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Introduction

Creating stereogenic centers using free-radical intermediates
has been a topic of great interest.[1–3] Our group contributed
to this field[4] by developing efficient stereoselective tandem
strategies involving radical reactions with anionic processes
that allowed the efficient synthesis of complex fragments of
biologically relevant ionophores,[5] such as zincophorin
(1 a)[6] or narasin (1 b)[7] (Figure 1).

The strategies that we have developed involved carbon-
center radicals (generated from a mixture of halogenated
precursors, such as 2 a,b and 4 a,b) flanked on one side by an
ester and, on the other, by a stereogenic center bearing an
electron-withdrawing group. Substrates with a C�O bond at
C3 embedded in a ring were reduced with higher selectivi- ties than comparable acyclic substrates having a small alkyl

group at that position [Eq. (1) vs. Eq. (2)].[8]

This magnification of selectivity with cyclic systems was
therefore termed the exocyclic effect. Taking advantage of
this effect allowed for the reliable synthesis of 2,3-anti propi-
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Figure 1. Structure of zincophorin (1 a) and narasin (1b).
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onate relationships[9] found within numerous ionophores
bearing tetrahydropyran (THP) rings or tetrahydrofuran
rings (THF).[5,8a–c, e, f]

To overcome the limitations observed with less substituted
acyclic compounds, such as 4 a,b, we next studied the reduc-
tion of C3�C5 diol radical precursors temporarily protected
as acetonides or benzylidenes to take advantage of the exo-
cyclic effect [Eq. (3)].[8c] The high 2,3-anti inductions ob-
tained then encouraged us to develop single-pot methodolo-
gies with boron Lewis acids to form in situ cyclic boronates
and borinates [Eq. (4) and Eq. (5)].[4f, 8f] Aluminum and
magnesium Lewis acids, which were demonstrated to allow
the formation of endocyclic radical intermediates by com-
plexation of the ester and the C3�alcohol group, afforded
selectively the complementary 2,3-syn inductions
[Eq. (6)].[4a,f, 10] The stereocontrol brought by these radical
reduction strategies proved to be highly reliable. By combin-
ing them with anionic Mukaiyama aldol reactions, a compre-
hensive approach to the preparation of polypropionates[4f]

was elaborated for the synthesis of all possible 16 polypropi-
onate stereopentads as single diastereoisomers from a-chiral
b-hydroxyaldehydes.[4d]

Reported herein is the first transition state DFT study
that investigates the origin of the anti-selectivity observed
for these types of radical hydrogen-transfer reactions. We
were particularly interested in elucidating the factors re-
sponsible for the enhanced stereocontrol with substrates

bearing an exocycle [Eq. (1) vs. Eq. (2)] or a borinate pro-
tecting group [Eq. (5)]. The impact of axial or equatorial
orientation of the chain bearing the radical exo to a THP
was also examined with constrained bicyclic systems. Im-
pressive correlation between the experimental results and
theoretical calculations were found and improved our under-
standing of the reactivity of these radical intermediates. We
show that the exocyclic and the borinate effects, which lead
to an increase of diastereoselectivity, originate from the alle-
viation of destabilizing interactions with the incoming hy-
dride in the transition state leading to the major product
(2,3-anti), whereas the presence of a bulkier side chain at C3
increases the energy of the transition state leading to the
minor isomer (2,3-syn).

Results and Discussion

The diastereoselectivity enhancement for the radical reduc-
tion of systems bearing an exocycle at C3 was first hypothe-
sized to be linked to the conformational biases imposed at
the C3�O and C3�C4 bonds (Scheme 1). The chain at C3

bearing the radical in the exocyclic systems should occupy
preferably either equatorial (eq) or axial (ax) positions of
low energy chair-like conformations of the THP ring 2 c
(Scheme 1).[11] Although it could reasonably be assumed
that the equatorial position is preferred for steric factors, we
could not rule out completely the possibility that a radical
center might prefer to react in the axial position. In order to
gain experimental insight on the impact of equatorial or
axial orientations of the C3 chain bearing the radical on a
THP ring, 6,7-trans-octahydrochromen derivatives 11 a ;11 b
and 12 a ;12 b were prepared (Scheme 2) and then submitted
to hydrogen-transfer reactions with trialkyltin hydride
(Table 1).[12]

