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ABSTRACT
N-tert-Butanesulfinyl aldimines 3 and ketimines 4 are exceedingly
versatile intermediates for the asymmetric synthesis of amines. The
N-tert-butanesulfinyl imines are prepared in high yields by con-
densing enantiomerically pure tert-butanesulfinamide 1, which is
readily available in either configuration, with a wide range of
aldehydes and ketones. The tert-butanesulfinyl group activates the
imines for the addition of many different classes of nucleophiles,
serves as a powerful chiral directing group, and after nucleophilic
addition is readily cleaved by treatment of the product with acid.
A wide range of highly enantioenriched amines, including R-
branched and R,R-dibranched amines, R- and â-amino acids, 1,2-
and 1,3-amino alcohols, and R-trifluoromethyl amines, are ef-
ficiently synthesized using this methodology. In addition, N-tert-
butanesulfinyl imine derivatives provide a new family of ligands
for asymmetric catalysis.

A large majority of drugs and drug candidates incorporate
amine functionality. Despite this fact, efficient methods
are not available for the asymmetric synthesis of many
structural classes of amines. In principle, one of the most
versatile methods for the asymmetric synthesis of amines
is the 1,2-addition of nucleophiles to imines (eq 1).1 A wide

range of imines may be prepared from readily available
amines, aldehydes, and ketones. Furthermore, many dif-
ferent classes of amines may be prepared by the addition
of different types of nucleophiles. For example, R-branched

amines may be prepared by adding organometallic re-
agents, â-amino acids may be prepared by adding eno-
lates, and R-amino acids may be prepared by adding acyl
anion equivalents.

Unfortunately, many factors can compromise the suc-
cessful addition of nucleophiles to imines. In particular,
the steric and electronic properties of the substituent on
nitrogen play a critical role and have to be considered in
developing this approach. Nitrogen substitution is almost
always required to prevent rapid imine oligomerization,
and although the majority of N-substituted imines are
unstable and inconvenient to store or manipulate, modu-
lating the electronic properties of the substituent on
nitrogen can provide stable compounds. Moreover, when
reacted with basic nucleophiles, electron-withdrawing
substituents on nitrogen are necessary to activate imines
toward nucleophilic addition relative to R-deprotonation
(eq 2).

To achieve the general and straightforward asymmetric
synthesis of amines, an appropriate nitrogen substituent
must therefore be identified that enables the preparation
of stable imines and that activates the imine for the
addition of a wide range of nucleophiles. Clearly, to be
generally useful, the nitrogen substituent also must be
inexpensive and straightforward to remove from the
amine product.

A chiral substituent on nitrogen that satisfies all of these
criteria while providing high diastereofacial selectivity for
nucleophilic addition would provide a very general ap-
proach for the asymmetric synthesis of a broad range of
amine-containing compounds. The N-p-toluenesulfinyl
substituent pioneered by Davis satisfies many of these
criteria (eq 3).2 p-Toluenesulfinyl imines are stable and

isolable compounds. The sulfinyl group also activates the
imine, and the configurationally stable stereocenter at
sulfur can provide diastereofacial selectivity for nucleo-
philic addition. Moreover, the sulfinyl group is readily
cleaved by brief treatment with acid.

Unfortunately, there are limitations to using the p-
toluenesulfinyl group as an imine substituent for amine
synthesis. At the time we initiated our efforts, the direct
condensation of p-toluenesulfinamide with aldehydes and
ketones had not successfully provided the desired sulfinyl
imines, except for the condensation of activated 4-nitro-
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benzaldehyde.3 Instead, less direct methods for p-tolu-
enesulfinyl imine synthesis had been developed and these
had provided only modest yields for imines capable of
forming enamine tautomers. Stabilized organometallic
reagents, such as benzyl magnesium chloride, were also
reported to add with only moderate diastereofacial selec-
tivity (eq 4).4 Most seriously, unstabilized organometallic
reagents, such as methyl magnesium bromide, were
reported to attack at sulfur rather than at the desired
carbon site (eq 5).

