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Abstract—Additions of one to two equivalents of Lewis acids that include magnesium salts to free-radical reduction reactions
involving ester functionalized radicals and (1R,2S,5R)-menthyldiphenyltin hydride 4, bis((1R,2S,5R)-menthyl)phenyltin hydride 5,
tris((1R,2S,5R)-menthyl)tin hydride 6, bis((1R,2S,5R)-menthyl)-[8-(N,N-dimethylamino)naphthyl]tin hydride 12, bis((1R,2S,5R)-
menthyl)-[1-((S)-N,N-dimethylaminoethyl)phenyl]tin hydride 13 or 3�-dimethylstannyl-5�-cholestane 14 result in remarkable
enantioselectivities. Examples include (S)-naproxen ethyl ester 16, produced in 74% yield and greater than 99% ee at −78°C from
the bromide and 5 in the presence of MgBr2, and ethyl (R)-N-trifluoroacetyl-D-phenylglycinate 18, obtained in 78% yield and 99%
ee under identical conditions. Kinetic and computational studies provide insight into the origins of these observations.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The synthetic chemists’ toolbox is filled with well-estab-
lished techniques that have matured over time to the
extent that impressive regio- and stereochemical out-
comes are routinely possible for a wide cross-section of
transformation types. The large majority of these tech-
niques are based on ionic chemistry that often require a
suite of protection protocols in order to achieve the
desired outcome, indeed ‘protecting group chemistry’ is
in itself a mature discipline. In contrast, free-radical
chemistry, with its inherent tolerance of a variety of
functional groups, has until recently, existed largely
under the shadow of its older, more mature sibling. It is
fair to say that during the 20 year period 1970–1990,
radical chemistry underwent a series of remarkable
transformations that effectively drew to a close the era
in which free radicals were considered to give rise only
to intractable tars or polymers. While this period revo-
lutionized synthetic chemists’ attitudes toward free-rad-
icals,1 only the polymer industry has, to date,
enthusiastically embraced the large-scale use of radical
technology for the preparation of a wide cross-section
of useful products. While this chemistry is now com-
monplace for the construction of niche ring systems, the
ability to control the stereochemical outcomes of free-

radical reactions has presented a more difficult prob-
lem. Despite advances made in the control of
diastereoselectivity by the late eighties, only low levels
of enantiocontrol had been achieved by the mid-
nineties.

The importance of single-enantiomer outcomes in syn-
thesis cannot be overstated. In 1999, 33% of all dosage
form drug sales were single enantiomer formulations;
this had risen to 40% in 2001. In addition, 80% of new
drugs entering development are enantiomerically pure,
a consequence of the pharmacological importance of
chirality and the ever-tightening restrictions on the
composition of pharmaceutical preparations imposed
by regulatory authorities. It is not surprising therefore,
that the design of reagents for achieving high enantiose-
lectivities during free-radical transformations is an
objective that continues to occupy several research
groups around the world.2

Chiral stannanes on their own have generally been
ineffective in providing synthetically useful outcomes,3–6

primarily, we believe, because of the large (ca. 3.5 A� )
tin�carbon separation in the transition state for delivery
of hydrogen atom from the stannane to the carbon-cen-
tered radical in question.7 Thus, menthyl-substituted
stannanes examined by us,3 the chiral, nitrogen-coordi-
nated stannanes 1 of Metzger,4 and the C2-symmetric* Corresponding author. E-mail: carlhs@unimelb.edu.au
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reagents 2 reported independently by Curran5 and
Metzger6 provide enantioselectivities of up to 52% in
their reactions with a series of simple pro-chiral
radicals.

Recently, we demonstrated that steric interactions are
largely responsible for the subtle changes in rate con-
stant observed during the delivery of a hydrogen atom
from a series of alkyldiphenylstannanes to primary
alkyl radicals.8 With this in mind, we reasoned that
increases in steric bulk on either the substrate or
reagent involved in enantioselective free-radical reduc-
tions may well lead to improvements in enantioselectiv-
ity. In particular, addition of Lewis acids to reactions in
which the carbon-centred radical involved contains a
binding site for that Lewis acid may achieve the
required objective.

Several workers report the use of chiral Lewis acid
catalysts to achieve enantioselective outcomes in free
radical reduction chemistry,2,9 the most successful of
these being the group of Hoshino who achieved 61% ee
during the reduction of coumarin 3 with Bu3SnH in the
presence of a chiral Lewis acid (Scheme 1).10 The work
described herein differs in that the source of chiral
recognition is the chiral stannane itself. We now report
that addition of a wide cross-section of Lewis acid types
to low-temperature reductions of radicals bearing ester
functionalities by simple chiral non-racemic stannanes,
such as bis((1R,2S,5R)-menthyl)phenyltin hydride, rou-
tinely proceed with enantioselectivities in excess of
90%.11 Examples include naproxen, ibuprofen and nat-
ural and unnatural amino acids which are routinely
prepared in greater than 99%ee by this method.