The reaction sequence to access selectively either the 3,7-
cis or 3,7-trans-6,7-trans-octahydrochromen radical precur-
sors is presented in Scheme 2. The olefin 13, obtained from
copper-catalyzed Grignard addition to cyclohexene oxide,
was first treated with OsO4/NaIO4

[13] to give the correspond-
ing aldehyde in equilibrium with its lactol isomer. Wittig

Scheme 1. Acyclic and exocyclic radical intermediates 4 c, 2c, 11–12 c
(generated from bromide precursors 4a,b, 2 a,b or 11–12 a,b).
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olefination provided the a,b-unsaturated ester 14 a,b (10:1,
E/Z), whereas treatment with acetic anhydride afforded a
mixture of the corresponding acetals 15 a,b (3:1). The insep-
arable mixture of 14 a,b was then treated with N-bromosac-
charin (NBSac)[14] to provide a mixture of C2 tertiary bro-
mides 11 a ;11 b with high 3,7-cis selectivity. Alternatively,
acetals 15 a,b were treated with tetrasubstituted enoxysilanes
16 and SnCl4

[4e] to afford C2 tertiary bromides 12 a ;12 b with
excellent 3,7-trans stereocontrol.

The radical precursors 11 a,b (bearing the C3-chain equa-
torial) was reduced with an excellent ratio favoring the 2,3-
anti product 17 a (>20:1), whereas a strikingly poor ratio
(1.8:1, 18 a/18 b) was obtained for substrates 12 a,b with the
radical-bearing chain forced to occupy an axial orientation
(Table 1, entries 1 and 3). It is noteworthy that when per-
forming the reduction with Bu3SnH in DCM, high 2,3-anti
selectivity was maintained with equatorial precursors 11 a,b,
whereas an inversion of selectivity in favor of the 2,3-syn

products (1:5.2, 18 a/18 b) was induced from the axial precur-
sors 12 a,b (Table 1, entries 2 and 4). The chain bearing the
radical equatorial therefore provides higher 2,3-anti selectiv-
ities than when oriented axially—an intriguing observation
that will be further examined in silico.

Description of the computational method : All geometry op-
timizations were performed using standard gradient techni-
ques and tight SCF convergence in Gaussian 09[15] with the
BHandHLYP functional.[16] This functional was demonstrat-
ed[17] to be well suited for radical systems.[18] Transition state
calculations were performed with Me3SnH. This hydride led
to experimental selectivities comparable to Bu3SnH (vide
infra). The effective core potential of Hay and Wadt[19]

LANL2DZ supplemented with a single set of d-type polari-
zation functions was used for tin (d(z)Sn = 0.20),[18b, d,20] to-
gether with the valence triple-z TZVP basis set[21] for all
other atoms. For each reaction, the difference in Gibbs free
energies of activation (DDG�) was calculated between the
lowest energy anti- and syn-predictive TS, and the ratio of
products was calculated from Equation (7).

DDG� ¼ RT� ln
½2,3-anti�
½2,3-syn� ð7Þ

To determine Gibbs free energies in solution, geometry
optimizations were performed using the IEFPCM implicit
solvation model.[22] More details concerning the computa-
tional method used are provided in the Experimental Sec-
tion and in the Supporting Information.

DFT study of THP radical intermediates : The different
energy barriers of the radical ground state were evaluated
to support the hypothesis that the radical reduction were
under Curtin–Hammett conditions.[23] THP radical inter-
mediate 2 c displayed a low ground state conformer with an
equatorial radical chain and two possible E- and Z-enol rad-
icals (2 c-E and 2 c-Z), resulting from radical delocalization

Scheme 2. Synthesis of radical precursors 11a,b and 12 a,b. Reaction con-
ditions: a) OsO4, 2,6-lutidine, NaIO4, 1,4-dioxane/H2O (3:1), RT;
b) Ph3PC(Me)=CO2Et, CH2Cl2, RT; c) NBSac, MeCN, 0 8C to RT;
d) Ac2O, pyridine/CH2Cl2 (1:1), 0 8C to RT; e) SnCl4, 16, CH2Cl2, �78 8C.