In efforts to develop a new linker for solid-phase
synthesis, we were the first to isolate enantiomerically
pure tert-butanesulfinamide 1,5,6 and we found reagent 1
to be a white crystalline solid that is stable indefinitely at
room temperature. This result prompted us to explore

nucleophilic additions to N-tert-butanesulfinyl imines for
amine synthesis because we envisioned that the tert-
butanesulfinyl group would preserve the desirable char-
acteristics of the p-toluenesulfinyl group while overcoming
its liabilities. We envisioned that tert-butanesulfinamide
should be significantly more nucleophilic than p-toluene-
sulfinamide for direct condensation with aldehydes and
ketones due to the electron-donating characteristics of the
tert-butyl versus the p-tolyl group. Additions to tert-
butanesulfinyl imines also should generally proceed with
higher selectivity, based upon the higher selectivity ob-
served for the chemistry of tert-butyl versus p-tolyl sul-
foxides.7 In a limited study on the preparation of aziri-
dines, additions to tert-butanesulfinyl imines were also
reported to proceed with higher selectivity than for the
corresponding p-toluenesulfinyl imines.8 Most impor-
tantly, competitive nucleophilic attack at sulfur should
also be minimized for additions to tert-butanesulfinyl
versus p-toluenesulfinyl imines due to the greater steric
hindrance and reduced electronegativity of the tert-butyl
group relative to the p-tolyl group.

As described in this Account, the N-tert-butanesulfinyl
group does, indeed, overcome the limitations of the N-p-
toluenesulfinyl group and serves as an ideal N-substituent
for nucleophlic additions to imines, providing a highly
efficient and versatile approach to the asymmetric syn-
thesis of many different types of amines.

Asymmetric Synthesis of
tert-Butanesulfinamide
We realized that for tert-butanesulfinyl imine chemistry
to be useful, it was essential that we develop a highly
efficient method to prepare enantiomerically pure tert-
butanesulfinamide. Several potential methods could be
considered; however, we felt that the most practical
approach would be the two-step process of catalytic
asymmetric oxidation of tert-butyl disulfide, followed by
reaction of the tert-butanethiosulfinate product 2 with an
amide anion (Figure 1).5,9 tert-Butyl disulfide is an oil waste
product and therefore serves as an extremely inexpensive
starting material. In addition, oxidation of tert-butyl
disulfide to 2 proceeds with good conversion and in 89-
91% ee when H2O2 is used as an inexpensive stoichio-
metric oxidant and with only 0.25 mol % of VO(acac)2 and
chiral ligand. Because the reaction is performed in air at
a high concentration (1.5 M), the reaction can easily be
carried out on a one-mole scale in any standard laboratory
setting. Furthermore, since both antipodes of the chiral
ligand are accessible, either enantiomer of tert-butane-
thiosulfinate 2 may be readily prepared. Addition of
lithium amide in ammonia to 2 provides the desired
sulfinamide 1 with complete inversion at sulfur. After a
single crystallization, enantiomerically pure 1 is obtained
in 72-78% overall yield from tert-butyl disulfide.10

Synthesis of tert-Butanesulfinyl Imines
High-yielding and general methods for the preparation
of tert-butanesulfinyl aldimines 3 and ketimines 4 are

FIGURE 1. Asymmetric synthesis of tert-butanesulfinamide 1.
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critical to the successful application of tert-butanesulfin-
amide to the asymmetric synthesis of amines. The most
straightforward method for the preparation of aldimines
3 is the condensation of aldehydes and tert-butanesulfin-
amide with CuSO4 as a Lewis acid catalyst and water
scavenger (eq 6).11,12 For the preparation of ketimines 4,
Ti(OEt)4 is the preferred Lewis acid and water scavenger
(eq 7).12-14

A wide range of sulfinyl aldimines 3 may be prepared
in high yields (Figure 2). For example, the aldimines 3 can
even be prepared in very high yields from unreactive
aldehydes, such as sterically hindered aldimine 3c or
electronically deactivated aldimines 3f and 3g. For these
aldimines, Ti(OEt)4 instead of CuSO4 is the preferred
catalyst and water scavenger. Significantly, phenyl-
acetaldimine 3e can also be prepared in good yield,
despite the strong tendency for phenylacetaldimines to
tautomerize to the corresponding enamines followed by
further side reactions.

A wide range of sulfinyl ketimines 4 may also be
prepared with diverse steric and electronic properties,
even though ketones have reduced electrophilicity relative
to aldehydes (Figure 3). Even sterically hindered ketimines
such as 4c-e may be prepared in good yields. An
additional complicating feature of ketimines is the pos-
sibility of forming two imine isomers, which directly
impacts the diastereoselective addition of nucleophiles.