2. Results and discussion

2.1. Reactions with simple substrates

(1R,2S,5R)-Menthyldiphenyltin hydride 4, bis((1R,2S,
5R)-menthyl)phenyltin hydride 5 and their enantiomers
have been prepared previously within our group,12

while both enantiomers of tris((1R,2S,5R)-menthyl)tin
hydride 6 were prepared by the method of
Jousseaume.13 Initial substrates chosen for this work
include bromides 7 (X=Br) employed by Metzger et al.
in their recent study and the ketone 8 used by Curran
and Nanni;5 in this manner a direct comparison with
previous work is possible.

In this study, reductions were carried out at concentra-
tions of approximately 0.1 M of the substrate into
which 1.0 equivalent of the Lewis acid (see below) of
choice and 1.1 equivalents of the stannane were added
in toluene at −78°C initiated using 9-BBN,14 or triethyl-
borane.5,15 Reactions were carried out until TLC analy-
sis indicated the absence of starting material (ca. 1–2 h)
at which time the reaction mixtures were examined by
chiral-phase gas-chromatography (GC) and the per-
centage conversion and enantiomeric ratios determined
by integration of the signals corresponding to the mix-
ture of reduced compounds 7 and 8 (X=H) against an
internal standard (either octane or undecane). Reduced
compounds 7 and 8 (X=H) were identified by compari-
son of their GC retention times with those of the
authentic compounds. The absolute configuration of
the dominant isomer in each case was assigned by
comparison with the GC retention times of the (S)-
products 7 and 8 prepared and resolved following
literature procedures.16

Table 1 lists enantioselectivity data for the model sub-
strates 7, 8 reacting with bis((1R,2S,5R)-men-
thyl)phenyltin hydride 5 at −78°C in toluene in the
absence of any additive and in the presence of one
equivalent of BF3, zirconocene dichloride 9, (S,S)-(−)-
and (R,R)-(+)-N,N �-bis(3,5-di-tert-butylsalycidene)-1,2-
cyclohexanediaminomanganese(III) chloride 10 and
11.17

Inspection of Table 1 reveals some interesting features
which aid our understanding of the factors which gov-
ern the stereochemical outcome in the reactions of
interest. Firstly, a Lewis acid is crucial in obtaining
reasonable enantioselectivities. Experiments carried out
in the absence of these Lewis acids give significantly
poorer ee’s. For example, addition of one equivalent of
BF3 to the reaction involving 7 (R=Et, X=Br) results
in an increase in enantioselectivity from 4 to 20%.Scheme 1.
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Table 1. Enantioselectivities observed for reactions involv-
ing bis((1R,2S,5R)-menthyl)phenyltin hydride 5 in toluene
at −78°Ca

SubstrateEntry Lewis acid % Eea % Conversionb

7 (R=Me) None 21 80
BF32 32 64

3 9 36 58
4 10 60 81

115 55 59
7 (R=Et) None 4 816

BF37 20 68
8 9 46 52
9 10 86 75 (71)c

1110 84 69
7 8111 None 9
(R=cyclo-Pen)

12 BF3 30 79
9 35 7413

1014 80 82 (70)c

15 11 78 75
7 (R=tert-Bu) None 616 82

BF317 10 76
18 9 60 68
19 10 80 72

1120 83 52
8 None 1621 81

BF322 12 69
23 9 52 92
24 10 52 76

11 5025 60

a All reductions gave the (S)-product.
b GC conversion.
c Isolated yield.

X=Br) was repeated with the enantiomer of 5,
bis((1S,2R,5S)-menthyl)phenyltin hydride, in the pres-
ence of 11, (R)-7 (R=Et, X=H) was obtained with an
ee of 86% under the same reaction conditions.

Despite the obvious benefit derived by the presence of
the Lewis acid, chirality transfer appears to originate
with the ligand on tin because the achiral Lewis acid 9
itself has a remarkable effect on the stereochemistry of
the reactions in question. In addition, both enan-
tiomeric forms of N,N �-bis(3,5-di-tert-butylsalicyli-
dene)-1,2-cyclohexanediamino-manganese(III) chloride,
namely 10 and 11, result in enantioselectivities within a
few percent of each other and with the same enan-
tiomeric form of the reduced substrate dominating.

Table 2 lists the effect that different stannanes have on
the observed enantioselectivities at −78°C for reactions
involving Lewis acids 9, 10 and (for one example) 11.
Stannanes 12–14 were prepared as previously described
by us.18 It is interesting to note that the achiral stan-
nane, tributyltin hydride, reacts with 7 (R=tert-Bu,
X=Br) in the presence of Lewis acids 9 and 10 to
afford 7 (R=tert-Bu, X=H) with 0 and 8% ee, respec-
tively. The former result is expected; the latter result
demonstrates, once again, that chirality in the stannane
is more important than that in the Lewis acid. The
reader’s attention is also drawn to the numerous exam-
ples provided in Tables 1 and 2 where the observed
enantioselectivity exceeds 80% and the two examples
(entries 5 and 14, Table 2) of ees �90.