Table 1. Radical reductions of 6,7-trans-octahydrochromen radical pre-
cursors 11a,b and 12 a,b.

Entry R3SnH Solvent d.r. (a/b)[a] Yield [%][b]

1 Ph3SnH PhMe >20:1 72
2 Bu3SnH DCM >20:1 74

3 Ph3SnH PhMe 1.8:1 76
4 Bu3SnH DCM 1:5.2 –[c]

[a] Product ratios were determined by 1H NMR analysis of the crude re-
action mixture. [b] Yields of isolated products. [c] Complete conversion
was observed by 1H NMR spectroscopy.

Figure 2. Energy barriers of unsubstituted THP radical 2 c : a) C1�C2 iso-
merization of E-Z enol radical, and b) equatorial (eq)–axial (ax) chairs
ring flip. Gibbs free energies [kcal mol�1] in toluene are reported relative
to the energy of 2c-eq-E.
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in the ester moiety (Figure 2).[24] Transition state A involved
in the possible equilibration between these equatorial enol
radicals displays a 10.24 kcal mol�1 barrier that was deter-
mined by the QST3 method in Gaussian (Figure 2).[25] The
THP ring flip through half-chair TS B was located at
10.62 kcal mol�1 for the E isomer. These energy barriers are
considered to allow ground state equilibration at rates sig-
nificantly higher than the intermolecular hydride delivery,
which occurred with transition state energies greater than
16.3 kcal mol�1 at �78 8C.[26]

Transition states analysis of THP intermediates with an
equatorial radical chain : C2�C3 Fischer projections of the
low energy transition state conformers found for the hydride
delivery to radical intermediates are presented at
Figure 3.[28] The reported energies in toluene were obtained

for the unsubstituted THP 2 c with the C3-radical chain in
the equatorial orientation (R�R’=�ACHTUNGTRENNUNG(CH2)4�). The average
C2�H and Sn�H Wiberg bond orders (0.3 and 0.5, respec-
tively) suggest that the reduction occurs in a relatively early
TS.[29] Starting from an almost planar conformation (0.68) at
the ground state (2 c-E or -Z, Figure 2), the C3 center of the
radical intermediate experiences approximately 108 of pyra-
midalization[30] at the TS.[31] The allylic-1,3 strain (A1,3) mini-
mization observed for the radical intermediate could there-

fore also represent an important factor to explain why anti-
predictive TS C and syn-predictive TS H are significantly
lower in energy than the other transition states (Figure 3).[28]

The DFT study allowed to confirm that TS C would be
preferred because of optimal intramolecular dipole–dipole
minimization and s-donation of the C3�C4 bond[24c,32] and
revealed the conformation of the lowest syn-predictive TS
H. The presence of more severe allylic-1,2 strain (A1,2) in
the latter could also account for the lower energy of anti-
predictive TS C. According to the DDG� calculated between
C-2 c-eq[33] and H-2c-eq in toluene (2.31 kcal mol�1) excel-
lent selectivities in favor of the 2,3-anti product 2 a are ex-
pected at �78 8C (>380:1), which is in agreement with the
experimental >50:1 ratio determined by GLC analysis of
the crude reaction mixture (Figure 4 a).[8a] This DDG� value
also correlates with the calculated and experimental ratios
obtained for bicyclic substrate 11 c with the radical chain
constrained in the equatorial position, in toluene or DCM
(Figure 4 b).

Figure 3. Fischer projections of the C2�C3 conformers of the lowest
energy transition states. Gibbs free energies in parentheses [kcal mol�1] in
toluene were obtained for the unsubstituted THP radical equatorial
2c-eq (generated from 2a,b) for the E and Z isomers and are reported
relative to the energy of TS C-E.[27]

Figure 4. Lowest energy transition states of hydride delivery to: a) unsub-
stituted THP radical 2c-eq, and b) equatorial bicyclic radical 11 c. Gibbs
free energies [kcal mol�1] in toluene are reported in parentheses relative
to the energy of 2 c-eq-E. Atomic distances [�] and Wiberg bond orders
for Sn�H and C2�H interactions are shown for the TS structures.
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Transition states analysis of THP intermediates with an
axial radical chain : The calculated energies obtained with
the bicyclic system 12 c, locking the radical chain in the axial
position, correlate well with the poor anti-diastereoselectivi-
ty obtained in toluene and the reversal of selectivity towards
the syn-product in DCM (Figure 5).