Fortunately, due to the steric properties of the tert-
butanesulfinyl group, only the E imine isomer is observed
if there is differential branching at the R- and R′-positions
of the ketimine. Surprisingly good E:Z imine ratios are
observed even for imines 4h and 4i, considering the very
similar sterics of the two substituents.

Synthesis of r-Branched Amines
The addition of Grignard reagents to sulfinyl aldimines 3
proceeds in high yields and diastereoselectivities for a
diverse range of substrates (Table 1).5,15 Aliphatic and
aromatic aldimines and alkyl, aryl, and vinyl Grignard
reagents all serve as successful coupling partners.16 It is
notable that even aldimines having R-protons, including
highly acidic arylacetaldimines (entries 12-15), provide
products in good yields. To our knowledge, the addition
of basic organometallic reagents to arylacetaldimines has
not previously been reported. A six-membered cyclic
transition state with Mg coordinated to the sulfinyl oxygen
is consistent with the observed sense of induction (eq 8).
The reaction also proceeds with highest selectivities in
noncoordinating solvents, further supporting the metal-
chelated transition state.

The sulfinyl group is removed from sulfinamide 5 by
brief treatment (<30 min) with stoichiometric quantities
of HCl in a protic solvent to provide the desired amine
hydrochloride 6 in nearly quantitative yields (Table 1).
Enantiomerically pure material may be obtained by
crystallization of the amine hydrochloride salt 6 or by

FIGURE 2. Sulfinyl aldimine synthesis.

FIGURE 3. Sulfinyl ketimine synthesis.

Table 1. Asymmetric Synthesis of r-Branched Amines

yield (%)

entry

sulfinyl
imine 3,

R1 R2M
sulfinamide

5
amine hydro-

chloride 6 dr 5

1 Et MeMgBr 96 97 93:7
2 Et i-PrMgBr 97 92 98:2
3 Et PhMgBr quant. 90 96:4
4 i-Pr MeMgBr 97 97 98:2
5 i-Pr EtMgBr quant. 93 97:3
6 i-Pr PhMgBr 98 91 89:11
7 i-Pr vinylMgBr 90 78 88:12
8 Ph MeMgBr 96 88 97:3
9 Ph EtMgBr 98 94 92:8

10 Ph i-PrMgBr 29 - -
11 Ph vinylMgBr 79 93 94:6
12 Bn MeMgBr 89 95 95:5
13 Bn EtMgBr 85 98 92:8
14 Bn vinylMgBr 81 97 91:9
15 Bn PhMgBr 81 99 95:5
16 p-MeOPh EtMgBr 88 quant. 99:1
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chromatography or crystallization of sulfinamide 5 prior
to sulfinyl group removal.

As a second general method for the preparation of
R-branched amines that complements the Grignard ad-
dition chemistry, we have also reported the one-pot
asymmetric synthesis of tert-butanesulfinyl-protected
amines 7 from ketones (Figure 4).17 In this procedure,
ketones are condensed with tert-butanesulfinamide using
Ti(OEt)4, followed by addition of NaBH4 to the reaction
solution at -48 °C. Sulfinamides 7 are obtained in 66-
86% yields and with good to excellent diastereoselectivities
for both aryl alkyl ketones and dialkyl ketones. Notably,
Ti(OEt)4 not only serves to mediate the imine condensa-
tion step, but also serves as a Lewis acid to provide
enhanced reduction rates and diastereoselectivities.

Synthesis of Tertiary Carbinamines
Tertiary carbinamines are important components of natu-
ral products, synthetic pharmaceuticals, and catalysts, yet
general and efficient methods are not available for the
asymmetric synthesis of this class of amines.18 The 1,2-
addition of organolithium reagents to tert-butanesulfinyl
ketimines 4 provides the first direct method for the
asymmetric synthesis of a broad range of tertiary carbin-
amines (Table 2).13,15 While the direct addition of orga-
nolithium reagents to ketimines 4 generally proceeds in
acceptable yields and diastereoselectivities (data not
shown),15 precomplexation of ketimine 4 with Me3Al
results in higher yields and diastereoselectivities for aryl
and alkyl lithium additions to both aliphatic and aromatic
ketimine substrates (Table 2). The high selectivity (89:11)
observed in entry 6 is particularly noteworthy, considering
the minimal steric difference of the methyl and butyl
substituents. The sense of induction and requirement for
noncoordinating solvents is again consistent with a six-
membered transition state (eq 9). Precomplexation of the
aluminum reagent to the imine is required, since no
reaction occurs if the aluminum reagent is first mixed with
the organolithium to form an aluminate complex.