2.2. Expanding the range of Lewis acids

As discussed in the previous section, the observation
that enantioselectivity during chiral radical reduction is
related to the bulk of the Lewis acid additive, seems to
fit well with the hypothesis that chiral recognition phe-
nomena are the result of subtle steric interactions that
manifest themselves in the transition states for delivery
of a hydrogen atom from the chiral stannane to the re
and si faces of the radicals involved in this chemistry.
This is discussed in more detail below. We were sur-
prised then to observe that magnesium based Lewis
acids such as MgBr2, MgI2, Mg(OAc)2, Mg(ClO4)2 and

Increasing Lewis acid bulk results in further increases;
46% ee is observed with the addition of zirconocene
dichloride 9, while addition of 10 results in a remark-
able improvement in ee to a value of 86%. It is interest-
ing to note that the (S)-isomer of the product
dominates in all of the reductions listed in Table 1. It is
also important to note, when the reduction of 7 (R=Et,



D. Dakternieks et al. / Tetrahedron: Asymmetry 14 (2003) 3057–30683060

Mg(OTf)2 seem to outperform many bulkier Lewis
acids.19 While magnesium based additives have been
used in the past to promote stereoselectivity in some
free-radical transformations,20 its application to the
chemistry described in this paper, to the best of our
knowledge, is novel. As is clearly evident in Table 3
(entries 1–5), reaction of the bromoester 7 (R=Me,
X=Br) with bis((1R,2S,5R)-menthyl)phenyltin hydride
5 in the presence of a wide cross-section of magnesium
salts affords ethyl (S)-2-phenylpropionate in high yield
and routinely high enantioselectivity. We speculate that
the addition of magnesium salts allows for coordinated
dimers to form, the result being that one ester unit
provides the steric bulk that affords high selectivity
during the reduction of the other unit. It is interesting
to note that addition of MgCl2 provided no ee in this
reaction (entry 6), presumably due to poor solubility
characteristics. In addition, standard lithium, beryllium
and calcium salts also provided no ee, presumably for
similar reasons.

As we were interested in developing methodology for
preparative application, we chose to include substrates
15 and 16 in this study with the aim of providing esters
of ibuprofen 15 (X=H) and naproxen 16 (X=H).

Inspection of the data in Table 3 confirms that these
targets are also effectively prepared in high enantiose-
lectivity through the use of bis((1R,2S,5R)-men-
thyl)phenyltin hydride 5 in the presence of magnesium
salts, especially MgBr2. It is important to note that, as
expected, the enantiomeric reagent ent-5 provided the
opposite outcome (entry 8) and that the match between
reagent and substrate is important; the C3-symmetric,21

tris((1R,2S,5R)-menthyl)tin hydride 6 providing lower
selectivities under identical conditions (entries 12 and
19). In addition, boron-based additives (entries 9 and
10) and ZnCl2 (entry 11) give rise to poor out-
comes, while aluminium Lewis acids such as methylalu-
minium diphenoxide (MAD) and methyldiphenoxyalu-
minium (entries 17 and 18) provide good to excellent
results.

Table 2. Enantioselectivities observed for reactions involving zirconocene dichloride 9 and (S,S)-(−)-N,N �-bis(3,5-di-tert-
butylsalycidene)-1,2-cyclohexanediaminomanganese(III) chloride 10 and its enantiomer 11 in toluene at −78°C

% Ee % Yielda Config.Lewis acidSubstrateEntry Stannane

59361 97 (R=Me) 4 S
S1292 7738

60 82 S3 9 14
60 82 S4 10 4

R73 (68)d90135 10
34 58 S6 10 14

7 (R=Et) 9 47 42 51 S
S7952128 9

9 149 54 54 S
4 70 78 S1010

10 1311 72 68 S
12 10 14 62 67 S
13 R7286ent-5c11b

75 (67)d9614 S107 (R=cyclo-Pen)14
7 (R=tert-Bu) 9 Bu3SnH15 0 – –

916 S4 6358
17 62 87 S9 12

9 14 S9618 76
19 10 Bu3SnH S8 –
20 10 4 72 74 S
21 10 13 80 76 S
22 10 14 S82 72 (68)d

S685049823
9 1224 56 62 S

1425 9 S7942
26 410 58 81 S
27 10 12 46 85 S

62 74 S28 10 13
14 52 72 S1029

a GC conversion.
b The enantiomer of 10.
c Bis((1S,2R,5S)-menthyl)phenyltin hydride.
d Isolated yield.
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Table 3. Enantioselectivities observed for reactions involving substrates 7, 15 and 16 with stannanes 5 and 6 and the
expanded range of Lewis acids in toluene at −78°C

Substrate Lewis acida StannaneEntry % Ee % Yieldb Config.

7 (R=Me) MgBr2 5 921 96 S
Mg(OTf)22 98 quant S
Mg(OAc)23 88 72 S
Mg(ClO4)24 62 81 S

5 MgI2 96 quant S
MgCl26 0 N.d.d –

15 MgBr2 57 96 55 S
MgBr2 ent-5c8 96 68 R

9 (EtO)3B 5 35 N.d.d S
(i-PrO)3B10 40 N.d.d S

11 ZnCl2 15 N.d.d S
MgBr2 6 6212 70 S

16 MgBr2 513 >99 74 R
Mg(OTf)214 62 75 S
Mg(OAc)215 88 74 R
MgI216 95 76 S
MAD17 70 66 S
MeAl(OPh)218 94 82 R
MgBr2 619 30 35 S

a See Ref. 19.
b GC conversion.
c Bis((1S,2R,5S)-menthyl)phenyltin hydride.
d Not determined.