The analysis of the lowest energy transition states C and
H indicates that the chair conformation is distorted slightly
to orient the radical chain (C2�C3) away from the fully
axial position (Figure 5). This could alleviate partially two
high energy pseudo syn-pentane-like interactions (Me�C2�
C3�C4�C5 and Me�C2�C3�O�C7) in C-12 c-ax and one
pseudo syn-pentane interaction (Me�C2�C3�C4�C5) in
H-12 c-ax. The presence of an additional pseudo syn-pentane
interaction in C-12 c-ax should result in a more significant
destabilization of the anti-predictive TS. The optimal intra-
molecular dipole minimization in TS C, resulting from the
antiperiplanar orientation of the ester group (C2�C1) rela-
tive to the C3-alkoxy group (C3�O), however, could explain
that the 2,3-anti product remains preferred in low dielectric
media. In a solvent with a higher dielectric constant (e.g.,
DCM), this stabilization could become less important and
increase the relative energy of C versus H, which would be
consistent with the observed reversal to 2,3-syn selectivity in
DCM for bicyclic compound 12 c. This highlights the impor-

tance of considering solvents when studying these radical re-
actions in silico.[34]

In summary, the analysis of cyclic systems 11 c and 12 c in-
dicated the crucial impact of the conformation (equatorial
vs. axial) of the C3-chain bearing the radical to rationalize
the increase in diastereoselectivity. We then sought to identi-
fy other factors that could explain why acyclic substrates
generally lead to a decrease in 2,3-anti selectivity [Eq (1) vs.
Eq. (2)].

Transition states analysis of acyclic substrate 4 c with a sec-
ondary C3 side chain : The acyclic radical substrate 4 c was
more challenging to analyze because it required the exami-
nation of all the possible C1�C2, C2�C3, C3�C4 and C4’�O
conformations (Figure 6). All the corresponding rotational
energy barriers for 4 c were calculated to be significantly
lower than the energy required to reach the transition states,
therefore allowing for Curtin–Hammett conditions to be
met.[35] In the lowest energy ground state conformation 4 c-E
(0 kcal mol�1), it is interesting to note that the methoxy
group (C4’�O) is pointing downward. This conformation is
unlikely to be preferred at the transition state, because
severe steric clash would occur with the incoming hydride.[36]

Figure 5. Transition states of hydride delivery to axial bicyclic radical
12c. Gibbs free energies [kcal mol�1] in toluene are reported in parenthe-
ses relative to the energy of 2 c-ax-E.

Figure 6. Transition states of acyclic radical intermediate 4c (from 4a,b)
with a methoxy at C3�O. Gibbs free energies [kcal mol�1] in DCM are re-
ported relative to the energy of 4c-E.
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Indeed, in the lowest energy transition states C1-4 c
(20.13 kcal mol�1) and C2-4 c (19.93 kcal mol�1), the C4’�O
rotamer adopts a conformation to orient the C4’ away from
the hydride reagent. The 0.52 kcal mol�1 free energy differ-
ence (DDG�) between the lowest syn-predictive TS H-4 c
and C2-4 c in DCM predicts an anti-selectivity of 3.8:1
[Eq. (7)] in agreement with the experimental selectivity
(1.5:1).

The origin of the exocyclic effect : Acyclic system 4 c adopts
a reactive conformation leading to 2,3-anti product that
presents destabilizing interactions not found in the exocyclic
system 2 c (Figures 6 and 4 a). This was demonstrated by
energy decomposition of the transition state energy (DE�)
using the activation strain model[37,38] (DE� =