Shaw and deSolms at Merck have reported an impres-
sive application of this method to the synthesis of farnesyl

protein transferase inhibitors.19 As shown in the repre-
sentative examples in Figure 5, they established that the
addition of organometallic reagents to sulfinyl ketimine
9 generally proceeds in high yields and with high diaste-
reoselectivities. The selectivity is particularly impressive,
considering the similar steric properties of the two aryl
substituents. The reversal in selectivity observed for
organolithium versus Grignard reagents for these special-
ized substrates is also noteworthy, considering that both
transformations are performed in the coordinating solvent
THF.20

Synthesis of Highly Substituted â-Amino Acids
â-Amino acids are components of numerous natural
products and therapeutic agents.21 Recently, oligomers of
â-amino acids have received considerable attention due
to their unique structural properties.22 Although a number
of methods are available for the synthesis of monosub-
stituted â-amino acids,23 efficient, general methods to

FIGURE 4. One-pot asymmetric synthesis of N-sulfinyl R-branched
amines from ketones.

FIGURE 5. Asymmetric synthesis of ras farnesyl transferase
inhibitors.

Table 2. Asymmetric Synthesis of Tertiary
Carbinamines

entry R1 R2 R3Li yield of 8 (%) dr

1 Me i-Pr Bu 61 99:1
2 Me i-Pr Ph 93 97:3
3 Bu i-Pr Me 82 91:9
4 Bu i-Pr Ph 82 91:9
5 Me Ph Bu 86 98:2
6 Me Bu Ph 93 89:11
7 Me i-Bu Ph 62 85:15
8 Me 2-Npth Ph 62 99:1
9 Bu Ph Me quant. 99:1
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prepare highly substituted derivatives are not available.24

The addition of titanium enolates to tert-butanesulfinyl
aldimines and ketimines provides the first general method
for the asymmetric synthesis of highly substituted â-amino
acid derivatives (Figure 6).25,26 The addition of acetate
enolates to sulfinyl aldimines 3 and ketimines 4 provides
â-substituted amino acid derivatives, e.g., 11a-c, and â,â-
disubstituted â-amino acid derivatives which are difficult
to access, e.g., 11d and 11e, respectively, in extremely high
yields and diastereoselectivities. The addition of R-sub-
stituted enolates to aldimines 3 and ketimines 4 also
proceeds with good yields and diastereoselectivities to
provide R,â-disubstituted â-amino acid derivatives, e.g.,
11f-h, and R,â,â-trisubstituted â-amino acid derivatives,
e.g., 11i, respectively. Finally, R,R-disubstituted enolates
may even be added to aldimines 3 and ketimines 4 to give
exceptional diastereoselectivities and high yields, as ex-
emplified by R,R,â-trisubstituted â-amino acid derivatives
11j and 11k and the R,R,â,â-tetrasubstituted â-amino acid
derivative 11l.

The sense of induction can be predicted for every
substrate combination by invoking a six-membered
Zimmerman-Traxler-type transition state where the sulfi-
nyl imine nitrogen and oxygen both interact with the
highly coordinatively unsaturated Ti(IV) (eq 10). The high
level of preorganization presumably contributes to the
very high selectivity for attack opposite to the large tert-
butyl group.

The N-Sulfinyl Protecting Group. The tert-butanesul-
finyl group not only is an ideal chiral directing group for
the asymmetric synthesis of â-amino esters but also can
serve as a versatile, low-molecular-weight protecting
group analogous to the Boc protecting group.25,26 Like the
Boc group, the tert-butanesulfinyl group is stable to basic
conditions. For example, N-sulfinyl amino esters may be
saponified to provide N-sulfinyl amino acids.27 In addition,

the sulfinyl protecting group renders the nitrogen non-
nucleophilic, such that activation and amide bond cou-
pling of the N-sulfinyl-protected â-amino acid may be
accomplished. Finally, like a Boc group, the sulfinyl group
is readily cleaved with acid to provide the free amine that
may undergo further acylation reactions. These transfor-
mations are illustrated in the synthesis of an intermediate
to a IIb/IIIa antagonist reported by workers at Monsanto
(Figure 7).