2.3. Reactions involving amino acid derivatives

Given that excellent selectivities are possible using
simple Lewis acid additives together with relatively
simple chiral non-racemic stannanes such as 5, we
next turned our attention to the preparation of enan-
tiomerically pure natural and unnatural amino acids.
In particular, the methodology described herein
should allow for control of the configuration of the
reaction product through reagent selection. In this
manner, both deracemization of racemic substrates,
and enantiomer switching (e.g. L�D) becomes rou-
tinely possible because the intermediate radical is
prochiral. We chose to examine the representative set
of amino acid derivatives 17–20. As we required
bromine-containing substrates (X=Br) as radical pre-
cursors, N-trifluoracetylation was deemed necessary as
previous work by Easton and Croft had showed that
free amino acids as well as other, less powerful elec-
tron-withdrawing substituents on nitrogen provide
systems that cannot be selectively brominated by radi-
cal brominating agents such as N-bromosuccinimide
(NBS).22 Preliminary work in our laboratories confirm
these observations. In addition, 19 (X=Br) was pre-

pared by a Hell–Vollhard–Zelinski route23 because of
problems associated with benzylic bromination, while
the benzyl ester 20 of tert-leucine was utilized because
of its ease of preparation. Interestingly, 20 (X=H)
appears not to become brominated in the benzylic
position upon treatment with NBS under standard
radical conditions.

As the data in Table 4 reveal, the chiral radical
reduction chemistry developed by us is indeed
amenable to the enantioselective preparation of amino
acids. Apart from the 2-aminobutyric acid derivative
17, the remaining amino acid substrates, namely
methyl N-trifluroacetylphenylglycinate 18, methyl N-
trifluroacetylphenylalaninate 19, and benzyl N-trifl-
uroacetyl-tert-leucinate 20 are all obtained in good to
excellent yield and in almost single enantiomer purity
when magnesium salts are used in conjunction with
stannane 5. We attribute the poor selectivities
obtained with 17 to the steric similarity of the methyl
and ethyl groups attached at the prochiral carbon in
the radical involved during the transformation,
providing for poor facial differentiation.



D. Dakternieks et al. / Tetrahedron: Asymmetry 14 (2003) 3057–30683062

Table 4. Enantioselectivities observed for reactions involving amino acid substrates 17–20 with stannanes 5 and 6 and Lewis
acids in toluene at −78°C

SubstrateEntry Lewis acida Stannane % Ee % Yieldb Config.

17 None1 5 0 N.d.d –
MgBr2 102 N.d.d N.d.d

(EtO)3B3 10 N.d.d N.d.d

4 18 None 5 5 70 S
5 MgBr2 >99 78 R

ZnCl26 14 N.d.d S
7 Me3Al 12 N.d.d S

BF38 13 N.d.d S
9 Ln(OTf)3 14 N.d.d S
10 None 6 0 65 –

MgBr211 20 60 S
12 19 None 5 6 N.d.d S

MgBr213 99 81 R
20 None 514 18 45 S

None ent-5c15 20 60 R
MgBr216 5 99 (65)e S
MgBr2 ent-5c17 96 58 R

18 Mg(OAc)2 5 99 95 S
19 MgI2 99 96 S

MAD20 99 90 S
21 MeAl(OPh)2 86 90 S

ZnSiO422 99 95 S
CaSiO423 99 70 S
MgSiO424 99 65 S
Al2(SiO4)3 99 5225 S
None 626 6 N.d.d S

27 MgBr2 6 96 70 S

a See Ref. 19.
b GC conversion.
c Bis((1S,2R,5S)-menthyl)phenyltin hydride.
d Not determined.
e Isolated yield.

As is clearly evident from the data in Table 4, additions
of magnesium salts once again provide for the best
outcomes. In the case of the phenylglycine and tert-
leucine derivatives 18 and 20, an increased range of
Lewis acids have been examined. Not unexpectedly, the
aluminium species (entries 20 and 21) provide good
outcomes. However, to our surprise, addition of zeo-
lites such as zinc, calcium and magnesium silicates
(entries 22–24) also result in excellent enantioselectivi-
ties. It is interesting to note that kaolinite clay
(Al2(SiO4)3, entry 25) is also an effective additive.
Finally, entries 6–9 clearly demonstrate that other ‘tra-
ditional’ additives20 such as ZnCl2, BF3, Me3Al and
Ln(OTf)3 are all less effective in their ability to promote
high enantioselectivities during the reduction reactions
in this study.

2.4. Computational studies

Recently, we explored the effect of temperature on the
ratio of enantiomers obtained during the reduction of
ketone 8 (X=Br) with tris((1R,2S,5R)-menthyl)tin
hydride 6 in toluene and in the absence of any Lewis

acid additive and determined the relative Arrhenius
expression for the reaction to be (Eq. (1)):3

log(S/R)=(0.03±0.03)−(0.7±0.1)/2.3RT (1)

(where R=8.314×10−3 kJ K−1 mol−1).