DE�
strainACHTUNGTRENNUNG[radical] +DE�

strainACHTUNGTRENNUNG[hydride] +DE�
int). The interac-

tion energy (DE�
int) and the strain energy (DE�

strain) of the
hydride were found to be marginally different in these two
systems, which reflects the fact that no severe steric clash
with the incoming hydride was found.[35] The strain energy
gap of the radical for reaching the anti-predictive TS C or
C2 (Figure 7), however, is markedly greater in acyclic sys-
tems (3.30 vs. 6.30 kcal mol�1; 2 c vs. 4 c), whereas the
DE�

strain in the syn-predictive TS H for both systems are
comparable in energy (5.35 vs. 5.67 kcal mol�1; 2 c vs. 4 c).
The additional interaction for radical intermediate 4 c (i.e. ,
C4’ with C4 and C5 with C2) in the lowest anti-predictive
TS (C2), could in part explain this increase in relative
energy. Linking C4’ and C5 as an exocycle would provide
high 2,3-anti inductions by avoiding these unfavorable inter-
actions in the anti-predictive TS, which leads to an enhanced
DDG� gap relative to acyclic intermediate 2 c.

DFT study of borinate intermediates : Another important
aspect of acyclic radical reductions is the impact of installing
a borinate at the C3 position of radical intermediate (I,
Figure 8). These boron intermediates are synthetically more
useful than methoxyether groups, since they are convenient
to install and to cleave in situ. The high anti-selectivity ob-
served for the reduction of borinate intermediates in the
context of polypropionate synthesis [R=Me, Figure 8 and
Eq. (5)] led us to suggest that a complex (II, Figure 8) was
mimicking the exocyclic THP [Eq (1)]. The borinate at C3
could also induce the formation of complex III, resulting
from the intramolecular complexation to the carbonyl of the
ester. The hydrogen transfer reaction on such intermediate
should, however, lead to the 2,3-syn product, as suggested
by Equation (6).[39]

To determine if the formation of an exocyclic complex
was a prerequisite to reach high 2,3-anti selectivity, radical
precursors 19 a,b (R= BBu2) were prepared and reduced
after in situ formation of the corresponding borinate inter-
mediate (Table 2, entry 2). A marginally higher 2,3-anti ratio
was obtained with the latter, as compared with the corre-
sponding C3-methyl protected 4 a,b (4.2:1 vs. 1.5:1, entry 2
vs. 1). Radical precursors 20–23 a,b with secondary side
chain at C3 and bearing an alkoxy group at C5 were then
examined under the standard reducing conditions (Table 2,
entries 3–6). The borinate intermediates furnished signifi-
cantly higher 2,3-anti selectivity than their C3-methoxy pro-
tected counterparts.

These results were puzzling, since the higher selectivity
obtained with C5-benzyloxy suggested the possible involve-
ment of an exocyclic intermediate, but we were reluctant to
invoke the complexation of a bulky silyloxy ether group by
boron, as these protecting groups are generally reported to
prevent complexation.[40] We have, therefore, decided to in-
vestigate these questions by the DFT calculations reported
herein.

In the presence of a tertiary alkyl group at C3 (Table 2,
entry 8), 2,3-anti product 32 a was formed selectively from
25 a,b, as it was the case with the corresponding C3-methoxy
precursor 24 a,b (entry 7). The high level of diastereoselec-
tivity for precursors with bulkier alkyl side chain falls
beyond the limit of detection, and it is thus not possible to
determine if an enhancement is obtained between 24 a,b,

Figure 7. The origin of the exocyclic effect. The E�
strain energies of the

radical [kcal mol�1] are reported relative to the energies of the respective
ground state structures of 2 c-eq-E and 4 c-E. The arrows indicate the tra-
jectory of the incoming hydride for TS C or C2 (anti-predictive) and TS
H (syn-predictive).

Figure 8. Various complexation modes of C3,C5-alkoxy radical intermedi-
ates and resulting outcome (2,3-anti or 2,3-syn) of hydride transfer reac-
tion.
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25 a,b and 9 a,b [Table 2, entries 7–8 and Eq. (5)]. Neverthe-
less, these results indicate that borinate intermediates are re-
duced with high anti-selectivity through an acyclic mode
when a tertiary side chain is present at C3.