Solid-Phase Synthesis of Foldamers. There is increas-
ing interest in the properties of foldamers to design
ordered secondary structures and to identify structures
with significant biological activities.22 For example, Gell-
man and DeGrado have recently identified â-peptides that
are potent antimicrobial agents, and Seebach has reported
on low nanomolar, specific â-peptide-derived somato-
statin antagonists.22 Unfortunately, progress on the study
of foldamers is hindered by the relative difficulty of
synthesis of many of these oligomers. This is due to the
lack of accessiblity of many of the desired â-amino acids

FIGURE 6. Asymmetric synthesis of â-amino acid derivatives.

FIGURE 7. Application of N-sulfinyl-protected â-amino acids in the
synthesis of a IIb/IIIa antagonist.
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in suitably protected form for solid-phase synthesis.
Significantly, N-sulfinyl-â-amino acids serve as versatile
building blocks for the solid-phase synthesis of â-peptides,
as demonstrated by the preparation of hexameric â-pep-
tides 12 and 13 in 35% and 40% overall yields, respectively
(Figure 8). Note that, at the end of the synthesis, cyano-
methylation of the N-acylsulfonamide “safety catch” linker
results in activation for nucleophilic displacement to
provide access to diverse ester and amide derivatives.26,28

Synthesis of r-Amino Acid Derivatives
R-Amino acids constitute one of the most heavily used
building blocks in pharmaceutical research and natural
product synthesis. While a number of methods are avail-
able for the preparation of these compounds, efficient new
methods are still of value. Two versatile approaches to this
compound class have been developed, based upon addi-
tions to tert-butanesulfinyl imines. Davis and co-workers
have reported the addition of Grignard and dialkylzinc
reagents to N-tert-butanesulfinyl R-imino esters 14 (Figure
9).29 To achieve good yields for Grignard reagent addition,
it is important to add 2 equiv of BF3‚OEt2 to activate the
imine. The sense of induction is successfully predicted by
a non-chelation-controlled addition to give the Cram
product 15. Notably, Davis found that benzyl Grignard
addition to the corresponding p-toluenesulfinyl aldimine
proceeded in significantly lower yields (31%) and with
reduced stereoselectivity (63:37).

Davis and co-workers have also reported an efficient
alternative route to enantioenriched R-amino acids by the
asymmetric addition of cyanide to p-toluenesulfinyl al-
dimines followed by acidic hydrolysis.30 A number of
groups have subsequently applied this method to the

asymmetric synthesis of R-amino acids. Mabic and Cordi
have reported the first example of the asymmetric addition
of cyanide to tert-butanesulfinyl aldimines, achieving high
yields and diastereoselectivities by using either Et2AlCN
or TMSCN catalyzed by Sc(OTf)3 (Figure 10).31 They have
further demonstrated that N-sulfinyl R-aminonitriles not
only are useful precursors to the corresponding R-amino
acid but can also be readily converted to the 1,2-diamines
(Figure 10).

Davis has also explored the reaction of Et2AlCN with
tert-butanesulfinyl ketimines for the preparation of R,R-
disubstituted R-amino acids (eq 11).32 These structures

have significant effects on the conformation and on the
biological activity of molecules in which they are incor-
porated. In contrast to R-substituted R-amino acids, few
methods are available for the synthesis of R,R-disubsti-
tuted R-amino acids. The R-aminonitrile products 18a and
18b are obtained in good diastereoselectivities, especially
considering the minimal steric difference of the methyl
and ethyl substituents in 18b. Notably, additions to the
corresponding p-toluenesulfinyl ketimines provided the
products in significantly lower diastereoselectivities, 4:1
and 3:1, respectively.

FIGURE 8. Solid-phase synthesis of â-peptides from N-sulfinyl-protected â-amino acids.

FIGURE 9. Addition of organometallic reagents to N-sulfinyl R-imino
esters.