Eq. (1) reveals that the difference in activation energy
(��E‡) for delivery of hydrogen atom to the si and re
faces of the prochiral radical 21 involved during the
reduction of 8 (X=Br) is only 0.7 kJ mol−1. Clearly,
this value needs to be increased significantly if syntheti-
cally viable outcomes are to be achieved; values in
excess of about 10 kJ mol−1 (preferably 15–20 kJ mol−1)
are desirable. These low values of ��E‡ ultimately have
their origins in the diastereomeric transition states for
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hydrogen transfer to the two faces of the prochiral
radicals in question. As mentioned above, we reported
recently the results of an ab initio study of the geomet-
ric requirements in the transition states involved in the
delivery of hydrogen atoms from several types of stan-
nane to a variety of alkyl radicals.7 These calculations
provided overall Sn–C distances of about 3.50 A� in
these transition states that proved to be largely inde-
pendent of alkyl substitution on either radical or stan-
nane.7 It would seem reasonable to suggest that the
relatively large CTS–Sn separations in these structures
severely restrict the ability of the ligand on tin to
impart chiral information to the prochiral radical dur-
ing the reduction process resulting in poor enantioselec-
tivities in the absence of Lewis acid additives.

How then do we improve the situation? One approach
would be to construct stannanes bearing very bulky
chiral substituents able to induce asymmetry across the
3.5 A� transition-state distance. This approach is some-
what limited if we choose to restrict ourselves to cheap,
readily available ligands from the chiral pool. Alterna-
tively, we might try to ‘bulk up’ the radical by the
addition of a sterically-demanding co-reagent or cata-
lyst capable of coordination to the reacting species.

In order to facilitate a useful outcome to this discus-
sion, we needed to understand also the effect of delocal-
ization on the transition states in question as the
carbon-centred radicals in this study would be expected
to interact differently with the reducing agents 4–6 than
those in our initial ab initio study.7 We chose to explore
briefly the transition states for hydrogen atom transfer

from stannanes to a series of carbonyl-substituted radi-
cals by ab initio and other molecular orbital techniques.
In particular, we examined the transition state 22 (R=
R�=R��=H) for hydrogen transfer from stannane
(SnH4) to carbomethoxymethyl radical 23 (R=R�=H)
using ab initio techniques and AM1 calculations
(Scheme 2). Critical transition state distances are dis-
played in Figure 1. Beckwith and Zavitsas reported the
use of AM1 calculations to accurately predict the
diastereomeric outcome during Bu3SnH reduction of
several dioxolanyl radicals.24 Despite inherent deficien-
cies associated with the AM1 method, namely its inabil-
ity to reproduce ab initio transition state energy
barriers for stannane reductions,7 it would appear to be
capable of reproducing relative energy barriers and
stereochemical trends.24 It seemed reasonable, there-
fore, to explore the ability of AM1 to reproduce trends
observed during enantioselective stannane reductions.
The questions we sought answers to included whether
or not AM1 would predict the correct stereochemical
outcome in these transformations, whether or not it
would reproduce the observed effect of Lewis acid in
these reactions, and lastly, whether or not AM1 could
quantitatively predict the observed enantioselectivities.
While we were confident in providing insight into the
first two questions, we were less confident in the ability
of AM1 to accurately predict ees, mainly because of the
subtle energy differences involved.

Transition states 22 for the reaction of two prototypical
prochiral radicals 23 (R=Ph; R�=Me, tert-Bu) with
chiral stannanes 4–6, in the absence of, and in the
presence of BF3 and, for one example, B(OMe)3 were

Scheme 2.

Figure 1. MP2/DZP calculated geometrya of 22 (R=R�=R�=H) (left) and AM1 calculated geometry of 22 (R=R�=H; R�=Me)
(right). a(UHF/DZP) data in parentheses.
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optimized by AM1. In all, six transition states were
determined for each reacting pair, corresponding to the
three lowest-energy rotamers for the attack of 3–5 at
each (re or si ) face of 23. Figure 2 depicts a typical
transition state 22, with, and without the inclusion of
BF3 as Lewis acid. In order to save computational cost,
the critical distances in transition states 22 were fixed at
those calculated by AM1 for 22 (R=R�=H; R��=Me),
namely: r(C–H)=1.73 A� ; r(Sn–H)=1.69 A� ;
�(C�H�Sn)=180°, and the remaining structure opti-
mized in the usual way. Energy differences (�E‡

si−�E‡
re)

were calculated using the optimized lowest energy con-
formation for the attack at the two prochiral radical
faces and are listed in Table 5.25

The role of the Lewis acid is clearly evident in Figure 2.
As expected, BF3 is calculated to coordinate to the
carbonyl oxygen of the radical. The time-averaged
effect of this coordination is to increase steric discrimi-
nation between the two faces of the prochiral radical.
This is clearly evident in the calculated energy differ-
ences (�E‡

si−�E‡
re) presented in Table 5.