The last important point that we explored experimentally
is the possibility that borinates provide greater polarization
of the C3�O bond by delocalization of oxygen lone pairs in
the empty p-orbital of boron. The presence of an electron-
withdrawing group at C3 was previously shown to be man-
datory for 2,3-anti selectivity.[3c,32] Substrates protected with
electron-withdrawing groups, such as MOM[41] or trifluoroa-
cetate, were synthesized to examine if they would also in-
crease 2,3-anti inductions (Table 3). None of these sub-
strates, however, proceeded with levels of selectivity compa-
rable to the ones obtained with borinates (Table 3, en-
tries 1–3 vs. Table 2, entries 4 and 6). Finally, an erosion of
diastereoselectivity was observed when the size of the sub-
stituents was increased on the borinate (Table 3, entry 4).

Transition state analysis for the reductions of borinate inter-
mediates : The reduction of the borinate radical intermediate
19 c was analyzed in silico (Figure 9 a). The preferred TSACHTUNGTRENNUNG(C-19 c) displays an O�C3�C4�C5 torsion angle similar to

the second lowest TS C1 for methoxy-substituted acyclic in-
termediate 4 c (Figure 6). The planar trigonal conformation
of the borinate likely reduces its interaction with the C5
methyl group in C-19 c. The bond lengths and conformation
obtained by calculations are consistent with the X-ray data
obtained from a related borinate compound.[42] The lowest
energy transition states C-19 c and H-19 c were calculated to
have a DDG� of 0.21 kcal mol�1, which would predict selec-
tivities of 1.7:1, slightly below the experimental value with
Bu3SnH (4.2:1, Table 2, entry 2). Since Me3SnH[43] was used

Table 2. Radical reductions of acyclic radical precursors 4a,b and 19–
25a,b.

Entry R Solvent d.r. (a/b)[a] Yield [%][b]

1[c] (4a,b) Me DCM 1.5:1 (5) 89
2[d] (19a,b) BBu2 DCM 4.2:1 (26) 41

3 (20 a) Me DCM 1.2:1 (27) 75
4[d] (21a,b) BBu2 DCM 9:1 (28) 86

5 (22 a) Me DCM 1.4:1 (29) 80
6[d] (23a,b) BBu2 DCM 13:1 (30) 70

7[e, f] (24a,b) Me toluene >20:1 (31) 87
8[d,e] (25a,b) BEt2 DCM >20:1 (32) 71

[a] Product ratios were determined by 1H NMR analysis of the crude re-
action mixture. [b] Yields of isolated products. [c] Ref. [8c]. [d] Borinate
(R= BBu2 or BEt2) was generated in situ from secondary alcohol (R=

H). The secondary alcohols were isolated (R=H); see the Supporting In-
formation for details. [e] X= Br (entry 7) and X = I (entry 8).
[f] Ref. [44].

Table 3. Radical reductions of radical precursors 33–36a,b.

Entry[a] R R’ d.r. (a/b)[b] Yield [%][c]

1 (33a) OBn MOM 1.3:1 (37) 87
2 (34a) OTBDPS MOM 1.5:1 (38) 80
3 (35a) OBn CF3CO 2.3:1 (39) 89

4[d] (36a,b) OBn 9-BBN 3:1 (28) 82

[a] X= Br (entries 1–3) and X= I (entry 4). [b] Product ratios were deter-
mined by 1H NMR analysis of the crude reaction mixture. [c] Yields of
isolated products. [d] Borinate (R’=9-BBN) was generated in situ from
secondary alcohol 21a,b (R’=H). The secondary alcohols were isolated
(R’=H); see the Supporting Information for details.

Figure 9. Transition states of acyclic radical intermediates 19 c (in situ
from 19a,b) with a diethylborinate (BEt2) at C3�O. Gibbs free energies
[kcal mol�1] of TS structures in DCM are reported relative to the energy
of 19 c-E.
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in our calculations, we decided to verify experimentally if
the hydrogen transfer gave similar results than with
Bu3SnH, which was used throughout this study with acyclic
substrates. The reduction of compound 19 a,b was also eval-
uated with Ph3SnH at �78 8C (Figure 9). The level of anti-se-
lectivity obtained with the former (4.6:1) was similar to the
ratio Bu3SnH provided (4.2:1), whereas reduction with the
bulkier hydride (Ph3SnH) led to somewhat higher selectivity
(5.9:1, Figure 9). These results suggest that the use of a bori-
nate as a protecting group of the alkoxy group at C3 in-
creases the 2,3-anti ratio as compared to corresponding
methyl ether. A more extensive in silico evaluation of the
borinate effect was, however, necessary to understand this
selectivity trend.