FIGURE 10. Asymmetric synthesis of R-aminonitriles as intermedi-
ates to R-amino acids and 1,2-diamines.
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We have also reported an alternative, efficient method
for the asymmetric synthesis of the difficult-to-prepare
R,R-disubstituted R-amino acids.33 In particular, the 1,2-
addition of furyllithium to N-sulfinyl ketimines 4 followed
by oxidative cleavage provides N-tert-butanesul-
fonyl (Bus)-protected R,R-disubstituted amino acids 21
(Table 3).

As previously reported by Sun and Weinreb,34 the Bus
group is a versatile nitrogen-protecting group that is stable
to basic conditions but can be cleaved under acidic
conditions. Significantly, even for hindered R,R-disubsti-
tuted amino acids, the Bus-protected derivative undergoes
efficient peptide coupling under standard conditions (eq
12).

Synthesis of r-Trifluoromethylamines
R-Trifluormethylamines are important building blocks for
drug development due to the strongly electron-withdraw-
ing nature of the trifluoromethyl group. Amides that
incorporate these amines often are resistant to nonspecific
proteolysis and have modified solubility and desolvation
properties. Olah has reported a highly stereoselective and
general method for the synthesis of this difficult-to-
prepare amine class by the addition of “CF3

-” to tert-
butanesulfinyl aldimines 3 (Figure 11).35 Extremely high
selectivities are observed for a range of aromatic, alkenyl,
and aliphatic aldimines. The sense of induction can be
predicted by applying a non-chelation-controlled model
to provide Cram products. Significantly, Olah found that
additions to tert-butanesulfinyl aldimines proceed with
higher selectivity than that found for additions to the
corresponding p-toluenesulfinyl aldimines.

Synthesis of 1,2-Amino Alcohols
1,2-Amino alcohols are prevalent in drugs and natural
products and serve as important precursors to many chiral
ligands for asymmetric catalysis. For this reason, both my
group36 and Barrow and co-workers at Merck37 have
explored the asymmetric synthesis of this compound class
by the 1,2-addition of organometallic reagents to R-alkoxy
sulfinyl imines. Addition of Grignard reagents to R-silyloxy
sulfinyl aldimine 23 proceeds in high yields and selectivi-
ties in the noncoordinating solvents toluene and CH2Cl2

(Figure 12). Organometallic reagents may also be added
to R-benzyloxy sulfinyl aldimines in high yields (80-99%)
and with good to high selectivities (90:10 to 99:1 dr).36

Interestingly, the sense of induction is opposite to that
observed for Grignard addition to sulfinyl aldimines
lacking an R-coordinating group. Presumably, metal che-
lation to the R-alkoxy group alters the transition state for
the reaction. Treatment of the addition product 24 with
HCl and methanol cleanly cleaves the sulfinyl group and

Table 3. Asymmetric Synthesis of r,r-Disubstituted
Amino Acids

yield (%)

R1 R2 20 21 dr 20

Me Ph 80 62 99:1
Bu Ph 87 67 97:3
Me i-Pr 97 63 94:6
Bu i-Pr 91 69 80:20
Me i-Bu 75 69 75:25

FIGURE 11. Asymmetric synthesis of R-trifluoromethylamine deriva-
tives.

FIGURE 12. Grignard additions to R-silyloxy N-sulfinyl aldimine 23.
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the silyl group to provide the corresponding 1,2-amino
alcohols in nearly quantitative yields.

Organometallic reagents may also be successfully added
to R-silyloxy ketimine 25 (Figure 13). Only a few limited
examples of the successful addition to R-alkoxy ketimines
have been reported due to the high propensity for
competitive R-deprotonation to occur.38 Addition of but-
yllithium provides sulfinamide 26a in good yields and with
good diastereoselectivity, while addition of the sterically
hindered tert-butyllithium provides 26b in reduced yields
due to competitive methyl transfer from AlMe3. Interest-

ingly, in contrast to the selectivity trend observed for
aliphatic organometallic reagents, sulfinamide 26c is
obtained in higher yield when phenyl magnesium bromide
is employed rather than phenyllithium. For organometallic
additions to R-silyloxy ketimines, the same sense of
induction is observed as for the addition of organolithium
reagents to sulfinyl ketimines lacking an R-coordinating
group (see Table 2).

