ratios (e.g., entries 1 and 2, Table 1). Thus reduction of
the radicals2ax and 2eq is faster than their interconversion.
Reduction by either Li/NH3 or lithium di-tert-butylbiphenylide
(LiDBB) in THF followed by protonation gave the same ratio of
products. Some radical interconversion is observed in each
reaction, but it can be minimized by lowering the temperature.
Overall, the reduction proceeds primarily with retention of
configuration. This result stands in stark contrast to the reductive
decyanation of cyanohydrin acetonides, where both epimers give
the cis diastereomer of the acetonide with excellent stereoselec-
tivity.18

Reductive decyanations are admittedly highly specialized
examples of radical reductions. Are nonequilibrium intermediates
important in more common radical reactions? The reductive
decarboxylation ofN-hydroxypyridine-2-thione esters4axand4eq
were examined to answer this question, and the results are shown
in Table 2.17 Compounds4ax and 4eq prefer the axial ester
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Figure 1. Possible interconversion of the radicals2ax and2eq during
reductive decyanation.
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conformation19 and should generate radical intermediates2axand
2eq, respectively. The reductive decarboxylations were carried
out by photolysis in the presence oft-BuSH as an H-atom donor.20

With high concentrations oft-BuSH and low temperatures,4ax
and4eq lead to different product ratios of3ax and3eq (entries
5 and 6, Table 2). Differences are still observed at-20 °C, but
the effect is small (entries 8 and 9, Table 2).17 With lower
concentrations oft-BuSH, radical equilibration is nearly complete
even at-78 °C. The predicted enthalpies of 2,5-dimethyl-2-
tetrahydropyranyl conformers, models for2axand2eq, favor the
equatorial C5 methyl isomer by ca. 1 kcal/mol.21 The calculated
energy difference is roughly consistent with the observed equi-

librium product ratios, keeping in mind that the reduction of2ax
to 3axmay not be completely stereoselective. The product ratios
in the reductive decarboxylation reaction at high thiol concentra-
tions (entries 5 and 6, Table 2) are similar to those observed for
the reductive decyanation reactions at the same temperature
(entries 1 and 2, Table 1). Differences in the intrinsic stereose-
lectivity of the reductions would be expected to produce slightly
different product ratios even if the rates of reduction were
identical. These experiments demonstrate that Barton reductive
decarboxylations can proceed through nonequilibrium radical
intermediates under experimentally accessible conditions.
Remarkably, nonequilibrium trapping of radicals was also

observed with reactive olefins. Thus, decarboxylation of4axor
4eq in the presence of 1.0 M acrylonitrile leads to very different
product ratios at-78 °C (Scheme 1). The4axprecursor gave a
62:38 product ratio favoring the5ax isomer,22 while the 4eq
precursor gave a 4:96 product ratio favoring the5eq isomer.17
These ratios are essentially the same as those observed in the
t-BuSH trapping reaction.
The preceding studies show that slow conformational inter-

conversion of radical intermediates can be an important factor in
the stereoselectivity of radical reactions. The effect will be
important not just in six-membered rings but also in medium ring
compounds that show comparable conformational barriers.23,24

Manipulating the conformation of a radical precursor should allow
one to influence the stereoselectivity of radical reactions. Non-
equilibrium radical reactions present new opportunities for
stereoselective synthesis.
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Table 1. Diastereoselectivity in Reductive Decyanation of1ax or
1eq

entry substrate conditionsa ratio (3ax:3eq)b

1 1ax Li/NH3 (-78 °C) 66:34
2 1eq Li/NH3 (-78 °C) 4:96
3 1ax LiDBB (-78 °C) 66:34
4 1eq LiDBB (-78 °C) 5:95
5 1ax Li/NH3 (-33 °C) 39:61
6 1eq Li/NH3 (-33 °C) 5:95
7 1ax LiDBB (-95 °C) 71:29

aReactions were carried out in THF and gave products in ca. 90%
yield. Small amounts of dihydrobenzene from overreduction (ca. 5%)
were oxidized by DDQ before analysis.b Product ratios by GC.

Table 2. Radical Decarboxylation of4ax or 4eq

entry substrate conditionsa ratio (3ax:3eq)b

1 4ax -78 °C, (0.1 M) 18:82
2 4eq -78 °C, (0.1 M) 14:86
3 4ax -78 °C, (0.5 M) 54:46
4 4eq -78 °C, (0.5 M) 5:95

5 4ax -78 °C, (1.0 M) 63:37
6 4eq -78 °C, (1.0 M) 4:96

7 4axor 4eq -78 °C, (0.1 M) 12:88
8 4ax -20 °C, (1.0 M) 22:78
9 4eq -20 °C, (1.0 M) 11:89
10 4axor 4eq 25 °C, (0.1 M) 15:85

aReactions were carried out in toluene to give products in ca. 70%
yield. Thet-BuSH concentration is given in parentheses.bProduct ratios
by GC.

Scheme 1
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