Exocyclic complexation versus acyclic reduction of borinate
intermediates bearing a C5-alkoxy group : It was observed
experimentally that substrates with a secondary side chain
at C3 and an alkoxy group at C5 provide higher anti-selec-

tivity than the corresponding substrate bearing a C3-ethyl
group (Table 2, entry 2 vs. 4). To determine if complexation
of the C5-alkoxy was at the origin of this modest, but yet,
significant enhancement of selectivity (II, Figure 8), transi-
tion state calculations were performed with radical 40 c
(Figure 10). The anti- or syn-predictive TS obtained only dis-
played a weak B�O5 interaction and these structures were
not the lowest in energy (C1 vs. C2 and H1 vs. H2). More-
over, these calculations indicated that complexation of the
boron with the ester (III, Figure 8) is likely not involved in
the syn-predictive TS. The enhancement of anti-selectivity
with borinates is therefore not linked to the formation of a
complex and may result from the particular conformation of
these intermediates (Table 2, entries 4 and 6).

Transition state analysis of radical precursors with a tertiary
C3 side chain : The transition state analysis performed on
24 c (Figure 11) revealed that the lowest energy anti-predic-
tive TS C-24 c adopts a staggered C4’�O conformation, simi-
lar to TS C1-4 c (fC4’-O-C3-H3 �1.58 ; Figure 6). One could
expect that this unfavorable conformation would raise the
energy of the anti-predictive TS C, leading to lower selectiv-
ity. The analysis of the lowest energy syn-predictive TS
H-24 c, however, indicates that an unfavorable syn-pentane-
like interactions is present between the C5 and C2-methyl
group (Figure 11). The resulting DDG� value therefore re-

Figure 10. Borinate intermediates 40 c in TS C (anti-predictive) or H
(syn-predictive) with conformations analogous to I or II (Figure 8). Ener-
gies [kcal mol�1] in DCM are reported relative to the energy of C2-40 c
and B�O5 atomic distances [�] are shown for the TS structures.

Figure 11. Transition states of acyclic radical intermediate 24 c (from
24a,b) with a methoxy at C3�O. Gibbs free energies [kcal mol�1] of TS
structures in toluene are reported relative to the energy of 24 c-E.
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mains high (1.58 kcal mol�1)[35] and correlates with the high
selectivity (>20:1) measured experimentally at �78 8C
(Figure 11).[44] It can, therefore, be proposed that a bulkier
C3 alkyl side chain generates high diastereoselectivity by
raising the energy of the syn-predictive TS H. Various tin
hydrides (Me3SnH and Ph3SnH) were examined for the re-
duction of 24 c at 25 8C (Figure 11). As for the reduction of
19 c (Figure 9), Me3SnH provided selectivities comparable to
Bu3SnH (6.3:1 vs. 5.8:1).

Calculations for borinate radical intermediate 25 c indicat-
ed a sufficient DDG� value to account for the selective for-
mation of the 2,3-anti product 32 a (Figure 12). The excellent

anti-selectivity are rationalized, as for 24 c, by significant de-
stabilizing interaction of syn-TS resulting from the presence
of a bulky C3-alkyl side chain.[35] It is noteworthy that the
borinate and methoxy group adopt conformations in anti-
predictive TS C that remove severe interactions with the in-
coming hydride. The DE�

strain cost of borinate 25 c, however,
is significantly lower than for methoxy 24 c (4.68 vs. 5.80,
Figure 13), likely due to pseudo-allylic-1,3 strain (A1,3) mini-
mization between the alkyl chain attached to the sp2 boron
and the vicinal C3 stereogenic center in 25 c.[45] Radical 24 c
in TS C rather presents a fully eclipsed C3�O conformer.
The particular conformational bias of borinate group could
find application in other reactions in which interactions with
an alkoxy-protecting group need to be avoided.