The data presented clearly indicate that AM1 does
indeed correctly predict the predominant isomer formed
during the asymmetric radical reductions investigated in
this study; in all cases for which experimental informa-
tion is available the preferred configuration is calcu-
lated to be (S). In addition, AM1 appears to predict
correctly the stereo-enhancing effect of the Lewis acid.
In all cases, the inclusion of BF3 in the calculation
serves to improve enantioselectivities, in agreement with
the experimental observations presented in the preced-
ing sections. When the steric bulk of the Lewis acid is
increases (entry 5, Table 5), further increases in enan-
tioselectivity are predicted, in accord with experimental
observation. Enantioselectivities were calculated using
the relative Arrhenius expression:

log(S/R)=log Asi−log Are−(�E‡
si−�E‡

re)/2.3RT

assuming that entropy contributions for attack at both
faces of the radical are identical. As expected, the
factors affecting the magnitude of the enantioselectivi-
ties are subtle and not easily amenable to prediction. It

Figure 2. AM1 calculated structures (non-important hydrogen atoms removed for clarity) of typical transition states 22 involved
in the reaction of 23 (R=Me; R�=Ph) with 5, without (left) and with (right) the inclusion of BF3.

Table 5. AM1 calculated energy differences (�E‡
si−�E‡

re)a between the re and si transition states 22 involved in the reactions
of prototypical prochiral radicals 23 (R=Ph) and associated stereochemical predictions

(�E‡
si−�E‡

re)Entry R� % Ee (expt)c (−78°C)Stannane % Ee (calcd)bLewis acid Configuration of
(−78°C)product

1.1None4 4 (S)dMe1 34S
4 BF3 6.8 S 972 –

2 (S)d53 None 1.7 S 50
32 (S)d54 BF3 2.8 S 70
35 (S)e99S8.95 B(OMe)35

6 None 3.4 S 78 2 (S)d6
6 BF37 7.0 S 99 –

tert-Bu 3.58 None5 6 (S)d80S
BF359 13.1 S 100 10 (S)d

a Energies are in kJ mol−1.
b Calculated assuming log(A/M−1 s−1)re-log(A/M−1 s−1)si=0 (see text).
c Experimental data taken from Tables 1 and 2.
d Experiments performed on ethyl ester analogue.
e Experiment performed on the ibuprofen analogue 15.
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with the experimental data. What is clear from the
computational and kinetic studies in this work is that
while the magnitude of the enantioselectivity is not
reliably predicted by AM1, its apparent ability to
provide the correct stereochemical outcome and to
predict the effect of additives makes it a qualitatively
useful tool. We are further exploring computational
techniques in this regard. In addition, we note that we
have achieved the previously set requirement that val-
ues of ��E‡ should exceed about 10 kJ mol−1 for
synthetically useful outcomes (see above). Indeed we
have shown that this requirement can be met and in
systems that achieve 99%ee, this difference is about 20
kJ mol−1.

2.6. Computational chemistry

All ab initio molecular orbital calculations were carried
out using the Gaussian 98 program.26 Geometry opti-
misations were performed using standard gradient tech-
niques at the SCF and MP2 levels of theory using UHF
and UMP2 methods. Vibrational frequencies were cal-
culated on each ab initio calculated structure. All ab
initio calculations were performed using the previously
published DZP basis set27 as described by us.7 AM1
calculations were performed within Gaussian 98 or
AMPAC 5.0.28

3. Experimental

Ibuprofen, naproxen, 2-aminobutyric acid, phenyl-
glycine, phenylalanine and tert-leucine were sourced
from Aldrich. Stannanes 4–6 and 12–14 were prepared
as previously described.11,13,18 Esters 7, 15 and 16 (X=
H) were prepared by standard thionyl chloride/ethanol
chemistry as described previously.29 The hydrochlorides
of the amino acid esters 17–19 were prepared as
described previously.30 Bromides 7, 8, 15–18 and 20
(X=Br) were prepared by NBS bromination of the
parent ester or ketone as outlined below and exhibited
identical spectroscopic properties to those reported in

is clear that AM1, as applied in this study, seriously
overestimates the magnitude of the enantioselectivity in
all cases.

2.5. Kinetic studies

In this final section, we report the results of relative
Arrhenius studies designed to gain experimental insight
into the energetic and entropic requirements of the
chemistry in this study. Accordingly, in the same man-
ner as described previously,3 we examined the effect of
temperature on the ratio of enantiomers obtained dur-
ing the reduction of esters 7 and 15 (X=Br) with
bis((1R,2S,5R)-menthyl)phenyltin hydride 5 in toluene
and in the absence and presence of Lewis acid addi-
tives. The Arrhenius data from this study are displayed
in Table 6.

The data in Table 6 reveal some noteworthy features.
Firstly, that the Lewis acid additive primarily affects
the difference in re/si activation energies, ��E‡. As the
bulk of the Lewis acid increases (entries 1–5) so does
this difference increase. Likewise, addition of MgBr2

(entries 9 and 10) has a similar effect. Significantly
though, the assumption used to predict enantioselectivi-
ties from AM1 energy data, namely that the log A
terms for attack at both faces of the prochiral radical
are identical (viz. log(A/M−1 s−1)si−log(A/M−1 s−1)re=0)
appears not to be valid, especially with the addition of
the bulkier Lewis acids. Indeed, the observed trends
suggest strongly that the Lewis acid additives influence
the Arrhenius pre-exponential terms of these reactions
in a manner that decreases enantioselectivity. In doing
so, these unfavourable entropic factors counteract the
favourable energy effects that act to increase selectivity.
This, in turn, perhaps, begins to shed light on the
reason why the selectivities predicted in Table 5 are all
overestimated. For example, application of a logA dif-
ference of only 0.5 (log(A/M−1 s−1)si−log(A/M−1 s−1)re=
0.5) to the AM1 data for the reaction of 23 (R=Ph,
R�=Me) with 5 reduces the predicted enantioselectivity
from 70% at −78°, to 28%, in much closer agreement