Synthesis of 1,3-Amino Alcohols
As described previously, nucleophilic additions to sulfinyl
imines have been explored extensively by a number of
researchers. In contrast, R-deprotonation of sulfinyl imines
to provide metalloenamines followed by reaction with
electrophiles has not been explored. We have recently
determined that metalloenamines react with aldehydes to
provide â-hydroxy N-sulfinyl ketimines 27 in high yields
and with high diastereoselectivities (Figure 14).39

The â-hydroxy ketimines 27 are versatile intermediates
for the preparation of either syn- or anti-1,3-amino
alcohols. Reduction of 27 with LiBHEt3 provides the anti
product 28 with g99:1 selectivity (eq 13, Scheme 1), while
reduction with catecholborane provides the syn product
29 with g95:5 selectivities (eq 14, Scheme 1). To our
knowledge, this is the first method to be reported for the
stereoselective synthesis of both the syn- and anti-1,3-
amino alcohols from a common synthetic intermediate.
The high selectivity results primarily from the tert-bu-
tanesulfinyl group, since reduction of the hydroxyl epimer
of 27 (R ) Ph) with LiBHEt3 provided the syn-1,3-amino
alcohol with 90:10 diastereoselectivity, while reduction
with catecholborane provided the anti-1,3-amino alcohol
product with 86:14 diastereoselectivity. The opposite
selectivity observed for the reduction with catecholborane
relative to LiBHEt3 can be rationalized by considering the
geometry of the N-sulfinyl imine during the reduction step
(eqs 13 and 14). The E geometry of â-hydroxy N-sulfinyl
imine 27 is based upon the X-ray crystal structure of 27

FIGURE 13. Addition of organometallic reagents to R-silyloxy
N-sulfinyl ketimines.

FIGURE 14. Asymmetric synthesis of â-hydroxy sulfinyl ketimines.

Scheme 1
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(R ) Ph). The addition of LiBHEt3 is unlikely to change
the N-sulfinyl imine geometry (eq 13). In contrast, addition
of catecholborane may provide the stable six-membered-
ring intermediate, in analogy to the stereoselective reduc-
tion of â-hydroxy ketones reported by Evans and Hoveyda
(eq 14).40 Isomerization from the E- to the Z-imine
presumably results in the opposite face selectivity for the
catecholborane reduction.

Parallel Multistep Synthesis on Solid Support
Because amines are present in the majority of drugs, the
synthesis of amine-containing compounds is a major
focus of solid-phase parallel synthesis, and a number of
extensively utilized linkers have been developed for
this purpose.41 However, linkers for the asymmetric syn-
thesis of amines have undergone only limited develop-
ment, despite their potential importance for the multi-
step asymmetric synthesis of drug leads and natural-
product-like compounds.42 We have recently developed
an efficient synthesis of a support-bound tert-butanesulfi-
namide derivative 30 (SBS linker) and demonstrated the
utility of this linker for the asymmetric synthesis of
enantioenriched amines 32,43 which can be obtained in
nearly quantitative yields over the three-step process
(Figure 15).

The SBS linker 30 potentially can be applied to the
asymmetric synthesis of a range of different bioactive
amines. To demonstrate this point, we designed an
efficient synthesis of the pavine and isopavine alkaloids
36 and 38 (Scheme 2). Both alkaloid classes have a range
of interesting biological activities; for example, they are
potential neuroprotective agents for the treatment of
ischemia and are inhibitors of TNF production. The key
step in the synthesis of each alkaloid is the completely
selective bis-cyclization of a common intermediate, 34,
to either the pavine skeleton 35 or the isopavine skeleton
37. After release from support, pavine derivative 36 and
the corresponding isopavine derivative 38 were isolated
in 45 and 47% overall yields, respectively, based upon the
starting resin 30. Notably, only solid-phase extraction with
support-bound sulfonic acid followed by elution with
ammonia was necessary to provide completely pure
material.

New Privileged Ligands for Asymmetric
Catalysis
The CdN bond serves as a key coordinating group for
several of the most important ligands for asymmetric
catalysis, including the salens, bisoxazolines, and salicyl-
aldimines.44 The straightforward preparation of stable
sulfinyl imines enables the synthesis of a new class of
CdN donor ligands. The sulfinyl imine ligands are distinct
relative to the aforementioned ligand classes in that
chirality resides at sulfur rather than carbon. In addition,
metal coordination can occur not only through nitrogen
but also through sulfur or oxygen. Despite the ready
availability of enantiomerically pure sulfinamides, the
preparation of metal complexes of sulfinamide derivatives
and catalysis by these complexes have not been explored.
In very recent efforts, we have obtained crystal structures
of sulfinyl imine-based ligands complexed to Cu,45 Zn,46

Rh,47 and Pd48 and, depending upon the complex, have
observed coordination to the sulfur, oxygen, and nitrogen
of the N-sulfinyl group. Furthermore, as shown in the
following example, we have established that sulfinyl-based
ligands can provide exceptional levels of enantio- and
diastereoselectivity in Lewis acid-catalyzed reactions.