Conclusion

The study of rigid bicyclic 6,7-trans-octahydrochromen radi-
cal precursors demonstrated the critical impact of position-
ing the radical-bearing chain equatorial to take advantage of
the exocyclic effect. When the radical is forced to occupy an
axial position on a THP ring, severe loss of anti-selectivity
occurs. DFT calculations of TS structures indicate that this
phenomenon can be attributed to important interactions be-
tween the C2-methyl group and THP ring centers (C5 and
C7). Functionalized THP systems, which are expected to
impose a bias to the orientation of the radical chain, are
under active investigation and will be reported in due
course.

The increased conformational energy required for acyclic
systems to reach their anti-predictive TS explains why they
undergo radical reductions with lower selectivities than exo-
cyclic THP. When a tertiary side chain is present at C3, the
syn-predictive TS are significantly destabilized by additional
syn-pentane interactions, resulting in a sufficient DDG� to
attain high selectivities. Experimental and computational
evidences indicate that high anti-selectivities with borinate
intermediates are not linked to the formation of a complex
mimicking the exocycle. These species prefer to adopt a
planar geometry that could facilitate the entry of the incom-
ing hydride in the anti-predictive TS.

In summary, this study answers fundamental questions re-
lated to the successful reduction of radical substrates. From
a more general perspective, the different conformational
factors identified herein are likely to influence other reac-
tions taking place at a center vicinal to a heterocycle or an
a-alkoxy group.

Experimental Section

Supporting Information : The Supporting Information includes the experi-
mental procedures, physical characterization and NMR spectra (1H and
13C) of radical precursors (11–12a,b, 19–23 a,b, 25a,b, 33–35a,b) and re-
duced products (17–18 a,b, 26–30 a,b, 32 a,b, 37–39 a,b); and optimized ge-
ometries, energies and Cartesian coordinates for all ground and transition
states structures.

Computational method for the conformational analysis of radical inter-
mediates : All geometry optimizations were performed using standard
gradient techniques and tight SCF convergence in Gaussian 09[15] with
the BHandHLYP exchange-correlation (XC) functional[16] using restrict-
ed (RBHandHLYP) and unrestricted (UBHandHLYP) methods for
closed- and open-shell systems, respectively.[46] It was previously demon-
strated[17] that BHandHLYP functional performed better for radical sys-

Figure 12. Transition states of acyclic radical intermediate 25c (in situ
from 25a,b) with a diethylborinate (BEt2) at C3�O. Gibbs free energies
[kcal mol�1] of TS structures in DCM are reported relative to the energy
of 25 c-E.

Figure 13. The DE�
strain of radical 24c versus 25c in TS C (anti-predic-

tive). Electronic energies [kcal mol�1] are reported relative to the ener-
gies of the respective ground state structures of 24c-E and 25c-E.
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tems than other XC functionals,[18] disparity often associated with inade-
quate treatment of the exchange terms.[47] The effective core potential of
Hay and Wadt[19] LANL2DZ supplemented with a single set of d-type
polarization functions was used for tin (d(z)Sn=0.20)[18b,d, 20] together
with the valence triple-z TZVP basis set[21] for all other atoms. Ground
state (GS) radicals were evaluated by unconstrained optimization of all
possible rotating bonds including both E- and Z-enol radical conforma-
tions. Staggered transition states (TS) for hydride delivery using Me3SnH
(anti- and syn-predictive TS) were considered for each conformation of
methyl ester radical intermediates. Unscaled harmonic frequency calcula-
tions at the appropriate temperature were performed for each optimized
structure to characterize it as an energy minimum or a TS structure and
to calculate Gibbs free energies (DG�). To calculate Gibbs free energies
in solution, geometry optimizations and harmonic frequency calculations
were performed with the IEFPCM model[22] and the UFF atomic radii for
either toluene or dichloromethane. Wiberg bond indices[48] were calculat-
ed using the natural bonding orbitals[49] as implemented in Gaussi-
an 09.[15] The stereochemistry of the radical precursor at C2 was demon-
strated experimentally to be unrelated to the stereochemical outcome of
radical reduction reaction.[4a, c,d, f] It was thus reasonable to consider the
same radical intermediates generated from both halide isomers at the C2
position at the transition state.
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