Table 6. Relative Arrhenius parameters (si–re) for the reactions of bromides 7, 8 and 15 (X=Br) (−78 to 0°C) with
stannanes 5 and 6

Stannane/additiveEntry �(log A/M−1 s−1)aSubstrate ��E‡a (kJ mol−1)a

1.3±0.17 (R=Me)1 7.2±0.65/11
7 (R=Et) 1.2±0.40.2±0.15/none2

3 5/BF3 1.0±0.3 5.9±1.5
4 1.3±0.35/9 7.7±1.2

5/10 2.1±0.55 11.5±2.0
6 ent-5/10 −3.4±0.8 −13.1±3.6

0.9±0.3 5.8±1.55/107 (R=c-Pen)7
5/108 1.6±0.67 (R=t-Bu) 9.4±2.8

0.03±0.03b −0.7±0.1b9 6/none8
5/10 0.9±0.2 5.3±0.810

15 5/none 1.6±0.3 2.8±1.111
7.1±1.52.4±0.35/BF312

13 5/MgBr2 4.8±0.7 19.5±3.0

a Error limits are expressed to 95% confidence but include random and not systematic variations.
b Ref. 3.
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the literature.3,5,29 Gas chromatographic analyses were
performed using a chiral trifluoroacteylated �-cyclodex-
trin (Chiraldex™ G-TA, 30 m×0.25 mm) capillary
column purchased from Alltech.

3.1. General procedure for preparation of N-TFA-
amino acid methyl esters 17–19 (X=H)

Dry triethyl amine (1.1 equiv.) was added to a stirred
mixture of the amino acid methyl ester hydrochloride
17–19 (X=H) followed by methyl trifluoroacetate (1.5
equiv.) in dry methanol (10 mL). The reaction was
allowed to reflux for 12 h, after which the excess solvent
was removed and the resulting mixture re-dissolved in
ether (20 ml), washed with sat. NH4Cl, the separated
organic layer dried with MgSO4 and the solvent
removed in vacuo to obtain the corresponding N-TFA-
amino acid methyl ester sufficiently pure for further
use.

3.2. Benzyl N-trifluoroacetyl-tert-leucinate 20 (X=H)

tert-Leucine (200 mg, 1.5 mmol) and triethylamine (0.3
mL) were dissolved in methanol (0.5 mL). Methyl
trifluoroacetate (0.16 mL) was added and the mixture
stirred at rt for 15 h. The solvent was removed in vacuo
and the residue dissolved in DMF (0.5 mL). Triethyl-
amine (0.14 mL) and benzyl chloride (350 mg, 2.7
mmol) were added and the mixture stirred at rt for 40
h. The mixture was poured into ethyl acetate, washed
with water, 5% HCl and satd. NaHCO3, and finally
with satd. NaCl. The organic layer was dried (MgSO4)
and the solvent removed in vacuo to afford a pale
yellow oil that was purified by flash chromatography
(24:1 hexane:ethyl acetate) to afford the title compound
as a pale oil (360 mg, 65%). 1H (NMR) CDCl3: � 7.6
(1H, s(br)), 7.2 (5H, m), 5.3 (2H, q, J 8 Hz), 4.5 (1H, d,
J 8 Hz), 1.0 (9H, s). 13C NMR CDCl3: � 170.0, 156.8
(q, JCF 37 Hz), 134.6, 128.68, 128.63, 128.61, 128.52,
115.7 (q, JCF 288 Hz), 67.6, 60.3, 35.5, 26.3.

3.3. General procedure for the preparation of bromides
7, 15–18 and 20 (X=Br)

Methyl 2-bromo-2-phenylpropanoate 7 (X=Me). N-
Bromosuccinimide (360 mg, 2.0 mmol) was added to a
solution of methyl 2-phenylpropanoate (300 mg, 1.8
mmol) in carbon tetrachloride (5 mL). The solution was
irradiated (under reflux) by a 250W tungsten lamp for
45 min. The solid was removed by filtration and the
solvent removed in vacuo to afford the title compound
in quantitative yield and of sufficient purity for further
use.

Methyl 2-Bromophenylalaninate 19 (X=Br) Phenylala-
nine (1.0 g, 6.05 mmol) and bromine (1.058 g, 1.1
equiv., 6.65 mmol) were heated to 65–70°C and PBr3

(1.686 g, 1.03 equiv., 6.23 mmol) slowly added to the
reaction mixture. The mixture was then heated at 65–
70°C until the evolution of HBr had completely ceased
(ca. 3 h). Reaction mixture was then distilled of residual
HBr gas and low boiling point impurities. A 1:1 mix-
ture of methanol/dichloromethane (10 ml) was slowly

added with cat. amount of H2SO4 and the reaction
mixture refluxed for a further 2 h. Excess solvent was
removed in vacuo to obtain 19 (X=Br) of sufficient
purity for further use (0.66 g, 45%) 1H (NMR) CDCl3:
� 7.0–7.2 (5H, m, Ar-H), 3.67 (3H, s, 0-CH3), 3.62 (2H,
s, Ph-CH2).