Metal complexes of sulfinyl-based ligands were first
evaluated as Lewis acid catalysts in the Diels-Alder
reaction because this reaction provides a benchmark for
measuring the new ligand class against previously devel-
oped ligands.44 The Cu(II) complex of a C2-symmetric bis-
sulfinyl(imidoamidine) ligand, 39, which is available in

FIGURE 15. Asymmetric synthesis of amines on solid support.

Scheme 2. Asymmetric Multistep Synthesis of Pavine and Isopavine
Alkaloids

a Reagents and conditions: (a) 3,4-(MeO)2PhCH2CHO, Ti(OEt)4, THF;
(b) 3-MeOPhMgBr, CH2Cl2, -48 °C; (c) KO-t-Bu, NMP, allyl bromide; (d)
mCPBA, CH2Cl2/DMF; (e) 2.5% OsO4/t-BuOH, NMO, THF; (f) Pb(OAc)4,
10:1 CH2Cl2/AcOH; (g) diluted HCl, CH2Cl2; (h) 3:1 CH2Cl2/HCO2H; (i) 0.1
N TfOH, 1,4-dimethoxybenzene, CH2Cl2; (j) sulfonic acid resin and then
NH3/MeOH.
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three steps from 1, provides exceptional levels of enantio-
and diastereoselectivity that are competitive with or
superior to those of all previously reported asymmetric
Lewis acid-catalyzed reactions with these substrates (Table
4).49 The catalyst is highly efficient, as demonstrated for
entry 2, where a low catalyst loading (1%) was used.

We have further demonstrated that the catalyst is
effective for Diels-Alder reactions with much less reactive
acyclic dienes. For example, the Diels-Alder reaction of
2-methylbutadiene and N-acryloyl oxazolidinone proceeds
with very high levels of stereoselectivity (eq 15).50 In

contrast, the best bisoxazoline metal complex provides
only 60% ee for the same reaction.49 Furthermore, Ishiwara
and Murai have recently utilized the sulfinamide-based
catalyst in studies toward the synthesis of gymnodimine,
demonstrating that this catalyst is effective even for highly
complex substrates (eq 16).51 Studies are ongoing to

further establish the scope of this catalyst system for
Diels-Alder transformations and to determine the mech-
anism through which high selectivities are achieved. In

addition, this ligand class and other ligand classes are
actively being explored in a wide range of asymmetric
catalytic transformations.

Conclusion
N-tert-Butanesulfinyl imines are extremely versatile in-
termediates for the asymmetric synthesis of amines. There
are several factors that contribute to the utility of these
compounds. First, either configuration of enantiomerically
pure tert-butanesulfinamide 1 is commercially available
or is readily prepared on a mole scale in two steps from
inexpensive starting materials. Second, isolable and stable
N-tert-butanesulfinyl imines may be easily prepared in
high yield by condensing a wide range of aldehydes and
ketones with tert-butanesulfinamide 1. Third, the tert-
butanesulfinyl group activates the imine for nucleophilic
addition and serves as a powerful chiral directing group.
Finally, the tert-butanesulfinyl group acts as a Boc sur-
rogate that is stable to basic conditions but may be readily
cleaved with acid. As a result of these favorable properties,
tert-butanesulfinyl imines have now been successfully
applied to the asymmetric synthesis of R-branched and
R,R-dibranched amines, R-substituted and R,R-disubsti-
tuted R-amino acids, â-amino acids with a wide range of
substitution patterns, R-trifluoromethylamines, and 1,2-
and 1,3-amino alcohols. The generality of the aforemen-
tioned chemistry has rapidly led to the extensive use of
tert-butanesulfinyl imines in academics and industry.

We gratefully acknowledge the researchers who carried out the
work described herein. They are individually identified in the
references. We also thank the National Science Foundation for
support of this work.
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