3.4. Standard procedure for small-scale low-temperature
stannane reductions

A flask fitted with a septum was charge with a solution
of the required bromide (0.1 mmol) and internal stan-
dard (octane or decane, 0.1 mmol) in toluene (0.5 mL)
and 9-BBN (a few crystals) added. The solution was
cooled to the required temperature, the flask purged
with nitrogen and the required stannane (0.11 mmol) in
toluene (0.5 mL) added. The reaction mixture was
stirred at the required temperature until TLC analysis
indicated the absence of starting halide (ca. 1–2 h). The
solution was warmed to room temperature and ana-
lyzed directly by GC.

3.5. Standard procedure for preparative-scale low-tem-
perature stannane reductions. Reduction of benzyl N-
trifluoroacetyl-2-bromo-tert-leucinate 20 (X=Br)

Magnesium bromide etherate (MgBr2·Et2O) (120 mg,
0.478 mmol) was added to dry toluene (0.2 mL) and the
mixture allowed to stir for 20 min under N2. The
bromoester 20 (X=Br) (0.08 g, 0.234 mmol) in dry
toluene (0.1 mL) was added slowly to a reaction mix-
ture which was allowed to stir at rt for further 10 min
prior to cooling to −78°C. After stirring at −78°C for a
further 45 min, bis((1R,2S,5R)-menthyl)phenyltin
hydride 5 (0.2 g, 0.42 mmol) in toluene (0.25 mL) was
added slowly, followed by triethylborane (0.1 mL of 1
M solution in THF) and oxygen was introduced. The
reaction mixture was stirred at this temperature for a
further 4 h. The mixture was quenched with water (5
mL) and extracted with ether (2×). The organic layer
was dried (MgSO4) and excess solvent removed in
vacuo to afford the crude product as light yellow oil.
Further purification of the product (flash chromatogra-
phy, 96:4 hexane/ethyl acetate) yielded benzyl (S)-N-
trifluoroacetyl-tert-leucinate 20 (X=H) as a colourless
oil (65%) and with identical properties to that prepared
from an authentic sample of (S)-tert-leucine. 1H
(NMR) CDCl3: � 7.2 (5H, m), 7.6 (1H, s(br)), 5.3 (2H,
m), 4.5 (1H, d, J 8 Hz), 1.0 (9H, s), [� ]D13.7=+9.2 (c 0.4,
CHCl3) 99%ee (GC). Anal. calcd for C14H18F3NO3: C,
56.8; H, 5.7; N, 4.4. Found: C, 56.8; H, 5.8; N, 4.4.

3.6. Reduction of methyl N-trifluoroacetyl-2-bromo-
phenylglycinate 18 (X=Br)

Following the standard procedure, methyl (R)-N-trifl-
uoroacetylphenylglycinate 18 (X=H) was obtained as
colourless oil (78%) and with identical properties to
that prepared from an authentic sample of (R)-phenyl-
glycine. 1H (NMR) CDCl3: � 7.4 (6H, m), 5.6 (1H, d, J
6.5 Hz), 3.8 (3H, s), [� ]D12=−21.6 (c 0.15, CHCl3) 99%ee
(GC).
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3.7. Reduction of 2-bromonaproxen ethyl ester 16 (X=
Br)

Following the standard procedure, (S)-naproxen ethyl
ester 16 (X=H) was obtained as colourless oil (74%)
and with identical properties to that prepared from an
authentic sample of (S)-naproxen. 1H (NMR) CDCl3: �
7.0–7.5 (6H, m), 4.1 (2H, m), 3.9 (3H, s), 3.8 (1H, q, J
9 Hz), 1.5 (3H, m), 1.2 (3H, m), [� ]D10=+32.6 (c 0.12,
CHCl3) 99%ee (GC).

3.8. Reduction of 2-bromoibuprofen ethyl ester 15 (X=
Br)

Following the standard procedure, (S)-ibuprofen ethyl
ester (15, X=H) was obtained as colourless oil (55%)
and with identical properties to that prepared from an
authentic sample of (S)-ibuprofen. 1H (NMR) CDCl3:
� 7.1–7.6 (4H, m), 4.2 (2H, m), 3.6 (1H, m), 2.6 (2H, d,
J 8 Hz), 2.4 (1H, m), 1.5 (3H, m), 1.1 (3H, m), 0.9 (6H,
m), [� ]D10=+38.0 (c 0.8, CHCl3) 99% ee (GC).

3.9. Reduction of ethyl 2-bromo-2-cyclopentyl-2-phenyl
acetate 7 (R=cyclo-Pen, X=Br)

Following the standard procedure, ethyl (S)-2-
cyclopentyl-2-phenyl acetate 7 (R=cyclo-Pen, X=H)
was obtained as colourless oil (55%) and with identical
properties to an authentic sample.31 1H (NMR) CDCl3:
� 7.2 (5H, m), 4.1 (2H, m), 3.2 (1H, d, J 7.5 Hz), 2.6
(1H, m), 1.0–2.0 (11H, m), �26

D=+26.4 (c 1.0, CHCl3)
96%ee (GC).
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